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Abstract. The Tatun Volcano Group (TVG) is located in 1 Introduction
northern Taiwan near the capital Taipei. In this study we se-

lected and analyzed almost four years (2004—-2007) of its o o )
seismic activity. The seismic network established around! "€ reliability of any volcano monitoring effort is dependent

TVG initially consisted of eight three-component seismic IN Part on an accurate understanding of the nature of back-
stations with this number increasing to twelve by 2007. Local9round activity and eruptive history of the particular vol-
seismicity mainly involved high frequency (HF) earthquakes ¢&no- Se|s_m|c monltorlng is the most com_monly_u_sed tool
occurring as isolated events or as part of spasmodic burst§Or assessing the potential of future eruptive activity (Mc-
Mixed and low frequency (LF) events were observed dur_Nut.t, 1996). Geochemical monitoring of fumgrol!c gases a_nd
ing the same period but more rarely. During the analysis weSPring water could also be expected to provide important in-
estimated duration magnitudes for the HF earthquakes anfPrmation regarding changes in the magmatic-hydrothermal
used a probabilistic non-linear method to accurately locateyStem. In many cases the combination of these method-
all these events. The complex frequencies of LF events wer@!0gies has proved very effective in constraining the source
also analyzed with the Sompi method indicating fluid com- Of fluids (magmatic versus hydrothermal) and their path
positions consistent with a misty or dusty gas. We juxtaposednrough the crust (Moran et al., 2000; Tassi et al., 2004;
these results with geochemicalitemperature anomalies exMadonia et al., 2008; Martini et al., 2010 among others).
tracted from fumarole gas and rainfall levels covering a sim-Additionally, an understanding of the relation between back-
ilar period. This comparison is interpreted in the context of round seismicity, fumarolic chemistry and previous vol-
a model proposed earlier for the volcano-hydrothermal sysanic eruptions can r_lelp to establish a basellme against which
tem of TVG where fluids and magmatic gases ascend fronfNY future changes in the volcano-magmatic system can be
a magma body that lies at around 7-8 km depth. Most HFevaluated. .

earthquakes occur as a response to stresses induced by fluidh€ Tatun Volcano Group (TVG) is about 15 km north of
circulation within a dense network of cracks pervading the TaiPei, the largest city and capital of Taiwan, which has more
upper crust at TVG. The larges¥{ ~ 3.1) HF event that than seven million inhabitants (Fig. 1). Ta|pe|.|s a modern
occurred on 24 April 2006 at a depth of 5-6 km had sourcemetropolis gnd has a wgll developed urban infrastructure,
characteristics compatible with that of a tensile crack. It wasSUch as a high-speed railway system as well as two nuclear
followed by an enrichment in magmatic components of thePOWer plants located only few kilometers northeast of TVG.
fumarole gases as well as a fumarole temperature increasd? addition to that, TVG itself includes the Yangmingshan
and provides evidence for ascending fluids from a magm‘,j{\lanonal Park WhICh attracts tens of thousands of visitors
body into the shallow hydrothermal system. This detailed®Very year. During the last decade a debate has been initi-
analysis and previous physical volcanology observations afitéd regarding the status of TVG as a dormant or extinct vol-
TVG suggest that the region is volcanically active and thatc@no (Yang et al., 1999; Song et al., 2000; Lin et al., 2005;

measures to mitigate potential hazards have to be considerdéPnstantinou et al., 2007; Belousov et al., 2010). The afore-
by the local authorities. mentioned studies provide several lines of evidence suggest-

ing that TVG can be considered as a potentially active (thus
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(cf. Fig. 1). Additionally, Mt Chihsinshan was the focus of
several cycles of effusive and explosive activity followed
by lahars and gravitational collapses during the last 20 ka.
Consequently, monitoring TVG becomes a crucial task since
an eruption of any type and scale may have serious conse-
guences for the surrounding region.

In this paper we present a detailed analysis of the spatial
and temporal variation of seismicity and its relation to rain-
fall, gas geochemistry and fumarole temperature variations.
This work builds upon the earlier studies of seismicity pub-
lished by Lin et al. (2005) and Konstantinou et al. (2007,
2009) as well as the geochemical study of Lee et al. (2008).
Initially, seismic signal classification is performed followed
by determination of event magnitude and accurate absolute
locations. Among the signals that we have recorded are also
events caused by oscillations of fluid-filled cracks and we an-
alyzed them using the Sompi method in order to infer possi-
ble fluid compositions. These results are then compared with
temporal variations of several gas geochemistry indicators
and fumarole temperatures published previously. Finally, we
discuss possible mechanisms for the occurrence of seismic-
ity and geochemical anomalies in TVG that can be used in
order to understand future periods of unrest.

121.5° 121.6° 121.7°

Fig. 1. (a) Map of Taiwan showing the location of Tatun Volcano 2 Seismic data analysis
Group (TVG), (b) map showing the broader Taipei area and the
study area of TVG which is highlighted with a square. The thick 2.1 Signal classification and temporal distribution
lines indicate the Kanchiao (KF) and Chinshan Fault (CF) respec- of seismicity
tively while the stars represent the locations of two nuclear power
plants,(c) the seismic network distribution used in the study is also |n a previous study, Konstantinou et al. (2007) performed an
presented (YMO1-YM12). With C we indicate the location of the gnalysis of the seismicity at TVG for the period Septem-
Chlhsmshan edlf_lce_and with T the _Iocatlo_n of_the Tayiokeng :_strea.ber 2003 until February 2005 using a local network of
lgﬁqyl_el:'D?&A’Rl'Qsze'p\g;i;estgcreoﬁulitoi':ggt‘ij;'gﬂ ('; ;Te ;égg)obtamed 8 three-component stations. The data analysis presented in
v ' this study begins in March 2005 and concludes at the end of
December 2007. In March 2005, eight seismic stations were
operating (YM01-YMO08) while by the year 2007 the number
presently dormant) volcano. This evidence includes mantlesteadily increased to twelve (YM01-YM12), with the excep-
derived Helium in gases/spring waters, volcano-seismic sigtion of YM02 which stopped operating from September 2005
nals similar to those observed in active volcanoes and radioFig. 1 inset). Stations YMO01, YM02, YM03 and YMO04 were
carbon dating of the latest eruption at about 6 ka. equipped with short-period (Lenartz 3D5s) and broad-band
A detailed study of the volcanoclastic deposits and the(Guralp CMG-40T) sensors while all other stations had only
morphology of lava flows and domes in TVG has been con-short-period ones.
ducted by Belousov et al. (2010) in an effort to infer the The first step of the data processing was to manually iso-
characteristics of previous eruptions. Volcanism in TVG waslate local earthquakes and other volcano-seismic signals from
mostly andesitic, exhibiting both extrusive and explosive ac-regional or teleseismic events. The selected signals were
tivity, with the former being more common in the form of classified in different groups by using a simple scheme based
lava domes and lava flows with lengths up to 5.6 km and vol-on the observed frequency content and waveform appearance
umes up to 0.6 krh Explosive volcanism on the other hand, (McNutt, 1996). This classification approach was also advis-
has produced fallout deposits of plinian eruptions, lithic ash-able in order to be consistent with the previous work from
fall deposits of vulcanian eruptions and explosive breccias2003-2005 and hence allow a direct comparison. Around
of phreatomagmatic eruptions. The highestl(120m) and  volcanic areas propagation effects are usually quite severe
most well-preserved volcanic cone in TVG is Mt Chihsin- and can lead to biased classification of signals if there is a
shan which along with the nearby Tayiokeng area exhibit thelarge distance between the source-receiver or the signal is
strongest fumarolic activity and highest seismicity in TVG recorded to only a few stations. To avoid this drawback in
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our analysis we used only events that were recorded by mor(a)
than five stations. From the classification four groups were
created: (a) high frequency earthquakes (HF) with clear P:
and S-phases and frequencies 1-20 Hz (Fig. 2a), (b) mixe:
frequency earthquakes with clear high-frequensy2Q Hz)
P- but no S-phase followed by a low-frequeney% Hz) coda
(Fig. 2b), (c) low frequency earthquakes (LF) with emergent
P-phase and no S-phase and frequencies up to 5 Hz (Fig. 2¢
(d) spasmodic bursts, which are variable duration sequence
(total durations between 1 min to 1 h) of HF events placed
closely in time (Fig. 3); they most probably represent rupture
through a fracture mesh driven by transient variations of fluid
pressure (Hill and Prejean, 2005). 0 L < . L
In order to keep the same quality level of observations with Time (s)
previous studies, the HF events that were selected and mal
ually picked were recorded by at least five stations yield-® ™~
ing a total of 486 events. Also, recorded to five or more g,?_
stations were 3 LF events, 2 mixed frequency events an( = [—————t———— e
10 spasmodic bursts. Figure 4a shows the temporal distribu
tion of seismicity observed at TVG from October 2003 un-
til end of December 2007. At this point it should be noted
that the seismic network experienced several technical prob
lems throughout this period, resulting in about three stations
out of eight being down for substantial periods of time. The
most serious of these periods was between July to Novem
ber 2005 where only two to three stations were operational
therefore, it was not possible to have a clear picture of the
seismicity in the area. Even though the average number of Hi
events was about 12 events per month, in several instance
this number increased to 40 or even 50 events per montt(®)
This increase was either caused by the occurrence of man
HF events through a whole month, or the occurrence of one
long-duration spasmodic burst within a few minutes.
Rainfall levels can influence seismicity rates around vol-
canoes through saturating the highly fractured upper crus
with fluids, leading to increased pore pressure thus promot
ing rock failure (Richter et al., 2004). This may be especially
true for regions like Taiwan that are subject to a very humid
climate throughout the year. We investigated this possibility
by checking the monthly rainfall levels at ANBU which is
the closest{ 2 km) station to TVG and the temporal varia-
tion in mm of rain can be seen in Fig. 4b. For the observed
period, the average level of rainfall was about 460 mm. Dur- Time (s)
ing all instances when the seismicity peaked (October 2003, i , )
February 2004, April 2006, February and April 2007) the Fig. 2. Vertical v_eI00|ty waveforms and corresponding spec-
- . trograms for (a) high frequency (HF) event that occurred in
rainfall was close or even below thls av_erage. Even th.oug_hz4 April 2006 with M| =3.1 as recorded in station YMO5
there does not seem to be any obvious link between SeISMiCy) mixed frequency event recorded in station YM@8 low fre-

ity (HF events, LF events or spasmodic bursts) and heavyency (LF) event recorded in station YMO5 (Event #3 in Table 1).
rain in TVG, we should note that the quantity of available

meteoric water plays an important role in diluting exsolved

volatiles and in cooling the fumarole fluids (this is referred 2.2  Duration magnitudes

to as the “buffering effect” in the literature, e.g. Martini et

al., 2010). We will analyze this point further when we dis- For the purpose of allowing a uniform magnitude determina-
cuss the relation between rainfall and the temporal variatiortion in time and avoid problems arising from different instru-
of fumarole temperature/geochemical parameters. ment types with different responses, we estimated duration
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SRR RN H was equal to 0.1 while the largest was 3.1 and corresponded
= MM A T E™ to a HF event that took place in 24 April 2006 at 03:00:57
L e e W i (GMT). Figure 6 shows the magnitude distribution for each
. ‘ . ‘ . ‘ ‘ — of the 4 full years spanned by our dataset. For the year 2004,
iy - —t oo Poteiprrpp W s the distribution peaks at magnitude 1.2, while the other three
e o Ty L ‘ ‘ ‘ |: years the peak is lowered to a value of 1.0 as a result of the
g T R™  deployment of more stations.

* . R Y L’Ymﬁ
LR N SMAANL SR A ¢ 2.3 Absolute locations

T - - & | T O Ny M [ g '
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i . L All the selected HF and the spasmodic bursts events were lo-
, ‘ r cated using a probabilistic non-linear method implemented
. in the software package NONLINLOC (Lomax et al., 2000).

When comparing NONLINLOC with the traditional linear
Time (s) location methods several differences are apparent. First, the
] ] ) ) _nonlinear location algorithm is less sensitive to the problem
Fig. 3. Vertical velocity waveforms of a spasmodic burst with ¢ |4c4) minima in the solution space. Second, for events oc-
30min duration that occurred on 2 May 2006. The names of each, | i, o tside the seismic network, it can provide a much
station that recorded the event are shown at the right side of eacﬁ . .
waveform. etter constraint on the hypocentral depth and its corre-
sponding vertical error estimate. Third, it has been found
that NONLINLOC can provide a more realistic assessment
magnitudes for all HF events. According to observations per-0f horizontal/vertical error estimates than linear algorithms
formed by Aki (1969) and Aki and Chouet (1975), the dura- Which tend to underestimate such errors (e.g. Lippitsch etal.,
tion of the seismograms for local earthquakes is independerd005).
of the nature of the seismic source, epicentral distance or re- A probabilistic solution can be expressed as a posteriori
gional geology, but is strongly dependent on the strength ofrobability density function (PDF) provided that the errors in
the seismic source. the observations (phase picking) and in the forward problem
From the Konstantinou et al. (2007) study, we measuredtravel time calculations) are Gaussian. The sampling algo-
the seismogram duration (wherever the noise level allowedithm selected was the Oct-Tree which uses recursive subdi-
it) for all the HF events which had their local magnitude Vision and sampling of cells in 3-D to generate a cascade of
(M) estimated. To these events we also added all the evengampled cells (Lomax and Curtis, 2001). NONLINLOC can
that were located in the vicinity of TVG by Taiwan’s Central be used with either a 1-D or a 3-D velocity model and in this
Weather Bureau (CWB) and had a calculatéd We plotted ~ study we use the minimum 1-D velocity model estimated by
the magnitude-duration for all these 150 events (Fig. 5) and<onstantinou et al. (2007), following the methodology intro-
applied the maximum likelihood method in order to obtain duced by Kissling et al. (1994). This model is valid only for
the linear regression relationship the upper 5 km of the crust and for this reason we constrain
the velocities at larger depths from the tomographic study of
Mg =1.89(£0.19)log(r) — 0.54(+0.18) r=0.7 Q) Taiwan published by Kim et al. (2005).

By default NONLINLOC provides two kinds of location
wherer is the seismogram duration in seconds. Accordingestimates for each event: (a) one corresponding to the max-
to Havskov et al. (2003), who also tested the same method immum likelihood point of the PDF, and (b) the Gaussian es-
a volcanic environment, the wide dispersion of the data cartimate based on the covariance matrix that is obtained from
be attributed to both the errors in the determination of thesamples drawn from the PDF. The two solutions are in good
signals duration and in the different noise levels present inagreement only if the complete, nonlinear PDF has a single
the data. We estimate the goodness-of-fit of this relationshipnaximum and ellipsoidal form (Lomax et al., 2000). To as-
to the data by comparing the resulting chi-squared value tesess the errors involved in the location estimates, we esti-
the degrees of freedom. These two quantities are very closmate the differences between the Gaussian hypocenters and
for our case (degrees of freedom 15Q = 148, chi-squared the resulting maximum likelihood. In this way we identify
value is 140) therefore the fit can be considered acceptablé02 events with distorted PDF for which the confidence el-
(Press et al., 1992). For the events from March 2005 to Delipsoid estimates are biased; this means that from the to-
cember 2007, we measured the coda duration in all the statal 486 HF events the 384 have well-constrained locations.
tions that an event was recorded and obtained the averagerom 2005 to 2007, we find that the absolute error in the
value. This value was then used to estimate the duration magepicenter location is between 0.5km and 0.4 km and the er-
nitude. Hereafter, when we refer to magnitude for events afterors in the focal depth between 1.3 km and 1.02 km. The ob-
the year 2004 we meavly. The smallest of these magnitudes served improvement in the error estimates for 2007 is due
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Fig. 4. (a)Histogram showing the temporal variation of the number of picked HF events per month for the whole of the observation period.
The spasmodic burst (with their durations), mixed frequency and LF events are also indicated. The light gray bars indicate the events analyzec
by Konstantinou et al. (2007). The almost zero number of events from July to December 2004 is due to network problems that did not allow
a continuous recording of data at all statiofy, rainfall levels for station ANBU, the nearest one to TVG. The black dashed line indicates

the average level of rainfall (460 mm) for the observed period.

35 — L e to a denser network, since the number of stations operating
2 30 B increased to 11 in that year. Based on the confidence ellip-
g 95 ] i soid dimensions of the well-constrained events from 2005—
5o 20 1 i 2007 we estimated mean absolute error in the epicenter lo-
g cation 0.39 km and in focal depth 1.13 km. Konstantinou et
. 15 ] i al. (2007) compared the absolute earthquake locations as de-
S 10 i rived from NONLINLOC with the double-difference relative
,3 05 7 i locations. They found that the two sets of locations are com-

0.0 patible which suggests that the results from NONLINLOC

04 06 08 10 12 14 16 18 20 are precise and well-constrained.
log10(duration) (s) Figure 7 shows the locations of well-constrained HF

events and spasmodic burst events for the period 2003—
Fig. 5. Magnitude-coda duration distribution of 150 HF events with 2007 (thus including 144 HF and 59 spasmodic burst
a given M. The 134 events from the Konstantinou et al. (2007) events from Konstantinou et al., 2007). In particular, the
dataset are plotted as blue circles and the 16 CWB events as red cifargest HF event that occurred during the period of this
cles (linear correlation co-efficient equal to 0.7). The Ieast-square%tudy on 24 April 2006 was located very near Chihsinshan
linear regress_ion result is shown with the black solid line (see text(121_5538 E, 25.1616 N) at a depth of 5.16 km. Events be-
for more details). longing to spasmodic burst episodes are all located to sim-

ilar locations and depths (0—2 km), as in our previous study
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of TVG seismicity, close to Chihsinshan and at Tayiokeng Fig- 7. Map showing the locations of HF earthquakes (blue circles),
area. The locations of the 3 LF events are not as accurat@dividual events belonging to spasmodic burst episodes (red cir-
as those of HF events, since their P-phase is usually emeF—'eS) and LF_ events (yellow dlamonds_). Each circle is proportional
gent and there is no clear S-phase. Table 1 shows for eaci§ INe magnitude of the event according to the scale shown at the
: S . lower right corner of the plot. The yellow star indicates the location
of these events both the maximum likelihood and Gaussian .
- . . - . of the 24 April 2006 earthquake.
locations which differ especially with respect to hypocentral
depth. However, for one of the events (Event #2, Table 1)

a deeper source is favored by both solutions. HF earthquake .
activity forms several clusters around the Chihsinshan edificdVith respect to the calculated absolute location of the earth-

and Tayiokeng, while the activity in between these two ar-duake. After this the data were filtered in the passband 1-
eas is much more diffuse. Once surface fractures determined HZ USINg a two-pole Butterworth filter. The choice of this
using LIDAR data are superimposed on these locations, iassband is dictated by the small signal-to-noise ratio we

can be seen that some of the clusters coincide with fractur&ncountered when trying to perform the inversions at lower
branches. frequencies (0.08-0.1 Hz), resulting in inverting noise rather

than the earthquake signal. As the frequency range we chose

is quite high, we focus on fitting just the first few seconds
3 Source properties of the 24 April earthquake of each waveform in a similar way to that done by Mado-

nia et al. (2008) for a small event at Vesuvius. Green’s func-
Volcanic and geothermal areas are prone to exhibit seismitions were calculated for a depth range 1-9 km with a step of
sources with anomalous (“non-double couple”) characteris-0.5 km using the method of wavenumber integration and uti-
tics as a result of the interaction between fluids and solidlizing the minimum 1-D velocity model to approximate the
rock (Chouet, 1996). The 24 April 2006 earthquake was —upper crustal structure. The traces were then filtered in ex-
compared to the rest of the seismicity observed at TVG — un-actly the same way and aligned along with the data according
usual because of its large magnitude and hypocentral depttio their arrival times.
In order to investigate whether this earthquake had an anoma- The overall results for the three different inversions show
lous nature, we perform an inversion for determining its mo-that the highest fit occurs at depths of 5—6 km which agree
ment tensor. We use only waveform data from three stationsvell with the hypocentral depth of the absolute location
(YMO1, YMO3, YMO04, unfortunately station YM02 was not (Fig. 8). The fit is the smallest when a DC constraint is ap-
in operation at the time of the earthquake) that have well-plied to the inversion and it is much higher when deviatoric
calibrated broadband sensors and are azimuthally distributedr full moment tensor is assumed. It is generally expected
around the epicenter. A linear, time-domain inversion methodthat a model with more parameters can fit better the observa-
described by Herrmann and Ammon (2002) was utilized fortions than a model with fewer ones, as in the case of the DC
calculating: (a) the pure double-couple (DC) solution, (b) thesource and deviatoric/full moment tensor. However, it should
deviatoric moment tensor (compensated linear vector dipolde determined whether the model with the extra parameters
or CLVD and DC components), (c) the full unconstrained can fit significantly better in a statistical sense the data. For
moment tensor (isotropic, CLVD and DC components). this purpose we employed an F-test to define which of the

The preparation of the waveform data for the inversion in-three models best represents the seismic source (see for ex-

volved the deconvolution of the instrument response and roample Dreger et al., 2000). The F-test compares the variances
tation of the horizontal components into radial and transversef the misfits for a pair of models and accepts or rejects the
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Table 1. Summary of location results for the three LF events identified during the study period.

Low Frequency events Maximum likelihood location Gaussian location

ID origintime latitude longitude depth (km) latitude longitude depth (km)
1 4 Feb 2007, 21:37 25.172 121.557 0.2 25.235 121.734 5.7
2 17 Feb 2007, 13:27  25.158 121.533 9.8 25.155 121.518 7.7
3 22 Feb 2007,17:56  25.174  121.575 0.4 25.27 121.82 5.2

ot « - (flow) of the subsurface magmatic and or/hydrothermal flu-
ids, hence provide a glimpse of the internal dynamics of the
volcano-hydrothermal system (Chouet, 1996). The charac-
teristic properties of the resonator system at the source of the
LF event may be determined from the complex frequencies
of decaying harmonic oscillations in the tail of the seismo-
gram (Kumagai and Chouet, 1999). This type of seismicity
e L has been linked with eruptive activity and fluid transport pro-
%:/\/\ ff\ A cesses in many volcanoes (e.g. Nakano et al., 2003; Matoza
: ~“<  and Chouet, 2010).
tine {5 Kumazawa et al. (1990) developed a spectral analysis
method named Sompi that can quantify the spectral prop-
e T — N erties of harmonic signals. The method performs a spec-
08 4 oo s ‘ ’ tral analysis based on a homogeneous autoregressive (AR)
06 i N model, where a signal is represented as a linear combina-
- tion of coherent oscillations which are called wave elements
L I sze fefge” L CLYD=726: and exhibit decaying amplitudes plus some white noise. This
1 ¢ ' > kind of analysis can then be used to determine the complex
L e X frequencies (frequency and quality fact@) of the decaying
00 =Tt - oscillations of the signal under study. The results are pre-
sented in a diagram of the frequencg) (versus the growth
rate (), defined ag = — /20, where the complex frequen-
Fig. 8. Moment tensor inversion results for the 24 April 2006 earth- cies for different trial AR order_s are plotted. For more details
quake. Top panel: Comparison of observed (solid lines) and Iore_about the method, the reader is referred to the original papers
dicted waveforms (dashed lines) for the deviatoric moment tensoiy Kumagai and Chouet (1999, 2000).
inversion at 6 km depth. Lower panel: Diagram showing the wave- This methodology was applied to the decaying part of the
form fit for the three different sources assumed (DC, DC + CLVD, waveforms of three LF events that were identified and located
DC+CLVD +1S0) for each of the inversion depths. Also shown previously. The complex frequencies of the wave elements
are the two beach balls representing the DC and deviatoric momerfor AR orders ranging 4—60 were estimated. As the Sompi
tensor of the solution with the highest fit. method also calculates amplitudes of the wave elements, we
have added this information to the frequency-growth diagram

. o by using a color scale. This additional parameter can help
null hypothesis that they come from the same distribution at.onstrain better the values of since high-amplitude clus-

a given confidence level. We found that for a confidence level, .o 4 \vave elements are considered dominant spectral com-

of 95 %, the deviatoric moment tensor fits the data better tharbonents of the LF signal, while low-amplitude scattered wave
the DC solution, but the fit is not significantly better if a full elements represent most likely noise (Alparone et al., 2010).
moment tensor is assumed. The preferred solution eXhibit?Eigure 9 shows two of the three LF event waveforms that
alarge CLVD ¢~ 72%) and a smaller DCY(28 %) COMPO-  \yare analyzed, their Fourier amplitude spectrum and the re-
ngnt, Wh'_le th? focal mechanism geometry indicates thrusrsults of the Sompi analysis. All the LF events analyzed ex-
with a strike-slip component. hibit high-amplitude, clustered wave elements hawihgal-

ues ranging from 160 to 400. According to Kumagai and
Chouet (1999) oscillation damping decreases for ash-laden
or water-droplet gas mixture with decreasing weight percent
It is generally thought that low-frequency seismicity reflects gas. Therefore, the presence of few weight percent gas in the
pressure fluctuations resulting from unsteady mass transport
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Fig. 9. Examples of results obtained after the application of the AR S AAAVD A AU SRS AU S R
Sompi method to LF events #1 and #2 (see Table 1). Top panel Lo < <
velocity waveforms where the gray shaded part is the one used fo = 5 -
the calculation of the complex frequencies. Middle panel: Fourier = 2 7
. . . 14
amplitude spectra of the time windows shown above. Lower panel: & | e—s= e S
zo

Growth rate — frequency diagrams where circled areas indicate
high-amplitude wave elements according to the color scale shown
at the right (see text for more details). Solid black lines representrig. 10. Temporal variation of geochemical parameters and temper-
constant lines for a range of values (20-1000). ature readings of TVG fumarole gases for the period October 2003—

November 2006 (after Lee et al., 2008). The top diagram represents

the logarithm of calculated normalized seismic energy variations for
fluid mixture can generate oscillations with largedike the  the same time period using= 1.5 (green line) and = 1.96 (red
ones observed here. line) (see text for more details).

20030

. L Natale et al., 2004)
5 Gas geochemistry and seismicity

E* = 10¢(M—Mnmin) 2)

The fumarolic gases of TVG have been analyzed for their ) ) )
chemical composition and isotopic components by variougVhered is a constant is the magnitude of each earthquake
researchers previously (Yang et al., 1999: Lee et al., 20052"d Mmin is the completeness magnitude” represents the
Ohba et al., 2010). Recently, Lee et al. (2008) performede"€rgy release normalized to the energy of the event with
regular sampling in 11 sites from the TVG fumaroles using MagnitudeMmi so that
the Gigg_en_bach bottle technique. They_ pub_lish_ed the tem« _ E/Emin = 10°+4M /10f+dMmin ?)
poral variations of several gas geochemistry indicators start-
ing from October 2003 up to and including December 2006A value of 1.0 is selected as the completeness magnitude
(Fig. 10). The meaning of these indicators can be understoothreshold based on the magnitude distributions shown ear-
if we take into account that SCand HS are the dominant lier. We also use two values for the constdnbne proposed
sulfur species in volcanic gases and that they usually havdy Gutenberg and Richter (1956) equal to 1.5 and the other
magmatic origin. Additionally, the authors also performed d = 1.96 suggested by Kanamori et al. (1993). Figure 10 (top
for the same period measurements of the temperature of fupanel) shows a plot of the logarithm @&* versus time for
marolic gases even though these were not as regular, thusoth values of the constadt where it can be seen that in a
some gaps exist in the resulting time series. logarithmic scale the two estimates are very similar.

In order to be able to compare the temporal variations of Normalized seismic energy exhibits two main peaks that
gas geochemistry and seismicity, we calculate the normalizedorrespond to increases of earthquake occurrence in Febru-
seismic energy™ of all HF events which is given by (De ary 2004 and April 2006 while a series of smaller peaks can
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Chihsinshan LF events appear only occasionally at TVG and are of shal-
. low origin (< 2 km) even though their hypocentral locations
are not as well constrained as for the HF events. Their source
process likely involves fluid pressurization/resonance pro-
cesses inside cracks, while the fluid composition indicated

Hsiaoyiokeng
15

g cnduenve neseaaa| Dy the Sompi method points consistently to a dusty or misty

= “ - gas (Kumagai and Chouet, 1999). The lack of any observed
& o T fuid low sign of volcanic activity points however, to the possibility

that the fluid corresponds to water droplet-gas mixture. The

? quality factors inferred for the LF events analyzed here, are

somewhat smaller than those estimated in our previous study
Fig. 11. Possible configuration of the volcano-hydrothermal sys- of TVG seismicity @ ~ 200-1000, Lin et al., 2005). This
tem beneath TVG suggested by Konstantinou et al. (2007). Mainchange could reflect an increase of the weight percent gas
elements of this model are the magma body at depths 7-8km angCQO, or SO) in the mixture and give an indication of a
the highly cracked, fluid-saturated rock where HF seismicity occurs.yariable degassing source. Unfortunately, all the analyzed LF
Hsiaoyiqung is an area adjacer?t.to the Chihsinshan edifice whichy,ents occurred during February 2007 when there are no ad-
also exhibits strong fumarole activity fed by a system of fractures. ditional geochemical observations that could be used in order
to corroborate this suggestion.

be seen to extend from January to August 2005. The geo- Even though the SOurce process of HF events is shea.r fail-
: . : ure of rock, the underlying cause for this may be explained
chemical measurements seem to vary very little during th

years 2004—-2005 and do not correlate well with the normal- y multiple mechanisms, such as regional stresses, stresses
due to gravitational loading or due to magma movement.

ized seismic energy distribution. On the other hand, the pea . . .
in April 2006 when also the largest HF earthquake Occurredlkonstantlnou et al. (2009) have performed detailed stress in

L o . o J/ersions in the TVG area using fault plane solutions of HF
coincides with increases in four geochemical indicators an

) . .~ “events assuming a double-couple source. Their results re-
an increase above 10Q in fumarole temperature. The ratio . :
vealed that NW-SE extension can explain only the deeper

SQxfH,S and HCl show a steady increase during late March(> 3 km) seismicity beneath Tayiokeng and is consistent with

and early April signifying that the source of the fluids be- the regional stress field in northern Taiwan. On the contrary,

came deeper aqd the‘f hature was more magmatic rather tha{ﬂe seismicity around Chihsinshan exhibits a localized stress
hydrothermal. Finally, it should be noted that all geochemlcalfield with subhorizontaby — /os-axis which is a configu-

indicators as well as temperature readings after May 2006 Xration that allows opening of cracks and fluid ascent in the
hibit a period of fluctuating values shifting from high to low P 9

values and vice versa. This is accompanied by a similar tren pper cru“st. It has been .SLf,ggeSt?d that HF events can be la-
| . o eled as “volcano-tectonic” only if they are generated by a
in normalized seismic energy mostly due to the occurrenc

of long-duration spasmodic bursts Socal rather than a regional stress field (Moran, 2003). In

' this context the earthquakes around Chihsinshan represent
such events that are caused by stresses induced by move-
ments of volcanic/hydrothermal fluids. In particular for the
24 April 2006 event, it is interesting to note that the azimuth
6.1 Dynamics of the volcano-hydrothermal system and plunge of the P-axis (3710°) of its DC mechanism is

very close to the orientation ef-axis (azimuth: 34, plunge:

A model for the volcano-hydrothermal system in TVG has 7°) estimated for the area of Chihsinshan.
been previously proposed by Konstantinou et al. (2007) The gas geochemistry anomalies observed at TVG may be
based on available geological and seismicity observationgttributed to three generic mechanisms (Madonia et al., 2008
(Fig. 11). This model has two main elements, namely the ex-and references therein): (a) variations of a degassing magma
istence of a magma body at depth and on top of it a zonesource, (b) changes in rock permeability due to the open-
of brittle rock where all HF/spasmodic burst events occur.ing of new cracks, and (c) hydrological modifications due to
The depth of the magma body is inferred from geochemi-fluctuations of the quantity of meteoric water in the system.
cal and thermal observations to be 7—-8 km, while the brittleEven though the geochemical measurements during 2004—
zone extends from the surface down to about 5 km where af2005 show no apparent correlation with the normalized seis-
ter this depth seismogenesis ceases. The frequent occurrenagc energy, it is interesting to note the temperature increase
of shallow spasmodic bursts indicates that the top 2 km induring 2005. The gas temperature reaches about@20
the TVG area is not only brittle, but also highly cracked and March, April, May, up until June when it drops slightly and
fluid-saturated. Such a suggestion is supported by both a higincreases again in July and August. This variation seems
Vp/ Vs ratio (~ 1.8) and an average shear wave anisotropy ofto follow the rainfall levels that are extremely low in April
2.9 % for these depths (Konstantinou et al., 2009). In general(~ 100 mm), much higher than average in May 900 mm)

6 Discussion
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and again lower in June{300 mm) (cf. Fig. 4b). Itis likely,  cases mild, but in Chihsinshan a phreatic eruption occurred
therefore, that this period is characterized by enhanced thewery recently (6 ka) followed by gravitational collapse. More
mal output from the magma body which provides extra heatthan five scars and debris avalanche deposits formed by grav-
to the shallow hydrothermal system resulting in higher fuma-itational collapse were found in TVG and these events oc-
role activity. This extra heat may get diffused when cooler curred long after the eruption had ceased. Lahars of various
meteoric water is of sufficient quantity and mixes with the types and scales were very common due to the very wet cli-
hydrothermal fluids. In this case the HF events accompanymate of Taiwan.
ing this thermal anomaly can be interpreted either as the re- The detailed seismic analysis presented here together with
sult of the generation of new cracks and/or of transient vari-information extracted from other studies should remind peo-
ations of fluid pressure inside existing cracks. ple that the TVG region is volcanically active and that mea-

The temperature of the gas is again increasing duringsures to mitigate the risks have to be considered by the local
February and March, reaching 120 which is the high-  authorities. In the hazard analysis we should also take into
est value for the whole study period and suggests anotheaccount that TVG itself includes the popular Yangmingshan
episode of enhanced thermal output. Despite the gaps in theational park visited by tens of thousands of people every
measurements, it can be seen that temperature falls ttCLl20 year and that two nuclear power plants are located very close
in May and this is consistent with rainfall levels that are rela- to its vicinity. For instance, the Kuosheng nuclear power sta-
tively low in February—March~{ 300-350 mm) but increase tion is located at a distance only 2 km from the front part of
in April and May (~ 460-520 mm). From late April itis evi- one of the largest lava flows (Belousov et al., 2010). Author-
dent that the fumarole fluids become more magmatic in comities should consider conducting a multidisciplinary volcano
position (increase of both SOH>S and HCI) even though monitoring program that will only focus on the TVG area.
rainfall levels have also increased and should theoreticallyThe design of a public program on volcano hazard educa-
favor the dilution of any magmatic components. This appar-tion is crucial, even though we note that such a program is
ent contradiction can be explained if the results of the sourcesomething new for Taiwan. This should focus on the issue of
properties of the 24 April earthquake are taken into accountliving near an active volcano environment and how to take
The combination of a large CLVD component coupled with protective measures in case of an eruption. In addition, terri-
a smaller DC one can be explained by a tensile crack coupletbrial infrastructure planning and emergency/crisis manage-
with an oblate spheroid magma chamber (e.g. Nakamichi ement plans should be developed for a metropolitan city as
al., 2004). In this scenario, when the crack opens and thelensely populated as Taipei.
chamber shrinks simultaneously, the total moment tensor is
equivalent to a large CLVD and smaller DC component with
a net volume change equal to zero. Both the travel time locaAcknowledgementsife would like to thank the National Science
tion and moment tensor inversion for this event favor a sourcecouncil (NSC) of Taiwan for the financial support of this study.
at a depth between 5-6 km which is close to the top of thelhe first author also held a postdoctoral fellowship at National
inferred magma chamber beneath TVG. We therefore interCentral L_Jniversi_ty funded _by the NSC of Taiwan. We are gr_ateful
pret the occurrence of this earthquake as evidence of fluid inlC Associate Editor Antonio Costa and two anonymous reviewers
put to the hydrothermal system of TVG from a deep magmafor prow_dlng helpful criticism that improved substantially the

. . . . manuscrlpt.

body. Such input is probably responsible for the shift of the
fumarolic gas to_ more magmatic compositions and the subggieq by: A. Costa
sequent fluctuations of the geochemical parameters betweeReviewed by: two anonymous referees
July and November 2006.
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