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ABSTRACT

A two month microearthquake (MEQ) monitoring was conducted in the "WY" geothermal field during fluid injection in 2005.
MEQ data provided information related to processes developed in geothermal reservoirs. In total, 198 MEQ data were analyzed,
starting from phase identification to location determination using Geiger's method and ending in joint hypocenter determination. A
travel time tomography inversion was performed in order to obtain a better 3-D seismic velocity model with more accurate
hypocenter locations, as well as to provide high resolution images of the geothermal reservoir. From the updated velocity model
and hypocenter locations, focal mechanisms of 32 MEQ events, which were selected based on hypocenter clustering and signal
quality, were analyzed. A full moment tensor inversion algorithm was used. This inversion algorithm utilized MEQ waveforms as
data input. The inversion results showed that most of the MEQs had more than 50% non-double-couple components (compensated
linear vector dipoles and volumetric). This result may have indicated that those MEQ mechanisms could have possibly been related
to steam flow from the southern part of reservoir, which caused the explosive mechanism at the steam zone. Moreover, this
possibility was supported by additional information obtained from the Vp/Vs anomaly zones determined from travel time
tomography results, which indicated the existence of steam. Moment tensor inversion results showed positive volume changes at
the steam zone in northern part of reservoir and negative volume changes in the southern part of reservoir. In addition, two oblique
faults with NE and NNW strike directions were also identified. These faults were combinations of shear fracturing and extensional
fracturing.

1. INTRODUCTION

Monitoring microearthquakes (MEQs) associated with fluid injection and withdrawal, as well as natural fractures, has been widely
used in geothermal fields to obtain important information for reservoir characterization and hazards assessment. The MEQ
hypocenter distribution, which is the first step in MEQ analysis, provides one with the knowledge of fluid flow trends. Further
analyses include velocity tomography, which provides detailed information on the composition and structure within the reservoir,
and focal mechanism solutions, which represent the earthquake mechanism and stress direction.

Earthquake travel time tomography has been successfully applied in tectonics, volcanic centers, and geothermal reservoirs. The
velocity structure resulting from tomographic inversion provides information related to geological lithology, structure, and fluids or
magmas in the study area. Tomography analysis at the geothermal field scale can resolve shallow structures and low or high
velocity anomalies correlated with magmatic or plume intrusion (e.g. Toksoz et al., 2012). Fluid or steam existence can likewise be
delineated by tomographic images (e.g. Gritto et al., 2013).

The MEQs mechanisms in volcanic system and geothermal reservoirs resulting from injection and production are incompatible with
double-couple mechanism even though this inconsistency is probably associated with poor quality data and modeling defects
(Julian et al., 1998).

However, several observations at geothermal and volcanic areas, such as at the Hengil geothermal area in Iceland (Miller et al.,
1998), showed that double-couple (DC) and non-double-couple (non-DC) earthquakes coexisted. Thus, these observations led to
the suggestion that the non-DC mechanism probably does not come from data and modeling problems. There are two components
of the non-DC mechanism: compensated linear vector dipoles (CLVD), which represent the crack that is simultaneously opening
and closing in perpendicular direction without a net volume change (Kirkpatrick et al., 1996) and an isotropic component, which
represents an explosion or implosion involving volume change (Vavrycuk, 2001).

The "WY" geothermal field is a volcanic hydrothermal system associated with several andesitic volcanic domes. MEQ monitoring
was conducted in 2005 to observe the current reservoir dynamics conditions. Thus, 17 seismometers were deployed around the
“WY” geothermal field for sufficient coverage.

2. DATA AND METHODS

The authors carefully picked P and S arrival times before locating the hypocenter using the Geiger Adaptive Damping code (Nishi,
2005), which employed Geiger’s method with adaptive damping scheme. An initial 1D velocity model was derived using the Velest
code (Kissling et al., 1994), which utilized the 1D local tomography method and joint hypocenter determination simultaneously. In
this processing step, MEQs with azimuthal gap values greater than 180° were excluded in order to acquire a more accurate 1D
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velocity model. In total, 198 MEQ data points, which had azimuthal gap values that were less than 1800, were utilized in a 3D
tomography method using SIMULPS (Thurber, 1993: Evans et al., 1994). MEQ arrival times and updated locations obtained from
Velest were used as input for SIMULPS. Grid nodes were determined by seismic ray coverage. In addition, this tomography
inversion process updated the hypocenter locations (Figure 1) and the velocity model (Figure 2) at the same time through iterations.
As a consequence, hypocenters from the tomography inversion were considered to be more precise than hypocenters obtained from
the previous step.

We conducted moment tensor inversion using the ISOLA code (Sokos and Zahradnik, 2008), which employed body wave
waveforms as input. The ISOLA code was adapted from teleseismic waveform inversion (Kikuchi and Kanamori, 1991) into
regional and local earthquake cases. Previous studies had used this code to successfully invert the moment tensor of MEQs, event
tough this code is mostly used for large to moderate size earthquakes. Examples of this application in volcanic systems and
reservoir includes the following: a focal mechanism study of MEQs at the Dobra Voda area in Slovakia (Fojtikova et al., 2010), and
a moment tensor inversion for MEQs at the Haje gas storage (Benetatos et al., 2013), and a moment tensor study of MEQs at the
Pyhésalmi ore mine, Finland (Kiihn and Vavrycuk, 2013),.

We selected MEQ waveform data based on on the signal to noise ratio and MEQ must be recorded at least by 5 stations. As result,
32 MEQ events were chosen to be inverted. However, the low amplitude of MEQ signals which were lower than the tectonic
earthquake signals can produce bias result. Therefore, we have to consider the azimuthal gap of each of MEQs event. A full
moment tensor mode was selected in order to get a representation of DC and Non-DC mechanisms. The full moment tensor (M) is a
summation of DC and Non-DC components that represented as:

M =Mpe+Mepyp+ Mo 1)

where, Mp. is a double-couple component, M¢;yp is the compensated linear vector dipoles and volumetric, and Mg, is the
isotropic/volumetric component. Frequency band for this inversion is 0.5 to 1 Hz, higher frequency compared to tectonics
earthquakes. The updated velocity model from tomographic inversion was used to conduct green function computation. Best
optimization of correlation of observed and synthetic seismograms is explored through grid-search analysis.

3. RESULTS AND INTERPRETATIONS

In total, 198 MEQs were simultaneously relocated with seismic velocity (Figure 1). Most of MEQs were located at shallow depth,
which meant that the tomographic results had better resolution at shallow depths. The MEQs were clustered in northern part of the
geothermal area. This pattern was interpreted to indicate that the injected fluid movement had a flow tendency towards the northern
part of the field. The tomographic image at an elevation of 1.5 km above sea level (Figure 2 top) indicated a high Vp/Vs ratio
anomaly in the northern part of the field, which was interpreted to indicate the presence of geothermal brine in the caprock. The
image at sea level had a low Vp/Vs ratio in northern part of the field, which could be interpreted as a steam reservoir zone (Figure 2
bottom). There was an indication of two faults in Figure 2, with one fault striking northeast and the other fault striking north-
northwest.
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Figure 1. MEQs relocation distribution at “WY” geothermal area (circle that colored according to their depth relatively to
mean sea level), volcanoes are indicated with red triangles, and recording stations are indicated with black reverse
triangles.
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Figure 2. Top: Vp/Vs ratio at 1.5 km above sea level with focal mechanism solutions for event at depth range 2 km to 1 km
above sea level, Bottom: Vp/Vs ratio at mean sea level (Z=0 km) with focal mechanism solutions for event at depth
range 1 km to -1 km. Volcanoes are indicated with red triangles, recording stations indicated with black reverse
triangles, fault indication represented with black dashed line, and area of higher resolution image delineated with
blue dashed line.

Moment tensor inversion results, represented with focal mechanism solutions (FMS), were plotted along with the tomography
image (Figure 2). Most of FMSs had a dominant isotropic component and minor DC and CLVD components. On the other hand,
other FMSs were dominated by deviatoric components (DC and CLVD). Foulger et al. (2004) interpreted isotropic dominated
moment tensors to indicate a brisk flow of water or steam that were accompanied with an increase or decrease in volume. At top of
Figure 2, FMSs with dominant isotropic components and volume increases (explosive component) (blue circle) were centered in the
high Vp/Vs anomaly zone (geothermal caprock with brine content). Moreover, at the southern part of anomaly, there were several
events with an implosive component (isotropic accompanied with volume decrease). Since the caprock is an impermeable rock, it
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was assumed that the pattern of those FMSs indicated a rapid flow of steam below the caprock. Furthermore, FMSs plotted at the
bottom of Figure 2 indicated a similar pattern, with several explosive mechanisms within the low Vp/Vs anomaly (steam zone).

For patterns of FMSs at this reservoir, it was interpreted that there was fluid flow from the southern part of geothermal area to the
northern part. There was also the possibility of a change in the direction of the stress regime in the northern part of the geothermal
area. However, this interpretation would need to be supported by another analysis, such as stress inversion. DC components were
also found with significant ISO and CLVD components. Two faults that were identified by this study could be interpreted as
oblique faults, which are not from pure shear fracturing but also have a extensional fracturing component (Julian et al., 1998;
Foulger et al., 2004). This combination of fracturing was possibly a result of high pressure fluid flow at the fracture zone that
reduced shear traction (Vavrycuk, 2001).

4. CONCLUSIONS

Results from this study showed that most of the MEQ hypocenters are located at shallow depths of around 0 km to 2 km above sea
level and are centered in the northern part of the geothermal area. From the tomographic images, high anomaly Vp/Vs locations
were identified, which were interpreted to indicate caprock brine at 1.5 km above sea level. In addition, low anomaly Vp/Vs
locations at mean sea level were interpreted to indicate a steam zone. Moment tensor inversion results revealed that an explosive
mechanism with positive volume changes dominated the steam zone in the northern part of the reservoir, while an implosive
mechanism dominated the southern part. It was interpreted that the steam was flowing from the southern part to the northern part of
the geothermal area. Velocity images and FMS values indicated two oblique faults with NE and NNW strike directions and their
mechanisms were combinations of shear and extensional fracturing.
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