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The newest activity of the Zao volcano began at about 30 ka, and numerous small to 

medium sized eruption has continued for the past 30-ky. In this study we examined the 
stratigraphy of eruptive products of this activity and clarified the ages of each eruptive 
episode based on 14C ages of palaeosol and wood samples, and examined the temporal 
variation of petrologic characteristics of the past ca. 30-ky eruptive products. 

A small cone Goshikidake situates inner part of the Umanose caldera (ca. 30 ka), 
which is in the central part of the Zao. Crater Lake Okama is in the western part of the cone 
and pre-Okama crater is just southeastward of Okama. The past ca. 30-ky eruptive products 
of the Zao are divided into the Komakusadaira agglutinate and the Goshikidake pyroclastic 
rock. The latter can be divided into five units. Unit 1-3 products were erupted from 
pre-Okama crater and unit 4 and 5 products were from Crater Okama.  

Ten volcanic sand layers (Z-To 1-10) of past 30-ky activity have been recognized, and 
estimated ages for Z-To 1-4 are ca. 31, 28, 26, 18 ka, respectively. We newly recognized two 
volcanic sand layers (named Z-To5a and b) between Z-To 4 and 5. Moreover we re-divided 
Z-To 9 and 10 to Z-To 9-14. Ages of the upper part of the tephra layers based on 14C ages 
from 25 samples are as follows, ca. 7.5, 6.1, 5.8, 5.3, 4.5, 4.1, 2.0-1.4, and 1.4-1.2 ka for 
Z-To 5a to 10, respectively and ca. 1.2-0.4 ka for Z-To11-14. These data point to being two 
major active periods from the upper part, ca. 7.5 to 4.1 ka and 2.0 to 0.4 ka, which include 
six magmatic episodes each. Stratigraphic and petrologic data show Z-To 1-4, Z-To 9-10, 
and Z-To 11-14 correspond to the Komakusadaira agglutinate, Goshikidake pyroclastic rock 
unit 1-3, and unit 4, respectively. 

Phenocrystic assemblage of each tephra is cpx, opx, pl, and mt except for Z-To 5. 
Considerable amounts of ol can be found in Z-To 5 as well. Z-To 5 products were formed by 
mixing between mafic magma containing ol+An rich-pl phenocrysts and andesitic magma 
containing Mg-poor px+An-poor pl phenocrysts. Most of the other samples also show 
evidences for magma mixing, such as reverse zoning in px phenocrysts and wider 
compositional range in pl phenocrysts. The silica content of Komakusadaira agglutinate is 
55-56 %. Regarding the upper part, periodic variations in silica contents can be found in the 
two major active periods. In these periods, silica contents decreased from 58 to 55-56 % and 
recovered up to 58 %, which can be explained that when the mafic magma played more 
effectively during the mixing, the silica contents decreased. Samples from the active period 
ca.7.5 to 4.1 ka plotted on the higher part than samples from another active period ca.2.0 to 
0.4 ka in the Cr-silica diagram, suggesting different pulses of mafic magma for the two 
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major activities. 
Key words: Zao volcano, Active volcano, Volcanic unrest, Magma feeding system, 14Cage, 
Tephra layers 

1.  Introduction 
Understanding the magma feeding system 

beneath active volcanoes would be fundamental 
knowledge to evaluate the unrest of active 
volcanoes.  For the volcanoes which are 
continuing to erupt these days, for example, Pu’u 
O’o eruption of Kilauea, petrological monitoring 
to the magma feeding system in very tight time 
scale is possible (e.g. Garcia et al., 2000).  For 
the volcanoes which are not continuing to erupt, 
but has many historical eruptive records, for 
example, Miyakejima, Japan, temporal variation 
of magma feeding systems during hundreds 
years can be evaluated (e.g. Amma-Miyasaka 
and Nakagawa, 2003).  These active volcanoes 
usually have higher eruption rates, however, 
most of volcanoes in northeast Japan have lower 
eruption rates, thus such petrologic monitoring 
on the magma feeding system is difficult and the 
evaluation of temporal variation of the magma 
feeding system for hundreds to thousands years 
have not been performed on active volcanoes in 
northeast Japan.  In this study, we selected the 
newest activity of Zao volcano as one of 
examples with lower eruption rate, and tried to 
reveal the temporal variation of magma feeding 
system of this activity. 

The Zao volcano situates in the central part of 
the Quaternary volcanic front of the northeast 
Japan arc (Fig. 1).  This volcano started its 
activity at about 1 Ma (Takaoka, et al., 1989), 
and is continuing its activity. Geologic and 
petrologic studies of the whole of the activity 
were performed by e.g. Tiba (1961), Konda and 
Oba (1987), and Sakayori (1991; 1992).  A  
simplified geologic map of the Zao volcano after 
Sakayori (1992) is shown in Fig. 2.  According 
to these studies, the newest stage of the Zao 
volcano began at about 30ka, and numerous 
small to medium sized eruption has continued 
for the past 30-ky.  At about 30 ka, a horse shoe 
shaped Umanose caldera (1.7 km in diameter), 
which is located in the central part of the Zao, 
was formed by explosive eruptions (Sakayori, 
1992). A small cone Goshikidake formed inner 
part of the Umanose caldera.  Crater Lake 
Okama is in the western part of the cone and 
pre-Okama crater is just southeastward of 

Okama.  However, the detail of geologic and 
petrologic features of this activity is still 
unknown.  In this study we examined the 
stratigraphy of eruptive products of this activity 
and clarified the ages of each eruptive episode 
based 14C ages of palaeosols intercalate to tephra 
layers.  Based on the stratigraphy, we examined 
the temporal variation of petrologic 
characteristics of the past ca. 30-ky eruptive 
products to evaluate temporal variation of 
magma feeding system of the activity. 
 
2.  Analytical methods 

14C ages of palaeosols intercalate to tephra 
layers and wood samples in the tephra layers are 
determined by AMS method at Tono Geoscience 
Center, Japan Nuclear Cycle Development 
Institute.  

Whole-rock major element concentrations and 
the trace elements (Rb, Sr, Ba, Zr, Y, Nb, and V) 
were determined by X-ray fluorescence analysis 
with a Rigaku RIX2000 spectrometer in the 
Yamagata University.  Operating conditions 
were 50 kV accelerating voltage and 50 mA 
current using a Rh anode tube.  The preparation 
method of the glass disks and the calibration 
method for major elements were followed to 
Yamada et al. (1995).  The calibration method 
for the trace elements was followed to the 
background method of Yamada et al. (1995).  
The standards used in the analyses are GSJ 
(Geological Survey of Japan) igneous rocks 
series.  Analytical uncertainties for XRF trace 
elements are <5% for Nb, Zr, Y, Sr, Rb and Ni; 
<10% for V and Cr; 5-15% for Ba. The range of 
uncertainties for a single element is based on the 
concentration range observed in standards. 

Chemical analyses of minerals and glass in 
groundmass from representative rocks were done 
with a JEOL JXA8600M energy-dispersive type 
electron probe microanalyzer in the Yamagata 
University, using natural and synthetic minerals 
as standards.  Operating conditions were 15 kV 
accelerating voltage, a beam current of 10 nA 
(plagioclase, hornblende and glass in 
groundmass), or 20 nA (olivine, pyroxene and 
oxide minerals), and a 8-20-s counting time for 
each element. All analyses were corrected using 
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the oxide ZAF method. 
 
3.  Stratigraphic units of the proximal facies 
of the past 30-ky activity of the Zao volcano 

The past ca. 30-ky eruptive products of the 
Zao are divided into the Komakusadaira 
agglutinate and the Goshikidake pyroclastic rock 
(Fig. 2).  

The Komakusadaira agglutinate are consisted 
of thick volcanic successions (more than 30 m in 
thickness) mainly composed of agglutinate, 
which can be divided into more than fifteen 
layers. They spattered over along the top of the 
caldera wall.  

The Goshikidake pyroclastic rock comprises 
the Goshikidake (0.1 km3). Most of the eruptive 
products are pyroclastic surge deposits and can 
be divided into five units by angular 
unconformity (Fig. 3). Distribution of eruptive 
products of each unit is shown in Fig. 4.  Unit 
1-3 products were erupted from pre-Okama 
crater and units 4 and 5 products were from 
Crater Okama. Most of unit 5 products were 
erupted in AD1895 (Anzai, 1961).  The vents of 
units 1 and 2 are unclear.  

The cone products are composed of numerous 
pyroclastic layers and most of the constituents 
are dark gray to reddened colored pyroclastic 
surge deposits.  The thickness of a single layer 
varies from several centimeters to meters.  
U-shaped erosional channels, climbing duneform, 
planner bedded deposits with 
penecontemporaneous slumping, and bomb sags 
are commonly observed.  These deposits thin 
rapidly away from the vent.  Some exceptions 
can be seen.  The lower part of unit 1 is mainly 
composed of vulcanian fall deposits, and also, 
the lower part of unit 4 and whole of unit 5 are 
composed of white to gray colored tuff breccias 
caused by phreatic eruptions. 
 
4.  Re-examination of the stratigraphy of the 
tephra layers of the past 30-ky activity of Zao 
volcano 

Imura (1994) recognized ten volcanic sand 
layers (Z-To 1-10) formed during past 30-ky 
activity.  Imura (1994) defined Z-To 1 to 4 
volcanic sand layers mostly at the east foot of the 
Zao volcano, while Z-To 5 to 10 were 
distinguished mostly at the summit area.  Most 
of these layers are consist of volcanic sand even 
at the summit area, only exception was Z-To 5.  
At the summit area, Z-To 5 tephra layer is mostly 
consisted of scoria fall deposits, composed of 

lapilli sized scoria.  Imura (1994) estimated 
their ages; ca. 31 ka for Z-To 1, 28 ka for Z-To 2, 
26 ka for Z-To 3, 18 ka for Z-To 4, younger than 
1.5 ka for Z-To 5-10, however, Kawanabe (1998) 
reported ca. 2.4 ka 14C age for a palaeosol 
between Z-To8 and 9. Thus we re-examined the 
stratigraphy of the upper part of the tephra 
layers. 

The newly established idealized columnar 
section of the upper part of tephra layers of the 
Zao newest activity is shown in Fig. 5.  We 
newly recognized two volcanic sand layers 
(named Z-To 5a and b) between Z-To 4 and 5.  
Besides, we re-divided Z-To 9 and 10 to Z-To 
9-14 by intercalated white colored clay layers 
formed by phreatic eruptions. Additionally, we 
found agglutinate layers corresponding to Z-To 6 
and 7 at the near to the vent.  In Fig. 6, isopach 
maps for Z-To 5a-14 are shown.  Main 
distribution axis of most of these is eastward, but 
northeastward for Z-To 5a and 7.  Volumes of 
Z-To 5a-7 based on these isopach maps using the 
method of Hayakawa (1985) are 1.5x107 m3, 
2x107 m3, 4x107 m3, 5x107 m3, 5x107 m3, 
respectively. We obtained 14C ages from 25 
palaeosol samples intercalating to the tephra 
layers and wood samples in the tephra layers.  
The ages were calibrated using CALIB program 
by Stuiver et al. (1998).  The estimated ages of 
the upper part of the tephra layers are as follows, 
ca. 7.5 ka, 6.1 ka, 5.8 ka, 5.3 ka, 4.5 ka, 4.1 ka, 
2.0-1.4 ka, 1.4-1.2 ka for Z-To 5a-10, 
respectively and ca. 1.2-0.4 ka for Z-To 11-14. 
These data point to being two major active 
periods from the upper part, ca.7.5 to 4.1 ka and 
2.0 to 0.4 ka, which include six magmatic 
episodes each.  The eruption rates of these two 
periods are about 0.1 km3 per 1ky, which is 
normal for that of Quaternary stratovolcanoes in 
northeastern Japan. 
 
5.  Petrographic characteristics of eruptive 
products of the past 30-ky activity of the Zao 
volcano 

Juvenile fragments of the Komakusadaira 
agglutinate are basaltic andesite with 
clinopyroxene, orthopyroxene, plagioclase, and 
Fe-Ti oxide as phenocryst. Most of the 
plagioclase phenocrysts have dissolution textures 
(Tsuchiyama, 1985), such as, dusty zoning or 
weak honey-comb texture.  Pyroxene 
phenocrysts have no reaction rims, and show 
euhedral to subhedral, and sometimes include 
glass inclusions, less than 20 micro meters in 
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size.  The groundmass is mainly composed of 
glass with various amounts of vesicles. 
Regarding the Goshikidake pyroclastic rock, 
they are also basaltic andesite and the 
phenocrystic assemblage (olivine+-, 
clinopyroxene, orthopyroxene, plagioclase, and 
Fe-Ti oxide) and the groundmass (mainly 
composed of glass with vesicles) are similar 
among the units.  Most of the plagioclase 
phenocrysts also have dissolution textures. The 
amount of olivine phenocryst is less than 1 
vol. %.  Pyroxene and olivine phenocrysts have 
no reaction rims. Pyroxene phenocrysts show 
euhedral to subhedral, and sometimes include 
glass inclusions, less than 20 micro meters in 
size. The phenocrystic assemblage of the 
Komakusadaira agglutinate and Goshikidake 
pyroclastic rock is shown in Table 1, as well as 
that of tephra layers.  A photomicrograph of 
representative rocks of the Goshikidake 
pyroclastic rock is shown in Fig.7 (a). 

Volcanic sands of tephra layers consist of 
minerals, essential fragments, and accessory 
fragments.  Most of the essential fragments is 
scoria, mainly composed of glass with vesicles, 
and sometimes include phenocrystic minerals.  
The isolated minerals and the phenocrystic 
minerals are clinopyroxene, orthopyroxene, 
plagioclase, and Fe-Ti oxide. Scoria form Z-To5 
is basaltic andesite with olivine, clinopyroxene, 
orthopyroxene, plagioclase, and Fe-Ti oxide as 
phenocryst.  Orthopyroxene phenocrysts in 
Z-To 5 can be divided into two types, one is 
without reaction rim and the other is with 
reaction rim of orthopyroxene. A 
photomicrograph of the latter type is shown in 
Fig.7 (b).  The groundmass is mainly composed 
of glass with various amounts of vesicles. 

 
6.  Whole rock compositions of eruptive 
products of the past 30-ky activity of the Zao 
volcano 

K2O-SiO2 and MgO-SiO2 diagrams for the 
rocks from the Komakusadaira agglutinate and 
Goshikidake pyroclastic rock are presented in 
Fig. 8, as well as samples from the tephra layers.  
Bulk silica contents of juvenile fragments of the 
Komakusadaira agglutinate are 55.1-56.2 %, 
while those of the Goshikidake pyroclastics are 
56.2-58.1 %, which is slightly higher than those 
of Komakusadaira agglutinate.  In Fig. 8, 
chemical compositions of the most of the 
Goshikidake pyroclastic rock are plotted on the 
silica richer extrapolated lines of the trends 

drawn by the Komakusadaira agglutinate.  
Regarding the chemical compositions within the 
Goshikidake pyroclastics, most of the major 
elements of the products are plotted on the same 
trends, however, K2O and some incompatible 
trace elements show higher values in unit 4 
products than in the other units at same silica 
contents. 

We collected large scoria samples, ca. 15 cm 
in diameter, form Z-To6 and 7 at the near to the 
vent.  We also collected volcanic sand samples 
from these two tephra layers at the summit area.  
Systematic differences were detected in the 
whole rock compositions between the large 
scoria and the volcanic sand.  This attributed to 
the scatter of lighter part during the eruption 
from the vent to settle in the surface.  Using 
these systematic differences, the compositions of 
volcanic sands form the other tephra layers were 
corrected to the scoria equivalent.  Bulk silica 
contents of samples from tephra layers newer 
than Z-To 5a are as follows, ca. 58 % for Z-To 5a 
and b, 55-56 % for Z-To 5, 57-57.5 % for Z-To 6, 
58 % for Z-To 7, 56-57 % for Z-To 10, 57-58 % 
for Z-To 11-14.  We could not obtain any 
suitable samples for whole rock analyses from 
Z-To 1-4 form east foot of the Zao and from 
Z-To 8 and 9 at the summit area.  It is 
remarkable that MgO content of Z-To5 is 
extremely higher than the other samples.  

 
7.  Correlation of stratigraphic horizons 
between the proximal products and the tephra 
layers. 

The Z-To 1 to 4 were derived by larger 
eruptions, because the estimated volume for 
Z-To 2 from the isopach map of Itagaki et al. 
(1981) is ca. 3x108 m3, which is much larger than 
those of the upper tephra layers. At the east foot, 
the thickness of Z-To 1, 3 and 4 is about half of 
that of Z-To 2 (Imura, 1996), which may imply 
the volume is about half as well.  These 
volumes are still much larger than those of the 
upper tephra layers. The Komakusadaira 
agglutinate is the potential products which 
provide such thickness in the east foot.  The 
Komakusadaira agglutinate is thick, more than 
30 m in thickness, and can be divided into more 
than fifteen layers. Thus Z-To 1 to 4 can be 
correlated to the Komakusadaira agglutinate.  

Goshikidake pyroclastic rock unit 5 is 
estimated to be derived by the AD1895 eruption. 
The next young product is the Goshikidake 
pyroclastic rock unit 4. The chemical 
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9.  Temporal variation of petrologic 
characteristics of the past ca. 30-ky eruptive 
products 

compositions of Z-To 11-14 are similar to those 
of the Goshikidake pyroclastic rock unit 4 (Fig. 
8), thus these can be correlated. Also the 
chemical compositions of Z-To 10 are similar to 
those of the Goshikidake pyroclastic rock units 2 
and 3, thus these can be correlated too.  In this 
context, it is probable that Z-To 9 is correlated to 
the Goshikidake pyroclastic rock unit 1. 

As described in the previous section, temporal 
variation of bulk silica contents are as follows; 
ca. 55-56 % for the Komakusadaira agglutinate, 
ca 58 % for Z-To 5a and b, 55-56 % for Z-To 5, 
57-57.5 % for Z-To 6, 58 % for Z-To 7, 56-57 % 
for Z-To 10 (Goshikidake pyroclastic rock unit 1 
shows 56-58 %, and units 2 and 3 show 
56-57 %), 57-58 % for Z-To 11-14 (Goshikidake 
pyroclastic rock unit 4 shows 57-58 %).  These 
data show that periodic variations in silica 
contents can be found in the two major active 
periods, Z-To 5a to Z-To 8 and Z-To 9 to Z-To 
14.  In these periods, silica contents decreased 
from 58 to 55-56% and recovered up to 58%. 
Taking account of the characteristics of the 
mineral compositions, such periodic variations 
can be explained that when the mafic magma 
played more effectively during the mixing, the 
silica contents decreased. 

  
8.  Chemical compositions of phenocrystic 
minerals of some representative samples of 
the past 30-ky activity of the Zao volcano 

We selected Z-To 5 as a representative of 
silica poorer samples and Z-To 6 as a 
representative of silica richer samples.  In Fig. 9, 
histograms of the compositions of orthopyroxene, 
clinopyroxene, olivine, and plagioclase are 
presented.  Regarding Z-To 5, two peaks can be 
seen in the former three histograms.  We note 
the core of orthopyroxene with reaction rim has 
Mg-poor composition, while the reaction rim has 
Mg-rich composition.  Mg-rich olivine can not 
be in equilibrium with the Mg-poor pyroxenes, 
because Matsui and Nishizawa (1974) and Obata 
et al. (1974) revealed that the Mg-value of 
olivine is slightly lower than that of 
orthopyroxene and clinopyroxene when these 
minerals co-exist in equilibrium.  Plagioclase 
can be divided into three groups, An60-78, An78-85, 
An88-92.  The anorthite-rich plagioclases might 
crystallize with Mg-rich olivine, anorthite-poor 
plagioclases with Mg-poor pyroxenes, and the 
anorthite-medium plagioclase with the Mg-rich 
pyroxenes and Mg-poor olivine.  From these 
data it is deduced that the Z-To 5 products were 
formed by mixing between mafic magma 
containing olivine + anorthite-rich plagioclase 
phenocrysts and andesitic magma containing 
Mg-poor pyroxenes + anorthite-poor plagioclase 
phenocrysts. The Mg-rich pyroxenes and 
Mg-poor olivine phenocrysts may be formed 
during mixing or boundary layers of stratified 
magma chamber consisted by those basaltic and 
andesitic magmas.  

Samples from the active period ca. 7.5 to 4.1 
ka plotted on the higher part than samples from 
another active period ca. 2.0 to 0.4 ka in the 
Cr-silica diagram (Fig. 10). These data are 
suggesting different pulses of mafic magma for 
the two major activities. 
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Table 1 Summary of phenocrystic assemblage in rocks
of the Zao past ca. 30-ky activity.
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