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Series of Mogi's single source model display characteristic family curves on the logarith­
mic graph of vertical displacement versus horizontal distance. The family curves on log-log 
plots are simply characterized by the flat part at short distances and constant decay at 
farther distances. The specific corner distances, which are defined by the bending corner of 
the curves, are mainly controlled by the source depth. The edifice scale deformation 
associated with the 2000 eruption of Mt. Usu is far from that predicted by Mogi's single 
source. The vertical displacement shows much more sharp decay with distance around 5-
6 km and uplift-to-subsidence reversal at much farther distances on the logarithmic graph. 
This steep decay and a farther reversal can be well explained by a simplified twin spherical 
source model, with shallow inflation and deep deflation. It provides better fitness to the 
data, when the deflation volume at 10km is assumed to be nearly equivalent to the inflation 
volume at 2km. Similar result is also evident for the horizontal model. The combined twin 
source model of shallow inflation and deep deflation is also applied to the available leveling 
data for the historical 3 eruptions of Mt. Usu in 1910,1943-45 and 1977 - 82. Edifice-scale 
deformations accompanied by 4 dome-building eruptions in 20th century can be also well 
explained by shallow inflation and deep deflation sources. Strong similarity between the 
2000 and the 1910 eruptions is especially interesting considering the similarity of mutual 
surface eruptive activities and crypto-dome formations. 

I. Introduction 

Mt. Usu, which is located at the southwestern Hokkaido, is one of the most active 

volcanoes in the world. It has three lava domes and ca. 12 crypto-domes. Those are 

probably built by the intrusion of dacitic lava in a short time period since 1663 after its ca. 

7000 year's dormancy. Among nine known eruptions, 4 occurred in 20th century and were 

luckily studied geodetically as well: Meiji-Shinzan crypto-dome (1910), Showa-Shinzan lava 

dome (1943 - 1945), Usu-Shinzan crypto-dome (1977 - 1982) and the 2000- Shinzan crypto­

dome (2000). Omori (1911, 1920) described in details about 1910 eruption. Minakami et al. 

(1951) and Mimatsu (1962) reported about 1943-1945 eruption and Showa-Shinzan growth. 
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The 1977 - 1982 eruption is also well studied (e.g. Yokoyama et a!., 1981; Okada et a!., 1981). 

In the 2000 eruption of Mt. Usu various geodetic monitoring had been conducted and hitherto 

many papers are published. The 2000 eruption, which started on 3/31, is mostly character­

ized by intensive precursory earthquakes and enormous deformations as well as past 3 

eruptions (e.g. Yokoyama and Seino, 2000). The enormous deformations are monitored by 

various geodetic observations, which including airborne laser survey as well as GPS and 

leveling surveys. The 60 % of the total volume of magma associated with the eruption 

intrudes to the summit besides the 30 - 40 % to the western flank in 2000 (e.g. Mori and Ui, 

2000). 

Ground deformation study is one of the most useful approaches for investigating shallow 

magma intrusion process. Mogi's single source model (Mogi, 1958) has been applied to many 

volcanoes in the world and gives us a fundamental understanding for the volcanic processes. 

Prior to complicate modeling, it is important to check basic features of total deformation 

field using a simplified deformation model as possible. In many cases, volcanic deforma­

tions can goodly be explained by the pressure source, which is inflation or deflation source 

in the shallow crust. In this study, the edifice-scale deformation associated with the 2000 

eruption of Mt. Usu is mainly studied using logarithmic Mogi model, where new ideas of the 

model fitting and model evaluation are proposed, and then we applied the same method to the 

past 3 eruptions of Mt. Usu. 

II. Logarithmic expression of Mogi model 

1. Characteristics of the family curves 

Mogi's vertical displacement pattern on the linear graph, which expression is convention­

ally used in many cases, showing strong model dependence (various gradients of the curves) 

near the source and model non-uniqueness (all little gradient) at the farther distances. In this 

case it is difficult to determine unique model using distal data set only. On the other hand, 

even using the data closer to the source, the data fitting sometimes may go wrong because 

data deviations might be large near the source, partly due to inelastic deformation. In such 

a situation, logarithmic data fitting might be useful tool for evaluating edifice-scale deforma­

tion (Okada, 2004b). This expression was also partly adopted by Swanson et a!. (1976) and 

Fedotov et a!. (1990). The formulations of the logarithmic Mogi model are follows: 

Closer to the source r4;D, 

log Uz = log K - 210g D 

log Ur = log K - 310g D + log r 

(1) 

(2) 
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Farther from the source r'2>D, 

log Uz = log K + log D - 310g r 

log Ur = log K - 210g r 

(3) 

(4) 
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where, 

Uz: vertical displacement 

Ur: horizontal displacement 

D: depth of the source 

K (Jt+ 2f-/)a311P a: radius of the source 
2f-/(Jt + f-/) 

llP: presure change 

r: horizontal distance from the source 

f-/( =Jt): Lame's constant 

Therefore, series of Magi's single source models display similar pattern of family curves on 

the logarithmic graph of vertical displacement versus horizontal distance, showing nearly 

constant displacement near the source and constant decay at farther distances (Fig. 1). In 

the case of horizontal displacement, they show constant increase near the source and constant 

decay at the farther distances (Fig. 2). Here we defined the corner distance r* which is the 

distance corresponds to the intersection point of the two equations, such as Eq. (1) and Eq. (3) 

for vertical, Eq. (2) and Eq. (4) for horizontal. Both of their specific corner distances 

characterize the bending of the curves on log-log plots that essentially corresponds to the 

source depth. The definition of this corner distance is similar to seismic scaling introduced 

by Brune (1970). 
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Fig. 1. (a) D-fixed family curves of Magi's vertical model are characterized by the specific 
corner distance, which is given by the intersections of Eq. (1) and Eq. (3). (b) K -fixed family 
curves of Magi's vertical model, where the specific corner distance changes with the source 
depth. 



194 Jun OKADA 

(a) Horizontal Model [D=5.0krn Fixed I 
100.0000 .-------:"....---.---~------, 

• I 

(b) HorizontalModel [K=2.00E07Fixed I 
100.0000 .--------::,..--------------. 

~--",~, Comer distance 
g 10.0000 10.0000 

0,,:-. 

" " S 
" u 

'" ]. 
is 

~ 
0 

. ~ 
0 
~ 

1.0000 1.0000 

0.1000 0.1000 

0.0100 0.0100 

0.0010 0.0010 

0.0001 0.0001 +-~__r_.,..,.,rrn-.___r_~~'rT'n-~~~rrrI 

100 1000 10000 100000 100 1000 10000 100000 

Distance from the source [m I Distance from the source [m I 

Fig. 2. (a) D- fixed family curves of Mogi's horizontal model are characterized by the 
specific corner distance, which is given by the intersections of Eq. (2) and Eq. (4). (b) 
K - fixed family curves of Mogi's horizontal model, where the specific corner distance 
changes with the source depth. At the farther distances, the models have nearly same 
value. 

2. Logarithmic data fitting 

Synthetic vertical displacement data plotted on the linear graph (Fig. 3a) with the 

different three models. Generally we have difficulty to have an accurate data near the 

source because where, center of deformation, is sometimes in the sea or by the craters. 

When we have to determine the valid model using the distal data only, we might encounter 

the problem of model non-uniqueness. Even when we have the data near the source luckily, 

their data might have larger deviations because of partly including the effect of inelastic 

deformation. Though we don't know how inelastic effect to the data is, the effect may be 

relatively larger than distal area. On the contrary, on the logarithmic graph (Fig. 3b), which 

is plotted the same synthetic data and the same models, there are smaller deviations near the 

source and the data deviations from Mogi model are much clear at the farther distances. 

Very small deformation data at the farther distances, play more important constraint for 

model fitting. Reversely saying, precise survey such as leveling and GPS, which should be 

installed as widely covering around the volcanic edifice, is very important for evaluating total 

deformation field. In the logarithmic data fitting, the data deviations 

(5) 

are minimized by grid search. 
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Fig_ 3_ (a) Linear expression of Mogi's vertical models with synthetic data (with 1 cm error 
bar), where the data deviations might be large near the source because of partly due to 
inelastic deformation and model non-uniqueness problem exists at the farther distances. 
(b) Logarithmic expression of Mogi's vertical models with same synthetic data (with 1 cm 
error bar), where small data deviations near the source and much clear deviations from 
Mogi model at farther distances are visually recognized. 

III. Edifice scale deformation associated with the 2000 eruption of Mt. Usu 

1. Data compiling 

Various geodetic observations were conducted during the recent 2000 eruption of Mt. 

Usu, which includes conventional precise leveling and photo survey, as well as new techniques 

such as GPS, air-borne lidar survey, and SAR. Preliminary results indicated an edifice-scale 

inflation, whose center is located beneath the western summit, and an additional inflation in 

the western flank due to the new crypto-dome growth (e.g. Mori and Ui, 2000). Most of the 

published reports hitherto, examined their own observational data. Previous studies of the 

edifice-scale deformation are listed in Table 1. In this study for the purpose of understand­

ing total deformation field around Mt. Usu composite data were used, which includes not only 

the data by previous works but also additional new data as the data set. We have compiled 

and examined as many as possible data from the published or public released deformation 

data, which includes (i) leveling (Mori and Ui, 2000), (ii) GPS and triangulation (Japan 

Highway Pub. Co.), (iii) campaign GPS (J ousset et aI., 2003), (iv) continuous GPS (GEONET) 

(Geographical Survey Institute), (v) angle-EDM (Mori and Ui, 2000), (vi) air photo-grametry 

(Suzuki, 2001), (vii) InSAR (Shimada, 2000), (viii) precise map analysis (Okada, 2004a). 

Compiled data set have wider coverage of distance and the amount of deformation. Over a 

few m uplifts at the summit, so the effect by the inconsistency of the reference points is 

relatively negligible at the summit. The long-term deformation before and after the 2000 
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eruption activity is also relatively small (e.g. Mori and Suzuki, 1998; Mori and Ui, 2000), so 

the differences of observation period are not so serious for the modeling. 

Table 1. Previous studies on the edifice-scale deformation at Mt. Usu; the uplift which is 
concentric to the western summit is the most characteristic feature. Many kinds of 
geodetic observations had been conducted before and after the 2000 eruption in cooperation 
with the many organizations. There are many applications using Mogi model or Dike 
model (e_g. Okada, 1985)_ The deformation sources are estimated at various depths beneath 
the mountain. This study partly includes Churei and Kobayashi (2000), Mori and Ui (2000), 
Araki (2002) and Jousset et al. (2003) works. 

Reference Measurement Time period Model Depth [km] 

leveling 1993 to 2000.5 
Mori and Vi (2000) GPS (vertical) 1993 to 2000.5 

AngleEDM 2000.3.30 to 2000.5 
Matsushima et a1. (2000) tiltmeuy 2000.3.31 to Mogimodel 
Murakami et a1. (200 I) GPS (GEONET) 2000.3.27 to Magi model 10 

Dike 8 to 3 
Sill 2 to 3 

Dike shallow 
Okazaki et a1. (2002a) continuous GPS 2000.3 .29.18h to 24h Mogimodel 4 

Dike 1.4 
Okazaki ot a1. (2002b) continuous GPS 2000.3.29.18h to 24h Dike 0.5 

2000.3.31.00h to 06h Dike 0.25 
Takahashi et a1. (2002) continuous GPS Dike I 

GPS. gravity 1996.8.1998 .7 to 2000.11 Magi model 0.7 to 1.0 
Jousset et al (2003) Dike 0.5 

Okubo model 0.4 to 3.3 
Furuya et a1. (2001) gravity 1993.6 to 2000.5 Magi model 2 

Furuya et a1. (200 I) gravity 1993.6 to 2000.5 Mogi model 2 
Watanabe (2003) 2 

10 
Churei and Kobayashi (2000) GPS (GEONET) 2000.3.5 to 3.25 Mogimodel 12 

Sato et a1. (2002a) electric pole measurement 2000.4.18 to 2000.6.14 Mogimodel 2 to 3 
Matsumoto et al (2002) ground water monitoring before and after Mogimodel 0 

Sato et a1. (2002b) ground water monitoring before and after Magi model to 4.3 
Line source to 1.6 

Sato et a1. (2000) ground water monitoring before and after Mogimodel 4 
Murakami (2003) leveling 1985.86 to 1991.92 Magi model 12 

Araki (2002) GPS (GEONET) Mogi model 5.5 
Mogimodel 10 

2. New data supplement 

We have found availability of some valuable supplemental data. For example, the data 

is very limited for the summit area where single data indicates upheaval of 6.4 m at the 

summit, while other few data indicated the order of 2-3 m. By using the repeated precise 

topography maps with the scale of 1/5,000, summit deformation data was supplemented 

successfully (Okada, 2004a). Some more important data also came from the precise survey 

for infrastructure maintenances, such as campaign GPS surveys along highways. Small 

deformations at the farther distances from the mountain are newly supplemented by 

GEONET data. We analyzed 36 dual-frequency GPS data around Mt. Usu (Fig. 4). 

The resulted comprehensive data sets of vertical and horizontal deformations were then 

examined for model fitting. Sometimes volcano topography is often known to affect to the 



Dacitic magma doming associated with shallow inflation and deep deflation sources 

140' 141 ' 142' 

(b) 

43' 

42' 42' 

km 
--- ------nIl 

50 
•• _£, 

140' 141' 142' 

Fig. 4. Result of GEONET data analysis: (a) vertical displacement (b) horizontal displace­
ment To detect large extent deformation around mountain, 36 GEONET data were 
analyzed in this study. Atsuta (950117) is fixed as a reference. Data periods are 3/1-
3/11 to 4/15-4/25 in 2000. IGS precise ephemeris and Trimble Total Control Ver.2. 
7 software are used. Contraction vectors are seen in 35 km around Mt. Usu. Signifi­
cant subsidence (more than 1 cm) is recognized around Mt. Usu. 
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source parameters in using a half space model (McTigue and Segall, 1988). Cayol and Cornet 

(1998), Williams and Wedge (1998, 2000), and Trasatti et a!. (2003) investigated the topo­

graphic effects numerically or analytically. In the case of having a steep slope or large 

edifice, such as Mt. Etna which has 3km of height and 20km of radius of the edifice, it leads 

to not negligible errors of the source volume estimation. However, Mt. Usu has not so large 

edifice (6 km of the radius) and the average slope is about 7 degrees (J ousset et a!., 2003), so 

topographic effect is supposed to be very small in this case. 

In applying Mogi model, we assume the position of the deformation source at the western 

summit. One reason for this assumption is that the vertical displacement pattern in the 

eastern half part of the mountain which was studied by Mori and Ui (2000) is nearly 

concentric to the western summit. The other reason is widely concentric deformation 

pattern recognized from Fig. 4. We used the data set at the only eastern-southeastern flanks 

and distal area in order to separating the effects of the localized deformation at the western 

flanks from edifice-scale deformation. 

3. Shallow inflation and deep deflation sources 

Uplift data and reversed plotted subsidence data are shown in Fig. 5 with Mogi models 

on the logarithmic graph. According to the single source model, the displacement in near 

distance became nearly flat, while that at farther distance decayed constantly in a logarith-
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mic scaling diagram. It is easy to realize that the observed vertical deformation data set for 

the edifice-scale deformation fails to fit any constant decay curves, but shows much sharper 

decay and uplift to subsidence reversals with the distance of 4 - 9 km. This phenomenon 

surely indicates an existence of deep deflation source besides the shallow inflation source. 

Hence, we adapted multiple spherical source models, shallow inflation and deep deflation 

aligned vertically. Tomiya and Takahashi (1995) has proposed consistent model with the 

multiple sources from petrological research. Another independent support for deeper defla­

tion source is the long-period seismic source deduced from broadband seismic study 

(Yamamoto et aI., 2002). Murakami et al. (2001) and Watanabe (2003) also pointed the 

existence of multiple sources beneath the mountain. 
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Fig. 5. The contributions of the deep deflation source to the shallow inflation source: (a) 
shallow inflation only (b) shallow inflation with 50% deep deflation (c) shallow inflation 
with 100% deep deflation (d) shallow inflation with 200% deep deflation. The family 
curves of the multiple source model display much sharp decay and uplift-subsidence 
reversals. It provides better fitness to the data when the deflation volume at 10km to the 
inflation at 2km is nearly equivalent. 

The model parameters were derived from model fitting independently for each data set 

of vertical and horizontal deformation. The contributions of the deeper source to the 

shallower one are estimated as their relative volume change (Fig. 5). By considering deep 
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deflation source the slope of the family curves became more sharp decay at farther distance. 

It is also shown constant decay of slopes at much farther distances. Vertical displacement 

can be better explained by the multiple source model, which is shallow inflation and deep 

deflation. It provides better fitness to the data when the deflation volume at 10km to the 

inflation at 2km is nearly equivalent (100% in Fig. 5c). Similar result is obtained for 

horizontal model. Best fit models are shown in Fig. 6. In short conclusion, edifice-scale 

deformation associated with the 2000 eruption of Mt. Usu could be basically explained by a 

simplified multiple source model, where the shallow inflation and deep deflation. However, 

problems also arise that the model parameters are different for the vertical and horizontal 

data sets. Similar results are well known for the single source model fittings (e.g. Swanson 

et aI., 1976). 
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Fig. 6_ (a) Best fit model for vertical displacement (D1= 2km, Dz=10km). Several m uplifts at 
the summit and a few em subsidences at the distance could be explained by the multiple 
spherical source model. Uplift-subsidence reversal is seen at 6.6 km from the source. (b) 
Best fit model for horizontal displacement (D1 = 2km, D2 = 5km). Several m inflations at 
the summit and a few cm deflations at the distance could be explained by the multiple 
spherical source model. Inflation-deflation reversal is seen at 8.8 km from the source. 

IV. Discussion 

1. Model evaluation using the PMV 

For the purpose of quantitative evaluation of data fitness, the residual misfit values 

(RMV) defined by the conventional linear data fitting are used for evaluating the edifice-scale 

deformation models of Mt. Usu. The RMV are given as 

Using this Eq. (6), there are apparently little difference between the single source model and 

the multiple source model. This indicates the difficulties to estimate the deeper source when 

only RMV are considered. Then, in this study we proposed the proportional misfit values 



200 Jun OKADA 

(PMV) which means the ratio (%) of the RMV to the model. The PMV are given as 

The PMV of 49% by the multiple source model, which is much less than that of 130% by the 

single source model, is obtained for vertical. Similarly, the PMV of 22% by the multiple 

source model, which is much less than that of 62% by the single source model, is obtained for 

horizontal. In both cases, we could successfully distinguish multiple sources from single 

source by comparing the PMV (Table 2). 

Table 2. Multiple source models for both of vertical and 
horizontal could be evaluated quantitatively using the 
proportional misfit values (PMV). Conventional model 
fitting using RMV can't distinguish multiple source 
models from single source model. 

RMV[m] 

PMV[%] 

VERTICAL 
Single 

0.4656 

129.46 

Multiple 

0.4457 

49.21 

HORIZONTAL 

Single 

0.1999 

61.96 

Multiple 

0.1903 

22.44 

Using conventional RMV, estimated model strongly depends on the large deformation 

data near the source, where data deviations generally might be large because of inelastic 

effects. It also happens to underestimate the small deformation data at the farther distances 

(sometimes over 30 km). On the contrary, using the PMV, very small deformation data play 

more important roles for elastic modeling. These small deformation data at the distances 

may be the key for precise estimation of the deeper source because the contributions by the 

deep sources are relatively large. Thus, the PMV is considered as useful value for evaluat­

ing the fitness of the elastic models, especially in the case over wide rage deformation (Imm 

to 1m deformation) data and edifice wide scale deformation data are discussed. The PMV 
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Fig. 7. (a) The comparison with the PMV of vertical models (b) The comparison with the PMV 
of horizontal models (squares: single source model, triangles: multiple source model) 
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of vertical and horizontal model are compared in Fig. 7. Multiple source models have 

smaller PMV and little moment of the data in contrast that single source models have larger 

PMV and large negative moment over wide distances. 

2. Dacitic magma intrusion process 

It is quite interesting to consider 

volcanological meaning of the esti­

mated multiple deformation sources (e. 

g. Ishihara, 1997). Deep deflation 

process associated with the great erup­

tion IS widely known in many vol­

canoes, such as Sakurajima in 1914, 

Kilauea in1924, Komagatake in 1929 

and Miyakejima in 1940. It is gener-

ally considered that these deflation 

phenomena are caused by out-flow of 

lavas from a depth in a shallow crust 

(Mogi, 1958). Though the 2000 erup­

tion of Mt. Usu is not great eruption 

but small eruption in volcanology, 

quite similar deep deflation process 

has been recognized. In Fig. 6 enor­

mous uplift and sharp decay of the 

curve indicate the effect of not only 

deep deflation but also shallow intru­

sion of dacite magma. Simplified 

deformation pattern and sketch of 

magmatic intrusion process of the 2000 

eruption of Mt. Usu is shown in Fig. 8, 

where we can see 3 major deformation 

sources (i.e. a deep deflation source 

and a shallow inflation source beside 

the local shallow intrusion that allows 

crypto-dome growth in the western 

flanks). This proposed model can be 
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interpreted as follows: (i) deep deflation causes magma intrusion to the shallower depth (not 

to happen magma drain back to deeper crust). Then, (ii) the intruded magma increases its 

volume by confining pressure decreasing at shallow depth. (iii) Nearly equivalent volume of 

magma to deep deflation is consumed for shallow inflation at 2 km, and the residuals happen 

to 2000 '-- Shinzan crypto-dome formation. Dacitic magma of Mt. Usu is inclined to the 

intrusions and following doming activities in the shallow crust. 

3. Comparison with past 4 eruptions of Mt. Usu in 20th century 

Once simplified multiple source model is accepted for the edifice-scale deformation in 

2000, it is very interesting to apply the same model for the three past geodetical data sets of 

dome-building activity in 1910, 1943 - 1945, and 1977 - 1982 at Mt. Usu. We used available 

precise leveling data set which is compiled by UVO (2003). Those 3 cases also could be 

basically explained by a combined model with shallow inflation (= 1.2 km to 2 km) and deep 

deflation sources (= 10 km). Inflation and deflation volume were nearly equivalent in any 

cases. Their uplift-subsidence reversals are seen at 4.3 to 6.6 km from the source (Fig. 9). It 

was found that extremely similar model fitting could explain the vertical deformations in 

1910 and 2000. Similarities of precursory seismic activity, surface deformation and following 

eruptive activity are already well known among them. Our results imply that the magma 

intrusion process might be also very similar among them. 
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Fig. 9. Edifice-scale deformations associated with last 4 eruptions in 
20th century of Mt. Usu. Any cases could be all characterized 
by the shallow inflation and deep deflation sources. A strong 
similarity is recognizable between the 1910 and the 2000 eruption. 
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V. Concluding remarks 

Logarithmic expression of Mogi's deformation model provides better quantitative evalu­

ation for the edifice-scale deformation of Mt. Usu. The specific corner distances for the 

single source model characterize the bending of the curves on log-log plots that are strongly 

depending on the depth of the single source. The edifice-scale deformation which ac­

companied with the 2000 eruption of Mt. Usu can be successively explained by a multiple 

spherical source model, with shallow inflation and deep deflation. It provides better fitness 

to the data when the deflation volume at 10km is taken nearly equivalent to the inflation 

volume at 2km. The combined models of shallow inflation and deep deflation are also 

applied to the past 3 eruptions in 1910, 1943 - 45 and 1977 - 82. Edifice-scale deformations 

accompanied by 4 dome-building eruptions in 20th century can be also well explained by 

shallow inflation and deep deflation sources. For the purpose of quantitative evaluation of 

data fitness, proportional misfit values (PMV) are newly proposed. The PMV is a useful 

measure for evaluating the fitness of the models. It became clear that very accurate 

deformation data at farther distances is very important to understand deep magmatic 

process. For further understanding of dacitic magma intrusions of Mt. Usu, future works 

should be considered time-series analysis for the magma movements using more realistic 

model together with high resolution data sets in time and space. 
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