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Abstract

We investigated the geological structure below the Matsudai-Murono mud volcano, Tokama-
chi city, Niigata prefecture, Japan, using vertical distributions of S-wave velocities, estimated
from surface wave inversion. From the surface to a depth of several meters, the S-wave velocity
first increases, then decreases, and finally increases again. Below a depth of 10 m, there are two
areas with high and low velocities in the horizontal direction. We found that the subsurface low-
velocity layer is a mud layer produced by an eruption, and the deep low-velocity zone is a mud-
stone zone, some parts of which are transformed into soft clay by muddy water that drifts up-
ward. The planar distribution of the S-wave velocity indicates that the deep low-velocity zone
may be subdivided. The zone in which the velocity is particularly high corresponds to the area
without surface uplift indicated by GPS; hence, this area is not influenced by the mud volcano.
This study shows that it is possible to conduct subsurface geophysical investigations to clarify
the eruption mechanism of the mud volcano.
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(a) The multichannel surface-wave method
was used in the survey; with this method, 12-
48 receivers are set on a straight survey line. A
high-frequency surface wave is only influenced
by the subsurface velocity structure, while a low-
frequency surface wave is also influenced by the
velocity structure of deeper zones. The vibration
behavior of the surface wave in the figure is only
a schematic view and differs from the actual
oscillation of particles. (b) A sample record in-
cluding surface waves without amplitude correc-
tion. The amplitude of the surface wave is generally
larger than those of refracted and reflected waves.
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Fig. 2 Location of the Matsudai-Murono district includ-
ing the survey area. (a) National scale and (b)
Regional scale.
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Fig. 3 Distributions in the analysis zones of 2D velocity structures (Lines 1, 2, 3) and distributions at the analysis
points of 1D vertical velocity structures (Points 4, 5). Each zero-point is located at the edge on each line near
the letter of Lines 1, 2, 3. The eruption points of muddy water, oil, and gas are indicated on the map.
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Table 1 Receiver interval, receiver number, source location, survey length, and analysis distance for each survey line.

LIRSS ZHR AR (m] IR ZIRAFECE AR (m] AT IXRREE [m] AT MR BRI R
Linel 2.0 24 148.0 102.0 52 36
Line2 2.0 24 90.0 44.0 23 23
Line3 2.0 24 90.0 44.0 23 34
Point4 0.5 24 11.5 - 1 12
Point5 1.0 48 47.0 - 1 23
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Fig.4 Measurement procedure of the surface wave method used in this survey. Survey points are
moved at constant intervals for source and receivers using land streamer (Inazaki, 1999).
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Table 2 Horizontal and vertical accuracy of GPS instrument (NetSurv2000).
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Fig. 6 The 2D sections of the velocity structure below Lines 1, 2, 3. Geological columns were acquired by excavation us-
ing a hand auger, and they are shown on the sections. Some drilling records have been referenced from Shinya
et al. 2003. Typically, in many zones, from the surface to a depth of several meters, the S-wave velocity first in-
creases, then decreases, and finally increases again. The layer below a depth of 10 m is clearly separated horizon-
tally into high- and low-velocity areas. The respective layers appear to comprise clay with a low rate of gravel and
black mudstone.

Exxriamdan

o HCE R mns N

7 Line 1, 2, 3 O %235 7§ I 1
e 45 AR AL T i L 72 [
Fig. 7 Survey section below Lines

1, 2, 3 at each survey loca-
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E T Fig.8 1D vertical S-wave velocity distribution below
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8 12 depth of several meters, the S-wave velocity first
14 Point 4 increases, then decreases, and finally increases
: again, in a manner similar to Lines 1, 2, 3. Point
16 4 indicates a low velocity across the entire layer
18 therefore the location is considered to comprise a
20 clay layer with a low rate of gravel.
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Fig.9 Planar distribution of low-velocity areas in the subsurface and in the depth zone deeper than 10 m. The figure

indicates the limit of areas on each survey line of Lines 1, 2, 3, as well as the limit of the velocity distribution esti-
mated from all of the information including that below Points 4, 5 and on the surface.
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Table 3 The five models of different S-wave velocities, depths, and layer thicknesses used to dis-
cuss the possible structure by inversion analysis.

HEREEYR L O S B IE [m/s] @ O RIE [m] 54 B2 O J I [m]
a 150 5.0 - 8.0 3.0
b 200 5.0 - 6.0 1.0
c 500 5.0 - 6.0 1.0
d 200 5.0-5.1 0.1
e 1000 5.0-5.1 0.1
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Fig. 10 Results of high-velocity thin layers estimated by numerical simulation. Detailed velocity structures of (a)
to (e) are indicated in Table 3. The results show that the thin layer with 10 cm cannot be detected by inver-
sion analysis, and the thin layer at 1 m is inverted to the high-velocity layer with 3 m if the thin layer is

composed of a high velocity of 500 m/s.
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Fig. 11 The distribution of altitude variation detected by GPS. Altitude was only measured on paved roads. An area
having a high uplift of approximately 40 cm extends from the center to the east. An area having little varia-
tion in the eastward direction is notconsidered to be influenced by the mud volcano.
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Fig. 12 Classification of geological layers by S-wave velocity structures. This is an example with five separations on

the section of Line 1.
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Fig. 13 A geological model under the eruption area of a mud volcano. The rate of transformation of mudstone into
soft clay due to mixing with muddy water does not have a clear border, as confirmed by the observation of
an outcrop in the Matsudai-Syosenji district; however, this figure is imaged with clear borders.
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Fig. 14 High-attenuation areas observed by ground-penetrating radar (Yokota et al., 2008). Solid, broken, and
chain lines indicate the survey lines of ground-penetrating radar. A high attenuation indicates that a clay

layer exists in a subsurface zone.
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