
Quaternary Research 75 (2011) 624–635

Contents lists available at ScienceDirect

Quaternary Research

j ourna l homepage: www.e lsev ie r.com/ locate /yqres

https://d
Late Quaternary cryptotephra detection and correlation in loess in northeastern
Japan using cummingtonite geochemistry

Tabito Matsu'ura a,b,⁎, Isoji Miyagi a, Akira Furusawa c

a Geological Survey of Japan, AIST, Site 7, 1-1-1 Higashi, Tsukuba, Ibaraki 305-8567, Japan
b Now at Japan Nuclear Energy Safety Organization (JNES), Kamiya-cho MT Bldg., 4-3-20, Toranomon, Minato-ku, Tokyo, 105-0001, Japan
c Furusawa Geological Survey, 93-7 Yashiki, Tosaki-cho, Okazaki, Aichi 444-0840, Japan
⁎ Corresponding author. Fax: +81 3 4511 1598.
E-mail address: matsuura-tabito@jnes.go.jp (T. Mats

0033-5894/$ – see front matter © 2010 University of W
doi:10.1016/j.yqres.2010.12.004

oi.org/10.1016/j.yqres.2010.12.004 Published online by Ca
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 10 December 2009
Available online 14 January 2011

Keywords:
Late Quaternary
Cryptotephra
Tephra
Cummingtonite
Correlation tool
Chemical analysis
Loess deposits
Northeastern Japan
We detected late Pleistocene cummingtonite-bearing cryptotephras in loess deposits in NE Japan and
correlated themwith known tephras elsewhere by using major-element compositions of the cummingtonite.
This is the first time cryptotephras have been identified by analysis of a crystal phase rather than glass shards.
In central NE Japan, four cummingtonite-bearing tephras, the Ichihasama pumice, the Dokusawa tephra, the
Naruko–Nisaka tephra, and the Adachi–Medeshima tephra, are present in late Pleistocene loess deposits.
Because the cummingtonite chemistry of each tephra is different and characteristic, it is potentially a powerful
tool for detecting and identifying cryptotephras. An unidentified cummingtonite-bearing cryptotephra
previously reported to be present in the late Pleistocene loess deposits at Kesennuma (Pacific coast) did not
correlate with any of the known cummingtonite-bearing tephras in central NE Japan, but instead with the
Numazawa–Kanayama tephra (erupted from the Numazawa caldera, southern NE Japan), although
Kesennuma is well beyond the previously reported area of the distribution of the Numazawa–Kanayama
tephra. Three new cummingtonite-bearing cryptotephras in the mid and late Pleistocene loess deposits
(estimated to be less than 82 ka, 100–200 ka, and ca. 250 ka) on the Isawa upland were also detected.

© 2010 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Cummingtonite, a pale-colored mineral of the amphibole group
with the formula (Mg,Fe)7Si8O22(OH)2, is sometimes reported in
Quaternary tephras in and around Japan (Machida and Arai, 2003).
Only 10 of 340 late Pleistocene tephras (about 3%) are cummingto-
nite-bearing (Fig. 1; Machida and Arai, 2003). Thus, cummingtonite is
distinctive in late Pleistocene tephrostratigraphy, and cryptotephras,
which are essentially invisible to the naked eye (Lowe and Hunt,
2001), can be identified and correlated if they contain it.

At many distal sites, glass shards or mineral grains (crystals) derived
from tephra falls are often difficult to detect. Nevertheless, there has been
some success in detecting cryptotephras in peat (Gehrels et al., 2006,
2008; Payne et al., 2008), lacustrine sediments (de Fontaine et al., 2007;
Wagner et al., 2008), marine sediments (Lowe et al., 2007; Lim et al.,
2008; andWulf et al., 2008), and ice cores (Lowe, 2008; Wastegård and
Davies, 2009; and Davies et al., 2010) primarily as concentrations of
volcanic glass shards.Well-preserved glass shards in these sediments can
be dated by applying radiometric methods, including 14C dating, to
encasing sediments, by ice-core annual-accumulation modeling, or by
correlation with marine oxygen isotope stages (MISs: Bassinot et al.,
u'ura).

ashington. Published by Elsevier In
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1994). However, glass shards may also be dissolved during weathering,
and in terrestrial sediments such as loess deposits they thereforemaynot
be evident.

Although the temporal resolution of loess deposits is generally
poor because their sedimentation rates are lower than those of peat or
lacustrine and marine sediments, loess deposits that contain tephras
or cryptotephras are useful both for estimating long-term volcanic
hazards and for providing the chronology of extensive mid to late
Quaternary terrestrial sequences. In this paper, we focus on tephra-
derived particles composed of cummingtonite, which are less likely
than glass shards to be dissolved by weathering. The cummingtonite
concentrations in sediments are potentially distinctive cryptotephra-
based marker horizons, especially useful because few late Pleistocene
tephras in Japan are cummingtonite-bearing.

Concentrations of cummingtonite grains in the loess deposits on
the MIS 5.5 marine terrace surface in the central part of northeastern
(NE) Japan (Matsu'ura et al., 2009) have been divided into two groups
by optical analysis. One group correlates with the Dokusawa tephra
(Dks: Matsu'ura et al., 2002), but the other is of indeterminate origin.
The second group may be a hitherto-unreported cummingtonite-
bearing tephra, or it may represent a previously named tephra not
previously detected in this part of Japan.

The optical characteristics of cummingtonite are not critically different
from those of hornblende. Therefore, in this study, we used calcium
chemistry data to differentiate cummingtonite from hornblende.
c. All rights reserved.
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Figure 1. Map showing the distributions of late Quaternary cummingtonite-bearing tephras in and around Japan. Sources of tephra isopach information and tephra abbreviations:
SUk (Sambe–Ukinuno), DMP (Daisen–Matsue), Hr–HP (Haruna–Hassaki), Ac–Md (Adachi–Medeshima), and Z–M (Zenikame–Menagawa), Machida and Arai (2003); Iz–KTc
(Iizuna–Kamitaru c), Suzuki (2001); Nm–KN (Numazawa–Kanayama), Suzuki and Soda (1994); Nm–SB (Numazawa–Shibahara) and Nm–TG (Numazawa–Tagashira), Suzuki et al.
(2004); Dks (Dokusawa), Matsu'ura et al. (2002).
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Although geochemical analyses of minerals (including cummingtonite)
have been used before to correlate tephras (e.g., Smith and Leeman, 1982;
Lowe, 1988; Shane et al., 1998, 2003; Matsu'ura et al., 2003; and Suzuki,
2008), cummingtonite chemistry has not been used previously
to characterize, and hence distinguish, cummingtonite-bearing
cryptotephras.

Late Quaternary cummingtonite-bearing tephras are distributed in
NorthAmerica (e.g.,Mullineaux, 1986;Geschwind andRutherford, 1992)
and New Zealand (e.g., Smith et al., 2005, 2006; Lowe et al., 2008) aswell
as in Japan (Machida and Arai, 2003). Thus, our novel technique to
characterize and distinguish cummingtonite-bearing cryptotephras has
wide applicability for establishing tephrostratigraphy using cryptote-
phras.Well-dated chronostratigraphies developedusing cummingtonite-
bearing cryptotephras should be useful in establishing chronological
relationships among sediments and landforms.

We first analyzed the major-element compositions of cumming-
tonite from named tephras in NE Japan. We then investigated the
vertical variation in cummingtonite chemistry in the late Pleistocene
loess deposits in the vicinity of Kesennuma, central NE Japan, which is
downwind of the source volcanoes, to detect cummingtonite-bearing
cryptotephras. Finally, we constructed the cummingtonite-bearing
cryptotephra stratigraphy of the loess deposits and correlated the
cryptotephras with the reported tephras on the basis of their
cummingtonite major-element chemistry. We show that cumming-
tonite-bearing cryptotephras can be useful for enhancing mid
rg/10.1016/j.yqres.2010.12.004 Published online by Cambridge University Press
Pleistocene tephrostratigraphy in NE Japan and for developing the
chronology of terrace deposits in the same region.

Materials and methods

We sampled named tephras distributed in the Kesennuma area, as
shown by isopach maps at localities 2–8 (Fig. 2), to identify and
characterize cummingtonite-bearing tephras. Then we obtained
samples of the loess deposits (including cryptotephras) on terraces
by rotary coring in the vicinity of Kesennuma (loc. 1), on the Pacific
coast of Japan (Fig. 2). For cryptotephra identification, we also
sampled cummingtonite-bearing tephras distributed in NE Japan but
not found at Kesennuma. Core samples and samples from outcrops
were sieved under running water through disposable 0.125-mm and
0.0625-mm sieves. The disposable sieves were changed between
samples to prevent contamination. The residues were dried, embed-
ded in resin, and mounted on slides for examination of the grain
composition. For the chemical analyses, about ten cummingtonite
grains were picked from each sample, mounted in resin, and polished
flat.

The major-element chemical composition of the cummingtonite
grains was analyzed by scanning electron microscope with energy-
dispersive spectrometry (SEM/EDS: Horiba Emax Energy EX-250).
Major elements were measured with a counting time of 150 s. An
accelerating voltage of 15 kV and a beam current of 0.3 nA with beam

https://doi.org/10.1016/j.yqres.2010.12.004


Figure 2.Map showing the distributions of cummingtonite-bearing tephras and locations of survey points in central NE Japan. The distributions of cummingtonite-free tephras in the
Kesennuma area are also shown. Isopachs are the 0-cm isopach, except the 5-cm isopach of the Nm–KN tephra is shown.
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diameter of 150 nm were used for scanning a 4-μm grid of the
targeted cummingtonite grain. The ZAF procedure was applied to
correct for atomic number and fluorescence effects. We use Fe–Mg
plots to distinguish cummingtonite of different chemical composi-
tions and report our results as the numbers of Fe and Mg cations per
unit cell (on the basis of O=23).

Late Pleistocene tephras in central and southern NE Japan

Numerous Quaternary volcanoes are distributed in the backarc
region of NE Japan (Fig. 2). Here, we refer to the areas north and south
of 38ºN (Fig. 2) as central and southern NE Japan, respectively. Some
volcanoes (calderas) that erupted during the late Pleistocene
provided cummingtonite-bearing tephras to the forearc: namely,
the Dokusawa tephra (Dks), from the Hijiori volcano or another
volcano in its vicinity, MIS 5.2–5.3 (Matsu'ura et al., 2002); the
Naruko–Nisaka tephra (N–N), from the Naruko caldera, MIS 5.2–5.3
(Soda, 1989; Matsu'ura et al., 2009); the Adachi–Medeshima tephra
(Ac–Md), from the Adachi volcano, older than MIS 5.2 (Yagi and Soda,
1989); the Numazawa–Shibahara tephra (Nm–SB) from the Numa-
zawa caldera, 110 ka or MIS 5.4–5.3 (Suzuki et al., 2004); and the
Numazawa–Kanayama tephra (Nm–KN) from the Numazawa caldera,
50–55 ka (Suzuki and Soda, 1994). No cummingtonite-bearing
tephras were observed stratigraphically above the Aso-4 tephra
(MIS 5.2) in marine cores KH-94-3 and LM-8, obtained offshore of
Kesennuma (Aoki and Arai, 2000; Aoki, 2008; Fig. 1). Dks, N–N, and
the Naruko–Yanagisawa tephra (N–Y: a cummingtonite-free tephra
oi.org/10.1016/j.yqres.2010.12.004 Published online by Cambridge University Press
erupted from the Naruko volcano) were previously detected in loess
deposits at loc. 1 (Kesennuma: Fig. 2) as cryptotephras on the basis
of glass-shard geochemistry (Matsu'ura et al., 2009). Matsu'ura et al.
(2009) also detected small quantities of cummingtonite grains in the
loess deposits. They divided these grains into two groups on the
basis of their refractive indices: one (n2, 1.662–1.666) could be
correlated with Dks or N–N, but the other (n2, 1.657–1.662)
represented an unknown cummingtonite-bearing cryptotephra
with unknown source, eruptive age, and distribution (Matsu'ura et
al., 2009).
Cummingtonite-bearing tephras potentially at Kesennuma as indicated
by previous isopach mapping

Ichihasama tephra (IcP)
The Ichihasama tephra (IcP) (Soda, 1989) may have erupted from

the Naruko volcano or another volcano in its vicinity in central NE
Japan (Machida and Arai, 2003). The eruptive age of IcP is greater than
MIS 5.4 because it is stratigraphically below the Toya tephra (Toya,
MIS 5.4: Soda, 1989;Machida and Arai, 2003). IcP is belowDks at loc. 4
and consists of fallout pumice and ash (Fig. 3). Its reported heavy
mineral assemblage consists of orthopyroxene and magnetite (Soda,
1989), but we detected minor amounts of cummingtonite in IcP by
careful microscopic examination. We determined the Fe and Mg
contents of the cummingtonite by SEM/EDS (sample 4I1) to be 2.55–
3.87 and 3.27–4.77 cations per unit cell, respectively (Fig. 4a).

https://doi.org/10.1016/j.yqres.2010.12.004
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Figure 3.Geological columns of outcrops. Locations are shown in Figure 2. Tephra abbreviations and eruptive ages: H–O, Hijiori–Obanazawa (12 cal ka BP); N–Y, Naruko–Yanagisawa
(50.9 14C yr BP; thermoluminescence dates, 31.6–57.0 ka; FT dates, 40.3–63.4 ka); Nm–KN, Numazawa–Kanayama (ca. 60 ka); Yk–Y, Yakeishi–Yamagata (FT date, 82±19 ka); Aso-4
(MIS 5.2, 86.8–87.3 ka, Aoki, 2008); N–N, Naruko–Nisaka (MIS 5.2–5.3); Dks, Dokusawa (MIS 5.2–5.3); SK, Sambe–Kisuki (MIS 5.3); IcP, Ichihasama (older than MIS 5.4); Ac–Md,
Adachi–Medeshima (older than MIS 5.2); Nm–SB, Numazawa–Shibahara (MIS 5.5). See text for eruptive ages of tephras. Abbreviations: pfl and pfa are pyroclastic flow and
pyroclastic fall deposits, respectively.
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Dokusawa tephra (Dks)
The Dokusawa tephra (Dks) was erupted from the backarc

region in central NE Japan from the Hijiori caldera or another
volcano in its vicinity (Matsu'ura et al., 2002; Fig. 2). The eruptive
age of Dks is MIS 5.2–5.3, because it is stratigraphically above the
Ontake–Pm1 tephra (On–Pm1, MIS 5.3), and it is below the Aso-4
tephra (MIS 5.2) (Matsu'ura et al., 2002, 2003; Aoki, 2008). At sites
sampled in this study, Dks is above the Sambe–Kisuki tephra (SK,
MIS 5.3) at loc. 8 and IcP at loc. 4, and it is below N–N at locs. 2, 3,
and 4, Aso-4 at loc. 2, and the Hijiori–Obanazawa tephra (H–O, ca.
12,000 cal yr BP; Miyagi, 2004) at loc. 8 (Fig. 3). At these locations,
Dks consists of fallout ash, and at loc. 8 it includes a minor amount
of pumice (Fig. 3). Its heavy mineral assemblage consists of
cummingtonite and biotite with minor amounts of hornblende
rg/10.1016/j.yqres.2010.12.004 Published online by Cambridge University Press
and orthopyroxene (Matsu'ura et al., 2002, 2003). We determined
the Fe and Mg contents of the cummingtonite as 2.16–2.38 and
3.75–4.08, respectively (Fig. 4b). Representative major-element
compositions are shown in Table 1.

Naruko–Nisaka tephra (N–N)
The Naruko–Nisaka tephra (N–N) was erupted from the Naruko

caldera (Soda, 1989; Fig. 2). Its eruptive age is MIS 5.2–5.3 because it is
stratigraphically above the On–Pm1 (MIS 5.3), Dks (MIS 5.3–5.2), and
it is below the Aso-4 (MIS 5.2) (Soda, 1989). In this area, N–N is above
Dks (locs. 2, 3, and 4) and below Aso-4 and the Yakeishi–Yamagata
tephra (Yk–Y, 82 ka, described later) (loc. 2), and consists of distal
fallout pumice and ash (Fig. 3).We first identified these distal deposits
at locs. 2 and 3 as N–N tephra deposits on the basis of their glass-shard

image of Figure�3
https://doi.org/10.1016/j.yqres.2010.12.004
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chemistry (Table 2) and stratigraphic position relative to Aso-4, Dks,
and On–Pm1. Although the reported heavy mineral assemblage of N–
N consists of orthopyroxene and magnetite (Soda, 1989), trace
amounts of hornblende and cummingtonite have been detected in
N–N pyroclastic flow deposits (Matsu'ura et al., 2009). The N–N
cummingtonite is divided into two groups on the basis of its chemical
composition: the N–N 1 group (Fe, 2.26–2.39; Mg, 3.79–3.96) and the
N–N 2 group (Fe, 3.02–3.11; Mg, 4.27–4.33) (Fig. 4c). Representative
major-element compositions are shown in Table 1.
Cummingtonite-bearing tephras not expected at Kesennuma from
previous isopach mapping

Adachi–Medeshima tephra (Ac–Md)
The Adachi–Medeshima tephra (Ac–Md) was erupted from the

Adachi volcano in central NE Japan (Fig. 2; Kanisawa and Yoshida,
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1989). Its eruptive age is older than MIS 5.2 because it is
stratigraphically below Aso-4 (MIS5.2: Yagi and Soda, 1989; Aoki,
2008). The Ac–Md 0-cm isopach (Machida and Arai, 2003; Fig. 2)
shows a distribution that does not include loc. 1. The only heavy
mineral that has been identified in Ac–Md is cummingtonite
(Kanisawa and Yoshida, 1989). We determined the Fe and Mg
contents of the cummingtonite (sample 9A1) as 2.17–2.34 and 4.09–
4.25, respectively (Fig. 4d). Representative major-element composi-
tions are shown in Table 1.
Numazawa–Shibahara tephra (Nm–SB)
The Numazawa–Shibahara tephra (Nm–SB) was erupted from the

Numazawa caldera in southern NE Japan (Fig. 2; Suzuki et al., 2004). Its
eruptive agehas beenestimated to be110 kaorMIS 5.4–5.3 as it is above
the Numazawa–Tagashira tephra (Nm–TG, 135–125 ka or MIS 6–5.5;
Suzuki, 1999), and it is below On–Pm1 (MIS5.3: Suzuki et al., 2004).
e
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Table 1
Representative chemical compositions of cummingtonite. Oxide composition of cummingtonite is shown as weight %. Numbers of cations are based on O=23.

Sample Dks
(8D1)

N–N 1
(3N1)

N–N 2
(3N1)

Unknown
(3N1)

Ac–Md Nm–SB Nm–KN Group 1-1
(102)

Group 1-2
(107)

SiO2 54.53 52.67 51.38 49.56 55.98 53.61 54.86 52.08 53.92
TiO2 0.26 0.18 0.14 0.05 0.36 0.09 0.15 0.18 0.42
Al2O3 1.37 1.41 0.42 0.27 2.08 2.86 1.37 1.38 2.18
FeO 18.88 18.99 25.27 27.54 19.73 20.13 16.96 18.30 16.08
MnO 4.16 4.18 1.12 2.16 1.62 1.63 1.68 4.32 1.87
MgO 18.24 17.83 19.79 16.89 20.35 19.36 21.46 17.35 20.99
CaO 1.82 1.52 1.24 1.09 0.95 1.20 1.65 1.36 2.02
Na2O 0.31 0.39 0.00 0.04 0.17 0.26 0.26 0.20 0.30
K2O 0.00 0.00 0.02 0.00 0.03 0.00 0.00 0.01 0.01
Total (wt.%) 99.58 97.17 99.38 97.60 101.27 99.14 98.39 95.17 97.78
Si 7.81 7.76 7.54 7.55 7.78 7.66 7.79 7.81 7.70
Al 0.23 0.02 0.02 0.01 0.34 0.48 0.23 0.24 0.37
Ti 0.03 0.24 0.07 0.05 0.04 0.01 0.02 0.02 0.05
Fe 2.26 2.34 3.10 3.51 2.29 2.40 2.01 2.30 1.92
Mn 0.51 0.52 0.14 0.28 0.19 0.20 0.20 0.55 0.23
Mg 3.89 3.92 4.33 3.84 4.21 4.12 4.54 3.88 4.47
Ca 0.28 0.24 0.20 0.18 0.14 0.18 0.25 0.22 0.31
Na 0.09 0.11 0.00 0.01 0.05 0.07 0.07 0.06 0.08
K 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
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Table 2
Chemical compositions of N–N glass shards determined by electron microprobe analysis of n glass shards. Means (±1 sigma) of normalized data are also given. Sample N–N data are
from Matsu'ura et al. (2009).

Sample 3N1 3N2 3N3 N-N

Mean Normalized mean ±1 σ Mean Normalized mean ±1 σ Mean Normalized mean ±1 σ Mean Normalized mean ±1 σ

SiO2 74.66 78.50 (0.44) 74.58 79.06 (0.53) 74.64 78.97 (0.69) 74.78 78.79 (0.41)
TiO2 0.21 0.22 (0.05) 0.17 0.18 (0.05) 0.18 0.19 (0.06) 0.16 0.17 (0.04)
Al2O3 11.62 12.22 (0.27) 11.44 12.13 (0.18) 11.42 12.08 (0.40) 11.35 11.96 (0.31)
FeOa 1.36 1.42 (0.15) 1.25 1.33 (0.13) 1.17 1.25 (0.38) 1.32 1.39 (0.08)
MnO 0.09 0.09 (0.07) 0.07 0.07 (0.05) 0.09 0.09 (0.04) 0.05 0.05 (0.04)
MgO 0.16 0.17 (0.04) 0.09 0.10 (0.06) 0.12 0.12 (0.07) 0.14 0.15 (0.05)
CaO 1.32 1.38 (0.14) 1.19 1.26 (0.20) 1.12 1.19 (0.33) 1.29 1.36 (0.07)
Na2O 4.04 4.25 (0.16) 3.74 3.96 (0.43) 3.84 4.06 (0.28) 4.08 4.30 (0.09)
K2O 1.66 1.75 (0.21) 1.81 1.92 (0.13) 1.93 2.04 (0.64) 1.74 1.83 (0.09)
Total 95.12 100.00 94.34 100.00 94.51 100.00 94.91 100.00
n 12 6 11 15

a Total iron denoted as FeO.
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Nm–SB, which is above the Adatara–Dake tephra (Ad–Dk) and below
the Adatara–N3 tephra (Ad–N3) (both erupted from the Adatara
volcano; Fig. 2) at loc. 10, consists of fallout ash (Fig. 3). The Nm–SB
0-cm isopach is far from Kesennuma (Suzuki et al., 2004; Fig. 2). The
heavymineral assemblage of Nm–SB consists of hornblende, cumming-
tonite, and biotite, withminor amounts of orthopyroxene (Suzuki et al.,
2004). We determined the Fe and Mg contents of the cummingtonite
(sample 10 S1) as 1.95–2.09 and 4.06–4.36, respectively (Fig. 4d).
Representative major-element compositions are shown in Table 1.

Numazawa–Kanayama tephra (Nm–KN)
The Numazawa–Kanayama tephra (Nm–KN) was erupted from

the Numazawa caldera in southern NE Japan (Fig. 2; Suzuki et al.,
2004). Nm–KN is between Aso-4 and the Daisen–Kurayoshi tephra
(DKP) within the loess deposits (Suzuki and Soda, 1994). Its eruptive
age was previously estimated to be 50–55 ka by assuming a constant
accumulation rate of the loess between Aso-4 (MIS5.2, 86.8–87.3 ka;
Aoki, 2008) and DKP (50–52 ka) (Suzuki and Soda, 1994). However,
the estimated eruptive age of DKP has recently been revised to≥55 ka
(Machida and Arai, 2003), older than the previous estimation, so the
eruptive age of Nm–KN can now be estimated as ca. 60 ka. Nm–KN,
which is stratigraphically above Ad–N3 and below DKP and Adatara–
N2 (Ad–N2) at loc. 10, consists of fallout ash (Fig. 3). Its 5-cm isopach
is far from loc. 1 (Kesennuma) (Suzuki and Soda, 1994; Fig. 2), but its
0-cm isopach has not been identified. Its heavy mineral assemblage
consists of hornblende, cummingtonite, and biotite (Suzuki and Soda,
1994). We determined the Fe and Mg contents of the cummingtonite
(sample 10 K1) as 1.89–2.01 and 4.31–4.59, respectively (Fig. 4d).
Representative major-element compositions are shown in Table 1.

Cummingtonite-free tephras identified at Kesennuma on the basis of
isopach distribution patterns

Naruko–Yanagisawa tephra (N–Y)
The Naruko–Yanagisawa tephra (N–Y) was erupted from the

Naruko caldera (Soda, 1989; Fig. 2). Its eruptive age is 50,900±2200
14C yr BP (NUTA-592; Nakai, 1988), 31.6–57.0 ka (thermolumines-
cence dating: Ichikawa, 1983; Ichikawa and Hiraga, 1988), and 40.3–
63.4 ka (glass fission-track dating: Koshimizu, 1983). N–Y consists of
fallout pumice and ash (loc. 5), surge deposits (loc. 6), and pyroclastic
flow deposits (locs. 5 and 6) in ascending order (Fig. 3). Its heavy
mineral assemblage consists of orthopyroxene and hornblende with
minor amounts of magnetite, biotite, clinopyroxene, and olivine
(Soda, 1989). Cummingtonite was not detected in any N–Y samples
(5 N1, 5 N2, and 6 N1–6 N4) even by careful microscopic examination.

Yakeishi–Yamagata tephra (Yk–Y)
The Yakeishi–Yamagata tephra (Yk–Y) was erupted from the

Yakeishi volcano (Okami and Yoshida, 1984; Fig. 2). Its eruptive age is
oi.org/10.1016/j.yqres.2010.12.004 Published online by Cambridge University Press
82±19 ka, determined by zircon fission-track dating (Watanabe et
al., 2003). Yk–Y consists of fallout pumice at loc. 2 (Fig. 3). Its heavy
mineral assemblage is reported to consist of orthopyroxene, clinopy-
roxene, and hornblende (Okami and Yoshida, 1984). A minor amount
of biotite was found in Yk–Y at loc. 2 (sample 2Y1), but no
cummingtonite was detected by careful microscopic examination.

Cummingtonite concentrations in the loess deposits and the
cummingtonite geochemistry

Loess deposits at Kesennuma (loc. 1)
Samples of soil and loess deposits on the MIS 5.5 marine terrace

surface at loc. 1 were obtained by rotary coring (Fig. 2). The
stratigraphic column of the core at loc. 1 has been reported by
Matsu'ura et al. (2009). The loess deposits at loc. 1 do not include any
visible tephras but do contain concentrations of unweathered volcanic
glass shards and minerals (crystals) (Fig. 5). Contiguous core samples
101 to 109 contain glass shards, orthopyroxene, and hornblende, and
trace amounts of cummingtonite are also present. Tephras Dks, N–N,
and N–Y were detected on the basis of the glass-shard major-element
compositions and the refractive indices of orthopyroxene, horn-
blende, and cummingtonite (Matsu'ura et al., 2009: Fig. 5). Further,
Matsu'ura et al. (2009) divided the cummingtonite (samples 101, 102,
and 103 of this study) into two groups on the basis of its refractive
indices. Here, we used only samples 102 to 109 for the chemical
analysis of the cummingtonite because all cummingtonite grains in
sample 101 (at the bottom of the loess deposits) had been already
been picked out for measuring their refractive indices (Matsu'ura et
al., 2009). We found that the cummingtonite could also be divided
into two groups on the basis of its major-element chemistry: groups
1-1 and 1-2 (Fig. 4e). Group 1-1 is characterized by high Fe (2.27–
2.39) and low Mg (3.79–4.00) contents and is found in samples from
the base of the loess deposits (samples 1–2 to 1–4). Group 1-2 is
characterized by low Fe (1.86–2.03) and high Mg (4.20–4.60)
contents and is found mainly in samples from the upper part of the
deposits. Thus, the group 1-1 cummingtonite is older than the group
1-2 cummingtonite. With respect to its Fe and Mg contents, group 1-1
is similar to the populations of Dks and N–N 1.

Loess deposits near Naruko volcano (loc. 7)
The soil and loess deposits on a fluvial terrace surface at loc. 7 were

sampled by rotary boring (Fig. 2). The eolian sediments consist of loess
and tephrasDks,N–Y, andH–O(Fig. 5).H–O is present as a clearly visible
layer of fallout pumice, but the Dks or N–Y fallout ash layers are difficult
to discern in the loess deposits and are best described as cryptotephras.
Contiguous core samples 701 to 713 contained glass shards, orthopyr-
oxene, and hornblende. Small amounts of cummingtonite were present
inhorizons7-1and7-2, in the lowerpart of the loess deposits. Inhorizon
7-1, a clear cummingtonite concentration spike corresponds to the

https://doi.org/10.1016/j.yqres.2010.12.004


631T. Matsu'ura et al. / Quaternary Research 75 (2011) 624–635

https://doi.o
stratigraphic position of Dks. Horizon 7-2 is probably an N–N
cryptotephra because it lies between Dks and N–Y. No cummingtonite
is present abovehorizon7-2,which confirms that thedistalN–Ydeposit,
like the deposits at locs. 5 and 6, does not include cummingtonite. The
cummingtonite from horizon 7-2 (sample 706) can be divided into two
groups, 7-1 and7-2, on thebasis of its composition (Fig. 4g).Group7-1 is
characterized by high Fe (3.73–3.88) and lowMg (2.64–2.82) contents,
and group 7-2 by low Fe (2.27–2.35) and highMg (3.80–3.96) contents.
With respect to its Mg and Fe contents, group 7-2 is similar to the Dks
and N–N 1 populations, but group 7-1 does not resemble any other
tephra populations.

Loess deposits on the Isawa upland (loc. 2’)
Mid and late Pleistocene loess and tephra sequences were

observed on the Isawa upland at loc. 2’, about 50 m southwest from
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Figure 5. Geological columns showing the frequencies of glass shards and the ferromagnesia
of locs. 1 and 7 are based on drill cores; loc. 2’ is an outcrop.
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loc. 2 (Fig. 2). The geological column at loc. 2’ (Fig. 5) has been
described previously (loc. 1 in Matsu'ura et al., 2008). The loess
deposits include cummingtonite grains in four horizons: in ascending
order, horizon 2’-1, between the Hinata 1 pumice (Hn1P) and the
Hagimori white ash (HWA); horizons 2’-2 and 2’-3, between HWA
and Yk–Y; and horizon 2’-4, above Yk–Y (Fig. 5). We correlated the
cummingtonite in horizon 2’-3 with Dks and N–N because these ash
layers occur in that horizon at loc. 2’. Cummingtonite is continu-
ously present in horizons 2’-2 and 2’-3, but the chemistry of the
cummingtonite in horizon 2’-2 (sample 2'57: Fe, 2.25–2.52; Mg,
3.91–4.23; Fig. 4f) is different from that of the Dks, N–N 1, and N–N 2
populations (Fig. 4b and c). The cummingtonite chemistry in
horizon 2’-1 (samples 2'77 and 2'78: Fe, 2.36–3.63; Mg, 3.83–4.35;
Fig. 4f) is also different from those of the Dks, N–N 1, and N–N 2
populations.
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Discussion

Cryptotephra correlation based on cummingtonite
crystal concentrations and cummingtonite phase chemistry

The cummingtonite chemistry of the loess deposits at loc. 1 comprises
two populations, groups 1-1 and 1-2 (Fig. 4e). The group 1-1 chemistry,
in samples fromthe lowerpart of the loessdeposits (samples102 to104),
overlaps that of theDks andN–N1populations (Fig. 4b and c). Therefore,
the lower loess deposits include cummingtonite-bearing cryptotephras
oi.org/10.1016/j.yqres.2010.12.004 Published online by Cambridge University Press
that can be correlated with Dks or N–N. The chemistry of group 1-2,
mainly from the upper part of the loess deposits, does not overlap
with that of the IcP, Dks, or N–N populations (Fig. 4a–c). Furthermore,
group 1-2 cummingtonite does not originate from N–Y or Yk–Y because
we detected no cummingtonite in N–Y or Yk–Y samples even by careful
microscopic examination. Thus, the group 1-2 cummingtonite is best
described as representing an unidentified tephra distributed in the
Kesennuma area (Fig. 2). This cummingtonitewas previously reported to
be an unknown cryptotephra in the loess deposits with indeterminate
stratigraphic position and age (Matsu'ura et al., 2009). By using our

https://doi.org/10.1016/j.yqres.2010.12.004


Figure 6. Late Quaternary tephra–cryptotephra correlations for central and southern NE Japan. Stratigraphic relationships among the tephras, terrace deposits, and the marine 18δO
curve (from Bassinot et al., 1994) are also shown. Blue shaded parts labeled with even numbers represent glacial periods. Downward arrows associated with Ac–Md and IcP indicate
that their eruptive ages are minimum values.
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cummingtonite-bearing cryptotephra method, we determined the
stratigraphic position of this unidentified cummingtonite-bearing
cryptotephra to be clearly above (younger than) Dks and N–N, but its
relationship with N–Y and Yk–Y is unclear.

Even if the distribution of a named tephra does not include the
Kesennuma area (Figs. 1 and 2), such a tephra might occur as a
cryptotephra in the loess deposits at Kesennuma (loc. 1). We cannot,
however, correlate this cryptotephra at loc. 1 with Ac–Md or Nm–SB,
because their cummingtonite chemistries are different from that of
the group 1-2 population (Fig. 4d and e). In contrast, Nm–KN, whose
5-cm isopach (Suzuki and Soda, 1994; Fig. 2) is far from Kesennuma,
may occur as a cryptotephra at Kesennuma (loc. 1) because its
cummingtonite chemistry overlaps with that of the group 1-2
population (Fig. 4d and e). Therefore, we attribute the group 1-2
cummingtonite at loc. 1 to a cummingtonite-bearing Nm–KN
cryptotephra, previously unidentified in the loess deposits there.

Glass shards and hornblende of Nm–KN are also probably
included in the loess deposits at loc. 1. At loc. 1, the glass shards
and hornblende grains associated with Nm–KN cannot be easily
discriminated from the large amounts of glass shards and horn-
blende from N–Y or other tephras. On the other hand, the small
amount of cummingtonite in the loess deposits provides a powerful
tool for detection of the cummingtonite-bearing Nm–KN cryptote-
phra in these loess deposits. The eruptive age of Nm–KN, ca. 60 ka, is
consistent with the stratigraphic position of the group 1-2
cummingtonite concentration above Dks and N–N (MIS 5.2–5.3).
Thus, Nm–KN was erupted from the Numazawa caldera and was
carried far beyond the Adachi volcano all the way to Kesennuma
(Fig. 2). Our cummingtonite-bearing cryptotephra detecting method
has thus enabled us to improve our knowledge of the age and
stratigraphy of the loess deposits at Kesennuma by showing that
Dks, N–N, and Nm–KN cummingtonite-bearing cryptotephras are
present in descending order (Fig. 6).
rg/10.1016/j.yqres.2010.12.004 Published online by Cambridge University Press
Other late Pleistocene cummingtonite-bearing cryptotephras were
found at locs. 2’ and 7. At loc. 2’, a cummingtonite-bearing
cryptotephra is present above Yk–Y, in horizon 2’-4 (Fig. 5). Because
the chemistry of the cummingtonite in horizon 2’-4 does not overlap
that of the Nm–KN population, that cummingtonite must be from an
unidentified tephra (Fig. 6). At loc. 7, the cummingtonite in horizon 7-
2 (sample 706) comprises groups 7-1 and 7-2 (Fig. 4g). We correlated
group 7-2 with Dks or N–N on the basis of its cummingtonite
chemistry, but we were not able to correlate group 7-1 with any
cummingtonite-bearing tephra in central or southern NE Japan.
Because loc. 7 is close to volcanoes of the inner arc, the group 7-1
cummingtonite may be from an unidentified cummingtonite-bearing
cryptotephra derived from one of these volcanoes.

Detection and analysis of cummingtonite-bearing cryptotephras in mid
Pleistocene loess deposits

It is generally difficult to detect cryptotephras of mid Pleistocene
age in loess deposits because glass shards tend to be sparsely
represented and easily dissolved by weathering, as noted earlier.
Common minerals in tephras such as pyroxenes and hornblende are
resistant to weathering, but their concentrations, refractive indices,
and chemistry are not distinctive among tephras in central NE Japan
(Machida and Arai, 2003). Cummingtonite, however, might be useful
as an indicator of mid Pleistocene cryptotephras. We identified four
cummingtonite-bearing horizons in the mid and late Pleistocene
loess deposits at loc. 2’ (Fig. 5). We correlated horizon 2’-3 with Dks
and N–N (MIS 5.2–5.3) on the basis of its stratigraphic position in
relation to that of Dks and N–N. We therefore attribute horizons 2’-1
and 2’-2, which are below Dks, to mid Pleistocene cummingtonite-
bearing cryptotephras. Cummingtonite grains in horizons 2’-1 and 2’-
2 did not originate from the known mid Pleistocene tephras H1P,
Hn2P, Hn1P, or HWA because these tephras do not contain

https://doi.org/10.1016/j.yqres.2010.12.004


634 T. Matsu'ura et al. / Quaternary Research 75 (2011) 624–635

https://d
cummingtonite (Matsu'ura et al., 2008). Moreover, horizons 2’-1 and
2’-2 do not show any evidence of cryptotephras such as concentra-
tions of glass shards or of any minerals (Fig. 5).

The age of horizon 2’-1 is about 250 ka, because horizon 2’-1 is
between HWA (210–250 ka) and Hn1P (250–300 ka) (Matsu'ura et
al., 2008; Fig. 6). The age of horizon 2’-2 must be 100–200 ka because
horizon 2’-2 is above HWA and below Dks. In distal areas, where Hn1P
and HWA are present in the loess only as cryptotephras, these
cummingtonite-bearing cryptotephra deposits will be useful for
establishing a new tephrostratigraphy, because the refractive indices
and mineral chemistries of the mid Pleistocene Hn1P and HWA
tephras are not distinctive.

Conclusions

We detected late Pleistocene cummingtonite-bearing cryptote-
phras in loess deposits and correlated them with reported tephras in
NE Japan on the basis of the cummingtonite chemistry, especially Fe
and Mg concentrations, and stratigraphic considerations. This is the
first time cryptotephras have been correlated using crystal rather than
glass-shard compositions. We also detected cummingtonite-bearing
cryptotephras for the first time in mid Pleistocene loess sediments.
Our main conclusions are:

(1) We detected cummingtonite for the first time in the Ichiha-
sama tephra (IcP) and confirmed that cummingtonite-bearing
tephras, namely, the IcP tephra and the Dokusawa (Dks) and
Naruko–Nisaka (N–N) tephras, are present as cryptotephras in
late Pleistocene eolian sediments in central NE Japan.

(2) The cummingtonite chemistries of the IcP, Dks, and N–N
tephras differ from one another and are diagnostic. Therefore,
geochemical analysis of cummingtonite grains provides a
powerful tool for detecting distal occurrences of these tephras
as cryptotephras.

(3) One cummingtonite-bearing cryptotephra in the late Pleisto-
cene loess deposits at Kesennuma (Pacific coast) does not
correlate with any cummingtonite-bearing tephras known to
occur in central NE Japan, but it can be correlated with
Numazawa–Kanayama tephra (Nm–KN), erupted from the
Numazawa caldera, southern NE Japan, on the basis of its
cummingtonite chemistry.

(4) Use of our new cummingtonite-bearing cryptotephra detecting
method has improved our knowledge of the stratigraphy of the
loess deposits at Kesennuma by showing that the Dks, N–N, and
Nm–KN cummingtonite-bearing cryptotephras, in descending
order, are present in the loess deposits.

(5) Three unnamed horizons containing cummingtonite concen-
trations were detected for the first time in mid and late
Pleistocene loess deposits on the Isawa upland. These horizons
occur above Dks (MIS 5.2–5.3), between Dks and Hagimori
white ash (HWA: 210–250 ka), and between HWA and Hinata
1 pumice (Hn1P: 250–300 ka). Such cummingtonite-bearing
cryptotephras will be useful for establishing the chronology of
mid and late Pleistocene sediments in central NE Japan.
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