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are developing seismic methods for the exploration and assessment of geo-

"are developing regional tectonic models. At the other end are exploration

INTRODUCTION

Within the past two years it has become evident from papers presented
at national meetings and those appearing in the literature that there is a ' ;
need to foster greater communication between seismologists working in the -

academic environment, government laboratories, and those in industry who

thermal systems. At ome end of the spectrum are experimentalists and
theoreticians studying the effects of high temperature, liquid vapor phases, :

and partial melting on the seismic properties of rocks. Other seismologists

geophysicists acquiring confract seismic surveys to explore and assess the o
economic potential of geothermal systems. A .group of seismologists lie

between the extremes and are actively engaged in various levels of research f
on the application of seismic techniques to geothermal systems. Many different
seismic studies héve receﬁtly been performed on different geothermal systems :
filling some of the voids in the case studies. It is felt that the most

effective way to foster-communication between diverse groups of seismologists -
and obtain a current - evaluation of the‘utiliﬁy of active and passive‘seismic
techniques is thréugh a workshop. The workshop should be held in an isolated
area, which would provide a rélaxed atmosphere for discussion and individual
interaction Between‘seismologists. This report contains the summaries of
such a workshop.

A worksﬁop, fundéd by the U. S. Geélogical Survey Geothermal Research
Progrém thru USGS Gfant No. 14—08—001—G—542, was organized-by Ronald Ward,
Director of the Center for Energy-Studies of the ﬁniversity of Texas at Dailas
on Active and Passive_Seismic Methods Applied té Geothermal Systems-(APSMAGS)

and -held at the Ft. Burgwin Research Center near Taos, New Mexico, October 1-5, 1978



He ﬁas assisted by a steering committee composed by.Drs. Dave Boore, Chaflig

Swift, John Savino, Dave Butier, Tom»MCEviily and Keiiti Aki. Don Klick,

Program Manaéer for the USGS Extramural Geothermal Research Prégram and

H. M. Iyer;'USGS Projéct Monitor, provided invaluable guidance and aséistance

as well in the planning and conduct of a successful workshop. The organizationai?

details of the workshop wés assumed by Glenda Max, Administrative Services
| Officer, assisted by Charlotte Scott and Libby'ﬁ&&ée.

A group of fdrfy sevén attendees and five obserﬁers arrived at Ft.
Burgwin late on the afternoon of Sunday October 1, i978, in time for an
informal buffet dinner touallow attendees to renew old friendships and make
new ones. The formal %rogram covered three long work days (Monday, October
2, through Wedneéday, QCtobef 4). An optional geological‘fielaitrip was
organized by Jim Albright of the Los Alamos Sciéntific_Laboratory for the
attendees on the day after the close of the program (Thursday, October 5)
enroute to Aibuquefqﬁé_airport. The geologic field trip of the Rio Grande
Rift, Valles Caldera, énd‘Hot Dry Rock Deep Drilling Project at Fenton Hill

was led by John Eichelberger and Grént Heiken.

The formal prograﬁ was designed to address the problems a;tually en-—
countered in utilizing seismic methods in eXplofation and assessment of
geothermal systems. It consisted of two ﬁain sessions, on regibﬁal seismic .
studies and on prospecf seismic studiésa ‘This presentation of studieé
grouped by the scopevoffthe survey area Qas chosen rather than grouping the
talks by seismic méthods,:sinCe it seemed better suited to address the
problems that are encountéred. An intxoductory group of review talks were
presented to set the'égagé for these two sessions and fof later discussion.
These ;aiks covered géologic médels of geothermal syétems, iaboratory measure-
menfs of physical rQCk properties, and statusuaﬁd controversies of seismig

methods applied to geothermal systems. The various topics within the two

main session on regional seismic studies and on prospect seismic studies



are noted in the agenda, which follows.

Each major session of the program was followed by several concurrent,

individual group discussion. Each discussion group was composed of seven

~or eight members with differing background. The format of the discussion

within each group was unstructured but the charge was to review the useful-
ness of seismic techniques and to discuss objectives for further research
and development of these techniques. A leader was chosen from each group to

record the conclusions (or lack of conclusions) of each discussion and present

these to the entire workshop.. These presentations stimulated additional

discussion by the entire group. A summary session focused the groups attention

on (1) the advances that have been made in utilizing seismic methods in the
past few years, (2) the current methods and problems that promise greatest

break throughs, with short term and long range, and (3) the most efficient

mode of transfering information from the research laboratory to the geophysicist -

assessing a geothermal prospect.
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ACTIVE AND PASSIVE SEISMIC METHODS
APPLIED TO GEOTHERMAL SYSTEMS
AGENDA- - -
Sunday, 1 October 1978
6;00 p.m. - 7:00 p.m. Buffet Dinner
8:30 p.m. - 10:00 p.m. Get acquainted reception .
Monday, 2 October 1978 i
7:00 a.m. - 7:45 a.m. Breakfast
7:45 a.m. - 8:10 a.m. » Opening remarks - ' o
Abstract 8:10 a.m. - -8:40 a.m. Model of a Geothermal System - Bob Christenson
Abstract 8:40 a.m. - 9:10 a.m. Laboratory Measurements of Physical Rock 5
Properties - Roger Stewart !
Abstract 9:10 a.m. - 9:45 a.m. Status of Seismic Methods in Geothermal _ {
. o Application - H. M. Iyer
Abstract 9:45 a.m. - 10:15 a.m. Problems and Controversies of the Application
of Seismic Methods to Geothermal Systems- {
. Tom McEvilly -
10:15 a.m., = 10:45 a.m. : Discussion _ )
10:45 a.m. - 11:00 a.m. Coffee Break : !
Regional Seismic Studies
i
11:00 a.m. - 12:00 p.m. Basin and Range ~ Keith Priestly |
12:00 p.m. - 12'45 p.m. Lunch "
12:45 p.m. — 1:45 p.m. Imperial Valley - Shawn Biehler :
‘1:45 p.m. -~ 2:40 p.m. Yellowstone - Snake River Plain - Bob Smith . |
2:40 p.m. - 4:00 p.m. Free time for individual dlscussion ot
4:30 p.m. - 5:15 p.m. Hawaii - Fred Klein
5:15 p.m. - 5:45 p.m. Rio Grande Rift - John Schlue
5:45 p.m. - 6:15 p.m. Cascades - Steve Malone
7:15 p.m. Leave for dinner
Tuesday, 3 October 1978 : ‘ ‘ . o i

- 8:00 a.m. D Breakfast

- 10:00 a.m. - Individual group discussion - - ;
. Role of Seismic Methods in Reglonal Surveys -

- 10:30 a.m. . Coffee break '

- 11:30 a.m. . Presentation of Conclus1ons of Individual Groups

- 12:15 p.m. Lunch



Tuesday, 3 October 1978 (continued)

12:15 p.m.
1:00 p.m.
1:35 p.m.
2:15 p.m.
4:45 p.m.
5:30 p.m.
7:30 p.m.

Wednesday, 4 Oétober 1978

7:00 a.m. - 8:00
8:00 a.m. ~ 8:30
8:30 a.m. - 9:00
9:00 a.m. ~ 9:45
9:45 a.m. ~ 11:45
- 11:45 a.m. ~ 12:30
12:30 p.m. ~ 1:30
'1:30 p.m. ~ 2:30
2:30 p.m. ~ 6:30
7:30 p.m.
Thursday, 5 October 1978
7:00 a.m. ~ 8:00
8:30 a.m.

Prospect Seismic Studies

a.m.
a.m.
a.m.
a.m.
a.m.

p.m.
p.m.

p.m.

a.m.

Geysers - Tom McEvilly
East Mesa - John Savino
Wasatch Front - Dave Butler - i
Grass Valley - Ernie Majer ’
Coso - Ron Ward _
Long Valley = Dave Hill o
Leave for dinner ' :

Breakfast
Mt Hood - Craig Weaver 4 , »
Kilauea Iki - Bernard Chouet oo
Hot Dry Rock - Keiiti Aki o
Individual group discussion -
Role of Seismic Methods in Exploring ;
Geothermal Prospects {
Lunch ’
Report of Ind1v1dual Group Discussion of
Seismic Methods Applied to Geothermal
Prospects
Research, Develépment, and Applicatlons of
Seismic Methods to Geothermal Systems - !
Ron Ward ' l
Free time for 1nd1v1dual dlscu581ons of return
Leave for dinner

Breakfast '
Leave for field trip through Valles Caldera |
on trip to Albuquerque o
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- fracture sets controlling hydrothermal convection systems range in scale from

Elements of Geothermal Systems

Robert L. Christiansen, USGS; Menlo Park, CA

A systematic review of the basic elements of geothermal systems provides a

framework for their seismic exploration and characterization. For exploitable

' syétems, these elements consist of a heat source, a heat-storage reservoir,

and g.fluid heat~-transfer medium.

: Heat sources may_be localized upper-crustal magma chambers (active or Sy
solidified but étill hot) or may be dispersed and represented by a regional
geothermal gradient. .In the latter type, exploitétion depehds upon either
above-normal gradients or deep circulation of the hydrothermal fluid (or both).

Some geothermal reservoirs are. porous stratified rocks or sediments having
a high intergranular permeability. Commonly, however, the reservoir system and

‘the avenues of hydrothermal circulation are interconnected fractures. The

crustal features like basin-range fault systems through fault and joiﬁt sets
with dimensions of a few kilometeré to local joint sets with diménsions of a.
few>meters or tens of meters. It has been proposed that artificial geotherﬁal
reservoirs may be created by inducing fractures in hot rock of low permeability
and circulating water from the surface. |

Transfer of thermal energy from a geothermal reservoir, where most of the
energy 1is stored.in the rocks, is by an'aqueous fluid.v For some systems, »;
generally of relatively low temperatufe, this may be by the regional groundwater.
For many others the fluid may be a more or less salipe brine, commonly of
meteoric origin but generally affectéd by high-temperature chemical and
isotépic reactions with the reservoir rocks. The fluid in such systems may .
be-a;single liquid phase or may be a two-phase fluid, but at depths of a few

kilometers or less, liquid hot water is the contlnuous phase in the

‘interconnected.pdres,or fractures. In a few favorable vapor-dominated systems,

the continuous phase is steam, which thus controls the pressure and temperature.



Roger Stewart ' . :

Abstract

Wave propagation in rocks is controlled by the following variables:

A.

State
1. Stress distribution
2. Temperature

Composition

1. Mineralogical composition, including strength of fabric

. 2. Concentration and geometry of defects (cracks, pores)

3. Properties of defect fillings (ﬁatet,'air, magma)

The effect on wave velocity of each of these variables has been explored in the

laboratory, and compilations of results will be presented. The major points may

be summarized as follows:

A,

For nominally defect-free rock (low pofdsity rock at high pressure)
average pressure derivatives of wave velocity are well determined, show
systematic decrease with increasing velocity, and are some 3 to 5 times

larger than‘thosé for single crystals (because of cracks in rocks).

Tempefature derivatives of velocity in these rocks show more scatter
than pressure derivatives, change systematically for metasedimentary
rocks, show no trend with velocity in crystalline rocks, and are not

pronouncedly different from temperature derivatives in single crystals.

For isochemical rocks, compressional velocity is a linear function of
density (which expresses cpmpositional change), pressure, and temperature
over the range 0-300°C, 2-8 kb. Rocks not isochemical but having similar

mean atomic‘weight show similar veiocity dependence. on density at room'

temperature. At constant density, increasing mean atomic weight decreases

velocity.



Roger Stewart _ ' 10

" dry rocks, compressional (Vp) and shear (VS) wave velocity decrease

Introducing defects in rocks decreases velocity, the effect depending\ ~

strongly upon geometry of the defect (flat cracks ggvequant shapes). ' In

as ﬁuch as 100Z for 1% flat crack porosity, and by some 1% for 17 of B
equant-pore porosity. Filling cavities with condemsed fluids of '
low viscosity (eg water) increases Vp by as much as 100Z for 17 crack

porosity (relative to dry state), and by some 10% for equant-pore porosity

- of 20%. Little change of VS is seen upon saturation regardless of crack

shape.or porosity. . Rigidity increases in rocks as viscosity of the

saturating fluid increases.
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Status of Seismic Methods in Geothermal Application

H. M. Iyer

INTRODUCTION

If we look at the conceptual model of a geothermal system, it appears
as if seismology is ideally suited for geothermal exploration. In the model

proposed by White (1973), for example, we.ﬁave,_thermally altered surface

layer, low—permeability cap rock, permeable layer, magma (heat source), faults

‘and fractures. In addition, the model implies turbulent water movements and

phase chénges from water to steam. The gebthermgl properties of each‘of the
eléments.of the system have~$pecific seismic properties associated with them
and therefore, seismology is useful in their delineation. Seismology is also
useful for evaluating earthquake hazard in'geothermai areas and to understand
possible induced seismicity_related to fluid withdrawal and injectibn.
Seiémic studieé in geothermal areas can be broadly ciassified inﬁo
active and passive methods. In the active methods, controlled sources such
as exp;osions or vibrators are used in conventional experiments, such as
reflection aﬁd refraction surveys, and unconventional experiments such as

travel-time residual and attenuation studies. Passive seismic methods

consist of seismicity and related studies, travel-time residual and attenuation

studies using natural sources such as local and regional earthquakes and

teleseisms, and locating seismic noise sources associated with geothermal

sources.

ACTIVE METHODS

Compared with oil exploration in which active seismic techniques have

been extensivelylused'with spectacular results, they have not been used

effeétively in geothérmal exploration. Only a few case histories of reflection

and refraction surveys, and travel-time residual and attenuation studies
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are available.
Hill (1976) did a seismic refraction survey in Long Valley, California,
as part of the U. S. Geological Survey's multi-disciplinary program in the

region. In addition to evolving an average crustal model, he was able to

see reflections from the roof of an underlying magma chamber and also demonstrate

that strong attenuation of high-frequency seismic waves were associated with
one of the areas showing surface geothermal phenomena.

Combs and Jarzabek (1978) 1looked for similar attenuation under the

East Mesa geothermal anomaly in Imperial Valley using shots around the
anomaly, but did not Aetgct any attenuation. Howgver, they did see strong
attenﬁation of high—ffeéuency waves from earthquakes . located about 25 km from
the anomaly, thus proving that the source of the anomaly is deeper than 2 km.

Majer and McEvilly (1978) looked for velocity and attenuation anomalies

in the Geysers production area by recording two shots using a closely-spaced
(average spacing about 1 km) array of seismometers. They found evidence for
the presence of high—velocity, high-Q material in the top 1 km from the surface

underlain by rock with lower velocity and Q.

Ackerman (personal communication), based on a seismic refraction survey

in the Raft River geothermal area, Idaho, finds zones of anomalous velécity
and attenuation which can be related to hydrothermal alteration. |

Data from other seismic surveys in the Coso geothermal area, -Roosevelt
Hot Springs, Mt; Ho&d, The Geysers, Grass Valley (Nevada), Yellowstone, and
"Snake River Plain should be.availéble in the near future.

Active seismic techniques.have also been used to look for thé heat

source in geothermal systems (magma). Two examples are the exploration of

the Kamchatka volcanoes (Utnasin et al, 1976) and the COCORP Vibroseis survey
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(no reference available) in the Rio Grande Rift. Stauber and Boore (1978)

have found evidence for thinning of the crust under the Battle Mountain Heat

Flow‘High in Nevada, based on seismic refraction surveys.

PASSIVE METHODS

Microearthquakes

Microearthquake studies‘in geothermal areas can be divided into six
catego}ies: exploration, tectonic evolution, upper-érustal models, ;ocation of
‘magma poékets, environmental and miscellaneous studies.

1. Exgloration. Geothermal‘areas are invariably located in regions
of active tectonism and hence it is not surprising that most of them are

seismically very active. Ward and Jacob (1971) demonstrated, using seismic

data in the Ahuachapan géothermal field in El Salvador, how microseismicity
can be used to delineate fracture zones thch provide paths for hot water to

reach the sufface.» In a detailed study in Iceland, Ward and Bjornsson (1971)

found that out of 154 sites surveyed 13 were seismically active, each a geo-

thermal area. They showed that stress along faults in geothermal areas is

relieved by earthquake swarms, whereas, outside the geothermal areas, main
shock-after shbck sequencés seem to be the prominent modevof stress release.
They postuiated that two well-known effects of fluids, namely, pore preésure
and stréss corros?on may be responsible for the earthquake swarms. These
two ‘aspects of seiémicity in geothermal areas, namely, location of fracfures

and swarm activity seem to be the basis for using micro-earthquakes in geothermal

- exploration. However, numerous available case histories indicate that the

picture could be much more complicatéd than in E1 Salvador or Iceland.

Even in Iceland, recent work by Klein, Einafsson,'and Wyss - (1977) has

shown that a large swarm of earthquakes in a geothermal area near the south-

west corner of the Reykjanes Peninsula, does not seem to be related to the
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the near-surface hydrology. Lange and Westpﬁal»(1969) and Hamilton and Muffler

(1972) have studied the seismicity of The Geysers geothermal area using portable

stations. Marks and Bufe (1978) have‘publishéd a detailed seismicity map

of The Geysers-Clear Lake region using data from a large USGS telemétered

network which has béen iﬁ operation in the area since 1975. The greatest
concentration of eafthquakes.occuf in the vicinity of the power plants in the
production area and these are believed to be caused by ehvironmental factors
such as fluid withdrawal and injection. &he diffuse& zoné of seismic activity
occurring over the Clear Lake Voicénics, and short-lived swarms on theksoufh

shore of Clear Lake,.have_not yet been ‘interpreted for geothermal significance.

- The two important results of the seismic study in The Geysers-Clear Lake region

are shallowness of earthquakes in the volcanic zone and the change in the
orientation of ‘the stress field in the production area with respect to the
surrounding area. The cause of the former is postulated to be the proximity.of

partiaily molten rock to the‘surface and the latter is attributed to the

effects of fluid withdrawal and re-injection (Chuck Bufe, personal communlcatlon)

A two—year seismicity map of Imperlal Valley prepared by Gary Fuls
(personal communication)'using data from the 22-element, USGS telemétered
network not only shows swarm activity in some ofvthe»geothermal areas, but

‘also continuous activity associated with the fault system there. The difficult

question arising from such activity is, can seismicity studies carried out in

‘a small area of such a region tell anything about the gedthermal‘pOtential of

that'area? In the East Mesa geothermal area of Imperial Valley where no

 éarthquakes are detected by the USGS network, Combs and Hadley (1977).havé

located several earthquakes using a closely-spaced array and poétulated the

presence of an unmapped Mesa fault. . They also report that one of their stations

recorded sevéral hundred very small earthquakes (which they call nano-earthquakes).



as a miniature continental spreéding centers with offset strands of a major

. is understanding the stress field in geothermal areas using earthquake fault

© plane solutions.

- anomalies in geothermal areas.. The technique is similar to that used by Majer
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Study of micro-earthquakes in geothermal areas is further complicated by

the fact that some regions do not seem to have any earthquakes. Ward and

Bjornsson (1971) found one such area in Iceland. No earthquakes have been

reported inside the Long Valley caldera (Steeples and Pitt, 1976)'and i

the Raft River geothermal area. Some of the Cascade volcanoes are sparsely

seismic.

13

2. Tectonic evolution. Whether microearthquakes are useful to locate

géothermal drill holes or not, their study forms an integral and important
part of the process of understanding the tectonic and volcanic evolution of

geothermal areas. Clear examples are provided by the study by Hill et al.

(1975) of the Brawley, Imperial Valley, swarms of 1973 and Weaver and Hill's
(1978) study of the seismicity of the Coso'geothe:mal area. In both these

instances the authors have been able to show that the geothermal areas act

regional fault acting as transform faults. Less obvious studies, such as.
in Yellowstone provide a lot of information on the volcano-tectonic evolution A

of geothermal aréas on a macro—and micro scale. Of particular importance

3. Upper crustal structure. Earthquakes in geothermal areas can be

used in lieu of controlled sources to look for velocity and attenuation | o

and McEvilly at The Geysers. Olson and Smith (1976) have found P~delays, and

S-wave attenuation in the Roosevelt Hot Springs area, Utah. Using -a slightly

different technique, Combs and Rotstein (1976) have found that Vp/Vs ratio
and Poisson's ratio at Coso are lower than normal. They infer from this

possible presence of a dry-steam reservoir.
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Seismic sources, in conjunction with a fan-=shooting seismic profile

have been used by Combs and Jarzabek (1977) in the Coso geothermal area to

look for anomalous delaysAandtattenuation. Beyer et al. (1976) using an

expiosion 45 km away from the Leach hot springs, Nevada, found that faster
arrivals could be attributed for travel paths under the hot springs.

4. Location of magma pockets. Kubota and Berg (1967) and Matumoto (1971)

have used shear wave attenuation from local earthquakes to map magma pockets

in the Katmai‘volcanic range in Alaska. Sanford et al. (1977) have used

reflections from microearthquakes to identify magma pockets in the Rio Grande

Rift, New Mexico.

‘5. Environmental. Geothermal areas invariably occur in highly seismic

areas and many in the USA (The Geysers, Imperial Valley, Coso, Yellowstqne)

have had damaging'earthquakes in the recént'past in their vicinity. Hence,

~one aspect of environmental seismology is to evaluate the earthquake risk

in geothermal areas. .The second aspect is to understand the'effect of fluid
withdrawal and injection in the seismicity of a geothermal region. I have
alrgadyAindicated h¢w the high seismicit§ in tHe steam-production zone at The
Geysers could be man-made. It is therefore important to evaluate the regional
seismicity in é potential area of geothermal production for seismic risk

and to start seismic monitoring'in the productﬂnraréa long befofe qperation
Begins.

6. Miscgllaneous. Is it possible to distinguiéh some property of

earthquakes in a geothermal area to discriminate them from earthquakes in thé
neighboring non-geothermal areas? This question has often been asked and ité
pursuit has led to the term 'geothermal earthquakes', which I think, is‘a
misnomer. No doubt the presence of fluids, pore pressure and heat, helps
to relieve reglonal tectonic stress in a geothermal area, but the ultimate
prdduct is still tectonic earthquakes. Discriminants worth pursuing are, b-

values (related to swarm nature of activity), changes in orientation of stress
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axes, nono-earthquakes, etc.

Teleseisms

1. .P—delazs; Teleseismic residuals are mainly useful to delineate the
heat source(s) in‘the;crust and upper mantie underAgeothermal areas. vThe
minimum size of thevmagma body that ean be detected using teleseisnﬁ-'is
ebout 10 km as the wahes havehﬁavelength ef that order. However, the re-

eolution.can be improved by using high-frequency P-waves from regional events.

The technique is well known (Steeples and Iyer, 1976a) and several case

histories are available.

Based on relative delays of the order of 0.4 sec, Steeples and Iyer

(1976a,b) inferred the presehce of a magma chamber under the Long Valley caldera.
The size of the body was estimated.to be 10-15 km diameter and the percentage
of decrease of velocity inside it froﬁ surrodndinglhormal rock was 10-157%.

In Yellowstone, the relative delays were much higher than in Long Valiey,
reaching values as high'as 2 sec. Based on the large deiays and their extensive
spatial distribution it has been postulated that a deep magma body is present
under ‘the Yellowstone caldera, with a veloclty contrast near the top (about

10 km below the surface) of about 20%Z and about 3% at 200 km depth (Iyer

1975a; Iyer and Stewart) 1977; Iyer, 1978; Iyer et al., in preparation),

The P—delay.pattern in The Geysers-Clear Lake drea outlines two.zohes
where delays are'greater than 1 sec, one near Mtg Hanneh-the center of recent’
volcanism, and the second in the steaﬁ production zone. The resultsdhaVe been
interpreted in terms‘ot a'magma chamber under Mt. Hannah and fractured dry-

Steam geothermal system in the production area. - The velocity decrease in both

cases is estimated to be abnormally large, 15 to 25% (Iyer et altL71978;

Iyer et al., under preparation).
In the Coso geothermal area also P-delay results indicate the presence

of a low-velocity body with a contrast of about 5%, under the zone o6utlined by
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high heat flow (Reasenberg, personal communication).

‘What is the importance of P-delay work in geothermal exploration?-
The presence of a magma chamber shows that the heat source required to make
the geothermal system function is there.‘ However, the absence of a maéﬁa
chamber does not mean that the geothermal area.is unproductive. Smaller
magma pockets, undetectable by teleseismic methods, may be present providing
the requifed heat source. - Techniques shouid be developed to detect these
pockets. In regione like the Battle Mountain High, and the Cascades (especially
Mt. Hood and Mt. Baker where data are available),'ne large or small magma

bodies. are detectable in the crust. The heat sources in these regions are

- therefore deep in the lithosphere or asthenosphere and may in fact be perturbations

of the asthenosphere. vRegienal experiments are needed td detect these.“Af
present Qe do not want to pretend that magma detection can provide geothermal
explorafionAinformation. However, it is a very fundamental problem_in volcanology
and as such deserves all the support it can get.

2. P-attenuation. Young and Ward (1978) have developed techniques to

estimate attenuation of teleseismic P-wave data. Their results at The
Geysers show a zone of large attenuation coinciding with the zone of large
delays. In the Coso geothermal area they find smaller, but significant

attenuation (Young and Ward, 1978b).

3. Shear and surface wave studies. P-wave residual data by themselves .

are not_adequate to estiﬁate the extent of partial melt iq magmatie bodiee;

Both P and S delay and attenuation data are required tovdetefmine the composition -
of magma bodies with some degree of uniqueness. Anomalous-shear velocities have
been observed, using teleseismic shear waves and surface waves, by Robert

Daniel in Yellowstone and Keith Pfiestly in the Basin and Range province,

Nevada (personal communication).
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4, Joint inversion methods. Joint inversion of several geophysical

parameters to improve the uniqueness in determining geothermal anomalies are

also under development.  Savino et al. (1977) have jointly in?erted teleseismic
and gravity data in Impefial Valley and found thinning 6f thg crust or lower

densities in the crust, under virtually all the geothermal zones in the region.

Evoy (1978) carried out a joint inversion of gravity and teleseismic residual

data in Yellowstone and found a more-detailed Stfuctﬁre.for the top of the

magma body than was shown by teleseismic methods alone.

Seismic Noise

Since Clacy (1968) showed that high levels of seismic noise were present
in the geothermal areas of New Zealand, numerous case histories have been
préduced. However, many basic questions still remain unanswered. I shall
briefly discuss some of these questions and answers.

1.  Arg their seismic noise anomalies in geothefmal areas? Tens
of anomalies have been reported, but attempts to discriminate the noise (if
any) produced by‘geothermal systems from cultural noise have not been very

sﬁccessful. Iyer (1975b) showed that freeway noise and canal noise, amplified

by the soft sedimentary layers in Imperial Valley were responsible for the
observed noise anomaly over the East Mesa geothermal anomaly.

In Long Valley, Iyer and Hitchcock (1976) showed that the omipresent

background noise, amplified by the surficial river valley deposits was responsible

for the observed noise anomaly. The ground amplification contours, computed

using telesisms almost coincided with the anomaly.

In Yellowstone National Park, Iyer and Hitchcock (1974) found almost all
the geyser basins to be noisy. The question here is whether the noise is

produced by purely surface activity or at some depth. If the second mechanism

can be proved to exist at least in some geothermal areas, seismic noise could

be of some exploration value.
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The current trend in seismic noise studies, therefore, is to abandon the

'0ld method of iooking for amplitude anomalies but to actually locate the

noise sources in three dimensions using closely-spaced arrays and high re-

solution analysis technigues.

Whiteford (1976), ﬁsing simple tripartite arrays, located several
noise sources.undef‘the geothermal areas of New Zealand. ‘Using a seismic
attenuation model, he estimated their depths to be of the order of 100m.
P;ge (1977) has developed an array proceésiﬁg technique assuming é body

wave model for seismic noise. He finds noise anomalies in Long Valley

(Page, 1977) and in the Roosevelt Hot Springs area (personal communication).

The question of body wave emanation from geothermal sources is controversial.

Liaw( ) using a closely-spaced seismic array and high-resolution analysis

technique has shown near Leach Hot Springs, Grass Valley, Nevada, the noise

- propagates as surface waves’guided by valley fill.

Oppenheiﬁer (personal communication) has recently located seismic noise
in the Norrig Geyser Basin, Yellowstone National Pafk, using high-resolution
arrays and finds that if body waves are present in the noise it is very difficult
to sepafate them from surface waves.

2. 1Is seismic noise useful in geothermai exploration? The usefulness
depends on locating depths of noise sources in geothermal areas. If the noise
originates in the top few meters of the surface due to boiling, fumaroles etc.
if is of no exploration value.

3. Where and how is geothermal seismic noise generated? fhe aﬁundanﬁ
literature on the origin of storm and ocean-wave generated microseisms shows
that coherent seismic pulses applied to én elastic medium can generate seismic

surface waves. Douze and Sorrells (1972) have proposed a model in which

surface noise is produced by randomly varying pressure fluctuations at depth.

Gunnar Bodvardson (personal communication)proposes that noise may be generated

by resonances in iong, fluid-filled cracks. It appears that turbulent fluid
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or gas transport accompanied by phase changes in a geothermal system can also

be the mechanism of generation of noise.

Hot rock and;gebpressured systems

Even thougﬁ the exact role of seismology inuthe exploratioh of hot rock
aﬁd geopressured systems is not clearly understoéd, I sha}l, for the sake of
completion touch upon these topics here. |

In the hot-dry-rock project seismic techniques as outlined earlier éan
be used to locate zones heated by recent magma intrusions. Since ihe knowledge
of stress distribﬁtionris important source-mécﬁanism studies of éarghqﬁékes
in the fegién may be imporfant. Environmental monitoring éf potential hot-
dry-rock experimental sites may also be important to ensure measﬁring possible
seismicity changes that may occdr during fracturing and fluid—iﬁjection.‘

Potter (1976) and Albright (1976) have located seismic events during hydro-

fracturing at the Los Alamos scientific Laboratory's hot-dry-rock ﬁroject site

at Fenton Hill. The seismic waves are of much higher frequency than in normal

microearthquake seismology. Aamodt (1977) has studied location;.attenuation,
and_séatfering of pressured cracks at Fenton Hill. Seismic arréys, using
high-resqlution analysis techniques may be useful to study the progress of .
fracturihg and to locate the fractures. Hdwever, no work has been done iﬁ

this area, to my.knowledge.

Occurrence ongeo-pressured reservoirs have similarity to oillreservoirs
and hence active seismic techniques used in oil exploration seem to be appiitable
to geopressured system exploration. .In addition, since geo4pressured reservoirs
seem to occur benéath thick léyers of sedimentary deposits, seismic noise aﬁd
seismic waves from earthquake may be used to infer layer thicknesé from

ground amplification.
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'CONCLUSION

The powerful techniques of seismology have not beeﬁ optimally used in

geothermél exploration. Though case histories using numerous seismic techniques

are available I am as yet unaware of .a complete seismic model of any -geothermal

system in which the macro-and micro=elements of the system are fully defined.
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PROBLEMS AND CONTROVERSIES OF THE APPLICATION

OF SEISMIC METHODS TO‘CEOTHERMAL SYSTEMS

Problems

Lo

A.. Crédibility of Seismic Tethniques'and a Cleaf Indiqa&ion of Their Role
in an overall exploration architecture.
We have at present no clearly established successes attributable to seismo-
logical methodology wﬁicﬁ may help firm the roles of any of the foiloﬁing
in exploration: |
1. Microearthquakes
2. Acoustic or infrasonic emahation from a geothermal reservoir
3. Velocity or attenuation anomalies

4. Conventional seismic reflection profiling

In an exploration architecture the lack of such established successes relative

to their expense leaves us with no case for the routing inclusion of such

methods in a geothermal exploration program. And this brings up a secénd.

problem.

B. The total lack Of‘statistics on cést—to—success ratios for seismological
methods in geothermal exploration, and the resulting hesitancy to commit
dollars.

This lack of estabiished cost-beqefit data contrasts strongly to petroleum

exploration where it is clear, on the average, what rétprn can be expected in

terms of,discovered'oi; per dollar of seismic exploratioﬁ iﬁvestment. Both

the credability problem and the lack of cost-benefit information are due to

- a third problem.

C. No Case Histories

There are no documented geothermal successes or failures which used
seismology as a substantial exploration tool, in the literature. There is
an analogy and a contrést to the situation extant in the petroleum industry

.

in the 1920's.
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There had at fhat time been successes based on geology, on-surface;manifestapions,
and on torsion balance and other'gravity data. The question'must'héve arisen

on how much to invest in new méthodology,‘such as thé fledging seismic
refléction'exploratioh technology;_ There is.hQWever, a big flaw iﬁ that analogy.
Preseismic petroleum exploratidn encompassed a firm modelf The role of the
anticline and thé concgptbof structural traps within-a sedimentary section

was well establisﬁed. As a result the developﬁent of reflection seismic
exp;oration was a téchﬁicél not a conceptual problem. Thé point is that}we have
no equivalent model in terms of acoustic impedance or attenuation variations
with depth that is generally applicable as a target in geothermal exploration.
Also contributing to the lack qf case histories are .several additional factors.
There is much tight data; proprietary information that is‘not generallj
a&ailable. There are very few clear successes iﬁ geothermal exploration, .
perhaps ten globally; and none of those to my knowledge can be termed a
seismological suécess. The known major fields represent very different

structures, and we can contrast this to the situation that obtained early-on

-in petroleum, with salt dome exploration in the Gulf Coast. There it was very

clear that salt dome after salt dome after salt dome would very likely produce

in the Gulf Coast environment.
VD. Consequences of the problems;
1. There are no clear models thus.no clear methodology
2. There is much empiricism in seismic exploration for geothermai
reservoirs.
3. There are undefinable targets (in térms of elastiC'pfopertiés)
preéluding devélopment of a cleaf seismological exploration architecture.

4. The methodology is consequently very expensive and not demonstrably

.cost-effective, as is clearly needed. Much of this difficulty was presented
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eloduently by Roger Stewart earlier this morming in terms of tﬁe wide
variability of expected physical properties in geothermal,reeervoir eﬁvironments
for typical rock materials. |

I1. Present methods

Following and summarizing the earlier presentation by Dr. Iyer, it seems
clear that we can characterize the present seismic methodology in geothermal

exploration as a set of techniques directed toward the detection and the mapping
’ \

of vefiations in

1. reflectivity of the subsurface for strﬁcture and phase (dry, wet)
boundaries | | N

2, Q(attenuation) for state (dry or wet)-temperature,'sfress-levels,
frecture deheity, and associated perﬁeability | |

3. Velocity of compressional and shear waves for state, temperature,
degree of alteration

4. Acoustic/infrasonic emission (ground noise) for direct indicationlof
turbulence and hydrothermal activity at depth (not surface manifestation)

5. Microearthquake occurrence data and spacial/temporal distribution,
for stressirelief information indicating hydrothermal activity,ihigh thermal

gradients (field boundaries?), weakened zones, high pore pressures, enhanced

permeability,

I1TI. Controversies

Controversies are basically over either (a) the utility of a method e.g.,
what evidence exists to justify its application, or (b) procedures, both field
and data processing, in the application of a specific method. These two areas

of controversy are not always separable since the common retort we have all

- used to negative evidence is "he didn't do the experiment properly”. As

illustration we enumerate some specific controversies that now exist in .

geothermal seismology.
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.A. Ground nbise.

Does any evi&ence exist for body wave emission (acoustic or infrasonic)
from‘é known or‘véry probable geothermal reservoir at depth? Or, altefnatively,
can most of the evidénce be explained by relatively shallow propagation of
high wavenumber surface waves from near-surface sources such as hot springs.
InAthe present seismic methodology for géothermal exploration,_theré are those
on both sides of this question. This specific controversy is amenable to a
crucial fest. It would be possible to collect the needed data in the field for
full‘frequency—anenumber analysis and imaging in two or three areés of
estaﬁlisﬁe&'or highly promisiﬁg geothefmal areas;. This experiment'would réquire
a nonaliased array for data.collection,requiring perhaps one.day.of‘seismic
réflection‘field crew timevfof'collection'of a number of fecords, without source,
near potential target areas. Charlie Swift has mentioned that such an experiment
has been done in the field and may become generally available fhrough the
DOE-Industry program. It is ektremely iﬁportant that such data are‘collectedu

in several areas to apply the most modern analysis techniques to an extremely

high-quality data set.,

B. Microearthquakes

What role do microearthquakes play in a geothermal seismic exploration
program? 'There are two levels to this question. Atvthe first level, the
qﬁestion addresses the necessity of the existence of microearthquékes,
preproduction, associated with a viable geothermal reservoir. There are,
clearly, geothermal reservoirs which are seismic prior to production. 'fhe

question remains as to whether or not the seismicity is a necessary phenomenon.

The Geysers field in California is probably an example of a field with preproduction

seismicity. Onlthe other hand, it is probably also an example of a field in

which seismicity has been modified due to production. East Mesa may be an

aseismic structure,

. The second level of the question involves the '"geothermal' earthquake;
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that is, an earthquake that is uniquely .definable as being characteristic

of a viable geothermal reservoir. The controversy is simple - is this
earthquake a real ér an imaginary quantity? It is éasy to enumerate
implications of the role of‘microearthquakes in geothermal expldration.

Earthquakes, micro- or macro-, imply an active mechanism of stress relief,

' asgociéted with fault permeability, high thermal stress gradients,

induced seismicity, reservoir dynamics, or fault weakening by hydrothermal

activity. Are these crucial observations which bear on the microearthquake

- role? It is not clear. I.believe that a simple step should bé incorporated

in geothermal exploration at the stage in considering a ﬁrospect at which it

is raiséd from a regional curiosity to a specific high-potential broSéect;

We should roﬁtinely ihstall a single high-gain, wide dynamic range, three-
component (probably trlggered digital) seismographic station in advance of any
drilling program. ThlS cost would be of the order of a maximum of $10, OOO per
site énd would provide the background seismic data for the prospect. This
procedure is mgch the same as that which has become routine in the consideration
of an area for méjéf dam comstruction. Such an installation would bear also

on the effects of production and related induced or modified éeismicity,A

but this is a question separate from topics of this meeting.

C. Anomalies in velocity and attenuation.
There is controversy over both their nature and their significanée.
With reépect to velodity, we can seé that a low velocity anomaly'caﬁ infer high
temperature, high pore pressure, watér saturation, a magma chamber, partiai
melt, or fracture permeabiliﬁy - or any of the things enumerated by Roger Stewart
this morning. Yellowstone would be a good example. On the other hand a high
velocity anomaly could respresent a dry steam environment or héavy ﬁrecipitation

such as silicification. An example would be a basin-and-range environment

such as Leach Hot Springs. In terms of attenuation we can see evidence for

low attenuation because of the dry rock environment or the heavy precipitation.
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,. The Geysers wouid be an example, or again Leach Hot Springs. An example of '
high attenuation may indicate high fracture density, high temperature, Qr

heter'oge‘neity, either mechanical involving fractures or chemical, or hydraulic

' in some sense. A paftial melt‘would be another example. Cerro Preito field
seem's' to be characterized by higher than regional attenuation. There seems to
be no cruciai test for elucidating the role of velocity and attenuation .
anomalieé in geothermal exploration that will produce black—or—';}vhite experimeﬁtal_

results. Our answer must_lie' in more detailéd surveys of fields and with rock

existing fie'lds and it is extremely important, particularly in light of some of
the;< strange Poisson's Ratios that are both measured in the field and observed

in the laboratory néar melting, to get both attenuation and velocity information -
on S-waves propagating through potential reservoirs areas.

Il ' properties studies on representative materials. It isyimportant‘ to survey
I D. The role of commercial seismic surveys

|

Here we’find the contrdversy couched in terms of "what for?". There are
seismic sectiéns for The Geysers, for the Imperial Valley at East Mesa, for the
Basin and Range at Leach-Hot Springs, and probably others, which generally show
a no-record area at the poténtial resérvoirs. The structural targété aré un-
knowﬁ-or are very difficﬁlt at best to define. 1In the area of geothermél
reservoir we typically have extremely poor velocity control and very weék,
if e#istent, reflection returns - precisely the worst place‘to conduct commer-

cial seismic reflection profiling. Are these crucial tests to shed more light

but a minimal effort is needed on several fields. The problem, of course, lies
also with the expense, but it would seem extremely valuable to obtain minimal
reflection profiling in several high potential geotherinal prospects. It is

important that high quality ground noise data can be acquired simultaneously.

l - on the utility of commercial seismic exploration techniques? This is not clear,
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IV. Cost Considerations

Here we have a well-definable problem. We need more seismological data

_ and cruciai tests at a handfull of existing fields and high potential prospects

to develop some case.hisppries, even if they are proprieﬁary at the bresent time.
Howevef;'this effort may prove to be too great of an'éxpense in generél to be
justified on the basis of an established track record which'is amenahble to a_cost/‘
benefiﬁ analysis. .In other words, the 'D' in R & D needs more work dirécted toward
modification of present seismological technology in exploration to ﬁake things less

labor-intensive in the early stages of geothermal exploration, and to incorporate

« multipurpose field survey methods, if we are going to get off dead-center in seis-

mological methodology.

V. Conclusions

There are major problems and serious controversies. We éhould look very
carefully at the data.we have_and thaﬁ will be presented in this Qorksﬁdp, as well
aé at those proprietary data which mény of you have, in the context of possibly
finding answers or directions for future work on these major problems and céntro—
versiés that exist today in the role of seismological ﬁethodology in géothermal
‘technology.i_The general methods have potential, and we ﬁﬁst now figure out how to

apply them in this new and difficult exploration role.
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‘Seismic Structure of the Basin and Range '

Keith Priestley

Body wave travel-time data and surface wave dispersion data have been
used to examine the seismic structure of the crust and upper mantlevﬁf'the
Basin and Range, primarily.the Great Basin of Nevada and western Utah.

P-wave structure——NTS refraction data and earthquake travel-time data
have been used to map appafent Pn veloéity variations within the northérn
Basin and Range. Apparent Pn velocities vary from 7.3 to 8.3 k/s. P#—delays
and teleseismic P-delays have been used to estimate the crustal Ehickﬁess, 
and most of.the P velqcity variation can be attributed to ﬁoho tobology.:
Crustal'thickness in the Greaﬁ Basin varigs from greater thap-AO km iﬁ the
Mono Lake--Long Vallef'arga to less than 25 km in the Battle Mbuﬁtéin Heat
flow high. Gravity predicted from our crustal model is in general agfeemgnt
with the observed gravity fiéld. The Pﬁ velocity withiﬁ the Great Basin
after.considéring Moho dip in 7.8 % 0.1 k/s.

S-wave structure~-fundamental and higher moae surface wave data have
been analysed to determine the shear wave structure of the Basin and Range.
fhe average crustal thickness is 35 km in the Great Baéin and- 31 km in-fhe

Basin and Range of Arizona. The average lithospheric thickness is 65 km.

The shear wave velocity within the mantle 1id is 4.5 k/s. Below the

lithosphere there is a broad (approkimately 120 km thick) low veloci£y éoﬁe
for.shear‘waveé (average Vs=4.l/k/s). Our data doés not sﬁppoft the’low;
velocity zone to the base of the crust. Higher crustal mode group velocity
data show crustal thinning in the Battie Mountain Highbin agreement with
refraction results. Observed,.long-periodr(> 40 éec. period) Rayleigh wave
phase velocity dafa for the Great Basin are very similar to the African

Rift and East Pacific Rise possibly indicating similar mantle structure, .
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Seismic Studies in the Battle Mountain Heat Flow
High and Surrounding Region ;

Dave Boore

Nuclear explosions at the Nevada Test Site (NTS), mine blasts at Copper
Canyon and Carlin, and a chemical explosion near Quinn River have been used
as seismic sources by Douglas Stauber and myself in studies of the crust and °

upper'mantle structure in north-central Nevada, with emphasis placed on the.

structure near Battle Mountain. The NTS results are summarized in a recent

paper published in the Bulletin of the Seismological Society of America (v. 68,

p. 1049-1058). Ihe data suggest the following:

i; The overall cfustal structure is approximated By three iayers'
of P velocities 4,6, 6.0, 6.6 km/sec, in order df.incréasiﬁg
depth.

2. The bottom two layers decrease in thickness below the Battle
Mbuntaiﬁ area, resulting in a crustél thinning of about 8‘km,
from over 30 km outside the Battle Mountain Heat Flow High to
less than 23 km inside the High.

>3,, The crustal thinniﬁg is such thét partial melting immediately
below the Moho is not required by inferred geotherms in.;he region
‘of heat flow. |

4, The upper boundary of the intermediate layer appears to coincide with
the saturated granodioute solidus, suggesting that the location of
the boundafy is controlled by a dynamic process in which the boundary
moves up until noAmore partial melt is.found._ This does not imply that

partial melt necessarily exists in the bottom of curst; the melt may have
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escaped into the upper crust, taking water with it and thereby
increasing the melting temperature.
5. The Pn velocity shows lateral changes from about 7.4 km/sec to the

northwest of Battle Mountain to 7.8 km/sec south of Battle Mountain.
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The southeastern arm of the Basic and Range pfovincevextends through

southern Arizomna, southwestern New Mexico, and far west Texas. This

. region possesses the same general geophysical and geological characteristics

 as the Great Basin portion of the Basin and Range. 1In particular, numerous

KGRA's are present and high heat flow values observed. Recent surface wave
‘dispersion measuremeﬁts'for the path NIS to fUC indicate an average

crustal thickness of approximately 26 km, and a Pﬁ velocity of about 7.6 km/sec
(assuming o = 0.25). Also, dispersion data from LRSM stations along the -

Colorado Plateau - Basin and Range boundary suggests that Basin and Range

crustal structure extends beneath the transition zone between these provinces.
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Bob Smith - University of Utah
BASIN AND RANGE

A new compilation of Utah earthquakes from 1962 to 1977 (over 2200

events) shows general N-S trends east of the Great Basin--Colorado Plateau

boundary. There is a poor correlation of eartuquakes with Late Cenozoic

faulting. Focal depths are shallow from nearfsurface to 13 km. Crustal
thinniﬁg, low Pn-vélocity, high earthquake occurrence and high hea; flow

are characteristic of the Great Basin. These features extend up to 100 km
eastward into the Colorado Plateau and suggests that this area that should be
investigated for its geotherm;l potential. General seismicity disperses info

broad W to SW trending zones in the vicinity of the Roosevelt Hot Springs-Cove

'Fort KGRA's. Earthquakes that occur typically in swarm occurrences characterize

the Cove Fort area whereas the Roosevelt Hot Springs has been relatively aseismic.
A preliminary multi-spread, time—;erm interpretation of a 30-km (7-shot,

1000 ft spécing) E-W refraction profiie'across the Milford Valley--the Rooéevelt

Hot Springs KGRA-Mineral Moﬁnfains was showﬁ. The preliminéry_interpretation shows

a P-wave 1.5-1.8 km/sec, 1 km—thick.alluvial basin beneath the Milford Valle&.

Beneath the Roosevelt Hof Springs area a high velocity, 5.2 km/sec layer at |

n 1/4 km depth charaqteriZes what might be a high velocity cap over

the geothermal réservoir. Low P-wave velocities of 2.7 km/sec, characterize.the

Mineral Mountain granite probably because they are highly fractured and

weathered.



‘Black Rock Desert Nevada

Paul Brown

The Blackrock Gerlach project area is located in the northwestern

region of the basin and range. This prospect has been the target‘of extensive

. exploration both privately and in the public domain. ‘In conjunction with.a

program conducted by the National Science Foundation, Microgeophysics

conducted a twenty day microearthquake survey in the southern black rock

desert..

1.

The results of the survey indicate that:

The microearthquake activity occurrs clustered both in time and

" space.

'The microearthquake activity occurred in a specific area not

historically active. -

. The microearthquake activity occurred within and below an area

with no surface manifestation, such as faulting or spring actiﬁity.

The microearthquake first motion studies indicate that the

- expected regional stress (an extensional east-west system) was

also seen in the microearthquake activity.
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B-Wave Residual Measurements Over

The Battle Mountain Heat Flow High, Nevada
H. M. Iyer .

During March and April 1977, the U.S. Geological Survey operated 14
Porﬁable seismic stations to record teleseisms along a northwest trendingA
profile across the region of anomalous heat flow around Battle Mountain,
Nevadé. More than haif'the léngth of the 350-km long prdfile was locéted over
a region where heat—floﬁ values ére reported to be greater than 2.5 h.f.u.
About 50 teleseisms were reporded during the experiment. However, in this
réport-we have used data from only 10 events. The events from the southeast
azimuth shoﬁed the most striking residual pattern. The relative residuals
(with respect to station 1, the sécond southeasternmost station) were slightly
positi&e in the 100 km soutﬁeastern segment of the profile, haif of ‘which was
withih the'Battle Moﬁntain High. However, then they rapidly started becoming
nggati?e reaéhing a minimum value. of -1 sec at station 6 and remaining at that
level for the fest of the profile. The relative residuals for‘northwest and
southwest events, were quite small and showed very little variation across the
profile. o |

-The rabid ihcrease of nega£ive residuals for southeast events in the
middle of the Battle Mountain High and the absense of a corresponding fgatﬁre
for northwest'évents can be explained only by postulating the presence of a
deep high velocity anomaly in the upper mantle. - It is estimated that the top

of the high-velocity body is located at a depth of 150-250 km underneath the

»



Béttle Mountain High. The absence of negative residuals for southwest events

~show that the teleseismic rays from this azimuth do not travel through the

anomalous body implying that the body has finite dimensions in the southwest

azimuth. Our results are basically similar to those reported by Koizumi,

Ryall, and Priestley, (Bull. Seismol. Soc. Am., 63, 2135;21uu,'1973), who
intérpretlthé negative ﬁesidﬁals in terms of a paleo-subduction—plate under
Nevada; ‘However, there are some inconsistencies between:our observations and
those of‘Koizumi, Ryall, and Priestley, and detailed analysis is required to
evolve an apprépriate‘uppef-mantle model for the Battle Mountain High. Ohr

data do not show the effect of the proposed crustal thinning under the Battle

Mountain High (Stauber and Boore, Bull. Seismol. Soc. Am., 1049-1058, 1978).
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'IMPERTAL VALLEY

Chairmau—fShawn_Biehler

The following people contributed to the Imperial Valley Session:

l.. John Saviﬁo——The Inversion of P-wave travel time delays and Bouguer.

Gravity Anomalies

Dave Hadley--P Delays and Crustal structure of Southern Callfornla
Dave Hill-~Earthquake Swarms and Dike emplacement

Alfonzo Reyes--Microseismicity studies in the Mexicali Valley
Shawn Biehler--Seismic refraction studies of the Salton Sea

Geothermal Field

(€, B ~SPCN XY

- The following conclusions>Were‘made by the contributors.
1). Inversion of the P-delay data and the gravity anomalies (after smoothing)
'assumihg afBirch type velocity-density relationship;permits a three-dimensional

: -intefptetation or the basement, crustal, and upper mantle sttucture in the:

Imperialivalley after‘removing~effects of the sedimentary blanket. ‘Thefgravity

data is the controlling information for shallow structure and the P delay‘data

.controls the'Lower'CruStal-—Uppe; Mantle Model. The technique is not unique

because unknown near surface structures which may not be taken into account
in the_stripping process. can produce artificallytlarger effects in the

deep structure.

2) .P—delay'studies within Southern California show aZimuthal VariationS“ 2

larger: than l sec. Models con31stent with these observatlons show a hlgh

veloclty (8 3 km/s) rldge—llke structure w1th1n the shallow upper—mantle. As

'thls feature is not‘offset by the,San Andreas fault, we suggest that-theiplate

boundary at depth is 1aterally displaced from the Surface expre331on. The R

P-delay data also show that dmaupper mantle low- veloc1t1es of the Salton

Trough extend into the Eastern MbJave, an area.of recent volcanism. A comparison

with the gravity and P-delay data demonstrate thatvlarge,velocity variations
within the upper mantle ate not accompanied by significant gravity changes.
Thls observatlon is well explalned by partial meltlng in the shallow upper
mantle Refraction data extendlng north from the southern end of the Salton o

Sea 1ndicate a crustal thlckness of 16-19 km ‘as compared w1th 30 35 km typ1cal
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of most'of Southern California.“Studies of'earthquake swarms show strike=

_slip motion on the Imperial and Brawley faults. Oblique—slip is Observed on

northeast striking traverse structures: assoc1ated w1th the rlght—stepplng

offset,of these two fault zones. The transverse structures appear to be
either "mini" spreading centers or '"leaky" transform faults.

Although these swarms appear to be associated with crustal extension and possible

‘intrusion into the base of the crust, heat flow data show that these current

swarm areas are not consistently associated with geothermal anomalies. . We

suggest that as the current plate boundary evolves, areas of active 1ntru51on-

.at the base of the crust w111 develope heat flow anomalies at the surface.;
By analogy,.current'KGRA's may mark the position of aCtive crustal extensionﬁ

. within the recent geologie past.

Dave Hadley. ‘
Sierra Geophysics
Arcadia, California -

3) Resolution offthe spatial and temporal distribution of>earthquakes in the
lmperial Valley was greatly enhanced with the installation‘of a loeststion
Seismographic network in 1973. Data from this network shou that seismic aetivity‘f-‘
within the Imperial Valley (during the past 5 years ‘at least) is dominated by a.
more or less 11near trend that follows the Imperial and Brawley faults from

below'the International border into the southeastern part of_the Salton sea.

The rightfstepping offset.between the Imperial’and'Brawley faults near Brawley

'is,eharacterized:by épicenter lineations'both parallelfand perpendidular‘to
the regional‘trends'of the Branley and Imperial faults.~ Focalimeahanics'arei'
.predominantly strike—slip but include a few normaliSOlutions.. The.T—axes ‘
(the direction of'relative extension) for these fotalvmeehanisms is nearly
invariant and oriented in avE—W direction. This suggests that local crustal
spreading is taklng place by strlke-slip motlons on a system of conJugate fault planesh
.together w1th.normal (dip—slip) motion: along faults that strike- at an 1ntermed1ate

direction to the conJugate strike-slip faults.
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Seismicity Study in the Mexicali Valley

D. Albores*, A. Reyes*, J. N Brune*¥*

4) An array of seven stations has been operated continuously in the

The

study is designed to obtain a better understanding of the tectonic processes

whlch are taking place in the Valley, and to characterlze the steam field

‘within this framework. The study has been funded by the Federal Power

Comm1551on (CFE), through the Institute de Investlgaciones Electricas (IIE) and

. by CICESE.

The over—all results on ep1centa1 determinatlon, focal depths and
compoeite focal mechanisms suggest that the Cerro Prieto-Imperial Transform - .
fault.system is connected by a system of“leaking transform faults, striking
almost NS, and indieates a tectonic pattern simjlar to that observed in the :
Imperiaeralley (Imperial—Brawley Transform. fault system). Seismic activity
in the region of‘the Cerro Prieto steam field is oharacterized hy swarm
sequenees eontrolled by normal faulting occuring at a range‘ofblooal.depths

ffom 8 to 12 km. The seismicity to the N—NE,five km from the steam field is

‘also: characterlzed by a swarm activ1ty controlled by normal faultlng ‘A

four'km depth well drilled recently by the CFE did not show any significant

~ geothermal activity.

An array of nine digitally telemetered short period stations has been

installed. The data base to be obtained, will increase our epicental determinatiOns,

" and eventually will allow a better understandlng of the regional tectonic

processes in the Mexicali Valley

* Centro de Investigacion Cientificay Educacion'superior'de Ensenada (CICESE)

'**Institute,of Geophysics and Planetary.PhySicsf(IGPP), University of San Diego
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: 5) Seismic refraction studies in the Saiton.Sea Geothermal Field show little
| - yariation in the velocity depth Secﬁion as compared to fhat observed in the

_ knowﬁ geothermal areasvof the Imperial Valley.. A\sharp, local basemépt high of

about- 2 km isAsuggested by the east west profile from Obsidian Buﬁte to the
East Highline Canal. Thié relief could account for a signifiéant‘poftion

of the sterved gravity and aefomagnetic anomalies.
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Bob Smith - University of Utah

“Yellowstone - Snake River Plain

A bfeseﬁtation'of the shot and station plan of the 1978 NSF-USGS sponsored

. Yellowstone-Snake River Plain seismic experiment was shown. Eleven chemical"

shots,:oné“NTS explosion and some quarry.Blasts,Were recorded with LSG::H.Gl"

. seismographs at 2.5 to 7.0 km spacing.

A general seismicity map ( 2000 epicenters) of the Snake River Plain-Yellowstone

region taken from detailed surveys'and network telemetered data (1972 to the

vpresent)‘were shown. These data show 'a NE trend of earthquakes parallel to fhe
SRP in SE Idaho; a dense E-W zone of earthquékes.along the Hebgen Lake-Norris

' geyser_baSin_trend; N-S an&iE—W'anes of earthquakes in the eastern Yellow- -

stone caldera~and an active zone in central Idaho that trends toward Hebgen Lake.

' An énélYtic'stress model of the SRP by K. Furlong due to a crack dislocation

was assumed to represent a propagating fracture. This model shows principal
directions of tension in good agreement with focal mechanisms in SE rdaho,

but not at Yellowstone Which is thought to reflect a localized and complex

" stress field. .The deviatoric ‘stresses are a minimum along the trend of the SRP and =

may account for the aSeismicity of this feature.

First-brder releveling at Yellpwétone demonstrates-a’NE;Sw,relativé uplift of

up to 700 mm coincident with the Yellowstone caldera and maximum near the resurgent

<domés, ‘Uplift rates up to 14 mm/yf and 11 mm/yr.-occur near the fesufggnt:domes.‘-
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; Joint lnversion of the USGS teleseismic P—wave delays and the regional'
v,grav1ty data shows that Blrch s law for the slowness/den31ty ratio glves
‘a’ good f1t to ‘the observed data. The - den31ty model for Yellowstone shows

‘a body with den31ty contrasts of - 0,25 gm/cc from 0 30 km and —0 15 gm/cc from

N

”‘70—100 km,. The body extendslaterally beyond the caldera boundary dA -SO

mgal mismatch~near the Mallard Lake dome shows that the linear slowness/density
ratio -is not a correct assumption and suggests the presence of a low velocity,

partial melt or magma soutce in ‘the crust. -

’_High'precision gravity data at the microgal precision level were taken.over'the
. first-order level lines at Yellowstone as a means of later evaluating the uplift
7 -and mass transpott by gravity methods--a much cheaper but less accurate

- technique than leveling. o C 1_'A.» S
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Larry Braile
Yellowstone Snake River Plaiﬁ Session

- Seismic refraction and surface wave studies of the Snake River Plain (SRP)

. are 1nterpreted tolindlcate crustal thinning northeastward along the eastern
K Snake R1ver-Plain. The crust- thins from greater than 40 km in the western SRP |
::to less than 30 km in the eastern SRP. IPn veloc1t1es vary from 7. 9 km/sec in
;ﬂthe western SRP to 7. 6 km/sec in the eastern SR? It is suggested that the Pn
:velecity may be as low_as 7.5 km/sec under Yellowstone. Thlsvselsmlc model.ls
Acohsistehtvwith obser&ed gravity data. A statistically significant linear

"relationship between observed Pn velocities and heat flow has been demthtrated

for a large data set of continental refraction profiles. Pn velocity and heat 
flow data inferred for the Snake River Plain and the Yellowstone region. are

consistent with this empirical relationship. A general correlation exists

"'between_severalvobservations along a northeastward direction in the ‘Snake River -

'Plainf—Yellowstone-regiOn including crustal thinhing, decrease in Pn velocity‘

and uppérmost mantle density, increase in surface elevation, decrease in. the

age of silicic volcanism, decrease in Bouguer Gravity and increase in' heat flow. o



53

A deep magma body under Yellowstone: delineation using
teleseismic P-wave residuals

H. M. Iyer

It has been proposed that the. spectacular surface geothermal phenomena 1nA
Yellowstone National Park result from a large, deep-seated magma.body.  In

. this paper we attempt to delineate the shape of the magma body and determine
- the velocity structure inside it using teleselsmlc P-wave residuals. Our data

were collected using twenty—31> telemetered and three groups of portable

seismic statlons operated by the U.S. Geologlcal Survey in the Yellowstone

region. !

Two hundred and twenty-two teleseisms from three main azimuths
(approx1mately southeast, southwest and northwest) and in the distance range
20 to 95 degrees were used in the study. The spatial distribution of relative ..
residuals with respect to a reference statlon well outslde the Yellowstone
caldera, showed the following features:

(a) The delays were quite large (1 1.5 sec) within the caldera for all event

, azimuths. :

(b) The southeast events produced delays as big as 0.7 sec over a large region
to the west and northwest of the Yellowstone caldera indicating that
seismic waves travelling deep under Yellowstone caldera, Island Park and
‘the northeastern segment of the Snake Rlver plain encounter a low-ve1001ty
.body .

_(c) The northwest events produced s1m11ar large delays in a reglon to thef

. southeast of the caldera.
(d) The southwest events produced an entirely different pattern of large
, delays which was shaped 1like the caldera, but much larger in size.

Several techniques, such as, making azimuth- dlstance plots, plottlng

residual profiles across the caldera, projecting residuals on a vertlcalﬁplane

passing through the center of the caldera, and plotting anomalous ray paths,
were used to interpret the data. The results indicate the presence of a
low-ve1001ty body of horizontal dimensions almost twice as much as the caldera

-and extending to a depth of about 250 km. The P-waves velocity contrast

inside the body with respect to normal rock outside varied from about. -15% .
near the top to about -3% at a depth of 200 km. The depth to the top of the
body, inferred from other geophysical data is estimated to be about 10 km.
The results are substantiated to a depth of 100 km by three—dlmen31onal

.1nvers1on of the residual data.

In view .of the recent volcanism and the large heat output in Yellowstone
we have interpreted the low-velocity body to be composed of - partially molten
rock providing. the heat source for ‘the Yellowstone geothermal phenomea. Our'
results seem to indicate that Sublithospheric melting, rather than a deep
mantle plume is responsible for the orlgln of the -Snake River Plaln- . '
Yellowstone system. .
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_(Mb = 6.0) was within the calera, indicating that in this area, the caldera
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‘Yellowstone Session : o :
Seismicity and Preliminary Crustal. Studies .

Craig Weaver and Mitch Pitt

'Seismiéity'inlthe Yellowstone region has undergone a marked shift in-

the last four Yeérs. Prior to 1972,'seismicity in the Yellowstone region

was dominated by events in the 1957 Hebgen Lake earthquake aftershock zone,

with relativély fewer events within the Yellowstone caldera. Since 1974,

seismicity has undergonme a pronounced shift into the caldera, with a marked

decrease in events in the Hebgen Lake area. The 1975 Norris earthquake

~is cépable of supporting substantial shear_stresses@ rFollowing.thevNorris ]

earthqﬁake two parallel NW trending aftershock zones developed. One zoﬁe

éro;sed the caldera bqundary; while the second éone, offset 5 km tb fhe Swlffomi :
the:firsﬁ zone, trended 15 km into the caldera. A series.ofvmagnitude 4.0+
earthquakes occurred in 1afe 1976‘in the Mammoth—Norrié corridor. Exténsive N
earthquake swarms ﬁere récorded near Yeliowstone Lake‘and south of 01d

Faithful during 1977 and 1973.

Focal mechanisms from'tﬁe 1975 Norris earthquake sequence show normai
faulting with.the T axes oriented Nw; consistent with‘the T axis ofientation
published for events NW of the;;aldera. Coupled with fhe general agreemeﬁt~
betweeq tHe lengéh Qf the céldera earthquake zones, 8-10 kn;'and the-ﬁapped,nofmél
féultﬂsegments north of the caldera, theée observeétioné iqdicate'that fhe
regibﬁal tectoﬁic spress field is continuous acroSé the calder; boundéry. -Current
work on focai mechanisms in the lake area suggest a similér T axes oriéﬁtation.

Finally, using both a shot (funded by MIT) at the westefn edge Qf the
Park and well located earthqﬁakes recorded on a Qariety of ﬁoftablé arrays,

we have dtermined several preliminary seismic velocities within the caldera.

The surface layer has a velocity of 5.3 km/sec with a higher velocity of
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'5.9-6.0 km/sec indiéated;hear 5 km depth. A 6.3-6.4 km/sec velbcityﬁis indicated

both across the caldera and outside the caldera at a still undetermined depth.

" These velocities are in general. agreement with those found by Braile (see abstract,

this section) for the eastern Snake River Plain.



~ Bob Daniel;"Géophysics Department, Stanford University
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lntermediate‘Period Seismic Studies in Yellowstone Park, wyoﬁiﬁg

To investigate'teleseismic shear anedand.surface wave prouagatlon‘in _
the.Yellowstone,caldera, anaarray of three'3-componentkintefmedlate'perlodu
seisﬁographs was deployed in the south~central partlof the caldera.. Aﬁ,1‘
fourth station was deployed'outside the caldera to the northeast of Yellowstone_
Park as a reference’for body wave.travel tiues.‘ Eath station recorded the
low-pass filtered Outnut of short period selsmoneters on magnetic tape.

Amplitudes of teleseismic shear'naves recorded in the caldera Were:very d
similar to arriyals at the reference station, withvpredominant periOdstetween '
8 and 20 sec.: Average relative travel time residuals for shear wayes‘s}
vary from 6 1/2 sec for rays that enter the subcaldera zone from‘the northwest
and southwest at an angle of 1nc1dence i= 10 deg to approx1mate1y 4 sec for-
'rays with i=140 deg At a statlon near the southern boundary of the caldera,
reslduals were 2 to 4 seC’smaller for rays from_the southeast than for rays
from the‘northwest and southwest. This dependence ot travel time residuals
on angle of incidence is‘uot well eaplained»by a thin slow layer.

Measured surface wave phase velocities in the caldera range between

2.1 km/sec at 7 sec period to 3.2 km/sec at 23 sec. This dispersion curve

can be modeled by a shear Waye velocity profile that ranges from 2 km/sec at

,2 km depth to 3 km/sec at 20 km depth _ This shallow zone of'loW'shear'.v

veloc1t1es can account for only about 2 sec of the body wave travel t1me

residuals- the Ray1e1gh wave phase veloc1ties together w1th the shear wave’
residuals imply -an average drop in shear wave velocity of 10 to 15 percent
for ray oaths beginning at. depths of. 80 to 100 km beneath the Yellowstone

caldera.
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 David Oppenheimer

Frequency Wavenumber Analysis of Seismic Noise at the Norrls Geyser

Basin, Yellowstone National Park
In September, 1977 the USGS operated two seismic arrays within 5 km of
the Norris Geyser Basin, Yellowstone Natlonal Park Wyoming Se1sm1c noise
recorded by tne arrays was analyzed by the frequency—wavenumber teohnique'to,}
determinelthelaéimuth,and‘mode‘of ‘the seismic energy.propagatlon; For tne'Lf

shaped array con31st1ng of 31 vertical stations with: 5 meter inter-station

8pacing, no apprec1able energy was found w1th wavenumber magnitude greater than -

'5 cycles/km. For the expanded L—shaped array with 33 meter 1nter—stat10n

spac1ng, f-k analysls from 2-6 Hz revealed s1gnificant energy propagating
from the geyser basin in the form of surface waves. At frequencies higher than
6 Hz data coherence greatly drminished ' The‘presence of body wave

arrivals at low frequencies could not be established due to the resolution of

the array.
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.Fred Klein N

~ Seismicity of the Kilauea Magma System

Earthquakes have proven a useful tool in locating and following magma

through'the conduit system of Kilauea Volcano. The whole island of Hawaii is

~seismically active; but most earthquakes occur near the'active Mauna Loa and
1Kilauea'Volcanoes: on Kilauea's south flank and the Kaoiki Fault System between: -

‘the two volcanoes. Earthquakes define a vertical magmaiconduit'directly below the»l_h

S

: Kilauea summi t caldera. A narrow (1 to 2 km) condu1t is defined by earthquake 8

concentratlons at 2 4 km, 7-11 km and 13-19 km. A more diffuse earthquake v

_lzone (lO-lS km diameter) fans out to the south between 26 ‘and 35 km depth

The eruptive rift zones of Kilauea are well deflned by shallow 2-4 km depth 5
earthquakes during periods of magma intrusion from the summit storage reservoir -

below Kilauea Caldera. .Periods of summit inflation and extension are generally

- marked by high caldera siesmicity, perhaps due to keystone type faulting as the -

magma reservoir fills below. Intense earthquake swarms in the summit calderaA

or upper rift_Zones.accompahy summit]deflation.' This magma intrusion in the

~rift zones is marked by rift inflation, southward displacement’of.the sOuthvflank;.
‘or eruption. Earthquakes propaéate down the rift aoneshasdthe‘magna front
_'progresses."A‘zone of reduced‘seismicity occurs at abouth3‘km'depth'under thef
,south end of the caldera. ‘Thiskpoint is the origin of the two seismicali§ g

,defined‘rift zones and the buried inflation center derived from surface tilt.

The earthquake distribution'aione probably would not be enough to define the

‘magma reservoir, but seems to locate magma  movement within the volcano.

Kilauea is a geothermal system, but is unusual iIn that the "working fluid"

is magma 1nstead of water or steam. Earthquakes and other geophy51cal data :‘

.define the magma-movement.and hence the primary heat source.
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Elliot Endo

Focal Mechanisms of Large'Magnitude Earthquakes Associated
with a Magma Intrusion into a Rift System of Lilauea

For a well documented eruption and magma 1ntrusion into the southwest
urift system of Kilauea, earthquake focal mechanlsms suggest strike-slip

‘1fau1ting as the dominant.type of faulting associated with the intrusiontv

».prbcess. During a ten day period, extending from 4 hours after the cessatlon

-of eruptlve act1v1ty of the December 31 1974 eruptlon, 42 earthquvkes with
'body wave magnitudes ranging‘froml3.5 to-5.3 were recorded by the observatory‘
"network. Thirty two events'gave-well cdnstrained focal mechanism solutions. -
The orientation .of inferred maximum and least streSS'axes for the events were
consistent with the trend of the southwest rift zone of Kilauea. Maximum
stress axes(pressure) were oriented parallel to_the rift system and least
stress axes ( tension) were_oriented perpendiCular.to the rift. A 20 degree

mean dip for the 1east'stress axes point out the possibility of -a 70 to 80 -

fdegree dip of ‘the rift to the east. The trend of.epicenteriiocations‘and a

current understandlng of Kilauea suggest a preferred nodal plane which
strikes N171° with a d1p of 80 degrees to the east.‘ Right 1atera1 strike—slip

motion on this plane is consistent with other studies of Kilauea which 1ndicate_'

that the south flank of Kilauea is moving to the south in response to forceful .

intrusion into the rift systems.
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Hawaii

The'Kilueafcaldefa and associated east rift of ﬂéwaii, in the Hawaiian -

- Islands, is a potential or possibly a proven geothermal»fesource area.

The three necessary ingredieﬁps for a successfﬁlVgeothermal area are‘pfesent 

~on the east rift. These ingredients are the heat source, reservoir or plumbing -

.systéms and a water supply.

In particular, seismic methods in Hawaii can be used to delineate'both.

' the presence of a heat source and the plumbing. The historic seismic (earth-

quake record) and abundant eruption data in the east rift area indicates that

a plumbing system exists for molten magma to a distance of 30 km along the

-east rift. The nearly semi-decade intrusion of magma along the‘rift'SYStem '

seems ‘to provide commercial heat to the near surface. This heat intrusion is

evidenced by a demonstration of the existence of two commercial grade’ systems . .

‘i(fwo wells) on the summit of Kiluea (NSF)- and on or ﬁear the termination of

'aétivity-on the east rift near puna (HGI).

The_microéarthquake survey conducted for 10 days in the summér Qf'l975,'
near the puna diétrict by Miérogeophysics Corporétion feéulted in seve?alf _
conclusions: |

,1.'“The microearthquake levels are consistent with hiétoric levelé;.

2. Thevmicroearthquaké trends along the rift are_termiﬁated oﬁ a

geological%y mapped cross feaéure,ﬁear the site of‘thé HCI &ell;

3. .The first motion studies suggest a_normal féult:dislocation model.

1 The fault strikes are .along ﬁhe rift and fhe faultvdips’are.sbﬁth
and/or north, | | | |

This éisloéationimodel is consistent ﬁith én'eaSt fift'intgrpféfation

which includes the existence and activity of a keystone Graben structure

along the rift.
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J. W. Schlue -
RIO GRANDE RIFT SESSION
Interpretation of COCORP data taken in the Rio Grande rift indicates a high

degree of'cdmplexity in the'upper‘crust. A notable feature of the data is a

. strong reflection at a depth.of %7 sec, which corresponds .well with the 18-20
" km depth of an S-wave reflection found in the same area by Sénqud and éb4erkers '

at'New:MexiCO'Téch‘using ﬁigroearthquaké data.

Inversion of'Rayleigh wave phase and group velocities-for>paths Withih5the‘Ri§  -
Grande rift indicate crustal thicknesses of V36 km-or less with_é Pn velqcitylbf

_m7.7_km/sec.(Ke11ef et al., 1978). This indicates a thinning of the crust'uhder”,

the rift relative to both the Great Plains and the Colorado Plateau.
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Regional Seismicity of-the'Northern Rio Grande Rift
and Jemez Mountains

K. H. Olsen, Los Alamos Scientific Lab.

; The seismicity patterns in north central New Mex1co appear to be
s1gn1f1cantly 1nfluenced by the detalls of terrestrial heat flow. ngh
heat flow values (> 2.5 HFU) occur generally in a. 'band' along the western

margin of the Rio Grande rift (Reiter and co wdrkers) and specifically, higher

- values (3-5 HFU) occur in the Jemez mountains and Valles Caldera and at the

south end of the Taos plateau. The observed reg10na1 se1sm1c1ty (attached
figure) for the period from 1973 to 1978 dlsplays several features of poss1b1e
31gn1f1cance to the understanding of the regional geothermal resources:
1. Many of the more seismlcally active regions and trends are )
associated‘with tectonic features that define'the transition
zones between physiographic provinces and_subprovinces. For.. a
example, the najority.of microearthquakes'in.the'figure occur‘nheré'u
-the San Juan basin borders the southern Rockv Mountains and ?13Ql"
intermittently along the flanks of the Rio Crande rift.
2, One of the more'strihing features of the.figure is the almostA
complete aseismicity of a large area of the Valles Caldera and -
the northern portion of.the Albuquerque basin. This is the region:'
of high heat flow and in analogy with the Yellowstone and.the Long_‘
Valley-calderas, the lack of earthquakes can probably be attributed
to'theidominance of.strain release by stable sliding:atrshallow
ldepths over a deeper (cooling?) magma chamberl |
3. The most consistently'active earthquake zone:in the figure is a
_ belt-to'the northwest of Espanola N.M. An’ ana1y31s of geodetic leveling
data has revealed a zone of relative subsidence ( 5 cm in 5 years) :

about 10 km east of this belt. In analogy with a 51mi1ar uplift



feature has been hypothééized to be causéd by deflation of a magma
" body at’mid.cfustél'depths (v 20 km). 'HOWever,'becausé of the .
‘limited data noW‘available, the dépression feature could also be

explained by normal faulting.

" Focal mechanism solutions obtained from both regional_(Pﬁ) obserﬁations

and composite readings from local networks are consistent in showing a

" general east-west trend of crustal tension associated with the Rio Grande rift.
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G. R. Keller

The Dice Throw III chemical explosion, which was detonated in the northwest
portion of the White Sands Missile Range, provided a unique opportunity
to. conduct a relatively detailed seismic refraction étudy along-a profile

compietely confined to the Rio Grande Rift. The results of this study indicate

that the earth's crust is 33 km thick in the central Rio. Grande Rift

. and that the upper mantle velocity (Pn) is v7.6 km/sec. of partidular“

interest is a sttong intracrustal reflector which originates from a

‘diSCOntinuity approximately 20 km deep. Synthetic-seismogram modeiing‘suggesté '

that . the material below this discontinuity has a Poisson's ratio of at/

least.0.35, 'This result:indicates that careful waveform analysis of reflection

data may be a useful tool in geothermal exploration.
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: Septembervid,‘l9783'

New Mexico Tech .
Socorro, N.M. 87801

The folldwing reports are onkOpen File at the Geoscience Office (Room 63,
Workman Center). In addition to being available for inspection, copies can be
obtained at a cost of 6 cents per page. '

Wongw1wat,'Kra1wut (May, 1970) Gravity survey in southern end of Albuquerdue~
Belen basin, Socorro County, New Mex1co, M.S. Independent Study, NMIMT, 58 p.

Oralratmanee, Komol (May, 1972) A gravity survey in northern end of Socorro
~ basin, Rio Grande rift zone, New Mex1co, M.S. Independent Study, NMIMT,
66 p. :

.Dee, Mark (May, 1973) "A crustal and P-wave velocity s!idy of portions of SW

New Mexico and SE Arizona using open pit mining explosions, M.S. Indepen-
dent Study, NMIMT, 23 p.

Hassen-Bey, Tarek, M. (April 1974) The use of microearthquakes in mapping the
base of the low rigidity layer beneath Socorro, New Mexico, M.S. Indepen—
dent Studv, NMlMT 23 p. :

~ Sakdejayont, K. (May, 1974) A study on P01sson s ratio and Vp/Vs ratlo in the

Rio Grande rift, M.S. Independent Study, NMIMT, 28 p.

-

Sanford A. R., R. P. Mott, Jr., E. J. Rlnehart, and P. J. Shuleski (Dec., 1975)

Seismic investigation of a magma layer in the crust beneath the Rio Grande
- rift near Socorro, New Mexico, Final report to the Energy Resources Board
~State of New Mex1co, Santa Fe, 14 p.

Mott, R. P., Jr. (May, 1976) . The relatlonshlp of mlcroearthquake act1v1ty to
structural geology for the region around Socorro, New Mexico, M.S. Indepen—
dent Study, NMIMT, 64 p. : : ‘

Sanford, A. R., T. R Toppozada, R. M. Ward, and T. C.. Wallace (May, 1976) The
selsm1c1ty of New Mexico: 1962-1972. Text of paper presented to Rocky
Mountain Sectlon GSA, AJbuquerque, N.M., May 1976.

Shuleski, P. J. (Oct., 1976) Seismic fault motion and SV screening by shallow
magma bodies in the vic1n1ty of Socorro, New Mex1co, NMIMI M.S. Independent
Study, 94 p. ,

Sanford, A. R., R. P. Mott, Jr., P. J. Shuleski, E. J. Rinehart, F. J. Caravella,
and R. M. Ward (Nov., 1976) . Microearthquake investigations of magma bodies
in the vicinity of Socorro, New Mexico. Text of paper presented to National
GSA Meeting, Denver, Colo., Nov. 9, 1976. ’ : ‘

Rinehart, E. J. (Dec., 1976) The use of mlcroearthquakes to map an extensive
magma body in the Socorro, New Mex1co areay NMIMT M., S. Independenr Study,

60 p.

Caravella, F. (Dec., 1976) A study of Poisson's ratio in the upper crust of the
Socorro, New Mexico area, NMIMT M.S. Independent Study, 80 p.
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Yousef A A. (Feb., 1977) A study of time residuals in the Socorro area for

P, arrivals from mining explosions at Santa Rita, Tyrone, New Mexico and
Morenc1, Arlzona, NMIMT M.S. Independent Study, 30 p.

Shuleski, P. J., F. J. Caravella, E. J. Rinehart, A. R. Sanford, T. C. Wallace,
.R. M. ‘Ward (March, 1977) Seismic studies of shallow magma bodies beneath
the Rio Grande rift in the vieinity of Socorro, New Mexico, Text of paper
presented to South- Central Section GSA Meeting, El Paso, Texas, March 17,
1977 -8 p.

| o .
Fldher, J. A. (May, 1977) .The use of relative travel time residuals of P

phases from teleseismic events to study the crust in the Socorro, New
'Mexico area, NMIMT M.S. Independent Study, 65 p.

Sanford A. R. (July, 1977) Temperature gradient, heat-flow meesurements-in'the
" vicinity of Socorro, N.M., 1965-1968. Open File Report NMIMT Geoscience
Dept., Socorro, N.M. 19 p. ‘ '

‘Sanford, A. R. and J. Oliver (Aug., 1977) Comparison of nicroearthquake and

COCORP studies of magma bodies beneath the Rio Grande rift in' the vicinity
.of Socorro, New Mexico. Text of paper presented at the Joint General As-
semblies of the International Associations of (1) seismology and Phy31cs
of the Earth's Interior and (2) Volcanology and Chemistry. of the Earth's:
Interior in Durham, England, 9 p.

Sanford, A. R., R. P. Mott, Jr., P. J. Shuleski, E. J. Rinehart, F. J. Caravella,
R. M. ‘Ward, and T. C. Wallace (Sept., 1977) -Geophysical evidence for a
magma body in the crust in the vicinity of, Socorro,” New Mexico. "AGU Geo-
‘physical Monograph 20, pp. 385-403, reprints available.- '

Sanford; A. R., (July 1977) Seismic Investigation of a Magma Layer in the Crust
"Beneath the Rio Grande Rift near Socorro, New Mexico, Final Technical Re-
port to the National Science Foundation, Grant DES74-24187, 21 p.

Sanford, A. R.,.E. J. Rinehart, P. J. Shuleski, and J. A. Johnston (Dec. 1977)
Ev1dence flom microearthquake studies for small magma bodies in the upper
“crust of the Rio Grande Rift near Socorro, New Mexico.. Text of paper preé-
sented at the Fall Meeting of the Amerlcan Geophy31cal Unlon, ‘San Francisco,
- Dec. 5-9, 1977. 13. p. : :

Sanford, A. R., S.Sandford,F. Caravella, L. Merritt, J. Sheldon, and R. Ward
(Jan. 1978) Seismic studies of the Los Medanos area in Southeastern New
Mexico, a report to Sandia Laboratories on the seismicity of the proposed
nuclear waste disposal site in southeastern_NeW Mexico. 59 P

Schlue; J. W. (Feb. 1978) Rep01t on a Gravity Survey in the Northern Jornada
del Muerto, New Mex1co. 19 p.

Guynn, P. C. (March 1978) Spectral ena]ys1s of P-phases from Mining Explosions
recorded in the Socorro, New Mexico Area NMIMT M.S. Independent Study,

86 p.

Tang, S. (March 1978) Three dimensional crustal velocity model beneath the
Socorro, New Mexico area from inversion of relatlve travel-time residuals.

NMIMT M.S. Independent Study, 36. p.



| | S | | .70

24. ‘Johnston, James A. (May 1978) Microearthquake Frequency Attenuation of S phases

: in the Rio Grande Rift near Socorro, New Mexico. MNIMT M.S. Independent
Study, 84 p. :

25. 'Fender, John J. (Sept. 1978) A study of Pois.on's ratio in the upper crust in
the Socorro, New Mexico area, (Continuation of the Caravella (Dec. 1976)
study), NMIMT M.S. Independent Study, 75 p.
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CASCADES

Introduction: There has been little seismic work done in the Cascades for the

“purpose of defining geothermal réservqirs. An experiment at Mount Hood by,fhe
USGS and reported'on elsewhere ié the'dnly.study done specifically for.geéthermal
work.

The area consists of a_chain of recent andisitic volcanoes which dccuf in
-'response to the slowly éubducting Jaun de Fuca plate beiow North America. This
regional tectonic picture is well defined in the seismicity, gravity, and heat
flow. Thé Cascade volcanics are fairly typical of the acidic voicanism aséqciated-
with subducting plates elsewhere. Moét of the some two dozen major Qolcanic centérs
have»erupted,within the last few thousand years and almost half of them“have_had.
at least minor eruptions within the past few hundrea yéars. There are acfive thermal

areas associated with many of the volcanics though many of these areas are low temp-

erature springs.

Shért term seismicity studies of many of the volcanoes run in the late 60'5
indicated that most of the volcanoes had some earthquaké activify assoCiafed with
them. Subsequent studies on three of the nortﬁern mountains indicated a great
variability in the number of earthquakes associated with each moun;ain. Many
seiémic events previousiy'thought to be'earthquakes associatéd with the vdlcapoes
have been shownvto be.glacier related noises. Thé several vocanics studied afé:

described individually.

Mount Lassen: A small USGS seismograph network of six stations now monitors

.earthquékes in and near Lassen Volcanic National Park. The first 14 months of

recording has revealed a northwest-trending seismic zone passing through the park.

" This zone. is the resolved equivalent of a diffuse zone of historical epicénters

passing through Lassen Park and Truckee, California, and‘is pérallel to nearby

lineaments in California, Oregon, and Nevada recognized from surface géology.
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' Three dense concentrations of earthquakes correlate very closély with three

geothermal_éreas. One concentration<alsd.odtlines the north énd east sides of
the 4 km-diameter Mt. Tehama caldera. The reqeht dacite plug domes of Lassen
Peak and Chaos Crags are'neérly aseismic, however.  Several approximate focal

mechanism solutions indicate.primarily normal fauiting with east-west extension.

. Mount Shasta: There is no known seismicity associated with Mount Shasta. A

recent intense swarm of earthquakes in the area, with events up to magnitude 4,

has'beeﬁAlocated using temporary stations some 30 km to the north east of Mount

Shasta;

Mount(Hobd; A study using a.16 stafibn seismié network péerated by the USGS'
around Mount Hood is'described in detail else&here. Briefly, this §tudy deter-
mined the éeismiéity of Mount Hood to bé'very low éhd‘therélare no obvious tele-
seismic P?wave delays associated with fhe mountain.

Mount St. Helens: The seismicity of Mount St. Helens is about one'microearthQUake'

\

per day. Previous studies, like at Mount Rainier, have over estimated the micro-
earthquake rate by including glacier quakes in the counts. The very largeAand
complicated velocity contrasts high on the mountain make accurate event location

difficult.

_ Mount Baker: Like Mount Hood, Mount Baker is virtually aseismic despite the fact

there was a large increase in fumarolic activity in the spring of 1975. Heat fiux

went from about 2 meagawatts to'nearly 30 megawatts during this period. Seismic

refraction work in a fan shorting configuration using over 20 receiver sites and -

5 shot points has failed to show a travel time anomaly centered on the volcano

though there are large anomalies associated with the regional geologic strﬁcture;i

Conclusions: Seismic research directed toward geofhermal resource evaluation in the

Cascades is almost non existent.  In comparison‘tootherprospective geothermal areas
the Cascades are far behind. Those seismic techniques deemed appropriate from ex-

perience in other areas should be brought to bare on the Cascade mountain range.
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Regional Seismic Studies~Discussion Groﬁp.A

Alan V.‘Léttanner'— Chairman

CONCLUSIONS OF GROUI" .

1. Regional seismic study:

Definition}" 30 km x 30 km area, such as the Clear Lake

: volcanic drea in Northern California.

2. Térgét of regional study:

help define the seismic parameters and structural configuration of a

- magma chamber and cboling pluton.

locate areas of shallow crust such as the Battle Mountain hea; flow 

aﬁomaly.
a ; :
define the seismic properties of /caldéra by comparative studies

- locate new areas with caldera - magma - shallow crust type seismic

properties.

3. Seismic methods applicable:

a..

- Microearthquake (MEQ) studies to map Poissons ratio and aid with -

application of rock properties studies to field situatioﬁs; to locate

regions of above average microearthquake occurrence and locate active -

fault zomnes.

P and S wave delay and attenuation sfudies‘of caldera, plutohs,'KGRA's..

refraction - reflection surveys of the Snake River Plain type should be
continued in volcanic provinces; COCORP-type work should_Be encouraged
by academia requesting'industry.support.

noted that while refraction surveys show consistent structure across-

Imperial Valléy_geothermal anomalies and non-geothermal areas, reflection -

surveys show sharp attenuation.over the geothermal areas.
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Lattanner - Page 2

,5. Eqnipment:
a. regional network may be inadequare in some western US srees snen as
.'southern Oregon ana northern Cslifornia. Stndies of regional.seismicity
":éhd attenuation are useful and we eneonrage garhering data on en |
increasingly dense network of stations.
:'b, ,electronic technolog& innovation should be encouraged in the geothermal
Tfleld to. develop reliable event detectors and digital recording -
systems for 3 component stations.
5.VDOE-USGS exploration research is sometimes hidden from view by 1ack of
‘informatlon disseminatlon regardlng programs and preliminary results, wé'¢
enCOurage publication of annual programs and timely release of open file

reports.

. . . . - X
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‘Randy Keller

Discussion Group B:  Role of Seismic Methods in Regional Surveys -

'Randy Keller, Dave Butler, Ed Page, Dave Bodreé Bob Smith, Elliot Eﬁdd, Larry Ball

§
1
ot

\

Our group engaged in a wide ranging discussion in which agreement was

reached  on the following points:

1.

6.

7.

A variety of seismic methods have application in fégional studiesA

(}00 km % 100 km), and no one method seems to be universally

successful br:ﬁnsucceséful.

Al seismié methods éfe.Still‘in tﬁezresearéh stage, primarilysbecauée
the complex structures, velocity yariations,\and*atfénua£ion vériations
uéﬁally associated with high temperature.geothermal syséems hgavily,taxl
élassicél interpfetation techniques. |

It is extremely}imﬁortaﬁt to integrate as many types.of data (seiémic,
non—seismié, and,geologic) as possible in any regional s;udy.

Thin crust, anomalous crustal velocities, and low Pn velocities may

‘be regional indicators of geothermal potential, ahd it is desirable'

to have good crustal structure information at intervals no greater

than 100 km.

A knowledge of  regional seismicity pattérns in three dimensions is -

desirable as is a knowledge of regional wave_propagétion characteristics.
‘Deep crustal reflection data could be very useful in regional studies.

Large scale cooperative experiments may be the most efficient method

to generate quality regional structural data.
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Regions - Discu?sion‘croup C -

Regional Seismicity

" Two questions:
1. 1Is a définition of regional seismicity uséful invgeothermal
-exploration? o
2. Are the regional nictureé nhich are currently availnble adequate?
~To firét qnestion_— geothermal ‘systems resulf from téétonic-nrocesseé.which
act in'such a4manner‘as to cdnqgntrate heat, e.g. high level magma chambers-
and regional seismicity proQides an understanding of the tectonic framework;
‘To senond queétion —bnne always learns new information which alters the
previous picture, by doing additional studies.‘ Adeqﬁacy is relétive to objectives.:
"One can conciude that much additional work is necessar& to adequately n

understand and apply regional seismicity to geothermal exploration. In

paftidular, the spatial and temporal variations and relations of seismicity to

-geothermal systems require further effort as does the relationship of focal

"mechanisms to géothermal systems. Regionalnstatistics on processes and

properties require much additional work in order to recognize those conditions

which are truly "anomalous' -and might be related to geothermal systens,f

Wave Propagation - P delay and attenuation studies ' . o L

This application is capable of isolating upper mantle and crustal

‘anomalies \Which could be related to geothermal heat sources.

However, much work is required to increase the data base and to increase

our understanding of the relationship of anomalous areas, located by those

'

methods, to a regional framework.

Bob Crewdson

Larry Braile

Ernie Majer

Debbie Wechsler

Dave Hill '

Bob Christiansen

Alan Ramo, Group Reéporter



)

Group D - Regions.

Robert Edmiston
John Savino

B. Chouet
Steve Malone
D. Hadley

H. M. Iyer (Group Leader)
Paul Kintzinger : ‘

The discussion started with thé'question, "are regional studies important
in geothermal explofation?- If yes, how cap.wé use tﬁese effectively?".
Edmiston‘said that by‘aﬁalogy with oil exbloraﬁion Qhefe regional surveys'are
éarried out ‘only for 25000 ft; ;hiékness, geofhermal surveys -seems to cover
large areal extent and deep into mantle. It was agreed that ;he word region

in geothermal exploration context should not be large physiographic units like

Basin and Rarige but smaller units like Imperiai Valley, Battie'Moun;ain High,

Snake River Plain, etc. Seismic studies such as refraction surveys, P-delays

etc. should be definitely done in such areas with an eye to identifying smaller '

anomalies for more detailed studies. One problem in using seismic techniques to

explore small areas is our ignorance of the mechanical -properties of the system

We,are,trying to describe. For instance, are we looking for high Q or low Q;

high velocity'or low velocity? It was pointed-out that once a target looks

promising from regional surve?s seismic techniques may be useful only for a limited

extent for identifying thevtarget. However, .combined with other geophysicai and

geological techniques sucessful results may be obtained. There was considefabie
emphasis én.integrating aAvériety of seismological surveys and tﬁe Seismic results
with other geophysical éurveYS'both on a micro-scale and macro-scale. (Chouetis
experience is Kilauea Iki where even under almost laboratory qonditions itlwaS'
not possible to reconcile fesuips from individuailexperiments was discus;éd at
some léngph}) We did no; go in;o a detailed,critique,of seismological'tecﬁniduesT

It was agreed, P-delay, refraction, and microearthquake surveys are useful. .
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" Group D - Regions - Page 2

Conclusion: A variety of seismic techniques should be used to study in detail

sub-regions with a view to identifying potential geothermal zones for more de-
tailed exploration and exploitation. These studies should be integrated with

other geoﬁhysical and other studies.

-l
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" Discussion Group E--Regions

‘Our group discussed the relative effectiveness of seismic methods to- assess v
a region, defined as 100 km x 100 km. Initially, we stated our support for a
regional Pn velocity‘ﬁab oflthe western US, at a data density sufficient to
highlight a 100 km x 100 km. The correlation ' between Pn velocity and temperature,.
as outlined by Keller, supborfs the use oflatPﬁ map as a regional heat flow
map.

”Tﬁe use of seismic'methods depends upon the geology of the region--—

the Imperial Valley versus Yellowstone versus the Battle Mtn Heat flow

‘high; and the application--hot water (tensional stress) versus hot dry rock

(compresSipnal stress). TFor active techniques, a 3 km station spacing is
sufficient to provide areal coverage of At, vb, and Ve We particularly
support the further analysis of vy data. The particularly low surface mode

vs defined by Daniel at'Yellowstone is a good example.. Seismicity pattefns,

as defined by passive arrays, define geothermal provinces by delineating

tectonic features. However, except for swarms, local seismicity is not a

: hecessary'condition for geothermal prospects.

Charlie Swift (Group leader)
Pierre Goupillaud

John Costain

Tom McEvilly

Jim Albright

Fred Klein

Don Klick
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G. M. Hoover - Session F

Seismic Mefhods in Regional Surveys on a
World Wide Scale

The use of seismic methods in Regional Surveys on a world wide
scale must be considered with respect to the useful information generated
and the cost. Listed below are the methods thought to be appropriate
from thelinitial ;egional exploration stage up to_the detailed investigation

of prospects. They are approximately listed in order of increasing cost per

unit area and their stage of application in developing a prospect. Geo-'

thermal models are diverse in character-and’all geophysical and geological

data available must be utilized. There can be no cook book methodology at

this stage of the game - all évailable information must be brought to bear.

Conclusions:
1. Regional Seismic Netwbrk - size of metwork 200-500 km. '
Understand active and>inactive areas and aefine general tectonic grain
2. Teleseismic P and S-wave delays - measure velocity distribution to
define largé scaie maﬁifestations of geothermal resource.
3. Frgqueﬁcy - wave number structure of microseismic noise.
(.1-10 hz) with joint Magnetotelleric survey - 20-30 stations
with aperature 20 km.
Obtain shear wave vs depth distribution to locate 1§w rigidity
sgructures and general 1ithology and temperature distribution.
4. Refraction - Survey - 40 stations, 5 km spacing
Define deeper structures in specific areas to better define heat source.
5. Deep Reflection —.CQCORP‘

Supplement understanding of deep heat source.
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Art Lange

The regional geophysical survey is one of the most valuable functions of
government and universities in geothermal exploration. Three reasons are as follows:
1. Geothermal areas are anomalous with respect to the surrounding terrain;

2. Regional stress and faulting patterns are closely related to geothérmal

rphenomena;

3. Heat sources tend to exhibit anomalous seismié~and other properties, whose
discovery_may lead to over-or outlying geothermal reservoirs. |

Regional seismic surveys can contribute to resdlving the different pdssibilities
of heat=source models; for example,

i', zones of spreading and crustal thinning,

2. mantle plumes,

3. \cooling plutons,

4, pefched bodies of magma or still-cooling rock within the crust,
5. Non;igneous heat concentrations; such,aé,
a. thermal‘conductivity'contrasts;
b. Déeply circulating waters,
- ¢. Radiogenic heat.
Some discussion ensued on whether or not these crustal/mantle features mighﬁ be
better viewed.in terms of isotherm perturbations. -
Seismic toolsof especial value in identifying and mapping heat sources are:
1. P- and S-wave travel time analysis |
2. Attenuation studies 6f the same,
3. Frequency diétributioﬁ of P-.and S—- wave trains,
4. Distribution of microearthquakes,

5. Refraction profiles,.

6. Deep reflection profiles,
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Téléseiéms, regioﬁal and local earthduakés,micrOearthquakes; mining, con-
struction and nuclear blasts may serve as sources for passive seismic surveys.

Ambigutiés in the interpretation of seismic results must be résolved by

other tools; ég., MT and deep EM sounding, geomagnetic observations, geologic
mapping apd age dating, and Qf course, heat flow analysis. Seismic'éurveyé, in

turn, may be applied as a confirmative method following the other disciplines.
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PROSPECT SEISMIC STUDIES

’
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Ernie Majer
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o SEISMIC REFLECTION INVESTIGATIONS IN THE
CASTLE ROCK SPRINGS - GEYSERS GEOTHERMAL AREA CALIFORNIA

'.Roger-P}‘DenIihger and Robert L.;Kévaéh,
Department of Geophysics

Stanford University
“Stanford, CA 94305

A Vibroseis survey was carried out in the Castle Rock Springs-Geysers geo-

"Athermai‘areafin:nqrthern California. The purposeICf the survey was to asseéss

“the féasibility of using modern seismic'reflection.techhi@ugs to detect the

pervasively fractured zones of the subsurface from which steam is. produced in h

,this area. Twelve foId.covérage'was obtained and both floating point (relative

'Iamplitude)'énd fixed poiﬁt (equaIized amplitude) sections were produced. Despite

the geblogic cdmplexity inherent in the Franciscan formation reasonably good

signal Quality was obtained. The velocity resolution was'somewhat limited, how-

vJever;-by the.felatively short cable lengths uséd and the presence. of high velocity

material in the nearTsurface; Surface geology and subsurface lithologic data

available from producing steam wélls located along the seismic profiles indicated

a layered thrust‘platé_structuré. The inferred depths to the reflecting horizons

correspond wéll to therdépths of shear zones observed in the producinngélls.
" These shear zones occur. at the base of the'thrust plates, and although laterally

'continuous; vary in thickness and degree of ffaéturing, ‘Amplitﬁde anomalies

were also_observed which qorrélaﬂed well with the known locatiOnsvof‘fracture

. systems and steam zones in the producing wells.

Steam entries in wells'drilled in the Castle Rock Springs-Geysers area

-are always found at fault contacts - in fracture systems within graywacke or in

fault bdunded-greenstone.and/dr black shale slivers within graywackeifound in

the Franciséan assemblage. The seismic results demonstrate. that seismic reflection

tedhniqués'hoid promise as an exploration tdol'for geothermal tafgets, o
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THE GEYSERS

Seismological data avaiiable on TﬁgaGéfsers épmpfise a‘&idéQranging set, from
regional P—delay,véttenuation, aﬁd seismicity studiés to fine—scaie investigation
of the source paramétérs within the fieid, and a reflective profile in thé gehéral
field aréa. While we have adﬁitted.the'extremélvafiaBility‘in geothermal reservoif
charactetistic, the Geysers data prbVidefPErhaps thé:mést complete set whiéh approx-—
imates, after the fact; an explanatioﬁ'progfam from regional to detailed emphasisp
»Tﬁe presentations are ordered generally with increésing resolution.. Results pbint
to é'btoad‘regionél anamoly @f'low‘P—wéve velocity and low-Q centérédvon the graVity
léw presumébly assbciatedv&ith the deep mégnetic heat'éource, and a local high-
Velocity,'higth, high-seismicity anomaly»coinciéentvwith the production éone._

The local anomalies may be associated with production of the field.
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THE VR.EG.'IONAL' SETTING OF THE GEYSERS -

- Geysers - A

Production of dry steam is from a fractured grayWacke reservoir at about

- 240°C, 20-40 bars_pressﬁre; with mass flow rates of‘50—300,000 1b/hr. - The fields
‘are within the Lafe Mesozoic Franciscian'Formation éomposing the southeast plunging

‘Maacamas antiform, which is in fault contact with the Late Mesozoic‘Gfeat Valley

Sequence ‘to the northeast and southwest. These subduction zone-island arc type

rocks are overlain by two piles of Pliocene-Pleistocene non-basaltic volcanic rocks.

_Normal‘andvstrike—slip motion earthquakes occur in the producing areas and along

the major San Andreas system and related faults. GraVity lows over Mt. Hannah and
the steam field suggest the presenceé of a magmatic heat source heating an under-
recharged boiling brine which uhderlies a fractured reservoir with steam-dominated

ﬁorosity. Temperature gradiénts decrease rapidly away from the production areas in

.conduction~dominated rocks. . Resistivity, geochemical and hydrologic data suggest

that resérvoirS'northeast of the Collayomi Fault will be hot-water dominated.
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SEISMICITY OF THE GEYSERS-CLEAR LAKE REGION. -

Geysers - B

'Microéarthquake"activify“in The GeySers—Cléar Lake regionfhés been monitored

' continuously?since‘1975.”.The seismogenic zone across the geothermal area and

gravity.lbw is relatively‘shéllow; earthquake focal depths are generally‘les54thaﬁ

S‘km.‘ The:ébsencé'of deeper,earthquékes is Consistént with the hypothesis of

elevated temperatures associated with a magma body at depth. Present tectonic
stress orientation, deduced’ from P-wave first motions, indicates maximum compression

at N 30° E and minimum compression at N 60° W over most of the region. This stress

*

'orientétion is rotated 30é clockwise from that producing maximum right lateral sheaf_

on faults subparallel to the San Andréas, possibly accounting for the diffuse pattern

of‘epicenters in the regions. Most fault-plane solutions suggest right lateral strike-

'slip motion on short, possibly enechélon'faults tfendihg more northerly than the

geoiogiéally weii—defined Maacama and Collayomi Systéms. Most of the earthquakes

in the geothermal region occutr in two clusters at The Geysers development area.

'Earthquakes in the steam productioh area and in the surrounding regiod are charac-—

terized by high b values corresponding to an unusually large increase in number of
earthquakes with decreasing‘magnitudé. The present seismicity at The Geysefs'is
essentially COntinuoﬁs, in contrast to the episodic nature of earthquake activity

in the surrounding region.' The spatial distribdtion'of earthquakes with regard to

" the producing steam field and the continuous nature of seismicity at The Geysers

strongly suggests that much of the earthquake activity is induced. Since September,
1977, the pattern of faulting‘at The Geysers has changed~from.predominantly strike-

slip to'predominéntly.ﬁormalvfaulting, indicating a decrease in northeasterly tec-

.tonic compression. .
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Chi Yuh Young'and.Ronald W. Ward;

H{TELE.SE:ISM‘IC TFWAVE' ATTENUATION AT THE
oEYsERs-CLtAR 'TTAI_(TII‘::I;IE}GION‘_(JALTFCV)RNIA . |
During July and September, 1976 the:ﬁfié::GeOloéical;Suryey deployed'an
array of 14 portable short—period seismographs along a line trending roughly Nw- -

SE between Clear Lake and The Geysers KGRA California The‘array was deployed,to

,study the traveltime delays of teleseismic P—waves assoc1ated w1th magma or par—_

tially molten zones beneath the geothermal'systems. Such'zones are expected to

produce pronounced seismic wave attenuation as well.

:The_T—wavesvof'a total of 22‘teleseismic eventsvwere'reCOrded, which were
suitable for'attenuation'analysis The-events were digitized and spectrally analyzed
u51ng both perlodogram and Max1mum Entropy Method (MEM) technlques w1th a final pre-

diction error'crlteria. The seismograms of these events recorded above the source

_ of the geothermal:anomaly exhibited both a significant-drop,in amplitude as well as

wave form broadening,

The ‘location and extent of the zones_of'high attenuation were qualitatiyely

inferred from the lateral variation of the frequency of the peak in thevpower

-density specttum. The reduced Spectrallratio technique was applied to determine

the differential attenuation.factor, St*, quantitatively, assuming that Q is in-

dependent'of’frequency; TThe maximum value of §t#* iS‘about‘O;Z second, which

' roughly correSponds to a_lQ km thick zone with Q equal to 25 embedded in a high

Q medium. The lateral variation of Gt* was used to infer the,Q structure in the

'frequency range 0.25 —‘2.5 Hz. assuming that the teleseismic wave propagating to

’ each station is 1dent1ca1 when it enters the bottom of the crust—upper mantle model

‘The average effect,of sedlmentary'layers, crustal reverberation, and frequency

- dependent on the_frequency spectrum of.the waves‘focusing'are‘assumed small compared

to -the effect of attenuation when a large'number of'events'are used at‘a_variety of
azimuths and-distances. The zone of high attenuation determined in this study is
broad and shallow extending from The Geysers steam field an undertermlned distance

toward the NE w1th a w1dth of 15 km The zone of_high attenuation deepens toward



~ Mt. Konoéti (NW) betweenbstétions CLO7 and CLO8. The zone of high attenuation

Chi Yuh Young and Ronald W. Ward - Page 2 , .
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toward the SE near station CLO5 is'unekpiainéd. ‘The .thickest part of the high

‘attenuation zone is probébly located éhallow beneath staﬁion CLO6 (Mt. .Hannah)

and a-Vapor dominated anomaly at station CL12, where the zone of high attenuation

is very clbse_to»the surface. This anomaly extends sodthwésterly toward The

.Geysérs steam field, which is associated with the vabor_dominated hydrothermal

reservoirs infefred'from other geophysical éurveys. In a future study quantita-

tive Q model will be obtained using»a generalized iﬁversion algorithm.
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TELESEISMIC P-DELAYS AT THE GEYSERS GEOTHERMAL

AREA, CALIFORNIA

Gezéers - D

Teleseiéms fecbrded b&,the USGS»seismic network in Thé Geysers gebthermal.
area from 1975 tov19771weré anai?zéd fof P—wave_deiays,‘ The 48 teleseisms
pbée:ved'wefe gfoupedAinto.three‘azimuths, ﬁorthwest, séutﬁweét,_and south- .
east. ¢Significaﬁt*wévefofm chénge was ébserveé'for feieéeisms recorded in
the Viéinity éf‘The GeySers prédﬁqtion area'and‘Mt._Hénnah. Fof teleseisms:
'ar%iving from the southwest, a genéral delay‘field bf 0.5 sec was found to extend
over é large area‘squth of Clear Lake inciuding the production zone, Mt. Hannah,
and,Mﬁ. andcti. Two distinct ﬁeaks éf 1.0 aﬁa i.S sec in the delay field were
observed.néar.the-producinn zone and Mf. Hanﬁah, réspeétively.‘ The relative
delay patterns for teleseisms feéorded from the northwest and southeast azimuths-

were diminished in both magnitude and extent with respect to those from the south-

" west. Fufthermoré, only one peak in the delay pattern with magnitude equal to

apprdximately i.O éec wés observed:in the teleséismicudelay fields for both the
sbufheast and northwest aéimuths. |

| Simpie modélingbté dete;mipe the length of the raypath neceésary to account
for the observéd deléys for ?ays traveling thfough a body with a given percent
velocity deprease relative to fhe regidnél velocity was performgd to give an
4indication of the size and_depth_of the anomalbus body. ‘The small‘sbapial'extent
of the qbsgrvéd relative resi&ﬁals requires the.depth of the body to-be limifed
td‘approkimatelf 25-30 km with a 25% yelocity decrease beneath Mt. Hannah and the

production zone. The lateral extent of the body is approximately bounded by the

0.5 séc relati?e delay contour and suggests-a dépth of about 10-15 km with a 15%

velocity}déérease. The large delays observed near the production zone may be

associated with the highly fractured, dry-steam reservoir, while the delays

-_asédciéted with Mt. Hannah may bée associated with a partially molten body.
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AN INTEGRATED FINE-SCALE SEISMIC
. STUDY AT THE GEYSERS |

Geysers - E

- Studies with a 12-station network at 0.5 km spacing in The Geysersvsteam
field reveal significant velocity ‘and attenuation anomalies associated with the

productidn zone. -V /VS data from Wadéti diagrams indicate lower Poisson's Ratios

' in the field than in surrounding areas. P-wave velocity and attenuation data
‘indicate a shallow high velocityf-‘high Q zone, (1-2 km) overlying a lower veloc-

Sity - lowef{Q region. Fault plane solutions are largely consistent with right

lateral sfrike—slip movement and NE-SW compression. Microearthquake spatial

 distribution and source parameters from P- and S-wave spectral characteristics

suggest a close félationship.tq the high gradients in pressure and temperature

bounding'the steam.réservoir; A b-value of 1.1 # 0.1 is possibly slightly anam-

- dué'compared to the 0.83+0.04 regional value, but b-~values depend critically on

the magnitude scale utilized. . Although additional data are required, the micro-

- earthquake activity seems closely associated with steam‘production, and should

prove.useful in mohifofing'field dynamics during development.
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EAST MESA SESSION: JohnASavino, Chairperson

Combined use of P and SH Seismic Waves in Geothermal Reservoir
Characterization of Eadst Mesa .

Pierre L. Goupillaud

This is a brief descfipfion of a.seismic_reflectibn 3qrvey'condqbted in
December 1976 over‘the East'Mesa Resérvoirﬁ The project was funded by ERDA.

Tﬁo éreWs parficibated in.thé test: a ﬁestern'Geophysicai Compény party
ﬁith fouf vibratérsband 48 channel digital data aéquisition system'énd é

skeletal Continental 011.Compény-shear wave expérimental crew with two shear

© wave vibrators, contributed at no cost to the project.

- Two lines were shot in both P and SH while a total of three 1ihes_were'shot
in P. The P-data was very good while the SH-data proved more difficult to use.
The shear data was only‘20 fold while the P-data was 24-fold, which may explain

part of the difference in quality. However, using the P-velocities and

_ reasonable values for the VP/V‘ ratio it was found‘pbssible to enhance the shear

S

data sufficiently that ' a good correlation between the two depth sections was .

"oBtained. Estimates of the VP/VS ratio along the section and its evolution with

.depﬁh were also produced.

Using true amplitﬁde sections,-the P data showed good reflections, somewhat
intermittenf which we intefprét_és refleéting 1i£h610gicallchanges and ancient
fluid circulation and cementation. Also thé quality of the data appears to Be .
an important and Valugblé criterion fdr?fegervoir characgerization.

" The cénclusions.and recomﬁen&ations resul;ing from the test are as follows:

:l. The sgismic.reflec£ion metﬁod is a ﬁery valuable tool for | |

.characte;izing géothermal reservoirs of the type found in the
Impérial Valle&. |

'2."WhiielP-data.ié'certainly the preferred mode, more‘experience with the

combinéd use éf P and SH waves:mayIprpvide-édditional lithological

information of great. importarice.
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3. This test is.of alpreliminary natufé and has demonstrétéd that equipment
aﬁd.technidueé dg&ei;ped.for 0il exploratiqn can prodﬁée résults..
AHdwever, tébls specificaily désigned for the Imperial Valley conditions
'and:fot thé relatively shallow taréets of geothermal1exploration‘should
prdve'much supérior,f

Ourvrecbmmendatioﬁs‘are»to-éonduct more testsxof fhis nature in order to

accumulate enough experience to .make the improvements in performance needed to

render the seismic method more cost effective. Also, consider designing and

building a éombiﬁed P and SH sourée specifically aimed at the inVestigation

of the_Imperial,Vélley,>the largest geothérmal‘area in the U.S.
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Tom McEvilly)andvB;_theéhter
'“.East‘Mesé .

i_Network AnalysiS‘

In 18 months of monitoring the U. S. Bureau of Reclamation 6-station network

at East Mesa, no earthquakes have been detected at an estimated threshold of

v

magnitude around 1.0. Ther is some.indication‘of-incréased attenuation of S-waves

ffrbm\regiénal eaithqqakes_passing through the SW portion of the network.
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H M. Iyer

" Search for Ceothermal Seismic.Noise inAthe East Mesa Area,

_ Imperial Valley, California

A seismic noise experiment was conducted in the East Mesa area of

impériai Valley, California, by the U. S. Geological Survey (USGS) in May

-, 1972, :Thefe.is'é pronounced heat flow anomaly over the area, and between July

1972 and the present five deep test ﬁellsAhave been drilled over the anomaly

by the U. S. Bureau of Reclamation (U. S. Bureau of Reclamation, 1974). At

the time of our survey, we were aware of results from a preliminary seismic

' noise survey in East Mesa by Teledyne:Geotech (Douze and Sorrells, 1972).

A detailed noise survey was conducted by Teledyne Geotech soon after our
experiment (Ceothermal Staff of Teledyne Geotech, 1972). Both the Teledyne

.Geotech surveys‘show noise levels (in the 3.0 to 5.0 hz band) 12-18 db higher

over the area where the thermal gradients and heat flow reach maximum values

than in. the surroundings. Our results;_on_'the other hand,'show that the seismic
noise field in the area iS'dominéted_by cultural noise, and it is impossible

to see a noise anomaly that can be related to.the,géothermal phenomena in East

'Mesa. We think that it is important to take into account this disagreement

between the two.results in order to make a critical evaluation of the utility -

- of seismic noise as a geothermal prospecting tool. The'ﬁurpose of this note

is to put our findings on record.
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Ground Noise”Meaéurements Near the Watsch Front, Utah

David Butler

The two accompanying papers are an excellent description of the results

" of state-of-the art ground noise measurements.  The results are contradictory.

However, two other papers given at the sessioﬁ, one by Swift and one by McEvilly,

indicated results which cannot be described as an unqualified success. The

‘interference of surface waves create a formidible signal-to-noise problem

which cannot be overcome without high precision data. At this date, pessimism

. about’the'data and the modes of propagation of the energy have preﬁeﬁted

consideraion of mor; fﬁndamental qﬁestions about mbdelé, occufrenées, and
detectibility of commercial reservoirs at the surface. Such research, if
favorable, might encourage an?upgrading of“both fieid techhiques and érocessing
manipuiationé.

One definite result of the conference was that single-station Fourier-

-transform methods were not found to give useful or reliable results.’

To resolve the controversy outlined in the two accompanying'papers, publication
of comprehensive descriptions of the experiments should be éncouraged} Any
other experiments that have beén done should be correspondingly publicized

to aid in the evaluation -of this method.
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Ed Page )

,A'Mapping Ground NoiééfUéing Seismic Arrays

Seismic activity mapping_df a 4 x 4 mile region. of both Roosevelt Hot Springs

and Cove Fort were computed from ground noise data recorded using arrays of

geophones..

The mapped fegion in the RQOSeﬁelt area was in the ﬁicinit& of Bié Cedar
Coye. For.this éurvey, four‘a}rays, consisting of five geophones spaéed at
100.ft were used; The afray processing allows one ﬁo look at specific logations

within this region and determine whether emissions originated from a given

- location. This determination was based on the magnitude of interarray correlations
corresponding. to the set of time delays expected for this»lobation. These time

. délays'were estimated from a body wave half space velocity model.

Three wells capable of production were located in the northeast corner

of. the mapped region. The important result was that each of the four arrays,

spaced over a mile apart and recorded on different days, detected strong

emissions from the northeast corner. Over 20 minutes of ground noise -data’

‘v recofded during quiet periods of the night were processed for thesé results.

In andlyzing these results one needs to establish that the correlation.

- levels corresponding to source detection are statistically significant and

that the results originate from body wave emission and not spatially

_aliased surface waves. To establish the significance we computed a statistical
. background distribution of correlation levels by randomizing the Fourier

. phases of the data, such that the frequency content was unchanged, but the

waveforms or the different channels should not correlate. This data was'then

' processed to compute seismic activity maps in the identical manner the data

was processed, from which a statistical distribution of the baékground'
correlation lévels was obtained. This typically showed a maximum background

correlation of v ,008 compared with N .1 associated with dominant ground
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noise source features observed.

Evidence that we are truly detecting,sourqés of deep body wave emissions

and not observing effects of surface wave aliasing is present in these results.

This stems from the fact that apparent source. location originéting from the

aliasing effect is very dependent on array geometry. Since the array geometry

significantly differs for the arrays used in this survey, it is extremely

unlikely that four arrays would see emissions from the same source location,

if surface_waves were the dominant contributor.
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Roosevelt Hot Springs and COve'Forthoise Studies
'S. Lasater and E,iDoﬁze?
Two studies were conducted using 6-element seismic arrays with.
. : R ) : . : 4 i '
interelement épacingé of 50 to 100 m,iat»RooseVelt«Hot Springs and Cove

Fort. The objective of the study was to determine the types of waves

prgsent in.the.background‘noise; The analjsis technique used was usually

‘the computation of frequency—WaVe number spectra, although a time-domain

method based on beam-steering was sometimes employed. In both cases the

_1va1idity of peaks in the Waﬁenumber space was determined using Fisher

éta;istics.
At Roosevelt Springé‘one_array was located dirgctly'above the

geothermal reéerVoiravwith theAhope of.finding_bbdy waves from the reservoir
at high ﬁhase velocities in the wavenumber spedtra. However, a detailed
study éf the wé?enumber plots showed no higb—&eiocity enéréy that coﬁl&‘be
tbﬁneéted with-fhe résefvoir; The waves appear to be low-velocity Rayléigh
waves from.all'dixectiéns. Only one array, in the Mineral Mountains, shoﬁed
the presence.  of waves ét high velocities appropriate to body waves. However, -
the direcfion of approach Qas N‘30 E, not the.diréctién'from the'geofhermal
feServoirs to the afray.

The'résults of array analyses at vae Fort were similar to those obtained

in the valley at Roosevelt Hot Springs. The noise appéars tdlconsist of

'surface waves, no statistically sigﬁifigaﬁt peaks appear in thé-frequency—

wavenumber at body wave velocities.



GRASS VALLEY

Ernie Majer (Seésion L
Tom McEvilly
Charlie Swift

eader)
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-E. 'Majer o Passive and Active Selsmologlcal Studies at

Grass Valley, Nevada

Coﬁcentrated observations in Grass Valley around Leach Hot Springs
revealed moderate microearthqdake activity on a trend crossihg the southern

end bf the valley, with occasional swarms in the area of high heat flow

' (4-6 hfu) at the north ‘end of the 1915 Pleasant Valley earthquake (mag = 7.5)

fault trace.‘ In the context of Ba31n and Range tectonics and se1sm101ty, the

- Grass Valley microearthquakes are not anomalous in spatial or temporal

occurrence, Studies of source properties obtained from P-wave spectral
characteristics are inconclusive in so far as defining a unique geothermal

earthquake. Refraction and reflection studies indicate normal'faulting; with

inajor faults bounding the valley and controlling spring activity. Heat flow

models indicate small anomalies (3—5 hfu) may be conductive rather than

- convective in origin; controlled by basement topography. Fluid flow is

required to .account for ' the heat flow anomaly associated with Leach Hot Springs
and that in the‘southern part of Grass Valley. Modeling also revealed that
shallow (2-~3 km), moderate temperature (200°C) hot water reservoirs can be

present without large surface heat flow anomalies (7-8 hfu).



109

»TOm.McEvilly: , Noise Studies af.Grass Valley

Frequency—anenumbef (f-k) spectra of seismic noiée in the bands

1 < f < 10 Hz in frequency and |EJ < 35.7 cycles/km in wavenumber, measqred'

at several pléées in Grass Valley, Nevada, exhibit numerous features which

can be correlated with variations in surface geology and sources associated

With'hot spring activity. Exploration techniques for geothermal reservoirs, .
based upon the spatial distribution of the amplitude and~freq0ency~charécteristics

of short-period seismic noise, are applied and evaluated in a field program at

a potential geothermal, area in Grass Valley, Nevada. A detailed investigation‘

~of the spatial and temporal characteristics of the noise field was made to

guide subsequent data acquisition aﬁd'proCessing. Contour maps of normalized

noise-level derived from carefully sampled data are dominated by the hot spring

noise source and.thé»génerélly high noise levels outlining the regions of thick

alluvium. Majéx faults are evident when they produce a shallow lateral contrast

in rock properties. - Conventional seismic noise mapping techniques cannot

differentiate noise anomalies due to buried seismic sources from those due to

_'shéllowAgeological effects. The noise radiating from a deep resefvoir‘ought‘

" to be evident as body waves of high phase velocity with time-invariant source

azimuth. A small two-dimensional array was placed at 16 locations in the

region to map propagation parameters. The f-k spéctra reveals local shallow

sourcés, but no evidence for a significant body Wévé component in the noise

field was found. With proper data sampling;‘array processing provides a pOWérful
‘me thod er‘mapping the horizontal component of the vector phasevveldcitf of
the'ngise field. This information, as well as the accuraté velocity structure,
wiil enable us to carry out seismic rayvtfacihg>and éventuélly to locaté the
source region of radiating ﬁiérgseisms. Iﬂ Gfass Valley, and probably in mﬁst

areas, teh 2-10 Hz microseismic: field is predominantly fundamental modé_Rayleigh-

. waves cbhtrolled by the very shallow structure,



Charlie Swift
Noise Studies around Beowawe Hot Springs, Nevada

A site specific noise study in the Beowawe, Nevada Region, by Chevion

to determine  plumbing éharacteristics of the hYdrothermal system revealed

- ‘noise propagation from inconsistent directions. An additional noise study

using an-"x"'array with geophone spacing of 10 meters and width of‘300 meters

was deployed in the center of the valley toiresolve the direction and source

of the noise.A'
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Coso Hot Springs, California, KGRA
GeoldgiC’Setting"

Ron Ward

fbe Coso Hot Sﬁrings, California KCRA,.éituétéd in Souﬁhern California has

; been selectéd by the U. S. Geologicai Survey and tHe Départmént of Energy.as
one of the primary sites for geothermal exploration case.studies. The Coso
Geothermal Area is located at thé.western margin of the Basin and Rangevphyéio-
graphic province (Fig. 1). Tﬁe bésément rocks of thelCoso Geothermal Area
chﬁsist of Mesozoic granitic and metamorphic dnits whiéh afe similar to that of
"the Sierra Nevada:bloéks., The area is overlain by upper Cenbzoic Qolcanic

' rocké.' Thé scéttered smail basins are’filled with Quafernary alluvical
deposités.' To the west, it is béundéd by the vertical dipping Sierra Nevada
frontal féqlt zones. At the east, typicél Basin and‘Ranée'normal faul£s separate

' fhe Coso Range'ffpm the Argus Range, and an extension of west to northwest
trehding.strike slip faults mapped in the éouthern Argus Raqge appears to .truncate
thé Coso Range oﬁ the south, The northern boﬁndéry is a'st%uctu?al-warp towards
Oweﬁé Lake. | | |

Unliké other elongated‘ranges_in tﬁe Basin and Raqge; thé Coso Range is

almést a circular uplift. Duffield kl975) mapped an oval-shaped zone of late
‘Cenozoic ring faulting encompassed the.area that. measures about 40 km east to
west and“45vkm north to southv(Fig. . A large po?tion of the area was
covered.by Cenozoic volcanic rqéks. The K-Ar age determined by Lanphere and
others (i975)<showedithat the ages of tﬁe rhyblitic volcanism is in the range
of';9 million to 4 thousand years. The basaltic and rhyolitic flows are over-

lapped in ages,'which might indicate a different magma source,
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The extrusions and surface geothermal manifestétion appear to be .controlled

by the fracture systems (Koenig and others, 1971). There are two major

steeply dipping normal fault systems across the area. One is north to north-

east tyending'active normal faults that border the eastérn.Scarps
of the'Sierra.Névada Mountaiqé.- The other is northwest trending fault systems.
Recent. studies 6f the séiémicity (Weaver and.Hili,.1977) suggests a.right
latérgi s;rikefslip focal mechénisms. This system is'ingerrupted and offset
by #he north- and northeastitrénding normal‘faults.

vThe fault zones cbmbiﬁed with the ring structure and the associated‘
young volcanié.activities‘giVes us a genefél impression of a caldera-like
stfucture. That is, the Céso Geothermal Area was undergoing uplift and
fracturé éccompaﬁied by largevamount extrusions and sugficial subsidence. The
field relations suggests.tﬂat thereAméy have been there a large magma chamber
existing beneath the area (Duffield, 1975) at sometime in the past which is
deflatéd_today. Teleseismié P-wave travél delays and attenuation support

the possible existence of a small shallow magma chamber between Volcano Peak

on the south and Coso.Hot_Springs area on the north.
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Coso Session

Coso‘SeismigitY'and‘Refraction

Cfaig Weaver

The U. S. Geological Sufvey has operated a l6-station seismic network

~since 1975 in;thé_Coso Range. Station spacing avearges 5 km in the rhyolite

dome field; giving excellent control on earthquake hypocenters. A 45 km

long refraction line, running northeast across the rhyolite domes, shows

' a simple, well defined layered velocity structuré, refiecting theﬁhomo—

geneous nature of the granitic_basement.. A sﬁallow nearAsurface layer (depth
lesé‘thanAl'km) is Qnderlain by a 5.5 km/Seé leyar down to 2.5 km. A
&elociéy of 6.0 km/séc is Séen below 2.5 km.

For the two year period from'September 1975 through October 1977, some

4,000 earthquakes have_been located in the Coso Range. Magnitudes for the

located earthquakes range from 0.5 to 3.9. The seismicity defines a .

conjugate strike-slip system with NW right lateral trends and NE left lateral

trends. These strike-slip zones are offset at the rhyolite dome field, where

)
1

seismicity trends changeé orientation to parallel the dome field; . Focal

mechanisms in the doﬁe_field show predominately normal faulting with north~ '

‘wouth fault planes. Earthquake swarms, limited both spacially and temporally,
 are peridically recorded in the rhyolife dome .field. Earthquakes in the

‘dome field do not appear to be shallower than alongbthe strike~glip zones.

_From the fault plane solutions, the inferred direction of the maximum
compressive stress is nearly north-south along the strike-slip zones, and
vertical in the dome field. The maximum compressive stress direction is

east-west throughout the Coso Range. Thus, the seismicity_in the Coso Range

defined the tectonic stress geometry of a continental crustal spreading center.

The young rhyolites are injected in thé direction of  the maXimum'regional

_compressive stress (north~south) with crustal. spreading to accomodate the

volcanism in an east-west direction.
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Paul- Reasenberg = -

"Teleselsmlc P—wave Delays .at the Coso
Geothermal Area

The U.S. Geological Survey has operated a l6—station”telemetered seismic

network at the Coso Mountalns region since. September, 1975 During ‘May - June,

:1977 ,a 25-station portable network (Centipede) was also operated in the same

area.  One-hundred-thirty-seven teleseisms recorded by these networks were timed

for the l-second period P wave arrival. From these data relative residuals

Qere compdted and averaged at each statioh over‘events from each azimuthal
quadrant (NW, NE, SE,}SW)}‘.A consistent pattern ls seen in the contoured
residdal'delays.: For eyenté froﬁ each azimuthal quadrant, an area of delay
(approximately 0.2 sec = 0.04 sec) appeara as a-shadow with reépect to a central

location near Coso Hot Springs and Devil's Kitchén. This delay zone remains

"2 to 5 km down range of the central location, moving with changing event

.

azimuth. An attempt was made to interpret the delays by assigning a low
veloc1ty segment to each ray path of length proportlonal to the magnltude of
its re81dual delay, thereby modelllng a data-consistant low veloc1ty body

(Iyer s method). The result indicated a low Velocity body located below

 Coso Hot Springs and Devil's Kitchen. The size, depth and percent velocity

~decrease were not uniquely determined. Application of the generalized block

inversion (Aki's method) to the same data also indicates a low velocity body
located below.Devil's Kitchen. Preliminary results indicate the depth of
body to be in the 5 ‘to 20 km range, lateral size of the body:to be 5 to 10 km,

and velocity to be approximately 5 percent less than»éurrounding rock. The

- location of this low velocity zomne coincides closely with the locations of

high heat flow (Combs), high ground noise (Teledyne Geotech), and surface

.. manifestations of hydrothermal activity.
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VC. Y._Youﬁg and R. W. . Ward
Attenuation of Teleseismic P-waves in CosovKGRA, California

Thé differential attenuation factof; dt*, is obtained using reduced
spectral ratio techﬁiqﬁe. About 50. events were analyzed for sixteen USCS
“stations Covered the Coso KGRA. The ﬁaximum vélue ofvét* is 0.1 sec, which
reveals thaf the attenuation effect in the Coso KGRA-is smaller than.o;her
‘ééothérmal areas such as Geysers (maximum &t* > 0.2 sec). The surface
distributioh of the. §t* showed tHatﬂshéllow higher attenuation zones exist b
beneath Devil's Kitchen'ana southeéét of the Coso KGRA.

_The linealized iﬁ;ersion of the 6t* déta from 5 sfations on é NW - SE line
across bevi1's Kitchen aﬁd Cqso-Hqt Spring areas geﬁerated‘Z—dimensional
L3.and 4-layer discret Q moéels. Shallow high,éttenuation:zone (Q < 50) is
foﬁﬁd‘beneath_Devil's‘Kitchen'ared, this may be directly related fo'tﬁe éurface
geothermal acﬁivity. Shallow hiéh‘atténuation zone to.the‘soufheast may Be
relaped t§ the surfaée geblogy. Anbther high éttenuatidn zone was found at
dépth greater fhén 20 km beloW-stafioh BCH. It is poésible that small pércent

of partial melting exists in this zone.
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Dave Hil_l (Session Leader)
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. 5Loﬁg Valley:
Results from the Séismic éxpefiments preformed by thé US Geological
Survey in Long Valley, Californié, during 1972—73lwere reviewed as one example
for the session on PrdspECt'SQismic Studies. Details of this work are fully

desgribed‘in the following papers: i

‘ Hill, D. P., 1976; Stfuctﬁre of tqng Valley caldera, California,

from a seishic refraétion experimént J. Geophys‘ Res., 81 745-~763.

' Iyer, H. M. and T Hitchcock 1976 Selsmlc noise surveys in Long. Valley,

. california,. J. Gepphys Res., 81, 821-840.

Steeples, D. W., énd ﬁ. M.'Iyer,,1976, Low-velocity zone gnder'Long

‘Valléy_as'deterﬁihéd frdm‘telesdisﬁiC'events; l976, J.. Geophys. Res., §l,
849-860
' Steeples, D. W., and. A M. Pitt, 1976 Mlcroearthquakes in and near Long

| 'Valley, Callfornia,'J Geophz§: Res., §l_ 841 847 .
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Seismic Noise Surveyvin Loné‘Vélle&, California

In June 1973, seismic noise measuremeﬁts werée made in Long Valley,

H'California,’asfpart of the U. S. Geological Survey;s geothermal investigations.

Sfatial variépioﬁ of the average noise poﬁer shows high levels of noise
extending over most ef ﬂﬁeeastern half of the Long Valley caldera. Since
the noise high is almost Siﬁilaf in extent to thevsoft Sedimentary Owens
River basin, it isvposeible that ground amplification»df seismic waves is

et least partially fespoﬁsible for the noise anomely{ Two lines of evidence
indicagé that geothermal‘nqise may be present’in Long Valley. (1) Reletive
amplificatien of teleseismic waves over soft ground, witherespect to aire;
ference station on hard rock, is about 12 dB. Ths eoise anbmaly; hewever; is
at least l3;dB higher than this valﬁe. It is therefore difficult to explain
'the.anomalylby postulating grounduanomaly: At wave frequencies below 2 Hz,
,river and'eettie noise do not»eontribUte much to the anqﬁaly. (2) Group
velocities,pf seismic noise, measured bj.using~a¥raYs, are‘in general quite
low exceptvat a few sfations along the southerﬁ edge of the.noise enomlay.

The wave azimuths in. the low-velocity areas show fandom‘propagation, whereas

-azimuths associated with the high-velocity waves point to the area where

surface geothermal phenomena are found. The high-velocity waves also have

 frequencies below 2 Hz. If a noise source is present under the southern

edge of the'sedimentary basin, it could excite the basin much more than it

_does the hard greund'directly above it and'thuS'produce the obserﬁed hoise.

eﬁomaly.
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H. M. Iyer
Low—Vélocitvaone'Upder Long Valley as Determiﬁed
From Teleseismic Events

A temporary seismograph station network was used to estimate teleseismic

P wave residuals in the‘vicinity of Long Valley géothermal area, California.

. Relative P wave delays of 0.3 . s persist at stations in the west central

part of the Long Valley caldera after regional épd near-surface effects
have been removed. Ray tracihg indicates that low—velocity material exists
beneath the caldera at depths greater than 7 km and less than 40 km, probably

less than 25 km. The velocity contrast with normal crust must be at least

57 to Satisfy the data and is probably in the range 10-15%. We believe

that the low velocity indicates anomalously hot rock at depth -and that
relative teleseismic P. residuals may be useful for investigation of sources

of‘geothermalzénergy._':,
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Mt. Hood Seésion - Prospects;

Chairperson:. Craig Weaver,'USGS
Mt. Hood, a'Qﬁaternéry'Cascade volcano, has been selected by the Department
of Energy in cooperation with the State of Orégon for a complete geophysical

and geolbgical.characterization. Unlike most of the prospects in this

seséion, Mt. Hood completely lacks surface geothermal manifestatioms. -

Utilization interéstxin Mt. Hood is generally toward warm waﬁer developmént,
possibly to provide spéce he;ting éor Portland.(SO kﬁ west) or for Timberliﬁe
Lodge_on-the south flaﬁk of the mountaiﬁ. A hole has been drilled to

4000 ft in 01d Maid flat, 10 kn west of the summit. The hole is dry with an
unstébilized BbttomAhoie temperatﬁfe of 1750F (Jbe Riccio,,Ofegbn Department
of Geology, Persbnai Cémﬁunication). |

The U.'S._Geologicai Surﬁey iﬁstal;ed a l6—statibn telemetry network
in NoVeﬁber 1977. Coﬁst;uétion blasts from three seﬁarate sites were used to

determine a first layer P-wave velocity of 5.7 km/sec, in general agreemeﬁt

" with Ackermann's(see next summary below) refraction results. No travel-

time anomaly is seeni for data passing beneath Mt. Hood.
Only six eérthquakes were located during the first ten months of array

operatidns; All events are located in a zone running southeast from the summit,

with'the largest event (ML=3°3) located 6 km beneath the summit. Focal

mechanisms are well constraihéd; and five meéhaniéms have nearly pure sfrike—
élip solutions,bwhilevthe sixth indicates normal faulting.' |

| Teieseismic_P-Wave delays; using eventsifrom three azimuths, NW, SE,
and SW; show eérly arrivals for the western ﬁetwork stations relative to the
éaStern,afray'sites. "As the pattefnlis generally indépendent of azimuth,

the delays‘are attributed to differences in upper cruétal structure, No

P-delay (either.positive'orvnegatiVe) is associated with Mt. Hood.
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Hans Ackéfmann

Seismic’ Refraction Survey'éElMt. Hood

A detailed‘refraction seismic‘survey targeted to depths of less than

2500 meters was dore along two 5000 mefer long lines in the Mt. Hood area.

‘The results indicate that mﬁch,_if'not all of the area is underlain By a very

Fhick} crudéi& horizontal layer va4.6 tdA5.3.km/Sec Velodity. This result
ié in_bésic aéreément with the sonic log ff§m a'400¢ ft deep geothérmal test
well near thé end of one»of the seismic spreads. Tﬁe mountain propér appears
to ébnsist bf'ma;erial with Veloéity of'roughiy threé km/sec.v It shoulﬁ be
kgpt in mind that,theée velOcity‘genefalizatiéns are based on a smail,
pos;iblygﬁgn—répresentative sampiing. |

Intérpretations Wéré done using a new intgraétive cémputer method which

permits varying both depths and velocities for ény given horizon to determine

a model ‘which Very.closely satiSfiedvthé‘arriVal time‘data.
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KILAUEA TKT



Bernard Chouet

126

KILAUEA IKI

In November - December, 1959, an'eruption of Kilauea volcano, Hawaii, produced

‘a stagnant pond of lava in Kilauea Iki, a pit cfater'adjacent to Kilauea caldera

in the upper east rift zone of the volcano. The pit crater, originally‘about 200 m
‘ . o . ‘ 3 .
deep, was partially filled to a depth of 111 m with an estimated 30,000,000 m™ of

fresh lava. Today, this partly solidified and easily accessible lava lake provides

.a natural laboratory for the study of cooling, crystallization, and differentiation

of basaltic magma. In addition, it offers an excellent opportunity to test various

geopﬁyéiéal methods for the exploration of a magma body buried in the earth and to

study at close range the physical environment associated with such a body.

The use of multiple methods is essential for the determination of the seismic
properties of a complex structure such as a partially frozen lava lake. In a set

of active and paésive seismic experiments (Aki et al., 1978) performed in Kilauea

CIki during March 1976 (1) the spatial distribution of seismic events originating

within' the crust.of fhe lake best defined the lateral extentvpf the magﬁa ieﬁé,
(2) the S-waves transmitted throﬁgh the lens and dispersioﬁ of Lové waveé generéted .
by‘explosive sources in the Iki'cfust constrained fhe S—wave Velocity sfructure,
and (3) P-waves froﬁ explosions revealed an extremely lpw'P—velocity zone belqw
the_cruSt. »From>L§ve and'S—wave'data we infer a ratherrthin (less than 10 m)

magma lené; thcﬁ, in response to a weak seismic signal, behaves like a viscous

liquid with an apparént viScdsity of about lO7P and an apparent shear velocity of

about 0.2 km/s. Apparent high viscosity at low stress level was reported-by Shaw

‘et al. (1968), who made in situ measurements of viscosity at Makaopuhi, Hawaii,

and attributed its.possible source to the presencé of vesicles. A liquid contain-

~ing vesicles apﬁarently-behaves'like,a Bingham Body with the characteristics of a

solid below, and liquid above a threshold'stress. The presénce of vesicles of a

few'volume ﬁerdenﬁ in the melt can also reduce the apparent bulk'modulqs to a
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value as low .as ghé apparent rigidity inferred from Love and S-wave data. A

i§ possible in a melt with 5%‘vesicles. The obsérved

|

P=velocity of about 0.3 km/s
refraction data require the P-velocity in the lower crust to be as low as 0.9 .

km/s. This low velocity may be attributed to dry cracks unfilled with liquid

About 8060 seismic events pétAdéy.Wéfé c@unted‘at_tﬁé‘centef of the pohd with
a séigmﬁgféph haviﬁg'a ﬁéék magnification of 280,000 at 60 Hz. The frequency—'
'amplitude relation for thééélsﬁééké_obéyé the ishimOtéaIiaa OrVCutenbérghRichtér
b-léw very well with a b=value of 1.19 (* 0.06). Locatioﬁé of a few selected events
indicate that théy 6@éﬁf B@Eh-abové and below the layef of mélc;'althoﬁgh the -
seismic activity appears to ﬁé much'highér in the ﬁppét,éruSt.v Whenever clear, the
.fif§ﬁ=méﬁi6ﬁji§ éiwafg outward from the source éuggééfing that a crack'opéning under
tensgile stress due to cooling ié:thé7ﬁéé@©ﬁéiblé{éburCé,méchanism; A simple kinematic
‘wodel of a civeular tensile crack ﬁucleatiﬁg at-a_poiﬁt.aﬁd growing aﬁ subsonie
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parameters for a large event inferred from the model are: radius, .2.7m; maximum

tensile disﬁlacéméﬁt between crack faces, 2.9\; cavity volume, 4.4 x 10 °m”; and a
seismic moment tensotr with diagonal elements only, having the values. 3.8 x 1012,

Eotal cavi-ty Vélumé»iﬁtégféﬁéd_OVéf,éll cracks whiech is generated daily in the

(ilauea Iki is on the order of 1 to 20 mS; in rough agreement with

the amount of volume contraction expected on the basis of our knowledge of thé ther-
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As‘described by.Bernard‘Chquet,~the Kilauea Ike study showed the importance
ef.multiple-approacheé'using various Wéves; namely, PiWeve;3L0ve wave, S wave;
in both passive end active‘experiments.

eIheﬂeeismic Stedy of‘the fracture system of the qu Alamos_Hot-bry Rock site

‘at Fenton Hill presentS'another case of emphasizing]the-importanceAof multiple -

' .approaches.

We find.that a simple conceptﬁal model of. the fracture system has tplbe
medifiedUas different‘types efAAaté accumulate. .

There are two uniqee espects of the seismic date from the Los Alamos
experiments; which have been carried out by Group G-3, Jim Albright, Bob Potter,
Lee Aamodt and Rod Spence‘over the pastrseveral yeers.

"First, Qe’can contrel the pressure in the reservoir, and compare seismic
measurements betweeh the pfesspriged and unﬁresSurized conditions.

In early experiments, When geophones wefe placed at the surface, recorded .

métipns-Were of low frequencieé around 10 Hz,'and it was recognized that the

‘-measurements in the bore hole are essential in order to record high'freqeency

waves needed for a high resolution result.
Even in the early experiment using surface geophones, however, an interesting.
observation was made because of the ability to control the down hole conditions.

The period of seismic noise gradually increased as more water was pumped into

the fracture. Probably, the noise is caused by theiﬁibration of the water-filled

crack and the period was proportienal to fhe diameter of erack which incfeased
by pressurization. ‘Ifmention this,laltheugh our discussion today is concerneei
with tﬁe bere-hole date, beceuse of the possibility ef defining thelfrectureA
syetem uéing theinoise,meesured on the surfece,las Charlie,Swift'Suggested.

yesterday.'
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~The bore-hole experiments were done in three major series. The first
one is a passive experiment in which a 3-component seismometer located in
one of the holes listened to microseismic events generated by pressurization.

The second and third are active experiments in which a seismic source was

located in one of the holes, and a receiver was located in another.

The results of quantitative analysis of_daté provide another unique
opportunity to apply laboratory measurements and theoretical models of rock
containing  cracks to study in-situ conditions.

The pfoximity‘to the Rio Grande rift zone suggests that the fegional

tectonic stress in the Fenton Hill may have the minimum principal axis in

the NW - SE difection.
 Ken Olsen showed three féult plane solutions ig agreement with this
diréction. On the other hénd, the local effect of Caldera topography suggests
the NE - Sw.ﬁinimum p;incipal'stress direction. Unfortuﬂately, the results
from the impressién pécker was inconclusive about the orientation of the
Fenton-Hill crack formed by the hydro-fracturing. |
Let us now Summarize major results from the seismic experiments.
1. The microearthquakes generated by preésurization were located along a zone
striking NW - SE, éuggesting the fracture plane striking NW - SE.
2f High frequency waves (f > 1 KHz)bwere absorbed in the propagation
through the fracture, while low frequencies were.amplified. vThé
latter phenomenon suggests resonnance due.to multiplicity of cracks.
3. The complexity,of the fracture system was demonstrated by.ﬁhe presehce
of reflected S waves pdlarized in NW - SE direction which éannbt be
expléihed by the crack.oriented in NW - SE ihferfed from the
micro-earthquake locations.
4. The seismogram types at frequencies higher than 10 KHz can be cléssifiedv

into 3 types; namely, P.,S. and D (diffuse) type. The distribution
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of different types along the bore hole before and after the

pressurization suggest smooth cracks in the upper reservoir and

highly jéinted, three~dimensional crack system in the middle of
the heat extraction region.
More quantitative analysis of P arrival data revealed a velocity

decrease by pressurization . (100 bars) amounting to 3%. This

‘observation was interpreted in terms of a model of rock with cracks,

which also safisfactorily explain the Obsefved'attenUation.

The velécity decrease Varies with the disﬁance along the bore hole..
The variation is smooth in the periphery ahd rough.(with ane—lenéph
of a few meters) in thé middle of the heat extraction region,

giving more quantitative measure of the complexity»of the crack

inferred from the observation of seismogram types.
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Discussion Group B -- Prospects

Bob Edmiston (Chairman)
Ed Page '
Larry Braile

Steve Malone

Bob Smith

Dave Hill

Paul Kintzinger

Group B discussed the application of each of the active and passive
seismic to the exploration of individual geothermal prospects and then

considered a typical exploration problem involving a Basin and Range prospect.

In general it was concluded that active methods hold more promise for

" prospect scale exploration because of the need for the highest possible

resolution of geologic features and rock properties.
The following comments were made regarding the individual techniques:

Reflectidn and Refraction

1. Combined P;S, CDP surveys, such as the one at East Mesa appear

 promising but more experimental work is needed.

2. .More data is needed from a variety of goethermal prospects for which
subsurface control is évaiiable. | |

3. Sfudies are needed involving combined reflection and refraction.

4.‘ Surveys shéuld extend beyond the thermal aﬁomalies for the purpose
of rock property comparisons,

5. Attenuation and VP/VS appear promising and need further study.

Microearthquakes

1. The necessity of haviﬁg microearthquakes in a geothermal field has
still not been proven.
2. Poor velocity models may cause unacceptable errors in event location

limiting the usefulness.of the survey.

3. Microearthquakes are a useful P and S soutce.
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4, As abové, attenuation and‘VP/_Vs appear promising but need more

study.

Teleseisms

1. P wave delays and attenuation useful on regional scale but may
not have sufficient resolution for prospect scale exploration.
2. Additional research is needed to demonstrate utility on prospect

scale.

~Groundnoise
1. Approaches are different, difficult to compare.
2. Problem of array design and aliasing needs to be resolved.

3. The source is still not known.

The exploration problem we discussed involved a Basin and‘Range
prospect 1ocatéd within the Battle Mountain heat flow high. It was aSSumed
that explpration had resulted in a shallow thermal anomaly located along
a major normal fault. Limestones and dolomites are exposed on thé upthrown
side while low density Quaternary and Tertiary sediments'occur in the basin
on the downthfoﬁn side; A well lcoation must be decided on-in six months.
The group was nearly unanimous in deciding that under these conditions a
CDP survey should be undertaken to locate possible zones of high porosity
and fracturgng within drillable depth. The survey should have high to
moderaﬁe resolﬁtioﬁ. Off end shots should be ﬁsed'to gather refraction as
well as'reflection data. A fixed microearthquake type array could be
employed around tﬁe line to gather additional data on velocities and attenuation.
Sufface waves should begfecorded and studied for shear wave velocities wﬁich
may indicate large scale fracturing. Approximately 15 line miles of reflection
‘data.would be shot. Total cost of the overail Surveijould be about $150,000.

This would be cost effective if dfilling risk could be reduced by 50%.
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Discussion Group C - Prospects

Hot Dry Rock

Exploration for hot dryArock resources should be similar to that for

hydrothermal geothefmal.sources, exceptithat prospects should represent

aseismic blocks, witﬁ little internal fracturing, away from zones of tensional

and strike-slip stress. Such areas may occur isolated, and more probably peripheral
.to hydrothermal zones such as the Fenton Hill-Valles Caldera situation. A

hot but impermeable exploration hole-an economic failure-can be considered-

a seismic hot dry rock prospect.

Hydrothermal Systems

Seismicity

1. Are geofhermal Sysfems seismic sources, and at what threshold?
2. Can we differentiate tectonic from hydrothermalAsdurCes?

3. Should we preferentially drill an active fault?

4. How much VP/VS, AtvP,.Atvs analysis is cost-effective in a seismicity
array study?

Groundnoise

1. Even if the surface manifestations of seismic sources appear to be surface

waves in nature, cannot we utilize this information?

Active Reflection

1. With the constant references to the significance of shear wave information,
why aren't more P and S reflection surveys done?

2. Aside from hole placement, are CDP reflection surveys cost-effective?

C. Swift
for A. Lange, B. Daniel, A. Reyes, J. Albright,
D. Oppenheimer, and P. Rosenburg

l We considered the following questiomns:
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vSummary - Discussion Group D
David Butler

Prospect Evaluation

This group chose .to discuss microearthquake,methods; refraction and P-wave
delay in detail rather than ranging over the entire suite of method available
for seismic evaluation of geothermal proépects.

Two special uses of micréearthquakes were mentioned as being exceptionally
interesting and then dtopped Because the uses were beyond the scope of the
discussion. It was felt that peq methods were verf useful for reservoir
evaluation at the Geysers, may be so elsewhere and are a facet of reservoir
delineation that should be puréued. In fact the detail of data now available
is éufficient tﬁat more production data Would be useful to understand.the
correlation of ueq and the production.

With respect to hoﬁ_dry rock, ueq studies will be useful in a null sense;
to detect where active faults are not. Additionally, yeq at the fringes of
hot dfy rock bodies can be used as sources of seismic energy to study tﬁe
iﬁtefior of a probably aseismic region.A Measurement of the bulk Poisson's
Ratio is one potential product of such a survey. |

The use of microearthquékes to find active faults, to unravel contemporary
tectonics and to hint at groés velocity anomalies was felt to.be productive
by the group. 1In an exploration atmospﬁere, the diréct correlation to earth
éﬁergy was felt to be unproven.

Turning to refraction, it has been demonstrated by quite detailed refraction
studies tha the.Salton Trough fields do not have alQelocity expression at or
above the basement. The Roosevelt refraction data was felt to be a significant
contribution to the structu?al understanding of the area. Improvements which
‘were felt necessary were a greater reluctance fo put fofth complicated
non~-unique models, and to use the entire seismogram- for interpretation

rather than just first breaks. The measurement of attenuation was discussed
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and it was felt that‘cﬁanges_of at least 20% in the target would be necessary.

befdre present methbds could. detect sﬁch_aﬁ_aﬁbmaly.' To iqwér this figure

by:an order of maghitudé, it was flet that the funding for refrac;ioﬁ'work;

would have to be increased by more than an order of magnitude. ‘Thfée—dimensional
analysis will be forthcoming invareésiwhere.the data is sufficient. 'Shéar—WaVe
refraction was also mentioned as a promising research target.,

. The speéific use of'old reftacfidn data to plan a éasing progfém for a.

Lwiidcat well was brbught”ﬁb&as an.engineering appiicéiton of the refraction

- method.

Cost-effecriveness measurements were called for and the commercial survey

was discussed. = The costs are readily available from contractors and the

deliverables are speéified. These deliverables include microearthQuake

interpretations (if any aré recorded),' Close—spaced P-wave delay studies, .

ground-noise contours, velocity and bulk rock properties studies, attenuation .

studies, .and blast interprétatipn (from either nearly industrial blasting or -

from survéy-specific shots. Measurement of the effectiveneSs'waé'beyond the"

scope (and probably the'competence)'of‘this diséussion group.
The other techniques, ground noiée, réfléétion,and downhole technidues

were neglected because of time limitations and not because dfvdis;aste.
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ﬁiscussion<Group E —- ProSpectsA

~"K, Olsen. (Chailrman) -
"P. Goupillaud '
K. Aki
B. Chouet.
- T, McEvilly
H. M. Iyet

' We assumed that 'based ori regional surveys, the‘prospect,has~already

.been narrowed down to a 10 x 10 km area and it is required to site the first

production well.‘ After discussing which of the seismic technlques are suitable,
the'group soon concluded that not enough was known to rely only on a few

.techniques.»'It was agreed that an integrated survey'uSing'several ‘techniques

as required. It was considered important to begin seismic monitoring as

soon'as]possible, long before expected,production. For this purpose a’ good

high_quality, triaxial instrument located in a'heat flow-hole, perhaps,_was

considered adequate‘tolmonitor background seismicity.' No need was felt for -

a large telemetered seismic network at this stage For detailed selsmic

‘survey, it was felt that ideally, a closely-spaced dense, two—dimensional
" seismic network was needed. 'Using such a network (probably by changing_
.network configuration and-seismometers'with differing, frequency‘response)'

'various studies such as, P and S delays from local regional and distant

earthquakes, oise, attenuatloncﬁ P and S V /V , surface waves, refraction
and reflection surveys can be made. Though such a system may be expensive

it is technologically feasible. For example the GUSS BUSS data acquisition -

system, currently available, can collect 512 seismlc data channels, multiplex
- and transmitAthem by just two wires.- Such a system using a variety of'sources

suchas te1eseiS!ﬂS, local and_ i-egj:onal earthquakes, and ShOtSE can form .the

basis for a,ﬁide variety of active .and passive seismic experiments.
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The group wholeheartedly agreed to the suggestlon ‘of omne member that
dry wells drllled in- geothermal area may convenlently be used for the hot=

dry—rock system,- Thus_ln,a srngle geothermal f1eld 1t'may be'p0381ble to

exploit hot water/steam and hot rock technologies. Surney.for hot dry rock
>'project could probably be an intensificiation of regional survey techniques

~ that called attention to a«thermal'anomaiy in the first place. The survey )

need not be as elaborate as in the search for wet geothermal systems because

there are fewer detectable'seismie properties in a dry rock system. Thus

. the large two-dimensionalAnetwork'described earlier'may not be required.

There was some dlscu351on on the potentlal risk of trlggerlng a damaging
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earthquake and produ01ng 1nduced selsm1c1ty by the hydro-fracturlng process

and subsequent exploltatlon of a hot—dry-rock system._ It was felt that

seismic monltorlng u31ng a hlgh quallty ‘bore-hole tri-axial selsmograph

' should be commenced long before fracturlng operation commences, to document
background selsm1c1ty._ The seismic monltorrng may have to be extended some

time before full operation of the system and continued.

Report Written:by H. M. Iyer from Ken Olsen's noteé."
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‘DISCUSSION GROUP F

‘Dave Boore

Ed Douze
Elliot Endo

John Evans -

Allan Latanner

" John Schlue
- Roger Stewart. .-

Hot,dry'rockt - Some comments to‘the_effect that, at this time, hot, dry chk

is not df épm@efgiél»intefest because éf
"a).'having»tb.drill‘tpo dééﬁ, and
_5) nét cénfidéntjof ;he ftacturing technique
It was pointed out thét.if Welassume such rock is a cryétéllized blﬁton

intruded into sediments then standard seismic exploration techniques could

be used to look for a lithologic contrast rather than for temperature effects.

Reflection methods: Strong féeling that réfleétion,methods are currently the

best seismic technique for geothermal prospects. At a minimum, ome can expect

'to learn something about

,a)' fracfuxés,
b) _strﬁétﬁré,:‘
e)- lithology (maybe),

d). presence or absence of quantities of water ,

: Inﬂﬁarticulér,'it should be an ideal technique for.finding_steaﬁ fields.

It was pointed out that to become as useful a tool as possible,

~ current oil-field reflection‘techﬁiques must be modified for the mofe complex

structures to be expected in geothermal areas.

 Lab-field interaCtioﬁ} Need to apply 1abora;ory-mea3urémehts'tdﬂdaté obtained

- from field ‘surveys in order to do better resevoir evéluations.
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H1Microegrthquakes: Whérelgvéiléble, ﬁicroéarthQuakés should be qéed to
delinéape activé faulﬁé:(ifipbssibie)-.:They‘shoﬁld‘also:be used for stqdieé
v o S L . .

é)‘seismiﬁity patterns,
b) E'andlgr S,wave]éttenuAtiQn; 
c) P and S wa&e-veloéitiesg '
d)‘Poissonfs ratio, -
even though we may not yet know EOW‘toliﬁFérpret;tﬁe results of such Studieé‘

in terms of geothermal prospects.

Role of seismic methods: Seismic techniques have a definite role at the prospect
level, especially if one is dealing with an area that is not obviously a
‘geothermal area. In some cases, the cost of a microearthquake seismicity survey

may be less than or comparable to a magnetotelluric survey.
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| ProSpect,,Group C
In the spplication of Seismology_to geothermsl resources we define_the
seismicity of an area'byicharacterizing the natnrai source properties such as
magnitnde; occnrrence rate,'location; sonrce typé; and by the wave path pro—
.perties including velocity,tattenuation, delays, scattering, Q, focusing,

etc. In exploration we define the seismicity of successively smaller domains

"

..of a 20 x 20 km area can be definedAWith acceptable confidence and cost

effectiveness with a minimum of 100 events or a minimum of 3 weeks continuous

recording time. At present, we recognize these'geOthermal signatures: that
for geothermal prospects within broad regions of seismicity, clustering and
sWarming‘tends to relate spacially to the surface manifestations. .We suspect

that a spacial change in.source characteristics such as rise time amount of

'slip, stress drop, and source dlmen51ons may accompany the prlmary and secondary

ffects of heat._ We suspect that a V /V anomaly of unknown magnitude will
result from the preferential slow1ng of P-energy due to path changes through

fractured rock. We think that a;vapor—dominated system may have a "bright spot"

" response. We question the utility of present b-slope calculations because of

nndersampling at higher'magnitndes and because of poor magnitude estimates at
magnitudes less than 2.

We recommend research and/or application in several areas. Measurement

of the shear wave propagation‘shodld be routinelyzapplied. Within the cost

limitations of data transmission and recording logistics, greater use of 3-

component instruments should be made. Source characteristics, as previously.

mentioned, are worth -the various expenses involved for the high quality

broadband equipment necessary. We suggest that the separation of random vs. non-
random events within an area, comparedito<the same study of the sdrrounding

region will show geothermai‘character,.»Similarly, we recommend swarm vs.
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shock-after shOck'studies. We note:with caution that,iaborstory'petrophysical
ahalyses are,often made with unnetﬁraiiy_high frequenciessand”that.there rs
uncerteinbcorresbondeﬁee betﬁeeﬁnlab sample sn& bUlk in—situ-prOperties.
NeVertheiess,'we‘believe it‘is'important to_oohtinue'evalueting various property

derivatives, especialiy for sign (+ or -). Finally, we recognize that studies

are needed to recogrnize and quantify the best way. to measure P-wave attenuation

recognizing such things as wave propagation effects, geometrical spreading,

" focusing--defocusing mechanisms, and structure.

<

We believe that highly redundant (24r48 fold) CDP reflection seismic -

,'w1ll glve excellent resolutlon 1n generally dlfficult areas. Furthermore, it
may be the best tool presently to .do- V /V studles; and certainly for "bright

_ spot" exploratlon.»“

vWe reached the consensus that the seismic noise technique is not generally

- useful for exploration. Wepmight use it to solve a specialized problem.

We‘suggest'perhaps that ﬁonitoring a‘crOssed—spread of geophones to test for
sospected noise‘will work as wellbas preseht teChniques.

‘Welconceptualized‘a hot dry‘rOCR reservoir,simply as an homogeﬁeous region
with a zone of eievated temberature; We suspect that rock broperties do.nOt
change sufficientl§ in thev200-30006‘renge to be heasored at a remote
:location. Furthermore, condoction-end cohveetion'of ‘heat awaylfrom the

reserv01r may yleld gradual lateral changes that are

elther unmeasurable or too dlffuse to be 1nterpretab1e.

Finally, we'recognize that engineering—type seismic studies have been

'neglected. For communlty and plant-81te safety, and other env1ronmental -legal

considerations, we, as selsmologlsts should address the following questions.

First, how mueh-monitoring‘is‘necessary to define the seismicity of an area?

- Secondly, what levels of seismicity are to be considered safe or hazardous?

And finally, who is going to make these decisions?

The.members of  this group inelﬁded~John_Costain; Robert Crewdson, David
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Hadley, Perry Halstead, Fred Klein, Ernie Majef, and John Savino.
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SUMMARY

In spite of the. diverse training experience and curtentAresponsibilities
of seisnologists attending A?SﬁAGS, there was surprising unanimity ch the
>foilowing observations of the current status of knowledge‘and on suggestions
‘for future work: |
:1. 1Not enough~isbknown about the effeet of temperature, pressure
and- fluids on tne seismic prnperties of recks. _Recent laboratory
7.meaSurements haVe‘enhanced our‘understanding of thermal effects.on
,the:physiealsproperties of recks but much more is needed if we are
going to adequately interpret Seismic obsefvations to evaluate a geo-
- thermal resource. |
2. No single nniversal model exists for the various kindsbof geo;
thermal systens.  Models,_based upon the tectonic setting; thermal
tegine and crnstal composition, dictate the_priority_and utility
of the_suite of seismic techniques whicn would-be employed in an
:vexploration architecture for sucn systems.
‘3. The applicatinn»of seismic techniques to the exploration and
assessment of geothefmal-re30urces is still in a research and develon—
ment stage. Each_seismic’survey»reqnires sophisiticated‘interpretationA
‘and inteératinn with other studies.
4, Thongh data from some.seismic surveys of geothermal areas are
anailable, additional types of sutveys are needed to obtain complete
case histories,.complete case histories are a prerequisite fpr defining
~ the utility and~re1iability of seismic methods. This is necessary for an
evaluatidn of the_cpst/Benefit ratio of-seismic'methods in an ‘exploration

architecture.’
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All types of. data, seismic, non-seismic, and geologic, must be integrated

'in‘any regional survey to infer the existence of anomalous zones justifying

" further detailed‘exploretion. A typical regional survey would cover an area

100 km x 100 km and must be inexpensive to perform to be cost-effective.

Seismic surveys as a group‘ere,more expensive than other geophysical methods

which hinders their widespread use. Among the passive seismic surveys
regional seisﬁicity‘surveys meet this cost requirement and are useful to
define the tegional tectonic setting. "The active faults must be mapped and
this ihfotmation must be integrated into the tectonic picture of the region.

A'régional passive seismic survey can identify crust-upper mantle features

_assoc1ated with a geothermal prospect. Examples of such features associated

) w1th geothermal systems are zones of crustal th1nn1ng, cooling plutons and

perched magma chambers among others. Regional seismic array observations of

reglonal earthquakes and teleselsms can also be used to infer P-wave veloc1ty

and attenuat1on anomalles w1th1n the region, which may define 1oca]1t1es for

further exploration.

Earthquakes generate S~wave which arelrequired to map the variations of
rigidity or Poisson's tatio;, much more efficiently than artificial sources.
In the past body waves have beenvmost‘ftequently used. It was emphasized that

one tool that has heen largely overlooked in regional surveys is surface

‘wave disperSion studies from which the rigidity can also be determined in
‘the frequency.fange appropriate for resolving'the anomalies associated with
fthe‘thermal regimes,of»the crust. Such studles have been successfully conducted

at the Yellowstone KGRA though they are not 1n widespread use.

Among the active surveys that are cost—effective in regional work are
refraction surveys. These measurements can help identify regions of crustal

thinning and of‘loweredyseiSmic velocity and high seismic attenuatioh, which.
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may warrant further investigation as a gebthermal resource prospect.

‘Frequently, nearby mine blasts gan'bé used to lower the cost of such surveys.

It is easier to justify expenéive seismic surveys for the explorationvof
é pfpébect»(a 10 km x‘iO km area) prior to driliing than for regional
reconnéissance. Faced with a deqiéion to target a well within a short time
frame the CDP reflection survey ﬁromises té provide the moét detailed strucﬁural
information asvwell‘as the possibiiity of identifying a vapor dpminated system,
and mapping iatéral velpcity‘énd'attenuatiqn-anbmalies. 'Too few reflection

sur¥veys appear in the pﬁblished literature to determine their utility of

_determing a realistic cost-benefit ratio. It must be recognized that

reflection surveys may fail to produce the same quality data in geothermal areas

as they have in sedimentary basins.

Shear wave data is definitely needed, but the best type of survey is
not known. The S-wave reflection survey recorded in the Imperial Valley was

of marginai usefulnéss. 1f a prospect is known to be seismically active,

" then detailed passive surveys which use microearthQuakes as sources might be

conducted very much as an éctive source reflection survey.

The reiatibnship Setweén a geothefmal reservoir and either seismic
groundnoise.of_microearthdﬁakes'ﬁas not been established. While teléseismic
observations of P—waﬁe velocity residuals and attenugtion are very useful in
regidnal;sur§eys for determining the ﬁotential of a geothermal éystem, they
fail to provide thé resolution- .needed to targefAQells. However, detailed

surveys using microearthquakes or near regional events do provide the

resolution needed. for well placement. It was that felt that research on

using the entire seismogram to define the geologic structure of the survey

. area would be worthwhile.



159

The expio:ation fér geothermal systems is in the stage petroleum

exploration was during the first years of this century when oil seeps were

drilled. The development of séiSmic techniqueé Withfproven econoﬁics will
require the devélqpmént‘and evaluation of a variefy of noﬁel.as well as con-
ventional seismic sﬁrveys to be able’té define a seismic model for a geothermal
system. A completé suite of seismic surféys must be conducted at a number

of sites to aid in this evaluation.



