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1.  Introduction
Akita-Yakeyama volcano is situated at the northwestern

edge of the Sengan Geothermal Area, northeast Japan,
where many geothermal features such as fumaroles and hot
springs are observed as well as many Quaternary volcanoes
(Fig. 1). In late 1970s, an aeromagnetic survey was conducted
in the area by (Ministry of International Trade and Industry
(MITI), 1978); successive analyses of the magnetic anomalies
were conducted to make a regional magnetic model which
accounts for the anomalies (MITI, 1978; Okuma and Suto,
1987). Okuma and Suto (1987) calculated correlation co-
efficients between the observed and synthetic magnetic
anomalies (Blakely and Grauch, 1983) and showed that the
rocks in the regions of positive correlation are normally
magnetized and those in the regions of negative correlation
are reversely magnetized. They also conducted a spectral
analysis of the magnetic anomalies to estimate the depth to
the magnetic basement, indicating that the magnetic base-
ment is shallower in the center of the area than in the edges
of the area. However, their analyses were focused primarily
on revealing the regional distribution of the direction of the
magnetization of the volcanic rocks which compose the
magnetic terrain and regional subsurface structure of the
area. Recently a new geothermal power plant began operation
around Akita-Yakeyama volcano as a result of intensive
geothermal explorations. Therefore, more detailed analyses
and interpretations of the magnetic anomalies are necessary
for revealing the detailed subsurface structure of the vol-

cano and its surrounding areas. New techniques of the
analysis of the magnetic anomalies and accumulated other
geophysical data including paleomagnetic data make it
possible to conduct such a study.

2.  Geology
Recently, detailed geologic maps have been compiled for

the Sengan Geothermal Area (Research group for the geo-
logical map of Sengan Geothermal Area, 1985) and for
Akita-Yakeyama volcano and its surrounding areas (Suto,
1992), respectively. These maps show that the geothermal
area is covered widely by Quaternary volcanic rocks with
outcrops of Pleistocene ones (Fig. 2). Drilling showed that
the surface volcanic rocks are underlain by Neogene volcanic
and sedimentary rocks in the Sengan Geothermal Area. The
absence of pre-Neogene rocks inside the geothermal area
and the presence of Paleozoic sedimentary rocks and Cre-
taceous granitic rocks outside the area suggest the existence
of a large tectonic subsidence beneath the surface volcanic
rocks.

According to an explanation of the geologic map of Akita-
Yakeyama volcano (Suto, 1992), the geology and tectonics
of the volcano are summarized as follows:

Akita-Yakeyama volcano is considered to be younger
than 1 Ma by K-Ar dating, a paleomagnetic study and
volcanostratigraphy. Most of the volcanic rocks from the
volcano are quartz and/or olivine-bearing pyroxene andesite,
whereas small amounts of them are composed of dacite and
rhyolite. A piston cylinder type depression is observed right
beneath Akita-Yakeyama volcano, which is named as the
Pre-Yakeyama caldera, and is considered to have collapsed
during the eruption of the Tamagawa Welded Tuffs. An-

Magnetic constraints on the subsurface structure of Akita-Yakeyama volcano,
northeast Japan

Shigeo Okuma

Geological Survey of Japan, Higashi 1-1-3, Tsukuba, Ibaraki 305-8567, Japan

(Received February 17, 1997; Revised September 24, 1997; Accepted November 21, 1997)

Magnetic analyses have been conducted in and around Akita-Yakeyama volcano at the northwestern edge of the
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Fig. 1.  Topographic map of the Sengan Geothermal Area. Contour interval is 100 m. The large and small boxes show the close-up and the detail study
area of Akita-Yakeyama volcano, respectively.

Fig. 2.  Geological map of the Sengan Geothermal Area modified from Research group for the geologic map of Sengan Geothermal Area (1985).
Younger Volcanic Rocks 1: Matsukawa Andesite, Younger Volcanic Rocks 2: Otsuki-yama volcanics, Younger Volcanic Rocks 3: Hachimantai
volcanics and Kayo-dake volcanics, Younger Volcanic Rocks 4: Nanashigure-yama volcanics, Takakura-yama volcanics, Moriyoshi-yama
volcanics, Akita-Yakeyama volcanics, Iwate-san volcanics and Akita-Komagatake volcanics.
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other caldera is also recognized south of the volcano: the
Old-Tamagawa caldera. The caldera is thought to have
collapsed during the eruption of the Old-Tamagawa Welded
Tuffs in the Neogene, resulting two stage depressions filled
up with welded tuffs with the thicknesses exceeding 1,000
m.

3.  Geologic Factors on Geothermal Explorations
Geothermal convection systems (White, 1967; Fig. 3) are

dominant in the Sengan Geothermal Area. Fracture systems
are expected to exist along fault systems and/or geologic
boundaries between the basement and overlaying layers.
Therefore, revealing concealed fault systems and structures
of the basement are important for geothermal exploration in
the area. A regional fault system, the Hanawa graben, lies
north and south between Akita-Yakeyama and Hachimantai
volcanoes. The Onuma geothermal power plant is located in
the center of the graben, while the Sumikawa geothermal
power plant lies at the western edge of the graben (Fig. 1;
Komazawa, 1987).

High-temperature geothermal fluids associated with
fractures cause hydrothermal alterations of the rocks which
compose volcanic terrains and are essential for power
generation in this area. Mapping of hydrothermally altered
areas on the surface has been conducted by geologists but
needs to be done beneath the surface.

Hot intrusive bodies are sometimes direct heat sources of
geothermal activities but are not common in the area except
Matsukawa area, where a geothermal power plant is under

Fig. 3.  Generalized model of a geothermal convection system, modified from White (1967).

operation by employing vapor dominated resources.
Important geologic factors on geothermal explorations in

the Sengan Geothermal Area are summarized as follows:
regional and local fault systems, structures of the basement,
hydrothermally altered areas, and hot intrusive rocks. In this
paper, I will discuss a mapping of hydrothermally altered
areas in the Sengan Geothermal Area by employing an
inversion of magnetic anomalies and a magnetic modeling
of the subsurface structure of Akita-Yakeyama volcano.

4.  Magnetization Intensity Mapping
In conjunction with various geophysical surveys, an

aeromagnetic survey for geothermal exploration was con-
ducted in the Sengan Geothermal Area (MITI, 1978). Okuma
and Suto (1986) recompiled aeromagnetic anomaly maps
from the original anomaly data. The observed magnetic
anomalies (Fig. 4) are influenced strongly by the effect of
topographic relief. The volcanic rocks which compose the
terrain have their magnetic properties, strong enough to
cause intensive magnetic anomalies.

To remove the effects of magnetic terrain, I applied an
apparent magnetization intensity mapping method (Okuma
et al., 1994a; Nakatsuka, 1995) to the magnetic anomalies of
the Sengan Geothermal Area. These methods were useful
for revealing concealed old volcanic edifices on Izu-Oshima
Island (Okuma et al., 1994a) and the quadratic distribution
pattern of magnetization intensity along the Tanna fault,
presumably caused by movements of the strike-slip fault
(Nakatsuka, 1995).
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Fig. 5.  Magnetic model employed for an apparent magnetization intensity
mapping in this study. Jij: Magnetization of a prism at ij-th point, Tij:
Synthetic magnetic anomaly at ij-th point, Zij

U: Top depth of a prism
at ij-th point, Zij

L: Bottom depth of a prism at ij-th point.

Fig. 4.  Total intensity aeromagnetic anomalies (IGRF residuals) in the Sengan Geothermal Area. Contour interval is 50 nT. The altitude of datum plane
is 1,800 m Above Sea Level. See also Fig. 1.

I assume a magnetic model composed of finite rectangular
prisms that corresponds to the volcanic terrain (Fig. 5). The
top depth of the model corresponds to the ground surface,
while the bottom depth corresponds to a flat surface, though
it can be assumed to be of any shape. In this case, the
synthetic magnetic anomaly Tx can be formulated by Eq. (1).
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where Wxi: Geometrical factor from the x-th point against
the i-th prism (Bhattacharyya, 1964); Ji: Magnetization of
i-th prism.
The observed magnetic anomaly Fx can be formulated in Eq.
(2).
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If m = n, it is straight forward to solve this equation because
it has a unique solution. Nevertheless, the solution sometimes
reveals an oscillation in an ill-conditioned case, probably
due to the accumulation of numerical error. Therefore, I
employ the conjugate gradient method (Nakatsuka, 1995)
instead of solving Eq. (2) directly. A flat surface of 5 km
below sea level was used for the bottom depth of the
magnetic model, taking account of a local shallow Curie



S. OKUMA: MAGNETIC CONSTRAINTS ON THE SUBSURFACE STRUCTURE OF AKITA-YAKEYAMA VOLCANO 157

Fig. 6.  Magnetization intensity map of the Sengan Geothermal Area with a topographic shading. Contour interval is 0.2 A/m. The areas bounded by
solid lines indicate hydrothermal altered areas. Solid and open circles locate volcanic rocks which are normally and reversely magnetized,
respectively. Paleomagnetic data (Suto, 1985, 1987, 1992; Suto and Mukoyama, 1987) which have stable magnetization intensities (≥1.0 A/m) with
magnetic pole latitudes (≥|±50°|) were plotted. See also Fig. 1.

Fig. 7.  Magnetization intensity map of Akita-Yakeyama volcano with a topographic shading. The map area corresponds to the small box in Figs. 1
and 6. Contour interval is 0.2 A/m. Red broken lines indicate caldera rims of the Pre-Yakeyama caldera (north) and the Old-Tamagawa caldera
(south). See also Fig. 6.



158 S. OKUMA: MAGNETIC CONSTRAINTS ON THE SUBSURFACE STRUCTURE OF AKITA-YAKEYAMA VOLCANO

depth (<8 km) (Okubo et al., 1989).
Characteristics of the distribution of the magnetization

intensity (Fig. 6) are summarized as follows:
Magnetization highs lie obviously on Quaternary volca-

noes such as Maemori-yama volcano, Iwate-san volcano,
Obuka-dake volcano, Takakura-yama volcano and Akita-
Komagatake volcano. This result clearly shows that each
edifice is roughly magnetized in a direction of the present
earth’s magnetic field. On the other hand, obvious magne-
tization lows lie on Kurasawa-yama and Kayo-dake vol-
cano. Paleomagnetic dada indicate that normally magnetized
volcanic rocks are distributed in high magnetization areas,
whereas reversely magnetized rocks are in low magnetiza-
tion areas. This relationship is much clearer than that of
Okuma and Suto (1987).

Magnetization lows with small amplitudes, or rather to
say weak magnetization areas, correspond to hydrothermally
altered areas mapped by Research group for the geological
map of Sengan Geothermal Area (1985); weak magnetiza-
tions lie on and around the summit of Akita-Yakeyama
volcano, between Sumikawa and Onuma, in Matsukawa and
Kakkonda, between Takakura-yama and Akita-Komagatake
volcanoes, etc. It is implied that hydrothermal alterations
caused a loss of a large amount of magnetic minerals in
volcanic rocks. This kind of relationship was also observed
in Yellowstone National Park, USA (Okuma et al., 1994b).

Polygon No. Induced magnetization Remanent magnetization Top depth Bottom depth

Susceptibility
contrast

Inclination Declination Intensity
contrast

Inclination Declination ASL ASL

× 10 –2 (SI) (degrees) (degrees) (A/m) (degrees) (degrees) (km) (km)

1 3.1 53.5 –7.5 0.0 0.3 –2.0
2 3.1 53.5 –7.5 0.0 0.3 –2.0
3 3.1 53.5 –7.5 0.0 –0.5 –2.0
4 0.0 2.0 –53.5 172.5 0.7 0.1
5 0.0 2.0 –53.5 172.5 0.1 –0.5

Table 1.  Parameters of horizontal polygons employed for analyzing magnetic anomalies of Akita-Yakeyama volcano.

Fig. 8.  E-W geologic cross section of the northern flank of Akita-Yakeyama volcano, inferred from drillings (after NEDO, 1988).

Recently, young granitic intrusions have been found in
Kakkonda area, one of weak magnetization areas, by drill-
ing. A temperature of the bodies exceeded 600°C at the
bottom of a drill hole close to the Kakkonda geothermal
power plant. On the basis of the results, the apparent mag-
netization intensity method is useful to estimate the location
of hydrothermal areas in Quaternary volcanic areas.

5. Forward Modeling for Magnetic Structure of
Akita-Yakeyama Volcano

Next, I will focus especially on the magnetic anomaly
(Fig. 4) and the resultant magnetization intensity (Fig. 7) in
and around Akita-Yakeyama volcano. The distribution pat-
tern of magnetization intensity of the volcano is different
totally from that of typical young volcanoes in the Sengan
Geothermal Area. Usually a magnetization high is distrib-
uted on the edifice of each volcano. Instead, a magnetization
low lies right on the southern flank of the volcano, surrounded
by magnetic highs.

In conjunction with rock magnetic data from surface
volcanic rocks and core samples from geothermal explora-
tion wells, I will try to construct a magnetic model which
accounts for the magnetic anomalies. Drilling showed the
existence of Tertiary granitic intrusions at an altitude of sea
level below the northern flank of the volcano (NEDO, 1988;
Fig. 8). Rock magnetic measurements indicate that the
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granitic rocks have the magnetic susceptibility (4π × 2.5 ×
10–3 SI) strong enough to cause intensive magnetic anoma-
lies, though the natural remanent magnetization (NRM) of
the rocks is negligibly small (≤2 × 10–1 A/m) (NEDO, 1986a;
Fig. 9). Drilling also showed that the surface volcanic rocks
on the southern flank of the volcano are underlain by the

Old-Tamagawa Welded Tuffs (NEDO, 1986b). According
to paleomagnetic measurements (Suto, 1985, 1987, 1992;
Suto and Mukoyama, 1987), most of the Old-Tamagawa
Welded Tuffs are reversely magnetized as well as the
Tamagawa Welded Tuffs to the south.

Magnetic anomalies which are caused only by the volca-

Fig. 9.  Columnar section of geothermal exploration wells, SN-5, SN-7D, SN-6K and SN-2, in the northern and southern flanks of Akita-Yakeyama
volcano. Vectors show inclinations of NRM of rock specimens from each unit, except for that of SN-7D (paleomagnetic inclination). A.P.: Pre-
Yakeyama Andesite Pyroclastic Rocks, M.F.: Mataguchigoya Formation (Pyroxene dacite tuff) (after Suto, 1992). See also Figs. 2 and 8.
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Fig. 11.  Magnetization intensity map of Akita-Yakeyama volcano and its
vicinity. Contour interval is 20 × 10–2 A/m. Solid and broken lines
show positive and negative values, respectively. See also Fig. 10.

nic edifice (Fig. 10) were extracted from the observed
anomalies (Fig. 4). The magnetic anomalies (Fig. 12) were
calculated from the magnetization intensity data within an
area bounded by a thick solid line (Fig. 11). Next, synthetic
anomalies (Fig. 13) caused by a terrain model (Fig. 10) with
a constant thickness of 500 m and a top corresponding to the
ground surface were calculated by taking into account of the
existence of hydrothermally altered areas: the altered areas

were assumed to be non-magnetic. Then, residual anomalies
(Fig. 14) were calculated by subtracting synthetic terrain
anomalies (Fig. 13) from the extracted observed anomalies
(Fig. 12). Finally, optimal synthetic anomalies (Fig. 15)
were calculated to fit the extracted observed anomalies (Fig.
12) by employing five horizontal polygons (Talwani, 1965).

Fig. 12.  Extracted total intensity aeromagnetic anomalies (IGRF residu-
als) of Akita-Yakeyama volcano. The anomalies were calculated from
prism models within a thick solid line in Fig. 10, which have own
magnetization intensities in Fig. 11 and have a flat bottom at an altitude
of 5 km below sea level. Contour interval is 10 nT. See also Fig. 11.

Fig. 10.  Topographic map of Akita-Yakeyama volcano and its vicinity.
The map area corresponds to the large box in Figs. 1 and 6. The
patterned area bounded by thick solid lines indicates a terrain model
which has a constant thickness of 500 m and its top is the ground
surface, excluding hydrothermal altered areas which correspond to non
magnetic areas. Contour interval is 100 m. See also Fig. 6.

Fig. 13.  Synthetic total intensity magnetic anomalies calculated from a
terrain model with a boundary denoted by a thick solid line in Fig. 10.
Magnetization intensity of the terrain model is assumed to be uni-
formly 2.0 A/m except for the local hydrothermally altered areas which
are non-magnetic. Contour interval is 10 nT. See also Fig. 11.
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The goodness-of-fit ratio (r) (Blakely, 1995) was employed
to indicate a goodness of fittings between two data sets.

r F Rx
x

n

x
x

n

= ( )
= =

∑ ∑
1 1

3

where, Fx: Observed magnetic anomaly at the point of x; Rx:
Residual anomaly between the observed and synthetic

anomaly at the point of x.
In this equation, the larger ratio (r) shows the better fitting.
I employed the magnetic parameters (Table 1), determined
from rock magnetic measurements (NEDO, 1986a, b; Okuma
and Suto, 1987; Okuma, in preparation). The resultant
magnetic model is composed of five polygons (Table 1;
Figs. 15, 16(a), and 16(b)): three of them correspond to
Tertiary granitic intrusions beneath the northern flank, while
the rest corresponds to the reversely magnetized volcanic
rocks such as the Old-Tamagawa Welded Tuffs beneath the
southern flank.

6.  Discussions
I discuss the results of the magnetic modeling for the

subsurface structure of Akita-Yakeyama volcano with other
information.

Tertiary granitic intrusions were found at the bottoms of
geothermal exploration wells, SN-5 and SN-7D, beneath the
northern flank of Akita-Yakeyama volcano but the bottom
depths remain unknown. In this area, the corresponding
granitic intrusions are believed to have relation to active
geothermal activities; a maximum lost circulation was ob-
served at the boundary between the intrusions and the
overlaying layers, where a major geothermal reservoir is
expected to exist (Nish et al., 1989). Therefore, it is im-
portant to get information about the extent of the intrusions.
Polygon 1, 2 and 3 lie just inside the northern rim of the Pre-
Yakeyama caldera (Figs. 7 and 15), suggesting that the
caldera collapsed along the faults between the intrusions and
the surrounding layers.

Geothermal exploration wells, SN-5 and SN-7D, where
high temperatures more than 200°C were observed, are
located just above horizontal boundaries of polygon 2 and 3,
respectively (Fig. 15), implying the existence of concealed
faults and fractures where hydrothermal fluids can flow
easily. Resistivity models were obtained by a two-dimen-
sional inversion of MT, EMAP (Electromagnetic Array
Profiling) and CSAMT data in northern flank of Akita-
Yakeyama volcano (Uchida and Mitsuhata, 1995). A rather
high resistivity in an order of 100 Ω·m, which corresponds
to the granitic intrusions, was analyzed beneath the area and
extends at least 2 km in a north-south direction, supporting
the results of the magnetic modeling. As for geothermal
explorations, boundaries between the intrusions and the
surrounding layers should be a target for drilling, because
fracture zones are highly expected.

The minimum bottom depths of polygon 1, 2 and 3
beneath the northern flank are about 2,000 m below sea
level, if I fix the top depths at and around sea level on the
basis of geologic information obtained from drilling (Figs.
15 and 16; Table 1). A temperature over 300°C was observed
at the bottom of a geothermal exploration well, SN-7D,
(NEDO, 1988), implying a demagnetization of the granitic
rocks. If so, the bottom depth of these models might corre-
spond to the local Curie depth in this area.

Geothermal activities, such as hot springs and hydrother-
mal alterations, are less active in the southern flank than in
the northern flank of the volcano. This makes the southern
flank become less attractive from a viewpoint of geothermal
explorations. However, the subsurface structure of the

Fig. 14.  Residual total intensity magnetic anomalies between the ob-
served (Fig. 12) and synthetic magnetic anomalies (Fig. 13). Contour
interval is 10 nT. See also Fig. 11.

Fig. 15.  Synthetic total intensity magnetic anomalies which best fit the
residual anomalies (Fig. 14). Contour interval is 10 nT. Goodness-of-
fit ratio is 1.8. Numbers 1–5 denote horizontal polygons. Circles show
the locations of geothermal exploration wells. See also Fig. 11.
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(b)

(a)

Fig. 16.  (a) N-S cross section of synthetic total intensity magnetic anomalies (Fig. 15) with the magnetic model. See also Fig. 15. (b) E-W cross section
of synthetic total intensity magnetic anomalies (Fig. 15) with the magnetic model. See also Fig. 15.

southern flank, as well as that of northern flank, is important
to better understand how the present edifice has formed.

Two polygons 4 and 5, which are reversely magnetized,
are necessary to account for the magnetic anomalies of the
area (Figs. 15 and 16(a)). Polygon 5 occupies the almost
southern half of the subsurface of the volcano, if I fix the top
and bottom depths on the basis of geologic information
obtained from drilling. This might indicate an evidence of
the northern extension of the Old-Tamagawa caldera be-
neath the southern flank of the volcano, though the exten-
sion inferred from drilling information of SN-6K (Suto,
1992; Fig. 2) is much smaller.

I have to emphasize the existence of polygon 4, because
without this it is very difficult to explain the corresponding
anomalies. This result implies the existence of a concealed
old volcano associated with reversely magnetized rocks
such as the Old-Tamagawa Welded Tuffs and/or the Pre-
Yakeyama Andesite Pyroclastic Rocks, which were found
only in drill holes such as SN-2 and SN-6K in the vicinity of
the volcano (Suto, 1992; Fig. 9). Actually, a local topo-
graphic high, Kuroishimori, exists on the southern flank
(Fig. 7), though the area is covered widely by Younger

Volcanic Rocks (Fig. 2). The summit of the main edifice of
the volcano is located just above the northern edge of
polygon 5, suggesting relationship with a concealed caldera
boundary.

7.  Conclusions
In order to better understand a regional magnetic struc-

ture, I applied an apparent magnetization intensity mapping
to the magnetic anomalies in the Sengan Geothermal Area.
The resultant magnetization intensity map shows that mag-
netization highs and lows correspond to the distribution
areas of normally and reversely magnetized volcanic rocks,
respectively. Magnetization lows with small amplitudes
correspond to hydrothermally altered areas, suggesting a
loss of magnetic minerals which compose volcanic terrain.
These results lead us to a conclusion that the magnetization
intensity mapping is useful for plotting the distribution of
normally or reversely magnetized rocks and finding hydro-
thermally altered areas on Quaternary volcanic terrains.

A magnetic modeling, with known structural and mag-
netic parameters, was conducted to reveal a detailed subsur-
face structure of Akita-Yakeyama volcano. The magnetic
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model is composed of five polygons: three of them corre-
spond to granitic intrusions beneath the northern flank,
while the rest of them corresponds mainly to the buried Old-
Tamagawa Welded Tuffs beneath the southern flank. The
northern polygons show the depth extent of the granitic
intrusions or the local Curie depth. The southern polygons
indicate a subsurface convex structure, implying the exist-
ence of a concealed old volcano associated with the Old-
Tamagawa Welded Tuffs and/or the Pre-Yakeyama Andesite
Pyroclastic Rocks.
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