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Introduction

In this report, we present the seismic data collected by the U. S.
—Geological Survey during the months of June to October, 1983 in the region of
the Agua de Pau volcano, Isla SZo Miguel, Agores. The study was performed on
behalf of the Laboratério de Geociencias e Técmnologia (LGTI) of the Regiomal
Government of the Acores (RGA), in cooperation with the Instituto Nacional de
Meterologia e Geofisica (INMG) Acores, as part of the LGl program to define
the geothermal resources of the Agua ae Pau volcano, SZo Miguel. IGT directly
contracted the Office of karthquakes, Volcanoes, and Engineering, United
States Geological Survey to conduct the study. It is hoped that this study
would form the basis for a long-term monitoring program of this volcanicaily
and seismically active region.

Members of the United States Geological Survey from Denver, Flagstaff, the
Hawaiian Volcanic Observatory, and Menlo Park have also participated in the
geothermal assesment of Sao Miguel from 1979 to the present, under a prograr
funded by the United States Agency for International Development (AID).
Studies have included detailed geologic mapping, geochronology,
hydrogeochemical sampling of thermal and non-thermal systems, geoelectrical
studies, and synthesis and interpretation of the combined data sets. In their
final report to AID and RGA Muffler and Duffield (1984) present a detailed
geothermal interpretation of all available data sets. In this report we
present seismic data collected using 10 three—-compeonent digital event
recorders which were installed by the USGS to augment the 8-station 1NMG

permanent network on SZo Miguel.
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Geologic and plate tectonic setting.

The Agores are located along the Agores-Gibraltar Ridge which seperates
‘the African and Euragian plates, and extend west past the Mid-Atlantic Ridge
(MAR) into the North American plate (Laughton et al, 1972). The nine islands
are part of a broad plateau. The origin of the Azores Plateau has been the
subject of several interpretive plate tectonic models (Figure 1). Wilson
(1963) postulated the islands were formed at the MAR and as a result of
sea—floor spreading and were moved to their present position. The linear
northwest-southeast trend of the Acores and well resolved focal mechanisms for
the magnitude 7.2, Terceira, Agores earthquake of January 1, 1980 and its
aftershock sequence (Hirn et al., 1980) indicate a northwest trending ,
tensional structure through the Agores plateau, perhaps showing that tle
plateau is the result of upward migration of a magmatic system through the
weak zone of a transcurrent fault system. Rayleigh wave dispersion across the
Acores Plateau (Searle, 1976) and rare earth studies of basalts from the
Mid-Atlantic ridge onto the Acores plateau (Schilling, 1975) give evidence
that the Agores plateau is a typical hot-spot above a mantle plume. K/AT
dates from the islands in the archipelago show a development of the island
system from about 5.5 my to the present (Feraud et al., 1979), however, the
ages of ocean floor basalts do not correspond to the ages of the islands, nor
are the ages derived on the islands compatible with migration over a fixed hot
spot. Searle (1980) presented side-scan sonar data from the Agores plateau
and triple junction area. He postulates that the area between the
mid-Atlantic ridge and the Gloria transform fault (east of the Agores) is a
spreading center which accounts for the thickening of the crust in the area of
the Agores plateal. The spreading rate of the Mid-Atlantic ridge relative to

the North Americen plate is lower to the south of the Agores
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than that north of them indicéting a dextral transcurrent movement of 0.23 cm
yr-1l along the East Agores Fracture zone (Krause and Watkins, 1970). This
does not appear to be compatible with a Acores spreading center.

Isla S3o Miguel is located on the active Terceira Rift which passes
through the Agua de Pau massif in a northwest-southeast axis (Geonomics,
1976). Agua de Pau Volcano makes up the central portion of lIsla SEo Miguel
with the volcanic centers Sete Cidades to the west and Furnas-Povoagdo to the
east (Figure 2). The volceno is built on a complex of trachytic welded tuffs,
basaltic and trachytic lava flows which range in age from 100,000 to 300,000
years b.p. The main cone consists of trachytic domes, flows and pyroclastic
deposits. Carbon-14 ages from the pyroclastic flows on Agua de Pau have
yielded ages greater than 40,000 years to about 4600 years b.p. The 5
historical eruption in 1563 produced the pumice that covers most of the summit
and upper flanks of Agua de Pau. Mafic lavas were érupted from the flanks of
Agua de Pau in A.D. 1563 and 1652. The summit of Agua de Pau Volcano is
indented by a caldera 3 kilometers wide and 100 to 300 meters deep. The
caldera is uneroded, which suggests it was formed relatively recently, perhaps
coriesponding to the eruption at about 4600 b.p. Several pyroclastic deposits
on SZo Miguel erupted from Agua de Pau suggest earlier caldera forming

episodes (Duffield and Muffler, 196&4).

Seismic Studies

Seismic studies are important for the Agores in general and for S&o Miguel
in particular for the following reasons:
1. Earthquake hazard evaluation and monitoring

2 Volcano hazard evaluation and monitoring
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3 Geothermal exploration and environmental monitoring

of geothermal activities.

_Earthquake monitoring

The Agores are situated at the intersection of two active seismic zones,
the Mid-Atlantic Ridge and the Agores—Gibraltar Ridge (Figure 3). Kkeports of
historical seismicity (Machado, 1965-1966; Machado, 1972-1973; and Machado and
Forjaz, 1965) indicate the frequent occurrence of felt earthquakes and
infrequent occurrence of destructive earthquakes in the Agores archipalago.
The potential for large earthquakes in the populated islands of the Agores was
demonstrated by the occurrence of the destructive Terceira earthquake (}é7.2)
of January 1, 1980. Isla S¥o Miguel was last subjected to a destructive '’
earthquake which occurred near the town of Villa Franca do Campo in 152Z. The
island appears not to have had a major seismic crisis since then (Geomomics,
1977). The miles and miles of very old unbuttressed and uncemented, hand-
erected stone walls that traverse the landscape of S3o Miguel indicate major

seismic events are quite rare.

Volcano monitoring

dn addition to the potential seismic risk, volcanic hazards provide a
compelling reason for the seismic monitoring of all the Agores islands, and in
Particular, the highly populated S&o Miguel. The three active stratovolcanoes
of Sao Miguel, Sete Cidades, Agua de Pau, and Furnas (Figure 2) have a long
Tecord of explosive eruptions. Booth et al. (1978), using tephrachronology,
have documented & total of 57 volcanic eruptions during the past 5000 years in
Sao Miguel. "Of the 28 trachytic and 29 basaltic eruptions known to have

occurred during this period, ten were of magnitude 6, twenty-six of magnitude
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5, and at least 9 of magnitudé 4 or less (in Isuya's scale based on total
volumes of material erupted). ...Although no eruptions of magnitude 7 have
occurred during this period, such eruptions are no doubt possible on the
‘island. ...An eruption of magnitude 6 thus takes place on an average every
500 years in Sao Miguel, one of magnitude 5 every 200 years...” (Booth et al.
1978). The most recent eruptions were in 1562 at Fogo (magnitude &) and in
1640 at Furnas (magnitude 5).

Even though information on the seismic activity preceding any of these
eruptions is scanty, we think it is reasonable to assume that volcanic
eruptions in the Agores are preceded by intense seismic activity as in other
ma jor volcanoes of the world. The 1957-1958 Capelinhos eruption on lsla Faial
was documented by Machado et al. (1962). No seiscic monitoring devisesfwere
located on the island at the onset of the eruption and so the pre-eruptive
seismicity is unknown. A standard Bosch~(Umorli seismograph was installed
several months after eruptive activity began and was operating during a
seismic swarn in May, 1956. From May 12 to May 13, 450 earthquakes were felt
on Faiazl, many of intensity 10 (Machado et al., 1962) on the modified Mercalli
scale. The shocks were centered between the new eruptive vent and the summit
caldera of Faial. In this brief period of time over 500 homes were
destroyed. Hence, we believe that a continuous seismic monitoring of the
Acores volcanoes is an absolute necessity. Particularly for S&o Miguel, a
properly operating volcano monitoring system based on precise locatioms of
selsmic activity in and around the island could save lives and property in

case one of the three major volcances chooses to erupt.

Geothermal exploration and environmental monitoring

Seismic techniques used in geothermal studies fall into two categories,
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active techniques in which controlled explosions or vibrators are used to
generate seismic waves, and passive techniques in which earthquakes are used
as the sources. Active studies are mainly concerned with modeling the fine
Etructure of the crust using refraction and reflection surveys and will not be
discussed in this report. Passive studies mainly consist of microearthquake
surveys to establish a seismo-tectonic framework of the geothermal area under
investigation and to model the three-dimensional structure of the area.
Seismic waves from local, regional, and distant earthquakes can be used to
pmodel apomalous physical properties of the underlying rock such as those
caused by hydrothermal activity or partial melting. We now give a brief

review of the application of passive seismic methods in geothermal studies.

Microearthquakes. Microearthquake studies in geothermal areas can be

divided into several categories: exploration, tectonic evolution, detection
of zones of anomalous physical properties in the upper crust due to the
presence of geothermal reservoirs, magma pockets etc., and environmental

monitoring.

Exploration. Geothermal prospects are invariably located in areas of active

tectonism and hence it is not surprising that most of them are seismically
quite active. Ward and Jacob (1971) showed how a microearthquake survey can
be used as a geothermal exploration tool to delineate fracture zomes which
provide paths for hot water to reach the surface. There have been numerous
nicroearthquake surveys in geothermal areas, but no definitive results useful
for geothermal exploration have so far been reported (Ward and Bjornsson,

1971; Klein et al., 1977; Marks et al., 1978; Walter and Weaver, 1980).
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lectonic evolution. Whether microearthquake surveys are useful to locate

i

geothermal drill-holes or not, their study forms an important and integral
part of the process of understanding the volcanic and tectoic evolution of
‘geothermal areas. Clear examples are provided by studies at Brawley, Imperial
Valley and in the Coso geothermal area, California (Weaver and Hill, 1979).

In both these areas it has been demonstrated that the geothermal zones occur
at miniature continental spreading centers. There are numercus seismicity

studies which provide detailled information on the volcano—tectonic evolution

of geothermal areas on a macro and micro scale.

Detection of zones of anomalous physical properties. Microearthquakes can be

used to look for velocity and attenuation anomalies associated with
hydrothermal reservolrs and magma pockets in geothermal areas. Chatterjée et
al., (1984) found abnormally low Vp/Vs (and hence Polsson's ratio) beneath the
geyser basins of Yellowstone National Park, Wyoming. They attributed this to
the presence of hydrothermal reserveoirs in which the temperatures were close
to those needed for the transition of water to steam. Sanders and Ryall
(1983) used the observed strong attenuation of S-waves from microearthquakes
along certain paths to map the subsurface gecmetry of magma bodies in Long
Valley, California. In the same region, Kissling et al. (1964) using local
earthquake data and a tomographic inversion method have delineated a zome of
low P-wave velocity in the depth ranmge of 3 to 7 kmx beneath the resurgent dome

and the south moat of the Long Valley caldera.

Environmental monitoring. In general, seismic activity occurs in many

geothermal areas of the world. Ward (1972) has discussed the problem of

earthquake risks associated with geothermal activity. One main concerm is
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w«hether the extraction of fluids and reinjection of spent fluids could trigger
a moderate earthquake. There-is clear evidence that modifying fluid pressure
can alter the seismicity pattern in an area. Also, seismic activity seems to
‘be triggered by injection of fluids at high pressure into the ground (Healy et
gl., 1966; Raleigh et al., 1976). Eberhart-Phillips and Oppenheimer (1964)
showed by careful relocation of earthquakes in the Geysers geothermal area,
California, that seismic activity tends to cluster mear production wells in
the steam field. They could not find statistically significant results to
show whether seismicity was indeed induced by the reinjection of spent
fluids. They postulate that the seismic activity associated with geothermal
production could be a result of perturbation of the regional stress field due

2

to volumetric contraction caused by steam withdrawal.

Regional earthquakes and teleseisms. An important constituent of a

geothermal systewn is the heat source that activates it, usually some form of
magmatic intrusions. In order to estimate the longivity of the geothermal
system and to understand its volcanic setting, it is important to detect and
delineate these magmatic intrusioms. The technique of measurement of
teleseismic residuals has been successfully used to make three—-aimensional
models of velocity anomalies in the crust and upper mantle of the earth (Aki,
1982) and has been used by Iyer et al., (1979,1981), Reasenberg et al.,
(1960), Kobinson and lyer (1Y81) and Steeples and Iyer (1976), to map magma
chambers in several geothermal areas in the United States. (For a review of
geophysical detection of magma chambers, see Iyer, (1984). Even though no
case histories are availatle, regional earthquakes can also be used in a

similar way to locate anomalous low-velocity zones in the earth's crust.



Frevious work in Sao Miguel

As part of the geothermal exploration and development program which was
pegun in 1976 in SHo Miguel, many varied geologic and geophysical studies have
been undertaken by LGT, private coniractors, and the USGS (Geomomics, 1976;
1977; Gandido et al., 1984; and Muffler and Duffield, 1984). Prior to 1976
the scientific work on S3o Miguel was restricted to studies of geologic
processes and volcanic histories. Geologic accounts of S%o Miguel are given
by Branco et al. (1957), Jerimine (1957), 2byszewski (1961), Assunc&o (1961),
walker and Croasdale (1971), and Booth, Croasdale, & Walker (1978). Volecanic
activity has been documented by Weston (1964) and Machado (in Van Padang et
al. 1967). The tectonic setting of the Agores has been discussed by Krause
and Watkins (1970), Laughton et al. (1972), Feraud, Kaneoka, and Allegre
(1979), and Searle (1980). In 1973 a research hole was drilled by scientists
from Dalhousie University to obtain information on the volcanic stratigraphy
on the north side of Agua de Pau. Temperature gradients measured in the hole
were in excess of 200°C at depths greater than 500m (Muecke et al. 1974).

The first microearthquake survey was conducted In 830 Miguel by Geonomics
(1977) in the Agua de Pau geothermal prospect and surroundings. However, the
survey lasting about 8 weeks using a portable seismic network, yielded only 11
locatable seismic events and has not provided any useful information,
geothermal or otherwise. Subsequently, LGT in collaboration with INMG has set
up a 8-station seismic array im SZo Miguel. The data from this network has

not yet been plotted or interpreted.
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Plan of the Paper

Instrumentation, earthquake location and magnitude determination
procedures, temporal and spatial patterns of seismicity, Vp/Vs ratios, and
analysis of residuals from regional earthquakes will be discussed. Appendices
A, B, C, and D list respectively, clock corrections, HYPO71 input parameters,
symbol explanations , earthquake origin times, epicenters and focal depths,

local magnitudes, and quality of the locatioms.

Instrumentation and Field Work

We used 10 Sprengnether DR-100 portable digital event seismographs and two
Teledyne Geotech portable drum recorders (Portacorders) for the study. Six of
the digital recorders were installed around the Agua de Pau massif, three at
the INMG observatory in Ponta Delgada to record 8 vertical and 1 horizorntal
channels of the permanent network (INMG) stations, and the tenth instrument
was used as a backup and for special tests. The station names and locatioms

are shown Figure 4 and the operating parameters are listed in Table 1.

The DR-100. The Sprengnether DR-100 is a precision 12-bit transient event
recorder for signals in the frequency range 0-300 Hz and can record up to
three components of seismic data. The DR-100 has an adaptive trigger system
and a solid state memory to preserve signal onsets. Only channel one is used
to activate the trigger. The signal from this channel is rectified and

integrated in two averagers giving short-term (STA) and long-term (LTA)
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gverage signal levels. STA and LTA settings can be varied. The ratio of
these voltages is taken and compared to a user-specified trigger threshold.

when the threshold is reached the recorder is turned on. LTA is held until

—the STA and L1A ratio falls below the trigger threshold, and then the recorder

is turned off. Pre-trigger data is stored in the shift-register memory. We
used a sample rate of 100 samples/sec and pre-event memory of 3 seconds for
all stations except CRA and two of the recorders (MI1 and MI2) kept in the
INMG observatory which had extra memory cards and pre—event memory of 7
seconds. The DR-100 has a clock with day/hr/min/sec display derived from a
Vectron TCXO, 1 MHz, oven— controlled oscillator. The system stability is :
aging = 2x1072 Ppm, temperature stabllity 3x1077 sec/deg from -0 C to 50
C. After the system triggers on an event, offset voltages are added to -
samples at subsequent odd seconds om all channels until the trigger turns
off. Before each event is recorded a time code is written containing the
system display information including the first odd second offset after the
system trigger; after each event is recorded a time code i1s also writter
containing the system display including the last odd second offset after the
system trigger. The triggered digital data including the time codes and
pre~event data are recorded on cassette tapes. The recording duration for
each event was about 20 seconds and therefore, each tape could hold about 20
évents.

The six digital recorders installed on Agua de Pau utilized one vertical
and two horizontal L-&4 1-Hz geophones and 5-pole low—pass filters set at 50
Hz., Gains for the field instruments ranged from 42db to 72db. The
seismometer response and the total system (seismometer — filter — DR-100)
Tesponse are shown in Figure 5. The operating variables changed with each

instrument depending on the site location and level and type of cultural
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noise. Our tenth recorder was used as a backup and was operated briefly with
a borehole selsmometer to test the variation of cultural noise with depth.

A DP-100 playback unit and paper chart recorder were also taken to Ponta
‘belgada to make analog playbacks of the seismograms. Some of the larger local
events were timed, using the P-phases hand picked from the strip charts. We
used a HF-45 microcomputer with an extra 16k RAM module and a computer program

called HYP6S (similar to the computer program HYPOINVERSE) to locate

earthquakes as soon as the tapes came off of the DR-100's.

The Portacorders. 1Iwo Portacorders were operated to provide visual checks of

seismic activity and to obtain seismic data for sites too noisy for triggered
digital recorders. They utilized 1-4 1-Hz geophones, and generally were

operated at gains of 60-72 db.

Timing. TIwo master time clocks (Master Clock II, built by the USGS) were hand
carried to the Acores from Menlo Park, California to provide accurate
international time standards for the experiment. The clocks contain an
oven-controlled oscillator (aging = 5210710 ppm, temperature stability =
6x10™° sec/deg from =40 C to +55 C) and were calibrated to the Rubidiur time
source in Menlo Park, California before leaving for the Acores. Once in Ponta
Delgada one clock was kept stationary for the duration of the experiment and
the other clock was used in the field to calibrate the DR-100 clocks and note
the drift rates at every tape change. The field master clock was calibrated
and reset to the stationary master clock once a day. On October 7, 8, 9, the
master clock was compared to the DCF radio time code six times. The master
clock drifted 41.75 ms in 110 days, an average drift rate of 0.357 ms per day

(slow compared to the DLF signal).
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site Selection

Finding appropriately guiet siteé for the portable stations was
gifficult. Nearly all of Sao Miguel is under heavy cultivation; where the
cerrain prohibits farming, cattle are grazed or lumbering operatons are
present. Pyroclastic flows cover TOST of the island and rock outcrops &re
rare. Most of the rock outcrops occur in canyons, Stream beds, along the
cocast, or in road cuts and for the most part are inacessible or seismically
noisy. Hhence, our seismometer sites were based on compromise between
accessibility and best available poise conditions. They were poor

quality-wise in comparison with gites for similar studies in the U.S.A.

The INMG permanent network

The INMG network on 1sla Sao Miguel is centered on the Agua de Fau massif
with signals from all stations telemetered to the observatory in Ponta Delgada
where they are decoded and recorded on paper charts moving at a speed of 2
mn/s. The metwork utilizes Geotech S—6000, 2 Hz geophones. We monitored the
INMG network with three of the Sprengnether Dk-100's at system gains of 36 to
54 db. We recorded all vertical components and one horizontal component
(Station RIB) from the permaneﬁt network. The three recorders at INMG were
triggered simultaneously by channel one of instrument one (usually station
VIF). The INMG recorders are set at low gain levels (24-36 dt) because of the
extreme cultural and natural noise levels on Sap Miguel. Because of this and
the limited dynamic range of paper recordings, Very few of the events recorded
by our DR-100 monitors were visible on the corresponding paper recordings.
The 2-Lz seismometers and 10-Hz low-pass filters in the obse;vatory
selsmographs determined the system pass—band for these permanent network

stations.
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Data

During the recording period from Jume 19 to October 10, 1983, 59 locatable
earthquakes, 30 to 40 unlocatable events with arrivals at only two or three
stations, 300 to 325 one station triggers {quite seismic in character but very
small in magnitude), and well over 200 one station events associated with
swart activity on September 6-7, 1984 were recorded. Of the 59 located events
15 are considered regional events (10 km to 140 km outside of the network).
Ihe 44 remaining events occured within network. No teleseisms were recorded,

probably because of the high background noise level.

Magnitude Determination

Local earthquake magnitudes can be determined in two different ways: (1)
using coda duration, and (2) using standard Wood—-Anderson seismometers or by
converting the digital seismograms into equivalent Wood-Anderson seismograms.

Coda Duration. In the first method, the coda—duration magnitude (MDS is
derived by computing the duration of ground motion employing the relation MD
=a + b log(t) + cA where (r) = the geometric mearn of the total signal
duration at all stations recording the event, and A = the arithmetic mean
distance in kilometers from the epicenter to the recording statons (lee et
al., 1972). The duration is defined as the time measured in seconds beginning
at the first motion and ending wﬁén the signal is lost in the background
Doise. In the absense of any magnitude scale for the Acores, we have used the

Constants in the scale for California derived by lee et al., 1972 given as

MD = -0.87 + 2.00 log(x) + 6.0035 A. Therefore the My values we present

8ive only relative magnitudes for the Saoc Miguel area. We used 20 second
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recording durations including approximately 3 or 7 second pre—event memory,
and s0 only events of less than 13 to 17 seconds duration can be used for the
coda—duration method. It happened that most of the microseismicity we
"recorded in Sao Miguel was of 10 to 15 seconds duration . Bakun (1984) hacs

shown that a close correlation exists between hD and the local magnitude

My (Richter, 1935) for the range 1.5 < M; £ 3.25 s0 we feel that the My
values we obtained give a good first approximation of the local seismic
nagnitudes on SZo Miguel. To develop & magnitude scale that is relevant to
the Acores region, many more events have to be recorded, including larger
magnitude local events.

Wood-Anderson Seismograms. Amnother method of magnitude determination
consists of converting the digital seismograms to equivalent ond-Andersén
seismograms and measuring the peak amplitude directly, thus deriving ML
(local magnitude). Because of the small range of apparent magnitudes of the
events recorded, we feel that the coda-duration method of deternining relative
magnitudes is a good first approximation of local magnitudes on Sao Miguel. A
larger data set for a wide range of magnitude levels needs to be collected

before a detailed amalysis of local magnitudes and seismic moments can be

Performed.

Earthquake Location Procedures

Data from the DR-100 cassette tapes were read onto the USGS UNIX system
Using programs supplied by the University of Washington (UW). UW programs
Ping and Salvage were used to obtaln accurate timing and phase picks of the
Selsmograms, and program Watt allowed the display of all seismograms for each
event (Figure 6).

The phase data for each instrument (universal time of the first arrival,
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first motion, S—arrival, and ‘coda duration) were then entered into event
files. Clocks on each instrument were checked at every tape change and reset
to the master time clock. Corrections for clock drift were made for each
'event assuming linear drift for the clocks, and added to the picked arrival
times. Appendix A is a 1ist of clock drifts for the experiment. Earthquake
locations were obtained using the computer program HYPO71 (lee and Lahr,
1675). Program parameters used are listed in Tatle B. Both P-wave and S-wave
phases were used in the locations when the S-wave phases were clearly
distinct. Several of the locations for events recorded only by INMG vertical
geophone stations use only P-arrivals. Improved hypocentral solutions (lower
root-mean-square (RMS) travel-time residuals and smaller standard errors) were
obtained when clear S-wave phases were included in the solution (using

horizontal components from the USGS statioms).

Velocity models. A key element for accurately locating earthquakes is the

velocity model. In the absence of available velocity models for o Miguel,
we used an initial velocity model based on refraction data in the Mid-Atlantic
Ridge area by Le Pichon et al., (1965) for preliminary locations while in the
Acores using a minicomputer. Table 2 shows the crustal velocity model and
Figure 7 ic a plot of the epicenters of local events obtained with this

model. We relocated all events using a crustal velocity model (lable 3) based
on refraction data by Senos and Numes (1980). We then revised their model
slightly and derived a final velocity mcdel (Table 4) with the program VELLST
2, using a linear inversion method developed by by Crosson, 1976 (Ellsworth,

1977; Ellsworth and Roecker, 1961) .



Depth (km)
0.00
3.80
8.00

Table 2.

Depth (km)
0.00
0.50
2.20
5.40
11.00

Table 3,

17

Velocity (km/second)

3~layer crustal velocity model.

4.50
6.80

7.50

(Le Pichon et al., 1965)

Velocity (km/secornd)

2.40
4.10
5.40
6.80
7.80

Crustal velocity model based on refraction work by

Senos and Nunes (1976)

Depth (km)
0.00

2.20

5.40

11.00

Table 4, Final

Station

Velocity (km/second)

crustal velocity model.

Elevation (m)

3.20
5.40
6.20
8.16

CYELEST 2)

Delay

PVN
FAC
ADB
CML
PST
PEM
1GD
EPE
EFD
RI1B
FRA
CHC
SvA
VIF
CRA
LFa
MTS

Table 5.

100
18]
200
291
265
345
454
501
SU6
526
D57
632
644
647
667
693
826

0.14
-U.10
0.15
0.02
6.08
-0.16
0.06
0.15
0.15
0.01
=0.01
0.24
~0.01
=-0.04
-0.06
=0.07
~0.06

VELEST station delay terms.
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Velocity modeling using VELEST 2. Program VELEST 2 is used to simultaneocusly

invert for selected hypocenters, a velocity model and staton corrections. 31
of the best local events were used in the VELEST 2 inversions based on two
icriteria for their selection: (1) sharp, clear, unambiguous P arrivals at as
many stations as possible, and (2) a good distribution of hypocenters within
the area of the mnetwork with as great depth variability as possitle.

Initial inversion runs were made on a 12 layer model with layer boundaries
arbitrarily set at 1 km intervals. The starting velocity model was chosen
arbitrarily, velocity increasing monotonically with depth. The initial
hypocenters were those calculated with the crustal velocity model derived by
Hirn (1980). Station FRA was given a station correction of 0.00 sec and was
held constant for all runs. The resulting velocity model from the initiél
runs indicated that the 12 layer model was unstable because, (1) the surface
layer was poorly constrained, and (2) the model never stabilized or converged.

Several computer runs were then made with various layer thicknesses and
nunbers of layers, and it became quite apparent that all mocdels with more
than five or six layers would not converge to & final solution. Depending on
the starting velocities of the model used 211 of the computed models did
settle on one defined structure with a clear basic feature comnsisting of a
strong boundary between 2 and 3 km depth with velocities in the range of 2 to
5 km/sec.

In the final model, the two upper layers from Senos and Nunes' model were
combined into one layer with an intermediate velocity, resulting in better
Tesolution of the upper layer. The upper mantle velocity used in the final
model is taken from Whitmarsh (1973). The station residuals (Table 5) derived
from the inversion give negative values indicating earlier arrivals at

Stations at higher elevations. This result is different from the residual
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pattern obtained using regional events. We attribute this to the instability
of the VELEST model. This interpretation, however, is tentative because the
jpversion and the resulting station.residuals are not well constrained because
a0 shots or earthquakes of known origin or detailed refraction work were
available to provide known travel times for the inversion. Because of the
jack of hypocenters of events at depths greater than 10 km the resoclution of
layers below about 5 km was always poor. Also, it was found that the number
of earthquakes (31) used in the inversion and the small geographic area in
which they occurred caused a trade—off between the velocity model and the
station correction terms. Due to the limited data set used in the VELEST
inversion and resulting small number of data points at each of the statiomns,
we were not cnfident emough to use the VELEST station residuals for the .
earthquake locations. Final station delay temms which were used in the
location of the local and regional earthquakes were derived using the regiomal
earthquake residuals. The method is explained in the station residuals
section, page 24. It should be noted that the velocity model obtained is
representive only of central Sac Miguel as no regional events or events from
outside of the network were used in the inversiom.

In summary, we used three models to locate earthquakes in S3o Miguel: (1)
the model from Le Fichon et ;l. (1965); (2) the Senos and Nunes (1%76)
refraction model; and (3) the VELESYT model. The simple three-layer model
from Le Pichon et al. used for prelimanary locatioms while in S&o Miguel does
not take into account the thickening of the crust in the Agores Flateau or the
expected slow velocities from surficial pyroclastic deposits. The model based
on several refraction lines in SZo Miguel indicates the presence of several
kilometers of thick seismically slow material at the surface. The VELEST

model takes into account the slow velocities observed by Senos and Nunes but
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consolidates the first two laﬁers of his model with an intermediary velocity.
The station terms help correct for elevation and local surficial conditioms.

The three models all provide comparable earthquake locations, presumably
due to the small spatial network and the limited depths of the events. Figure
g is a spatial plot and corresponding depth cross—section along line A-A' of
selected epicenters from the three models. The variation in epicenteral
locations between the models range from 0.60 km to 3.80 km. The variation in
depths (hypocenteral locations) range from 0.47 km to 3.89 km. Average RMS

values are lower and hypocenter confidence levels for the local events are

higher using the VELEST model and plane wave station terms.

Microearthquakes

During the period of our survey from June 18 to October 10, 1983, 44 local
events in the magnitude (MD) range of 0.6 to 2.32 were located. lhe
hypocenters have an average horizontal modal standard error of 1.30 km, and a
depth modal standard error of 1.56 km. The quality (Q) of the 44 local

earthquakes as defined in appendix B is as follows:

Q Nunmber Percent
BC , 7 16
ccC 28 63
DC S 21

Figure 9 is the final spatial plot of earthquake epicenters (based on VELEST
model and station terms using regional events) on central Sao Miguel.
Appendix C contains the syzbol explanation for Appendix D, the final

earthquake locations and related location parameters.

Focal Depths. The focal depths of earthquakes in the Agua de Pau regiom
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(Figure 10) range from less than 1 km to about 12 km with only two events
deeper than 10 kilometers. The events have a bimodal distribution with one
gone from 1 km to 3 km (partly due to the starting focal depth of 3 kilometers
‘apd poor focal resolution) and another zone from 4 km to 7 km The largest

events with well constrained focal depths occurre between 2 km and 6 km.

lemporal Patterns of Seismicity. 95 percent of the locatable local events

occurred on the east slope of Agua de Pau and in the topographic low between
the Agua de Pau and Furnas volcanoes. This includes the area bounded by Lagoa
do Fogo on the west, to lLagoa de S. Bras and lagoa do Congro on the east.
During the experiment there were approximately 7500 station triggers, and
analog seismograms were made for each triggered event at all statiomns to )
determine if the triggers were culturally induced or seismic in character. We
estimate that 90% of the 7500 triggers were culturally induced. Figure 11 is
a plot of seismic triggers versus time for the duration of the experiment.
Temporal patterns are accented by two periods of swarm activity on June 26-29,
and September 6-7, 2983 with 50 percent of the located events occurring during
the swarms. locatable events averaged one event every seven days except
during the swarms. However, microseismic activity was quite high during the

entire recording period with several ome or two station triggers occuring per

day caused by events of MD -2 I

Swarw Activity. The periods of swarm activity within the seismic network

oceurred on June 28-29 and September 6-7, 1983. The swarm activity of June
28-29, 1983 lasted for 28 hours, with eight events located during that
Period. The events range in magnitude from MD 1.05 to M 1.50, with

little associated one and two station trigpgers caused by smaller events during



22
the swarm. Paper records from station PVN and INMG showed little such
getivity and the digital rTecorders d@d pot run out of tape as would by the
case if persistent microseismicity was present. This suggests that numerous
gmall microseisms did not accompany the swarn activity or that the noise
conditions during that time were high enough to mask such events. Figure 1z
is a plot of earthquake locatioms for the June 2&-29 swarm.

The seismic swarm on September 6-7, 1983 was of a very different
character. Natural noise levels were very low and most stations were running
with higher than normal gainms, especially the INMG station VIF. Over 200
events were recorded by station VIF during the 16-hour period from 1500
September 6, to 0700 September 7, 1983. The digital instruments closest to
the swarm area triggered on the numerous events at the beginning of the swarm
and ran out of tape before the larger shocks of the sequence occured. Digital
recorders further than 5-6 km from the swamm triggered only on the larger
events. Altogether digital records of at least 64 of the swarm events were
recorded. Many of the triggers were only one or two station triggers and the
INMG paper records were not clear enough to pick reliable arrivals for the
small events. 23 events were large enmough to be located, 11 by digital
records alone, 6 by digital and paper records, and 6 by paper records alomne.
Figure 13 is a plot of the 23 events located during the September 6-7, 1983
swarm. The swarm began with numerous small events recorded just above the
background noise level, increasing in magnitude and rate of cccurrence for
eight hours with at least 146 events recorded during that period, until 2310,
when a MD 2.07 event occurred. Seismic activity dropped off significantly
after the 2310 event with 75 events occurring through 0600. At 0555 September

7, 1983 the largest locatable event of the swarm was recorded at Mp 2.32.
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Two more locatable events were recorded at 0606 and 0635. UIdgital instruments
and paper recorders showed that seismic activity was very low for three days
after the swarm with no events recorded until September 11, 1983. Figure 14
'is a plot of total events versus time for the swarm activity. Appendix E is
an exanple of the digital station triggers during the swarm activity of
September 6-7, 1983. Figure 15 is a plot of magnitude versus time for both
the June and September swarms. There is no pattern discernable in the June
plot while a definite trend of increasing magnitude with time is seen in the

September activity.

Regicnal Earthquakes

During our four month experiment 15 earthquakes, presumed to be regioﬁal
earthquakes were recorded. Since these events occurred well outside our
seismic network, their epicenters and depths could not be determined with a
high level of confidence. Among these fifteen events, six were not locatable
because of lack of adequate number of P-arriveals. There were no identifiable
S-phases and the emergent P- picks gave erroneous locations within the
network. A typical regiomal event which was located using good arrivals is
shown in Figure 16. Figure 17 shows the epicenters of the nine located
regional earthquakes. It is interesting to note that the epicenters occur
within a broad area about S8b Miguel with a suggestion of northwest trending
alignment, A similar pattern is observed in the plot of regional seismicity

from the past ten years in the Agores plateau region (Figure 3).

Vp/Vs and Poisson's Ratio

In the hypocenter location (HYPO 71) program, & constant Vp/Vs ratio is

2ssumed and since only the crustal P-velocity model is specified, the
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s-velocity is implicitly assumed to be 1AJ of P-velocity, corresponding to a
homogeneous, isotropic medium. However, significant Vp/Vs variations have
been found in active geothermal areas, such as Yellowstone National Fark,
'wyoming (Chatterjee et al., 1984), and are explained as due to the presence ot
pore fluids and steam filled fractures in geothermal reservoirs. We therefore
considered it would be useful to estimate Vp/Vs values to lock for such
variations in the Sfo Miguel Agua de Pau geothermal area.

Vp/Vs can be éetermined by using the Wadati method in which arrival tines
of P- waves (tp) are plotted as the abscissa and the difference of arrival
time between the P and S-phases (Ts~1p) as the ordinate. If Poisson's ratio
(8) is constant along the travel path of the seismic ray, the relation (Ts~Ip)
versus tp will be a straight line with a slope equal to (Vp/Vs)-1 (wadati,
1933 Kisslinger and Engdahl, 1973). Alternately, we can plot a modified
Wadati diagram in which instead of plotting Ts-Tp versus Ip, the P- travel
time tp is plotted as abscissa against the $- travel time ts as ordinate.
Farthquake location and origin time errors are elimiated in both the methods
if the Poisson's raztio does not change in the volume sampled by the seismic
rays. 7The slope of the lime through the tp versus ts travel time plot
directly gives Vp/¥s. The advantage of the latter method is that travel time
data from several earthquakes can be plotted simultaneously to derive an
average Vp/Vs ratic for the study area. Poisson's ratio is given by

O = 1/2((Vp/Vs)2-2)/((Vp/Vs)?-1).

Local events. We chose to use the modified Wadati method of plotting tp
Versus ts to derive a Vp/Vs ratio for the local events rather than the
Standard Wadati method for the following reasons. There were 216 P-arrivals

and 151
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g-arrivals for 37 well recorded local events. Of the S-wave picks, 84 were
considered to be accurate and 36 were from horizontal components. However,
gost of the individual local events had less than 4 reliable S-readings and
blots of Ts-Tp versus Tp gave unsatisfactory results with a wide scatter of
VP/Vs values.

We plotted Wadati diagrams for the best recorded local events using all
weighted S-travel times (Figure 18a) and for a limited number of events using
only S—travel times from horizontal components (Figure 18b). A linear least
squares fit was made for each plot and the Vp/Vs ratios and Poisson's ratios
were calculated. Confidence intervals of 90, %5, and 99 percent for Vp/Vs
were also determined (Graybill, 1976). Table 6 is a summary of the results.
Figure 18a plotted using S—phases weighted 3 or better for 37 of the well
recorded local events gives a Vp/Vs ratio of 1.52 + 0.09 and Poisson's ratio
of 0.11 + 0.05. The correlation coefficient is 0.95 which indicates a
straight line correlation between the P- and S- travel times. To check the
reliability of the Vp/Vs ;alue of 1.52 which is quite low compared with the
global average of 1.78, we plotted data from only the horizontal components to
check for systematic errors introduced in reading S5- arrival times frem
vertical components which would lower the value of Vp/Vs (Figure 18b). The
Vp/Vs value using the horizontal components is 1.53 + 0.12 and the Poisson’s
ratio (.13 + 0.06. The correlation coefficient is 0.96 and indicates a good
linear relationship between P- and S-. Figures 18a and b demonstrate that the
arrival times of S-phases picked using the vertical geophones are within the

error limits of the S~ picks from the horizontal geophones.

Regional events. Vp/Vs ratios for the regional events were derived using

¥adati's method for four of the best recorded regional events. Figures 15a-d
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show Wadatl diagrams for four selected events. The resulting Vp/Vs ratios
show & wide scatter and are in the range of 0.91-1.98 reflecting the poor
resolution resulting from using & limited number of data points for each
‘event. To find an average Vp/Vs value for the regional events we plotted the
phase d%ta from the nine regional events on a modified Wadati plot with only
weighted arrivals of 3 or better (Figure 19e). 1he resulting best f£it line
for the Tegional events gives & value for Vp/Vs of 1.62 + 0.05 and Poisson's
ratio 0.19 + 0.02. The correlation coefficient for the data is 0.95. 71he
data for the regional events is summarized in Table 6. Figure 19f is a bar
graph showing the error limits of Vp/vs for two local event data sets and on
regional event dafa set.
There are two key observations that can be made on our Vp/Vs measureme;ts:
(1) the difference between Vp/Vs values computed using local and regiomal
events (about 7 percent); and (2) the generally low Vp/Vs value for both
regional and local event data sets, compared with the global average value of
1.78. We are unable to assign a high level of confidence for the difference
between Vp/Ve for local and regional events as can be seen from the bar graph
(Figure 19f). However, the difference 1f real is not surprising as the local
events represent Vp/Vs in a crustal volume of complex volcanic rock around the
Agua de Pao volcano, whereas the Vp/Vs value using regional events are for
sub-mohé ray paths associated with the Pn and Sn phases of the regiomal
Events.; One would expect the regional Vp/Vs value to correspond to that for
fairly homogeneous basaltic upper mantle. This is not the case as the Vp/Vs
Yalue for basaltic samples from the Atlantic Ocean measured in the laboratory

is about 1.86 (Christensen and Salisbury, 1972).

A plausible explanation for the low Vp/Vs value in the crust beneath Agua
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ge Pao can be given in terms of the presence of a fractured geothermal

1reseIV°ir in which the temperatures are close to that at water-steam
¢ransition. We are unable to explain the cause for the abnormally low
}cgional Vp/Vs values beneath Isla Sao Miguel. Presence of partial melt is
pot an acceptable explanation as melt inclusions tend to reduce S—-wave
yelocity resulting in a higher than normal Vp/Vs ratio. Mineralogical
differences from the surrounding regiocn (Kern and Richter, 1981), presence of
fractures filled with water at temperature near that needed for tranmsition to
gteam, or erroneous identification of the S-phases are possible explanations.
The S-phases for several of the regiomal events were not recorded because of
pre-event memory and 20 second restraint on the record section. Perhaps the
phase picked is not the S-wave, but the consistent correlation (Table 6) -

between events indicates we are accurately identifying the S-phase.

Regidual analysis

leleseismic P-residual and attenuation studies have been extemsively used
to delineate zones of anomalous seismic-wave velocities associated with
magmatic heat sources in several geothermal areas in the U.S.A.(Yellowstone:
Iyer et al., 1981; The Geysers—Clear Lake area: Iyer et al., 1978; Oppenheimer
and Herkenfoff, 1981; Ward and Young, 1980; Long Valley-Mono Craters: Steeples
and Iyer, 1976; Achauer et al., 1984; Coso Hot Springs: Reasenberg et al.,
1986; Young and Ward, 1980; Roosevelt Hot Springs: Robinson and Iyer, 1561;
San Francisco Mountain: Stauber, 19&2; Newberry Volcano: Stauber et al., 1584 ;
Medicine Lake Volcano: Evans, 1962). In S50 Miguel, due to the high ambient
seismic noise level, we did not record any teleseisms and Lence could not

carry out a typical P—delay study. However, we were able to use the regiomal
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yents TO maP P-residual patterns in the Agua de Pau area using a modified
ersion of the teleseismic experimentt The term "P-delay” refers to the
pcrease in travel-time as seismic P-waves traverse through a low—velocity
.odY! such as a magma chamber. If the P-waves travel through a homogeneous,
sotropic medium, the arrival times of P=phases at a series of recording
{pstruments emplaced on the surface will zeflect a constant velocity of travel
and 1O travel-time residuals (advances or delays) are observed. Om the other
’hand, {f the waves sample an anomalous Jow-velocity zone such as & magma body,
or a volume of denser, high-velocity medium such as a pafic intrusion, the
arrival-times will give measurable travel-time residuals. Positive residuals
or P-delays are associated with low—velocity bodies and negative residuals or
p-advances are associated with high-velocity bodies. ;

To calculate residuals the P-arrival times for each of seven of the
well-recorded regional events were fitted using least-squares to a plane
wave—front to obtain an average apparent velocity and azimuth of travel. The
P-residuals at each station were simply the deviation of the arrival time from
the predicted least-squares—fitted arrival times. Note that the residuals
calculated using this method are independent of the earthquake locatiomns and
origin times. The azimuths of'the avents were 16°, 1267, 2637, 308", 309°,
309°, and 330°. The residuals from the three events at azimuths 303%, 308°,
and 313° were averaged and these events will be treated as one event in the
subsequent discusslon. The apparent velocities, azimuths and regiduals for
all the events are shown in Table 7 and the residuals for the five azimuth
groups are desplayed in Figure 20. Note that in spite of the sparse data set,
residuals from all the azinuths except 263° show positive residuals or delays

around the Agua de Pau volcano. Superimposed on this is a pattern of

azimuthally varying residuals. To highlight the azimuthally invariant
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component of the residual pattern, we have averaged all the residuals (Figure
71a) . Note the east-west elongate zone of P-delays with an amplitude of C.1
¢o 0.2 seconds centered on Agua de Pau volcanc. In interpreting this pattern
of delays, the first question to ask is whether it is related to elevation
effects. The build up of low velocity debris around a volcano can produce a
spatial delay pattern as has been observed. 1n Figure 22 we have plotted
elevation versus average residuals. Note that except for FAC and CML, the two
stations on the western extension of the anomaly along the center of the
yslard, the elevation versus distance gives an approximately linear regression
with a slope indicating about 0.2 sec delay for 1 km of elevation increase.
Assuming an average upper—crustal layer velocity of 3.2 km/sec velocity (used
in earthquake locatiom, Table 4) means a further decrease of 40% in velocity
over the region indicated by the delays. A second explanation for the delays
is to assume that the linear relationship between residuals and elevation is a
fortuitous result of the deeper processes of volcano building and is caused by
an extended crustal low—velocity zome. Since the seismic waves used in this
study are most probably Pn phases (the uncertainty is because of lack of good
hypocentral locations) with an emergent angle of 45°, the observed delays
could be interpreted to have been caused by a low-velocity body, elongate in
an east-west direction, benmeath the Agua de Pau volcano. The body could be 10
km long and 5 km wide, extending from the surface to a depth of about 5 km.
The velocity decrease within the body from the surrounding rock could be about
10%, A plausible explanation for such a low-velocity body could be that it is
caused by a large steam reservoir within the upper crust. The possibility for
‘the existence of a well fractured geothermal system in the area of Agua de Pau
is supported by the hydrothermal sampling and geophysical studies performed by

the USGS, the surficial expressions of a geothermal system at hot springs such
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25 Lombadas and Caldieras, and the generally low Vp/Vs ratios discussed
earlier. Such & steam reservoir can explain the low VP/Vs and low P-wave
velocities inferred from tﬁ; delays because steam-filled fractures in rock
‘volumes result in lower than normal P-velocities (Ito et al., 1979). Another
explanation for a crustal low-velocity body is the presence of partial melt
(Iyer and Stewart, 1977). We are unable to discriminate between the proposed
delay-causing mechanisms due to lack of adequate geologic and other
geophysical data. Use of detailed geologic maps to relate surface lithology
with the observed residuals, teleseismic studies and seismic refraction
surveys (see recommendations) are mneeded to interpret the observed aelay
anomaly.

Let us now explore the first possibility that the averaged residuals :
reflect variations in the top layers of the crust. In order to look at
variations in the P-velocities at depth (deeper than 1-2 km) we subtracted the
average residuals from the residuals for each event. The resulting values
should approach zero if all variations in P-wave velocities are due to
structure in the top crustal layers. Figures 21b-f are plots of the residuals
derived for each event with the average residuals subtracted from them. The
patterns show clear evidence for azimuthal variation with two different
patterns for northerly and southerly events. The results are intriguing, Lut
the mipnimal number of events and their ambiguity leave interpretaticn cpen to
discussion.

We now return to the residual pattern for the event from the east (Figure
21c) which did not f£it into the delay pattern of the other events. A clue for
the different behaviour of this event is provided by the similarity between
the residual pattern without and with the average residuals subtracted (20b

and 21c). 1Ia both cases instead of delays, P-advances are found around the
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Agua de Pau volcano. If the event is farther away from the seismic array than
the other regional events resulting in deeper penetration of the selsmic waves
{pto the mantle, the P-advances can be interpreted as due to anomalous
ﬁigh—velocity upper mantle beneath the central part of Sao Miguel. The effect
of the upper mantle anomaly could be more predominant than the surface effect
on the residuals and could explain the residual pattern with no correctiom.
However, this inference is very tentative an needs more well-constrained data
to support it.

We have used the average station delay terms derived from the plane wave
residuals of the regional events in locating the regional and local
earthquakes using the HYPO71 program. The routine gives station residuals for
the regional events which can be plotted similarly to the plane wave :
residuals. Near surface structure is eliminated with the station terms and so
the residuals should reflect structure at depth. Residuals given by HYPO71
are derived by subtracting the calculated P-wave travel time and station delay
from the observed P-wave travel time. Figure 23 is a plot of the average

‘station residuals for the regional events using the HYPO71 program and

probablf reflects deeper structure bemeath the Agua de Pau volcano.

Discussion

The signficant finding of this study is that the seismic activity recorded
during this experiment was not centered under the Agua de Pau massif or
associated with any known geothermal manifestations such as Lombadas or
Caldeiras. Instead, the seismic activity was centered on the east slope of
Agua de Pau extending into the topographic low between the Agua de Pau and

Furnas volcanoes. It must be noted that only the larger events (M>1.5) which
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occurred within the network triggered 50 per cent or more of the portable
stations. Station VIF triggered the three institute recorders 80 there is a
blas toward events occuring in the vicinity of station VIF. Few events
ioccurred to the south of station VIF indicating the activity recorded to the
north of the station is a true sample of seismic activity 4in the vicinity of
Agua de Pau. The seismic activity we observed is by no means a true sample of
the total activity for the island of S¥o Miguel. We had no stations on either
the west end of the island near the Cete Cidades volcano, or on the east end
of the island near the Furnas and Povoacoa volcanic centers. The active
geothermal system including hot springs at Furnas suggests that micro-
earthquake activity could be present in that area. It is estimated thaE
events less than MD 2 which occurred 15 km from the center of our netwofk
would not be sensed by the required 3 or more stations for proper locating
purposes. Thus, if activity is present at the Cete Cidades and lurmas
volcanoes, it is of the order of that about Agua de Pau, or perhaps less.
Also, the large number of seismic triggers which could not be located
indicates that the seismicity of SZo Miguel is probably much higher than that
implied by the small number of events located in this study.

There are several explanations for the location of the activity to the
east of Agua de Pau. First, the activity could be associated with the
geothermal system described by Muffler and Duffield (1984), although mno
surface manifestations of the geothermal zone are visible in the area of
selsmic activity. Fumaroles and hot springs such as Lombadas and Caldeiras
Occur in deeply eroded canyons on Agua de Pau and since the east side of Agua
de Pau 1s not deeply eroded, the geothermal system may well be masked by the
Overlying deposits. Secondly, the activity could be 2 result of regiomal

Btress release along the Terceira rift. 7The structure of the rift zone is not
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well defined on the east sidé of Agua de Pau because of recent volcanic
deposits which cover most structure and faults. We attempted to derive focsal
mechanisms for the larger local events but the first motions showed
icompressional motions across the whole array. Since all the stations are
closely spaced over the area of activity we see only the upper hemisphere in
the focal solution and the results are expected. Finally, many of the studies
concerning Sao Miguel indicate a large rhyolitic magma chamber underlies the
central and eastern portion of Sao Miguel (Booth et al., 1978, huffler ana
Luffield, 1984, Gandido, 19b4). The seismic activity could be associated with
nipor inflation or deflation of the postulated magma chamber. No tilt or
detailed deformation studies have been done to substantiate this theory and
our selsmic study does not give definitive evidence for a large magmatic
anomoly under central S3o Miguel.

All of the studles donme by the USGS indicate an active geothermal system
exists under the upper portion of Agua de Pau, with the most likely prospects
on the north and east sides of the volcano. The low Vp/Vs ratio of 1.52 for
local earthquakes in this area and the P—delays in the same locality suggest
the presence of a steam resezvoir under the Agua de Pau volcano extending 3 to
5 km to the east of the summit. Senos and Nunes (1976) cite evidence of a
Zone of attenuation under the Furnas volcano and low (1.58) Vp/Vvs values in
that area. Combining the evidence from our data with his indicates that there
is a zone of attenuation, most likely a steam reservoir, bemeath the entire

tentral and eastern portion of SZo Miguel.

Earthquake and Volcanic Hazards. It must be stressed that the seismic

activity present in the Agua de Pau volcano reglon is an ongoing process. The

Possibility of large magnitude events is low, but can not be discounted. The
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January 1, 1980 M 7.2 event that destroyed many buildings on Isla Treceira is
an exanple of the type of event that could occur. however, the short duration
of our seismic study does not permit any defenitive conclusions on the
possibility of occurrence of a destructive earthquake in S¥o Miguel in the
future.

The youthful calderas and recent volcanic activity at all of the volcanic
centers on Sao Miguel, as well as the documented ages of eruptions by Booth et
al., (1978) show that future eruptions should be expected . The documented
eruptive histories of the volcanoes on SZHo Miguel average an eruption cycle of
abtout every 500 years for a magnitude & eruption and every 200 years for a
magnitude 5 eruption. The occurrence of two swarms of seismic activity id a
three month period seems suspiciously related to the Agua de Fau and Furnas
volcanoes, though again no clear diagnostics are available as to the volcanic
nature of the seismic activity. Seismic monitoring of the microearthquake
activity on Sao Miguel must be upgraded so that an accurate record of activity
can be built for future reference. Deviations from the normal pattern of
seismicity should be noted so that the possibility of an impending eruption

can be prepared for,

Magma Chamber. One of the purposes of our study was to detect any magma

chamber present within the Agua de Pau volcano. The residuals obtained from
the regional events do not definitively define a magma chamber, even though as
discussed earlier they could be interpreted as due to a crustal low-velocity
body in which the P-wave velocity is lower than normal by about 10%X. 1Le bedy
could be a result of a dry-steam reservoir or a partially molten magma chamber

beneath Agua de Pau. Tlhere 1is also marginal evidence for a high-velocity
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intrusion in the upper mantle. Our data are inconclusive and need to be
supported with further detailed seiéﬁic surveys to verify the suggestive
patterns that we see. The low Vp/Vs ratios of local evente can be attributed
“to slow surficial deposits, but could also be due to a steam charged
geothermal system.. If the existence of a large steam reservoir beneath the

central and eastern portion of S¥o Miguel is accepted, then the magmatic

system that drives the system must be accounted for. Booth et al. (1978) have
shown that between about 5000 and 7000 years before present there were at
least 13 basaltic eruptions around the flanks of Aguz de Pau and Furnas.
During the past 5000 years there have been no basaltic flank eruptions in the
same area. They suggest that a lateral spreading of the trachytic magma
chamber that supplies Agua de Pau occured at about the time of the Fogo Af
eruption (4550 years b.p.). The subsequent reduction of basaltic flank
eruptions may be a result of the inability of the basaltic magma to penetrate
the trachytic magma. lagoa do Congro and Logoa de S. Braz occupy craters
between Agua de Pau and Furnas, both are post Fogo A trachytic erupticn
centers indicating a trachytic magma chamber or feeder system exists under the
central and eastern area of Sac Miguel. It should be noted that basaltic
eruptions continued during the past 5000 years with at least 37 events
éccuring during this period, all to the west of Agua de Pau with none in the
major calderas. In conclusion, the presence of a large trachytic magma
chamber beneath Agua de Fau and perhaps the entire central and eastern section
of Sao Miguel has been postulated by several authors. Our study shows no
large magmatic anomaly appears to exist under Agua de Pau at least in the top
five kilometers, aithough Vp/Vs ratios and P—delays in the area certainly

suggest the presence of some type of anomaly.
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Recommendations

The presence of seismic activity, higher than we expected, leads us to
recommend several studies which would help to better understand the active
geothermal, selismic, and volcanlc processes cccuring on Sao Miguel.

(1). The first and most important recommendation is to upgrade the
existing monitoring network. The paper recorders now used do not have the
gsensitivity to detect small magnitude microearthquakes. An island-wide
petwork that would enable the detection and location of events to the M 1
jevel would greatly improve the understanding of seismic activity on the
island. Because of the high level of noise on the island we recommend that
the present stations and any future stations be installed in boreholes to A
reduce the problem of surficial noise and to enhance the detection
capatilities of the network. Such a network should provide, (a) a background
seismicity level against which to monitor seismicity changes associated with
future geothermal development, (b) seismic monitoring for detecting
pre~cursory seismic activity preceding hazardous volcanic eruptions, and (c)
seismicity studies for earthquake prediction and earthquake hazard
evaluation. It is also recomménded that a state-of-the-art computer oriented
seismic data analysis center be set up to process the data from the seismic
array.

(2). The effectiveness of a seismic network depends on how precisely
earthquake hypocenters can be determined. For all the studies mentioned
abo ve, earthquake location accuracy to a fraction of a kilometer in
hypocenter and depth is required. The critical data to achieve such &
Precision beside accurate P- and S-—arrival times over a dense seismic network,

are detailed velocity models from seismic refraction/reflection experiments.
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The available refraction data in SZo Miguel (Senos and Munes, 1976) is
1nadequape and so we propose a comprehensive refraction/reflection
experiment. Instruments, field procedures, and analysis techniques for such
‘én experiment are highly developed in many institutions of the world and
particularly in the U.S. Geological Survey (Healy et al., 1982; Zucca et al.,
1962; and Fuis et al., 1984). The small dimensions of lsla S¥o higuel (60 km
% 15 km) would permit deployment of dense profiles of portable seismic
stations on the island and detonation of large shots in the ocean to evolve
detailed velocity models.

(3). An extension of the Seismic refraction study is & seismic imaging
experiment to model in three dimensions lateral and vertical velocity :
heterogeneities associated with the geothermal and volcanic system in the Agua
de Pau-Furnas area of Sao Miguel. The experiment consists of deploying a
two~dimensional array of about 100 instruments in a 10 km x 10 km area with
average instrument spacing of about 1 km, and setting off large shots (in the
ocean) around the array (Stauber, 1584). The travel-time residuals from the
vertically arriving Pz, Pn and reflected phases can be inverted to produce a
comprehensive image of the seismic velocity anomalies.

(4). We strongly recommend a teleseismic P-residual study of the whole of
Sac Miguel, The strategy would be to supplement the proposed seismic metwork
with several portable statioﬁi to achieve an average instrument spacim, of about
5 ko and collect teleseismic and regional event data for several months. ‘lhe
analysis of data from such & study would provide a 3—dimensional model of the
crust and mantle beneath Sao Miguel with a resolution of about 5 km. 1his
model would complement the high-resolution model from the seismic imaging
experiment proposed under (3). Also, the experiment can be expected to
provide a wealth of data to explore in detail the selsmicity, Vp/Vs, and

residual anomalies discussed earlier in this report. The excellent data set
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thus collected can be used for numerous studies related to the seismicity,

tectonics, volcanology, and geothermal potential of Sdo Miguel.
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Figure 15, Magnitude versus time plots for the June and September, 1983
SWarms.
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