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1. Vp, Vs values

Although Lees (2007) argues that seismic velocity is a relatively insensitive estimator of
temperature variations in rocks, seismic inversion for three-dimensional variations of velocity

and attenuation are often used to delineate magma bodies in the crust and upper mantle.
Laboratory measurements (Jaya et al., 2010) show that P-wave velocities decrease with
increasing temperature in a systematic way (for P-velocity from 1-4 km/s and temperature ﬁ‘om@
0-300°C), implying that fluid characteristics, with modifications that allow for the presen

bubbles and microfracturing, account for much of the seismic velocity changes. o

Lees (2007) summarizes (Table A4-1) tomographic inversions for P-wave ar& ’vave
velocity/attenuation for large calderas, rift zones and smaller scale subduction Icanoes.
The results vary considerably from place to place, most anomalies are fou in&he range
of +10% seismic velocity perturbation, a range often controlled by the meth moothing or
regularization imposed during inversion. At many volcanoes hig locity” anomalies are
observed in the shallow regions below magmatic active areas wher its, dykes or sills are
expected to be present. At other locations low velocity perturbations are seen and interpreted
as magma accumulation. Most seismic tomography at volc %ions involves exploring
seismic velocity variations and, in some cases, seismic te n. Low velocity anomalies
below volcanoes were seen at oceanic spreading centersyin the east Pacific, Long Valley,
Yellowstone, and volcanoes including Rabaul, Kraflﬁ.melens, Mt. Rainier, Newberry,
Medicine Lake, Unzen, Nikko- Shirane, Fuji, Klyucj.evsk , Campi Flegrei, and Pinatubo. These
were interpreted as evidence for melt accumul ‘ious forms of dykes, sills or magma
chambers. While a few examples showed of shallow low velocity associated with
active conduits, most low velocity anomalies attﬁbuted to melt accumulation lie deeper in the
crust, in the range of 8-15 km depth¢ Leesysuggests that, while it is not practiced yet, the
combination of inverting for all foursseismic parameters (Vp, Vs, Qp and Qs) simultaneously
may offer a possible way to ?o&tr‘ r'ulting images and improve resolution.

Unruh et al. (2001) demonstrated/that seismic imaging can provide valuable information about
the structure of a conventional'geothermal field hosted in crystalline (i.e., “transparent”) rocks.
Shallow seismic velocit \a ucture estimated from inversion of P-wave first arrival times in the
producing areas of t o field was relatively lower compared to the non-producing areas.
This was explained byslocalized brittle faulting and hydrothermal alteration. In their study of the
central T. oV nic Zone, New Zealand, using local earthquake tomography, Sherburn et al.
(2003), could nc‘identify the shallow crustal (down to 6 km depth) basement rocks, however,
they obsérved low Vp anomalies coincident with the location of caldera collapse structures,
whlch & interpret as being associated with low-density volcaniclastic sediments.

tive and the S-wave velocity is less sensitive. Velocities almost always increase with
_eéffective pressure. For reservoir rocks they often tend toward a flat, high pressure asymptote.
The pressure dependence results from the closing of cracks, flaws, and grain boundaries, which
elastically stiffens the rock mineral frame. The only way to know the pressure dependence of

l/e~ s tend to be sensitive to the pore fluid content. Usually the P-wave velocity is most
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velocities for a particular rock is to measure it in a laboratory. The amount of velocity change
with pressure is a measure of the number of cracks; the pressure range needed to reach the
high pressure asymptote is a measure of crack shape (e.g. aspect ratio).

While it is generally accepted that seismic velocity depends on the crack density and porosity, it \
is still not obvious how to translate seismic velocity data into a measure of permeability. Since

the permeability is extremely sensitive to the crack width, the permeability of a rock containingo
fractures of several widths is controlled by a few largest fractures. Thus, a rock with

density of wide, connected, open cracks and high seismic velocity would still have_a
permeability. Seismic velocity and reflectivity are related via porosity to effec‘e ’ress
(Peacock et al., 1997).

A

A collection of parameters which influence seismic velocity from different in"the world

can be found in Appendix 4a and Appendix 4b.

2. Vpl/Vs ratios “\

In general, Vp and Vs velocities decrease slowly with increasing teﬁature (Kern, 1982), until
they approach the melting point where properties change rapi creases in Vp/Vs ratio are

related to increases of temperature, fracture, and espec‘ly p melt (Sanders et al. 1995).
Laboratory measurements and theoretical estimat (Mavko, 1980) of seismic wave
propagation in the presence of melts show that ical properties vary considerably.

Perturbations of seismic velocity due to 10% meltaary.only by 10-40% for P-waves and can be
20-100% for S-waves (lyer and Dawson, 1993).&/\46 ratio decreases can be associated with

the presence of gas or supercritical fluids. ‘ t‘

Fluid saturation generally induces higher,P-wave velocity and saturated, unconsolidated
sediments typically have high Vp_/V raﬁ)s (Nicholson and Simpson, 1985). Saturation
conditions and possibly porosity ?JS occasionally be inferred from the comparison of Vp
and Vs data (Lees and Wu, 2‘) ).(Ki expected to increase when saturation increases while Vs
remains nearly the same, drivinng/Vs higher (Ito et al., 1979). However, partial melt may
decrease Vp and fluid saturated zones will have a net low Vp, low Vs and thus, high Vp/Vs

(Walck, 1988). f ,‘

Vp/Vs ratios are sensitive to phase changes in geothermal systems. Water and steam filled pore
spaces af ﬁbgP d S wave transmission differently. The ratio of P-wave velocity to the S-
wave velogity (Vp/Vs) and Poisson’s ratio (o) are known to be directly related to the rock
properties; su‘ s compressibility. O’Connell and Budiansky (1982) have shown that a rock's
moduli affected by the degree of water saturation. The velocity ratio (Vp/Vs) increases with
pr creases from vapor saturated (low pore-pressure) conditions to liquid saturated
highpore pressure) conditions (Ito et al., 1979). It is also known that S-waves are more
dngsely affected by anisotropy than P-waves and that Vp/Vs ratios are expected to vary with
“azimuth. This is important in delineating geological structures with contrasting physical
properties within the reservoir. Such structures are normally important barriers or conduits for
fluid flow in the reservoir. Many researchers have investigated how fluid-filled pores in matrix
rocks affect seismic wave velocity, and have concluded that the velocity of the matrix rock
containing fluids exhibits lower values than that without fluids (e.g. O’Connell and Budiansky,
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1974; Mavko, 1980; Schmeling, 1985; Takei, 2002). On the other hand, it has been known that
variation in Vp/Vs of matrix rock including fluids depends not only on the kind of fluids but also
on the shape of the pores (e.g. Schmeling, 1985; Takei, 2002), which leads to complicated
conclusions in interpretations of the causes of seismic velocity anomalies. However, it is certain
that melt-filled inclusions result in high Vp/Vs (e.g. Takei, 2002). Nakajima et al. (2001a)
discussed the causes of variations in Vp, Vs and Vp/Vs observed in the crust and upper mantle

beneath NE Japan, and concluded that low Vp, low Vs and low Vp/Vs in the upper cru

caused by inclusions of H,0 within pores of a relatively large aspect ratio and that low Vp loy
Vs and high Vp/Vs in the lower crust and uppermost mantle are caused by melt inclus‘:s'
stensen,

Vp/Vs variations depending on temperature variations are still ambiguous ( C

1996) and are difficult to evaluate correctly. For example, the experime ults’ of Fielitz
(1971) imply that Vp/Vs values of rock samples vary with temperature, whi and Richter
(1981) measured Poisson’s ratio of various rocks and concluded thatit.does change much
with temperature; the average change in Poisson’s ratio for rockj s was ~1%, within

experimental error.

Studies of Vp/Vs ratios have been done in several geothermal fi “cEviIIy et al., 1978; Majer
and Mckvilly, 1979, Foulger et al., 1997, Julian, et al., ‘98, ). These studies show that
water dominated systems such as East Mesa, USA and Cerra Prieto, Mexico have high ratios of

1.55-1.68. These fields were also found to have low.r oir draw down during exploitation.
Batini et al. (2010), applying tomography methods.at'the Larderello geothermal area, found a
sharp low velocity zone in the center of th hermal area, characterized by 15-20%

diminished P wave velocity, and associated awith“a deep low-density body inferred by gravity
studies. They have interpreted their results as‘evidence for an intrusive, still partially molten
body that might be the heat source oﬁe area. Steam dominated fields such as The Geysers
and Coso Hot Springs, USA havedlower ratios, and high reservoir draw down. Low Vp/Vs
anomalies at The Geysers are found to correlate reasonably well with regions in the reservoir
known or thought to be vapi;r dominated, consistent with the fluid compressibility mechanism.
However, detailed examination of three dimensional inversions of compressional and shear
velocities at The Geys do not seem to support a simple interpretation based solely on
variations in fluid con‘prility.

There is a rmga% c‘relation between Vs and Vp/Vs, along with a notable lack of correlation
between‘o ahd Vp/Vs. These observations (Boitnoit and Kirkpatrick, 1997) are at odds with
simple interpret‘ions based on poroelasticity, and suggest that the velocity anomalies reflect
proces es or &enomena not typically included in interpretations of field seismic data. These
aut Qrkéest that shear weakening) may influence the properties of field-scale features, or
dr r’rvoir (low pore fluid compressibility) correlates with regions of low pore pressure
depleted reservoir), or the effects of variability in preferred orientation of fractures may also
play a role in producing field scale VP/VS anomalies. Simiyu (1999) interpreted low Poisson ratio
“and low Vp/Vs values as be due to high temperature and steam/gas saturation in geothermal
fields located in the Kenya rift south west of the Lake Naivasha. A low Vs and low Vp/Vs region
relating to the old magma body of volcanoes around of the Otake-Hatchobaru geothermal area
in central Kyushu, Japan was located at the depth deeper than 5 km by Yoshikawa and Sudo
(2004).
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3. Poisson’s ratio

Poisson’s ratio can be a useful indicator of lithology, pore fluid pressure and compressibility. On
average, the Poisson's ratio is 0.25 (representing a “Poisson solid” where Lame’s constant equals
the shear modulus) for Earth’s crust and upper mantle (Holbrook et al., 1988). Furthermore,
there is a strong dependence of Poisson’s ratio on the overall volume of cracks and their aspect

ratios (Koch, 1992). Poisson’s ratio can be computed from Vp/Vs and vice versa. & 0

4. \Vp*Vs o

This parameter has been used to delineate porosity in sedimentary rocks (lverson e!ﬁ.,&%).
It has been observed that lower Vp*Vs indicates an increase of porosity r b/ Vs,
constant for a specific lithology, does not change with porosity (Pickett, 19 m,’1982). In
geothermal settings, porosity distributions may be more critical for unders ing the physics

of the field than lithologic variations (Lees and Wu, 2000). \

5. Dispersion

Dispersion is the property of acoustic waves of different Mgth to propagate with
different velocity. Fluid mobility determines pore-pressu distribution as a fully saturated rock
is deformed slightly when a seismic wave passes. Thus, seismic properties are influenced not
only by the kind of pore fluid but also by the fluid's abilw ﬁove within the rock (Batzle et al.,
2006). According to Batzle et al. (2006), with sufflggnt information, waveform dispersion could
be used as a fluid indicator or as a remote nt of permeability. Dispersion is a
complex function of heterogeneity, pore- fluui ﬁrrg'tles and mobility.

6. Crustal Phase Propertsn@nd Correlation with Heat Flow,
Temperature and Rock position

6.1 Pn, Sn velocity ‘ > } ’

In India, Sharma et al (1991)found an inverse relationship among Pn velocity and surface heat
flow. Low Pn velocity is associated with elevated temperatures in the upper-most mantle. In the
Basin and Range prov’n?‘thung (1977) showed that the pronounced low-velocity, low-Q zone
and anomalous t v -time delays of both P and S waves are consistent with the combined
effects of P@h@ ature, chemical composition, phase changes, and partial melting. The
observe Iouty was consistent with high temperature, chemical composition, and the
presence..of rtlaIIy molten layer within the upper mantle, however, the observed
telesei y times resulted principally from the thickness of the low velocity zone. Thermal
n@proposed to have sources in the crust in some areas are consistent with gravity and
t-wave anomalies and support studies in those areas, that suggest high crustal radiogenic
i;)ientranons in relatively less dense, granitic crustal rocks (Reiter, 2008).

6.2 Shear wave splitting (SWS, acoustic birefringence)

A single shear-wave propagating through anisotropic rock is split into two orthogonally
polarized shear waves, one faster than the other. SWS is higher at low pressure and decreases
with the pressure increase. Laboratory seismic measurements performed by Christensen (1978)
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have shown that crustal rocks can be strongly anisotropic for shear waves. More recent
petrophysical investigations indicate that there is a close relationship between the intrinsic
anisotropy (generated by preferred crystal orientations), the birefringence, and the rock
structure (foliation and lineation). This relationship may vyield information on the crustal
structure from shear-wave splitting studies (Barruol and Kern, 1996). Thus, both petrophysical \
and seismological developments are pointing the way towards use of SWS as a toél to

investigate crustal nature and structure

Malin and Shlev, 1999, developed a method for mapping subsurface fracture density usino
time differences of split shear waves from microearthquakes. In regions where ag 'tent
direction of fracturing exists, shear waves from different source and recei s are

systematically split into fast and slow components. The greater the fractur ,the greater
the time differences between the fast and slow components for a given pa th. Also, the
greater the path length in the fractured rock, the greater the time difference. With a large

number of spatially distributed sources and receivers, tomographic& ojection of the time
differences can be used to map the distribution of fracture defsityand orientation of the

fractures. &

To detect the geometry and density of fracture systems th o geothermal field Vlahovic
et al. (2002) applied shear-wave splitting to microearthquakes recorded by a permanent, 16-
station, downhole, 3-component seismic array running&S samples/s. The analysis of shear-
wave splitting (seismic birefringence) provided parameters directly related to the strike of the
subsurface fractures and their density (number a k&r unit volume), and, consequently, it
is an important technique to outline zones hi ermeability. Major fracture directions and
orientations were consistent with the known stfike of local sets of faults and fractures in local
wells and at the surface, as well as witl‘ev'pus analyses of seismic anisotropy in the region.

6.3 Seismic noise

Clearly defined areas of se‘mlc m‘se at 1.8 km depth have been found by Georgsson et al.
(2000), to be associated with the active fracture zone at the eastern flank of the Bakkahlaup
field, Iceland, and may rtlaIIy reflect boiling within the reservoir or partial cracking due to
cooling of rocks.

6.4 Seismic a L’ion in the crust

Laborato’ measurements (Jaya et al, 2010) on two Icelandic geothermal rock samples at
simulated,.in= '?reservoir conditions show that at low temperatures seismic attenuation
decrea w}th temperature due to the rapid decrease in the fluid viscosity. On the other hand,
@emperatures the attenuation increases because of the generation of bubbles and
microfractures.

il_a&ratory experiments done at high temperature and seismic frequencies (e.g., Kampfmann
“and Berckhemer, 1985) show that Qs and Qp may drop by a factor of 5-10 as temperature
increases close to solidus. Heterogeneities within the crust are randomly distributed and occur
on a wide range of scales (Frankel and Clayton, 1986; Wu and Aki, 1988; Wu and Flattd, 1990).
In the Earth's interior such variations occur at scales down to the grain size of rocks (Holliger et
al., 1994). These heterogeneities are due to spatial variations in composition, porosity and
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fracturing, and changing conditions in pore pressure, temperature and stress. Wavelength-scale
heterogeneity can produce significant seismic scattering and attenuation, and may be of
importance in imaging the Earth's interior (Gibson and Levander, 1988; Holliger et al., 1994;
Levander et al., 1994).

7. Density and Seismic Velocity & 0
Birch (1961) gave a fundamental empirical relation between density p and seismic veIocityb

p =A(M)+BV, ‘ ’

erson

with the constants A and B, of which A is depending on the mean atomic weigh

Introducing the seismic parameter F=vp2-4/3 vi’ Birch's relation was modifi
(1967) who proposed the density/velocity relation of:

p = AMF"

with the constants A and n. Confining the density/velocity relationsAc of constant
Poisson's ratio and mean atomic weight Knopoff (1967) found a si ensity definition of:

p =Avp2/ 3 ’(

Systematics in the relation between density and seismi locity on the basis of mineralogical
constitution are outlined in detail by Shankland (1977) and Buntebarth (1982).
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Table A4-1. (from Lees, 2007)

Table |
Summary of results of omography on magma systems
Location Tectonic style Vokanic products Type Result Analyss type Citation
Cceanic Ridge
Fast Pacific Rise Oceanic Ridge Basalt Ridge Small, shallow, low V3 Marine seismic Toomey et al. (1990)
Juan De Fuca Ridge Oceanic Ridge Basalt Ridge Low ¥, 6 knt'; 10% melt Marine seismic Menke et al. (2002)
Upper Mantle
Japan Subduction Basalt-andesie Subduction Numerows low velocity Subduction seismicity (Zhao and Hasegawa, 1993; Zhao and Hasegawa,
anomalies somewhat 1993; Iwamori and Zhao, 2000; Zhao et al., 2002) 'E
correlated to volcanic centers K
Kamchatka Subduction  Basalt-andesite Subduction Low welocity somewhat Subduction zone eqs  Gorbatov et al. (1999) 5
comelated to wleanic centers ~
Tonga Back-arc Basalt-andesie Subduction Low ¥, Teksesmic; slab egs  Zhao et al. (1997) E
Cascadia Subduction Basalt-andesie Subduction Low welocity, low O, Regional egs Lees and Crosson (1990) .
comelated to volcanic centers o
Andes Subduction Basalt-andesie Subduction Low welocity somewhat Teksesmic Schurr et al. (2003) :
comelated to volcanic centers =
5
Calderss é
Long Valley Rift Rhyolite Caldera Large small amplinde Telesesmic and local  (Peppin, 1985; Dawson et al, 1987; Hauksson,
anomalies assocted with the 1988; Dawson et al, 1990; Sanders, 1993ab; E_
caldera; Low Q,, 0, anonalies Sanders et al., 1994; Steck, 1995; Sanders et al, §)
1995; Weiland et al,, 1995; O'Doberty etal, 1997) =S
Yellowsone Hot Spot Rhyolite—basalt Caldera Low ¥, Vi 1-3% anomaly; Teksesmic (lyeret al, 1981; Benz and Smith, 1984; Clawson
ow Q, etal., 1989 Miller and Smith, 1999; Husen and i
Smith, 2001; Yuan and Dueker, 2005) =
Valles Rift Rhyolite Caldera Shallow low velocity; deep low  Tekesesmic Lutier et al. (1995) ]
Vp 12=15 km depth 5
Taupo Subduction Dacite Caldera No clear low velocity anomaly Sherbum et al (2003) —~
Rabaul Subduction Basalt-andesie—dacite  Pyroclastic Low ¥, 3-6km depth Local Fimnlayson et al (2003) ‘§
shield
Toba Subduction Basalt-dacite Caldera Low welocity 37% Local Masturyono et al. (2001) §,
e
loeland o
Krafla Rift Basalt Caldera Shallow low velocity Local (Einarsson, 1978, Foulger and Amot, 1993) &
Hekla Rift Basal Stratovolcano No significant anomalies Local Somsals and Enarsson (2004)
Torfajokul Rift Basal Stratovolcano No significant anomalies Local Somsalu and Enarsson (2004)
Hengill-Gremsdalur  Rift Basalt Crater rows 10% low velocity Local Toomey and Foulger (1989)
Cascadia
Newberry vokano  Subduction Basalt-rhyolite Shield volcano Low K <10% Local, synthetic (Achauer et al., 1988; Stauber et al., 1988)
Meadicine Lake Subduction Basalt-rhyolite Shield volcano Low F,<10% Local, active source  (Bvams and Zucca, 1988, Lees and Crosson,

1989; Riger and Evans, 1997)
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Tale | (contired)
Location Teconic style  Vblcanic products Type Resuk Analysis type Citation
Cascadia
Mt St Helens Subduction Andesite—dacie Srawvokano High ¥, 20% wp of Local eanthquake Lees (1992)
and ocessional thyolite stopaing zone; Low ¥,
conduit and deep Low ¥,
Mt Rainier Subduction Granodiorite—andesite  Srabvokano Low ¥, 8-15 km Local—regional eqs (Lees and Crosson, 1990; Moran et al, 1999)
Alsska
Redoubt Subduction Busalt-dacite Strawvokano 10% perturbations; no clear Local egs Benz et al (1996)
magma bady
Japan
Unzen Rift Basaltic Complex volcano Low ¥, Local-regional egs Ohmi and Lees (1995)
Onikobe Subduction Basalt—dacite Volcanic chain Low ¥, V,, high V /¥, Local eqs Naksjima and Hasegawa (2003)
Kinshima Subduction Basalt—dacite Shield vokano  High and bw velocity; bw Q@  Local-regional ogs Yamamato and Ida (1994)
Niklo-Shirane Subduction Bussalt—dacite Shield vokano  30% low ¥ 5—15 km depth Local eqs Horuchi et al. (1997)
Mt Fuji Subduction Basalt—dacite Stravvokao Low ¥} below summit Local-regional egs Nakamichi (2005)
Kamchatka
Klyuchevskoy Subduction Basali—dacite Stavvokano Low ¥, 25—40 kmn depth Local-regional egs (Anosov etal, 1978; Ozerov, 2000)
Hawaii
Halemaumau Hot Spat Basalt Shield Low ¥, 6 km deep Local eqs Rowan and Chyton (1993)
Kilbuea Hot Spat Basalt Shield vokano Low ¥, High ¥; in shallow Local egs (Thurber, 1984; Rowan and Clayon,
conduit 1993; Okubo et al., 1997, Haslinger et al, 2001)
ltaly
Vesuvius Subduction Basal-dacie Somma volcano  No shallow anomaly, Low ¥,  Local egs (De Nawle et al,, 1998; Zollo et al, 199%)
at § km depth
Campi Flegrei Subduction Bassalt—dacite Caldera Low velocity 3—4 km; gas Local egs 1988, Aswer et al, 1992
accumulation?
Mt Ema Subduction Basalt—dacite Srawvokanoes  High velocity Local eqs (Cardaci et al,, 1993; Villssenor et al, 1998;
Laigle and Him, 1999; Chiarabba et al., 2000,
Alaisi etal, 2000
Indonesia
Pinatubo Subduction Basalt-dacite Srawvokano Low ¥, 6-11 km depth; Local eqs Mari et al. (1996)
15% anomaly
S. Amernca
Nevado del Ruiz Subduction Basali—dacite Sravvokano Low V, snd ¥, Local eqs Londofio and Sudo (2003)
Tungurshus Subduction Andesitic Sravvokano High V, in wpper 4-5 km Local egs Molina et sl (2009)
Canary slands
Gran Canaria Hot spot Basaltic Fissure vents No low velocity Local eqs Krastel and Schmincke (2002)
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