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ABSTRACT 

An array of Ocean Bottom Seismometers (OBSs) was deployed about 

the 95.5°W Galapagos propagating rift tip in the summer of 1979 by the 

Hawaii Inst. of Geophysics. Twenty-four days of seismic data were 

recorded continuously on eight OBSs. The purposes of this seismic 

experiment were, first, to see if seismic evidence supports the 

propagating rift hypothesis, and second, to study the dynamic effects 

of rift propagation. Hypocentral locations were obtained for three 

hundred and four earthquakes. Earthquake activity was fairly constant 

(10-17 earthquakes per day) with no indication of swarm activity. The 

largest magnitude earthquake is estimated to be mb= 2.3, with an 

20 associated seismic moment of 2.9 x 10 dyne cm. The cumulative 

seismic moment released by all located earthquakes is estimated to be 

20 6.6 x 10 dyne cm. Ab-value of 0.77 + 0.08 was estimated for the 

region. This implies a stress regime dominated by a broad tectonic 

stress field, not by intrusive or extrusive volcani.c activity. This 

is consistent with the observed concentration of seismic activity 

within the transfer zone, rather than dominant rift zone activity. An 

average Vp/Vs value of 1.74 and a Poisson's ratio of 0.25 were 

determined using the /j.S/ P method described by Francis (1976), and an 

iterative method. Two velocity-depth models. a four-layer constant 

velocity model and a two layer gradient model. were determined using 

the large number of earthquakes and OBSs to iteratively solve for 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

v 

models that minimize the average travel time residuals. Earthquakes 

were located using both standard location algorithms and a gridsearch 

technique. The gridsearch technique estimates the probability 

distribution of each earthquake occurring within a grid composed of 

cubic km cells. 

The distribution of earthquakes is consistent with the 

propagating rift hypothesis. The majority of the ~arthquakes occurred 

south of the propagating rift within a bathymetric deep: ''De Steiguer 

Deep" (Vogt and De Boer, 1976). De Steiguer Deep coincides with the 

"transfer zone", a boundary connecting the propagating and dying

failed rifts. The term "transfer zone" is used to distinguish this 

boundary from a normal oceanic transform fault, and to emphasize that 

lithosphere that passes through this zone is transferred from one 

oceanic plate to another. Seismic activity with1n the transfer zone 

is concentrated in several areas, suggesting that two or three 

discrete . transform faults may be active at the same time. The 

activity observed along the propagating rift is not continuous. 

Earthquakes occur at the propagating rift tip, but not out in front of 

it (to the west). A separate concentration of activity behind the 

propagating rift tip (to the east), coincides with a kink observed in 

the propagating rift axis (Searle and Hey. 1983). A concentration of 

seismicity along the dying rift coincides with a bathymetric high: 

"Magic Mountain" (named by Hey, in prep). 

Five (poorly constrained) composite focal mechanisms are 

consistent with the propagating rift hypothesis. First motions from 

earthquakes located on the propagating rift are consistent with normal 
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faulting and the expected tensional regime perpendicular to the rift • 

First motions associated with the dying rift area, are consistent with 

reverse faulting and a compressional regime perpendicular to the rift. 

This is a surprise, since tension is thought to be a necessary 

requirement of spreading. A compressional regime is also indicated 

west of the transfer zone. It is difficult to obtain a consistent 

focal mechanism within the transfer zone, possibly indicating 

extensive deformation of the transferred portion of the lithosphere. 

Three temporally and spatially associated earthquakes from the 

transfer zone produce a poorly constrained focal mechanism that is 

consistent with right-lateral strike-slip faulting along a fault plane 

that is roughly parallel to the isochrons of the transferred 

lithosphere. 

In order to supply a measure of confidence on the data used to 

generate the focal mechanisms, an attempt is made to graphically 

represent the error associated with the estimates of azimuth and 

inclination of each first motion. Aximuths and inclinations are 

calculated for rays originating at the hypocenter, and also at the six ..__ 

extremities of the hypocenter error ellipsoid. 

Two speculative tectonic models for the propagation process are 

presented. The first model is presented to explain De Steiguer Deep 

and the apparent compressional stress regime on the dying rift. 

Consider the portion of lithosphere that is transferred from the Cocos 

plate to the Nazca plate as a stack of plastic beams. When the stack 

is bent, sheared or rotated through the transfer zone, it may 

introduce a component of tension within the northern section of the 
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transfer zone and a similar component of compression within the 

southern section of the transfer zone. If we assume that spreading at 

the propagati.ng and dying rifts is driven by tension, then additional 

tension near the propagator will enhance spreading, and additional 

compression near the dying rift will inhibit spreading. The second 

model suggests that the geometric intersection of the dying rift and a 

SW extension of the northern pseudofault beyond the propagator tip may 

have some geological significance. This point is labeled the 

"disturbance point". All known features of the propagating rift are 

confined within the wake that this point leaves as it moves along the 

dying rift • 
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INTRODUCTION 

According to the propagating rift hypothesis (Hey, 1977, Hey et 

al., 1980), spreading centers or rifts ocassionally propagate through 

lithospheric plates. Propagating rifts extend their length at the 

expense of dying rift segments, which stop spreading. In this 

process, portions of lithosphere are transferred from one plate to 

another. The propagating rift hypothesis offers explanations for a 

wide range of geological processes such as the: reorientation of 

oceanic rifts or spreading centers. origin of transform faults, origin 

of continental rifting. anomalous petrology associated with 

propagators, generation of High Amplitude Magnetic (HAM) boundaries 

associated with highly differentiated volcanic rocks, and formation of 

complex magnetic anomaly patterns such as in the Galapagos and Juan de 

Fuca regions. The propagating rift hypothesis was initially proposed 

on the basis of magnetic anomalies, but it is also strongly supported 

by petrologic, bathymetric and seismic data. The existence of 

propagators in several areas has been postulated (Hey, 1977; Hey et 

al., 1980; Delaney et al., 1981; Hey and Wilson, 1982; Johnson et al., 

1983). 

Propagators, and the causes and consequences of propagation will 

continue to be one of the more interesting topics in plate tectonics • 
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PROPAGATING RIFT HYPOTHESIS 

It is important to familiarize the reader with the overall 

geometry, structure and terms of the propagating rift hypothesis. The 

principal features, which include the propagating rift or propagator, 

dying rift, failed rift, transfer zone and pseudofaults, can be seen 

in Figure lA (from Hey et al., 1980). The stippled and clear stripes 

indicate the magnetic anomalies predicted by this "simple model". 

Note how well they match the observed magnetic anomalies of the 

Galapagos 95.5°W propagating rift (Figure lB) • 

The PROPAGATING RIFT or ·PROPAGATOR is a continuous rift which is 

producing new crust along its entire length. It differs from common 

rift systems in that its length is not constant but increases with 

time. The propagator grows in length by extending itself or 

propagating through old crust. The rate at which the propagator 

extends it~ length is referred to as its propagation rate. A V

shapped wedge of new lithosphere formed by the propagator dissects old 

lithosphere formed by the failed rift. The higher the propagation 

rate, the sharper the "V" • 

The DYING RIFT differs from a normal rift system in that its 

length decreases with time. To satisfy rigid plate tectonics there 

must be a constant angular spreading rate along the entire length of 

the rift system. As the propagator extends its length, a 

complimentary portion of the dying rift must stop spreading. 

The FAILED RIFT is the extension of the dying rift that is no 

longer spreading. It is no longer a plate boundary and is now part of 
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Figure 1 (Figure 2 from Hey et al., 1980): (a) Magnetic pattern 
predicted by "simple model". Normally and reversely magnetized crust 
shown as stippled and white, respectively. Propagating rift axis, 
transfer zone and dying rift axis are shown as heavy lines. Failed 
rift axis extending from dying rift is shown as dotted line. Light 
dashed lines are pseudofaults separating crust formed on propagating 
rift from older crust that formed on the failed rift. 

(b) Interpretive contour of observed magnetic anomalies near tip 
of propagating rift. Dashed lines show track control. Thick lines 
are propagating rift axis, transfer zone and dying rift axis • 

3 
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the southern plate at the 95.5°w Galapagos pro.pagator. The angle 

between the dying and failed rifts is a function of the propagation 

rate, the spreading rate and the angle between the dying and 

propagating rifts • 

· PSEUDOFAULTS are boundaries between the wedge of new lithosphere 

formed by the propagator and old lithosphere formed by the faile4 

rift. It is called a pseudofault because it forms a long linear 

boundary where crust of differing ages have been juxtaposed. There is 

no horizontal displacement across a pseudofault. The pseudofaults 

mark the former position of the tip of the propagator back through 

time. When the propagation rate decreases to zero the pseudo£ aults 

become fracture zones. 

The TRANSFER ZONE is the plate boundary connecting the 

propagating and dying rifts (or southern pseudof ault and dying rift 

for the "transitional model"). A fundamental difference betweeen a 

propagating rift syst~ and a normal rift-transform fault-rift system, 

is the nature of the plate boundary connecting the two rifts. In the 

past this boundary has been ref erred to as the instantaneous transform 

fault, the discrete transform fault, the transform zone, and the zone 

of shear deformation. This boundary will henceforth be referred to as 

the transfer zone, to distinguish it from a transform fault, and to 

emphasize that lithosphere that passes through this zone is 

transferred from one plate to ano.ther. The transfer zone differs from 

transform faults in several ways. Lithosphere on opposite sides of a 

transform fault are formed by different rift segments at different 

times and are offset in elevation. In contrast, lithosphere within 
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(or across) the transfer zone is formed by the same rift and 

consequently it is assumed that there is no inherent age, thermal or 

elevation difference within the zone. Lithosphere is transferred from 

one plate to another during propagation. Shearing,. fracturing and/or 

deformation of the transferred lithosphere produces a bending of the 

magnetic and tectonic fabric. The transfer zone is constrained to 

migrate perpendicular to the direction of spreading at the propagation 

rate. The nature of the zone is still uncertain. It may consist of 

an instantaneous transform fault that migrates laterally at the 

propagating rate, of one or more discrete transforms, or of a 

migrating zone of shear deformation. Lithosphere that has passed 

through the transfer zone will be identified as the "transferred 

lithosphere" • 

Three basic propagating rift models have been proposed (Figures 

1-3: Hey, 1977 and Hey et al., 1980). These models are consistent 

with the following assumptions: (1) Relative direction of spreading is 

constant; (2) Plate separation rate is constant; (3) Spreading is 

parallel to the transfer zone; and (4) The region is small enough to 

be treated as a plane problem. Models one and two also assume that 

only two plates are involved and that they are both rigid. Model 

three assumes a broad transfer zone exists between overlapping areas 

of the propagating and dying rifts. To the extent that this zone can 

be considered to be a broad transform fault within which the plate is 

sheared and deformed, then again only two rigid plates are involved • 

Alternatively the transfer zone may be composed of numerous rigid 

mini-plates • 
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ToO 1--- -·-----r::=::d 
T• I 

Figure 2 (Figure 2 from Hey, 1977a): Schematic evolution of 
crustal pattern predicted by "discrete model''. Double lines are 
propagating and dying rifts. Thick lines connecting double lines is 
transfer zone (discrete transform fault). Dashed lines are failed 
rift. Thin lines are fossil transfer zones created by propagation of 
rift. Note that the sense of vertical displacement changes along the 
length of these fossil transfer zones and these fossil transfer zones 
thus form a special class of fracture zones. Dotted 1 ine s are 
fracture zones that are inactive extensions of these fossil transfer 
zones. Note that each new transfer zone is longer ·than the previous 
one. Areas of confused magnetic anomalies resulting from spreading 
center jumps are enclosed by pseudofault trends (T=S) • 
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Figure 3 (Figure 10 from Rey et al., 1980): Crustal pattern 
produced by the "transitional model". The transition from zero to 
full spreading rate occurs over a finite distance, the width of the 
transfer zone. Propagating and dying rifts with full spreading rate 
are shown as heavy lines, active rifts with transitional spreading 
rates are shown as dashed lines, failed rift is shown as a dotted 
line. Heavy diagonal lines extending between propagating and dying 
rifts indicate lithosphere that is sheared. deformed and/or rotated 
during rift propagation. This area is composed of two portions. The 
portion between the southern pseudofault and the propagating rift 
forms as part of the southern plate. The portion between the southern 
pseudofault and the dying rift is the transfer zone. Lithosphere that 
has passed through transfer zone is shown as light diagonal lines. 
Predicted rough zone of crust created during transitional spreading at 
tip of propagator is shown as stipple along V pattern of pseudofaults • 
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Proposed models explain the observed magnetic anomalies, maintain 

rigid plate tectonics (at least outside the transfer zone), and focus 

our attention on the following questions. Is the later,al extension of 

the propagator smooth and continuous, or stepwise and discrete? What 

are the interactions of the propagating, dying and failed rifts? Does 

spreading at the propagator tip start at the full spreading rate or 

does it gradually reach it after some period of time and over some 

distance? Does the dying rift stop spreading instantan·eously to 

become the failed rift or does its spreading gradually decrease to 

zero? What happens to the lithosphere that is transferred to the new 

plate? ls the transfer zone a narrow boundary equivalent to an 

instantaneous transform fault that migrates lateraly at the 

propagation rate, or a series of discrete faults that are active for a 

period of time and then stop, or is it a broader zone of shear 

deformation? 

Note that in these models the propagating and dying rifts have 

different orientations. This is not a requirement for any of the 

models, but it appears to be generally the case for propagating rifts, 

and specifically for the 9S.s0 w Galapagos propagating rift (Hey and 

Vogt, 1977; Hey, 1977). This suggests some cause and effect betweeen 

plate reorientation and rift propagation (Searle and Hey, 1983). 

The "simple or continuous propagation model" is shown in Figure 

lA (From Hey et al., 1980). The propagator extends its length 

continuously and at a constant rate. If the propagation rate changes, 

this will result in a bend of the pseudofaults. Initiation of 

spreading at the propagator tip and cessation of spreading at the 
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dying rift occur simultaneously. Moreover, the spreading rate goes 

• from zero to full spreading rate instantaneously at the propagator and 

from full to zero at the dying rift. This requires the entire 

transfer zone to be displaced at the same rate as the propagation 

• rate. Two methods of deformation of this transferred plate have been 

proposed (Searle and Hey, 1983). The plate is either fractured into 

N-S lamellae that undergo dextral strike-slip, or the plate is • fractured into E-W lamellae that undergo sinistral shearing as they 

are bent or rotated. 

• The "discrete jump model", is shown in Figure 2 (From Hey, 1977) • 

Extension of the propagator occurs discontinuously by discrete jumps 

over short distances. Spreading along the entire new section of the 

• propagator starts at the full spreading rate and spreading at the 

superceeded dying rift drops to zero. This occurs instantaneously and 

simultaneously. The "propagator wake" extends as a v~band away from 

• the tip of the rift. The band is composed of discrete lengths of 

fossil spreading centers, fossil transform faults and fossil fracture 

zones. In the limit, as the time between jumps and the jump length 

• goes to zero, the "discrete jump model" converges to the "simple 

model". 

The "transitional model" (Hey et al., 1980) is shown in Figure 3. 
I 

• Propagation rate is constant and continuous. Transition from zero to 

full spreading rate at the propagator and from full to zero at the 

dying rift occurs over a finite distance and requires a finite amount 

• of time. The two rifts overlap and the area between them is sheared, 

deformed, and/or rotated during propagation. The area between the 

• 
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propagating rift and the southern pseudof ault is composed of 

lithosphere formed by the propagating rift. The area between the 

southern pseudofault and the dying rift acts as a broad transfer zone 

over which crust is transferr~d from one plate to the other • 

Spreading rates along active sections of the propagator and dying 

rifts are complementary with their sum along any perpendicular swath 

equal to the full angular spreading rate. Geometry of this 

configuration is constrained by the propagation rate, the width of the 

transfer zone. and the transition in spreading rates. The propagator 

tip is geometrically constrained to grow at a different azimuth from 

the rift that is spreading at the full rate. The section of 

lithosphere between the two transitional spreading centers is 

transferred from the northern plate to the southern plate. Rigid 

plate tectonics may break down within the transfer zone. 

Lithosphere within the transfer zone (heavy hatchured area of 

Figure 3) may be thought of as being a non-rigid plate decoupled from 

both rigid plates during the time it is transferred from the northern 

plate to the southern plate, or as a series of sheared but rigid mini

plates that move relative to one another but experience · no internal 

deformation. 

The northern pseudof ault is straight and has experienced no 

shearing or deformation. The curved portion of the southern 

pseudofault is within the transfer zone. Consequently a portion of 

the wedge of new crust formed by the propagating rift is part of the 

transfer zone. In the limit, as the width of the transfer zone goes 

to zero, the "transitional model" converges to the "simple model" • 
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Note that the models discussed above are similar. They differ 

only in whether the extensional growth of the propagator is smooth and 

continuous or stepwise and discrete, and in whether the change in 

spreading rate is instantaneous or transitional. In the limit, either 

in the way the data are sampled or in the rate at which the process 

occurs, all of the proposed models become indistinguishable from the 

simple model. The discrete jump model will look like the simple model 

if the sample spacing is greater than the discrete jumps. The 

transitional model will appear like the simple model if the transfer 

zone is narrower than the sampling interval. All of these models can 

account for the interpreted magnetic features (Figure lB). 

TECTONIC SETTING 

Figure 4 (Figure 1 from Searle and Hey, 1983) shows the general 

tectonic setting of the Galapagos Rift System. The rift separates the 

Cocos and Nazca plates and has an estimated spreading rate of 52 mm 

per year at 95.5°W with a spreading direction of 355°-003° (Hey et 

al., 1977; Searle and Hey, 1983). The propagation rate is estimated 

at 49 mm/yr (Hey and Vogt, 1977). The Galapagos hot spot presently 

lies under the Galapagos Islands on the Nazca plate. Two aseismic 

ridges, Cocos and Carnegie are thought to have been formed by the hot 

spot (Morgan, 1971; Minster et al., 1974; Hey, 1975). The rough

smooth boundary marks the boundary between lithosphere formed at the 

Galapagos Rift and that formed at the East Pacific Rise. Hey (1977b) 

provides a detailed discussion of the tectonic evolution of the 
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Figure 4 (Figure 1 from Searle and Hey, 1983): Tectonic .setting of Galapagos Rift 

system and Cocos and Nazca plates. Spreading centers (heavy lines) and isochrons dated in 
millions of years before present (light lines) after Hey (1977b). Study region outlined 
as heavy rectangle. Galapagos Islands are considered th~ present location of the 
Galapagos hot spot. Cocos and Carnegie Ridges are aseismic ridges thought to be traces of 
the Galapagos hot spot. Inset: velocity diagram at 95.5°w, calculated from PAM! poles of 
Hey et al. (1977). 'A' represents the position of a non-propagating symmetrically 
spreading rise segment in velocity space, 'PR' represents the propagating rift tip. 
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,.o 

Figure 5 (Figure 2 of Searle and Hey, 1983): Calculated geometry 
of the propagating rift at 9S.S0 W. Heavy line represents plate 
boundary (transfer zone is assum~d to be equivalent to an 
instantaneous transform). Light, numbered lines are isochrons dated 
in millions of years before present. The directions of the 
propagating and dying rift are their observed regional trends. All 
other directions were calculated assuming a constant half-spreading 
rate of 26 mm/yr along 003° and a constant propagation rate of 49 
mm/yr along 273 • 
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Galapagos rift system. The calculated geometry of the Galapagos 

9S.S0 w propagating rift is shown in Figure S. 

MAGNETICS 

The propagating rift theory is strongly supported by magnetic 

data and in fact was first proposed to explain the rid~~ jumps 

observed in the magnetic anomalies of the Galapagos Rift (Hey et al, 

1977). The match between the observed and model magnetic amomalies 

with spreading center jumps is excellent. Hey et al's. figure 1 shows 

that: (1) Jumps have progressed at a steady rate from east to west • 

(2) Jump length has increased toward the west. (3) Jump length has 

increased with time. The match of the observed and predicted magnetic 

anomalies is immediately apparent in map view (Figure 1) • 

PETROLOGY 

Christie and Sinton (1981) have shown that volcanic rocks erupted 

along the propagating rifts have a wide range of composition 

(undifferentiated MORB, FeTi basalts, andesites and rhyodacites) • 

They maintain that the observed variation in erupted lava compositions 

reflects the evolution of the rift from zero spreading toward the 

"steady-state" configuration of a normal rift (see Christie and 

Sinton's figures 8 and 9, 1981). During this evolution, the degree to 

which magmas can differentiate by crystal fracbionation is controlled 

by the balance between cooling rates of crustal magma bodies and their 

rates of resupply with new magma from below. At one extreme., close to 
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the propagator tip, high cooling rates and low resupply rates do not 

provide adequate time for magmas to differentiate by crystal 

fractionation; therefore erupted lavas are relatively unfractionated. 

At the other extreme, approaching the steady-state normal rift 

configuration, frequent replenishment with new, primitive magma will 

not permit advanced degrees of crystal fractionation to be achieved. 

Between these extremes, the evolving rift provides a range of 

enviromilents in which moderate cooling rates and variable resupply 

rates permit a range of fractionated magma compositions to be 

realized. As the cooling rate-supply rate balance evolves, there is a 

gradual increase in abundance, size, longevity and degree of 

interconnection of crustal magma chambers beneath the developing rift. 

Figure 6a shows the four propagating rifts in the area, crust 

formed by the propagators, and the High Amplitude Magnetic (HAM) 

. boundaries. Four propagating rifts have been identified along the 

rift system, all propagating away from the hot spo~ (Wilson and Hey, 

1979). HAM boundaries coincide with the pseudofaults and are the 

apparent result of FeTi basalts being produced near the propagating 

rift tip. The petrologic variablity reaches a maximum 15 km behind 

the tip of the propagator, and extends 100 km (Figure 6b). This band 

also extends behind the pseudofaults that mark the former locations of 

the propagator tip. This width represents the distance necessary for 

the rift to reach petrologic equilibrium. 

Depth of the rift decreases away from the Galapagos hot spot 

(Figure 6c; Christie and Sinton, 1981). Schilling et al. (1982) 

suggest that the basalt geochemical variation requires two distinct 
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Figure 6 (Figure 3 of Christie and Sinton, 1981): (a) Dredge and 
DSDP locations in relation to propagating rifts of the Galapagos area. 
Propagating rift elements are shown as follows: double lines, 
spreading axis; long dashes, pseudofaults; short dashes, HAM 
boundaries not coincident with known pseudofaults; small dots, failed 
rifts; diagonal ruling, known extent of oceanic crust formed by 
propagating rift segments. 

(b) Longitudinal profile projected onto the ridge axis showing 
the distribution of FeO/MgO values of abyssal glasses. Arrowheads 
mark present postions of the propagating rift tips. 

(c) Bathymetric profile along the ridge axis. Filled circles, 
axial ridge; open circles, axial valley; half-filled circles, no 
distinct axial feature. Dashed line indicates general depth about 15 
km from ridge axis. 
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sources. One, a hot spot source that dominates close to the hot spot, 

and two, a MORB source which becomes progressively more important with 

distance away from the hot spot. The western limit of the hot spot 

source is believed to be the 95.5°W propagator tip (Verma and 

Schilling, 1982). Hydrothermal vents and mounds have been located 

along the majority of the rift system with notable exceptions at the 

propagating rift tips (Hey personal communication), supporting the 

notion that the propagating rift system has a magma supply or thermal 

deficit at the tip. 

Current research by Christie and Sinton, (1983 and in prep) 

indicates that the first lavas erupted at the propagator tip 

chemically separated from mantle material at approximately 10 kb (30 

km deep). The separation depth appears to deepen (15 kb, 45 km) as 

the propagating rift system approaches a steady state further to the 

east. In contrast, most normal spreading center lavas appear to have 

a separation depth of 15-20 kb (45-60 km) • 

BATIIYMETRY 

High resolution bathymetry of the 95.5°w Galapagos propagating 

rift has been gathered by Hey using the Scripps Sea-Beam system. Many 

striking features stand out when looking at a colored map of the area 

(Figure 7). In general the fit of the features observed in the multi

beam bathymetry to the predicted features lends credence to the 

propagating rift theory • 
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Figure 7: Bathymetry of the 95.S0 w Galapagos propagating rift 
based on Sea-Beam data (Hey in prep). Colored contour intervals are 
every 200 m. De Steiguer Deep occupies the propagating rift tip and 
the transfer zone immediately to the south (Blue area in the center of 
the map). De Steiguer Ridge is shown as dark orange and red area in 
the lower right hand corner. The ridge is immediately north of en 
echelon deeps associated with the failed rift. "Magic Mountain" (Hey 
in prep) occupies a position between two bathymetric deeps (2°20' N, 
95°37' W) and lies near the estimated location of the dying rift. 
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New crust formed by the propagating rift forms a V-shaped area 

whose overall depth is somewhat gr~ater than the surrounding depth. 

This contradicts the Sclater curve predictions (Sclater et al., 1970) 

in that the lithosphere formed by the propagator is younger than the 

surrounding lithosphere and yet it is deeper. This deepening may be 

the result of (!) a magma deficiency, (2) the cold wall affect caused 

by propagation through old, cold crust, (3) block faulting of material 

into the deep, (4) reduced spreading during a transition period where 

the propagator rift goes from zero to full spreading and the dying 

rift goes from full to zero spreading to become the failed rift, 

and/or (5) proximity ·to the hot spot swell. 

The wedge of new material is bounded by pseudofaults both to the 

north and south. The northern pseudofault is fairly linear and is 

fortuitously highlighted as the green-yellow boundary in Figure 7. 

The northern pseudofault coincides with a continuous vertical offset 

with the ocean floor formed by the propagating rift tip being deeper 

than the surrounding ocean floor that was formed by the failed rift. 

The southern pseudofault is not as clearly highlighted by bathymetry. 

If the transitional model is correct, then a portion of the new crust 

formed by the propagating rift is subject to the same shearing, 

possible serpentinization and uplift that affects the portion of old 

lithosphere that is transferred from one plate to another. 

Two striking bathymetric features, the "De Steiguer Deep" and "De 

Steiguer Ridge" (Vogt and De Boer, 1976), are composed of lithosphere 

that are within or have passed through the transfer zone. Both 

features may be steady state manifestations of rift propagation. "De 
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Steiguer Deep" .extends from the rift tip to the south and coincides 

with the transfer zone; it may be the result of fracturing and/or 

thinning of the lithosphere as it passes through the transfer zone. 

'~e Steiguer Ridge" extends east of the transfer zone and lies just 

north of the failed rift. The failed rift morphology consists of 

short en echelon rifts that are bathymetrically deep. The greatest 

bathymetric relief in the area occurs where the uplifted lithosphere 

that forms the De Steiguer Ridge is juxtaposed with the failed rift. 

The uplift of the De Steiguer Ridge may be due to massive 

serpentinization of the lithosphere during and after its passage 

through the transfer zone. Sinton (personal communication) suggests 

that the lithosphere that passes through the transfer zone may be some 

of the most sheared, fractured and hydrothermally altered oceanic 

lithosphere in the world. 

The dying rift appears as a series of en echelon rifts whose 

regional trend is 265°. Individual rift segments however are oriented 

perpendicular to the current spreading direction (3°) and sub-parallel 

to the propagat.ing rift. Hey (in prep) believes that the dying . rift 

axis lies between the en echelon deeps. A large bathymetric high, 

"Magic Mountain" (named by Hey, in prep), occurs between two en 

echelon deeps. If the dying rift is composed of en echelon short 

rifts which ·are aligned parallel to the propagating rift then the 

length of the transfer zone is increased only when an entire section 

of the dying rift is superceeded. The failed rift will also show an 

offset equal to the length of transform between the two sections of 

the dying rift. Note that the propagating rift and pseudofaults all 
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appear to be continuous, whereas the dying and fa i led rifts appear to 

be en echelon. 

A Gloria long range sidescan sonar survey of the area around the 

95.5°w propagating rift also supports the pro.pagating rift . hypothesis 

(Searle and Hey, 1983). Figure 8 shows the i nferred tectonic 

boundaries (heavy lines) and a summary of the observed tectonic 

features (light lines). The tectonic boundaries include the northern 

pseudofault (A), axis of propagating rift (B). southern pseudofault (C 

- line marking easternmost limit of NNW-SSE tectonic lineaments; D -

preferred position on a basis of magnetics). western limit of NNW-SSE 

lineaments (E), predicted location of failed rift (F) , eastern limit 

of undisturbed E-W lineaments from dying r i ft (G) . axis of dying rift 

(H) • 

Most of the tectonic features are roughly parallel to the 

predicted isochrons (Figure 5). The tectonic fabric is dominated by 

E-W lineaments that are subparallel to the dying and propagating 

rifts. This tectonic fabric is typical of a medium-spreading rate 

rift axis (Klitgord and Mudie, 1974, Allmendinger and Riis, 1979). 

Searle and Hey (1983) suggest that the predominant strike of 

structural lineaments formed by the dying rift appears to have rotated 

over the past 1.5 Ma. The predominant strike is 265° in 1.5 Ma crust, 

270° in 1.0 Ma crust and 273° near the present dying rift axis. The 

0 present strike of the propagating rift averages 273 • They suggest 
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Figure 8 (From figure 9 of Searle and Hey, 1983): Summary of 
observed tectonic features (light lines) and inf erred tectonic 
boundaries (heavy lines). The tectonic boundaries include the 
northern pseudofault (A), axis of propagating rift (B), southern 
pseudofault (C - line marking easternmost limit of NNW-SSE tectonic 
lineaments; D - prefered position on a basis of magnetics), western 
limit of NNW-SSE lineaments (E), predicted location of failed rift 
(F), eastern limit of undisturbed E-W lineaments from dying rift (G), 
axis of dying rift (H) • 
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that spreading in the area prior to 1.5 Ma was 355°, normal to the 

265° lineaments observed on crust of that age. The spreading 

direction then began to change, perhaps gradually, to 003°, the 

present spreading direction of the propagating rift. They .suggest 

that the dying rift retained its regional 265° trend but was segmented 

into en echelon rifts that rotated at the rate necessary to keep them 

normal to the evolving direction of spreading. The propagating rift 

started from the east and continuously propagated al~ng an azimuth of 

273°, normal to the present spreading direction of 003°. If the 

spreading direction has changed gradually, this suggests that the 

propagator had been spreading in a non-orthogonal manner, presumably 

not the minimum energy configuration. 

The NNW-SSE lineaments within the transferred lithosphere are 

subparallel to the predicted isochrons. All three propagating rift 

models assume that the transfer zone uniformly shears or bends the 

transferred lithosphere. The observation that the eastern limit of 

the E-W lineaments (G) diverges from the western limit of the NNW-SSE 

lineaments (E), is not consistent with the predicted shearing or 

bending of the entire section of transferred lithosphere within the 

transfer zone. The observation that the easternmost limit of the NNW

SSE tectonic lineaments (C) does not coincide with the southern 

pseudofault (D), as inferred from magnetics, is consistent with the 

transitional model. The transitional model (Figure 3) predicts that a 

portion of lithosphere formed by the propagator will be subject to the 

same shearing and deformation that is experienced by lithosphere that 
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passed through the transfer zone • The amount of bend of the 

propagator tip does not agree with the transitional model, however. 

PREVIOUS SEISMIC WORK 

Forsyth (1972) published two focal mechanisms of earthquakes 

along the Galapagos rift, one (l.78°N, 101.03°W) yielding a tensional 

mechanism at the rift, and the other (2.0l 0 N, 90.48°W) yielding the 

expected strike-slip motion along a transform fault. Stover (1973) 

noted that seismicity on the Galapagos rift was "scattered and non-

linear" near the tr-iple junction and of low level to the east. He 

notes only one event (3°N, 91°W in 1926) larger than magnitude 6.5, 

although numerous smaller earthquakes were noted along the transform 

0 0 0 ( ) faults at 91 , 91.5 and 97.5 W. Macdonald and Mudie 1974 published 

the first microearthquake study conducted over a deep ocean relatively 

fast spreading center. Their study, using sonobuoys on the Galapagos 

rift near 86°W , detected an average of 15 microearthquakes per hour 

occuring in swarms. The high b-value they obtained (b=3.0), is 

consistent with volcanic or hydrothermal sources for these ridge 

events. 

0 The 95.5 W survey area is seismically active, as shown by 

earthquakes detected at teleseismic distances. During the period 

1961-1976, 11 earthquakes with bodywave magnitude <in,,) greater than 

four were located within one degree of the propagating rift tip • 
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Prior to this experiment, howver, no micro-seismicity studies had been 

done along the Galapagos spreading center • 
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SEISMIC EXPERIMENT 

• 
OBJECTIVES 

• An array of eleven Ocean Bottom Seismometers (OBSs) was deployed 

0 about the 95.5 W Galapagos Propagating Rift in the summer of 1979 

(Figure 9). The array was centered about and in front of the 

• propagator tip where, under the assumption that the propagating rift 

was cracking through ·the old lithosphere, the most diagnostic 

earthquakes were expected to occur. Earthquake activity was also 

• anticipated 8;long both rift systems and along the transfer zone. The 

OBSs were spaced 10 km apart; this spacing had been found to be the 

best compromise between maximizing regional coverage and assuring the 

• ability to locate earthquakes accurately (Duennebier, personal 

communication). The OBS array was centered about the propagator tip, 

rather than spreading the array over the entire region and running the 

• risk of not being able to record earthquakes on sufficient OBSs to 

provide accurate locations and first motions. In retrospect, and as 

recomendation for future work, it would be better to center a seismic 

• array about the transfer zone, where the majority of the earthquakes 

occurred. Earthquakes within the transfer zone and along both rift 

• systems could have been better located and a broader azimuthal 

coverage would have been provided for focal mechanisms. 

The purposes of this seismic experiment were first to see if 

• seismic evidence supports the propagating rift hypothesis and second 

• 
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Figure 9: Locations of POBS (circles), !SOBS (pluses), large test 
shots (stars) and maxipulse lines (dashed lines). The stippled 
regions indicate the 2800 m contour line based on the SEABEAM data 
(Figure 7). 
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to study the dynamics of rift propagation. Some of the follo~ing 

questions will be addressed in this study: 

(1) Where are the earthquakes occuring? Is there any seismic 

characterization that distinguishes the propagating rift system from a 

rift-transform-rift system? Do earthquakes occur at and in front of 

the propagator tip? Do earthquakes occur continuously along the 

propagating rift? Is there seismic activity along the dying or failed 

rift? 

(2) What types of earthquakes are occuring? Are normal faults 

associated with the propagating and dying rifts? Are strike-slip 

faults associated with any active transform faults or within the 

transfer zone? Does thrust faulting occur if overlapping rifts are 

active at the same time? 

(3) How much energy is being released? What magnitude 

earthquakes are occuring and do they show any significant distribution 

in time or space? 

(4) What is the stress distribution of the area? Do b-values 

indicate a tectonic or volcanic stress regime? 

(5) What is the temporal pattern of seismicity? Do earthquakes 

occur at a constant rate? Are there earthquake swarms? 

OCEAN BOTTOM SEISMOMETERS 

Two types of Hawaii Institute of Geophysics OBS's were used in 

this experiment, the POBS (Pop-up Ocean Bottom Seismometers) and the 

!SOBS (Isolated Sensor Ocean Bottom Seismometer). Both OBSs were 
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designed as fully independent seismic stations capable of being 

deployed to depths up to 6 km (12.4 km with syntactic foam flotation). 

Sensors consist of vertical and horizontal 4.5 Hz geophones, and a 

hydrophone. Time is kept by an internal time code generator. Four 

channels (!-horizontal geophone and minute mark, 2-hydrophone, 3-time 

code and 4-vertical geophone) are continuously recorded on magnetic 

cassette tapes. The !SOBS has a detachable geophone package that is 

connected by an electrical cable to a recording package. This design 

mechanically decouples the geophone package from the rest of the 

instrument, resulting in reduced self-noise and improved seismic 

coupling. Release from the bottom is triggered by pre-set timers 

firing explosive bolts to separate the OBS from the lead weight that 

keeps it on the bottom. Bouyancy is provided by glass spheres. Two 

radio beacons and two flashers are activated when the OBS reaches the 

ocean surface to aid in a rapid recovery. (See Sutton et al., 1977; 

Sutton et al., 1980; and Byrne et al., 1982 for a more complete 

description of the RIG POBS and !SOBS design and performance 

characteristics) • 

Table 1 lists some of the important information concerning the 

OBS's deployed in the Galapagos Seismic Experiment. OBSs are named 

after famous earthquakes. Every deployment is numbered sequentially 

from the start of HIG's OBS work. All OBSs will henceforth be 

referred to by the first letter of their name and the deployment 

number, ie. Zagreb is Z158 • 
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TABLE 1 

NAME NUMBER TYPE DEPTH 
(M) 

--- --
ZAGREB 158 I SOBS 2940 

VALPARAISO 159 IS OBS 2725 

QUETTA 160 IS OBS 2495 

NANKAIDO 161 POBS 2475 

DIXIE VALLEY 162 IS OBS 2525 

CONCEPCION 163 IS OBS 2650 

UNI MAK 164 IS OBS 3050 

ERZINCAN 165 POBS 2515 

GIFU 166 POBS 2590 

JAN MAYAN 167 POBS 3100 

AWATERE 168 POBS 3055 

• • • • 

- OBS DEPLOYMENT INFORMATION 

I.ATTITUDE LONGITUDE LOC ERR DRIFT STN CORR 
(KM) (SEC/D) (SEC) 

----
2° 43 .57 N 95°"39.94 w 0.08 0.002 0.04 

LOST 

2°35.16 N 95°40.47 w 0.06 0.066 0.14 

2°33 . 43 N 95°35 . 75 w 0.25 0.801 0.14 

2°36.82 N 95°34.15 w 0.04 -0.804 0.13 

LOST 

2°45.65 N 95°34.57 w 0 . 36 -0.303 0.01 

2° 44.63 N 95°27.01 w 0.20 0 . 087 0.13 

2° 40.90 N 95°27.91 w 0.26 -0 • 2 i 9 . 0 .12 

2°37.04 N 95°28.05 w 0.10 1.367 0.00 

TAPE RECORDER FAILURE 

• 

w 
w 

• 
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DATA REDUCTION 

Water depths were recorded on a 3.5 kHz transponder onboard the 

RV Kana Keoki when the OBSs were deployed. Water wave arrivals from 

two maxipulse lines and five large test shots were recorded by the 

OBSs and were used to invert for the OBS locations. The OBSs were 

located using a shot-receiver location program of Sinton (1982) • 

Figure 9 shows the locations of all shots and OBSs. Location accuracy 

for all of the stations is estimated to be within 0.4 km. 

A .serious problem associated with all OBSs is the lack of a 

common time base. Each OBS is equipped with an internal time cod·e 

generator that is thermally calibrated to minimize clock drift near 

o0 c, the assumed ocean bottom temperature. Prior to deployment, the 

time code generator is set as close to ZULU time (from WWV radio 

transmitted Greenwich Mean Time) as possible. The time difference 

between the OBS and ZULU times are recorded immediately before 

deployment and immediately after recovery. The OBS deployment and 

recovery times and the ZULU deployment and recovery times are used to 

determine the appropriate linear clock drift rate for each OBS. All 

OBS times are corrected to ZULU time using the linear clock drift 

rates; in effect establishing a common time base. Corrected times are 

believed to be correct to + 0.05 sec. 

The preliminary drift rate for Ul64 was incorrect, apparently due 

to nonlinear time code drift or a time code "bust" immediately before 

recovery. Ul64 arrival times, corrected assuming the linear time code 

drift rate, resulted in large travel time residuals that increased 
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with elapsed time. A corrected drift rate was estimated in the 

following manner. Five large earthquakes that occurred between Julian 

Day (JD) 110 and 116 and that were recorded by 6 or 7 OBSs, including 

Ul64, were located by HYP071 (Lee and Lahr, 1972, 1974) using phase 

picks from all OBSs except 0164. Theoretical arrival times were 

estimated for Ul64 and compared to the observed arrival times. A 

drift rate that minimized the travel time residuals for 0164 was 

determined assuming that the deployment ZULU and OBS times ·were 

correct; in effect establishing a linear drift rate from the 

deployment time to JD U6. Apparently the drift rate was small when 

the OBS was on the sea floor. After it was released from the sea 

floor either the drift rate increased dramatically, possibly when it 

was floating in the warmer surface water, or the time code generator 

suffered a time break, possibly when the explosive bolts freed it 

from the ocean bottom or when the OBS was brought onboard the ship. 

Station corrections were calculated to bring all of the OBS's to 

a common datum. The depth of the deepest OBS (Jl67 - 3100m) was us 'ed 

as datum; all stations were given a delay equal to their elevation 

above datum divided by an estimated first layer velocity (4.4 km/sec). 

Figure 10 is a schematic diagram outlining the data reduction 

process from OBS cassette to final earthquake locations and earthquake 

pseudo record-sections. The cassette tape is first dubbed to a higher 

speed FM tape. The signal from the dubbed tape is then passed through 

an event detector (Cessaro, 1983). When an event is detected, the 

computer transfers the digitized record from a storage buffer to a 9 
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~~~~~~~---;locations 

Figure 10: Flow chart of earthquake processing scheme from OBS 
cassette to earthquake locations and pseudo record-sections. The NOVA 
computer is used for dubbing, initial event detection and digitizing. 
The HARRIS computer is used for subsequent data reduction • 
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• track digital tape. Each digitized tape is then corrected and amended 

in the program MREBLD; the digital gain and the corrected ZULU times 

are recorded in a 20 word header followed by the 4 channels of seismic 

• data. Using the interactive graphics program MPLAY, events are saved, 

time codes are checked and corrected, and preliminary P and S phases 

are picked and saved in a PICKFILE. HYP071 allows the use of four 

• quality values to assign weighting to the picks used. The author has 

subjectively assigned the highest quality factor to impulsive arrivals 

and lower quality values to phases whose arrival times become more 

• uncertain • 

A hard copy of the four channels is produced for each event. 

Figure 11 shows a particularly interesting (typical) earthquake with 

• numerous phases recorded and labeled. Figure 12 shows a schematic 

view of the OBS, earthquake and ray paths. The hypocenter is 

estimated (by HYP071) to be 2.1 km deep, just above the second layer, 

• and 8.5 km away from OBS G166. The first arrival is a refracted P 

phase followed quickly py a more energetic direct P phase. The direct 

P phase is so energetic on the vertical geophone that the signal 

• clips, making it impossible to pick the S phase. The horizontal 

geophone does not pick up the near vertical P refracted arrival, but 

does record the more horizontal direct P phase. The horizontal 

• geophone records the two emergent S phases: a low amplitude refracted 

phase, followed by a more energetic direct phase. The hydrophone 

picks up both P arrivals and a water multiple. The water multiple 

• travel path, indicated in Figure 12, is the minimum travel time path. 

Using the estimated earthquake lo ca tio'n, the estimated ve 1 o city . 

• 
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Figure 11: Earthquake record for Gl66 showing the four channels: 
horizontal, hydrophone, time code and vertical. Refracted P phase 
(Pr), direct P phase (Pd), refracted S phase (Sr), direct S phase (Sd) 
and reflected water multiple (R) are identified • 
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Figure 12: Hypocenter (star), OBS (triangle) and ray paths 
corresponding to the phases identified on Figure Figure 3. The order 
of the theoretical arrival times for these phases is consistent with 
the observed order of arrivals. 
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structure of the region, and the water depth of the OBS it is possible 

to calculate the direct P travel time and the water multiple travel 

time. The difference between these theoretical times (3.3 sec) agrees 

well with the observed times (3.4 sec). The order of all phase 

arrivals is consistent with the arrivals estimated by HYP071. The 

travel time residuals (in seconds) for all of these phases are 

approximately: Jl.Pr, -0.10: A.Pd, +0.12; t;:;,Sr, -0.43; ~Sd, 0.35; and /),.Wm, 

+0.10 • It may be possible to reduce these travel time residuals by 

changing the hypocenter, origin time, or velocity structure. Most 

importantly, this figure shows the importance of using all horizontal, . 

vertical and. hydrophone signals for properly identifying arrivals. 

After pickfiles are established for all OBSs, EQSORT is run to 

determine the events that were recorded by three or more OBSs. These 

picks are input to HYP071 (Lee and Lahr, 1972; 1974) to locate the 

earthquakes. A record-section type of graphic display is made for 

each earthquake. Figure 13 is a plot of the vertical seismic signals 

of each OBS with the theoretical P travel time on the ordinate and 

time minus theoretical P travel time on the abscissa. The heavy solid 

and dashed lines indicate the P and S theoretical travel times, and 

the light dashed lines indicate the phase picks used. The travel time 

residuals are the differences between the theoretical and the observed 

times. This is the same earthquake as shown in Figure 12. These 

record-sections are useful for determining emergent phases and 

incorrect picks. The pickfiles can be updated and HYP071 rerun in an 

iterative fashion • 
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Figure 13: Pseudo record-section for a single earthquake with 
theoretical P travel time on the ordinate and time minus theoretical P 
travel time on the abscissa. Vertical geophone signals are positioned 
so that their theoretical P arrival times fall along the solid line 
and their theoretical S arrival times along the dashed line. The 
narrow dashed lines indicate the phase picks used to locate the 
earthquakes. Waveform distortions are due to OBS amplifier clipping 
in the presence of strong signals. Note, some of the phase picks were 
made on the horizontal or hydrophone channels, eg. G166 S pick (See 
Figure 11). 
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In addition to the P and S phases, T phases (Duennebier and 

Johnson, 1967) were also associated with many earthquakes. T phases 

have been observed in other OBS studies (Francis et al., 1977). 

Figure 14 shows a pseudo record-section (similar to Figure 13, but 

with a compressed horizontal time scale) for an earthquake with an 

estimated depth of 5 km. The theoretical arrival times of the T phase 

(dotted lines) are calculated as the travel time of a P ray traveling 

vertically from the hypocenter to the sea floor and then traveling 

horizontally in the water column to the OBS. The P phase and the T 

phase travel times will be equal (0.9 sec) for an OBS located directly 

above the hypocenter. The P and T phases diverge as the range from 

the OBS to the epicenter increases. T phases are normally broad and 

emergent as observed. The T phase portion of the coda contains much 

of the observed energy of the signal. It is noted that Cessaro (1983) 

did not observe T-phases on a similar study (using the same OBS's) on 

the mid-Atlantic ridge • 



44 

Figure 14: Pseudo record-section for earthquake with 
identifiable T phase. The figure is similar to Figure 5, but with a 
compressed horizontal scale. The dotted line indicates the T phase 
arrival for a P ray travelling vertically from the hypocenter to the 
sea floor, and then travelling horizontally in the water column to the 
OBS. T phases are normally broad and emergent as observed. 
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RESULTS· AND DISCUSSION 

EARTHQUAKE RATE 

Earthquake locatio~s based on less than four phases. are 

statistically underdetermined. HYP071 (Lee and Lahr, 1972, 1974) can 

estimate earthquake locations using only 3 phases by fixing the depth; 

these solutions should have an RMS of 0.00 sec but do not estimate the 

horizontal and vertical errors. GRIDSEARCH, a location program 

comparable to the algorithm described by Rowlett and Forsyth (1983), 

determines probability volumes and requires five or more phases to 

perform a statistically valid Inverse F distribution test (IMSL 

program MDFI). Because of the large number of earthquakes recorded 

(more than 600), the author chose to limit this study to earthquakes 

with five of more identified phases • 

The three hundred and four located earthquakes reported on in 

this study are all recorded by three or more OBSs and located using 

the arrival times of five or more P and S phases. Figure 15 shows the 

temporal distribution of events (open bars) and earthquakes (solid 

bars) for each OBS. Events are defined as all seismic signals 

assigned a P and/or S phase pick. Earthquakes are the events that 

were recorded by three or more OBSs and were located by HYP071. 

Mos.t of the OBSs show a fairly constant event and earthquake rate 

with roughly two to three times more events recorded than earthquakes 

located. OBSs Zl58 and E165 show the lowest activity rate. OBS Q160 

has the highest event/earthquake ra.tio. The event rate for Ql60 
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decreases, except for a surge between JD 111-112, while the earthquake 

rate remains roughly constant. This suggests that many of the 

earliest events are caused by a settling of the instrument, internal 

electronic noise, localized activity that is not detected by other 

OBSs and/or biological interferrence which decreases with time. The 

abrupt truncation of events and earthquakes on OBS D162 is due to 

failure of a cassette recorder. The failure of this OBS leads to an 

overall decrease in the observed earthquake rate. 

Figure 16 is a plot of the cumulative number of earthquakes 

versus time. The earthquake rate is roughly 17 per day from JD 101-

114. The rate decreases to 10 earthquakes per day after JD 114 when 

OBS Dl62 stops recording. These are minimum rates since they include 

only earthquakes that were located with five or more phases • 

Seismicity in the region is fairly continuous, with no indication of 

swarm activity • 

RESIDUALS 

Two types of residuals will be discussed extensively throughout 

this study. Travel time residuals are estimated for each phase (P 

and/or S) at each OBS. They are calculated as the observed travel 

times (phase pick time - estimated origin time) minus the theoretical 

travel time (travel time calculated using the velocity-depth model, 

the estimated earthquake depth and the range to the OBS) plus the 

station delay. The second type, termed rms residuals, are the root 

mean ~quare of all . travel time residuals associated with each 
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Figure 16: Cumulative number of earthquakes versus time. Inset 
shows slope for 10, 15 and 20 earthquakes per day • 
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earthquake. For simplicity, travel time re.siduals will be referred to 

as residuals and rms residuals will be ref erred to as either RMS or 

rms residuals. 

Residuals should average zero for every OBS and should have no 

significant dependence on elapsed time (Julian Day), distance, azimuth 

or depth. Table 2 lists the residual statistics for each OBS based on 

all earthquakes located using HYP071 (Lee and Lahr, 1972, 1974) • 

Figure 17 are plots of OBS residuals versus Julian Days. Only 

residuals associated with impulsive P phases (quality factor = 0) are 

used for these plots. Residuals are (1) ordered in terms of Julian 

day, (2) averaged five at a time and (3) plotted at the central point 

with the height of the bar representing the standard deviation of the 

five residuals (five point running mean with standard deviation) • 

Residuals for Ul64 decrease with time but pass through zero between JD 

110-116. Both Jl67 and Zl58 have large static offsets (-0.13 sec and 

+0.16 seconds respectively). No events are plotted for Zl58 because 

there are not five P phases with a quality factor 0. 

Time code drift rate corrections for Ul64 are made by 

proportionatly adjusting the times of the phase picks from +0.35 

seconds at JD 101 to -0.40 seconds at JD 125. Note that the original 

drift rate for Ul64 was wrong and had to be recalculated (see section 

on seismic experiment). These two corrections taken together, 

indicate that the time code drift rate is nearly zero and that Ul64 

has a station delay of +0.35 seconds. Additional station delay 

corrections are added for Jl67 (-0.30) and for Zl58 (+0.30). To 

adjust the residuals it is necessary to add .twice a's much offset as 
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OBS NUM RES 

Zl58 15 

Ql60 171 

Nl61 132 

Dl62 171 

Ul64 206 

El65 14 

Gl66 224 

Jl67 181 

• • • • • 

TABLE 2: OBS DELAYS AND RESIDUALS 

---BEFORE CORRECTIONS--- ---AFTER CORRECTIONS---

DELAY AV RES SD RES DELAY AV RES SD RES 

(sec) . (sec) (sec) (sec) (sec) (sec) 
- --

0.04 0.16 0.18 0.34 ·0.01 0.16 

0.14 0.04 0.20 0.14 0.07 0.19 

0.14 -0.03 0.16 0.14 -0.06 0.17 

0.13 -0.03 0.19 0.13 -0.04 0.17 

0.01 0.04 0.22 0.01 0.02 0.19 

0.13 0.03 O.ll 0.13 o.os 0.09 

0.12 0.01 0 .19 0 .12 -0.04 0.18 

0.00 -0.13 0.19 -0.30 -0.06 0.17 
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Figure 17: Five point running means (with standard devitation 
error bars) of travel time residuals versus elapsed time, . for 
impulsive P phase arrivals, using uncorrected station delays • 
Individual OBS plots • 
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observed. This is because the location process minimizes the RMS by 

reducing a large travel time residual of one OBS and spreading the 

error to the other OBSs. The corrected drift rate and revised station 

delays are used as the input to the location programs in all following 

discussions. 

The station delays may be the result of velocity inhomogenities 

near the OBS. For example, the negative station correction for Jl67, 

which is located within the transfer zone, indicates that the velocity 

structure is faster here than elsewhere. This would be consistent 

with a thinning of the lithosphere in the De Steiguer Deep. Both Ul64 

and Z158 have large positive station corrections that indicate the 

velocity structure beneath these OBSs may be slower than elsewhere. 

We note a correlation between travel time residuals (indicators of 

station delays) and the position of all OBSs relative to a line drawn 

perpendicular to the northern pseudofault. The OBSs are ordered from 

the SE to the NW with their travel time residuals (before corrections) 

in brackets: Jl67 (-0.13), N164 (-0.03), Dl62 (-0.03), · Gl66 (+0.01), 

Ql60 (+0.04), El65 (+0.03), Ul64 (+0.17 estimated), and Zl58 (+0.16) • 

This may be fortuitous, or may indicate systematicaly faster velocity 

structure toward the SE, i.e. toward the transfer zone. 

Figure 18 shows plots of the P residuals versus elapsed time 

after implementing the corrections discussed above. Making these 

corrections removes the residual dependence Ul64 showed with elapsed 

time and the time offset observed for Zl58 and J167. However, the 

other OBS's residuals increased slightly (Table 2) • 
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Figure 19 are plots of residuals versus epicentral distance • 

Residuals show no dependence on distance with the _exception of Dl62, 

which indicates large negative residuals at distances less than 6 km. 

Large jumps or spikes observed for Gl66 and J167 may be attributed to 

using . a five point running mean. One large residual affects five 

points and produces large standard deviations. 

Figure 20 are plots of residual versus azimuth (measured in 

degrees from epicenter to OBS). · It shows one of the most interesting 

patterns. First, it clearly shows that the azimuthal coverage of the 

array is poor with the majority of the earthquakes occurring within a 

narrow azimuthal range. se·cond, N161 and Dl62 both show a deflection 

or spike at approximately 260°. The cause of this is unknown, but may 

be caused by the five point running average, or by some azimuthal 

variation in travel paths. If an OBS is incorrectly located, then a 

sinusoidal dependence may be expected, not a spike as observed. Ql60 

shows some azimuthal dependence that suggests it may be slightly 

mis located. 

Figure 21 are plots of residual versus depth. Numerous events 

cluster about 5 km (HYP071 starting depth) but there does not seem to 

be a strong depth dependence. The spikes in G166 and Jl67 may again 

be produced by one large residual • 

In general residuals do not show a strong dependence on time, 

distance, azimuth or depth • 
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MAGNITUDES 

The method of estimating magnitudes was influenced by two 

limitations encountered in this study. First, none of the 304 

earthquakes were recorded by the WWSN, so it was not possible to 

derive independent empirical relations of either duration or amplitude 

to magnitude. Therefore, an appropriate duration-magnitude 

relationship was choosen on a basis of: (1) the recursion relation 

derived using the duration-magnitude relationship must be consistent 

with the historical teleseismic activity, and (2) it must yield 

reasonable estimates of seismic moment and fault length. Second, site 

effects (acoustic properties, local Q, sediment effects, local energy 

dispersion, etc.) cause response variations between different 

instruments for the same earthquake. In contrast to land stations 

whose sites can be carefully selected and prepared, OBSs simply land 

where they fall causing site effects to be more variable. Site 

effects were rectified by normalizing the durations measured at each 

OBS. The resulting magnitudes are internally self consistent and 

provide a relative index of seismic energy and moment. 

Magnitudes are estimated from the signal duration using the 

method first proposed by Bisztricsany (1958) and subsequently used for 

local land arrays (Solov'ev, 1965; Tsumura, 1967; Aki, 1969; Lee et 

al., 1972; Crosson, 1972; Lee and Wetmiller, 1976) and OBS arrays 

(Hyndman and Rogers, 1981; Hirata et al., 1983; Ambos et al., in 

prep.). Estimating magnitude from amplitudes requires maintainence of 

amplitude fidelity and retention of gain settings from initial 
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recording through dubbing, digitizing and display. Estimation of 

magnitudes from maximum amplitudes, using the present HIG OBSs, is 

hindered because the analog signals of large events are clipped so 

that the maximum amplitudes are not recoverable (see Figures 11 and 

13). This problem can be overcome by modifying the recording 

technique, and has been proposed for the next generation of RIG OBSs. 

In contrast, measuring durations does not require retaining precise 

amplification information and is not affected by clipping. Therefore 

all magnitudes will be estimated from durations. 

e Signal duration is the time from the P arrival to the end of the 

• 

• 

• 

• 

• 

coda. Criteria for determining where the signal ends has varied but 

include: signal amplitude returns to the original background noise 

(Tsumura, 1967; Crosson, 1972); amplitude reaches the ambient noise 

level after the event (Hyndman and Rogers, 1981; Ambos et al., in 

prep.); amplitude reaches an absolute amplitude on a recorder (Klein, 

1978); and amplitude decreases to twice the noise before the event 

(Ouchi et al., 1982; Sinton and Hussong, 1983). All of these criteria 

are generally equivalent. In this study, durations are measured as 

the time between the P phase arrival and when the signal amplitude 

decreases to the ambient noise level present after the event. This 

was chosen for ease and consistency in picking durations. The ability 

to estimate durations in the presence of T phases was difficult (se.e 

Figure 14). Rather than including the T phase (which was not always 

present), the author attempted to estimate when the coda would have 

returned to the ambient noise level without the T phase. This is 

considered th~ largest source of error for estimating the durations • 
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As a way of enhancing consistency, all picks were made by one person • 

Errors in picking durations are estimated to be !20% due to slowly 

varying background noise levels. Signal duration recorded by 

different OBSs for any event is variable and may be ascribed to site 

effects as discussed below. 

Previous investigations have empirically derived duration

magnitude relations from earthquakes ~hose magnitudes were determined 

by amplitudes and whose signal duration were also recorded. The 

general relationship of magnitude M to signal duration T (in seconds) 

and epicentral distance X and depth Z (in km) is: 

M = A + Blog(T) ~ ex + DZ 

where A, B, C and D are empirically derived coefficients. Thus, 

magnitudes can be estimated from durations, distance and depth without 

measuring amplitudes. Table 3 lists some of the published duration

magnitude relations and indicates which magnitude scale was used to 

relate durations to magnitudes. Tsumura (1967) estimates the accuracy 

of :o.3 magnitude .units when compared to MJMA (Magnitude of the Japan 

Meterological Agency). Similarly, Lee et al. (1972) found that the 

standard deviation between the local Richter magnitude (ML) and 

duration magnitude estimates is 0.22 magnitude units. Range effects 

are second order for distances less than 100-200 km (Tsumura 1967; 

Crosson 1972; and Hyndman and Rogers 1981). The last three equations 

listed in Table 3 were derived for OBS arrays and are presumed to be 

the most appropriate for this study • 
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Table 3: Published Duration-Magnitude Relations 

AREA EQUATION AUTHOR 

Sakhalin Island, Russia Solov' ev, 1965 

Station 1 M = -1.35 + 2.25 log(T) 

Station 2 M = -0.25 + 2.25 log(T) 

Station 3 M = -1.50 + 2.25 log(T) 

Honshu, Japan Tsumura, 1967 

200 < range < lOOOkm MJMA= -2.53 + 2.85 log(T) + 0.0014 X 

range <200km MJMA= -2.37 + 2.85 log(T) 

Puget Sound Region ~ = -2.46 + 2.82 log(T) Crosson, 1972 

U.S.G.S. Networks Klein, 1978 

California ~ = -0.87 + 2.00 log(T) + 0.0035 X 

Alaska ~ = -1.16 + 2.01 log(T) + 0.0035 X +0.007 Z 

Hawaii ML = -5.00 + 3.89 log(T) 

Juan de Fuca Ridge ~ = -4.4 + 3 .2 log (T) Hyndman and Rogers, 

Japan Trench ~ = -4.9 + 3 .5 log (T) Hirata et al., 1983 

Mid America Trench ~ = -1.07 + 2.44 log(T) + 0.0011 X Ambos et al., in pref 

0\ 
N 
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Hyndman and Rogers (1981) based their relationship on four 

earthquakes recorded simultaneously by an OBS array deployed off the 

coast of western Canada and by a nearby land-based station. Their 

array was deployed along a ridge-transform system and was roughly the 

same size as our array. The duration-magnitude relationship of 

Hyndman and Rogers (1981) is similar to the relationship of Hirata et 

al. (1983) who correlated sixteen events recorded both by an OBS array 

deployed along the Japan Trench and by a land network. The 

similiarity of these two relationships derived from OBSs deployed in 

ridge-transform and trench settings, suggests that duration-magnitude 

relationships are not strongly dependent on the tectonics of the area. 

The relationship of Ambos et al. (in prep.) was derived from eighteen 

earthquakes recorded simultaneously by an array of OBSs deployed 

around the mid-America trench and by nearby land based seismic arrays. 

Although the tectonic setting is different from the Galapagos array, 

the same type of instruments were used in both the Ambos and this 

study. 

In the following sections _both the duration-magnitude relations 

of Hyndman and Rogers (1981) and Ambos et al. (in prep.) are used in 

an effort to decide which is the most appropriate for this study. 

Anything related to one of these two relations will be identified by 

either a HR or an A respectively. 

The relationship between duration and magnitude m~y be dependent 

on instrument characteristics and site effects. The codas recorded by 

HR on their OBSs are dominated by a 7 Hz resonant signal and are two 

to three times longer than the codas for the same deep sea floor 
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events recorded on a nearby land station. They suggest the strong 

resonance at low frequency is generated by trapped SV waves in the 1 

km of low velocity (1.7 km/sec) sediments underlying the OBSs. 

However, Aki (1969) shows that the peak frequency of the coda of local 

small earthquakes decreases with increasing time after the origin 

time, although his frequency range (0.2-3 Hz) is below the OBS 

frequency range of both Hyndman and Rogers and this study. An 

alternative explanation is site effects. Sutton and Duennebier (in 

prep) have determined relationships governing the mass of an OBS, area 

of contact with the sediment, and corner frequency. Given the HR 

instrument configuration, the 7 Hz signal may be the resonant coupling 

frequency of the OBS-sediment system. Separating the geophones from 

the recording package (!SOBS design) reduces the resonance when 

compared with OBSs with internal geophones (POBS design) (Sutton et 

al., 1981) • 

Site effects are apparent when individual . station durations are 

plotted versus averaged station durations (Figure 22). This is most 

dramatic when the individual station durations are plotted for each 

OBS (Figure 23). The solid lines are the least squares fit to the 

data and the dashed lines are for individual station duration equal to 

the average duration of all stations recording the same earthquake • 

Site effects are reduced by adjusting the station durations so that 

the two lines coincide. Making this correction improves the fit of 

the station to average duration (Figure 24 and 25). Note that the 

least squares fit and the station duration equal average duration 

lines are more coincident after correcting for site effects (compare 
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Figures 23 ·and 25). Tsumura's (1966) plots of station versus average 

magnitudes exhibit site effects that could be improved by this method. 

It appears that site effects dominate over distance factors and 

instrument characteristics. All of the distance coefficients listed 

in Table 3 are small but positive indicating duration decreases with 

increasing distance. The !SOBS have been shown (Sutton et al., 1981) 

to reduce resonance and therefore we might expect the ISOBSs to have 

shorter durations and the POBS longer durations. Ul64 is farthest 

from the events and is an !SOBS, which would suggest relatively short 

durations due to the above effects, but its durations are generally 

longer than the average durations. In contrast, Nankaido is closer to 

the events, is a POBS and its durations are generally less than the 

average. These examples suggest that the distance factors and 

instrument characteristics are less important than site effects in 

affecting the duration-magnitude relationship. 

Figure 26 shows the site corrected magnitudes versus the 

uncorrected magnitudes. Changes in magnitude are greater at the 

smaller magnitudes (as large as 0.25 magnitude units) even though the 

largest changes in duration occur at the greatest durations. This is 

because a change in magnitude is proportional to the percent change in 

duration i.e • 

~Mag (log T - log aT) = -log a 

For example, changing from either 10 to 12 seconds or 100 to 120 

second will change the magnitude by 0.2 magnitude units (using A 

relation). Larger changes in magnitude at lower magnitudes indicates 
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that variation in durations are proportionaly less for larger events • 

Thus site effects ~ave more of an effect on smaller magnitude events. 

Magnitudes are essentially indices of energy or moment, but the 

averaging algorithm used by HYP071, HYPOINVERSE, and other location 

programs do not provide an appropriate average of the energy or 

moment. Empirical relationships of magnitude (M) to duration (T), 

moment(M ), and energy (E) are of the form 
0 

M = A + B log T 

M = C + D log M 
0 

M = E + F log E 

where A - F are coefficients. Average magnitude is a better index of 

moment or energy if it is calculated from the average duration rather 

than calculating magnitude from individual station durations and then 

averaging these together. Therefore the general equation should be 

M = A + B log ( ~ i T . ) Ii 
n=l l. 

instead of 

- ~ l. M = 1(A + B log (T . ))/i. 
n= l. 

Magnitudes are systematically greater when durations are averaged 

rather than magnitudes averaged. Figure 27 shows that the difference 

between magnitudes calculated from averaged durations and from 

averaged magnitudes can be as large as 0.25 magnitude units • 
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magnitudes calculated from averaging durations (see text). Dashed 
line for the two magnitudes equal. Magnitudes are systematically 
underestim&ted if station duration varies from station to station • 
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b-VALUES • 
The term "b-value" refers to a coefficient (slope of line) in 

• 
Log N = a - b M 

• where N is the cumulative number of earthquakes with magnitude. greater 

than or equal to M. Maximum likelihood (Utsu, 1965; Aki, 196 5) 

estimates of b-values (Figure 28) are .80 + .09 and 1.06 + 0.12 and 

• the equivalent least-squares b-values are 0.75 + 0.02 and 0.96 + 0.03 

with cutoff magnitudes of -0.3 and 2.1 for the corrected magnitudes 

calculated using the HR and A duration-magnitude relations 

• respectively. If the uncorrected magnitudes are used, the b-values 

are 0.77 + 0.08 and 1.03 + 0.11. The b-values derived from the - -
corrected magnitudes are not significantly greater than the b-values 

• derived from the uncorrected magnitudes. These values are in the same 

range as other reported b-values for transform fault and fracture zone 

systems (see Table 4) • 

• Note that the log(T) coefficient in the emperical relationship of 

Magnitude (M) to duration (T), is inversely proportional to b-value 

(assuming everything else is equal, i.e. distance and depth 

• coefficients equal, log(N) cutoff the same, and an even distribution 

of magnitudes). For example, the ratio of the two b-values of this 

study (1.06/0.80 = 1.32) is equivalent to the ratio of the two log(T) 

• coefficients (3.2/2.44 = 1.31; see Table 3). This can be used to 

• 
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3 

Figure 28: Log N versus magnitude for two different duration
magnitude relations (Hyndman and Rogers, 1981; and Ambos et al., in 
prep.). Resultant b-values are 0.80 and 1.06 respectively • 
Extrapolating the plot from 25 days to one year yields recursion 
relations of 

and 

where Y is in years • 

log N = 2.9 - 0.80 M + log Y (HR) 

log N = 5.32 - 1.06 M + log Y (A) 
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Table 4: Published b-values for Oceanic Regimes 

AREA 

Mid-Atlantic Ridge (teleseismic) 
Ridge events 
Fracture Zone events 

North Atlantic 

Puget Sound Region 

Galapagos Rise (sonobuoy) 

Gulf of California Transform Faults 

Mid-Atlantic Ridge (37°N) 
Horizontal 
Hydrophone 

Mid-Atlantic Ridge 
teleseismic (42.5° - 47.5° N) 
OBS near 45°N 

St. Paul's F. z. and Mid-Atlantic Ridge 
all events 
shallow events 

Blanco Fracture Zone 

East Pacific Rise and Rivera Fracture Zone 

Juan de Fuca Ridge 
Nootka Array 
Delwood Array 
Explorer Array 

b-VALUE AUTHOR 

1.73+0.65 
1.03+0.33 

1.3 + 0.2 

0.96 

3.o 1 

0.641) 

* 1.51* 
1.44 

0.79-0.92@ 
1.04-1.14 

0.59 
0.73 

1.5 

* 0.65 

0.8 ! 0.3 
1.1 + 0.2 
0.9 + 0.1 

Francis, 1968 

Sykes, 1970 

Crosson, 1972 

Macdonald and Mudie, 1974 

Reichle et al., 1976 

Francis et al., 1977 

Lilwall et al., 1977 

Francis et al., 1978 

Johnson and Jones, 1978 

Reid and Prothero, 1981 

Hyndman and Rogers, 1981 
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Table 4: Published b-values for Oceanic Regimes (cont.) 

AREA b-VALUE AUTHOR 

Loihi Seamount 
Summit (volcanic) 
Flank (tectonic) 

Orozco Fracture Zone 
Stn 2 
Stn 3 
Stn 13 
Stn 14 

' 
Ridge-Transform-Ridge near Mariana Trough 

Using Hyndman and Rogers relation 
Using U.S.G.S. California relation 

2.13 
1.19 

0.42 
0.61 

Klein , 1982 

Ouchi et al., 1982 

Sinton and Hussong, 1983 

Orozco Fracture Zone - Mid-Pacific Rise (teleseismic) Trehu and Solomon, in press 
14°-17°N, l03°-l07°w (Rise and Transform) 1. 40!0.09 

IS0 -16°N, l04°-l06°W (Transform) 1.15!0.09 

Oceanographer F. z. and Mid-Atlantic Ridge 
Using Hyndman and Rogers relation 
Using N.C.E.R. California relation 

Mid-America Trench 

Galapagos 95.5°w Propagating Rift 
Using Hyndman and Rogers relation 
Using Ambos et al. relation 

log N plotted vs pressure 
# log N plotted vs M 
* log N plotted vs a:3iplitude 

o. 72 
0.92 

0.93 + -

0.77 ! 
1.03 ! 

@ m. converted to M and log N plotted vs M 
& 18g N plotted vs auration s 

.11 

.08 

.11 

Cessaro and Hussong, in prep. 

Ambos et al., in prep 

This study 
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estimate the b-value that would result if any duration-magnitude 

relation is used; the log(T) coefficients listed in Table 3 range from 

2.0 to 3.89 and this studies b-values would range from 0.66 to 1.29 

respectively~ Ouchi et al. (1982) reported b-values (0.92 to 1.07) 

that we.re derived from log N versus duration. These values should be 

divided by an appropriate log(T) coefficient (published range of 2 to 

3.9) before comparing them with other b-values • 

Log Nin various studies has been plotted vs. M1 , mb, Ms' 

amplitude, pressure, and duration to determine b-values. Any 

comparison of b-values from one study to another or from one region to 

another must allow for differences in the way b-values are determined. 

More useful and accurate comparisons involve temporal or regional 

variation in b as measured by the same instrument array. Because the 

b-values listed in Table 4 are estimated in different ways. caution 

must be observed in any comparison • 

As sumarized by Klein (1982), laboratory data, theoretical 

considerations, and some earthquake data imply that the b-value is 

inversely related to effec.tive stress. He characterizes Kilauea and 

Loihi as having two seismic regimes: First, summit seismicity 

exhibiting higher b-values,associated with heterogeneous and more 

concentrated sources of stress such as dike injections (Mogi, 1962) • 

Summit earthquakes typically occur in bursts, are spatially 

concentrated and limited in size. Second, flank seismicity is 

characterized by lower b-values, associated with a homogeneous, 

stronger and more diffuse source of stress. Flank earthquakes are 

spatially and temporally difuse, and are often of larger magnitude • 
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• These two regimes are broadly characterized as 'vol~anic' and 

'tectonic'. 
, 

Francis (1968) and Trehu and Solomon (1983) found that b-values 

• associated with the ridge system are larger (1.4 to 1.73) than those 

·associated with transform faults and fracture zones (1.03 to 1.15) as 

expected, since the elastic plates are thin at the spreading centers. 

• The relatively low b-values obtained by the present study are 

consistent with earthquake activity on a transform and suggest a 

stress regime dominated by a broad tectonic stress field, not by 

• intrusive or extrusive volcanic activity • 

When the results of this 24 day seismicity sample are 

extrapolated to estimate the yearly regional seismicity, the following 

• recursion relations 

log N = 2.90 - 0.80 M + log Y (HR) 

log N = 5.32 - 1.06 M + log Y (A) 

• are calculated with Y in years. The largest ma.gnitude events expected 

in a year are 3.6 and 5.0 for HR and A respectively. During the 

period 1961-1976, 11 earthquakes with bodywave magnitudes (~) > 4 

• were located within 1 degree of the propagating rift tip. The 

recursion relation HR indicates that 8 earthquakes with ~ > 4 should 

occur in 15 years, whereas recu.rsion relation A indicates 180 should 

• occur. Extrapolating to earthquakes with magnitudes less than 3, 

implies that the HR duration-magnitude relationship is the most 

appropriate for this study • 

• 

• 
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Figure 29 is a plot of corrected magnitude vs. slant range. The 

horizontal dashed line is the magnitude cutoff used when determining a 

b-value. The dotted line indicates the approximate limit of the range 

(distance from earthquake to individual OBSs) beyond which an 

earthquake of a given magnitude will not be detected by an OBS. The 

lack of large magnitude events beyond 30 km is thought to be real and 

not a sampling problem. The largest magnitude located earthquakes are 

concentrated in the transfer zone, relatively close to the OBSs, 

whereas the located earthquakes with the greatest range occur in the 

dying rift and are of intermediate magnitudes. ~lthough the array is 

not centered over the activity, it has adequately sampled the region • 

SEISMIC MOMENT AND FAULT LENGTH 

Spottiswoode .and McGarr (1975) employed empirical relationships 

for estimating seismic moment and fault dimension for relatively small 

magnitude events (-0.'S < ~ < 3.2), the same general magnitude range 

presented in this study. This study uses the same equations and 

coefficients to estimate these seismic parameters for lack of more 

appropriate relations. 

Seismic moment (M ) is given by 
0 

where~ is the rigidity of the medium, U is the average slip along 

the fault, and A is the fault area. (Kasahara, 1981). Seismic moment 

is an excellent scaling factor in all equations for the dynamic 
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Figure 29: Magnitude versus slant range (km) for all located 
earthquakes using Hyndman and Rogers (1981) duration-magnitude 
relations. Dashed line is magnitude cutoff used for determining b
values. Dotted line is range limit beyond which an earthquake of a 
given magnitude wil 1 not .be detected by an OBS. Earthquakes with 
magnitudes -2 and 2 correspond to durations of 6 and 100 seconds 
respectively. · 
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radiation of seismic waves and is perhaps the most fundamental seismic 

parameter for describing the strength of an earthquake. It is 

estimated using the empirical relation of Spottiswoode and McGarr 

(1975): 

log (M
0

) = 1.2 ~ + 17.7 

Figure 30 shows the cumulative seismic moment calculated using the HR 

magnitudes. Over half of the cumulative moment is produced by the two 

largest events. The seismic moment of the largest event (M= 2.3 o~ 

. 20 22 
4.1) 1s 2.9x10 or 4.2xl0 dyne . cm for the HR and A relations 

respectively. If we use the relation 

log (M
0

) = 1.69 ~ + 15.71 
, 

that Trehu and Solomon (1983) derived from the empirical ~ - Ms 

relation of Reichle et al. (1976) and the M - M relation of Brune s 0 

(1968), then the maximum moment of the largest events are 3.9xlo19 and 

22 
4.4x10 dyne cm for HR and A respectively. Trehu and Solomon (1983) 

, 

20 determined a maximum moment of> 2.3x10 _dyne - cm for the Orozco 

transform fault during the ROSE project. Using either magnitude-

moment relationship, the HR values are closer to the maximum moment 

released on the Orozco fracture zone during an equivalent period of 

time. The similiarity of moments for the Orozco fracture zone and the 

Galapagos propagating rift (using HR) 1s encouraging, but assumes a 

similarity of these two tectonic regimes. The half-spreading rate for 
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• the Orozco transform fault is roughly 45 mm/yr, compared to 26 mm/yr 

0 at the 95.5 W Galapagos propagator. 

An empirical linear relationship for fault length to magnitude 

• was determined by Wyss and Brune (1968) 

~ = 1.9 log (L) 6.7 

where L is the fault length in centimeters. The largest event 

• expected each year (3.6 or 5.0) translates into a fault length of 3 or 

15 km. The general surface fault lengths observed by GLORIA data 

(Searle and Hey, 1983) in this area are less than 7 km in the dying 

• rift and 3-9 km in the transfer zone. This again indicates that the 

HR relation may be the most appropriate for this study. If we take 15 

km as the longest fault, then according to the empirical relationship 

• above, it would take a M = 4.7 earthquake to . rupture it. This would 

indicate a rough upper limit to the magnitudes and a point beyond 

which the Log N vs M relation breaks down. Based on the recursion 

• relationship of HR and A, such an earthquake would be expected once 

every 13 or 1 years respectively. 

Hyndman and Rogers' (1981) duration-magnitude relation produces 

• the most reasonable results. especially the recursion relations 

estimate of occurance corresponding to the observed WWSN teleseismic 

events in the region. Applying the empirical relations of magnitude 

• to seismic moment and fault length also produce geophysically and 

geologically reasonable results. The study area of Hyndman and Rogers 

(1981) is a ridge-transform province similar to the current study • 

• However, caution should be taken in assuming the applicability of a 

duration-magnitude relation for an OBS array simply on the basis of 

• 
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tectonic environment. As was noted before, the duration-magnitude 

relationships of Hyndman and R_ogers (1981) and Hirata (1983) are very 

similar, but the arrays of OBSs were deployed in very different 

tectonic regimes (ridge-transform vs. trench). All magnitudes in the 

following sections are based on the averaged station durations that 

were corrected for site effects, and calculated using the Hyndman and 

Rogers (1981) duration-magnitude relation • 
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DETERMINATION OF Vp/Vs 

A constant ratio of compressional to shear wave velocities 

(Vp/Vs) is a simplifying assumption commonly made in earthquake 

location programs, e.g. HYP071 (Lee and Lahr, 1972) and HYPOINVERSE 

(Klein, 1978), and yet Vp/Vs is known to vary with depth (e.g. 

Hyndman, 1979, Milholland et al.,1980). In this section we will: (1) 

estimate an average Vp/Vs for this study using the method of Francis 

(1976), (2) investigate the effectiveness of Francis' method to 

estimate an appropriate average Vp/Vs for areas in which Vp/Vs is 

variable, (3) determine typical S travel time errors resulting from 

the use of an average Vp/Vs, and (4) use an iterative approach to find 

both the best average Vp/Vs and the best variable Vp/Vs model by 

minimizing the average RMS residuals • 

AS/N Method 

Francis (1976) outlined a method for estimating an average Vp/Vs 

independent of the velocity structure and the origin time; the 

difference between S travel times to two receivers divided by the 

difference between P travel times· to the same two receivers ~S/A,P) is 

equivalent to Vp/Vs if Vp/Vs is constant. Using the data from this 

study, travel time differences in compressional wave arrivals (A?) are 

plotted versus differences in shear wave arrivals (~S) and a least 

squares regression is performed (Figure 31). Only well constrained P 

and S ·arrivals are used (P quality factor 0 or 1, S quality factor 0, 
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Figure 31: P phase arrival differences (delta P) versus S phase arrival 
differences (delta S) for all receiver pairs yielding good arrivals for data from 
this study. Resulting least squares line has a correlation coefficient of 0.96 and a 
slope corresponding to a Vp/Vs of 1.74 + 0.02, equivalent to a Poisson's ratio of 

0.25 + 0.01. 
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1 or 2). The best fit line (correlation coefficient of 0. 96) passes 

through the origin and has a slope corresponding to a Vp/Vs ratio of 

1.74 ! 0.02, equivalent to a Poisson's ratio of 0 . 25 + 0.01. 

If Vp/Vs remains constant with depth throughout the medium, P and 

S ray paths (the term ray path is used to refer to the minimum travel 

time ray path) coincide and the travel times are directly related by 

Vp/Vs. If Vp/Vs varies with depth, then P and S ray paths diverge as 

a direct consequence of Snell's law, and their travel times should be 

calculated independently. The earthquake location algorithms HYP071 

(Lee and Lahr, 1972) and HYPOINVERSE (Klein, 1978) assume a constant 

Vp/V·s and calculate S travel times by multiplying P travel _times by 

Vp/Vs, whereas the program HYPRG (Lienert and Frazier, in prep) 

accomodates independent P and S veloc i ty models and calculates S 

travel times independently from P. 

Francis' method is useful in that it does not require apriori 

knowledge of either the velocity structure or the origin time • 

However, as will be shown below, Francis' method can significantly 

underestimate the appropriate average Vp/Vs when Vp/Vs varies with 

depth. This distortion can be shown mathematically. The general 

notation of Francis (1976) is used: 

(1) 

( 2) 
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where P and S are travel times, d is the average ray path length, 

and are the mean P and S velocities of propagation, and the 

subscripts 1 and 2 refer to the travel times, ray path lengths, and 

velocitites associated with the two receivers. If Vp/Vs varies then P 

and S ray paths are different. Rather than complicate the math with 

doubly subscripted path lengths, Francis takes a generalized path 

length d, i.e. the average of the P and S ray paths • 

Combining equations 1 and 2 gives 

(3) 

where 

kl = o( 1" 1 = dl /P 1 = sl and k2 = °'2f 2 = d2/P 2 = S2 
(4) 

dl/Sl pl d2/S2 p · 
2 

are the average Vp/Vs values along the average ray paths d1 and d 2• 

Thus 

AS/U = k1 + (k -k ) 1 2 p2 (5) 

Pl- p 2 

This simplifies to Francis 
, 

equation 4 
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(6) 

where 

(7) 

Thus, kF (the subscript denotes Francis estimate of Vp/Vs) is an 

approximation of the effective Vp/Vs values, k
1 

and k 2 • 

If Vp/V~ is constant then k1 = k 2 = k
1

• However, if Vp/Vs 

decreases with depth, then the most distant receiver will be 

associated with the lowest value of k, i.e. k1 < k 2• The second term 

of equation 7 will be negative and consequently kF will be less than 

either k1 or k 2 (~ < k1 < k 2), rather than being an average of k1 and 

k 2• Conversely, if Vp/Vs increases with depth, ~ > k1 > k 2• 

In simple terms, this underestimation may be viewed as 

incorrectly finding the average of two fractions (S 1 ~P 1 , s2/P 2), e.g • 

(8) 

2 2 
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is not equal to 

(9) 

Using a numeric example, if the fractions are equal (12/9, 4/3), the 

modified equation (8) works • 

12-4 = 12 = 4 (Fractions equal) 

9-3 9 3 

However, if the fractions are unequal (11/9, 4/3), the modified 

equation gives a result smaller than either fraction. 

11-4 = 7 < 11 < 4 (Fractions not equal) 

9-3 6 9 3 

The distortion introduced by using Francis' method can also be 

shown using synthetic ray tracing for a geologically reasonable 

velocity model in which Vp/Vs varies with depth. Figure 32 shows P 

and S ray paths joining ten synthetic earthquakes (A-I) to two 
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receivers (1 and 2). A three-layer velocity model, shown to the left 

of the figure, is used for calculating the ray paths and travel times. 

The P velocity structure is the three-layer model that was determined 

by the iterative technique described in the Velocity-Depth section • 

Vp/Vs values for the three layers are assumed from published 

laboratory results listed in Table 5: 1.87 (Tholeiitic basalt, oceanic 

layer 2), 1.81 (dolerite, oceanic upper layer 3), and 1.71 

(peridotite, upper mantle). The S velocity structure is calculated 

from the P velocity structure multiplied by the assumed Vp/Vs layer 

values. P and S ray paths and travel times are also calculated for a 

gradient model (Vp = 5.0 km/sec, Vs= 2.67 km/sec, Vp/Vs = 1.87 at 0 

km and Vp = 8.1 km/sec, Vs = 4.74 km/sec, Vp/Vs = 1.71 at 12.5 km). 

Table 6 lists the values of kF, k 1 , and k 2 calculated for the 

synthetic earthquakes assuming both the layer and gradient models. 

The~ values are determined . using equation 6; the differences in the 

synthetic S travel times to the two receivers are divided by the 

differences in the synthetic P travel times. The value of kF is 

printed beside each synthetic earthquake. 

Some observations and comments concerning the results arising 

from the synthetic earthquakes located at A-I (letters in brackets) 

follow: 

(A) Ray paths to both receivers are direct and are exclusively in 

the ·first layer. P and S rays are coincident because Vp/Vs does not 

vary over the ray paths. The case of two direct ray paths traveling 
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Table 5: Vp/Vs Ratios for Oceanic Ridge Systems 

• ----------- -----------

AREA Vp/Vs POISSON' S RATIO AUTHOR 
---- - ------

• Mid-Atlantic Ridge 2.08+0.10 0.35 Francis et al., 1976 

Mid-Atlantic Ridge 1.67 0.22 Lil wall et al., 1977 

Mid-Atlantic Ridge 1.77 0.27 Francis et al. , 1978 

Juan de Fuca Ridge 1.71 0.24 Hyndman and Rogers, 1981 

• New Hebrides Arc 1.75+0.02 0.26 Corde rt al ., 1981 et 

Ridge-Transform-Ridge 1.68 0.23 Sinton and Hussong, 1983 
near Mariana Trough 

Oceanographer Fracture Zone 1.71 0.24 Cessaro and Hussong, (in pre 

• and Mid-Atlantic Ridge 

Mid-America Trench 1.74 0.25 Ambos et al., in prep 

Galapagos 95.5°w 1.74 0.25 This study 
Propagating Rift 

Laboratory Results (Typical fresh oceanic rocks) Sumarized by Hyndman, 1979 • Upper mantle, peridotite 1. 71 0 . 24 

Lower layer 3, gab bro 1.91 0 .31 

Upper layer 3, dolerite 1.81 0.28 

Layer 2, tholeiitic basalt 1.87 0.30 

• Weathered, high porosity, low 1.94-2.14 0.32-0.36 
velocity upper ocean crust 

Little weathered, high 1.81-1.91 0.28-0.31 
porosity, low velocity 
upper oceanic crust 

• Indurated high velocity 1.71-1.87 0.24-0.30 
sediments 

• 

• 
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Table 6: Estimates of Vp/Vs for synthetic data 

(See text for discussion and description of terms ) 

Depth Station Syn. Layer Model Gradient Model 

Ranges Locn. kF kl k2 kF kl k2 

0.5 10:0 A 1.87 1.87 1.87 1.86 1.86 1.87 
3.5 10:0 B 1.82 1.84 1.86 1.83 1.83 1.84 
6.5 10:0 c 1.82 1.83 1.84 1.80 1.81 1.81 
9.5 10:0 D 1.82 1.83 1.83 1.78 1.79 1.80 

12.5 10:0 E 1. 78 1.80 1.81 1.76 1.78 1.78 
0.5 40:30 F 1.81 1.82 1.83 1.68 1.78 1.80 
3.5 40:30 G 1.80 1.82 1.82 1.68 1. 76 1. 79 
6.5 40:30 H 1.58 1.77 1.82 1.68 1. 75 1. 77 
9.5 40:30 I 1.71 1. 76 1. 77 1.69 1. 74 1. 76 

12.5 40:30 J 1. 71 1.76 1. 77 1.71 1.74 1.74 
- --

AVERAGE 1. 77 1.82 1.75 1. 79 

S .D. +0.08 +0.03 +0.07 +0.04 

• • 

'° .po 

• 
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exclusively in the upper layer is the only situation where kF = k1 = 

k2. 

(B,C,D, and E) Ray paths to both receivers are direct and travel 

through two or three layers. P and S rays are slightly divergent as 

the S ray has a proportionaly larger percentage of its. ray path in the 

lower layers where Vp/Vs is smaller. Values of kF '(1.82-1.78) are 

intermediate between the Vp/Vs ratios of the layers passed through, 

but are lower than the k1 and k 2 values of the ray paths. 

(F) Ray paths to both receivers are refracted along the second · 

layer. P and S ray paths within layer 1 are divergent. P travel 

times associated with the non-refracted portion of the ray path are 

identical for the two receivers. as are the S travel times. 

Consequently when the travel times to receiver 2 are subtracted from 

the travel times to receiver 1, the contributions from layer 1 cancel. 

In effect, layer 1 has no effect on the Vp/Vs ratios. Travel time 

differences arise from the extra length of the ray path along the 

refractive layer, therefore the ~ (1.81) is equal to the Vp/Vs ratio 

of the refractive layer. This was pointed out by Hyndman and Rogers 

(1982) • 

(G) Ray paths to both receivers are direct except for the 

refracted S ray path to receiver 1. The kF is intermediate between 

Vp/Vs of layers 2 and 3, but lower than k1 and k 2• 

(H) Ray paths are direct to receiver 2 and refracted to receiver 

1. The~ of 1.58 is significantly less than the Vp/Vs of any layer • 
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This arises from two very different travel paths, and thus different 

values for k1 and k 2• Similarily, underestimation occurs if two 

arrivals are refracted along different layers, i.e. if an event at a 

depth of 0.5 km occurred 50 km away from receiver 1 and 40 km away 

from receiver two, the rays are refracted along di~ferent layers, k
1 

and k2 are 1.78 and 1.82 respectively, and~ is 1.57. 

(I) Ray paths are refracted along layer 3 to both receivers • 

The only difference in the ray paths occur along the refractor, so kF 

is a direct measure of the refractor's Vp/Vs (1.71) and is 

significantly less than either k1 (1.76) or k 2 (1.77) • 

(J) Ray paths are direct to both receivers and pass through 

three layers. ~ approaches the Vp/Vs of the third layer as you move 

from E to J because the ray paths to receivers 1 and 2 in the upper 2 

layers become increasingly similar. 

The method of Francis (1976) will also underestimate Vp/Vs for a 

gradient model if Vp/Vs decreases with depth. S ray paths penetrate 

deeper than the P ray paths in order to travel at the proportionaly 

faster layers. Ray paths to the farthest receiver will always have a 

lower k value and ~ < k1 < k 2 • 

Estimating an average Vp/Vs from synthetic data can be done in 

several ways: (1) calculate the average ~ (equation 7) (2) 

calculate the average of k1 and k 2, k (equation 8), (3) plot all AP vs 

flS points and determine the least squares line that pases through the 

origin (Francis' method), or (4) plot P vs S travel times and 

determine the least squares fit line that passes through the origin (P 
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vs S method). Fitting either the P vs S or~ vs /iS data with a least 

squares fit with a non-zero intercept may_ improve the fit of the data. 

The intercepts can be accomodated by the location programs as separate 

S station delays. Only Franc i s' method can be used without an 

estimate of the origin time. 

If Vp/Vs is constant, then all of these methods will give the 

same result (in the absence of noise). If Vp/Vs is variable, then 

each of these methods can give different results depending on the 

degree of Vp/Vs variation, the range of the travel times, the array 

configuration, and the earthquake-receiver configuration. Errors in 

estimating the synthetic S travel times are calculated as the 

synthetic S travel times minus the product of the synthetic P travel 

times and an estimate of Vp/Vs. Table 7 lists the four different 

estimates of Vp/Vs and their respective average errors in estimating 

the S travel times. The estimates of an average Vp/Vs do . not vary by 

more than 3%. Errors in estimating the S travel times using Francis' 

method for estimating Vp/Vs are on average +0.08 seconds for the 

synthetic earthquakes, with the largest value of +0.27 seconds • 

Errors resulting from using the P vs S estimate of Vp/Vs are on 



• • • • • • • • 

Table 7: Vp/Vs estimates, intercepts and S travel time errors 
---- - - -----

Layer Model Gradient Model 
WW .... -- .. _ 
kF k Francis p vs s kF k Francis 

Vp/Vs 1.77 1.82 1.78 1.80 1. 75 1.79 1.75 

S. D. 0.08 0.03 0.03 0.01 0.07 0.04 0.02 

S error 0.12 -0.06 0.08 o.os 0.09 -0.06 0.10 

S. D. 0.11 0.13 0.11 0.06 0.07 0.11 0.07 

p vs s 

1. 77 

o.oo 

0.02 

0.08 

• • 

'° 00 

• 
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average +0.05 seconds, with the largest value of +0.17 seconds. Thus, 

when Vp/Vs is variable, underestimating Vp/Vs using Francis' (1976) 

method produces positive S travel time residuals. The P vs S approach 

may provide a more accurate estimate of an average Vp/Vs but it is 

dependent o~ an estimate of the velocity depth structure or origin 

time. Any estimate of an average Vp/Vs can also lead to significant S 

travel time residuals since no average will work for all earthquakes • 

If a researcher is working in an area where Vp/Vs is known or 

thought to vary, they should be aware that Francis' method can 

incorrectly estimate Vp/Vs. The Vp/Vs values reported in Table 5 for 

oceanic regions were calculated using the method of Francis (1976) and 

may underestimate the true average Vp/Vs of those regions if Vp/Vs 

varies • The assumption of constant Vp/Vs is more damaging in 

regions of thick sediments overlying the volcanic oceanic crust, or 

other regions where Vp/Vs varies significantly. In such settings 

using HYPRG to accomodate an · independent S velocity structure would be 

very useful. 

Iterative Method 

4 second approach for estimating the most appropriate value for 

Vp/Vs is to find a Vp/Vs that both minimizes the average RMS residual 

and centers both P and S residuals around 0.0 seconds. Figure 33a 

shows the average RMS residual and standard deviation for a suite of 

Vp/Vs ranging from 1.58 to 1.90. The average RMS residual for a Vp/Vs 

of 1.70 and 1.74 are 0.10 + 0.06. Figure 33b is a contour plot of RMS 
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Figure 33: (a) Average RMS residual and standard deviation 
(vertical bars) for earthquakes located with HYPRG using a suite of 9 
Vp/Vs ratios ranging from 1.58 to 1.90. 

(b) Contour plot of RMS versus Vp/Vs. Contour intervals are 
multiples of 10 . 
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residual versus Vp/Vs. Both figures shows a weak RMS residual minimum 

at Vp/Vs = 1.74. 

The location programs systematically shift epicenters and origin 

times to accomodate changes in Vp/Vs without significantly changing 

the RMS residual. Increasing Vp/Vs results in systematically moving 

the earthquakes in this study closer to the array while decreasing the 

travel times . Decreasing Vp/Vs moves the earthquakes farther from the 

array and increases the travel times. Figures 34a and b are 

histograms of differences in origin time and locations between 

earthquakes located assuming a Vp/Vs of 1.74 and those located 

assuming a Vp/Vs of (a) 1.82 or (b) 1.68. Most of the earthquakes in 

this study occur southeast of the array. As noted above, increasing 

Vp/Vs systematically moves earthquakes toward the array (negative 

delta latitude and longitude) and reducing Vp/Vs moves earthquakes 

farther away from the array (positive delta latitude and longitude). 

There appears to be no systematic depth variation with varyin~ Vp/Vs 

ratio, and differences in either latitude or longitude are generally 

less than 3 km for the Vp/Vs variation used. 

The fact that variations of Vp/Vs can be accomodated by changing 

the origin time and hypocenter without significantly affecting the RMS 

residuals indicates that choosing an incorrect Vp/Vs ratio can 

systematically bias the location of earthquakes. especially 

earthquakes outside of the array without a significant change in 

possible error statistics. However, · the changes in locations are 

generally small (less than 3 km), and so even using an average Vp/Vs 

that is 0.08 too large or small, does not mak.e a significant 
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Figure 34: Histogram plots showing differences in time, latitude, 
longitude and depth for all earthquakes located using Vp/Vs ratios of 
(a) 1.74 versus 1.82 and (b) 1.74 versus 1.68. Differences are 
calculated by su~tracting the solutions obtained with the later from 
those of the former. Majority of earthquakes occur to the southeast 
of the array. The histograms show increasing Vp/Vs moved the 
hypocenters closer to the . array and decreasing Vp/Vs moved the 
hypocenters farther from the array • 
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difference to the earthquake locations (at least with respect to the 

conclusions drawn from this study). 

Figure 35a and b are histograms of differences in origin time ·and 

locations between earthquakes located assuming a Vp/Vs of 1.74 and 

those located assuming a variable Vp/Vs. The locations show the same 

kind of shift in time, latitude, and longitude as when a larger Vp/Vs 

(1.84) was used (Figure 35A). In addition, there is a tendency for 

the depths to have decreased. The average RMS (0.12 ! 0.10) estimated 

using the variable Vp/Vs model described for the synthetic earthquakes 

is larger than that for the constant Vp/Vs three-layer model. A 

second or ''best" variable Vp/Vs model, with the three layer Vp/Vs 

values of 1.81,, 1.74, and 1.71, was iteratively determined and used to 

locate the earthquakes from this study. These Vp/Vs values are in the 

range determined for typical oceanic rocks (Table 5). As shown in 

Figure 3SB, there is virtually no difference between the locations 

determined with a Vp/Vs of 1.74 and those located using the second 

variable Vp/Vs model. The average RMS (0.10 ! 0.06) is equal to the 

average RMS determined for a constant Vp/Vs of 1.74. 

Both P and S residuals should be evenly distributed about zero • 

If the average P residual is positive and the average S residual 

. negative, this is an indication that the assumed Vp/Vs is too large. 

Conversely, if the average P residual is negative and the average S 

residual positive, this is an indication that the assumed Vp/Vs is too 

small. Figures 36-37 show the P and S residuals for the four arrival 

quality factors. Figure VP 6 shows histograms of the P and S 
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Figure 35: Same as Figure 34 but for comparing earthquakes 
located using Vp/Vs of 1.74 with those located using two variable 
Vp/Vs models. (a) Three layer model used for calculating the 
synthetic earthquakes shown in Figure VP-2. The three layers have 
Vp/Vs of 1.87, 1.81 and 1. 71. (b) Three layer mode 1 with Vp /Vs of 
1.81, 1.74, and 1.71. Note that the frequency scale has changed and 
that the locations are virtually identical • 
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Figure 36: Histograms of P and S travel time residuals for each 
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centered about zero indicating an appropriate estimate of Vp/Vs • 
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residuals for earthquakes located assuming a constant Vp/Vs of 1.74 • 

Average P and S residuals are roughly centered about .zero indicating 

the assumed average Vp/Vs is a reasonable estimate. Emphasis should 

be given to the best phase picks, quality factors 0 and 1. The P and 

S residuals for earthquakes located a~suming the "best" variable Vp/Vs 

model (Figure 37) are also roughly centered about zero indicating the 

variable Vp/Vs model is a good estimate. The standard deviations for 

the four quality factors are used as estimates for reading errors in 

GRIDSEARCH (0.75, 1.25, 2.0 and 3.0 for quality factors 0, 1, 2 and 3 

respectively) • 

The estimate of Vp/Vs = 1.74 ! 0.02 is determined by both 

Francis' (1976) unbiased ~/6,S method and by the iterative approach 

that minimized RMS residuals and centered P and S residuals about 

zero. This average Vp/Vs estimate is used in the rest of the study 

for locating earthquakes. This value agrees with other reported 

values of Vp/Vs for oceanic rift systems (Table 5). Laboratory 

studies have determined a Vp/Vs ratio of 1.71 (Poissons ratio of 0.24) 

for uppermost mantle materials and somewhat higher Vp/Vs and Poissons 

ratios for crustal material (Hyndman, 1979). The best average Vp/Vs 

ratio of this study is intermediate between laboratory determined 

values for the crust and upper mantle. The "best" variable Vp/Vs 

model and the average Vp/Vs model provide virtually indistinguishable 

results in terms of the earthquake locations. average RMS residuals 

and centering of P and S residuals. However, the variable Vp/Vs ~odel 

may be somewhat more consistent with laboratory results; crustal Vp/Vs 

values of 1.81 and 1.74 overlie upper mantle values of 1.71 • 
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VELOCITY-DEPTH MODEL TESTING 

The choice of a velocity-depth model is approached in· two ways. 

First, in view of the author not knowing of any published velocity

depth models for the Galapagos Propagating Rift area, five previously 

published models are used for locating earthquakes. These velocity

depth models are from regions that are thought to be comparable to the 

propagating rift. Second. · an iterative technique is used to determine 

geologically reasonable velocity-depth models, with either constant 

velocity or gradient characteristics, that minimize the average RMS • 

Constant velocity models assume lateral l y homogeneous layers, each 

with a constant velocity. Gradient velocity models assume laterally 

homogeneous layers, each with a velocity that increases linearly with 

depth. In the following discussion, all models are constant velocity 

models unless specified as gradient models. The spatial distributions 

of epicenters, estimated assuming all of these velocity-depth models, 

are very similar. Th~s is encouraging and suggests that even if we do 

not know the velocity-depth model exactly, the estimated epicenters 

are generally correct. In contrast, the hypocentral depths estimated 

by the different models differ significantly, however all models 

suggest that the preponderance of hypocenters are above the mantle • 
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Published Models 

Five published constant velocity-depth 'models are compared (Lewis 

and Snydsman, 1979; Ouchi et al., 1982; Detrick and Purdy, 1980; and 

Brown and Mussett, 1981). These models are for young oceanic 

lithosphere near the spreading center. The Galapagos spreading rate 

is intermediate between the rates for the East Pacific Rise (the 

models of Lewis and Snydsman, 1979 and Ouchi et al., 1982 are from 

here) and the Mid-Atlantic Rift (the models of Detrick and Purdy, 1980 

are from here). Two of the models are for fracture zones, which have 

some features in common with the transfer zone. These models (Table 8 

and Figure 38) are used as input to the earthquake location program 

HYPRG (Lienert and Frazier, in prep.). The Lewis and Snydsman (1979) 

velocity-depth model was determined for the Northern Cocos plate and 

is for 2 my crust. The Ouchi et al. (1982) model was determined for 

the Orozco fracture zone. Of all the published models used, this 

model resulted in the smallest average RMS. The models of Detrick and 

Purdy (1980) are for the Mid-Atlantic ridge around the Kane fracture 

zone. The second model of Detrick and Purdy indicates extremely thin 

crust is associated with a narrow fracture zone. This produces the 

largest average RMS. The Brown and Musset (1981) model is for average 

ocean crust • 

Figures 39 to 43 show the earthquake locations, estimated with 

the above models. both in mapview and projected onto a N-S plane. The 

mapviews all show the same general distribution of epicenters • 
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• Table 8: Velocity-Depth Models 

Author Location Ave. RMS Velocity Depth 
(sec) Cm/sec) (b) 

----
Levis & Snydsman Cocos Plate 0 . 127 4.2 o.o 
(1978) (Line 66-Near Rift) :!: 0.078 4.7 0.4 

5.2 0.8 
5.7 1.2 • 6.1 1.6 
6.3 1.8 
6.7 2.6 
6.8 3.1 
6.9 4.8 
7 .4 5.1 
8.1 5.6 

• Ouchi et al. Orozco F .• z. 0.112 4.4 o.o 
(1982) (STlO Line A) + 0.068 5.5 0.8 

6.9 2.5 
7.8 6.2 

Detrick and Purdy South of Kane F.Z. 0.117 4.5 o.o 
Cl 980) (Model 1: OBH 1) + 0.069 5.17 0.41 - 6.75 2.07 • 7.73 5.28 

Detrick and Purdy Kane F.Z. 0.135 4.0 o.o 
(1980) (Model 2: OBH 4) + 0.072 4.74 0.78 

7.76 2.31 

Brown and Mus set Normal Ocean Crust 0.116 5.0 o.o • (1981) ! 0.068 6.7 1.7 
7.1 3.5 
8.1 6.5 

Best Models determined by iteration: 

• One-layer constant velocity 0.109+.071 6.5 o.o 

Two-layer constant velocity 0.105 5.0 o.o 
+ 0.067 6.5 2.5 -

Three-layer constant velocity 0.105 5.0 o.o 
+ 0.066 6.5 2.5 

8.1 10.0 

• Four-layer constant velocity 0.104 5.0 o.o 
:!:0.062 6.5 2.5 

7.5 7.25 
8.1 10.0 

One-layer gradient 0.101 5.5 o.o 
+0.063 7.5 10.0 

• Two-layer gradient 0.101 5.0 o.o 
+0.064 6.0 3.0 

7.8 10.0 

• 

• 
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Figure 38: Five published velocity-depth models: (1) Line 66 near 
east Pacific rise on the Cocos plate, Lewis and Snydsman (1979); (2) 
Orozco fracture zone near the east Pacific rise, STlO line A, Ouchi et 
al., 1982; (3) south of the Kane fracture zone near the mid-Atlantic 
ridge, Model 1 - OBH 1, Detrick and Purdy, 1980; (4) Kane fracture 
zone, Model 2 - OBH 4, Detrick and Purdy, 1980; and (5) normal ocean 
crust, Brown and Musset, 1981 • 
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Figure 39: Earthquake locations estimated by HYPRG location program using Lewis and 
Snydsman (1979) velocity-depth model for the east Pacific rise. The figure on the left 
is a mapview of the earthquakes (plus signs whose size denotes relative magnitude) and 
OBSs (diamonds). The figure on the right is a projection of all earthquakes. onto a N-S 
plane. 
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Figure 40: Earthquake locations estimated by HYPRG location program using Ouchi et 
al. (1982) velocity-depth model for the Orozco fracture· zone. The figure on the left is 
a mapview of the earthquakes (plus signs whose size denotes relative magnitude) and OBSs 
(diamonds). The figure on the right is a projection of all earthquakes onto a N-S plane. 
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Figure 41: Earthquake locations estimated by HYPRG location program using Detrick 
and Purdy (1980) velocity-depth model 1 for the area south of the Kane fracture zone. 
The figure on the left is a mapview of the earthquakes (plus signs whose size denotes 
relative magnitude) and OBSs (diamonds). The figure on the right is a projection of all 
earthquakes onto a N-S plane. 
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Figure 42: Earthquake locations estimated by HYPRG location program using Detrick 
and Purdy (1980) velocity-depth model 2 for the Kane fracture zone. The figure on the 
left is a mapview of the earthquakes (plus signs whose size denotes relative magnitude) 
and OBSs (diamonds). The figure on the right is a projection of all earthquakes onto a 
N-S plane. 
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Figure 43: Earthquake locations estimated by HYPRG location program using Brown and 
Musset (1981) velocity-depth model for normal ocean crust. The figure on the left is a 
mapview of the earthquakes (plus signs whose size denotes relative magnitude) and OBSs 
(diamonds). The figure on the right is a projection of all earthquakes onto a N-S plane. 
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Constant Velocity Models 

An iterative technique is used to determine the "best" layered 

velocity models using a criterion of minimizing the average RMS. This 

method allows one parameter (either velocity or thickness) to vary 

within one layer. Ten values within a geologically reasonble range 

are sequentially entered into the velocity-depth model. The model 

exhibiting the lowest average RMS is taken as the "best" model out of 

that subset. Figure 44 shows the best one, two, three and four-layer 

constant velocity-depth models determined. The iterative technique 

followed this procedure: 

(1) Determine the best one-layer velocity (Range = 5.3-8.0 

km/sec, Best = 6.5 km/sec, Ave RMS = 0.109 + .071. Figure 45-a is a 

plot of the single layer velocity used versus the average RMS. The 

average RMS for each velocity is indicated by astrisks and the 

standard deviations are shown by the vertical bars. A velocity of 6.5 

km/sec produces the lowest average RMS and also the smallest standard 

deviation. Figure 45b shows a contour plot of RMS versus velocity of 

the halfspace. The contours are essentially horizontal with a 

suggestion of a maximum between 6 and 7 km/sec. As in the 

determination for Vp/Vs, we recognize that this technique involves 

some circular reasoning; the velocity-depth model, which is selected 

on a basis of residuals, is used as input to the location program that 

locates the earthquakes by minimizing the travel time residuals. If 

the true origin times and travel times were known, then .the minimum 

average RMS would be more meaningful and definitive. The 6.5 km/sec 
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Figure 44: The "best" constant velocity-depth models: ( 1) one
layer model; (2) two-layer model; (3) three-layer model; and (4) four
layer model. These models were determined as the iterative models 
that minimized average RMS. The term "constant velocity model 

11 

indicates that the velocity-depth model consists of constant velocity 
layers. each with a constant velocity • 
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halfspace is considered the best one-layer constant velocity-depth 

model. The earthquake locations determined using this model are shown 

in Figure 46. The lateral distribution of events is similar to the 

distribution determined for the first five models discussed, but the 

depths show a concentration of events at zero depth and a diffuse 

cloud of earthquakes with increasing depth. 

(2) Assume a thickness (2.5 km) for a layer above the 6.5 km/sec 

half space. Find the best velocity for that layer (Range = 3.5-5.75 

km/sec, Best = 5.0 km/sec, Ave RMS = 0.105 + 0.067). 

(3) Using this velocity (5.0 km/sec), find the optimum thickness 

(Range= 0.5-5.0 km, best = 2.5 km, Ave RMS = 0.105 + 0.067). This is 

the best two-layer constant velocity model. 

(4) Assume a thickness (2.5 km) for layer 2, find the best 

velocity for the third layer (Range 6.5-8.0 km/sec, best = 6.5 km/sec, 

Ave~ = 0.105 ! 0.067). Note that this is the same as the two-layer 

constant velocity model • 

(5) Assume a velocity (8.0 km/sec) for the deepest layer and 

determine the best thickness for a second layer with a 6.5 km/sec 

velocity (Range • 4.5-13.5 km, best = 7.5 km, Ave RMS = 0.106 + 

0.067). 

(6) Using this thickness (7.5 km) find the best velocity for the 

deepest layer (Range = 6.9-8.S km/sec, best = 8.1 km/sec, Ave RMS = 

0.105 + 0.066). This is the best three-layer constant velocity model • 
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Figure 46: Earthquake ' locations estimated by HYPRG location 
program using the best one-layer constant velocity-depth model. The 
figure on the left is a mapview of the earthquakes (plus signs whose 
size denotes relative magni~ude) and OBSs (diamonds). The figure on 
the right is a projection of all earthquakes onto a N-S plane. 
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Figure 47: Earthquake locations estimated by HYPRG location 
program using the best two-layer constant velocity-depth model. The 
figure on the left is a mapview of the earthquakes (plus signs whose 
size denotes relative magnitude) and OBSs (diamonds). The figure on 
the right is a projection of ~11 earthquakes onto a N-S plane. 
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Figure 48: Earthquake locations estimated by HYPRG location 
program using the best three-layer constant velocity-depth model. The 
figure on the left is a mapview of the earthquakes (plus signs whose 
size denotes relative magnitude) and OBSs (diamonds). The figure on 
the right is a projection of all earthquakes onto a N-S plane. 
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Figure 49: Earthquake locations estimated by HYPRG location 
program using the best four-layer constant velocity-depth model. The 
figure on the left is a mapview of the earthquakes (plus signs whose 
size denotes relative magnitude) and OBSs (diamonds). The figure on 
the right is a projection of all earthquakes onto a N-S plane. 
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(7) Assume a velocity (7.5 km/sec) for a third layer and 

determine its thickness (Range= 6.5-8.0 km, best= 7.25 km, Ave RMS • 

0.104 + 0 . 062) . This is the best four-layer constant velocity model. 

The locations estimated using these four constant velocity-depth 

models are shown in Figures 46 to 49. The lateral distribution is 

generally the same, perhaps showing some clustering or focusing of 

earthquakes for the three and four layer models. Although depths are 

variable, they appear to concentrate above the half space of 8.1 

km/sec (assumed to be the mantle). 

The four-layer constant velocity model is similar to the models 

of Ouchi et il. (1982) and Brown and Musset (1981) in the upper 

layers, but the depth to mantle was found to be somewhat deeper (lOkm 

compared to 6.2-6.5 km). This unorthodox inversion for the velocity

depth structure suggests that the crust near the Galapagos Propagating 

Rift is thicker than similarly aged crust elsewhere. A more detailed 

seismic investigation is necessary to determine lateral 

heterogenities, dipping layers, and other possible structural 

complexities that would more accurately reflect the velocity structure 

of the area. The preceeding section suggests that the four-layer 

constant velocity model is sufficient to confidently estimate 

earthquake locations • 

Gradient Models 

Gradient models are determined in a similar mu l ti-step process • 

The two best iterative models (solid and dashed lines) are shown on 
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Figure 50 and listed in Table 8. The dotted lines on Figure 50 mark 

the bounds within which all of our gradient models were tested. 

One-layer gradient models constrained so that the velocity is 6.5 

km/sec (best average velocity) at 5.0 km depth are used as input to 

HYPOINVERSE. HYPOINVERSE has the option of using either constant 

velocity or gradient velocity-depth models. The one-layer gradient 

model with a velocity of 5.5 km/sec at 0 km and 7.5 km/sec at 10 km 

depth (and below) produces the lowest average RMS (0.101 seconds). 

Ten two-layer gradient models, that fall within the extremal 

bounds shown in Figure 50, are used as input to HYPOINVERSE. The two

layer gradient model that yields the smallest average RMS is shown in 

Figure 50 and listed in Table 8. 

The locations estimated using the two gradient models are shown 

in Figures 51 to 52. The lateral distribution of earthquakes is 

similar to the distribution associated with the constant velocity 

models. The depths again indicate that the preponderance of 

earthquakes occur above the half space, or what is expected to be the 

mantle. 

Detailed velocity-depth models are not as critical for locating 

earthquakes as they are for refraction studies. Refraction studies 

require detailed velocity-depth models for matching the arrival times 

and amplitudes for all phases. In contrast, the earthquake location 

algorithms use only the first arrival times and therefore do not 

require as detailed a velocity-depth model. As Lewis and Snydsman 

(1978) point out, the differences in the first arrival times for their 

models A, B and C (one with coar~e velocity steps, one with small 
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Figure 50: The "best" gradient velocity-depth models: (1) one 
layer over a half-space; (2) two-layers over a half-space model • 
These models were determined as the iterative models that minimized 
average RMS. The trem "gradient model" indicates the velocity-depth 
model consists of layers in which velocity increases linearly with 
depth. The dotted lines mark the extremal bounds within which all of 
our gradient models were tested • 
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Figure 51: Earthquake locations estimated by HYPOINVERSE location 
pro~ram using the best one-layer gradient velocity-depth model. The 
figure on the left is a mapview of the earthquakes (plus signs whose 
size denotes relative magnitude) and OBSs (diamonds). The figure on 
the ri~ht is a projection of all earthquakes onto a N-S plane. 

+ 

+ 

+ 

28 

• 

25 

• 

"""' N 
00 



• • • • • • • • • 

HYPINVG - EARTHQUAKE LOCATIONS CTWO GRADIENT LAYERSJ 

2.8111N 

2.6111N 

2.~lllN 

+ 

2.2111N . 

95.8111N 

+ 

+ + 

~ ~ 
+ 
~ 

+ 

+ 

-tot + 
+ + + + -:tr.+ + 

++ + "\ + 
+ 

+ 
-t 

+ 
+ 

95.SlllN 95.i,ew 95.20N I · 

+ 

5 

++ 
+ 

· + 

II 15 
DEPTH IK"I 

21 

Figure 52: Earthquake locations estimated by HYPOINVERSE location 
program using the best two-layer gradient velocity-depth model. The 
figure on the left is a mapview of the earthquakes (plus signs whose 
size denotes relative magnitude) and OBSs (diamonds). The figure on 
the right is a projection of all earthquakes onto a N-S plane. 
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velocity steps approximating a linear gradient, and one with a low 

velocity zone) are less than a few hundredths of a second. The travel 

time diffe~ences between these models are significant only in the 

second arrivals. 

Figure 53 shows the reduced P travel time curves (8.0 km/sec 

reducing velocity) for the one and four-layer constant velocity 

models, the one and two-layer gradient models and the model of Ouchi 

et al. (1982) for depths O, 5 and 10 km. The one-layer constant 

velocity and Ouchi et al. (1982) models (1 and 5 respectively) are the 

most different. The four-layer constant velocity and the two-layer 

gradient models are the most similar, although they diverge beyond 30 

km at 10 km depth. 

Figure 54 presents reduced (8.0 km/sec reducing velocity) 

theoretical P and S travel time curves (solid and dashed lines 

respectively) and the observed P and S travel times (circles and 

crosses respectively) for the earthquakes located using the four-layer 

constant velocity-depth model. The observed P and S travel times are 

plotted on the travel time curve for the depth nearest the hypocenter. 

These plots show how the travel times vary with depth, graphically 

represent the travel time residuals, and illustrate what the 

earthquake location programs are trying to fit. The shapes of the 

travel time curves are well matched by the data. The difference 

between the travel time curves of the four-layer constant velocity 

model and the two-layer gradient model (Figure 53) is less than the 

scatter of the travel time residuals (Figure 54); · note that the scales 

are different • 
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Figure 53: Reduced P travel time curves (8.0 km/sec reducing 
velocity) for 0 - 5 and 10 km depth: (1) one-layer constant velocity 
model; (2) four-layer constant velocity model; (3) one-layer gradient; 
(4) two-layer gradient; and (5) Ouchi et al. (1982) velocity-depth 
models • 

131 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

I IJ["H • S. I 

11 18 21 ,. 118 58 

e Dl!'.l'TH • 2.e 

E ' !? 

II II 28 31 118 58 

8 IJ[l'TH • I.I 

7 

g 

5 

II 

3 

2 

I DrP'TH • 7.1 I D[P'TH •II.I 

2 

II 21 38 Ill 51 11 II 21 31 Ill 51 

8 DEPTH • 6.1 

7 

8 

5 

II 

3 

2 

88 18 28 

8 D[l'TH • 5.1 

7 

g 

5 

II 

3 

2 

8 DEl'TH •II.I 

7 

118 51 18 II 21 31 118 58 

9 D[P'TH • I.I 

7 

2 

II 21 '8 1'8 51 11 II 21 31 Ill 51 II 21 '8 Ill 51 

8 O[P'TH • I.I 8 DEP'TH • •·• 9 D[P'TH • 8.1 

7 2 7 
!? 

g 

: 5 

d II .. 
! 3 
Cl ... 2 g 
Cl 

I! 

7 

g 

5 

11 21 '8 1'8 58 18 18 21 38 118 51 
1

1 II 21 38 118 58 
DISTANCE IKHl DISTANCE IKNI DISTANCE IKHI 

Figur~ 54: Reduced (8.0 km/sec reducing velocity) theoretical P 
and S travel time curves (solid and dashed lines respectively) and the 
observed P and S travel times (circles and crosses respectively) for 
earthquakes located using the four-layer constant velocity-depth 
model. Plots are every km in depth (0-19 km); observed P and S travel 
times are plotted with the theoretical travel time curves closest to 
the hypocentral depth • 
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Figure 54 (continued): Reduced (8.0 km/sec reducing velocity) 
theoretical P and S travel time curves (solid and dashed lines 
respectively) and the observed P and S travel times (circles and 
crosses respectively) for earthquakes located using the four-layer 
constant velocity-depth model. Plots are every km in depth (0-19 km); 
observed P and S travel times are plotted with the theoretical travel 
time curves closest to the hypocentral depth • 
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EARTHQUAKE LOCATION PROGRAMS 

Description of Programs 

Four programs for estimating earthquake locations are compared • 

HYP071 (Lee and Lahr, 1972, 1974), HYPOINVERSE (Klein, 1978) and HYPRG 

(Lienert and Frazer. in prep) use maximum likelihood methods to 

estimate earthquake locations. HYPOINVERSE can use either layered or 

gradient velocity-depth models. GRIDSEARCH is an earthquake location 

program based on a grid-search algorithm described by Rowlett and 

Forsyth (1983). RMS residuals are calculated at the nodes or 

gridpoints of a 30x30x20 km grid. Each gridpoint is treated as the 

center of a 1 cubic km cell. The solutions do not contain any "linear 

approximations" and the problems associated with maximum likelihood 

methods concentrating earthquakes at layer boundaries are avoide~ 

(Tarantola and Valette, 1982). Travel times are calculated assuming 

the four-layer velocity-depth model and a constant Vp/Vs of 1.74. 

Timing error estimates, taken from the section on Vp/Vs that 

determined the P and S residuals, are used as average reading errors • 

The SO and 95% confidence levels are estimated for each 

earthquake, using an inverse F probability distribution function 

(IMSL program MDFI). The 50 and 95% confidence level contours enclose 

regions in which there is a 50% or 90% probability of the earthquake 

occurring. Probabilities for individual gridpoints are determined by 

counting the number of gridpoints within the 50% confidence interval, 

dividing by 0.50. and assigning this value to those gridpoints • 
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Similarly, the number of gridpoints between the 50 and 95% confidence 

intervals are counted, divided by 0.45, and assigned this value • 

These probabilities are multiplied by the seismic moment estimated for 

this earthquake, to produce a probability estimate for the 

distribution of seismic moment. The 50 and 95% confidence volumes are 

mapped to show the earthquake occurrance likelihood and seismic moment 

release likelihood, as stepped probability densities. Figure 55a is 

an example of a well constrained earthquake whose 50 and 90% 

confidence volumes are completly contained within the 3-dimensional 

grid. Incidentially, this is the same earthquake shown in Figures 11 

and 13. Figure 55b is an example of a poorly constrained earthquake, 

whose confidence volume is not only large, but also nonlinear • 

Comparison of Location Programs 

The different location programs are compared by seeing how well 

they loca.te synthetic earthquakes. P and S travel times for twenty

four synthetic earthquakes are calculated. The synthetic earthquakes 

were located in a grid around the eight OBSs, at depths of 0.5 and 9.5 

km; locations are indicated by asterisks in Figures 56 to 60. 

Gaussian distributed noise, S. D. = 0.1 sec for P and 0.2 sec for S, 

is added to the travel times to simulate reading errors. These travel 

times are used as input to the location programs. The programs 

estimates of earthquake locations, horizontal errors and vertical 

errors are then compared to the known locations of the synthetic 

earthquakes • 
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Figure 55: (a) Example of a typical earthquake location 
probability surface contoured at the 95 (heavy line) and 50% (light 
line) confidence level using the method of Rowlett and Forsyth (1983) • 
Plot dimensions are in km relative to the center of the OBS array. 
OBS locations are represented by nembered symbols. (~) Example of 
poorly constrained earthquake with nonlinear probability surface • 
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Figure 56: HYP071 estimated. earthquake locations ·(large + for 
shallow earthquakes, small + for deep earthquakes) for twenty-four 
synthetic earthquakes (asterisks). OBSs shown as diamonds on mapview. 
and as triangles on N-S cross section. Estimated horizontal and 
vertical errors shown as error ellipses. 
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Figure 57: HYPRG estimated earthquake locations (large + for 
shallow earthquakes. small + for deep earthquakes) for twenty-four 
synthetic earthquakes (asterisks). OBSs shown as diamonds on mapview. 
and as triangles on N-S cross section. Estimated horizontal and 
vertical errors shown as error ellipses. 
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Figure 58: HYPOINVERSE (using constant velocity-depth model) 
estimated earthquake locations (lar2e + for shallow earthquakes, small 
+ for deep earthquakes) for twenty-four synthetic earthquakes 
(asterisks). ORSs · shown as diamonds on mapview. and as triangles on 
N-S cross section. Estimated horizontal and vertical errors shown as 
error ellipses. 
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Figure 59: HYPOINVERSE (using gradient velocity-depth model) 
estimated earthquake locations (large + for shallow earthquakes, small 
+ for deep earthquakes) for twenty-four synthetic earthquakes 
(asterisks). ORSs shown as diamonds on mapview. and as triangles on 
N-S cross section. Estimated horizontal and vertical errors shown as 
error ellipses. 
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Figure 60: GRIDSEARCH estimated earthquake locations (large + for 
shallow earthquakes, small + for deep earthquakes) for twenty-four 
synthetic earthquakes (asterisks). OBSs shown as diamonds on mapview. 
and as triangles on N-S cross section. Estimated horizontal and 
vertical errors shown as error ellipses. 
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Figure 56 shows HYP07l's estimated earthquake locations. HYP071 

. was unable to move five locations off the starting depth of 5 km, but 

did correctly estimate l arge horizontal and vertical errors so that 

the known locations fall within, or close to, the error ellipses • 

Some of the other error ellipses are small, but do not enclose the 

known locations. 

Figure 57 shows HYPRG's estimated l ocations and error ellipses • 

The earthquake locations are somewhat better than for RYP071, but 

several of the error ellipses are too small and do not enclose the 

known locations • 

Figure 58 shows HYPOINVERSE's (using the layered velocity-depth 

model) estimated locations and error ellipses. The deeper earthquakes 

are well located. The upper earthquakes are poorly located and the 

error ellipses do not enclose the known locations. 

Figure 59 shows HYPOINVERSE's (using the two-layer gradient 

model) estimated locations and error ellipses. The deeper earthquakes 

are well located, although those at the southern end are estimated to 

deep. The shallow earthquakes are all estimated too deep, but the 

known locations are generally enclosed within the error ellipses • 

Figure 60 shows GRIDSEARCH's estimated locations and error 

ellipses. These locations are clearly the best estimates of the known 

locations. The error volumes are generally small, but all enclose the 

known locations. Two shallow northern earthquakes, that were 

estimated at 0 and 5 km depth, both have their error volumes segmented 

into two parts: one between 0 and 1 km and the other between 4 and 5 

km • 
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Figure 61 is a comparison of the different programs ability to 

locate synthetic earthquakes (same latitudes and longitudes as above, 

but for depths of 0.5; 3.5, 6.5, 9.5 and 12.5 km depth). GRIDSEARCH 

clearly provides the best estimate of the synthetic earthquakes, and 

presumably the best estimate of true earthquakes. HYPRG appears to 

provide the best estimate of the maximum likelihood methods. 

Figure 62 shows the average location errors for the different 

number of phases used to locate each real earthquake. Horizontal and 

vertical errors are averaged for HYPRG, HYP071 AND HYPOINVERSE. The 

location error for GRIDSEARCH are calculated by counting the number of 

points within each earthquake's 50% confidence interval (ie. cubic 

km), and determining the radius of a sphere with this volume. This 

error radius is used as an indicator of the location error. As 

expected, location errors increase as the number of phases decreases. 

However. the estimate of location errors are significantly less for 

HYP071, HYPRG, and HYPOINVERSE, than for GRIDSEARCH. Lee and Lahar 

(1974) warn that the lo·cation errors estimated by HYP071 may not 

represent actual error limits. 

The author feels that this shows a serious underestimation of the 

location errors inherent in HYP071, HYPRG and HYPOINVERSE, especially 

for small networks. Underestimation of location errors may be due to: 

(1) using invalid statistics for a small number of phases, or (2) 

incorrect assumption of linearity. Horizontal and vertical error 

calculations are made assuming a large number of arrivals. The error 

calculations involve a division by the square root of the number of 

phases (N), but should divide by the square root of the number of 
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Figure 61: Comparison of (A) HYP071, (B) HYPRG, (C) HYPOINVERSE (layered), (D) 
HYPOINVERSE (gradient), and (E) GRIDSEARCH estimates of earthquake origin time and 
location versus known origin time and location of synthetic earthquakes. Synthetic 
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HYPOINVERSE. The location errors for GRIDSEARCH are calculated as the 
error radius of a sphere that would enclose all gridpoints within the 
50% confidence interval • 

145 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1% 

phases minus the degrees of freedom (4). Thus, the error estimates 

1/2 are incorrect by a factor of (N/N-4) • ThiB accounts for 

approximatly half of the observed differences, eg. HYP071 and 

HYPOINVERSE average errors for 5 phases would be 10.1 km instead of 

4.5 km, but still not 15 km, as estimated by GRIDSEARCH. As shown in 

Figure 62, the assumption of linearity can be incorrect. This can 

lead to incorrect estimates of location errors, especially when the 

estimates involve extrapolating over layer boundaries. 

Figure 63 shows the horizontal and vertical uncertainty (in km) 

if only P phases (gaussian distributed reading errors with S.D. = 0.1 

sec) from all eight OBSs are used to locate earthquakes. These values 

are calculated by a program for evaluating seismometer arrays (Lienert 

and Frazer, in press). Horizontal uncertainty increases away from the 

center of the array. Vertical uncertainty is at a minimum on the 

perimeter of the array and increases both toward the center of the 

array, and away from the array. Figure 64 is a similar plot, but for 

both P and s ·phases (gaussian distributed reading errors with S.D. = 

0.1 sec for P and 0.2 sec for S). The addition of the eight S phases 

has improved the ability of the array to resolve earthquake locations • 

Note that the horizontal and vertical uncertainties are consistent 

with the errors estimated by GRIDSEARCH (Figure 60), which also 

assumed eight P and eight S phases with the same reading errors • 



• 

ISi 
lf) 

(\J 

ISi 
(\J 

(\J 

• • • • • • 

GALAPAGOS SEISMIC ARRA! x P PHASE ONLI x DEPTH 

ISi 
lf) 

(\J 

ISi 
("\J 

("\J 

• • • 

5 KM 

95 50 HORIZONTAL UNCERTAINTY 95 20 95 50 VERTICAL UNC ERTA INTY 95 20 

Figure 63: Horizontal and vertical uncertainty (in km) if only P phases (gaussian 
distributed reading errors with s. D. = 0.1 sec) from all OBSs (dark triangles) used to 
loca~e earthquakes. 

• 

.... 
~ ....... 



• • • • • • • • • 

GRLRPRGOS SEISMIC RRRRI ~ P RND S PHRSES ~ DEPTH = 5 KM 

~ ~ 
~ ~ 

N I ) · ~ I N . . ':,, 
A Q' A\ 

A ~ I I \ \_ / ~ /A 

~ 
N 

N 

~:~ 

• • 
'·8. 

\·i 
'!.· 

0 
~ 
N 

N 

• 

95 50 HORIZONTAL UNCERTRINTY 95 20 95 50 VERTICAL UNCERTAINTY 95 20 
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(gaussian distributed reading errors with S. D. = o.1 and 0.2 sec respectively) from all 
OBSs (dark triangles) used to locate earthquakes. 
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EARTHQUAKE LOCATIONS 

Two graphical methods are used to .Present the spatial 

distribution of earthquakes. The conventional method is to use 

discrete points to represent earthquake locations. Alternatively, the 

earthquake location probability field, estimated using the GRIDSEARCH 

program, is presented as a more realistic picture of the seismic 

distribution. 

Earthquakes located using HYPRG (Lienert in prep.) are 

superimposed on a simplified bathymetric map (Figure 65). These 

earthquakes have estimated RMS resuduals less than 0.25 seconds and 

estimated horizontal and vertical location errors less than 5 km. 

Areas with depths greater than 3 km are shaded (see Figure 7 for more 

detailed bathymetry). The major tectonic boundaries are shown as 

heavy lines. Earthquake locations and magnitudes are determined 

assuming the four-layer velocity-depth model, a constant Vp/Vs of 

1.74, and the duration-magnitude relationship of Hyndman and Rogers 

(1981). Many interesting features stand out, but it must be kept in 

mind that this is only a 24 day seismicity sample, and, therefore, it 

may not be representative of long-term seismicity and energy release. 

The first and most important feature is the displacement of the 

OBS array from the center of the earthquake activity. We originaly 

predicted that the most diagnostic earthquake activity would b~ 

centered at and in front of the propagator tip; this was based on our 

belief that the propagator was actively slicing through the old crust 

and that the mechanism driving propagation was focused at the tip • 
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Figure 65: Earthquakes located using HYPRG are superimposed on a 
simplified bathymetric map. Areas with depths greater than 3 km are 
shaded (see Figure 7 for more detailed bathymetry). The major 
tectonic boundaries, shown as heavy lines (Searle and Hey, 1983) are 
as follows: A, northern pseudofault, B, propagating rift, C, 
alternative position of southern pseudofault, D, prefered position of 
southern pseudofault, E, western limit of NNW-SSE lineaments, F, 
failed rift, G, eastern limit of undisturbed E-W lineaments from dying 
rift (take~ here as the transform). and H, axis of dying rift. 
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The array was not optimally deployed to record the observed 

seismicity, and our original prediction of seismicity and notions of 

what is happening during propagation need to be revised. In 

hindsight, it is not surprising that the majority of earthquakes occur 

in association with the transfer zone, just as numerous large 

earthquakes occur in the transform zones of other rift-transform 

systems (Francis, 1968; Reid and Macdonald, 1973; Reid, 1976; Francis 

et al., 1978; Forsyth and Rowlett, 1979; Sinton. and Hussong, 1982; 

Trehu and Solomon, 1983; and Cessaro and Hussong, in prep). The 

absence of activity ahead of the propagator is in itself an important 

constraint on modeling the forces that drive propagation. 

Seismic activity occurs in a band roughly 15 km wide that is 

aligned approximately NNE-SSW and connects the propagating rift to the 

dying rift. The spatial distribution of activity suggests that no 

earthquakes occur to the northwest of the northern pseudof ault and its 

geometric extension beyond the propagator tip • 

Seismicity shows some clustering and ~egmentation along NW-SE 

linear trends oriented at roughly N 135° E. These trends are parallel 

to the predicted isochrons (135°) but less than the observed (160°) 

maximum strike of lineaments in the transfer zone (Searle and Rey, 

1983). This may be coincidental, given the short duration of 

recording. These trends also seem to _ separate the transfer zone from 

both the propagating rift and the dying rift. 

Activity on the propagating rift is not continuous. Seismicity 

east of the propagator tip coincides with a kink in the propagating 
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rift observed by Searle and Hey (1983). They also suggest that the 

rift starts sp~eading normally 12-15 km behind the tip; this distance 

coincides with the cluster of activity east of the propagator tip. 

There appears to be somewhat more activity on the northern side of the 

propagator than to the south. This act i vity does not extend beyond 

the northern pseudofault. A cluster of activity on the souther,n 

pseudofault coincides with the junction of boundaries C and D (Figure 

65). If propagation occurs in the manner predicted by the 

transitional model (Figure 3), then the portion of lithosphere formed 

by the propagating rift, but lying within the transfer zone, will also 

be subject to shear and/or deformation. Mateiial between C and D 

could be deformed in this manner. If propagation occurs in the manner 

predicted by the discrete jump model (Figure 2), then this activity 

may represent adjusment along a former discrete transform fault. 

Activity at the propagator tip does not extend beyond the tip, 

and it is separated from the rift activity to the east. The paucity 

of events in front of the propagator tip is not a product of the array 

geometry. The OBS array was designed to be the most sensitive in this 

region. The gap between the propagating rift activity is puzzling • 

\ Perhaps the activity at the tip is associated with the trans£ er zone 

and the activity to the east is the normal rift seismicity. 

Alternatively, the deployment time of .our array may have been too 

short to pick up activity along the entire rift. Activity may be 

spatially continuous but temporally intermittent. 

The bathymetric deep south of the propagating rift tip, De 

Steiguer Deep. and the concentration of seismicity may be coincident 
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expressions of the transfer zone. Seismicity is concentrated along 

• the western edge of the De Steiguer Deep, implying that most shear is 

oc~urring at this boundary. Boundaries E and G (Figure 65) pass 

through the concentrations of events both within and outside of the De 

• Steiguer Deep. The concentration of earthquakes west of the transfer 

zone (boundary G) at 2°33' N lies on the western edge of the De 

Steiguer Deep. The activity here may be associated with a new 

• discrete transform fault and/or the formation of De Steiguer Deep. If 

this a steady state system, then De Steiguer Deep and De Steiguer 

Ridge must migrate . at the same rate as the propagating rift tip and 

• the transfer zone. 

Activity associated with the dying rift is difuse. There is a 
0 . 0 

concentration between 95.6 - 95.65 W, just south of a bathymetric 

• high, named "Magic Mountain" by Rey (in prep), and between two en 

echelon basins (Figure 7). Crustal heterogenities in the velocity 

depth structure and the large distance to the OBSs may cause a 

• systematic error in estimating the location of these earthquakes. 

This activity may be directly associated with Magic Mountain. 

• The author suggests that the De Steiguer Ridge may be a steady 

state feature that forms in association with the propagating rift. 

The ridge follows the trend of the failed rift (even beyond the 

• boundaries of Figure 7). More seismic activity is likely there, which 

could be better recorded with a more proximal array. 

Figure 66 shows the position of six N-S cross sections and seven 

• E-W cross sections. Bands 0.1 degrees wide are pr9jected onto N-S or 

• 
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0 0 
E~W planes; eg. a north south ·strip bounded by 95.30 Wand 95.40 W is 

• projected onto cross section B-B'. 

Figure 67 is a composite view of the six N-S cross sections as 

viewed from the east . North is to the right and west is up and to the 

• left. Activity on the propagating rift shows a tight clustering on 

cross section B-B'. As noted above, the propagating rift earthquakes 

east of the tip are distributed on and to the north of the rift 

• center. This cross section suggests that the earthquakes are centered 

on the rift at depth and displaced to the north closer to the surface. 

This is consistent with faulting parallel to the rift. Cross sections 

• C-C' and D-D' cover the transfer zone. The majority of earthquakes 

are located between 5-10 km. C-C' indicates that the hypocenters 

within the transfer zone deepen to the north. Cross section D-D' has 

• a larger concentration of earthquakes near the surface. Note that 

these shallower earthquakes are in the cluster west of the transfer 

zone, at the edge of De Steiguer Deep. If they represent activity on 

• a new discrete transform, this implies that cracking within the 

transfer zone deepens as you move to the east. Cross section E-E' 

shows the group of earthquakes associated with the dying rift and 

• Magic Mountain are centered a~ound 5 km depth. 

Figure 68 is a composite view of the seven E-W cross sections as 

• viewed from the south. East is to the right and north is up and to 

the right. Cross section b-b' shows the seismicity extends along the 

dying rift. The cluster of earthquakes may be associated with Magic 

• Mountain. The center of De Steiguer Deep is projected onto d-d', 

where the greatest concentration of seismicity occurs. The cluster of 

• 
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Figure 66: Location of six N-S cross sections and seven E-W cross 
sections. See Figures 67 and 68 • 
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Figure 67: Composite view of the · six N-S cross sections as viewed 
from the east. Size of boxes indicates relative magnitudes of 
earthquakes • 
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Figure 68: Composite view of the seven E-W cross sections as 
viewed from the south. Size of boxes indicates relative magnitudes of 
earthquakes. 
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events is shallower to the west (left) and deeper to the east. There 

• is a gap between these earthquakes and a small cluster of events 

f arther to the west , that .may be part of a separate NW-SE band of 

activity (Figure 65) . Cross section e- e' contains the propagating 

• rift earthquakes, but also some events from the transfer zone. Both 

d-d' and e-e ' show some indication of an abrupt cessation of activity 

to the west • 

• 
Earthquake and Seismic Moment Probability Distribution 

• The earthquake location program GRIDSEARCH is based on the grid-

search algorithm described by Rowlett and Forsyth (1983). The program 

is discussed in detail in the section on earthquake location programs • 

• The program estimates the probability distribution of each earthquake 

at individual cubic km cells. 
u ff 

These earthquake probabilities are then 

• summed at each cubic km within a 60 by 60 by 20 km grid, to produce 

the overall earthquake probability distribution. In a simimlar 

manner, the ''seismic moment probability'' distribution is calculated. 

• These probabilities are summed for all earthquakes that were 

located with eight or more phases. The probability contours for all 

earthquakes indicate that earthquakes with less than 8 phases can be 

• poorly constrained. Earthquake probabilities are spatially widely 

distributed so they do not adversely affect the probability sum. 

Unfortunately, two of the. most energetic earthquakes are poorly 

• constrained. Even though their earthquake probability is spread over 

• 
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a large volume, these events distort the distribution o.f seismic 

moment probability. 

Figure 69 is a 3-dimensional view of the earthquake probability 

field. Eight slices of the probability distribution, for depths 0-14 

km, are projected as horizontal planes viewed from the SE corner. The 

tectonic boundaries reported by Searle and Hey (1983), are shown for 

3 reference. -Amplitude of the probabilities are in earthquakes/km /yr • 

Note that this estimate assumes that the activity recorded during the 

24 day deployment is typical. This estimate should be considered a 

minimum activity rate; keep in mind that the low magnitude cutoff was 

approximately -0 .3, th.at sensitivity falls off away from the array, 

and that earthquakes located with less than 8 phases are not included. 

Earthquake probability is at a maximum between 4-8 km. Activity 

within the transfer zone is broad, but concentrated mainly in De 

Steiguer Deep. Propagating rift activity east of the propagator tip, 

is separated from the activity in the transfer. zone and reaches a 

maximum around 6 km depth. Activity associated with the dying rift is 

all shallow, between 0 and 4 km deep. The distance away from the OBSs 

and the constraint of using 8 or more phases, decreases the chances of 

locating all of the earthquakes occuring there. 

Figure 70 is a map view of the earthquake probability 

distribution • 2 The outside contour is 0.01 earthquakes/km /yr, and the 

other contours are in earthquake/km2/yr, up to a maximum of 15. The 

concentration of earthquakes within the transfer zone is the most 

salient feature. The suggested western edge of the transfer zone 
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Figure 69: Three-dimensional view of the earthquake probability 
field determined by GRIDSEARCH. Eight horizontal planes of the 
probability distribution for depths 0-14 km are viewed from the S.E. 
corner. The tectonic boundaries of Searle and Hey (1983) are show13 for 
reference. The amplitude of the probabilities are in earthquakes/km /yr • 
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PAOBFIBILITI 
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Figure 70: Map view of the earthquake 2probability distribution. 
The outside contour is ~.01 earthquakes/km /yr and the other contours 
are in earthquakes/km /yr, up to a maximum of 15. The tectonic 
boundaries of Searle and Hey (1983) are shown for reference • 
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SEISMIC MOMENT 
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Figure 71: Map view of the seismic moment probability 
distribution. The cy~tours are in logarithm~7 steps of hal~ an order 
of magnitude from 10 up to a maximum of 10 dyne cm/km I yr. The 
tectonic boundaries of Searle and Hey (1983) are shown for reference • 
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(boundary G of Searle and Hey, 1983) coincides with the tip of the 

propagator and two other . localized · areas of activity. The boundary 

marking the western limit of the NNW-SSE lineaments ('boundary E of 

Searle and Hey, 1983) also seems to coincide with some concentrations 

of activity. The largest concentration of earthquake probability is 

west of the transfer zone, at the edge of De Steiguer Deep. This may 

be activity along another discrete transform fault. The transfer zone 

may consist of two or three multiply active, discrete transform 

faults. Isolated activity on the propagating rift occurs on both 

sides of the observed kink in the propagating rift axis, and in the 

area where the rift takes on characteristics typical of a medium

spreading rise axis (Klitgord and Mudie, 1974, Allmendinger and Riis, 

1979). The southern pseudofault has a concentration of activity, 

suggesting that either part of the propagator wedge is being sheared 

as predicted by the transitional model or that ~ former discrete 

transform fault is still active. Activity along the dying rift is 

diffuse. 

Figure 71 is a map view of the seismic moment probability 

distribution. The contours are in logarithmic steps of half an order 

of magnitude from 1014 up to a maximum of 1017 dyne cm/km 2/yr. This 

seismic moment probability distribution shows the same general 

characteristics described for the earthquake probability distribution. 

The greatest release of seismic moment occurs in the two clusters of 

activity coinciding with discrete transform faults in the transfer 

zone. The cluster to the west, has almost an order of magnitude lower 

moment, even though more · earthquakes occurred there. The propagating 
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rift ·and the dying rift show. isolated concentrations of activity. As 

previously mentioned, two of the most energetic earthquakes were not 

summed into the moment distribution because they were poorly 

constrained. These events account for nearly half the seismic moment 

released during this study and are estimated to have occurred 

immediately north of the dying rift and on the De Steiguer ridge. 

Better constraint on the large amounts of energy released in these 

regions can only be obtained by a · deployment of OBSs nearer those 

areas • 
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FOCAL MECHANISMS 

Estimate of Focal Mechanism Inclination and Azimuth Errors: 

Focal mechanisms are commonly used to determine the mode of 

faulting and to infer regional tectonics. However, the errors 

associated with the azimuths and inclinations are generally not 

determined or reported. Most local earthquake location programs eg. 

HYP071 (Lee and Lahr, 1972, 1974), HYPOINVERSE (Klein, 1978), and 

HYPRG (Lienert, in prep) estimate hypocenters, horizontal and vertical 

errors, and the azimuth and inclination of each ray as it leav~s the 

hypocenter in route to the receiver. The possible location errors are 

disregarded in the determination of azimuth and inclination. It seems 

appropriate to translate possible hypocenter location errors into 

estimates of possible inclination and azimuth errors. However, 

mapping of location error ellipses onto the focal sphere is not a 

linear proc.ess; the projections of the error ellipses can be distorted 

and even segmented. Lateral inhomogeneities in the velocity-depth 

model can lead to distortions of the azimuths and inclinations (Trehu 

and Solomon. 1983). However, this study will assume the velocity

depth structure is laterally homogeneous. Problems associated with a 

layered model are disucssed and a method for translating horizontal 

and vertical location errors into focal sphere error bounds is 

explained • 

Figure 72 shows ray paths for a suite of theoretical earthquake

receiver pairs within a layered velocity-depth model. The term "ray 
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Figure 72: Ray paths for a suite of theoretical earthquake
receiver pairs within a constant velocity-depth model. The three
layer velocity-depth model is shown on the far left. Minimum travel 
time ray paths (light lines) are drawn from the synthetic earthquakes 
(circles for earthquakes with direct ray paths, crosses for 
earthquakes with refracted ray paths) to the receiver (upper left-hand 
corner). A and B are earthquake locations that are discussed in the 
text and shown in Figure 73. Roman numerals I to IV, indicate the 
type of inclination discontinuity boundary (see text for discussion). 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 
169 

• 

• 

• en 
Ll.J 
u 
a: 
a: ..... m_ 

Cl"I z: • >- :.:: -a: 
a: cc 

II.I 
> c 

z II.I 

a: u 
IM 
cc 

• L&J z: a: 0 
::> IC 

~ 
I&. 

m 
u N IM 

::> u z a: ex 
..... .... 
en en 

• Q 

>-..... -u 
0 
...I 
Ll.J m 
> 

• 

• 

• N co CD • N -• ~ -
nnn wJ. .. .a 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

170 

path" is taken to mean the minimum travel time ray path. The receiver 

is located at the upper left corner where all the rays converge. 

Synthetic earthquakes are shown as circles if the rays are direct and 

as crosses if the rays are· refracted. Earthquakes range from 0-50 km 

1n range and from 0-14 km in depth. 

Inclination of direct rays varies smoothly both horizontally and 

vertically within each layer. Inclination is discontinuous across 

first order velocity discontinuities. All rays within layer . that are 
1 

refracted in layer., have a fixed inclination (THETA) governed by 
J 

Snell's law: THETA= V. /V .• The number of inclinations possible 
1 J 

(NUM_ ) for refracted rays in a model with N layers is: -·- --inc 

NUM_ = N + (N-1) + (N-2) + ••• -·---inc 

Inclination can change discontinuously within a layer, along the 

boundary marking the critical distances where refracted rays have 

smaller travel times than direct rays (dashed lines on Figure 72). 

Another discontinuous change of inclination within a layer occurs 

along a boundary separating regions where rays from different 

refractors arrive first. This boundary is an extension of the dashed 

line, and is parallel to rays refracted by the layers below. The 

dashed lines divide the earth model into strips whose first arrivals 

are rays refracted by the same refractor. There are five types of 

boundaries for layered velocity-depth models with. first-order 

discontinuities in inclination and second order discontinuities in 
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travel time: (!)layer boundaries across which direct rays change 

inclination. (II) layer boundaries across which you can change from 

direct in the lower layer to refracted rays in the upper layer, (III) 

layer boundaries across which refracted rays change inclination, (IV) 

boundaries within a layer separating direct from refracted rays, and 

(V) boundaries within a layer separating refracted rays with different 

refractors. Examples of each of these boundaries can be seen on 

Figure 72. The largest change in inclination wil 1 generally occur 

across boundaries of type II and IV that separate regions with direct 

rays from regions with refracted rays • 

If inclination and azililllth are evaluated over the hypocenter's 

error ellipse, the resulting error surface on the focal sphere may be 

divided into two or more regions. For example, an earthquake located 

at A (Figure 72) with a vertical and horizontal error of + 2 km will 

have its error ellipse divided into three regions (Figure 73a and b) 

when plotted on the focal sphere. The shaded regions (1 and 3) 

indicate volumes in the error ellipses where the rays are direct. 

Regions 1 and 2 are separated by a boundary of type IV and 2 and 3 by 

a boundary of type II (1 and 3 would be separated by a boundary of 

type I if the ellipse overlapped the end of the dashed line). 

If the earthquake occurs at B (Figure 72), its error ellipse will 

plot as four regions on the focal sphere (Figure 73c and d). Regions 

4 and 5 are separated by a boundary of type IV, 5 and 6 by III, 6 and 

7 by V and 4 and 7 by II. Only the rays of region 4 are direct, as 

indicated by the shading • 
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Figure 73: (a) Synthetic earthquakes A (Figure 72) with 
surrounding 2 km error sphere. Roman numerals indicate the type of 
inclination discontinuity boundary (see text for discussion). Error 
volume divided into three regions; shaded regions are associated with 
direct rays. (b) Regions of error volume mapped onto focal sphere. 
(c) Same as (a). but for synthetic earthquake . at B (Figure 72). (d) 
same as for (b). but for synthetic earthquake at B • 
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Inclination changes discontinuously as a result of crossing the 

• various boundaries discussed above, whereas azimuth changes smoothly 

as a function of range (R) and horizontal error AH: ~zm = 
. -1 
Tan ((J,.H/R). 

, 
Trehu and Solomon (1983) showed that significant 

• azimuthal errors can arise from laterally heterogeneous velocity-depth 

structures. Variations in inclination are more significant for a 

• normal or reverse fault plane solution. For a pure strike-slip fault, 

variations in inclination do not affect the solution. 

These examples highlight the uncertainty of inclination when the 

• earthquakes are located near two or more boundaries. If the locations 

are moved along any of these boundaries, the error ellipse is still 

divided into two regions on the focal sphere. This problem is 

• particularly accute if the location program concentrates the 

hypocenters along layer boundaries; this is a known problem associated 

with HYP071 (Tarantola and Valette, 1982). Ward and Gregersen (1973) 

• noted that by moving their hypocenter across a layer boundary (type 

II). their focal mechanism was improved and became compatable with a 

double couple source. 

• Figure 74 is a plot showing the depth and distance for all OBS-

earthquake pairs for earthquakes from the Galapagos data set located 

by the _combined GRIDSEARCH and HYP071 location programs (HYPO 71 uses 

• GRIDSEARCH optimum locations as star.ting positions). Earthquakes 

concentrate between 8-10 km, but not along the layer boundaries. The 

tendency for hypocenters to be spaced one km apart in depth is caused 

• by HYP071 not adjusting the depths determined by GRIDSEARCH • 

• 
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Figure 74: Depth and distance for all earthquake-OBS pairs. Boundaries and symbols 
are the same as in Figure 72. Ray paths have been onunited for simplicity. 
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Figure 75 shows the ray paths for the gradient model used • 

• Inclinations vary smoothly and continuously throughout the region. If 

the velocity gradient is constant, or decreases with depth, then there 

will be no cusps and no first-order discontinuities in the 

• I 

inclinations. If the velocity gradient increases wi~h depth, or if 

there is a discontinuous change in velocity across some boundary, or 

if low velocity zones are present, then mapping a hypocenter error 

• ellipse onto a focal sphere can produce a fragmented error surface. 

Horizontal and vertical hypocentral errors are translated into 

• first-motion error bounds on the focal sphere. Azimuths and 

in~linations are determined at the hypocenter and at the six extremes 

of the error ellipse (see Figure 76). The horizontal error (AH) is 

• added in the four compass directions (N, S, E and W). and the vertical 

error (AV) is added to and subtracted from the depth. Hypocenters are 

plotted as circles to show the first motion (Up, compression: closed 

• circles; Down, dilation: open circles). The dashed lines outline the 

horizontal error surface (connecting points N, E, S and W). "Up" 

zones are darkly shaded, "down" zones are clear, and zones of overlap 

• are lightly shaded. The thin solid lines connect the hypocenters with 

the top (T) and bottom (B) of the error ellipse. 

The most significant concept of this study of focal error 

• surfaces, is that the relationship between location errors and 

inclination and azimuth errors is non-linear. Azimuth errors are a 

function of range and horizontal location error. Inclination errors 

• are a function of range, horizontal and vertical location error, and 

crossings of the boundaries discussed above. The five generalized 

• 
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Figure 75: Ray paths for a suite of theoretical earthquake-receiver pairs within a 
one-layer gradient velocity-depth model. Velocity-depth model shown on the far left. 
Minimum travel time ray paths (light lines) are drawn from the synthetic earthquakes 
(stars) to the receiver (upper left-hand corner). 
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Figure 76: (a) Synthetic earthquake at A with horizontal error 
(~H) and vertical error (AV). The six extremities of the error 
ellipsoid are indicated by the four compass directions (N, W, S and 
E). and by the top and bottom (T and B). 

(b) Azimuths and inclinations for rays originating at the 
hypocenter and at the six extremities, are plotted on the focal sphere 
projection. Horizontal extermities are connected by a dashed line • 
Vertical extremities are connected by a thin line passing through the 
hypocenter • 
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types of boundaries are second-order discontinuities in travel time, 

but first-order discontinuities in inclination. 

Composite Focal Mechanisms 

Five composite focal mechanisms are presented. They indicate 

that the propagating rift system is under tension whereas the dying 

rift system near the transfer zone is under compression. Normal 

faulting is typically observed at other rift systems (Sykes, 1967) and 

is a consequence of the tensional regime of rift systems and axial 

graben formation. Compression at rift systems has not been documented 

on other spreading centers. This compression is consistent with, but 

not required by, the predicted termination of spreading at the dying 

rift. The area west of the transfer zone is also under compression. 

A poorly constrained focal mechanism determined for the transfer 

zone, , indicates right-lateral strike-slip faulting along a fault whose 

strike is intermediate between the E-W lineaments in front of ·the 

propagator and the NNW-SSE lineaments of the transferred lithosphere 

(lineaments observed by Gloria long-range sidescan survey: Searle and 

Hey, 1983). 

Composite tocal mechanisms are necessary because the limited 

number of first motions obtainable from the eight OBSs makes it 

difficult to constrain the focal mechanisms. Earthquake locations, 

azimuths and inclinations were estimated by the HYPOINVERSE location 

program. A gradient velocity-depth model is used to eliminate fixed 

inclinations and segmented error surfaces that are a product of 
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layered models. These problems are discussed in the section on 

estimating inclination and azimuth . errors. The focal mechanisms 

obtained using the azimuths and inclinations estimated by HYPRG . are 

virtually the same, and do not change the conclusions drawn in this 

section. 

Mendiguren's method (1980) is used to associate earthquakes that 

exhibit consistent first motions for individual stations within a 

specific area. The stress regime is assumed to be uniform throughout 

the area- even if the fault planes are somewhat different. 

Earthquakes used in the composite focal mechanisms also meet the 

following specifications: (1) first motions determined on three or 

more OBSs, (2) RMS less than 0.25 seconds and (3) horizontal and 

vertical errors less than 5 km • 

Figure 77 shows the composite focal mechanisms. Table 9 lists 

the focal solution and event parameters for the five composite focal 

·mechanisms. Appendix 1 contains summary plots showing the first 

motions of all events with three or more first motions. Figures 78 to 

82 show the first motions and associted error surfaces • 
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TABLE 9: EVENTS USED IN COMPOSITE FOCAL MECHANISMS 

• 
PROPAGATING RIFT (EAST) 

Principal Fault Plane Strike: 109 Dip: 53 

• Auxiliary Fault Plane Strike :315 Dip: 40 
Compression Axis Azm:327 Plunge:75 
Tension Axis Azm: 211 Plunge: 7 
B Axis Azm:119 Plunge: 13 

EVENT DEPTH LAT LONG RMS H ERR V ERR FM MAG 

• 14 10.1 2°38.5 ~ 95 19.9 0.13 2.1 2.3 4 -0.2 
158 14.1 2°38.7 95°22.8 0.03 2.6 4.2 3 -0.5 
304 15.4 2°38.4 95°20.1 0.06 2.8 4.7 3 -0.1 

• PROPAGATING RIFT (CENTER) 

Principal Fault Plane Strike: 84 Dip: 45 
Auxiliary Fault Plane Strike: 264 Dip:45 
Compression Axis Azm: 264 Plunge:90 
Tension Axis Azm:356 Plunge: 0 

• B Axis Azm: 264 Plunge: 0 

EVENT DEPTH LAT LONG RMS H ERR V ERR FM MAG 

68 7.4 2°38.9 95°23.5 0.07 1.9 1.1 3 -0.8 
108 6.8 2°38.7 95°23.3 0.06 3.1 1.9 3 -0.3 

• 120 5.7 2°40.6 95°18.7 0.04 3.5 3.5 3 o.o 
283 9.6 2°39.0 95°24.8 0.02 3.8 2.0 3 -0.7 

DYING RIFT 

• Principal Fault Plane Strike: 270 Dip:45 
Auxiliary Fault Plane Strike: 90 Dip: 45 
Compression Axis Azm: 180 Plunge: 0 
Tension Axis Azm: 90 Plunge:90 
B Axis Azm: 90 Plunge: 0 

• EVENT DEPTH LAT LONG RMS H ERR V ERR FM MAG 

105 6.6 2°26.8 95°31.9 0.05 5.0 4.4 5 -0.4 
145 5.2 2°23.3 95°29.1 0.04 2.7 2.9 4 0.0 
254 8.2 2°20.5 95°38.5 0.11 3.9 4.1 5 0.4 
288 10.0 2°24.7 95°35.8 0.03 2.2 4.0 4 0.4 

• 295 10.2 2°21 .1 95°35.8 o.oo 2.1 3.3 4 2.4 

• 
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TRANSFER ZONE 

• 
Principal Fault Plane Strike: 26 Dip: 78 
Auxiliary Fault Plane Strike: 102 Dip:41 
Compression Axis Azm: 78 Plunge :43 
Tension Axis Azm:322 Plunge: 23 

• B Axis Azm: 216 Plunge:39 

EVENT DEPTH LAT LONG RMS H ERR V ERR FM MAG 

93 7.7 2°34.2 95°28.5 0.05 3.8 3.0 4 1.1 
96 7.8 2°34.1 95°28.4 0.06 1.8 2.3 3 0.6 
97 7.7 2°34.1 95°28.1 0.04 2.9 2.6 4 0.4 

• 
WEST OF TRANSFER ZONE 

Principal Fault Plane Strike: 179 Dip: 50 

• Auxiliary Fault Plane Strike: 45 Dip: 51 
Compression Axis Azm: 292 Plunge: 0 
Tension Axis Azm: 21 Plunge:64 
B Axis Azm: 202 Plunge:25 

EVENT DEPTH LAT LONG RMS H ERR V ERR FM MAG 

• 178 8.9 2°30.7 95°37.7 0.11 2.6 2.6 4 0.6 
182 8.4 2°33.2 95°37.3 0.05 4.4 2.9 7 1.39 

• 

• 

• 

• 

• 
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Figure 77: Composite focal mechanisms plotted on simplified 
bathymetry map (shadded regions are for depths greater than 3 km). 
Table 9 lists the focal solutions and event parameters. See text for 
discussion. 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

. 7 
~,-:y 

-c?d9 __ :;.> 

() .. 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

184 

PROPAGATING RIFT IEASTl 

N 

I 
p 

I 
I 

I 

w + E 

s 

Figure 78: First motion and associated error surface of 
composite focal mechanism for the eastern portion of the propagating 
rift. Compressional (up) first motions are plotted as closed circles • 
Dilatational (down) first motions are plotted as open circles. Plus 
marks indicate the aziDDlth and inclination of rays traveling from the 
six extremities of the hypocentral error ellipsoid (see text and 
Figure 76 for discussion). Heavy dashed lines connect horizontal 
error extremities, light lines connect vertical extremities of the 
error ellipsoid. Heavy shaded areas indicate regions that lie 
exclusively within compressional error surfaces, lightly shaded areas 
indicate regions that lie within both compressional and dilational 
error surfaces, clear areas within heavy dashed lines indicate regions 
that lie exclusively within the dilational error surface. Focal 
planes are indicated by light lines. Tension axis (T). compressional 
axis (P), and both focal plane poles lie along light dashed line • 
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Figure 79: First motion and associated error surface of 
composite focal mechanism for the centr.al portion of the propagating 
rift. Compressional (up) first motions are plotted as closed circles • 
Dilatational (down) first motions are plotted as open circles. Plus 
marks indicate the aziillllth and inclination of rays traveling from the 
six extremities of the hypocentral error ellipsoid (see text and 
Figure 76 for discussion). Heavy dashed lines connect horizontal 
error extremities, light lines connect vertical extremities of the 
error ellipsoid. Heavy shaded areas indicate regions that lie 
exclusively within compressional error surfaces, lightly shaded areas 
indicate regions that lie within both compressional and dilational 
error surfaces, clear areas within heavy dashed lines indicate regions 
that lie exclusively within the dilational error surface. Focal 
planes are indicated by light lines. Tension axis (T). compressional 
axis (P), and both focal plane poles lie along light dashed line • 
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Figure 80: First motion and associated error surface of 
composite focal mechanism for the dying rift. Compressional (up) 
first motions are plotted as closed circles. Dilatational (down) 
first motions are plotted as open circles. Plus marks indicate the 
azimuth and inclination of rays traveling from the six extremities of 
the hypocentral error ellipsoid (see text and Figure 76 for 
discussion). Heavy dashed lines connect horizontal error extremities, 
light lines connect vertical extremities of the error ellipsoid. 
Heavy shaded areas indicate regions that lie ·exclusively within 
compressional error surfaces, lightly shaded areas indicate regions 
that lie within both compressional and dilational error surfaces, 
clear areas within heavy dashed lines indicate regions that lie 
exclusively within the dilational error surface~ Focal planes are 
indicated by light lines. Tension axis (T). compressional axis (P), 

and both focal plane poles lie along light dashed line • 
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Figure 81: First motion and associated error surface of 
composite focal mechanism for the area west of the transfer zone. 
Compressional (up) first motions are plotted as closed circles • 
Dilatational (down) first motions are plotted as open circles. Plus 
marks indicate the azimuth and inclination of rays traveling from the 
six extremities of the hypocentral error ellipsoid (see text and 
Figure 76 for discussion). Heavy dashed lines connect horizontal 
error extremities. light lines connect vertical extremities of the 
error ellipsoid. Heavy shaded areas indicate regions that lie 
exclusively within compressional error surfaces, lightly shaded areas 
indicate regions that lie within both compressional and dilational 
error surfaces, clear areas within heavy dashed lines indicate regions 
that lie exclusively within the dilational error surface. Focal 
planes are indicated by light lines. Tension axis (T). compressional 
axis (P), and both focal plane poles lie along light dashed line • 
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Figure 82: First motion and associated error surface of 
composite focal mechanism for the transfer zone. Compressional (up) 
first motions are plotted as closed circles. Dilatational (down) 
first motions are plotted as open circles. Plus marks indicate the 
azimuth and inclination of rays traveling from the six extremities of 
the hypocentral error ellipsoid (see text and Figure 76 for 
discussion). Heavy dashed lines connect horizontal error extremities, 
light lines connect vertical extremities of the error ellipsoid. 
Heavy shaded areas indicate regions that lie exclusively within 
compressional error surfaces, lightly shaded areas indicate regions 
that lie within both compressional and dilational error surfaces, 
clear areas within heavy dashed lines indicate regions that lie 
exclusively within the dilational error surface. Focal planes are 
indicated by light lines. Tension axis (T). compressional axis (P), 
and both focal plane poles lie- along light dashed line • 
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A. Propagating rift (East) : Figure 78 · 

The three events used in this composite focal mechanism are 10-15 

km deep and north of the propagating rift. The focal mechanism 

exhibits a tensional regime with normal faulting. The principal fault 

plane has a strike of 109°, subparallel to the orientation of the 

propagating rift (093°) Searle and Hey (1983), and a dip · of 52°. A 

normal fault with this orientation is consistent with the formation of 

the axial graben. The tension axis is nearly horizontal with an 

azimuth of 211°. 0 The tension axis is 30 away from the spreading 

direction of 003°, suggesting a complex stress regime near the tip of 

the propagating rift. Although the azimuths and inclinations are 

limited, neither a reverse nor a strike-slip fault is compatible with 

the data points • 

B. Propagating rift (Center): Figure 79 

• The four events are 5-10 km deep and north of the propagating 

• 

• 

• 

• 

rift. This focal mechanism also exhibits a tensional regime with 

normal faulting. The principal fault plane is oriented 84° with a dip 

of 45°, consistent with normal faulting and axial graben formation • 

The tension axis is nearly horizontal with an azimuth of 356° that is 

within 10° of the spreading direction. Although the composite focal 

mechanism is poorly constrained, it i s not possible to fit the 

observed first motions with either a strike-slip or reverse fault • 
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C. Dying rift: Figure 80 

The five events are 5-10 km deep near the intersection of the 

dying rift and the transfer zone. The focal mechanism exhibits a 

compressional regime with reverse faults. The strike of the .fault 

planes are poorly constrained and may be parallel to the dying rift 

(85°), the propagating rift (93°), or the failed rift (114°). The 

first motions are also consistent with a strike-slip fault with fault 

planes at 45 and 135°. Although neither fault plane is oriented 

parallel to the transfer zone, the fault plane of 135° is parallel to 

the theoretical orientation of isochrons associated with the 

transferred lithosphere. 

It is appropriate that the first suggestion of compression on a 

rift system occurs on the dying rift of a propagating rift system. If 

rifts are passive features that maintain a zone of weakness in 

response to a eensional stress regime, and if a release of pressure at 

the rift leads to the partial melting of mantle material, and 

subsequent upwelling of magma, then altering the stress regime from 

tensional to compressional or strike-slip may lead to the cessation of 

spreading and magma genesis • 

D. West of transfer zone: Figure 81 

The area west of the zone of shear deformation is also in 

compression. The axis of compression is still horizontal but now at 

an azimuth of 295°. This may be the result of a compressional regime 

out in front of the propagating rift which causes the dying rift 
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segment to ·cease spreading. If the principal fault plane has a strike 

of 179°, it would be a reverse fault with the eastern side being 

dropped down and to the west, consistent with the development of the 

De Steiguer Deep. A cluster of earthquakes occur in this region • 

E. Transfer zone: Figure 82 

It is difficult to determine a coherent first motion picture for 

the transfer zone, even though the majority of earthquakes occurred 

here, many with observable first motions. This in itself suggests 

that the area is highly fractured and deformed. This composite focal 

mechanism is based on three earthquakes that occured in close temporal 

(within one and a half hours) and spatial association. 

The transfer zone differs substantially from a normal transform 

fault. In a normal transform, the two plates move past each other in 

a strike-slip manner. In a transfer zone, the motion may be strike

slip along discrete transforms as above. Alternatively, Searle and 

Hey (1983) indicate that deformation of the transferred lithosphere 

can be accomplished by rotation of the lithosphere with strike-slip 

motion acting along fault planes that are isochrons. The propagating 

rift may act like a wedge that pushes aside the material formed by the 

dying rift. They suggest left-lateral strike-slip motion along faults 

parallel to the isochrons. It should be noted that the same rotation 

can be accomplished by right-lateral strike-slip motion along the same 

fault; 

A poorly constrained focal mechanism determined for the transfer 

zone, indicates rig.ht-lateral strike-slip faulting along a fault with 
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a strike intermediate to the E-W lineaments in front of the propagator 

and the NNW-SSE lineaments of the transferred lithosphere (lineaments 

observed by Gloria long-range sidescan survey: Searle and Hey, 1983). 

Although the focal mechanism is poorly constrained, it is ·not 

consistent with right-lateral strike-slip faulting parallel to a 

discrete transform fault. In addition, the left-lateral strike-slip 

motion suggested by Searle and Hey (1983), is not consistent with 

observed first motions, whereas the right-lateral motion would be. 

As Searle and Hey (1983) point out, there is a discrepancy 

between the predicted (135°) orientation of the isochrons and the 

observed maximum orientation of the lineaments (160°) within the 

transferred lithosphere. This suggests some deformation of the 

transferred lithosphere is taking place other than, or in addition to, 

simple rotation. They suggest that reverse faulting along isochrons 

in a compressional regime may account for this discrepancy. This 

conjecture is also consistent with this focal mechanism. The 

principal fault plane may be parallel to the isochrons, taking 

advantage of pre-existing faults that formed parallel to the spreading 

axis. Deformation is not complete in the transfer zone and the fault 

plane may be expected to rotate further before it is out of the 

transfer zone. Compression caused either by overlapping spreading on 

the propagating and dying rifts or rotation of the dying rift may 

account for the extra deformation • 
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CONCLUSIONS 

Seismic evidence collected near the Galapagos 95.5°w propagating · 

rift supports the propagating rift hypothesis, and provides valuable 

insights into the dynamics of rift propagation. It must be kept in 

mind that this data set comprises only a snapshot view of seismic 

activity. We must be cautious, just as HVO scientists would be 

cautious in using any twenty-four day period of seismic ·activity from 

Kilauea to infer normal activity of the volcano. Earthquake activity 

was fairly constant (10-17 earthquakes per day), with no indication of 

swarm activity. The largest magnitude earthquake is estimated to be 

. 20 
~= 2.3, with an associated seismic moment of 2.9 x 10 dyne cm. The 

cumulative seismic moment released by all located earthquakes is 

estimated to be 6.6 x 10 20 dyne cm. A b-value of 0.77 + 0.08 was 

estimated for the region. This implies ·a stress regime dominated by 

broad tectonic forces, not by intrusive or extrusive volcanic 

activity. This is consistent with the observeq concentration of 

seismic activity within the transfer zone, rather than along the rift 

zones. An average Vp/Vs value of 1.74 and a Poisson's ratio of 0.25 

was determined using both the AS/~P method described by Francis 

(1976), and an iterative method. 

The distribution of earthquakes is consistent with the 

propagating rift hypothesis. The majority of the earthquakes were 

located south of the propagating rift, within the transfer zone. A 

large bathymetric deep, De Steiguer Deep (Vogt and De Boer, 1976), 
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coincides with the trarisf er zorie. De Steiguer deep may be a steady

state feature of the .propagating rift that moves laterally at the 

propagating rate. It may be an effect of the propagating rift taking 

a finite time to reach its full spreading rate. Seismic activity 

within the transfer zone is concentrated in several areas, suggesting 

that the transfer zone may consist of two or three discrete transform 

faults that are active at the same time. This configuration may be 

similar to the multiple, closely-spaced transforms observed by Searle 

(1983) on the East Pacific Rise. Such a configuration may be a 

combination of the discrete and transitional models discussed in the 

introduction. Is it possible that De Steiguer Deep is an ephemeral 

rift bounded by transform faults? 

It is difficult to obtain a consistent focal mechanism within the 

transfer zone, possibly indicating extensive deformation of the 

transferred portion of the lithosphere. Three temporally and 

spatially associate~ earthquakes from the tr•nsfer zone produce a 

poorly constrained focal mechanism that is consistent with strike-slip 

faulting with a significant normal faulting component along a fault 

that is roughly parallel to the isochrons of the transferred 

lithosphere. The strike-slip motion is not compatable with the motion 

expected if this was a normal transform fault between two active ridge 

segments. The focal mechanism is consistent with rotation of the 

tra~sferred lithosphere by strike-slip faulting along a fault plane 

that is parallel to the isochrons. 

Seismic activity observed along the propagating rift is not 

continuous. Earthquakes occur at the propagating rift tip, but not 
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out in front of it (to the west). Earthquakes at the propagating tip 

may be associated with rotation and/or deformation within the transfer 

zone, rather than with spreading along the rift axis. A separate 

concentration of earthquakes behind the propagating rift tip (to the 

east), coincides with a kink observed in the propagating rift axis 

(Searle and Hey, 1983). First motions from earthquakes located at the 

kink of the propagating rift axis, are consistent with normal faulting 

and the expected tensional regime perpendicular to the rift. Searle 

and Hey (1983) suggest that the rift tip takes on the full tectonic 

structural characteristics of a medium-spreading rift axis (Klitgord 

and Mudie, 1974, Allmendinger and Riis, 1979) 12 to 15 km east of the 

rift tip. This distance coincides with the cluster of earthquakes 

east of the rift tip. Christie and Sinton (in prep) show that the 

greatest range of basalt compostions occurs approximately 15 km behind 

the rift tip. 

Cracking the lithosphere at the tip of the propagating rift may 

trigger melting in the mantle at 20 km (the apparent starting depth of 

melting for magmas erupted at the rift tip (Christie and Sinton, 1983, 

in prep). The propagating rift may not fully develop its plumbing 

system until 10-30 km behind the tip, at which time the axis takes on 

the structural and seismic character of normal spreading centers. The 

dynamics of rift propagation near the rift tip clearly merits more 

investigation~ 

A concentration of seismicity along the dying rift coincides with 

a bathymetric high: "Magic Mountain" (named by Hey, in prep). First 

motions associated witq the dying rift area, are consistent with 
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reverse faulting and an unexpected compressional regime perpendicular 

to the rift. This is a surprise, since tension is thought to be a 

necessary requirement of spreading. If rifts are passive features 

that maintain a zone of weakness in response to a tensional stress 

regime,. and if a release of pressure at the rift leads to the partial 

melting of mantle material, and subsequent upwelling of magma, then 

altering the stress regime from tensional to compressional may lead to 

the cessation of spreading and magma genesis at the dying rift. 

The failed rift and transferred lithosphere are unfortunately 

outside of the OBS array's range for accurately determining earthquake 

locations. Although one of the largest earthquakes was estimated in 

this area . a more proximal array is needed to accurately locate all 

earthquakes that occur in this area. The lithosphere that passes 

through the transfer zone may be some of the world's most sheared and 

deformed oceanic lithosphere (Sinton, personal communication). 

Francis (1981) showed that serpentinization of the top 2 km of mantle 

material underlying the crust can cause the seaf loor to rise by 900 m 

(950 m if isostatically compensated). De Steiguer Ridge may be a 

steady-state feature of the 95.5°w propagating rift formed by 

uplifting the transferred lithosphere 600-800 m. De Steiguer Ridge 

may be formed by vigorous hydrothermal circulation and consequent 

serpentinization of lithosphere that is sheared, deformed and/or 

rotated as it passes through the transfer zone. It is interesting to 

note that the uplift of the De Steiguer Ridge and the transition of 

the propagating rift axis to its normal seismic and structural mode, 

occurs over the same distance. Serpentinization of the upper mantle 
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would also reduc~ the seismic velocity. This would be consistent with 

the anomalously thick, iteratively derived, velocity-depth model • 
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EXTENSIONS OF AND IMPLICATIONS FOR THE PROPAGATING RIFT Iµ"POTHESIS 

To understand the dynamics of rift propagation, geologically 

reasonable models must be developed that incorporate earlier models 

and account for all data and observations. We have looked at some of 

the puzzle pieces and some of the previous models and ideas that have 

been considered. It is now time to see what models we can propose to 

accomodate the existing data • 

Two speculative models to explain the process of rift propagation 

are presented. The first model, "flexure model" assumes that 

"lithosphere passing through the transfer zone behaves plastically, 

i.e. rigid plate tectonics breaks down. Bending the transferred 

lithosphere results in tension in the portion of the transfer zone 

near the propagator, enhancing spreading at the propagating rift, and 

compression in the portion of the transfer zone near the dying rift, 

impeding spreading at the dying rift. The second model, "disturbance 

model", is an extension of the propagating rift hypothesis. The model 

is consistent with rigid plate tectonics and provides steady-state 

explanations for some observations that have not been previously 

explained. A new term, " the disturbance point", is added to the 

propagating rift hypothesis. The disturbance point is a feature that 

migrates along the dying rift, much as the propagating rift tip 

migrates along the propagating rift. All features associated with 

rift propagation lie within the wake of the disturbance point • 
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FLEXURE MODEL 

Lithosphere that passes through the transfer zone is surrounded 

by lithosphere its own age. It has some structural weakness parallel 

to its spreading center, as evidenced by the tectonic fabric. The 

transferred lithosphere may be sheared, fractured or stretched. Two 

models have been proposed for this process. First, transfer the plate 

by N-S slices, either by discrete jumps or by a migrating 

instantaneous transform. No volume change is required, area is 

conserved, but the plate must break along a 27 km transform fault 

again and again. The transform fault must break lithosphere that is 

continuous and has a structural fabric perpendicular to the transform 

fault. Second, allow E-W strips to slide by one another along pre

existing zones of weakness in the rock, parallel to the isochrons 

(Searle and Hey, 1983). Both sinstral and dextral strike-slip motion 

can be simulated by drawing .a vertical line on the side of this 

manuscript, and then sliding it over the edge of a table. If you keep 

the portion of manuscript on the table rigid and let the pages slide 

by one another as they slide off the table, the vertical line will 

remain nearly vertical and the pages will slide past one another with 

sinstral or dextral motion depending on which side you are looking at. 

Place the manuscript on your right to simulate the bending of the 

transferred lithosphere predicted for the 95.s0 w propagator (sinstral 

strike-slip). If you keep the portion of manuscript that slides off 

the table rigid. the portion of manuscript still on the table is drawn 
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from behind, resulting in dextral strike-slip motion (manuscript again 

to your right) • 

A third possibility suggests itself. The transferred lithosphere 

may respond as a plastic object would to being bent; the s~ress regime 

will have tension on the portion near the propagating rift (north) and 

compression on the portion near the dying rift (south). Since rocks 

fail more easily under tension than under compression, the majority of 

the deformation of the transferred plate may occur to the north. This 

may partially account for De Steiguer Deep in the northern p~rtion of 

the transferred lithosphere and the uplifting of the De Steiguer Ridge 

in the southern portion. Compression that occurs to the south is 

consistent with the focal mechanisms for the dying rift and in the 

area west of the transfer zone. If spreading at the propagating and 

dying rifts is driven by tension, then additional tension near the 

propagator may enhance spreading and additional compression near the 

dying rift may inhibit spreading • 

DISTURBANCE MODEL 

When this study was begun. it was thought that the propagator tip 

was at the focus of rift propagation. Magnetic and petrologic 

indicators_ point toward the propagator tip as the focus of activity 

and interest. However, numerous features associated with rift 

propagation are not immediately associated with the propagating rift 

tip. OBSs were deployed at and in front of the tip, where the most 

diagnostic, if not most numerous, eathquakes were anticipated. The 
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biggest surprise of the experiment was the lack of activity at, and in 

front of, the propagating rift tip. Instead, seismicity occurs along 

a broad swath that strikes NNE-SSW from the propagating rift to the 

dying rift. This swath is bounded to the northwest by the northern 

pseudofault and its geometric extension southwest of the propagating 

rift tip. De Steiguer Deep lies to the south of the propagating rift 

tip, and may be a steady state manifestation of the propagating rift 

taking some time to achieve the full spreading rate. Another striking 

bathymetric feature, the De Steiguer Ridge, also appears to be a 

steady state feature of propagation. Lithosphere that has already 

passed through the transfer zone is uplifted 600 to 800 meters 

relative to lithosphere that is immediately west of the transfer zone. 

These examples show that the propagation process affects materials 

outside of the wedge of lithosphere formed by the propagating rift. 

There is a geometrically constrained point, that the author has 

labelled the "disturbance point", in whose wake all features of the 

propagating rift fall. Figure 83 shows the geographic orientation of 

the propagating rift (comparable to Figure 5). To simplify the 

explanation. the geometry and relative velocities of the 95.5°w 

propagating rift calculated by Searle and Hey (1983) are used in this 

and all following speculations. The heavy line indicates the active 

plate boundary between the Cocos plate and the Nazca plate. This 

boundary consists of the propagating rift, the transfer zone, and the 

dying rift. The disturbance point is at the intersection of the dying 

rift with an extension of the northern pseudofault. The disturbance 

point divides lithosphere that will or will not be transferred from 
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one plate to another. Crust formed as part of the Cocos plate by the 

dying rift, will remain part of the Cocos plate if it is formed to the 

west of the disturbance point. Crust that forms to the east will 

start as part of the Cocos plate, but will then pass through the 

transfer zone and become part of the Nazca plate. Crust that forms on 

the north side at the disturbance point, will eventually be found at 

the propagating rift tip and along both pseudofaults. The disturbance 

wakes are the· trace of where the disturbance point has been, just as 

the pseudofaults are traces of where the propagating rift tip has 

been. The angles between the dying rift and the two disturbance wakes 

are not quite equal (20° to the north and 22° to the south). This is 

because spreading is not orthogonal to the dying rift. Both wakes 

extend back to where the dying and propagating rifts were coincident 

(right-hand edge of Figure 83). The northern disturbance wake and 

northern pseudofault coincide. Just as the pseudofaults mark the 

trace of where the propagating rift tip has been, the northern 

disturbance wake marks the trace of where the propagating rift tip 

will be (assuming the spreading and propagating rates remain constant, 

and the geometry does not change) • 

Figure 84 shows the velocity space representation of the 

propagating rift. The solid lines are those shown and discussed in 

the inset of Figure 4 (from Searle and Hey, 1983). "A" is the 

position of a non-propagating symmetrically spreading rift segment in 

velocity space. "C" and "N" represent the spreading rates ( 26 mm/ yr) 

of the Cocos and Nazca plates respectively. "P" is the propagating 

rate (49 mm/yr). or the rate at which the propagating rift tip moves 
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away from A. "M" is the mantle hot spot reference frame. The points 

shown in velocity space are joined by vectors which give the direction 

and velocity geographic points fixed to their respective features move 

relative to one another; i.e. the vector connecting A to C or N gives 

the spreading direction and rate for the Cocos and Nazca plates moving 

relative to a fixed rift segment. As Searle and Hey (1983) point out, 

the tie lines PC and PN provide the orientation of the two 

pseudofaults. Using the notation of velocity space in the same manner 

as McKenzie and Morgan (1969), the control lines "pr" and "dr" mark 

the velocities that geographic points on the rifts can have, and still 

remain on the propagating and dying rifts respectively. Spreading 

along both rifts is symmetrical. Therefore both pr and dr pass 

through A. Both lines are parallel to their respective rifts. The 

propagating rift is orthogonal to the direction of spreading, whereas 

the dying rift is not orthogonal. P is on the propagating rift ., and 

therefore is constrained to lie along pr. The transfer zone is 

constrained to move laterally at the propagating rate. "T". the base 

of the transfer zone, marks the point constrained to both move along 

the dying rift and to keep up with .the lateral propagating rate (drop 

a line from P to dr that is parallel to the spreading direction). The 

line PT indicates the rate at which the transfer zone grows. The line 

TN prov ides the orient a ti on of the failed rift. Th.e disturbance 

point. ''D", lies at the intersection of dr and an extension of the 

line PC. D moves along the dying rift at a constant 67 mm/yr (given 

the configuration of the 95.5° W Galapagos propagating rift). D is 

geometrically proscribed in velocity space by the orientation of the 
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propagating and dying rifts and by the propagating and spreading 

rates. Conversely, if D is a fixed point, then it can proscribe one 

or more of the other constraints, e.g. if D is fixed, then P may be 

geometrically proscribed to its position. 

Note that figures 83 and 84 are geometrically identical. This 

situation is analagous to printing a figure (the velocity model) on a 

baloon, when the baloon is inflated (time passes). the baloon expands 

and the figure is enlarged (geographical model). but all features 

maintain the relative configuration and spacing. Figures 83 and 84 

are identical to Figures 5 and 4 (inset). with the exception of 

geometrically identifying a point and its wake. Is there some 

evidence that leads to the hypothesis that the disturbance point is 

more than a geometric observation? 

Searle and Hey (1983) investigated the study area with Gloria, 

and found that the predominant strike of structural lineaments formed 

by the dying rift appears to have rotated over the past 1.5 Ma. The 

predominant strike is 265° in 1.5 Ma crust, 270° in 1.0 Ma crust and 

273° near the present dying rift axis (O . Ma crust). The present 

strike of the propagating rift averages 273°. They suggest that 

spreading in the area prior to 1.5 Ma was 355°, normal to the 265° 

lineaments observed on crust of that age. The spreading direction 

th b h h d 11 0 0 3 0 ' h en egan to c ange, . per aps gra ua y, to t e present 

spreading direction. They suggest that it has just reached this 

orientation. 0 The dying rift retained its regional 265 trend but was 

segmented into en echelon rifts whose orientation remained normal to 
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the changing direction of spreading. The propagating rift started 

0 from the east and propagated at 273 , orthogonal to the present 

spreading direction of 003°. However, propagation began more than 1.5 

Ma, when Searle and Hey suggest that the spreading direction was much 

different • 

It seems fortuitous to call on a rotation of the spreading 

direction over the past 1.5 My, so that it has just now become 

orthogonal to the propagating rift. It seems more reasonable to 

assume that the rotation switched from 355° to 003°rapidly, and that 

the propagating rift has always been propagating in a direction normal 

to the spreading direction, rather than having just become normal to 

it. Rift segments seem to prefer orthogonal spreading which appears 

to be the energetically more stable configuration. A working 

hypothesis of propagating rifts is that rift propagation moves plate 

boundaries to be perpendicular to the current direction of spreading 

(Searle and Hey, 1983) • 

In addition. Gloria and Sea Beam data also show that the northern 

pseudofault and propagating rift are smooth and continuous. The dying 

and failed rift are highly fractured and broken into 7 to 20 km en 

echelon ridges with associated lineations with strikes that vary up to 

30° from the axis of the dying rift. Lineaments within the 

0 transferred lithosphere appear to be rotated as much as 25 more than 

the angle predicted for the isochrons in Figure 83 (Searle and Hey, 

1983) • 
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The proposed disturbance mode suggests that the dying rift is 

broken into en echelon sections as the disturbance point passes and 

the transfer zone approaches. The en echelon dying rift sections are 

gradually rotated from their regional trend of 265° to the orientation 

of the propagating rift, 273°. This steady-state model accounts for 

both the apparent rotation of lineaments west of the transfer zone and 

the over-rotation of lineaments within the transferred lithosphere. 

Figure 85 is similar to Figure 83, but focused on the active area of 

propagation. The heavy line is the active plate boundary. In this 

model, the dying rift is relatively continuous with a strike of 85°, 

west of the disturbance point. There was a change of spreading 

direction prior to 3.8 Ma, the approximate time when the propagating 

and dying rifts were separated by a zero length transfer zone (see 

Figure 83). Changes in length of en echelon rifts, spreading rate, 

propagating rate, time of spreading direction rotation, starting 

location of propagating rift, orientation of dying or propagating 

rifts, and continuous or discontinuous propagation, can all be 

accomodated without changing the conclusions of this model. 

When the spreading direction changed, the dying rift initially 

0 retained its original orientation of 85 , even though this leads to 

oblique spreading. The stress regime in front of the propagating rift 

tip, or some driving force concentrated on the disturbance point, 

causes the dying rift to break into en echelon sections 7 to 20 km 

long as observed. As the disturbance point moves along the dying 
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rift, the en echelon rift segments start rotating (2° per en echelon 

rift) until they are orthogonal to the spreading direction. Transform · 

faults lengthen with continued rotation and as the transfer zone 

migrates toward them. The thin dashed lines in Figure 85 identify the 

fracture zones associated with the transform faults. The fracture 

zones extend only to the disturbance wakes. The author draws your 

attention to the last en echelon rift segment ahead of the transfer 

zone. The orientation of the rift is now parallel to the propagating 

rift. Isochrons within the two bounding fracture zones have been 

progressively rotated. They were formed when the present rift was 

orientated parallel to the rift segments on the left. The rotations 

(2, 4, 6 and 8°) are nested, one within another. The first rotation 

lies along the disturbance wakes and the southern pseudofault. 

Additional nested sets of rotation lie within the first set. This 

rotation of the isochrons is consistent with the rotation of 

structural lineaments (thought to be parallel to isochrons) observed 

by Searle and Hey (1983). This model allows the propagating rift to 

have always been propagating normal to the present spreading 

direction. rather than having the spreading direction just reach the 

angle normal to the propagating rift. The disturbance model provides 

a steady state system for rotating the dying rift, while allowing the 

propagating rift to advance with the energetic advantage of orthogonal 

spreading. 

Isochrons and other structures that pass through the transfer 

zone are rotated through 50° as in Figure 83, but in this model the 
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isochrons have already rotated 2°to 8°from the undisturbed rift prior 

to entering the transfer zone. This is consistent with the over 

rotation of lineaments observed by Searle and Hey (1983). 

Fujita and Sleep (1978) point out that a minimum length of 10 to 

20 km may be necessary for a rift segment to be stable, and that long 

rifts will tend to pre-empt short segments. Breaking the dying rift 

into shorter sections, may make it easier for the long continuous 

propagating rift to replace the short en echelon portions of the dying 

rift. 

If the dying rift starts breaking into en echelon sections 

begining at the disturbance point, then the small associated fracture 

zones should extend up to the disturbance wake. The propagating rift 

may be taking advantage of these closely spaced fracture zones by 

advancing in small discrete jumps. The distribution of earthquakes 

within the transfer zone suggests a concentration of activity along 

two (or three) closely spaced transforms. The propagating rift may 

advance in small discrete steps approximately 5 km apart. Several 

transforms may be active at the same time. 

The propagating rift may be advancing to keep up with the 

disturbance wake. The linearity of the northern pseudofault may be 

due to the reinforcement of the disturbance wake with the overprint of 

the propagating rift • 

Figures 86 and 87 provide an explanation for the origin of the 

95.5°W propagating rift and the offset of the transfer zone. The 

95.5°W propagating rift appears to have started at, or at one time 
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Figure 86. Model for the evolution of the 9S.s0 w propagating 
rift. The lettered values indicate: D, Disturbance Point; T, Transfer 
zone and dying-failed rift intersection; P, Propagating rift tip; and 
A. Orthogonal symmetric point on spreading center (Same notation as 
Searle and Hey, 1983). These models are drawn using A as the fixed 
referrence frame. The numbers correspond to the time each point was 
formed, and facilitates seeing the movement of these points through 
time. The heavy lines are the active plate boundaries, the dashed 
lines are the disturbance wakes, and the dotted lines are the failed 
rifts • 
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Figure 86 (continued). Model for the evolution of the 95.5°w 
propagating rift. The lettered values indicate: D, Disturbance Point; 
T. Transfer zone and dying-failed rift intersection; P, Propagating 
rift tip; and A, Orthogonal symmetric point on spreading center (Same 
notation as Searle and Hey, 1983). These models are drawn using A as 
the fixed referrence frame. The numbers correspond to the time each 
point was formed, and facilitates seeing the movement of these points 
through time. The heavy lines are the active plate boundaries, the 
dashed lines are the disturbance wakes, and the dotted lines are the 
failed rifts • 
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been coincident with, the dying rift. Two nested pairs of propagators 

are moving roughly away from the Galapagos hot spot, two to the east 

and two to the west (Figure 6). The 95.5°w propagating rift is the 

only one T.ihose propagating rift is north of its dying rift. The ot.her 

westward propagating rift seems to be shortening its transfer z0ne, 

and would eventually have its propagating rift north of its dying 

rift. The HAM (High amplitude magnetic) boundaries have been 

explained in terms of Fe and Ti enriched basalts erupted by the 

propagating rifts. The only place the HAM boundaries are not 

coincident with known pseudof aults occurs to the east of where the 

failed rift and southern pseudofault are coincident. This is where 

the · propagating and dying rift apparently were touching, i.e. the 

transfer zone had no length. The HAM boundaries also appears to bend 

at this time. If the HAM boundaries were coincident with 

pseudofaults. either the propagating rate was faster, or the spreading 

rate was slower before the rifts were touching • 

The following is a hypothetical step by step model for the 

0 . 
evolution of the 95.S W propagating rift. These models are drawn 

using A as the fixed reference frame. The numbers correspond to the 

time each point was formed, and facilitates seeing the movement of 

these points through time. The lettered values indicate: 

P - Propagating rift tip 

A - Orthogonal symmetric point on spreading center (Same notation 

as Searle and Hey, 1983) 

T - Transfer zone and dying-failed rift intersection 
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D - Disturbance Point 

TIME 1 

The propagating rift starts south of the dying rift, perhaps 

drawn south to be closer to the Galapagos hot spot. Unlike the other 

three propagating rifts, the orientation of the dying rift was not 

orthogonal to the current direction of spreading. The geographic 

geometry constrains the propagating .rift to grow so that it will 

eventually have to cross the dying rift. The propagating rift starts 

- growing orthogonal to the direction of spreading. Crust is being 

transferred from the Nazca plate to the Cocos plate • 

TIME 2 

The propagating rift has grown in length. The propagation rate 

is faster than the rate at which the disturbance point migrates, so P 

is closing on D. The transfer zone has been shortened. The failed 

rift extends from T2 to Tl. Pseudofaults extend from P2 to Pl and 

mark the former positions of propagating rift tips. The orientation 

of the pseudofaults are controlled by the propagating and spreading 

rates. The southern pseudofault and a portion of the southern 

disturbance wake are coincident • 
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TIME 3 

The propagating rift tip has caught up with the disturbance 

point. The transfer zone now has zero length. The disturbance ?Oint, 

propagating rift tip· and base of trans£ er zone are all co ind.dent. 

Pseudofaults, failed rift and disturbance wa·ke al 1 come together at 

this point • 

TIME 4 

The rate at which the disturbance point migrates (D) has been 

modeled as constant position in velocity space while letting the 

propagating rate (P or P') vary accordingly (see Figure 87). During 

times 1 to 3, lithosphere is transferred from the Nazca to Cocos 

plate. The line passing through D and N intersects "pr" at P', the 

propagating rate used for times 1 to 3 in Figure 86. After time 3, 

the transfer zone begins to transfer material from the Cocos plate to 

the Nazca plate. Now P must lie at the intersection of lines pr and 

CD. This predicts that the propagating rate slows down from P' to P • 

The pseudofaults take on the orientation PC and PN, where before they 

had the orientation P'C and P'N. The disturbance wakes keep the same 

orientation. DC and DN. The northern wake is now coincident with the 

northern pseudofault, where before the southern wake was coincident 

with the southern pseudofault. The transfer rate moves from T' to T, 

to stay up with the lateral propagating rate, and to maintain its 

position on dr. The failed rift now has an orientation of TN, and 
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will be part of the Nazca plate. It was oriented along T'C and was 

part of the Cocos plate prior to times 1 to 3. 

Alternatively, if the propagation rate has a constant position in 

velocity space, the pseudofaults would not bend, the failed Tift would 

have an orientation of TC prior to time 3, . the disturbance point would 

have been D' prior to time 3, and the disturbance wakes would have an 

earlier orientation of D'C and D'N. This does not appear to be true • 

TIME 5 

This figure is comparable to the present orientation of the 

9S.s0 w propagating rift (Figures 6 and 83). The failed rift, southern 

pseudofault and southern disturbance wake come together at a po~nt as 

observed. Both pseudofaults bend at the Time 3 intersection, just as 

the HAM boundaries appear to do (see Figure 6). The length of 

transfer zone is now growing as observed • 

The disturbance model is consistent with the bend observed where 

the dying and propagating rifts were coincident. The model suggests 

that the offset of this propagator started off the same as the other 

propagators. Now that we have provided some evidence supporting the 

disturbance model, can we come up with an explanation of what is 

driving the disturbance point? 

The disturbance point may be the intersection of the dying rift 

and a boundary in the asthenosphere, possibly some cylindrical feature 

that is moving through the asthenosphere away from the hot spot • 

Perhaps we are seeing a wave of heat or mass moving away from the 
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Galapagos hot spot. The author's working hypothesis is that a pulse 

of hot fluid material emanated from the hot spot and formed a large 

intrusion below the lithosphere. This intrusion is perhaps fixed with 

the rift system in velocity space. The intrusion appears to be 

spreading away from the former location of the hot spot, the ~enter of 

spreading is apparently fixed to the rift system. Two pulses appear 

to be responsible for the two sets of paired propagators moving away 

from the hot spot, and a third appeared to have generated the 9S.S 0 W 

propagator. 

Previous investigations have been centered around the propagating 

rift tip and have not sufficiently sampled the boundaries that the 

author suggests are not simply geometric constructs, but geologically 

significant. All of the features of the propagating rift, lin~ar 

northern pseudofault, propagating rift, northwest seismic boundary, De 

Steiguer deep, De Steiguer Ridge and the en echelon dying and failed 

rifts, lie within the disturbance wakes. Bathymetry in front of the 

propagator does not show a striking line along the extension of the 

northern pseudofault, but it does suggest that the material next to 

the northern pseudofault, and along its extension, is somewhat higher 

than crust north of the wake. 

The disturbance model makes some very specific predictions. 

Fortunately, the Hawaii Institute of Geophysics may be conducting a 

detailed investigation of the area in 1984 using Sea MARC II. Some of 

the testable predictions or features include: Are the disturbance 

wakes visible? Do lineaments start reorienting along these 

boundaries? Do fracture zones from the en echelon dying rift 
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terminate at these wakes? Is the dying rift continuous west of the 

disturbance point? Are there any bathymetric or gravitational 

anomalies associated within the disturbance wakes? Do bathymetry and 

magnetics support the disturbance model for the evolution of the four 

propa~ators? 

Propagators, and the causes and consequences of propagation will 

continue to be one of the more interesting topics in plate tectonics • 
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APPENDIX 1 
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APPENDIX 2 

EARTHQUAKE CATALOG 
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7 90' 4 l 1 13 3 13.22 2-3.0' . 92 95-29.17 2.54 -1 • 12 5 31.0' 11. 5 .0'. 24 .0'. 1 .0'. 1 
7 9.0' 4 1 1 14 3 23.if9 2-3.fiJ.67 95-29.55 7. 1.0' -.0' . 94 1.0' 315 12. 1 fiJ. l S fiJ. 9 fiJ. 5 
79.0'4 l l 1431 2!! • .0'.fiJ 2-28.75 95-31.29 6 . 92 -1. 53 5 328 16. 5 !O.fiJ2 fiJ. 2 fiJ. 1 
790'4 l l 1514 38.47 2-32.36 9S-34 .fiJ6 6.54 -2 . .0'8 5 65 8.2 .0' • .0'2 .fiJ. 2 fiJ. 1 • 7 9flJ 4 1 1 1736 55.67 2-24.58 9S--33. 18 2. 14 -1.19 7 334 1 7 • .0' .0'. 1 7 2.8 3. 1 
7 9.0' 4 1 l 2.0'37 5.28 2-35.8S 95-29.27 7.25 -1 • .0'5 6 317 9.7 .fiJ .fiJ3 fiJ. 2 .fiJ. 1 
79.0'411 21 9 39 .7 3 2-3.0'.91 95-33.78 1. 76 -1. 22 6 54 S.9 .0' • .0'6 fiJ. 4 fiJ. 2 
7 9.0' 4 1 1 214.0' 17.53 2-32 .7 1 95-3.fiJ.82 2.54 -1. S.0' 6 266 9.2 .fiJ • .0'9 1 • .fiJ 1..0' 
79.0'4 l 2 147 54.75 2-38.26 95-28.65 .0' .fiJ4 -.fiJ.99 5 241 2.5 fiJ • .0'6 .fiJ. 2 4.0'. 5 
79.0'412 353 UJ'.55 2-33.96 95-32.7.0' 6. 71 -.0'.77 1.0' 317 5.9 fiJ . 1 7 1. 1 fiJ. 7 
79k14 12 523 15.47 2-27.2Ji! 95-29.fiJ4 6 . .0'2 -z. 52 s 39 2.0'. 1 .fiJ .fiJ2 f(J. 2 fiJ. 1 
79.0'412 6S2 4.29 2-38.86 95-28.29 .fiJ. 19 -1. ZS 6 3.fiJ8 3.8 .fiJ • .fiJ 1 .fiJ • .fiJ f(J • .flJ 

• 7 9.0' 4 l 2 1129 14.57 2-31.21 95-29. 5.0' 6.65 1 • 16 12 332 1 1 . 1 .0'. 14 1 . fiJ .fiJ . 5 
7 9.0' 4 1 2 1132 24 • .0'8 2-29.48 95-28.23 6 • .0'6 -fiJ.45 7 338 1 7. 5 .0' • .0'4 fiJ. 3 fiJ. 2 
7 9.0' 4 1 2 11 S.0' 54.65 2-34.31 95-33 .fiJ4 2.58 -1 • 14 5 316 21. 2 .0'. 16 1..0' 99.9 
79k1412 17 5 5 7. 14 2-31 • .fiJ4 95-37.64 11. 65 -1 • .fiJ2 7 288 21.fiJ fiJ. 26 3. 1 1. 6 
79.0'412 2.fiJ13 23.52 2-3 9 • .0'2 95-16.28 15.33 -.fiJ.48 6 35 22 . 4 .fiJ. z0 1 . 2 1 • 5 
79fiJ412 2.0'24 5.48 2-34.66 95-17.32 6 . 95 -IJ.46 1.0' 44 2.13'.4 fiJ. 1 6 fiJ . 7 .0'. 6 
79.0'412 2.0'2 6 57.27 2-36.23 95-16. 5.0' 4.83 -fiJ.83 6 24 21 . 5 XJ. fiJ 4 fiJ. 6 fiJ. 2 

• 79.0'4 12 2.0'27 56.75 2-33.52 9S-19.37 12 • .0'6 -.fiJ . 13 7 S6 1 7. 4 Ji! .fiJ9 1 . 5 2.5 
7 9.0' 4 1 2 2125 5.56 2-34.11 95-17 . 84 5. 41 -fiJ.62 7 39 22.5 fiJ .fiJS fiJ. 6 .fiJ. 3 
790412 2136 24.S3 2-34.62 95-27.77 7. 19 -XJ. 4RJ 9 3SS 11. 6 fiJ. 1 3 1 . 1 .0'. 4 
79.0412 2149 21 • 13 2-36.38 9S-25.14 6.87 -1 . fl]fiJ 8 63 5.5 XJ. 19 fiJ. 7 XJ. 3 
79XJ412 2223 43 .3fiJ 2-32.24 95-3.fiJ.24 8. 19 -!if.SS 8 328 1 1 • 1 XJ. 12 1 . .flJ 1 . 8 
790'4 13 7 4RJ 8 . 47 2-25.79 95-25.62 4.76 -fiJ . 38 8 49 23.5 fiJ • .fl19 fiJ. 8 fiJ. 4 
79.0'4 l 3 1155 49.57 2-31.44 95-31 • .fiJ9 6. 61 -1 . 12 8 55 9.4 .0' .fiJ7 .fiJ. 2 .0'. 1 
79.0'4 l 3 14 4 38 . 84 2-33.7.fiJ 9S-3.fiJ.22 9. 16 -fiJ.89 8 323 9.3 .flJ. 1 fiJ .fiJ. 8 fiJ. 9 

• 79fiJ413 1422 .flJ. 59 2-37.79 9S-2fiJ.66 9.74 -1 . 18 8 37 13. 8 fiJ. 13 1. s fiJ. 4 
7 9/iJ 4 1 3 18 1 37 . 23 2-19 • .0'1 95-44.74 4. 18 -.0' . 8.0' 7 18 3.0'. 9 B'. 1 1 1. 6 fiJ. 7 
7 9.0' 4 1 3 18 3 42.8S 2-2.0'.57 9S-46.55 8. 7.0' -.fiJ.63 7 18 29.2 .fiJ • .0'5 .fiJ. 7 fiJ. 3 
79.0'413 18 9 22.71 2-19.46 95-41.95 7.25 -fiJ . 4.fiJ 6 19 28.3 fiJ. 1 fiJ 1. 5 .0'. 8 
7 9.0' 4 1 3 1854 1. 7 4 2-34.71 95-27 .fiJ7 7. 14 -1. 32 6 66 4.7 .0'. 1 7 1 . 6 .0'. 6 
79.0'413 1928 21. 6.0' 2-33.62 95-29.9/iJ 2.54 -1 • 71 5 279 7.2 .0' • .fiJ9 1 • 2 1 • 2 
79.0'4 l 3 2127 fJ. 61 2-2S.47 9S-2fiJ.29 S.24 1. 82 6 38 31 • 8 fJ. fiJ9 2.3 4. 6 
790414 5 4 38.93 2-31.32 95-33.67 S.27 -fiJ. 83 7 S7 5 . 5 fiJ ./iJS fiJ. 4 fiJ. 6 

• 790414 Sl3 49.39 2-24.93 95-38 • .0'3 6.93 -.0'. 4.0' 8 338 16 . 3 .0'. 12 fiJ. 4 .0'. 4 
79.0'4 l 4 915 48 • .0'7 2-31.54 95-32.14 6.85 -.fiJ.88 1 1 327 7.6 fiJ. 14 .0'. 1 f(J. 1 
79.0'414 1532 13. 8.0' 2-32.73 95-28.fiJ6 2.54 -1. 65 6 3.0'4 8 • .fiJ fiJ. 22 f(J. 6 .0'. 8 
79!0414 1614 29.34 2-31.64 95-33.21 1. 35 -1 • 12 6 59 5.8 .0'. 1.0' .fiJ. 7 .0'. 4 
7 9z 4 l 4 17 5 59.37 2-21.13 95-5.0'.27 1.0'.63 -.0'.48 5 21 31. 7 .0'. 18 2.3 89.5 
79.0'4 l.4 1757 6. 71 2-28.15 95-35.Ji!2 7.56 -.0'.76 1.0' 352 9.9 .0'. 12 1. 4 1. 5 
79.0'4 l 4 1913 42.55 2-3.0' • .0'3 95-28.19 5.63 -.0'. 81 UJ 337 15. 4 .lL 14 1..0' fiJ. 5 
79.0'414 2.0'3.0' 31. 58 2-35.94 95-24.46 9. 21 -1.46 5 46 18 . .0' .0'. 12 1 . 4 1 • .0' 

• 790414 2229 38.98 2-26.4S 95-29.67 s. 8/iJ -fiJ. 32 8 331 1 7. 1 fiJ. RJ S .0'. 5 RJ. 3 
7904l4 22SS 3/iJ. 25 2-27.7!0 95-27.43 5 . .0'fiJ - 1 . KJ9 s 57 17.3 fJ. 1.0' 4.2 24.4 
79.0414 23S5 35.72 2-43.79 95-3.0'. 85 2.7fi! -fiJ. 81 5 95 7 .6 ff. fiJ8 fiJ. 6 13 . .0' 
79k14 15 2 4 3Z. 98 2-33.39 95-29.31 2.55 -JJ.37 7 296 11. .0' fJ. 16 2.5 2.4 
7 9!iJ 4 1 5 353 SS.67 2-34.11 95-28.4S 8.68 -fif.6S 8 292 5.5 fiJ. 1 1 fiJ. 9 fiJ. 8 

• 
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79.0'415 844 17.49 2-33.58 95-32.2.0' 6.97 -l • .0'fJ 7 319 7 .z fi1. 16 1. 1 fi1. 6 
79fJ415 9 flf 13 . 13 2-46.24 95-27.58 4 . 16 -1. 67 5 46 9.9 .0'.fJ6 fJ.4 1. 2 
79.0"4 15 1.0' 4.0' 52.72 2-38.72 95-22.94 6.19 -z .87 7 42 1.0'. l fiJ.fJ3 .0'.3 .0'. 1 
79.0"4 l 5 11 l 7 1 4 . KJ7 2-36.2.0' 95-26.63 7 . .0'fd .0'. 35 13 91 3 • .0' .0'.17 1.fJ .0'.4 

• 7 9.0" 4 1 5 1125 22!. 29 2-34.53 95-28.43 5. 8.0' -.0' . 69 8 328 4 . 7 .0'. 14 .0'. 9 2.2 
7 9.0' 4 1 5 1143 19 • .0'5 2-31.46 95-33.38 7 • .0'5 .0' • .0'2 9 326 5.7 .0' • .0'4 .0'. 3 .0' . 1 
7 9.0" 4 1 5 1232 39.69 2-36 • .0'1 95-29.47 1.0'. 33 .0' . 57 9 316 3.3 fJ • .0'9 .0'. 8 .0'. 8 
79.0'4 15 1257 25.33 2-34.94 95-3ff.38 8.29 -1 • .0' 1 6 67 7.8 .0'. 11 1.fJ ff. 8 
79 .04 15 1419 27. 91 2-19.44 95-38.ff4 4.96 -fJ.9.0' .., 345 26.2 .0'. 12 1. 8 kL6 , 
79.0'415 1514 38 • .0'1 2-32.11 95-31.53 6.47 -.0'.93 11 326 11. 2 .0' • .0'4 .0' . 2 .0'. 2 
79.0'415 163.0' 11. 95 2-38.36 95-22.ff8 5.66 -1. 41 5 38 11 • 8 .0' • .0'9 .0'. 9 .0'. 8 
79.0'415 1655 ff. 45 2-36.25 95-25.53 6.83 -1. 38 9 67 4.9 fJ .13 ff .9 .0'. 4 

• 79.0'4 l 5 1742 lff.39 2-34.89 95-27.91 9.ffff -1. 29 7 357 4 • .0' .0'. 12 1..0' ff. 8 
7 9.0' 4 1 5 1911 35.25 2-38.64 95-2ff.25 5.23 -.0'.78 lff 38 1 4. 7 .0'. 11 1..0' ff .5 
7904 15 2.0'33 57.84 2-25 . 84 95-35 • .0'2 .0'. 36 -.0'.65 9 329 2ff . 4 .0'. 1 l .0'. 8 .0'. 7 
79£f415 2.0'57 2 . 63 2-24.28 95-31.37 3.55 -1 . 12 5 31 26.3 B. 14 1. 9 B. 9 
79 .0' 4 15 2 1 4 17.59 2-21.85 95-32 • .0'4 4. 11 -.0'. 68 6 34fJ 29 . 1 fJ. 15 1. 8 1. 1 
79 .0'41 5 2122 28.56 2-37.71 95-23.32 9.79 -1. 35 6 44 8.9 .0'. 18 2.5 1. .0' 
79 .0'416 436 17 . 46 2-3ff. 48 95-2 7. 6.0' 5. 81 -ff.75 1.0' 67 12. 2 .0'. 1 1 .0'. 8 .0'. 4 
79.0'416 511 14 • .0' 1 2-32.39 95-31.28 .0'.92 -.0'. 96 5 43 8 . 5 B. 14 1 • 8 .0'. 4 

• 79.0'416 532 7 • .0'5 2-32.77 95-31.68 4.47 -1 . 13 8 324 8.8 .0'. 12 .0'. 9 2. 1 
79.0'416 1.0' 2 44.59 2-36.21 95-26.54 8.46 -.0'. 93 8 69 3.2 .0'.ff4 .0'. 3 .0'. 3 
79.0'416 1159 55.62 2-38.79 95-21.53 9 .fJ7 -1 • 15 6 38 27.3 .0'. 11 1. 2 .0'. 5 
7 9.0' 4 1 6 1211 31 • 19 2-31.4.0' 95-28.17 6 . 49 .0'.98 lZ 335 14. 5 .0'. 1.0' .0'. 8 .0'. 4 
79.0'4 l 6 131.0' 46.83 2-27.91 95-52.69 3.81 -fJ. 62 6 26 26.3 .0'. 15 4.3 2.2 
790'416 1314 6.82 2-36.71 95-26.63 6.56 -.0'.75 6 79 8. 1 .0' • .0'8 .0'. 7 .0'. 3 
79 0' 4 16 1339 11 . 22 2 -38.7.'5 95-24.64 6. 31 -fiJ. 68 7 47 7.3 .0' . .0'8 fiJ. 7 .0'. 3 

• 7 9.0" 4 1 6 1345 44. 81 2-35.76 95-29.71 6.45 1 • .0'9 8 315 8.5 ff. 16 fJ. 2 .0'. 1 
7 9.0" 4 1 6 135kl' 43.74 2-43.96 95-34.14 6. 4.0' -1 • .0'5 5 HJZ 13. 2 .0' . 18 2.5 6.2 
79fJ416 1434 45 . fJ2 2-44.29 95-34.25 6.36 -1.16 5 97 13. 8 JiJ. 13 .0' . 4 1 . 4 
79.0'416 1442 Kl. 1 9 2-34 • .0'1 95-28.26 6.53 .0'. 59 lff 33.0' 12. 1 fiJ. f!8 .0' . 5 fJ. 3 
79 0 4 16 15 8 1 2. Q1 6 2-33.67 95-27.79 6. 2.0' fiJ. 43 7 331 13. 2 .0' .fiJ5 fiJ . 6 .0' . 3 
79 0 4 16 1514 UT . 97 2-26.3fi! 95-19. 6.0' 23.11 -.0'. 99 7 38 33.2 fJ. 12 1. 9 2.5 
790 4 16 1556 25.66 2-34.46 95-24.ffl 6.8.0' -1 .fJ7 6 45 13. 9 fJ. 16 1. 6 .0'. 8 
79.0416 17 7 47. 28 2-41. 74 95-34.47 6.88 - 1 . 2f! 5 126 9. 1 .0'. 27 8 . 4 14 . fJ 

• 79.0"416 1816 UT.94 2-21.59 95-35. 7JiJ fiJ. f!fiJ -fiJ. 4fiJ 8 341 21. 9 fiJ. 14 2. 1 1. 4 
79 0" 4 16 1937 2 2. 11 2-32.73 95-32 . 43 2.54 -1. 53 6 258 6.3 fiJ. 1 fiJ .0'. 6 .0'. 7 
79 0 4 16 1939 38. 18 2-33.32 95-28.14 7.74 -JiJ . 69 5 332 6.9 fiJ • .0'3 ff. 6 ff. 4 
7 9.0 416 2fiJ 9 9.25 2-31.23 95-24.132 8 • .0'3 -f1.ff7 8 55 1 3 • 1 .0'. 18 2 . 2 5.8 
79fJ4 16 21 1 1. 7.0" 2-24.71 95-31.62 5. 13 -.0".49 9 34fiJ 23.7 fiJ. 1.0' 1 . 1 .0'. 6 
79fi 4 16 2129 43.75 2-32.7.0" 95-32 . 13 6.95 -0 . 53 12! 3"23 1 1 . .0' .0'. 15 fiJ. 5 fiJ. 3 
79fiJ4 16 222 6 28.28 2-32.25 95-21.26 6. 1.0' -.0'.65 8 44 15. 4 .0' .fiJ7 fiJ. 9 fiJ. 4 
7 9fiJ 4 1 6 2329 46.77 2-38.64 95-23.13 6 • .0'3 -fiJ.23 7 43 9 . 8 .0' .fiJ4 .0' . 5 fiJ. 2 

• 79.0'417 RJ37 9 . fiJ8 2-22.97 95-32 • .0'2 3.55 -RJ . 64 6 342 25 . 9 .0' • .0'8 .0'. 8 ff. 6 
79ff 4 17 RJ44 4. 31 2-32. 65 95-32.79 1. 22 -1. 25 6 312 8 . 1 RJ. 12 .0'. 7 .0'. 4 
79fi 4 17 JiJ49 33.52 2-4.0'.88 95-33.8.0' 6 . 89 -1.16 6 141 7.5 .0'. 19 4. 1 5 . 5 
79.0'4 l 7 35 2 55.99 2 -32.33 95-32.45 6.47 .0' . 57 11 324 24.9 .0'. 1 RJ .0'. 7 .0'. 3 
79.0'417 449 16 . 37 2-31.83 95- 3 3 • .0'4 1 . 75 RJ . 5 5 9 325 5.8 .0'. 11 .0'. 7 .0' . 4 
79.0'4 l 7 524 34.2.0' 2-34.97 95-28.11 8.38 -.0'.66 6 328 3 . 8 KI. lfJ .0'. 8 f1. 7 
7 9.0' 4 l 7 53 .0' 16.58 2-35.33 95-28.42 9.36 -.0'. 42 1.0' 325 3.2 RJ. 12 .0'. 7 .0'. 8 
7 9.0' 4 l 7 739 18.93 2-28.58 95-26.42 5.68 -.0'.25 8 58 15. 9 .0'. 14 1 . 2 fiJ. 8 

• 79.0" 4 17 839 4.38 2- 4.0'. 71 95-18.48 4.52 -fl. 51 6 32 1 7. 5 fJ. 18 2.3 1. 2 
79.0'417 948 15. 9.0' 2-35 • .0'9 95-29.66 7. 19 .0'. 66 9 32.0' 8.9 f1. f17 .0'. 5 ff. 2 
79.0'417 1.0'3 l 11 • 55 2-24.72 95-31 • .0'3 5.88 -.0' • .0'1 7 341 18.3 fi1 • .0'9 1. 1 fi1. 5 
79.0'417 l.0'33 54.7fJ 2-39.82 95-18 . 66 5 .fJ8 -.0' • .0'4 8 37 31. 4 fi1. 14 1. 7 fi1. 6 
79.0'4 l 7 1.0'34 4 5. fJ3 2-38.97 95-19.41 5 • .0'4 -.0' • .0'4 8 36 16. 4 fi1. 5.0' 5.7 2.5 
79.0'41 7 1.0'36 41. 4 7 2-49.fJ5 95-33.16 19 . 41 -.0'.65 6 52 2-4. 1 .0' . .0'5 .0'. 6 ff. 6 
79.0'417 1 1 4 36.92 2-27.8.0' 95-3.0'.63 3 • .0'6 -.0'.55 5 328 1 7. 9 .0' . .0'5 f1 • .0' 1 . 3 
7913'4 ! 7 1154 59.84 2-32.12 95-32 . 13 7. 14 -1. 53 5 312 9.5 xJ. 11 1. 5 .0'. 4 • 7 9.0'4 17 16 46 45. 4 4 2-34.2 4 95- 24.84 6. 27 -1 • 71 6 5.0" 7 .9 fiJ . KJ 6 .0' . 7 JiJ. 9 
7 9 04~7 1715 221 . 92 2-33. 2 9 95- 29.715 2 .55 - JiJ. 34 5 296 7 .6 fiJ • .0' 4 JiJ. 7 fiJ. 6 
79.0'417 17 22 26 .4 3 2-37.9 4 95- 28. 46 3 . 12 - RJ .62 6 3 12 5 .6 fJ. f1 7 fiJ. 4 2. 1 
7 9.0417 18 1 42 .56 2-32.95 95- 3 1.92 1 . 39 - fiJ. 77 5 3.0' 4 8.3 fJ. fj fiJ fiJ .fiJ fiJ • .0' 
79.041 7 23 6 1 7 . 91 2-2 8. l ff 95- 27 .38 5. 7fiJ 1. 22 7 59 18. 4 fiJ .fiJ4 JO. 6 fiJ. 3 

• 
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79£1418 £121 32.67 2-34.11 95-25 • .0'9 5 • .0'4 -.0'.96 6 64 13.6 /J./J9 .0'. 4 /J.5 
79.0'418 127 23. 16 2-36.82 95-26.53 7. 11 £f. £17 7 78 8.£1 .0'./J8 .0'. 4 £1.2 
79.0'4 l 8 7 5 21. 77 2-4.0'.85 95-32.17 6.64 -1. 53 5 147 7. 9 XJ • .0'8 .0'. 4 li1. 3 
790418 115/J 22.28 2-32.72 95-3.0'.75 7 .ZS -1 .Z2 6 325 9. 9 fJ • .0'9 .0'. 8 .0'. 3 
79.0'418 12 6 33.67 2-35.51 95-25.97 7 .XJ2 -1 • .0'.0' 8 72 4. 8 li1. 12 1 • 5 .0'. 7 
7 9.0' 4 1 8 12 11 5. 51 2-36.!07 95-25.64 6.44 -.0'. 9.0' 9 68 4. 8 .0'. 11 .0'. 7 li1. 4 • 79/i1418 1212 45.23 2-37. 7.0' 95-27.95 fiJ. 77 -ff.54 6 321 5. 9 li1 .fiJS .0'. 3 fi1. 2 
79fiJ418 1217 lkJ.56 2-29.67 95-2.8. 27 2.51 -1 . 59 5 32.0' 13.6 XJ.Ji14 fi1. 8 .0'. 7 
7 9z 4 1 8 1514 21 . 4£1 2-3fiJ.18 95-29.12 2.53 -1.18 8 317 13 . 7 .0' . l 1 1. 5 1. 4 
790'418 1537 19.73 2-31.26 95-3fiJ.73 6.65 fiJ. 31 7 33fiJ lJi1 • 1 fJ. ZS 1.1 .0'. 4 
79XJ4 i8 1548 59.96 2-32. 7.0' 95-31.7Ji1 1 • fiJ8 -1 . 34 7 324 7.6 £f. lfJ £f. 6 fi1. 4 
79.0'4 l 8 1613 26.8.0' 2-28.97 95-24.45 8 • .0'3 -£1.83 9 52 23.£1 £1 . 11 1 • .0' .0'. 9 
790418 19 7 26.99 2-3.0'.67 95-32.33 6.67 .0' . 16 lJi1 329 8. 1 .0' • .0'7 .0'. 5 fi1. 3 

• 7 9.0' 4 l 8 1942 56.93 2-33 • .0'.0' 95-·24. 77 5. 19 -.0'.42 8 61 15. 7 .0'. 1.0' .0'. 9 .0'. 5 
79.0'418 21 2 .0'. 93 2-28.fiJ2 95-24.73 5 .2fiJ -z. 66 9 45 1 7. 8 fJ. 13 1 • 4 z. 7 
79.0'418 2114 32. 25 2-22.52 95-29 . .0'.0' 3.84 .0' • .0' 1 7 344 26.9 .0' .fiJ5 .0'. 5 .0'. 2 
79k.14 18 2248 33.SfiJ 2-36.75 95-26.69 1. 25 13'. 2 2 1.0' 94 2.6 fJ. 14 .0'. 8 .0'. 4 
790'413 225E 19.92 2-34.85 95-25. 2RJ 5. 4.0' -1. 54 5 64 6.7 .0'. 13 1. 6 .0'. 8 
79.0'418 2313 33.58 2-35.8JO 95-24.7fiJ 6. 71 -1.lfO 7 6Z 6.6 fiJ. Rf9 .0'. 7 Rf. 3 
79.0'4 l 9 .0'38 4 7. 13 2-31.89 95-3.0'. 67 8.83 -3.25 6 328 11 • 2 .0' .fiJ7 Rf. 6 Rf. 9 
79.0'419 222 24.79 2-32.37 95-33.64 6.84 -5. 2fiJ 7 59 4. 4 fiJ. Rf9 Rf. 9 .0'. 3 

• 790419 939 33.7.0' 2-32.54 95-32.89 1. 32 -1. 92 6 56 5.6 .0' • .0'3 Rf. 2 .0'. 1 
79.0'419 11 3.lil' 33.98 2-32.25 95-31.93 6.88 -4.99 9 31.0' 11 • 4 .0' • .0'8 .0'. 6 .0'. 3 
79.0'4 19 1135 53 • .0'3 2-32.19 95-32 • .0'4 1. 36 -2. 16 6 47 7.3 .0'. 1 fi1 .0'. 8 .0'. 3 
79.0'4 19 2144 19.98 2-31.85 95-29.71 5. 91 -2.98 7 56 12. 3 .0'. 12 1. 1 .0'. 7 
79042.0' .0' 15 42.63 2-38.97 95-22.49 6.39 -1. 43 6 39 1.0'. 7 .0' • .0'6 .0'. 6 .0'. 4 
79.0'42.0' 433 25.76 2-33.31 95-3.0'.32 .0' • .0'2 -4 . .0'3 5 324 9.6 .0'. 12 1. 6 1 • 4 
79fiJ42fJ 442 32.63 2-35.51 95-31.64 2. 51 -1. 52 5 31.0' 8.5 .0'. 1 1 1 • fi1 2.3 
7 90 4 2fJ 624 47.7!0 2-39.92 95-23.59 14.28 -2 .fiJ6 lJiJ 7fiJ 8.2 fO. 16 1 . 4 1 • 7 

• 79fiJ42fJ 923 56.72 2-24.55 95-21.69 5.54 -2.25 7 4.0' 25.9 fiJ. 12 1 . 5 1. 7 
79fiJ42JJ 1824 33. 15 2-19.72 9.5-32. 32 3.29 .0'. 26 6 345 32.3 fiJ .fiJ7 1 . 2 fO. 5 
79fiJ42f!J 21 9 19.87 2-33.87 95-3.0'.85 4. 6fiJ -2.2.0' 6 3.0'2 7.8 .0'. 13 .0'. 9 2.8 
79fi42f!J 2342 46.22 2-3fiJ. fiJl 95-31.84 6.62 -3.48 7 323. 9.6 .0'. 1 3 1 . 8 fi1. 9 
79ff421 114 32.87 2-29.73 95-28.74 5.88 -2.43 8 336 13.6 .0'. 15 1. 2 1 • 7 
7 9.0' 4 2 1 232 47.83 2-34.17 95-29.73 2.74 -1. 63 6 323 12. 9 .0'. 14 ff. 9 39.8 
79.0'421 511 2.0'. 69 . 2-39.41 95-22.64 6.44 -1. 66 7 39 lfiJ. 9 fiJ. 1.0' .0'. 9 fiJ. 3 
79.04 2 1 7 ff 51 . 18 2-36.72 95-27. 7JiJ 6.66 -2 .fiJfiJ 6 94 fiJ. 9 fiJ. fiJ3 .0'. 3 fiJ. 1 • 79 .0'42 l 942 2.59 2-32. 7.0' 95-25.65 5 . .0'.0' -1. 7fiJ 6 65 9.2 ff. fiJ6 1 . 1 2.7 
790421 15 2 3fJ. 3 4 2-31.27 95-33.49 3.67 -2.29 5 284 5.8 .0' . .0'2 .0'. 3 .0' . 5 
790'421 15 30' 14.54 2-36.36 95-28.31 6 • .0'1 -3.98 5 321 8.4 ff . .01 fiJ • .0' .0'. 1 
790421 1545 1 7. 13 2-25.37 95-26 • .0'3 5.49 -2.98 7 49 23.4 ff . .0' 1 .0'. 1 .0'. 1 
790421 1637 55.93 2-19.97 95-4.0' • .0'6 4.85 -1. 92 5 347 26. 1 .0' . .0'.0' .0'. 1 .0' • .0' 
790421 1644 4.0' . 91 2-19.87 95-43.69 7.32 -4 . .0'7 5 21 29. 1 .0' . .0'9 2.7 1 • 3 
7 9.0' 4 2 1 17 2 9.62 2-19.63 95-38. 32 5 • .0'1 -2.35 8 345 26 .fiJ .0'. 14 2 . .0' .0'. 6 

• 79kJ'421 17 5 56.88 2-21 .fiJS 95-42.24 4.38 -5.2.0' 6 3fiJ 26.3 .0'. 13 2.3 .0'. 7 
7 9.0' 4 2 1 1 7513' 18.28 2-33.33 95-34 • .0'2 .0'. 88 -2.6fiJ 8 32.0' 6.5 .0'. 1.0' fi1. 4 .0'. 3 
79.0421 1758 4fiJ.59 2-2.0'.48 95-35.57 1. 55 -2.31 7 342 23.9 .0'. 26 4.4 2. 1 
7 9.0' 4 2 1 19 9 1. 83 2-38.93 95-28.86 .0' • .0' 1 -3 • .0'6 6 295 4 .fiJ fiJ. fi9 .0'. 7 $L 6 
79.0'4 21 1955 1. 59 2-3fiJ. 25 95-37.79 6.89 -1. 67 9 34.0' 7 .fiJ fJ. 13 1. 2 fiJ. 5 
79.0'42 l 2fJ fj 58 .XJ.0' 2-27.47 95-37.98 4 .fJ6 -1 • 8XJ 5 344 11. 8 ff. fJ2 ff . 3 fiJ. 1 
79£1421 2!!1 4 !J. 52 2-31.5.0' 95-38.87 5 . .0'4 -3.43 6 46 22.5 liJ.08 .0'. 6 4. 1 
7 9fiJ 4 2 l 2f1lfj 55.33 2-33.31 95-42.14 8.36 -3.2fJ 5 57 29.9 .0' .fiJB .0'. 8 .0'. 6 

• 790421 2.1148 59.65 2-32.84 95-37.44 7.82 -6. 16 7 3.0'8 3.3 .0' • .0'6 .0'. 8 .0'. 6 
79.0'42 l 21 7 14 • .0'.0' 2-34.49 95-25.55 8. 11 -2.5.0' 7 54 6.6 Z • .0'7 .0'. 6 .0' ~ 7 
79.0'422 .0'19 1.0' .12 2-17.28 95-38.Zl .0' • .0'.0' -2.46 6 347 33.4 .0'. 19 3.4 2.2 
79.0'422 £159 23.5.0' 2-31.27 95-37.69 8.28 -2.74 6 313 8.8 S • .0'6 g. 7 S.5 
79£1422 128 24.62 2-32.78 95-38 • .0'6 5.67 -1. 54 6 3.0'.0' 6.3 g. 12 1. 4 £1.8 
79£1422 153 29 • .0'9 2-26.55 95-3£1.19 9.21 -2.48 8 339 19. 8 g. 17 1. 5 1.1 
79£1422 246 4.9£1 2-31.69 95-37. 77 6.65 -2.3.0' 7 3 11 4.9 g. 12 1. 2 g. 5 
79.0'4 22 251 13.75 2-37 . .0'1i1 95-27.69 8. 71 -2. 31 5 88 li1. 7. .0' • .0'4 .0'. 3 .0'. 3 

• 79.0'4:.:'.2 3 52 13.85 2 -3fiJ. 89 95-3 7 .47 5.53 -2.91 8 314 5.7 fiJ. 16 2 .fiJ fiJ. 6 
790422 4 3f/ 3fl . 2 9 2 -31.73 95-38.39 6. 2fiJ -2 .fiJ6 8 33 8 5.8 fJ. fJ7 fJ. 6 .0'. 2 
79z ,~:.:2 1£116 41 . 71 2-34.41 95-25.22 13.75 - 1 . 94 7 65 7. 1 fJ. 16 3.9 2. 7 
790422 111 7 13.55 2 -38 • .08 95-25.32 7.34 - 2.3fl ..., G8 5. 11 fJ . DB .0'. 8 {ij. 7 I 

79.0422 11 3£/ 2!?1 . B2 2-3.0'.ff6 95-3fiJ.66 5. 14 -1. 85 6 332 11 . 3 KJ. 0 9 1 . 6 fiJ. 8 

• 
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• . DATE ORIGIN LAT N LONG W DEPTH MAG NO GAP DMIN RMS ERH ERZ 

79.0'422 1232 21.55 2-31.67 95-29.74 8.23 -1.73 8 33.0' 1.0'.4 .0'. 12 1. 1 1. 4 
79.0'422 1334 2.0'. 55 2-33.49 95-3.0'.49 7.98 -2.53 1.0' 323 8 • .0' .0'. 11 !iJ. 7 .0'. 8 
79.0'422 2/iJ2 1 55.7.0' 2-28.4.0' 95-34.73 2.54 -2.42 7 341 26.3 .0'. 15 1..0' 1..0' 
79.0'423 127 38.95 2-31.63 95-31.17 9.89 -2.33 8 328 11. 6 .0'. !i19 .0'. 8 .0'. 5 
79.0'423 31.0' 4.0'. 73 2-31.85 95-27.21 ;j. 41 -2.96 7 75 9.7 .0' .!lJ5 JlJ. 4 .0'. 3 

• 79!lJ423 339 52.96 2-33.83 95-29.97 5.89 .0'.65 7 324. 6.9 JlJ • .0'6 .0'. 4 .0'. 3 
79.0'423 345 3.47 2-32.26 95-29.18 5.75 -2.6JlJ 7 331 9. 1 .0' .!lJ7 JlJ. 7 .0'. 4 
79.0'423 442 8 . 94 2-32.57 ·95-20.44 5.45 -3. 15 6 28.0' 8.3 .0' .09 1. 6 2.2 
790'423 513 56.97 2-3.0'.16 95-3.0'.27 4.43 -2.4.0' 7 333 2.0' . 3 z. ltd .0'. 8 2.5 
7 90 4 2 3 526 33.65 2-36.36 95-28./02 4. 81 -2 • fJ6 7 357 1 • 3 .0'. ff? .0'. 4 .0'. 4 
79.0'423 529 32. 23 2-36.95 95-29 • .0'3 2.57 -2.67 6 244 1 . 8 .0'. 15 .0'. 9 1. 7 
79.0'423 543 23.9.0' 2-31.42 95-32.82 5.25 -2.28 7 326 6.6 .0' • .0'6 .0'. 5 1. 1 
79.0'423 632 34.8/iJ 2-31.22 95-27.87 6.34 -2.78 8 359 1.0'. 8 .0' .!iJ6 .0'. 5 .0'. 3 

• 79.0'423 651 35.82 2-3.0'.65 95-27.82 5.54 -2.35 7 358 11. 8 .0' .!lJ4 .0'. 3 .0'. 2 
79.0'423 851 7.62 2-33.2.0' 95-29.JlJ3 6. 21 -2. 14 8 328 7.3 .0'. 13 .0'. 5 .0'. 3 
79.0'423 l.0'25 57.72 2-31.34 95-28 , 48 6 • .0'7 -2.45 6 334 1Z. 6 .0' • .0'5 1 . 2 .0'. 3 
79.0'423 lff56 5Z. 27 2-37.22 95-28.51 4 . .0' 1 -2.53 6 316 .0'. 9 fJ. 12 .0'. 7 1 . .0' 
7 9.0' 4 2 3 141 l 5. 8.0' 2-32.64 95-31 . .0'.0' 6.34 -1. 78 1.0' 325 9.8 £f. 18 l . .0' .0'. 7 
7 9.0' 4 2 3 1518 24.25 2-3.0'.19 95-26.99 5.26 -2.39 7 65 12.8 .0'. fJ9 .0'. 9 .0'. 6 
79.0'423 1535 39.94 2-3.0'. 39 95-27.47 2.54 -2 . .0'4 5 67 16.3 .0' . .0'9 1. 5 1 • 8 
79.0'423 1558 53.Z8 2-27.85 95-34 . 47 5. 6.0' -2.66 6 348 27. fJ .0'. fJ5 .0'. 5 .0'. 2 • 79.0'423 l 83JlJ 46.56 2-34.16 95-32.76 4. 1 1 -2.24 1.0' 317 5.7 .0'. 13 .0'. 6 1. 6 
79.0'424 .0' 2 12.88 2-34.52 95-3!lJ. 18 2.53 -JlJ. 31 8 32.0' 6. 1 .0'. 23 1. 5 2.8 
7 9.0' 4 2 4 652 23 • .0'1 2-31.83 95-31.92 6.67 -1.2.0' 8 327 7.7 /iJ • .0'6 /iJ. 4 /iJ. 2 
79.0'424 7 3 53 • .0'7 2-36.67 95-3.0'.65 2.54 /iJ. 79 7 3/iJ5 4. 9 /iJ. 1 7 /iJ. 8 4.7 
79.0'424 813 1.0'. 1 1 2-35.74 95-26.88 7. 91 -2.29 5 31 3.2 .0' . .0'5 fiJ. 8 .0'. 4 
79.0'424 1526 15.37 2-37.62 95-29.42 3. 3.0' .0'. 28 9 3.0'4 2.8 .0'. fJ9 .0'. 4 .0'. 9 
79.0'424 1753 25. 18 2-34.16 95-35.77 4.75 -1. 68 8 278 1 • 3 .0'. 06 .0'. 3 .0'. 3 

• 79.0'424 1948 17.33 2-39.91 95-22.8!lJ 6.27 -2. 14 6 54 11. 1 .0' . .0'6 .0'. 6 .0'. 3 
790'424 2339 4. 0'8 2-3 4 • .0'8 95-3JlJ.56 5.98 -1 • .0'3 6 3 2.0' 7.2 .0' . .0'8 .0'. 5 .0'. 5 
790'425 14 ff 12. 71 2-35.68 95-31.32 2. 51 -1. 85 8 3.0'9 9.2 .0'. 33 1. 4 2.6 
79.0425 16 5 36 • .06 2-32.96 95-31.84 5.74 -1. 13 6 322 1.0'. 3 .0'. 1.0' 1 • 4 2.6 
790'425 1749 8. 4.0' 2-34 .fif4 95-29.62 7. 1 7 -1 • .0'8 7 324 6.3 .0' . .0'9 .0'. 6 .0'. 3 
790'426 351 16.39 2-25.15 9S-25.78 7.73 -.0'. 21 7 48 22.4 .0' . . 0'5 .0'. 7 .0'. 6 
790'426 44.0' 2 .f!J7 2-33.67 95-31.62 2.54 -2 • .0'3 6 32.0' 9. 1 fJ. 2.0' 1 . 7 1 . 7 
79.0'426 517 11 . 6 8 2-36.21 95-26.22 5. 81 -1 • .0'5 5 46 3.7 .0' • .0' 1 .0'. 2 .0'. 2 

• 7 9.0' 4 2 6 635 2JlJ. 21 2-26.JlJ2 95-25.87 4.47 -.0'. 1.0' 5 51 2.0'. 8 .0' • .0'6 1 • 1 fiJ. 6 
790'426 8 fiJ 29. 19 2-37.54 95-28.54 1. 27 -2 . .0'5 5 314 1. 3 fJ. RJ3 .0'. 1 .0' .JlJ 
790'426 837 55. 15 2-3.0'. 46 95-33.18 2 . 51 -1. 99 6 329 7.3 .0'. 11 1 . JlJ 1 • 1 
79042 6 1249 3.0'. 23 2-23.82 95-26.33 1.0'. 82 -1 . 15 8 58 15. 5 fJ. 1.0' 1 . 8 2.9 
7904 2 6 13 1 23.61 2-36.69 95-28.67 1. 82 -1. 34 8 292 1 . 3 .0'. 23 1 . 1 .0'. 6 
790426 1647 57.79 2-3.0'. 44 95-31.24 6.42 -1. 33 8 331 2.0'. 3 JO. 13 1 • 1 fJ. 7 
79.0'426 1739 5.66 2-33.64 95-29.28 5.36 .f1. 6.0' 5 3!03 6.7 fJ. £J6 1 • 6 1 . JlJ 
79.0'426 1959 36.74 2-27.56 95-29.35 9.33 -JlJ. 7 4 9 338 16. 1 .0'. 1 7 1. 2 1. 1 

• 79.0'427 1 6 49.58 2-26.45 95-32.33 8. 9.0' -fJ • .0'8 7 337 14.4 fJ. 1 7 1. 9 1. 6 
79.0'427 131 48 . 54 2-29 . 31 95-32.88 6 . 95 -1 • .0'1 7 332 9.3 .0' . .0'9 .0'. 9 .0'. 5 
79.0'427 149 57.57 2-28.91iJ 95-33 . 34 5.69 -1. 67 6 332 18 • .0' fJ . .0'7 .0'. 6 fJ. 3 
790427 411 9.97 2-33.BRJ 95-32.79 .0'. 3JlJ -2. 18 6 247 5.5 fiJ • .0'6 fiJ. 4 .0'. 2 
79f14 27 444 19.93 2-29.73 95-27.68 5 . 74 -z. 34 9 66 13 . 4 fJ. 1 4 1 . JlJ JlJ. 6 
79.0'427 547 11 • 5 4 2-32.24 95-31.37 7.25 -1.17 8 326 8.4 .0'. 14 1 • 9 .0'. 7 
790'427 611 6 . 5.0' 2-32.75 95-31 . 49 7.27 -1. 83 l!J 324 8 .JlJ fJ. 16 1 . 4 .0'. 5 
790'427 956 1.0'. 72 2-34.33 95-28.87 9.47 -1. 84 8 326 5 . 2 .0'. 22 JlJ. 1 .0'. 1 

• 79RJ427 14 6 25.42 2-4!lJ.57 95-23.83 1. 69 -1 . 78 6 65 l!lJ. 2 .0'. 24 1. 7 .0'. 7 
79!lJ427 1624 3.34 2-35.42 95-27.!lJ5 6 .JlJ3 -!lJ . 88 5 28 3.5 .0' .JlJ3 .0'. 6 .0'. 1 
79!lJ427 2125 . 31.53 2-32.16 95-32. 44 6.98 -1. 95· 6 325 6.6 .0' . .0'6 .0'. 5 .0'. 2 
7 9.0' 4 2 7 2219 6 .!lJ7 2-21.19 95-36.95 3.2.0' -.0'.35 6 341 22.7 .0'. 15 1. 7 1. 2 
790427 2317 16.57 2-38.29 95-28.47 2.55 z .irn 8 3.0'9 4.9 JLU 0. Ii! 0. 1 
79.0'428 .0'57 57.97 2-21.37 95-38.41 4. 16 .0'. 96 7 344 22.8 0. fiJ 4 fiJ. 5 .0'. 2 
790428 134 21. 49 2-37.31 95-25.58 1. 04 -0.87 6 63 4.6 .0'. 21 1 • 7 .lL9 
7 9.0' 4 2 8 553 1. 55 2-2.0'.14 95-38.58 4.97 0. 44 8 345 25. 1 fJ. 13 .0'. 9 fJ. 4 • 79.0428 923 5 3. !J9 2-26.13'4 95-32.99 8.86 -fJ.96 5 332 1 4. 6 fJ. 1 4 2 • .0' 1 . 3 
790428 10' 4 9 lfJ.49 2-29.96 95-3.0'.54 4. 51 -.0'. 97 5 333 13.9 fJ. £! 6 fJ. 8 2.3 
79ff428 14 3 39. 13 2-31.21 95-16.72 19. 12 -fJ .34 5 1 3 23.6 fJ .D'S 1 . 6 1 . 3 
790428 1544 9 .8 5 2-31.fJ2 95-27.89 5.67 -.0'. 61 8 359 1 1 . 1 fJ. 21 fJ. 4 z. 3 
79.0428 1633 26.86 2-2.0'. HJ 95-36.92 4.45 -1 • 15 6 342 24.8 fJ.fJ3 .0'. 4 .0' . 1 

• 
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• 79.0'428 1642 31.12 2-36.12 95-25.94 8 • .0'2 -1.77 5 44 4.3 .0' • .0'2 .0'. 4 .0'. 2 
79.0'428 1727 53.88 2-36.7.0' 95-25.81 9.44 -.0'.55 5 82 4.2 .0' • .0' 1 .0'. 2 .0'. 1 
79.0'428 2.0' 3 3.0'. 22 2-36.19 95-26. 1.0' 6.56 -.0'.33 5 6.0' 3.9 .0' • .0' 1 .0'. 1 .0' • .0' 
79.0'428 2.0'47 59.88 2-35.7.0' 95-25.22 7 • .0'4 -1. 86 5 37 5.8 .0' • .0'.0' .0' • .0' .0' • .0' 
79.0'428 2313 44.22 2-4.0'.9.0' 95-19.29 6.51 -.0'. 96 5 41 16 • .0' .0' . 13 1. 7 .0'. 7 
79.0'428 2333 3.63 2-41.34 95-19.29 2.36 .0' • .0'.0' 6 42 18. 1 .0' . 14 2.2 2.3 
79.0'429 4 5 38 • .0'3 2-32.97 95-28 • .0'4 6. 1.0' -1. 6.0' 5 333 7.5 .0'. 21 2.4 .0'. 7 • 7 9.0' 4 2 9 512 18.97 2-3 7 • .0'2 95-26.76 9 . 54 -1. 83 5 73 2.4 .0' • .0'3 .0'. 4 .0' • i. 
79.0'429 ~16 52. 1 7 2-37.24 95-24.82 l. . 89 -1. 22 6 53 6 • .0' .0' • .0'7 .0'. 9 .0'. 6 
7 9.0' 4 2 9 521 29.54 2-37. 2.0' 95-26.43 8.36 -1. 56 5 74 3 • .0' .0' • .0'6 .0' . 8 .0'. 5 
79.0'429 6 4 46.66 2-4.0'.28 95-25. 7.0' 5.94 -.0'.46 5 85 7.4 .0'. 1 7 2 • .0' 1 • H 
7 9.0' 4 2 9 1838 51. 45 2-3.0'. 88 95-29.4.0' 7 . 64 -.0'.84 9 333 11. 7 .0'. 28 3.2 6.8 
7 9.0' 4 2 9 193.0' 51. 65 2-39 • .0'3 95-24.81 9 • .0'9 -1. 67 6 66 7 • .0' .0' • .0'3 .0' . 3 .0'. 3 
79.0'429 2.0'23 6. 77 2-38.16 95-28.5.0' 1. 1 7 -1. 72 5 3.0'9 2.2 .0' • .0'3 .0'. 1 .0' . 1 

• 7 9.0' 4 2 9 2133 8 . 8.0' 2-29.26 95-29.97 6.23 -.0'. 7.0' 6 332 14. 8 .0' • .0'6 .0'. 5 .0'. 3 
79.0'43.0' 341 18 . 76 2-33.82 95-3.0'.95 6.79 -.0'.77 6 32.0' 8.9 .0'. HS 1. 7 .0'. 8 
79fJ43fJ 711 42.37 2-33. 77 95-32 . 2.0' 3.43 -1. 52 6 318 9 . 8 .0'. 2.0' 1 • 7 9.7 
79fiJ43ff HI 

., 58.5fJ 2-3.0'.17 95-32 . 65 7 • .0' 1 -.0'.73 8 33.0' 8.3 .0'. 1 1 fjJ . 4 .0'. 2 0 

79RJ43f!J 1123 3 .4 8 2-37. 1.0' 95-28.17 7.29 -.0'.55 5 2.0'9 H. 2 .0'. 1 fjJ 1 . 5 .0'. 9 
79JJ43fiJ 1248 5.0'.75 2-34.21 95-33.34 2.52 -.0'. 6.0' 6 315 11. 1 fJ. 2.0' 3. 1 3.6 
79fiJ43/J 1 31 7 8. 16 2-36.55 95-29.79 6.58 -.0'. 81 6 3 1.0' 3.4 fiLfJ5 Rf. 2 .0'. 3 
79fJ43fJ 1843 51. 68 2-34.76 95-33.18 .0' . 1 3 -2 • .0'4 7 287 5.4 .0' . 15 Rf . 5 .0'. 5 

• 79!iJ4 3fJ 2.0'21 3fJ. 8 2 2-36.68 95-26.17 8. fJ5 -1. 49 5 57 3.5 fJ.fJ4 1 • 1 .0'. 4 
79Z43.0' 2fJ 4.1 51. 49 2-38.95 95-24.11 9 • .0'4 -fiJ. 7 4 6 58 8. 1 fiJ. fJ2 .0'. 2 Rf. 2 
79.0'43fJ 2.0'47 41 • 5fJ 2-4fJ.2.0' 95-24.46 8.81 -1. 83 5 7.0' 6.5 fJ.fJl .0'. 1 .0' • .0' 
79fJ5 .0' 1 2 2 56.43 2-41 • .0'1 95-21 . 6.0' 5.52 -1 • 13 5 51 14. fiJ fJ.fJl .0'. 1 .0'. 1 
79.0'5.0'1 25kJ 19.59 2-3.0'.97 95-31.85 5 • .0'4 -fJ.84 5 329 13. 3 .0'. 22 2.2 5.5 
79.0'5.0'1 543 21. 7 4 2-39.91 95-19 . 28 5.36 -1 • fJ2 5 39 1 7 . 1 .0' • .0'3 .0'. 5 .0'. 2 
79.0'5/iJl 625 5.63 2-28.23 95-35. 5.0' 8.23 .0'. 32 6 355 9.5 .0' • .0'4 1. 3 .0'. 4 
79.0'5.lifl 738 18.99 2-24.34 95-4.0'.78 6.33 -.0' • .0'7 5 29 19.2 .0' • .0'3 .0'. 5 .0'. 2 

• 79fi1501 822 49.28 2-19.64 95-37.95 8.71 -.0'. 19 5 344 29. 1 .0'. 13 1. 8 .0'. 9 
79.0'5.0'1 949 42.65 2-38.3fJ 95-21.86 5.73 -1. 7.0' 6 41 11. 7 fi1 . 16 1 • 6 1 • fJ 
79.0'5.0'1 lfJ52 48 . 24 2-35.96 95-31.14 15. H6 -fJ.84 8 3fJ8 5. 1 .0'. 23 1. 5 2.8 
79.0'5Hl 11 1 57.23 2-38.28 95-23.57 9.73 -.0' • .0'6 5 77 8.6 .0'. HS 1. 4 .0'. 7 
79.0'5.0'1 1253 18 • .0'5 2-33. 4.0' 95-34.98 4 • .0'8 -1. 43 7 272 1. 4 .0' • .0'7 .0'. 4 .0'. 4 
79.0'5.0'1 15 .0' 34.37 2-29.61 95-35.38 8.54 2.38 5 353 7 . 1 H • .0'8 1. 4 .0'. 9 
79.0'5.0'1 1657 6.94 2-34.45 95-3.0'.65 6.59 -.0'. 69 5 296 6 . 8 .0' • .0'9 .0'. 9 .0'. 5 
79.0'5.0'1 17 5 21. 98 2-29.67 95-32.34 6.92 .0'. 82 6 323 9.4 .0' • .0'4 .0'. 7 fJ. 2 • 79fJ5.0'1 2.0'38 4.66 2-29.13 95-29.34 6.63 -1. 47 6 295 14. 8· .0'. 14 1. 5 .0'. 7 
79.0'50'1 2327 45 . .0'3 2-3.0'.14 95-4.0'.46 5. 16 .0' • .0' 1 5 55 9.3 .0' • .0' 1 .0'. 2 .0'. 1 
79f:J5 D2 ff 1 7 13. 18 2-24.36 95-32.67 13.25 .0'. 91 5 335 25 • .0' fl . .0'7 1 . 2 2 . 8 
79 RJ5 /d 2 439 4.26 2-34.96 95-3.0'.32 11 • 7 6 fi1. 22 5 292 5.7 fiJ . 16 2 .fil 1. 2 
79.0'502 1215 47.99 2-33.99 9.5-34 • .0'8 .0'. 49 -.0'.78 8 295 3.3 .0'. 1 9 1. 3 1 • 7 
7 90'5fl3 8 3 57.59 2-34.16 95-32.71 11 • 5 4 -fl. 6 7 6 293 UJ. 1 fl. fiJ2 fiJ. 1 fl. 2 
7 9fiJ5 .03 111 9 18.84 2-38.33 95-19.45 15. 51 -fJ. 12 7 56 16 . 1 .0' .flJ7 1..0' 1 • 4 
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