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A 6.3-m-deep trench was dug in the Noboribetsu Geothermal Field, Kuttara Volcano, Hokkaido, Japan, to clarify

the history of phreatic eruptions in the field. The stratigraphic section in the trench consists of (from lower to upper): the

Kt-1 pyroclastic surge deposit, nine phreatic fall deposits (Nb-1 to Nb-d), the B-Tm tephra, two phreatic fall deposits
(Nb-c, Nb-b), the Us-b tephra, and a phreatic fall deposit (Nb-a). The 12 phreatic fall deposits (Nb-1to Nb-a) are 3-100
cm thick and consist of altered dacitic lithic fragments in a clay-rich fine-grained matrix. These deposits are inferred to
have been erupted from the Noboribetsu Geothermal Field. Buried soil layers occur between the deposits. Radiocarbon

dating of buried soil samples from immediately below each of the phreatic fall deposits suggests that phreatic eruptions
occurred at ca. BC 6450, BC 5370, BC 3980, BC 3440, BC 1990, BC 1710, BC 1280, BC 900, BC200, AD 980, AD
1480, and after AD 1663, corresponding to an average eruption interval of ~700 years.
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1. Introduction

Geothermal fields are common in active volcanic regions
and have become major sites for tourism and for extracting
geothermal energy. Although there have been few historical
volcanic eruptions in geothermal fields, geological studies
suggest that phreatic eruptions (here, the term ‘phreatic
eruptions’ is used for steam-driven explosions that do not
involve fresh magma, following Barberi et al., 1992 and
McPhie et al., 1993) in such settings occur at intervals of
100-1000 years (Lloyd, 1972; Hedenquist and Henley, 1985;
Ito, 1999; Kudo et al., 2000; Miyabuchi and Watanabe,
2000; Browne and Lawless, 2001; Okuno, 2002; Ohba and
Kitade, 2005; Kobayashi et al., 2006, Mannen, 2007).
Therefore, an understanding of the eruptive history of a
geothermal field is essential in evaluating the volcanic
hazard in the region.

The Noboribetsu Geothermal Field at Kuttara Volcano,
southwestern Hokkaido (Fig. 1), is one of the major geo-
thermal fields in Japan. The existence of small explosion
craters in this field suggests that phreatic eruptions have
occurred in recent geological time (Yamazaki, 1986;
Katsui et al., 1988; Goto et al., 2011a, 2011b). However,
the history of eruptions remains unknown, because this
field is generally covered with thick vegetation, and there
are few exposures of phreatic deposits. To address this
shortcoming, we conducted a trench survey and performed
radiocarbon dating of phreatic deposits erupted from the
field. This paper reports on the stratigraphy and radio-

carbon ages of the phreatic deposits and discusses the
eruptive history of the geothermal field.

2. Noboribetsu Geothermal Field

The Noboribetsu Geothermal Field lies in the western
part of Kuttara Volcano (Fig. 1), an andesitic to rhyolitic
composite volcano (elevation, 549 m above sea level) with
a small caldera at its summit (Lake Kuttara). The volcano
evolved over the period 80-45ka, involving early silicic
explosive activity and subsequent stratovolcano building
associated with caldera collapse at about 40ka (Katsui
et al., 1988; Yamagata, 1994; Moriizumi, 1998; Moriya,
2003). The geothermal field, which is inferred to have
formed after the collapse of the caldera (Katsui et al.,
1988), is approximately 1 km wide (NE-SW) and 1.5km
long (NW-SE).

The Noboribetsu Geothermal Field is characterized by a
dacitic cryptodome (Hiyoriyama Cryptodome), a volcanic
lake (Oyunuma Lake), and a fumarolic valley (Jigokudani
Valley) (Fig. 2). The Hiyoriyama Cryptodome, located in
the northern part of the geothermal field, is 350-550 m in
diameter and rises 130 m above the surrounding area (Fig.
3; Goto et al., 2011a). Fission-track analyses indicate that
the dome formed at 15+ 3 ka (Goto and Danhara, 2011).
Oyunuma Lake (115 X 210m in area), located in the
central part of the geothermal field, is the largest lake in
the field and is filled with hot acidic water (Fig. 3). The
Jigokudani Valley, in the southern part of the geothermal
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Fig. 1. Location of the Noboribetsu Geothermal Field in

the western part of Kuttara Volcano, southwestern
Hokkaido, Japan. Topographic contour interval is 100 m.

field, extends for 500 m in an ENE-WSW orientation and
hosts active fumaroles. The geothermal manifestations of
the geothermal field (active fumaroles, hot springs, and
hydrothermal alteration zones) are distributed in a zone
extending NNW-SSE from the Hiyoriyama Cryptodome
to the Jigokudani Valley (Goto and Johmori, 2011).

3. Phreatic fall deposits of the Noboribetsu Geothermal

Field

Phreatic fall deposits, extruded from the Noboribetsu
Geothermal Field, are widely distributed over the field
(Yamazaki, 1986; Katsui ef al., 1988; Goto ef al., 2011b).
They occur above the Kt-1 pyroclastic surge deposit
(Moriizumi, 1998) or the Kt-1 pyroclastic flow deposit
(Moriizumi, 1998), both of which were extruded from
Kuttara Volcano at about 40ka. In previous studies, the
phreatic fall deposits have been named the Oyunuma-
Jogokudani explosion deposits (Yamazaki, 1986), the
Shinki-Jigokudani pyroclastic fall deposit (Katsui et al.,
1988), or the Hiyoriyama phreatic deposit (Goto et al.,
2011b). Here, these deposits are referred to as the
Noboribetsu phreatic fall deposits, to avoid confusion.
These deposits comprise 12 units, ranging from the
uppermost Noboribetsu-a phreatic fall deposit (Nb-a) to
the lowermost Noboribetsu-1 phreatic fall deposit (Nb-1
deposit), as described below. The relations between the
Noboribetsu phreatic fall deposits and the previously
reported phreatic deposits are described in section 7-2.

4. Trench survey

Stratigraphic and geochronological studies of the Nobori-
betsu phreatic fall deposits are hampered by limited ex-
posure due to thick vegetation cover in the Noboribetsu
Geothermal Field. We conducted a trench survey of the
deposits to determine the stratigraphic record of eruption
events and to collect buried soil samples for radiocarbon
dating. The trench was excavated upon a gentle ridge
located 200 m northeast of Oyunuma Lake (Fig. 2). This
site was chosen because the lake is the largest and most
centrally located explosion crater in the Noboribetsu
Geothermal Field. The area around the trench site is
covered with tall trees and short bamboo forest (Fig. 3).
The trench was excavated on 24-25 November 2005 using
a backhoe with a 0.3m® bucket. The trench was 3.5m
wide, 7.0 m long, and 6.3 m deep (Fig. 4). The long axis of
the trench was oriented east-west.

5. Geological section in the trench

The stratigraphic section in the trench consists of a
subhorizontal sequence comprising (from lower to upper)
the Kt-1 pyroclastic surge deposit, the Nb-1 to Nb-d
deposits, the B-Tm tephra (Machida and Arai, 2003), the
Nb-c deposit, the Nb-b deposit, the Us-b tephra
(Yokoyama et al., 1973), and the Nb-a deposit (Figs. 4 and
5). Buried soil layers (0.5-5.0cm thick) occur between
each of these units.

The Kt-1 pyroclastic surge deposit (>71cm thick) is
brown (Munsell color chart 10YR 4/4), thinly bedded,
coarse grained (1-2 mm), and composed of lithic fragments,
mineral fragments (plagioclase, quartz, hypersthene, augite,
hornblende, opaque minerals), and fresh volcanic glass.
The deposit contains abundant accretionary lapilli (<35
mm across). The refractive index of the volcanic glass
ranges from 1.4961 to 1.5031 (mean, 1.499; mode, 1.499;
as analyzed using RIMS2000 machine at Kyoto Fission-
Track Co., Ltd, Japan, following the method of Danhara et
al., 1992). This deposit is overlain by a brown (10YR 4/3)
soil layer (5 cm thick).

The Nb-1 deposit (70 cm thick) is bright brown (7.5YR
5/8), massive (non-stratified), matrix supported, poorly
sorted, and composed of subrounded to subangular, dacitic
lithic clasts (<30 cm across) in a fine-grained matrix (Fig.
4). The clasts are pale brown to pale grey, and intensely
altered. The matrix is clay-rich, cohesive, and composed of
altered dacite fragments, mineral fragments (plagioclase,
quartz, hornblende, hypersthene, augite, opaque minerals),
and weathered volcanic glass. The grain-size distribution
of the deposit shows a relatively even spread from —7 to 4
¢ (Fig. 6 L). X-ray diffraction (XRD) analysis of the <2
um fraction (separated by hydraulic elutriation) indicates
the presence of gypsum, pyrophyllite, epidote, and
vermiculite (Table 1). This deposit is overlain by a brown
(10YR 4/3) soil layer (1 cm thick).

The Nb-k deposit (60 cm thick) is light yellow (2.5Y
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Fig. 2. Topographic map of the Noboribetsu Geothermal
Field, showing the location of the trench site. The
trench was excavated 200m northeast of Oyunuma
Lake, which is the largest explosion crater in the
geothermal field. The base map is after the 1:25,000
scale topographic map ‘Noboribetsu-Onsen’ issued by
the Geospatial Information Authority of Japan (GSI).
Topographic contour interval is 10 m.

7/4), massive, and composed of subrounded to subangular,
dacitic lithic clasts (<10 ¢cm across) in a fine-grained matrix
(Fig. 4). The clasts are pale grey and intensely altered. Some
clasts show an impact sag structure onto the underlying
soil layer. The matrix is clay-rich, cohesive, and composed
of altered dacite fragments, mineral fragments (plagio-
clase, quartz, hypersthene, hornblende, augite, opaque
minerals), and weathered volcanic glass. The grain size of
the deposit is mainly smaller than 4¢ (Fig. 6K). XRD
analysis of the <2pum fraction (Table 1) indicates the
presence of smectite, gypsum, and epidote. This deposit is
overlain by a brown (10YR 4/3) soil layer (0.5 cm thick).

The Nb-j deposit (65 cm thick) is bright brown (7.5YR
5/8), massive, and composed of subrounded to subangular,
dacitic lithic clasts (< 30cm across) in a fine-grained
matrix (Fig. 4). The clasts are pale brown to pale grey, and
intensely altered. The matrix is clay-rich, cohesive, and
composed of altered dacite fragments, mineral fragments
(plagioclase, quartz, hypersthene, augite, hornblende, biotite,
opaque minerals), and weathered volcanic glass. This
deposit contains charcoal fragments (<4 mm across). The
grain size distribution of the deposit shows a dominance of
grains smaller than 4 ¢ (Fig. 6J). XRD analysis of the <2
um fraction (Table 1) indicates the presence of gypsum
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Fig. 3.
Oyunuma Lake in the Noboribetsu Geothermal Field
(viewed from the south), showing the trench site.

Photograph of the Hiyoriyama Cryptodome and

and quartz. This deposit is overlain by a dark brown (10YR
2/2) soil layer (0.5 cm thick).

The Nb-i deposit (20 cm thick) is bright brown (7.5YR
5/8), massive, and composed of subrounded to subangular,
dacite clasts (< 30cm across) in a fine-grained matrix
(Fig. 4). The clasts are pale brown to pale grey, and
intensely altered. The matrix is clay-rich, cohesive, and
composed of altered dacite fragments, mineral fragments
(plagioclase, quartz, hypersthene, augite, hornblende,
biotite, opaque minerals), and weathered volcanic glass.
Grain-size analysis shows a dominance of grains smaller
than 4¢ (Fig. 61). XRD analysis of the <2 um fraction
(Table 1) indicates the presence of smectite, gypsum, and
quartz. This deposit is overlain by a dark brown (10YR
2/2) soil layer (1 cm thick).

The Nb-h deposit (3 cm thick) is brown (7.5YR 4/6),
massive, and composed of subrounded, dacitic lithic clasts
(1-5cm across) and dacitic pumice clasts (1-2 cm across)
in a fine-grained matrix (Fig. 4). All clasts are pale grey
and intensely altered, and their color means they are con-
spicuous in the brown matrix. The matrix is clay-rich,
cohesive, and composed of altered dacite fragments, mineral
fragments (plagioclase, quartz, hypersthene, augite, horn-
blende, opaque minerals), and weathered volcanic glass.
Grain-size analysis shows a bimodal grain-size distribution
(Fig. 6H). XRD analysis of the <2 um fraction (Table 1)
indicates the presence of smectite, kaolinite, quartz, and
opal. This deposit is overlain by a dark brown (10YR 2/2)
soil layer (7 cm thick).

The Nb-g deposit (3cm thick) is brown (10YR 4/6),
massive, and composed of subrounded to subangular,
dacitic lithic clasts (<1 cm across) in a fine-grained matrix
(Fig. 4). The clasts are pale brown to pale grey, and
intensely altered. The matrix is clay-rich, cohesive, and
composed of altered dacite fragments, mineral fragments
(plagioclase, quartz, hypersthene, augite, hornblende,
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Fig. 4. Photograph of the trench, showing the sequence of Noboribetsu phreatic fall deposits (Nb-a to Nb-1), the B-Tm
tephra, and the Us-b tephra (viewed from the east). Buried soil layers occur between adjacent units. Note the impact

sag structure at the bottom of the Nb-c deposit. The striped rod in the trench is 90 cm long (each colored segment is 10
cm long).
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comprises the Noboribetsu phreatic fall deposits

Stratigraphic section in the trench. The section
smaller than 4 ¢. The samples were sieved at mesh

(Nb-a to Nb-1), the Kt-1 pyroclastic surge deposit
(Kt-1), the B-Tm tephra, and the Us-b tephra. Buried
soil layers occur between adjacent units. Radiocarbon
ages (conventional ages) and calibrated ages (error
range 2 0) are also shown.

intervals of 1 ¢ (where o= —logad, with d being the
grain size in millimeters), using a set of sieves
ranging from —7 to 4¢$ (128 mm to 1/16 mm). The
sieving was carried out in a water bath because the
samples were cohesive. The sieved samples were dried
and weighed to an accuracy of 0.01 g on a laboratory
balance.

opaque minerals), and weathered volcanic glass. This
deposit contains many charcoal fragments (<3 mm across).
Grain-size analysis (Fig. 6G) shows a dominance of grains
smaller than 4. XRD analysis of the <2pum fraction

(Table 1) indicates the presence of smectite, kaolinite,
quartz, and opal. This deposit is overlain by a dark brown
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Table 1.

Results of X-ray diffraction (XRD) analyses of the <2 mm fraction of the Noboribetsu phreatic fall deposits

(Nb-a to Nb-1), sampled from the trench. The modal abundance of each mineral is classified as abundant (+++),

moderate (++), or trace (+).

Smectite  Kaolinite  Gypsum Pyrophyllite Jarosite Illite Epidote  Vermiculite Quartz  Tridymite Opal
Nb-a +++ ++ ++
Nb-b +++ ++ + + + +
Nb-¢ ++ ++ ++
Nb-d +++ ++ + + ++
Nb-e +++ -+ +
Nb-f +++ ++ + +
Nb-g +++ ++ + +
Nb-h ++ ++ + +
Nb-i + +++ +
Nb-j ot +
Nb-k + +++ +
Nb-1 +++ + + +

The <2mm fraction sample was separated by hydraulic elutriation and prepared as oriented samples on glass slides.

The XRD analyses were carried out at Okayama University of Science, using a Geigerflex RAD-B diffractometer
(Rigaku Corporation) with settings of 40kV, 60 mA, and scan speed of 2.0° per minute. Ethylene glycol treatment was

used to identify smectite.

(10YR 2/2) soil layer (2 cm thick).

The Nb-f deposit (5 cm thick) is yellowish brown (10YR
5/6), massive, and composed of subrounded to subangular,
dacitic lithic clasts (<1 cm across) in a fine-grained matrix
(Fig. 4). The clasts are pale brown to pale grey, and
intensely altered. The matrix is clay-rich, cohesive, and
composed of altered dacite fragments, mineral fragments
(plagioclase, quartz, hypersthene, augite, hornblende, opaque
minerals), and weathered volcanic glass. This deposit
contains many charcoal fragments (<3 mm across). Grain-
size analysis (Fig. 6F) shows a dominance of grains
smaller than 4 $. XRD analysis of the <2um fraction
(Table 1) indicates the presence of smectite, kaolinite,
quartz, and opal. This deposit is overlain by a dark brown
(10YR 2/2) soil layer (3 cm thick).

The Nb-e deposit (20 cm thick) is bright brown (7.5YR
5/8), massive, and composed of subrounded to subangular,
dacitic lithic clasts (< 10cm across) in a fine-grained
matrix (Fig. 4). The clasts are pale brown to pale grey, and
intensely altered. The matrix is clay-rich, cohesive, and
composed of altered dacite fragments, mineral fragments
(plagioclase, quartz, hypersthene, augite, hornblende,
opaque minerals), and weathered volcanic glass. Some
clasts show an impact sag structure onto the underlying
soil layer and also onto the Nb-f deposit beneath the soil
layer. Grain-size analysis shows a dominance of grains
smaller than 4 ¢ (Fig. 6E). XRD analysis of the <2pm
fraction (Table 1) indicates the presence of smectite,
kaolinite, and jarosite. This deposit is overlain by a dark
brown (10YR 2/2) soil layer (6 cm thick).

The Nb-d deposit (100 cm thick) is light yellow (2.5Y
7/4), massive, and composed of subrounded to subangular,
dacitic lithic clasts and minor andesitic lithic clasts (<80
cm across) in a fine-grained matrix (Fig. 4). The dacitic

lithic clasts are pale grey and intensely altered, whereas the
andesitic lithic clasts are pale brownish grey and slightly
altered. The matrix is clay-rich, cohesive, and composed of
altered dacite fragments, mineral fragments (quartz, plagio-
clase, hypersthene, augite, hornblende, opaque minerals),
and weathered volcanic glass. Some clasts show an impact
sag structure onto the underlying soil layer and also onto
the Nb-e deposit beneath the soil layer (Fig. 4). Grain-size
analysis shows a bimodal grain-size distribution, with a
dominance of grains smaller than 4¢ (Fig. 6D). XRD
analysis of the <2pum fraction (Table 1) indicates the
presence of smectite, kaolinite, quartz, tridymite, and opal.
This deposit is overlain by a dark brown (10YR 2/2) soil
layer (5 cm thick).

The B-Tm tephra (1 cm thick) is white (N9), fine-
grained, and composed of fresh volcanic glass and crystals
of K-feldspar, plagioclase, quartz, orthopyroxene, clino-
pyroxene, and opaque minerals (Fig. 4). The refractive
index of the glass (as analyzed using RIMS2000 machine)
shows a bimodal distribution, with one mode ranging from
1.5082 to 1.5145 (mean, 1.510; mode, 1.510; proportion of
analyses, 58%) and the other from 1.5167 to 1.5217
(mean, 1.520; mode, 1.520; proportion of analyses, 42 %).
The refractive index is consistent with that of the B-Tm
tephra reported by Machida and Arai (2003). The tephra is
overlain by a dark brown (I0YR 2/2) soil layer (4cm
thick).

The Nb-c deposit (37 cm thick) is reddish brown (SYR
4/8), massive, and composed of subrounded to subangular,
dacitic lithic clasts (< 20cm across) in a fine-grained
matrix (Fig. 4). The clasts are pale brown to pale grey, and
intensely altered. The matrix is clay-rich, cohesive, and
composed of altered dacite fragments, mineral fragments
(quartz, plagioclase, hypersthene, augite, hornblende,
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opaque minerals), and weathered volcanic glass. Some
clasts show an impact sag structure onto the underlying
soil layer and also onto the Nb-d deposit beneath the soil
layer (Fig. 4). The grain-size distribution of the deposit
shows a relatively even spread (Fig. 6C). XRD analysis of
the <2um fraction (Table 1) indicates the presence of
smectite, kaolinite, and gypsum. This deposit is overlain
by a dark brown (10YR 2/2) soil layer (1 cm thick).

The Nb-b deposit (40 cm thick) is light yellow (2.5Y
7/3), massive, and composed of subrounded to subangular,
dacitic lithic clasts (< 20cm across) in a fine-grained
matrix (Fig. 4). The clasts are pale brown to pale grey, and
intensely altered. The matrix is clay-rich, cohesive, and
composed of altered dacite fragments, mineral fragments
(quartz, plagioclase, hypersthene, hornblende, biotite, augite,
opaque minerals), and weathered volcanic glass. Some
clasts show an impact sag structure onto the underlying
soil layer. Grain-size analysis shows a bimodal grain-size
distribution, with a dominance of grains smaller than 4 ¢
(Fig. 6B). XRD analysis of the <2 pm fraction (Table 1)
indicates the presence of smectite, kaolinite, pyrophyllite,
jarosite, illite, and quartz. This deposit is directly overlain
by the Us-b tephra.

The Us-b tephra (80 cm thick) is clast supported and
poorly stratified, and consists of rhyolite pumice (1-3 cm
across; Fig. 4). The pumice is white (N9) and consists of
fresh volcanic glass and crystals of plagioclase, hyper-
sthene, augite, hornblende, and opaque minerals. The
refractive index of the volcanic glass ranges from 1.4887
to 1.4921 (mean, 1.491; mode, 1.491; analyzed using
RIMS2000 machine). This tephra is directly overlain by
the Nb-a deposit.

The Nb-a deposit (10cm thick) is olive brown (2.5Y
4/3), massive, and composed of subrounded to subangular,
dacitic lithic clasts (< 1 cm across) in a fine-grained matrix
(Fig. 4). The clasts are pale grey to grey, and intensely
altered. The matrix is clay-rich, cohesive, and composed of
altered dacite fragments, mineral fragments (quartz, plagio-
clase, hypersthene, hornblende, biotite, augite, opaque
minerals), and weathered volcanic glass. Grain-size analysis
shows a dominance of grains smaller than 4 ¢ (Fig. 6A).
XRD analysis of the <2 um fraction (Table 1) indicates
the presence of smectite, kaolinite, and quartz. This deposit
is overlain by dark brown (10YR 2/2) surface soil (10 cm
thick).

6. Radiocarbon dating

Radiocarbon ages were determined for 11 soil samples
collected from buried soil layers located immediately
below 11 of the phreatic fall deposits exposed in the trench
(see Fig. 5). The soil layers contain no modern plant roots,
and show no sign of disturbance (e.g., bioturbation, erosion)
during or after deposition. Each sample was collected from
the uppermost 1 cm of the soil layer. In the case that a soil
layer was less than 1 cm thick, the entire thickness of the

soil layer was used for dating. Each sample for dating
consisted of dark brown or brown, organic sediment (grain
size < 0.5mm).

Radiocarbon dating was performed by Beta Analytic
(Miami, USA). All samples were pretreated with acid
washes, and the remaining carbon (bulk organic fraction)
was analyzed for dating (Table 2). Eight samples (Ot-14,
0Ot-20, Ot-36, Ot-40, Ot-42, Ot-44, Ot-61b, Ot-110) were
analyzed using a standard radiometric method, and three
samples (Ot-47, Ot-300, NB-2C-375) were analyzed using
an accelerator mass spectrometry (AMS) method (Table
2). The soil samples yield conventional radiocarbon ages
of (from the lowermost to uppermost samples) 7600 = 60
BP, 6400£60 BP, 520040 BP, 467040 BP, 364040
BP, 3420£50 BP, 3020£50 BP, 275040 BP, 2170+40
BP, 1080 =40 BP, and 370 =40 BP (BP =years before
AD 1950, error range 10; Table 2). These ages are con-
sistent with the stratigraphic positions of the soils (Fig. 5).

Calibrated ages were calculated from the conventional
radiocarbon ages, using a program developed by Beta
Analytic and based on the IntCal09 calibration database
(Oeschger et al., 1975; Stuiver and Braziunas, 1993;
Heaton et al., 2009; Reimer et al., 2009) with a spline
smoothing function for the calibration curve (Talma and
Vogel, 1993). The calibrated ages are (from the lowermost
to uppermost samples) 8340-8540 cal BP (BC 6390-
6590), 7180-7430 cal BP (BC 5230-5480), 5910-6000 cal
BP (BC 3960-4050), 5310-5580 cal BP (BC 3360-3630),
3850-4080 cal BP (BC1900-2140), 3560-3830 cal BP
(BC1610-1880), 3070-3360 cal BP (BC1120-1410),
2760-2950 cal BP (BC 810-1000), 2060-2320 cal BP (BC
110-370), 930-1060 cal BP (AD 890-1020), and 310-510
cal BP (AD 1440-1640) (error range 2 0, 95 % probability;
Table 2).

The calibrated ages are consistent with ages reported
previously for the Kt-1 pyroclastic surge deposit (~40ka;
Moriizumi, 1998), the B-Tm tephra (~ 10" century; Machida
and Arai, 2003), and the Us-b tephra (AD 1663; Yokoyama
et al., 1973; Machida and Arai, 2003) (Fig. 5). The Nb-a
deposit occurs above the Us-b tephra, suggesting it was
deposited after AD 1663.

7. Discussion

7-1 Origin of the Noboribetsu phreatic fall deposits

The Noboribetsu phreatic fall deposits (Nb-1 to Nb-a)
consist of altered dacitic lithic clasts in an altered fine-
grained matrix, and contain no juvenile magmatic pyro-
clasts, suggesting they were produced during phreatic
explosions. The grain-size distributions of the deposits
(which generally show a dominance of grains smaller than
4 ) and the presence of clay minerals (e.g., smectite and
kaolinite; Table 1) are consistent with the deposits
originating during a phreatic explosion. The presence of
large lithic clasts (up to 80cm across) and impact sag
structures suggests that the deposits were erupted from
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Fig. 7. Timing of phreatic eruptions in the Noboribetsu Geothermal Field. The width of each bar represents 2 0

(95 % probability).

within the Noboribetsu Geothermal Field, which is
consistent with the presence of many small explosion
craters in the field (Goto ef al., 2011a).

The 12 phreatic deposits (Nb-1 to Nb-a) and intervening
soil layers indicate the occurrence of 12 phreatic eruptions
separated by periods of dormancy. The trench survey was
performed at only one location, and it is possible that more
than 12 phreatic fall deposits are present in the
Noboribetsu Geothermal Field. We therefore conclude that
at least 12 episodes of phreatic eruptions have occurred in
the Noboribetsu Geothermal Field.

Since the trench survey gives only a one-dimensional
perspective, the spatial distribution of each deposit (Nb-1 to
Nb-a) remains unknown; consequently, it is not possible to
accurately estimate the volume of each deposit. The
thicknesses of the deposits (maximum 100cm, Nb-d)
suggest that each phreatic eruption was relatively large in
magnitude. We roughly estimate that the volume of each
deposit is on the order of 10° m®.

7-2 Relations between the Noboribetsu phreatic
fall deposits and previously reported phreatic
deposits

Some of the Noboribetsu phreatic fall deposits (Nb-1 to
Nb-a) have been reported previously (Yamazaki, 1986;
Katsui et al., 1988; Goto et al., 2011b). Yamazaki (1986)
noted a set of phreatic fall deposits (the Oyunuma-
Jogokudani explosion deposits) from 200 m east of Oyunuma
Lake. The deposits are 5.6 m thick in total and comprise 10
units. Each unit is 5-150 cm thick and consists of dacitic

lithic clasts in a clay-rich, fine-grained matrix. Three
buried soil layers occur between the units, and one soil
layer was dated as 1880100 BP by radiocarbon methods.
Yamazaki (1986) inferred that the deposits formed by
phreatic eruptions within the Noboribetsu Geothermal
Field. The 10 units may correspond to most of the Nb-I to
Nb-a deposits, but detailed correlations between them are
difficult, because the 10 units were poorly described and
the radiocarbon age (18802100 BP) does not match our
age data. The outcrop examined by Yamazaki (1986) is no
longer accessible because it is covered by cement.

Katsui et al. (1988) described a phreatic fall deposit (the
Shinki-Jigokudani pyroclastic fall deposit) from the southern
part of the Noboribetsu Geothermal Field. The deposit
occurs above the Us-b tephra, and consists of altered,
dacitic lithic clasts in a fine-grained matrix. Katsui et al.
(1988) inferred that the deposit formed during a small
phreatic eruption within the Jigokudani Valley after AD
1663. Goto et al. (2011b) reported a phreatic fall deposit
(the Hiyoriyama phreatic deposit) from the northern part of
the Noboribetsu Geothermal Field. The deposit also occurs
above the Us-b tephra and consists of fresh to altered,
dacitic lithic clasts in a fine-grained matrix. Goto et al.
(2011b) inferred that the deposit formed during a small
phreatic eruption at the summit of the Hiyoriyama Crypto-
dome after AD 1663. The stratigraphic location (i.e., above
the Us-b tephra) of these two deposits suggests that they
correspond to the Nb-a deposit. The two deposits (i.e., the
Nb-a deposit) are inferred to have been produced by
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distinct phreatic explosions during a series of multiple-
vent-forming phreatic explosions within an eruptive
episode (Goto et al., 2011b).

7-3 History of phreatic eruptions in the Noboribetsu

Geothermal Field

The radiocarbon age of a buried soil located immedi-
ately below a mass-flow or pyroclastic deposit may represent
the emplacement age of the deposit, in the case that the
deposit overlies the soil without any disturbance (Orlova
and Panychev, 1993; Okuno et al., 1997; Xu et al., 2004).
In the present study, the soil layers show no sign of
disturbance, suggesting the radiocarbon age of each soil
represents the emplacement age of the overlying deposit.
The calibrated ages (intercept ages; Table 2) suggest that
phreatic eruptions occurred in the Noboribetsu Geothermal
Field at ca. BC6450 (Nb-1), BC5370 (Nb-k), BC 3980
(Nb-j), BC 3440 (Nb-i), BC 1990 (Nb-h), BC 1710 (Nb-g),
BC 1280 (Nb-f), BC900 (Nb-e), BC200 (Nb-d), AD 980
(Nb-c), AD 1480 (Nb-b), and after AD 1663 (Nb-a) (Fig.
7). The average interval between eruptions is ~700 years
(i.e., 12 eruptions in the past 8500 years), and the intervals
range from 300 to 1400 years.

Considering the emplacement age of the Hiyoriyama
Cryptodome (ca. 15ka; Goto and Danhara, 2011), the 12
phreatic eruptions occurred after the emplacement of the
dome. We suggest that the Noboribetsu Geothermal Field
has an eruption history of dome emplacement at about 15
ka and phreatic eruptions after BC 6450 (or 8400 cal BP).
The formation of the Hiyoriyama Cryptodome is the only
magmatic event during the evolution of the Noboribetsu
Geothermal Field (Katsui et al., 1988), and the eruption
history in this field is characterized by an early magmatic
activity and later phreatic activity. Such an eruption history
could be explained by early magma ascent followed by the
repeated ascent of high-temperature volcanic fluid from
depth.

A similar eruption history (i.e., early dome-forming
magmatic activity and later phreatic activity) has been
reported for other geothermal fields (e.g., the Owakudani
area, Hakone Volcano, central Japan; Kobayashi et al.,
2006; Mannen, 2007). In the Owakudani area, a lava dome
(Mt. Kanmurigatake) formed at about 3000 years ago,
followed by at least five phreatic eruptions (Kobayashi et
al., 2006; Mannen, 2007). The frequency of phreatic
eruptions in the Owakudani area (i.e., 5 eruptions in the
past 3000 years; Kobayashi et al., 2006, Mannen, 2007) is
also similar to that in the Noboribetsu Geothermal Field
(12 eruptions in the past 8500 years; this study). The
present results are therefore of value in evaluating the
volcanic hazard in the Noboribetsu Geothermal Field.
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