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The seismicity at the northern section of the Gorda Ridge has been

studied with Ocean Bottom Seismographs. Nearly one hundred earthquakes

were located with RMS travel time residuals less than 0.5 seconds.

Most of these events lie within or near the array and they are probably

associated with the dynamics of crustal formation which creates the

observed bench-like features in the Gorda Ridge. An average of 5 mi-

crotremors per hour can be detected in the median valley with a lower

activity outside of the ridge. Considerable clustering in time can

be seen and it is typical of a main-shock sequence with the largest

shock at or very near the beginning followed by a progressive decay

in number. Clustering was spatial as well as temporal and the records

indicate that they have similar mechanisms. A brittle zone of 18 km

thickness at 42°N and 13 km at 42.5°N was found implying any possible

magma chamber must be at greater depth. These thicknesses are larger

than those observed in the Mid Atlantic ridge and in the East Pacific

Rise. They may be explained by the depression of isotherms due to the

heat lost by the contact of the ridge with the old and cold plates

across the Blanco and the Mendocino Fracture Zones.
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Comparison of earthquakes locations using only OBS with those ob-

tamed from land stations indicate a major P-delay for the Gorda Basin.

The seismic activity appears to decrease markedly to the south of

42°N. This drop in activity indicates that the southern part of the

ridge is more stable than the northern part. This decrease in activity

is not consistent with a southward propagating rift if we accept that

higher seismicity levels are expected at the tip of the propagating

ridge segments.
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MICROSEISMICITY ON THE GORDA RIDGE

INTRODUCTION

The Gorda ridge is an active spreading center that has the classi-

cal profile of a slow spreading ridge, with a constant half spreading

rate to the west of 2.9 cm/yr and a varying one to the east of 1.2

cm/yr (South) to 2.9 cm/yr (North) (Atwater & Mudie, 1973). It has a

median rift valley bounded by steep valley walls which form the crestal

hills. It is located 200 km west of the coast of southern Oregon and

northern California. It is bounded on the south by the Mendocino

fracture zone and on the north by the Blanco fracture zone.

A number of significant scientific investigations of the Gorda

ridge region have been published since the early 1960's (Atwater &

Mudie, 1968, 1973; Dehlinger, 1969; Fowler & Kuim, 1969; Heinrich,

1970; Jones & Johnson, 1978; McManus, 1967; Northrop etal., 1968,

1970; Raff & Mason, 1961; Sverdrup etal., 1977; Thrasher, 1977; 'line

& Wilson, 1965). The existence of linear magnetic stripes was first

determined there, and one of the most important early steps in the

development of the rigid plate hypothesis was the explanation of the

origin of these stripes as the product of sea floor spreading and

magnetic field reversals (Vine & Wilson, 1965).

Other geophysical and geological studies have added considerably

to an understanding of the Gorda ridge and other oceanic ridges. The

discovery that the Raff and Mason anomalies were symmetric and could

be correlated with other anomalies throughout the world's oceans, as

well as with the reversal time scale determined on land was influential

in convincing earth scientists that both the Vine-Mathews and the sea
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floor spreading hypotheses were valid. The Gorda ridge is noted for

its seismic activity, however analysis of the land station data in-

dicate that the epicenters are generally landward for more than 50 km

of the true location. Part of the errors arise because most of the

stations are to one side of the earthquakes and because of poor know-

ledge of the velocity structure in the area. Ocean bottom seismo-

graphs COBS) programs have permitted a considerable progress in the

seismological study of ridge axes. They allow a greater precision of

observation than is possible with teleseismic and regional land station

data. Since the sensitivity of the instruments enables one to detect

very small earthquakes, a large number of events can be studied in a

short time (two week) cruise experiment.

Ocean bottom seismographs were deployed on the Gorda Ridge during

the summer of 1980 to detect microearthquakes and to record surface ex-

plosive shots in order to investigate the velocity structure. (the re-

suits of this refraction experiment will be presented elsewhere).

This thesis describes the series of observations, the reduction of

data and the analysis of the results. The aim in this study was to in-

vestigate the microseismicity of the Gorda Ridge and to relate, when-

ever possible, the earthquakes to the small tectonic features of the

area.

The possibility that the change in the orientation of the ridge

at 42°N latitude is due to the existence of a propagating rift in the

north section will also be examined. This study could be effectively

combined with a program to locate active hydrothermal venting. A re-

connaissance geochemical sampling took place at the same time, but the

data is not yet available on the geochemical observations.
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PREVIOUS STUDIES

Physiography

The Gorda Ridge is an oceanic rise 300 km long that lies off

Northern California and Southern Oregon (Figure 1). Bathymetrically,

it consists of two linear ridges separated by a deep central valley

called in the south the Escanaba Trough. The inner sides of the ridges

(the valley walls) are extremely steep but the outer flanks descend

much more gradually (Figure 2). It is terminated on the north end by

the Blanco Fracture Zone and on the south by the Mendocino Fracture

Zone. Its physiographic provinces are more similar to those of the

Mid-Atlantic Ridge than to those of the East Pacific Rise. Menard

(1967) explains this similarity by suggesting that it is a result of

the rates of sea floor spreading in these regions being slower than

the rates along the regions of more subdued topography on most of the

East Pacific Rise. Atwater and Mudie (1968) have reported in the south

the existence of a number of benches on the inner walls of the axial

valley. These benches are made up of a number of block-like steps

having steep scarps that face inward toward the center of the valley

and planar tops that dip gently outward. They interpret these steps

as fault blocks whose footwall has been uplifted farther than the

hanging wall and relate the faulting to sea floor spreading away from

the axis of the Gorda Ridge. The most striking charateristic of the

benches is their north-south continuity and their uniform depth.

Heinrich (1970) correlated them for a distance of approximately 35 km.

The central rift valley is a prominent linear feature from the Men-

docino Fracture Zone to the point 410 30'N where it is offset 20 km





to the east. At about 42° IO1N it changes its trend to north-north-

eastward. This disruption appears to be a fundamental one extending

to the east into the Gorda plate as a deep in the bathymetry (Figure

1), and as an offset in the magnetic pattern (Figure 4), and as an ac-

tive seismic zone (Figure 5). The northern part of the trough is

apparently much narrower and devoid of turbidites and the flanking

ridges are narrower and less complex topographically. It is along the

line separating these two sections that a fracture zone has been pos-

tulated (McManus, 1967; Hey, 1977; Riddihough, 1980).

Geology

Based on the pattern of magnetic anomalies Vine and Wilson (1965)

considered the ridge to be young, beginning in the early tertiary.

Fowler and Kuim (1970), have estimated for the Gorda Ridge a minimum

rate of uplift 0f 0.1 cm/yr based on a maximum age for the sedimentary

dredge samples from the axial valley. The rate of uplift may actually

be of the order of 1.5 cm/yr. A similar rate of 1.5 cm/yr has been

suggested for the Mid Atlantic Ridge in the vicinity of the Vema

Fracture Zone (VanAndel, 1969). Fowler and Kulm (1970) showed that

the sediments are turbidites whose original source area was the Klamath

Mountains. They indicate that these sediments entered the median

valley floor from the south, were deposited on the rift floor and then

were uplifted onto the sides of the rift with the benches on which they

rest. In a core from a trough at the junction of the Blanco Fracture

Zone and the west flank of Gorda Ridge, Duncan (1968) obtained green-

stone fragments. They are metamorphically altered, fine to medium

grained basalts and porphyritic olivine basalts. Some specimens have



a typical grenschist-facies minerology, although others show little

metamorphism, presence of abundant volcanic glass and debris in the

hemipelagic sediment can indicate recent submarine volcanic activity.

Scheidegger (1973), using dredged volcanic rock samples and ash

samples obtained from cores, classified magrnas at the Gorda Ridge as

olivine tholeites and identified plagioclase as the main phenocryst

phase in the glass. He also calculated a temperature for the magma

as 1300°C using a plagioclase geothermometer.

Structure

The Gorda Ridge structure along 41°N can be modelled from gravity

as relatively light crustal rock of density 2.57 gm/cm3, with a layer

of sedirnemt of density 1.90 gm/cm3 partially filling the central rift

(Couch, 1978). The rift suggests a graben structure with the central

block down-faulted into light upper-mantle material. The distribution

of low-density upper mantle material appears to be asymmetric with

respect to the Gorda Ridge. Along the flanks the crust is less than

4 km thick. The crust thickens away from the ridge, more rapidly on

the east side than on the west side. The thickness of the crust in-

creases to 35 km approximately 100 km inland of the Oregon coast.

Model studies of the Gorda Ridge at 42.5°N latitude (Thrasher, 1977)

show the ridge structure considerably more complex than depicted above.

The resulting velocity model has a low velocity zone with a directly-

determined velocity of 5.72 km/sec between crust of velocity 6.48

km/sec and Moho of velocity 7.54 km/sec. The velocity inversion is

0.7 km thick and lies 3 km below acoustic basement. In the model the

rise of asthenospheric material on the ascending limb of a convection
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Figure 2. Seismic reflexion Profile across the Gorda Ridge, along
M' in Figure 1. Wecoma, 40 j3 Airgun trace, 22-Aug-81.



cell causes the generation of partial melt. The molten fraction tends

to coalesce near the top of the ascending limb, forming a region of

significant partial melt under the ridge crest. The geophysical ex-

pression of the reservoir is a region of low seismic velocity and low

density.

Gravi ty

Free Air Gravity Anomaly maps have been constructed for the entire

area accurate to ±5.5 mgal (Figure 8), (Dehlingeretal., 1971). Anom-

alies over the Gorda Ridge are generally due to the effect of topog-

raphy. The central trough along the ridge is characterized by a long

linear negative anomaly: -30 to -40 mgals, caused in part by the

topographic rift in the ridge, and in part by low density upper man-

tle rock beneath the ridge. The flanking crests on the ridge show

+30 to +40 mgal anomalies. Dehlinger (1969) noted that the average

anomaly over the Gorda Ridge is near zero and concluded that the

ridge must therefore be in isostatic equilibrium.

Magneti cs

The first magnetic map of the region was published by Raff and

Mason (1961). J. Tuzo Wilson (Vine & Wilson, 1965) used it to iden-

tify faults and ridge crests and he postulated that a spreading cen-

ter, to which he gave the name Gorda Ridge, might lie between the

Juan de Fuca Ridge and the Mendocino Fracture Zone. Vine (1965) and

Potter etal. (1974) identified the anomalies in this region. Figure

4 shows the magnetic anomaly outlines after Riddihough (1980). The

age of the center line of each anomaly was derived from NLC standard
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reversal chronology (Ness etal., 1981). Large offsets, which Wilson

(Vine & Wilson, 1965) has attributed to transform faulting, occur in

the anomalies. The fanning out of magnetic anomalies between the

Gorda Ridge and the continental slope (across the Gorda Basin) has

suggested a differential-spreading rate and possible crustal distor-

tions (Atwater & Mudie, 1973).

Seismicity

The Gorda Ridge has been noted for its seismic activity for a

long time. Figure 5 shows a compilation of earthquake locations in

the region until the end of 1973 (after Couch etal., 1974). Fault

plane solutions for several earthquakes have been presented (Table 1

and Figure 6) by Tobin and Sykes (1968) #3; Chandra (1974) #1, 2, 4,

5; and Jones and Johnson (1977) #6.

All of the earthquakes except #1 (located at a distance of about

45 km from the ridge axis) are located in the vicinity of the Gorda

Ridge. Earthquakes 1, 2, 4, 5 are characterized by a component of

normal faulting. If, for events 2, 4, 5, we consider the northeast

striking planes, which are subparallel to the trend of the ridge

axis, to be fault planes, the strike-slip component of motion would

be right lateral. The strike-slip component of motion for event 1

is right lateral for the northwest-striking nodal plane and left

lateral for the nodal plane striking in the northeast direction.,

The axes of tension for events 2, 4 and 5 are inclined to the ridge

axis at an average angle of 32°. The axis of tension for event 1 is

inclined to the ridge axis at an angle of about 77°. For earthquake 3

the distribution of stations is such that only one of the nodal planes
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TABLE 1. Earthquakes with reported focal mechanism on the Gorda Ridge.

DATE ORIGIN TIME GMT

hr mm sec

LAT.

deg

N LONG. W

deg

DEPTH

km

MAGNITUDE

Mb

1 Aug 22, 1963 9 27 9.3 42.0 126.2 33 5.6

2 Jul 13, 1964 11 54 50.7 42.5 126.7 33 5.6

3 Apr 18, 1965 6 33 55.5 41.5 127.2 20 4.9

4 Jun 20, 1965 18 4 37.3 42.9 126.1 33 5.6

5 Apr 8, 1972 6 24 13.7 42.6 126.3 11 5.6

6 May 14, 1973 1 20 0.0 42.6 126.8 4

-'
()
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(shown by the solid line) can be drawn with certainty. The positon of

the other plane (the dashed line) was approximated using the first

motion of S-waves. The solution does suggest, however, that the dip-

slip component of the motion is normal, for plane parallel to the ridge,

rather than thrust. The fault plane solution for earthquake 6 indicates

high angle reverse faulting but is only tentative because of the lack

of data. Sykes (1967) studied the mechanism of earthquakes occurring

on midocean ridges and found that the earthquakes occurring on the

ridge crest are characterized by a predominance of normal faulting

with the axis of tension approximately horizontal and nearly perpendi-

cular to the local strike of the ridge. The departure in this area

from Sykes observations may be due to the complex tectonics. The

contorted pattern of magnetic anomalies, the bend in the ridge axis,

the distribution of epicenters throughout the Gorda Basin and a few

to the west 0f the ridge, indicate that the tectonic features in this

region are indeed rather complicated.

A swarm of earthquakes was reported by Northrop etal. (1968)

from the offset of the ridge at 42°14. Sverdrup etal. (1977) recorded

71 earthquakes during 17 days from the same offset, eleven of which

they claimed were precisely located. Most of the events occurred

along the inner and outer walls of the rift valley. They also claim

that the lack of activity near the valley axis and concentration at

the walls suggest a normal faulting mechanism associated with uplift

of the walls rather than a volcanic source.
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Tectonic Setting

The plate tectonic setting of the region is outlined in the Figure

7. It has been suggested that the Juan de Fuca and Gorda Ridge once

formed a continuous north-south ridge system and the present orienta-

tions resulted from the strike-slip motion along the Blanco Fracture

Zone, with subsequent rotation and deformation.

The spreading history on the Gorda Ridge for the past 7 m.y. has

been studied by using the magnetic anomalies (Atwater and Mudie, 1973).

Anomalies west of the ridge (in the Pacific plate) are for the most part

straight and orderly indicating that this plate has remained intact

since its formation at the ridge crest.

Assuming spreading to be symmetrical about and perpendicular to

the ridge, Atwater & Mudie computations imply that the plates spread

apart at a rate of about 29 rn/yr in a direction N lOO°E until about

2.1 m.y. ago when the discontinuity formed near 42°N dividing the Gorda

plate in two sections with very distinct behaviors. The northern sec-

tion slowed to 24 mm/yr, the southern section slowed drastically to

12 mm/yr and the anomalies have been deformed or probably rotated 38°.

The estimation of the present plate tectonic movements in the

Gorda region using magnetic anomalies has a limited resolution be-

cause the last identifiable seafloor reversal occurs at approximately

0.7 rn.y. Riddihough (1980), however has calculated the present Paci-

fic - Gorda (Juan de Fuca) pole of rotation at approximately 7000 kin

to the south on a linear extension of the Juan de Fuca Ridge axis.

The assumptions are that the Pacific - Gorda rotation poles are of

a considerable distance from the area under discussion, that there is



no active discontinuity between this plate and the main Juan de Fuca

plate as it follows from the seismicity map of the region by Rogers

(1980), that the spreading rates increase steadily northward, and the

linearity of the Blanco Fracture Zone. Nishimura and Hey (1980) have

found a similar result for this pole: 17°S, 150°W using isochron recon-

structions.

A break-up into smaller plates as a response to increasing re-

sistance to the subduction of young buoyant lithospheric material into

the asthenosphere has been suggested by Riddihough (personal comunica-

tion). He suggests the existence of at least two and possibly three

Gorda plate segments, the southern most of which continues to converge

with and be overridden by the southwestward moving America plate.

Cook (1980), on the contrary, rules out any decoupling or segmentation

of the Gorda plate (such as a transform fault) at the offset based on

the estimated fault planes for the central region. Crustal deformation

coincident with a zone of thin crust would be simply the response to a

general north-south compression of the Gorda plate.

Mid-Ocean Ridge Seismicity Studies

Several institutions have done seismicity surveys on mid-ocean

ridges during the last decade. Further progress in the seismological

study of the ridge axes required a greater precision of observation

than the world wide network or seismographic stations (WWSSN) can pro-

vide. Now depth determination has progressed beyond a qualitative

HshallowIu, allowing correlations with physiographic features.

McDonald and Mudie (1973) used sonobuoys in 1972 to sample at

close range the seismicity of the central Galapagos spreading center.
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They measured for the first time the microearthquake seismicity of a

fast-spreading center which had no earthquake activity detectable by

the WWSSN. They found that microearthquake swarms seem to predominate

there. An average of 15 earthquakes per hour were recorded. They

also found that there is a close relationship between microearthquake

activity and hydrothermal activity or volcanism over the Galapagos

spreading center.

Also in 1972 Francis etal. reported the first operational deploy-

ment of Ocean-bottom seismographs for seismicity studies. Two OBS's

were dropped onto the Mid-Atlantic Ridge at about 45°N latitude. The

first seismograph was dropped 30 km east of the median valley, the

second into the median valley itself. The general conclusion was that

microeathquake activity is largely confined to the median valley ac-

cording to the level of seismicity at both sites.

Reid and McDonald (1973) carried out a survey in this region near

latitude 37°N using expendable sonobuoys. They obtained 59 epicentral

locations during 11 days, including two or three swarm-like sequences,

consisting of up to seven closely spaced events. An average of ten

events per day was reported. They demonstrate an excellent correlation

of the seismicity with the fracture zones, and that the seismicity of

the ridge seems lower than that from the fracture zone. This is in

sharp contrast to the Galapagos spreading center where the spreading

segments are highly active.

Later on, Prothero and Reid (1976) described the result of a

seismic experiment using three separate tripartite arrays of OBS on

the East Pacific Rise and Rivera Fracture Zone. Front the pattern of

seismicity they conclude that the general trend of epicenters is along
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the central trough and that all reliable source depths were shallower

than 10 km below the sea floor, suggesting 10 km as a lower limit for

the thickness of the brittle zone in this area.

Jones and Johnson (1978) using sonobuoys at the northern part of

the Gorda Ridge, reported a seismic activity of 3 events per hour, with

a range in depth from 2.5 km to 6.5 km below a datum of 3.5 km. These

depths become larger as we approach the Blanco Fracture Zone implying

more rapid cooling near the Fracture Zone. They also observed that

microearthquake activity originates from the crestal regions.

The deployment of an array of three OBS's is reported by Lilwall

etal. (1977, 1978). They estimated the ratio from the ratio of

S and P arrival time differences (ts/p) which yielded a mean value of

1.72. They used a two gradient velocity structure to locate the micro-

tremors concluding that the distribution of epicenters points to a

very narrow zone of activity along the Mid-Atlantic Ridge at 45°N,

possibly less than 5 km wide and that most activity is centrally placed

beneath the median valley floor at 8 km depth. They also found that

the spatial and temporal behaviour of the largest swarm observed is

indicative of active magma intrusion.

Also in 1977 Francis etal. wrote about the successful deployment

of two OBS's twice in the FAMOUS area (37°N latitude). A crude velocity

structure was determined on the basis of the Earthquake observation:

A superficial surface layer with a compressional velocity of 2.7 km

overlies a main layer with a P velocity of 5.0 km/sec. The earthquake

foci were thought to lie in the low velocity surface layer. They made

a determination of the ratio of P to S velocities. The value obtained

(2.08) was very high and was thought to reflect the highly fracturated,
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water saturated nature of the rock through which the P and S waves were

propagated.

Four OBS's were deployed just north of the Equator where the Saint

Paul's Fracture Zone offset the axis of the Mid-Atlantic Ridge (Francis

etal. 1978). Seventy-six microearthquakes were located and reliable

depths obtained for fifty-one. Activity was observed at all depths

down to 11 km, but most was concentrated in two peaks: one at less than

1 km depth and the other at about 7 km depth. Almost all the shallow

peak is accounted for by small swarms occurring on the spreading axis

whereas the shallow off-axis events were fairly uniform between 0 and

5 km. They interpreted the main zone of activity on the ridge as a

thin layer of competent rock between the base of the lithosphere and

the zone of hydrothermal circulation.

Hyndman and Rogers (1981) deployed three arrays of OBS's (three,

three and four instruments) in three separate programs, during 1976

and 1977, to study the seismicity of the northern end of the Juan de

Fuca ridge system off western Canada. Nearly 100 events were located

with estimated accuracies better than ± 10 km. The depths of 12 events

were determined to lie between 2 and 6 km below the top of the crust.

They estimated event magnitudes as 0.2 to 3.8 from signal duration

using calibration events that were well recorded by land stations.

They also found a mean P wave velocity in the uppermost mantle from

the earthquake data of 7.6 km/sec and a mean V/V ratio of 1.71.

In 1979, Project Rose (1981) was unprecedented in the large number

of OBS deployed in concert for a dedicated experiment of oceanic earth-

quake characterization. Several institutions performed a micorearth-

quake survey on the Orozco Fracture Zone in the eastern Pacific.
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Fifty-two earthquakes which occurred during a two week period were

located. Although data from 26 stations were used each event was de-

tected by an average of eight stations. They assumed a P-wave velocity

structure that approximates a two-layer crust with velocity gradients,

and a P over S ratio of 1.75; however, they found that using the "aver-

age oceanic crust" by Raitt (1963) resulted in a very small change in

the hypocenter location. Of the well located epicenters, all lie with-

in the active portion of the Orozco transform fault, and they also

report a main shock-aftershock sequence. Several of the events do not

bear any obvious relationships to the topography. The polarity of the

first motions are consistent with right lateral strike slip motion

along faults parallel to the trough. Well constrained focal depths

range from very shallow to subcrustal: the nominal depth range was 0

to 17 km.

More recently, McDonald (1981), based on Geophysical measurements

including microearthquake studies, has suggested that there is a shal-

low axial magma chamber beneath the East Pacific Rise at 2l°N which

is an active hydrothermal area. The roof of the magma chamber is

approximately 2.5 - 3.0 km beneath the seafloor, and its half-width

is less than 10 km. He said that the depth of hydrothermal penetra-

tion is 3 km assuming that it is bounded by the depth of microearth-

quakes. The smoker vents, he said, have a high level of seismic

noise associated with them.
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INSTRUMENTATION AND METHOD

Instruments

We have studied the seismicity at the northern section of the Gordá

Ridge with two separate arrays of Ocean Bottom Seismographs (OBS). See

location in Table 2 and Figure 8. The instrument spacing was about 15

km. The 065 locations were determined from the ship's satellite and

Loran navigation at the time of the drop which provides relative posi-

tions to ±200 m, and an absolute accuracy that is only slightly worse.

The reproducibility of the seafloor positions is substanciated by the

instruments returning to the surface within several hundred meters of

their drop locations. The accuracy of OBS recording of nearby ocean

earthquakes is significantly better than is possible with teleseismic

and regional land station data. In addition, the detection of earth-

quakes at least several magnitude units smaller in size permits the

location and study of a large number of events in short-term field

recording experiments.

The OBS was introduced in 1972 to Oregon State University, where

the seismic group has been primarily involved in the study of phase

relationships of arrival times in explosion and natural earthquake

studies.

The instrument acts as an independent tape recording seismographic

station and as such can be used either on land or at sea. It is de-

signed (Johnson etal..,1977) to be self contained in a small capsule

(Figure 9) which includes a battery power source, time-release cir-

cuits and the ground motion detectors: 3 Hz vertical and horizontal

geophones mounted on two axis gimbals which have no limitations on the
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TABLE 2. Ocean bottom seismograph stations

ARRAY 1

Site Lat. N Long. W Depth, m Time, UT

1 42.26 126.93 2400 1600 July 26 to 0400 Aug 4

2 42.14 127.00 2650 2000 July 26 to 0700 Aug 4

3 42.30 127.06 2800 0100 July 27 to 1000 Aug 4

4 42.20 127.16 2300 0500 July 27 to 0400 Aug 5

5 42.03 127.34 2600 1000 July 27 to 0700 Aug 5

6 42.18 127.43 2800 1400 July 27 to Lost

1 42.44 126.95 3300 0700 Aug 7 to 0300 Aug 13

2 42.48 126.78 2400 0900 Aug 7 to 0500 Aug 13

3 42.59 126.83 3300 1200 Aug 7 to 0800 Aug 13

4 42.55 126.43 2500 1500 Aug 7 to 1000 Aug 13
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orientation of the support frame and one hydrophone. Thus the package

could conceivably tumble during drop and land upside down, yet the

geophones would still function properly.

The size and weight of the OBS is small enough so that several of

theni can be handled at one time even by a small ship and they can be

serviced in a shipboard laboratory for repeated drops on one cruise.

The pressure case is made of high strength aluminum and can withstand

a depth of 7000 m.

The recording period is 17 days with a frequency range of 3 to

30 Hz. The tape deck has reel to reel transport at a very low speed

(0.254 mm/sec) and uses low-frequency amplitude modulation (analog re-

cording). Wave train pulses are recorded briefly on all channels at

the start of the tape so that corrections can be made for minor mis-

alignments of the head gaps which are made significant at slow tape

speeds. The recorder includes a channel to record the output of a

crystal controlled clock which is checked against the WWV time standard

before deployment and after recovery. The instrument is deployed as

a free fall package with a concrete plate acting as an anchor and as

an expendable sinker during recovery. The terminal ascent and descent

velocity are approximately one-half meter per second. Once the unit

has surfaced, recovery is made usually at night using a directional

radio receiver and a flashing light attached to the instrument.

Data Processing

Playback of the analog signal must be made at a high speed,

since electrical noise is greater than the signal at a slow playback

speed. For frequencies of 3-30 Hz recorded on tape it is necessary to



replay the tape at speeds on the order of 10 to 100 times faster than

it was recorded. This is done on a modified four channel tape-deck.

The events can be detected by audio but are more reliably selected by

a computer program comparing long term and short term averages. Analog

to digital conversion of the events was performed to optimize data re-

duction and processing time. The four channels from the analog tape

were digitized simultaneously. The multiplexed 4-channel data was

then demuitiplexed, sampled, corrected for clock drift (the drift rate

was assumed linear between drop and recovery and interpolations were

made from the clock checks with respect to the WWV station), and final-

ly reformatted to match the 'ROSE' format for marine seismic data.

Seismograms were then displayed and P and S arrival times were picked

on the basis of changes in amplitude, period and wave shape. Appendix

1 shows a flow diagram of the data processing.

Earthquake Location Program

A modified version of a computer program written by Fred Klein

(1978) was used to locate events detected by the arrays. The hypo-

center inversion program HYPOINVERSE is a general purpose earthquake

location program for minicomputer use. It is written in Data General

Fortran V and we converted it to the Fortran IV language available

on our POP-il. The version of the program that we used accepts a

crustal model with homogeneous layers. Computationally the program

uses a generalized inverse method, specifically, the singular value

decomposition (SVD) technique. It permits eigenvalue truncation

which prevents hypocenter adjustments in poorly constrained directions.
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The program iteratively adjusts the focal coordinates and origin time

so as to minimize the sum of squares of the time residuals. The latter

are the differences between the observed arrival times and those com-

puted from an approximate hypocenter and origin time using a layered

velocity depth structure. Depth of focus is treated as a free variable.

The program calculates the full 4 x 4 covariance matrix Of the solution

and derives from it the error ellipsoid and the horizontal and vertical

errors. The error calculation requires an estimate of the variance

in the arrival time data, estimated reading errors and the RMS travel

time residual.

Several factors affect the accuracy of the location of the earth-

quakes.

a) Errors in reading onset times of various phases on the seismo-

grams; P-wave arrivals can often be read off the records to

within .01 sec (see Appendix 2). S-wave arrivals are not

always visible and, although often of large amplitude, the

onset of this phase is often made ambiguous by S to P con-

versions near the receiver, or by efficient P to S conversion

at the sharp velocity contrast at the base of the sediments

or within the crust (Lilwall etal., 1977).

b) Our knowledge of the local velocity structure. We know that

the stations stand on different structures from each other

and from that near the earthquakes. An accurate computation

of travel times within the structure depends on its knowledge,

but the errors in the hypocenters introduced by the poor

knowledge of the S-wave structure are much greater. The com-

puter program that we used to calculate hypocenter only accept
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V/Vs ratios from 1.7 tc 1.8. A constant value for this ratio

is a fair approximation for the ocean floor because the crust

has significangly higher ratio than the mantle (Hyndman, 1979)

but it is poor if inconsolidated sedimentary layers are in-

cluded (Hamilton, 1971) because this ratio can change rapidly

with time due to opening of cracks and/or changes in pore

pressure. For these reasons we adopted 1.75, near 1.73 which

is the value expected for this V/V ratio for a Poisson

solid. The most suitable velocity structure available at

the time of this work is that corresponding to an average

oceanic crust (Raitt, 1963). It consists of:

layer two 5.07 km/sec and 1.71 km thickness
layer three 6.69 km/sec and 4.86 km thickness
upper mantle 8.13 km/sec

Seismic refraction results from Jones (1978) indicate a low

velocity zone but our computer program does not allow veloc-

ity inversions. For sources a few kilometers deep as these

are believed to be this model is probably a good approximation

as long as the events are near or within the array. It also

must be kept in mind that age contrasts exist within the ob-

servational area and that these probably imply lateral gradi-

ents of velocity. We estimate that changing the crustal

model over a reasonable range, will change the epicenter lo-

cations by less than 5 km (see Table 3).

c) The position of the recording stations with respect to that

of the events. A study of the location capability of the

program done by Steven Ganoe at Oregon State University

(personal communication) using first arrival P readings by



TABLE 3. Change in the earthquake location with changes in the crustal model

Earthquake #8 ARRAY 1 July 31

H CRUST ORIGIN LAT N LON W DEPTH RMS ERH ERZ GAP
Veloc Depth H M sec °

mm mm km s km km

5.07 0.00 9 40 20.31 42 11.00 127 12.25 15.98 .15 1.87 2.11 190
1 6.69 1.71

8.13 6.57

4.00 - - 20.15 - 10.63 - 11.72 16.20 .13 1.82 2.01 184
2 - -

- - - 20.39 - 11.12 - 12.42 16.32 .14 1.95 2.10 193
3 - -

- 4.00

- - - 20.41 - 11.16 - 12.46 16.48 .14 1.99 2.11 193
4 - 1.00

- 4.00

- - - 19.99 - 10.99 - 10.71 16.68 .12 1.40 1.62 177
5 - -

- 14.00

5.50 0.00 - 19.85 - 10.32 - 11.20 16.25 .18 1.69 1.96 173
6 6.00 2.00

7.90 9.90

4.50 0.00 - 20.12 - 10.57 - 11.66 16.07 .13 1.81 2.00 184
7 5.50 2.00

8.00 4.50

4.50 0.00 - 19.55 - 11.09 - 9.56 15.52 .23 1.50 1.95 137
8 5.50 4.00

8.00 12.00

Note: - means same values in one



themselves indicate that errors become large when the event

is outside the limits of the network.

For these reasons, only those events for which final hypocenter

locations yielded a final root mean square travel time residual (RMS)

less than 0.5 seconds were accepted. They are listed in Tables 4 and

5. ERH and ERZ are the horizontal and vertical errors respectively in

kilometers. GAP is the largest azimuthal gap in degrees between azi-

muthally adjacent stations. The trial depth parameter was fixed at

7.0 km.
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TABLE 4. ARRAY 1 Earthquakes

DATE

V M D H

ORIGIN

M sec °

LAT. N

mm

LON.

°

W

rpm

DEPTH

km

RMS

(s)

ERH

km

ERZ

km

GAP

80 07 27 14 01 5.68 42 4.95 127 7.85 2.33 .13 1.20 25.78 194

18 19 15.16 42 19.93 126 37.98 6.99 .49 5.48 99.00 331

29 15 07 43.27 41 59.84 127 13.88 0.00 .25 5.96 3.78 247

15 21 23.13 41 49.72 127 12.05 6.99 .21 3.25 98.95 310

30 01 24 57.21 42 18.95 127 4.78 12.59 .22 1.96 3.05 264

04 18 58.62 42 4.42 127 15.65 17.74 .16 2.75 2.10 164

31 09 40 20.31 42 11.00 127 12.25 15.98 .15 1.89 2.11 190

09 42 13.91 42 8.91 127 11.38 12.45 .14 1.47 2.30 159

11 33 25.15 42 8.77 127 11.55 11.71 .15 1.44 2.15 159

21 13 31.76 42 8.56 127 9.94 9.46 .20 1.46 2.98 139

80 08 01 00 54 40.19 42 15.63 127 2.06 9.55 .17 1.72 3.73 117

05 06 48.61 42 7.37 127 8.50 10.60 .08 1.23 2.30 159

07 31 13.54 42 5.97 127 7.39 5.29 .26 1.14 1.16 183

08 05 19.43 42 9.10 127 7.53 15.09 .30 2.35 2.87 137

18 44 59.81 42 12.72 127 6.68 7.85 .25 2.24 2.39 129

21 42 4.08 42 19.13 126 56.61 7.99 .45 3.33 4.10 273

02 00 57 29.76 42 32.01 127 1.62 7.00 .33 45.35 95.56 320

01 03 31.96 42 16.97 127 0.89 9.98 .59 3.62 5.35 178

03 31 21.42 41 58.38 127 14.64 6.98 .04 23.42 96.19 266

06 38 47.28 42 2.03 127 33.22 7.08 .16 4.20 48.69 324
(A)
(A)



TABLE 4. ARRAY 1 Earthquakes (continuation)

EQ DATE

Y M D H

ORIGIN

M sec °

LAT. N

ml n

LON.

°

W

ml n

DEPTH

km

RMS

(s)

ERH

km

ERZ

km

GAP

43 80 08 02 07 58 4.93 42 27.78 127 11.23 7.01 .28 59.63 98.22 322

23 08 01 55.23 42 23.19 126 46.41 7.18 .42 5.49 81.83 328

24 19 05 46.95 42 11.83 126 50.15 8.42 .47 4.14 7.09 295

42 23 15 54.04 42 12.30 126 59.24 9.54 .50 3.81 9.26 147*

25 03 01 52 9.92 42 9.54 127 9.33 15.58 .15 1.64 2.28 129

26 02 00 41.49 42 15.56 127 8.69 17.00 .39 2.98 3.47 208

41 03 19 25.60 42 31.04 126 0.64 7.00 .39 58.91 94.89 319

28 06 24 28.38 42 23.96 126 52.57 7.00 .26 3.19 36.51 322

29 07 07 30.36 42 6.78 127 8.53 9.36 .17 1.45 3.44 167

40 07 21 32.47 42 30.95 127 1.57 7.00 .41 58.60 95.69 318

39 08 20 51.40 42 22.87 127 24.77 20.37 .00 21.92 15.89 299

38 08 24 7.38 42 12.03 126 59.84 12.62 .39 2.14 4.25 139*

37 09 04 34.45 42 14.52 126 58.96 4.33 .36 1.59 3.10 117*

32 17 27 10.10 42 3.85 127 21.00 13.88 .37 3.72 3.79 245

33 18 10 49.58 42 14.44 127 4.51 5.03 .13 0.82 1.20 134

35 21 42 42.99 42 8.54 127 7.80 6.25 .21 1.12 0.76 145

36 04 01 12 8.31 42 16.52 126 55.03 5.99 .19 48.14 13.96 277

80 09 39 59.57 42 15.90 127 5.64 3.86 .26 98.96 3.50 182*

*
: Recorded by land stations



TABLE 5. ARRAY 2 Earthquakes

EQ DATE

V M D I-I

ORIGIN

M sec
°

LAT. N

mm

LON.

°

W

mm

DEPTH

km

RMS

(s)

ERH

km

ERZ

km

GAP

1 80 08 07 15 25 51.82 42 36.06 126 29.88 6.97 .23 95.42 83.74 358

2 1549 26.12 42 27.98 126 39.71 14.53 .16 2.09 2.76 308

3 15 53 56.83 42 29.10 126 42.31 11.39 .36 4.54 3.66 297

4 16 07 21.77 42 27.77 126 44.60 1.61 .32 66.63 73.23 327

6 1640 29.33 42 16.13 126 43.40 12.53 .20 13.62 27.42 340

7 1736 26.53 42 45.79 126 59.39 7.00 .48 7.05 98.98 331

9 18 21 57.45 42 42.19 126 44.65 6.80 .13 2.44 38.86 321

10 19 07 42.82 42 36.46 126 56.67 1.75 .05 1.71 0.25 269

51 22 20 11.82 42 11.80 126 27.48 7.00 .46 7.69 0.53 339

11 23 45 52.71 42 32.87 126 47.55 1.89 .09 2.02 55.80 211

12 08 04 22 27.02 42 32.72 126 42.79 5.79 .04 3.82 1.10 287

14 07 58 55.06 42 26.38 127 1.69 5.88 .03 2.88 0.89 289

52 08 24 39.45 42 42.24 126 58.52 6.88 .13 4.07 77.07 321

15 10 24 17.98 42 45.02 126 54.32 6.94 .23 3.62 50.26 328

16 14 49 3.88 42 27.20 126 58.47 1.90 .39 3.63 98.98 287

18 15 11 55.19 42 28.89 126 41.66 11.55 .40 3.79 4.06 301

19 16 07 16.88 42 16.80 126 44.35 21.82 .10 5.85 6.72 338

20 17 08 23.24 42 27.81 126 46.38 1.03 .20 4.45 1.23 278

21 1943 45.50 42 32.58 126 30.62 2.46 .53 5.28 2.97 331

22 19 47 57.80 42 39.92 127 0.20 14.80 .20 2.29 3.47 312



TABLE 5. ARRAY 2 Earthquakes (continuation)

EQ DATE

Y M D H

ORIGIN

M sec

LAT. N
°

mm

LON. W

mm

DEPTH

km

RMS

(s)

ERH

km

ERZ

km

GAP

23 80 08 08 19 49 18.45 42 46.40 126 36.10 7.00 .27 4.55 81.12 334

24 19 53 35.53 42 33.48 126 42.24 2.19 .42 0.33 67.82 293

53 20 09 11.11 42 42.26 126 47.47 0.89 .09 54.10 62.40 334

54 20 10 49.40 42 43.35 126 39.01 6.81 .05 6.16 0.26 338

25 21 16 45.70 42 41.12 126 49.35 1.29 .23 38.28 42.78 327

55 21 17 49.25 42 41.24 126 46.46 5.05 .05 2.66 1.17 317

56 21 19 17.10 42 44.20 126 44.54 6.97 .36 7.18 58.06 326

26 09 00 00 9.18 42 33.93 126 50.34 6.29 .13 1.52 2.76 141

57 0000 52.30 42 36.14 126 49.91 8.76 .04 2.45 2.76 141

27 00 35 23.35 42 35.75 126 50.12 10.77 .09 2.24 1.73 276

58 00 37 18.92 42 33.72 126 49.52 6.13 .12 1.50 2.71 171

28 00 56 20.70 42 37.42 126 49.00 7.01 .16 2.92 40.25 294

29 00 59 3.88 42 35.87 126 49.97 10.46 .02 2.04 1.84 277

59 01 05 52.20 42 35.49 126 50.23 9.86 .06 2.06 2.07 262

60 01 07 43.76 42 35.68 126 49.84 10.04 .04 2.08 1.91 276

30 07 02 52.13 42 28.95 126 57.66 12.32 .03 1.32 0.25 168

32 11 33 26.18 42 40.92 126 47.08 1.99 .03 1.60 30.44 314

33 12 30 47.39 42 26.92 126 59.44 9.79 .04 1.80 2.12 256

35 15 48 58.02 42 42.83 126 46.34 6.96 .53 4.87 94.88 322

36 18 13 14.00 42 14.79 126 47.84 7.01 .49 11.47 98.97 327
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TABLE 5. ARRAY 2 Earthquakes (continuation)

DATE

V M 0 I-I

ORIGIN

M sec

LAT. N
°

mm

LON.

°

W

mm

DEPTH

km

RMS

(s)

ERH

km

ERZ

km

GAP

80 08 10 10 46 13.42 42 12.00 126 31.56 15.00 .36 15.68 48.76 337

16 27 40.71 42 39.26 126 48.48 4.11 .04 1.86 5.00 306

11 04 16 28.03 42 33.83 126 42.12 2.03 .09 2.41 42.03 294

04 26 4.09 42 31.01 126 53.08 8.65 .18 1.40 5.47 99

08 07 43.95 42 28.41 126 58.07 11.61 .06 1.32 2.28 199

11 02 47.08 42 40.39 126 41.74 6.99 .20 2.90 38.44 321

11 37 5.42 42 39.02 126 37.04 21.35 .10 8.15 6.04 328

12 03 24 19.78 42 41.68 126 41.91 6.94 .22 3.01 41.58 323

15 37 19.31 42 36.37 126 48.11 1.74 .14 2.42 58.12 328

16 48 34.94 42 35.73 126 49.99 9.83 .12 2.57 4.42 276

17 04 29.99 42 40.90 126 46.14 3.38 .62 6.08 37.03 316

17 09 38.59 42 35.25 126 48.64 6.44 .07 4.20 1.30 263

22 36 7.65 42 29.01 127 1.33 6.22 .12 2.64 0.70 260

tA)



RESULTS, INTERPRETATION AND DISCUSSION

Earthquake Record

A sample seismogram is shown in Figure 10. An outstanding feature

of it is the very short wave train as well as the predominance of high

frequency. They are quite different from those obtained from land ob-

servations. The appearance of the seismograms implies that the struc-

ture of the ocean floor is quite simple and that the absorption of

seismic waves is extremely small.

The first compressional wave arrival (P), the shear wave arrival

(S) and the direct water wave arrival (1) are clearly shown. This

figure gives an indication of the excellent recording conditions

encountered.

The first arrival (P wave) is of much larger amplitude and is much

sharper on the vertical seismometer (v) trace than on the horizontal

seismometer traces. This results from near vertical incidence of the

wave on the seismometer because of the large velocity contrast between

the high velocity of both the mantle and crust, and the low velocity

(about 1.7 km/sec) sediments beneath the instruments.

The number of events recorded on each instrument for both arrays

is in Table 6. They yield an average seismicity of 3 events per hour.

We believe that all the events recorded on three or more instruments

are earthquakes. Following this we got 360 earthquakes from Array 1,

and 160 from Array 2. The other events recorded could have been caused

by ground noise, fish or other bottom animals, bottom currents, sub-

marines, large ships, or even earthquakes too small to trigger all

instruments.
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TABLE 6. Number of events detected at each OBS site

OBS Site Array 1 Array 2

1 580 945

2 710 470

3 940 540

4 1070 260

5 320

Temporal Distribution

The levels of seismicity in events per hour are shown in Figure

11. With the exception of the southernmost site, an average of 5 micro-

tremors per hour can be detected provided that the instrument is lo-

cated within the median valley. This activity is higher than that

observed by other researchers at the Mid-Atlantic Ridge (Lilwall etal.,

1977, one event per hour) and on the East Pacific Rise (Prothero etal.,

1976). For the instruments located on the external walls the seismi-

city is lower. The southernmost site shows the lowest level of seis-

micity, a perplexing result that will be discussed later. The number

of events detected during each six hour interval are plotted in Figure

12. Considerable clustering in time can be seen. Four peaks of activ-

ity can be correlated in all the OBS's of the first array: July 31st

at 0900, August 1st at 0900, August 2nd at 0300 and August 3rd at 0900.

It is also noted that the seismic activity increased with time during

the period of deployment until the culmination with four earthquakes

recorded by land stations (see Table 6). The asterisks in Figure 12
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mark the time of occurrence of these four earthquakes. For the second

array, four clusters of activity were also observed on: August 7 at

1500, August 9 at 0300, August 11 at 1500 and August 12 at 1500. The

clustering is similar to that observed by Lilwall etal. (1977) in the

Mid-Atlantic ridge and they describe it as typical of a main shock-

aftershock sequence, with the largest shock at or very near the begin-

ning followed by a progressive decay in number. The same pattern is

observed in the first array. The low activity during day 28 is appar-

ent because the OBS were recording surface shots for a refraction ex-

periment running that day almost continuously. Swarm activity as

described by Sykes (1970): no obvious initiating event present, is not

clearly seen in our frequency distribution.

Spatial Distribution

Accurate locations and depths could be computed for events suffi-

ciently close to each array (see Tables 4 and 5, and Figures 14 and

15). Due to the errors that affect the accuracy of the location of the

earthquakes (page 29) we accepted only hypocenter locations that

yielded an RMS less than 0.5 seconds. Most of these events lie with-

in, on or near the array. An example of one earthquake received by

the second array on July 31st (Earthquake 8) is shown in Figure 16.

That clustering was spatial as well as temporal is revealed for

dense cluster of events at both arrays: at 42°10' (Figure 14, Array

1), earthquakes # 9, 10, 11, 13, 14, 15 and at 42°35' (Figure 15, Array

2), earthquakes # 26, 27, 29, 57, 58, 59, 60. Apart from amplitude,

the records of most of the events are almost identical, implying that

they have similar mechanisms, and possibly come from a small volume.
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A similar phenomena has been

several researchers (Lilwall

that the group is about 6 km

bly caused by errors in the

ture.

During this period, the

observed in the Mid-Atlantic Ridge by

etal., 1977). Figures 17 and 18 show

across but some of this spread is proba-

readings and possibly the velocity struc-

seismic activity was at a maximum with

many events too small for accurate locations. Some of these events

appear to have different mechanisms, but first arrivals are sometimes

too weak to identify compressions or dilatations; however, a change

in the character of the seismograms in such an inhomogeneous region

is always possible with slight variations in source station geometry.

In the first array, the active zone is displaced slightly east

of the central valley and there appears to be limits on the active

zone below 42°N, where there is a sharp drop in activity (see also

Figure 14 for seismicity levels). Sonobuoy monitoring at 410301

during this experiment also showed no earthquake activity.

Comparison with Epicenters Determined from Teleseismic Data

During the time of our experiment four earthquakes were recorded

by land stations and by the OBS's Array 1 (see Table 7).

The earthquake Data Report location for the events (Figure 14) is

always to the east of the OBS epicenter determination, sometimes far

more than one degree (e.g. EQ #38). The epicenters determined from

teleseismic data and the OBS observations need not be in conflict.

Unknown regional variations in travel times, as well as epicenter

determination using stations lying predominantly to the east, could

well account for large epicenter shifts. Our results indicate a



TABLE 7. Earthquakes located by land stations and by the OBS's Array 1.

Earthquake Data Report (EDR).

EQ

Array 1

DATE

1980

ORIGIN

hr

TIME,

mm

GMT

sec

LAT. N

(deg)

LONG. W

(deg)

DEPTFI*

km

MB

42 Aug 2 23 15 41 41 .836±2.45 km 126.031± 6.67 km 15 4.0

38 Aug 3 08 24 02 42.399±3.37 km 125.708± 8.99 km 15 4.5

37 Aug 3 09 04 23 42.348±6.18 km 126.197±24.97 km 15 4.5

80 Aug 4 09 40 45 42.346±7.86 km 126.937±13.24 km 15 4.4

* Geophysicist restrained the depth at those values indicated by evidence from available seismograms.

(.c
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major P-delay for the Gorda Basin, and substantiates the suspected

systematic error to the east (landward) of the epicenters in this

area located by land stations and may facilitate improvements in the

location parameters of the land network.

Depth Distribution

Most of the earthquakes located had enough clear arrivals to

give many useful depth estimates. The earthquake location routine

give depths directly, along with uncertainty estimates (Tables 4 and

5). Hypocenters are projected onto a plane normal to the N l0°E trend

of the ridge (Figures 17 and 18). For Array 1 the section of bathy-

metry is taken from the bathymetry map (Figure 1) along the line A-B

in Figure 14. For Array 2 the section of bathymetry is taken from

the echosounder profile (Figure 2) along line C-D in Figure 18. The

difference in water depths between the deepest and shallowest OBS

for Array 1 was only 500 m, so that no corrections were thought

necessary to compensate for this. The zero datum to which the focal

depths are referred may be taken as 2.6 km and for Array 2, 2.8 km.

Our computed depths range from 0 to 18 km and 0 to 13 km for

Arrays 1 and 2 respectively. The near absence of sediments in the

ridge as seen in seismic reflexion profiles using Airgun, allow us

to feel confident about these values, because there will not be

significant delays in the S arrivals. Besides, the poisson ratio

of the fractured rocks does not differ greatly from that one for a

solid. Hyndman and Rogers (1981) found in the Delwood ridge a depth

range from 3 to 6 km. Their explanation is that the thick sediment

blanket in the Delwood area will give higher crustal temperatures and
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thus limit earthquakes to shallower depths; it is worthwhile tornem-

ber that the Gorda Ridge is almost devoid of sediments in the area

under study. Jones and Johnson (1978) studied 10 rnicroearthquakes

detected with sonobuoy arrays in the bathymetric depression at the

intersection of the Blanco Fracture zone and the Gorda Ridge. The

focal depths of these events were 6 to 13 km below a datum of 3.5 km

(their work Figure 3).

The existence of tectonic earthquakes to depths of 18 and 13 km

for Arrays 1 and 2 respectively makes implausible Thrasher's (1977)

suggestion of the presence of an intra-crustal magma chamber at 4 km

depth here. A more plausible interpretation is that the maximum depth

to which earthquakes are observed is a measure of the brittle zone

thus at Array 1 this zone is about 18 km thick and at Array 2 about

13 km. A magma chamber, if it exists, is more likely to be beneath

it.

fl4en,iee4vr,

The microearthquakes located by the two CBS arrays (Figure 14

and 15) may be compared to the distribution of events located by the

land network (Figure 4). The CBS events coincide better with the

ridge. For Array 1 we have good locations for 37 earthquakes. The

final solution for these events indicate that 27 originated from with-

in the array. Most activity is centrally placed beneath the median

valley floor. The seismicity distribution suggests that tectonic

activity here is highly assymmetric and skewed toward the east. This

might have been expected from the deformation of the plate across

this offset and the near proximity of the subduction zone. Most of
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the microearthquakes are probably associated with the dynamics of in-

trusion in the center of the median valley. The shallowest events

suggest that at least one of the outer scarps could be active. Since

the median valley walls are constructed predominantly of normal

faults as can be seen from near bottom bathymetric profiles, these

events are probably associated with the incipient and ongoing uplift

of fault blocks forming the wall. Another possible explanation is that

they are associated with hydrothermal springs on the sea bed.

In general the epicenters are not evenly distributed. But

an obvious trend is the north-northeastward trend of the median valley.

Earthquakes along this trend appear to line up with the inner eastern

wall rather than with the spreading axis, even though the array de-

tection range was sufficient to detect events along the west wall.

It is unlikely that this offset in the trend of epicenters is an

artifact of location errors.

Earthquakes having epicenters very close to one of the OBS

allows well constrained source depths to be calculated; seismic

activity is spatial as well as temporal. The presence of earthquakes,

involving events having similar, if not identical seismograms, sug-

gests repeated movement of the same or adjacent faults, or repeated

inflow of magma and build up of pressure could explain this phenomenon.

The OBS observations at both arrays suggest that clustering is

a feature of Gorda Ridge seismicity even though the detection of

swarm activity might increase as the detection threshold of the

observing network improves.

All reliable source depths were shallower than 18 km below sea-

floor; although this number could be a little higher, it suggests
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18 km as a lower limit for the thickness of the brittle zone in this

area. It is worthwhile to compare this value with the results of

Lilwall etal., (1978, their Figure 4): 10 km for the Mid-Atlantic

Ridge; and about 5 km at l0°N on the East Pacific Rise suggested by

Bibee (1980). Lilwall etal. (1978) have advanced the possibility

of an inverse relation between lithospheric thickness and spreading

rate where a thicker crust corresponds to a slower spreading rate.

If it is true then in the Gorda Ridge (intermediate spreading rate)

we are observing a thickening of the crust. This thickening could

be due to the heat lost by conduction in the contact between the

young material in the ridge and the old and cold lithosphere of the

plates across the Blanco and the Mendocino Fracture Zones.

Seismic activity is greatest between 5 and 10 km dying slowly at

greater depths and more rapidly toward the surface.

The tectonic explanation of seismicity along a spreading center

relies on the presence of magma or a magma chamber beneath the ridge.

Francis (1974) has proposed a caldera collapse model; Hill (1977) says

that the cause of activity is the magma intrusion, and Lilwall etal.

(1978) suggest that the events could be the result of collapse in-

volving movement on faults which when continued upward, give rise to

fault scarps visible at the surface and reported by Atwater and Mudie

(1968). The near absence of earthquakes on the ridge axis in the

upper 4 km may be the result of a highly cracked crust. A plausible

interpretation is that of Francis etal. (1978): within this zone the

rock may be unable to support strain, and deformation could proceed

aseismically. Since highly cracked rock is also likely to be porous,

the scarcity of earthquakes in the upper km on the ridge axis may
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indicate the depth to which hydrothermal circulation penetrates, so

that in our case the maximum depth to which hydrothermal fluids cir-

culate on the axis of the Gorda Ridge is about 4 km. Another possible

interpretation is that we may be biased to deep earthquakes because

the amplitude of the seismic energy arriving from shallow sources is

more dependent on the fine scale velocity structure of the crust and

mantle than that from deeper sources. This would impede the location

of shallow earthquakes due to the threshold of the sensitivity of the

instruments.

For events located outside the array little reliance can be

placed on source depth determinations. It appears however that the

depths vary from very surficial events to deep earthquakes. It is

also worthwhile to point out that the big earthquakes occurred in the

sheared zone of OBS 1 and 2. Their magnitudes 4 - 4.5 give an idea

of the volume in which stresses are stored in this region. Our focal

depths for them vary from 4 to 13 km for three of them and the other

one is poorly constrained.

A Propagating Rift ?

The existence of large-scale (hundreds of kilometers) spreading

center jumps has been demonstrated convincingly on the basis of topo-

graphic patterns and magnetic anomaly identifications. Fine scale

spreading center jumps (tens of kilometers) postulated on the basis

of magnetic anomalies (Hey, 1977a) have been corroborated through

analysis of fine scale bathymetry (Hey, 1979). Rise jumps are of

considerable interest as discontinuities in the plate tectonic pro-

cess, and it has been puzzling that such jumps occur. The extreme
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temperature dependence of rock strength indicates that the active

spreading axis should be mechanically weak.

Synuiietrical spreading of midocean ridges is one of the principles

of the rigid plate hypothesis as formulated originally. Several re-

searchers have argued that the Gorda plate demands some exceptional

explanation such as plate nonrigidity caused by the subduction of

very young and thus thin oceanic crust under the nearby North Amen-

can continent (Vine, 1965); or the presence of very small plates in

the area moving independently of each other (Morgan, 1968; Silver,

1971; Riddihough, 1980) possibly resulting from a change in spreading

direction; or even an explanation independent of transform faulting

(Peter, 1971). Hey etal. (1977a, 1980) has developed a theory about

spreading center jumps and propagating rifts, that assumes plate ri-

gidity without the need to invoke numerous small microplates. Hey

(1977b) considers the tectonic consequences of spreading center jumps

propagating along a spreading center: "Before each jump the new

(growing) spreading center is connected to the old (dying) spreading

center by a transform fault. As a result of each jump, this trans-

form fault becomes inactive, and it, along with a segment of the old

spreading center (now extinct), are added to one of the plates. The

locus of active transform fault moves farther down the axis of the

spreading center, a distance equal to the length of the segment of

the old spreading center that has just become extinct. As this pro-

cess is repeated, the new spreading center.grows in length and the

old one shrinks." The fracture zone pattern resulting from this

sequence of jumps is shown in Figure 17 (Hey, l977a, their Figure 2).

The V pattern of en echelon fossil spreading centers and fracture
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zone thus forms a "propagator wake". The more nearly the propagation

is continuous, the shorter and more closely spaced the fracture zones

will be.

The south-ward-facing arrow-shaped discontinuties near 42°N on

the Gorda region (Figure 4) may have been created by a southward pro-

pagating rift system. The azimuths of the V-pattern relative to the

spreading centers depend on the ratio of the spreading rate to the

propagation rate; the obliqueness of this pattern in Figure 4 thus

implies southward propagation at about 25 rn/yr of the northern

section of the Ridge.

Vogt and Johnson (1975) suggested that many transform faults

have affected longitudinal flow of sublithospheric partial melts

along various ridge axes. Hey and Vogt (1977) suggested a modified

explanation for this flow ending at a transform fault: the ridge

jumps are associated with the advance of this partial melts; in this

case, the propagating rift must always be bounded by a transform

fault. The flow of melt against an existing transform fault may some-

how impede the migration of the melt over the asthenosphere. The re-

lative push of the melts would perhaps tend to heat, weaken and

erode the lithosphere across the transform fault and thus cause the

observed breaking and concomitant ridge axis jumps. After a new sec-

tion of ridge axis develops, the partial melts rapidly occupy the

melt zone and then are darned once again, bulding up until the next

breakthrough. Why the rift starts to propagate is unknown; it could

be propagating away from the areas of high tensile stress or excess

magma sources. The change in azimuth of the new rift could be de-

pendent on and thus a measure of the local stress field, with the
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new spreading center acconinodating to the actual stress of the area.

A major propagation sequence has been suggested by Hey (1977)

in the Gorda Ridge. The South-ward-facing arrow-shaped discontinui-

ties near 42°N on the Gorda region (Figure 4) may have been created

by a southward propagating rift system. The azimuths of the V-

pattern relative to the spreading center depend on the ratio of

the spreading rate to the propagation rate; the obliqueness of this

pattern in Figure 3 thus implies southward propagation at about 25

rn/yr of the northern section of the Gorda Ridge. The spreading cen-

ter jumps observed in the Gorda Ridge would be a consequence of the

propagating rift process and they would be caused by south eastward

flowing partial melts. However, the limited range of observations

of earthquakes down the median valley and the lowest seismicity

level at OBS 5 must be considered. No earthquake was observed South

of 42°N even though we had an OBS right at 42°N. Sonobuoys monitored

at 41°30' latitude and 127°20' longitude during this experiment re-

vealed no activity. Also if we take a closer look at the seismicity

map of this region, it shows low seismicity for the south part of

the ridge compared to the other active areas. All these factors

suggest that the southern part of the ridge is energetically more

stable than its counterpart in the north; even more, it would suggest

that if a propagation indeed exist it should be from south to north

because of the high earthquake activity level that we observed north

of 42°N, high activity that is expected in the tip of the propagator

wake; also the apparent constancy in the slow spreading rate in the

southern section implies that the spreading center in this part is

in a steady state.



61

A closer look at the magnetic anomalies in the Gorda region would

be important. Unfortunately the results will be necessarily limited

by the subduction of the eastern half of the spreading record.

Propagating rifts have possible future economic significance be-

cause they can result in predictable patterns of failed rifts which

are potential sites of hydrocarbon accumulations as well as mineral-

rich sediment deposits thought to result from hydrothermal circulation

during the phase of active spreading (Hey, 1978).

A $2 billion ore deposit has been found in the Galapagos Ridge

off the coast of Ecuador (Malahoff, 1981). This is one of the first

discoveries of the oceanic polymetallic sulfides. A similar deposit

may occur on the Gorda Ridge; it may also mark the site of extensive

pQlymetallic sulfide deposits Malahoff said. He has explained that

the polymetallic sulfides were formed along a fault at the Galapagos

rift, where mineral-laden hot water has been seeping up through the

ocean floor for perhaps as long as 1000 years. When the hot water

meets the near-zero cold water of the ocean the minerals crystallize.
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SUMMARY

The seismicity at the northern section of the Gorda Ridge has

been studied with Ocean Bottom Seismographs. Comparison of earth-

quakes located by land stations using teleseismic arrivals, with the

OBS location of the same earthquakes, shows that the latter are sig-

nificantly better. Another advantage is the ability of the OBS

arrays to detect small earthquakes. It allows one to study a large

number of events in short-term field recording experiments.

The recording conditions encountered were excellent, and nearly

one hundred earthquakes for which final hypocenter location yielded

an RMS residual less than 0.5 seconds were located. Most of these

events lie within, on or near the array and they are probably associ-

ated with the dynamics of intrusion which creates the observed bench-

like features in the Gorda Ridge.

An average of 5 microtremors per hour can be detected provided

that the instrument is located within the median valley. This activ-

ity is higher than that observed by other researchers at the Mid-

Atlantic Ridge and on the East Pacific Rise. For the instruments

located on the external walls the seismicity is only about 3 events

per hour.

Considerable clustering in time can be seen. The clustering

is similar to that observed in the Mid-Atlantic Ridge and is typical

of a main-shock after-shock sequence, with the largest shock at or

very near the beginning followed by a progressive decay in number.

Clustering was spatial as well as temporal, and the fact that

in the cluster the records of most of the events are almost identical
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implies that they have similar mechanisms and possibly come from a

small volume.

The depth range of the earthquakes goes to 18 km at 42°N and to

13 km at 42.5°N. If these ranges are a measure of the brittle zone,

they restrict the existence of a magma chamber to be beneath these

depths.

The seismicity distribution suggests that the tectonic activity

is highly assyrnmetric and skewed toward the east as might have been

expected from the deformation of the Gorda plate and the near proxim-

ity of the subduction zone. A bias in the seismicity toward one side

of the median valley of the Mid-Atlantic Ridge has been noticed by

Spindel etal. (1974), Francis etal. (1976) and Lilwall etal. (1977)

although the last group found that in their case this bias was re-

lated to the location techniques (Lilwall etal., 1978).

The earthquakes displaced to the east and shallower than the

majority suggest that the outer scarp of the eastern wall was more

active than the western wall. These events are probably associated

with the ongoing uplift of faulted blocks forming the wall or with

hydrothermal springs on the sea bed.

The computed depths of the earthquakes suggest a brittle zone

down to 18 km at 42°N and 13 km at 42.5°N. Compared with other mid-

ocean ridges they indicate a thickening of the crust in this area.

It could be explained with the lowering of the isothermals due to

the heat lost by the contact of the young and hot crust of the ridge

with the old and cold plates across the nearby Fracture Zones.

A scarcity of earthquakes in the upper kilometers was also

noted. It could be due to the highly cracked and porous material in
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the upper crust or to the dependence of the amplitude of the seismic

arrivals upon the fine scale velocity structure in this upper zone.

Four earthquakes recorded by the OBS were also recorded by land

stations. The location using only the land stations is always to the

east of the OBS epicenter determination sometimes for more than one

degree. Use of lithospheric velocities higher than necessary for the

land stations, as well as epicenter determination using stations

lying predominantly to the east could well account for these large

epicenter shifts. Our results indicate a major P-delay for the Gorda

Bas i n.

The seismic activity appears to decrease markedly to the south

of 42°N. It cannot be explained by zoning of the ridge as suggested

by Riddihough (1980), and neither by invoking that the limited range

to which the events are observed is the result of a reduction in

amplitude caused by low or even negative velocity gradients as sug-

gested by Francis & Porter (1973), because sonobuoy monitoring at

41.5°N during this experiment also revealed no activity. This drop

in activity indicates that the southern part of the ridge is more

stable than its counterpart in the north. This is not consistent

with the existence of a southward propagating rift as proposed by

Hey (1977), if we accept that higher seismicity levels are expected

at the tip of the propagator wake.
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