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Vault‑housed extensometers recorded 
a rapid initial pulse before precursory magma 
reservoir inflation related to the 2011 eruption 
of Shinmoe‑dake, Japan
Ken’ichi Yamazaki1*  , Yusuke Yamashita1 and Shintaro Komatsu2

Abstract 

Previous studies of the major eruption at Shinmoe-dake volcano, Japan, in January 2011 suggested that gradual 
injection of magma from a deep source into a shallow reservoir began in December 2009 and led to the major erup-
tion. To investigate the initial phase of this injection event, we examined extensometer data from the Isa Observa-
tory, ~ 18.5 km from the summit of Shinmoe-dake, and discovered a strain change event that spanned about 3 days 
in December 2009. The size of the strain change is comparable to those observed during each sub-Plinian eruption in 
2011. The source of the rapid strain change appears to be deeper than the estimated location of the magma reser-
voir that directly supplied magma to the 2011 eruption sequence. These observations suggest that rapid injection of 
magma from the deep magmatic plumbing system in December 2009 triggered the continuous ascent of additional 
magma from depth, which in turn drove the climactic eruptions in January 2011. Extensometers also recorded two 
rapid strain change events of the same order of magnitude and with similar characteristics in December 2006 and 
August 2008; however, noticeable inflation of the edifice was not detected immediately following either event. This 
suggests that transient injection of magma into a shallow reservoir is not always followed immediately by a gradual 
recharge process.

Keywords:  Shinmoe-dake 2011, Magma reservoir, Gradual inflation, Rapid inflation, Extensometer, Volcano 
monitoring, Strain, Magma intrusion
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Introduction
Most monitored volcanoes show detectible unrest before 
major eruptions. An unrest state is most clearly detect-
ible in ground deformation (e.g., Nooner and Chad-
wick 2016; Morales Rivera et  al. 2017), but can include 
changes in seismicity (e.g., Johnson et  al. 2010) and 
migration of earthquake swarms (e.g., Nakada et al. 1999; 
Chiba and Shimizu 2018). These unrest states are poten-
tial precursors to major eruptions, although an eruption 

does not always follow unrest (e.g., Moran et  al. 2011). 
The transition from unrest to eruption has been stud-
ied at many volcanoes (e.g., Newhall and Hoblitt 2002), 
because unrest often leads to urgent improvements in 
monitoring. In contrast, transition from a quiescent state 
to unrest is less monitored and seldom studied, in part 
because there are fewer opportunities for observation.

This study focuses on Shinmoe-dake, one of the vol-
canic cones in the Kirishima volcanic group of southwest 
Japan. The 2011 eruption of Shinmoe-dake was its first 
major eruption in 52  years, although minor eruptions 
are common (e.g., in 1991 and 2010). The 2011 eruption 
sequence at Shinmoe-dake was characterized by three 
sub-Plinian eruptions, followed by magma effusion from 
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the summit crater, over a 6-day period spanning 26–31 
January 2011 (Nakada et  al. 2013). This activity was 
monitored using a dense geophysical network, and rel-
evant data have been intensively studied (e.g., Kato and 
Yamasato 2013; Nakao et al. 2013; Ueda et al. 2013). One 
important finding, inferred from analysis of GNSS data, 
is that gradual inflation of the volcanic edifice began in 
late 2009 (Nakao et  al. 2013); implying that the supply 
of magma began or accelerated at this time. Petrological 
studies suggest that the gradual inflation was driven by a 
continuous upward supply of high-temperature magma, 
from the deeper magmatic plumbing system to the shal-
low reservoir, which resulted in a major eruption through 
a turnover process (Tomiya et  al. 2013). This scenario 
explains the transition from unrest to eruption; however, 
it remains unclear as to why a gradual supply of magma 
began or accelerated suddenly in late 2009. One way to 
answer this question is to search for geodetic signa-
tures of the initial process that led to sustained magma 
injection.

An effective tool for observing small-scale geodetic 
phenomena is the vault-housed extensometer (also 
called a strainmeter). In some volcanoes, subtle ground 
deformation is observed prior to eruptions, as reported 
at Sakurajima, Japan (e.g., Kamo and Ishihara 1986; Ishi-
hara 1990; Iguchi et al. 2008) and Piton de la Fournaise, 
Réunion, France (Peltier et  al. 2006). Kyoto University 
maintains vault-housed extensometers at monitoring 
sites in southwest Japan (e.g., Harada et al. 2003), includ-
ing Isa Observatory (ISA), ~ 18.5  km from the summit 
of Shinmoe-dake. Vault-housed extensometer data are 
easily distorted by meteorological conditions, such as 
rainfall (Kasahara et  al. 1983) and temperature changes 
(Yamazaki 2013), which makes it difficult to observe 
strain changes on long timescales (> 10  days). However, 
on timescales of hours to days, very small changes can be 
detected. Yamazaki et al. (2013) reported subtle changes 
in strain recorded by distal extensometers shortly before 
the 2011 Shinmoe-dake eruption, and related these 
changes to gas emission from the crater prior to the 
explosive eruptions.

To investigate the onset of gradual edifice inflation, we 
rechecked extensometer data from ISA and found a rapid 
strain change in late 2009. This paper reports the obser-
vations and describes an analysis of the source location, 
uniqueness (or non-uniqueness), and implications for 
magma resupply.

Strain observations at ISA
The extensometer data that are the focus of the present 
report were recorded at ISA of Kyoto University (Fig. 1). 
ISA houses tunnels that extend in three directions: E1 
(N37° W), E2 (N53° E), and E3 (N82° W). Each tunnel 

houses an extensometer comprising a 30-m-long FeNi36 
alloy rod (Fig.  2 of Yamazaki et  al. 2013) for which the 
thermal expansion at room-temperature is empirically 
determined to be about 10−6 °C−1 (Yamazaki 2013). One 
end of each extensometer is fixed to the ground, and the 
other end is free. Displacement of the free end is meas-
ured using a differential transformer, and the amount of 
displacement is divided by the length of the rod to obtain 
the ground extension or contraction (strain) in the corre-
sponding direction. The precision of strain measurement 
data at ISA is as good as 1 × 10−9.

Shinmoe-dake is located ~ 18.5  km from ISA at an 
azimuth of S55.48° E (Fig. 1). The magma reservoir that 
supplied the 2011 eruption was estimated to be later-
ally offset from the summit (Nakao et al. 2013), but the 
azimuth from ISA to the shallow magma reservoir is 
approximately the same as that to the summit itself. The 
18.5 km distance is large compared with monitoring sta-
tions for other volcanoes, such as Sakurajima, Japan 
(e.g., Kamo and Ishihara 1986); because of this separa-
tion, strain data recorded at ISA might be less sensitive 
to volumetric changes related to subsurface pressurized 
magma than at facilities located closer to their respec-
tive volcanoes. Nevertheless, distal extensometers at ISA 
are more sensitive to some types of subsurface volume 
changes than GNSS-based measurements, as demon-
strated quantitatively by Yamazaki et al. (2013).

Figure  2 shows the strain record at ISA from Janu-
ary 2004 to December 2017. Daily precipitation data 
from the Ebino station (EBN; Fig.  1), provided by the 
Japan Meteorological Agency, are also shown. Note that 

Fig. 1  Map showing the location of Shinmoe-dake volcano crater 
and observation sites. The solid triangle indicates the Shinmoe-dake 
volcano crater and the open square indicates the ISA observation 
site, where the strain data were recorded. Thick bars at ISA show 
the azimuths of the extensometers, and contours give the surface 
topography in 200-m intervals. The open circle represents the 
location of the point inflation source that corresponds to the shallow 
magma chamber inferred from GNSS data (Nakao et al. 2013). The 
cross represents the location of AMeDAS station Ebino (EBN) of the 
Japan Meteorological Agency, where the precipitation data used in 
this study were recorded
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precipitation clearly affects the extensometers: during 
and immediately after heavy rain there is often extension 
in E1 and E3 and contraction in E2, followed by recovery 
(i.e., strain changes with opposite signs). Because of these 
effects, ground deformation cannot be quantified using 
the extensometers. Below, we analyze the extensometer 
data with consideration for the effect of rain.

Strain changes at ISA coincident with the onset 
of edifice inflation
Details of the strain change at the beginning of inflation 
can be inferred from visual inspection of the time series. 
Figure  3 shows raw and detrended extensometer data, 
with daily precipitation data from EBN. A clear change 
in strain is recognized on each component during 15–17 
December 2009. Before and during this change, little 
precipitation is observed; therefore, the observed strain 
change is unlikely to be caused by rain-related distor-
tion. The strain change is characterized by extension on 
E2 and contraction on E1, which we expect when ground 
deformation is generated by a subsurface pressure source 
in the azimuthal direction of Shinmoe-dake. This obser-
vation suggests that rapid pressurization, on a time scale 

of a few days, occurred beneath Shinmoe-dake at the 
beginning of the period of gradual inflation of the magma 
reservoir inferred from GNSS data (Nakao et al. 2013).

To quantify the strain changes of 15–17 December 
2009, the linear trend must be removed from the origi-
nal time series data. These trends were probably caused 
by heavy rains during the preceding summer and are 
unlikely to be related to volcanic deformation. Detrended 
time series are shown in Fig.  3b. From visual inspec-
tion, we estimate that the values of the strain changes in 
directions E1, E2, and E3 are − 1.6± 0.2, + 1.7± 0.3 , and 
− 0.8± 0.2 , respectively, with units of 10−7 strain. The 
strain changes are as large as those observed during each 
sub-Plinian eruption at Shinmoe-dake in January 2011 
(Yamazaki et  al. 2013). This suggests that the volume 
change during the December 2009 event was the same 
order of magnitude as previous eruptions that occurred 
during each sub-Plinian eruption.

If we assume that the strain change is generated by a 
subsurface spherical source in a homogeneous elastic 
isotropic half-space, the azimuth of the strain event rela-
tive to the observatory can be estimated using the ratio 
of strain changes in the three directions. If we further 

Fig. 2  Strain change along the directions of instruments E1, E2, and E3, from the beginning of 2004 until the end of 2017. Daily precipitation at EBN 
is also shown (gray bar graph). The vertical red line marks the 2011 sub-Plinian eruptions. The vertical dashed line and thick horizontal bar indicate 
the onset and duration of the gradual inflation of the edifice, respectively (e.g., Nakao et al. 2013)
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assume the spherical source can be approximated by a 
point, the equation for the ground deformation caused by 
this model has an analytical solution (Yamakawa 1955), 
with the displacement, d, given by

where r and h are the distance from the epicenter and 
source depth, respectively (Fig. 4), ν is Poisson’s ratio, and 
ΔV is the volume change. By differentiating this equation, 
the change in strain is given by

where D and I represent the azimuth and inclination rela-
tive to the extensometer, respectively (Fig. 4), and

(1)d(r) = (1− ν)
�V

π

r
(

r2 + h2
)3/2

(2)f (r,D, I) = A(r, I)
(

1− 3 cos2 D + tan2 I
)

,

A(r, I) = (1− ν)
�V

πr3
1

(

1+ tan2 I
)5/2

.

When the directions of E1 is set to D = D1 = 0 
and the azimuth is measured in an anticlockwise 
sense, the relative azimuths of E2 and E3 are given 
by D2 = D1 + π/2 and D3 = D1 + 3π/4 , respec-
tively. Consequently, the ratios E2/E1 and E3/
E1 are given by f (r,D1 + π/2, I)/f (r,D1, I) and 
f (r,D1 + 3π/4, I)/f (r,D1, I) , respectively.

The estimated source direction of the rapid strain 
change in December 2009 is shown in Fig.  5, together 
with sources of strain changes observed during the 

Fig. 3  Strain changes in the directions of instruments E1–E3, 1–29 
December 2009. Upper panel shows the original time series. Lower 
panel shows the detrended time series: the linear trend is estimated 
during the period 1–15 December 2009 and subtracted from all 
plotted data. The vertical green line indicates the onset of rapid 
inflation that we use to estimate the strain offset. The variations 
within the colored boxes in the detrended graph were used to 
estimate the magnitude and uncertainty of the strain offset. Daily 
precipitation at EBN is also shown (bar graph)

Fig. 4  A graphical representation of model parameters D, I, and r. 
D and I are estimated using ratios of the changes in E1, E2, and E3, 
whereas r needs to be estimated a priori

Fig. 5  Ranges of azimuths and inclination angles from ISA to 
possible source locations. Azimuths are measured anticlockwise from 
E1. A range of source locations that provides consistent values of E1, 
E2, and E3 is indicated for each event. The thick black line shows the 
strain change in Dec 2009. Thin gray contours show strain changes 
estimated during the climactic event of Jan 2011, comprising three 
sub-Plinian eruptions (SP1–3) and subsequent magma effusion 
(Yamazaki et al. 2013). Blue contours show strain changes in Dec 
2006 and Aug 2008, details of which are shown in Fig. 7. The depths 
equivalent to the inclination angle at an assumed epicenter distance 
of 11.6 km (Yamazaki et al. 2013) are shown on the right axis for 
reference
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sub-Plinian eruptions and subsequent magma effusion in 
January 2011. Note that the depths of the two sources can 
only be compared using inclination angles (Fig. 4). If the 
depth of one source is greater than another, it will also 
have a larger inclination, unless the two sources are hori-
zontally distant. Our results suggest that the rapid pres-
surization was deeper than the shallow magma reservoir 
that fueled the major eruption. Because a point source is 
a rough approximation of a magma reservoir, the abso-
lute location may not be correct; however, the relative 
depths of the two events should be correct if the same 
point source model and dataset are used. This validates 
our conclusions regarding the relative depths and sizes of 
the sources.

The volume change that generated this inflation was 
large. The strain changes observed in December 2009 are 
as large as those observed during each sub-Plinian erup-
tion in January 2011 (Yamazaki et  al. 2013), suggesting 
that the volume change was the same order of magni-
tude as that of each sub-Plinian eruption, which is esti-
mated to be 1.0× 106m3 (Table  1 from Yamazaki et  al. 
2013). If the source of the December 2009 event is deeper 
than that of the sub-Plinian eruptions in 2011, then the 
December 2009 volume change would have been even 
greater. Assuming an epicenter distance of 11.6  km, a 
source depth of 8–10  km, and a Poisson’s ratio of 0.25 
gives a volume change of 0.6× 106m3 to 2.7× 106m3.

Other sizable strain changes at ISA
To check whether the strain change at ISA in December 
2009 was a unique or recurring phenomenon, we examine 
the strain change rate from component E1 over the entire 
period for which site data acquired by the same instru-
mental system are available (Fig.  6). We set a threshold 
level for strain change rate of ± 1.5× 10−9day−1 , which 

is half the total strain change rate in December 2009. The 
times at which strain change rates exceed the threshold 
are considered to be prominent events of rapid strain 
change. Periods after heavy rainfall are ignored in this 
analysis because strain data in such periods are likely to 
be distorted.

In the obtained time series, there are seven anomalies 
in strain change rate in which values exceed the threshold 
(Fig. 6): four positive (i.e., extension of E1) and three neg-
ative (i.e., contraction of E1). Among the positive anom-
alies in strain change rate, three (2004, 2008, and 2013) 
occurred after significant precipitation and are there-
fore likely to reflect rainfall. Another positive anomaly in 
strain change rate in 2011 corresponds to the major erup-
tion at Shinmoe-dake. In addition to the event in Decem-
ber 2009 (Fig. 3), negative anomalies in strain change rate 
are seen in December 2006 and August 2008. Extensom-
eter data for these events are shown in Fig. 7.

The anomaly in December 2006 has the same charac-
teristics as the event in December 2009: extension on 
component E2 and contraction on E1 and E3 (Fig.  7a). 
The anomaly in August 2008 also has the same charac-
teristics, although each component returns to its origi-
nal value after rain on 22 and 23 August (Fig. 7b). Their 
respective timings correspond to changes in observed 
volcanic activity at Shinmoe-dake: the first roughly cor-
responds to a subtle change in the GNSS baseline trend 
(Fig.  2 of Nakao et  al. 2013); the second corresponds 
to the start of a period of phreatic eruptions (Fig.  5 of 
Nakada et al. 2013).

We now consider the strain changes in each direction 
from Fig.  7. During 2–6 December 2006, the estimated 
changes in components E1, E2, and E3 are − 1.0± 0.2 , 
+ 0.8± 0.2 , and − 0.2± 0.2 , respectively, with units 
of 10−7 strain (Fig.  7a). During 17–19 August 2008, 

Fig. 6  Strain change rate on component E1 at station ISA, 2004–2017. The strain change rate is defined as the time derivative of the 24-h moving 
average of the original time series. Gray shadows correspond to time periods in which significant precipitation (> 40 mm/h) was observed in the 
previous week, which likely affects strain data. Open (positive) and solid (negative) inverted triangles indicate strain rates that exceed the threshold 
levels of 1.5× 10−9day−1 (dotted lines). The threshold value is half the strain rate at the beginning of the edifice inflation that led to the major 
eruption in 2011
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the corresponding values are −1.4 ± 0.4, + 1.1± 0.3 , 
and − 0.2± 0.2 , respectively, with units of 10−7 strain 
(Fig. 7b). These values, together with those during 15–17 
December 2009, are listed in Table  1. Based on these 
values, the possible range of point source locations cor-
responding to each event is estimated (blue contours in 
Fig.  5). It is difficult to constrain the strain change rate 
more precisely because there are relatively large errors 
in the readings; hence, the estimated locations have large 
uncertainties. However, this confirms that the source 
locations of the 2006 and 2008 events overlap that of the 
December 2009 event.

Discussion
Petrological evidence suggests that eruption of stored 
magma is triggered by injection of new magma into a 
reservoir, presumably through dikes rising from depth 
(Suzuki et al. 2013; Tomiya et al. 2013). Basaltic replen-
ishment at the beginning of the eruptive cycle trig-
gers subsequent activity. Examples of eruptions with 
this inferred source process include the 1996 eruption 
of Karymsky Volcano in Kamchatka (Eichelberger and 
Izbekov 2000; Izbekov et al. 2004), the 1912 eruption of 
Katmai in Alaska (Eichelberger and Izbekov 2000), and 
the 1929 eruption of Hokkaido-Komagatake in Japan 
(Takeuchi and Nakamura 2001). In the case of the Janu-
ary 2011 Shinmoe-dake eruption, the volcanic processes 
leading to the eruption sequence were inferred from pet-
rological and geodetic observations (Suzuki et  al. 2013; 
Tomiya et al. 2013). GNSS time series show gradual edi-
fice inflation before the main eruptions, but no pulse-like 
changes just before each eruption. This constraint leads 
to the interpretation that the final physical change before 
the eruption was a mixing process, which does not result 
in a volumetric change in the shallow magma reservoir 
(Tomiya et al. 2013).

The extensometer data presented here provide the first 
geophysical evidence of a rapid and large (~ 10−7) strain 
change at the beginning of a period of gradual inflation 

a  16 Nov – 15 Dec 2006 b  1 – 30 Aug 2008

Fig. 7  Strain changes in the directions of components E1–E3 at station ISA during the two periods. a 16 November–15 December 2006 and b 
1–31 August 2008. In each set of subpanels, the top plot shows the original time series, and the bottom shows the time series with the linear trend 
(estimated before the event of interest) removed from all data. Vertical green lines indicate the onset of rapid inflation that we use to estimate the 
strain offset. The variations within the colored boxes in the detrended graphs were used to estimate the magnitude and uncertainty of the strain 
offset. Note that the error ranges for E1 and E2 in b are slightly shifted to include the effect of the preceding rainfall. Daily precipitation at EBN is also 
shown (bar graphs)

Table 1  Changes in  strain in  each direction during  each 
period

Period E1 ( ×10
−7) E2 ( ×10

−7) E3 ( ×10
−7)

1–3 Dec 2006 − 1.0± 0.2 0.8± 0.2 − 0.2± 0.2

17–19 Aug 2008 − 1.4± 0.4 1.1± 0.3 − 0.2± 0.2

15–17 Dec 2009 − 1.6± 0.2 1.7± 0.3 − 0.8± 0.2
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of a shallow reservoir that fed major eruptions. Weak sig-
nals that could indicate an injection pulse in December 
2009 are present in the GNSS time series data (e.g., Fig-
ure 2 of Nakao et al. 2013), but extensometer data show 
their characteristics more clearly: 2–3  days in duration 
with a source that was deeper than the magma reservoir 
that fed the sub-Plinian eruptions. Moreover, the point 
source that generated this rapid inflation appears deeper 
than the magma reservoir that supplied the 2011 erup-
tion sequence (Fig. 6). This implies that the ground defor-
mation detected in the present work was not generated 
by the inflation of pre-existing magma in a reservoir, but 
rather by intrusion from depth. The rapid intrusion of 
fresh, hot basaltic magma at the onset of the magmatic 
inflation episode does not alter the petrologically derived 
scenario, but does provide additional constraints on the 
physical processes at the start of unrest, including the 
observed precursory gradual inflation.

In addition to an inflationary event in mid-December 
2009, extensometers recorded several strain change 
events at other times with the same order of magnitudes 
and characteristics (Figs. 6, 7, Table 1). This means that 
a discrete, impulsive injection of magma is not a nec-
essary or sufficient condition for triggering continu-
ous magma injection from depth. Focusing on the sizes 
of inflation events observed from 2004 through 2017, 
the mid-December 2009 event is the largest in the raw 
records. Two other events, in August 2006 and December 
2008, are relatively small and were not followed by siz-
able magma intrusions, although GNSS time series indi-
cate a small change in strain rate around the beginning 
of December 2006 (Fig.  2 of Nakao et  al. 2013). A pos-
sible explanation for these phenomena is that continuous 
injection of fresh magma into a shallower reservoir might 
be triggered only when the initial magma flux exceeds a 
threshold sufficient to open a new pathway from the deep 
magma system. Another possible explanation is that the 
pathway of magmas extending from depth to the magma 
reservoir is partially opened by each new intrusion. 
After three intrusions, the pathway opening might have 
become large enough to facilitate continuous upward 
magma flux. Although these scenarios could account 
for the volcanic processes related to the 2011 eruption 
sequence, they cannot be verified using the available geo-
detic data for this eruption sequence and other observa-
tions or physical considerations are necessary to confirm 
their validity.

To assess the frequency and size of rapid magma 
intrusions, comprehensive analysis of geodetic data is 
required. This cannot be done by extensometers alone 
because they do not correctly record strain change dur-
ing and after heavy rainfall. In addition to previously 
installed sites, geodetic monitoring of Shinmoe-dake 

using GNSS and tiltmeters has been improved (e.g., Ueda 
et  al. 2013). Assuming the estimated volume changes 
and source depths correspond to rapid magma intrusion, 
ground displacements of several millimeters are expected 
for similar intrusion events in the future. These could be 
detected by GNSS, although the detailed temporal varia-
tions may be difficult to observe. Now that the time scale 
and approximate location of the rapid magma intrusion 
have been determined, a search for magma intrusion 
events is planned using GNSS and tiltmeter time series 
data via time series analysis, including matched-filter 
techniques (Gibbons and Ringdal 2006).

Conclusions
Before the 2011 eruption of Shinmoe-dake volcano, 
Japan, at the beginning of precursory inflation of the vol-
canic edifice, a rapid change in strain was recorded by 
distal extensometers on a time scale of about 3 days. The 
size of the observed strain change is as large as that gen-
erated by the volcano’s sub-Plinian eruptions. Assuming 
that the strain change is generated by a point source, the 
source location is estimated to be deeper than the shal-
low magma reservoir that fed the eruption itself. Rapid 
strain changes with similar characteristics were also 
recorded at least twice during 2004–2017 and relate to 
observed changes in eruptive activity.
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