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Constraints on the Structure of the East Pacific Rise From Gravity 

B R I A N T . R . L E W I S 

School of Oceanography and Geophysics Program, University of Washington, Seattle. Washington 98195 

Gravity data across the East Pacific Rise at 9°N and I2°N (the ROSE area) are characterized by a 
high of 12-20 mGal with a width of about 20 km. It is shown that this axial gravity high is not 
adequately explained by uncompensated constant density topography or an isostatically compensated 
thermally expanded ridge crest. It can be adequately explained by Airy compensation with a depth of 
compensation of at least 20 km or by elastic plate compensation with a flexural rigidity between 10'* 
and 10̂ ° N m. The significance ofthe depth and flexural rigidity parameters is that in both cases.they 
result in a gravity field from the compensation whose amplitude is below the data resolution for 
wavelengths less than about 50 km. That is, the gravity data do not require compensation of the rise " 
axis for wavelengths less than about 50 km. This suggests that these wavelengths are either supported 
mechanically or by other forces (dynamic). The mechanical interpretation is not consistent with partial 
melt under the axis, indicating that dynamic forces may be important in supporting the rise axis. The 
same conclusion is arrived at from the thermal model. The thermal model can be made to fit the gravity 
data if we allow departures from isostasy and the addition of a dike-like body about 2 km wide in the 
crust having a positive density contrast of about 0.25 Mg m~'. This geometry is consistent with a 
seismically determined low velocity zone in the crust in the ROSE area. In this model the 
nonhydrostatic pressures must be supported dynamically. A general conclusion of this study (for the 
portions of the East Pacific Rise studied here) is that the axial topography is not buoyantly supported 
by low density material in the crust. Therefore, either the crust under the rise axis mechanically 
supports the axial topography or a mass excess at the thermally expanded rise axis is supported by 
other forces, such as plate driving forces. The latter option is favored on the basis of heat flux and 
seismic data. 

INTRODUCTION 

The principal motivation for this study was to investigate 
if low velocities found under the axis of the East Pacific 
Rise, which are thought to represent partially molten rock, 
are associated with a gravity anomaly. Evidence for these 
low velocities has been found by Orcutt et al. [1976] at 9°N 
and by Lewis and Garmany [this issue] at 12°N, the ROSE 
area. The thermodynamics under a rise axis have been 
considered theoretically by Lachenbruch [1973, 1976], Sleep 
[1975], Lister [ \ 9 n ] , and others with results that are consis
tent with evidence from submersible studies for hot rock 
under the rise axis. 

The principal difficulty in interpreting gravity data across 
the rise axis involves the mechanism of isostatic compensa
tion and the question of whether the axis is in fact in isostatic 
equilibrium. Nonisostatic or deviatoric stresses should not 
be ruled out by the a priori assumption of isostasy since the 
rise axis is the focus of plate driving forces [Lachenbruch, 
1973; Lewis, 1981]. Previous interpretations of East Pacific 
Rise gravity profiles have generally used the elastic plate 
model to interpret the gravity data [Cochran, 1979; McNutt, 
1980]. It is rather surprising that the elastic plate model fits 
the data as well as it does on the East Pacific Rise, 
considering that partial melt in the crust should produce very 
low mechanical strength. One might expect the thennal 
model, which predicts the topography very well [Davis and 
Lister, 1974] to predict also the rise axis gravity accurately. 
However, gravity calculations based on thermal models 
[Pearson and Lister, 1979; Lewis, 1981] do not in fact predict 
as large a gravity anomaly as observed. 

On the basis of these results there appears to be a 
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dilemma. On the one hand, the thermal model, which 
invokes thermally caused density changes to predict accu
rately the seafloor topography, does not fit the gravity data 
very well. On the other hand, the elastic plate model, which 
treats the rise axis region as a region of high mechanical 
strength (where we in fact expect low strength), predicts the 
observed gravity reasonably well. 

I shall attempt to show that if we allow deviations from 
isostasy at the rise axis (which may be supported dynamical
ly), the thermal model can be reconciled with gravity and 
other geophysical data. To do this one would like to use 
objective inversion methods, such as the ideal body theory 
of Parker [1975], but I have not done this because I am 
doubtful that they would provide useful results in this 
particular case. This is because one would be lumping 
density variations caused by topography, thermal effects, 
elastic plate effects, and possible rise axis inhomogeneities 
into one pot and trying to invert for one unique density 
distribution. • 

My approach in this paper is to examine seveVal proposi
tions and judge the merit of each on how well it satisfies the 
gravity data and is compatible with other geophysical'data. 
The following propositions are tested with respect to the rise 
axis: (1) that the gravity is caused by uncompensated con
stant density topography, (2) that the gravity is caused by 
topography compensated by the Airy model, (3) that the 
gravity is caused by topography resting on an elastic plate, 
and (4) that the gravity is explainable by an isostatic thermal 
model. These propositions are graphically displayed in Fig
ure 1. 

DATA 

Three lines crossing the East Pacific Rise are presented, 
and they are believed to be representative of accreting 
boundaries with half spreading.rates of about 5 cm/year. 
Two of the lines are from the Siqueiros area and were 
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Fig. II. Comparison of the 12°N data with topography and 
gravity computed from the isostatic thermal model (see tpxt for 
parameters used). 

DISCUSSION 

Four different methods for interpreting the rise axis gravi
ty have been used, and some general inferences emerge. 

1. The gravity data preclude the existence of low density 
material at crustal depths under the axis. If low density 
material were present to compensate the topography, the 
rise axis gravity anomaly would be significantly smaller. 
This result is clearly indicated by all four interpretation 
methods. In the thennal model the compensation is distribut
ed over depth from very shallow depths (seafloor) to the 
base of the lithosphere, and yet this model also underes
timates the axial anomaly. 

2. There is a general pattern to the results obtained from 
the inversion method, the Airy model, and the elastic plate 
model. In all three cases the data indicate that the amplitude 
of the gravity field from the rise axis compensation is 
unresolvable for wavelengths less than about 50 km. This is 
most easily seen from the Airy model. Consider a gravity 
field due to topography at a depth of 3 km and compensation 
at 20 km. The ratio of these two fields will be w = exp ( -2i r 
20/\)/ exp ( - 2 7r3/\). Since the topographic field is about 10 
mGal and the data resolution is about 1.5 mOal, we can find 
a value of X for which w = 0.15. Below this wavelength the 
compensation gravity field will not be resolvable. This 
occurs for X = 50 km. Therefore, the data are interpreted to 
imply that for wavelengths less than 50 km the rise axis is 
either uncompensated or the compensation is smoothed by a 
mechanical filter or it is too deep to be resolved. The merit of 
each of these alternatives is discussed next. 

There are two principed arguments against the elastic 
model. First, the model predicts a thickening of the crust 
toward the rise axis because of the deflection of the crust 
mantle boundary. The reflection data of Herron el al. [1980] 
in the Siqueiros area clearly show that this is not occurring. 
Second, the refraction data of Orcutt et al. [1976] and Lewis 
Old Garmany [this issue] indicate low velocities under the 
rise axis that can be interpreted as being caused by partial 
nielt in the crust. If there is indeed partial melt under the 
wis, the mechanical strength must be very low, and there
fore it is unlikely that the elastic plate model is applicable. In 
fact, it would be more appropriate to treat the axial region as 

a viscous fluid. For significant amounts of partial melt, the 
effective viscosity may be as low as several hundred poise 
[Kushiro et al., 1976], in which case the rise axis should 
disappear rapidly in the absence of other sustaining forces. 

Similar arguments can be made against the Airy model 
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Fig. 12. Gravity and topographic residuals obtained by subtract
ing the thermal model in Figure 11 from the data. 
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Fig. 13. Gravity anomalies obtained by applying a topographic 
correction to the residuals in Figure 12. The elastic plate model with 
D = 10" N m was used to compute the topographic corrections. 

with a depth of compensation of at least 20 km. Although it is 
conceivable that the axial topography is supported buoyant
ly by low density at 20 km depth, the material between the 
seafloor and the compensation would be in a state of 
tensional stress as a result of the forces caused by the 
topography and the compensation. If the material had no 
strength, it would flow outward so as to remove the topo
graphic anomaly. If it had finite mechanical strength, then 
the assumptions of the model would be violated arid we 
should use the mechanical model. Therefore, if low mechani
cal strength does exist under the rise axis, the rise axis would 
disappear unless other dynamic forces kept it in existence. 
An additional argument against the Airy inodel is that it 
precludes the existence of thermally induced density 
changes above 20 km, which are thought to cause the axial 
topography and the observed heat flux. This is a major 
deficiency in both the elastic plate and the Airy models. 

Since neither the elastic plate nor the Airy models provide 
a satisfactory physical explanation of the rise axis, we are 
led to infer that the rise axis may not be in isostatic 
equilibrium and therefore that it is supported by other 
forces, most likely dynamic. 

A similar conclusion is reached from considering the 
thermal model. The thermal model, which accurately pre
dicts the topography and heat flow versus age, does not 
accurately predict the gravity. To gain some insight into the 
modifications ofthe thermal model that are required to make 
it fit the gravity data some further numerical modeling has 
been performed. 

In the 12°N area I have used the constraints of the 
refraction data on the size of the axial low velocity zone to 

see if a density anomaly corresponding to the low velocity 
zone can reasonably fit the gravity residuals shown in Figure 
13. A dike model has been used to represent the intrusion 
zone by Using equations from Hammer [1974]. The dimen
sions of the dike were selected to be consistent with the 
refraction model of Lewis and Garmany [this issue], that is, 
2 km wide and 4 km high with a depth below sea level to the 
top of 4 km. A positive density contrast of 0.25 Mg m"' was 
found to fit the gravity residuals (that is, the topographically 
corrected difference between the observed gravity and the 
thennal model). A comparison of the data and the model 
results is shown in Figure 14. This model would fit the 
9°22'N data, but a larger mass anomaly is needed for the 
9°16'W data. 

The size of this uncompensated mass anomaly depends to 
some extent on the degree of partial melting in the mantle 
under the axis (i.e., on the density of the upper mantle). 
Lower upper mantle densities will require a larger mass 
anomaly in the crust. Figure 15 shows a model with up to 
15% partial melt in the mantle and a crustal magma chamber 
having low density partiaUy molten crustal material. The 
effect on the gravity is to reduce greatly, the amplitude of the 
axial high. This model is in isostatic equilibrium. 

Figure 16 shows a model with partial melt in the mantle 
and the intrusion of this upper mantle material into the crust. 
This model clearly fits the gravity data better and is consis
tent with the analysis using the other models. This model is 
not in isostatic eqiiilibrium. 

In both of these thermal models the diffusivity in the crust 
and mantle was adjusted until an optimum fit to the topogra
phy and gravity was obtained, the other parameters being 
the same as for the thernial model in Figure 11. For the 
model in Figure 15 this was the best fit to the gravity that 
could be obtained with the assumptions given above. 

20 0 20 
DISTANCE (km) 

Fig. 14. Comparison of the gravity anomaly in Figure 13 for 
12°N with the gravity field from a dike in the crust having the 
dimensions shown in the figure. . 
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Fig. 15. Comparison of the 12°N data with an isostatic thermal 
model having partial melt in the crust and upper mantle. In the crust 
the partial melt is assumed to be of crustal compositoin (see Lewis 
[19811 for details on the method of calculating the amount of partial 
melt). The diffusivity is in units of 10* m^ s~'. 
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Fig. 16. Comparison of the 12°N data with a thermal model 
having partial melt in the mantle and the intrusion of this melt into 
the crust. Note that in this thermal model a high density body is 
required in the crust to fit the gravity data. The diffusivity is in units 
of lO'm^s- ' . 

CONCLUSIONS 

Three principal conclusions are arrived at from this study: 
1. The gravity data on the segments of East Pacific Rise 

analyzed here do not allow the existence of low density 
material at crustal depths that would isostatically compen
sate the rise axis topography. 

2. A consequence of the first conclusion is that the 
stresses due to the topographic load of the rise axis must be 
supported in the crust either by mechanical strength or by 
other forces (such as dynamic forces caused by plates 
moving apart) [Lachenbruch, 1973]. Although the elastic 
plate model can be made to fit the gravity data adequately, it 
is unlikely that' this is the correct explanation because it is 
inconsistent with the inference of partial melt, and therefore 
low strength, under the axis, and with the seismic reflection 
data. This leads us to infer that other forces are supporting 
the axial load. 

3. Analysis of the gravity and topography using the 
thermal model suggests that the excess mass at the rise axis 
may not be in the topography itself but in a subsurface mass 
associated with the axial intrusion zone. This conclusion is 
based on the fact that this model predicts the topography 
adequately but does not fit the gravity, requiring not a 
topographic anomaly but a subsurface axial mass excess. It 
was found that a dike-shaped body in the crust with a width 
of 2 km and a density contrast of 0.25 Mg m"^ is one 
possibility that is consistent wilh seismic constraints. This 
model is not in isostatic equilibrium, implying that other 
forces (probably dynamic) are supporting the nonhydrostatic 
pressures at the crust mantle boundary. 
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Constraints on the Structure of the East Pacific Rise 
From Seismic Refraction Data 

B. T. R. LEWIS AND J. D. GARMANY 

University of Washington, Department of Oceanography and Geophysics Program 
Seattle, Washington 98195 

University of Washington seismic data taken during ROSE phase 1 have been used to study the 
structure ofthe East Pacific Rise in the vicinity of 12°N. Off axis but within 50 km ofthe axis we find 
that the oceanic crust can be modeled with a rapid change in velocity in the top 2.5 km, a zone of low 
but uniform velocity gradient from 2.5 to about 5.5 km and a transitional zone about 1 km thick to 
mantle material. There is also evidence for substantial anisotropy in mantle velocity gradients, with a 
positive velocity gradient in the spreading direction and a negative velocity gradient parallel to the rise. 
Under the rise axis the data allow at most a very narrow zone of low velocity (less than about 2 km 
wide) in the crust. 

INTRODUCTION 

The ROSE experiment was a multi-institutional seismic 
experiment conducted in early 1979 to investigate the struc
ture of the East Pacific Rise and its intersection with a 
fracture zone. An overview ofthe experiment has been given 
by Ewing and Meyer [this issue]. A unique aspect of this 
experiment was the data archiving system, and this is 
described by LaTraille et al. [this issue]. An analysis of the 
seismicity recorded on the Orozco fracture zone during 
phase 2 was reported by Project ROSE Scientists [1981]. 

This study deals with the active phase of the experiment, 
phase 1, and, in particular, the data subset pertaining to the 
rise axis structure. The specific goals in this analysis are (1) a 
determination of the presence or absence of crustal partial 
melt under the axis as revealed by low velocities, (2) an' 
estimation ofthe size ofthe partial melt zone, if present, and 
(3) the velocity structure of the crust adjacent to the axial 
zone. 

Fairly extensive and detailed studies with similar objec
tives have been undertaken previously by Scripps research
ers in the Siqueiros area to the south and by the University 
of Washington [Lewis and Snydsman, 1979] in an area to the 
north of the ROSE phase 1 area. In the Siqueiros area, 
Orcutt et al. [1975] obtained evidence of a crustal low-
velocity zone (LVZ) under the axis from refraction hnes 
along the axis. Subsequently, Herron et al. [1980] used 
multichannel seismic reflection data to show that acoustic 
Moho could be traced to within a few kilometers of the axis. 

Although the refraction experiments have been helpful in 
suggesting LVZ's in the crust under the axis, the data have 
been taken along the strike of the rise axis on the axis and 
have been interpreted in terms of flat lying homogeneous 
layers. At the rise axis this can be a serious oversimpli
fication. In particular, if the width of the LVZ is less than the 
crustal thickness (say 2 or 3 km compared to 6 or 7 km), 
lateral refraction must be important since the horizontal 
velocity gradients may be at least as great as the vertical 
gradients. Neglecting this can lead to incorrect velocity 
models which have serious implications for petrologic mod
els. 
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To circumvent the lateral refraction problem and reduce 
the problem from a three-dimensional to a two-dimensional 
refraction analysis, we have restricted our interpretation of 
the rise axis structure to shot lines across the axis. This 
allows us to infer an axial LVZ from delayed first arrival 
travel times without reverting to the interpretation of data in 
terms of a detailed velocity depth function and its attendant 
assumptions. To obtain a reference for the axial delay times, 
we have used the off-axis structure obtained from shot lines 
within 50 km of the axis. 

T H E DATA 

In this study we have restricted our analysis to shots in the 
vicinity ofthe rise axis and to data recorded by University of 
Washington ocean bottom seismometers (OBS's) [Lister and 
Lewis, 1976]. For this experiment the 0BS*s were used with 
metal tripod anchors rather than the concrete flower pots 
because they were to be emplaced, in general, on a hard rock 
bottom. 
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Fig. 1. Locations of shot lines and receivers used in this study. 
The numbered shots refer to large shots. 
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Because the interpretation of the axial structure is criti
cally dependent on the quality and distribution ofthe seismic 
data, we emphasize in this paper the presentation of the data 
in record section form. The data have been uniformly treated 
in terms of display. All data (except where noted) have been 
corrected for shot size variations and distance according to 
(WIWo)̂ ^ • (/?//?o)' ^ where WQ and RQ sire a reference weight 
and distance, and VV is the actual charge weight at distance 
R. The square root signal compression used during the 
analog recording has been corrected by bipolar squaring so 
that the amplitude relationships displayed are linear within 
the accuracy of the recording process, about 25%. 

For the lines of large shots, distances from shot to receiver 
were computed from the published shot locations to OBS 
positions that were relocated using water wave travel times 
from the shots. For the lines of small shots the water wave 
travel times alone were used to compute distances because 
of the poor navigation on these shot lines. 

The locations of the large shots and the receivers used in 

this study are shown in Figure 1. The small shots used were 
along lines 1, 4, and 5. 

Except where noted, corrections have been applied to the 
travel times for topographic variations. These were'madeas 
small as possible by applying a correction which produced a 
constant thickness ocean of 3 km above the shots at a phase 
velocity of 7 km/s. 

RESULTS . 

Off-Axis Structure 

The seismic data from the series of small shots on lines I. 
4, and 5 were used to constrain the oflf-axis velocity SUDC-
ture. The linear programing method of Garmany (this issue) 
was used to derive bounds on structure and to supply 
candidate models for use in synthetic seismogram modeling-
From the set of optimal feasible solutions which maximized 
or minimized the depth to several material slownesses, a fe^ 
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Fig. 3. Record section of large and small shot data along line 4 to OBS 407. 

models were chosen which best fit the observed travel times 
as a function of distance. These models were used in a 
WKBJ synthetic seismogram program [Chapman, 1978], and 
the resulting synthetic record sections were compared with 
the observed data. The qualitative comparisons were used to 
suggest additional constraints on the kinematic variables 
delay time, distance, and the derivative of distance with 
respect to slowness (dXIdp). The linear programing routine 
would then be run with the added constraints and, the entire 
procedure was repeated until the qualitative fit could not be 
improved. 

Only the data from the 10.9 kg (24 pounds) shots were 

used to minimize difficulties in measuring amplitudes and 
comparing waveforms. The peak-to-peak excursions from 
the first dilational to the second compressional peaks were 
used as the amplitudes. This convention was adopted be
cause the first compressional peak is not well observed in 
these data beyond about 20 km. In regions of strong interfer
ence (caustics) a different method of estimating amplitudes 
was needed [Garmany, this issue]. These measurements 
were not so direct and were used sparingly. 

Before discussing the final models, we will consider the 
major similarities and diflferences in the three record sections 
of the data (Figures 2-4). All three lines show a strong Moho 
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Fig. 4. Record section of large and small shot data along line 5 to OBS 403. 
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reflected (PmP) branch. The lines parallel to the strike (lines 
4 and 5) have a near PmP caustic close to 27 km distance, 
while in the direction of spreading this caustic occurs at 
about 20 km distance. This difference is due to the greater 
mantle velocity in the direction of spreading. The total 
extent of these reflected branches is limited, the farthest 
observed PmP arrivals being at approximately 45 km dis
tance. This is seen in the long-range large shot data, as well: 
Such behavior is consistent with a gradual transition at the 
Moho. A Pn branch on lines 4 and 5 is not observed, while 
this phase is quite visible on line 1. This implies that the 
velocity gradient below the Moho transition is probably 
negative for refracted waves along the strike of the rise and 
is definitely positive orthogonal to this direction. We feel 
that this is due to an increase in anisotropy with depth, as 
suggested by Garmany [1981] to account for similar observa
tions in other young oceanic provinces. All the lines show 
layer 3 refractions of similar velocity. At about 10 km, all 
three lines show a region of higher amplitude which is 
associated with the layer 2-layer 3 transition. 

The final results of this iterative process are shown in 
Figure 5. The dashed lines at the shallowest levels in the 
velocity models indicate the output of the linear programing 
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Fig. 7. Fan line 6 to OBS's 407 and 403. The data are plotted 
equally spaced, and distances from shot to receiver are shown below 
*^h seismogram. 
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Fig. 8. Fan line 7 to OBS's 407 and 403. The data are plotted 
equally spaced, and distances from shot.to receiver are shown below 
each seismogram. 

routine that is poorly constrained and are not intended to 
represent earth structure. There is insuflicient data at short 
distances to constrain this part of the structure. In addition, 
sharp comers in other parts of the structures must not be 
regarded as resolved details. These represent points where 
the linear programing routine has run up against* a hard 
constraint and has wrapped around it. The source Unction 
used for the synthetics on lines 1 and 4 was an exponentially-
damped cosine curve of four cycles duration (0.4 s). L'ine 5 
was received by another instrument and has rather different 
recording characteristics. An undamped wavelet of 1 cycle 
duration (0.12 s) was convolved with the broadband synthet
ics for this line. 

Given the uncertainties in amplitudes caused by only 
approximate removal of the nonlinear signal compression, 
the variability of the explosive sources, and the distortion 
associated with coupling to the seafloor [Sutton et al., 1981], 
we feel that the synthetic seismogram modeling has been 
quite successful. Special emphasis was placed on modeling 
the relatively weak PmP arrivals on line 4 between 30 and 50 
km distance. This constraint and the limit on the distance to 
the observed far PmP caustic required an increase in veloc-
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Fig. 9. Fan line 1 to OBS 402, which was on the rise axis. 

ity gradient in the lower crust. On line 5 the extremely close 
limit on the distance of the far PmP caustic (about 40 km) 
required a similar gradient. The Pn arrivals in the synthetics 
on lines 4 and 5 correspond to zero velocity gradient in the 
mantle and ju-e clearly too strong. This argues for a probable 
negative velocity gradient below the Moho transition. All 
three lines exhibited amplitude increases near 10 km dis
tance whic.h were modeled by a rapid layer 2-layer 3 
transition followed by a gradual decrease in velocity gradient 
over a depth range of several hundred meters. Line 1 also 
shows a region of high amplitude at 15 km distance, suggest
ing a possible triplication with a caustic at that distance. The 
linear programing inversion was not constrained to yield 
such a triplication, but the models which best fit the T(X) 
data included^one. Layer 3 for all three lines was found to be 
nearly homogeneous, and there is no significant difference in 
layer 3 velocities between any of the models. The Moho 
transition for line 1 appears to be sharper than for the other 
two lines, and the stronger Pn requires a positive velocity 
gradient below the transition region. The differences in Pn 
velocities are also significant and are consistent with previ
ously observed Pn anisotropy [Bibee and Shor, 1976; Lewis 
and Snydsman, 1979]. Velocities are 7.8-8.0 km/s along the 
strike of the rise and 8.2-8.3 km/s in the direction of 
spreadiiig. 

All the feasible solutions which maximized or minimized 
the depths to 25 evenly spaced slownesses (50 models in all 
for each line) are shown in Figure 6. The envelope of these 
solutions are the bounds on the velocity-depth structure 
inferred from the linear programing routine. The set of these 
solutions which best fit the travel times is considerably 
narrower, of course. The shapes of the structures at the 

greatest depths are extremely similar as a result of the very 
high order constraints due to the amplitude information. 

Structure Under• the Axis 

Two types of data have been used to infer structure under 
the axis; the fan lines which involve ray paths crossing the 
axis obliquely and a reversed line across and perpendicular 
to the axis (line 1). 

Data from lines 6L and 7L to OBS's 407 and 403 are shown 
in Figures 7 and 8 and represent travel times along paths that 
cross the rise axis obliquely. Data from line IL to OBS 402 
on the rise axis is shown in Figure 9 and represents travel 
times along paths oblique to the axis but not crossing the 
axis. The following features of these data are noted. 

1. They are in the distance range 65-90 km, and the 
predominant energy corresponds to wave paths which are 
multiple reflections at the seafloor of the caustic caused by 
the velocity gradient at the crust-mantle transition. This has 
been verified by synthetic seismogram modeling, and It 
indicates that these waves are only affected by crustal 
properties and the crust-mantle transition. 

2. They show clearly that some type of velocity 
inhomogeneity exists in the crust under the axis which 
causes a marked attenuation of energy crossing the axis 
(Figures 7 and 8). The change in amplitudes is directly 
related to the rise axis, and it indicates that the width ofthe 
inhomogeneity is certainly less than about 10 km. This is 
supported by the data in Figure 9 which show that for 
propagation along the axis the travel times are not retarded. 
This would be expected for a narrow low-velocity zone with 
lateral refraction in the faster material. 

3. The abrupt change in amplitude for crustal paths 
crossing the axis could be caused by transmission loss 
through a low-velocity zone or the absence of the crust-
mantle boundary at the axis or both. It is unlikely to be due 
to anelastic effects because the wavelengths are of the order 
ofthe width ofthe inhomogeneity and therefore the anelastic 
attenuation coefficient would have to be unrealistically high 
to cause the observed amplitude reduction. 

Because the complicated ray paths make these data diffi
cult to interpret, we have used the data on line I perpendicu
lar to and crossing the axis to provide better constraints on 
the axial structure. 

Figure 10 shows the large shot data on line IL between 
OBS's 407 and 403. These data are uncorrected for topogra
phy, and they show that at distances corresponding to ' 
crustal arrivals (OBS 407) the propagation across the axis is .• 
not greatly affected by the axis except for a time offset of 
about 0.3 s. At distances where one might expect the first 
arrivals to be from mantle paths (OBS 403) the rise axis does 
appear to affect the propagation across the axis. This could 
be due to a negative velocity gradient in the mantle near the 
rise axis. 

Because the topographic effects of the rise axis on the 
travel times are significant (about 0.2 s), these need to be 
included in any modeling procedure or corrected for in the 
data. Both procedures were implemented. In one case we 
used a two-dimensional ray trace method [McMechan and 
Mooney, 1980] and included the topography. In the other we 
first corrected for the topography and then applied the two-
dimensional ray trace method. The topographic corrections 
were made using the method described in the section on 
data; that is, the travel times were corrected by adding or 
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Fig. 10. Line IL reversed between OBS's 407 and 403. This line crosses the rise axis and no topographic corrections 
have been made. 

subtracting the travel time at a phase velocity of 7 km/s in a 
water layer whose thickness was the difference between the 
shot depth and 3 km. Because the mean ocean depth along 
this line is close to 3 km, this required the smallest correc

tions, less than 0.2 s, to simulate a constant thickness ocean 
above the shots. The application of the topographic correc
tions to line IS data on OBS's 407 and 406 are shown in 
Figure 11. 

OBS 407 LINE IS 

Fig. 11. Small shots across the rise axis to OBS's 407 and 406. Topographic corrections have been made. 
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OBS 407 LINE IS 

Fig. 12. An enlargement of the data in Figure 11 crossing the rise for OBS 407. Also shown is a model derived from 
two-dimensional ray tracing which satisfies the data. 

Several interesting features of the data in Figure 11 are 
noted. First, we see that although OBS 406 was on the rise 
axis, the travel times are not significantly different from OBS 
407, which was 17 km from the axis. This indicates again that 
any axial low-velocity zone in the crust must be narrow. 
Second, we see that amplitude increases in the distance 
range 20-45 km, which are caused by the crust-mantle 
transition, are found on all segments of the data, including 
data crossing the axis. This indicates that this transition is 
continuous under the region ofthe rise axis. Third, we note a 

slightly irregular behavior in the caustic on OBS 407 which is 
associated with travel paths under the rise axis. 

These data show that if there is any unusual velocity 
behavior under the rise axis, it is very localized and has a 
subtle effect on the travel times. 

To explore the range of axial velocity structures compat
ible with the data, we applied the two-dimensional ray trace 
method to the OBS 407 line IS data. A model which is 
compatible with the data is shown in Figure 12, and a model 
which is definitely incompatible with the data (the Oman 
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Fig. 13. Computed travel times for the Oman ophiolite model of Pallister and Hobson [1981] compared with the data 
in Figure 12 (uncorrected for topography). 
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ophiolite model, Pallister and Hobson [1981]) is shown in 
Figure 13. In Figure 12 it is seen that the only unusual feature 
of the data is an offset of about 0.1 s in the travel times 
beyond 25 km. The reduction in amplitude between 19 and 
22 km can be adequately explained by the normally low 
gradient in velocity, in the lower crust. The travel time offset 
can be due to a slowness difference dS applied "over a 
distances. Forx = 1km, dS - 0.1 s/km, which corresponds 
to a velocity decrease from 7 km/s (the velocity in the lower 
crust) to 4.12 km/s. For ;c = 3 km the corresponding low 
velocity is 5.68 km/s. Models having an axial low-velocity 
zone with different shapes were tried, but all nonparallel-
sided shapes caused refraction effects which influenced the 
amplitudes in a detrimental manner. 

Therefore we feel that the simplest model compatible with 
the data is that shown in Figure 12. Although we have not 
rigorously demonstrated that this model will also explain the 
oblique travel path data, one can argue that a narrow crustal 
low-velocity zone coupled with the absence of an underlying 
crust-mantle transition would channel energy, which crosses 
the rise axis obliquely, into the mantle, thereby causing the 
decrease in amplitudes. 

DISCUSSION AND CONCLUSIONS 

The off-axis velocity structure is characterized by a thin 
zone of low velocity at the seafloor (probably representing 
the zone of pillow basalts) underlain by a rapid transition to a 
nearly homogeneous and apparently isotropic layer 3. For 
rays refracted parallel to the strike of the East Pacific Rise 
near 12°N, the Moho seems to be a very gradual increase in 
velocity up to at least 7.8 km/s, but this is followed by a 
decrease in velocity below the transition. For rays refracted 
in the direction of spreading, the Moho transition may be 
somewhat sharper, and the strong Pn arrivals require a 
continuing increase in velocity with depth below the major 
transition. Observed Pn velocities are almost 8.3 km/s in this 
direction. These disparate velocity gradients are most proba
bly due to a gradual increase in anisotropy just below the 
Moho. 

An important result of.this study is the strong constraint 
on the width of any magma chamber or partial melt zone in 
the crust under the rise axis.. We have shown that the data 
crossing the axis do not exclude a narrow low-velocity zone 
under the axis. An upper limit to the width of this zone 
would be about 4 km at a velocity of 6 km/s (little partial 
melt). A lower limit on the width is about 0.5 km correspond
ing to the velocity of totally basaltic magma, about 3 km/s 
[Murase and McBirney, 1973]. 

We have shown that the magma chamber model postu
lated for the Oman ophiolite can be ruled out as a possibility 
for this part of the East Pacific Rise. Since the large magma 
chamber for the Oman ophiolite was postulated to explain 
the cumulate section, we infer that the Pacific crust in this 
area may not have a significant cumulate section. This is also 

in general agreement with the seismic velocities. Christensen 
and Smewing [1981] report velocities of about 7.5 km/s for 
the Oman layered gabbros. The refraction data do not 
require 7.5-km/s velocities in the lower crust except in the 
transition zone from crust to mantle. 
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Introduction 

Summary. A structural model ofthe Mid-Atlantic Ridge at 37" N is proposed 
on the basis of travel-time data and synthetic seismograms. At the ridge axis 
the crust is only 3 km thick and overlies material with an anomalously low 
'upper mantle' velocity of 7.2 km s''. Crustal thickening and the formation of 
layer 3 and a layer with velocity 7.2-7.3 km s' ' takes place within a few kilo
metres of the axis, producing a 6-7 km thick crust by less than 10 km from 
the axis. A normal upper mantle velocity of 8.1 km s"' exists within 10 km 
of the axis. Shear waves propagate across the axis, thus precluding the exist
ence of any sizeable magma chamber at shallow depth. 

The theory of plate tectonics is now generally accepted, but the details of plate creation and 
destruction are still poorly understood. There is little agreement about the processes by 
which layered oceanic crust is created at the axis of the mid-ocean ridge system. Many 
petrologists require that there should be a magma chamber beneath the ridge axis to produce 
the basaltic lavas erupted on the seabed at the axis, but the size and extent of such a magma 
chamber remains conjectural. 

Cann (1970,1974) proposed the existence of a large magma chamber situated in the crust 
at the top of a rising column of asthenosphere. Orcutt et al. (1975, 1976) and Rosendahl 
et al. (1976) reported a low-velocity zone, interpreted as such a magma chamber, at the crest 
of the East Pacific Rise at 9° N. Sleep (1975), modelling the temperature field at the ridge 
axis, has shown that for spreading rates less than 1 cm yr"', the half-width of ariy possible 
magma chamber in the crust is less than 0.5 km, which suggests that no large-scale perma
nent magma chamber can exist beneath a slow-spreading ridge. Seismologists working with 
teleseismic data from earthquakes (Molnar & Oliver 1969; Francis 1969; Solomon 1973) 
reported a sharply-defined zone of high attenuation in the upper mantle at the ridge axis 
through which S„ is not propagated. Solomon & Julian (1974) modelled the temperature 
field and hence the /'-wave velocity field in the upper mantle in the axial zone. In order to 
account for the non-orthogonality of the nodal planes of ridge crest earthquakes, they con-
concluded that there must be a /"-wave low-velocity zone, with half-width several tens of 
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Detailed Near-Bottom Geophysical Study of the Gorda Rise* 
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A deeply towed instrument package waa used to survey the fine details of topography, 
sediment distribution, and magnetization of the Gorda rise, an active 8prea<iing center o9 
northern California. The gross form of the central rift vaJley is the result of large-scale 
Dormal faulting. The surface is broken into long, narrow, tilted steps parallel to the spreading 
center. Topographic features just outside the rift valley also have a tilted blocky aspect and 
are lineated and symmetrical with respect to feature of the same age on the opposite flank. 
Flat terrigenous turbidite sediments are found in the valley floor and in deepa on the west 
flank, as might be expected. They also are found on the tops of the steps high in the rift 
valley walls, implying that the steps are uplifted to form the walls as they move out from 
the center. Tbe magnetic field measured near the ocean bottom can be approximately simulated 
by using straightforward model calculations. The extremely complex short-wavelength anom
alies (width less than 1 km) generally are caused by topographic effects, and from them the 
bulk magnetization of the topographic features was estimated -to be about 0.009 emu/cm' 
near anomaly 2 and 0.007 emu/cm' near anomaly 3. Assuming these values of magnetization 
for the entire magnetic layer, the magnitude of long-wavelength anomalies shows that it 
must be about 0.6 km thick. In crust formed at a spreading rate of 37 mm/yr, magnetic field 
polarity reversals are recorded in the magnetic layer as a gradual zone of transition about 2 
km wide. Of this width, 0.1 to 0.7 km can be attributed to the time it takes for a reversal 
to be completed, and the remaining width, about 1.7 km, can be attributed to the process 
of emplacement of magnetic material. Comparisons with emplacement models show that 
most magnetic material was emplaced within 2 km of the center (within 0.7 km if a pure dike 
injection model.is assumed). The 2-km width of the emplacement effect acts as a smoothing 
function for events in the magnetic field, so that the record in the magnetic layer of events of 
duration less than about 10,000 years should be greatly attenuated. Two medium-wavelength 
anomalies are interpreted as possible normal polarity events centered at 3.4 and 3.55 m.y. 

The Gorda rise lies off northern California 
just north of the Mendocino fracture zone (Fig
uro 1). Seismicity shows that it is an active 
plats boundary [Tobin and Sykes, 1968]; high 
lieat flow, low mantle velocities, shallow sym-
nietrical topography, and recognizable magnetic 
womalies all indicate that it is an active spread
ing center [Von Herzen, 1964; Shor et al., 1968; 
VcMarvus, 1967; Vine, 1968]. Magnetic anoma-
5es discussed by Vine [1966] show that the 
wuthem Gorda rise has spread slowly since 
"*ut 2 m.y. and more quickly in earlier times. 

11 May 1967 a survey was conducted of the 
i 
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southern Gorda rise with a deep towed gedphys-
ical instrument package, hereafter called tjie 
Fish. Since it is towed very near the seavfloor, 
the Fish reduces the resolution problems en
countered by sea surface instruments, allowing, 
one to study structures of the sea floor in great 
detail. The central portion of the southern 
Gorda rise was taken as an example of a slowly 
spreading rise (about 12 mm/yr) , and most of 
the survey was concentrated in that region. 
Data were also collected along one long track 
crossing older crust that was formed by faster 
spreading (37 mm/yr) . The purpose of this 
paper is to summarize the data collected with 
the Fish and to explore the implications of these 
data for the spreading phenomenon. 

All spreading rates given in this paper are 
half rates, i.e., the rate at which one flank of 
the ridge was formed. The unit millimeter per 
year is adopted because it converts directly to 
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Fig. 1. Topography in the region of the Gorda rise [from Chase et al., 1970]. Heavy lines 

show survey tracks of deep towed Fish. Contours are in uncorrected fathoms, and grey regions 
are shallower than 1400 fm (2.6 km). Arrows show probable paths followed by continentally 
derived turbidity flows. 

kilometer per million years and conforms to the 
International System (SI) of Units [ReiUy, 
1972]. The second author wishes to note that 
1 nT = 1 gamma and 1 amp/m = 0.001 emu/ 
cm*, where the nanotesla and amperes per meter 
are SI units. 

INSTRUMENTATION AND DATA PROCESSING 

The data reported here were collected by the 
Marine Physical Laboratory deep towed Fish, 
described in detail by Spiess and Mudie [1971]. 
The Fish was generally towed 1-3 km behind 
the ship and 20 to 200 meters above the bottom. 
It was instrumented with sonars and a mag
netometer. An up-looking sonar and a narrow-

beam down-looking sonar give the depth of tbe 
Fish and the ocean bottom; a wide-beam ii-
kHz down-looking sonar penetrates sedimas 
bodies; and side-looking sonars display il» 
character of the bottom and the shape of bw-
tom features within 400 meters of either sidt 
The sonars resolve objects as small as a few Dfr 
ters in size and delineate objects tens of metflJ 
or larger in size. The usual transponder navl|̂  
tion system was not used successfully in ^ 
survey. A proton precession magnetometer s8>-
sor was towed behind the Fish, and the m 
towed a second proton precession magnetome" 
at the sea surface. 

During postcruise data processing, all s<" 

oluiD" velocities acc( 
"jjd were conyerted 
estimates of "water . 

K this region, made in 
porkers (personal c 
essentially identical t 
in Matthews' tables 1 
VV̂ here needed for COE 
are also given in unco 
a sound velocity of St 

NAI 

Navigation of the 
readings being taken • 
encies among readin; 
and approximately 
headings indicate th 
sometimes as much i 
positioning. N-S cont 
because of the locatic 
The Fish was not nav 
practice of using a s( 
ponders to locate the 
in this survey because 
of the topography ai 
volved. Therefore the 
by estimating its posi 
In other regions, whei 
so that Fish and ship ] 
the Fish has been sec 
was a smooth vereion 
ting comers and dimii 
the ship. Thus, to estij 
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parable way. 

Given the Fish trai 
tion of the Fish on ti 
then be determined. 1 
mined whenever the d; 
the ship is known, i 
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ranged from 1 to 3 
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solve objects as small as a few me-
id delineate objects tens of meters 
ze. The usual transponder naviga-
ivas not used successfully in this 
iton precession magnetometer sen-
id behind the Fish, and the ship 
id proton precession magnetometef 
rface. 
tcruise data processing, all soun -

log 
data were corrected for -varying water 
ran velocities according to Matthews [1939] 

A were converted to meters (more recent 
'^'raates of water column sound velocity in 
f" region, made in 1965 by R. Raitt and co-
' rkers (personal communication), 1969, are 

(jaliy identical to those reported and used 
• Ajatthews' tables for the depths concerned). 
tphere needed for comparisons to charts, depths 

also given in uncorrected fathoms (assuming 
sound yelocity of 800 fm/sec). 

NAVIGATION 

jJavigation of the ship was by Loran A, 
readings being taken every half hour. Inconsist
encies among readings and between readings 
and approximately known ship speeds- and 
headings indicate the Loran readings to be 
sometimes as much as 3 km in error in E-W 
nositioning. N-S control was somewhat better 
because of the locations of the Loran stations. 
The Fish was not navigated directly. The usual 
practice of using a set of ocean bottom trans
ponders to locate the Fish was not appropriate 
in this survey because of the extreme roughness 
of the topography and the long distances in
volved. Therefore the Fish had to be navigated 
by estimating its position relative to the ship. 
In other regions, where transponders were used 
so that Fish and ship positions were well known, 
the Fish has been seen to follow a track that 
was a smooth version of the ship's track, cut-
ling comers and diminishing small excursions of 
ihe ship. Thus, to estimate the Fish track in this 
region we smoothed the ship track in a com
parable way. 

Given the Fish track thus derived, the posi-
• tion of the Fish on the track versus time must 
then be determined. This position can be deter
mined whenever the distance of the Fish behind 
the ship is known, and that separation can 
occasionally be measured if first the ship and 
'hen the Fish passes over some distinctive high 
point in the . topography. Eighty measure-
oents of the separation made in this way 
ranged from 1 to 3 km, depending approxi-
•oately upon the depth at which the Fish 
"̂88 being towed. From these measurements, 
W empirical relationship was calculated be-
'ween ship-Fish separation and Fish depth, and 
""s relationship was used in a first attempt 
'" locate the Fish on the track. This approxima

tion did not prove to be adequate when the Fish 
depth varied rapidly, in particular, along cross
ings of the central valley and ridges. Therefore 
the E-W positions along these lines were modi
fied to fit topographic highs with those surveyed 
by Heinrichs [1970]. His data were taken along 
straight lines at a steady speed of about 17 
km/hr, errors being estimated as less than 2 
km. Where lines .could not be compared to 
Heinrichs' survey, i.e., along N-S tracks and on 
tracks outside the central valley, locations were 
accepted as approximated by the relation of 
separation to Fish depth. On these traicks, Fish 
depths varied much less, so that the approxi
mation is nearer the true case. 

The probable errors in the Fish locations that 
were accepted can be summarized as follows. 
On the long flank tracks and on the N-S tracks 
in the central valley absolute location is known 
to within about 3 km, and separations of nearby 
points along the track are probably good_ to a 
few percent. On the E-W traverses of the cen
tral region absolute location is good to within 2 
km, but separations of nearby points are only 
known to within 20 or 30%, so that quantitative 
measurements of slopes, for example, are not 
very reliable. 

: ix.''PLATE 

• AXlA ',Ar:Xi '•̂ t̂ '-. ,>.'' \ ' F 

. ^ As 
MCNOOCINO TDAI 

Fig. 2. Present plate configuration near the 
Gorda rise. Heavy lines show active plate boimd-
aries. Heavy dashed line represents disruption of 
the Gorda plate. Light dashed line shows ap
proximate boundary of crust formed at 37 mm/ 
yr (fast) before the disruption. Since the dis
ruption, the southern portion of the Gorda spread
ing center has spread at about 12 mm/yr (slow), 
and the southern portion of the Gorda plate 
has deformed internally. Survey tracks are shown. 
Only one track extends into the fast-spreading 
flank provinces. 
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REGIONAL SETTING AND SPREADING HISTORY 

The Gorda rise lies off northern California 
and southern Oregon and has an active spread
ing center (Figures 1 and 2). Topographically, 
it consists of two linear ridges separated by a 
deep central rift valley. The inner sides of the 
ridges (the valley walls) are extremely steep, 
but the outer flanks descend much more gradu
ally. The ridges terminate near the Mendocino 
and Blanco fracture zones, which serve as trans
form faults [Tobin anti Sykes, 1968]. The ridges 
are also disrupted near their centers (about 
42°N), where they are broken and offset and 
their trends change somewhat. This disruption 
appears to be a fundamental one, extending to 
the east into the Gorda plate as a deep in the 
topography, aa a cross feature in the magnetic 
pattern, and as a slightly active seismic zone 
[Northrop et al., 1968; Bolt et al., 1968]. The 
tracks of our survey are shown on Figures 1 
and 2, centered near 41»20'N, 127°30'W. They 
lie entirely within the region south of the dis
ruption and sample only the more orderly 
middle part of that section. 

The spreading history on the Gorda rise for 

120 100 80 60 40 20 
PERPENDICULAR DISTANCE TO CENTER (KM) 

Fig. 3. Data establishing spreading rates and 
rate changes for the southern Gorda rise. Rec
tangles show locations of magnetic polarity re
versals (listed in Table 1); the widths of the 
rectangles are estimates of the errors of the 
locations. The reversals are plotted versus their 
approximate ages, taken from the time scale of 
Cox [1969]; normal intervals in the time scale 
are shown as grey stripes. Black profile shows' 
basement topography at 15x vertical exaggeration 
(see Figures 5, 9, and 11 for details). All data 
are from the western half of the long E-W 
track in Figures 1 and 2 (extension of line A, 
Figure 4) and are projected onto a line of trend 
N100°E perpendicular to tbe magnetic anomalies. 

the past 7 m.y. can be studied by vmĵ  
magnetic anomalies mapped by Raff and Af-, 
[1961] as interpreted by Vine [1968]. Ano 
lies west of the ridge (in the Pacific plate) 
for the most part straight and orderly, in(Ji 
ing that this plate has remained intact gb 
its formation at the ridge crest. If we assu * 
that spreading was approximately synunetiii 
and perpendicular to the ridge crest, this jh^ 
netic pattern records the following histoi^r^ 

.spreading between the Pacific and Gorda plata 
Between 7 and 2.5 m.y. ago, the plates aptejj 

apart at a rate of about 37 mm/yr in a diro. 
tion that gradually changed from NgS'g . 
N100°E. Sometime between 2.5 and 1.8 m^ 
ago, the discontinuity formed near 42°N, divji 
ing the Gorda plate into two sections with ver» 
distinct behaviors. The motion of the northeu 
section (north of 42°N) changed slightly to • 
trend of about N110°E and to a rate of about 
30 mm/yr. The southern section of the plate, ig 
contrast, slowed drastically. From sea surfac 
magnetic anomalies, it cannot be determined 
whether the slowing was sudden or gradual. 
This histj)ry can be better delineated by uajj. 
the near bottom magnetometer records in whii 
the boundaries of the Jaramillo event (O.8&-0.9J 
m.y. in age) can be distinguished. Rgute 3 
shows locations of magnetic reversals measured 
by the Fish along the long track acroa the 
western flank shown in Figures 1 and'2. The 
method for determination of these locations 'a 
discussed in a later section. When matched to 
the time scale of Cox [1969], the reversal loca
tions indicate that the change in spreading rate 
occurred at 2.1 m.y., if it was abrupt, and has 
been constant at 12 mm/yr since 1.8 m.y. ago 
(perhaps since 2.1 m.y.). The apparent con
stancy in the slow spreading rate is important, 
because it implies that features in the central 
valley may be representative of slow spreading 
centers rather than being just transient featuiet 
of a changing system. 

Sea surface magnetic anomalies mapped over 
the Gorda plate, east of the ridge, clearly have 
been deformed. While those in the northera 
section are approximately parallel to their west-
em counterparts, those in the south have been 
rotated 35° to 40". Silver [1971] notes that 
most of the rotated anomalies are neariy para' 
lei to one another, and the central anomaly a 
almost constant in width. Thus a major part ol 

rotation occurred 
• '*'^t during the Mat 

^fjoOi the discusaon 
.^n of our survey 

^eren* histones: (1: 
°\^ undisturbed ocea 
t'^'roxa/yr: (2) the 

e»oio crust formed 
^^gr deformed; and 

eaoic crust formed a 
^ftte extent of these 
tions of our survey lii 
/»_ly one line extends 
nces- Details of the 
gbown in Figure 4. 

BATHTMETRI 

liineatityn and conti', 
fift valley. The stn 
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Fig. 5. Topog 
central valley. ) 
probable sedime 
collected by the 
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^ '"(luriDg '̂̂ ^ Matuyama reversed epoch. 
<**"' the discusaon above we can divide the 

^ of our survey into three provinces of 
1^"" t histories: (1) the western flank prov-
*^^ndisturbed oceanic crust foimed at about 
i**'" /yr; (2) the eastern flank province, 
J? " r crust formed at about 37 nun/yr and 

4I°40 

Reformed; and (3) the central province 
'*'*'nic crust formed at 12 mm/yr. The approx-
"^T^ extent of these provinces and the loca-
'"* of 0"'' survey lines are shown in Figure 2. 
''"f one line extends well into the flank prov 

Details of the central survey lines an 
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BATHYMETRY AND STRUCTURE 

lineation and continuity of faulting in central 
valley- The structure of tbe Gorda rise 

'jroo 
laS-OO I27°00 

Fig. 4. Location and identification of deep 
tow survey tracks across the central valley, ridges, 
flanks of the southern Gorda rise. Bathymetry 
is the same as in Figure 1. Grey regions are 
shallower than 1400 fm (2.6 km). 

appears to be completely dominated by faulting. 
The topographic features measured in and 
near the central valley are shown in Figure 5. 
While many sinall features appear to be vol-

EAST - WEST 
S 

Fig. 5. Topographic profiles showing faulted, steplike topography in the walls of the 
central valley. Basement topography beneath sediments is shown where known. Other 
probable sediment-covered surfaces are marked by small crosses. The data shown were' 
collected by the Fish aloiig the tracks shown in Figure 4 and projected onto E-W lines. 

nt 
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canjc in origin, most of the larger features have 
a blocky, faulted aspect [Atwater and Mudie, 
1968]. The elevation of the two main ridges 
above the valley floor appears to be simply the 
result of normal faulting in the valley walls. 
Sediment distribution and magnetic evidence, 
to be discussed below, also require a faulting 
origin for the rift valley. 

The faulting in the rift appears to be linear 
and parallel to the center of spreading. Large 
topographic features of the ocean floor tend to 
be elongated parallel to magnetic anomalies in 
this region [Menard and Mammerickx, 1967] 
and, on a more detailed scale, this lineation is 
seen in the major block faults within the rift 
valley, where the steplike features formed are 
very straight and continuous along the walls 
[Heinrichs, 1970]. The continuity of features 
can also be seen in our compilation in Figure 5, 
but this cannot be taken as independent confir
mation of the linearity, since our sections were 

navigated by using Heinrichs' compilation fw 
profiles do show that the larger steps are ^ 
tinuous in minor details of character for e». ample, the. bare volcanic step near 127°3(yYi, 
maintains its character for most of its len,:!' 
a deeper trough always occurs just west M ^ 
and a set of sediment-topped steps hes wm 
that. ^"^ 

Lineation of faults in the central rift vallev • 
also shown in our side-looking sonar record. 
On E-W lines, scarplike features crossed by \k. 
down-looking sonars were recorded in the ado. 
looking records as continuous linear featun, 
across the records, as is shown in Figure j 
During the N-S traverses, the side-lookiji, 
sonars recorded numerous linear features paj^ 
leling the track or crossing it at sinall ang|« 
as is shown in Figure 7. In order to comput. 
the actual trends of the features seen in th, 
side-looking sonar records, prominent points on 
the traces were digitized and were combined 

i 

2. . - % . 
F J A £ : '̂ ^ . ' .ABeROXJ.DIS.TtfNCE..'ALONG. . TFfACK (KMS) •.: . .••' 
Fig. 6. Records from side-looking sonar and bottom penetration systems showing linea

tion of the scarps which bound sediment-covered steps high in the western valley wall. These 
data were collected along E-W track B'E". A line has been drawn to clarify the location of 
the water-sediment interface, known from other records (see Belderson et al. [1972] fpr a 
discussipn.on the interpretation of side-looking sonar records). ± 
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Fig. 7. Records from side-looking sonar and bottom penetration systems showing s small 
scarp cutting flat layered turbidite sediments at the eastern edge of the central valley floor. 
These data were collected along N-S track G near its crossing with track B'E' (marked BG 
in Figure 6). ,. ••' 

vrith Fish position and height data and sound 
velocity data. Since the navigation of the Fish is 
poorly controlled, local velocities of the Fish are 
quite uncertain. These uncertainties may be 
responable for errors of 10° to 20° in the 
computed trends of individual features. Figure 
g shows the locations. of all detected linear 
features in the side-looking sonar records, and 
the rose diagrams summarize their trends. 

The upper rose diagram in Figure 8 summa
rizes the trends computed for linear features 
in the central valley. Within the scatter, the 
trends cluster subparallel to the trend of the 
central magnetic anomaly and the central valley 
topographic trends. Since the spreading rate 
appears to have been constant at 12 mm/yr for 
the last 2 m.y., the linear faulting of the rift 

• valley may be representative of the structure 
of slowly spreading centers, and we might ex
pect to find similar features in others. A few 
steplike features have been reported in the 
fflid-Atlantic rift by van Andel and Bowin 
[1968] and Loncarevic et al. [1966]. With more 

Fig. 8. Trends of linear features observed in 
side-looking sonar records. Dark marks indicate 
locations of features measured along the Fish 
tracks (light lines). Grey areas mark regions of 
positive' magnetic anomaly as observed at the 

• sea surface by Raff and Mason [1981]. The , 
upper rose diagram summarizes trends of features 
measured in the central valley weighted by the 
length of feature measured. The lower rose dia
gram summarizes trends of features measured on 
the east flank weighted by the length of feature 
measured. The average trends lie subparallel to 
the magnetic anomaly (spreading center) trends. 
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Fig. 9. Topographic lineation and symmetry 
in crust formed between 1 and 2.5 m.y. ago. Pat-
teined regions indicate crust canying the positive 
polarity magnetization of anomaly 2 (1.6 to IS 
m.y. old). The bottoin three profiles were col
lected on the west flank; the top profile waa 
collected on the east flank and is shown reversed. 
Letters identify positions on track lines in Mg-
ure 4. 

detailed surveying, these might prove to be 
linear and continuous. — — 

Lineation; corUinuity, and symmetry of fea
tures on inner flanks. Oa the fiaiiks just out
side the central valley, the geomorphology still 
appears to be dominated by faulting, although 
this is less striking. The topographic profiles 
can be divided by eye into sloping blocks a few 
kilometers in width with scarps facing inward 
toward the center. Within the meager control 
of our survey (three lines oh the west, one on 
the east), the gross morphology appears to he 
linear and also symmetrical. In Figure 9 the 
bottom three profiles are from the west flank. 
They show that the crust formed between 1.6 
and 1.8 m.y. ago (patterned sections) occupies 
the center of a sloping block between two lows 
in every profile. The top profile (A"'A") is 
taken from the east flank and has been reversed 
foir comparison. In this profile, crust that was 
formed between 1.6 and 1.8 m.y. occurs in the 
center of a block which is similar even in small 
detail to that in its western flank counterpart 
{AA'). This shows an amazing degree of sym
metry iri the sea floor generation and rifting 

process at the time that these features 
formed. The symmetry is less pronouncJ^l 
younger sections of the central province Tk^l 
are symmetrical in a gross way; the hirt I 
peaks on the ridge crests occur in crust Mw?l 
1 m.y. old and the valley iienter is.aphh^l 
mately the center of anomaly 1, but feat I 
cliff er in detail (Figure 5). ^ ' 

'The pervasive lineation of the featurea A. 
scribed above may be controlled by a h«-
grain of weakness built into the Sea floor dhK? 
its formation. This conclusion is suggested? 
the one profile that extends into the 
flank province, the province formed at a f 
spreading rate and later deformed. The 
penetration and side-looking sonar records ftoi 
this line in crust about 2.2 m.y. old are n. 
sented in Figure 10, which shows a nuinbe,j 
small tilted blocks. The side-looking som, 
record shows that the scarps are linear witb 
trend east of north. Figure 8 shows the locafe* 
of all measured scarps in this region, and dH 
lower rose diagram shows that their tra* 
cluster well east of north, subparallel to (|» 
trend of magnetic anomalies in this region. Tlj 
again .shows that linear faulting occurs aboo 
paralleLto the direction of the original emplaeB. 

.ment'of the crust. Luyendifk [1970] andLait« 
[1971] have also noted this relationship in i ^ 
tow studies of abyssal hills and of the 'Eoi 
Pacific rise. 

DISTRIBUTION OF TuRBroiTE SEDIMENTS 

The records from the seisinic penetratai 
system contain many examples of flat layaid 
sediments that are interpreted to be turbidtta 
of continental origin. While the distribution of 
these sediments is of interest for its own sake, 
it is also very important because of its tectonit 
implications. Since turbidity currents are not 
believed to flow uphill for any appreciable &• 
tance, it can be presumed that every terrigeBoa 
turbidite body was deposited at or below the 
shallowest contemporaneous channel between iJ 
and the continent. Turbidites presently loond 
above the level must have been tectonically tip-
lifted since their deposition. , 

The distribution and sources for turM(fit« 
sedimentation in the region around the Gon* 
rise can be inferred from the work of Duw* 
[1968] (reported by Fowler and Kulm [1970]) 
and from the topographic graciients mapped Bf 
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^p>f^ 4PPR0X1MATE 0IST4NCE ALONG TRACK (KILOMETERS) 

Fig. 10. Records from side-looking sonar and bottom penetration systems showing linea
tion of scarps that boimd small faulted blocks on the eastern flank (from S-piess atnd Mudie, 
19711. These data were collected on NW-SE track near the point marked A'" in Figures 
4 and 9. . 

HcManits [1967] and by Chase et d. [1970]. 
The arrows in Figure 1 show probable paths for 
turbidity currents. Apparently.some Columbia 
River sediments were carried southward 
through the Blanco Gap (Figure 1). Together 
with sediments of Klamath Mountain prove
nance (i.e., from southern Oregon and northern 
(California), they filled the Gorda basin, and 
gome flowed westward through the gap just 
north of the Mendocino ridge. Some of these 
mixed sediments flowed northward into the 
central valley of the Gorda rise [Weser, 1970], 
and some apparently continued eastward and 
then flowed northward up the axis of the linear 
valleys on the east flank of the Gorda rise. . 

Deep tow records taken in the central valley 
show flat, clearly bedded sediments in the 
valley floor in the south (e.g., Figure 7). Their 
northernmost detected occurrence in the valley 
floor was at about 41°16'N (at depth of 3.17 
km, 1760 fm). From this point, the valley floor 
shallows northward to a saddle at 41°25'N, 
apparently forming an effective barrier, since 
the valley floor is bare of sediment there and 
.farther north. Sediments are also found on the 
tops of the steps in the valley walls (Figure 5). 

These were also interpreted to be turbidites 
[Atwater and Mudie, 1968], since they are 
quite planar compared to the rough topography 
that they overlie and many show internal layer
ing. Clayey sandstones have been dredged from 
the higher steps near 2200 meters (1200 fm) on 
the west wall and near 2000 meters (1100 fm) 
on the east wall. Fowler and Kulm [1970] re
port that these sandstones contain a sublittoral 
benthic foraminiferal assemblage in a matrix 
whose heavy minerals and clay content indicate 
continental sources. This confirms that these 
step-top sediments were deposited from turbid
ity currents originating on the continental shelf. 

These step-top sediments are now fbund as 
shallow as 2.05 km (1010 fm), which is much 
shallower than the present level of turbidite 
sedimentation and much shallower than any 
possible path from the continent, and ihey are 
tilted. For these reasons we postulated [Attuiiter 
and Mudie, 1968] that the turbidites Were de
posited as a more continuous, nearly horizontal 
body at the time that the underlying crust OCCH-
pied the valley floor, during and shortly after 
its formation. The sediments were subse
quently broken, uplifted, and tilted along with 

' F * 

• ' i • 

•M 
. . 'I . i 

-I 



8674 ATWATER AND MUDIE: GORDA RISE 

the underlying crust as it moved outward from 
the spreading center. This explanation for the 
perched location of the turbidites requires the 
hypothesis that the topographic configuration 
of the spreading center (a rift valley with flank
ing ridges) approximates a steady state config
uration. If this hypothesis is valid, it puts 
strong constraints on models for the emplace
ment of oceanic lithosphere. Defjeyes [1970] 
discusses these constraints and concludes that 
the uplift of the steps must be accomplished 
by the addition of inaterial in a zone as wide as 
the entire rift valley. Magnetic evidence dis
cussed below shows that the near-surface mate
rial is emplaced in a much narrower zone, very 
near the center of the valley; therefore the 
material responsible for the uplifting must be 
weakly magnetized and mostly added at depth. 

Figure 7 contains an example of the initiation 
of faulting and uphfting of sediments in the 
valley floor. It shows records taken along the 
N-S track G of Figure 4 (taken near its crossing 
with track E'E"; marked EG on Figure 5). The 
records show flat layered sediments near the 
eastern edge of the floor. A small scarp has 
broken the sediment layers and slightly uplifted 
those to the east. These sediments have begun 
their journey up the valley wall. 

If we assume steady spreading and a steady 
state topographic configuration for the last mil
lion years, then the age of the crust of each 
step can be estimated, and the history of turbi
dite sedimentation in the valley floor can be 
determined from the present step-top sediment 
distribution. All our E-W crossings show proba
ble turbidites on all east wall steps betweeri 
about 0.3 and 0.7 m.y. of age, showing that 
the turbidite barrier in the valley floor is a 
young complication. Also it appears that the 
center of sedimentation has generally lain 
slightly east of the spreading center, since the 
steps in the eastern wall are more thickly and 
more consistently covered than those in the 
western wall. This could be a Coriolis effect 
similar to that which causes turbidity currents 
flowing down submarine fans to deposit sedi
ment levees which are higher on the right-hand 

-banks of their channels than on the left-hand 
ones in the northern hemisphere [Menard, 
1955]. 

Probable recent turbidites were also found 
on the long track into the western flank prov

ince (westward extension of track A in p-
4). The profile at the bottom of Figure ll . ^ ^ 
the ocean bottom trace and prominent suKk!!!' 
tom reflectors that were recorded alonif !L 
i , . m t . 1 1 J- •.^. , s t h j j track. They have been digitized and Plotm 
by computer at 15 X vertical exaggeration t 
the eastern portion, sediments drape the to 
raphy and are nearly devoid of internal refl 
tors. These are presumed to be pelagic s^-' 
ments. This sea floor was formed by a f 
spreading center, presumably on a high-sta if 
ing riftless ridge so that it probably has QP 
lain deep enough to receive turbidite sediniejt̂  
tion. West of km 70 nearly all the lows conts' 
flat strongly layered sediments, but the hi»k, 
are draped as before. The flat layered sedima,. 
are presumed to be terrigenous turbidites which 
recently passed westward through the gap north 
of the Mendocino ridge and then northward 
along the lineated valleys of this region (see Fi» 
ure 1). The only other possible route of terri». 
enous turbidites to this region, through Cas-
cadia Gap, seems to be ruled out, since the Gan 
is significantly deeper than this region and feeds 
directly into a well-developed channel that leads 
out of the area. The shallowest turbidities, in the 
basin at km 90, are 3.20 km deep (1720 fm) 
This appears to be very nearly the same as the 
depth of turbidite fill in the gap north of the 
Mendocino ridge, measured by profiles B and C 
of Moore and Sharman [1970]. 

CHARACTERISTICS OF OCEANIC MAGNETIC LiYa 

Computer modeling system and its assump
tions. The magnetic anomaly measured by the 
Fish is extremely complex, showing a strong 
compUcated relationship to nearby topographic 
features and to variations of Fish height above 
the bottom. These data clearly could not be 
interpreted without taking the topography and 
Fish path into account; therefore we set up a 
computer modeling system to calculate the mag
netic anomaly that would be exj)ected along 
the actual path that the Fish followed over the 
actual basement topography that it measured. 
The models assume that the topography is two-
dimensional parallel to the trend of the sea 
surface magnetic anomalies. The assumption is 
good if the distance from the Fish to the feature 
is much less than the length of the feature. 
Since topographic features in the region appear 
to be quite linear and continuous for kilometere 
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Fig. 11. Data collected by Fish on long .west-flank track and magnetic model. The data 
^̂ ere collected on the westward extension of track A in Pigure 4 into the fast-spreading western 
flank province. The bottom profile shows digitized traces of features seen in records produced 
by the bottom penetration system, showing the distributions of opaque draped pelagic sedi
ments and of layered ponded turbidite sediments. The basement trace in these records, 
where seen, was used to derive the model magnetic layer shown above (grey strip). This 
model layer was divided into narrow blocks of constant magnetization, magnetized according 
to the distribution shown (IV = 1.6 km). Top traces show magnetic anomalies observed by 
the Fish and calculated from the model. 

and the Fish height above the bottom is usually 
\(gs than a few hundred meters, this assumption 
is realistic. 

Since the gross form of the topography in this 
region is the result of faulting of the crust after 
its formation, the bottom of the magnetic 
layer was modeled as approximately parallel to 
the top except beneath some obvious volcanic 
forms. The layer was assumed to have been, 
magnetized in a geocentric axial dipole field at 
its present situation except for material in the 
east flank province, which was assumed to have 
been rotated since its formation. In the calcu
lation the magnetic layer was divided into 
vertically bounded blocks of constant magneti
sation, and the sum of anomalies due to the 
individual blocks was calculated at each point 
along the Fish path by the method described by 
Parker et al. [1973]. The only variables in 
the calculations were the thickness of the mag
netic layer and the strength and polarity of 
magnetization of the blocks. 

Magnetization of topographic features. For 
our first experiment with the modeling pro-
Psnis, we simply assumed that the entire ocean 

basement was uniformly normally magnetized 
to a depth of 1 km. We were pleased to find 
that this simple model predicted a very complex 
magnetic anomaly which in some regions simu
lated the shapes of the observed short-wave
length anomalies in considerable detail and in 
other regions simulated an inverse of the ob
served anomaly shapes. We conclude that much 
of the short-wavelength anomaly is simply the 
effect of magnetized topography and that the 
sections producing inverted anomalies are sec
tions where the topography is magnetized with 
reverse polarity. The long-wavelength part of 
the observed deep tow magnetic anomaly con
tains the usual sea floor spreading'pattern wliich 
was also observed at the sea surface and is 
conventionally interpreted to arise from nor
mally and reversely polarized blocks in the sea 
floor. Without exception, normally polarized 
topography occurred on the tops of normal 
blocks, and reversely polarized topography oc
curred on reversed blocks, as is predicted by the 
sea floor spreading hypothesis. 

Although the shapes of the observed anoma
hes were often approximately reproduced in the 

. . I 
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first experiment, the ampUtudes were not. The 
amplitudes could, however, be matched by sim
ply increasing or decreasing the value of the 
constant magnetization assumed and by chang
ing the polarity for the inverted cases, as shown 
in Figure 12. The majority of the regions in 
which the short-wavelength anomalies were not 
approximately simulated in this way either 
occurred where sediments obscured the base
ment so that the shape of the magnetized base
ment topography was not known (e.g., parts of 
section B, Figure 12) or else were located in 
transition' zones between normal and reversely 
magnetized basement. 

The values of magnetization used to obtain 
.the fits just described are direct estimates of 
the magnitude of the bulk magnetization of the 
topographic features involved. The effects of 
varying the layer thickness or the shape of the 

layer bottom are small, since the Fish was t 
very near the bottom. Among the geomet*' 
assumptions built into the model, the assn "*' 
tion of perfect topographic linearity is theni''̂  
troublesome, Nonlinearity will cause our 
mates to be too low. . ^ 

Figure 13 shows all the estimates of magn • 
zation plotted with respect to their ages detiv 
from the long-wavelength sea floor spread;!, 
anomalies as identified in Figure 3 and TablTlf 
The highest values in Figure 13 correspond/' 
very young features of apparent volcanic ts^ 
struction, such as that shown in section n 
Figure 12. The magnetizations of such featuhJ 
are plotted as triangles in Figure 13 and proh». 
bly represent minimum values, since these vd 
canic features are unlikely to be very linej, 
The other estimates (rectangles) were obtaijej 
from sections of blocky fault-dominated topof. 

AMPLITUDE OF MAGNETIC ANOUALV 
ALONG PATH OF FISW-

OBSERVED 
CALCULATED 

PATH OF FISM 
SEDIMENTS 

SEMENT 
MAGNETISED LAYER. 
VALUE OF MAGNETIZATION 

<EMU/CCI . 

~ 3 5 MY 
UNE A 

,f^^=-V\ 
•20oog 

Fig. 12. Topographic anomalies in the magnetic field at the Fish, observed (line with 
crosses) and calculated (bare line). Calculations were made at points along the Fish path 
assuming a layer of constant magnetization (grey region, value of magnetization shown) Poor 
hts occur where basement below sediments ia not known (crosses at top of layer) or only 
poorly known, e.g., parts of section B. Longer-wavelength variation in section F may be 
related to short events in the Cox [1969] reversal time scale. 
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TABLE 1 

0 
in 
18 

37 
S3 
S9 
71 

77 

86 
98 
109 
US 

4 
8 

0 
9 
8 
5 

6 

8 
2 
7 
9 

Perpe 
S 

{•0.2, -
(±0.1V 

(±1.0) 
C±0.1) 
(±0.1) 
(±0.2) 

(±0.2) 

(±0.2) 
(±0.1) 
(±0.1) 
(±0.1) 

Anomaly name 
a l . [1972]. 
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uy and therefore may be better measures 
^''the magnetization of the fabric of the sea 
" , However, many of the block tops also 
"̂'luded peaks and irregular sections of con-

""rtictional appearance. Their moderate magnet-
^ rioiw suggest that the bulk magnetization 
'** - quite rapidly during the first few 

AGE (MILLONS OF TEARS) 

odred thousand years, similar to the rapid 
•tial decrease noted by Irving et al. [1970] 

, , surface samples. This decrease is presuma-
. due to chemical alteration, as reported by 

Jarshall and Cox [1972], although they ex-
-ected the process to proceed more slowly. 
'The open rectangles in Figure 13 indicate 

(jjietization of the sediment-covered steps in 
the central valley. These are the lowest values 
measured. These steps apparently received their 
jediments "from turbidity currents while they 
jtifl occupied the valley floor. Thus it seeins 
guite likely that the volcanic rock forming the 
Ijasement of these steps was at least partly 
intruded into the sediment, as it must be at the 
present time in the southern valley, where 
sediment drowns the spreading center. Cox and 
DoeU [1962] and Marshall and Cox [1971] 
have shown that basalt bodies which cooled 
glowly have a much lower bulk magnetization 
than bodies which cooled quickly (in sea water, 
for instance). The blanket of sediment should 
slow the cooling process and thus cause a lower 

Fig. 13. Strength of bulk magnetization of 
topographic features, estimated by matching 
short-wavelength magnetic anomalies, as shown 
in Figure 12. Triangles are values for volcanic 
peaks; rectangles are for sections of fault^domi-
nated topography; open rectangles are for sedi-
mented steps. Ages were obtained from positions 
of reversal boundaries as identified in Figure 3. 
Slash lines show approximate magnetization re
quired for the magnetic layer .if it is assumed to 
be uniformly magnetized and to have a thickness 
T. 'Values best fit the line indicating a thickness 
of about 0.6 km. . 

bulk magnetization. In this way, the turbidite 
flooding of the central valley may account for 
the unusually low value of average magnetiza
tion for the central anomaly rocks at the 
Gorda: in order to fit the central anomaly 
measured at the sea surface over most spreading 
centers, the magnetization of rooks in the center 

TABLE 1. Locations and Widths of Boundaries of Normal Polarity Blocks Measured 
along Track AA' and its Westward Extension 

Perpendicular Distance from 
.Spreading Center, km Enoch Event 

Anomaly 
Number 

SlohJ Spreading: 12 m / y r 
0 

in.4 
18.8 

37.0 
S3.9 
59.8 
71.S 

77.6 

86.8 
98.2 

109.7 
115.9 

( • 0 . 2 , -
(±0.1) 

(±1 .0) 
(±0.1) 
(±0.1) 
(±0 .2 ) 

(±0 .2) 

(±0.2) 
(±0.1) 
(±0 .1) 
(±0 .1) 

O.S) 
8 .8 

11.4 
21.2 

51 .7 
56 .1 
6 8 . 8 
72 .2 

78 .7 

90 .7 
103.8 
111.9 
124.6 

( * 0 . 2 , 
(±0 .2) 
(±0 .1) 

F a s t 
(±0 .1) 
(±0 .2) 
(±0 .3 ) 
(±0.2) 

(±0 .2) 

(±0 .3 ) 
(±0.2) 
(±0 .1 ) 
(±0 .1) 

- 0 .5 ) 

S p r e a d i n g : 

Brunhes 
'•!atuvama 
Matuyana 

37 im/ i i r 
r.auss 
Gauss 
Gauss 
G i l b e r t 

G i l b e r t 

G i l b e r t 
G i l b e r t 
G i l b e r t 
G i l b e r t 

. 
. l a r a n i l l o 
G i l s a 

Kaena 
Mammoth 
P o s s i b l e new 

event 
P o s s i b l e new 

even t 
C o c h i t i 
Nunivak 

1 

2 

1 

\ 

3.1 
3.2 
3 .3 
3.4 

Anomaly names follow Cox [1969]; anomaly numbers.follow Pitman e t a l . [1968] and Klitqord et 
ai- [1972]. 
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must be twice that of rocks in the flanks, while 
here it need only be about 50% higher. LarsoJi 
ei al. [1972] used this mechanism to account' 
for the lack of magnetic anoinahes in the sedi
ment-filled basins of the Gulf of California. 

Thickness of magnetic layer. 'Whereas the 
short-wavelength anomalies give the magnetiza
tion of indiyidual topographic features, the 
long-wavelength anomalies give a measure of 
the total amount of magnetic material present 
in the normal and reversed blocks. In particular, 
the amplitude of the long-wavelength anomaly 
indicates the thickness of a uniformly magnet
ized magnetic layer, given the strength of mag
netization or vice versa. 'We modeled the anom
alies measured at the surface ship by assigning 
a layer thickness and then adjusting the magni
tude of the magnetization to fit the observa
tions. The slash lines in Figure 13 show the 
magnetizations required for various layer thick
nesses. The figure shows that, if the entire mag
netic layer can be assumed to be magnetized 
with .the same strength as the topographic 
featiires, the layer is about 0.5 km thick. Tal-
wani et d. [1971] used a similar method on 
sea surface anomalies at the Reykjanes ridge 
and reached a similar conclusion for the thick
ness. 

This estimate of layer thickness is derived 
by assuming a single layer of constant magni
tude magnetization overlying nonmagnetic ma
terial. In fact, in all but very young crust, mag
netization may increase ,with depth near the 
top of the layer because of chemical weathering 
of surface materials by sea water. Furthermore, 
the magnetization probably decreases gradually 
below some depth as heat effects and percentage 
of intruded material increase. The value of 0.5 
km derived above should be thought of as the 
thickness of an equivalent layer of constant 
magnitude magnetization. 

MAGNETIC POLARITY REVERSALS 

The polarity of magnetization of the base
ment is clearly shown in the near bottom mag
netic record both by the sign of the long-wave
length component of the anomaly and by the 
polarity of the magnetization of topographic 
features whenever a distinctive topographic 
anomaly was present. Models were made to 
locate the reversals and to study the transition 
zones between oppositely polarized blocks. 

Locations of reversd boundaries. The lo 
line across the western flank, partly shown • 
Figure 11, crossed crust from 0 to 6 m.y.- jn .J/ 
We modeled the magnetization by a set of m,-
formly magnetized normally and reverse) 
polarized blocks connected by smooth transitjo 
zones, such as that shown in Figure 11. 

The locations of the zero crossings of ti, 
transition zones were found by trial and errn 
fitting of the calculated magnetic andmalija î  
those obseirved. The locations that gjVe tj, 
best fit are listed in Table 1; along with esti 
mates of the amounts by which they can K, 
displaced before the fit obviously deteriorate. 
In Figure 3 the best fit reversal locations wers 
plotted versus their age according to the Coi 
[1969] time, scale, and two straight lines wers 
drawn through them by eye. The deviation of 
points from the lines may indicate errors in 
navigation,' minor spreading, rate changes, o, 
errors in the time scale ages. The last appear 
to be the case for the events in anomaly 3 
(3.8-to 4.8 m.y.), where normal intervals in the 
Cox time scale are systematically too long ij 
duration, but reversed intervals are too short. 

Models for the reversd transition zones. In 
usual sea floor spreading models, blocks of op. 
positely polarized material are separated by 
abrupt, boundaries. This model, .when observed 
from near the ocean floor, would give rise to 
very large peaked edge effects at the reversal 
boundaries. The actual boundary anomalies 
observed were much wider and smoother, re
quiring a model with a gradual transition from 
one polarity to the other. We therefore modeled 
each reversal boundary as a set of narrow 
blocks, each with its own uniform magnetiia-
tion, which changed from block to block in such 
a way as to approximate a smooth, curve (a 
cosine curve from 0 to TT). Examples of such 
models are shown in Figures 11 and 14. A tran
sition width W was arbitrarily defined as the 
width of the narrowest zone in which 90% of 
the magnetization transition occurs. 

Since the width of the transitions has very 
interesting implications for the spreading proc> 

we wished to obtain an- estiinate of •̂ ess 
Preliminary comparisons with near-bottom 
models such as that in Figure 11 showed that 1̂  
must be greater than 1 km and less than 5 km, 
but more precise estimates were difiicult to ob
tain because of the domination of short-wave-
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Fig. 14. Fitting procedure to obtain estimates of transition width W. Observed anomalies 
wei-e continued upward to a plane at 2.5 km depth. Theoretical models were calculated for 
varying W. The model for W = 2!l km is shown. Best fit widths are chosen from subtle;varia
tions in peak-to-trough width, shape, and for narrow anomalies, height relative to neighboring 
anomalies. Vertical lines are placed to help in peak and trough comparisons. 

length topographic effects. To lessen this prob
lem we continued the data upward to a plane 
of 2.5-km depth, using the method of Parker 
and Klitgord [1972]. We then compared the 
data with anomalies produced by models with 
varying W. Figul-e 14 shows this comparison 
for W = 1.4, 2.1, and 3.5 km (W = 2.8 km was 
also lised). In regions of widely spaced reversals, 
the effects of varying W are best seen in peak-
to-trough widths of individual transitions, while 
for a narrow event they are best seen in the 
shape of the anomaly (square or rounded) and 
in its size with respect to neighboring anomalies. 
A close study of Figure 14 with these subtle 
differences in mind suggest a best &t to W = 
2.1 km, although some of the transitions defi
nitely require greater or smaller values. In the 
discussion that follows, we shall assume W = 
2.1 km. However, the range of real variation, 
about 1.5 to 3.5 km, should be kepfin mind. 

Significance of the polarity transition width. 
The width of the smooth reversal transitions 
studied above can be attributed to thecombina-
'ion of two effects: (1) the field takes a certain 

amount of time to complete a reversal, and 
(2) new material is emplaced over a finite zone 
around the center of spreading. Since the two 
effects add to give the final measured width, ari 
estimate of either effect can only be made if 
the other is known from some independent 
study. A number of studies have been made of 
the transition time for reversals. Measuring 
the magnetization of deep sea sediment cores, 
Ninkovich et d. [1966] estimate that the tran
sition time for the field to decrease in ampli
tude, reverse in polarity, and increase in ampli
tude again varies from 2000 tO' 20,000 years. 
Harrison and Somayajulu [1966], studying a 
reversal in a deep sea core, estimated'that this 
transition time is about 10,000 years, whereas 
Kent et d. [1973] in a similar study estimated 
3800 and 3500 years. Dunn et d. [1971] esti
mate about 10,000 years in a study of two 
reversals that were recorded by intrusive bodies 
as they cooled. The actual reversal of the direc
tion of the field may be relatively quick, occur
ring when the intensity of the field is very low. 
However, the model used here idealizes the 

m 
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transition .as a smooth decrease to zero of the 
field intensity in one direction followed by a 
smooth increase in intensity in the opposite 
direction, so that the duration of the entire 
event is of interest. 

From the discussion above, the intensity 
transition in the model should last 3000 to 
20,000 years. At 37 mm/yr this accounts for 
0.1 to 0.7 km of the transition width W mea-
siired above. The remainder of the transition 
width WB, about 1.7 km, presumably reflects 
the process by which magnetic material is added 
at the ridge crest. It acts as a smearing or 
sinoothing function for temporal changes in 
the magnetic field as they are recorded spatially 
in the crust. In particular, polarity reversal 
events of duration less than about 10,000 years 
and sinusoidal variations of period less than 
about 40,000 years will be greatly attenuated. 
Thus if this region is similar to other regions 
bf similar spreading rate, it seems quite unlikely 
that the short-wavelength variations observed 
by Larson and Spiess [1970] record fluctuations 
in the field, as has been suggested. 

Numerous crossings bf reversals were avail
able in the central slow-spreading province. 
However, an attempted study similar to that 
carried out on the flank reversals was not suc
cessful. The extremely rough topography, com
bined with a variable and daring Fish path, 
combined with the close proximity of the rever
sals in the Jaramillo-central anomaly section, 
made transition widths extremely difiicult to 
model. 

Models for the emplacement of the magnetic 
-layer. The width of the smoothing function 
WB derived above can be used to set limits for 
the widths over which various processes act at 
the spreading center. Figure 15 shows variations 
of a model for emplacement of magnetized 
crust. They are built on the assumption that, on 
the average, dikes are emplaced in a normal 
distribution with standard deviation <TD about 
the spreading center and each dike feeds a flow 
that adds material in a normal distribution 
with standard deviation cry about its feeder. 
Idealizing the discussion of Marshall and Cox 
[1971], we assumed that all the magnetism is 
carried by pillow basalts that flowed onto the 
ocean floor. Thus, physically, the emplacement 
model includes a continual widening of the 
crust by dike intrusion, described by ITD, and 

a continual additioii of magnetized flow 
' ^ t e . rial at the surface, described by tr̂ . The st 

dard deviation <rc is a combination of the otJi 
(cro° = err' + VD) and reflects the fact that 
a given patch of ground the amount of ii 
material added will depend on both the amn, 
delivered to the vicinity by dikes and the » 
it is spread out by flows. Details of the nioiJ 
calculation are given in the Appendix. 

In Figure 15 the first two models are 
tremes. The first is a dike model in which tr x 
or,; i.e., flows are very localized about th«. 
dikes. The second is a flow model in which a x 
(To; i.e., dike material is added only at the vn, 
center and feeds very wide flows. The thin 
model in Figure 15 shows combinations (o, 
varying ratios of (TO/ITC. The graphs show tk 
transition of average magnetization of the mat 
netic layei* that would be formed near the tin̂  
of an instantaneous polarity transition. 

The graphs contain some interesting phaiom. 
ena that should be noted. For instance, all tk. 
polarity transitions are offset to the right so 
that the magnetization transition is centered 
about a location corresponding to a time that is 

• older than the time of occurrence of the polarity 
reversal that it records. This effect would tad 
to displace all transitions outward from the 
center so that the central anomaly would always 
be too wide. For the piire dike model the effect 
is negligible, but for the pure flow model the 
central anomaly would be too wide by about ff» 
Another point of interest is that the shapes of 
the magnetization transitions are not symmetri
cal; the steepest part of the transition occnu 
near its right-hand edge in the dike model and 
at its left-hand edge in the flow model. This 
effect may be important when skewness is 
studied or removed during the manipulation 
of magnetic anomalies; e.g., Schouten and Mc-
Camy [1972], Blakely and Cox [1972]. How
ever, this parameter is very sensitive to the' 
emplacement model chosen, and the most likely 
models, combinations with scattered dikes 
feeding moderate flows, are seen in the bottom 
graph to be nearly symmetrical. 

Perhaps the most interesting phenomenon m 
the graphs in Figure 15 is the spreading ^a< 
of the dike injection model. While the fire* 
material emplaced with the new polarity u 
scattered with a normal distribution of given 
width, subsequent dike intrusion extends that 
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Fig. 15. Schematic models for the emplacement of magnetic material at a spreading center 
and graphs of the resulting average magnetization in crust formed around the time of an 
instantaneous polarity reversal. Black areas in models represent new material added to the crust 
during some interval of time. The top two models are extremes. The dike model assumes a 
wide scattering of dikes feeding very narrow flows (normally distributed about the center 
with a standard deviation ITD). The flow model assumes centralized dikes feeding very wide-
ranging flows (which distribute material normally about the center with standard deviation ar'). 
The third model is a combination: a scattering of dikes feeding wide flows; <ro is a combined 
standard deviation (<rc° = <r»' -\- OD )̂, which describes the distribution of material added. The 
zero point in the graphs corresponds to the point where the reversal is expected to be found, 
given reversal age and spreading rate. WB is the distance over which 90% of the transition 
occurs. 

region, so that the final transition width con
tained in the sea floor is much wider than the 
width of the intrusion center which emplaced it. 
This is not the case for the pure.flow model, 
since in that model all widening of the sea floor 
is accomplished by dikes emplaced exactly in the 
center and, once material is emplaced, it moves 
out as a rigid block. This difference has the effect 
of requiring a much narrower spreading region 
for the dike model than for the flow model in 
order to produce the same final observed transi
tion width. For example, given the value mea
sured above, Wa s 1.7 km, the flow model 
requires that most material was emplaced 

within 2.0 km of the center. This is a surpris
ingly narrow zone for such a gross process. 
However, the equivalent dike model predicts a 
still narrower zone, requiring that most of the 
material was emplaced within 0.7 km of the 
center. Details of these calculations are given 
at the end of the Appendix. i 

Our measurement of Wa s 1.7 km may be , 
applicable to other regions of similar spreading' 
rate. The Deep Tow survey of the East Pacific •' 
rise crest (30 mm/yr spreading rate) reported 
by Larson [1971] included two tracks very 
near the center of spreading. The surface near 
the center is broken by numerous small linear 
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rifts spaced 0.2 to 1.0 km apart. Any given flow 
probably caimot flow farther than the nearest 
rift in each direction, so that ar for the center 
is probably only about 0.2 km. If the results 
from the Gorda rise flanks are applicable here, 
Ws = 1.7 km and <r, = 0.2 km require a com
bination model with oc about 0.4 km and the 
entire emplacement region is about 1.6 km wide, 
narrower than the width of the rifted zone. 

It would also be interesting to apply the 
transition width results to the present Gorda 
rise spreading center. However, to do this the 
effect of spreading rate must be considered. 
Harrison [1968] and Vine and Morgan [1967], 
using observations made at the sea surface, 
reported that the transition width increases with 
decreasing spreading rate. In a personal com
munication reported by Defjeyes [1970], Vine 
quantified this relationship that the 'half width 
of the magnetic resolving power' is inversely 
proportional to the square root of the spreading 
rate. Assuming that Vine's half width is linearly 

•proportional to W, and using W = 2.1 km for 
37 mm/yr, this predicts T7 = 3.8 km for the 
central province (at 12 mm/yr), and We ss 3.3 
km. The valley floor topography shown in Fig
ure 5 would probably limit most flows to a 
total width of I km or cr̂  as 0.3 km. This fits 
with a combination modd with ao ^ 0.85 km 
and most inaterial being emplaced in the central 
3.6 km, i.e., in the valley floor. This adds 
credibility to the conclusions reached earlier 
that each block of the basement that is now in 
tbe rift valley walls was originally emplaced in 
the valley floor and was then sedimented, 
faulted, moved outward, and uplifted to its 
present location. 

Verticd distribution of magnetization in 
transition zones. The Marshdl. and Cox 
[1971] study carries interesting, implications 
for the physical geometry of the transition 
zones. Their conclusions imply that most of the 
magnetization of the magnetic layer is carried 
by basalt that was extruded onto the sea floor 
and quenched in sea water. Therefore, after a 
polarity reversal occurs, material extruded and 
magnetized with the new polarity will overlie 
material magnetized with the old polarity. The 
graphs of average magnetization in Figure 15 
might be better viewed as cross sections through 
the magnetic layer, the curves representing the 
surfaces that separate the new polarity ma

terial above from the old polarity below, h 
calculated magnetic anomalies such as thog. • 
Figures 11 and 14, topographic effects witij? 
transitions were not reproduced very well Tv 
misfit may arise because the tranatione » 
modeled by using average magnetization so th 
a topographic feature on the sea floor hCni 
center of the transition was assigned zero naT 
netization. The above discussion implies i^ 
it should have been assigned a magnetizaiKn! 
with the new polarity. A cursory examina^ 
of the more obvious topographic anoinalieB ok 
served within the transition zones indicates thin 
they do generally carry the younger polarity 

Possible sfwrt polarity reversd events, u 
Figure 3 and Table 1, two small positive evgrt, 
are postulated to have occurred during tk 
negative polarity interval 3.3 to 3.7 m.y. in ag. 
These were needed in order to explain medium, 
wavdength features in the observed magnetic 
near km 72 and 78 in Figure 11. The oldef 
event is centered about 3.55 m.y. and could be 
modeled very well by superimposing two amooth 
transitions 1 km apart, implying that it vg, 
about 27,0(X) years in duration. The younm 
event could not be fitted as easily but appean 
to be centered about 3.4 m.y., and, judging frog, 
the amplitude of the magnetization peak (as. 
suming constant smoothing width), it is of 
shorter duration than the older event. 

The only other imexplained medium-wave
length events that are cleariy detected in the 
magnetic records occurred near 2 m.y. on the 
east flank (shown in Figure 12F). These prob
ably correspond to the short events in the Cot 
[1969] time scale. Unfortunately, these occur 
near the time of rotation of the Gorda plate 
and readjustments of spreading rate, so that 
their age and duration cannot be deduced. 

C!0NCLUSI0N8 

In the preceding section we presented data 
and interpretations of a near-bottom survey 
made with the deep towed Fish over the (Jorda 
rise. We now wish to reiterate and emphasije 
our major findings. The spreading on the Gorda 
slowed down 2 m.y. ago; our study therefore 
covers phenomena formed during the period of 
slow (12 mm/yr) spreading and older phenom
ena, now located on the flanks, that wen formed 
during the period of fast (37 mm/yr) spreading. 

The central region includes a deep axial 
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g typical feature of slow spreading 
OUT detailed study shows that the 

^^\Aey topography is very lineated and 
1, i^ suggesting the domination of block 
i^^i!z during the fonnation of the gross 

• relief. Turbidite sediments of cott-
s wr-" . Qjigin can flow into the region and 

•"^ ponded in the rift valley floor. Similar 
L "'J'Lgiitfl are also foimd perched on the tope 
| * v ^ block steps high in the valley walls 

„ than 1 km above the valley floor. As 
^• ' •^- currents are unlikely to flow uphill 

-jeat distance, we believe that the perched 
its must have been tectonically uplifted 

hf 
ijjeir underlying blocks. Our magnetic studies 
^ h e n this conclusion as they imply that 

J 1 gurface of the oceanic basement was also 
jgeed primarily in the bottom of the rift 

^ey. To account for these observations we 
rtvisage a steady-state model in which the new 
^ ^ is continually emplaced in the center of 
Ag valley floor, is covered by turbidites, and 
A/gi is faulted and carried outward and upward 
to fonn the valley walls. 

In the fast-spreading flank regions, our most 
interesting results arose from our magnetic 
{tudies. Our profiles crossed many magnetic 
polarity reversals, recorded in the crust by the 
gea fioor spreading process. The transition zones 
between regions of opposite polarity were found 
to be 1.5 to 3.5 km wide (average about 2.1). 
IliiB transition width provides a measure of the 
width over which new material overlapped old 
diuing the spreading process. In particular, it 
implies that on the average most new magnetic 
fflsterial was added within 2 km of the spread
ing center or that the emplacement zone was 
about 4 km wide. 

We studied some simple models for the em
placement of material at spreading centers, in
vestigating the relationship of various dike and 
flow distributions to the width of magnetic 
polarity transition zones produced. We found 
that flow-dominated models produced transition 
•ones of widths comparable to half the width 
of the emplacement zone. In contrast, dike-
(iominated models produced transition zones 
^ t were 2.5 times wider. Thus, if the pdarity 
transitions that we measured were formed by a 
oke-dominated emplacement mechanism, the 
*<rtal emplacement zone may have been only 
U km wide, an extremely narrow zone fot such 

a gross process. Cieometrical observations at the 
east Pacific and Ciorda rises suggest that the 
mechanism may well be dike dominated. 

Since we were measuring the magnetic field 
very near the bottom, topographic features pro
duced large distinctive short-wavelength anom
alies in our magnetic profiles. We could match 
many of these anomalies using simple modds 
and from the matches we could estimate the 
bulk magnetization of many individual topo
graphic features. These values, plotted in Fig
ure 13, show high values (0.02-0,03 emu/cin*) 
only in the central, very young crust (age-
<200,000 years), and moderate values• (0.005-
0.01 emu/cm*) elsewhere, decreasing slowly with 
age. 

APPENDIX: MATHEMATICAL MODEL FOR 

EMPLACEMENT OP THE OCEANIC 

MAGNETIC LATER 

The model assumes that nonmagnetic dikes 
are intruded with a normal distribution (stfm-
dard deviation <TO) about the spreading center. 
These dikes serve two functions: they increase 
the width of the crust (i.e., they spread the sea 
floor), and they feed flows. The surface flows 
add magnetic material in a normal distribution 
(standard deviation a,) about their feeder dikes. 
The model is a continuum model, assuming a 
great many very small dikes, as opposed to 
other models in the literature that considered 
the random emplacement of individual large 
dikes. 

The right-hand graphs in Figure 15 show the 
final distribution of average magnetization in 
the section of the magnetic layer that was 
emplaced by the model around the time of 
an instantaneous polarity reversal. The calcu
lation of these distributions proceeded as 
follows: at time t„ (the moment of the re
versal) a set of marker points x.(ti,) were 
identified in the sea floor. Advancing time in 
small steps, the points were followed as the 
sea floor spread, moving them outward from 
the center. The movement outward of a point 
at x<(t) during a short time interval At is 
proportional to the amount of dike material 
emplaced between it and the center during that 
time. Use *(a;, <r) to represent the value of a 
normal distribution of standard deviation at a 
distance x from its center, 9{x, a) = (27rff')'*'* 
exp —{7^/2t7). Then the distance traveled by 

mr 

• l ^ 

I ! 

if 
- :^ l 



8684 

a point at it during At is approximately given 
by . . . 
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this amount is added to that collected 
reversal. '"iceti 

. • The iteration continues until all point-

AxAxAt)) ^ 2SM [ " " *(it, a M x * ' ' ^ ' '"^^^ ^^^ °'°*'^' ' '8'°°- ^he total c!^ 
Jo sectional area of magnetic material » , . ^ 

Note that at large distances from the center 
J ' ^dx = %, so that the point moves away at 
the spreading rate S. 

AS the points in the sea floor move out from 
the center, the amount of new magnetic ma
terial added between each pair of points during 
each .step in time is calculated and added to 
the amount collected there since the. reversal. 

. The amount added during At is calculated as 
follows: it is assumed that every dike delivers 
the same amount of material to the surface, so 
that the amount of material available to flows 
originating in a unit width source region at a 
given distance from the center x. is controlled 
by the number of dikes emplaced in that region; 
i.e., it is proportional to 9(x., ao). The thick
ness of new material added at another point x 
by flows originating in the source region at x. 
depends upon the amount of material delivered 
by the feeder dikes to the source region $(2,, 
(To) and upon the width of the flows that dis
tribute this material, compared with the dis
tance from the source region to the point <&(Zj-
— X, a,). Thus the total thickness AH added 
during At to the point at x can be obtained 
by integrating over the entire source region: 

AHix) = 2ST At 

/ : 
^(x„ <TD)HX, — X, iTr) dx. 

By writing out the equations for the normal 
distributions and doing some algebraic shuffling 
and integration, this equation can be reduced to 

AH{x) = 2STAtiix, ac) 

where ac' = tro' -\- tr/. Note that the half rate 
at, which cross-sectional area is added to the 
magnetic layer is ST, where T is the final thick
ness of the magnetic layer. 

During At, the cross-sectional area of ma
terial added to the region between two points 
Xt(t) and Xut{t) centered about Xm is approxi
mately given by AH(xy) times the momentary 
distance between the points .(this separation 
increases with time). For each step in time. 

^' ' ,^«nent in 
flO«*^ The manui 
i»«" «tions of All: 

sectional area of magnetic material 
between each tivo points is then divide* 
their final separation distance to give the M 
age thickness of new polarity material a **' 
that when compared to T gives the av 
magnetization between those points. Th I 
suiting magnetization distribution is plotte-i-
the graphs in Figure 15 for various combi" 
tions of a, and ao. 

In the graphs, the transition width of 
distribution, We, is given in terms of the 
propriate a. Thus from our estiinate that F ' 
1.7 km we can conclude the following M 
spreading rate 37 mm/yr: (1) If we afflna! 
the dike model (i.e., that the magnetic Uv* 
was predominantly formed, by dikes feedĵ  
flows of negligible horizontal extent), thetoj 
graph shows that We = 4.6ffD and thus ^y. 
0.37 km; i.e., 95% of all material wasempUcri 
within 0.74 km of the center. (2) If we asauo. 
the flow model (i.e., that the magnetic lay,, 
was predominantly formed by broad flows witk 
dike intrusion'Oiily very near the center), tl* 
middle-graph shows that We = 1.7a, and thuj 
a, — 1.0 km, i.e., 95% of the flow material »u 
added within 2.0 km of the center. These an 
upper bounds for ao and <T,; in combinatiea 
models they must be even smaller. For example, 
when Wa = 1.7 km and ao/ac = 0.6, the 
bottom graph shows that Wa = Z.Zaa and thta 
ac = 0.5 km; or an — 0.3 km and a, = 0.4 km. 
Since <TO is the standard deviation of the total 
distribution of magnetized material, 95% of 
all material is emplaced within 0.8 km of the 
center. It is assumed that purely intrusive addi
tions at any point in the formation of the crua 
will not be well detected magnetically. If im
portant, their effect is to extend the crust, so 
that the widths given by the models are too 
large. 

AcknoivledgmerUs. Barbara Faust, Peggy L«̂  
son, and Gordon Miller helped process the origiiuil 
data, and Gordon Miller helped develop many o( 
the computer programs used. Many of the idea 
were developed during discussions with Allan Cat, 
Kim Klitgord, Roger Larson, Monte Marshall, 
H. W. Menard, Peter Molnar, R. L. Parker, and 
Fred N. Spiess. Don Heinrichs and Jim Fhippsal 
Oregon State University supplied help and en-

f. 

«a««^wkins, Rog 

»^T) Benson, J. 
M-^i Forbes of tl 
0- ^ ' Tow Group 
^ ^ c r e * of Î V : 
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East Pacific Rise: Hot Springs 
and Geophysical Experiments 

RISE Project Group: 

F. N. Spiess, Ken C. Macdonald, T. Atwater, R. Ballard 

A. Carranza, D. Cordoba, C. Cox, V. M. Diaz Garcia 
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R. Hessler, T. Juteau, M. Kastner, R. Larson, B. Luyendyk 

D. Macdougall, S. Miller, W. Normark, J. Orcutt, C. Rangin 

April 1976 a group of ocean-orient-
|earth scientists gathered in La Jolla to 
cuss ways in which newly available 

oilities for detailed studies of the sea 
or, particularly manned small sub-

crust has focused the attention of marine 
geologists on the oceanic edges of the 
plates—the rise crests, transform faults, 
and trenches—as the regions in which in
vestigations would be most likely to lead 

\^mmarY. Hydrothermal vents jetting out water at 380° ± 30°C have been discov-
1 on the axis of the East Pacific Rise. The hottest waters issue from mineralized 

ihimneys and are blackened by sulfide precipitates. These hydrothermal springs are 
) sites of actively forming massive sulfide mineral deposits. Cooler springs are clear 

[b milky and support exotic benthic communities of giant tube worms, clams, and 
lerabs similar to those found at the Galdpagos spreading center. Four prototype geo-
Iphyslcal experiments were successfully conducted in and near the vent area: seismic 
[rsfraction measurements with both source (thumper) and receivers on the sea floor, 
[on-bottom gravity measurements, in situ magnetic gradiometer measurements from 
fihe submersible Mwin over a sea-floor magnetic reversal boundary, and an active 
lelectrical sounding experiment. These high-resolution determinations of crustal prop-
|erties along the spreading center were made to gain knowledge of the source of new 
Loceanic crust and marine magnetic anomalies, the nature of the axial magma cham-
[ber, and the depth of hydrothermal circulation. 

Imersibles, might best be further devel
oped and used in the Pacific Ocean (/). 
I Although most of those at the meeting 
jrWere from U.S. institutions, there were 
L̂ slso representatives from France, which 
?lias operational deep submersibles, and 
^Mexico, which has a number of poten-
J tially interesting ofifshore areas.<An out-
jcome of this meeting was the inception 
feof the Rivera Submersible Experiments 
?(1USE) program, whose results are the 
(•subject of this article. 

The plate tectonic model ofthe earth's 
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to an improved understanding of funda
mental geological processes. The exis
tence of exposed, small-scale phenome
na at depths easily reached by today's 

submersibles led us to concentrate on 
the rise crests as particularly informative 
sites. Here one can observe the creation 
of new crust, phenomena relevant to the 
beginning of crustal motion, metal-
logenesis, hydrothermal efifects, and new 
types of benthic biological communities. 
These regions have been the focus of 
fine-scale investigations with unmanned 
systems for many years i}-5) while more 
recently the FAMOUS project (6-9) and 
investigations of the Galdpagos spread
ing center (10) have included major sub
mersible programs as well. 

The principal technical aspect in 
which the RISE program differed from 
the FAMOUS and Galapagos spreading 
center projects was a thrust to develop 
and exploit geophysical measurement 
capabilities which the submersibles and 
unmanned vehicles at that time did not 
possess. The result was a plan that em
phasized physical measurements with 
complementary geological observations 
and sampling. Four geophysical experi
ments would be conducted to provide in 
situ measurements of rock magneti
zation; measurements of elastic (sound) 
wave propagation over short, shallow 
paths in the sea floor; very accurate 
gravity measurements (10 to 100 times as 
accurate as measurements made at the 
sea surface); and measurements of very 
low-frequency (0.2 to 2 hertz) electro
magnetic propagation through the sea
floor material. The possibility of directly 
measuring- crustal strain patterns was 
discussed initially but deferred in a later 
decision. 

Our long-range goal, is to investigate 
sites representative of the full range of 
known spreading rates (arid related dif
ferent morphologies) beyond the 20 to 40 
millimeters per year characteristic of the 
Mid-Atlantic Ridge. The wofk reported 
here was carried out on the East Pacific 
Rise crest at 21''N (Fig. I), where the Pa
cific and Rivera plates are separating at 
about 60 mm/year. This leaves for the fu-

F. N. Spiess. K. C. Macdonald, C. Cox, J. Hawkins, R. Haymon, R. Hessler, M. Kastner, J. D. Macdou-
gaiJ, S. MUler, and J. Orcutt, Scripps Institution of Oceanography, University of California, San Diego, La 
JoUa 92093; T. Atwater, Department of Earth and Planetary Sciences, Massachusetts Institute of Tech
nology, Cambridge 02139; R. Ballard, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 
02543; A. Can^anza and V. M. Diaz Garcia, Centro de Ciencias del Mar y Limnologia, Universidad Nacional 
Autdnoma de Mexico, Mexico 20, D.F.; D. Cordoba and J. Guerrero, Instituto de Geologfa, llniversidad 
Nacional Autdnoma de Mexico; J. Francheteau, Centre Oc^anologique de Bretagne, Centre National pour 
rExploitation des Oceans, Brest 29N, France; T. Juteau, Laboratoire de Min<!ralogie-PdtFographie, Univer
sity Louis Pasteur, 67084 Strasbourg Cedex, France; R. Larson, Lamont-Doherty Geological Observatory, 
Palisades, New York 10964; B. Luyendyk, Geology Department, University of California, Santa Bartiara 
93106; W. Normark, Office of Marine Geology, U.S. Geological Survey, Menlo Park, California 9402J; and 
C. Rangin, Institut de Gtologie, University de Paris, Paris, Prance. 
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Fig. 1. Location of 
RISE program re
search sites in rela
tion to the East Pacif
ic Rise and Galapagos 
spreading center in 
the equatorial Pacific 
Ocean. 

ture other locations in the faster range 
(up to 180 mmyyear); they are perhaps 
more exciting because of their dynamics, 
but are far from shore, in the equatorial 
Pacific, and their study is barely feasible 
today in view of the lack of adequate 
tending facilities for Alvin. 

Three previous investigations have 
been carried out at the 2rN site with an 
unmanned deep-tow system (//) to docu
ment fine-scale topography EUid magnetic 
field (7, 12-15), and as a companion to 
RISE there was a 1978 expedition, 
CYAMEX (16-18) with the French sub
mersible Cya/ia, 

RISE was carried out from late March 
to early May 1979, using the submersible 
Alvin (19), its catamaran-style tender 
Lulu (both operated by Woods Hole 
Oceanographic Institution), and the re
search vessels (R.V.) Melville and New 
Horizon operated by Scripps Institution 
of Oceanography. On the first leg, with 
Melville, we used the Scripps deep-tow 
system (//) and Woods Hole's versatile 
ANGUS camera sled (with temperature 
sensors). These systems were used to in
stall the necessary transponder net, to 
carry out additional surveys for detailed 
dive site selection, and to reconnoiter for 
signs of hydrothermal activity and addi
tional suliide mounds of the type seen by 
the French workers (17) during CY
AMEX. "These preliminaries were all 
successful and sites suitable for the grav
ity profile, the short-range seismic exper
iment, and the sulfide mound studies 
were all located in an active hydro-
thermal region. 

The principal diving leg was in the 
southwestern portion of the crestal area 
already m^ped (Fig. 2). In 12 dives we 
carried out the planned short-range seis
mic and gravity measurements (with col-

1422 

lateral geological observations and rock 
sampling). As hydrothermal activity was 
found, we. investigated this phenome
non, observing vents with water as hot 
as 380° ± 30°e and their associated sul
fide mounds, as well as cooler (20''C) 
springs with dense biological assem
blages similar to those at the Galapagos 
spreading center (10).' WMe the sub
mersible work was in progress, the low-
frequency electromagnetic work and fur
ther hot spring mapping with ANGUS 
were carried out from R.V. Melville. On 
the third leg we concentrated on the 
magnetic measurements program at the 
reversal area and performed additional 
observations and sampling in the sulfide 
mound-hot spring sites. 

Geological Background 

The crestal region discussed here, as 
defined by deep-tow studies (13, 15), is a 
5-kilometer-wide axial block elevated 
about 80 meters above the adjacent rise 
flanks (Fig. 2). Based on the magnetic re
versal time scale, the crust at this loca
tion formed within the last 100,000 yearS; 
The block is bounded by steep, discon
tinuous, elongate, constructional volcan
ic slopes which, taken together, show 
the most pronounced linearity of any fea
tures in this region. In the northeast part 
of the area the block is well defined on 
both sides, but to the southwest the relief 
increases to more than 100 m on the 
northwest side while the southeast 
boundary becomes indistinct. 

Within the block most local relief is 
less than 75 m and consists of irregular 
volcanic peaks and ridges \yith some 
lineated fault-bounded ridges and 
troughs (Figs. 2 and 3). Its mean depth 

along the strike to the southwest 
concurrent changes in local relitf 
denced by the occurrence of fewer 
ear, steep-sided troughs. 

On the basis of deep-tow work (n 
augmented by observations from c 
(76), one can distinguish three vol 
tectonic zones within the axial bl 
(Fig. 3). The innermost extrusion 
is flanked by a faulted and fissured exi 
sional zone, which is in turn boundert 
abyssal hills formed by back-tilted f' 
block terrane^ These are referred to 
as zones 1,2, and 3, respectively (/jl* 

The width of zone 1, which is the â  
of freshest lava flows and has at nioj, 
light dusting of sediment, varies fi 
about 600 to a little over 1000 m. It jj 
atively free of faults and fissures and 
characterized by a discontinuous 
ridge 20 to 80 m high. In the nonh^ 
this terrane is largely formed of pillow 
vas; to the southwest there are extensjw 
lava lakes. 

Although the flanking extensii 
zone (zone 2) is not symmetrical in widj t 
or relief on opposite sides of the tin 
axis, its morphology is distinctly lintar 
In contrast with the volcanic constmc. 
tional features of the extrusion zone, Hi 
region is characterized by open fis; 
and horsts and grabens with relief of 
ters to tens of meters, mostly ali] 
with the regional orientation of the tia 
crest. Sediment-free talus slopes here a-
test to quite recent displacements. 

In zone 3, abyssal hill or tilted fault 
block terrane, active fissuring appean 
less common and vertical offsets on t 
few faults produce linear ridges sevenil 
kilometers long. The transition betweta 
zones 2 and 3, best defined by direct sub
mersible observation, commonly occun 
along axially facing fanlt scarps with 
large vertical displacement^ that fons 
the ridges along the edges of the axial 
block. ' 

Although the relief in zone,3-ieb 
of meters here and at the Gal^os 
spreading center—contrasts dramatical- ; 
ly with the hundreds of meters encoun- |. 
tered in the FAMOUS area, the three 
zones at the different sites are remark
ably similar. 

Observations from Cyana in the adja
cent northern (CYAMEX) area con
firmed that most of zone I consists of pil
low lava flows, with sheet flows limited 
to topographic lows. In the RISE area, 
however, sheet flows are more extensivtj 
and in places form most of the zone 
though there is a low axial pillow rid| 
which is the site of most of the hy 
thermal activity, CYAMEX work esi 
lished that the sheet flows, especi 
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) 2600 m in |Q i J ^ i i g the axis, are associated with "fos-
; southwest, J^Ki ' ' lava lakes that are commonly more 
1 local relief / m l f l 5 m in depth and hundreds of meters 
;nce of fewerTj^foss, including collapse areas that 
»s. W^o* pillars and lake margins with an ap-
-tow work (13 J ^ e n t layering of alternating glass and 
itions from Cji' »^stalUne basalt. This pseudolayering 
sh three volc^ !wf 
I the axial b l o K 
;t extrusion r e i ^ ^ 
ind fissured ext^M 
n turn boundedL " 
y back-tilted {^ I 
re referred to hj, ^ 
espectively (/gj • 
, which is the a,! f ' 

consists of chill-zone material and is 
thought to record lava levels within the 
lakes during drainback or lateral outflow 
from these inflation features (20,21). The 
lava lakes may have been fed by vents 
that formed the pillow ridge. 

The glassy surfaces of fresh submarine 

basalts and fragile glassy buds and pro
jections on fresh pillow lavas are short
lived and provide an indication of rela
tive age, as does the thickness of accu
mulated sediments. The extrusion zone 
is free of sediment cover; glassy surfaces 
on pillow and sheet flows and projections 
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fig. 2. Bathymetry of the 
RISE research area as 
'determined with the 
•Jeep-tow narrow-beam 

sounder with acous
tic transponder position 
control. Depths are In 
meters, based on the 
sound velocity profile for 
the area. Lower section 

outlines of the 
zones discussed 

b the text: extrusion re-
|ion(zone I), extensional 
mne (zone 2), and m^or 
block faulting (zone 3). 
Note that the vents occur 
la a linear zone only 200 
to 300 m wide within 
zone I. Eight of the 25 
vents mapped were ex-
imined with Alvin. 

109°09'W 
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Fig. 3. Bathymetric and gravity profiles across the East Pacific Rise crest. Profile locations and 
zone designations are given in Fig. 2. Bathymetry is from the narrow-beam sounder of the deep-
tow system. The plate boundary axis (0 km) is marked by a central volcano and active hydro-
thenrial venting on this profile. Gravity anomaly (1 mgal = I0"°g) is derived from measurements 
made with A/vm firmly on the sea floor, corrected for gross topographic effects [Bouguer anom
aly (BA)]. The solid line is a three-point running mean. The gravity minimum at -2.5 km is 
caused primarily by local topography, while that at the spreading center (zone 1) is caused by 
the presence of low-density material in the crust, possibly a shallow magma chamber. 

on pillows are clearly observable even 
under light sediment dusting in the slight
ly older terrane within the zone. In the 
extension zone, glassy surfaces on the 
pillows are much less common, and the 
sediment thickness increases away from 
the axis. Near the outer edge of this 
zone, 40 to 50 percenl of the pillow lava 
relief may be buried. Outside the exten
sion zone, pillow lavas are nearly com
pletely buried locally. 

That the sea floor increases in age with 
distance from the axis is not true every
where. Anomalously thin sediment cov
er and relatively fresh sheet flow basalts 
(which are more quickly buried than pil
low flows) were observed in the exten
sion zone and even off the axial block. 
The freshest flows observed on the west
ernmost dive, for example, were in the 
valley west of the axial block and not in 
the extension zone where the dive 
started. Apparently, large areas some
what off-axis can occasionally be buried 
by extensive sheet flows whose soiirce 
may be the same magma chamber that 
feeds zone I. 

Scattered evidence of past hydro-
thermal activity—primarily colored stain 
on rocks exposed at scarps—exists 
throughout the axial block, including one 
cluster of inactive sulfide mineral 
mounds (17) observed from Cyana on 
the boundary between zones I and 2. 

Hydrothermal Vents 

When this expedition began, the only 
m ^ o r example of deep-sea hydrothermal 
activity was at the Galapagos spreading 
center, where vents were found in 1976 
(22-25) characterized by temperature 
differences of 0. TC. Subsequent sub
mersible operations documented anoma
lies of 15° to 20°C and made the exciting 
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discovery of associated dense faunal 
concentrations (10, 26). During RISE, 
our early measurements of temperature 
anomalies were quickly followed by sub
mersible views of Galipagos-type vents 
(dense benthic populations and 20°C wa
ter in 2°C surroundings) and then by ob
servations of spectacular hot-water jets 
with temperatures up to 380° ± 30°C 
precipitating metal sulfides onto the 
fresh basalt sea floor at the rise axis. 

Twenty-five temperature anomalies in
dicating vents were documented with the 
ANGUS camera and temperature probe 
system, and eight of these were exam
ined during submersible dives. The tem
perature spikes were confined to a band 
100 to 200 m wide and about 6 km long, 
close to the rise axis in the southern part 
of the area. In spite of intense explora
tion with instruments towed near the 
bottom in the 2 by 10 km central portion 
of the region under study, no other 
sources have been located. In contrast to 
this very linear distribution, the veiits at 
the Galapagos center, while still lying in 
the central extrusional zone, occur in 
groups along en echelon lines oriented 
about 15° to the axial direction. 

The vents can be divided into two 
broad classes: Galipagos-type warm-
water vents and sulfide mound hot-water 
vents, with the first type predominating 
in the northeast part of the band and the 
second type predominating at the south
west end (Figs. 2 and 4). That this along-
axis zonation is probably transient is 
suggested by the weathered sulfide 
mounds found near some of our warm-
water vents and found by the French (17) 
somewhat off-axis in the adjacent area to 
the northeast, where there no longer ap
pears to be any concentrated hydro-
thermal activity. These two very dif
ferent surficial manifestations of this 
phenomenon may be linked in evolution

ary fashion, although not enouehl^H 
mation is available yet to d e ^ ^ ^ l 
which form would be the older^^H 
southernmost dive of Alvin amtl^H 
lowering of ANGUS suggest t h ^ ^ H 
inay have defined the extent o f ^ ^ ^ l 
drothermal system to the southw^^H 

The Galdpagos-type vents o b s e ^ ^ l 
2I°N emit warm water from h a ^ H 
cracks and small fissures in the^^^B 
ridge terrane over an area 10 to v ^ l 
across. The venting water is genM^H 
clear and temperatures as high a T ^ f l 
were recorded close to major oin^H 
Mixing with the surrounding l.8°C^^B 
is rapid. Directly above one vent of^H 
type, the temperature was about Q^B 
above ambient at an elevation of iQdsB 
while at a corresponding distance a i ^ l 
laterally the anomaly was less ^ H 
0. rC. Inactive sulfide mounds were^H 
served on one Alvin dive within a ^ H 
tens of meters of a warm vent. ^ ^ 1 

The fauna associated with these v ^ | 
areas are their most visible feature ( ^ | 
5). On approaching a vent field o n e i ^ | 
ally sees a number of galatheid crabs j H 
then patches of large (25-centiin^| 
long) conspicuous white clams (vesaH 
myid bivalve Calypiogena, tentati^H 
C elongata); the clams eire mostly <^B 
in the outlying areas, but, closer iri.'^B 
ing animals predominate. The surfac^jl 
the lava pillows usually bear white-tub^ 
serpulid polychaetes, so abundant M| 
some areas that the surfaces seem ftiiM| 
encrusted. <i 

Most prominent in the field, usualMJ 
clustered densely around a major wanHJ 
water vent, are giant tube-worms, vestj-l 
mentiferan pogonophorans (Fig. M 
these are 2 to 3 cm in diameter and upto!<| 
3 m tall and have red, gill-like crovnis, 
(the. only part of the living animal ex
posed) that may be withdrawn quickly in 
response to a threat, as from one oflhe 
many brachyuran crat>s in the vicinity.< 
All of these organisms have also been 
found at the Galapagos vents. A small.j; I 
lightly colored eel-like fish, possibly an., 
ophidiid, was seen here for the first line.^ 
but is more abundant near the hot vents. 
Two different archaeogastropod limpets, 
seen at Galapagos were also collected 
here, and photographs show a third liv
ing on the shells of live vesicomyids. 
Some of the animals characteristic of 
Geilipagos (26) were not observed 
here—for example, small anemones and 
mussels. 

The similarity of the East Pacific Rise 
and Galapagos Rift fauna suggests that 
these vent communities are widespread 
and that their species are equipped with 
sophisticated dispersal mechanisms weD̂  
siiited for the detection of the discontii*'"' 
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^ s 
Aj cause of faunal differences is com-

tely unknown, and biogeographic or 
Sflogical mechanisms are equally pos-
jjle. Unfortunately, the Galapagos and 

Pacific Rise are in the same ocean 
^ o r ; therefore we must wait for more 
^tant discoveries to demonstrate 
^elher the community is worldwide. 
In contrast to the biology-dominated 

l^l^agos-type vents, the sulfide mound 
jot-water vents are most notable for 
ilieir geological attributes. In these, the 
fster flows out through a limited number 
(f discrete chimneys or stacks, which 
ge superposed on basal mounds built di-
(tctly on fresh basalt pillows or flows 
(Fig. 4 and cover). The basal structures, 
joilar to the CYAMEX sulfide mounds, 
ire oxidized to Halloween colors of och-
s, orange, and black and have overall 
Isieral dimensions up to 15 by 30 m. 
Hey are honeycombed with a cross-cut-

network of fossilized worm tubes. 
Vent constructions 1 to 5 m high rise 
ibove the base mound elevations of 2 m 
ormore, and hydrothermal effects (stain-

organisms, millimetric manganese 
coatings) extend tens of meters away 
from the vents (Fig. 4). 

Edifices atop the mounds are classed 
JS either black or white, and those vent
ing particulates are dubbed sinokers. 
Ihe black chimneys are free of orga
nisms. These "organ pipes" are as much 
as3(^cm in diameter and are occasion
ally fluted or capped by porous rock. 
High-temperature waters (> 350°C) 
spouting at high velocities (meters per 
second) from, black chimneys are either 
clear or black with suspended particu-
btes, which settle out to form a black 
sediment around the chimney structures 
(cover). The white chimneys are covered 
with worm tubes and thrive with worms 
aid crabs. Structurally, they vary from 
chimneys to hummocky stacks to spheri
cal "snowballs" (Fig. 4). Warm waters 
(32° to 330°C), clear to milky with white 
particulates, emanate gently from these 
features and deposit white sediment 
Sround the chimney bases. 
"; The snowballs are the most striking bi
ological feature associated with the hot 
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and ephemeral vent conditiohs. ^ |Basal Mound{ 
|(honeycombj 

trueture)l 
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Fig. 5. Photograph of warm vent area at location shown in Fig. 2. Vents of this type emitted 
water at temperatures up to 23°C from fissues and hairline cracks in fresh pillow lava terrane. 
Clear vent water is present but not visible in this photograph. Animals in view are giant tube 
worms (vestimentiferan pogonophorans), clams (vesicomyid bivalve Calypiogena), and galatheid 
crabs. Limpets can be seen attached to some of the clam sheUs. 
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Table 1.. Analyses.of samples from hot-water vents (see Fig.-.4) and deep East Pacific waters. 
Analyses-were perfonned by J. Gieskes. 

Sample , a* 
(per mil) 

Ca* 
(mM) 

Mg* 
(toM) 

H4SiO/ 
(MM) 

Li* 
(MM) 

Mnf, 
(ppm) 

914W-1 
917W-I 
Deep East 
• Pacific waters 

(2000 m) 

19.17 
19.17 
19.17 

13.60 
10.63 
10.53 

52.81. 
52.74 
53.40 

234 
255 
180 

31.2 
28.0 
27.0 

0.320 
0.320 

<0.04 

•Analyzed by titration. tAnalyzed by colorimetry. 

vents. The sponge-like mass of tubes 
capping these vents is apparently formed 
by a pink terebillomorph polychaete 
(possibly a new family), which was ob
served to dart completely out into the 
water and then return to its tube. The 
slopes at the bases of the chimneys are 
populated with galatheids, brachyurans, 
and the eel-like ophidiid fish. A very 
primitive scalpellid barnacle ofa new ge
nus (27) was collected from such a site. 
Although the temperature of the exiting 
water is high (380° ± 30°C), the lateral 
gradients are so steep that even the 
chimney-top-Klwelling polychaete is prob
ably bathed in far cooler water. 

The discovery of the high-temperature 
vents raises exciting questions for future 
biological research. This is apparently 
the first time water temperatures well in 
excess of the boiling point at I atmo
sphere have been found in open contact 
with the biosphere. Since high pressure, 
which permits these superheated condi
tions, counteracts some of the destruc
tive effects of high temperature on bio
chemical systems, it is not unreasonable 
to wonder whether life may exist at high
er temperatures here than elsewhere on 
the earth. A sample of 300°C water did 

not contain bacteria (28), but there is no 
other evidence on this point and this po
tentially important question must await 
further investigation. 

Three water samples were taken from 
the vicinity of the vents (Fig. 4) with 
equipment originally designed for use 
from deep-tow ( / / ) . Since it was not pos
sible to. place the bottles exactly in the 
vents, there was considerable dilution; 
however, all samples have significantly 
elevated concentrations of ^He and total 
He (29), implying a mantle contribution. 
Covariance of hydrogen and methane 
with helium in the vent water samples 
suggests that these gases are also mantle-
derived (30). Analyses of filtered sam
ples from adjacent black and white vent 
waters (Table 1) show similar enrich
ments (calcium, lithium, silicon, and 
manganese) and depletions (magnesium) 
relative to normal-seawaterT These are 
consistent with the trends observed in 
Galipagos hydrothermal fluids (10) and 
in basalt-seawater hydrothermal experi
ments (31, 32). 

The black vent water precipitates con
sist primarily of pyrrhotite in hexagonal 
platelets (Fig. 6), plus pyrite, sphalerite, 
and Cu-Fe sulfides. Chemical composi

tion of the pyrrhotite indicates a fontij, 
tion temperature of about 300°C, consij. 
tent with measured water temperatures 
White vent particulates, apparently p^_ 
tides from worm tubes and chimney sm. 
fides, are predominantly pyrite globules 
barite rosettes, and ubiquitous amor! 
phous silica. 

In the heterogeneous mound and 
chimney materials the dominant solid 
phases, identified by x-ray diffraction 
scanning electron microscopy, and elec! 
tron microprobe studies, include sphaj. 
erite (ZnS), pyrite (FeSj), and ehaleopy. 
rite (CuFeS2). Other sulfides of zinc 
iron, and copper are also present in mi. 
nor quantities (wurtzite, pyrrhotite, mar-
casite, bornite, cubanite, and chalco. 
cite). Calcium and barium sulfates (anhy. 
drite, gypsum, and barite) and'oxides of 
iron and silicon (goethite, and amor, 
phous iron oxyhydroxide and silica) 
are quite common; native sulfur occuis 
often; and the magnesium silicate, talc, 
was found on one sample. The most sig. 
nificant vent minerals beyond those 
found in the CYAfilEX inactive mounds 
(17) are pyrrhotite, anhydrite, barite, and 
talc. Cobalt, lead, silver, cadmium, and 
manganese were all detected in the CY
AMEX samples at concentrations up toa 
few parts per thousand. The numerous 
and highly heterogeneous samples ofthe 
RISE collection are being analyzed for 
these and other elements. 

The honeycomb rocks from basal 
mounds consist mainly of sphalerite and 
pyrite, lesser amounts of chalcopyrite, 
minor wurtzite and marcasite, amor
phous silica and iron oxy hydroxides, and 
traces of native sulfur. Brittle, platy 
white precipitates coating the tube 
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Fig. 6 (left). Scanning electron micrograph of filtered particulate pyrrhotite from hot (380° ± 30°C) waters from the black smoker shown in Fig. 
4A and on the cover. Fig. 7 (right). Cross section of a small, typical chimney spire similar to those of Fig. 4A. Note concentric zonations of 
sphalerite, pyrite, and chalcopyrite. This zonation indicates changes in chemical and physical properties ofthe vents. Most zones are continuous, 
but the central zone of sphalerite cuts radially outward across the other zones. Both single-phase zones and zones created by intergrowth of 
several minerals occur in this samnte. 
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•• walls of honeycomb samples are assem
blages of barite and amorphous silica. 
Analyses to date have not fiilly eluci
dated the relationship between biogenic 
and inorganic mineral precipitation in the 
mounds. 

Chimney spire samples all show radial 
changes in composition. Outer walls are 
often made of anhydrite, gypsum, and 
magnesium sulfate. Sulfur isotope analy
ses show that the anhydrite formed in 
equiUbrium with seawater. In the in
nermost zones, in contact with the hot 
waters, are layers of coarsely crystalline 
chalcopyrite or pyrite. A typical small, 
partially closed spire (from the site 
shown in Fig. 4B) was studied, and a 
cross section of this construction re
vealed alternating bands of sphalerite, 
pyrite, and chalcopyrite (see Fig. 7). 
Outermost zones are enriched in amor
phous silica. Cubic pyrite, the dominant 
phase in this sample, forms layers of dif
ferent crystal sizes, which result in some 
of the observed banding. The three ma
jor phases are found as pure single-phase 
zones and as intergrowths with one oth
er. 

In addition to mound and chimney 
samples, near-vent sediments and basalt 
coatings were examined. Fine-grained 
black sediment scooped from the base of 
a black smoker contains sphalerite, pyr
rhotite, pyrite, and traces of chalcopy
rite, wurtzite, and sulfur. The chief 
phases match particulates suspended in 
the waters from the black smoker and 
represent fallout from exiting hot waters. 
Orange oxidized sediments collected 
near a dead mound exhibit a similar min
eralogy. Mound fragments in these sam
ples have higher pyrrhotite and lower py
rite concentrations than the associated 
sediments, indicating a rapid breakdown 
bf unstable FeS, _ x to Fe-oxyhydroxide 
during physical disaggregation of mound 
materials. Rapid conversion of pyrrho
tite to pyrite may explain the absence of 
pyrrhotite in most mound samples, or 
pyrrhotite may precipitate at higher tem
peratures within the basalt underneath 
the mounds. Manganese, which is 
largely absent from the hydrothermal 
mounds, precipitates hydrogenously, 
rather than hydrothermally, on basalt 
surfaces within a few meters of sulfide 
structures. Amorphous manganese oxy-
hydroxides create a dark-colored mat
ting observed on glassy basalts around 
vents. 

Sulfur isotope and petrographic evi
dence indicates that the concentric band
ing in active vent spires represents min
eralization events that reflect changes in 
chemical and physical properties of the 
Waters from which the spires precipitate. 
28 MARCH 1980 . 

Fluctuations in temperature, pH, sulfur 
fugacity, and other physical and chem
ical parameters must occur as metal-la
den solutions reach the basalt-seawater 
interface and traverse the lengths of the 
porous sulfide chimneys. These fluctua
tions, as well as temporal changes in the 
concentrations of dissolved species in 
the hydrothermal fluids, probably cause 
the observed concentric banding and 
may also produce vertical mineral zoning 
in chimneys (this possibility has not yet 
been investigated in detail). Consid
erable vent-to-vent variation in temper
ature was observed over relatively short 
distances, and seawater is undoubtedly 
drawn under the influence of a pressure 
gradient through the porous materials of 
mounds and chimneys to mix with rising 
low-density hydrothermal fluids. This in
ward flow of seawater allows organisms 
to live and grow on some chimneys and 
accounts for the precipitation of anhy
drite in outer chimney zones. 

The hydrothermal constructions sam
pled during the RISE program are me
chanically fragile and chemically un; 
stable in the sea floor, and they are there
fore presumably ephemeral features. 
The iron-rich layers commonly overlying 
basaltic basement in Deep Sea Drilling 
Project (DSDP) holes (33, 34) may con
tain a component of reworked degrada
tion products from similar vent struc
tures. Sulfides deposited in hydrother
mal conduits within the basalt layer may 
become sealed off from further interac
tion with seawater and be less suscepti
ble to oxidation; such deposits could be 
the precursors of ophiolite sulfides. 

Petrology of Basalts 

The data presented here are based on 
microprobe and x-ray fluorescence anal
yses of glass samples collected from Al
vin in zone 1 and along the gravity profile 
track of Fig. 2 and samples collected by 
transponder-navigated dredge hauls in 
zones 1, 2, and 3. This set of samples 
constitutes a geochemical profile across 
the axial region for a distance of about 3 
km on each side of the axis of spreading. 
We wished to look for spatial and tem
poral variations in magma chemistry and 
microphenocrysts as well as any varia
tion in magma chemistry that might be 
related to the morphology of the units 
sampled. 

The glasses are fresh tan sideromelane 
(basalt glass) with only minor amounts of 
microphenocrysts of calcium plagio
clase, magnesium olivine, and, in a few 
samples, clinopyroxene. We assume that 
the glass analyses represent original liq

uid compositions because of the appar
ent freshness of the samples and the 
small size and scarcity of the micro
phenocrysts. The data suggest that all of 
the samples experienced minor amounts 
of. crystal fractionation (5 to 20 percent) 
before their eruption. 

Data for the glass samples (vitro-
phyres) from pillow rinds, sheet flow 
plates, and pillow buds, as well as micro
phenocrysts, are summarized in Table 2. 
Element abundances and ratios are in 
Figs. 8 and 9. Samples from within about 
500 m of the presumed axis of active 
spreading are all bright fresh glass with 
little or no Fe-Mn coating. Samples from 
greater distances have Fe-Mn coatings 
ranging from thin films to thicknesses of 
about 0.5 mm. Those with the thicker 
coatings (for example, > 0.1 mm) typi
cally also have a palagonite rind of about 
the same thickness as the Fe-Mn crust. 
The palagonite and Fe-Mn crusts were 
removed from the glass samples that 
were analyzed by x-ray fluorescence. 
Plagioclase is the most common micro-
phenocryst (3 to 10 percent); olivine 
forms 1 to 5 percent. Clinopyroxene is 
rare. The plagioclase forms small eu
hedral unzoned crystals. There is a range 
in plagioclase composition in individual 
samples which suggests that some grains 
are xenocrysts. The ohvine is commonly 
irregular and skeletal in form, apparently 
the result of crystallization during rapid 
cooling. On the basis of FeO/MgO ratios 
of coexisting glass and olivine, the oli
vine appears to be in equilibrium with 
the enclosing glass. 

Vesicles are rare, but in a few samples 
there are microvesicles (< 0.5 mm) 
which may amount to a few tenths of a 
percent by volume. The vesicles are dec
orated with sulfides, pyroxene (?), and 
phyllosilicates. 

The samples are olivine tholeiites; all 
of them plot close to the presumed cotec-
tic in the olivine-plagioclase-pyroxene 
diagram (Fig. 8). Abundances of K, Ti, 
P, Ba, Rb, Sr, Ni, and Zrare all typical 
of ocean ridge tholeiites (35-37). The 
samples are similar to glass samples from 
the FAMOUS area on the Mid-Atlantic 
Ridge (Fig. 9) (37. 38) and to other East 
Pacific Rise samples such as those from 
the CYAMEX area (39). The RISE sam
ples have slightly higher values of Ti02 
and FeO*/MgO (FeO* is total iron 
oxides) and a smaller range of these val
ues than many ofthe glasses collected on 
the Mid-Atlantic Ridge (Fig. 9). The lim
ited composition range for the RISE 
samples collected on the 6-km-long. 
transect suggests that the samples are 
derived from a common parent magma 
by fractional crystallization of olivine 
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Fig. 11 Oefl)- Ratio of received signal ampli
tudes (nanovolts per meter) to source dipole 
amplitude (ampere-meters) as a function of 
frequency (hertz). The open and closed cir
cles were obtained from a preliminary analy
sis of the X and y components, as defined in 
the plan view above. The broken and solid 
lines represent theoretical values for a model 
in which the crustal conductivity, a ,̂ is ho
mogeneous and isotropic. Fig. 12 (right). 
Alvin magnetometer crossing of two negatively magnetized pillow basalts. Top three curves are 
the components ofthe field as noted; bottom curve is the vertical gradient. More than 250 clear 
measurements were made on either side ofthe polarity boundary, and all measurements showed 
the "correct" polarity. The boundary is very narrow, implying a narrow zone of crustal forma
tion. 

due to a shallow magma chamber or to 
localized pervasive fracturing of the up
per ocean crust associated with hydro-
thermal vents and (ii) to obtain an esti
mate of the density of the upper crust. 

The primary instrument used was a 
LaCoste & Romberg geodetic land me
ter, modified after use on the Mid-Atlan
tic Ridge last year (51), with variable 
damping and capacitance readout. All 
measurements were made with the sub
mersible resting solidly on the sea floor. 
Replicate measurements were made at 
each station and the resulting observed 
precision was about 0.05 milligal (5 x 
10^'^, where g is the gravitational accel
eration). 

Position control was from the trans
ponder navigation net used for the RISE 
project, which is precise to about 10 or 
15 m. This gives a negligible error in the 
latitude correction. Depth of Alvin (me
ter depth) was taken from an up-looking 
echo sounder transducer, which is accu
rate to a few meters in any region but 
precise to aboiit 1 m. This could affect 
the precision of the gravity measure
ments by ± 0.2 to 0.3 mgal. Instrument 
drift was negligible and was not cor
rected for, nor was a correction attempt
ed for earth tides. Gravity measurements 
were corrected to a sea-floor datum at 
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2556 m (uncorreeted'depth of the shal-. 
lowest station) with the aim of enhancing 
local residual anomalies. For sea-floor 
gravity stations three corrections are 
needed to find the simple Bouguer anom
aly relative to the sea-floor datum (52): 

1) + 0,3086/i for the decrease in g in 
bringing the meter up to the datum (h is 
datum depth minus station depth and is 
negative). 

2) + 0.04319z for the subtractive ef
fect of the water layer above the meter 
for a density of 1.03 grams per cubic cen
timeter (z is the water depth). 

3) -0.04193 o-h to replace the crust 
between the station and the datum (cr is 
the Bouguer density). 

The simple Bouguer anomaly needs to 
be corrected for the subtractive effects of 
the sea-floor terrane in regions surround
ing each station (JJ). At this writing, the 
bathymetric data have not been com
piled in sufiicient detail to calculate these 
corrections fully. 

A profile plot oif the simple Bouguer 
anomaly shows it has a range of about 2 
mgal (Fig. 3). However, 10 or 12 stations 
define a gravity low of up to 1.5 mgal 
with a half-width (53) of approximately 
1.0 km. This negative anomaly is cen
tered about the central volcanic ridge 
and occupies zones 1 and 2 (Fig. 2). An
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otber gravity low appears near -2.4 k iJ^E 
(Fig. 3), but this will be largely remov^ *** 
with topographic corrections, 
. The size and width of the central negaJ 
tive anomaly can be quickly analyzed L 
terms of a two-dimensional horizontal; 
cylinder source. The total raass defij 
cieiicy is 9 x 10' kilograms per meter o^ 
ridge. The cylinder center is at l.Q k(j,, 
below the datum. If the cylinder's ton. 
edge reaches up to the datum, a minj. 
mum density contrast of 0.03 g/cm' is in-
dicated. Ifthe maximum density contrast 
is 0.21 g/cm^ (rock-melt contrast), then 
the cylinder's top edge is 0.63 km below 
the datum. The density contrast in this 
ideal case could be due to a shallow mag
ma chamber or crustal fracturing, or 
both. Further work on the Alvin crustal 
seismic travel-time data in this regiog 
may give an independent crustal density 
estimate to aid in resolving this question. 

Crustal density was estimated by 
studying the correlation between ob
served gravity and bathymetry. The in-
crease in observed gravity, Ag, for a sta
tion h m below the datum is /t(0.04193 
ACT - 0.2222), where h is negative. A 
graph of Ag against h has a slope of 0.155. 
mgal/m. The density contrast is then 
1.60, giving a rock density of 2.63 g/cm' 
between the shallowest and deepest sta
tions. 

Electromagnetic Sounding 

An electromagnetic sounding tech
nique was used during RISE to study the 
structure of electrical conductivity in the 
basement rocks near the spreading cen
ter of the East Pacific Rise. The study 
will provide information on the presence 
of conducting fluids within the upper 
crustal rocks. 

The method of sounding involved two 
elements. A transmitter and a horizontal 
electrical dipole antenna 800 m long were 
dragged behind R.V. Melville. The an
tenna injected electromagnetic signals 
into the ocean and underlying crust at 
frequencies of 0.25 to 2,25/ hertz. Be
cause the signals were at relatively high 
frequencies, the signal in the ocean was 
rapidly absorbed, so that long-range sig
nals could only have propagated within 
the crust. The second element consisted 
of three receivers that had been dropped 
to the sea floor from the ship before the 
transmissions were started. To our 
knowledge, no similar measurements 
have been attempted before, nor have 
any other techniques been able to pro
vide estimates of the conductivity of the 
shallower crust under the oceans. 

The most distant receiver was 18.8 km 

SCIENCE. VOL. 2m 



r -2.4 kn,. 
y removed 

ntral nega, 
nalyzed in 
horizontal 
nass defi, 
:r meter of 
at 1.0 km 
nder's top 
n, a mini-

'Jcvn' is in
ly contrast 
rast), then 
km below 
ast in this 
lUow mag. 
turing, or 
•-'in crustal 
his region 
tal density 
question, 

mated by 
ween ob-
y. The in-
, for a sta-
A(0.04193 

jgative. A 
Je of 0.155 
it is then 
2.63 g/cm' 
:epest sta-

ing tech-
study the 

vity in the 
iding cen-
rhe study 
: presence 
he upper 

olved two 
tiorizontal 
long were 

The an-
ic signals 
I crust at 
ertz. Be-
ively high 
cean was 
range sig-
ed within 
consisted 
1 dropped 
lefore the 
To our 

urements 
nor have ' 
e to pro-
ity of the 
[IS. 

318.8 km 

VOL. 207 

m 
from the transmitter antenna. At 

iliis 
receiver the signal was clearly above 

jse at all the frequencies transmitted. 
Lore 11 shows preliminary results of 

iffi 
analysis of data from this receiver. 

Ae observed amplitude of the two hori-
j,(ital components of the electric field 
-fmalized by the dipole strength of the 

^smi t t e r antenna is shown as a func-
(̂,n of frequency. The observed data are 

rfiinpared in Fig. 11 with theoretical 
ijrves derived from a simple model in 
t̂iich a horizontal electric dipole an-

jjnna is mounted at the plane interface 
j^tween two uniform conductors repre-
jjnting the ocean (conductivity, 3.2 Sie
mens per meter) and the crust (con
ductivity, cTc). The comparison shows 
(liat the effective conductivity of the 
(fUSt approximates 0.004 S/m. The elec
tromagnetic skin depth of a uniform ma
terial of conductivity 0.004 S/m is 8 km 
for a frequency of 1 Hz. We believe this 
is about the effective depth of our sound
ing-

Previously, the conductivity of the ig
neous part of the oceanic crust was esti
mated from dredged and drilled samples 
(^) and by logging of holes drilled into 
basement rocks as part of the Deep Sea 
Drilling Project (54). The drilling showed 
that the upper part of the oceanic crust 
consists of basalt in many forms: pil
lows, massive but' cracked flows, and 
highly fragmented pieces. The only suc
cessful deep drillings into solid rock have 
been in the older parts of the crust, 
where alteration products have plugged 
many fractures and vesicles. Never
theless, the logs of electrical con
ductivity indicate that seawater is the 
dominant carrier of electricity. The re
sults from drilling logs are widely scat
tered but give a geometric mean of 0.03 
S/m. 

The fact that our observations show an 
effective conductivity lower than 0.03 SI 
m at high frequencies may indicate that 
cracks, and fractures are less prevalent 
and therefore the ability of seawater to 
provide conductive paths is reduced in 
parts of the crust below those so far 
drilled. The difference between the the-
oreticaUy modeled and observed fields at 
1.5 and 2.25 Hz is suggestive of aniso
tropic conductance in the upper crust, 
where water-filled cracks parallel to the 
spreading axis are expected to warp the 
electric field. 

Magnetic Reversal Experiment 

One can glean information about the 
earth's interior by examining the effects 
of naturally occurring boundaries, edges, 

3 MARCH 1980 

or discontinuities on the magnetic and 
gravity fields. Therefore we studied the 
magnetic field over the Brunhes-Ma-
tuyama reversal boundary, the most re
cent major reversal recorded in the oce
anic crust. Our goals were to detennine 
in detail how sharp and linear the polar
ity transition is, and to use this informa
tion (i) to infer the width of the zone of 
crustal formation at the spreading center 
and (ii) to detennine how important deep 
(layer 3) magnetic sources are in gener
ating marine magnetic anomalies. 

The reversal that we studied occurs 20 
km west of the main RISE dive site in 
crust 0.7 million years old (Fig. 1). Siir
faee ship surveys show the reversal here 
to be clear and linear but not unusually 
so (55). In 1977 Macdonald et a i (14) 
conducted a near-bottom magnetic sur
vey over a 4 by 6 km area straddling the 
reversal boundary. Magnetic measure
ments were made on a level plane ap
proximately 200 m above the bathyme
try, using the deep-tow vehicle of the 
Marine Physical Laboratory (Scripps In
stitution of Oceanography) with precise 
transponder navigation. Three-dimen
sional modeling of the field by a Fourier 
inversion technique (56) shows that the 
polarity transition boundary is extremely 
straight and sharp and is very close to 
two-dimensional even on a scale of hun
dreds of meters. The polarity transition 
width is narrow, only 1000 to 1400 m 
throughout the study area, which sug
gests azone of crustal emplacement only 
600 to 1000 m wide at the spreading cen
ter (14). 

With these results in hand, we re
turned to the. same area with Alvin as 
part of RISE to conduct even finer scale 
magnetic measurements aimed at the 
volcanic extrusive component of the re
versal boundary, A fluxgate magnetic 
gradiometer and three-component mag
netometer were mounted in Alvin'& 
sample basket and used to make rapid, in 
situ determinations of crustal magnetic 
polarity (57). Typical magnetic targets 
were individual basalt pillows, wrinkled 
sheet flow ridges, and the sharp edges of 
fault scarps. During five geologic tra
verses in the reversal area, more than 
250 clear in situ polarity determinations 
were made across the reversal boundary 
(Fig. 12). 

In comparing the Alvin polarity mea
surements with the deep-tow inversion 
solution, we had several surprises. Even 
on long traverses (total of 4 km) to either 
side of the polarity boundary, every 
magnetic target had the correct polarity 
(positive or negative)—that is, a polarity 
that agreed with the magnetic stripes. 
This is not too surprising for the young 

side of the reversal boundary, since the 
newer polarity material should overlie 
the older. However, it is surprising that 
there were no outliers of newer polarity 
material or volcanoes on the older side of 
the boundary. 

The reversal transition zone is very 
narrow. On one dive the boundary was 
traversed several times along a linear 
zone only tens of meters wide. Along 
strike, the reversal transition zone was 
actually a geologic contact; a flow (+) 
butted up against an axially dipping fault 
scarp ( - ) , and a pillow flow front (+) 
facing west forming a narrow valley with 
a pillow flow front ( - ) facing east. In 
other places where sediment cover ob
scured any possible contacts, the transi
tion- from positive to negative polarity 
could be defined by our measurements to 
a zone less than 150 m wide. 
. The reversjd boundary based on Alvin 

in situ measurements is displaced ap
proximately 500 m away from (west of) 
the spreading center relative to the 
boundary in the deep-tow inversion solu
tion. This offset is precisely known since 
the Alvin navigation net was linked with 
long-life transponders used in the deep-
tow work. 

When combined with the deep-tow in
version solution, the Alvin measure
ments suggest that the zone of formation 
of magnetic crust is very narrow. After 
allowing for the effects of crustal dilata
tion by faulting and the finite period re
quired for the earth's field to reverse, the 
resultant zone of crustal emplacement is 
only 500 to 1000 m wide. This is in ex
cellent agreement with geologic determi
nations from Alvin and Cyana for the 
width of zone 1, which varies from 400 to 
1200 m at the present spreading axis. 
Thus the zone of crustal formation today 
and about 0.7 million years ago has been 
very sharply defined in space, generally 
less than 1 km in width. 

The 500-m westward displacement of 
the Alvin determination of the reversal 
boundary relative to the potential field 
location represents spillover'of basalt 
flows away from axial vents over older, 
negative-polarity crust. The width of this 
overlap when combined with the' poten
tial field data provides valuable informa
tion that may constrain the role of deeper 
sources in generating marine magnetic 
anomalies. 

The focus of current work is to com
bine the -Alvin polarity determinations 
with both surface-tow and deep-tow 
magnetic inversion solutions to sort out 
the extrusive and intrusive contributions 
to the finite width of the field reversal re
corded in the crust. From this we hope to 
place bounds on the width of volcanism, 
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the. width of dike intrusion, and the im
portance of layer 3 sources such as gab
bro in generating marine magnetic anom
alies. 

Summary of Geophysical Experiments 

All four geophysical experiments were 
prototypes, and it is difficult this soon af
ter the cruise to have complete results or 
to merge them with the geological and 
hydrothermal observations. However, 
the combined research efforts are taking 
several interesting directions. Combina
tion of the seismic and gravity results 
should resolve the question of whether 
the axial gravity anomaly is caused by a 
shallow magma chamber or surficial fis
suring (we suspect the former). These re
sults in turn will be combined with infer
ences about the magma chamber from 
the petrologic studies. While the gravity 
and seismic studies may indicate the 
presence and depth of a magma chamber 
near the axis, the electrical studies may 
indicate its width by sensing high con
ductivity at depth off-axis. The seismic 
and electrical studies should place 
bounds on the depth of fissuring of the 
crust and, combined with the hydro-
thermal observations, be used to deter
mine the depth of hydrothermal circula
tion along the axis. The magnetic studies 
in the reversal area already suggest a 
narrow zone of crustal formation that 
has been stable for some time and agree 
well with the geological observations. 
The magnetic studies should also in
dicate how important deeper layer 3 
sources and cumulate settling portions of 
the magina chamber are as sources of 
lineated magnetic anomalies. 

Conclusions 

The axis of the East Pacific Rise is 
marked by a zone of recent volcanism 
approximately 1000 m wide. Near the 
center of the volcanic zone, there is a 
very narrow band of active hydrothermal 
vents—at least 25 vents along a strip 7 
km long and only 200 to 300 m wide. In 
the northeast, vents are characterized by 
water temperatures of 5° to 20°C, flow 
rates of centimeters per second, clear 
vent waters, and exotic biological com
munities similar to those at the Gala
pagos vents (giant tube worms, clams, 
galatheid crabs). These communities, in
dependent of photosynthesis for surviv
al, must have unusual dispersal systems 
that allow them to populate various areas 
of the world rift system as hydrothermal 
vents evolve and die out. To the south-
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west, vent waters contain more particu
late matter, often dark in color (black 
smokers);- the exit temperatures reach 
380° ± 30°C; flow rates are on the order 
of several meters per second; and condi
tions appear less inviting for the biologi
cal communities near the vents, except 
for a new polychaete, which may live at 
very high temperatures. The marked 
along-strike variation may indicate an 
evolutionary cycle in the development of 
the vent system. Actively forming mas
sive sulfide deposits occur within the 
vent chimneys at high-temperature 
springs, while inactive sulfide mound de
posits occur slightly off-axis from the 
cooler vents. Mineral deposits include 
sphalerite, pyrite, chalcopyrite (and oth
er Fe, Cu, and Zn. sulfides), anhydrite, 
sulfur, barite, opal, and talc. Chimneys 
exhibit a distinct concentric zoning of 
sulfide minerals, which suggests episodi-
city in the physical and chemical proper
ties of the vents. The hydrothermal wa
ters contain the first such occurrences of 
pyrrhotite and other sulfide compounds 
as well as methane, Covariance of meth
ane with 'He indicates a mantle source 
for both. There is substantial evidence 
for biological influence on the mineral 
deposits; for example, worm-tube hon
eycomb structures form the foundations 
for many sulfide mounds. 

Basalt samples from the spreading 
center have a narrow range of chemical 
composition and are extremely primi
tive. They probably formed by fractional 
crystallization from a shallow magma 
chamber, possibly from a single parent 
magma. 

Alvin has been used for the first time 
as a geophysical tool. The on-bottom 
gravity and seismic measurements have 
yielded the first in situ determinations of 
shallow crustal seismic velocity and den
sity. Further analysis ofthe gravity, seis
mic, and electrical data should place 
bounds on the depth of hydrothermal ac
tivity and crustal fissuring, and deter
mine the extent of the axial magma 
chamber. Magnetic measurements at the 
reversal boundary indicate a narrow (500 
to 1000 m) zone of crustal formation, and 
may place bounds on the role of deep 
crustal sources in generating marine 
magnetic anomalies. 
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Sulfide Deposits from the 
East Pacific Rise Near 21°N 

R, Hekinian, M. Fevrier, J. L. BischoflF, P. Picot, W. C, Shanks 

The early discoveries of hydrothermal 
products at accreting plate boundaries 
were sediments rich in iron and manga
nese (/). More recent findings of strong
ly fractionated iron-manganese con
cretions, material rich in silicon-iron 

massive sulfide deposits, such as those in 
the Troodos complex in Cyprus (13), Se-
mail in Oman (14), and Belts Cove and 
York Harbor in Newfoundland (12, 15), 
appear to represent ancient oceanic crust 
formed at mid-oceanic spreading ridges. 

Summary. Massive sulfide deposits were discovered froiti the diving saucer Cyana 
on the accreting plate boundary region of the East Pacific Rise near 21 °N. The depos
its form conical and tubular structures lying on a basaltic basement. Mineralogical and 
geochemical analyses showed two main types of intimately associated products: a 
polymetallic sulfide-rich material- composed of pyrite and marcasite in association, 
zinc-rich phases, and copper-rich compounds, and an iron-rich oxide and hydroxide 
material (also called gossan) composed largely of goethite and limonite. Silicate 
phases such as opaline, silica. Iron-silicon clay, and trace amounts of mica and zeolite 
are encountered in both types of material. Possible mechanisms for the formation of 
the sulfide deposits on the East Pacific Rise are discussed. 
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clay, and hydrous iron oxides have been 
collected from the Galdpagos spreading 
center (2, 3), from the Mid-Atlantic 
Ridge near 26°N (4. 5) and 37°N (6), and 
from the Gulf of Aden (7). Direct visual 
observations of thermal springs were 
made during a submersible study on the 
rift valley of the Galdpagos spreading 
center (8). 

The first discovery of a sizable sub
marine polymetallic sulfide deposit on a 
ridge system was made in the Red Sea 
during the intemational Indian Ocean ex
pedition (1963 to 1965). In addition, 
many ancient massive sulfide deposits 
found in ophiolites are thought to have 
been formed ori the sea floor in large 
oceans or marginal basins. These depos
its consist primarily of pyrite, chalcopy
rite, and sphalerite (9-12). The ophiolitic 
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A summary of the ophiolite complexes 
containing sizable ore deposits around 
the world is given by Coleman (16). 

A recently formed massive sulfide de
posit with similarities to the ophiolitic 
deposits was recently discovered by a 
manned submersible on the East Pacific 
Rise at 2I°N during a French-American-
Mexican joint project (project RITA) on 
rapidly spreading ridges (17, 18) (Fig. 1). 
The East Pacific Rise deposit occurs at a 
spreading ridge at 2rN. The rate of sep
aration at the site, 3 centimeters a year, 
appears to have been constant during the 
last 4 miilion years (18). As indicated by 
deep-tow studies (19), the ridge crest in 
the area is dominated by a central zone 
of volcanic hills about 2 to 5 kilometers 
wide flanked on either side by a zone of 
open fissures, 

OO36-8075/8O/0328-1433$O2.0a'O Copyright © 1980 AAAS 

expedition was funded by the Seabed Assess
ment Program of the t4ationai Science Founda
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office under grants NSF/OCE 78-01664, 78-
21082, and 79-09984. Funds for mineralogical 
and geochemical analyses were provided by a 
grant from the Academic Senate, University of 
California, San Diego. Support for the electrical 
measurements was provided by the National 
Science Foundation and the Office of Naval Re
search (Earth Physics Branch). 

More recent dives in the region by (he 
submersible Alvin have discovered other 
massive sulfide mounds and actively dis
charging hydrothermal vents and solid 
particles with fluid temperatures of 
375° ± 25°C (20. 21). Conical plumes dis
charging sulfide minerals ori the sea floor 
were recently predicted by Solomon and 
Walshe (22) from experimental studies of 
deposits of the Cyrpus and Kuroko type. 
We present here the results of mineral
ogical and geochemical studies of sulfide 
deposits during dives of the submersible 
Cyana at 2rN (23). 

Geologic Setting of the Sulfide Deposit 

The deposits were sampled at two 
sites (Cy 78-08 and Cy 78-12) located on 
the flanks of steep-sided structural de
pressions about 20 to 30 meters deep and 
20 to 30'meters wide, situated 700 to 800 
meters west of the axis of the East Pacif
ic Rise (Fig. 1) (17). The general area 
consists of a 1.5-km-wide band of fis
sured and faulted terrane associated with 
a horst and graben zone (17, 24). The 
massive sulfide deposits form roughly 
cylindrical hills ranging up to 10 m high 
and averaging 5 m in diameter (23). In an 
area visited during dive Cy 78-8, at least 
three vertical hills aligned in an approxi
mately north-south direction (025°) were 
seen o\er a distance of about 50 m. The 
hills are about 3 to 4 m apart and the 
flanks of two different hills could-be seen 
from the porthole of the submersible 
when it passed between them. Jhe'edi
fices are variegated with ocher, red, 
white, and dark gray colors and appear 
to be extremely porous. The first sample 
(8-14A) was taken on a tall hill (approxi
mately 10 m high) and consists of a 
brownish-red ocher-like material. The 
second sample was taken about 10 m 
away from the first on the same hill. 

The authors' affiliations are: R. Hekinian, Centre 
Oc^anologiquc de Bretagne, Brest C6dex 29273, 
France; M. Fevrier, Centre Ocianologique de Bre
tagne and Universiti de Bretagne Occidentale, Brest 
C6dex 29200: i . L. Bischoff, U.S. Geological Sur
vey, Menlo Park, California 94025; P. Picot, Bureau 
de Recherche Gtologique et Miniire, Orleans C t - . 
dex 45018: and W. C. Shanks, Department of Ceol
ogy and Geophysics, University of Wisconsin, 
Madison 53706. 
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Geophysical Evidence for the Absence of a Crustal Magma Chamber 
Under the Northern Juan de Fuca Ridge: 

A Contrast With ROSE Results 

KEVIN J. MCCLAIN AND BRIAN T, R. LEWIS 

Geophysics Program and School of Oceanography, University of Washington, Seattle, Washington 98195 

Deep-tow reflection data, seismic refraction data to ocean bottom seismometers, and gravity 
interpretations of the northera Juan de Fuca Ridge all suggest a very narrow or absent crustal magma 
chamber under this portion of the rise axis. The seismic features that have been suggested as indicating 
crustal magma chambers on other parts of the East Pacific Rise, such as travel time delays and -
reflections from the top of a shallow magma reservoir, are not found on the northern part of this ridge. 
These results indicate that at spreading rates of 3 cm/yr crustal cooling (probably by water penetration) 
is sufficiently rapid to prevent the existence of a steady state crustal magma chamber and therefore 
crustal accretion may be episodic. 

INTRODUCTION 

The Juan de Fuca plate off the Washington-Oregon coast 
has long been cited as an example of seafloor spreading. Raff 
and Mason [1961] published the magnetic lineation map of 
the region, which gave early evidence for plate tectonic 
concepts. 

Detailed magnetic anomaly analysis by Riddihouglijl^ll] 
shows that for the past several million years the half spread
ing rate at the ridge has been 3 cm/yr. Exammation of the 
magnetic anomalies and topography across this ridge also 
show that spreading has continued to the present. 

Shor et al. [1968] undertook seismic refraction measure
ments on the Juan de Fuca Ridge, and their results indicated 
normal ocean crustal velocities and thicknesses. Assuming 
that this ridge is the result of processes typical of accretion at 
3 cm/yr, our goal was to study in detail the structure of this 
ridge axis to define better the processes of accreticin. For 
this study we selected the simplest part of this ridge system, 
located between 46° and 47°N latitude. 

Figure I shows the location of the experiment area, and 
Figure 2 shows typical reflection profiles on the east side of 
the ridge in the study area verifying the two-dimensionality 
of this area. 

During September 1978 the University of Washington 
completed a seismic refraction survey of the northern end of 
the Juan de Fuca Ridge near 47°N latitude. In June 1980 the 
southern end of our original survey area was profiled with a 
deep-towed reflection system and a shipboard gravity meter. 

This paper presents data from these experiments with the 
analysis being directed toward determining the presence or 
absence of a magma chamber under the rise axis. Evidence 
either for or against the existence of a magma chamber under 
the axis would provide strong constraints on the question of 
whether accretion is continuous or episodic. Comparison is 
made, where possible, with similar data obtained during 
Project ROSE, 

DEEP-TOW REFLECTION DATA 

The University of Washington deep-towed array was 
deployed across the segment of rise crest shown in Figure I 

Copyright 1982 by the American Geophysical Union, 
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to determine if reflections from the top of a magma chamber 
could be detected. This system telemeters digital data from a 
subsurface package to a shipboard data logger and is normal
ly used with a 20-element 2-km-long hydrophone array. For 
this experiment the multichannel array was replaced by a 
single-channel streamer, and the sampling rate was in
creased from 200 to 4000 S~'. This was done because the 
horizontal dimensions of the problem under investigation 
were expected to be of the order of tens to hundreds of 
meters, and the greatest possible time resolution was de
sired. The source during this experiment was a 0,049 m^ (300 
in.^) air gun, used with and without a bubble suppressor. 

During the deployment we attempted to fly the system at a 
constant depth of about 2100 m, or about 100 m above the 
highest point ofthe topography. Figure 3 shows a reflection 
profile across the ridge with a surface-towed system, and 
Figure 4 shows a shipboard monitor record of a deep-tow 
line at the rise axis. Some ofthe apparent depth variations in 
the deep-tow line are caused by variations in streamer 
height, but it is clear even from this monitor record that one 
is getting greatly increased resolution of topography and an 
indication of subsurface reflections. Diffraction off topogra
phy is also clearly seen. 

To improve the resolution of the axial topography, the 
data along iwo lines were plotted at an expanded scale 
(Figure 5), and these show an axial graben morphology with 
indications of faulting at the edges of the graben. The, total 
relief of the graben is about 75 m, and the width is about 1.5 
km. The variable reflectivity of the seafloor within the 
graben may be indicative of the distribution of sheet flows 
and pillow basalts. 

To search for deep reflectors under the axis that might be 
indicative of magma reservoirs, some computer processing 
of the data was undertaken. This consisted of pie-slice 
filtering in frequency wave number space to subdue the 
topographically diffracted energy, applying time-varying 
gain to accentuate the deep reflectors and dynamic range 
compression to reveal low-amplitude signals. A section of 
processed data under the axis is shown in Figure 6. From 
these data one can clearly see subsurface reflections or 
diffiactions off subsurface interfaces but no well-defined 
reflections from an interface one might identify as a magma 
chamber roof. To convince the reader that we are in fact 
observing subsurface events and not just side reflections off 
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Fig. 1. Location ofthe area of study. Shown are the 1000-5000 refraction lines, air gun reflection lines (dotted lines), 
and the deep-towed reflection lines 001-003. 

seafloor topography, we computed theoretical diffraction 
curves assuming point source topography located at several 
distances to the side ofthe streamer's path. These are shown 
in Figure 7 superimposed on the data and indicate that most 
of the reflections are too narrow to be explained by seafloor 
topography and must therefore be due to subsurface reflec
tions or diffractions. 

We conclude therefore that there is no convincing seismic 
reflection evidence for a magma chamber with a well-defined 
upper surface presently under the axis, at least to depths of 
about 5 or 6 km. There is a hint in the data at about 2 s 
subbottom (approximately 6 km) of a diapiric structure 
under the axis. This may indicate upwelling mantle material, 
but at this point the inference is tenuous. Further processing 
of these data is planned to resolve the fine structure, but we 
do not expect that this will substantially change our conclu
sions regarding the lack of a well-defined magma chamber 
containing molten rock. 

SEISMIC REFRACTION RESULTS 

The location of the seismic refraction experiment is shown 
in Figure 1. Ocean bottom seismometers (OBS) [Lister and 
Lewis, 1976] were placed along the ridge axis and 55 km to 
the east of the axis on 2-m,y.-old oceanic crust to form a 
square grid. Refraction lines were then shot between these 
instruments forming four reversed seisinic lines both parallel 
and perpendicular to the ridge crest. 

In addition, another line of shots, the 5000 line, was fired 
across the ridge crest to investigate lateral inhomogeneity 
across the ridge for rays bottoming at different depths. 

SHOTS ACROSS THE RIDGE—THE 5000 LINE 

The 5000 line consisted of eight shots fired from east to 
west across the ridge (Figure 1), with shot sizes ranging from 
120 to 240 pounds of Tovex explosive. The shots were 
located with Loran C navigation, accurate to several hun
dred meters. The shot break time for shot 5001 was missed, 
and so this shot is not included in this data analysis. To 
correct for the ridge topography, the shots were corrected to 
a depth of 2620 m, with water and rock travel time above this 
depth removed. This was done by using the appropriate 
apparent velocity values for the ranges from shots to OfiS's 
based upon the four refraction lines. Two sets of corrections 
were computed, assuming rock velocities of 3.0 and 4.5 km/s 
for the basement topography. This choice of velocity made' 
little difference in the pattern of corrected arrival times to the 
OBS's. For Figures 8, 10, and 11, the 5000 line topographic 
correction was computed assuming a rock velocity of 3 km/s. 
All seismic traces were also band-pass filtered from 2 to 18 
Hz. 

The two off axis OBS's, 55 km east of the ridge, OBS-3 
and OBS-6, both show a similar pattern of arrivals after 
correction for topography (Figure 8). From a comparison 
with other shot lines in this experiment, we believe the 
predominant energy in Figure 8 is from wide-angle mantle 
reflections. These show no significant time offsets as the 
shots cross the ridge axis. 

A very similar set of shots across the East Pacific Rise was 
recorded during Project ROSE by the University of Wash
ington OBS's [Lewis and Garmany, this issue). Figure 9 

I 
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Fig. 2. Four air gun reflection lines on the east side of the ridge showing the two-dimensional nature of the 

topography. Lines on the profiles indicate distances of 0, 15, and 30 km from the rise axis. Profile locations are shown as 
dotted lines in Figure 1. 
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Fig. 3. An example of a reflection record across the ridge axis using a surface towed streamer and a 40 in.' air gun. 

(right) shows the 5000 line shots recorded by OBS-3 from 
this study with no corrections for water depth or topogra
phy. Figure 9 (left) shows line 6L from Project ROSE as 
recorded by OBS 403 and OBS 407 with no corrections 
applied. Corresponding shot-receiver geometries for these 
two experiments are plotted beneath the seismic data in 
Figure 9 and are nearly identical. 

Yet one sees a dramatic difference in the propagation of 
energy across the ridge in these two areas. Little or no 
energy propagates across the 12°N axis, whereas shots 
across the Juan de Fuca Ridge show little or no attenuation 
of energy. 

Lewis and Garmany [this issue] modeled several sets of 
refraction data from the ROSE area. In their models, the 
ridge is underlain by a narrow zone of low-velocity material. 
The effect of the low velocity, is to cause time delays in 
crustal arrivals at ranges of about 15 km and to attenuate 
severely and delay crustal multiple paths at ranges of 60-80 
km. This low-velocity material extends to within 1 or 2 km of 
the seafloor and is about I km wide at depths of 2 km. 

From a comparison of the two data sets in Figure 9, we 
infer that the northern Juan de Fuca Ridge does not have an 
axial low-velocity zone similar to the faster spreading East 
Pacific Rise at 12°N. 

Record sections for the on-axis instruments, OBS-1 to the 
north and OBS-4 to the south of the 5000 line, are shown in 
Figure 10. OBS-1 is approximately 44 km from the shots, and 
OBS-4 is approximately 12 km from the shots. These instru
ments recorded the 5000 line shots as a fan pattern across the 
ridge. To interpret these arrivals, an average velocity from 
each shot to the two OBS's was computed. This was done by 
taking the distance from shot to receiver and dividing by the 

topographically corrected total travel time, A plot of this 
average velocity ofthe shots for OBS-1 and OBS-4 is shown 
in Figure 11. OBS-4 shows an average velocity of 5.7 km/s 
over the ridge axis and velocities about 0.4 km/s slower off-
axis. OBS-1 shows an opposite trend with velocities over the 
ridge of 6.1 km/s as compared with velocities of 6.4 km/s off-
axis, OBS-4 at an average distance of 11 km from the shots is 
recording rays that bottom in the crust, whereas OBS-1 at a 
distance of 44 km is recording rays that normally bottom at 
mantle depths. We infer from the average velocity pattern 
that the upper crust under the ridge is of slightly higher 
velocity than off-axis. The lower crust or mantle under the 
ridge is of slightly lower velocity than at similar depths off-
axis. These variations are small and support the hypothesis 
of no crustal magma chamber under the ridge. 

REVERSED REFRACTION LINES 

The four reversed refraction lines consist of two reversed 
lines perpendicular to the ridge, one reversed line along the 
ridge axis, and one reversed line on 2-m.y.-old crust 55 km 
east of the axis. Shot sizes along the lines ranged from 5 to 
180 pounds. No corrections for topography or sediment 
thickness have been applied to the data presented in Figures 
12 and 13. 

The 2000 line was shot along the axis of the ridge from 
north to south (Figure 12, top). One can see from the 
bathymetric profile that depth along the axis decreases 
toward the south. There is no clear mantle arrival on either 
ofthe reversed lines nor an indication of a caustic related to 
a velocity increase at the crust-mantle boundary. At dis
tances where mantle arrivals are normally recorded (greater 
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Fig. 4. An example of a shipboard monitor record with the deep-towed streamer at a depth of 2300 m and an air gun 
source at the surface. The rise axis is on the right of the figure. The total length of the profile is aboul 8 km. 
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Fig. 5. Expanded plots of the deep-towed reflection data across the rise axis for lines 001 and 003. Note the small axial 
valley and the indications of faulting within the axial valley. 
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than 30 km), the apparent velocity across the shots is -6.8 
km/s. 

The 4000 line is located 55 km from the ridge axis and 
paraUel to it (Figure 12, bottom). The age ofthe ocean crust 
here is ~2 m.y. based on magnetic anomalies. This line was 
shot over a small basement high that can be seen in the 
reflection profile. This basement high makes interpretation 
difficult since it affected crustal arrivals on one OBS and 
mantle arrivals on the other. Mantle velocity as seen from 
OBS-3 is -7.2 km/s. Such a low mantle velocity could be the 
result of mantle anisotropy, with slow Pn velocity parallel to 
the ridge [Morris et al.,,1969], or high temperatures or both. 

The 1000 and 3000 lines are perpendicular to the rise axis, 
and both run east from the ridge to a distance of ~55 km 
(Figure 13). A mande caustic and clear mantle refracted 
arrivals with an average velocity of —7.8 km/s is observed on 
both lines. Both of these reversed lines show close agree
ment in their reversed times, indicating a velocity structure 
that is well behaved. A velocity model based on the 3000 and 
5000 lines is discussed in the next section. 

TWO-DIMENSIONAL RAY TRACE MODELING 

TO model in some detail the structure perpendicular to and 
across the ridge, we used a two-dimensional ray tracing 
technique described by McMechan and Mooney [1980]. 
Data modeled were the reversed 3000 line and the combined 
3000 and 5000 lines as seen from OBS-6. Since we directly 
input the observed basement topography, it was unneces
sary to make topographic corrections to the observed data. 
Sediment thickness was accounted for assuming a sediment 
velocity of 1.5 km/s. 

First, a model was constructed to match the observed 

travel times for the reversed 3000 line. A structure with 
crustal thickness of 5 km and a mantle depth of 8 km below 
sea level fit the data well. No variation in crustal properties 
near the ridge were needed to fit the travel times for OBS-4, 
which was on the ridge. 

DISTANCE (KM) 

Fig. 6. Processed (see text) deep-towed reflection data across the 
rise axis. The ridge axial valley is on the left of the figure. i 
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Fig. 7. Diffraction curves superimposed on the deep-towed data 
that were calculated from the assumption of side reflections off point 
source topography located to the side of the deep-towed array at two 
distances. This comparison is to show that many of the features in 
this record are too narrow to be due to seafloor topography and 
therefore represent subsurface reflections and diffractions. 
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Fig. 8. The 5000 line shots across the ridge to OBS-6 and OBS-3. 
These instruments were located about 55 km east of the ridge. 
Corrections for seafloor topography have been applied to the 
seismograms. Mantle reflection (PmP) picks are indicated by cir
cles. The mantle reflecUons show little or no offset as the shots cross 
the ridge. 

First arrival times computed from the model for OBS-6 are 
shown as arrows in Figure 14 (top). The combination ofthe 
3000 and 5000 lines as recorded by OBS-6 are shown in 
Figure 14 (top). The data do not show clear Pn arrivals 
across the ridge, but PmP arrivals are clear and do not 
appear attenuated by propagation through the ridge. The 
model used to fit the 3000 line reversal was extended across 
the ridge, and ray paths for PmP arrivals to OBS-6 for shots 
crossing the ridge were computed. 

Ray paths for the computed PmP arrivals and their fit to 
the observed data are shown in Figure 14 as circles. These 
travel times fit the observed data well. One can see from the 
model that for shots near the ridge, these PmP rays sample 
the upper and middle crust under the axis. If there were a 
low-velocity region under the axis, these rays should be 
retarded and refracted with respect to normal crust. Yet 
their match with the observed data supports the hypothesis 
of no low-velocity material and therefore no magma chamber 
under the ridge. 

SYNTHETIC SEISMOGRAM MODEL 

To confirm this high degree of lateral homogeneity across 
the ridge, synthetic seismograms were computed for the 
combined 3000 and 5000 lines as recorded by OBS-6, using 
the Fuchs and Muller [1971] reflectivity method incorporat

ing Filon's integration method [Frazer and Gettrust, 1981]. 
This method assumes a laterally homogeneous velocity 
structure, and so the match ofthe synthetic seismograms to 
the observed data across the ridge can test the hypothesis of 
no large velocity variations under the ridge axis. 

The observed data, computed synthetic data, and the 
corresponding velocity-depth model are shown"in Figure 15. 
The model used is similar to the two-dimensional, ray trace 
model and has a crustal thickness of 4.8 km with a mantle 
depth of 7.6 km. ' 
. The match to the observed data is good consideripg that 
no topographic corrections have been applied to the ob
served data. Later arrivals in the observed data for shots 
across the ridge match well with later arrivals in the synthet
ic data. Pn arrivals are of larger amplitude in the synthetic 
seismograms than in the observed data for shots crossing the 
ridge. This could easily be accounted for by a negative 
gradient in the mantle under the ridge. 

INTERPRETATION OF GRAVITY DATA 

Shipboard gravity data were also collected along the three 
deep-towed reflection lines over the ridge crest. Instrumen
tation was a LaCoste and Romberg Air-Sea Gravity Meter, 
and corrections were applied for instrument drift, latitude 
variation, and the Eotvos correction. Ship speeds on all 
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Fig. 9. A comparison of similar data sets from the ROSE area (left) and the northern Juan de Fuca Ridge (right). The 
two record sections on the left side ofthe figure are from line 6 shots across the East Pacific Rise as recorded by OBS 
403 and OBS 407. Shot and receiver geometry are shown beneath the data. Note the poor energy propagation as shots 
cross the rise axis. The record section on the right side ofthe figure is from the 5000 line (this study) across the Juan de 
Fuca Ridge as recorded by OBS-3. Shot and receiver geometry are shown beneath the data. Note the excellent energy 
propagation as shots cross the ridge. All record sections have no topographic corrections. 

three lines were less than 2 knots, and the latitude variation 
was very minor. At this slow speed, many data points could 
be collected along each of the profiles, providing a more 
accurate sampling of the gravity variations than is usually 
obtained. 

To use the gravity anomaly to imply density variations 
under the ridge, one must understand the various factors that 
can affect the anomaly. Obviously, the topographic variation 
will' affect the gravity anomaly. There may also be density 
variations in the upper crust due to fracturing and cooling as 
one moves away from the ridge. The presence of a magma 
chamber in the lower crust and partial melt in the mantle will 
also affect the gravity anomaly. 

Assuming the fairly simplistic model that lateral density 
variations in the upper crust are responsible for the gravity 
anomaly, one can solve for this lateral density variation. 
Using the technique of Parker [1972] and Oldenburg [1974], 
one can invert for a lateral density variation which produces 
the gravity anomaly. From Parker [1972], 

F[^g(x)] = - 2 TiGe-'*'^ 2 V 1̂ 1"" F[p(x)h''(x)] 

Here, g(x) is the gravity anomaly, p(jr) is the lateral density 
variation, k is the horizontal wave number, G is the gravita
tional constant, h(x) is the topography, and ZQ is the depth 
below the surface from which one measures h(x). We define 
g = -dUldz, which is the opposite of Parker's sign conven
tion. Following a procedure similar to Oldenburg [1974], by, 
transposing the n = 1 term from the above summation and 
rearranging, one has 

•Flp(.x)h(x)] = 
FlAg(x)]e""^ 

2rtG - 2 
n=2 

w 
n\ 

-F\(A.x)h''(x)] 

n=l 

One can use this equation, given Zo, h(x), and g(x), with an 
initial guess of p(x) = 0 to solve iteratively for p(x). This 
inversion assumes a flat bottom layer and a lateral density 
variation. The gravity and topography were smoothed by 
using a high-pass filter. The data were then sampled at 
evenly spaced points, extended to 2" points so the Fast 
Fourier transform algorithm could be used and windowed to 
reduce wrap around discontinuities. 
' The ridge crest topography and free-air anomaly for line 

001 are shown in Figure 16. The ridge rises 300 m above the 
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surrounding topography, and the gravity anomaly has a peak 
to peak amplitude of 4 mGal. Results ofthe density inversion 
for line 1 are also presented in Figure 16 for several values of 
Zfl. All inversions at different Zo's fit the data within I mGal 
accuracy. The inversion became unstable for Zo larger than 
3.7 km. Convergence occurred when either 50 iterations 
were performed or if the maximum difference between the 
old and new solution was less than 10"'' times the maximum 
of the new solution. The different density contrast profiles 
obtained with different ZQ'S represent the nonuniqueness of 
the gravity inversion. However, we note that for Zo = 3 km 
the density contrast fluctuates by 1 g/cm^ which is probably 
unreasonable. For larger ZQ'S, the fluctuations are smaller, 
wd no statistically discernible difference can be seen in the 
density under the rise axis. 

We infer fi-om this that the profile can be adequately 
explained by a two-dimensional topography with a roughly 
constant density of about 2.4 g/cm' (allowing for the rock-
water contrast). 

In the ROSE area, Lewis [this issue] has shown by a 

similar density inversion that the gravity cannot be explained 
by two-dimensional topography of constant density. Inver
sion results for the ROSE area suggest a mass excess under 
the ridge as compared with the adjacent lithosphere. Inver
sion results from the northern Juan de Fuca Ridge require no 
such mass variation, which suggests a different crustal 
density structure for the two areas. 

Plotted at the same scale in Figure 17 are the bathymetric 
and free-air profiles for both the northern Juan de Fuca 
Ridge and the East Pacific Rise near 12°N in the ROSE area 
[Lewis, this issue]. The Juan de Fuca data are an east-west 
profile at 46°50'N taken from line 8 of the N.O.S. Surveyor 
data. 

From the bathymetry, one sees that the East Pacific Rise 
near 12°N has a broader ridge crest than does the northern 
Juan de Fuca Ridge. The bathymetry near the Juan de Fuca 
Ridge is about 400 m higher in mean elevation than the East 
Pacific Rise, and each ridge rises about 300 m above the 
surrounding topography. 

The corresponding free-air anomalies for these two ridges 

c 
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Fig. 15. Comparison of the observed 3000 and 5000 line data and synthetic seismograms computed from the laterally 
homogeneous model shown on the right. 
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Fig. 16. Bathymetry, density inversion results, and observed and 
computed gravity anomalies across the ridge. The ridge axis is at 10 
km on the distance scale. Zo is the depth below the surface from 
which the topography h(x) is measured in the inversion. See text for 
discussion of results. 

are very different. The free-air anomaly across the East 
Pacific Rise near 12°N has a peak-to-peak amplitude of about 
12 mi3al. Across the Juan de Fuca Ridge, the free-air 
anomaly is only about 5 mGal. These differences reflect 
different density structures with depth under each of these 
ridges. 

CONCLUSIONS 

We have shown that neither the seismic refraction, seis
mic reflection, nor gravity data support the existence of a 
zone under the axis of the northern Juan de Fuca Ridge 
having low velocity or abnormal density. Since we expect 
partial melt to exhibit abnormally low velocity [Murase and 
McBirney, 1973], we infer that there is no extensive zone of 
partial melt in the crust, particularly to the extent predicted 
by thermal models that do not include the effects of water 
cooling [Sleep, 1975]. Comparison with the fast siireading 
Eaist Pacific Rise at 12°N shows significant differences in 
both the propagation of seismic waves across the axis and in 
the density structure under the axis. 

The absence of a well-defined crustal magma chamber 
under the northern part of the Juan de Fuca Ridge places 
strong constraints on the processes of crustal accretion. 
First, it suggests that at this spreading rate, accretion may be 
episodic rather than continuous. Second, it implies that 
crustal cooling is far more rapid than predicted by conduc
tive thermal models and that the rapid cooling probably 
extends to the base of the crust. An obvious mechanism for 
cooling is circulation of sea water through the crust by 
means of cracks [Lister, 1972). A third implication relates to 
the petrology ofthe crust. We note that areas that may have 
steady state crustal magma chambers, such as the I2''N area, 
and areas with possible episodip accretion, such as the 
northern Juan de Fuca, produce crust of the same seismic 

\ 
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Fig. 17. A comparison of free-air anomalies and topography across the East Pacific Rise at 12°N (left) and the 
northern Juan de Fuca Ridge (right). 

thickness (6 ± 1 km). If the crust mantle boundary were a 
petrologic boundary, it is unlikely that such different accre
tion mechanisms woiî ld produce such similar seismic thick
nesses and velocities. An alternative explanation is that the 
crust-mantle transition represents the maximum depth to 
which water penetrates and the lower crust consists of 
hydrothermally altered ultramafics [Clague and Straley, 
1977]. In this case it would not be surprising that different 
accretion processes give similar crustal thicknesses. 
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The region ofthe Explorer spreading centre off Vancouver Island, British Columbia, has been 
studied through a marine geophysical survey. Earthquake epicentres located by three ocean 
bottom seismometers confirm that the boundary between the Pacific plate and the Explorer plate 
(the northern extension of the Juan de Fuca plate) at present lies along the Sovanco fracture zone, 
the Explorer ridge, and the Dellwood Knolls. The epicentres of earthquakes in this area as 
determined by the onshore seismic network are found to be subject to significant errors. The 
ocean bottom seismometers also have been used for a detailed seismic refraction line just lo the 
north of the Explorer spreading centre employing explosives and a large airgun as sources. A 
preliminary analysis of the data indicates a fairly typical crustal structure but a shallow and low 
velocity mantle near Ihe ridge crest, and illustrates the value of ocean bottom seismometers in 
oceanic refraction studies. A new geothermal heat flux probe was employed in this study that 
permitted repeated "pogostick" penetrations without raising the instrument to Ihe surface. Six 
profiles with a total of 112 penetrations provided valuable data on the nature of hydrothermal 
circulation in the oceanic crust. Eleven standard heat probe stations provided some restraints on 
the poorly known age of the oceanic crust along the margin. Seismic reflection profiles using'a 
3.5 kHz system, a high resolution pulser profiler, and a large aii-gun were used as aids in the 
interpretation of the seismic and heat flow data. 

On a etudie la region du centre d'expansion Explorer au large de I'lle de Vancouver en 
Colombie-Britannique a I'aide d'un leve geophysique marin. Les epicentres de seismes localises 
par trois sismometres installes dans le fond de I'ocean confirment le fait que la limiie enire la 
plaque du Pacifique et la plaque Explorer (I'extension au nord de la plaque Juan de Fuca) .se trou ve 
a present le longde la zone de fracture de Sovanco, de lacreied'Explorer et des monticules de 
Dellwood. Les epicentres des seismes dans cette region tels que determines par le reseau 
sismique cotier semblent etre entaches d'erreurs significatives. On a aussi utilise les sismometres 
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sur le fond oceanique pour un profii detaille de sismique-refraction juste au nord du centre 
d'expansion Explorer en utilisant des explosifs el de gros fusils a air comme sources. Une analyse 
preliminaire des donnees indique une structure.de la croiite assez typique mais un manteau a 
faible profondeur et a basse vitesse pres du sommet de la crete et illustre I'utilite des sismometres 
de fond dans les etudes de refraction oceaniques. On a utilise dans cette etude une nouvelle sonde 
pour le flux de chaleur geothermique qui permet des penetrations repetees sans ramener I'instru-
ment en surface. Six profils avec un total de 112 penetrations ont foumi des donnees precieuses 
sur la nature de la circulation hydrothermale dans la croute oceanique. Onze stations de sondes 
thermiques standard ont foumi quelques limites aux ages mal connus de la croute oceanique le 
long de la bordure. On a utilise des profils de sismique-reflexion avec un systeme de 3.5 kHz, un 
profileur a pulsation de grande resolution et un gros fusil a air pour aider a 1'interpretation des 
donnees sismiques et thermiques. 

[Traduit par le journal] 
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Introduction 
•Chis article presents data and preliminary 
ajvses of seismicity, seismic refraction, seismic 

"̂flection profiling, and heat flow from a cruise on 
/- p A.V. Endeavour in the area of the Explorer 
Dreading centre off Vancouver Island, British 

Columbia (Fig. D- The area is one of considerable 
tectonic complexity with interaction between a 
number of lithospheric plates (e.g., Wilson 1965). 
The triple point junction between the Explorer 
nlaie (the northern extension of the Juan de Fuca 
plate), the Pacific plate, and the North America 
plate is located at or near the edge ofthe continental 
shelf between the northern end of Vancouver Is
land and the southern end of the Queen Charlotte 
Islands (e.g., Riddihough 1977). In this region the 
zone of convergence or subduction off Vancouver 
Island meets the Queen Charlotte transform fault 
system which extends to the northwest and the 
Juan de Fuca - Explorer ridge system which ex
tends to the southwest. 

in addition to collecting data important to the 
detailed understanding of this particular area, we 
have attempted to make use of a special feature of 
the region, that a spreading ridge system ap
proaches a continental margin subduction zone, to 
examine several fundamental tectonic and geo
physical processes. 
' The first important consequence of a spreading 

centre obliquely approaching a convergent conti
nental margin is that the lithosphere produced at 
the ridge is suBducted after reaching an age of only 
a few million years. The age and the thickness of 
the oceanic lithosphere being subducted decreases 
10 the north toward the triple point. It is of funda
mental importance to know, if at less than some 
limiting age, the lithosphere will not have sufficient 
sirength or rigidity to remain a coherent unit thrust
ing beneath the continent. The small plates may 
deform or break up, defining the limit to plate tec-
'onics. In addition, the rapid changes in the motions 
ofthe small plates (e.g., Riddihough 1977) probably 
depends primarily on the forces along their bound
aries. If the changes in motion and in the bound

aries can be outlined in detail, basic information on 
plate driving forces may be obtained. 

One part of the study was directed to better out
lining the location of the Pacific-Explorer plate 
boundary from earthquakes recorded on ocean bot
tom seismometers and from seismic profiling. The 
exact location of the boundary and triple point has 
been difficult to determine because of the compli
cated and rapidly developing series of en-echeloh 
spreading centres and connecting transform faults 
extending from the north end of the Juan de Fuca 
ridge. The boundary is probably defined by a 
spreading centre along the Explorer ridge with a 
bifurcation at its northern end, a transform fault 
following the Revere-Dellwood fracture zone, a 
spreading centre at the Dellwood Knolls, and pos
sibly a further transform fault to a short spreading 
centre just south of the Queen ChaHotte Islands 
(e.g., Srivastava et al. 1971; Bertrand 1972; Tiffin 
1973; Barr and Chase 1974; Chase et al. 1975; Rid
dihough and Hyndman 1976; Chase 1977). The 
short segments are not clearly resolved by previous 
seismic profiles, by magnetic anomalies, or by 
earthquake epicentres located by land stations. A 
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related part of the study was to use seismic refrac
tion measurements to examine the crustal structure 
in the area which previous work had shown to be 
complex and variable, perhaps in response to the 
plate interactions (e.g., Clowes and Malecek 1976). 

The second important aspect of the fact that the 
ridge system approaches the continent is the rapid 
terrigenous sedimentation over the spreading 
centre, the sediment cover being a critical factor in 
the thermal regime of the young crust. Previous 
geothernrial heat flow measurements in this area had 
first demonstrated that hydrothermal circulation 
dominated the thermal regime of young oceanic 
crust (e.g., Lister 1972). A thick impermeable sed
iment cover appears to seal off the crust from con
vective exchange with the ocean so that the total 
heat flux from the cooling lithosphere may be mea
sured by a heat flux probe. The Juan de Fuca -
Explorer ridge system is one ofthe few areas where 
the sedimentation rate is sufficiently high to seal off 
the crust very close to the spreading axis. This 
study employed a large number of closely spaced 
heat flow measurements to outline the thermal re
gime of oceanic crust of various ages and sediment 
covers. 

Ocean Bottoin Seismometer Instruments and 
Operation 

Two types of free fall, pop-up ocean bottom 
seismometers were employed in this study: the first 
type of design essentially as described by Lister 
and Lewis (1976) and Johnson et al. (1977) (two 
units, designated PGC instruments) and the second 
type of design similar to that described by Sutton et 
al. (1977) (two units, designated AGC instruments). 
The PGC instruments consist of a 60 cm diameter 
buoyant aluminum sphere instrument package that 
fits into a large 400 kg flowerpot-shaped concrete 
anchor, attached by a magnetic link. One vertical 
and two horizontal 4.5 Hz seismometers and a time 
code are direct recorded on magnetic tape for up to 
300 h. A square root signal compression permits an 
80dB effective dynamic range over a frequency 
band of 2-100 Hz. 

The AGC instruments consist ofan 18 cm diam
eter cylindrical instrument housing with a 33 cm 
diameter glass sphere for flotation. A 50 kg con
crete anchor is attached by an evacuated clamshell 
release (see Barrett et al. 1977; Heffler and Locke 
1978). Recording is continuous direct on standard 
magnetic tape cassettes for up to 300 h, with a fre
quency band from 2-20 Hz. High frequency direct 
waves through the water are detected by superim
posing a rectified and smoothed signal on the clock 
tape channel. The output from one vertical and one 

horizontal 4.5 Hz geophone and a hydrophone j^;! 
recorded with a dynamic range of 40dB. ' | 

The four seismometers were first employed j-f 
70 km line for seismic refraction (Figs. 2 and 6). 0.1 
AGC instrument deployed several kilometres fî l 
OBS site 3 failed to return to the surface and ̂ 1 
lost. We now think that sediment may have seajJ 
the tube before sea water completely filled J 
evacuated space. An extemal rubber water reshl 
voir is now used to fill the evacuated space. AftJ 
the refraction experiment the remaining AGC jJ 
strument was redeployed at OBS site 5 to form 
30 km triangular array for 6 days of earthquaj! 
recording. The location of the deployments wjj 
determined by satellite and Loran A to within a 
0.5 km. 

All ofthe three recovered instruments performcj 
well, the only important failure being the hv. 
drophone of the AGC instrument which operaiej, 
orJy for a short period on the first deployment auj; 
not at all on the second. This was a significant losi: 
as the hydrophone signal appears to be very vali> 
able for the identification of some phases ng 
clearly defined on the geophone records. Examplj 
of records obtained from earthquakes and explj '• 
sive charges are shown in Figs. 3 and 4. Profiiesn \ 
airgun shots on the vertical seismometer of OBS 
site 2 PGC instrument and explosive shots on tk 
AGC instrument at site 3 are shown in Fig. 8 a, J. 
The quality of the data from the two instrumej 
types is generally good, both for shots and firf 
earthquakes. The AGC instrument record m 
peared to exhibit considerable ringing. Howeval 
this ringing may reflect crustal resonances thii 
characterize ridge crests (Prothero 1977), railie 
than instrument response. 
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Seismicity of the Explorer Ridge Area 
tanhquake epicentres west of northern Van-

•̂ "ver Island located by land stations show a large 
fatter that in a general way follows the Pacific -
^ n de Fuca plate boundary as defined by marine 
s^Pnysical data. But in detail there is rather poor 

coincidence of epicenters and the ridge transform 
segments (Milne era/. 1978) (Fig. 5). As pointed out 
by Barr and Chase (1974), most ofthe epicentres lie 
to the east of the Explorer ridge. They have sug
gested that the apparent trend of events represents 
a new plate boundary, the Queen ChaHotte trans
form extending south to the northern end of the 
Juan de Fuca ridge cutting off the Explorer spread
ing centre (see also Wilson 1965). The Explorer 
spreading centre is quite well defined by the magne
tic anomaly pattern, bathymetry, seismic reflection 
profiles, and heat flow measurements so such a new 
plate configuration would necessarily be very re
cent (e.g., Hyndman and Riddihough 1977). 

However, the locations of most offshore events 
determined by the land seismic station network as 
given in seismicity maps (e.g., the map of Barr and 
Chase 1974) probably have uncertainties of 
50-100 km (very recent events are better located as 
the network has expanded). Some systematic 
biases also exist because all of the stations are to 

130" 129' 128* 127" 

F I G . 5. Earthquake epicentres in the Explorer plate region 
from the Canadian land seismic network (after Milne et al. 1978). 
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one side of the events and because of the complex 
and poorly known velocity structure across this 
converging continental margin. Careful relocation 
of selected offshore earthquakes in this area using 
land network data with more exact velocity models 
(Tobin and Sykes 1968; Wetmiller 1971; Lee 1978) 
suggests that most ofthe events probably are along 
the spreading centres and transform fault bound
aries as defined by rnarine geophysical data. The 
few fault plane solutions available for the region 
indicate predominantly strike-slip faulting in agree
ment with the accepted trend and motions of the 
transform fault segments (see summary in Milne et 
al. 1978). Some of the earthquakes located to the 
east of the ridge system are not mislocations but 
appear to be associated with a plate boundary ex
tending perpendicular to the margin to the north 
end of the Juan de Fuca ridge (Figs. 1 and 5) (called 
here the Nootka fault zone) that separates the main 
Juan de Fuca plate from the small Explorer plate to 
the north. Magnetic data (Riddihough 1977) sug
gests left lateral motion of about 2cm year"' and 
two fault plane solutions (Rogers 1976; Lee 1978) 
are consistent with this interpretation. 

The primary intent of the ocean bottom seis
mometer earthquake recording was to see if the 
microseismicity confirmed motions along the main 
plate boundaries rather than a recent break up of 
the Explorer plate that would give general seismic
ity, and to better define the boundaries. A summary 
ofthe results is given here. 

Several hundred earthquakes were recorded at 
one or more ofthe seismometers during the 10 day 
recording period, with magnitudes from less than 1 
to one event of magnitude about 4 that was also 
recorded on a number of land stations. Of these 
events, 34 were, wejl recorded by all three seis
mometers and could be located reliably. The veloc
ity model was taken from the seismic refraction 
experiments in the area and both P and S first arri
vals were used in the epicentre location. The 
depths were restricted to 3 km on the basis of the 
depths obtained in other similar spreading ridge 
areas (e.g., Reichle et al. 1976), The few events in 
our study for which, iising shear wave arrivals, 
depth could be estimated,are consistent with such 
shallow depth. The estimated accuracy of the 
epicentres ranges from less than 5 km near the array 
to about 15 km for the most distant events located 
(Fig. 6). 

The epicentres lie in three distinct groups that 
clearly follow and substantiate the Pacific-Ex
plorer plate boundary as defined by previous geo
physical studies: along the Explorer spreading 
centre, the Revere-Dellwood transform fault, and 

50»N 

FIG. 6. Earthquake epicentres in the area ofthe Exploreraij 
Dellwood spreading centres located by the ocean bottom sw 
mometers. The solid triangles mark the sites of the seismoi* | 
ters used to locate the events. The open triangle is the locationi/ 
the additional site used in the refraction line. The bathymtui 
contours are in metres from Tiffin and Seemann (1975). 

the Dellwood spreading centre. No events weit 
located in the Winona basin to the south and eas 
that would indicate deformation or breaking upofj 
the Explorer plate. There also were no events 
might be associated with the bending of the oceank 
lithosphere into the subduction zone, as found o8i 
Japan (Nagumo et al. 1976). The epicentres sugges" 
that spreading is primarily on the northwest of itn 
two branches at the northern end of the Explora. 
spreading centre, but several poorly located smal 
Ier events (not plotted) may be on the southeast' 
branch. The seismicity substantiates the DellwooJf 
Knolls being a spreading centre. The concentraliMf 
of events on the Revere-Dellwood fracture zone.: 
particularly near its intersection with the Explora 
spreading centre (see also Wetmiller 1971), is coif. 
sistent with previous ocean ridge microearthquab 
studies that found most events to occur on traitff 
form offsets of ridges, and to be most frequeniilt 
located in the central trough of the fracture zonjl 
(e.g., Prothero ^/a/. 1976; Reid e/a/. 1973;SpiniW 
et al. 1974; Francis et al. 1977; Reichle et al. I97fl' 
The events associated with the Dellwood spreadid 

81-

90«N 
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are scattered rather uniformly over the ap-
cfi""̂ ^ zone of accretion in contrast to results from 
pai"̂ ". .^(lantic ridge which show most events on 
iĥ  lll'all of the median valley some distance frorii 
tJ"̂  nnarent zone of accretion (e.g.. Spindel et al. 
ffifFrancis./«/.1977). 

one event of magnitude ML = 3.8 (Wb = 4.4) 
rred on the Revere-Dellwood transform fault 

'̂ 'A was well recorded at a number of land stations 
^- 7). The epicentre from the ocean bottom 

•fmometers should have an accuracy of about 
film. The U.S. Geological Survey P.D.E. epi-
- ĵ g for this event (using P first arrivals only) is 
'"̂ me 60 km to the east of its actual location as 
Hetermined by the ocean bottom seismometers. 
The epicentre from the routine location of earth-
uakes by the Canadian Seismological Service 

(EPB) (using P and S arrivals) has a smaller but still 
significant error, lying 20 km north of the actual 
location. We emphasize that more stations were 
employed for this latter epicentre than were avail
able for locating most previous events, particularly 
prior 10 1964 (see Milne et al. 1978). Thus, the 
location uncertainty for most previously located 
events is larger than 20 km. These errors suggest 
that a significant systematic location bias is respon
sible for the large number of epicentres located to 

lai^w 130" 129* 

ric. 7. Various epicentres for the largest earthquake recorded 
°y the ocean bottom seismometers. PDE is the U.S. Geological 
survey preliminary determination; EPB is the Candian Seis-
">ological Service, Earth Physics Branch, epicentre. 

the east of the actual plate boundary, from land 
station data. This large event will permit a travel 
time calibration for the western Canada land net
work that will result in more accurate location of 
offshore events in the general area. 

Seismic Refraction 
Ocean bottom seismometers have been a sig

nificant technical advance in explosion seismology 
providing fixed location high sensitivity detectors 
that can record S as well as P arrivals. Some previ
ous studies near the crests of spreading ridges have 
outlined a variety of special crustal structures rang
ing from nearly normal crustal structure (e.g., 
Whitmarsh 1973; Snydsman era/. 1975; Davis e/a/. 
1976) to a narrow zone of partial melting under the 
zone of acretion (Reid et al. 1977) and a low veloc
ity layer at the base of the crust (Lewis and 
Snydsman 1977). 

In this study a detailed 70 km long seismic refrac
tion line was undertaken, to thenorthwest of, and 
perpendicular to the Explorer spreading centre 
near the Revere-Dellwood fracture zone (Fig. 6). 
PGC ocean bottom seismometers were deployed 
about 5 and 35 km from the spreading centre (0.2 
and 1.2 Ma old crust) and an AGC instrument at 
about 75 km from the spreading centre (about 
2.5 Ma old crust). A total of 2300 kg of high velocity 
explosive was detonated in 80 shots ranging from 
4.5-180 kg, in a general pattern of alternating large 
and small shots (Fig. 8a). The large shots provided 
sufficient energy for arrivals at distant seismom
eters while the small charges provided arrivals that 
did not overload nearby seismometers. The 
charges were deployed and fuse detonated while 
the ship was moving at 8kn. The fuse time was 
adjusted to give the optimum shot depth (e.g., Shor 
1963) using estimates of the charge sinking rates. 
Shot times were obtained from comparison of 
WWV time signals and arrivals both at a towed 
hydrophone and at a low sensitivity geophone on 
the ship's deck, correcting for the shot to ship travel 
time. In addition to the explosive charges, a 
1000in.' (16 L) airgun firing at 2 min intervals was 
traversed over each seismometer both parallel and 
perpendicular to the profile to obtain detailed in
formation at short ranges, i.e., to about 15 km (Fig. 

To obtain travel times to the ocean bottom seis
mometers, the following time corrections were 
applied: (1) OBS clock drift — the clocks were 
rated in a cold room for several days before and 
after deployment and interpolated corrections 
applied. (2) The shot depths were corrected to be 
effectively at the surface. (3) A standard water 

i 
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FIG. 8. (a) Explosion seismic section across AGC OBS at site 3, vertical seismometer, (b) A seismic section across the PGC 
seismometer at site 2 with the large airgun. The traces are vertical seismometer, 15 Hz low pass filtered. 

depth of 1.74 s and sediment thickness of 0.36 s 
were used, differences being corrected with 4.7 kni 
s~' material. Uncertainties in these corrections and 
in the shot instants may result in travel time errors 
ofup to 0.050 s. 

Shot to receiver horizontal distances were ob
tained from the direct water wave arrivals. The 
direct one segment path, the three segment path 
(one reflection off the bottom and one off the sur
face), and the five, segment path were all used at 
different ranges. The travel time-distance relation 

for each path was determined using ray tracings'*^ 
an average water velocity - depth profile from tn^ 
surements in the area. Synthetic seismograms wfj; 
used as an aid in the identification of the diffef̂ . 
water wave arrivals (McMechan 1978). The conf̂  
tions of nearly constant ship speed during ' ; 
shooting and that the distances between shots fj 
computed for the different seismometers shouio , 
the same were used as constraints. The estitna' 
distances should be accurate to within 0.3 km. 

The analysis of marine seismic refraction "' 
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FIG. 9. Composite travel time plots for seismic refraction line. 

î s recently advanced considerably through new 
(.gvel time inversion techniques and through 
^plitude and waveform techniques (see review by 
Kennett 1977). But in this preliminary analysis, 
gnly the first arrival times on the vertical compo-
„gnt seismometers have been employed to obtain a 
simple layered solution (e.g., Ewing 1963). Hori-
7ontal seismometer data for a few shots and 
amplitude information were examined to aid in the 
interpretation, although the record amplitudes 
were not normalized to constant charge size or to 
distance, and the effect of the square root signal 
compression on the PGC instruments was not cor-
tected. Examples of records are shown in Figs. 4,8 
(,, b. The section for one profile ofthe airgun across 
CIBS site 2 shown in Fig. Sb, may be compared to 
ihe record from a similar source from Langford and 
Whitmarsh (1977). 

The reduced first arrival travel time plot for OBS 
site 1 near the axis of the Explorer spreading 
centre, with shots to the northwest, is shown in Fig. 
9fl. The travel time plots for sites 2 and 3 are shown 
in Fig. 9b:. The latter two sites have very similar 
profiles. Site 1 exhibits a low mantle velocity of 
7.3 km s"' and a somewhat lower than normal lower 
austal layer 3 velocity of 6.1km s~'. A simple 
horizontal, layered interpretation is shown in Fig. 
10. For comparison, also plotted are a detailed ve
locity structure from the median valley of the 
mid-Atlantic ridge by Fowler (1976) as interpreted 
by Kennett (1977) and the structure just to the south 
of the Explorer spreading centre by Clowes and 
Malecek (1976) (mean of their 72-2 and 72-2R). The 
low mantle velocity is similar to that ofthe Clowes 
and Malecek (1976) model for parallel to the ridge 
(not plotted) but is much lower than their 7.8 km 
*"', like our line, for perpendicular to the ridge (Fig. 
10) (see also Malecek and Clowes 1977). The site 1 
profile is partly reversed by the southeast shots to 
?>te 2 which give a significantly different veloc-
"y-depth structure. The difference may reflect a 
*"nple dip of the structure but more probably rep
e n t s a general change in structure going away 
"̂ m the spreading centre, in particular with layer 3 

velocity increasing. The profiles to sites 2 and 5 
were not sufficiently long to clearly record mantle 
arrivals, but all of the profiles have a layer 3 veloc
ity of about 7.1 km s~'. This velocity and the depth 
are similar to the Kennett-Fowler model. 

The previous seismic refraction studies in the 
area by Clowes and Malecek (1976) and Malecek 
and Clowes (1977) suggest a complex variable 
structure to the south ofthe Explorer ridge. Their 
data require major vertical faulting or possibly 
some rather special velocity anisotropy. The dif
ferent travel time plots among our sites may have a 
similar origin. Another nearby profile on the Juan 
de Fuca plate near the northern end of the Juan de 
Fuca ridge has given a normal crustal structure 
except that the crust is slightly thicker than average 
(Davis e/a/. 1976). 
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refraction line with crustal structure from a mid-Atlantic ridge 
profile by Fowler (1976), as interpreted by Kennett (1977), and 
the results ofa reversed line in the area by Clowes and Malecek 
(1976). 
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FIG. 11. Sediment profile from 3.5 kHz sounder system along refraction line. 

F IG. 12. Sediment profile along refraction line from pulser system. 

In addition to the first arrival data several other 
features are noted in the records. (1) At short dis
tances a clear arrival is apparent at a nearly con
stant time after the bottom reflection which we 
interpret to be the P to S converision at the base of 
the sediments beneath the seismometers. For 
example, it is about 1 s after the first arrival at site 2 
(Fig. Sb). (2) The horizontal seismometers have an 
arrival beyond about 15 km distance with a velocity 
of about 4.0 km s~' which appears to be a layer 3 
refracted shear wave. More careful analysis should 
permit quite accurate estimates ofthe velocity ratio 
of P to S waves and Poisson's ratio. (3) There is a 
region of very low amplitude arrivals at distances 
between 20 and 25 km, close to the change in veloc
ity from 6.3-6.9km s~' which suggests a shadow 

zone produced by a low velocity zone. Synthet" 
seismograms are required to determine in detail ll" 
velocity structure responsible for this feature. 

Seismic Profiling 
Three systems were employed to profile the b"'. 

tom sediments: (1) a 3.5 kHz Ocean Researc'' 
Equipment sounding system, (2) a high resoluti"" 
pulser system using an attraction type elej' 
tromagnetic transducer operating at 150-300 Hj 
(see Davis and Lister 1977*), (3) a large 1000in-
(16 L) Bolt airgun. The three systems permitt^ 
complete range of resolution and penetration. Tl̂ j 
3.5 kHz system with penetration of a few lO's^ 
metres was operated over a large number of pron"̂  
to examine the fine structure ofthe sediments n 
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FIG. 13. Sediment profile on Queen Charlotte abyssal fan from large airgun. 

ridge also provides one of the best areas in the 
world to attempt to measure the total heat flux from 
young oceanic lithosphere, because in that area, 
very thick impermeable turbidite sediments pre
vent convective hydrothermal heat loss to the 
ocean. 

To outline the details of criistal hydrothermal 
circulation, very closely spaced heat flow stations 

the ridge crests and proved particularly valuable for 
determining the detailed surface sediment structure 
along the heat flow profiles. An example is shown In 
pig. 11. The pulser system outlined sediment struc
ture with very high resolution to thicknesses of at 
least 500 m and was particiilarly important for the 
seismic refraction line (Fig. 12), and for the heat 
flow profiles. The large low frequency airgun pro
vided consistent penetration to over 1 km of sedi
ments and demonstrated the smooth basement 
under the abyssal area off the Queen Charlotte 
Islands (Fig. 13). These latter data were important 
for the heat flow profiles and for the analysis of 
previously recorded seismic refraction data. 

A few pulser and 3.5 kHz profiles are of particu
lar interest. They show unusual sedimentary 
mounds that could be hydrothermal deposits oc
curring where crustal hydrothermal circulation 
vents to the seafloor. Such deposits have recently 
received considerable attention near the Galapagos 
spreading centre (e.g., Williams et al. 1974; Corliss 
tial 1977). 

Heat Flow Measurements 
Geothermal heat flux measurements are the most 

important source of information on the thermal 
structure ofthe ocean crust and uppermost mantle. 
The Juan de Fuca ridge system is one of the best 
studied spreading centres, the region being covered 
'>yover 200 previous measurements. The most re-
•̂ nt study involved a detailed survey with 112 mea-
^retnents on a grid over a 100 km square area at the 
oitersection of the Juan de Fuca ridge and the 
*>vanco fracture zone, that provided some of the 
•clearest evideiice for the high permeability and ex-
•tnsive hydrothermal circulation in the crust (Davis FIG. 14. Photograph of multi-penetration, digital telemetering 
"•oLister 1977a). Theeastsideof the Juan de Fuca heatprobe. 
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J. 

FIG. 15. Heat flow measurements in Explorer-Dellwood area. The multi-penetration profiles are shown with short lines 
and the range of measured heat flux given. 

are required. In this study a new heat probe was 
employed that permitted repeated 'pogostick' 
penetrations without raising the instrument to the 
surface. In addition, 10 standard heat probe mea
surements are reported, in the Wjnona basin along 
the margin of northern Vancouver Island and near 
the Tuzo Wilson seamounts. The origin of the 
seafloor in these areas is not clear and since there 
generally is a thick sediment cover, the measured 
heat flows may give useful restraints on the crustal 
age. 

Multiple Penetration Heat Flow Measurements 
Several profiles of closely spaced heat flow mea

surements were made by the 'drift station' tech

nique, using a new multi-penetration telemeteri^ 
instrument (Fig. 14). The ship is set up to i^ 
slowly across the features of interest, and the pro?' 
is dropped into the bottom at suitable intervals. 1''̂  
minimum interval depends on the on-bottom tii"̂  
drift speed, instrument and wire weight, depth,»': 
wire drag parameters. We found that with a ^ 
speed of about i m s"' (1 kn) and an on-bottoin V̂  
of 4 min, a station spacing of about 0.7 km K 
possible in 3 km of water. The advantage of "!| 
technique is that the ship can move consisted • 
enough in one direction for several satellite fixe* 
delineate the track over the ocean floor. With' 
aid of on-profile recording of acoustic reflec", 
data, precisely located heat flow measurements^ 

49* 
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id that with a dnii 
i an on-bottom tin« 
about 0.7 km ^^ 

; advantage of tnj» 
move consistent̂ ) 

;ral satellite fixes w 
ean floor. With* 
acoustic reflectij 

k̂  measurements ca" 

FIG. 16. Location of detailed heal flow profile on Juan de Fuca ridge. Dots mark the heat flow grid of Davis and Lister 
; 1977a). 

then be made over features of interest without the 
expense and operating complexity of acoustic 
navigation networks with bottom transponders. 

The instrument was designed to meet the critical 
requirements for drift-station work. Temperature 
information is digitized and telemetered in real time 
to the ship via an acoustic link. The link employs 
frequency-shift keying and operates at 11.5 kHz so 
that standard ship's transducers can be used as 
receivers. A narrow-bandwidth encoding tech
nique was devised that requires minimal encoding 
logic in the instrument and allows the receiver to 
re-synchronize rapidly after any signal dropouts. 
The probe itself uses a 'violin bow' design, placing 
the thermistors in a thin steel tube held under ten
sion by a heavy strength member (Fig. 14). The 
latter is strong enough to resist bending during 
skew pullouts from the drifting ship, while the sen
sors are in a tube small enough to equilibrate 
rapidly with the sediment. The sensor string con
sists of three single thermistors for gradient mea
surement, interspersed by two groups of nine 
s«nes-parallel thermistors to determine mean 
"lermal resistivities for the gradient intervals. A 
•̂ sistance wire heater runs the full active length of 
^ sensor tube to provide a calibrated heat pulse 
'"• 'he resistivity determination. When the mea
led thermal gradients are fairly high, as in the 

area of investigation, a gradient can be determined 
in 3-5 min on the bottom, and the sediment conduc
tivity in a total of about 14niin. The mechanical 
design of the probe proved highly satisfactory, 
achieving 120. penetrations without significant 
damage. Some multipath acoustic interference was 
observed when the instrument was oscillating 
freely on the wire, but disappeared when it was in 
the bottom. Now that the form of the deep-sea 
signal has been determined, it is expected that the 
receiver can be modified to be less sensitive to this 
type of interference. 

A total of 112 successful penetrations were made 
on eight profiles in a variety of areas (Figs. 15. 16. 
and 17; Table I). Measurements in an intermontane 
trough on the northwest flank,of Explorer ridge 
(near the track of the reversed OBS seismic refrac
tion line) were low and variable as predicted by 
theories of hydrothermal circulation for regions 
with nearby permeable outcrops (Lister 1972; Scla
ter et al. 1976) (Stations L-l, L-2). The sediment-
filled fracture-zone trough northwest of Explorer 
ridge yielded relatively high values also consistent 
with hydrothermal circulation under a sealing sed
iment fill where thie lithosphere is young (L-3). A 
short multi-penetration profile very near the crest 
of Explorer ridge, near where the seismic refraction 
line intersects the spreading centre on the north 
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TABLE 1. Multi-penetration probe heat flow data 

Pene- Gradient Conductivityt Heat flowf 
tration (m'Cm"') (mca rC" ' cm" ' s " ' ) (peal cm"^ s"') 

Station L-l: 50=41.0'N, 131°00.5'W 
Northwest flank, northern Explorer ridge (base of seamount) 

1 0.21 1.80 0.39 

Station L-2: 50°44.0'N, 131°07.0'W to 50°43.8'N, 131°04.7'W 
Northwest flank, northern Explorer ridge (base of seamount) 

• 1 33 1.80. 0.59 
2 31 1.80 0.56 
3 » 54 1.80 0.97 

,4 86 1.80 1.55 

Station L-3: 50°28.3'N, 130°17.0'W to 50''28.5'N, 130°15.5'W 
Intersection of Explorer ridge wilh northern fracture zone 
1 328 1.77* 5.81 
2 198 1.77 3.50 
3 206 1.77 3.65 

Station L-4: SO'OS.l'N, 130'26.9'W to 50"06.6'N, ]30°24.rw 
Northwest flank, Explorer ridge (near crest) 

1 4.57 2.30 10.51 
2 7.51 2.30 17.28 
3 4.01 2.30 9.22 
4 7.68 2.30 17.66 
5 7.31 2.30 16.81 
7 3.98 2.30 9.11 
8 2.68 2.30 6.16 
9 2.26 2.30 5.20 
10 2.80 2.30* 6.43 

Station E-7: 50°40.5'N, 130°06.5'W to 50°35.9'N, 129°56.9'W 
Southeast flank. Explorer ridge 

1 
2 
3 
5 
6 
8 
9 
10 
11 
12 
13 
14 
15 
16 
18 
19 
20 
•21 
22 
23 
24 
25 
26 
27 
28 

104 
54 
164 
173 
114 
576 
303 
353 
370 
424 
296 
315 
371 
346 

. 289 
203 
88 
255 
396 
209 
108 
134 
294 
413 
421 

2.21* 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 

2.30 
1.18 

. 3.62 
3.82 
2.52 

12.73 
6.70 
7.80 
8.18 
9.37 
6.54 
6.96 
8.20 
7.65 
6.39 
4.49 
1.94 
5.64 
8.75 
4.62 
2.39 
2.96 
6.50 
9.13 
9.30 

TABLE 1 (Continued) 

Pene- Gradient Conductivityt Heat flowi 
tration (m°C m"') (meal °C"' cm"' s"') (ncal erne's-' 

Station J-8: 48°27.8'N, 128°40.8'W to 48°27.9'N, 128=27.5'« 
East flank, Juan de Fuca ridge 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
13 
14 
15 
16 
17 
18 
19 
22 
23 
24 
25 
26 
27 
28 
29 
30 

353 
176 
192 
391 
238 
546 
531 
217 
315 
475 

1410 
411 
161 
346 

• 151 
161 
139 
242 
180 
347 
404 
142 

.150 
160 
178 
191 
351 

2.35* 
2.30 
2.30 
2.30 
2.30 
2.30 
2.30 

30 
30 
30 
30 
30 

2.30 
2.30 
2.30 
2.30 
2.30 
2.30 
2.30 
2.30 
2.30 
2.30 
2.30 
2.30 
2.30 
2.30 
2.30 

Station Q-5: 51=23.81'N, 134=24.58'W to 5 
134'-07.06'W 

Queen Charlotte abyssal fan 
1 24 2.10* 
2 24 2.10 
3 25 2.10 
4 26 2.10 
6 28 2.10 

2.10 
2.10 
2.10 
2.10 
2.10 
2.10 
2.10 
2.10 
2.10 
2.10 
2.10 
2.10 
2.10 
2.10 
2.10 
2.10 

9 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

24 
24 
25 
26 
28 

• 28 
58 
57 
64 
74 
94 
102 
96 
105 
109 
101 
106 
102 
81 
82 
88 
61 
54 
41 
28 
28 
29 

8.30 
4.05 
4.42 
8.99 
5.47 

12.56 
12.21 
4.99 
7.24 

10.92 
32.43 
9.45 
3.70 
7.95 
3.47-
3.70 
3.19 
5.56 
4.14 
7.98 
9.29 
3.26 
3.45 
3.68 
4.39 
4.39 
8.07 

1°23.74'N, 

0.50 
0.50 
0.53 
0.55 
0.58 
0.59 

10 
10 
10 
10 
10 

2.10 

1.22 
1.20 
1.34 
1.56 
1.98 
2.14 
2.01 
2.21 
2.28 
2.12 
2.22 
2.14 
1.71 
1.73 
1.85 
1.29 
1.13 
0.86 
0.60 
0.60 
0.62 

Pene- Gradient 
tration (m°C m"' 

Station Q-6: 5 

QUI 

1. 
2 
3 
4 
5 
6 
7 
9 

10 
11 
12 
13 
14 
15 
16 

49 
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47 
49 
70 
26 
79 
83 

100 
97 
90 
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106 
99 

107 
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Heat flowj 
(Mcal cm-2 j^j 

•.9'N, 128'27.5v 
ge 

8.30 
4.05 
4.42 
8.99 
5.47 

12.56 
12.21 
4.99 
7.24 

10.92 
32.43 

9.45 
3.70 
7.95 
3 .47 . 
3.70 
3.19 
5.56 
4.14 • 
7.98 
9.29 
3.26 
3.45 
3.68 
4.39 
4.39 
8.07 

i51=23.74'N, 

0.50 
0.50 
0.53 
0.55 
0.58 
0.59 
1.22 
1.20 
1.34 
1.56 
1.98 

14 
01 
21 
28 
12 
22 
14 
71 

1.73 
1.85 
l'.29 
1.13 
0.86 
0.60 
0.60 
0.62 
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TABLE 1 (Concluded) 

pene-
iralio" 

Gradient Conductivityt Heat flowt 
( m ° C m - ' ) ( m c a l ° C - ' c m - ' s - ' ) (nca! c m " ' s " ' ) 

Station Q-6: 55°22.1'N, 134*'14.rW to 51°26. 
134°15.80'W 

Queen Chariotte abyssal fan 

9 I 'N, 

2 
3 
4 
5 
6 
7 
9 

10 
11 
12 
13 
14 
15 
16 

49 
43 
47 
49 
70 
26 
79 
83 

100 
97 
90 

107 
106 
99 

107 

2.28* 
2.28 
2.28 
2.28 
2.28 
2.28 
2.28 
2.28 
2.28 
2.28 
2.28 
2.28 
2.28 
2.28 
2.28 

1.12 
0.98 
1.07 
1.11 
1.60 
0.59 
1.81 
1.89 
2.28 
2.21 
2.05 
2.44 
2.41 
2.26 
2.44 

•.Measured conductivity value. 
fi m'C m- ' = I mK m - ' , I meal cm"' S"' ° C - ' 

I peal cm-' s- . 41.9 m W m - ' . 
. 0.419 W m - ' K.-' 

side, shows high and variable values (L-4). There is 
ageneral tendency for high values to occur near the 
northwest end ofthe profile, where a 15 m fault step 
and two nearby volcanic outcrops are visible on the 
simultaneous seismic profile. A longer profile on 
(he south flank of Explorer ridge (E-7) contains 
values that range from 1.2-12.8M,cal cm~^ s~' in a 
distance of 4 km, and two more cycles of large 
variation, all largely uncorrelated with topog
raphy.' It appears as ifthe patterns of hydrothermal 
circulation, although influenced by tectonic faults, 
are not entirely controlled by them, and this is 
confirmed by a long profile on the east flank of the 
Juan de Fuca ridge (J-8). Substantial variations 
occur even where basement is smooth and sedi
ment cover is even, although the one exceptionally 
high value (31.2(xcal cm"'̂  s~') is associated witha 
fault zone. 

A pair of profiles approximately atright angles to 
each, other were run in an entirely different envi
ronment: the abyssal area west ofthe Queen Char
lotte Islands (Q-5, Q-6). This is a region where 
sediment appears to have flooded over a smooth 
oceanic basement with occasional small sea
mounts, which frequently-project above the ap
proximately i s (two-way travel time) of sediment. 
The heat flow predicted by cooling lithosphere 
niodels is 3.5M.cal cm"^ s"' for the local age of 
12 Ma, but the measured values peak at about 

' 'lical cm-2 s-i = 4l .9mW m-2. 

2.4(jLcalcm"^s''. The 19 km long east-west profile 
(Q-5) contains a single peak of heat flow, and the 
cross profile confirms that the variation is three 
dimensional. Ifthe oceanic crust is permeable, with 
fair uniformity in this area, the presence of discrete 
ventilation points at outcropping seamounts could 
force the convection into cells with the long hori
zontal scales observed. The sediment cover is so 
even that the heat flow variations must represent 
variations in the basement temperature from about 
4''C to 20°C above local ocean-floor temperature. 
This implies remarkably efficient ventilation and 
horizontal transport of heat, since more than half of 
the lithospheric heat flux appears to be advected 
through the ventilating outcrops. 

Standard Heat Probe Measurements 
Six heat flow measurements were made on this 

cruise in the Winona basin using conventional 
marine heat probe techniques. Five additional val
ues reported here were measured on an earlier En
deavour cruise of the Department of Geological 
Sciences, Univeristy of B.C., in the region off the 
southern end of the Queen Charlotte Islands (Fig. 
15) (Table 2). The temperature gradient was mea
sured with a 1.3 cm diameter, 2.5 m long solid probe 
containing four thermistor sensors. The tempera
ture resolution is ± 10m°C at a full scale range of 
rC . All of the temperature-depth profiles are 
linear to the measurement accuracy, the gradient 
accuracy being about ±10%. Langseth and Von 
Herzen (1970) discuss the operation and sources of 
error of this type of instrument in detail. 

The thermal conductivity of the sediments 
penetrated by the gradient probe was estimated 
from measurements on gravity core samples taken 
within 20 km of each gradient measurement. The 
sediment cores are olive green hemi-pelagic mate
rial that appears very homogeneous. Most cores 
were only 70-130cm in length so represent only . 
half the depth of penetration ofthe gradient probe. 
The observed nearly linear increase of conductivity 
with depth was used to estimate the mean conduc
tivity for the depth interval of probe penetration. 
The conductivity was measured every 15 cm along 
the cores using the transient needle probe tech
nique (Von Herzen and Maxwell 1959). Fused silica 
was employed as a reference (Ratcliffe 1959) and 
the conductivities were corrected by -1-5% for the 
difference between laboratory and seafloor tem
perature and pressure (Ratcliffe 1960; MacDonald 
and Simmons 1972). The conductivities are all very 
similar, with an average increase with depth of 
O.OI mcal. cm-" s"' "C"' (0.004 W m"' K"') per 
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F I C . 17. Detailed locations and values of heat flow measurements with plots of heat flow versus distance along profiles. 

metre, with the exception of station 9 which had 
both a much higher conductivity and a more rapid 
increase with depth (Fig. 18). The heat flux values 
have an estimated accuracy of ±15%, the main 
sources of error being the lack of coincidence ofthe 
gradient measurement and conductivity cores, and 
in the uncertainty in the gradient probe readings for 
zero temperature difference between sensors. The 
zero gradient reference was difficult to obtain at 
some of the shallower sites where there are sig
nificant gradients in the near bottom water. The 
errors given in Table 2 are subjective estimates, the 
statistical estimates generally being considerably 
smaller. 

We have applied no correction for the reduction 
in heat flow produced by sediment deposition. The 
effect may be significant in the Winona basin where 
both the crust is relatively old and the sedimenta
tion rates are high. No evidence is seen in the 
gradients for time variations in bottom water tem
perature but we point out that they could be impor
tant particularly for the shallower sites. Thermal 

refraction by sediment ponding and basement \̂  
pography also could be important. 

The five values near the Tuzo Wilson seamounij 
are all high, with an average of 5.2^.cal cm"' s 
(220 mW m-^) (Figs, land 15). This average isl}̂  
rate to be expected from crust about 5 Ma old (L'*' 
ter 1975; Davis and Lister 1977a), an age appropria" 
for lithosphere produced at an old northeaster!) 
extension of the Explorer spreading centre at a h* 
rate of 3 cm year-' (Fig. 19). There is a thjC* 
sediment cover in the measurement area whi' 
should reduce the effect of advective hydrotherf ^ 
cooling but ventilation of circulation may occuf „ 
the outcropping seamounts themselves. A sni ^ 
amount of cooling by hydrothermal ventilation a ^ 
from sedimentation would make the data com^ 
ible with the crust being produced at the Dell^o^ 
Knolls. That the crust was produced from a spre ,̂ 
ing centre at the Tuzo Wilson seamounts is' 
probable but cannot be discounted because of 
unknown effect on the heat flow measured of" 
drothermal circulation in the crust. 
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TABLE 2. Standard probe heat flow data 

Location 

Station 

EPB76-1-1 
EPB76-1-2 
EPB76-1-3 
£PB76-l-4 
EPB76-1-6 
EPB76-1-9 
LrBC76-10-3 
.t;BC76-10-4 
UBC76-10-6 
UBC76-10-7 
1;BC76-1(>-8 

Long. (°N) Lat. (°W) 

Water 
depth 
(m) 

Gradient* Conductivity* Heat flux* 
(m°Cm-') (mcalcm- ' s - ' °C- ' ) (ncal cm"^ s"') 

49°53.4' 
50°15.3' 
50°28 .6 ' 
50°10.5' 
50°27.0' 
50°53.8' 
51°16.3' 
5 r36 .3 ' 
51°23.0' 
5r30.2 ' 
51°13.9' 

128°18.r 
128''49.3' 
129°31.7' 
129''22.8' 
129°48.4' 
130°52.0' 
131°00.3' 
130°50.8' 
130°45.8' 
130°36.8' 
I30°32.4' 

1990 
2030 
1960 
2150 
2140 
2460 
2286 
1947 
2057 
1338 
2002 

98±3 
79±2 

103 ±3 
119±4 
139±1 
141±5 
245 ±5 
210±5 
255 ±5 
197±5 
432± 10 

1.7±0.1 
1.8±0.1 
1.8 + 0.1 
1.8±0.1 
1.8±0.1 
2.2±0.1 
1.9±0.1 
1.9±0.1 
1.9±0.1 
1.9±0.i 
1.9 + 0.1 

1.7±0.3 
1.4±0.3 
1.9±0.4 
2.1±0.4 
2.5±0.4 
3.1±0.6 
4.7±0.7 
4.1±0.6 
4.9±0.7 
3.8±0.6 
8.3±1.0 

•I m'C m- -I mK m- mcalcm- ' s - ' ^ C - ' = 0.419 W m - ' K - ' . I peal c m - ' s - ' = 41.9 mW m - ' . 

Conductivity (mcal cm-'s"'K-') 
1.6 1.8 2.0 2.2 
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FIG. 18. Thermal conductivity as a function of depth along 
cores measured by needle probe. 

The fivei values in the Winona basin are quite 
'uniform and much lower, the average being 1.8 p-cal 
cm"2 s~'. The higher values occur in the western 
part ofthe basin. The sediment cover is thick (up to 
2 km) and continuous over a large horizontal scale 
(greater than 50 km) so advective hydrothermal 
cooling is probably not important. However, sedi-
tnent deposition in the basin is rapid which will 
significantly reduce the measured heat flow. A 
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FIG. 19. Heat flux versus distance perpendicular to the Dell
wood and Explorer spreading centres for the five heat flow 
values in the region ofthe Tuzo Wilson seamounts. The theoret
ical curves are 12v7, where / is the crustal age (Lister 1975). A 
half spreading rate of 3 cm year"' is assumed. The best fit is for 
lithosphere produced by an old extension of the Explorer 
spreading centre or by spreading at the Dellwood Knolls. 

rough estimate of the reduction is about by a quar
ter, giving an implied crustal age of roughly 20 Ma 
with the crust being younger in the western part of 
the basin compared to the eastern part. 
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Abstract. Magnetic model studies, rock magne-
"TJ^, and major element chemical analyses 
that unusually large amplitude magnetic ano-

Hes found along the easternmost segment of the 
theast Indian Ridge [zone A] are caused by the 
u intensities of magnetization of basalts in-
ded 3^ ^^^ ridge axis. In turn, these high 

' netlz*'-^°°^ 3^6 caused by a threefold increase 
weigh' percent of titanomagnetites from normal 

itdocean ridge basalts intruded in "the west 
^nes B and C] to ferrobasalts intruded in the 
high magnetic anomaly zone to the east. The Fe-Ti 
increase in the opaques reflects a major elemental 
-.richment in Fe and Ti caused by extensive shal
low fractionation of plagioclase, clinopyroxene, 
J olivine. This shallow fractionation appears 

related Co unusually cold magma crystallization 
.emperatures, perhaps caused by proximity to a 
oostulated downwelling zone in the asthenosphere 
jouth of Australia. However, examination of 
these correlations in greater detail points to 
several ambiguities: although the entire region 
Is-deep, and therefore the lithosphere is inte
grally colder than normal plates, zone A is shal
lower than zones B and C, but geothermometrically, 
its axial magmas are colder. We do not know how 
cold magmas directly relate ro ferrobasalt genera
tion. Also, pluraelike geochemical signatures are 
also seen in some of the analyses. It appears 
that plume mantle sources are mixing with MORS 
sources and then undergoing extensive shallow 
fractional crystallization in zone A. 

Introduction 

The Southeast Indian Ocean has been investiga
ted In a systematic reconnaissance fashion mainly 
through the programs of the USNS Eltanin. The sea 
floor spreading pattern of magnetic lineations and 
fracture zones has been recognized [Weissel and 
Hayes, 1971, 1972], the general bathymetry [Hayes 
and Conolly, 1972], and sediment distribution 
(Houtz and Markl, 1972] have been mapped, and a 
first-order plate tectonic description of the re-
8ion has been made [Weissel and Hayes, 1972; 
"elssel et al., 1977] (Figure 1). The plate kine
matics for the Cenozoic are relatively well under
stood in this region. Furthermore, the geophysi
ci data delineate several important features that 
•fe anomalous in relation to observations in other 
PWts of the world midocean ridge system and also 
"Ith regard to widely accepted models for accre-
'̂ on and subsequent cooling and contraction of 
the oceanic lithosphere [e.g., Sclater et al., 
'"II. These observations, which may reflect un-
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usual dynaraic conditions in the asthenosphere, 
are as follows: 

1. A 'boomerang'-shaped regional depression 
running north-south across both the Indian and 
Antarctic plates haa been defined by computing 
'depth anomalies' from the comparison of South
east Indian Ocean bathymetric, seismic reflection, 
and magnetic lineation data and the worldwide oce
anic subsidence curve of Sclater et al. [1971] 
[Weissel and Hayes, 1974]. The maximum depth ano
maly of this feature is about 1 km, and its 'wave
length' is about 1500 km. This large depression 
is superimposed upon ridge flanks which are about 
400 m deeper than the global average. Weissel and 
Hayes [1974] suggested that the depth anomaly is 
related to downwelling in the mantle. 

2. Since 40 m.y. B.P., long episodes of highly 
asymmetric sea floor spreading have taken place 
within discrete longitudinal zones along the 
Southeast Indian Ridge (Figure 2). From about 40 
to 15 m.y. B.P., asymmetric accretion occurred be
tween 128° and 139°E, but about 15-10 m.y. ago the 
locus of asymmetric spreading shifted westward and 
presently coincides with the deepest and most mor
phologically complicated section of ridge crest, 
known as the Australian-Antarctic Discordance. 
Elsewhere along the Southeast Indian Ridge during 
the past 40 m.y., crust was accreted approximately 
symmetrically [Weissel and Hayes, 1971, 1972]. 

3. Major variations in teleseismic activity 
along the ridge crest are observed. The section 
comprising the Australian-Antarctic Discordance 
(Figure 1) is associated with a broad band of dif
fuse seismicity, whereas the 700-:̂ km-long section 
of ridge crest immediately to the east is essen
tially aseismic at the teleseismic level. 

4. Large and sometimes abrupt changes in the 
amplitudes of near-crestal magnetic anomalies oc
cur along the strike of the Southeast Indian Ridge 
(Figure 2). 

This paper is primarily concerned with an at
tempt to determine (1) the mechanism by which the 
variation in magnetic anomaly amplitudes occurs 
and (2) its possible Interrelationship with the 
depth anomalies. Vogt and Johnson [1973] pre
viously suggested that such large variations in 
magnetic anomaly amplitudes along strike at mid-
ocean ridges reflect geochemical changes in the 
basalts making up layer 2A. Their 'telechemis-
try' idea of using the amplitude of magnetic anom
alies to infer Fe and Ti contents (and, in turn, 
an array of light-ion llthophile (LIL) elements 
andi Pb and Sr concentration in oceanic basalts is 
directly testable on the Southeast Indian Ridge. 
The telechemistry prediction is that anomalously 
high magnetic anomaly amplitudes correspond to 
high natural remanent magnetization, susceptibil
ity, tltanomagnetite concentration, and thus high 
FeO* and Ti02 in basalts which form the oceanic 
crustal magiietic layering. While Vogt and Johnson 
[1973] suggested that such magnetic and geochemi-
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Location of Instruments on the Seafloor by Joint Adjustment 
of Instrument and Ship Positions 
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The problem of determining accurate locations for arrays of underwater instruments is sitniiar to 
the problem pf locatifig local earthquakes by utilizing-a limited number of receivers but is compli
cated by the fact that estimated errors in Ipngitude^and latitude of a giveii receiver (ship) position 
are nonzero and are typically cbrrelateii. Estirnates of ship positions at sea are corrinionly deter
mined by fixes from the Navy Transit navigation satellite system. This system calculates position 
error ellipses which vary in size and orientation from fix to fix. Deviations iri .the orientations of 
the. principal axes ofthe error ellipses from north-south and east-west'result'iii the introduction of 
off-diagonal elements in the ship position variance'matrix. Tying each ship fix to a stationary array 
of ocean bottom seismometers (OBS's) using acoustic ranging allows averaging of fixes, thus solv̂  
ing simultaneously for ship and OBS positions, puts tight constraints on the system as a whote-and 
especially on the relative positions of the.OBS's. Inadtlition to ship positions, the data required to 
locate the" instruiTients are two-way travel times, between the ship and transponders oh the'instru
ments, and initial depth estimates of OBS's'read from the bathymetry, "The parameters which we 
solve for are the locations of the instrumerits (including depth) and of the ship at each fix. The 
forward problem', calculating acoustic travel times from distances between ship fixes and OBS's, is 
solved by a ray shooting algorithm. This:system,of equations is linearized arid trans'formeti to diag-
onalize the; co variances; it is'then solved iteratively by invertihg'the data joihtly using singular value 
decomposition and step-length damping; The solution includes the co variances of the parameters. 
Wê show cafculations of positions of four OBS's for deployments during' three ex[Kriments includ
ing the Rivera oceanic;seismic experimerit' (ROSE). Typical fix error ellipses 0 cr) are 300 m by 
•2(X) m and resulting iristrument position uncertaitities are approxiniately ((K) m. Relative instru-
tneht positions are accurate to about. 50 m. Relative ̂ errors can b^ d'dcrease'd to 10 to'20 m by using 
simultaneous rather than sequerttial rangirig.. _ - ' 

INTRODUCTION 

A problern commdri to nearly every scientist who does 
experiments at sea is the determination of position with 
respact to fixed earth cbofdiffates or petition relative- to 
other "positions in' the experitnent. In ocean bottom 
seismology the; seismologist, generally lets the, seismograph 
package free-fall throiigh the water until it rests on the 
ocean bottom. The location of the instrument is often 
assumed to be at the point of deployment which is typi
cally not precisely known. However, it is advantageous to 
know the precise location of the instrument. There are 
two kinds of experiments for which ocean bottom 
seismometers (OBSts) are cornrrionly used: (1) "detertnin-
ing earth structure by seismic refraction studies, and (2) 
locating local earthquakes. Examples of both types, will be 
shown. 

!h refraction studies it can be advantageous to shoot, to 
an array of CBS's instead of just one OBS. The advan
tages of ah array are thit the apparent velociiy or ray-
parameter can be meaisured dii*ectly and that seismo^ams 
can be. stacked to increase signal-to-noise ratio of seismic 
*avra. If relative positions of the OBS's are not known 
precisely, then the advantages of an array over one OBS 
are minimal. 

Because 0BS!s are sensitive insfruments with, good 
high-frequency response and can'be emplaced nearly any-
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where" on, the seafloor, they are useful for monitoring 
small, local events which cannot be observed or loeated 
from land. Oceati bottom earthquake studies are typically 
done on midroceaii ridges or trenches. In each of these 
settings it is important to know precisely where the instru
ments are relative to the geologic features and relative to 
each other; A major, but yet unachieved, goal, of 
microearthquake -studies at sea is the use of the locations 
aiid characteristics of earthquakes to map the depth 
dependence of the physical properties- of the crust. The 
success, of this work is currently iirhited by the inaccuracy 
of the depth determinations., The mafincproblem is more 
severe than the land problem because the crust Is thinner 
and instrument location accuracy is poorer. The effepts on 
the shape of the- earthquake travel time curve «due to a 
change in source depth-are relatively subtle in coniparison 
to those; resulting from change in origin time or epicenter 
location; and hence, depth accuracy is easily degraded by 
inaccuracy in instrument IcK t̂ion. 

There are many ways of determining the positions of 
the OBS's, but they all depend upon first determining the 
deploying ship's position. With, the current Navy Transit 
navi^tion satellite .system we can get ship fixes on the 
average: of about one an hour with a few hundred meter to 
I-km accuracy; A rough estimate .of the position of the 
OBS can be obtained by gettiiig a ship fix (from dead 
reckoning .between satellite fixes or whatever method is 
available) when the OBiS is dropi^d, assuming the 
currents -are' not strong enough to cause appreciable drift • 
as the" OBS falls. Ah OBS typically falls 1-km every 10 
min. This method will give position uncertainties of the 
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Xfi = D s (37) 

The marginal distribution for the vector x is the 
appropriate 3 times number of OBS's by 3 times number, 

and is written 
We cah, calculate'the 

fl' of OBS's partition of V 
< (x - < x > ) (x - < s > ) ^ i 
covariance niatrix of the positionŝ  of the OBS's relative to 
each other 

< (Xj, - <Xj, > ) ix'ji.- < X R > V > 

= 0 < :(x - < x > ) O i - <x.>)^ > D?" (38) 

We find that we often'know the relative positions of the 
OBS's much better than we know their-absolute positions, 
especially when travel time tincertainties are small. Thus, 
in agreement with our intuition, precise relative distaiices 
between OBS's can be measured by ranging to several 
OBS's simultaneously, even if inaccurate fixes must be 
used. 

EXAMPLES 

DPSN2. TTie DPSN2 expedition rarned out in 1976 on 
the R/V' Thomas Washington near the East Pacific Rise at 
^''N included refraction lines shot to an array of four 
OBS's only a few kilometers apart from each other 
\Rosehdahl and Dorrnan, 1980J. The seismograms froni-
the foUr OBS's can be stacked -to increase, the signal-to-
noise ratio if the relative positions of the OBS's are 
known. The angle of incidence of a seismic wave 
approaching the array can be calculated if the relative OBS 
pcBitions in the array are known precisely. Many of the 
advantages qf an array qf OBS's over orie OBS are lost if 
fhe shape of the array is not known. The water temt^ra-
ture was measured to a depth of 250 m with aii expend
able'bathythermograph (XBT). Hydrqcast data from pre
vious cruise were used to' calculate acoustic velixity in the 
depth ratige from 250 m to the'ocean bottom at 3200 m. 

Figure 2a shows the satellite ship fixes and the error 
ellipses calculated..for them using the Matzke algorithm, 
^cause the ellipses have a wide range of shapes and 
qrientatiqns, a Iqt of pertinent information >woiild be lost if 
covariance in. the observations were not accounted, for. 
Remember that covariance is introduced by rotating an 
error ellipseaway froni a north-south or east-west orienta
tion. A good example of this is the error ellipse foi- the 
initial ship fix, in the Supper, right-hand comeir of Figtire la. 
TTie pertinent information is the distance between the.ship 
and the OBS array; in this case the distance is measured in 
the direction of; the semiminOr axis of the ellipse which is 
oriented with its seminiajqr axis at an azimuth of 140°, 
measured clockwise from north. If the covariant errors 
are not considered here (i:e., if the-eillipse is oriented with 
an axis pointing north-south), then the position iincer-
tairity along the pertinent direction (50° clockwise frqm 
north) would be doubled. At the other extreme, the ini
tial ship fix ellipse on the far left-haiid side of Figure la is 
long and nairrow and oriented with its long, axis in a line 
with the OBS array. This is unfortunate from the 
standpoint of locating the OBS's because it puts little con

straint oh the OBS's positions. However, because the OBS 
positions, are constrained by the other "data and because 
the distance to this fix from each OBS position is well coti-
strained by acoustic ranging, the ship's position becomes 
extremely well'constrained. That the distance between the 
OBS and each ship ifix is well constrained (especially % 
the ship fixes farthest away froin the array) can be seen by 
the orientation qf the adjusted ship position error ellipses 
in Figure la. They are each oriented with their semim^or 
axes apprdximately normal to the line between the fix and 
the OBS array. 

Fiigure la also sho^^ the solution for the OBS positions 
and adjusted ship positions with their error ellipses. This 
solution is- consistent, with the statistical assumptions in 
that (1) the theoretic^ value of chi squared, equals the 
observed misfit (e" e''), and (2) the adjusted ship p^i. 
tions tie within the 1 standard deviation ellipses for the 
initial fixes 75% of the time. They are expected fo be 
within the 1 standard deviation ellii^es 66% of the time. 
This solution is obtained when the standard deviation for 
the travel times is 50 ms. The 1 standard deviation error 
ellipses for the,OBS positions are about 100 m, whereas 
these position solutions put each of the OBS's about l-km-
away from their positions as estimated from the positions 
of their deployments. The shapes of the array as deter
mined by deployment locations and by acoustic ranging are 
quite different. 

The.gK>metry associated with a tight array of OBS's sur
rounded by jnahy-ship fixes is ideal for getting good rela
tive positions of the OBS's. The relative positions are 
known to within about 50 m but could be much better if 
the travel times could be detemiined more precisely, as is 
discussed below. 

VEfiTl The VENTI experiment in July and August 
1980 on the R/V AfeM/te was a look at seismic atrtivity on 
the East Pacific Rise at 2rN. Previously, as part of the 
RISE experiment, the ridge area was thoroughly surveyed 
with the DEEP TOW instrument from &ripps Institution 
pf Cteean^raphy, and with the ALVIN from Woods Hole' 
(Xeanographic Institution. The bathymetry was well 
mapped, and three long-lived navigation transponders 
(with 5-yeaf life expectancies) were left on the bottom 
with their relative positions known to within 10 m. The 
water depth is about 2600 m. Using these transpendeis 
and two more which were deployed and located at the 
beginning of the VENT.l cruise, ship fixes coujd fee 
obtained continuously with tip tq 20-m precision. The 
water velocity was caicujated from conductivity-
tem[wrature-depth observations made on a previous 
cruise. 

Some, of the OBS's were iqwered to the ocean bottom 
.on the end of a wire. Near the end of the wire just above 
the OBS iras a transponder of the type used on the DEEP 
TOW sled which got continuous fixes with a 20-m accu
racy from the navigation transponders fixed on the ocean 
bottom. When the OBS got neat the ocean bottom it was 
released, so.its position could be known very accurately. 
Tliere is one problem with this method. The latch 
connecting the wire to the OBS takes about if) min to 
bum and thus release the OBS,. There is no way of know
ing when the OBS was actually dropped, so depending 
upon the rate af which the ship and OBS were drifting, 
this error could be sizable (perhaps 200 m). 
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As ari independent check on the position qf the O^S, 
we applied the techiiique described in this paper. We:used 
the transpondet^ fixed on the ocean bottom for ship navi
gation,, but unfortunately,, the uncertainty in the times, 
when we were ranging to the OBS's was up to 5 niin, so 
the ship fix uncertainties were ellipses oriehted withrtheir 

• semimajor axes aligned- with - the track line df the ship.,-
the length of the seriiirnajor axis is the ship's speed multi
plied by the uncertainty in the time of the rarigirig to the 
OBS's. The.length of the semiminor axis is determined by 
the accuracy of the ship fixes. 

Figure 4 shows the initial.ship, fixes (triatigles), solu
tions for the ship fixes (crosses), and, the solutions for 
OBS positions (solid.circles). The stability of this solutioh 
is demonstrated by plotting the iterative steps in acquiring 
the solution. For ttie initial iteration all OBS positions 
were set at the jqcatipn indicated by the star near the bot
toin ri^trhaiid corner of Figure 4. The OBS soiutions for 
each iteration are shown by a dot; The final solution is 
very close' (within 200 m for all OBS's) to the, iqcations 
determined by'the niethod of deploying the, OBS's. on the 
ends of wires. 
• Because we had continuous ship position fixes, we did 
not have to interpolate acoustic travel tirnes to the tirne of 
shits fixes. This advantage greatly improved the reliability 
of the acoustic travel time estimates. The solution which 
is consistent with the chi squared test is -obtained when the 
travel time errors are estimated to be on the order of 5 
ms. The OBS's were all located to a 1 standard deviation 
accuracy of about 100 m. Due to the geometry of'the 
OBS's and- ship fixes the semimajor axes of the relative 
error estimates are ffot much lower than.the absolute error 
estimates, but* the setnithinor axes of the relative, error 
estimates are about 25 m. The reason for this is that 
three of the OBS's are, constrained by data from only one 
"direction. 

ROSEt The active phase of the ROSE experimerit car
ried out in January and February 1979 included an array 
of instruments at ;the crest of the East Pacific Rise at 
about I2°N. t he water depth is about 2800 m. The 
sound velocity in water was calculated from conductivity-
lemperatii re-depth observations made during the experi
ment. In this case the satellite navigation program ib the 
Maghavox receiver did not provide any statisticarestimates 
of uncertainty, so we generated them using; relations 
derived from the geometry of the satellite passes; These 
"̂•̂  "̂ latitude ^ 0-3 nautical miles and o-iongitude = 0.3 

nautical miles -̂  cos(S), where 6 is the altitude of the 
satellite, pass at the closest point of approach. These error 
estimates, in corijuriction with estirnated errors of 50 ms 
for the acoustic travel tim'es^ produced a satisfactory chi 
sqiiared value of 11 for 10 degrees of freedom. However, 
five out of the seven adjusted ship positions 'are outside 
•heir iriitial ship fix standard deviations, as can be seen in 
Figure, 5. This is not a serious problem because none of 
•he adjusted ship positions are far outside the enor 
ellipses. 

Due to inadequacies in the ship fixes and in the 
geometry (i,e., not rangirig to each OEfS from all direc
tions) iw were only able to locate the OBS's to an accu
racy of 250m in their-seminiinor axes and to as much as 

• SW) m in their semimtyor ax«. Our solution for the posi
tion of each OBS is roughly 1 km away from its position as 

estirnated from the location of its deployrtieht. In fact, the 
solution puts the OBS 'DOE' about 2 km closer to both 
'INEZ' ahd 'GWEN' than was thought from their loca
tions as determined by the estimates of where they were 
deployed. 

SOMMARY AND CONGÎ tJSIONS 

We^haye demonstrated the ability: to locate a tight array 
of-ceean bottom instrumerit ijackages to within.a standard 
deviation of sligiitly over 100 m using Navy Transit navi
gation satellite fixes and acoustic, ranging tetween ship and 
OBS, even though the 1 standard deviation satellite error 
ellipses are-typically about 300 m. This solution has rela
tive OBS position uncertainties of 50 m. Solving jointly 
for tetter estimates of ship positions as well as for OBS 
positions, we can tie the ship positions into the fixed OBS 
array to put tight constraints on both ship positions and 
OBS positions. TTie skewnesses of the satellite error 
ellipses are incorporated in the solution by using covariaiit 
statistiis. 

The problem is set up as • a 'generalized inverse' prob
lem with OBS depths, ship positions, and acoustic ranges 
as data, and OBS positions and ship positions as pararne-
ters. Tlie matrix equation corresponding tb the linearized 
forward problem is transformed to make the errors in the 
transformed data space isotropic. Singular value decdrnpo-
sitiqn is used to calculate the 'generalized inverse.' Step-
length damping was added when it became clear that ah 
iterative;'solution to the nonlinear problem often did not 
converge, Covariance matrices for the parameters and for 
relative positions of the OBS's are calculated. Error 
ellipses for the ship "and,OBS positions are plotted. 

Further improvements can be made when .ship fixes are 
improved and when travel, time errors are decreased by 
ranging to all OBS's simultaneously instead of sequen
tially. We try to range to the OBS's when the ship is mov
ing slowly, but sornetimes we range to the OBS's when the 
ship is moving at 5 kriqts relative to the OBS's, In this 
case the one-way travel tinie from the OBS fo the ship will 
change by 0.1 s every minufe. Because of the length of 
time requireil to obtain each travel time-aiid the fact that 
we must interpolate between ranges to get travel time to 
the CBS's at the time, of a satellite fix, we qften assign 
errore in travel timra of 0,05 s. In the DPSN2 example 
the^ error estimates along with the satellite fix 'position 
error estimates give the appropriate value for •j^. <, 

In a, problem like this; one where there is a tight array of 
OBS's" surroiirided by a. dozen ship positions, the relative 
positions in the-array can be very tightly constrained ifthe. 
travel times are well known. This is easily demonstrated. 
We, use the final solution which is shown in Figure la as 
the original guess for the parameters pp. This assures us 
that ,Ap will be small so that the linear approximation 
(equation (2)) is good. Then the,estimate for travel time 
errors can be reduced, to any small value and the solutipn 
is qbtairied, after one iteration. When the tra vei time> error 
estiniates are small the x^ measure of misfit is large, indi
cating that the solution is unrealistic. However, the 
parameter error estirnates will be the estimates which are 
appropriate to the estimated errors in the datfa,- In other 
words, we have a way of ralculating what the parameter 
uncertainties would be if the experiment were, identical 
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Fig; 6. Plot of absoluteand relative OBS uncertainties as a^function.bf uncertainties in-acoustic travel times ih the 
DPSN2 experiment. See text for detailed'explanation. 

except for a reduction in the travel time errors. Figure 26 
shd\i« the .error ellipses for the OBS and adjusted ship 
positions under the assumption that the errors in the 

.travel times are 2 ms. "W/e can see that there is a 
significant improvement in the sizes of the error ellipses 
when we, compare, this" solution to the solution in Figure 
2Q, but the greatest improvemeiit is in the reduction of 
relative errors in the OBS positions. 

If the travel times were, perfect we would expect the. 
absolute errors in OBS locations fo be proportional to 
o- rt~^, where or is, the size of the ship fix errors and n is 
the number of fixes. We would also expect the relative 
errors to go to zero as the travel time errors go to zero. 
Figure 6 shows that although the relative errors do riot go 
to zero as travel time errors go to zero, they do go close to 
zero. The computer program was run 6 times on the 
DPSN2 problem with travel tirne uncertainty estimates of 
1, 2, 5, 10, 30, and 50 nis. In Figure 6 the circles are 
averages of the- lengths of the sernimajor axes of the error 
ellipses for the^four OBS's in "the DPSN2 example. The 
triangles are averages; df the lengths of the semiminor axes 
for the four OBS's. The" relative positions of theOBS^s in 
the DPSN2 experiment could have been' estimated to 
within 10 or "20 meters if-travel times could be measured 
to within 2 to 5 ms. The repeatability of the travel timfei 
measurements is within 1 ms. We are, developing the 
hardware to range to all OBS's simultaneously, so travel 
time measurements with precisions of 2 to 5 ms may soon. 
be possible. ' 

We have thus far used this me'ihod to locate small 
arrays of instruments using two-way travel times from 
transponders. The same algorithm 'can be, used with water 
wave travel tim^ from shots to'perfo'fm a global adjust
ment of shqt positions and instrument locations. In a 
large-scale experiment such .as ROSE, this may be valu
able biit, wehave not done this yet. 
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A b s t r a c t . A roulticbannel s e i s m i c r e f l e c t i o n 
p r o f i l e of s t a c k e d and liiigr-ated common d e p t h p b i n t -
^a ta a c r o s s the ' Eas t P a c i f i c Ris.e n e a r t he 
S i q u e i r o s F r a c t u r e Zone s u p p o r t s anti e x t e n d s ' p r e 
vious o b s e r v a t i o n s ; ( a t two c r o s s i n g s 27 t o 50 •""• 
to t h e s o u t h ) of- r e f l e c t i o n s assumed tOi be from 
the t o p o f a magma" ch'amber atid of r e f l e c t i o n s from 
[He M - d i s c o n t i n u i t y . ' The r e f l e c t i o n assumed to. b'e 
a s s o c i a t e d wifh t h e trfp, of t h e magma chamber i s 
l - \ l l t o 2 km "below t h e s e a f l o o r . The combined 
r e s u l t s -of t h e tKre'e c r o s s i n g s sugges t , t h a t t h e 
chamber i s ' cpntinuou^s, a l o n g the R i s e c r e s t and 
that i t s w i d t h , •which v a r i e s frpm 2 to: 8 kin, c o r 
r e l a t e s w i t h t h e w i d t h of t h e i i i sa c r e s t a s i n 
d i c a t e d 'h-y. t h e ba thyme ' t r i c coi i tours . . 'The r e 
f l e c t i o n s , from t h e c r u s t - m a n t l e boundary can be 
d e t e c t e d b e n e a t h t h e r a l s ' e d a x i a l blo'ck, of t h e 
East P a c i f i c Rise ' and a l t h o u g h weak, can be 
de tec t e d benea t h t h e . m'agnia 'chamB'ef. 

I n t r b d u c t i o n 

"For s e v e r a l y e a r s , L'ambnt-DjDfierty - G e b l p g i c a l 
bbse ' rva tp ry ' has a .cquired d i g i t a l l y - r e c o r d e d m a r i n e 
s e i smic r e f l e c t i o n d a t a aboard , the R/V 60NRAB 
through th'e use of 'a. Z4-grq«p hydrqphone s t r e a m e r , 
2400 m i.ong,, and f o u r , -466 i n . ^ C'7.,6.4, 1") a"i"f guiis 
'towed beh ind t h e "ship- . The a i r guns-,, a: a p r e s s u r e 
of 2000 p s i ( 1 3 . 8 K- 10^ H/m.^),,' a r e f i r e d s l ra i i l -
taneo.usl-y once e v e r y 20 s (ap^proximateiy e v e t y 50 ra 
when a s h i p ' s speed o f " 5 kno.ts C9,3 'km/h) i s 
assumed).. Computer p rAces s ing : of t h e d a t a i n -
--cludes common d e p t h p o i n t g a t h e r , semblahc'e! 
v e l o c i t y a n a l y s i s , hprmal mo;veout i c o t r e c t i o n , ' s t a c k 
d e c o n v o l u t i o n a n d , when n e c e s s a r y , wavS e q u a t i o n 
m i g r a t i o n . Herron e t a l . (1.978) and S t o f f a e t a l . 
(1980) showed -examples of s e i s m i c ' r e f r e c t i ' o n s from 
w i t h i n the . oce ' an ic c r u s t and from t h e c r u s t - t n a n t i e 
b'ound'ary on two, "Ijt-tQlA, 'coraBiph-"d"e'p_th, p.olnt p r o -
E-iles. a c r o s s t h e E a s t P a c i f i c 'R-tse",near t h e . 
S i q u e i r o s F r a c t u r e Zone. The two p r o f i l e s ( l i n e s 
17 and IS', F i g u r e 1)" were s e p a r a t e d by a b o u t 2-3 km 
aidrig th^eiRise c t e s t , (Jn l i n e . 17 we o b s e r v e d a 
r e f l e c t i o n t i d e n t i f i e d a s "E't) .about" 2 feiri be low' 
the s e a f l o o r -at t h e Ri.se c r e s t which we assume 
o r i g i n a t e s f-rom t h e tidp of"" the:, s e i s b i c ,low-
f e l d c i t y Jzone^ d e t e c t e d a t t h i s , s i t e by- O r c u t t 
et a l . (1975 , 197 6)". This; l o w ^ v e l o c i t y zbhe mpsE 
l i k e l y i n d t c a ± e B t h e pi-.esence ..of c m.agma chamber 
ftom which new o c e a n i c c i :us t d e v e l o p s (eartn',-. 
1974;' S l e e p , 197"5, .1979; R o s e n d a h l , 1976"). A f t e r 
p r o c e s s i n g t h e d a t a "frora t h e two l i n e s , S t o f f a 
et a l . , (1980). liia'de t h e i m p o r t a . n t - a b s e r v a t i o n t h a t 
r e f l e c t i o n s from t h e M - d i s c o n t i n u i t y ca'h be 
t r aced almost- c.ont"lnuotislj', under t h e 10 t o 20 km 
w i d e - r a i s e d a x i a l b l o c k o f t h e Eas t P a c i f i c R i s e , 
i n d i c a t i n g - tha t t h e M - d i s c p n t i h u i t . y i s formed 

immed-iately u n d e r t h e ' raagma chamber , ; a t a b o u t 
6 fcrsi below t h e s,ea f l o o r , p resumably by g r a v i t y 
s e t t l i n g , of c r y s t a l s , from the" melt,', I h t h i s 
p r e s e n t p.apetr we show: f u r t h e r examples of what 
we b e l i e v e a r e r e f l e c t i o n s from t h e top of t he 
magma chamber and' frora t h e M - d i s c o n t i n u i t y on 
MCS l i n e 20 which c r o s s e s t he , R i s e c r e s t iabout 
27 km n o r t h of l i n e 1 9 . 

O b s e r v a t i o n s 

F i g u r e 2 shows a 100 km s e c t i o n of s t a c k e d and 
m i g r a t e d s e i s m i c d a t a from l i n e 20 , A m a n t l e 
r e f l e c t i o n .at a.bput 6, s of two-way t r a v e l t i m e can 
be fo l lowed a c r o s s m b s t of .Figure 2. The. r e -
f T e c t i o n i s p a r t i c u l a r l y s t r o n g under t h e w e s t e r n 
fl-ank df t:he R i s e c r e s ' t . I t . can^ .a lsb be t r a c e d 
w i t h c p n s i d e r a b l e c o n f i d e n c e ' f o r a b o u t 6G km e a s t 
of t h e R i s e c r e s t . 

F i g u r e 3: shpws on ly ' t h e R i s e c r e s t p o r t i o n of 
t h e l i n e w i t h an expanded h o r i z o n t a l s c a l e . 
T h i s p r o f i l e shows "a r e f l e c t i o n ' a t a b o u t 4 . 1 s 
which we a s s o c i a t e w i t h t h a t i ' d e h t i f l e d by Her ron 
e t - a l . (1978) a s R4 on l i n e 17 . R e f l e c t i o n R4 can 
be- t r a c e d a c r o s s t h e R i s e - c r e s t ahd down tfie, 
e a s t e r n f l a n k for a d i s t a n c e of a b o u t h km. 
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1 "Also a.t: Rutgers Univers i ty , Depti. .of Ceology, 
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.Qbpyr'i'ght 1980 b"y the American Geophysical Union. 

104'30'W io;4°W 
Fig., 1, Track char t showing location- of MGS 
l i n e s 17,; 19. and 20. Bathymetry taken from 
Rosendahl e f a l , (i97'6-) and Batiza* et a l . (1977) . 
The extent aldng^ the, s h i p ' s t rack of the r e 
f l ec t i on R4, assumed to be re la ted td the top, of 
a.magma chamber, i s shown by the thickened t rack 
l i n e s . Note that the magma chamber width i s 
r e l a t e d - t o the width of the Rise c res t as" measured 
by the 2650: m contour. 
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MGS LINE 20 

Fig. 2. iLine 20 cros,sing of the East Pacific-Rise. 24-fold common depth .point, stacked 
section. Band-pass 2-15 Hz, Wave; eq'liation migrati'oh .using a velocity of 1500 m/s was 
applied to the stacked data. Note the strong-.mantle reflection approximately parai-
'ieling the sea floor under the western flank of the Rise crest., The mantle ireflection 
.can be f;Ollpwed for about 60 km east:qf the Rise crest. The vertical exaggeration of 
t'he sea floor is 15,7 to li 

A comparison of the -seismic s true ture. ob-l 
served :on line 17, 19 and 20 is given by the 
line drawings in Figure 4 which shows the sea
floor, R4., and M-discontinuity reflections on the 
three crossings of the Rise% crest. -The. tim'e and 

depth below the sea floor of rfeflection R4 and the 
-interyal velocity between the sea floor and R4 are 
summarized in Figure 4.- The reflection time below 
sea floor of R4 decreases from, 0,8 s at line 17 to, 
0,65 s at-line 20,, The interval velocities were 

SEO 

1800 1900 2000 aoo 
Fig, 3, Migrated ^section. Band-pass 0-10 Hz, Mantle xeflection-M and assumed m.agma 
chamber reflection "R4 are identified. Vertical exaggeration is 3,3 tb 1, 

1700 CDP 
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determined by sembla'hce v 
indicated by -Herron e t a l 
could be i n . e r r o r by ±0„5 
to about a- 0.2' km error, i 

lising the mean, vel 'oci t 
the depth below sea f loor 
about 2 km at l i n e 17 to 
allowing for. e r ro r s in ve 
real- 'dedfease in depth to 
50 km d i s tance from l i n e 

elocit 'y a n a l y s i s . As 
(1978) these measurements 

kni/s which "corresponds 
n depth to reflection R4-, 
les -shown in Figure 4, 
of R4 decreases from, 

1,5 km at line 20. Even, 
locity this is probably a 
RA .pver the approximately 

17 to line i'Oi 

Discussion 

. In pur seismic ,cr.oss sections of the" East 
Pacific Rise, we observe ;only three, prominent 
reflections: the se-a floor and the M-discon-
tlnuity reflections, defining the top and bottom 
of' the oceanic crust, and re.flBction R4, which we 
.assume defines- thei top of -a magma chamber within 
the crust. We do npt-detect r.ef 1-ections that would 
delineate the sides of- the. magma chamber, "Either 
the sides of the -chamber are too steep for detec,ti'oji 
by ve'rt-ical-incidetice .seismic-profiling- or are, too 
gradational tp' provide, the sufficiently rapid change 
in ac'oustic impedance necessary for reflection of 
..seismic energy. The bpttom of t-he, magma chamber, 
may coincide with the .mantle reflection which we 
can trace almost continyoysly under the Rise crest 
or, if it is above the mantle reflector, it is,too 
gradational to be detected. If, as suggested by 
Rosendahl (1976)', the chamber is only about 3'0%' 
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Fig. .4,- Seismic structure, on MGS line's 17., 19 
and 20,. The mantle ref lection .on lines 19 and 
20. roughly parallels the sea floor, but oh litfe" 
;17 it remains at about 6 sec of traveltime. 
The magma chamber is brda'der and deeper on line 
17. as compared to lines 19 and 20. 

Fig.- 5. Schematic diagram illustrating how 
our seismic observations may fit with present 
ideas on the genesis of oceanic crust. The 
• sjea floor was plotted with no vertical e'xag-
geration and the magma chamber and mantle 
reflections were plotted at their observed 
times below the sea floor. The half-spreading 
rate near line 17 is about 5 cm/yr. 

molten on tlie average, it is understandable that we 
would detect only the top "of the cha'mber in our 
seismic reflection experiments. 

As'discussed by Stoffa et ai. (1980), the mantle 
reflection on line- 17 is not parallel to the sea 
•floor under the Rise crest but remains ,at about 6 
seconds of total two-way traveltime. Although 
Stoffa 'et al. describe the, mantle ref lection on 
line 19 as "paralleling" the sea floor under the 
Rise,,'crest, this is only accurate in comparison to 
the large and ob"vious increased time of mantle below 
sea floor on line 17. "In tact, both lines 19 and 20 
show an increased time to mantle at the Rise, crest 
of 0.1 s or more,- "but this is difficult to measure, 
accuratel-y because of roughness of the sea floor 
and the very low ff-e'quency of the mantle reflection 
which makes its onset uncertain. The large in
crease of' raantre time below sea floor on line 17 at 
the Rise crest and the slight increase on lines 19 
and 20 imply either a thickening of. the crust or a 
decrease in the average- velocity between the sea 
fl'ppr and ra.anitle in. the axial zone. ' 

Figure 4 shows -that the. top pf the magma chamber 
on line* 17 is about 8 fan, wide. On iin^s^ 19 and 20 
the: top is apparently only about 2 and 4,km w'ide, 
respectl-vely. Because there is enough energy to 
reflect from the mantle beneath and beyond the 
magma chamb'er on thes'e lines, it is likely that the 
full width of the top of the chamber was detected. 
If line 17 then crosses a magma chamber several 
times wider than at lines 19 and 20, it is possible 
that- the gre'atar volume of the chamber is accom
panied by a greater average percent of melt within 
the chamber. This would explain the .much increased 
reflection time below sea floor ̂ at the line 17 Rise 
crest .as due to a more 'depressed velocity within 
the..,inagma chamber,, relative to line's. 19 and 20, 
rather than due to a thicker crust in the axial 
zone.. 

Figure 1 shows the location of the top of the 
magma chamber under each MCS line relative to the 
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2650 m bathymetric contour. Where the contour 
shows the Rise crest to be broad, the magma 
chamber is wide (line 17) and where the crest is 
narrow the magma chamber is narrow (line 19). 
Based on these three crossings we suggest that the 
bathymetric contours at the very top of the Rise 
crest indicate the width of the underlying magma 
chamber. Also, unless our detection of reflection 
R4 on three crossings was fortuitous, the results 
suggest that this 50 km section of Rise crest is 
underlain by a continuous magma chamber. 

While we do not have adequate velocity in
formation to convert our seismic time sections to 
depth sections we can plot a time section to ap
proximate a depth section. By choosing the 
appropriate expanded horizontal scale we can show 
a section without much distortion. Figure 5 is ah 
approximate "depth" section of the line 17 data. 
The sea floor reflection has been plotted with no 
vertical exaggeration and reflection R4 and the 
mantle reflection have been plotted at their ob
served times below sea floor. The downward bulge 
of the mantle reflection does not necessarily imply 
a thickening of the crust under the Rise crest, 
but as noted above Is probably due to the depressed 
velocity within the magma chamber. If, as suggested 
by Cann (1974), Sleep (1975), and Rosendahl (1976), 
layer 2 of the crust is formed by volcanic action 
and dike injection from the top of the magma chamber 
and layer 3 grows by crystallization out of the 
sides of the chamber, then our seismic information 
fits with the geologic Ideas as shown In Figure 5, 

On our three crossings of the Rise crest the sea 
floor was observed to be very smooth for several km 
on either side of the crest. At points farther from 
the crest the sea floor is broken up quite severely 
by block faulting. The evidence of faulting is seen 
in our seismic sections in the many diffraction 
hyperbolas origin3tlng from scattering points at the 
sea floor outside the smooth central region (see 
Figure 3, Herron et al., 1978). Except for this 
smooth region we find it necessary to apply wave 
equation migration to our data to remove diffracted 
energy and thereby to detect reflections from below 
the sea floor. Figure 5 shows inferred faults that 
bound the smooth sea floor on line 17, The smooth 
central block which is entirely underlain by the 
magma chamber (that is, by reflection R4) may drop 
down as spreading of the oceanic crust occurs, but 
there is no seismic evidence that the displacement 
of the fault surface offsets reflection R4. How
ever, because the wavelength of the seismic waves 
in layer 2 is several hundred meters, fault dis
placements of less than 100 meters would be dif
ficult to detect. 

Figure 5 suggests that the top of the magma 
chamber may be preserved on much older crust as 
the layer 2 - layer 3 boundary of seismic re
fraction studies. Whether this is true or not, 
we dO' not detect any continuous reflections ex
tending outward from the axial block of the East 
Pacific Rise that could.be attributed to the top 
of layer 3. The layer'2 - layer 3 boundary 
must, therefore, be too gradational to detect by 
vertical-incidence seismic reflections, at least 
in this geographic area. 

The arrows directed upward through the mantle 
reflection in Figure 5 indicate the possibility 
that magma ascends from sources within the upper 
mantle to replenish the magma chamber as spreading 
occurs. The optimum spatial resolution of our 

data is, on average, 50 ra along a reflecting sur
face below the array. Thus, even on line 19 
where we detect a mantle reflection on almost 
every common depth point gather, and certainly on 
lines 17 and 20 where gaps occur in the mantle 
reflection-, the seismic data do not preclude the 
possibility of ascending magma. 

In conclusion, we emphasize that seismic re
flection profiling with our 2.'4 km hydrophone 
array does not provide adequate velocity re
solution to determine unambiguously whether there 
is a low-velocity zone below reflection R4, The 
discussion of our results in terms of a magma 
chamber hypothesis rests upon our observation of 
increased mantle reflection time below sea floor 
under the Rise crest, which can imply a low-
velocity zone, also upon the detection by seismic 
refraction methods of a low-velocity zone under 
the line 17 section of the Rise crest (Orcutt et 
al., 1975, 1976), and the assumption that the 
depressed seismic velocity is due to a region of 
full or partial melt, • 
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Magnetotelluric Experiment Over the ROSE Area 

J. H. FiLLOUX 

Scripps Institution of Oceanography, La Jolla, California 92093 

Seafloor observations of natural electromagnetic fluctuations diffusing into the earth have been 
made in the vicinity of the Pacific Rise at I2''N and 21°N to gather information on the electrical 
conductivity structure of the oceanic basement near a spreading ridge. At 2I°N the close proximity of 
land (Baja California) introduces a noticeable distortion of the EM fields, and consequently the 
magnetotelluric sounding for this area must be interpreted with caution. At both locations the 
conductance of the upper 200 km appears exceptionally high and the conductivity rises rapidly below, 
reaching 1 S m~' or more at 350 km. The statistical significance of a prominent conductivity increase 
near a depth of 22.5 km detected in the inverted data from I2°N and of a less developed one at 30 km in 
the case of 21°N is discussed. Records ofthe magnetic variations at 21°N taken above the spreading 
center, compared to records from 40 and 120 km to the west, reveal a conspicuous enhancement of the 
high-frequency horizontal variations in a direction slightly west of magnetic north. We interpret this 
distinctive feature as the signature of an electric current sheet concentrated in an extremely high 
conductance, relatively shallow layer electrically bridging the two seafloor areas adjacent to the 
spreading center. An approximate calculation suggests a conductance in excess of 3000 S per meter of 
ridge crest in the close vicinity of the accretion center, equivalent to 1 to 8 km of molten basalt, 
depending on temperature (1000°-1200°C?) and depth (2-10 km?). This structure is consistent with 
seismic refraction information for the same area and with stratigraphic reconstruction of a fossil 
accretion center in Samail ophiolite. An interpretation in terms of a well-developed magma chamber is 
irresistible, although confirmation of the existence of this feature as well as improvement of its 
resolution by means of additional EM data would be of m^or interest. 

INTRODUCTION 

The seafloor magnetotelluric experiment (SFMT) associ
ated with project ROSE was designed to complement a 
series of geophysical investigations in the close vicinity of 
the spreading center ofthe Pacific Rise at ZTN. The strategy 
was to deploy a linear array of seafloor electric and magnetic 
recorders across the rise crest to observe over a period of 3 
months the diffusion into crust and mantle of low-frequency 
natural electromagnetic (EM) signals originating in the iono
sphere and above. A successful interpretation of such data 
was expected to lead to information on the electrical conduc
tivity structure with depth and, hopefully, laterally as well. 
With equipment available to occupy seven stations, includ
ing one set of instruments to spare, this SFMT experiment 
was to be the most extensive in coverage and in observation
al duration attempted to date. 

The field work began in mid-January 1979 and the instru
mentation to occupy four of the seven sites had been 
deployed when the anticipated clearance to operate in Mexi
can waters appeared in jeopardy. Deployment of further 
equipment was postponed and a new location at 12°N, also 
adjacent to the Pacific Rise but in intemational waters, was 
selected as an alternate experimental area. Because of the 
extensive delay, as well as of the necessary crowding of 
several experiments within a restricted time period, the 
balance of the MT instruments (four pairs) was used in a 
modest two-station array that remained on the seaflotv for 
only 3 weeks. 

The experiment covered here, therefore, involves two 
independent clusters (see map of Figure 1): one at 2 1 ^ , not 
too distant from the tip of Baja California; the second at 
12°N,-roughly 500 km off the coast of southern Mexico. A 
preliminary analysis of the data collected during the second 
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short experiment has already been published [Filloux, 1981]. 
This same article also contains a progress report on a series 
of experiments conducted to date under nearly identical 
experimental conditions, in particular with the same self-
contained free-fall electric and magnetic recorders (de
scribed in the work of Filloux [\9S0b]). The data processed 
and analyzed so far appear consistent with each other and 
also with present concepts of plate tectonics. A low conduc
tivity zone, possibly related to plate thickness seems to 
prevail near the surface, followed by a rapid conductivity 
rise that is encountered at a depth increasing with plate age 
[Filloux, 1980a]. It should be emphasized that the resolution 
of magnetotelluric techniques is inherently low, increases 
only slowly with the length of the time series collected and 
that no data inversion methodology is yet widely accepted 
by the community of geophysicists involved with MT meth
ods. We believe that under these conditions it is the consist
ency among a growing number of conductivity profiles, 
probably somewhat optimistically interpreted if taken indi
vidually, that best supports the usefulness of seafloor mag
netotellurics in submarine geophysical research. 

It will be seen that the experiment reviewed here, some
what mutilated from the very start, produced fewer specific 
and somewhat different results than those expected. Never
theless, the limited new information on lithosphere and 
mantle structure in the vicinity of the Pacific Rise is sufii
cient to allow suggestive comparisons with the structure of 
other deep seafloor basements. Furthermore, the unantici
pated enhancement ofthe high-frequency horizontal magnet
ic variations at the spreading center is interpreted as the 
signature of an extremely shallow layer with an exceptional
ly high conductance, best explained by the existence of a 
substantial melt cross section: i.e., a fiilly developed magma 
chamber, or effectively connected, magma-impregnated ma
trix, with a thickness of several kilometers. Ultimately, the 
simultaneous coverage of two areas of the Pacific Rise 
relatively distant from each other and the peculiarity of the 
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Fig. 1. Map of the area covering the EM observations referred 
to in the text. The initial plan was to deploy a single, linear array of 
seven stations, I to 7, across the Pacific Rise spreading area at 21°N. 
However, only four sites, 1 lo 4, were occupied, constituting the 
instrument cluster A. The balance of instruments was deployed for a 
short time as cluster B around 12°N, on the Coco's side of the ridge 
crest. Note the position of the magnetic observatory of Tucson and 
an azimuth diagram referring to various orientations discussed in the 
text. 

setting with respect to the continental borderline contribute 
a solid, if unintended, guidance in planning future programs 
of magnetotelluric exploration of the ocean basins. 

EXPERIMENTAL SETTING 

It was initially assumed that the induction processes from 
ionospheric sources taking place in oceanic crust and mantle 
across a typical spreading center would uncover a clearly 
two-dimensional anomaly with a strike matching closely the 
spreading axis. The model suggesting this geometry is sup
ported by our present understanding of the mechanisms of 
ocean floor spreading which involve.(l) the supply along the 
spreading axis of very hot magma rising from the deep, then 
moving and solidifying laterally to form new lithosphere, and 
(2) the progressive decrease of the cross section of partly, 
melted and highly conducting material away from the accre
tion center [Oxburgh and Turcotte, 1968; Parker and Olden
burg, 1913; Presnall el al., 1979]. 

For the above reasons, a linear array extending perpendic
ularly across the spreading center, with a central station 
located as close as possible to the ridge axis appeared 
optimum. The separation between the stations was deter
mined largely by the scale and geometry of local tectonic 
features, namely, the tip of B^a California as well as the 
Tamayo fracture zone to the north, and the Rivera fracture 
zone and adjacent island cluster (Islas Socorro and San 
Benedicto) to the south. It was anticipated from previous 
experience that the assumption of two dimensionality could 
hardly apply beyond a fraction of the length of this segment 
ofthe rise crest, on both sides. These circumstances, taken 
together with the number of instruments available, resulted 

in an average spacing of 40 km, but the search for adequately 
flat topography also played a determinant role. The location 
of the crossing of the spreading axis by the MT traverse was 
chosen at 2riO'N so as to be sufliciently removed from the 
area of concurrent dense experiments of the RISE program 
centered at 20°52'N, 109°05'W [Spiess et a i , 1980]. Because 
the precise bathymetry available to RISE did not extend far 
enough to the north, the position of the central station, 
Station 4A, with respect to the spreading axis is known only 
to within ± 1 km. (A location to the south of the main center 
of research activity was given some consideration at first to 
lessen the possibility of coastal interference; however, this 
alternate location would have brought the array too close to 
the ridge offset adjacent to the Rivera fracture zone.) The 
array is shown in Figure 1, cluster A, although only the first 
four of the seven stations initiaUy projected were occupied. 

The deployment operation was carried out proceeding 
from the west-northwest, our attention being concentrated 
on a search for sediment pockets among an extremely rough 
bottom. Although occasionally encountered, these sediment 
patches were so restricted in size that the Omega navigation 
was not sufficiently stable to permit us to find them again 
should we decide to return, or if we drifted away. As a 
result, the instrumentation deployed at cluster A included a 
high proportion of substantially tilted instruments (see Table 
1 for informative data on the deployment). Although we had 
gained considerable experience before reaching the ridge 
axis and in spite of finding a promising spot (albeit one 
surrounded by rather chaotic relief), both electric and mag
netic recorders at this particularly strategic position landed 
with exceptionally high tilt. See Table 1 and map, Figure 1. 
We were surprised to encounter the shallowest seafloor 
somewhat to the west of the accepted location of the 
spreading axis, as shown in Table 1. 

Following the decision to curtail further instrument instal
lation after completing the deployment at Station 4A and 
unable to immediately retrieve instruments ah-eady in place 
because of our reliance on preset timers for recovery, the 
question arose as to whether a 3-week experiment carried 
out with four sets of instruments only, and with ship time 
restricted to the daylight portion of two days, was justifiable. 
Our decision to proceed was based in part on the high 
expenses irreversibly incurred and also on the anticipation 
that the new location, farther removed from the 'shoreline, 
might prove to be more favorable on account of the reduced 
influence of the coastal anomaly. , 

The cluster B experiment at 12°N unfolded with excep
tional smoothness, and it provided redundant data from Vwo 
stations east of the ridge crest (Filloux [1981]; see map of 
Figure I). The usability of these data was unfortunately 
limited by the short duration of the experiment and by the 
very modest level of ionospheric activity that characterized 
this period. 

INSPECTION OF DATA 

Although subject to drastic alterations during its execu
tion, the experiment reported in this article resulted in the 
most extensive set of seafloor magnetotelluric data collected 
to date. Inasmuch as a large MT data set of oceanic origin 
has never been described in detail as yet, a valuable insight 
into the applicability of SFMT to submarine geophysical 
research can be gained directly from a thorough and critical 
inspection ofthe ROSE MT data prior to analysis. However, 
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TABLE 1. Description ofthe Data Sets 

Position 

North West 
Depth, 

m 
Tilt, 
deg Data Return 

21°38.8' 109°56.r 3194 0.5 both components 
2I°32.3' 109°56.0' 3194 6.5 all 3 components 
2I°25.7' 109°37.0' 2996 1.5 both components 
21°25.8' I09°37.4' 3010 lost instrument 
21=16.7 109°16.6' 2748 5.2 only one component (A^ = 
21''16.5 '109°16.9' 2770 2.6 all 3 components 
2I°09.4' 108°50.9' 3029 13. only one component (A^ --
21°09.7' 108°5l.r 3025 8.2 all 3 components 
12°06.0' 103°30.5' 3004 4. both components 
12°05.5' I03°30.0' 2952 2. both components (noisy) 
I2°07.5' I03"'30.2' 3011 1.6 all 3 components 
12°08.2' 103°30.r 3033 0.1 all 3 components 
I2°19.6' I02°46.7' 3077 1.8 both components 
12°19.4' 102°47.3' 3128 0.5 occasionally very noisy 
12°20.3' 102°47.5' 3128 1.3 all 3 components 
12°20.0' 102°47.2' 3113 0. all 3 components (noisy) 

168^ 

213=) 

For both c lus ter A and cluster B: station number , recorded signals (E , electr ic; M, magnetic) , geographic posit ion, depth , instrument tilt 
and field componen t s successfully recorded . 

- t ; 
-. I I ' 

to achieve this objective, the large dynamic range and wide 
frequency band characteristic of such recordings require 
four illustrations with time scales successively expanded by 
factors of 4 (see Figures 2-5). In examining these illustra
tions it is helpful to know that the sampling rate of our 
instrumentation is a selectable binary number of data points 
per hour. This choice facilitates comparison with the stan
dard hourly time series derived from permanent magnetic 
observatories. 

The data set collected during the ROSE program is 
described in Table 1 and the position of the various SFMT 
stations are indicated on the map of Figure 1. The data from 
cluster A span approximately % days, with 92 days of 
simultaneous coverage at a sampling rate of 2* = 64 per 
hour. The data of cluster B, at 2' = 128 samples per hour, 
last only 19 days. They are included in Figure 4 only. Since it 
is instructive to compare the seafloor data to continental 
data from a not too distant area, the magnetic variations 
from Tucson's observatory are also included in Figure 4. 

One may notice in Table I that the ROSE MT data return 
includes several gaps: magnetic data from Station 2A are 
missing as a result ofa lost magnetometer and one horizontal 
electric field component is missing at Station 3A as well as 
Station 4A. At the latter two locations the orientation ofthe 
single successfully recorded electric field component is 
toward azimuth 168° for Station 3A and 213° for Station 4A, 
with respect to magnetic north. Although both instruments 
landed on the seafloor with a strong tilt, the direction of this 
tilt was fortunately such that the single electric field compo
nent properly recorded was nearly horizontal at both sta
tions. Since the magnetometers record the three components 
of the magnetic variation, tilt information was used for a 
precise correction of the magnetograms. 

Most of the data from cluster A (85^ days, that is 2" data 
points at 1 per hour for each time series) are plotted in Figure 
2. The purpose of the plots at odd azimuths is to make 
possible an intercomparison of all data, including those from 
Stations 3 A and 4A where one of two E field components is 
missing. 

In all traces the solar daily variation is conspicuous as well 
as the episodic bursts of active high-frequency signals asso
ciated with magnetic storms. The high coherence between 

these features in aU traces is obvious. At lower frequencies j 
(periods of weeks and over) this coherence is less perfect. | 
Nevertheless, the slow modulation ofthe magnetic storms is| 
tracked very closely by all three H components. In the easel 
of D and Z, however, while IA and 3 A follow each othetj 
very closely, 4A does not. This sustained, smooth wandering 
drift is not a common feature of our previous magnetici 
records, and therefore we have no reason in the present case| 
to'incriminate instrumental behavior. Our tentative explanâ j 
tion is that the instrument at Station 4A was subjected to â  
slow tilting and possibly also to rotation. We return to this; 
subject later. 

In the case ofthe electric signals, the long-period undula-, 
tions are only weakly correlated with those in the mapeticj 
signals. This behavior is attributed to the superimpositionj 
onto the electric fields of ionospheric origin of electric fieldsl 
induced by the interaction of mesoscale oceanic motionj.̂  
with the earth's main magnetic field [Cox et al., 1976). 

A selected 21^-days segment ofthe data (sampling interval 
1/4 hour) is illustrated in Figure 3, including the most 
conspicuous feature visible in Figure 2. The quality of the 
coherence between all traces is more readily appreciated 
from the finer resolution of the new scale. Also, the en
hanced induction of electric signals at higher frequencies is i 
overwhelming, providing a nice illustration of Faraday's law j 
(that electric induction varies as the time 'derivative of the j 
magnetic field). The quality ofthe tracking between thesarne^ 
components is also noteworthy. ' 

A S^-days segment, including also the magnetic variations! 
at Tucson and the data from cluster B at 12°N, is shown in.i 
Figure 4 (sampling rate 16 per hour). One immediately notes, 
considerable differences in the magnetic variations over thê  
three areas: Tucson, Pacific Rise at 21°N, and Pacific Riseal| 
12''N. The horizontal variations at Tucson are characterized ^ 
by active high-frequency pulsations and rather rapid jumpssj 
that are greatly attenuated in the seafloor records as a result! 
of oceanic shielding. One also notices that while the various J 
components of cluster IA track each other quite well i 
similarly for cluster B), the traces of cluster A do not closely| 
track those of cluster B, a fact that illustrates the spati 
variability of the ionospheric fields. Another important 
mark which will be of use later is that the Z variations in I 
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Fig. 3. Data from cluster A for a period of 21^ days starting at 0000 UT on March 21, 1979. Time scale: the larger 
ticks (horizontal axis) correspond to 24 hours. The scale reference segment corresponds to l(X) nT and 10 p.\ltn. Other 
infonnation is identical to that in legend for Figure 2. 

data from cluster A are greater than those of cluster B where 
at medium frequencies they are essentially nonexistent (the 
very high frequency ripples in Z for IB are due to instrumen
tal noise). Again a remarkable coherence exists between all 
electric traces, and the coherence with magnetic fluctuations 
can be appreciated to be high at all frequencies including the 
highest ones by referring to the variations at Tucson that do 
not suffer oceanic shielding and therefore that retain imatten-
uated high-firequency signals. 

Finally, Figure 5 exemplifies the highest resolution sus
tained by the data (64 samples per hour). The reader may 
verify that the smallest ripples in the magnetic traces have a 
strong expression in the electric ones. Furthermore, at the 
highest frequencies, coherent, very active signals are often 
visible in the electric records, particularly intense during the 
most active, longer-period magnetic excursions, although 
the magnetic pulsations that cause these high-firequency 
ripples are too faint to have been recorded. This observation 

is important, for it points out a great advantage to be derived 
from an increase in the sensitivity ofthe magnetic recorders. 
We should also point out that correspondent electric or 
magnetic components for the various stations of cluster A 
still track each other remarkably well at these higher fre
quencies. There is, however, one notorious exception, not 
easily noticed in the previous illustrations because the lower 
sampling rate and the resulting longer record segments 
emphasize lower frequency: the horizontal variations to the 
magnetic north, H, at Station 4A are considerably enhanced. 
In fact, some events in this latter record of unquestionable 
reality as proven by their clear counterpart in electric fields 
are not even perceptible in the correspondent records fron" 
Stations IA ahd 3A. There is no indication that a similaf 
remark holds for the other two components D and Z. 
However, a more precise. analysis has shown that the 
observed horizontal magnetic enhancement of high frequen
cies is maximized for an orientation slightly west of exact 

V 
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Fig. 4. Data from cluster A, cluster B and from Tucson magnetic observatory for a period of 5̂  days starting at 0000 
UT on February 3, 1979. Time scale: the large ticks (horizontal axis) correspond to 2-hours separation, the small ones to 
4 hours. The vertical scale reference segment corresponds to 10 nT and 100 /iV/m. Other information is identical to that 
in legend for Figure 2 except that data from Tucson (T) and cluster B are also included. 

magnetic north (approximate rotation required: 10°). We 
suggest in a later section that the high-frequency enhance
ment observed at Station 4A constitutes the magnetic 
expression of a localized electric current sheet crossing the 
spreading center at a relatively shallow depth, channeled by 
a high conductance layer that must result from some form of 
magma accumulation. 

MAGNETOTELLURIC SOUNDINGS 

Inasmuch as MT profiling requires availability of both 
horizontal components of electric and magnetic fields the 
summary of Table I indicates that appropriate data exist 
only for the two stations of cluster B and for Station IA of 
cluster A. 

A preliminary interpretation of the data from cluster B has 
^ n made earlier [Filloux, 1981]. It was shown that the 
seafloor response functions (seafloor impedances) were very 
sunilar at both locations, with nearly the same frequency 

dependence but with a slightly larger modulus for 'Station 
2B, most distant from the ridge crest but also closest to land. 
It w£is also shown that the impedance tensor Z in 

E = Z F (1) 

(E is horizontal electric field; F is horizontal magnetic 
variations) was moderately anisotropic with a ratio between 
principal axes around 2.5 at both stations. Some arguments 
were presented to suggest that the distance from the coast
line (500 km) ruled out the determinant influence of the 
coastal effect in justifying the observed stretching of Z. 
Some of these argtmients were derived from earlier studies 
of this effect off the coast of California [Filloux, 1967; Cox 
and Filloux, 1974]. A more thorough justification, however, 
would require additional data spanning the spreading ridge, 
extending eastward to the coast and preferably beyond, and 
also some distance westward. 
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Fig. 5. Data from cluster A for 1̂  days starting at i200 UT on February 21, 1979. Time scale: the ticks (horizontal 
axis) are 1 hour apart. The scale reference segment corresponds to 100 nT and 20 jitV/m. Other information is identical 
to that in the legend of Figure 2. 

The data were interpreted in terms of a horizontally 
layered isotropic structure following a procedure already 
used in the treatment of earlier data [see Filloux, 1977, 
1980a]. The impedance tensor to be inverted, Z"*, was 
chosen according to an extension of Berdichevskiy's ap
proach for minimizing the influence of anisotropy associated 

with surface anomalies [Berdichevskiy and Dmitriev, 1976]: 
namely. 

-2^" = (Zm-Z, M IM l\l/4 (2) 
\ 

where Z „ , Zu , A„, and Au are the off-diagonal terms ofthe 
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optimally rotated Z and A tensors in the expressions 

E = Z F -H NE (3) 

F = A E -I- Nf (4) 

jiid where Nf and N^ represent the residual uncorrelated 
noise in electric and magnetic signals, respectively. The 
conductivity profile retained was one that preserved the 
principal features ofan initial 12-layer model as the number 
of layers was progressively reduced. The optimizing scheme 
consisted in minimizing the relative variance V between the 
model predicted impedances, Z™(/), and the observed ones, 
2"(/), according to 

I ^ iz^^'-z/p 
v = N 

with 

^ " 12' 
,= 1 I ' ' " 

N 

012 (5) 

where w„ were weight factors intended to de-emphasize, in 
earlier interpretations, the importance of the high- and low-
frequency estimates most affected by noise (N is the number 
of impedance estimates, centered at frequencies / ) . Howev
er, in the preliminary report on the Pacific Rise soundings at 
12°N [Filloux, 1981] the weight factors were taken to equal 
unity. 

The resulting optimum model \yas characterized by rapid 
conductivity rises around 22, 80, and 290 km, with the 
possibility of intermediate zones of reduced conductivity. 
Because this model matched surprisingly well Presnall's 
predicted 'double partial melt zone in the mantle beneath 
mid-ocean ridges' [Presnall, 1980], we reassessed the origi
nal data, trying to improve them, and we reinverted them 
according to a more stringent criterion. 

We found no ground to change the initial impedance 
estimates which are listed for Station IB in Table 2, together 
with the compound coherence, number of degrees of free
dom and accepted relative errors ± e. 

For model optimization criterion we followed an alternate 
approach which minimizes x̂  instead of V (see, for instance, 
Parker [1980]) with 

| 7 m _ 7 012 

X = Z rz-;:r^— (6) 
N 

..2= 2 
e„\Z„' o|2 

Clearly, this optimization scheme achieves in a systematic 
manner the function of the weights, w„, in (5). It also lends 
itself to a formal model validity study based on the statistical 
properties of x̂  distributions. 

The new inversion produced an optimum conductivity 
profile that departs from the one initially published only very 
slightly (compare Figure 6, profile A, with Filloux [1981]). 
For this optimum profile, x̂  = 7.3. With the number of 
(complex) impedance estimates N = 12 the expected value 
of x̂  is A/ = 2N = 24 and the 95% confidence level lies at x̂  
= Af + 2(2Af)"^ = 38. The existence of inverse solutions to 
the set of observed impedances is therefore supported by the 
low x̂  value achieved by the optimum model. This value 
however is so low that it indicates an excessive overfit of the 
set of observed impedances. In other words the specificity of 
this model exceeds in a statistical sense the information 
contained in the data. Therefore other simpler models may 
have to take precedence. 

A variety of discretely layered models have been consid
ered, those with most instructive behavior being represented 
in the diagrams of Figure 6. From our rather extensive 
survey we conclude (1) that an optimum two-layer model is 
not acceptable, (2) that all optimum models, no matter how 
layered require a very large conductivity rise around 250- to 
300-km depth, and (3) that all satisfactory layered patterns— 
those leading to x̂  ^38—are characterized by an unusually 
high integrated conductivity in the upper 250 km. As a 
consequence of 1 above, some structure is required in the 
upper layer ofan optimum twin layer model such as model E 
in Figure 6. As a consequence of 3 above, any reduction of 
the conductivity in the lithosphere and upper mantle requires 
a correspondent conductivity increase below (see, for in
stance, models D and E of Figure 6). More specific state
ments are not permitted with confidence if solely based on 
the x"* criterion. This conclusion, however, should not be 
taken in an overly pessimistic sense. There are other criteria 
helping to reduce the nonuniqueness ambiguity. For in
stance, at equal x̂  vcdues those models producing a predict
ed impedance function that let the observed values fall 
randomly on one side or the other must be preferred to those 
resulting in more organized distributions of the individual 
frequency contributions to x̂ - I" that sense model A is 
superior to B and C, although the latter are also character
ized by low x̂  values. Furthermore, the optimistic accep
tance of a structured model such as model A becomes less 

TABLE 2. Seafloor Impedance Z at Station IB for 12 Frequencies, in Modulus |Z| and Phase <̂j 

1976]: 

Frequency, 
cph 

0.0605 
0.1064 
0.1552 
0.2627 
0.3896 
0.5039 
0.7773 
1.168 
1.715 
2.328 
5.45 
8.58 

\z\ 
0.()309 
0.0517 
0.0645 
0.0926 
0.1067 
0.1177 
0.1560 
0.1910 
0.2591 

- 0.5297 
0.7250 
0.7615 

< ! > , . 
deg 
76.7 
63.1 
62.5 
57.5 
57.5 
58.8 
58.6 
59.1 
57.7 
59.2 
58.0 
57.5 

i> 

22 
24 
40 
100 
160 
200 
300 
300 
300 
100 
100 
100 

Re' 

^ 0.646 
0.909 
0.934 
0.859 
0.821 
0.826 
0.837 
0.740 . 
0.728 
0.656 
0.452 
0.410 

e 

0.437 
0.176 
0.109 
O.IOl 
0.090 
0.079 
0.062 
0.083 
0.086 
0.177 
0.269 
0.350 

e. 
deg 
25,9 
10.1 
6.2 
5.8 
5.2 
4.5 
3.6 
4.7 
4.9 
10.2 
15.6 
19.3 

The number of degrees of freedom (v), the coherence squared (Rĉ ), the relative error on modulus 
(e), and the phase error (8) are also tabulated. Units: 2, tiVlm/nT; phase: lead of electric with respect 
to magnetic. 
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Fig. 6. Various horizontally layered models for Station IB with 

different geometries and layer numbers but all with low x̂  values; 
see text. All these models are obtained from schematization of the 
more complex model A, by selecting the layer geometry and 
minimizing x̂  with respect to the conductivity in these layers: (a) 
seven layers and half space, x̂  = 7.3; (b) three layers, x̂  = 9.0; (c) 
two layers, x̂  = 10.5; (d) also two layers, x̂  = '8.7; (e) one layer 
(and halfspace) x̂  = 67.1. 

heuristic when its predictions are closely reflected by other 
independent but relevant MT soundings. This is the case for 
the autonomous soundings at Stations IB and 2B [Filloux, 
1981]. These remarks illustrate the importance of dense 
SFMT arrays because an improved data coverage may 
greatly enhance the credibility of the interpretations of MT 
experiments. Furthermore, improvements in structural reso
lution can be achieved in at least two ways: (1) by means of 
constraints derived from other geophysical information and 
(2) by approaches that will reduce estimated as well as actual 
errors in the response hinctions. Much can be done in both 
instances, and we will come back to this exceedingly impor
tant subject. 

Even since the planning stage we had feared the 
that the closeness of land at 2 r N could degrade MT 
tion over this area. In the preceding section we have poin, 
out the existence of residual vertical magnetic fluctuation.^ 
the records obtained there, fluctuations often revealing th 
influence of the coast as pointed out initially by Parkin, ' 
[1962]. Since the coastal effect is largely due to the intensfi! 
cation of electric curtent circulation along the coast as 
result of the conductivity contrast between land and ocea 
[Filloux, 1967; Cox and Filloux, 1974], we have investiga^ 
the relationship between these vertical magnetic variation. 7 
and both the local electric currents (represented by their 
associated electric field components £ » and EQ) and th 
magnetic components H and D. In the first case we have 
estimated the transfer function 7^ with constituents r ^ 

^ y in the relation 

Z= T/E,-^T/Ey 

and in the second the transfer functions S^ in 

and 

(7) 

Z — 5 j H + Sy D «\ 

where the frequency dependence is omitted and where x and 
y refer to magnetic north and east orientations, respectively 
The results of this inquiry are presented in Table 3. In spin 
of a relatively high coherence even in the case of 52 
considering the low signal level in magnetic variations, the 
behavior of both 7^ and 5^ rules out a simple interpretation 
in terms of a reasonably two-dimensional coastal interfer
ence [Filloux, 1%7]. This is particularly clear from the 
considerble difference between the phases ofthe two constit
uents of either 7* and S^, but also from the rapid depen
dence on frequency of the azimuth that maximizes the 
correlation between Z and either the horizontal electric or 
the horizontal magnetic variations. 

In attempting a MT interpretation of the conductivity 
structure beneath Station IA the properties ofthe tensors Z 
and A in (3) and (4) also revealed a definitely three-dimen
sional character. In particular, Z and A were not convertible 
by rotation to a form with simultaneously small diagonal 
terms, even by applying preliminary deskewing [Larsen, 
1975]. However, it was found that a 10° rotation (trigonomet- -
ric direction on a chart) to the new orientation x'y' resulted 
in a subjectively smooth and normal behavior of the tensor 
components Z^ .c- and Ayy. A MT interpretation restricted to 
the use ofthe electric field component E -̂ and'the horizonlal 

TABLE 3. Relationship, at Station IA, Between the Vertical Magnetic Variations Z and (1) the Horizontal Electric Field (Transftr 
Function 7 ,̂ With Components 7"/ and 7",=) and (2) the Horizontal Magnetic Variations (Transfer Function 5̂ ) 

Frequency, 
cph 
0.061 
0.102 
0.144 
0.187 
0.221 
0.312 
0.355 

. 0.462 
0.6% 
1.02 
1.42 

Re' 

0.594 
0.663 
0.705 
0.799 
0.745 
0.833 
0.811 
0.763 
0.783 
0.764 
0.688 

Mod. 

6.40 
4.21 
3.71 
2.96 
1.20 
2.04 
1.08 
2.04 
0.11 
0.27 
0.18 

T/ 
Phase 

31 
14 
29 
27 
12 
42 
41 
76 

-162 
-152 
-91 

Mod. 

3.03 
2.59 
2.75 
2.21 
1.57 
1.97 
2.06 
1.27 
1.14 
0.73 
0.56 

r/ 
Phase 

-177 
-136 
-146 
-144 
-133 
-124 
-134 
-129 
-113 
-96 
-89 

Re' 

0.521 
0.529 
0.576 
0.669 
0.685 
0.535 
0.687 
0.535 
0.467 
0.252 
0.059 

Mod. 

0.029 
0.029 
0.037 
0.038 
0.055 
0.053 
0.060 
0.041 
0.045 
0.023 
0.008 

5/ 
Phase 

l(J6 
35 
77 
57 
60 
45 
68 
53 
63 
62 
118 

Mod. 

0.012 
0.027 
0.032 
0.022 
0.009 
0.017 
0.017 
0.023 
0.026 
0.018 
0.004 

S,' 
Phase 

70 
86 
59 
43' 
-13 
12 
-84 

-105 
-124 
-134 
68 

Note that the magnetic variations Z are dominantly dependent on the north electric component at low frequency and on the east elecinc 
component at high frequency. Note also that the ratio vertical to horizontal magnetic variations remains significant at all frequencies. Uni'*-
T, nT//xV/m; S, dimensionless. 

S 

; 
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TABLE 4. Seafloor Impedance Z at Station IA for 12 Frequencies, in Modulus |Z| and Phase <t>j 

Frequency, 
cph 

0.0281 
0.0565 
0.1226 
0.2085 
0.2915 
0.3755 
0.5107 
0.7744 
1.118 
1.929 
5.062 
10.453 

|2l 
0.0322 
0.0425 
0.0710 
0.0925 
0.1368 
0.1679 
0.1910 
0.2502 
0.3027 
0.386 
0.636 
0.845 

«:, 
deg 

81.3 
70.0 
69.9 
65.3 
64.6 
63.7 
59.6 
57.4 
50.1 
44.9 
47.7 
47.6 

V 

44 
84 
62 
64 
64 
86 
200 
320 
400 
240 
260 
400 

Re' 

0.641 
0.805 
0.946 
0.956 
0.960 
0.968 
0.951 
0.945 
0.950 
0.910 
0.765 
0.650 

e 

0.293 
0.136 
0.078 
0.069 
0.065 
0.051 
0.040 
0.033 
0.028 
0.047 
0.083 
0.090 

e. 
deg 

17. 
7.8 
4.5 
4.0 
3.7 
2.9 
2.3 
1.9 
1.6 
2.8 
4.7 
5.2 

The number of degrees of freedom (v), the coherence squared (R^'), the relative error on modulus 
(e), and the phase error (ff) are also tabulated. Units: Z, pMlmJnJ; phase: lead of electric with respect 
to magnetic. 

magnetic component Fy- was therefore attempted. The re
sulting response function estimates are presented in Table 4 
for 12 frequency bands. 

Because ofthe extended duration ofthe simultaneous time 
series available, the estimates at frequencies above 0.1 cph 
were strictly based on the record sections with sustained 
ionospheric activity and at the very highest frequencies we 
used only the most energetic record segments. This resulted 
in a particularly extended usable frequency range since 
coherent high-frequency signals persisted on occasions up to 
15 cph. This also led to coherencies considerably above 
those achieved for the cluster B data at 12°N. Nevertheless, 
when inverting the response functions of Table 4, one 
estimate at each end of the tabulated frequency band was 
discarded on account of the reduced coherence (R^ < 0.7), 
which resulted in 10 retained values. Thus the significant 
levels for x̂  became 20 for the expected value and 31.5 for 
the 95% confidence limit. 

Following our previous approach, an overresolved start
ing conductivity profile using eight layers was obtained 
(profile A on Figure 7) leading to x^ = 10.2. This profile is 
remarkably unstructured, featuring a rather uniform though 
relatively high conductivity down to 250 km, with a modest 
intermediate increase in the range 35-80 km, followed by a 
rapid rise between 250 and 400 km. Two simplified versions 
of this initial model, profiles B and C with x̂  = 10.7 and 12.7 
are also shown on Figure 7, both overfit (in a x̂  sense) in 
spite of their extreme simplicity. 

Because of the questionable legitimacy of using data 
known to be affected by a well-demonstrated coastal distor
tion, we have not invested an extended effort in the interpre
tation of the MT response at Station IA. Taken at its face 
value the sounding at Station IA suggests a relatively high 
conductance for the upper 250 km, though smaller by a 
factor of 2 compared to that at Station IB. If the shallow 
conductivity rise in the two profiles has an acceptable 
significance, it occurs slightly deeper in profile IA, 30 km 
against 22.5 km, but additional support is necessary to 
strengthen the real importance of this feature. Finally a 2-
decade increase in conductivity around 250-km depth consti
tutes a definite common feature of the two soundings and in 
both cases this is a particularly resilient feature under the x̂  
criterion. 

It should be noted that the two soundings result from 
situations that are extremely different in two aspects, name

ly, (1) the two original data sets (the time series of EM 
variations) differ in length by a factor of 4, leading to a large 
difference in the error bars on the response functions as 
shown in Tables 2 and 4, and (2) the information from Station 
IA is contaminated in a manner difiicult to appraise by a 
particularly complex expression of the coastal effect. 

MT SIGNATURE OF THE RIDGE CREST 

In the case ofa postulated accumulation of magma below a 
ridge crest, one may expect that electric current channeling 
through the conduction belt formed by juvenile accreting 
materials will be revealed by magnetic variations associated 
with the electric current confined in it. Such a channeling 
effect is often detected on land where it is particularly 
conspicuous in the induced vertical variations, Z. No such 
effect was noticeable near the ridge crest at 12°N, and in 

10000 

1000 

10.0 

Conductivity Stn" 
Fig. 7. Various horizontally layered models for Station IA with 

different geometries and layer numbers, all derived from an initial 10 
layers optimum model displaying a notable initial smoothness: (a) 
ten layers (and half space), x̂  = 10.2; (b) six layers, x̂  = 10.7; (c) 
three layers, x̂  = 12.7. 



8374 FILLOUX: PACIHC RISE MAGNETOTELLURIC SOUNDINGS 

spite of a much more complete set of stations at 21°N, 
including station 4A in the immediate vicinity of the spread
ing axis, no conspicuous enhancement of the vertical mag
netic variation is observed there; We have qualitatively 
explained this difference of behavior between land and ocean 
[Filloux, 1981] by the fact that vertical magnetic variations 
from electric channeling in the oceanic basement can induce 
efficient systems of horizontal electric currents in the overly
ing ocean capable of cancelling out these vertical magnetic 
variations to a high degree. There are too many gaps, 
however, in our data set to verify this explanation by proving 
from the electric field distribution the existence of an electric 
current circulation with the necessary configuration. Alter
natively, such a channeling of electric currents along the 
ridge crest may be absent because the geometry of the 
ionospheric fields and the overall conductivity structure of 
the basement prevent it. In any case, the lack of conspicuous 
enhancement of the vertical magnetic variations in the 
vicinity ofthe Pacific Rise at 2rN, with polarity reversed on 
the axis, is consistent with the observations of Law and 
Greenhouse [1981] over the Juan de Fuca Ridge. 

Even in the absence of information to the east of the ridge 
crest, the rapid disappearance westward of the enhanced 
magnetic variations in H must be attributed to a cause other 
than the nonuniformity ofthe source field, since this effect is 
too localized in space and too permanent in time (see Figure 
5). Thus an explanation involving electrical current channel
ing through a heterogeneous spreading system is compelling. 
Although quite limited, the following facts point to a rather 
specific model. 

The enhancement of the horizontal variations at Station 
4A is not apparent at low frequencies (see Figures 2 and 3). It 
becomes noticeable around I cph and it is particularly 
obvious around 5 cph. It is lost at high frequency—above 15 
cph—but this is probably a simple consequence of an 
insufficient magnetic sensitivity coupled with the very rapid 
decrease of ionospheric energy at these frequencies as can 
be implied by rare occasional high-frequency bursts in H, 
well correlated with similar impulses in the electric field, and 
with no counterpart in either D or Z. A more precise scrutiny 
ofthe data indicates that the actual preferential enhancement 
axis is not exactly to the magnetic north (component H) but 
roughly 10° west of due magnetic north. A data segment 
sufficiently enlarged to take advantage of the full resolution 
ofthe data is illustrated in Figure 8 to provide the reader with 
a way to verify directly from the data many of the features 
pointed out. It can be seen that there is a very slight 
enhancement of D at Station 4A with polarity opposed to 
that of H, illustrating the required slight westward rotation 
referred to above (see idso map of Figure 1 for various 
orientation parameters). The magnetic enhancement at Sta
tion 4A has essentially disappeared at Station 3A, 40 km to 
the west, and no other significant feature can be distin
guished from the way the magnetic variations track each 
other at the three stations (IA, 3A, 4A). 

The observed effect is consistent with a current sheet 
concentrated below Station 4A and flowing roughly east-
west in a direction principally normal to the trend of spread
ing and thus involving minimally the type of axial channeling 
mentioned earlier. Because of the negligible expression of 
the observed effect not only at Station 1A but also at Station 
3A, the following conclusions must apply: (1) the postulated 
pinching of electric currents in the vicinity of Station 4A 

must disappear rapidly westward, and (2) the depth of 
current concenfration into a current sheet below Station 4A 
must be very shallow in comparison with the distance 
separating Stations 3A and 4A, namely, 40 km. We therefore 
visualize the existence of a conductor at a relatively small 
depth below Station 4A providing a preferential passage of 
electric currents across the spreading system, currents driv
en by ionospheric induction away from the ridge and follow
ing a path of least impedance from one side to the other. If 
hot and conducting magma does exist to great depths below 
the axis of the ridge, then some form of conducting bridge 
must extend laterally to collect an electric current intense 
enough at shallow depth to account for the observed magnet
ic anomaly. The schematic representation of such a configu
ration is shown in Figure 9. In the absence of data to the east 
of the spreading axis we assume that the spreading system is 
roughly symmetric. The degree to which this assumption is 

Fig. 8. Detailed data from cluster A (enlarged from Figure 5) 
illustrating the horizontal magnetic variations enhancement dis
cussed in the text. The time ticks are I hour apart. The scale 
reference segment represents 20 nT or 4 p.\lm. The arrow points to 
a feature of horizontal magnetic variations toward the magnetic 
north that is conspicuous in most, though not all, EM components 
(see text). Its simple shape makes it suitable to illustrate die 
observed enhancement effect. 

I 
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£1" 
2A 3A 

. Fig. 9. Schematic representation of the postulated conductivity 
structure of the spreading system that can explain the enhancement 
of horizontal magnetic variations at-Station 4A. (a) Section normal 
to the spreading system. The dark arrows symbolize rising magma. 
The fine line pattern represents electric current flow, (b) Longitudi
nal section along the spreading axis. Depth, lateral extent, and 
geometry could be of slightly different proportions. Continuity along 
the ridge crest for long distances is not implied. 

satisfied does not affect the conclusions drawn later. In 
Figure 9 we have used a horizontal layer thinning away from 
the axis to symbolize the progressive rather than a less 
realistic abrupt reduction of conductance. Note that this 
tapering is not really required and also that the wings of the 
conductor-collector do not need to be exactly horizontal. 
Note also that the electric current bridging capability of the 
system is frequency dependent and favors currents induced 
by high-frequency variations which have a shallower pene
tration depth. 

Although a quantitative appraisal is difficult with the scant 
data available, an approximate calculation can be made of 
the conductance of the postulated current collector in the 
vicinity of Station 4A and in turn of the magma cross section 
required. 

The relationship between magnetic field at the seafloor 
and the current I in the collector per unit of ridge crest can be 
estimated starting with the first Maxwell equation in the 
absence of displacement current (Ampere's law) according 
lo 

7-X H = W)J (9) 

where H refers to the magnetic induction vector (unit: weber 
m"̂  = tesla), J is the current density (unit: ampere m~'), and 
fo is the permeability of free space, /xo = 47r x 10"' henry 
m"'. In the present text, magnetic vectors and their compo
nents are always defined as above. 

We have seen earlier that at sufficiently high frequencies 
(>3 cph) the horizontal magnetic variations toward 10° west 
of due magnetic north are overwhelmingly enhanced on the 
spreading axis by comparison with their expression at a 
modest distance away from it. We therefore conclude that 
the horizontal variations at Station 4A due to the currents 
locally concentrated below dominate the natural ionospheric 
contribution. In such a case the values of H above and below 
the current sheet, ff"*" and H~ (see Figure 9), must be nearly 
equal, that is 

\H-\ = \H*\ = / / (10) 

Integrating (9) around the closed contour of Figure 9 and 

taking (10) into account lead to 

I = ^ H (11) 

The conductance S per unit ridge crest below Station 4A 
could be calculated from knowledge of the electric field E 
using Ohm's law rewritten according to 

o-= J/E 

and integrated through the conductor to give 

W) E 
(12) 

We do not unfortunately have direct knowledge of E in the 
conductor. This is so for two reasons, namely: (1) only one 
component of the electric field on the seafloor was success
fully recorded at Station 4A, and (2) we do not know to what 
extent the continuity of the horizontal component of E is 
conserved between conductor and seafloor. We may notice, 
however, that all electric field evidence favors its relative 
uniformity over the entire cluster A, a fact strengthened by 
the following observation: the component of E recorded at 
Station 4A, oriented toward 213°, includes a substantial 
contribution from the component of E significant in our 
calculations, which is oriented toward 80°. Thus an apprecia
ble change in the magnitude of the latter at Station 4A would 
disrupt the near-perfect tracking of the horizontal field 
components plotted for Stations I A, 3A, and 4A which is not 
the case, as particularly obvious in Figure 5. We have 
therefore proceeded with our calculation confident that 
taking the electric field value at Station 1A would not lead to 
an alarmingly adverse estimate. 

In order to establish the value of HIE in (12) we have 
expressed / / as a function of E according to 

H = A^ £^. + AyEy (13) 

where A;t- and Ay- are appropriate transfer functions. The 
values of A^', Ay- are given in Table 5 for four frequencies of 
interest (units: H in nanoteslas and E in piV m~'). We have 
selected for Ay- the 4-cph estimate, namely, 2.2 x I0~^ mks 
units, which retains a high coherence at the highest frequen
cy. This choice leads from (12) to 2 = 3500 S per meter of 
ridge crest, which is a considerable conductance, equivalent 
to 1.2 km of seawater. 

We are. quite aware of the simplistic nature oi our ap
proach to the previous conductance estimates. Neverthe
less, in spite ofthe crudeness of both method and model the 
existence of a very shallow, laterally restricted zone with 
exceptionally high conductivity below the ridge crest ap
pears difficult to reject. It is true that assuming the iono
spheric contribution at 4A to be negligible may result in an 
overestimate of H and hence of 1 as well. There are, 
however, factors playing in the opposite direction. In esti
mating HIE from Ay- we have assumed all noise to be in H, 
which would correspond to an underestimate of HIE in (12). 
Furthermore, if the current concentration below the ridge 
crest results from distant induction processes, and flows 
through a preferential zone of reduced resistivity, the field 
could be reduced there if this zone were not sufficiently well 
connected electrically to its surroundings. Given the consid
erable conductivity contrasts possibly existing between solid 
and liquid basaltic materials, this situation is plausible. 
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TABLE 5. Relationship Between the Horizontal Magnetic 
Variations at Station 4A and the Horizontal Electric Field at 

Station IA at High Frequencies: Transfer Functions A;,- and A,- in 
Equation (13) (See Text) 

Frequency, 
cph 

1.55 
2.64 
4.05 
6.08 

Be' 

0.958 
0.958 
0.935 
0.895 

A -

Mod. 

1.03 
0.834 
0.766 
0.723 

Phase 

121 
149 
163 
171 

A • 

Mod. 

2.54 
2.52 
2.24 
1.89 

-y 

Phase 

25 
35 
48 
61 

Cleariy, the interpretation attempted here is one of great 
complexity, where two- or three-dimensional approaches 
supported by appropriate additional data would be extreme
ly useful. 

Without undue speculation the most compelling explana
tion of the magnetic anomaly at Station 4A is that a consider
able cross section of magnia is present beneath that station. 
It is not possible, however, to conclude from the EM data 
alone whether this magma concentration exists in the form of 
an open magma chamber or of an efficiently connected solid 
matrix with a high melt concentration. It is likewise not 
possible to qualify the depth of its occurrence except to say 
that it must be very smail in comparison with 40 km. 

Observations capable of revealing the feature discussed 
above are unfortunately difficult to carry out because of the 
extremely rough bottom topography in the very restricted 
area of interest. A second attempt to deploy EM instrumen
tation on the axis of the ridge during the second part of the 
experiment at 12°N failed, the closest practical location 
being found 35 km to the east [Filloux, 1981]. At this distance 
the effect would not have been recognizable at 21°N. With 
less energetic magnetic activity in the 12°N data the lack of 
detectable enhancement of high-frequency EM variations at 
35 km.from the crest compared with those at 120 km (second 
occupied site) can only be taken as inconclusive. However, 
the data of Law and Greenhouse [1981] support an enhance
ment of horizontal variations to the magnetic north at a 
station 20 km from the Juan De Fuca Ridge compared to 
those at a station 40 km away, on the opposite side. With the 
ridge trend oriented roughly 25° east of true north and the 
magnetic declination 15° east, an effect similar to that 
observed on the Pacific Rise may also exist there. If so, it 
would probably be more readily observable at stations closer 
to the spreading axis. If this feature constitutes a distinctive 
magnetic anomaly associated with spreading processes, a 
detailed investigation of its geometry and permanence along 
ridge crests should prove to be quite rewarding. 

Using plausible values for the conductivity of melted 
basalts at relatively low pressure in function of temperature 
[Shankland and Waff, 1974, 1977; Shankland, 1979; Waff 
and Weill, 1975; Rai and Manghnani, 1977] and using 
plausible mid-ocean ridge geotherms [Oxburgh and Tur
cotte, 1968; Presnall, 1980], we arrive at an estimate for 
conductivity of 0.5 to 4 S m"' and for temperature of 1000° to 
1200°C. These values correspond to thickness bounds of I 
and 8 km of unobstructed melt in the vicinity of the spread
ing axis. Ifthe postulated liquid basalt cross section were to 
occur within a porous solid matrix, the thickness of the 
conductive layer would be correspondingly increased. Un
der these conditions it is highly probable that a magma 
reservoir sufficiently developed to deserve the name of 

'magma chamber' does exist below Station 4A. Direct and 
indirect support of such a feature is provided by the follow
ing independent inquiries. 

A seismic refraction profile with three ocean bottom 
seismographs located near the Pacffic Rise axis, 30 km to the 
south-southwest of Station 4A, reveals the existence of a 
pronounced low-velocity layer with an upper interface at a 
depth 2.5 km below the seafloor in the immediate vicinity of 
the spreading axis [Reid et al., 1977]. This low-velocity 
zone, roughly 3 km thick on the axis, fades away within 
approximately 10 km. Below this layer the velocity rises 
only slowly for another 3 km. The authors interpret the 
anomaly in terms of shear attenutation due to partial melting. 
The dimension and the proportions of the involved cross 
section match well those of our postulated magma accumula
tion. 

Recent investigations concerning the nature of ophiolites 
strongly support a spreading seafloor origin of these geologi
cal fonnations. Pallister and Hopson [1981] in particular 
recognize in Samail Ophiolite the evidence of a once opera
tive magma chamber astride a now exposed fossil spreading 
center. Through stratigraphic reconstruction of processes 
and. dimensions, they visualize a single, large, long-lived 
magma chamber with dimensions and shape quite consistent 
with the one we propose, namely, a cross section 5 km thick 
on the spreading axis, tapering away over a distance of 
roughly 18 km, i.e., in one direction (see their Figures 18 and 
19). 

- DISCUSSION 

The seafloor magnetotelluric program ofthe ROSE experi
ment was executed along lines that departed considerably 
from those initially planned. As a result, the contributions of 
this experiment are somewhat disconnected, falling into 
three principal categories: (I) MT soundings at various 
locations in the vicinity ofthe Pacific Rise; (2) the discovery 
of an unanticipated EM signature of the spreading system, a 
finding which has been tentatively interpreted in term of the 
conductance and thickness of liquid basalt in the lithosphere 
adjacent to the accretion axis (leaving little doubt as to the 
existence there of a sizeable magma chamber); and (3) the 
acquisition of a broad range of information as a result of a 
series of unexpected situations that required on the spot 
modifications of methods and/or objectives. From our point 
of view, a special merit of the experiment results from the 
guidance it may provide in planning future research projects 
in submarine geophysics which intend to include seafloor 
magnetotellurics. 

The MT soundings at both locations suffer from serious 
deficiencies: at 2l°N on account of the complex coastal 
influence and perhaps of other interfering inhomogeneities, 
at 12°N because of the extremely short data sets. When 
compared, these data sets demonstrate a fact of great 
significance, namely, that a considerable reduction of the 
error in seafloor response functions does result from an 
increased duration of observation (see Tables 2 and 4). With 
respect to the confidence we should ascribe to the inverted 
data, we realize that, considering the low resolution of EM 
techniques, we tend to give an optimistic weight to the 
models proposed. In the past we have stressed the self-
consistency ofan ensemble of SFMT results in justifying the 
validity ofthe geophysical message. In the present work we 
have tried to be more cautious by testing plausible models 
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against the x̂  misfit criterion. Although we value the objec
tivity of this criterion, we tend to consider it austere. It 
seems that a preference established upon a single number 
(nay lean toward excessive rigidity. As pointed out earlier, 
there are features of the misfit which d€;serve consideration 
as does, for instance, the degree of randomness of its various 
contributions with frequency. All arguments considered, we 
believe that it would be a dangerous strategy to reject, upon 
an overfit result from the x' test, the possible existence of 
the two high-conductance layers suggested for the structure 
ofthe Cocos plate. The x̂  test should be seen as inconclu
sive, not as negative, with respect to the existence of these 
layers. The similarity of results for the two soundings at 
12°N [Filloux, 1981] and their compatibility with the model 
of Presnall [1980] add credibility to the findings, certainly 
enough so to make it extremely desirable to pursue such MT 
investigation of a spreading zone with improved coverage in 
time and space. 

In spite of definite advances, data inversion of SFMT data 
continues to suffer a double handicap, namely, the inherent 
complexity of the theoretical problem and the scarcity of the 
necessary data. In particular, the estimation of ertors in the 
response functions relies too often, but with little other 
choice, on a number of important assumptions concerning 
signal statistic and field geometries that are in fact not 
satisfied. In such a case, a solid experimental attack which 
maximizes the EM information by means of dense observa
tional arrays active for long durations and which seeks 
guidance from alternate geophysical evidence appears to be 
most realistic. We believe that this is a hopeful and perhaps 
the only approach, in spite of many uncertainties. 

The detection of a very specific and conspicuous anomaly 
in the horizontal, high-frequency magnetic variations just 
above the rise crest is a rewarding aspect of this difficult 
experiment because the limited data are sufficient to identify 
an intense, high-conductivity disturbance within the young 
lithosphere. The manifestation of this effect in the magnetic 
variations with little or no counterpart in the electric fields is 
vitally important because, in an area as extreme in seafloor 
irregularity as an accretion center, magnetometers that re
cord all three components will provide the necessary infor
mation whatever their rest position on the seafloor. This 
situation is not true for electric field recorders of practical 
design which record the two electric components parallel to 
their resting plane. This is not to say that E field measure
ments are not useful. Nevertheless the three electric field 
components are more costly to obtain than their magnetic 
counterparts and the electric field is perhaps also less 
determinant in the resolution of heterogeneous features. 
Inasmuch as free-fall, self-contained, three-component mag
netometers can be constructed with the necessary precision 
and at a moderate cost, magnetic variation surveys may 
constitute a technique well adapted to the investigation of 
the oceanic basement in a ridge crest area. 

Among all EM observations obtained during the SFMT 
ROSE experiment, those from Station 4A are the only ones 
from the close vicinity of the spreading axis. They are also 
the only ones among the five successful sets of magnetic 
variations that display the specific anomaly of horizontal 
variations interpreted earlier in terms of an extensive mag-
roatic activity. In addition to this behavior, the magnetic 
records at Station 4A are the only ones affected by very long 
term undulations as pointed out earlier. We believe that it is 

at least conceivable that these slow, ample fluctuations 
reflect tectonic motions of the local seafloor, generated by 
internal magma activity associated with spreading process
es, motions which in turn tilt and possibly rotate the instru
ment with respect to the main earth field. If it is so, the 
angular amplitudes involved approach 10"^ radians per 
month. 

The SFMT experiment at the ROSE site also draws 
importance from the diversity of its teaching. The splitting of 
the SFMT experiment of ROSE into two subexperiments 
points out the considerable degree of ionospheric nonunifor
mity we must face. It also stresses forcefully the need to take 
into account the importance of coastal influences. On the 
positive side the often questioned validity of MT research at 
low latitudes on account of reduced ionospheric signals 
cannot be tciken too seriously if one compares the data from 
12°N and 2 rN. MT research on the continent has revealed 
widespread inhomogeneity and has pointed out the effective
ness of vertical magnetic variations to reveal anomalous 
structures. While vertical magnetic variations are greatly 
reduced on the seafloor, the data from Station 4A indicate, 
nevertheless, that magnetic variations in other components 
may also constitute important clues in SFMT exploration. 
Along with these findings various SFMT design parameters 
have become more specific—for instance, those related to 
array geometry. Linear arrays along the spreading axis are 
needed to tell us about the degree of continuity of magma 
concentrations while transverse arrays can establish their 
scales. We know now that the station separation initially 
selected for the present experiment would have been more 
favorable if reduced. 

Finally, and marginal to the objectives of the experiment, 
we are reniinded that tilt measurements in the vicinity of the 
spreading center should be able to help us quantify magmatic 
activity. This is so because the instrumental sensitivity and 
stability required in such tectonically active areas can be 
readily achieved. 

CONCLUSION 

The magnetotelluric experiment at the ROSE site suggests 
that important information about seafloor structure and 
active tectonic processes related to a spreading system is 
contained in observable natural electric and magnetic varia
tions associated with magnetospheric and ionopsheric per
turbations. Over such a tectonically complex a'rea the selec
tion and the correct deployment of an optimum array is made 
difficult by the exceptionally rough topography of the ocean 
floor. Consequently, field work must be carried out with 
care, with the best possible navigational assistance end, if 
possible, with duplication of instruments at each site. Clas
sic, one-dimensional MT interpretations of the data are not 
well adapted to the complex tectonic setting of a ridge area, 
but specific anomalies of the EM field resulting from hetero
geneities with high-conductivity contrasts in the seafloor 
over such areas may provide alternate opportunities for 
interpretation. The evidence for the existence of a magma 
chamber along the spreading axis illustrates this fact and the 
consistency of the predicted size and proportions with those 
suggested by other research approaches is encouraging. 
Given the status of SFMT observational techniques, particu
larly with respect to observation of magnetic variations, it 
seems that time has come when a series of SFMT experi
ments of one-half to a fiill year's duration could be meaning-

i 
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fiilly undertaken, proceeding from an appropriate ridge crest 
and, over several years, covering adjacent plates to their 
subduction boundaries. 
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ABSTRACT 

Stoffa, P.l^'. Buhl, P., Herron,,T.J., Kan, T.K. and Ludwig, W.J., 1980. Mantle reflections 
beneath the crestal zone of the East Pacific Rise.from.raulti-channel seisrnic data. Mar. 
Geoi.,.35: 83-97,. 

Two 24-foldi stacked multi-channel seismic-reflection profiles show the position of the 
M-discoritinuity nearly cpntinuously^across the East Pacific Rise-near 9°N. In the past, 
the position of this important boundary in the oceans has been determined almost 
exclusively by seismic-refraction measurements: The-nfiantlereflection events are enhanced 
hy the process of migration which diminishes the masking effectof the sea-floor diffrac
tions. In one, crossing of the Rise crest, the mantle reflections do not parallel the topb-
graphie;relief in the^ime section, while in the other the mantle re flections follow the 
sea-floor topography. The presence of mantle reflections beneath the axial zone of an 
active spreading center indicates that'the M^iiscontinuity is a feature which forms-nearly 
contemporaneously with the oceanic crust, 

INTRODUCTION 

. During June, 1976, scientists aboard R/V "Conrad" acquired three lines 
of 2.4-fold, multi-chahrielseismic (MGS) data across the East.Pacific Rise 
usirig four, 466 cubic-inc;h air guns, see Fig.l. After:basic processing, i.e., 
demultiplex and CD? (Common Depth Point) gather, normal move-out 
correction and, stack,-shallqw reflection events were observed in the data 
which appear to correspond to the top of the low^velocity zone predicted by 
Orcutt et al. (1976), from ocean bottom seism ic.refraction measurements 
(see- Henron et al., 1978). In one crossing MCS Line 17, time-varying predic
tive deconvolution and wave equation migration of the axial portion further 
confirihed the, presence of these,reflection events. Subsequent migrationt 
-after stack of Lines 17 and 19 using the Spht-St'ep Fourier algorithm (see 
Stoffa et al.j 1977), followed by a 0—10 Hz zero phase band-pass fUter, time-: 
varylnggain andtiace.scaling of 2—1, indicated the presence of areflection ' 

*L-DGO Cbntributiori No,286l. 
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event at about 2 sec of two-way travel time below the sea floor (Figs.2 and 3). 
This reflector which corresponds to the M-discontinuity can be traced from 
the flanks through the crest of the East Pacific Rise. In a 3 km wide zone 
imder the crest, this reflector is weak or absent, see Fig.3c. This region may 
correspond to a zone of injection for new crustal material. 

In a topographically rough region such as a mid-ocean ridge, one would 
expect that mantle reflections would be difficult to obtain. We have found 
that we must satisfy three requirements in order to observe reflections from 
mantle: 

(1) a repetitive, high-energy, low-frequency soimd source fired frequently 
along the ship's track which provides sufficient signal level to detect weak 
reflection events; 

(2) multi-channel data recording and subsequent CDP stacking to improve 
the signal-to-noise ratio; 

(3) wave-equation migration to remove the sea-floor diffractions which 
obscure the mantle reflections. 

Ideally, the data should be migrated before the correction for normal 
move-out is applied and prior to the CDP stack. This is a time-consuming 
process, since each of 24-constant offset sections must be individually 
migrated, regrouped into CDP gathers, corrected for normal move-out and 
then stacked. We have migrated a considerable part of Line 19 before stack 
and this has resulted in a significantly improved mantle reflection profile 
(see Fig.3c). In both cases (migration before and after stack), a constant 
velocity of 1500 m/sec was used since most of the energy, even deep in the 

Fig.l. Track chart indicating the location of multi-channel lines 17 and 19. Circles with 
dots indicate sonobuoy locations; black squares indicate OBS refraction profiles. 
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section, comes from sea-floor diffractions, (see Fig.5). Also, the mantle 
reflections appear to originate from a laterally smooth surface and, there
fore, do not require migration as do the sea-floor reflections. Thus, the 
primary benefit from migration (either before or after stack) for this data 
get is to remove the unwanted energy from the region of mantle reflections. 

We have also acquired and processed multi-channel seismic reflection data 
in the Western Pacific, just seaward of the Japan Trench. In this data, a 
continuous deep crustal reflection is observed at about 2 sec of travel time 
beneath the sea-floor in over 2,000 nm of multi-channel seismic track. This 
reflector has been confirmed as a reflection from the M-discontinuity through 
correlation with sonobuoy reflection and refraction data (Buhl et al., 1978; 
Fig.4). The observation of mantle reflections in the old crust of the Western 
Pacific and the new crust of the East Pacific Rise indicates that the M-discon
tinuity is an ocean-wide first-order velocity discontinuity, at least at 8 Hz. 
Both these data sets suggest that no other discontinuity with as much 
impedance contrast persists in the crust to any great lateral extent below 
oceanic basement. 

EVENT IDENTIFICATION 

The principal characteristics of the mantle reflections are: (1) low-frequency 
content sharply peaked at the 8-Hz bubble pulse frequency; (2) two-way 
travel time of about 2 sec below the top of oceanic basement, and (3) small 
normal move-out of the event across the receiving array indicating a high 
average velocity for the overlying section. 

Because of absorption of high frequencies in the earth's crust, reflections . 
from mantle should be dominantly low-frequency. Mantle reflections observed 
on Lines 17 and 19 (Figs.2 and 3), and those in the Western Pacific (Fig.4), 
have this characteristic. Although the air gun spectrum is rich in 8-Hz energy, 
(this is the bubble pulse period) higher frequencies do exist as can be seen in 
the bottom return and its water column multiples. But, the energy detected 
from the M-discontinuity is dominated primarily by the bubble pulse period 
since the higher frequencies are attenuated. 

Numerous two-ship refraction and sonobuoy reflection £uid refraction 
studies over ocean crust indicate a vertical two-way travel time to mantle of 
about 2 sec below basement. In the Western Pacific, identification of the 
reflections 2 sec below basement as originating from the M-discontinuity is 
strongly confirmed by sonobuoys along 2,000 nm of multi-channel profiles, 
(Buhl et al., 1978; Houtz et al., 1978). 

Fig.2.a,b. Line 17 crossing of the East Pacific Rise crest: a. 24-fold stacked section; band
pass 0—10 Hz. b. migrated, stacked section; band-pass 0—10 Hz. The stacked data of 
Fig.2a were migrated using a velocity of 1,500 m/sec. The reflection at about 4.2 sec 
and under the Rise axis appears to correspond to the top of the low-velocity zone of Orcutt 
et al. (1976). Note the mantle reflection which is strongest in the middle of the section, 
but can be traced laterally through the axial block. It does not parallel the sea floor indi
cating a thickening of the crust or a decrease in interval velocity between the sea-floor 
and mantle in the axial zone. The vertical exaggeration is 17.5 to 1. 
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Examination of the CDP gathers shows low-frequency coherent arrivals 
with small normal move-out, see Figs.5 and 6. In Fig.5, the original CDP 
gathers are contaminated by the presence of sea floor diffractions. These 
high amplitude events obscure the weak, underlying primary reflection 
events. In the migrated CDP gathers the sea-floor diffractions have been 
attenuated and weak mantle reflection hyperbolas can be seen. In Fig.6, the 
semblance velocity scans for two of the migrated Common Depth Point 
gathers show the mantle reflection as an arrival with a high apparent velocity, 
indicating a high average velocity between the sea-floor and this reflector. 
This confirms our identification of these events as primary reflections, but 
because of poor resolution, does not allow us to calculate accurate crustal 
velocities from the data. Examination of the CDP gather also eliminates an 
alternative identification of the crustal reflections — shear waves converted 
at the sea floor and reflected from an interface above mantle. Converted 
shear waves would have a much lower apparent velocity and hence a larger 
normal move-out across the gather. This difference would be detectable even 
in the gathers shown. A similar argument based on the small normal move-out 
and the apparent absence of shallow, laterally persistent reflections elimin
ates the possibility of these reflections being internal multiples. The events 
clearly are not water-column multiples produced by the current shot and, 
furthermore, they are not multiples from previous shots. In order to eliminate 
such multiples, the air guns were "randomly" fired. The shot spacing was 
20 + T sec, where T is a random fraction between 0 and 1. Thus, multiples 
from previous shots would not appear as coherent events in the CDP gathers. 
This means that they would appear as weak incoherent arrivals in the stacked 
sections. Even if the air guns were not "randomly" fired during the data 
acquisition, in 4 sec of water multiples from the previous shot would appear 
at 3.5 sec (24—20.5) and 7.5 sec (28—20.5). The mantle reflections occur at 
- 6 sec. Such multiples would also follow the sea-floor topography with a 
vertical exsiggeration of 6 or 7. This is clearly not the case for the flat mantle 
surface under the Rise crest on Line 17. On Line 19, the mantle reflection 
does follow the sea-floor topography, but its vertical exaggeration is less than 
the first sea-floor multiple. 

Of the six sonobuoys deployed, only sonobuoy station 52 on the flank of 
the ridge on Line 17 gives a critical angle reflection from the mantle. The 
range and arrival time of this event agrees with that predicted from a typical 
crustal-velocity section with a vertical reflection time to mantle of 6.5 sec. 
The sonobuoy stations do show the presence of high-velocity layers (up to 
7.4 km/sec) in the crust well above the mantle reflections. In Fig.7 and in 
Table I, we show the velocities and layer thicknesses derived from the sono
buoy data along Line 17 and the arrival time of the vertical-incidence mantle 
reflection. « 
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CONCLUSIONS 

The observation of continuous reflections from the M-discontinuity across 
the crestal zone of the East Pacific Rise, except for a 3 km wide zone, 
indicates that the M-discontinuity is formed immediately when new oceanic 
crust is generated and that reflections from oceanic basement and the M-
discontinuity appear to be the principal reflection events recorded in both 
old and new oceanic crust. Layer 3 identified in most refraction stations does 
not generate strong reflections except perhaps near the Rise crest where it may 
correspond to reflection R4 of Herron et al. (1978). This suggests that the 
Layer 2—Layer 3 boundary may be marked by a change in velocity gradient 
and not a velocity discontinuity. While our data give no direct information 
about velocities immediately above and below the M-discontinuity, the 
existence of these reflections both under the flanks and under the crestal zone 
indicates that there is a significant impedance contrast across this boundary. 

In Fig.3c, where the data were migrated before the CDP gather and then 
stacked, we have also applied a correction for spreading loss using an average 
velocity function derived from' the sonobuoy solutions. The apparent 
decrease in mantle reflectivity in this 3 km wide zone slightly to the west of 
the topographic crest of the Rise may indicate a zone of injection for new 
crustal material. While increasing the display gain shows that the mantle 
reflection is almost continuous across this zone, its reflectivity is definitely 
decreased. Mantle reflections are also difficult to discern along other portions 
of the profiles. These could be additional zones of injection, but we feel 
that further processing, (i.e., wave-equation migration before stack) may 
show mantle reflections in these areas. Since the energy returning from, 
mantle may be incoherent due to scattering by the rough sea-floor, migrating 
both of these lines before stacking would help answer this question. 

Reflection R4 of Herron et al. (1978) is seen at the Rise crest on both 
lines at 0.8 sec below the sea-floor. On Line 19, mantle is 2.1 sec below the 
sea-floor at the Rise crest, while on Line 17 it is 2.6 sec. The approximately 
constant (2.1 sec) two-way travel time through the crust along profile 19 
might indicate a laterally constant velocity. Sonobuoy solutions indicate a 
velocity of approximately 6.5 km/sec between R4 and mantle. Thus, the 
0.5-sec time anomaly on Line 17 arises either from a thickening of 1.6 km, 
a velocity decrease to 4.7 km/sec, or some combination of these extremes. 
The contrast between these two profiles 10 km apart indicates that the deep 
crustal structure, below R4, is not constant along the crest and that wide-
angle reflection/refraction experiments would be difficult to interpret without 
vertical-incidence control. This variability indicates that low-velocity zones 
such as that postulated by Orcutt et al. (1976) are most likely localized. 
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TABLE I 

Results of sonobuoy stations, "Conrad" cruise 20-02 survey of PAC-4 

Sonobuoy 

49 
61 
52 
53 
54 
56 

Velocity (km/sec) 

V, v, v, v, 

3.5* 
3.0» 
3.7* 
3.5* 
3.7* 
3.5* 

5.2 
4.4 
5.4 
5.4 
5.7 
5.6 

6.8 
6.2 7.4 
6.3 
6.4 7.3 
6.9 
7.1 

V. 

8.1 
8.1 

Water 

3.16 
3.13 
3.29 
3.41 

• 3.14 
3.24 

Thicknesses 

h, h , 

0.51 
0.19 
0.37 
0.36 
0.83 
0.56 

0.30 
0.94 
0.77 
0.55 
0.68 
0.60 

(km) 

1.58 
3.91 
1.54 

h , 

2.86 

Location 

latitude(N) 

09° 23.0' 
09° 20.8' 
09° 05.0' 
09° 02.2' 
08° 44.6' 
09° 08.9' 

longitude(W) 

103° 30.7' 
103° 43.8' 
105° 43.7' 
105° 57.5' 
105° 19.6' 
105°16.l' 

\ 

I 
f 

; 

Asterisks denote assumed velocities; all velocities are unreversed refraction velocities. 
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Abstract. Magnetotelluric sounding reveals a 
conductive zone beneath the Pacific Ocean at depths in 
excess of 60 km but does not resolve the resistivity of 
the lithosphere above this zone. Further resolution can 
be obtained by controlled source electrical methods. The 
simplest of these are the galvanic techniques. Dipole-
dipole resistivity sounding is not suitable because dipole 
separations of thousands of kilometers would be required 
to obtain values of the resistivity. A viable alternative 
is to measure on the ocean floor the magnetic field of a 
vertical bipolar source extending from the sea isurfaee to 
the seafloor. Magnetometer transmitter separations of 
only a few kilometers are sufficient to determine the 
resistivity of a half space beneath the ocean. Sounding 
curves similar to those of the resistivity method may be 
constructed to resolve the resistivity of a layered 
lithosphere. The curves constructed are valid at 
alternating frequencies which are small compared with a 
skin frequency not in the ocean but in the lithosphere. 
The depth of penetration is of the order of half the 
transmitter-receiver separation. Magnetic field 
amplitudes are in the range of picotesla for reasonable 
lithospheric resistivities and separations up to 10 times 
the length of the bipole. Modern instrumentation, 
modified for the ocean floor, can detect such signals at a 
range of 20 km at a frequency of about 0.02 Hz averaged 
over several hours. 

Introduction 

Recent innovative developments in instrumentation 
and technology enable electromagnetic data to be 
collected on the floor of the deep ocean. Natural field 
variations were measured by Filloux [1977, 1980] and by 
Law and Greenhouse [1981] at three points beneath the 
Pacific Ocean. Their- analyses of the data revealed the 
presence of a region of high conductivity beneath the 
lithosphere. The depth to the conductor increases with 
lithospheric age. Oldenburg [1981] reanalyzed all three 
data sets and determined t h a t t h e maximum value of the . 
conductivity is about 0.1 S m at depths of 60-80, 125-
150, and 180-225 km for ages 1, 30 and 72 Ma, 
respectively. Our own inversions of the data, using 
simple layered models and the generalized inversion 
technique of 3upp and Vozoff [ 1975], by and large agree 
with this analysis. We find that the simplest layered 
model, fitting the data as welias a conductive continuum 
at all three locations, is three layers (resistive, 
conductive, resistive) over a conductive half space. 
Uniformly, of the seven degrees of freedom in our model, 
only two are well determined by the data. These are the 
thickness t . of the first layer (resistive) and the 
conductivity-thickness product Sj of the second layer 
(conductive). The parameter S, varies little from site to 
site and has a value of 6000 + 500 S, while the thickness 
tj is determined to about 1096 and increases with 
lithospheric age as described by Oldenburg. The data do 
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not provide independent estimates of the resistivity and 
thickness of the second layer nor values of the resistivity 
of the oceanic lithosphere and oceanic crust above the 
conductor. 

In view of the relevance of the electrical sounding of 
the upper mantle in the determination of temperature, 
percent partial melt, and by extension, a description of 
the physical processes inside the earth, it is important to 
expand the available data. Magnetic fields originating 
above earth's surface are screened by the conductive 
ocean and temporal variations of periods shorter than a 
few minutes cannot be observed. Consequently, 
magnetotelluric data from the ocean floor are band 
limited. The electrical structure of the lithosphere may 
never be resolved with the technique. 

Controlled source electromagnetic techniques are the 
obvious solution to this problem. They enable the 
resistivity of at least the uppermost parts of the first 
layer to be quantified. Further, they can map the 
electrical anisotropy of the ocean floor, which has two 
benefits. Electrically isotropic areas are suitable for 
siting seafloor instruments for magnetotelluric deep 
sounding. Electrical anisotropy, likely to be present 
because of the correlation between the axis of a 
spreading ridge and the crystal orientation in the 
lithosphere [Raitt et al., 1969; Keen and Tramontini, 
1970 ] clearly has a tectonic significance. 

It is the purfwse of this paper to investigate one of 
the possible approaches to controlled source sounding 
beneath a layer of sea water. In contrast to the 
inductive techniques which have been proposed 
theoretically [Bannister, 1968; Coggon and Morrison, 
1970 ] and which are starting to be used experimentally 
[Cox, 1980; Cox et al., 1981], we describe a 
straightforward galvanic technique, a modification of the 
magnetometric resistivity (MMR) method [ 'Edwards, 
197*; Edwards et al., 1978 ]. 

Conventional galvanic techniques such as the dipole-
dipole resistivity method are nbt practical for sounding 
the oceanic crust. Take the case of determining the 
resistivity of a resistive half space beneath a sea layer 
3 km thick. If the resistivity of the space is 500 times 
that of sea water, dipole separations of up.to 3000 km 
would be required, a formidable logistical problem. An 
alternative method is to measure the magnetic field on 
the seafloor due to the galvanic current flowing from a 
vertical bipolar transmitter extending from the sea 
surface to the seafloor. 

We show in the following theory that this method is 
very sensitive to seafloor resistivity even when the 
transmitter-receiver separation is short, of the order of 
the length of the bipole, i.e., the depth of the sea. We 
further show that both an intermediate resistive zone 
and an- intermediate conductive zone within the crust 
may be delineated by expanding the transmitter-receiver 
separation to distances comparable with the depth to the 
zone. 

All 'galvanic' techniques assume a static or dc 
approximation, whereas experimentally alternating 

Paper number 1B0749. 
0l48-0227/81/001B-0749$01.00 

11,609 



11.610 Edwards et al.: MMR on the Ocean Floor 

rl 

. J 

r/d 

Fig. 1. The magnetic field on the seafloor of a vertical 
bipole source. The values are in nanoteslas per ampere 
of current flow for a bipole length of 1 m. The crustal to 
oceanic resistiyity ratio varies from I to 100. The 
dashed line is the perturbation field if the transmitter is 
bent into the form of a circular arc. 

currents are transmitted. The higher the frequency of 
the alternating current, the quicker an accurate 
measurement may be made. We have elected to present 
a quasi-static theory which includes the effects of 
electromagnetic induction. The mathematical reduction 
of the quasi-static expression for the magnetic field to 
the static solution yields the frequency range for which 
the static solution is valid. Preempting our conclusions, 
the upper frequency of the range depends not on the 
electromagnetic skin effect in the ocean but on the skin 
effect in the crust, a consequence of the large contrast 
in resistivity between the crust and the ocean. The 
magnetic fields predicted theoretically are very small, 
but similar fields have been measured accurately over 
the appropriate range of frequencies by Duncan et ai. 
[ 1980]. Consequently, from the practical standpoint the 
method is feasible but does require the adaptation of 
available instrumentation to a deep ocean environment. 

Theory 

The ocean and subjacent ocejuiic crust are 
represented by a layer of resistivity p and a lower half 
space of resistivity p , respectively, ^he planes z = -d 
and. z = 0 represent me ocean surface and the ocean 
floor. Two current poles, a current sink labeled C, of 
strength -I(t) and a current source Cy of strength l(t), are 
located at (0, 0, -d) and at the origin (0, 0, 0) of a 
cylindrical coordinate system (r, ft z), respectively, as 
shown in Figure 1. The poles C. and Cj are joined by a 
straight insulated conductor which carries a current I(t) 

from CI to C2 in the positive z direction. Let l(t) vary 
as lexp(ftDt). 

The electric current flow everywhere' has axial 
symmetry about the z-axis. Consequently, the time 
varying magnetic field 6 may be written as 

B = B(r;z) exp (i u) t) 0 (1) 

In regions of constant resistivity p, the field B, 
neglecting the effect of displacement currents, obeys tlie 
Helmholtz differential equation 

V X 7 X B = - (u / p ) 3 B/ 31 

which reduces to 

3 ' B 1 3 B 

3r^ r 3r 

3^B 2„ 
-2 + 2 = * ^ 
B 

where 

a =iwg/p 

(2) 

(3) 

(f) 

The magnetic field in the ocean dose to the wire is 
independent of z and from (3) is given by 

B = ( ^ ) K , ( ( i r) 
2ir 1 0 

(5) 

where a^ = i<^u/p and K. is the modified Bessel 
function of the second kind oi order 1, Expression (5) 
reduces to 

B = yl/2ir r (6) 

as a tends to zero, the low frequency static limit. 
A Hankel transform pair relating any function A(r;z) 

and its transform A(X ;z) may be defined as 

A ( \ ; z ) = f rA(r;z) J,(Ar)dr 
i ° 

A(r;z)=/" XA(A;z) Jj(Xr)dX 

(7) 

(8) 

where the Bessel function 3|(Xr) satisfies the 
differential equation 

?l ' '̂ ^ '^ ^ ^ ^ ^l ' ( "̂"̂  + (1 - ( T 7 ^ ^ ) J I ( ^ r) = 0 

The Hankel transform of (3), obtained from (8) and its 
first cind second derivatives and through the use of (9), is 

d!B . , 2 ^ __ ^ 2 B 

dz^ 
(10) 

The trivial general solutions of (10) in the ocean and in 
the crust are, respectively, 

B (X;2)=(pi/2iT) {Fexp(-e z) + Gexp(e z)) 

and 

B^ ( X;z) = (pl/2w ) ( H exp(-e ^z)} 

(11) 

(12) 

where F, G, and H are arbitrary constants, and 

fl2 i 2 2 
e = A + a 

The Hankel transform of the particular integral; (5) is 
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(yla^/2tr) j r K,(a r)J,(Xr)dr = yIX/2Tre;' 
o ^ ° ' °(13) 

+ E K 
m=l 

m f(2(m-l)d)-f(2(m+l)d)] 

the 

11) 

12) 

[5) is 

by standard integral 6.565/* of Gradshteyn and Ryzhik 
[1965]. Consequently the complete solution of (10) in 
the ocean is 

BQ(X ;z) = (vI/2n) {F exp(- e^z) + 

Gexp( e^z)+ V 6Q } (14) 

The electric field | in the earth has two components 
in r and z directions related to B(r;z) by Ampere's law 

In particular. 

Vx B0 = (li/P ) (E^ r + E^ z) 

(y/p)E^(r;z) = -3B(r;z) /3z 

and, equivalently, 

(y/p)E^(X;z)=-dB(X;2)/dz (15) 

The -arbitrary constants may be determined from the 
boundary conditions on z = -d and z = 0. The magnetic 
field B is zero on z = -d and is continuous across z = 0. 
Also, the electric field component Ê . is continuous 
across z = 0. 

The boundary equations reduce to 

' exp(e^d) exp(-e^d) 0 

-p e o o 
P 9 

0 o 

and the solution for H, in particular, is 

XH = ( i ^ 1 - 2 e x p ( ^ e ^ W e x p ( ^ 2 e ^ 2 

(1 - Kexp(-2 e^d) 
] - ( V 

o 
(16) 

where the reflexion coefficient K is 

(p e - p e ) / ( p e + p e ) 
^ C C 0 0 0 0 c c 

The inverse Hankel transform 

(yI/2Tr) / HJ^(Xr)dX (17) 

is the final expression for the magnetic field on the 
seafloor. 

The Low-Frequency Static MMR Limit 

At the low frequency limit, 9 = 9 = X. The 
integral (17) may be evaluated by exjjanding its 
denominator by the binomial theorem. Then, by 
employing the standard integral. 

/""exp(-Xs)3,(Xr)dX = f [ 1 - ^ 5 ^ - , / , ) 
0' ' ' (rW)̂ '̂  

B(r;0) = (vUt TT r) [2f(d) - f(2d) 

2 Z K 
m=:l 

m [f((2m-l)d)-f((2m-^l)d)] (18) 

2 2 1/2 
where f(x) is an abbreviation for x/(r +x ) 

The correctness of expression (18) may be partly 
confirmed by examining the two obvious limits. If K is 
unity, no current can penetrate the lower half space, no 
current crosses a horizontal Ampere circuit radius r, and 
consequently, B (r;0) must be zero. ^ For this case, the 
only term in the first power series i^f(2d), while the only 
term in the second power series is -2f(d), Consequently, 
the field B does indeed vanish. The second limit occurs 
if p = p ; the uniform each case for which K=0. The 
magnetic field is 

B(r;0) = (yI/*;Tr)( 2d 
(r^d2)'/2 

2d 
( r^4d2) l /2 

(19) 

This expression may be derived independently in the 
following manner. First, replace the effect of the sea 
surface, the plane z = -d by a second current system in 
the region z<-d (the air) such that the total current flow 
is symmetrical about the earth/air interface. Next, 
compute the total current flowing through the 
aforementioned circular Ampere circuit. Assume that 
the combined current system is in a whole space and that 
current anywhere within the earth is the superposition of 
radial flow from each of the four current poles. Finally, 
calculate the magnetic field by Ampere's law. The result 
is expression (19). 

The Effect of Frequency 

An interesting, relevant asymptotic solution 
illustrating the effect of frequency may be obtained. 
The contrast in resistivity between the ocean and the 
oceanic crust is large, i.e., PQ "̂  ^ Pf.* Consequently, 
9 P is in practice much smaller Shan 9 p even 
thSug^ 9 > 9 . The reflexion coefficiern K can 
therefore oe approximated by 1 - e , where e is 
26 p / e p . 

At distances r large compared with d, Xd is small 
compared with unity for all X contributing to the Hankel 
transform (17). 

With the above two approximations and ,the further 
weaker condition that the 'current channelling number', 
d p 9 /2 P is large compared with unity, expression 
(16rreSuces to 

XH= p ^ x V 2 d p ^ 6 ^ (20) 

which is independent of. a , i.e., of the skin effect of the 
ocean. The Hankel transform (17) becomes 

(ulPpd/* Tp^) '/„ / I 2 2.1/2 (X +a^ ) 

Jj(Xr)dX ^21) 

(pi Pgd/iJirp ^ r ' ) [e '^c '" (1 + a^r)] (22) 

by standard integral 6,554/1 of Gradshtyen and Ryzhik 
[1965) . If r is small compared with a skin depth in the 
oceanic crust, expression (22) reduces to 
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Fig. 2. The effect on the magnetic field of an 
intermediate crustal layer. The oceanic resistivity is one 
hundredth of the crustal resistivity. 

(pi p^d/4Trp^r^) (1 2 2. a ^ r ) (23) 

The amplitude of the magnetic field is to first order 
independent of frequency, ^nd the phase of the field for 
small angles is simply lupr / P . 

The Effect of a Thin Intermediate Crustal Layer 

We can show 'Jiat both a conductive and a resistive 
thin intermediate layer may be detected by its MMR 
response. Let the layer have resistivity-thickness 
product T, conductivity-thickness produce S, finite small 
thickness t, and lie between z = h. and z = h-. To a first 
approximation, let the horizontal lields witmn the layer 
obey a Taylor expansion of the form 

« l h 2 . = ^ l h / ^ - | | l h . (24) 

(25) 

"1 32 h 

Equations (24) and (25) may be modified using Maxwell's 
equations so that they correct the regions 0 < z<h. and 
hj < z < «> directly. The fields or the field derivaiives 
used must be continuous either across h. or across h-. In 
this way, the Helmholtz differential equation (3) in the 
two regions may be solved without explicitly finding a 
solution to the equation within the layer. The resulting 
boundary conditions are 

Erlh2 = E j , ^ . ( T / p ) 4 ^ ( i i : ( r B ) ) | h j - i . t B | ^ ^ 

(27) 

and they must describe the physics of the interaction of 
the layer with its environment. At the MMR static limit 
if the layer is conductive, the electric component E is 
continuous through it and the conductivity-thickness 
product S may be found. In contrast, if the layer is 
resistive, the magnetic field B is continuous though it 
and the resistivity-thickness product T may be found. 

The method of obtaining the magnetic field is a 
continuation of the theory already described. General 
solutions to the Helmholtz equation have to be assigned 
in the two crustal regions outside the layer and the 
arbitrary constants determined by applying the standard 
boundary conditions on z = 0 and the special boundary 
conditions (26) and (27) across the layer. 

Results 

The MMR-Type Curves 

The magnetic fields at the low frequency static limit 
given in expressions (18) and (19) have been plotted as a 
function of r/d in Figure 1. The contrast in resistivity 
P / P between the oceanic crust and the sea water 
ranges from 1 to 100. The vertical axis is in nemotesla 

SEA FLOOR MMR 

CRUSTAL LAYER 
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OVER HftLfSFACE 

V! ^ 
C j - f r • 
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r/d 
Fig. 3. The effect on the magnetic field of a conductive 

. or resistive lower half space of resistivity different from 
that of the crust. The oceanic resistivity is one 
hundredth of the crustal resistivity. 
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SEA FUDOR MMR 

AMPLmjOE FREQUENCY EFFECT 

Po 
• 
Ca' 

1 
d 

100 

Fig. 4a. The effect of frequency on the MMR sounding 
curve. The crustal and oceanic resistivities are equal. 

(gamma) per" ampere of current flow for a value of d of 
1 m. If d is larger by a factor m than 1 m, then the 
fields shown should be reduced by m. 

As the ratio P / P increases, the rate at which the 
field falls off witif r/tP changes from an inverse fourth 
power to an inverse square law as predicted by 
expressions (19) and (23). For r/d and P 4̂/P _ large, the 
field is almost proportional to P / P , again as predicted 
by expression (23). This lack of any Asymptotic behavior 
is the most striking and promising feature of the curves. 
Assuming that the resistivity of the sea water is known, 
it is sufficient to measure the magnetic field to an 
accuracy of 10% to obtain the resistivity of the crust to 
the same degree of accuracy. It is also dear that 
estimates of P / P may be made at relatively short 
separations between the transmitter and the receiver. 

The effect of a thin conductive or resistive 
intermediate layer is illustrated in Figure 2. Shown is 
one of the set of, many possible type curves, the one for a 
principal contrast in resistivity between the sea water 
and the crust of 100. The layer is at a depth d and its 
conductivity-thickness product S and resistivity-
thickness product T have been normalized by the scale 
length d and the resistivity of the crust P . The 
dimensionless channelling numbers produced, T/ p d and 
S P /d, have values of 10 and 100. To a first 
approximation, the gross distortion of the basic central 
sounding curve for a channelling number N should be 
confined to the range 1 < r/d < N. 

The effect of a conductive or a resistive lower half 

space located at a depth d of resistivity Pĵ  different 
from P is illustrated in Figure 3. The type curves are 
complernentary to those of Figure 2, the principal ratio 
P / P being again 100. Unlike the curves for the thin 

layer, these sounding curves remain offset from and 
appear to parallel the basic central sounding curve for all 
large values of r/d. 

Overall, Figures 2 and 3 leave the impression that 
schemes of Interpretation of a layered earth could be 
developed akin to those of the standard resistivity 
method. The attractive feature of the MMR sounding 
technique is that both a layer and a lower half space 
buried at a depth d are clearly visible, at values of r/d not 
much greater than 2. Tentatively, the 'depth of 
exploration' of the system is about one h<ilf the 
transmitter-receiver horizontal separation. 

The Effect of Frequency 

In computing the MMR curves, we have assumed a 
static dc approximation. In practice, it is most desirable 
to use an alternating current of as high a frequency as 
possible in order to minimize the time required to stack 
the magnetic field signal and obtain an adequate signal 
to noise ratio. The effect of frequency on the MMR 
curves was outlined earlier. The curves are distorted not 
by skin effects in the ocean but by skin effects in the 
crust, provided there is a large contrast in resistivity 
between the ocean and the crust. This is illustrated in 
Figure 4 by adding to the MMR sounding curves, 
transcribed from Figure 1 for resistivity contrasts 
P / P of 1 and 100, respectively, additional curves for 
which th© oceanic electromagnetic response number 
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Fig. 4b. The effect of frequency on the MMR sounding 
curve. The oceanic resistivity is one hundredth of the 
crustal resistivity. 
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1/2 ('"y/P J d is varied from 2 to 6. When the ratio of 
resistivities is only 1 (Figure 4a), a severe depression of 
the type curves is evident as the response number, and 
the ratio r/d increases. The MMR approximation is not 
appropriate over the range of r/d shown unless -the 
response number is very small compared with unity. 
However, when the ratio of resistivities is 100 
(Figure 4b), a considerable improvement is apparent. 
The MMR approximation is valid to a few percent for r/d 
less than 10 provided that the oceanic response number is 
no greater 1han unity; A more complete picture of the 
effect is of course obtained by inspecting expression (22). 
The crustal electromagnetic response number controls 
the validity of the MMR curves. It is only one tenth of 
the oceanic numbei: for this case. 

The curves of Figures 1, 2, 3, and 4 are given 
primarily as an aid to experimental design. They provide 
estimates of magnetic field strength, of the effects of 
frequency and of suitable ranges for the separation r/d. 
In practice, where frequencies are pushed upward to the 
limit of MMR validity, we would include inductive 
effects in a numerical generalized inverse analysis. The 
additional computer time involved is minimal, and as 
demonstrated by expression (23), the inclusion of phase 
data provides independent absolute estimates, of crustal 
conductivity. 

Systematic Experimental Error 

The MMR method described is a null method. The 
magnetic field on the seafloor is sensitive to the current 
entering the crust, and hence the crustal resistivity, 
because the magnetic field of the current in the wire and 
the return current in the ocean almost cancel each other.-
The null is maintained provided the current flow in the 
ocean has axial symmetry. A systematic deviation from 
this symmetry is experimentally possible. Unknown 
ocean currents could deflect the current carrying wire 
from the vertical for the duration of an experiment. The 
resulting erroneous or perturbation current flow is the 
difference between the current flowing downwards in a 
straight wire and that in a bent wire. In Figure 1 the 
dashed line is the perturbation field of one such flow. 
The wire is bent into a circular arc with a maximum 
deviation at half depth of 1% of the depth. The 
measurement point P is in the plane of the arc. Notice 
that the rate falls off with r/d as an inverse cube. (The 
perturbation current can be considered the superposition 
of many current loops or magnetic dipoles stretched 
between the sea surface and the seafloor.) In contrast, 
the fall off with r/d of the magnetic field of the current 
in the crust at large resistivity contrast is as an inverse 
square law. It is at large resistivity contrast that small 
magnetic fields are to be expected and the effect of 
systematic error most visible. Luckily, the effect is not 
as disturbing as it might be because of its greater rate of 
decline with distance. 

Experimental 

The implementation of the method is principally a 
problem in logistics. An overnight period of about 
8 hours is a sensible upper limit for the time to take a 
single measurement. A ship can keep station to a few 
tens of meters for this length of time for reasonable sea 
states. On successive nights, other transmitter locations 
are occupied, at progressively increasing horizontal 
distance away from a preprogramed recording seafloor 
magnetometer. In this way, the sounding curve may be 
obtained. 

What is the maximum range? It is instructive to 

calculate a typical value. Let us select reasonable 
values for the parameters I, d, P , and, P of 20 A 
2 km, 0.25 '^m, and 25nm, resp^tively. ^The ratio 
P /P^j is 100. From Figure 4b, the MMR sounding 

curves are applicable for a maximum angular frequency 
" given by d ' "p /P „ = 2, provided the range r is not 
greater than 20 km. The corresponding minimum period 
2 " / M is 32 s. Commercial flux gate magnetometers 
capable of just distinguishing a square 1-pT input signal 
of this period from intrinsic instrumental noise are 
available. They can be modified and launched in 
conventional ocean floor pressure vessels. Synchronous 
detection over a period of 8 hours would enable the same 
signal to be measured to an accuracy of 3.3%. Referring 
to Figure 1, the 1 pT level for the parameters given is 
crossed at a range of about 6 km. A relatively accurate 
sounding can be obtained to this range. At larger ranges, 
the accuracy deteriorates, but it is adequate to ranges of 
20 km. The calculation of a maximum range is again only 
a guide to experimental design. In practice, a single 
period would not be used: The period and averaging time 
increase with range. The calculation also ignores natural 
geomagnetic noise. Our knowledge of this noise on the 
ocean floor at periods shorter than a few minutes at the 
1-pT level is sparse. Whether it can be overcome 
remains to be seen. It does have a different spatial 
character from the controlled signal so that it could be 
removed by differential measurements. 

Conclusions 

Our aim in this short thesis was to put forward a 
logistically-simple method of determining the resistivity 
of the lithosphere beneath the ocean. The magnetic field 
on the seafloor of a vertical bipole source was 
determined using the full quasi-static theory including 
the effects of electromagnetic induction. The reduction 
to the static MMR approximation revealed the 
importance of the skin effect in the criist rather than in 
the ocean. Type curves for simple layered structure 
resembled those for the resistivity method. They 
enabled a theoretical depth of penetration to be obtained 
as about one half the transmitter-receiver separation. 
Signal to instrumental noise considerations set the 
penetration into the lithosphere at about 10 km with 
readily adaptable apparatus. The penetration can be 
increased with larger transmitter currents and improved 
receiver instrumentation. The unknown factor is the 
electromagnetic noise level at the seafloor which may 
limit extension to greater depths. 
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Microeartliquake Activity .on the Orozco Fracture Zone: 
Prelinunary Results From Project ROSE 

PROJECT ROSE SCIENTISTS' 

We'present preliminafy hypocentei' detenninationsfor 52 earthquakes recorded by a. large multi-
institutional network of ocean bottoin seismdmeters and ocean bottom hydrophpnesm the Orozco Fra1;-
ture-Zone in the eastern Pacific during lale Febniar); to mid-March 1979. The network was deployed as 
part ofthe Rivera Ocean Seismic Experiment, also known as Project ROSE. The Orqico Fracture Zotie is 
physiographicaJiy complex, and the pattem:*of inicroearthquake-hypocenters at least partly reflects this 
complexity. AUof the well-located epi«nters Ue within the active transform faultisegment of the fracture 
zone. About half of-the recorded earthqiiakes were.aligned along a narrow trough that extends eastward 
from thetribrthem rise cirest intersection in th'e approximate direction-df the Cocos-Pacific relative plate 
iDotiori; these events appear to be characterized by strike-slip faulting. The, second niajorgroup^of activ
ity occurt«l in the central portion oflhe transform fault;, the microearthquakes in this group donot dis-
playaprefened alignment paraUel to the direction of spreading, and several are not obviously associated 
with distinct topographic features, Hypocentral depth was weU resqlved.for many of the earthquakes re
ported here. Nominal depths range from 0 tb 17 km below the seafloor. 

INTROPUCTION 

The Rivera Ocean Seismic Experiment (ROSE) is a mtiltir 
institutional study of the structural evolution of young oceanic 
crust and mantle and of the structure and tectonics of an ac
tive transform fault [Wilson, 1965] using a large network of 
ocean bottom seismometers (OBS) and ocean bottom hydro
phones (OBH) [Ewing, 1979]. The-field work for Project ROSE 
consisted of two phases during January to March 1979. In 
Phase 1 a number of seismic refraction lines were shot both 
parallel and pcnsehdicular to isochrons on 0- to 4-mry.-old 
seafloor near the East Pacific Rise at 11° to 13°N latitude. 
Phase II consisted of a, predominantly .passive survey pf mi
croearthquake activity on the Orozco tiansfonn fault and ad
jacent rise axis areas. Groups from. 12 institutions^ including 
the University oif California at San Diego and at Santa Bar
bara, University of Hawaii, Inslituio Oceanogriphico at Man-
zanillo, Lamont-Doherty Geological Observatory, 
Massachusetts Institute of Technology (MIT), Naval Ocean 
Research and Development Activity, Naval Research Labora
tory, Oregon State University, University of Texas, University 
of Washington, and Woods Hole-Oceanographic. Institution 
(WHOI),; participated in the field work,, conducted from five 
research vessels-'CR/y Robert Conrad, R/V Kana Keoki, R/V 

' Project ROSE scientists providing data for.this study include J, 1. 
Emng and G. M. Purdy at the De'pahmehit of Geology and Gedijfcys-
ics, Woods Hole: Oceanographic Institution, Woods Hole, Massachu
setts 02543; A. ,M. Trihu and S. C. Solomon at the. Department of 
Earth and Planetary Sciences, Massachusetts Institute of Teclmology, 
Cambridge, Massachusetts 02139; T. Ouchi and A. K. Ibrahim at the 
Marine Science Institute, University of Texas; Galveston, Teias 
77550; J, F. Gettrust and K.Furukawa atthe Hawau Institute of Geo
physics, University of Hawau, Honolulu, Hawaii 96822; S. P. Niah-
enko and P. W. Pomeroy al Lamont-Doherty Geological Observa
tory, Columbia University, Palisades, New York 10964; W. A. 
Prothero af ihe Department - of Geological Sciences, Uniyereity of 
California at" Santa Barbara, Santa Barbara,.Califorriia 93106; J. D. 
Garmany and fi. T. R. Lewis, at the Department of Oceanography, 
Universily of Washington, Seattle, Washington 98195; aad S.H. 
Johnson and .L. D. Bibee at the School Of Oi^aiiogTaphy, Oregon 
State University, Corvallis, Oregon 9733 L Epicenter locations-were 
sakulated by A M. tr^hu. 

Copyri^t © 19S) by the-American Geophysical Union. 

Pa(«r number 8031528. 
0148^227/81/0808-1528S01.00 

Thomas Thompson, VSl iS De Steiguer, USNS Hayes). A total 
of 67 ocean bottom seismometers and hydrophones as well as 
several hydrophone arrays were deployed, and several multi
channel seismic lines were also nm. This paper presents the 
preliminary locations of the largest microearthquakes re
corded by the DBS and OBH array in the Orozco Fracture Zone 
during phase II of ROSE. 

The Orozco transform fault, at approximately 15.25 PN lati
tude, ofisets the East Padflc Rise left laterally by about SH) kin 
(Figure 1). The local spreading rate is 49 riim/yr (half-rate) 
with an azimtith of NSS'E, based on the Cocas*Pacific pole of 
Minster and Jordan [1978], Thus the maximum age contrast 
across the transform is about 2 m.y. at present. The large-scale 
topographic manifestation of the Orozco Fracture Zone. (Fig-
u r e i ) belies this modest offset and is a reflection of a past tec
tonic coilfiguration. The complicated bathymetry to the west 
ofthe current spreading center has been interpreted to coritaia 
the signatiire of a number of eastward jumps ofthe spreading 
center [Sclater et dl., '1971; Lynn and Uwis, 1976]. Before a 
proposed-jump 4-5 m.y.sago, the Orozco: Fracture Zone may 
have marked the boundary between the Rivera and Pacific 
plates; a role, currently played by the Rivera Fracture Zone 
[Klitgord and Mammerickx, 1979). 

A niimber of microearthquake surveys in oceapic transform 
fault and ridge crest areas have been conducted with so
nobuoys and with, ocean bottom seismometers [Fi\tncis and 
Porter.: 1973; Reid et al., 1973, 1977; Reid and Macdonald, 
1973; Spindel el al., 1974; Macdonald and Mudie, 1974; Pro
thero et at., 1976; Reichle et al.,, 1976; Reichle and Reitf, 1977; 
Solomon et a i , 1977; Francis etal.,^ 1977, 1978; Lilwall et a l , 
1977, 1978; Johnson and Jones, 1978; Jones and Johnson, 
1978]. Because all such previous studies have been conducted 
with at most a few stations^ the epicentral location capabilities 
have been quite-limited, and the focal depth resolution gener
ally poor. Thus the detailed relationship between epicenter lo
cations and specific physiographic features has often been sus
pect, and the important information from focal depths on 
deep thermal and mecfaanical structure has typically bees ab
sent in such surveys. Project ROSE is unprecedented in the 
large number of ocean bottom.stations deployed m concert for 
a dedicated experiment of oceanic earthquake character
ization. Because of the large OBS and OBH network the epi-
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Fig, 1, Bathymetry and seismicity within the general region of ihe ROSE experiment. Bathymetric contours adapted from Chase et al. 
11969), The 1600-fm (30(X) m) and 2000^fm (3750 m) contours are adequate to, illustrate the major physiographic features ofthe region; depths 
less than 16(X) fm are lightly shaded, and depths greater Ihan 20(X( fathoms are darkly shaded (smalfisolaled seamounli are not includedj, 
EarthqualCB epicenters are from-the U,S. Geologica! Survey Prcliraiiiary Oetermination bf Epioencers and .include leleseisinjcaily recorded 
events with focal depth less than 70 km during the (ime period 1964-/977. The,bo;? centered at 15°N, 103 "W delimits the area of ffieurc J. 
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central locaitiohs, focal depths^ and other source parameters of 
[he earthquakes recorded during ROSE phase II are unusually 
^ell coiistrained. 

Fifly-two earthquakes' which occurred during the 2-week: pne-
liod from -February 27 to March 13 have-been located using 
arrival times from the OBS and OBH network during the second 
phase of ROSE. All of the well-located events are within what 
one would expect to be the active portion of the transform, 
and many are clearly associated with topographic features. 
jildre detailed analysis of our data and discussions of the tec
tonic significance of our findings vwill be: presented in later 
publications. 

DATA 

Data from 26 instruments" belonging^ to 8 institutions were 
used for the 'locations. The unportant' features of these in
struments and their geographic coordinates during deploy-

. tnent are summarized in Tables la and 16. This data set repre
sents a'pproximately iwo thirds of the instruments o|>erating 
diiring the second phase bf the ROSE project. Figure 2 shows 
histograms of the number of events per 12-hour period ob
served by these instruments. i*-wave arrival time readings 
were obtained from all stations; S-wave arrival times could 
only be picked to the desired accuracy from those stations 
equipped with two horizontal components. 

Depth corrections were calculated to normalize all stations 
to a water depth of 3000 m. A, P-wave velocity of 6.5 km/s 
was assumed in making this correction, and S-wave arrival 
times:were corrected by assuining a ratio of P-wave to 5-wave 
velocity of 1.75. AH time's were also corrected for clock drift 
assumihg a constant drift rate during the-'time of deployment. 
Total clock drift'over a period ofa rndnth was oh the order of 
0.-25 seconds for most instnmients. 

Reading errors in picking the arrival times were less'than 
0,04 s for most of the events and,most of the instruments. Pos
sible nonsteady clock drift and errors in the instrument loca
tion,- however, increase the eflective arrival time- errors to 
about 0.08' s when the whole network is considered. 

LOCATION .-METHOD 

Earthquakes were located us.ing the-computer program HY-
POINVERSE developed by the U.S. Geological Survey [Klein, 
1978], The nonlinear-nature of the-earthquake location prob
lem' ts well known, as is its luiear approximation in the form 
[A] • [x] = [b\, where {A\'is an n X 4 matrix of the travel time^ 
derivatives, [x] is a 4Tdimensional vector of adjustments to an 
assumed.hypocenter and origin time, and [6] is an n-dimen-
sional vector of differences between the observed arrival times 
and those calculated for the assumed hypocenter. Because HY-
POINVERSE solves for [x] by doing a singular value decompo
sition on [A] and calculating the generalized inverse of M]„ the 
method provides the ire^lution, covariance'and data-impor
tance matrices. Moreover, by explicitly Calculating the-singu-: 
Ur values and singular vector of [.;4], the. method poiritis out 
small singular values representing directions in which the 
hypocentral adjustment vector is poorly constrained by the 
data. The capacity to truncate small singular values and to 
damp adjustments in such directions increases the stability'of 
the iiivcrsibn. A reading error of 0.08 was assumedfor the cal-
culatioE of the tovariance matrix. 

Another important feature of the location algorithm is that 
it assigns weights to the obsefvedtarrival times as a function of 

-f,EB 
2^ i '5 . f ^ I' 11 

?6' 2B I . ) 
r t i MAR ^ 

Fig: 2. Histograms of earthquake activity per half day ^bsen^ed 
duiing phase II of ROSE.- The Lnitrunient identification codes are 
given in Table 1. Histograms for all instruments providing readings 
for this study are included and are stacked from top to bottom in or
der of decreasing latitude. The.liatclied area represehts all events re-
ported.for the itistniment, whereas the solid area represents only those 
earthquakes'located in this" study aotl liisted in Table 3, No arrivai 
times from TO were used for Uie locations. The great number of 
events reported from the WHO! instruments is partly an artifact of 
the method of defining ah 'events' For the cbntinuously recording 
WHOI instrurnents, any discrete event with a maximum amplitude of 
at least twice the background iipise level was defined as an event;, for 
many of these it is impossible tb,piek a- first arrival. For the odier in
struments, only these eventswhpse arrival lime had been determined 
were included. Note also that iiwtniments SBl, 582; T2, and T1.4 re
corded many, presumably very nearby eveiits which were not re^ 
corded by enough instruntentsto permit a location to be calculated. 
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TABLE la. Characteristics of Ocean Bottonii'.Seismo.meters abd Hydrophones Used for This Study 

J 

•i i I •'• 

l i 1 
is-'* 

I 
0' 

i 

: t 

;.- i J - ^ 

*|i-S 

:lM 

Institution 

University of California at 
Santa Barbara 

University of Hawaii 
Lam'om-Doheny Geo

logical Observatory 
Ma^achus'etts Institute-bf 

Technology 
Oregoa State University 
University'of Texas at 

Galveston 
University pf Washingtoii 
Woods Hole Oceano

graphic liistitutioft 

Institution 
Abbreviar" 

tion 

SB 

• 
H 
L 

M 

0 
T 

W 
WH 

Components' 

V, H, H 

V , H , P 
V,P 

V, H, H 

V,-P 
V 

V , H , H 
P 

Reoordiael 

D,;E 

A,C 
A ,C 

D,E 

A,C 
A,E 

A,C 
,A,C 

Reference-

P>-otheroli919] 

.Suitonetal\\911] 
Bdokbinder e t a i [\918] 

Mattaboni and Solomon 
119771 

S.H. Johnson eial. [1971] 
Latham et.ai. [1978] 

R.V. Johnson e t a i [[911] 
Kdelsch and Purdy [1919] 

' "LJB 

-It 
.!» 

. . '^ | i 

* V, vertical geophone; H, horizontal geophone; P, hydrophone. 
tD, digitil; A„.anal6g; E, event detection;; G,-continuous. 

the residual from the previous iteration. This provision is use
ful for pointing out arrival time readings which aire grossly in 
error, such astn the case of a misidentification of phase. ,For 
the first iteration, P-wave arrival times were assigned a weight 
of 1. To compensate for larger arrival time .reading' errors' 
combined withthe inherently greater iinportance of these read

ings toward tbe solution, S-wave arrival times were wet^ted 
by a factor of 0.75. A complete description of the location pro. 
grarnis given by Klein [1978]; 

The assumption that [A] b known implies chat the velocitw 
structure'is known. We assumed that the /"-wave velocitv 
structure was a stack of 9 homogeneous, flat layers apptoji. 

TABLE li. Geographic Coordinates of Instnunents During Phase II.of-RosE 

Instmnient 

Ll 
HS16 
SBl 
H5.17 
T2 
SB2 
T3 
WHI 

'wnr 
H520 
W2 
M3 
WH7 
WHI' 
T5 
T13 
T14 
T4 
U l 
WH6' 
WH5; 

-WH3' 
WH2' 
0 3 
WH4 
WH4' 
L6 
WH5^ 
WH6 
WH8 
TIO 
WH2' 
WH3 
L4 

Degrees 

15 

is 
15 
13 
15 
-15 
:15 
15 
15 
IS 
15 
15 
15 
15 
15 
15 
IS 
.15 
15 
15 
15 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 

Latitude 

Minutes -

30.30 
29.60 
26.20 
25.40 
•25.20 
21.70 
18.16 
13.98 
13.98 
12:70 
10.50 
9.30 
9.18: 
9.12 
8.70 
6:92 

• 6;67 
6.10 
5.58 
3.42 

- 1.98 
59.88 
59.10 
58.43 
54:90 
53.82 
52.38 
51.(» 
50.52 
49.68 
48.43 
40.80 • 
40,38 
3i:32 

Longitude 

Degrees Minutes 

105 
105. 
105 
104 
105 
105 
105 
104 
104 
104 
105 
104 
104 
[04 
105 
104 

- 104 
105 
104 
104 
104 
105 
105 
104 
105 
105 
104 
104 
i04 
105 
104 
105 
105 
105 

•25.98 
5.30 
4.40 

56.60 
15.10 
2.00 

12.76 
54.72 
54.48 
55.10 
V8,50 
55.32 

• 50.58 
52.38 
11.30 
3S.73 
31.27 
27.10 
56.22 
45.18 
44.88 
16:50 
16,98 -
SO, 14 

8;52' 
8.01 

.30:M 
44.40 
•44.40 
22.62 
,59.43 
15.00 
15.72 
15.35 

Depth 
(Corrected 
"Meters) 

28W 
2842 
2801 
3883 
3010 
3032 
3041 
2678 
2740 
2725 
3388 
2855 
2863 
2890 
3572 
3214 
2791 
3090 

. 28S6 
2203 
2517 
3013 
2996 
4068 
3098 
3090 
2966 
2678 
2715 
•3184 
3347 
3311 
3329 
3203 

' 

In the instnunent identificationŝ the letters refer to the institutibn abbreviations of Table lo, and the 
iiiimbers to each institiiiion's amnbering scheme, llie 'primed' WHOI identifications correspond to the 
position of each instrument after being redeployed. Because the'iape capacity of the WHOI instnunents 
is about 8 days, most were retrieved aiid redeployed midway tlirough phase II. 

-.t . 
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weighted 

tion pro-

velocity 

velocity 

approxi

mating a two-layeir crust with velocity gradients in each layer 
(Table 2), This structure was based on the results obtained 
from line B of OrcutVet a l [1976) and line 57 of Xetws iind 
Snydsman [1.979], refraction profiles shot paraUel to the. 
spreading center to the south of the ROSE study area at 9'*N 
and 13.5°T*̂  on crust-with ages of'2.9 arid 0.4 m.y., respec
tively. The 5-wave velocity-model was obtained from the P-
^ave model assiiming a P-wave 'to S-wave velocity r^tio of 
1,75. 

• EARTHQUAKE LOCATIONS 

The-'hypocentral pamnieters- of the earthquakes located 
during^pbase II of ROSE are pfesehted in Table 3. -All'events 
located with a rdotrmean-sqiiared residual of-less' than 0.25 s 
are. included. Although data from 26 stations were used, hb 
event^was recorded by all stations..Thirteen earthquakes were 
located iising at least 15 arrival time reatlings.. Most locations 
calculated from only:, four or five- readings are supported by 
temporal and spatial: association with a larger, well-located 
earthquake and by a P-5:arrival time interval in agreement 
with that measured on the MIT instrumerits. An initial hypo
center clb'se'to the station reporting the earliest arrival was as
sumed. The locations, were calculated twice,-starting.from ini? 
tial depths of 5 and 12 km. For-most-events the two^'initial 
hypocenters converged to the, same, solution. FGr,'a feweveiits, 
hojvever, two different depths were pbta-iried. An examination 
ofthe behavior of the root-mean-squared residual with depth 
when locations were calculated for a series of fixed depths, 
from 2 to 20 km indicated that this behavior could be attrib
uted to a constant residual with depth over an interval around 
one of the iiiitiar depths. In these cases the soliition giving the 
smaller residual was. chpsen; with,the exception of four events-
(March 2, 13«) hours; March 2;, 1721 hours; March 3, 1724 
hours; March 4, 2010 houre) this was the shallower solution. 

The axes of the covariance matrix of the hypocentral splu
tion define the 32% confidence ellipse ofthe solution to the lin
earized problem. The 95% confidence ellipse cap tw obtained 
by multiplying the^axis lengths by 2.4. Because theproblem is 
tiof linear; these ellipses'pr'ovide only a. qualitative measure of 
the.precision Of'the; location. The-projections of these axes 
onto horizontal aind vertical planes through the hypocenter 
are listed in Table, 3 as measures of the horizontal and vertical 
errors in tbe solution. Onlythe larger of the two horizontal er
rors is listed. These-forraal erroi^-suggest that most of the 
earthquake locations are precise to within 1 or 2 km iri the 
horizontal direction and JMint out.those-eventsfor which the 

TABLE 2. 

Layer 

Layered P-Wavc Velocity Model Used for Earthquake 
Locations 

Velocity, 
km/'s 

Depth, 
km 

Tbickiiess,, 
kin 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

4.38 
5.(X) 
5.62 
6.05 
6.39 
6:73 
7.07 
7.42 
7.72. 
7;84 

O.W 
0.40' 
0.80 
1.20 
2.00 
3.CX) 
4.M 
5.00 
6.00 
6.65 

0.40 
0:40 
0.40 
0.80 
LOO 
1,00 
1.00 
LOO 
0:65 

geometry'of the available dataprovides little constraint on the 
hypocentral depth.. 

•Locating events with other layered crustal models or with 
different subsets of thedata did not change the absolute or rel
ative locations significantly. .For example, substitution of the 
'average oceanic crust' of JfoiH\[1963i'resulted in achange in 
the calculated hypocenter of less;than 1 km horizontally and 
less than 2 km vertically for most events. 

Although most of the earthquakes were not detected by all 
of the iostruments, the large number of instruments deployed 
duririg ROSE was useful for two reasons. It obviouily extended 
the spatial extent of the area 'ofgood hypocentral resolving 
power ofthe network compared to the. miich smaller networks 
of instruments used in earher studies..Equally importantly, 
however, theTarge-number of stations led to the detection of 
errors; in data processing which might otherwise- have been 
undetected and would have therefore led to erroneous loca-
lidriis. .An examination of ihe residiiab at each station for 
those events located using 18- or more arrivals revealed sys
tematic itrends which could be.,traced to errors in the clock 
dril) correction for a few instriiments. Small events located us-
ingonly 4-6 arrivaltimes including these eriOneous data often 
seemed to be well located (as indicated by small root-mean-
squared residuals and covariance ellipses) when actually their 
locations, were in error by several kilometers. 

The calculated epicenters are superimposed on a map of the 
local bathymetry in Figure 3. The bathymetric map includes 
data obtained during Project ROSE and indii^tes a complex 
tectonic environment. The transform fault is marked by a 90-
km^ area of dramatic topography. Most of the earthquake ac
tivity was localized in two areas»and is'visibly related to toiJO-
graphic features. 

About one half of tbe.iearthquakes located occurred inthe 
northwestern portion ofthe transform area and were,'aligned 
-along a long, narrow trough with a strike of N80°E. That this 
trend probably represents the current spreading direction is 
siipported -by the predicted Gocos-Pacific spreading direction 
[Minster and Jordan, 1978], by nearby magnetic anomalies 
[Klitgord and Mammerickx, 1979], ,by'a teleseismic study ofa 
large (mft" 5.1^ evenffrorn the trajisfbrm (A. M. Tr6hu, work 
in progress, 1981), and by the trend of anisbtriopy beneath a 
possible low-velocity zone in the upper mantle (G. M. Purdy, 
work in progress, 1981). Pur ingthe period of the experiment, 
activity was distributed along the length ofthe trough. During 
March 1-4, activity occurred at the eastern and western ex
tremities of the trough: Following a period of qiiiet during 
March 5-7, a mainshock-aflershock sequence "occurred near 
the center of the trough on the afternoon of March 8. 

These events seem to have occurred over a broad mnge Of 
depths. The calculated locations of many of the events from 
the westernmost end of the trough indicate a source in the up
per maritle, whereas the events of the March 8 sequence seem 
to have been very shallow, within the upper crust. This inter
pretation is supported by the observation oh the seismograms 
obtained by the MIT instruments of what is interpreted to be 
a mantle refraction as: the first arrival from the largest events 
of March 8: This phase cannist be observed from the events at 
the westernmost end of the trough. Confirmation of these 
depth determinations will require a reexamination of the recr 
ords in an attempt to identily .characteristics diagnostic of the 
source depth, The calculated depths might also be a con
sequence of the simple layeretj velocity inodel. The polarity of 
the first motion observed on the MIT, WHOI, Lament, Ha-
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TABLE 3. Hyixx«iittal Parametersof Earthquakes ReGorded During the Second-Phase of ROSE 

Latitudes aad longitudes are in degrees and minutes N and W, respectively; ribr, number of readings; -mag, maximum azimuthal gap; i&, 
distance to'closest station;" nnsr.root mean square residual; efh, horizontal error (from projedion of error ellipse onto horizontal plane); erd, 
depth error; ;pcd, poor depth control (as indicated by'an eigenvalue of [/ij less; than ,0.0 IS, corresponding, primarily to the hypocentral adjust
ment in depth); the error ellipsesare at-32% corifidence. 

waii, and Texas tustniments for the events from this northern 
area are consistent with right lateral strik^ shp motiori along 
faults parallel to the trough. 

The second conceritration of microearthquake activity is 
/southeast of the first and is associated with two topographic 
troughs, one trending approximately east-west and the other 
trending north-south. The distribiition of epicenters displays a 
broad north-south trend. Most of the events wercclustered at 
the intersection ofthe two troughs. The southetn, deepest part 
of the north-south trending trough did'not riiariife&t any seis

mic activity during; the experiment. Several ofthe events from 
this area do not bear-any obvious relationship to the topogra
phy (e.g., March 2, ()523 hours; March 5, 1010 hours). The 
dejpths indicated for these earthquakes are quite scattered and 
sonie everits may have been subcrustal. Orie. event ;iri particu
lar (March 2, 0523 hours) was recorded throughout the array 
and consistently yields ari aiipatentiy well constrained depth 
pf about. 12 km below seafloor. The firstrmotion radiation pat-
tenisfrom the largest of these events do not permit a simple 
determination of the source mechanism, at least not with the 

Orgin Time 

Date 1979 

Feb. 27 
March 1 
March 1 
March 1 
M a r c h ! 
March2; 
MafBh2 
March2 
March 2 
Maich2 
March 2 
March 2 
March 3 
March 3 
March 4 
March 4 
Mi rch4 
March 4 
March 4 
March 4 
March 4 
Mareh4 
March4 
March 4 
March 4 
Match 5 
March 5 
March 5 
March 6 
•Maich? 
Mareh 8 
March 8 
March g . 
March 8 , 
March 8 
March 8 
MaiehS 
MarehS 
March 8 
March 8 
March 8 
March 8 
March 8 
M&tch.S 
March 8 
March 8' 
March 8 
Mareb 8 
March 12 
Marih 13 
March 13 
March 14 

UT 

2238:36^1 
1150:7.12 
1216:23.12 
•!457:5t.l7 
1506:34.58 
0523:10:70 
0718:4.85 
0854:5.74 
'1300; 20,92 • 
1335:1.57 
1645:8.41 
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1724:58.03 
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0919:23.83 
0937:47.56 
0942:18.27 
1001:7.85 
1012:53.66 
1037:12.09 
1053:8,26 
H2i:17,06 
1459:45.84 
1856:5.16 
2010:37.27 
M58:14.75 
0219:4.28 
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2365:13; 10 
1643:31:65 • 
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0023:55.33 
0058:539 
0131:55.08 
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1238:22.63 
1250:17.03 
1238:1.94 
1339:26.56 
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1445:54.67 
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1452:16.69 
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1601:29,79 
1832"; 44.68 
2044:3<>.14 
1I01;54.18' 
1849:17:'42 
2342:10,64 
1107:53,31 

Latitude 

' Degrees 

I j . 
IS 
15 
15 
IS . 
15 
15 
15 
15 
15 
15 
15 
15 
IS
IS 
15 
15 
15 
•15 
15 
15 
15 
15 
15 
IS 
15 
15 
IS 
15 
15 
15 
15 
15 
15. 
15 
IS 
15 
IS 
15 
15 
15 
15 
15 • 
15 
15 
15 
15 
IS 
15 
15 
IS 
15 

Minutes 

13,17 
4,68 

21,54 
22,52 
23.14 
14.97 
24.90 
6.88 

24.18 
6.47 

23,38 
24.24 
24.72 
10.94 
12.35 • 
12:73 
12.49 
il.QO 
12.48 
19.50 
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26,'55 
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24.46 
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25.04 
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8.81 
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Longitude. 

104 
104 
i05 
105 
105 
104 
104 
104 
105 
104 
105 
105 
105 
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io4 
104 
104-
104 
104 
104 
I04' 
I M 
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105 
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17.84 
14,40 
13.79 
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.57.76 
49.14 
12.82 

•49:12-
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13.16 
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. 0,22 
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105° 30' 

105^30 104^20 
Fig: 3, Stations (triangles) and earthquakes (Urge dots represent'revents located-using at. least 10 readingSi small dots 

represent eveiits located using fewer than 10 leadings) from phase II of ROSE superimposed on the local bathymetry of the 
active portion W the Orozco Frainure Zone. Gwtgrapbicai <»prdiiiates,oftlie:instniments are listed in Table I, and hypo
central parameteis of the earthquakes are given in Table 3. The bBthymetric-map is a preUminary map constructed by J: 
Mamrneridtx including data obuined by the R/V Conrad.aiid R/Y Kqna Keoki during phase II of ROSE. Contours are-in' 
corrected meters'; the contour interval is,100 m. The axis of tlte East Pacific Rise to the north and south of the fracture zone 
isat longitudes of I05?20' and 104''20', respectively. The main shock-aftershock sequence of March 8 was located at ap-
proxirnately 15°24'N; 105°06'W. 

data curreutly available:- They do not, however, appear to be 
consistent with simple strike-slip motion. 

Of the events for which arrival times are presently available 
froih four or more instruments, only two (March 5, 0058 
hours; March 14,1107 hours) seem to have been oiitside of the 
active transform zone. Because these two events occurred well 
outside of the station Dctwork, errors oa the hypocentril 
coordinates are probably larger than those listed in Table 3, 
and we cannot say whether or not these events were associ
ated with the Prozco Fracture Zone. Station T14, located near 
the axis of the East Padflc Rise, recorded many nea^ earth
quakes (with S-P times less than 2 s), but none of thiese events 
were large enough to have been located by thi network. 

CONCLUSIONS 

t. Project ROSE has yielded a data set on oceanic riucro-
earthquakes tmiqiie in thenumberof independent recordings 
ofthe larger events and in the extent to which epicentral loca

'tions, fotal depth, and other source parameters n ây be quan

titatively characterized. The experiment has ^Iso demon
strated the power of redundancy in-an OBS and OBH network. 

2. In the Orozco Fracture Zone during ihe periiAi Febru
ary 27 to March 14, 1979, some 50 inicr6earthquakes;rwere re
corded: by enough stations in the ROSE.rietwork to determine 
preUminary hypocentral locations and origin times,. Of the 
well-locat«l epicenters, all lie withiri the active portion of the 
Orozco transform fault. 

3. Roughly one-half of tbe earthquakes were aligned 
along a long harrow trough that extends at N80°E azimuth 
from the northern rise crest intersection. The strike of the 
trough and 'first motions from these events support the hy
pothesis that these earthquakes occurred by strike-slip fault
ing with slip in the direction of relative mptio^ of the Cocos 
and Padflc plates. Well-constrained focal depths for these 
events rarige from very shallow to subcrustal; the nominal 
depth range is 0 tP 17 ion. 

4. Most of Uie, remaining earthquakes occurred in a topo
graphically compUcated region in the central transform, an 
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area that may owe its complexity to one or inore spreading 
pole changes and ridge juini»: in this part of the Pacific in the 
last few miUion years. While some of these events are closely 
associated with topograpliic features, others are not, and there 
is no clear lineation of epicenters in the direction of predicted 
pkte motion, WeU-constrained focal depths for this second 
group of earthquakes also range from 0 to 17 km, 

5. The preliminary hypocentral locations of Orozco frac
ture zone microeaTthquakes reported here will form the basis 
for ftuther, more detailed studies by ROSE investigators of 
earthquake ^ u r c e properties and of the propagation charac
teristics of earthquake-generated phases. 
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MICROEARTHQUAKES ON THE EAST PACIFIC RISE AT 21"N AND THE RIVERA FRACTURE ZONE 
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Abstract. During March and April of 1974, 
three ocean bottom seismometer (OBS) capsules were 
deployed in arrays on the East Pacific Rise (EPR) 
at 21''N for 8 days, on the Rivera Fraction Zone 
(RFZ) for 9 days, and at the EPR/RFZ intersection 
for 12 days. Seismicity on the EPR is character
ized by extremely small events, none large enough 
to trigger all of the instruments simultaneously. 
A weak 24-hour periodicity in OBS event trigger 
rate is observed. This could be related to earth 
strain tides or a modulation in the trigger sensi
tivity due to a varying noise level. On the 
Rivera Fracture Zone, an en echelon pattern of 
earthquakes with a maximum depth of 10 km was 
observed. Seismic activity at the junction of the 
EPR and RFZ becomes more diffuse and terminates 
abruptly at the EPR. The Junction array was 
slightly offset from the active zone of seismicity, 
and the depth of only one event is reliably 
determined at 5.4 ± 2 km. The S wave spectra of 
microearthquakes at the junction and on the RFZ 
arc computed, and seismic moments and comer fre
quencies determined. Stress drops are between 0.1 
and 10 bars and show no systematic difference at 
the two deployment sites. Larger earthquakes 
observed at teleseismic distances do show markedly 
lower stress drops when they originate near to 
spreading centers, but these differences are not 
observed at the microearthquake level in this 
study. It is suggested that this is due to a 
natural tendency for small earthquakes to have 
small stress drops and a lack of large earthquakes 
during the RFZ deployment. 

Introduction 

During March and April of 1975, a microearth
quake experiment (ELENERTH Expedition), using 
arrays of three ocean bottom seismometers (OBS), 
was conducted on the East Pacific Rise at 21*N, 
on the Rivera Fracture Zone and at the junction of 
these features. Various aspects of this experiment 
have been discussed by Prothero et al. [1976], Reid 
et al. [1977], and Reid and Prothero [1981]. In 
this paper, we review the published work and pre
sent previously unpublished results, including.'rise 
crest seismicity and measurements of S wave spectra. 
This material Is of current interest in view of the 
recent RISE and ROSE experiments in this and 
similar areas. 

The schematic tectonics of the region are shown 
In Figure 1. The northernmost segment of the East 
Pacific Rise (EPR) lies between the Tamayo and 
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Rivera fracture zones, which link it to the Gulf 
of Califoimia spreading system and to the main 
East Paicific Rise, respectively [Larson, 1972a, 
b]. The EPR at 21''N has been extensively studied; 
surveys using the Scripps Institution of Oceano
graphy 'Deep-Tow' system were done by Larson 
[1971] and Normark' [1976], and microearthquake 
and refraction studies took place during ELENERTH 
Expedition [Reid et al., 1977]. More recently, 
this was the area studied by the project RISE 
[Rise Team, 1980]. 

This section of the EPR is spreading at the 
intermediate half rate of 30 mm yr"* [liarson, 1972 
a, b], but has the basic characteristics of fast 
spreading: smooth topography and low seismicity. 
An axial high is present at 21°N [Larson, 1971; 
Normark, 1976] but is much less pronounced Chan 
that on the faster parts of the EPR system 
[Rosendahl et al., 1976]. Seismic refraction 
[Reid et al., 1977] indicates a narrow low-velocity 
region beneath the rise crest, which may be due to 
a crustal melt zone. Close to the axis the crust 
is intensely fissured, and on-axls fresh basalt is 
evidence of recent and ongoing volcanic activity. 
Recent studies using the submersible Alvin have 
identified numerous centers of biological activity 
near zones of active hydrothermal circulation [Rise 
Team, 1980]. At teleseismic distances, a small 
number of earthquakes with magnitudes up to m], = 
5.0 are reported in the PDE listings for this sec
tion of the EPR. Preliminary work indicates that 
these events are strike slip in nature and occur 
on a small transform offset within the rldgecrest 
(K. Macdonald, personal communication, 1981). 
However, the ridge is nearly aseismic compared to 
the Rivera Fracture Zone, which generates a large 
number of events with body wave magnitudes up to 
5.7. 

The Rivera Fracture Zone (RFZ) is ai» active 
transform between this section of the EPR ind a 
triple junction with the main EPR system and the' 
Middle America Trench (Figure 1). Physiographic 
and seismological data indicate a change in tec
tonic regime midway along the RFZ. The western 
half, from the junction with the EPR at 20°N, 
109''30'W to about 18°45'N, 107''30'W, is delineated 
by two parallel ridges, of average elevation 500-
1000 m, separated by a deep, steep-sided depression 
reaching 2000 m below the regional seafloor 
[Mammerickx, 1978]. Along the eastern half of the 
RFZ, to the triple junction, this depression 
disappears, and a single ridge is present. The 
change coincides with a change in strike to a more 
east-west direction. 

There is also a marked contrast in che nature 
of the seismicity [Meyers and von Hake, 1976] on 
these two parts of the RFZ. The western half is 
characterized by a relatively large number of small 
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20° 

Fig. 1. Location of ELENERTH Expedition, OBS deployment sites, and earthquake 
epicenters. Each of the three Instrument arrays is a separate deployment. The 
G.A5, B05, LY6 array is at the junction of the EPR and Rivera Fracture Zone. 
The crosses are epicenters of a swarm sequence observed during this deployment. 

to medium size earthquakes, with a maximum magni
tude of mjj = 5.2, which tend to cluster in time 
and space, giving rise to swarm sequences. A 
typical sequence of this kind, observed during the 
experiment near the EPR-RFZ junction, is described 
in detail by Reid and Protlhero [1981]. Along the 
eastern length there are fewer and larger earth
quakes,with a general mainshock-aftershock character. 

Microearthquakes on the western length suggest 
an en echelon pattern of faulting within the 
central depression, suggesting that this feature 
is a rift produced by a component of spreading 
along this part of the RFZ. This hypothesis is 
supported by the character of the seismicity and 
by fault plane solutions [Molnar, 1973], which 
indicate an oblique component of motion. If this 
Interpretation is correct, it implies some rela
tive motion between the Rivera and North American 
plates [Larson, 1972a, b; Molnar, 1973]. 

Instriunentatlon 

The OBS design included a single vertical short-
period seismometer with event-triggered digital 
recording [Prothero, 1977]., Data from a single 

2-Hz vertical geophone were sampled at 128 Hz with 
a 12 bit (1:4096) resolution, and recorded on 
magnetic tape. An acoustic transpond and command 
system was fitted to all capsules but had to tje 
removed from GA after the first deployment. Navi
gation and capsule location used satellite 
positioning and (except for GA) acoustic ranging. 
The location accuracies of OBS capsules BO and LY'' 
are estimated at better than 50 m, while the GA 
location error is estimated at less than 200 m 
[Reid, 1976]. Figure 2 shows relevant recording 
statistics for the three array deployments. The 
principal technical problem occurred during the 
rldgecrest deployment. It was a large 'ground 
loop' Induced transient which, when the recorder 
was turned on, caused spurious triggering, rapid 
use of recording tape on LY, and a large transient 
signal. This fault was rectified for subsequent 
deployments. 

Microseismicity Studies 

This work, on the ELENERTH Expedition, was the 
first scientific use of the Scripps Institution 
ocean bottom seismometer (OBS) system. The, cap
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Fig. 2. Event-recorded s t a t i s t i c s for the three array deployments. The 
quantity in parentheses in the column t i t l ed °No. of events" is the fraction of 
the tape capacity used for that deployment. 
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sules, designated BO, LY, and GA, were deployed in 
three separate arrays (Figure 1). The'first, on 
the EPR at 21°N, was designed to detect microearth
quake activity, tectonic or volcanic in origin, 
associated with the spreading process. The others, 
on the RFZ and at the EPR-RFZ intersection known 
to be seismically active areas, were Intended to 
provide an accurate delineation of the active 
faults relative to the topography and to study the 
general nature of oceanic microearthquakes: such 
features as depth, stress drop, etc. 

The array on the spreading axis was deployed 
for 8 days. Shots from a seismic refraction exper
iment along the ridgecrest [Reid et al., 1977] were 
responsible for the simultaneous triggering shown 
in Figure 2 for this array. Apart from these, no 
events occurred large enough to trigger more than 
one OBS, so no positive microearthquake identifi
cation and location were possible. However, there 
were a number of interesting events of probable 
seismic origin recorded on individual capsules. 
Representative records from some of these are 
shown in Figure 3. The signals are partly obscured 
by the low-frequency recorder turn-on transient 
pulse. We see on BO particularly though, a sharp 
initial onset, apparent later phases, and a coda. 

all suggestive of seismic origin. Event A has a 
sharp onset, with several impulsive arrivals 
almost 2s later. However, events B and C are of 
quite different character, with a uore emergent 
onset of a quite monochromatic charactes. 

The largest event recorded had an approximate 
local magnitude of 0.5, based on the magnit^ide 
scale developed by Reid [1976]. The high- : 
frequency signal impressed on the tumon transient 
is the source of the trigger. A biological origin 
for some events of this kind has also been pro
posed [Buskirk et al., 1980] and is certainly a 
possible explanation for many of the events. 
Since BO is on the center of the ridge crest, it is 
tempting to associate this with harmonic tremor 
from volcanic activity or to a waveguide propaga
tion mode in the axial crustal structure 
[Macdonald et al., 1980]. The frequency of the 
harmonic signal in Figure 3c is approximately 25 
Hz, which is higher than observed on land vol
canoes [Kubotera, 1974], but the character of the 
ridge crest magma and hydrothermal circulation 
systems may produce quite different effects from 
land analogies. Both LY and GA were off-axis by 
about 8 km. A similar harmonic signal is also 
observed on LY on Figure 3e, with a frequency of 
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Fig. 3. Representative events recorded on the EPR array. Each event is 
contaminated by a tape recorder turnon transient, but their general character 
can be seen. OBS BO is on the center of the EPR, while LY and GA are off axis 
by approximately 10 km. 

approximately 17 Hz. The triggers on GA were 
mostly impulsive and could be explained by an 
impulsive source followed by a rlngdown due to the 
seafloor instrument Interaction. Another possibly 
important sound source is associated wich hydro-
thermal circulation. While circulation through 
vents is probably rather constant on the time 
scale of this experiment, there is a great deal 
of kinetic energy in the process that could serve 
as a source Of seismic energy associated with the 
intermittent spreading process. 

Figure 4 is a plot of number of events recorded 
versus time for each of the three instrinnents. 
LY is not shown since it used all of its tape in 
24 hours and also had a more sensitive trigger 
and so recorded small events at a greater rate. 
Both BO and GA appear to trigger uniformly through 
the deployment, with GA having slightly fewer in . 
the last half but Increasing near the end. 

The theoretical horizontal strain tide (E-W 
component) has been plotted in the BO seismicity 

figure. A possible, rather weak clustering of 
events at 24-hour periods suggest a possible cor
relation between earth rotation effects and' 
earthquake activity. Possible explanations 
Include seismicity Induced by earth strain tides . 
(with the peaks in activity at the end removed, 
the correlation coefficient is -0.3), changes in 
trigger sensitivity due to 24-hour variations in 
bottom noise induced by ocean currents, or changes 
in biologically induced triggers with ocean 
currents. 

Rivera Fracture Zone Results 

The principal results from the fracture zone 
array deployment are reported by Prothero et al. 
[1976]. Two capsules (LY .and GA) were located on 
top of the southern wall of the rift and the 
third (BO) on the rift floor. Thirty-nine earth
quakes triggered all three recorders (most of 
these could be located) and are plotted In Figure 
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Fig. 4. Number of events recorded per hour on capsules BO and GA. A 
theoretical horizontal strain tide component is plotted with BO events. 

5. Locations were computed using a half-space 
program written by Buland [1976]. Given the 
sparseness of the array and the probable hetero
geneity of thevelocity structure In the region, 
the use of a layered velocity model was not 
warranted. A compressional velocity of 6.5 km/s 
and shear velocity of 3.75 km/s were used. 
Depending on the distance of the event from the 
array, errors in the choice of a half-space 
velocity make relatively small changes in the 

epicenter locations and do not change the overall 
pattern of seismicity significantly. The label 
for each event (Figure 5) is the relative time of 
the event, to the nearest minute, and the depth, 
in kilometers. The depths of the cluster of epi
centers within the array can be determined with 
fairly good confidence. Fractional errors in 
depth for these events should be comparable to 
fractional errors Inthe velocity model. The six 
earthquakes for which we feel depth determinations 
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depth in kilometers. ' 
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are reliable lie between 4 and 9 km I Prothero et 
al., 1976; Reid, 1976]. Thus we infer that the 
zone of brittle fracture which can generate earth
quakes is at least 9 km thick. Given the short 
time scale Involved in the deployment, these 
results are not significantly different from what 
would be expected on the San Andreas Fault in 
California I Hlleman et al., 1973]. 

The epicenters appear to delineate at least two 
en echelon faults with azimuth about 330° within 
the rift. There is no evident depth/epicenter 
variation which would indicate a non-vertical 
fault plane. First motions are generally consis
tent with right-lateral strike slip along these 
faults. Prothero et al. [1976] suggest that this 
pattern indicates active seafloor spreading within 
the rift, with transform segments offset by short 
spreading centers, an Interpretation supported by 
the other evidence mentioned above. 

Reid [1976] developed two magnitude scales. 
The first scale is'approximately consistent with 
the Richter magnitude for microearthquakes with 
peak frequencies between 10 and 20 Hz. It is 
given by M L •=• log A + 0.037D + 4.2, where A is the 
peak amplitude of the seismic signal, in milli
meters of ground motion, and D is the distance, in 
kilometers. A coda -magnitude scale was also 
developed. This is computed by plotting the log 
of the amplitude of the coda versus time, which 
is approximated by A(t) = Ajt"^-'*. The logarithm 
of the amplitude at 10s(or the extrapolation of 
the plot to 10 3 for smaller events) is used In 
the magnitude formula, which is given by M^ ° 
log A^ + 5.3, where A^ is the coda amplitude at 
10 s, measured in millimeters of ground motion. 
The two magnitude scales are consistent to within 
a fraction of a magnitude unit and appear to be 
grossly independent of distance. It must be 
noted that these magnitude scales were developed 
for earthquakes in the 0 to 3 magnitude range 
for rather short distances (<50 km). Direct 
correlations with Richter magnitude may be 

dubious because'of differences in the response of 
the Wood-Anderson torsion seismometer, which 
defines the Richter magnitude, and the response 
of the OBS system. However, the developed 
magnitude scales are self-consistent and provide 
a useful basis for oceanic microearthquake 
studies. Reid [1976] also computes b values 
based on these magnitude scales and arrives 
at a b value of 0.95, a typical value In land-
based studies. The spectra of events recorded 
at this site will be discussed in a later section. 

EPR-RFZ Intersection 

This array (Figure 6) was deployed for 12 days, 
and was the most successful in terms of numbers 
of events recorded. The main objective here was 
to study the termination of active transform 
faulting at the rise crest. Of particular inter
est was the sharpness of this termination, with 
Its implications for the position and width of 
the spreading zone, and in the depth of seismicity 
in very young crust. 

Most of the activity recorded was due to a 
large earthquake sequence nearby on the RFZ 
(crosses on Figure 1), which has been discussed 
in detail by Reid and Prothero I 1981) . All earth
quakes recorded were outside the array, and only 
one reliable depth was obtained for an event near 
the Junction (event 15780 in Figure 6), with a 
fairly, but not unusually, small "value of 5.4 ± 2 
km. Figure 6.shows epicenter locations. It 
appears that the line of earthquakes along the 
RFZ does not In fact reach the Junction, at about 
20'"N, 109''30'W, but becomes offset to the north
east. This might reflect a weakness at the corner 
of the plate boundary or singly a continuation of 
'the en echelon fault pattern seen farther down 
the RFZ. The activity ends abruptly near the 
spreading axis. Reid et al. [1977] used observed 
S wave attenuation to support the existence of a 
shallow zone of attenuation, probably involving 
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melting, near the spreading axis. P and S first 
motions and amplitudes are again consistent with 
right lateral strike slip on faults parallel to 
the RFZ. 

Microearthquakes at the Junction showed more 
tendency than those on the RFZ to cluster into 
sequences of several events, probably reflecting 
the association of earthquake swarms with ridge 
crests and other volcanic regimes. 

Spectra 

The OBS system was specifically designed with 
digital recording at 128 samples/s, to provide 
adequate data for microearthquake spectral analy
sis. According to the theory of Brune [1970,1971], 
the seismic moment, fault dimension, and stress 
drop of earthqxiakes can be determined from S wave 
spectrum. In practice, crustal structure and 
site-dependent resonances can introduce complica
tions, but microearthquake spectra provide useful 
results if the source is within one source depth 
of the receiving stations [Helmberger and Johnson, 
1977]. 

In the Brune [1970, 1971] model, the seismic 
moment MQ and stress drop Aa are given by 

% 

and 

4ffpR°no 

Aa = 
0.27,r' M^f^' 

where fi is the low-frequency spectral amplitude, 
f^ is the corner frequency, 3 is the shear velo
city, R is the distance, p is the density, R^A 
is the radiation pattern factor, and K is the 
surface correction factor taken as 2. 

Figure 7 shows one of the better displacement 
spectra from BO at the RFZ deployment. The por-

FREQUENCY - HZ 
Fig. 7. Example of S wave spectra recorded by BO 
at the fracture zone site. The line over the 
seismogram is the portion which is transformed. 
The lines over the spectrum show the low-frequency 
asymptote and high-frequency falloff. The corner 
frequency is at the intersection of these two 
lines. 

tion of the seismogram indicated by the horizontal 
line is Fourier-transformed and corrected for 
instrument response and attenuation, assuming a 
frequency-independent Q factor of 250. The seis
mic moments and corner frequencies found with this 
method are relatively insensitive to the Q chosen 
and length of the S wave sample that is trans
formed. The rise in values at both low and high 
frequencies is due to the instrument response and 
Q corrections, which divide the signal plus noise 
by an Increasingly small number. A good discus
sion of the application of this theory can be 
found in the work by Tucker and Brune [1973]. 
Flgvure 8 shows spectra computed from seismograms 
recorded at BO, LY, and GA at the fracture zone 
deployments. They are plotted, with event number 
to the right, for northernmost events at top and 
southernmost at the bottom. Each spectra is 
adjusted vertically in the figure so the amplitude 
scale only applies to individual spectra. Capsule 
BO spectra show rather classic behavior with a 
relatively flat low-frequency portion and a normal 
high-frequency falloff. There are no obvious 
persistent resonances (peaks in the spectra). LY 
however shows a strong resonance at about 28-Hz 
throughout. A resonance at 7-8 Hz appears for 
several of the more northern events but not for 
others. It would seem that the 28-Hz resonance 
is either an internal instrument resonance or a 
bottom coupling effect. The same peak does not 
occur on junction deployment spectra, so it could 
be dependent on the instrument orientation, bottom 
coupling, or a local structure effect. A 28-Hz 
coupling frequency would indicate a very stiff 
bottom [Sutton et al., 1980]. A stiff hard bottom 
is also consistent with the location of the instru
ment on a structural high, which would probably be 
relatively clear of a more compliant sediment 
cover, resulting in a higher bottom coupling fre
quency. GA shows a persistent resonance at 18-20 
Hz. Again, the resonance does not appear in junc
tion deployment spectra, so it must be a feature 
of the particular site. These resonance peaks 
may be ignored, by interpolating through them, 
except where they occur close to the corner fre
quency. This is a valid procedure for an isolated 
peak which does not occur at a critical part of 
. the spectrum. However, the 20-Hz peak in GA spec
tra makes corner frequency picks extremely 
speculative in many cases since the high-frequency 
asymptote cannot be easily identified, interest
ingly, capsules LY and GA, which have strong 
spectral resonances, are located on the'west of 
the Rivera Fracture Zone at the top of the large . 
fault scarp, while BO, which has little obvious 
resonance behavior, is on the east on a deep valley 
floor. 

Figure 9 shows the seismic moment plotted versus 
corner frequency for spectra without large peaks 
in the region of the comer frequency for both 
fracture zone and junction deployments. Symbols 
connected by lines Indicate results frora spectra 
of the same earthquake recorded on different 
Instruments and give an idea of the noise inher
ent in the measurements. Only BO was used for 
junction deployment spectra studies, since only 
events closer than 6 km were used, and few of 
these recorded on GA and LY, which were farther 
away. The inset of Figure 9 shows stress drops 
reported in other studies of earthquakes in north-
e m Baja and the Gulf of California [Thatcher, 
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Fig. 8. Spectra from fracture zone site events. Each spectrum is keyed to its 
epicenter by the number at the right. They are sorted from northernmost events 
at the top to southernmost events at the bottom. The spectra have been 
adjusted vertically, so the amplitude scale applies only to Individual spectra. 
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1972], the 1966 Imperial Valley Earthquake [Brune 
and Allen, 1967], and from Reid and Prothero [1981] 
from the three event sequence observed during the 
experiment under discussion in this paper. 

Interestingly, there is little significant 
difference between stress drops measured at the 
Junction and fracture zone sites. They are both 
quite low and, on the average, junction stress 
drops are slightly higher than fracture zone stress 
drops for these small events. A comparison maybe 
made to a study of the S wave spectra of the San 
Fernando earthquake aftershocks [Tucker and Brune, 
1973]. Aftershocks show stress drops ranging from 
a high of 300 bars to a low of 0.5 bar. (J. N. 
Brune,' personal communication, 1976). Higher 
stress drops occurred for larger events. It would 
be expected, from the well-known frequency-
magnitude relation then, that the vast majority 
of events above some minimum magnitude threshold 
would have low stress drops. Thus, if the micro-
earthquakes observed during this experiment had a 
similar statistical distribution of stress drops 
as the'aftershocks of the San Fernando earthquake, 
higher stress drop events might have an extremely 
low probability of being observed, even though the 
stress regime of the region might be capable of 
producing high stress drop events. Studies of 
larger events at teleseismic distances do show a 
trend toward low stress drops for earthquakes 
generated near to spreading centers in young crust. 
This is most clearly shown in Figure 9 where the 

results of Thatcher [1972] are plotted for Gulf of 
California earthquakes. The transform fault 
through the Gulf of California is composed of 
numerous small spreading offsets so it might be 
expected to have a similar thermal regime as the 
young portion of the Rivera Fracture Zone. The 
Gulf of California events have much lower average 
stress drops than Northern Baja events, as do 
stress drops from earthquakes recorded in this > 
study. Including the sequence of three larger < 
earthquakes observed during the junction deploy
ment. So, it seems likely that the low stress 
drops observed at the two sites merely reflect the 
general tendency of small earthquakes to have low 
stress drops. Following this logic further, the 
lack of larger earthquakes observed at the RFZ 
site would then explain the lack of higher stress 
drop events there. A longer or luckier deployment 
time during which larger earthquakes were recorded 
would have a better chance of higher stress drops 
than those observed at the EPR-RFZ intersection. 
It might be noted that an extremely high dynamic 
range Instrument would be necessary to avoid sat
uration on the larger events which would be of 
interest. 

It is likely, and these data support this 
hypothesis, that it will be very difficult to find 
a systematic dependence on the age of the gener
ating structure in background microearthquake 
spectra. Statistics favoring low stress drop 
events, intrinsic propagation path effects, and 
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Fig. 9. Moment versus corner frequency plotted for S wave spectra of events 
recorded at both the junction and fracture zone sites. Points connnected by 
solid lines are from a single event but were recorded on different instruments. 
The inset plots stress drops for earthquakes reported in the literature for 
selected regions, showing that low stress drops are observed in areas of young 
crust, near to spreading centers, while higher stress drops are observed 
elsewhere. 

source directivity will probably mask any small 
thermal effects that might be present. 

Summary and Conclusions 

The data reviewed and reported here have pro
vided valuable information on the seismicity and 
tectonics of this and similar oceanic regions. On 
the EPR axis, no earthquakes occurred which were 
large enough to trigger more than one OBS capsule. 
The most interesting aspect of the events that 
were recorded is their anomalous, harmonic char
acter suggestive of harmonic tremor or a waveguide 
propagation mode in the axial crustal structure. 
Events showed a weak clustering at 24-hour inter
vals, which could be caused by strain tides or a 
24-hour modulation of the trigger sensitivity by 
changes in the background noise level. 

On the Rivera Fracture Zone, microearthquakes 
showed an en echelon pattern within the rift valley. 
l i its Interpretation as a spreading transform 
system is correct, this has Implications for pro
cesses along other leaky transform faults', which 

might also have discrete spreading centers. There 
seems to be no seismic activity deeper than 10 km, 
in agreement with other oceanic microearthquake 
studies and with results from seismic moment bum
ming [Brune, 1968] and surface waves [Weidner .and 
Aki, 1973], but this result should be considered 
in the context of a leaky, not a simple, tranform; 

At the EPR-RFZ intersection, earthquake activity 
was mostly outside the three-station array, so it 
was not possible to constrain the depths of most 
of the events. One event nearly beneath one of 
the OBS's had a depth of 5.4 + 2 km. Activity was 
offset from the RFZ near the spreading axis, indi
cating an unexpected complexity in the plate 
boxmdary near the Junction. This may reflect a 
continuation of the en echelon spreading transform 
pattern of the western RFZ, or possibly be a 
boundary effect at the corner of the plate. The 
seismicity appears to terminate sharply at the 
rise crest, confirming the position and narrowness 
of the spreading zone. Earthquakes in this region 
also tend to cluster in swarmlike sequences, pro
bably reflecting the association of earthquake 
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swarms with ridge crests and other volcanic regimes. 
Stress drops, computed from S wave spectra for 

nearby events at the RFZ deployment, were compared 
to stress drops determined for EPR-RFZ intersection 
events. All of the stress drops were low (between 
0.1 and 10 bars), and no systematic difference 
between the two sites was observed. Larger earth
quakes observed at teleseismic distances [Thatcher, 
1972] do show relatively lower stress drops near 
to ridge crests. If small earthquakes in these 
regions tend to have low stress drops, as observed 
for the aftershocks of the San Fernando Earthquake 
of 1971 (J. N. Brune, personal communication, 
1976), then the low stress drops observed at the 
RFZ deployment site may simply reflect the lack 
of larger events recorded and a natural tentency 
for small events to have low stress drops. 
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I^orthern East Pacific Rise: Magnetic Anomaly and Bathymetric Framework 
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The oceanic crusl in the eastern Pacific between 7°N and 30°N and east of 127°W contains a fairly 
complete history of the spreading centers associated with the East Pacific Rise since 25 m.y. B.P. (late 
Oligocene). In this paper, we have summarized the seafloor spreading magnetic-anomaly data and the 
bathymetric data that reflect the record of this tectonic history. The well-defined magnetic lineations 
north ofthe Clarion fracture zone, in the mouth ofthe Gulf of California, and on the east flank ofthe 
East Pacific Rise (EPR) are carefully examined and used to provide a guide for interpreting the 
spreading pattern between the Clarion and Clipperton fracture zones, southward ofthe Rivera fracture 
zone over the Mathematician Ridge, and overthe entire EPR east ofthe Mathematician Ridge between 
the Rivera and Siqueiros fracture zones. The bathymetric data provide a trace of the fracture zone 
pattern in each ofthe above mentioned areas. The fracture zone bathymetry and the seafloor spreading 
magnetic lineations on the EPR south of the Rivera fracture zone have a distinctive fanning pattern 
caused by close poles of rotation and plate boundary reorganizations. All these data provide a good 
record ofthe plate reorganizations in the middle Miocene at magnetic anomaly 5A time (12.5 to 11 m.y. 
B.P.), in the late Miocene at magnetic anomaly 3'-4 time (6.5 m.y. B.P.), and in the Pliocene at 
magnetic anomaly 2'-3 time (3.5 m.y. B.P.). Several abandoned spreading centers, including the 

• Mathematician Ridge, were left behind as a result of these reorganizations. The Mathematician Ridge 
is shown to be a set of ridges and trough whose origin is related to the tectonic activity associated with 
each of the above mentioned reorganizations since anomaly 5A. 

INTRODUCTION 

The crest of the East Pacific Rise (EPR) is the youngest 
point on the. tape recording of the eastern Pacific tectonic 
history. North ofthe equator, the crest ofthe EPR forms the 
present plate boundary between the Pacific and Cocos plates 
(Pacific-Cocos spreading center) and Pacific and Rivera 
plates (Pacific-Rivera spreading center) (Figure 1). The four 
plates involved in the post-OUgocene history of the EPR 
between the Galapagos and Murray fracture zones are the 
Pacific, Guadalupe, Rivera, and Cocos. The Guadalupe plate 
evolved into the Rivera and Cocos plates, and the transform 
boundary between the Rivera and Cocos plates shifted as the 
spreading center between them and the Pacific plate shifted. 

Reorganizations of plate motions altered spreading center 
trends and shifted plate boundaries. This history of plate 
motions and plate boundaries is recorded in the tectonic 
fabric ofthe region (Figure 2): the bathymetric structure and 
magnetic anomaly patterns. Fracture zones trace the motion 
of the plates away from the spreading center, and the 
seafloor spreading magnetic lineations allow the crustal ages 
to be mapped. In addition to the long periods of relatively 
uniform plate motion, the magnetic and bathymetric data 
record plate reorganizations, including changes in spreading 
direction, spreading center jumps, and other shifts in plate 
boundaries (the breakup or joining of plates). Although these 
dramatic reorganizations are recorded in the oceanic crust 
[Sclater et al., 1971], the resultant complex pattern of 
magnetic lineations requires detailed identification of the 
magnetic anomalies that are younger and older than the 
tectonic event. 

This paper is not subject to U.S. copyright. Published in 1982 by 
the American Geophysical Union. 

Paper number 2B0274. 

In this paper we examine the available magnetic anomaly 
(Figure 3) and bathymetric data [Mammerickx and Smith, 
1981] for the EPR north of 7°N. These data provide the basis 
for constructing a more comprehensive plate tectonic model 
for the eastern equatorial Pacific [Mammerickx and Klit
gord, this issue]. Previous regional studies have concentrat
ed on the tectonics north of the Clarion fracture zone (near 
20°N) [Hayes and Pitman, 1970; Menard, 1978; Morton and 
Lowrie, 1978] or south ofthe Galapagos fracture zone (near 
the equator) [Pitman et al., 19(58; Herron. 1972; Molnar et 
al., [915; Mammerickx et a i , [915; Handschumacher, 1976] 
and have made general inferences on the tectonic structure 
between the equator and 20°N. Detailed areal or topical 
studies have provided evidence for most ofthe basic tectonic 
structures for the EPR north of the equator [Larson et a i , 
1968; Chase et al.', 19706; Sclater et a i , 1971; Larson, 1972; 
Herron, 1972; Lynn and Lewis, 1976], and thesf results have 
been incorporated into our regional study.. 

PREVIOUS WORK 

The eastern equatorial Pacific north ofthe equator (Figure 
2) has been the site of many geophysical surveys, some 
dating back to the I950's [Menard, 1960, 1964]. The relative
ly shallow depths associated with the EPR (Plate la) are 
evident on the regional bathymetric charts [e.g., Menard, 
I960, 1964; Heezen, 1962; Chase e ta l . , 1970*; Mammerickx 
and Smith, 1981] and many detailed investigations have been 
made of the ridge crest [e.g., Menard, 1964; Menard and 
Mammerickx, 1961;-Sclater et a i , 1971; Larson, 1972; 
Crane, 1976; Lonsdale, 1977; Lonsdale and Spiess, 1980; 
Mammerickx, 1980; Normark, 1980]. The major Pacific 
fracture zones, which have large topographic expressions 
(Plates [b and lc), have been traced into the eastern Pacific 
[Menard and Fisher, 1958; Menard, 1964; Menard and 
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Fig. 1. Plates and plate boundaries in the eastern equatorial Pacific. Shading indicates the spreading center origin 

for various parts ofthe Pacific (P), Rivera (R), Cocos (C), and Nazca (N) plates. Abandoned parts ofthe Guadalupe (G) 
plate that are now part of the Pacific plate off Baja and part of the Cocos plate off the Middle America trench are also in
dicated. 

Chase, 1970] and provide considerable control on the possi
ble interpretations of the evolution of the Pacific-Farallon 
spreading center [Menard, 1978]. Some ofthe fracture zones 
and transform faults in the mouth of the Gulf of California 
and east of the Mathematician Ridge (Plate 1) have been 
studied in detail. These include the Tamayo fracture zone 
[Kastens et al., 1979], the Rivera fracture zone [Larson, 
1972; Prothero et a i , 1976; Mammerickx et a i , 1978], the 
Orozco fracture zone [Project ROSE Scientists, 1981; Ewing 
and Meyer, 1982], the Siqueiros fracture zone [Crane, 1976; 
Rosendahl and Dorman, 1980], and the Tehuantepec Ridge 
[Truchan and Larson, 1973; Couch and Woodcock, 1981]. 
However, the connection between these fracture zones and 
the major Pacific fracture zones (Clarion, Clipperton, Gala
pagos) has been uncertain. The Mathematician Ridge 
[Sclater et a i , 1971] and the Clipperton Ridge [Menard and 
Fisher, 1958; van Andel et a i , 1975] have been interpreted as 
abandoned spreading centers [Menard, 1969; Sclater et a i , 
\91\; Herron, \912; Anderson and Davis, [91'i; van Andel et 
al., 1975]. These abandoned spreading centers probably are 
related to the system of fossil spreading centers found south 
of the equator [Anderson and Sclater, 1972; Herron, 1972; 

Handschumacher, 1976; Mammerickx et ai , 1980; Rea. 
1978, 1981]. 

Only certain segments of the seafloor spreading magnetk 
anomaly lineation pattern associated with the EPR haw 
been examined in detail. The magnetic lineations north of iSe 
Clarion fracture zone west of Baja California (Plate 2il 
[Atwater and Menard, 1970; Chase et a i , 1970fl; Taylor tt 
a i , 1971; Theberge, 1971; Morton and Lowrie, 19781 ait 
from the western flank of the Pacific-Farallon spreadini 
center (PFSC) and the Pacific-Guadalupe spreading cento 
(PGSC) [Atwater, 1970; Menard, 1978] (Figure 1). These 
lineations are easily correlated with the geomagnetic un* 
scale [Heirtzler et al., 1968; Ness et a i , 1980] and with the 
magnetic lineations west of Washington, Oregon, and Can-
fomia [Mason and Raff, 1%1; Raff and Mason. W-
Atwater and Menard, 1970; Theberge, [911; Elvers et al-
1973], which are sonie of the best examples of seafloor 
spreading magnetic lineations. South of the Clarion fractme 
zone and west of the Mathematician Ridge the approxifflaK 
locations of magnetic anomalies 6 and 7 have been indica' 
[Herron, 1972; Handschumacher, 1976; Menard, \91*}^ 
the basis of only a couple of profiles, but examination 
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entire anomaly pattern (Plate 2c) for crust younger than 
anomaly 7 (25 m.y. B.P.) is necessary to develop the tectonic 
history of the Mathematician Ridge. South of the Gulf of 
California, the last 11 m.y. of seafloor spreading history has 
been faithfully recorded in the magnetic anomalies over the 
Pacific-Rivera spreading center (PRSC) between Tamayo 
and Rivera fracture zones (Plate 2a) [Larson et a i , 1%8; 
Atwater, \910; Larson, 1972]. The majgnetic lineation pattern 
over the Mathematician Ridge south of the Rivera fracture 
zone is associated with the PRSC until anomaly 2' time 
[Sclater et a i , [911; Handschumacher, 1976; Menard, 
1978]. Although we agree with the symmetrical set of 
magnetic lineation correlations presented by Handschu
macher [1976], the correlations are fairly tenuous, and the 
magnetic anomaly pattern south ofthe Orozco fracture zone ' 
is even more complex. 

The magnetic anomaly pattern about the present EPR 
(Plate 2a) between the Rivera and Siqueiros fracture zones 
has been partially identified out to anomaly 5. Between the 
Rivera and Orozco fracture zones, the lineations can be 
found on both flanks of the EPR to just past anomaly 2', 

where a major bathymetric and tectonic discontinuity exists 
[Sclater et a i , 1971; Lynn and Lewis. 1976]. Between the 
Orozco and Siqueiros fracture zones the magnetic lineations 
on the northern part of the eastern flank of the EPR have 
been identified out to anomaly 5 [Larson and Chase, 1970; 
Sclater et a i , 1971; Lynn and Lewis, 1976; Schilt et al., 
1982]. On the western flank of this same ridge segment, the 
lineations have been mapped on the basis of only two or 
three profiles [Larson and Chase, 1970; Sclater et a i , 1971; 
Herron, 1972]. South of the Siqueiros fracture zone (Plates 
[a and 2a), the rise crest has been charted, but the published 
identification of magnetic lineations consists of a tenuous 
interpretation of one profile by Herron [1972]. 

METHOD OF STUDY-

A new bathymetric contour map. for the equatorial Pacific 
(Plate I) [Mammerickx and Smith, 1981] provides the essen
tial framework upon which we have located and identified 
the seafloor spreading magnetic anomaly lineations (Plate 2). 
Besides delineating major fracture zone trends and anoma
lous structural features (e.g., the Mathematician Ridge), the 
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Fig. 2. Tectonic fabric for the eastern equatorial Pacific. The locations of the most important bathymetric features, 
such as fracture zones, trenches and aseismic ridges, and many of the seafloor spreading magnetic lineations are shown. 
Boundaries between oceanic crust generated al different spreading centers are indicated. 
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bathymetric data indicate the possible locations of minor 
fracture zones that might affect the magnetic anomaly pat
tern. The present crest of the EPR is delineated in the 
bathymetry as a regional basement high, whereas spreading 
centers that were abandoned during plate reorganizations 
are seen as a combination of regional swells [Sclater et a i , 
1971] and narrow median troughs [Anderson et a i , 1976, 
1978; Lonsdale and Klitgord, 1978]. 

The correlation of magnetic anomaly lineations with the 
geomagnetic time scale is difiicult in equatorial regions, and 
we have used both modeling and extrapolation techniques to 
facilitate the lineation identifications. The low-amplitude 
seafloor spreading magnetic anomalies associated with a 
north trending ridge in the equatorial region [Raff, 1968; 
Schouten, 1971] are often masked by short-period time 
variation anomalies and by anomalies caused by variations 
in the depth to the magnetized layer. The shape distortion in 
Uie magnetic anomedy pattern, which is used to detennine 
^e phase shifting and thus the remanent magnetization 

parameters of the oceanic crust [Schouten and McCamy, 
1972], is often obscured in a region of low magnetic signal-to-
noise ratio. This makes the task of comparing observed 
anomalies with synthetic anomalies produced by meaps of 
the geomagnetic time scale [Heirtzler et a i , 1968] very 
difficult. In this study, the magnetic anomaly pattern in 
regions where the lineations are well established were care
fully analyzed and compared with synthetic magnetic anom
aly profiles. The geomagnetic time scale of Ness et al. [1980] 
is used here to date magnetic lineations and to calculate 
model magnetic anomaly profiles. These results were then 
extrapolated into regions where sparse data density and low-
amplitude anomalies make the identification of lineations 
uncertain. The comparison of anomaly patterns with nearby 
anomalies that have been identified is often easier than 
attempting to correlate anomalies with the geomagnetic time 
scale. 

The regions of our extrapolated interpretations are as 
follows: (1) lineations west of the Mathematician Ridge 
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between the Clarion and Clipperton fracture zones extrapo
lated from the lineations north of the Clarion fracture zone 

, [Atwater and Menard, 1970; Chase et a i , 1970a; Morton 
. and Lowrie, 1978], (2) lineations associated with the Math
ematician Ridge extrapolated southward from the Gulf of 
California lineations [Larson et a i , 1968], and (3) lineations 
east of the Mathematician Ridge between the Orozco and 
Siqueiros fracture zones extrapolated to the south and to the 
west flank of the EPR from the lineation pattern on the 
eastern flank of the EPR just south of the Orozco fracture 
zone [Lynn and Lewis, 1976; Schilt et a i , 1982]. 

DATA BASES 

Bathymetric Data 

The bathymetric contours used in our study (Plates la-lc) 
are derived from available.data in the eastern Pacific [Mam
merickx et a i , 1978; Mammerickx, 1980; Mammerickx and 
Smith, 1981]. The density of ship track coverage used in this 
recompilation [see Mammerickx and Smith, 1981] is quite 
variable; the densest coverage is found in the Gulf of 
California, along the crestal region and on the eastern flank 
of the EPR and north of the Clarion fracture zone west of 
Baja California. The region encompassing the Mathemati
cian and Clipperton ridges and the region west of these 
ridges has a fairly sparse track coverage. In this region of 
sparse coverage, there is considerable freedom in the closure 
patterns chosen for the various bathymetric features. In such 
regions the contours were oriented to be in agreement with 
the trends of adjacent structural features that are better 
deUneated and to be consistent with our basic tectonic model 
constructed from both the magnetic and bathymetric data. 
This technique has proven useful in other regions of sparse 
data coverage, such as the southeastern Pacific [Molnar et 
a i , 1975; Mammerickx et a i , 1975]. It does result, however, 
in a certain amount of interpretative bias in the contouring. 
Because the contours are not allowed to disagree with the 
bathymetric values along any given ship track, the track 
coverage map [see Mammerickx and Smith, 1981] provides a 
means for estimating the amount of interpretation in the 
contouring for any given region and thus the reliability of the 
trends of individual bathymetric features. 

Magnetic Anomaly Data 

Much of the available magnetic data (Figure 3) has been 
incorporated into pur study, including profiles from the 
Scripps Institution of Oceanography (SIO), Oregon State 
University (OSU), Lamont-Doherty Geological Observatory 
(LOGO), University of Washington, (UW), U.S. Naval 
Oceanographic Office (USNOO), and the data archives of 
the National Geophysical and Solar-Terrestrial Data Center 
(NGSDC). Some of the data were available on magnetic 
tape, although most of the profiles were taken from existing 
plots. The magnetic anomalies plotted along track in Plates 
2a-2c were compiled at 1.2-in./deg longitude on a Mercator 
Projection, but the magnetic anomalies are not all at the 
same .vertical scale. The bulk of the data was taken from the 
SIO Geologic Data Center Track charts of SIO magnetic 
data [C/Kwe et al„ 1972], updated to 1978. For most of these 
profiles, the data north of 15''N were compiled at 1000 nT (1 
nanotesla = 1 gamma) per inch, whereas south of 15''N, they 
were compiled at 500 nT/in. The OSU and UW data were 
taken directly from Lynn and Lewis [1976, Figure 2] and are 
at a vertical scale of about 1000 nT/in. The LDGO data were 

recompiled at 1000 nT/in. and come from various Con 
and Vema cruises [see, e.g., Herron, 1972; Ludwig 
Rabinowitz, 1980]. The aeromagnetic data of the USN(V̂  
between 28°N and 32''N were taken directly from TaylgX 
al. [1971, Figure 3] and were recompiled at 650 nT/in. onn*' 
1.2-in./deg compilation. Other USNOO data were tak ' 

. wesi 

from Morton and Lowrie [1978, Plate 10] and were ••econ). 
piled at 800 nT/in. 

The regional field removed from the profiles varies consid 
erably, and we have not attempted to preserve a standani 
baseline value (such as a zero value at the ship track) for th 
anomalies plotted along track. We generally removed an 
arbitrary value from the anomaly values for each cruise in an 
attempt to center the plotted anomaly about the ship track 
Because the primary interpretation of the magnetic litiea! 
tions is based upon anomaly shapes and spacjng and not on 
absolute values, this arbitrary shift does not aflFect on, 
interpretation but does facilitate the graphic display of the 
data. 

BATHYMETRIC FEATURES 

Fracture Zones 

Fracture zone topography is one of the most distinctive 
features of the eastern Pacific [Menard, 1964, 1966]. The 
fracUire zone marks the path of a spreading center [Le 
Pichon, 1968; Morgan, 1968] and provides important infor
mation for determining poles of rotation [Harrison, 1972). 
Three different sets of fracture zones are found in the eastern 
equatorial Pacific: (1) fracture zones west of Baja California 
and the Mathematician Ridge, (2) fracture zones in the 
mouth of the Gulf of California and associated with the 
Mathematician Ridge, and (3) fracture zones east of the 
Mathematician ridge and related to the EPR south of the 
Rivera fracture zone. 

Fracture zones west of the Mathematician-Clipperton 
Ridge and those north of the Clarion fracture zone (Plate 1), 
follow the same general trend as the major Pacific fracture 
zones. East of magnetic anomaly 7, the fracture zone trend 
swings more northeast, the ridge crest orientation becoming 
nearly parallel to the coastline and presumably to the sub
duction zone [Mammerickx and Klitgord, this issue]. Paral
leling the major fracture zones are many isolated seamounts, 
narrow ridges, and troughs that may be the topographic 
expressions of additional fracture zones. 

Three of the major Pacific fracture zones (Figure 1)—the 
Molokai, Clarion, and Clipperton—cross our study area. 
The bathymetric expression of the Molokai fracture zone is 
substantially diminished as it enters the survey area near 
25°N (Plate lb), the prominent bathymetric lineament shift
ing 100 km northward to form the Shirley Trough [Menard, 
1978]. The Clarion fracture zone (Plate lc) is a set of parallel 
features west of anomaly 7 that splay to the east. Bathymet
ric features along the northern side of the fracture zone 
follow the trend of the fracture zones to the north, whereas 
the southern side follows a more easterly trend along 18°N. 
The Clipperton fracture zone is also a broad zone of parallel 
structures that swings slowly northeast until it reaches the 
Mathematician Ridge. Between the Molokai and Clarion 
fracture zones, the general fracture zone trend swings slowly 
fhim 085° near anomaly 7 to 073° near anomaly 5B. The 
fracture zone trend between the Clarion and Clipperton 
fracture zones swings slowly from 080° near anomaly ^ °̂ 
073° near anomaly 58. Because ofthe sparse track density m 
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western part of our study area, the small difference in the 
^^ ture zone trends for similar age crust north and south of 
f'* Clarion fracture zone is not considered significant. 

aylor et ^\'he fracture zones in the mouth of the Gulf of California 
on'our te iW have a variety of trends that reflect past changes in 
taken motion of the Rivera plate. The present southeast trend 

••econi- f the Tamayo and Rivera fracture zones (about 124°) 
, rson, 1972; Kastens et a i , 1979; Mammerickx, 1980] has 

sted only since anomaly 2' time [Klitgord et a i , 1975]. 
nuring the formation of anomaly 2', the fracture zones had a 
lohtly more easterly trend, and between anomaly 2' and 

' omaly 4 time, the trend was even more southeasteriy 
bout 130°) than at present. This fracture zone trend of 

about 130° is clearly recorded in the bathymetric relief 
[Uommerickx, 1980] and follows the trend of the Tres 
Viarias Islands and their adjacent southern scarp. South of 
the Tres Marias fracture zone [Mammerickx, 1980], the 
fracture zone trends swing slowly to a more easterly direc
tion between anomalies 4 and 5 on the east flank of the 
Pacific-Rivera spreading center, whereas the fracture zone 
trends on the western flank swing around to the west until 
they merge into the older Pacific-Guadalupe system trends. 

TTie fracture zones associated with the Mathematician 
Ridge (Plate la) are nearly parallel to the fracture zones 
associated with magnetic anomalies 3 to 4 in the Gulf of 
California. Several deep troughs, which we interpret as the 
expression of fracture zones, are well defined east of the 
Mathematician Ridge (Plate la), the most prominent of these 
troughs being associated with the O'Gorman fracture zone 
[Mammerickx and Smith, 1981]. South of the O'Gorman 
fracture zone, this same southeast trend is mapped as 
offsetting the Mathematician Ridge, but the trends are very 
uncertain just east of 1 IO°W because ofthe sparse data. The 
large east trending bathymetric peak and trough near 10°N 
forms the southernmost boundary of these southeast trend
ing features. This large east trending bathymetric feature has 
been considered part of the Clipperton fracture zone and 
intersects the northeast trending older part of the Clipperton 
fracture zone near 112°W. This large ridge and trough 
extends from 112°W to 107°W, where it merges into the 
younger part of the Clipperton fracture zone that is parallel 
10 the Siqueiros fracture zone and oflFsets the present EPR at 
IO°N. The bathymetric features south of this east trending 
ridge and trough, in the vicinity ofthe Clipperton Ridge (near 
lll°W), appear to change gradually from a northeast trend 
that parallels the older Clipperton fracture zone to a more 
easterly trend parallel to the Siqueiros fracture zone. 

The fracture zones associated with the EPR between the 
Rivera and Siqueiros fracture zones (Plate la) sweep in an 
arc, concave to the north, away from the EPR. On crust 
younger than anomaly 4 are four prominent fracture zones: 

- Rivera, Orozco, Clipperton, and Siqueiros. Each of these 
fracture zones is a broad topographic structure consisting of 
several parallel deep troughs and large ridges. Each of these 
fracture zones coincides with a large oflFset in the EPR. The 
largest ofthe fracture zones that do not ofi"set the EPR is the 
O'Gorman fracture zone, which has a deep trough that can 
be traced into anomaly 3 on both flanks. A large ridge on the 
south side of the fracture zone on the eastern flank of the 
EPR continues from anomaly 2' to the edge of the central 
anomaly. 

Between these major fracture zones are narrow troughs 
and small chains of seamounts, which we have interpreted as 

additional fracture zones that offset the magnetic lineations 
in places. Among these latter features, those at 17.8°N, 
17°N, 12°N, and 9°N ofi"set the present EPR. Other smaller 
troughs parallel to these features also may be the expres
sions of fracture zones. As in the Atlantic, the amount of 
offset on any transform fault may change, or even become 
negligible, forming 'zero offset' transform faults [Schouten 
and White, 1980; Schouten and Klitgord, 1982], while the 
topographic and crustal structure ofthe transform fault often 
remains. The bathymetric features interpreted as fracture 
zones on the eastern flank of the EPR on cnist older than 
anomaly 3' (6.5 m.y. B.P.) are parallel to the Tehuantepec 
Ridge and trend more steeply to the northeast than does the 
younger set of fracture zones. Although the arcuate shape of 
the EPR fracture zone pattern is caused primarily by a close 
pole of rotation for the EPR since 11 m.y. B.P., some 
contribution to this arclike trend has been made by the 
change in spreading direction prior to 6.5 m.y. B.P. [Lynn 
and Lewis, 1976] and the intersection of the Mathematician 
system with the western flank of the EPR. 

The Tehuantepec Ridge on the north side of the Tehuante
pec fracture zone (Plate la) is the largest linear bathymetric 
feature on the east flank of the EPR. This ridge has such 
large relief because it is the morphologic expression of a 
fracture zone that separates crust of significantly different 
ages, the younger shallower crust being to the north [Tru
chan and Larson, 1973]. Like the other major Pacific frac
ture zones, the Tehuantepec fracture zone is a broad bathy
metric structure. The trend of the northern ridge (the 
Tehuantepec Ridge) parallels the fracture zones north of the 
Tehuantepec fracture zone and the structural trends along 
the south side of the fracture zone are parallel to the features 
to the southeast. Although it may look like the Tehuantepec 
fracture zone connects to the younger Clipperton fracture 
zone at 10°N [Truchan and Larson, 1973], it actually termi
nates in the vicinity of 11°N, 99°W. Near this point, the 
structures along the north side of the Tehuantepec fracture 
zone swing around to a more westerly trend, whereas the 
structures on the south side remain on the same southwest 
trend for the entire length of the fracture zone. The south
west trending lineaments on the southeast side of the Te
huantepec fracture zone also do not change trend and they 
terminate rather than continuing around to meet the EPR 
fracture zones. 

Spreading Centers and Plate Boundaries 

A distinctive bathymetric relief is associated with both the 
present and the abandoned spreading centers. The rise crest 
of the present EPR (Figure 4) [Menard, 1964; Sclater et a i , 
1971] can be traced across our study area from 7°N, 102.8°W 
to 18°N, 105.5°W (Plate la), where it is offset by the Rivera 
fracture zone into the mouth ofthe Gulf of California. North 
of the Rivera fracture zone, the broad bathymetric high 
(Plate [b and Figiu-e 5) continued northeastward from 20°N, 
109°W to the Tamayo fracture zone near 23°N, 108°W. 
Within the Gulf of California the spreading center is a series 
of narrow troughs connected by long transform faults. The 
crest of the EPR is a bathymetric peak south of the Rivera 
fracture zone (Figure 4) [Sclater et a i , 1971; Anderson and 
Noltimier, 1973], whereas it often has a small axial depres
sion north of the Rivera fracture zone [Mammerickx, 1980]. 
The bathymetric relief generated at the EPR does not vary 
much along its length (Figure 4), the changes in the scale of 
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Fig. 4. Bathymetric cross sections of the Pacific-Cocos spreading center. The location of magnetic anomaly 

boundaries are indicated (e.g., 3-2' is the boundary between anomaly 3 and anomaly 2'). The profiles are from Scan 11 
(A and B), Tripod 3 (C), Scan 10 (D), Siqueiros and Swansong (E), Glomar Challenger 16 (F), Swansong (G), Papagayo 
I and Glomar Challenger 54 (H), and Glomar Challenger 54 (I). Where two ship profiles were composited to make a 
single profile, the join is indicated with a cross. The profiles have been projected along the azimuth (6) of 080°. See 
Figure 3a for track locations. 

relief taking place at the time of plate motion changes. The 
relief becomes very rough on the western flank ofthe EPR to 
the west of anomaly 3' . 

The' plate boundary reorganizations left behind several 
abandoned spreading centers in the eastern Pacific [Sclater 
et a i , 1971; Handschumacher, 1976; Rea, 1978]. These 
abandoned spreading centers are reflected in the bathymetry 
as narrow ridges and troughs. The most obvious examples of 
abandoned spreading centers, where symmetrical sets of 
magnetic lineations have been identified, are all narrow 
troughs with flanking ridges (e.g., the Malpelo Rift [Lons
dale and Klitgord, 1978, Figure 3], just north ofthe Galapa-

. gos Rift [Anderson et a i , 1976, Figure 3], the Galapagos Rise 
[Anderson et a i , 1978, Figure 11], the Coral Sea [Weissel 
and Watts, 1979, Figure 4], and the Magellan Trough [Ta
maki et al., 1979, Figure 6]. The morphology of the aban
doned PGSC at 28°N, I18°W (Plate ib) [Batiza and Chase, 
1981] closely resembles these examples. The large ridge on 
which Guadalupe Island sits is just north of and along the 
same trend as the narrow trough, but the magnetic anomaly 
pattern associated with it is much more chaotic. 

In many ways, the Mathematician Ridge resembles the 

? 

abandoned segment of the PGSC near Guadalupe Island. 
The Mathematician Ridge is a group of bathymetric features 
that includes both ridges and narrow troughs (Plate la and 
Figure 5). These features are oriented roughly northeast and 
have offsets to the southeast, giving an overall northward 
trend to the gross structure. As with the abandpned PGSC. 
the northern end of the Mathematician Ridge is a large ridge 
with islands that extends from about 18°N to 19.5°N al 
111°W.. Between I6°N and 18°N, the structure is that of a 
trough with flanking ridges. A pair of very large ridges is 
locateid between 15°N and 16°N. The southern end ofthe 
Mathematician Ridge is a series of southeast trending peaks 
and troughs between 12°N and 15°N just west of 110°W. The 
increasing seafloor depth away from the crest of the Math
ematician Ridge (Figures 5 and 6) is the characteristic 
originally used to identify this abandoned spreading center 
[Sclater et a i , 1971]. 

There are two other possible segments of abandon*" 
spreading centers reflected in the bathymetric data. Just 
south of the Clipperton fracture zone near IITW, it* 
Clipperton Ridge has been interpreted as part of the aban
doned Mathematician Ridge-Galapagos Rise spreading syŝ  
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Fig. 5. Bathymetric cross sections of the Pacific-Rivera spreading center. The profiles are from Gam 2 (A, B, C). 
Gam 1 (D). Pleiades I (E), F. Drake 77 (F), and Glomar Challenger 16 (G). Projection azimuth is 120°. See Figure 4 for 
explanations and Figure lb for track locations. 

\ttn[Anderson and Davis, [91'i; van Andel et a i , [915; Rea, 
1978]. The Clipperton Ridge is a minor bathymetric feature 
(Plate la) that does not closely resemble the other-aban
doned spreading centers. However, the large relief associat
ed with the Clipperton and Siqueiros fracture zones and the 
sparse data coverage around the feature preclude us from 
niling out the Clipperton Ridge as a segment of an aban
doned spreading center. On the eastern flank of the EPR, 
south of the Tehuantepec Ridge, is an east trending tough 
*ilh flanking ridges near ITN (Plate la). Seafloor deepens 
away from this feature on its western flank (Figure 7), 
suggesting that it also is an abandoned spreading center. 

Other ancient plate boundaries are engrained into the 
liathymetric relief as deep troughs or narrow zones of rugged 
f̂ lief. The western edge of the Mathematician Ridge is 
•narked by a harrow trough (Plate la) from 16°N, 112.5°W to 
12°N, 111'W. This bathymetric trough separates the smooth 
bathymetric relief to the west on PGSC crust from the series 
of large ridges and troughs that comprise the Mathematician 
^dge. The youngest of the magnetic lineations from the 

PGSC terminates at this trough. Between the Rivera and 
Orozco fracture zones a deep Irough, surrounded by rough 
relief, is observed at 107°W (Plate la). It vlies on the 
boundary between crust generated at the Mathematician 
Ridge part of the PRSC and the EPR-generated crust 
[Sclater et a i , 1971]. A similar structure is found on the 
eastern flank ofthe EPR between 16°N and 18°N at 104°W. 

The gradual deepening of the seafloor away from a spread
ing center [Sclater et a i , 1971] provides a means for 
distinguishing between crust generated at different spreading 
centers. Between the Orozco and O'Gorman fracture zones, 
the seafloor deepens westward from the EPR to past anoma
ly 5 and then shallows as it approaches the Mathematician 
Ridge (Figure 6). Similar bathymetric trends, first deepening 
and then shallowing, are found between the EPR and the 
Galapagos Rise [Anderson and Sclater, 1972, Figure 4] and 
between the Pacific-Antarctic Ridge and the Chile Rise 
[Mudie et a i , 1972, Figure 2D; Klitgord et a i , 1973, Figure 
1]. The low point in the seafloor marks the boundary 
between crust generated at the two different spreading 
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Fig. 6. Bathymetric profiles from SIO expeditions Pleiades 1 (A), and F. Drake 77 and Tripwd 3 (B) across the 
boundary between Pacific-Rivera spreading center (Mathematician Ridge) and the Pacific-Cocos spreading center 
(EPR). See Figure 4 for explanation and Figure 3a for locations. 

centers. South ofthe Tehuantepec Ridge, a similar pattern is 
observed (Figure 7); a low point in the seafloor is found 
between 10°N, 99°W and 7°N, 96.5°W (Plate la), shaUowing 
to the west toward the EPR and to the east toward the east 
trending trough with flanking ridges mentioned above. 

SEAFLOOR SPREADING MAGNETIC LINEATIONS 

Pacific-Guadalupe Spreading Center 

With the exception of the small piece of the Guadalupe 
plate just north ofthe Shirley Trough, all the clearly identi
fied seafloor spreading magnetic lineations generated at the 

Pacific-Guadalupe spreading center (PGSC) are from the 
western flank. The magnetic lineations east of anomaly 5 on 
the Cocos plate may be on a remnant of the PGSC easteni 
flank [Lynn and Lewis, 1976], but they are not readily 
correlated with the geomagnetic time scale. The magnetic 
lineations on the PGSC and PFSC western flank within our 
study area (Plates 2b and 2c) are as old as anomaly 12 (32 
m.y. B.P. in the late Oligocene) and as young as anomaly 5A 
(11 m.y. B.P.) south of the Clarion fracture zone, and as 
young as between anomalies 5A to 5B time (12.5 m.y. B.P.) 
north of the Clarion fracture zone. 

EAST FLANK 
EPR 

WEST FLANK 
Fossil Ridge 

A ŷy»/̂ .,̂ '̂>A>vV^̂ -V/̂ /-vy: < 

WEST 
KILOMETERS 3 

EAST 

Fig. 7. Bathymetric profiles from the Glomar Challenger leg 54 (A) and SIO expedition Indomed (B) across the 
boundary between the Pacific-Cocos spreading center and the abandoned spreading center south of the Tehuantepec 
Ridge. See Figure 4 for explanation and Figure la for locatiohs. 
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Fig. 8. Observed (solid curves) and synthetic (dashed curves) magnetic anomaly profiles for the west flank of the 
Pacific-Guadalupe spreading center. The spreading rates (SR) used in the model profiles are half rates in mm/yr. The 
profiles have been projected along the azimuth (ff) of 075°. Where more than one SR or ship track was used, the join is 
indicated with a cross. T-A is the Tosco-Abreojos fault zone. A magnetization of 10 A/M in a 0.5-km thick layer was 
used. The profiles were taken from the SIO and LDGO cruises Gam 1 (A, B, C, D), LDGO (E), LDGO and Tripod (F), 
Conrad 10.5 (G), and Glomar Challenger 16 (H). See Figure 3i> for track locations. 

The magnetic lineations between the Molokai and Clarion 
Iracture zones [Atwater and Menard, 1970; Chase et a i , 
1970a] are readily correlated with the geomagnetic time scale 
(Figure 8). Most of the reversals between magnetic anoma
lies 5, 6, and 7 ju-e recorded in the oceanic crust. The 
anomalies between anomalies 5 and 6 were assigned letters 
A-E [Elvers et a i , 1973; Blakely, 1974] and are used here. 
We have used the letters A-H for the eight normal magneti
zation blocks between anomalies 6 and 1 [Ness et a i , 1980] 
for ease of discussion and labeling. Anomaly 6E provides a 
good marker along the entire length of our study area, and 
our comparison with the geomagnetic time scale (Figure 8) 
indicates that the reversal probably was longer than the 
duration given by Ness et al. [1980]. Most of the distur
bances in this pattern of lineations are just north of the 
Clarion fracture (Plate 2b). Part of the sequence between 
anomaly 6E and anomaly 7 is missing, and between anoma
lies 5B and 6 there appears to be a duplication of anomaly 5E 
and a disturbance at anomaly 5C. The orientation of the 
jhagnetic lineations is well controlled east of anomaly 6 and 
's nearly orthogonal to the fracture zones. The lineation 
offsets indicated at the fracture zones are well defined by the 
data density. The sparse track coverage west of anomaly 6 

provides only a minimum control on the lineation trends. 
Some or all ofthe indicated lineation offsets west of anomaly 
6 (Plates [b and 2b) may be the result of small navigation 
errors. We have drawn these lineations orthogonal to the 
fracture zones, but even if we had assumed "that there were 
no small offsets due to fracture zones, the orien^tion would 
only change by about 5°. 

The only basic differences between our interpretation and 
that of Atwater and Menard [1970] are our addition of 
several fracture zones and the availability of a more detailed 
geomagnetic time scale [Ness et a i , 1980] with which to 
correlate the magnetic data between anomalies 5 and 7. The 
youngest magnetic lineation that we can confidently identify 
north of the Clarion fracture zone is the anomaly just older 
than anomaly 5A (12.5 m.y. B.P.). The basement age of 14.5 
m.y. at DSDP site 471 (Plate 2b, 23.48°N, 112.50°W) [Haq et 
a i , 1979] and the suggestion of an abandoned spreading 
center just west of DSDP site 471 [Ness et a i , 1981] fit quite 
well into our proposed lineation pattern (Plate 2b). We have 
suggested another abandoned spreading center just south of 
the Shirley trough, and the magnetic anomaly correlation 
with synthetic anomalies (Figure 8) is plausible but not 
convincing. South of DSDP site 471, the magnetic lineations 
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swing around into the mouth ofthe Gulf of California [Chase 
et a i , 1970a] where there are well-preserved lineations from 
anomaly 5 to the central anomaly (Figure 9). 

The magnetic anomalies south of the Clarion fracture zone 
(Plate 2c) are lower in amplitude but are as easily recognized 
as the lineations to the north (Plate 2b). Anomalies 6E 
through 5A can be identified between the Clarion and 
Clipperton fracture zones, and indications of lineations as 
old as anomaly 12 are found on a couple of profiles that go 
west of anomaly 6E. Anomaly 5A is just west of the trough 
that bounds the western limit of the disturbed bathymetric 
zone associated with the Mathematician Ridge. There is a 
small difference between our anomaly interpretation and that 
of Herron [1972], but the basic story is the same, the 
youngest crust west of the Mathematician Ridge has an age 
of 11 m.y. Small offset fracture zones have been used to 
coincide with a few of the linear bathymetric feature that 
cross the area (Plate lc) and to account for the few disrup
tions found in the anomaly lineation pattern (Plate 2c). Some 
of these offsets could be the result of navigational errors. 

Pacific-Rivera Spreading Center 

The magnetic anomalies in the mouth of the Gulf of 
California [Larson et a i , 1968] include the lineation sets on 

both flanks of the Pacific-Rivera spreading center 
(Plate 2b and Figure 9). Between the Rivera fractui 

(PRSC) ; 
re 

and the transform fault at 22°N, the magnetic lineati "* 
include the central anomaly through anomaly 5. This is i ? 
segment .of the PRSC that was always outside the Gulf ' 
California, bound to the north by the fracture zone along tk 
southwest tip of Baja California that connected with ih' 
Tosco-Abreojos fault zone [Spencer and Normark, igfln. 
Between the 22°N transform fault and the Tres •-
fracture zone [Mammerickx, 1980], magnetic anomaly 2'n 

• the western flank of the PRSC abuts continental crust nf 
Baja California [Curray et a i , 1979] and is the oidjj, 
identifiable magnetic lineation on the eastern flank. Th 
parallel trend of the Tres Marias fracture zone and th. 
fracture zones to the south in crust generated between 3 j 
and 6.5 m.y. B.P. (anomalies 3 and 3') suggest that the Tres 
Marias fracture zone may have been an active transform 
fault during this early period [Mammerickx, 1980] and that 
the Middle America trench consumed most of the newly 
generated crust. North of the Tres Marias fracture zone, the 
oldest identifiable lineation is magnetic anomaly 2 (2 m y 
B.P.). -

Prior to anomaly 2', the PRSC extended south of the 
Rivera fracture zone along the Mathematician Ridge [Sclattt 
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, al.i ^911; Handschumacher, 1976; Menard, 1978]. The 
ggnetic anomalies associated with the Mathematician 

ojdge are not as easily correlated with the seafloor magnetic 
reversal sequence as those lineations north of the Rivera 
fracture zone (Figure 9), but anomaly 3 to anomaly 4' can be 
identified on both flanks of the ridge, from 19°N to the 
Rivera fracture zone. The location of anomaly 3 on the 
western flank of the Mathematician Ridge lines up with the 
location of anomaly 3 north of the Rivera fracture zone, 
consistent with the PRSC having been a continuous ridge 
from Baja California to at least 19°N, the rise crest and 
eastern flank migrating toward the Middle America trench. 
Between 17°N and I8.5°N the youngest lineation on either 
side of the Mathematician Ridge is anomaly 3', indicating 
that this part of the PRSC was abandoned earlier than the 
segments to the north. The adjacent segment of the EPR, 
between the Orozco fracture zone and a fracture zone near 
|6.5°N, contains magnetic lineations as old as anomaly 3 
(Plate 2a), whereas the anomalies on the EPR just north of 
16.5°N are only as old as anomaly 2'. The offset in the 
Mathematician Ridge at 18.5°N corresponds to offsets near 
16.5°N in the two north trending narrow troughs that bound 
the EPR between the Rivera and Orozco fracture zones 
(Plate la), with a much wider zone of EPR-generated crust 
to the south. Along the Mathematician Ridge, south of 17°N, 
a few magnetic lineations were found but could not be 
correlated with the geomagnetic time scale. 

Pacific-Cocos Spreading Center 

A fanlike pattern characterizes the magnetic anomaly 
lineations for the EPR south of the Rivera fracture zone 
(Plate 2a) [Lynn and Lewis, 1976]. These magnetic anoma
lies reflect at least three episodes of spreading: (1) the central 
anomaly to anomaly 2' (0 to 3.5 m.y. B.P.), (2) anomaly 3 to 
anomaly 3' (3.5 to 6.5 m.y. B.P.), and (3) anomaly 4 to 
anomaly 5A (6.5 to 11 m.y. B.P.). There is suflicient data 
coverage to map reliably the lineations associated with the 
two younger episodes on both flanks of the EPR (Plate 2a 
and Figure 10). The oldest episode is found on the eastern 
flank between the Orozco fracture zone and the Tehuante
pec Ridge [Lynn and Lewis, 1976] and on the western flank 
between the Orozco fracture zone and the O'Gorman frac
ture zone (Plate 2a and Figure 11). The data are insufficient 
to identffy the anomaly pattern for crust older than anomaly 
3' south of the Clipperton fracture zone or on the western 
flank of the EPR between the O'Gorman and Clipperton 
fracture zones. 

Since just before anomaly 2' time (3.5 m.y. B.P.), the 
Pacific-Cocos spreading center (PCSC) has stretched south
ward from the Rivera fracture zone to the Galapagos triple 
junction. The Rivera fracture zone is the active transform 
fault that connects the EPR with the Middle America trench 
[Larson, 1972; Prothero el al., 1976], and it has formed the 
northern end ofthe Cocos plate since 3.5 m.y. B.P. A well-
defined magnetic anomaly pattern, with anomaly widths 
continuously increasing southward, characterizes this youn
gest part ofthe EPR (Plate 2a, Figure 10, and Table 1). Large 
offsets in the anomaly pattern occur at the Orozco, Clipper-
ton, and Siqueiros fracture zones. There are several small 
offsets in the lineations between the major fracture zones: 
two are found between the Rivera and Orozco fracture 
zones, and three are found between the Orozco and Clipper-

ton fracture zones. Of these latter three fracture zones, only 
the one at 12°N offsets the crest ofthe EPR (Plate la). 

Between anomaly 3' to 2' time, the northern boundary of 
the PCSC jumped northward from Orozco to the Rivera 
fracture zones. PCSC-generated magnetic anomalies older 
than anomaly 3 are found only south of the Orozco fracture 
zone. Anomalies 3 and 3' are well defined on both flanks of 
the EPR (Plate 2a and Figure 10), although anomaly 3' 
becomes difiicult to delineate south of'the Clipperton frac
ture zone. By anomaly 3 time the PCSC had extended as far 
north as 16.5°N, accounting for the wider section of EPR 
crust between the Orozco and 16.5°N fracture zones than 
between the 16.5°N and Rivera fracture zones. 

The magnetic lineation pattern for anomalies 3 and 3' has 
large offsets at the Orozco, CUpperton, and Siqueiros frac
ture zones, but some of the smaller offsets found in the 
younger lineation pattern are not present. The fracture zones 
between the Orozco and Clipperton fracture zones are 
marked by bathymetric ridges and troughs (Plate la), al
though there is no apparent magnetic lineation offset (Plate 
2a). A similar pattern of zero-offset fracture zones has been 
identified in the Atlantic [Schouten and White, 1980] and 
only closely spaced track spacing (about 10 km) reveals the 
narrow zones of disturbance in the magnetic pattern [Schou
ten and Klitgord, 1982]. The sparse track coverage on the 
western flank precludes a determination of lineation trends 
south of the O'Gorman fracture zone, but the existing data 
are consistent with the pattern found on the eastern flank. 

The anomaly pattern beyond anomaly 3' on the eastern 
flank of the EPR between the Orozco fracture zone and the 
Tehuantepec Ridge provides a clear record of plate motion 
back to the time ofthe reorganization at about 11 m.y. B.P. 
[Lynn and Lewis, 1976]. The anomaly widths increase rapid
ly to the south (Plate 2a and Figure 11), resulting in the more 
distinct separation of individual anomalies (such as the three 
magnetic events that make up anomaly 4). The matching 
anomalies on the western flank can be identified only as far 
south as the O'Gorman fracture zone. The anomalies on the 
west flank south ofthe O'Gorman fracture zone could swing 
around to the northeast, parallel to the Pacific-Rivera linea
tions, or swing to a more northward orientation and finally 
northwest trend, parallel to the Pacific-Guadalupe linea
tions. 

A clear set of magnetic anomalies east of anomaly 5A on 
the eastern flank of the EPR has not been correlated with the 
geomagnetic time scale. These anomalies probably were 
generated on the eastern flank of the PGSC between the 
Clarion.and Clipperton fracture zones [Lynn and-Lewis, 
1976], but the large number of short field reversals between 
anomalies 5A and 5B hinders a convincing correlation ofthe 
anomalies with the geomagnetic time scale [Schilt et a i , 
1982]. These anomalies clearly persist east of the Middle 
America trench axis, reflecting oceanic crust ofthe downgo-
ing Cocos plate at the subduction zone. The detailed study of 
the trench between 100°W and 101°W by Karig et al. [1978] 
shows these same anomalies. The northeast trending mag
netic anomaly near 16.8°N, 100.5°W, reported by Karig et al. 
[1978], coincides with one of our fracture zone locations. 

South of the Tehuantepec Ridge, in the Guatemala Basin, 
the magnetic lineations are.parallel to the anomalies older 
than anomaly 3' north of the ridge. Although we have not 
been able to correlate these anomalies with the geomagnetic 
time scale, the bathymetric data (Plate la and Figure 7) 
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Fig. 10. Observed and synthetic magnetic anomaly profiles for the Pacific-Cocos spreading center from the central 

magnetic anomaly to magnetic anomaly 3'. The profiles are from Ihe cruises Scan 11 (A, B, C); Tripod 3 (D); Scan 10 
(E); Siqueiros, T. Washington, and Swansong (F); OSU/UW (G); Glomar Challenger 16 (1); Papagayo I and Glomar 
Challenger 54 (J); and Glomar Challenger 54 (K). Project azimuth is 080°; See Figure 8 for explanations and Figure 3a 
for track locations. Trench axis (T) is indicated al right side of profiles A, B, C. 

suggest that the basin contains the rise crest and the eastern 
flank of the PGSC. The crustal age of early Miocene at 
DSDP site 495 (12.5°N, 91.02°W) [von Huene et a i , 1980] 
northeast of our postulated abandoned spreading center is 
consistent with the crust being generated at the PGSC 
(Figure 1). The magnetic anomalies in the vicinity of ITN, 
97°W are at an angle to the other magnetic lineations and are 
parallel to the deep bathymetric trough mentioned previous
ly as a possible abandoned spreading center. This narrow 
zone is clearly a region of anomalous tectonic activity, even 
if it is not an abandoned spreading center. 

Poles of Rotation and Spreading Rates 

The present plate motions in the eastern equatorial Pacific 
can be described in terms ofthe poles of rotation and angular 
spreading rates (Table 1). These parameters, which can be 
detennined from the magnetic lineation (Plates 2a and 2b) 
and fracture zone (Plates la and lb) data [Harrison, 1972], 

enable one to determine the present spreading rate at any 
place on the EPR (Table 1). The width of the central 
magnetic anomaly along the Pacific-Rivera and Pacific-
Cocos spreading centers was used to provide the spreading 
rate data, and bathymetric trends at the rise crest were U5«l 
to determine transform fault azimuths. The theoretiol 
spreading rates and transform fault azimuths were detet-
mined along the length of the EPR, using the instantaneous 
pole of rotations determined for both spreading cenien 
(Tables 1 and 2). The data base and length of the rise citsi 
for the PCSC are suitable for accurately determining d" 
present instantaneous pole of rotation (37.15°N, 107.88°W 
with an angular spreading rate of 2.2I°/m.y.). There u 
always some uncertainty in determining poles of rotation 
[Harrison, 1972], and the reliability of our pole for the PCSC 
can be seen by comparing observed and predicted spreadinj 
rates and transform fault azimuths (Table 1). A sunilaf 
comparison for the data in the mouth of the Gulf of Califof' 
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Fig. 11. Observed and synthetic magnetic anomaly profiles for the Pacific-Cocos spreading center from magnetic 
anomaly 3' to magnetic anomaly 5A. The profiles are from the cruises Tripod 3 (A), Scan 10 (B), Swansong (C), 
Cocotow 1 (D); Cocotow 2 and LDGO (E), Explorer 60 and LDGO (F), Glomar Challenger 16 (G), Explorer 60 (H), T. 
Washington (I), and Siqueiros (J). Projection azimuths are 130° and 050°. See Figure 8 for explanations and Figure 3a for 
track locations. Trench axis (T) is indicated at right side of profiles A, B, C; D, E. 
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A similar 
of Califor

nia using the PRSC pole of rotat ion (27.7°N, 104.7°W, 4.7°/ 
m.y.) indicates a good agreement be tween calculated and 
observed spreading ra tes but only modes t agreement for the 
azimuths (Table 2). Consider ing the shor t segment of spread
ing center be tween the T a m a y o and Rivera fracture zones 
and the lack of large rise c res t offsets, excep t at the two.ends 
ofthe spreading center , these resul ts are not unreasonable . 

The instantaneous poles of rota t ions indicate the indepen

dent na ture of the Pacific-Rivera and Pacific-Cocos spread
ing centers at the present t ime. The PCSC pole would 
require a t ransform azimuth of 090° north of the Rivera 
fracture zone and a rate significantly different from the 
obse rved spreading ra te in the mouth of the Gulf of Califor
nia. The Pacific-Cocos pole is quite close to the pole 
de te rmined by C h a s e [1972] (36°N, 108°W, 2.37°/m.y.). The 
difference be tween our PCSC pole and that of Minster et a l . 

TABLE i. Pacific-Cocos Spreading Center Pole-of Rotation Data: Instantaneous Pole-of-Rotation 
Parameters 37.15''N, I07.88''W. With an Angular Rate of 2.2l7m.y. 

Rivera fracture zone 
17.75°N 
17.04°N 
15.38°N 

Orozco fracture zone 
I5.07°N 
14.06°N 
12.88°N 
11.90°N 
10.27°N 

Clipperton fracture zone 
9.95°N 
9.12°N 
8.40°N 

Siqueiros fracture zone 
8.28°N 
2.70°N 

Galapagos triple junction 

W ,̂ km 

56 
58 
64 

64 
67 
72 
74 
76 

77 
80 
83 

83 
— 

SRobi, 
mm/yr 

81 
84 
93 

93 
97 

104 
107 
110 

111 
116 
120 

120 

SRcoln, 
mm/yr 

82 
85 
92 

93 
97 

102 
106 
112 

113 
116 
119 

120 
141 

TF„b» 

85° 
85° 
85° 

80° 
80° 
80° 
80° 
80° 

83° 
84° 
84° 

82° 

T'f calc 

84.0° 
84.2° 
84.5° 

82.8° 
82.7° 
82.5° 
82.6° 
82.5° 

83.9° 
83.9° 
84.0° 

81.8° 
81.8° 

Wc, width ofthe central magnetic anomaly; SRob,, measured total spreading rate;.5/JciUc> calculated 
total spreading rate; Tfobs, measured transform fault trends, and rFcsic, calculated transform fault 
trends, are in degrees from north. 
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TABLE 2. Pacific-Rivera Spreading Center Pole-of-Rotation Data Instantaneous- Pole-of-Rotation 
Parameters 27.74°N, 104.67°W With an Angular Rate of 4.73°/m.y. 

Tamayo fracture zone 
23.22°N 
22.90°N 
22.60°N 
21.%°N 
20.95°N 
I9.98°N 

Rivera fracture zone 

We, 
km 

35 
36 
38 
42 
50 
54' 

SRobsi 
mm/yr 

51 
52 
55 
61 
72 
78 

•S/fcalc, 
mm/yr 

52 
52 
55 
62 
72 
77 

TFob» 

124° 
124° 
124° 
124° 
124° 
124° 

TFcBlC 

127.3° 
121.6° 
121.3° 
120.6° 
I19 . r 
112.7° 

0 
n 

F J 1 » ' 

x: 

[1974] (41.3°N, 108.rw, 2.02°/m.y.) is caused by the longer 
time record over which Minster et al. averaged their rotation 
data. 

Seismic activity provides one of the best indicators of 
present-day plate boundaries [hacks et a i , 1%8]. Aside 
from those associated with the Middle America trench, most 
of the earthquake epicenters are located on the transform 
faults [Sykes, 1%7]. The locations of earthquakes along the 
Tamayo and Rivera firacture zones define the transform 
faults that bound the Rivera plate [Reichle et a i , 1976; 
Prothero et a i , 1976]. The earthquakes on the Orozco 
fracture zone were monitored during the passive phase of 
Project ROSE [Project ROSE Scientists, 1981]; the main 
bands of earthquakes are along the north side of the Orozco 
fracture zone (near 15.5°N) and on what may be a spreading 
segment near the center of the broad fracture zone (near 
I5.2°N). Teleseismic locations indicate that these seismic 
zones are also found along the southern side of the Orozco 
and on the Clipperton and Siqueiros fracture zones. Most of 
the other earthquakes are along the axis of the EPR [Project 
ROSE Scientists, 1981, Figure 1] but are too poorly located 
to properly define small transforms. In general, these seis
mic markers of transform faults along the PRSC and PCSC 
systems are consistent with our pole of rotation determina
tions and the pattern of fracture zones (Plates la and lb) that 
intersect the rise crest. 

Poles of rotation for older crust generated at the Pacific-
Cocos spreading center are not calculated here, but the 
anomaly pattern (Plate 2a) does indicate some qualitative 
estimations concerning the poles. The fanning pattern for the 
lineations younger than anomaly 4, with data available from 
both flanks of the EPR, was generated by a close pole of 
rotation [Lynn and Lewis, 1976]. For the lineations older 
than anomaly 4 only the set on the eastern flank set of the 
EPR is available, and it could result from a close pole of 
rotation or from a more distant pole that was migrating 
eastward between anomalies 5A and 4. The close pole could 
generate lineations on the western flank that continue to 
sweep around to the northwest, having a northeast orienta
tion. The O'Gorman fracture zone trend suggests this possi
bility, but it is part of the PRSC system and may not have 
any bearing on the older PCSC system tectonic pattern. The 
reconstruction at anomaly 5A time using such a close pole 
for the PCSC system would not make the older lineations 
east of anomaly 5A and south of the Tehuantepec ridge, on 
the eastern flank of the EPR, parallel to the Pacific-Guada
lupe lineations. The pole of rotation migrating eastward 
would generate a set of lineations on the western flank that 
fan around from the Pacific-Guadalupe lineation trend to a 
northeast trend, while at the same time it generated the 

observed pattern on the eastern flank. This migrating nr.i 
hypothesis would make the crust south of the G'Gortnan 
fracture zone on the EPR west flank part of the PCSC and 
suggests that the southern extension of the PRSC could nm 
have been active for very long after the anomaly 5A reoigj. 
nization. 

PLATES AND PLATE BOUNDARIES 

The magnetic anomaly and bathymetric data in the eastem 
equatorial Pacific outline a series of rigid plates and shiftinj. 
plate boundaries (Figures 1 and 12) [Mammerickx and KHu 
gord, this issue]. Prior to 11 m.y. B.P., the ocean basin in 
our study area north of the Galapagos triple junction was 
dominated by two plates, the Pacific and the Guadalupe, 
which were separated from the North American plate by a 
subduction zone (Figure 12a). A major change in the Pacific 
Guadalui^ spreading system took place in the middle Mio
cene about magnetic anomaly 5A time (at 12.5 m.y. B.P. 
north of the Clarion fracture zone [Chase et a i , 1970a; 
Menard, 1978; Batiza and Chase, 1981] and at 11 m.y. B.R 
south of the Clarion fracture zone [Herron, 1972]), as the 
Guadalupe plate fragmented. 

The two plates that evolved from the breakup of the 
Guadalupe plate, the Rivera and Cocos plates, graduaUy 
changed in size as the southern end of the Pacific-Rivera 
spreading center and the northern end of the Pacific-Cocos 
spreading center shifted northward. The bathymetric evi
dence suggests that the PRSC originially extended soudi-
ward along the entire length of the Mathematician Ridge to 
the Clipperton fracture zone (Figure I2b). The magnetic 
lineation evidence for such a spreading center is very poor 
south of the O'Gorman fracture zone. The magnetic data on 
the eastern flank of the EPR are fairly convincing that the 
PCSC extended as far north as the Orozco fracture zone at 
this time. A plausible tectonic interpretation (Figure I2W 
suggests that a microplate would have existed for a while 
south of the Orozco fracture zone between two spreading 
centers. The large east trending bathymetric feature at the 
southern end bf the Mathematician Ridge, joining the old 
Clipperton fracture zone with the new Clipperton fracture 
zone, would have formed the southern boundary of this 
microplate and may have been a compressional feature. This 
western spreading center would have pushed the Cocos 
Plate southeast of its original position, with Tehuantepec 
fracture zone originally corresponding to the Clipperton 
fracture zone (Figure 12a). The Mathematician Ridge south 
of O'Gorman fracture zone abuts anomaly 5A to the west 
(Plate 2c) which would make the Mathematician Ridge 
appear to be an abandoned spreading center that died about 
11 m.y. B.P. [Herron, 1972]. The postulated set of fracture 
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Fig. 12. Plates and plate boundaries for the eastern equatorial Pacific at magnetic anomaly 5B time (early Miocene) 
(Figure 12a), anomaly 4'-5 time (late Miocene) (Figure lib), anomaly 3'-4 lime (late Miocene) (Figure 12c), and 
anomaly 2'-3 time (Pliocene) (Figure [2d). 

zones that curve to the west on the western flank ofthe EPR 
west of anomaly 3' (Figures i2c and I2d) are parallel to the 
Clipperton fracture zone. The plate motion associated with 
this postulated trend is necessary to bring the magnetic 
lineations east of anomaly 5 on the eastern flank of the EPR 
and the lineations south of Tehuantepec Ridge parallel with 
the magnetic lineations west of the Mathematician Ridge. 
The southern end of the PRSC was abandoned shortly after 
it became active, with the O'Gorman fracture zone next 
forming the southern boundary of the microplate [Mammer
ickx and Klitgord, this issue]. By 6.5 m.y. B.P. there was a 
simple three-plate system with the Orozco fracture zone 
forming the southern boundary of the Rivera plate and the 
PRSC and the northern boundary of the Cocos plate and the 
PCSC (Figure 12c). This boundary continued to shift north
ward (Figure I2d), and since 3.5 m.y. B.P: (Figure 1) the 
Rivera fracture zone has linked the PRSC to the PCSC and 
the Middle America trench. 

The Mathematician Ridge is a bathymetric feature that 
was left in the oceanic crust as a result of the northward 
retreat ofthe PRSC. The magnetic anomaly data are consis
tent with the progressively younger ages for this feature in a 
northward direction. The southernmost part ofthe ridge has 
magnetic anomaly 5A against its western edge and a postu
lated age of 11 m.y. B.P. [Herron, 1972]. The central part of 
the feature was abandoned about 6.5 m.y. B.P., while the 
northern section ceased spreading about 3.5 m.y. B.P. 
[Sclater et a i , 1971]. The magnetic anomalies just south of 
the Clipperton fracture zone (Plate 2a) can only be identified 
on crust as old as anomaly 3 ' , consistent with the 6.5 m.y. 
B.P. age for the Clipperton Ridge [Anderson and Davis, 
1973]. Thus one finds that different parts of the Mathemati
cian-Clipperton Ridge system are associated with three 
different tectonic events [Menard, 1978] and that there is no 
inconsistency between the data sets used by Sclater et al. 
[1971], Herron [1972], and Anderson and Davis [1973] and 
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between their different age. interpretations for the tectonic 
event producing the ridge system. 

SUMMARY 

The complicated tectonic history of the East Pacific Rise 
north of the Galapagos triple junction (near the equator) is 
recorded in the magnetic anomaly patterns and bathymetric 
grain of the oceanic crust. These data record the activity of 
three different spreading centers: the Pacific-Guadalupe, 
Pacific-Rivera, and Pacific-Cocos as well as the shifting plate 
boundaries ofthe four plates in the region. The bathymetric 
structure and magnetic anomaly lineations have been care
fully examined for all three of these spreading centers 
between 7°N and 30°N. Three plate motion reorganizations 
are documented: (1) the breakup of the Guadalupe plate at 
anomaly 5A time (11 to 12.5 m.y. B.P.) into the Rivera and 
Cocos plates and a spreading center reorientation from a 
northwest to northeast trend, (2) small reorientation of the 
Pacific-Cocos spreading center and northward migration of 
the Pacific-Rivera spreading center just before anomaly 3' 
time (6.5 m.y. B.P.), and (3) the abandonment ofthe Pacific-
Rivera spreading center south of the Rivera fracture zone 
(the Mathematician Ridge) just before anomaly 2' time (2.5 
m.y. B.P.), when the Pacific-Cocos spreading center jumped 
northward to the Rivera fracture zone. 

The bathymetric expressions of several abandoned 
spreading centers are located in the eastern Pacific. The 
Mathematician Ridge is shown to be a series of bathymetric 
structures that are associated with each of the above men
tioned tectonic events and becomes progressively younger 
from south to north. Segments of the abandoned Pacific-
Guadalupe spreading center are found along the west coast 
of Baja. An abandoned spreading center in the Guatemala 
Basin, just south ofthe Tehuantepec Ridge, can be identified 
by means of bathymetric data and also may be a segment of 
the abandoned Pacific-Guadalupe spreading center. A com
mon characteristic of all of these sections of abandoned 
spreading centers is a narrow trough with flanking bathymet
ric peaks superimposed on a regional swell. 

Fracture zones in the eastern Pacific belong to three 
distinct tectonic regimes: the Pacific-Guadalupe spreading 
center, Pacific-Rivera spreading center, and Pacific-Cocos 
spreading center. The PGSC fracture zones include the 
major Pacific fracture zones (Molokai, Clarion, and Clipper-
ton) and perhaps the Tehuantepec fracture zone and others 
parallel to it on the older part of the Cocos plate. With the 
breakup of the Guadalupe plate the PGSC transform zones 
disappear and the PRSC fracture zones (Tamayo, Rivera, 
and O'Gorman) and PCSC fracture faults (Orozco, Clipper-
ton, and Siqueiros) take their places. As a result ofthe major 
plate reorganization at about anomaly 5A time (11 to 12.5 
m.y. B.P.), there is no clear one-to-one correspondence 
between the old fracture zone pattern (PGSC) and the new 
one (PRSC and PCSC). 
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ABSTRA;CT 

anlornon, ^.-^- ^^^ Burr, N .C , 1979, The relationship of source parameters of ridge-crest 
and transform earthquakes to the thermal'structure of oceanic'lithosphere; In: J, 
Francheteau (Editor), Pirocesses at Mid-Ocean Ridges. Tectonophysics, 55: 107— 

.;i36. 

The source paraineters of large earthquakes on ridge crests and transform faults are 
closely related to the thermal and mechanical properties of oceanic lithosphere: Several 
chatacteristics of these ^earthquakes (including magnitude, seisrnic mprnent.Mo, apparent 
stress Tjo and stress drop Acr) are synthesized,;according to local plate velocity u and, for 
transforms, to ridge^ridge offset L and averse fault width W estfanated by Brune.'a 
method. For ridge-crest (iiornial faulting) everits: (1) ^the; maxirnum j)/(j decreases with 
y; (2) this decrease may be attributed to = a particular isotherm limiting the depth of seis
rnic failure if the largest crestal earthquakes are located 10—20 kin off-axis; a constancy 
of the prodiict of _Ao and'fault length for'these events is implied; (3) 170 shows no sys
tematic variation with v. For transform events: (1} the rnaximum MQ decreases with v; 
j2J the maximum MQ appeairs td increase with the maximumage cohtrE^t across the trans
form; (3) VQ does not clearly depend on eithei^ v or L\ (4) the maximum estimated W(v) 
decreases with u; (5) for fixed-y, W(L) increases with i ; (6) the largest earthquakes on 
long transforms occur neai: the trarisforhi center; (7),an inversion of slip rate and magni
tude data for 60 transfornns supports the hypothesis that seismic failure occurs only at 
temperatures below a fixed valucy and gives a nominal value of lOO"—150°C to this lim
iting isotherm. Neither stress drops h or apparent stresses are re sol vably different for ridge 
crest'and transform fault earthquakes, 

[NTRODUCTION 

Some general properties of mid-ocean ridge earthquakes are well known. 
It is known that earthquakes on transforms cah be larger than those along 
riiige crests and that slow spreading ridges tend to be characterized by larger 
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earthquakes and/or higher seismicity rates than faster spreading ridges 
(Isacks et il,, 1968). But what are the key parameters governing the sizesof 
oceanic earthquakes? In particular, what controls the maximum size, or max-
imum seisrhic moment, of an earthquake, on any particular ridge crest or 
transform? 

In th^ paper we present a synthesis of earthquake source parameter data 
for ridge crest and oceanic transform earthquakes to support the hypothesis 
that earthquake size is controlled by thermal structure. More specifically, the 
seismic moment" of :'an earthquake in a spreading center region appears to be 
limited by the depth to some fixed isotherm. Thus for ridge crests, the 
moment for normal faulting events is limited by the local spreading rate. Por 
transform events the .moment is limited by a combination of both spreading 
rate and ridged-ridge' offset. 

We Eilso explore relations ^between'the level of stress, as revealed by mea
surements of apparent stress "arid stress drop, an'd.either plate boundary'type, 
or spreading rate./Data from earthquakes ranging in size from the largest ob
served to the smallest yet recorded with oce_an-bottom seismometers are 
included. No difference in stress level is discernible between ridge crests and 
transforms, .between fast and •slow spreadirig systems, or between spreading 
centers and other seismic erivifohments. 

RIDGE-CREST EARTHQUAKES ' 

Large earthquakes along the axes of riiid-ocean ridge crests are character
ized by a predominance bf nonnal faulting (Sykes, 1967), For thirty earth
quakes on or near ridge crests, pubhshed fault-plane solutions demonstrate 
that these events are of the normalrfaulting class. Of these thirty, half (fif
teen) appear to lie essentially along a ridge axis and half are demonstrably 
(S 50 km) offraxis or intraplate. A summary of the. iocatiohs arid pertirient 
source parariieters fbir these'^earthquakes is-given in Solomon (1978)^ 

A comriion measure of eiarthquake size is magnitude. The body-wave mag
nitudes m ,̂ of all ridge-crest earthquakes, both axial and off-axis, are plotted 
in Fig, 1 versus local spreading half-rate. Two conclusions are evident. First, 
at any given, spreading rate the largest off-axis earthquakes are, generally of 
greater magriitude than the axial events. Second, the, largest magriitude of 
ridge-axis earthquakes appears to decrease with increasing spireading rate; 

A measure of earthquake size more'readily relatable to the fault dimen
sions and offset is the seismic moment (Aki, 1966). The known seismic 
moments of ridgefaxis earthquakes are plotted versus local spreading half-
rate in Fig-2, The, important characteristic of this figure,is the envelope that 
bounds the data points- from above. The maximum seismic moment appears 
to decrease by over an order of magnitude as..spreading half-rate increases 
from 0.2 to 3 cm/yr. 

Let us assert the'premise that the. envelope shown represehts the true max
imum momerit at each spreading yelocity. We admit there may be a problem 
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I^ig.'l; Body-wave magnitude of- ridge crest earthquakes versus local spreading half-rate., 
Oniy eairthquak^s known to be normal faulting events are included. Data are taken from 
Solomon (1978). The dashed line gives a nominal upper bound to m^ versus spreading 
rate for ridge-ax is earthquakes. 
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of limited sampling; orie large, event at a i*elatively rapidly spreading ridge can 
sJiow the premise'to- be rihtru'ei At least the premise is;testable, by future 
data. 

With this premise we may test quantitatively the hypothesis that the maxi-
niuro moment .is controlledlby the depth of a particular isotherm, i.e., that at 
temperatures above this liriiiting value the mode-of stress release is aseismic 
rathei" than seismic. In other words, we suppose that the, fault width w for 
these, largest ridge crest earthquakes scales ,as the depth tp an isotherm as 
spreading rate varies. 

How dq,es an isotherm depth at the ridge vary with spreading rate? Shown 
in Fig. 3a are isotherm depths'at the ridge-axis as functions of "spreading rate, 
according to the most detailed ridge-crest thennal models of Sleep (1975).-
Nbte the very^rapid variation-df isotherm depth with-spreading velocity, In 
'Fig. 3b are isotherin depths versus spreading rate; for a distance 10 km off-
axis. The variation is niuch more modest than along the, axis proper. For 
greater distances off-axis, the isotherm depth-versus-spreading rate curves 
scale, very much as those,shown in Fig. 3b, but the depth at any given, spread
ing rate is of course, increased as the distance frorii the axis increases. 
• To relate moment Mo and isotherm depth, note that for a rectangular fault 
of length / arid width li?: 

Mo ~ ctio'̂ Ao (1) 

where Aa is the stress drop (equal to the difference, between the initial and 
final s,hear. stress on the fault) and c is a constant that depends on fault geo
metry (Knopoff, 1958; Aki, 19B6). Ourworking hypothesis is thiatt the fault 
width w scales as-iso therm depth. Ais the'spireading rate varies, we might con
sider three siriiple scaling laws for seismic mOmerit: 

MQ ~ w 

M Q - W^ 

Mo w:' 

(2a) 

(2b) 

(2c) 

That iSj Af0 may vary as the first, second or third power of the depth to the 
hypothetical limiting isotherm for seismic failure. .From equation 1, relation 
2a corresponds to IwAo ~ constant, relation 2b corresponds to lAa ~ con
stant, and relation 2c is 'equivalent to ACT ~ constant and Ifw ~ constant. 

The observed curve of maximum moment versus spreading rate (Fig. 2) 
may be te'sted against the relations of equation 2 and theisotherm depths of 
Fig. 3. Such a test is. shown in Fig, 4, If the largest ridge crest events occur 
precisely along the ridge axis, then maximum MQ scales as ai (Fig, 4). iThis 
possibility is unlikely,, because it would imply that the product of stress drop 
and fault area remains- constant - for earthquakes fo.r which the fault width 
varies.by mpre than a factor of 10. ' 
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Fig. 4. Comparison of maximum Mg-versus spreading rate (from Fig. 2) with the 700°C 
isotherm' depth w from Fig, 3a (different, vertical scale) and with the squared depth to the 
7p0°C' isotherm .from Pig, 3b (different vertical scale). The use of the 300' 'e or 500°C 
isotherms in Fig. 3 would give results indistinguishable from those shown. 

• If the largest ridge eve.nts occur 10 km or more off-axis, then m.aximLum 
Mo scales as uP̂  (Fig, 4). This possibility leads to the more plausible.implica
tion that the. product of stress drop and fault length is roughly constant for 
these largest ridge-axis earthquakes. 

A predicted scaling, of maximum MQ to w^ leads to too rapid-a variation of 
maximum MQ with spreading rate, even for ridge-axis offsets of several tens 
of kilometers. Thus unless new data on heretofore unobserved very large 
earthquakes on slow spreading centers are added at a future date,, scaling 
relation 2c is riot favored by the observed MQ data (Eig. 2), 

The hypothesis" that the'depth to an isotheim is the primary factor limit
ing earthquake size on mid-ocean ridge axes is therefore supported as long as 
the lai^est ridge-crest events occur slightly off center, probably beneath the 
rift valley walls or the edge of the rift mountains rather than directly be;neath 
the central rift valley for slow spreading ridges. Further evidence for an off-
ceriter locus of seisinic activity coriies-from the obseirvation that micro-earth-
qiiakes along slowly-spreading ridges also tend to occur at the edge of the 
median.rift valley rather than along the youngest centiral volcanic zone (Spiti-
deletal . , 1974; Francis et al., 1977). 
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If scaling relation 2b is valid for the largest normal-faulting earthquakes on 
ridge crests, then the product of stress drop and fault length is roughly con
stant for these events. We speculate that stress drop and fault length are each 
roughly constant for these largest crestal earthquakes. Limited stress drop 
data, summarized in Solomon (1978), support this notion and give a stress 
drop of 10—20 bars for such events. 

Additional support for the idea that the state of stress at ridge crests is not 
a strong function of spreading rate comes from a consideration of the quan
tity apparent stress (Aki, 1966): 

jjff = J JLEJMQ (3) 

where the apparent stress is the product of the average shear stress a on the 
fault before and after faulting and an unknown seismic efficiency factor TJ, H 
is the shear modulus (taken to be 3 - 1 0 " dyne/cm^), and E^ is the radiated 
seismic energy. Determination of E^ is not straightforward. We use the 
energy—magnitude relation of Gutenberg and Richter (1956): 

10gi()^s = 

which is 

10 
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of doubtful applicability for modem determinations of mb but does 
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provide an internally eonsistent means for-estimating E^ when only relative 
variations in rip among a pppulatioh of events are desired, rather than rigor-
pus measurements of absolute apparerit stress levels. Apparent stress values 
so estimated, using frib values reported by the International Seismological 
Centre^ are shown in Fig. 5 visrsus the local spreading half-rate. No fciieai 
dependence on "spreading mte is- evident. There may be a tendency for off-
axis earthquakes to show somewhat higher apparent stresses than axial 
events, though this rnay also be an airtifact of an akial I6w-Q zone (Solomon, 
1973) attenuating the ampUtudes df body Waves from the events nearest the 
niedian valley. . ' -

if the stress drop is constant for the events defining the bounding 
envelope in Fig. 2, then scaling reiatipn 2b.implies an approxiriiate constancy 
of fault length I for the largest ridge crest earthquakes. The fault length 
corresponding to a 10—20 bar stress drop is 20-^30 km, a figure in line with 
limited data from aftershock distributioris (Ben-Menahem and Aboodi, 1971; 
Solomon, li978). A characteristic bounding length to normal faults at mid-
ocean ridge crests may represent the typicsd distance alpng a rift valley 
between major offsetting transforms. 

TRANSFORM EARTHQUAKES 

Along transform faults, temperatures should gerierally be less at any given 
depth than in the immediate vicinity of ridge crests. This provides simple 
qualitative grounds for the observation that earthquakes on oceanic trans
forms can be larger than those near ridge axes (Isacks et al., 196S). The ther? 
mal structure pf a trarisform depends not only on the spreading rate but also 
on the transform offset L; Shown schematically in Fig,,6 is the area along a 
transform fault "that is less than some temperature TQ on both sides of Idie 
fault. If To is the isotherm limiting seismic failure, then this shaded region 
represents the maximum fault area for aii earthquake ori this transform. 

Source parameter data for 36 ttansfoim earthquakes and seismicity data 
for 60 transforms have, been compiled by Burr and Solomon (1978). We use 

Fig. 6. Schematic view of how an isotherm may limit :the area of a trans:form susceptible 
to" seismic failure. The shaded iregion represents that portion of the transform oh which 
temperature is •less than a putative limiting value To on both sides of the fault. 
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Fig. 7. Moment MQ versus surface-wave tnagnitude Mj for transform earthquakes, from 
Burr'arid Solomon (1978). Solid symbols are those with Mg from the USGS or Udias 
(1971) and an M = 7.9 eWnt (Gutenberg and Richter, 1954) on the- southwest Indian 
ridge. Open symbols are tho.se with magnitudes from Ro the (1969). Dashed lines are ffom 
the CĴ  and W,̂  rhodel of Aki (1967). 

that data set below, with the addition of the following transform earth
quakes: the, three events of 14/15 April 1974 on the Rivera transform (mb = 
4.2, MS F 4.3, MQ = 1,3 • 1 0 " dyne cm; mb = 4.4,. MQ = 2.1 • 10'^ dyne cm; 
-anti mi, = 4,7, JWO - 2,8 • 1 0 " dyne cm, / = 4 km) studied by Reid (1976); 
and the 25 March 1973 event in the Gulf of California (mb = 5.4, Ms = 5.5, 
Mg = 4.6 ' IjÔ ^ dyne cm, t = lO: km) studied by Reichle et al. (1976). 

Let us now examine several "empirical relations between the source para
meters of transfoirrii earthquakes and either spreadirig rate or transform off
set that support the notion that thermal, structure is controllirig the area 
undergoing seismic failure during ari earthquake. Burr and Solomon (-1978) 
considered two sets of earthquake data td explore these empirical relations 
for transform faulting: the first set consisted of all transform earthquakes 
with known seismic moment; the second set consisted of all transform earth
quakes with knovTO surface-wave magnitude. In Fig. 7 are shpwn the 
moment and surface-wave magnitude. data for the transiform earthquakes 
with known mOriient, and the predicted curves for the w^ and w^ models of 
Aki (1967). We have-used the w^ curve to convert magnitude to morrierit for 
the second earthquake data set,- and we consider only this more complete ' 
second set in the discussion below,. 

http://tho.se
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In' Fig, 8 is shown tlie^ seismic rnom ent versus spreadinjg rate for transform 
events, using the, data set vnth known magnitudes and the assumed 
moment—magnitude relation. - There appears to be a clear, decrease in the 
maximum size of a transform e'ari;hquake as a function of spreading, velocity. 
Since higher.spreadihg rate imiplies'shallowerisothenns, these graphs are con
sistent with temperatureexertihg a strong, control on fault area. 

In Fig. 9 is shown the seismic.moment,plotted-^airist the quantity Liv, an 
approximatie but simple, measure pf the maximurn ^ e contrast across the 
transform. The.: maximum mpment appears to increase with an increase in 
maximum age contrast, thdugh the events with MQ in excess of 10^'' dyne cm 
are too fe.ŵ  to establish this, result with certainty. Again, since a greater age 
contrast implies deeper isotherms fpr either a given offset or a given spread
ing rate, the importance of temperature as a limit-oii earthquake size is 
uriderscored; 

i^-shown.by Brune {1968), the effective transform width It', or the aver
age depth interval of seismic slip, can be estimated from the spreading rate y 
arid the. sum of-the seismic morii^nts for earthquakes on that triansfbrm over 
a-suitably long length of time T: 

W=%UcJ\iLm (5) 

Id 12 14 16 18 20 t 

I'l cm/,yf 

Fig, 10, Effective transform width W; from equation 6, versus full spreading-rate-for 60, 
oceanic transforms. Data from Burr and Solomon (1978). 
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200 too 600 
Transform Length", km 

eoo IOOO 

Fig. 1,1. Effective transform width Ĥ , fi-bm equation 5, versus transform length L. Sym
bols show trends of transforms with sirnilar spreading rates: circles, u ^ 0—4 cm/yr; 
squaires, v ~ 4—7,5 cm/yr; hexagons, (; = 7.5—11 cm/yr; triangles, «;= 11~18 cm/yr. 

whe.re:L is, the total transform lerigth. 
In Figs, 10 and 11 the transform width computed in this fashion is com

pared with the spreading rate arid the transform length for 60 ridge—ridge 
transforms (Burr and Solomon, 1978), using.approximateiy 50 years df mag
nitude data and the assumed m,pment—magnitude relation to determine the 
moment sums. In Fig. 10, the maximum effective transfonh widths may be 

ROMANCHE TRANSFORM 

2S. ;4 zz zg 21 _ zo 19 ia (7 Is 

S2 
SO •s,j 

.6,1 4° . ^ ' . . ^ . . . 

ZS Z4' 23 2.Z 21 ZO 19 18 17 16 

Fig. 12, Epicenters of earthquakes of magnitude 6.0 or greater on the Ronianche trans
form, 1920—1975, Data'frora Gutenberg and Richtetr (1954) and IJSGS'catalogs. 
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seen to decrease with spreading velocity, consistent with a thermal control 
in Fig. 11, note; that similar symbols-denote comparableispreading.rates. For 
agiyen. spreading rate, the effective transform width.increases with transform 
length. 

The latter relation is also, illustrated by looking at a plot of large eari;h-
quakes on the -Ronianche transforrii, as shown in Fig. 12, The yery largest 
events (M-^ 7) are; confined to the central portions ofthe transform, pref 
sumably because the fault width is greater in the cooler center than toward 
the transform ends. 

Th.e relation between temperature and seisriiic moments of transform 
earthquakes, may be further quah tif ied. The sum ofthe seismic moments for 
earthquakes on a particiilar transform J can.be expressed, after Brune (1968), 
as the pirbduct of rigidity, fault area, spreading rate, and sariipUrig tiriie: 

Alternatively the, mpment sum can be expressed as a function of the m^ni-
tudes of the same earthquake, set; 

(SMo)r S ^ijfiW in 
where 0,7 is the number of earthquakes of the magnitude Afj on the i*'' trans' 
form, and fj is the moment cprrespondingto the ' / " magnitude, according to 
a riioment—magnitude relation f{M}. For an assuriied value for the tempera
ture-limiting seismic failure, Wf in equation 6 may be determined for each 
transforrei from the spreading plate thermal models of Sleep (.1975)', these 
two pairs of equations may be written for each of 60 oceanic transforms. 
The coefficients a,/ and the spreading rate' and transform area .are different 
for .each transform but are known. The magnitudermoment functions fj aire 
ihe same io r all transforms, arid. are treated as unknowns. We may then 
invert the system of eqiiatibris. to find fj arid compare"the solutioris for vari
ous assumed hrhitirig temperatures to the actual momerit—magnitude data. 

The results of one such set of inversions are shown in Fig. 13. In the figure 
are the moment—magnitude splutions for the various assumed limiting iso
therms shown after* a leastrsquares line has. been fitted to the log momerit— 
magnitude relation resulting from each -inversion. From the eoriiparison of 
inversion solutions arid- actual hioment—magnitude data, a nominal limiting 
temperature of about 150°C is obtained. The-results of other inversions 
using somewhat different assumptions are described more fully in'.Burr and 
Solomon (1978). 

There are,many reasons why this.figure of;15p''C is only a notiiinal value. 
Our thermal, model pf thetpansform is overly simple, ignoring lateral conduc
tion across the transform, the sea floor topography Of transforrhs, possible' 
physical or chemical alteration of rock's in the fault zone, hydirothermal cir
culation, shear heating, and the .possibility that someof the transforms may 
be leaky. Nonetheless, a limiting temperature pf, at most, a few hundred 
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Fig. 13. Predicted log moment versus magnitude relations based on a least-squares linear 
representation of thie results of inversion of slip rate and magnitude data from about 60, 
oceanic transfo.rms, Each line represents the result tif a differerit-isotherm used to deter
mine transform area as in Fig. 6, Data'are the solid symbolsin Fig. 7. 
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Apparent; streiss of oceanic trarisform earthquakes versus local spreading rate, 
from Burr and Solomon (1978), Reid (1'9'76)-an.d Reichle et al.'(1976). 
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degrees. Centrigrade is consistent with laboratory measurements of the 
boundary between stick-slip .and stable sliding in gabbros and peridotites at 
pressures appropriate to the-oceariic crust and uppermost mantle (Brace and 
Byerlee, 1970; Stesky et al., 1974), Further, the predicted fault widths of 
about a kilometer- for th.e. shorter' transforms arid a few krii for the longer 
transforms; are broadly consistent with available data on the focal depths of 
transform earthquakes (Tsai, 1969; Weidrier and Aki, 1973; Reichle et al., 
l976;.Prpthero et al., 1976),, 

Apparent sl̂ -esses for transform eari;hquakes, estimated using equations 3 
4 arid the I.S.G. as the source for m^, arjB plotted versus spf eading rate in Fig. 
14. As forridge crest ev%nts, no clear dependence, of Tja ori v is apparent. 

FURTHER COMPARIS.ONS OF STRESS STATES 

It is of interest whether the availa:ble earthquake .source, parameter data 
•give any evidence, for differences in the state of stress between ridge axes 

10 bofs 

Tfonsfofm 
idqe Crest 
roplqte' 

Fig, 15, Relationship between moment JWQ a""̂  body-wave magnitude mi, (I.S.C.) for 
transforrn, ridge crest arid intraplate earthquakes; Data for transform events are from Burr 
and Solomon (1978), Reid (1976), and Reichle.et al. (1976). Data for ridge crest events 
are: from Solomon (1978). Data for intraplate events are from Richardson and Solbmoh 
(1977) arid'from two earthquakes on the Ninetyeast ridge by Stein and Okal (-1978). 
Moments,(verticaJ scale) are in dyne cni, ' 
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(rift valley normal' faulting) ,and transforms (strikersiip faulting). We may 
consider either the, apparent stress or ' the stress drop as a basis-'for such a 
comparisons, 

in Fig. 15 is showri a plot of A/Q versus m,, for ridige crest (including off-
axis) and transform eari;hquakes; lines of constarit TJCT are indicated. Data for 
intraplate earthquakes; (Richardson and Solomon, 1977; Stein and Okal, 
1978) are also included. No pronounced difference in the distributipn of 
apparent stresses among any of the three earthquake types is apparent. In 
particular. Fig. 15 strengthens-the coriclusiori of Richardson and Solomon 
(1977) that intraplate earthquakes do riot show systematically higher 
apparent stresses than plate boundary events. 

A plot of'seismic nioment versus; inferred fault length for ridge-crest and 
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Fig. 16, Seismic moments Mp and estimated fault lengths (for earthquakes/on ridge crests 
and oceanic transform faults. Sources of data given in the text. 
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pceariic transform earthquakes is shown iri Fig, 16. Data points-fpr large 
ridge crest esvents are from Sblomori (1978); fault lengths are estimated frpm. 
aftershock distributioris. Data points for large transform events are mostly 
from Burr and:Solomon (1978); fault, lengths are taken from Kanamori and 
Stewart; (1976) for two events, Udias (1971) for two events, and from comer 
frequencies for the remainder. OUB exception is the largest transfonn event 
shown, an,Af = 7.9 earthquake.ori the southwest Indian ridge (Gutenberg and 
Richter, 1954), for which the fault lerigth was taken equal to" the transform 
lerigth (Norton, -1976). Two additional transfprin events shown are from 
Reichle et al. (1976) and Reid (1976); reported fault lengths were.estimated 
from the dimensions of the aftershock'zones. Shown also in Fig", 16 are the 
range, of moments and fault lengths inferied froni coriier frequericies of 
S wave spectra from the March 1969 earthquake swarm (normal faulting) in 
the Gulf of California (Thatcher,-1972) and from ocean-bottom seismometer-
microseismicity surveys during'March/April 1974 on the Rivera fracture, zone 
(Prothero et al,, 1976) and during March 1976 near the ridge—ridge—ridge 
triple junction in the central Indian Ocean (Solomon et al., 1977). The 
source theory of.Madariaga (1977) for rectangular faults was used to convert 
all cpmer,frequencies to fault lengths, 

The data in Fig. 16 are not poorly apprdxiriiated by a straight line, though 
some of the: niild departures fiom a s t r a i t line fit. may be real. In particu
lar, the full suite of data is approximately consistent with the, hypothesis 
that Afo ^ /^, or equivalently .the hypothesis of constant stress drop arid of 
geometrical similarity. Tlie line shown in Fig. 16 amounts to ACT ~ 10 bars 
for i/iif = 3, (Note that dip slip events should have moments lower by a fac
tor of- ^3/4. for the same fault dimensions arid stress drop.) The largest, 
events in Fig.. 16 depart from the line MQ ~ P by the greatest amount, either 
because bf a lower stress drop or, more likely, a higher \(w ratip. 

The main coiiclusion to be derived from Eig, 16 is that transform and 
ridge crest earthquakes arenot distinguishable on the basis of-moment versus 
fault dimension relations or on the basis of stress drop. Nor are the stress 
drops associated with divergent plate boundaries a strong function, of earth
quake size. , 

CONCLUSIONS 

For both rift valleys :and trarisform faults, the source parameter data for 
large earthquakes support the hypothesis that earthquake size in each envi-
ronmeht is limited by' the depth to an isotherm marking the transition from 
seismic to aseismic slip. 

For ridgefcrest iearthquakes, the decrease with spreading rafe in the maxi
mum obseirved riioment is quantitatively consistent with the notion of tem
perature liriiiting fault width as long as the epicenters of the largest ridge 
events are located 10—20 km from the rift center. Limited data suggest that 
stress drops are-approximately constant for ridge axis events (10—20'bars) as 
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a function of spreading rate-. There may be a bound on fault length (20—30 
km) for such earthquakes, iridependent of spreading rate, perhaps due to a 
characteristic spacing betweeri trarisforiSi faults. 

For transform.earthquakeSj a number of empirical relations among maxi-
mum seismic mpment, .spreading rate, transform length,, and average trans
form width, ail support the idea that teniperature limits the depth ofseismic 
failure, in transform faults as'well. An inversion of slip rate and rnagnitude 
data for 60 oceanic transforms.provides an additional positive test of the 
hypothesis and gives an estimate for the nominal limiting temperatiire pf 
100°—150° C. There are many reasoris why this nominal temperature must 
be assigned a- lai^e uncertainty, but the estimate-is .at, least consistent with 
the shallpw focal depths of transforni earthquakies and with laboratory mea
surernents of fault slip in rocks pf compositions that may be representative 
of the oceanic crust and ujaper mantle. 

Apparent stresses of ti*ansfofm arid ridge-crest events shpw no obvious 
dependence oh spreadirig rate and are not systematically different from each 
other or from apparent stresses of intraplate'earthquakes. Momerit versus 
fault length relations for transform and ridge-crest ejirthquakes are indistin
guishable over eleven decades in moment and four decades in fault length. 
Thus there, is no evidence that the general state of stress near spreading cen
ter boundaries varies from rift valley to transform or as a function pf slip 
rate. 
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ABSTRACT 

Following a Bureau de Recherches Geologiques et Minie
res (BRGM) geothermal exploration in the Asal rift between 
1970 and 1973. some borehole sites for steam research were 
planned on the southern margin of the rift. Attention was 
drawn to this zone by the presence of hot springs on the 
borders of the graben as well as by the rift structure itself. 

A detailed petrological analysis of the rift lavas revealed 
a transitional volcanism which very closely resembled that 
which is found on oceanic ridges. The axial valley is affected 
by numerous open fissures, some of which are magma-
productive. Its morphology and size are quite comparable 
to those of the mid-oceanic ridges. The present tectonic 
extension of the rift has been estimated at between 2 and 
4 cm/year. Seismic activity is marked. 

The average flux on the ridges is about three times higher 
than the flux in the oceanic basins. The gradient measured 
at Asal reaches 45°/100 m on the flanks of the tectonic 
swelling, whose diameter is about 10 km. This swelling is 
due to a magmatic intumescence probably connected with 
the upper mantle. The intumescence is the site of a differen
tiation phenomenon, strictly controlled by a fractioned 
crystallization process. This swelling affects all the central 
part of the rift. 

The accretion band, which is 4 to 5 km wide, is hardly 
likely to favor the trapping of a geothermal field (marked 
dyke injeciion, fi.ssuration, scarcity of thermal indications). 
The boreholes were therefore situated on the borders of 
this band where, in contrast, the stratigraphic series is 
normal, the tectonization is still intense, and superficial 
impermeability and hydrothermal indications exist along 
faults. 

INTRODUCTION 

Since 1970, the BRGM has undertaken geothermal pros
pecting of the French territory of Afars and Issas (TFAI), 
a small territory of 23 000 km ̂ situated inthe Afar depression 
(East Africa). The capital, Djibouti (80 000 inhabitants), is 

a port situated at the outlet of the Red Sea into the Gulf 
of Aden (Fig. I). The other population centers are villages 
scattered in the bush, the largest of which are Dikhil and 
Ali Sabieh in the south and Tadjoura and Obock in the 
north. 

The aim of this geothermic prospecting was initially to 
provide for an electrical power plant of 4 MW supplying 
the town of Djibouti. The TFAI is divided by the Gulf 
of Tadjoura and its western extension, the Ghoubbat al 
Kharab, which penetrate like a wedge into the TFAI, cutting 
into its center and thus determining a northern region and 
a southern region. The morphology of the TFAI is very 
irregular, and this marine indentation constitutes an impor
tant axis penetrating the heart of the territory. 

In the first instance the prospecting concerned three rift 
areas in the south of the TF.AI: the rifts of Gobaad, Hanleh, 
and Asal are recent subsidence structures which are seismi
cally active and marked by numerous present-day and extinct 
hydrothermal occurrences and on faults and generally by 
volcanic activity of varying importance. Data on the geology, 
the geochemistry of the waters, gradient measurements, and 
geophysical soundings led us lo concentrate our efforts on 
the Asal region, which has the most marked tectano-volcanic 
activity and where the geochemical indications concerning 
the springs were the most promising. Moreover, the fact 
that it is nearer to Djibouti than the other rifts would permit 
the construction of an electric power line over a shorter 
distance. It is easily accessible from the sea. The proximity 
of a brine deposit at Lake Asal (unexploited) might allow 
further development at a later date. Finally its central 
geographical position and its distance from the political 
frontiers confirm the interest of this region. 

The prospecting work has been intensified over the past 
three years in the Asal zone, first at the instance of the 
BRGM and then with the impetus of the Ministry of Overseas 
Departments-Overseas Territories and the Ministry of In
dustry, in relation with the territorial authorities and the 
Electricitede Djibouti (EDD). The reconnaissance boreholes 
were drilled in spring 1975. 
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Figure 1. Location of TFAI and Asal rift in the Afar depression 
(Asal rift inserted). 

In this report we set out the principal arguments which 
led to the establishment of the conditions of a geothermal 
field in this region and to the choice of the zone for the 
siting of the reconnaissance boreholes. 

GEOLOGICAL AND GEOGRAPHICAL SETTING 

The Afar depression, which is also called the Oanakil 
depression, is triangular in form and extended over nearly 
100 000 km' between the 10 and 15''N. parallels. It covers 
part of Ethiopia, the TFAI, and part of the Somalian republic. 
Its boundaries are constituted, to the east, by the Oanakil 
horst and the coasts of the Red Sea and the Gulf of Adan; 
to the west, by the escarpment of the Ethiopian plateau, 
and to the south, by the border of the Somalian plateau, 
before opening into the great African rift valley (Fig. 1). 

It is a low region whose average altitude is hardly more 
than a few hundred metres while the altitude of the neigh
boring Ethiopian and Somalian plateaus ranges from 2000 
to 3000 m. Within the depression, several zones are situated 
below sea level, for instance, Asal (-155 m) and Dallol 
(-120 m). 

The Afar depression is situated at the junction of three 

major tectonic structures of East Africa; the Red Sea, the 
Gulf of Aden, and the great African rift system. For a 
long time it was considered to be the transition zone between 
Ihe African rift and the Red Sea Trough (Gregory, 1921; 
Mohr, l%7). However, it is now generally interpreted as 
part of the Red Sea-Gulf of Aden ridge (Barberi, et al., 
1972). The transition between the Red Sea ridge and that 
of the Gulf of Aden is made across Afar by a series of 
active "rifts-in-rift" arranged in an en echelon structure. 

The floor of the Afar region is largely covered with piles 
of Pliocene fissured basaltic lavas, while on its borders 
are found earlier basaltic or rhyolitic formations (Mio-Plio-
cene), (Varet, 1973). Afar is characterized by active disten
sion tectonics emphasized by numerous fault escarpments, 
open fissures, and marked seismicity, as well as by a 
succession of recent volcanic chains oriented north-north
west to northwest (Barberi, et al., 1972). The Asal rift is 
the last of these chains. 

GEOLOGICAL SETTING OF THE ASAL RIFT 

The Asal rift opened during the Pleistocene within a 
stratified basaltic series with Mio-Pliocene rhyolitic inter
calations characterizing the borders of the Afar depression 
(Slieltjes, 1973a). This ancient series is divided into a 
succession of monoclinal tectonic panels which are often 
strongly tilted (up to 30 degrees) towards the southwest 
(Fig. 2). 

Tectonics 

This typically dissymmetric fault trough is aligned north
west-southeast and is formed of successive steps descending 
gradually by normal faults (Stieltjes, 1973a). The rift is 
characterized by active distension tectonics—normal faults 
on the borders of the rift whose offset varies from several 
metres to several hundred metres; and open fissures in the 
axial band 3 to 8 km wide (Fig. 3). Some of these fissures 
are magma-producing. Important seismicity and active vol
canism are associated with these tectonics. There are many 
indications of thermalism (fumaroles, hot springs, spring 
concretions; Stieltjes, 1973a). i, , 

The speed at which the two sides of the rift are separating' 
has been estimated at 1.5 to 2 cm/year (Delibrias, Marinelli," 
and Stieltjes, 1974), while the amplitude of the vertical 
movements of the faults (normal within the axial valley 
and inverse on the borders) has been estimated at I to 
2 mm/year (Harrison, Bonatti, and Stieltjes, 1974). 

The piles of recent basalts in the central part of the rift 
are convex, formingadome wifhadiameter of approximately 
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Figure 2. Recent opening of the Asal rift in monoclinal trap series. 
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Figure 3. Ofjen fissures and normal faults in the axial valley. 

Figure 4. Scheme of the swelling in the axial part of the rift. 

20 km, swelling the whole of the axial zone by at least 
300 m (Fig. 4). The origin of this swelling could be linked 
with a magmatic intrusion of the diapiric type, determining 
an important thermic anomaly centered around the axis of 
the rift (Stieltjes, 1970, 1973a). 

Gradient measurements made in this region have given 
values up to 45°C/I00 m (Dague, et al.. 1973). 

Volcanology 

The products of the volcanic activity associated with the 
rift, mainly basaltic, are spread out between the Gulf of 
Ghoubbat-al-Kharab (southeast) and Lake Asal (northwest) 
over an area 14 km long and about 10 km wide. The visible 
covered surface is approximately 110 km'. The volume of 
these basaltic lavas has been estimated at 13.8 km' (Stieltjes, 
1973b). 

Two types of products from basaltic formations are 
associated with respective parts of the rift (Fig. 5): 

1. On the tectonic compartments of the border and the 
floor of the rift, basaltic products of subaquatic origin crop 
out: hyaloclastic massifs at the bottom (palagonite tuffs), 
which can be spread over a radius of about 10 km around 
the massif, overlain by big piles of fissural subaqueous 
basaltic lavas characterized by their "pavement" structure 
(Tazieff, 1%9), the absence of scoria, and their frequently 
mammillated surface. 
2. In the axial valley, the subaqueous products are overlain 

by present-day subaerial basalts, fissural flows, eruptive 
bodies or scoria cones situated along open fissures or faults, 
and lava lakes (Stieltjes, 1973b). Some of these flows have 
already been cut by fissures (gja) which are open over lengths 
of several hundred metres or kilometres under the effects 
of the distension tectonics (Fig. 5). 

Thus, a progressive emersion of the rift can be noted 
under the combined effects of the general upheaval .of Afar 
over the last 200 000 years (Faure, Hoang, and Lalou, 1973; 
CNRS Afar team, 1973) and the rapid local up-arcing (about 
1.5 cm/year) over the last 30 000 years (Stieltjes, 1973a). 

Petrology 

The stratified basaltic series earlier than the rift are alkaline 
in nature. 

Definition and nature of the volcanism. The volcanic 
rocks belonging to the Asal rift are distinguished from the 
earlier stratified series by their nature and their chemical 
and mineralogical evolution. They constitute an incomplete 
differentiation series, going from olivine-rich to ferro-basal-
tic. All the intermediary compositions between these two 
extremes exist, and a remarkably regular decrease of the 
percentage volume of the different constituents during the 
differentiation may be noted (Fig. 6). 

This differentiation from an initial liquid basalt is con
trolled by a fractioned crystallization process (Stieltjes, 
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Figure 5. Repartition of subaqueous and subaerial volcanism in the Asal rift. 

1973b): from the first stages of crystallization fhe separation 
of the olivines and the calcic plagioclases frorn the magmatic 
liquid causes the liquid to become poorer in Ca and Mg 
while it becomes richer in Fe. The enrichment in Fe of 
the liquid is greatly superior to that of the alkaline series 
and a little less than that of the tholeiitic series (Figs. 6 
and 7). 

The preparation of alkalines is low (2% < NajO < 5% 
and KjO s 1%) and the relation K:K -t- Na < 0.2 is very 
low. 

The mineralogical and petrochemical characteristics of 
this series reveal its intermediary nature between the alkaline 
and the tholeiitic series. The mineralogy is that of a typical 
alkaline series, while the normative composition is similar 
to that of olivine-tholeiiles and even of tholeiites (Slieltjes. 
1973b). This series can be considered as transitional between 
the alkaline series and the tholeiitic series (Fig. 7) comparable 
to that defined in the volcanic chains of northern Afar 
(Barberi and Varet, 1970). 

Plagioclase " foam". Both the subaquatic (hyaloclas-
tites, pavement lavas and the subaerial (fissural flows, scoria 
cones) basaltic lavas of the rift are characterized by their 
extremely abundant phenocrystals of calcic plagiocla.ses 
(^"60 to *"95) together with the rarer olivines and pyroxenes 
of varying sizes from a few millimetres to several centi

metres. These crystals are generally associated with nu
merous gas bubbles. Only a few of the subaerial flows (the 
most recent ones of the axial valley) are aphyric (no 
phenocrysts). It would seem as if all the mineral phases 
(olivine, plagioclase, pyroxene) separated from the initiai.-
magmatic liquid by fractioned crystallization, and were' 
accumulated by flotation at the top of the magmatic reservoir, 
with gas bubbles; forming a "crystal foam." As the lava; 
rises in the fissures, it carries with it a varying proportion 
of the plagioclases (d = 2.73) which, being lighter than the.' 
olivines and pyroxenes (d = 3.33). accumulate at the top 
of the pocket. The olivines and pyroxenes are only found 
in the last porphyritic flows just before the shrinking of 
the "foam" reservoir and the passage of an aphyric magma. 

This "plagioclase foam" facies is very important for the 
qualitative evaluation of the local heat supply under the 
rift. This facies is discussed in greater detail later in this 
report in the paragraph dealing with the origin of the 
convexity of the rift and the conditions in which a local 
thermic flux was established. 

Tectono-Volcanic Evolution 

The tectonic and volcanic structures of the rift are pro
gressively more recent from the margins towards the axial 
valley. The volcanic and petrological evolutions are closely 
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Figure 6. AFM diagram for volcanic rocks from the rift. Open squares represent total rock with plagioclase megacrysts. 
Filled circles represent magmatic liquids. Alkaline and magnesium components gradually decrease up to the ferro-basaltic 

stage. The differentiation process is controlled by crystal fractionation. 

connected with the tectonic fracturation, which began as 
a continental rift with normal faults and a slight separation 
owing to the limited stretching, but which is now developing 
under the influence of the increasing injection of dykes 
in the axial zone as the system evolves (Stieltjes, 1974). 

Thus, from the tectonic point of view, the normal faults 
of the rift borders have large scree slopes and consolidated 
smooth fault planes, while the faults of the axial valley 
have fresh, irregular, and unstable surfaces and limited scree 
slopes. The open fissures are situated in the axial valley 
which represents the most active zone at present. 

From the volcanological point of view, the morphology 
of the flows and the eruptive bodies is increasingly well 
preserved towards the center of the rift. The volcanic 
products of the margins are typically subaquatic (hyaloclas-
tites, pavement lavas) and affected by the normal tectonics 
of the rift. The volcanic products of the axial zone are 
subaerial, more recent, and only slightly affected by frac
turation by normal faults. They are, however, often emitted 
and recut by open fissures. 

From the petrological point of view, the basaltic series 
earlier than the rift are of an alkaline nature while the 
volcanism of the rift is of transitional nature. The most 
evolved differentiation products (ferro-basalts) are situated 
uniquely in the axial valley (aerial flows). They are sometimes 
very poor or lacking in phenocrysts of the plagioclases. 

It would seem then that the tectonic evolution determines 

the volcanic and petrological activity, which evolves from 
the borders of the rift towards the axial valley where the 
present tectono-volcanic activity is essentially concentrated. 
This is evidenced by open fissures which may or may not 
generate magma, and the raising of a dome in the central 
zone of the rift. 

Using these first data as a base we may consider and 
discuss the possibilities of the existence of exploitable 
geothermal lields. 

Assessment 

The size of the axial valley of the Asal rift is quite 
comparable to that of other known mid-oceanic ridges, such 
as the Gorda Ridge or the Mid-Atlantic Ridge (Fig. 8). 
Moreover, this rift is characterized by active distension 
tectonics, important apparent seismicity, active volcanism 
whose tholeiitic character is already marked, an important 
heat flow, and a thinning down of the continental crust 
together with the presence of an abnormal mantle (Lepine. 
Rwegg, and Steinmetz, 1972). 

The Asal rift is situated in the western extension of the 
ridge of the Gulf of Tadjourah (which represents the western 
end of the Carlsberg Ridge). It presents a great number 
of analogies with the accretion zones of the mid-oceanic 
ridges and can actually be considered as the first emerged 
element of the "rifts-in-rift" formation of the Afar depres-
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Figure 7. Comparison of Asal magmatic intermediate series with alkalic and tholeiitic series. 
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sion constituting the transition between the Carlsberg Ridge 
and that of the Red Sea (Barberi et al.. 1972). 

REGIONAL HEAT FLUX 

Theoretical Considerations 

The measurements of thermal flux taken since 1952 in 
the oceanic regions have shown that the mean flux on the 
ridges is high. The values obtained in the Gulf of Aden 
(3.9 Mcal/cm^/sec) and in the Red Sea (3.4 Mcal/cm^/sec) 
correspond to a very high flux compared with the mean 
values for the oceanic basins (1.28 Mcal/cm^/sec). 

The now-classic diagram of the distribution of flux values 
on a ridge compared with the structure of the crust (made 
by Menard in 1960). shows a correspondence between the 
crest of the ridge, the presence of an abnormal mantle, 
and exceptionally high heat flow values (Fig. 9). 

MacKenzie in 1967 correlated these heat flow data with 
gravity data, and attributed this high heat flow to hot basic 
masses ascending from the upper mantle and cooling with 
time. As the two plates continue to move away, the parts 
distant from the ridge will progressively attain a normal 
heat flow value; then the axial part will always be hot because 
of the permanent basic magma supply. These accepted 
conclusions have been proposed for the Red Sea by Girdler 

in 1970. who nevertheless mentions the existence of remark
able anomalies at a certain distance from the axis of the 
ridge. 

In fact the reality seems to be much more complex. The 
distribution of thermal flux values on a ridge according 
to the distance to its crest shows the presence of high and 
low values side by side. The highest values tend to be grouped, 
over 150 km on each side of the crest (Fig. 10). It would 
seem that the high flux values correspond to the crest, 
while the low values correspond lo transform faults. We 
may also note that the variation in the crust thickness induces * 
different flux values on either side of the ridge. 

Generally speaking, the Asal rift, which can be considered 
as an accretion zone evolving toward the ridge stage 
(Stieltjes, 1973b), should be the site of high thermal flux. 
A more accurate positioning was attempted during the 
geothermal prospection of this region. 

The excess of heat in the axial regions of ridges causes 
a thermal dilation which could be responsible for the up
heaval of these ridges and for the presence of light compen
sating masses beneath the crest (revealed by measurements 
of gravity). In fact, this thermal dilation seems to be 
insufficient to justify on its own the upheaval of the ridges. 
Phase changes could intervene in the axial zone; the most 
probable of these would be that of the partial fusion of 
materials. 

In the Asal rift, fhe swelling of the central zone is the 
outstanding fact of this type of movement. The discussion 
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Figure 8. Topographic comparison between Gorda Ridge and 
Asa! rift (after Harrison, Bonatti and Stieltjes, T974). The 
extensions and the shapes of the axial valleys are similar 
between these two riffs. Asal may be assimilated fo a mid-

oceanic ridge. 

below brings out the thermal implications of this local 
upheaval. 

The Upheaval of the Central Zone 

In the geological description of Asal. we have seen that 
the rift structure was affected by a doming of more than 
300 m in height over a radius of about 10 km. We have 
also seen that the associated volcanism (13 km') was 
characterized by the presence of a remarkable quantity of 
large phenocrysts of plagioclase. In our opinion, these two 
phenomena are genetically linked and indicate a localized 
thermal anomaly. 

I. The automorphic crystals of the calcic plagioclases 
(labradorite and bytownite) can attain dimensions of 4 to 
5 cm. They are slightly or not at all zoned. Where the 
zoning exists, it only affects a thin rim on the border of 
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Figure 10. Heat flow as a function of distance from the East 
Pacific Ridge crest (after Lee and Uyeda, 1965). 

the mineral. The crystallization must therefore have taken 
place in chemical balance with a magmatic liquid having 
a stable composition. Besides this, the quantity of plagiocla.se 
crystals should be negligible compared to the mass of 
magmatic liquid from which they split off. Finally, the 
massive crystallization of the plagioclases supposes their 
separation in the liquid before the pyroxenes; the magma 
must therefore be poor in water. 

The model of the plagioclase crystallization is not the 
usual type. The rise of very fluid magmas (basalts) takes 
place along a system of very narrow fissures, that is, in 
a system causing very rapid heat loss, if only because of 
the small volumes of matter rising. We must therefore 
envisage the rise of an enormous quantity of magma whose 
high heat flow values can compensate almost entirely for 
the thermal dispersion of the magma during the crystalliza
tion. 

The swelling of the central part of the rift cannot be 
due to an intrusion of the laccolith type in this case, since 
the rate of thermal dispersion is too high in such intrusions. 
We must envisage an intrusion of the diapiric type which 

http://plagiocla.se
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provides an abnormal heal supply to compensate for the 
normal thermal dispersion of the magma during its crystal
lization. 
2. The transitional type of volcanism has a marked tholeiitic 
character. The fusion rate in the upper mantle which pro
duced this magma must be slightly less than that which 
produced the tholeiites (30% approximately), but far above 
that which produced the alkaline basalts (5% approximately). 
The expansion rate of the rift (1.5 to 2 cm/year), which 
is comparable to that of the Mid-Atlantic Ridge, also supports 
this idea of a regional heat anomaly. 
3. The differentiation phenomenon ob.served for the lavas 
of the rift in connection with the evolution of the structure 
of the rift presupposes a fractional crystallization in a shallow 
magmatic chamber. The rapid emission of a large quantity 
of magma must have emptied part of the chamber and created 
a certain settling or even subsidence structures. The absence 
of faults of this type in the raised zone indicates that this 
diapiric pocket is directly resupplied (by the upper mantle?), 
which ^ould ensure an important and continuous heat 
supply. 

Cs \ 
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S ^ temperature .measurement 

"l 

Figure 11. Positions of the heat flow measurement core drills 
during the BRGM prospecting effort. 

Table 1. Temperature and temperalure-gradieni profile. 

Maximum Mean 
Borehole Deplh (m) lemperalure (°Q gradient (°C/10 m) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

49 
80 
78 
76 
63 
90 
44 
50 
79 
177 
50 

64.8 
48.0 
34.6 
32.8 
63.0 
75.0 
33.5 
29.1 
34.6 
100.5 
40.5 

+ 5.9 
+ 0.2 
+ 0.1 
— 

+ 3.1 
+ 4.5 
+ 1.8 
-0.8 
+ 0.15 
+ 2.9 
+0.75 

Flux Measurements in the Rift 

The BRGM team has taken flux measurements trans
versely to the axis of a rift during their 1972-73 operations. 
Altogether 862 m were drilled, divided between 17 boreholes 
with depths varying from 50 to 180 m. For reasons of 
accessibility and because of dissymmetric structure, only 
the tectonic compartments from the southern border up 
to the axial valley of the rift were prospected (Fig. 11). 

A profile across the salt plain was attempted. Because 
the salt was not massive but subjected to horizontal brine 
circulations, the measuring conditions were not valid. The 
profile was eventually taken on the dome separating Lake 
Asal from Ghoubbat-al-Kharab (boreholes 5, 6, 7, 8, 9). 
It was completed by a longitudinal northwest-.southeast 
profile on the southern panel of the rift (I , 10, 5. 6). The 
results obtained are given in Table I (from Dague et al., 
1973). 

In the axial zone of the rift, major sea water circulations 
along the faulted and fissured zones disturb the superficial 
thermic regime. Outside this axial zone, however, and in 
particular in the southern tectonic compartment, the mea
surement conditions were favorable and very high gradient 
values were obtained (2.9 to 5.9°C/10 m). In this southern 
region, the gradient values seem to increase from the 
southeast toward the northwest. However, the calculated 
correction of the influence of the topography shows that 
the isotherms deepen progressively toward the northwest 
(Fig. 12). 

Depth measurements were taken, in particular on the 
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Figure 12. Measured and extrapolated temperatures in fhe core drills Nos. 1, 10, 6, 5 (after Dague et al., 1973). 
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150''C isotherm (as this corresponds lo the minimuni lemper
alure for the circulation of hot waters at depth), according 
to the estimates of the geochemical studies conducted on 
ihc hoi springs of the region. 

LOCAL GEOTHERMAL CONDITIONS 

Indications 

The purely geological indications have been sel oul in 
detail above: active rift structure, upthrust of the central 
part, and active volcanism with a marked tholeiitic character. 

The hydrothermal and fumarolic activity is developed 
throughout the rift; it is connected with the tectonic frac
turation. Hot and salt springs emerge on the periphery and 
beneath Lake Asal and its salt plain. Submarine springs 
have also been detected in Ihe Ghoubbat-al-Kharab (Fig. 
13). Their temperature varies from 36 to83°C. The generally 
low discharge (a few liters per second) sometimes reaches 
100 1/sec for one of them. ' ' 

At the level of the axial valley of the rift, the superficial 
sea water circulations towards the lake at -155 m—con
firmed by geophysical methods—are found in the springs 
in the southeast bank of the lake. The springs' discharge 
is high, their temperature low (35 to 41 °C). and their 
composition is very similar to sea water (Dague et al., 1973). 
On the northeast and southwest banks the situation is 
different: on the northeast bank, about 15 springs with 
temperatures varying between 37 and 83°C have been 
inventoried, while on the southwest bank there are only 
3 visible springs, although these are on average hotter (59 
to 80°C). The waters are generally more saline than sea 

water bul have a different constitution. A relaiive enrichment 
in Ca** and a relative reduction in Na*. K* and Mg** 
as compared with sea water may be noted. 

These waters are of dual origin: meteoric and marine 
waters, enriched in salts (50 to 70 g/l) by a deep washing 
of the high-temperature (> I50°C) lavas (Bosch el al., 1974), 
after albitization and propylilization reactions of the basalts 
(Lopoukhine, 1973). These waters sometimes undergo slight 
mixing with the brine of the lake (Dague. el al.. 1973). 

The fumarolic activity is seen essentially in a few large 
fumarole areas connected wilh the tectonics, one in fhe 
axial valley and the others on the northern border of the 
rift. Small isolated fumaroles have been noted throughout 
the rift. Their temperature varies from 98 to I02°C. but 
the nature of the gases of these fumaroles reveals a very 
marked atmospheric contamination, which is nOrmal in such 
a fractured zone. No grounds exist for establishing a rela
tionship between this fumarolic activity and a possible 
geothermal field (Dague et al., 1973). We may note the 
absence of a fumarolic area on the southern border of fhe 
rift, which might indicate an efficient sealing. 

Important concretions of travertine-forming peaks or 
crests, which may sometimes attain heights of several tens 
of meters, are situated around Lake Asal. Connected with 
older formations and tectonics, these indications of an earlier 
thermalism seem to correspond to different conditions from 
the present situation (Dague et al., 1973). 

Discussion of Local Conditions of the Field 

The axial valley of the rift, 4 to 5 km wide, would seem 
on a priori grounds to be the most favorable to the presence 
of a geothermal field because of its particular structure. 

• hot spring 

X fumarole 

& travertin 

Figure 13. Hot springs, fumaroles and travertines in the Asal rift. 
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its accretion-zone character (where present volcanic and 
tectonic activity is concentrated), and the presence of 
fumarolic areas. However, this zone was rejected in the 
choice of prospecting zones in favor of the borders of the 
rift for reasons we set out below. 

The axial valley corresponds roughly to the accretion band, 
a zone injected by dykes in a close network. The rock 
inclusions in the hyaloclastite massifs of the rift axis arc 
constituted uniquely of lavas with "cryslal foam." No rock 
inclusion from the border series has been found. This intense 
oceanization connected wifh the long distensive fissuration 
suggests an open system: absence of the normal geological 
series, of favorable trapping conditions, of satisfactory 
sealing and of the presence of fumarolic zones on active 
faults. The major superficial circulation of sea water masks 
the thermal flux values: although it was expected that this 
zone would be the hottest, the gradient measured was 
negative. The industrial problems which might arise for a 
power station located in the axial valley also should nof 
be neglected: corrosion by volcanic gases, important seismi
city. and risks of canalization ruptures and volcanic eruption. 

In siting the prospecting drill holes, we aimed to avoid 
the accretion zone and find a more stable zone presenting 
a normal stratigraphic series, still subject to an imporiant 
thermal flux. The problem therefore came down fo estimating 
the extent of the band of intense oceanization and finding 
a better-sealed system (Fig. 14). 

The southern and northern borders of fhe rift seem to 
fulfill these requirements. The southern border was chosen 
for fhe first drill campaign for two main reasons: (I) because 
of the dissymmetry of the riff, the whole of fhe southern 
side presents a wider area and a more obvious structure; 
and (2) it is more accessible by land and sea. 

On the southern border of the rift, rock inclusions from 
older underlying series are found in the hyaloclastite massifs. 
The absence of any important hydrothermal indications on 
these panels should be a sign of good surface sealing (by 
the hyaloclasfites and the detrital series of af least Pleistocene 
age) in such a tectonized region. The flux measured is still 
very high 45 fo 59°C/I00 m in surface) and fhe calculated 
tectonic and apparent seismic activity is sufficient fo ensure 
fhe permanence of the fissuration or even a fracturation 
reservoir. The hot springs of this border indicate a deep 
circulation in the old lavas at temperatures of at least I70°C. 

It was Iherefore on this southern border thaf the first 
reconnaissance borehole's were sited. The first of them is 
being drilled at present (Fig. 14). 

CONCLUSIONS 

The outstanding results of the prospecting have been set | 
out above. They led us to a progressive adaptation of the"' 
ideas and research phases to the particular conditions of.„_ 
the region, including the unusual step in geothermal prospec-.fi?#~ 
tion of avoiding the outwardly most favorable zones. T h e . ^ r 
borehole campaign is now in progress, but it is too early^ffi^ 
fo draw any conclusions. It seemed worthwhile to set out.|iM-
the problems tackled a priori in the framework of a develop-?^^ 
ment policy for new and energetic research in the Frenchi^v: 
overseas territories in a region which, geologically speaking^^>^' 
is practically unknown. " !^^ . 

The hydrothermal indications suggest a deep circulation^ 
of waters of marine and meteoric origin, at temperatures^^ 
exceeding HO^C. The geological sludy has revealed thatlf 
the Asal riff presents characteristics of an active center- |^ 
of expansion connected with the Red Sea-Gulf of Adeni'/^-
ridge. The magmatic intumescence which affects fhe cenfral-J*'-
zone of the rift over a diameter of abouf lO km is attributed jijii 
fo a magmatic rise of fhe abnormal mantle. Throughout i t ^ -
the rift, fhe thermal flux should therefore be very h i g h . ^ ' 
The measurements taken under valid conditions express'^'^ 
gradients reaching 59°C/100 m in surface. .'-.̂ Mhi 

The accretion band, 4 to 5 km wide, which corresponds^-^ 
more or less to the axial valley of fhe riff, seems to be/i'̂ J.v" 
a system which is too open fo trap a geothermal aquifer.3*"^^ 
We have tried to avoid it while still remaining in the recentwtj 
part of fhe rift which is tectonically active. The southern ' i^ , 
margin, which is particularly wide due to the di.ssymmetrjrr^; 
of the riff, seems fo be an interesting geological and thermaily^. 
structure although hydrothermal indications are practically ^ ^ ^ 
nonexistent. We pose the hypothesis that this very absence, 
of hot springs and fumaroles is in itself a very important 
indication. It should mean a good surface sealing by thej 
hyaloclastitesand Pliocene sediments, while thedeep marine' 
circulations in a hyperthermal cycle should be very impor
tant. The first borehole results confirm this. 

The particular structure of an oceanic rift in progressi 
of expansion, suggesting a considerable thermal flux parfic-'S 
ularly in fhe axial valley where fhe indications are the most 
developed (volcanism. hydrofhermalism), led us to leaye| 
aside fhe hottest zones, because they have open and disper 
sive systems, in favor of research for thermal structiueS; 
which, although less evident, should be geologically more' 
reliable for purposes of trapping and sealing off a possiblej 
geothermal field. 

. , - i i> f f . ^ 

A X I A L V A L L E Y 

Figure 14. Block diagram of the Asal rift, showing the position of the exploration drill holes with respect to the accretion" 
zone. The accretion zone consists of an open system, not very propitious for a geothermal trap. -^ 
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Rivera Qcean Seismic Experiment (ROSE) Overview 

' ' J. I. EWING 

Department df Geology and Geophysics, Woods-Hole Oceiinagrapkic Institutibn,., Woods Hole, Massachusetts 02543 

ROBERT P. MEYER 

Geophysical and Polar.Research, Cenler, Dcpartmenr of Geology and Geophysicsi .University of Wisc-ansin—Madisan. Madison, 
Wisconsin ,53706 

'The- Rivera Ocean Seismic ExperimeTit\{RGSE) was designed as a combined sea,and land seismic 
program.fo utilize both explosive sources,and earthquakes to study a number of features of the 
structure and evolution of a mid-ocean ridge, a m^or oceanic fractiire zone, and the transition region 
hetween ocean ,'and continent: The primary region selected for tlie experiment included the Rivera 
Fracture Zone, the cresf and eastern flank of the East Pacific Rise north ofthe Rivera; and adjacent 
areas of Baja Gajifdmia and mainland Mexico. These_ areas were to be ihstrumented with land-and 
ocean bottom seismographsin order to determine good source parameter-and'location data fpr natural 
eventsand to record these events alonga large number of; paths crossing various parts of the region. 
Explosive charges were to, be detonated at: sea to-supplement the natural events. However, the 
necessary permission to conduct the experiment was not received from Mexican authorities; therefore 
an alternate plan was implemented wbereby.the marine prbgram had fo be moved southward outside of 
terfitbriai waiters. This had the effect of transforming this experiment into three,;almost independent 
components; (I) an experiment to study the East.Pacific Rise south of "the Orozco Fracture Z6ne 
primarily usingocean bottom recording and explosive'sources", (2) a seismicity program at the Orozco, 
and (3) a land-based program of recording natural events along the coasta!,region of Mexico. A 
considerable amount of useful.data was Obtained in each of the three subprograms. In the marine parts 
ofthe experimerit'we were, able to address a variety of problems including; structure and evolution of-
young oceanic crust and mantle, structure and'dynamics of the. East Pacific Rise, seismicity of the 
Orozco Fracture Zone, and partitioning of energy trans miss ion-bet ween ttie: ocean volume and the 
crust^ithosphere. On land, .the fortuitous occurrence of the Petatian JW7.6 earthquake of March 14. 
1979, permitted the acquisition of an excellent data set of fdreshockE':and:^ershOcks of this large 
event, which provide hew insight into the filling of a major-seismic gap in the region. This overview 
describes the scientific rationale and the design of the experiments, along with'some general results. 
Other articles in this volume give preliiriiriary scientific resiiits frbni certain coniponents of the overall 
experiment Oti in. some cases, report bn-other data pertinent to the scientific goals of'ROSE. 

INTRODUCTION 

Scientific and technological developments during the past 
several years have given seismologists; encouragement, to 
increase efifort toward solving one df the salient problems 
posed by seafloor spreading and plate tectonics. The essence 
of the problem is to understand how new material emplaced 
at an accreting plate boundary becomes arranged into the 
•typical' structure postulated for the outer 100 km of the 
eanh's surface. A variety of observations indicates that at 
almost all depths in/the crust and upper mantle there are 
detectable changes that relate toage. We felt that a largestep 
could be made- toward understanding the evolution of:the 
lithosphere and the driving mechanism of plate tectonics, if,a 
sufficient set of qfjantifative, high-resolution seismological 
data on and hear a substaiitial segment of a spreading riclge 
axis were acquired. Toward this end; we deployed ocean 
(»ttom seismographs (OBS), ocean bottom hydrophones 
(OBH), and other instrumeritatioh for a 2-mGnth period 
(January-Warch 1979) to record both earthquake and explor 
sive events on the East Pacific Rise between the Clipperton 
and Orozco Fracture, Zones fFigure f) and on the adjacent 
coastal region of maitiiand Mexico. The combined suiteiqf-
investigations is called the Rivera Ocean Seismic.ExperiT 
ment (ROSE), 
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The rationaJe for a,seismological experiment utilizing both 
earthquake and explosive sources is,based on several con
siderations. Earthquakes generate more shear, as well as 
surface wave,energy, than do explosions and thus provide a. 
significantly mdre diagnostic data set for determining many 
ofthe physical properties ofthe propagating medium. How
ever, miich of what.is.known about the structure of the 
oceanic crust and upper mantle, has been derived from the 
study of compressional waves generated by explosives. 
Therefore we wanted to carry out an experiment which 
pennits ithe direct comparison of broadband, multiphase data 
from earthquakes with the more commonly used dhta from 
explosion seismology. Not only would we have a complete 
study df a 'section of the East Pacific Rise (EPR) system, 
jncludihg one of its fracture zones, but we would also have 
data that may be directly compared with the substantial 
quantity of data acquired by explosion seismologists from 
maiiy regions of the world oceans. For example, the rise 
crest and eastern flank of the EPR between the two ROSE 
deployment areas (Figure 1) had already been studied inten
sively in^an "OBS experiment conducted by University of 
Washington [Lewis and Snydsmart, 1977], so these two 
experiments together provide an enormous amount of data in 
the region from the Orozco Fracture Zone southward almost 
to the Clipperton. 

The timiiig of the experiment seemed appropriate,, for the 
following treasons: Data already acquired had given signifi
cant insights into some aspects ofthe problems and offered 
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MEXICO 

r 16 'N 

106° W 

Fig. 1. Map showing the ROSE deployiiient:'areM for phase 1 .{explosive) centered on 12°N, 103°W and phase 2 
(earthquake) centered on the Orozco Fracture Zoneat li°N, 105°W. The m^or line numbers (1-7) and subarrays (A and 
B) are designated forthe phaSe I deployment. Bathymetry a^MMarnmerickxanSKliigard [1982]. Deployment details 
are shown in Figures 2, 3, and 4. The stippled lines indicate fracture zone trends. 

effective guidance in designing additional tests. Instrument 
development had progressed to the point that substantial 
numbers of OBS, OBH, and portable land seismograph units 
existed, and a considerable amount.of experience in their use 
had been accumulated. The develppment of new analytical 
procedures (e.g., inversion techniques and synthetic seismo
gram modeling) had made it possible to derive an increasing 
amount of geologic information from the recorded data. 
Further, a large proportion of the seismological community 
were convinced that a piooling of personal-arid instrumental 
resources into* the project would likely produce results 
whose-significarice would far exceed those obtainablefrom a 
number of smaller experiments carried out separately by 
individual groups. 

Our intent originaUy-was to;conduct the:experiment on the 
Rivera Fracture Zone and on the rise crest to the north. 
However, diplomatic clearance was not received to work in 
the area, wliich is within Mexico's 2<K)-iriile limit, and the 
exjwriment was.relocated but not renained. The necessity of 
having to move the experiment from the RiveiB Fracture 
Zone, which generates a substantial number of teleseismic 
earthquakes, eliminated much of the purpose of a combined 
land and sea Operation. The hope of recording good source 
parameter and location data for the fracture zone shocks by 
local instrument arraysand of recording the s;ame'events at 
more distant marine and land stations was not realized. The 
only events recognized to date that were recorded by both 
land and marine instruments were the magnitude 7.6 Petatian 
earthquake of March 14,1979, at IT.S-N, 101.5°W aiid some 
of its foreshocks and aftershocks. 

Because of the everits that caused the original experiniient 
to be fragiherited, we preserit the scieritific rationale and 
experiment design in two parts: part 1, the marine compo
nent, and part 2, the land component. 

Scientific laboratories that took part in R O S E (Sea) were: 

Hawaiilnstitute of Geophysics; Lamont-Doherty Geologicai 
Observatory.; Massachusetts Institute of Technology; U.S. 
Naval Ocean Research and Development Activity; U.S. 
Naval Research Laboratory; U.S, Naval Undersea Systems 
Center; Oregon State Uriiversity; Scripps Institution of 
Oceanography; University of Galifornia, Santa Barbara; 
University of Texas at Gaiveston; University of Washing
ton; Woods Hole OceanogiiEtphic Iris'titutidn; and Instituto 
Oceanograiico at Marizanillo. 

Scieritific laboratories that took part in ROSE (Land) 
were: Hawaii Institute of Geophysics; University of Wiscon
sin at Madison and Oshkosh; Uniyersity of Mexico, Instituto 
de Geofisica and Instituto de .Ingenieria; and Centro de 
Investigaciones Cientifica y Ediication Superior de Ensena-
da. 

Research shipis used during the experiment were: R/V 
Robert D. Co/irarf, Lamont-Doherty Geological Observa
tory; USNS DeSteigeur, NORDA/NAVOCEANO; USNS 
Hayes, Office of Naval Research/Naval Research Labora
tories; RA' Kana KeOki, Hawaii Institute of Geophysics; and 
i W Thomas, G. Thompson, University of Washington, 

PART I: SCIENTIFIC RATIONALE AND 

OBJECTIVES (MARINE) 

Explosiort. Seismology 

Experimental and analytical techniques in triarine seismol
ogy have evolved rapidly in recent years due both to the 
employment of ocean bottom seismographs and to the 
develdpment of methods of analysis which piermit a more 
flexible view of the variation of velocity with depth [Helm
berger, 1968; Fuchs and Muller, 1971; Bess'onova et al, 
1974; Kennett, 1977], This has, in turn, greatly altered our 
conception ofthe structure of the oceanic crust and upper 
mantle and has emphasized the need for detailed studies of 
specific areas and problems rather than less well directed 
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irveillan'ce expeditioris. Several important hypotheses ean 
*ow be tested or refined by a detailed field experiment using 
l e currently available OBS systems. Among,these hypothe
ses are: 

J The low-velocity zone (LV:Z), observed ih several 
laces along the East Pacific Rise, is a magma chariiber or, at 

least, is a zone of partial melt. 
,2. Tlie low-velocity zone (magma chamber?) underlying • 

ihe rise-crest is.-geographically discontinuous. 
3. A Idw-velocity zone, perhaps a region ofserpentin-

iied mafic rocks, lies at the, base ofthe oceanic crust, 
I^VZ's have been found by Orcutt etal. [1976] north of-the 

Sequieros Fracture Zone axidby Reid et a/, [1977] at 2I°N 
usiiig single- ended OBS refraction profiles interpreted in 
igfUis of fiat-lying homogeneous layers i McGlaiii and Lewis 
f:l9^) used refracted arrivals across the rise axis td find 
evidence for^ariartow LVZ at 22.5°N, south of the Tamayo 
,p[acture Zone. However, crustal LVZls have also beeii 
found well away from the rise [LewJ and Snydsman, 1977] 
leaving some question as to the caiise of the low velocity, 

4. The velocity structure of the oceanic crust changes-
smoothly with increasing depth rather than discontinuously. 

Most of''the refraction-measurements of recent years, in 
which'amplitude information has been utilized in the analy
sis, have been interpreted ;as. supportive of this, hypothesis 
[cf! Orcutt et at., 1976; Lewis, 1978; Whitmarsh, 1978-, 
Stephen et aL, 1979,; Detrick and Purdy. 1980]. Most results 
from reflectioii seismology give fuinher support, in that 
intercrustal reflections ^re seldom observed, while reflec
tions from the cnist-mantle transitionafe relatively common' 
in variable angle feflectio'ri profiles [Ewing ahd,Houtzi 1969; 
Houtz, 1977] and in,neai--normal incidence multichannel 
profiles [Grow and Mori/, 1977; Buhl etal,, 1978; Stoffa and 
Buhl, 1979]. 

5. Crustal and upper mantle structure and seismic veloci
ties-vary with increasing age. 

From other experiments on and near the East.Pacific Rise 
[e.g., Phillips, 1964; Lewis and Snydsman, 1917; Bibee and 
Shor, i976;McClain and Lewis, 1980; Clowes and'Mdlecek, 
W^', Houtz and Ewing, 1976] it has been found that'at least 
three important changes occur in the cnist and upper mantle 
with.age: (1) the upper ciiistal velocities increase, with .age, 
(2) the crust thickens with age in some areas, arid (3) the 
upfwrmantle veldcitieS'increase'withage, 

To explain these effects.-ithasbeen suggested thatcracks, 
voids, and.rubble zones associated with newly formed crust 
are filled arid cemented by mineralization as the crust ages,-
resultmg in a gradual increase in upper crustal velocities; 
that convective circulation of water in the crust penetrates to 
depths of abouf 8 km causing varyingrdegrees of serpeiitini-
zation ofthe ultramafics in the lower crust; and that cooiitig 
of the upper maritle causes the increase in iipper mantle 
velocity with age. From an experiment on the Cocos Plate, 
Lewis [1978] also found that the degree of upper mantle 
anisotropy changes with age, being higher near the rise axis 
than in older parts of the Pacific [Raitt et aL, 1971]. 

6. Major features of the oceanic ciyst. such as the 
sharpness of the transition from crust to mantle, vary 
significantly over geographic wavelengths of as little as 10 
km [Grow and Markl, 1977]. Eviderice of variations in the 
cnist-mantle transition is apparent in both refraction arid 
reflection profiles. Iii some areas, reflectidn data at normal 
incidence indicate that the moho is essentially a;first-order 

discontinuity for wavelengths as short as 6C)b-8pO m. In 
other places the transition- appears to be more gradual, 
producing ordy refracted arriyals; An objective ofthe ROSE 
experiirient was to acquire a 'siiflicient body of data to permit 
a better realization and understanding of the" variability in the, 
transition in the hope of gaiiiing further insight into accretion 
-and,aging processes. 

7. The shear velocity structure of the- oceanic crust 
excludes the. likelihood of a high degree pf serpentinization 
at any depth within the crust [Christensen and Salisbury, 
1975]. 

Some of these hypotheses, such as 3 and 7,.are, at first 
glance, mutually exclusive. Unfortunately, many of the 
conclusions about the nature of the oceanic cnist have been 
developed by statistical analyses of survey data: frorii many 
different geographic .areas. This statistical treatment of data 
is df qiTestiohable validity because of evidence for significant 
heterogeneity iri the crust arid upper mantle and .because, of 
the reaJizatidri that each of the listed hypotheses has obser
vational examples and counter examples. ROSE was con
ceived to concentrate enormous attention .on the details of 
the seismic structure of a specificarea, to link the fine scale 
structures observed in subtnersible and deep tow operations 
to'the grosser scales addressed by more traditional seismic 
techniques, and to employ new seismic methods in leaming 
abput.the details of the velocity structure. 

An overall goal of ROSE, which embodies most of the. 
topics in the preceding disciissibn, was to gain insight into 
the nature and geometry of a young lithosphere/astheno-
sphere boundary thrdugh the study of seismic velocity 
structure and energy partitioning along paths at various 
distances'from the accretion axis, as well as along paths 
through different levels of the accretion zone. Some specific 
questions to, be addressed were: 

1, Does the boundary dip, as- steeply away from an 
accretion axis as is suggested by thennal models, for exam
ple „/».arit;er and.Oldenburg [1'9'73]? 

'2, Is there a high-velocity lid at the base of young 
lithosphere? 

3.- What is the effect of aging on seismic attenuation in 
the lithosphere? 

4. Does the moho exist under the ridge axis? If not,-at 
what lithospheric age is it identifiable? 

Orozco Seismicity . , 

The three principal scientific objectives of the ^seismicity 
phase of the ROSE studies were (1) locations of earth
quakes, including depth, (2) focal mechanism studies, and (3) 
striictui^al evolution df the plate with age using body,waves, 
especially shear. 

A few .DBS microearthquake surveys in the Rivera region-
have previously been conducted, and several large earth
quakes have been studied with teleseismic techniques, 
though none of these investigations extended to the region 
included in Figure I, Prothero et ql. [1976] reported mi
croearthquake seismicity rates, moments, and rough source 
depths and dimeiisions for events recorded at two sites on 
the Rivera Fracture Zone using tripartite OBS arrays. A 
third site on the rise crest was:quiet for an 8-day deployment. 
Conabined analysis of DBS and teleseismic records from 
three of the lai^est shocks has yielded more precise esti
mates of focal depth (<3km) and stress drop (—10 bars) and 
a riieasure of teleseismic /* delay [Reid and Prothero, 1981], 
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Fault plane solutions for large earthquakes inthe Rivera area 
have beeri published by- Sykes [1967, 1970] and- Mblndr 
[1973], and moments for three eventS; are .given by Tsai 
[1969]: TheseTcsults will provide a useful basis for compari
son with ROSE data on the Orozco. 

1. The spatialand temporal patterns of seismicity on the 
Orozco transform fault ahd the adjacent segments of the 
East Paciflc.Rise are offundameritalihterest for studyihg'the-. 
details-of-crustal spreading,: arid transform faulting. Precise 
iocations and source excitations are £dso prerequisites for 
the, propagation experiments using earthquake-generated. 
phases as described below. 

Additional source characterization of the oceanic earth
quakes of this study, is possible toa unique degree because of 
the large number and variety of near-source sensors simultar 
rieoiisly in operation. Focal mechanisms ofthe larger events 
win be possible from P and S wave motions. The seismic 
moment, magnitude, source dimension; apparent stress, and 
stress drop will be derivable from spectral analysis for some 
earthquakes. For a few well-recdrded events, such addition-
21 source parameters as rupture velocity and rise time may 
also be estimable. .Determination of the detailed pattern of 
seismicity during ROSE allows the definition of the active 
portions of the plate boundary and Constrains-the-nattire of 
the faulting processes on a scaleand with a spatial resolution 
not heretofore possible in,mariiie experiments. Qf particular 
interest is the potential variation of earthquake focal depths 
along the transition from the rise crest to the transform fault 
ahd with decreasing age contrast across the transfonn fault. 
Since th6 distribution of earthquake foci is related tp the 
regime of brittle fracture in the earth, this experiment rnay 
provide a quantitative measure of the change in'the depth to 
a brittle-ductile transition iri the Crust or mantle as a function 
of plate aging. 

2. Focal mechanisms for thelafger earthquakes can be 
reasonably well constrained by body wave firstrmotidn. The 
concentration of receivers' provides the essential azimuthal 
control for a more complete description,of the focal mechaT 
nisms than has been possible with other oceanic microearth
quake seismicity studies to date. 

3. Several seismological stiidies,, as noted above, have 
provided convincing eviderice that seismic wave velocities iri 
the gceaniC mantle arid perhaps in the crust increase- with 
lithosphere age. These velocity iricireases may be associated 
with the decrease in temperature and the motion of tempera
ture-controlled phase boundaries inthe cooUng oceanic plate 
as it moves away from a spreading center. Thus an accurate 
detertitination of the variation of velocity with depth and 
with age in oceanic lithosphere eain help constrain both the-
thermaJ stiiicture and the mirieralogy and petrology of the 
crust and maritle. 

Shear wave • velocity strijcture is;particularly sensitive to 
seafloor age, aiid the seismological evolution of the litho
sphere has been best demonstrated from measuremerits of Si, 
[Hart and Press, 1973] velocity and of the phase arid group 
velocities of Love and Rayleigh waves [evg., Leeds et al,, 
19n4;Yqshii, 1975; Forsyth, 1975], The high-frequency S„. 
phases yield information on the lithospheric mantle, possibly 
of high-velocity waveguides, and the longer-period surface 
waves provide abundarit information on the shear velpcity 
and density structure of crustal layers and ofthe lithospheric 
aiid asthendspheric mantle, includiiig the importatit question 
of anisotropy. Unfortunately, all such studies to date have 

been confined of necessity to long and heterogenepus paths 
from oceanic sources to seismic stafioris on land, usually oj. 
continents. So-called -pure path' tneasurements have beg. 
extractedvfrom large, sets of mixedrpath data by a combina, 
tipii of simplifying assumptipns and statistical analysis, but 
the wa.y 'pure path' data sp derived average actual structufg-
is not at all clear.. Further, these teleseismic studies have 
used surface wave data primarily of periods longer than !5 j 
Shorter-period (1-15 s) fundamental and.higher-mode,sur
face waves, and their valuable constraints on shallowcnista] 
properties, have rarely been used to study oceanic structure 
Unairibiguous determination of path characteristics for body 
and surface waves, requires oceanic sources and ocean 
bottom sensors'aligne'd'aldng profiles of constant lithosphere. 
age. Efficient:generation df diagridstic 5;, and surface waves 
requires that the sources be earthquakes. 

The Orozco experiment provided an excellent opporiunity 
tp characterize 5„ propagatipn along truly pure oceanic 
paths of neariy constant age. The strike-slip earthquakes on 
East Pacific Rise transforms generate SH waves that have 
rriaximum amplitudes alorig north-sputh isochron paths; 
From the Orozco data set, the shear wave- structure for 
yoiing hthosphere (2 m.y.) may be derived, with the distinct, 
advantage that the vanation in structure with age derived 
froin this experirflent will be tigfitly controlled by the pure 
path data. 

ExPERiMEivrT DESIGN (MARINE) 

Explosion Seismology' 

The scieritific rationale discussed above led us to an 
experiment'design based on the deployment of 60 to 80 OBS 
and OBH units in the patterns shown in Figures 2, 3, and 4, 
(See Table 1 for iristrument designations used ih Figures 2-
4.) The first deployment was designed primarily for explo
sion seismology biit Clearly could also provide earthquake-
generated data to supplement that recorded during the 
second deployment'. The ability to locate explosive sources 
at will obviously permits more flexibility in experiment 
design than is possible when natural events are depeiided 
upon. Therefore a considerable part of the explo.sive phase 
of the experiment was devoted to stiidy ing, specific structural. 
probiems, such as the extent and distribution of magina 
chambers, and to investigating thedetails of velocity struc
ture and propagation parameters from the ridge crest (0 age) 
out to a crtistal age of about 4 mty. 

The shotand detector patterns outlined.in Figures-2-and 3 
permit comparisons of ..travel times, arrival structute, and 
energy levels for various- propagation paths over a wide 

TABLE 1. Instrument Designations Used in Figures 2, 3, and 4 

Organization Numbering 

Woods Hole Oceanographic Institution 1-8 
Lamont-Doherty Gedlogical Observatory 10i-!07 
University ofTexas Marine Sciences Institute :20l-212 
Scripps institution of Oceanography 3,01-305 
University .of Washington 401-408 
Hawaii Institute of Geophysics 501-527 
Oregon State University ' 601-612 
Massachusetts Institute of Technology lOOi-!.0O3 
University .of California. Santa-Barbara 801^2 

In both phase I and phase 2, Woods Hole Oceanographic [nstitu; 
tlon instruments were deployed twice. The second deployments aK 
designated by primed numbers'in Figures 2, 3,,and 4. 
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Fig. 2. Details.of ihstrument'de'pldymentand locations of large shots in phase 1. Instrument designations are given 
in Table 1, Open circles denote 800-kg shotsi Solid circles are 2W-kg or Sp̂ kg charges with the larger size generally 
spaced farther, apart and located near the ends of the shot lines. 

range of distances and azimuths and through a- variety of 
crustal and upper mantle structural configuratioris. A large 
number of shots of several sizes and spectra are distributed 
in the study area, providifig a unique opportunity to study 
propagation quantitatively over a substantial range of fre
quencies and medium parameters. The following comments 
arepertineiit to the deployment'and shooting rationale. 

1. Shot lines fired between an^y elements as indicated in 
Figures 2 and-3 produced excellent refraction control at each 
position for determination of both shallow and deep struc
tures. The distributioii Of large shots (200-8001^) within and 
outside of the array provided a large number of shots with 
(K)tential to be recorded by most elements of the array, 
covering a broad range of distances, azimuths, and ages.' 
With control on the upper structure provided by the smaller 
shots, the variations in seismic parameters ofthe entire area 
should be extremely well determined. 

2. Array A was planned as' a vertical array of hydro
phones and an L-shaped array of OBS's dismbuted in a Jog 
periodic fashion. The maximum length pf each leg was to be 
about 5-8 km with the minimum spacing being about \(30 m. 
As well as being used for structure determination, this array 
was to be used for measiif ements of wavefront distortion due 
to inhoinbgeneities, signal and noise coherency, energy 
pa^itioning, attenuation^ and impedance. Because of some 
OBS failures and deploymeiit problems the desii-ed array 

configuration was not achieved "exactly. Nevertheless, the 
data set recorded by the artay is unique and potentially of 
cpnsiderable value to the whole experiment. 

3. The main objective of'the deployment of anay B was 
to utilize propagatipn paths from shots, particularly along 
line 1, which pass thrpugh the rise crest and its flanks at 
many differentdepths, permitting.a detailed study of the rise 
structure. The shots albtijg lines 4 and 5 also provide some 
insight into structural variation in the dimension parallel to 
the'rise. ' 

4. The studies with the main OBS array, as w'ell as those 
connected with the tight arrays at points A and fB, were 
supplemented by receiving many of the lines of explosive 
shots with atowed multichannel seismic array in 'expanding 
spread' mode. Not only does this: method provide seismic 
and acoustic data of exceptipnally high resolving power, but 
also we considered it important to be able to compare results 
obtained with fixed bottom receivers with those obtained 
with a mobile line array. Details pf the expanding spread 
method are given by Stoffa and Buhl [1979]. 

5. To achieve a denser population of detectors on lines I 
and 4, the Woods Hole Oceanographic Institution OBH's 
were deployed on' line ,1 while it was being shot and 
redeployed on line 4 for the shooting there. 

6. In addition to the work along the main lines of the 
instrument grid, some periods of time during the experiment 
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Fig. 3. Instrument deployments and locations of small shots in phase I. Instrument designations are given in Table 

1. Small shots alternating 2-kg and 10-kg charge fired approximately every kilometer. Figure shows location of every 
tenth shot. 

were devoted to firing detailed shot patterns around individ
ual instruments using deep explosives, airguns, and maxi-
pulse as sources. Some of the exercises of this type were 
based on vertical array recording to measure arrival struc
ture, coherence, reflection coeflicients, and bottom imped
ance, \yhile others were designed for high-resolution mea
surements of crustal structure at various OBS locations. 

7. Following the main ROSE field program, RA' Conrad 
conducted a 24-channel CDP reflection survey along the 
m^or lines ofthe phase 1 grid. This survey was expected to 
provide important data on the geometry and reflectivity of 
the crust-mantle transition and on possible intracrustal dis
continuities [Buhl et a i , 1978; Herron et a i , 1978]. 

8. Other separate, but related, experiments conducted 
during or after ROSE included further tests with the Univer
sity of Washington deep-towed seismic array, a deployment 
by I W Kana Keoki of Oregon State University OBS's in the 
Petatian aftershock region, and deployment by RA' Thomp
son of electromagnetic recording instruments operated by J. 
Filloux of Scripps Institution of Oceanography. 

.(' 

Orozco Seismicity 

The second deployment of the instruments (Figure 4) was 
primarily for earthquake recording at the Orozco Fracture 
Zone. The receiving array was designed with two primary 
objectives in mind: (1) to instrument portions ofthe fracture 
zone to accurately locate earthquakes occurring along it and 

to measure the source parameters as a fiinction of position 
along the transform, and (2) to instrument the neighboring 
regions of the rise crest and flank to record body and surface 
waves from the fracture zone shocks. 

In short, the second deployment was planned to use 
natural seismic events to investigate the tectonic behavior of 
a fracture zone, to interpret the behavior in terms of crustal 
and lithospheric properties, and to use the earthquake 
sources for studying the variation of crustal and lithospheric 
structures as a function of age. Additional source-receiver 
propagation paths might be expected from local ridge crest 
and from teleseismic events. In this instrument deployment, 
most ofthe units were expected to be recording for a period 
of 2-3 weeks with a high probability that a few earthquakes 
would be recorded by all instruments. Not only was this 
expectation realized, but also a large number of smaller 
shocks from the fracture zone were detected by the closer 
units. Several 200 kg and 800 kg shots were fired within and 
outside the Orozco array to provide a direct comparison of 
earthquake and explosive sources. In addition, four lines of 
smaller explosive charges were fired to provide crustal 
velocity infonnation for aid in location ofthe seismic events. 
The locations of the explosive charges are shown in Figure 4. 
Most of these objectives, as well as several others, were 
more realizable at a large fracture zone like the Rivera. 
Nevertheless, the Orozco data base is substantial and is 
expected to add significantly to our understanding of accret
ing plate boundaries and oceanic transform faults. 

i 
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Fig. 4. instrument deployments and shot positions for phase 2. Instrumentdesignacions are given in Table 1. Open 

circles are 200-kg charges, exce5)f3440 and 3441, which are SOO.kg. There was no.shbf.3439. Charges of 2 kg each were 
fired along lilies 1-4 approximateiy every kilometer. 

PART 2:' SGiENTiFic RATIOI^ALE AND 

OBJECTIVES (LAND)-

The land portion of the Rivera Ocean Seismic;Experiment 
(RbSE).began with the same question as the parent marine 
program: to understand how new material emplaced at an 
accretiiig plate boundary becomes arranged into the 'typical' 
structure postulated for the outer 100 km of the earth's 
surface. During the descade preceding ROSE, both active and 
passive margitis had been examined by combined oceano-
paphic and laiid seismic ex:periments, with uniformly favor
able experience observing sea shots at land seismographs to 
ranges as great as 1500 km. These experiments had resulted 
in estimates pf the depth of the lithpsphere-asthenpsphere 
boundary under the Gulf of Mexico [Hales et a l , 1970] and 
in considerable insight cpnceming the regipn wheresubduc-
tidn begins off Mexico [Helsley et a i , 1975; Mooney et al., 
1975], Peru [Gettrust et ai., '1973; Luetgert and Meyer, 
1978], and Gdldmbia [Meissner et al.,. 1976; Meyer ei a i , • 
1976; Ocdla ei a l , 1975], The ROSE experiment provided 
the first opportunity- to examine ;a spreading center in a 
similar way. 

The advantages of adding observations oh land during 
both the explosion and the earthquake-^recording phases of 
the ROSE oceanographic program were several. With sea 
shots as sources, we expected, observations at quiet land 

•sites along parallel several-hundred-kilo meter lines in Baja 
California and-soutfieas't along the Mexican coast (Figure 5), 
thereby extending the lines of measurementsto greater rarige 
than, available to the. marine program. Because of this 
extended range, it was -likely that the land seismographs 
could sample, deeper regions beneath the East Pacific Rise, 
for regardiess of marine experience showing. little or rio 
energy transmission across a* spreading center at shorter 
ranges, our expectation here was that, as the range in
creased, energy via Fermat paths crossing the divergent 
margin would be'seen (a-common observation, as teleseismic 
arrivals attest) and the depth of penetration berteath the 
spreading center'would increase continuously or discoritinu-
ously with increasing range. We also expected to obtain data 
to compare the velocity-depth structure ofthe coastal main
land Mexico with that of formerly adjacent Baja Cahfornia, 
addressing, among other things, the question of the effect of 
the rafting of Baja on its underpinnings..Further, from lines 
of shots nprtheast, at right angles to thpse above, we. would 
examine the deep structure along seafioor isochrons: Based 
on the results of shooting across the Gulf of Mexico [Hales 
•et a i , 1970], we expected high P wave velocities at approxi^ 
mately fi)-km depth even under the very young ocean floor 
here, arid the greater raiiges afforded by the lahd seismo-
graphs.improved the chance of observing them. 

A land extension of the second, earthquake recording. 

http://no.shbf.3439
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PROPOSED 

ACTUAL 

Fig. 3. Proposed and actual locations* of'seismic observations. Not shown is the region off Petatian occupied by 
OBS's for aftershock studies, ' 

phase of the ROSE program was planned because of the high 
seismicity, not only of the.East Pacific Rise, Rivera Fracture 
Zone, arid Tairiayo fracture Zone, but also pf the mainland 
adjacent tp these areas. Because of the proximity of the 
sources, we expected that well-located earthquakes pn land 
or sea could be,seen by counterpart airays at sea or on land 
(Figure 6), providing a prime opportunity to study S wave 
parameters; which are essentially utiavailable from explo
sion data. 

Land Program Modified 

The land field parties assembled in Mexico in January 
were left with greatly diminished opportunities when diplo
matic clearance was not received forthe ships of the ROSE 
consortia to work within Mexico's 2W)-mile territorial linut. 
The explosive phase df the experiment was relocated some 
400-500 km farther out to sea and to the south, over the.East 
Pacific Rise south of the Orozco Fracture Zone, interposing 
a mininium of over 400 krii and a subduction zorie between 
the land arid marine programs. 

The gap betweeri land and maririe programs was ndt 
thought insurmountable for recording either sea shots or 
well-located land or sea earthquakes atcounterpart arrays, 
and we thoiight some connection, although nota continuous 
profile, could be expected between the programs- In .1974, 
Universidad Nacional Autdnoma de Mexico, University of 
Wisconsin—Madison, Hawaii Institute of Gepphysics, and 
University of Washington had recorded ari onshore-offshore 

profile perpendicular to the subduction zone, passing close 
to the city of Pinotepa.Nacibnal (Figure 5) midway between 
Oaxaca and the newly chosen regipn for the ROSE land 
observations. Iii that;earfier profile we had easily recorded 
shpts seaward ofthe trench at land seismografihs [Mooney et 
al,., 1975; Helsley et a l , 1975]. -Therefore we were suiprised 
when energy-froin ROSE- shotsv some.of which were-larger 
thari those-used in 1974, waSinbt seen at^the' land array at 
'siinilar ranges;, although some large earthquakes'Ideated on 
land were received at the sea array, shots of 1 t o i tons 
exploded on four occasions just outside the 200-mile limit 
were not seen on land, with the exception, perhaps, of T 
phases, Since ROSE we have found that other investigators 
have had similar, anomalous, results recording in areas of 
subdiictibn, for example,' in the Aleutian subduction region, 
where earthquakes locaYed seaward of the trench by OBS's 
were-nbt seen by a land arr&y [Frohlichet a l , 1981]. 

Since a coritiriuoiis drishorcroffshore profile was riot possi
ble in any case, revisied goals were needed for the land 
program unless it was to be abandoried, and an additional 
objective was adopted: delineation of the P and S wave 
velocity ̂ epth structure ofthe edge ofthe continent in order 
to refine the velocity-depth model for theaftershock area of 
a major earthquake near Puerto Escondidp, Oaxaca, on 
November 29, 1978, and because - we were seeking an 
iinproved interpretation of the 1974 onshore-ofl'shore profile-
We planned to use well-located aftershocks as sources for 
profiling between two recent earthquakes, the Oaxaco earth- ; 
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quake (M = 7.8),^and the Tecpan, Guerrero, earthquake of 
January 26, 1979 (JWi = 6.5). Further, seismic gaps had 
previously been recognized in. this' area [Kelleher et a l , 
1973; McCann et a l , 1978], with miajOr earthquakes and 
their foreshocks arid aftershocks recurring in> fairly discrete 
zones at fairly regular intervals. W^ were niiterested in 
studying the variations' in parameters along the profile, 
including structure that might correlate with gap boundaries; 
such as zones of low rigidity and low Q at the edges of the 
gaps,. If they existed, could they be the controls on the 
largest-size rupture possible inag iven area? 

The= immediate goals, then, were twdfoid: (1) to set'tip 
lines df receiver's a t azimuths appropriate for the shots being 
fired at sea in hopes of- ftilfilling some of the original 
objectives and (2) to profile along the coast. For the first five 
1-ton shots, 100- to. 150-kni profile lines were established 
perpendicular to the coast inland from Acapulco, principally 
using long-term ,AM-reco.rdingvS,eismographs (Hawaii Insti
tute of Geophysics), and inland from Playa Azul 3(W k m t o 
the northwest with FM-recording seismographs requiring 
daily service (University pf Wisconsin—Madison). The Pla
ya Azul line was later^partially instrumented by the Hawaii 
Institute of Geophysics AM-recording seismographs to less
en the logistic load of daily service^ and a regional array 
including profile lines of recorders to locate earthquakes and 
to receive shots was formed, covering a 100- by 3(»-km 
blijck [Getirust et a l , 1981]. To profile along the coast, the 
University of Wisconsin—Madison plannedto locate regions 
of current high seismicity and then, with Universidad Na-
ciorial Autdnotna; de Mdxico install a tight array over the-
zones of highest seisniicity-^to provide .precise locations of 
earthquakes used as profile sources. It was aIsp expected 
that some of the, best located earthquakes, could be seen by 
the ocean arrays. 

With the March 14, 1979, M, = 7.6 earthquake near 
Petatian, Guertero, the most important objective dii land 
became recording the aftershock sequence. On March 12, 
two smoked^paper recorders had been installed near Petat
ian based on our recalculation of the aftershock area of the 
Tecpan, Guerrero, earthquake. Near theend of February,.15 

lOS" w 

, Fig, 6. Teleseismically recorded earthquake epicenters during 
1975 (sourcis: National Geophysical and Solar-Terrestrial Data Cen
ter, Boulder, Colorado). Dashed lines outline the regions occupied: 
by land and'sea arrays during Project.ROSE. C denotes the Colima 
earthquake (1973, Af = 7.5); P i s Petatian (1979, M = 7.6); O is 
%xaca (1978. M = 7.8). 

newly cotnpleted three-component digital seismographs 
(University of Wisconsin—Madison) arrived in Mexico; 
these seismographs, after checkout, had been moved to the 
vicinity of Petatian on,March 13. The.Uniyersity of Wiscon
sin—-Madison and the Universidad Nacional Autdnoma de-
.Mexico quickly'installed a dense local network including the 
digital seismographs in the epicentral area, and the Hawaii 
Institiite- of Geophysics maintained the seismograph posi
tions that they had instrumented a month pr more before the 
earthquake. Subsequently, the University of Wisconsin— 
Madison and Universidad Nacibiial AutdnPma de Mexico 
made pveriaipping, interieaved measuriemcnts- on, profiles 
away from the. aftershock region both parallel to the coast 
and "perpendicular to it toward Mexico City; where there had 
been considerable, earthquake damage [Me/i, 1979]. In addi
tion „, three, of Oregon State Uhiversity's OBS's were moved 
to the epicentral area by the RA' Kana Keoki (Hawaii. 
Institute of Geophysics) for two weeks recordiiig starting 
March 25; they were picked up later by the Instituto Oceano-
grafico:(Manzanillo), using a Mexican Navy vessel. The land 
recording program was' extended through mid-April, beyorid 
the end of the oceanographic program. 

In the final analysis, the opportunitie's aJfforded because of 
the ROSE land program were unpredicted and exceptional, 
leading to an excellent data set of approximately 10,0(K) 
events and 100-2IX),0tH) seismograms before and after a 
major earthquake assdciated with a subduction zone and in a 
region previously recognized as a' seismic gap. An^efficient 
means ofassembling and. analyzing this large natural events 
data set is the current thrust of efforts at the Hawaii Institute 
pf Gepphysics and the Univei^ity of Wisconsin—Madison. 

Questioris Thai Can Be Addressed Using the 
ROSE Land Program Data 

The major questions we can address are assPciated with, 
source properties (e.g., location, stress drop) and their 
variation with ,time and space- as possible predictive tools-, 
the-structureofthesubduction zone and volumesadjacent tp 
it, and the use of land, OBS,, and combined artays. The 
following are some of the questipns now under discussion: 

1. Is there predictive value in the space-time hypocenter 
history. Of the seismic events as observed by a regional 
network starting a few months before an earthquake associr 
ated with a subduction zone and a seismic gap \ H S U et al., 
this issue; Grctnetand Trotigi 1980]. i 

2. Are the fores hocks-and aftershocks in the same or in 
different plates? (Resultsto date suggest thatthe foreshocks 
seem most hkely tp be in the continental plate and the 
aftershocks more closely associated with the deeper Benibff 
zone, betweeri the coritinentaland oceanic lithospheres [Get-
tfust'et a l , 1981].') Does this imply ai fundamerital meansfor 
differentiating foreshocks and aftershocks in subduction 
zones? If foreshocks he in a different volume than after
shocks-, how is quiescence, of fpreshock activity', which may 
outline the zone of the mairishock, related to it and to the 
aftershocks? 

3. How do the soiirpe parameters of the foreshock series 
compare with those of the aftershock series? 'Vaides ei al. 
[this issue] suggest that the b value changes sharply between 
the foreshock and aftershpck-sequences. On average, does 
the direction of faiilting, or df compressional or tensional 
axis, shift between foreshocks and aftershocks? If so, what 
niight this iriiply about gradual shifts inthe future? Can shifts 
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of any of these parameters be detected between 1941, when 
the previous major shdck near Petatian occurted, and 1979, 
up to the; receftt Petatian event? Do apparent stress, stress 
dirop, source dimensions, magnitude, or moment show sys
tematic areas:or temporal change before and after the major 
shock? Are there changes in the path parameters with tiriie 
before or after the main event; for:example, does apparent 
V^Vj ratio or g change with time following a major event 
t5/ijb«yo,. 1979i? 

4. Are there changes in spufce and path parameters 
starting a few months before a majpr event? If sp, what is 
their predictive value? Analog instruments were used for the 
regional network that covered the Hkely foresihpck area, and 
some questioris that can be addressed because of these data 
are: Does Poisson's iratid here change areally or with time 
[Fitch and Rynn, 1976; Wadatl 1931]? Gan the relative 
stress drop for various parts of the area be estimated—for 
example, by observing the areal distribution of the moraerit 
of earthquakes with identical comer frequencies [Takemurii. 
e t a i , 1980]? Is it possible that the fr value, including chariges 
with time and with area, could also be predictive.? (Initial 
estimates of b value in the regipn of the Petatian event before 
the earthquake show it to be the lowest of those in several 
active volumes coveredby the regional array [Hsu et a i , this 
issue, personal communication, 1981].) 

5. What part of the convergence al estimated from the 
convergence rate arid major earthquake recurrence time is 
relieved by major shocks? (Initial estiriiates are that approxi
mately 51% of the slip estimated for the 36-year period since 
the 1941 major event in the; Petatian region Was accounted 
for by the 1979 earthquake (ya/de* et a i , this issue].) How 
much of theconvergence ĉ m be accounted for by deforma
tion of the continental block ,as manifest by the continuing 
activity in the continental block between the times of major 
subduction events, and how much can.be assigned to aseis
mic deformation? 

6. Can the regions of transition between brittle failure 
and ductile failure be discovered by the study of stopping 
phases and their variations with depth [House and Boat-
Wrights \9%Q;Bbatwright, 1980]? Isthe stress drop of major 
earthquakes controlled by basal shear .stress? How is stress 
drop related to magnitude? (There is already clear eviderice. 
that for the aftershocks there is a tendency for larger events. 
to have higher stress drops [Valdes et aL, this issue].. 
Cdrtelation with earthquake location in relation to structure, 
for example, is latent in the data.) 

7. What was the cause of the very high apparent attenua
tipn of the sea shots along paths to land receivers? How 
much can be related to the Orozco Fracture Zone; which is 
incident on the coast at Petatian? The earthquake energy 
that traversed similar paths to those expected for the shots 
may provide a ttieasure of the attenuation and ppssibly an, 
explanation, (It is also tp be noted that large sea shpts were 
riot seen at great distances at sea.) ' 

8. Can local P and S velocity-depth structure models 
within the aftershock volume be improved by using earthT 
quakes as controlled sources for refraction and wide-angle 
reflection profiling measurements, or through the minimum 
apparent velocity method [Matunidto ei dl., 1977], or other 
methods of inverting earthquake data for velocity and depth 
[e^g., Crossqn, 1976; Aki and Lee, 1976]? 

9. To what extent can the error resulting from teleseis
mic hypocentral locations for subduction-related events be 
removed by a regional larid array, by a more local epicentral 

array, by regioiial and local land arrays augmented by OBS's 
in the epicentral region? (We find that the epicentral loc^ion 
for the main shock constrained either by an array near 
Mexico City and two local stations [Meyer it a l , 1980] or by 
the regional array of the Hawaii Institute of Geophysics 
agree within 10 km for the main shock, and both are in 
disagreement with the PDE location, which is about.50 ktn 
farther inland [Hsu et' a l , this issue; Valdes et ql, this 
issue],) Further, for the few aftershocks tested sp far, the 
locations of these with or without the addition of OBS arrival 
time, data are very little difFerent from those determined 
solely from locsd. land anays, even though the events lie 
seaward of the.land:array [Valdes ei aL'; this issue]. 

An auxilliary question relates to the large number of 
earthquakes that are routinely not satisfactorily located (as 
judged, for example, by high origin time residuals) atid 
thereby eliminated from consideration. Is this.an acceptable 
procedure, or are these earthquakes of critical importance? 
Will their numbers decrease if OBS data are available in the 
epicentral region, or do these unsatisfactory legations result 
largely from instrument or reading error? Or, attemately, are 
their associated error estimates high because the flat-layered 
model so far assumed is too simple for their unusual loca
tions, aUowlng 'satisfactory' location (e.g., ±0.2^-s average 
origin time residuals for less than 65% of the aftershocks 
analyzed so far [Valties et a l , this issue]) orily for earth
quakes whose locations fit the model? 

RESUIITS OF THE. EXPERIMENT 

Scieritific Resiilts 

Most of the p,apcrs in this volume/related to the iharitie 
part of ROSE focus on problems that have splutiofls attain
able with data from a Umited number of instruments, primar
ily those operated by the authoi?' institution. They consti
tute partial answers to some ofthe questions posed earlier in 
this text and, as usual, raise some new questions, there is 
good rieason to expect much more from the entire ROSE data 
set as larger subsets are utilized, the purpose for which the 
ROSE data archive was established [LaTraille et al , this 
issue]. The scientific results of the ROSE land pro-am 
reported in this issue are essentially independent of dioseof 
the ROSE marine program, fulfilfing different objectives 
than could have been envisaged beforehand. The feature tiiat 
can fe studied most completely, is a subduction zone before, 
during, arid after a major earthquake. 

Preliminary results can bê  grouped into a few genei^ 
topics and provide a considerable amount of new insight into 
spnie of the fundamerital questions we sought to answer. 

•I. Seismic structureand aging of tfie crust (see papers in 
this issue by Ewing and Purdy, Funikaya et a l , Garmany, 
Kempner-arid Gettrust, Purdy). 

Seyeral papers-have addressed this question in one way or 
another, although'the rather narrow range of crustal age (0-4 
m,y.) in the ROSE area permits'a study of only the effects 
asscKiiated with the early stages of aging. The preliminary 
results indicate that the uppermost cnist has a very lovip. 
velocity (2.5-3 km/s), which incieases with depth at a high 
rate (3 -̂4 s ' ' ) in the upper 50O-8{X) m. The early effects of 
aging on crustal velocity structure are subtle, apparently 
because the influences of fracture zoriesJocal topography, 
etCj are more pronounced than weathering or sealing of 
cracks and voids for at least the first few million years, A 
relatively rapid, change in layer 3 is postulated in the close 
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vicinity ofthe spreading axis, and evidence is presented forp 
wave velocity anisotropy in layer 3, with high velocity in the 
spreading direction. Synthetic seismogram modeling results 
are presented to support similarity of young oceanic crust to 
the Samail ophiolites and of mature oceanic crust to the Bay 
of Islands ophiolites. 

2. Rise axis structure and processes (see papers in this 
issue by Filloux, Lewis, Lewis and Garmany, McClain and 
Lewis). 

Electromagnetic observations north of the Rivera fracture 
zone and south ofthe Orozco indicate a signifiant shoaling of 
high conductivity under the rise axis, as compared with the 
off-axis measurements, suggestive of relatively shallow (a 
few kilometers) magmatic activity. Seismic data from pro
files across the rise axis at 12°N latitude indicate a low-
velocity zone, presumably magma or partial melt, within the 
crust. The LVZ appears to be only a few kilometers wide but 
has appreciable aiong-axis extent, as deduced from results of 
fan profiles. In contrast with these results from the ROSE 
area, McClain and Lewis report having found no indication 
of a crustal magma chamber under the Juan de Fuca ridge. 
Combined gravity and topography inversion reveals the 
presence of a relatively nartow body of excess mass under 
the rise axis that is postulated to be peridotitic mantle 
material supported dynamically above isostatic equihbrium 
by plate driving forces. 

3. Crust-mantle transition (see paper in this issue by 
Garmany). 

Comparison of refraction profiles parallel and perpendicu
lar to the rise axis permits a characterization of the crust-
mantle transition in terms of the rate at which the high-
velocity gradient in the moho changes to the lower gradient 
in the mantle. The rate of change of gradient is found to be 
more gradual in perpendicular (fast) direction than in the 
parallel (slow) direction. These results have been interpreted 
by Garmany [1981] as indicating anisotropy gradients in the 
moho transition region. 

4. Microseismicity of fracture zones (see papers in this 
issue by Ouchi et al., Prothero and Reid). 

Two papers in this volume report on observations of 
fracture zone seismicity. An earlier report on the Orozco has 
been pubhshed [Project ROSE Scientists, 1981]. Data from 
the rise axis near the Rivera and the Orozco show a tendency 
for microearthquake activity to be swarmlike and possibly 
associated mainly with magmatic or hydrothermal process
es. Events occurring in clearly defined transform regions of 
the fracture zones give strike-slip focal mechanism solu
tions, as expected, but one region of high activity in the 
Orozco is complex, both morphologically and seismically, 
and may cortespond to stress release associated with recent 
changes in plate motion [Klitgord and Mammerickx, 1982]. 

5. Regional tectonics [see Klitgord ond Mammerickx, 
1982; Mammerickx and Klitgord, 1982]. 

Magnetic and bathymetric data on the East Pacific Rise 
north of the equator have been summarized by Klitgord and 
Mammerickx [1982] and a detailed picture ofthe history of 
seafloor spreading during the past 25 m.y. has been pro
duced. Four periods of reorganization of plate motions have 
been recognized during this time period. The information 
provided by this study on crustal age patterns, fracture zone 
locations, and extinct spreading axes is crucial to interpret
ing the ROSE and other data sets in the context of plate 
structure and evolution. 

6. Experimental techniques (see the paper in this issue 
by Creager and Dorman). 

Several ofthe papers already mentioned include some new 
ideas on methods. The paper by Creager and Dorman 
addresses the problem of locating ships (and explosive 
charges deployed by ships) and ocean bottom recording 
units in a relative and an absolute sense. The locations of 
sources and receivers are obviously very important parame
ters in the seismic data analysis. The importance of the 
positioning information increases as larger and larger subsets 
of the total data base are employed in particular studies, so 
this paper is timely. 

7. Petatian earthquake (see papers in this issue by Hsu et 
al., Valdes et al.). 

Two papers describe results of land-based seismicity 
studies related to the Petatian earthquake. Hsu et al. concen
trate mainly on foreshock activity and the filling of a major 
seismic gap by three earthquakes—Acapulco, December 12, 
1978; Tecpan, January 26, 1979; and Petatian. March 14, 
1979. Their results suggest that the seismicity pattern pre
ceding the Petatian event might have permitted a forecasting 
of the earthquake. Valdes and others report on the Petatian 
aftershock activity, presenting results on the rupture area 
and geometry, seismic moment, slip, and stress drop, for the 
main event and for a number of aftershocks, along with a 
variety of other parameters of the aftershocks. 

Operations and Instrument Performance 

The ROSE marine program was a complex experiment 
operationally, requiring the coordinated efforts of 12 re
search groups working with five ships deploying a large 
number of instruments and firing about 1600 explosive shots 
on a rigid schedule. These operations proceeded very 
smoothly with very little deviation from the original plan. 
Instrument performance left something to be desired, with 
11 lost in 153 total deployments and £m information recovery 
percentage only slightly above 50%. In postmortem discus
sions we tend to put primary blame for losses on the ballast 
releases, both acoustic and timed. The primary cause of 
failure to acquire data from some of the recovered instru
ments was malfunctioning of tape recorders. 

The ROSE data set is expected to contribute toward 
determining those OBS design parameters most important to 
data quality, in view ofthe considerable variation in style of 
instruments used in the experiment. In this respept, attention 
is called to Sutton et al. [1980] for a report on in OBS 
intercomparison study made prior to ROSE in a sh^loW 
water environment at Lopez Island in Puget Sound. The 
basic designs and response characteristics of most of the 
instruments used in ROSE are shown in that report. The 
ROSE data will provide some further intercomparison re
sults for the deep-sea environment. 

The ROSE land program investigators were placed in a 
most fluid situation by the move of the marine program. 
Logistically the land program was difficult, in that about six 
to eight smail parties, each made up of Mexican and U.S. 
investigators, needed coordination with each other, and with 
the parties at sea, to meet both scientific and diplomatic 
objectives. There were, as expected, access problems on 
land, especially related to the coastal Sierra Madre range, 
which is sparsely served by roads; these were lessened by 
use ofthe Aerocommander 500B aircraft ofthe University of 
Wisconsin—Oshkosh, which reduced the time for seismo-
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graph deployment and servicing from days of truck travel to 
less than an hour of air travel. 

The older (analog) equipment performed well;, malfunc
tions were, as with most of the equipment, often related to 
tape recorder failures. Of two sets of new digital equipment, 
one set proved fiilly as fieldworthy as analog equipment. 
One digital seismograph survived being removed from its 
site and subsequently recovered, after having its parts 
distributed more or less evenly around a village; another fell 
out of a truck on a rough road; in each case, the abused 
seismograph was fully operational shortly after recovery, 
leading us to the conclusion that fieldworthy digital seismo
graphs are an achievable goal. 
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Summary 

Three seismic refraction profiles have'been recorded on the East Pacific 
Rise near the Siqueiros fracture "zone. These profiles have been inteiTpreted 
using both travel-time analysis and waveform and amplitude studies 
With the aid, of synthetic 'seismogranas. 

For the profile at the Rise Crest a pronounced low yelocity zone has 
beeii.found at about 2km below the seabed. The P-wave velocities 
increase quite rapidly from about 5 km s"^ at the sea floor to 6-7 kna s"^ 
atthe lid pf the low velocity zone, Mantle arrivals, from below this zone 

-indicate a low, P-wave velocity of 7-7 km s"'. A second profile, on 
2 9 My old. crust shows a shallow riegion of strong velocity gradients 
which grades into velocities typical of the ' oceanic' layer without any 
clear stratification. The mantle velocity is again low at 7 • 6 km s~ ̂  • The 
third profile situated oh 5 My old'crust, shows more distinct layering but 
velocity gradients exist within the stratification. The velocities here are 
morfe typical for Pacific refraction profiles and we have a mahtle velocity • 
ofSkms"^. 

The results show that radical changes occur in the structure of the 
oceanic crust within'afew miliipn years in ttiis region,and that stratification, 
becomes more pronounced with age. 

The most rapid change in seismic velocity with age appears to occur in 
the top 2 km of the structure and the low velocity zone is certainly absent' 
for crustal ages greater than I-5 My. 

1. IntrodncttOD 

During the past decade a considerable number of refraction surveys have been 
conducted at, or near, the crest of the Mid-Atlantic Ridge (Talwani, Windisch & 
Ungseth 1971;, Keen &Tramontini 1970'Whitmarsh 1973; Fowler & Matthews 1974; 
Poehls 1974). This slow-spreading ridge has extremely rough topography with a 
weli-developed axial trough. ITieambiguity of the position ofthe receiver when using 

* Preaot address: Department of Geodesy and.Geophysics, Cambridge^ University, Cambridge 
cm OEZ. 
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drifting surface sensors, and the presence of the mediaii valley walls when condû ,. 
an axial survey present sigtiificant problems- in interpretation. ^ S 

Comparatively few profiles have been carried but on?the crest of the East h, • 
Rise (Shot, Menard & Raitt 1970; Snydsman, McClain & Lewis 1974). H J ^ ^ 
spreading rate is much faster* there is no axial trough and the topography is atteu 
which hopefully implies that the subsurface structure is more amenable to 
pretation in terms of a.laterally homogeneous model. 

Le Pichon, Francheteau & Bonnin (1973) havesunmarize'd the seismic evident* 
. the development of the oceanic crust They conclude that the thickness of w"" 
varies between 1 and 2.km and its seismic F-wave velpcity is highly variable b e ^ 
4 and 6 km s~^ No systeniatic cha.nges in thickness or velocity were found ta^ 
related to the spreading rate, the thickness ofthe oceanic layer appears to incrJ* 
with age from about 3 to 5 km or more, and the P-wave velocity in tEis laye ĵT 
slew-spreading ridge crest is probably low. The P-velocity Iri the maiitle near ttie ris! 
crest for fast and slow rates of spreading apjwars to be universally low, 7'6 koiYn 
rather than the ' honnat' 8-1 km s"^ observed in the ocean basins. 

Seismic woirk conducted since Le Pichon er«//s summary has generally tended to 
substantiate their outline. In. one case (Whitmarsh 1973) a profile in the median valk 
of the Mid-Atlantic Ridge yielded;a mantle P-wave velocity of 8-16 kms"'. ^ 

• % : ' 

• 
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Fia. 1. Bathymetry of the survey area with contours in uncorrected fathoms. 
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however, crossed a fracture zone thiis creating the possibility thatthe observed 
velocity is contaminated by the presence of the fracture zone. Poehls (1974), 

found a mantle velocity'in excess of 8km-s~^ but aclc-surface sonobuoys, 
Lt sed that the. solutioh might be suspect tecause ofthe poor quality of mantle 

ai^^\^ previous refraction results have shown considerable variability we, designed 
field eJtpeninents to attempt tomaximize the* systematic effects of ageing whilst 

o^.-gijig.the effects of other variables siich as spreading rate, Mamuth and position 
^ & the spreading centre. We have, therefore, chosen to coiicehtrate oiir attention on 
'̂''"Jgjjijty of the spreading centre in the hope that the effects of ageing which change 

' ^ i fParker & Oldenburg 1974) will doininate those processes in which we have less 
f* -St. By shooting our profiles, parallel to the isochrons we reduce the effects of 

'sotropy (Raitt e( s/.,1971) and aim to minimize the lateral variation along the 

P'̂ pyjing June and July 1974, a seismic refraction and pavity survey ofthe East 
^jfjp Rise near the Siqueiros Fracture Zone was carried out by Scripps Institution of 
fvcanogfaphy in association-with the Hawaii Iiistitute of Geophysics. We discusshere 
Ig^ ta taken on three long refraction profiles recorded on digital ocean bottom 

This i l^moiiieters. (OBS). The location of these profiles is shown oh Fig, 1. In addition to 
- btairiioS •*f-'̂ P̂̂ *°h profiles at several ages we wished to record lohg gravity profiles 

Lfoss a fracture zone for use in the analysis ofthe gravity edg^ effect (Dorman 1975), 
which should indicate the evolution, of the density structure of the lithosphere. The 
experinient was. centred about the two long lines shown in Fig, 1. The eastem'line (A) 
'e aligned with the rise crest and thus crosses the Siqueiros fracture zone at the point of 
maximum topographic relief giving the maximal, though not necessarily the niost 
iaterpretable, edge effect. The western long line, comprising profiles^ and C, crosses 
the fracture zone at the 2-9-5 My boundary. Our refraction results froth this line 
indicate thatthe fracture zoiie can be quite weUmodelled as a sharp discontinuity, 

For each ofthe three refraction profiles A, B and C we have vised both travel-time 
analysis and matching of aniplitudes atid waveforms using syBthetic seismogram 
caJculations to deduce velocity models compatible with the obseryatiohs. 

t CqndDct of ttie experiment 

the OBS wliich we used in this study contained a veirtical, l-s natural period 
Ranger seismometer (Prothero 1974); the output of which was diptized.at 128 samples 
s'' after passing through an aliasing filter. The OBS recording system was, turned on 
at preprpgrammed intervals to record ground and water-borne waves from an explo
sive charge set by the shooting ship, K/Y Thomas Washington. 

The charge sizes used varied from 0 • 45 to 436 kg pf TOVEX explosive. The charges 
were fired by slow-buming fuse timed to explode the shot at optimum depth to obtain 
constructive interference between the first bubble pulse and the surface reflected initial 
piJse. The shot time was recorded on theship using a towed hydrophone streamer and 
the time was subsequently corrected for the shot-to-ship travel tiine. 

The shot range was determined by the time interval betweeii shot time and the 
water-borne wave arrival times. Generally, the arrival of the direct watcr-bonie wave 
and two waves multiply reflected from the bottom and surface prior to reaching the 
OBS could be seen on the records. Th«e tinies were converted to horizontal distance 
by tracing acoustic rays through a vertically inhomogeneous oceaii. The velocity 
structure of the upper 450 m of water was determined from bathythermograph 
(ieploynients every 6 hr. This velocity structure was coupled to a deeper, more stable, 
velocityprofile obtained by a hydrocast obtained on the August 1952 Scripps Shellback 
Expedition. Theaeoustic velocity at the ocean bottom in the relatively shallow water 
slop the East Pacific Rise was lower than the surface velocity so that the direct water 
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y/a.vs reached the OBS in all cases. However, the compbhent of longitudinal 
wave motion in the direction of the OBS vertical seismometer decreases with distT"' 
causing a diminution of the direct wave amplitude. At large ranges it was neossarv"'* 
use the travel.times for the two observed bounce modes. The distances calculate '̂̂  
ray tracing weire checked for consistency against the rang^ obtained from the n̂  
gation positions calculated by a computer controlled satellite iiavigation system, TV 
OBS locations, were detemiined by echo ranging to acoustic transponders 00^^ 
OBSJ The maximum difference between the two sets of calculated ranges was less th* 
450 m, ' ^ 

The observed record sections for the three profiles are shpwn in Figs 2, 3 andj 
The observed ampUtudes on ail the profiles have been corrected to a single shot size k 
applying an empirical scaling factor to eachrecord.. We have scaled the amplitudes 
iWp] R0°^^ where {f'isthe shot wei^t and Wo is the reference weight (O'Brioi ISe?' 
Arrival times have been corrected to the OBS depth assuming that the rock layenjl 
follows the seated. Since all shots on the same profile were recorded with the sa^ 
instrument there is no problem with variability of instrument response. 

AU the observed seismograms have been passed through a. zero phase shift I-9 0, 
digital bandpass filter and.all the sjiithetic seismogranis we have calculated in tin 
course of theinterpretation have had the sahae frequency pass band, By looking at on}. 1 
relatively low frequencies we gain significant advantages when we wish to use ampb. 
tude and waveform data. We dramatically reduce the effect of small scale inhoBio. 
geneities along the profileand^.are able to improve the correlation, between sutxessivt 
recordSi We do redaoe our ability to resolve fine detail, but gain a broad picture of tia 
sfiructure. ; 

The three refraction profiles conducted on oceanic crust of different ages show 
remarkable diversity in thesi observed seismograms. Profile A (Fig. 2) conducted ai 
the rise crest.along a horsted block about 10 km wide, has fairly complex seisograna 
with significant late ehergy. At short ranges we see first arrivals with a velocity 
around 6 km s" ̂  which may be traced out to nearly 30 km. Beyond this range a fira 
arrivai appears with a velocity of about 7^5 km s~^, but with a definite of&etm 
intercept time. 

The aorthern profile B (Fig. 3), situated on 2-9 My old crust, presents very simpfc 
seismograms with the main energy concentrated into about 1 s after the first arrivaL 
The records on this profile show a particularly clear reflection froin the sea surface at 
about 8 s reduced time, 

The southern profile C (Fig, 4), separated from B by the Siqtieiros fracture zone ij 
on somewhat older (5 My) crust. The records on this profile show considerablt 
persistence of energy and there is no longer a clear sea surfa<» reflection. On tha 
profile we see, for the first time, the appeairance of an arrival with a, velocity in excess of 
8 kms~^ at ranges from 40 to 85 km with a strong second arrival over the sam: 
interval. Examination of 3* 5-kHz. profiler records shows that the GBS for profile C 
was-sited in a sediment pond, which would lead to enhanced reverberation in the 
seismograms, while the OBS for profile B was sited on rock. 

3. M^refatiqn tefdmiqo^ 

For each of the profiles we have measured trayel tinies of first arrivals and 
prominent sMJond arrivals from unfiltered records and used this data to construct 
prelinainary laterally homogeneous models satisfying ttie arrival times. 

For profile A the jump in intercept time suggests the presence ot̂ âlow velocity zone 
and, the relativeiy^dense system of observations allows a detailed travel-time inversion. 
From the travel-time (t, x) data we construct estimates of tlie relation between the 
delay time t(^) and the ray parameter > (Kennett 1976); using both the graphical ; 
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construction technique of Bessonova et aL (1974) and by fitting a smooth 
interpolate (Reinsch 1967). "^^ spiî  

The ray parameter, p, corresponds to the local slope of the travel-time 
z(p) to the time intercept at zero distance made by a tangent to the travel time '̂̂ * ^ 
slope. The advantages of working with the delay time T(P) are that it js ̂ ^̂ ^% 
tonically decreasing function of p and exhibits a discontinuity for p eqna*i "'""o-
reciprocal of the velocity at the lid of any low velocity zone. As we have n '̂  ^ 
noted (Orcutt et al. 1975), for profile A the x vs p curve has two distinct ĥ "̂"*'? 
separated by a jump of 0-4 s between the values for phase velocities of 6•70^"'^ 
and 7-00 km s"' which suggest the probable existence ofa low velocity zone wtK*' ' 
of 6 • 70 km s~ *. Analysis of the sonobuoy records for the same profile gives i'n 
dent evidence for velocities around 6 • 7 km s ~'. !*&• 

Bounds on the x(p) relation were inverted by the method of Bessonova et al ft 
to yield upper and lower bounds on the depths at which particular velocities ^̂  
occur outside the low velocity zone. These bounds were used as constraints '̂ ''̂  
models considered for profile A. In addition we performed a linearized invers "* 
the T(P) data (Kennett 1976). Comparison of velocity structures obtained"? "* 
different initial models showed that the shallow structure down to 2 km belo "^ I 
seabed was weU resolved, and this was incorporated mto our preliminarv mnA i^ ' 
this profile. ^""Welfo,; 

Once we have found a model which provides a satisfactory fit to the travel times • 
have calculated synthetic seismograms by the reflectivity method (Fuchs & ^nu' \ 
1971; Kennett 1975a, b—see also the Appendix) and compared these to the filteZ 
observed records. A successful model should ideally not only match the relaiito 
amplitudes of arrivals on the same record but also the pattern of energy distribuû  • 
with distance. In practice the problems ofan inadequate allowance for shot amplitiiit 
normalization and particularly the existence of lateral heterogeneities makes detaifcd 
matching rather difficult. In all our calculations of synthetic seismogranis we have ustd 1 
a simple analytical source function of the type described by Fuchs & Miiller (I97n I 

The amplitudes in the synthetic calculations are most sensitive to the veiociiY 
gradients within the model so that the constraints on gradients are better than those (n [ 
absolute velocity values. As yet no formal inversion scheme for velocity structure hu I 
been devised which uses the whole waveform so that we are unable to place confidtna * 
limits on our models. However, the comparison of observed and synthetic seismo 
grams does provide an effective discriminant between models and allows an iterativt 
(and hopefully convergent!) procedure for generating a velocity structure for which ik 
synthetic waveforms and travel times are in good agreement with observations. 

We have normally based our modelling on determining the' P wave velocity 
distribution (a), have taken the S wave velocity (/?), tp be given by ctffi = 1-75 and > 
determined the density from the Nafe^Drake relation. We have also the possibility ol 
varying the attenuation within the model. We have usually assumed all attenuatioo 
arises in shear and used g , = 575, Qf = 250, but have introduced increased atten* 
ation for sediments. 

4. Interpretation of the profiles > 

Composite record sections forthe three profiles are shown ih Figs 2, 3 and4aii • 
reduction velocity of 8 km s" ̂ . For each profile we show the filtered observed reconb 
with shot weight normalization and the synthetic seismograms calculated for the fflodd 
proposed for the profile. For ease of comparison the synthetics are calculated at ti« 
same ranges as the observed records and for display purposes ail amplitude scaliai 
factor of (A/10), where A is the range in kilometres, is applied to both observed and > 
synthetic records. On each ofthe observed profiles we have superimposed the travel-tii* j 
curves appropriate to our proposed ?-wave velocity model which is shown at thesidt 

for pro?^ 
,/relativeIy s 

Sween40anc 

r'that obtained 
^dientweake 
r* ' ' a floor. 1 
'J'velocity dec 

[he sea floor. T 
for the transit!. 
' haviourcanb 
.Tons is achieve, 
increasing the a 

The fit to thi 
amplitudes are t 
raising the veloc 
effect of reducin 
^flection. This 
Increased energ; 
developed low A 
generates very c 
synthetic seismo 
waveforms to tl 
structures as lov 

These results 
that there is a pr 
from the fractur 
velocity channel 
the low velocity 
are unable to che 
laterally heterogt 
constant delay ti 
age gives good 1: 
moving away fro: 
and is too large ' 
dip along the pn 
mantle velocity î  
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For P̂ '̂ jy gjĵ '̂ ji .amplitudes between 20 and 301 
^ f̂ '̂ % and 50 km. The model shown in Fig. 2(a) 

on the ridge crest (Fig. 2(a)), it has proved very difiicult to fit both 
km and the large later arrivals 

^̂  represents the best compromise 
K"*̂ "̂  tee'h'able to achieve (Orcutt et al, 1975), The shallow structure is quite close 
êh*"̂  ht'ained from the linearized'travel-titne inversions and shows a strong velocity 

i(ĵ .̂̂ * ''weakening with depth and reaching a velocity of 6• 7 km s"^ at 2 km below, 
'̂̂ '̂̂ "floor. This is'underlain by:a low velocity channel some I -4 km .thick iii which 

('K*̂ ^ .|jy decreases to around,4'8 km s~^ Below this there is a'velocity jgradient 
liis ''*'°; JP 6-8 km s"'̂ ^ and mantle velocities of 7-7 km s^^ are reached 6 km below 
ff*'"' r fl/inr. The amplitude of the first arrival from 30 to 50 km decreases too'slowty 

.seafloor 

fjif '"^^y^jj i^ modeUed well with a gradient zone. An improved fit to the observa 
tW. _i.;oi>»f1 hv rfiducitie the. ratio of S to P wave velocities in the channel anc 

ilif^r, (paiisitiOE to the highest velocity to be a discontinuity in velocity but the 

bfP*'! achieved by reducing the.;ratio of S to P wave velocities.in the channel and 
i j^ tag the attenuatibn to Q^ = KM. 
"rHefit to theobserved seismograms is quite good to 20 kmrangebut the synthetic 

I'tudes are too large between 20 and 30" km. These ampiitudes may'be reduced by 
''̂ ^ Vthe.velocity below the channel to about 7 km s"^ as in Fig..2(b). This has the 
'̂ '̂ 't of reducing velocity contrast at the Mqho and thus the amplitude of the. Moho 
^ t idn . This does, however, strongly reduce the later energy between 40 and 50 km, 
'̂ feased.energy in thislatter region can be achieved by introdiicing a more.strongly 
'rdopc"^ low velocity zone with lower velocities extending to the mantle, but this-
[iLrates very considerable amplitudes between 20 and 30 km. A comparison of the 
^hetic seismograms for models in Fig 2(a) and 2(b) indicates the sensitivity ofthe. 
•̂ Ivefornis to the detailed velocity gradient, particularly within such revefberative 
*tmcturesas low velocity zones. 

These results, of course, apply to laterally homogeneous models but they suggest 
that there is a progression in the'stracture of the low velocity zone as one moves away 
from the fraicturC' zorie. At relatively short distances thefre woiild only be a tiiin,.low 
wlocity channelbut as the distance from the OBS, and thus^the fractUre zone, increases 
jie low velocity zone would become thicke;r leading to the liarge,. late amplitude. We 
art unable to check this.hypothesis by direct calibration of synthetic seismograms for a 
laterally heterogeneous model. However, ifthe shallow crustal structure has a nearly 
constant delay time we would expect that the sonobuoy results, where multiple cover
age gives good lateral control,, would show an increase in the delay-tinie to mantle 
moving away from the fracture zone. This effect is indeed seen (Rosendahl etal. 1976) 
and. is too large to be accounted for by. crustal thickening. There may thus be slight 
dip along the profile at the bottom of the low velocity zone with the result^ihat our 
mantle velocity is'probably an underestimate. 

As we have already noted, thenorthem profile B situated on 2 ̂  9 My crust, shows a 
very clear arrival of about I-s duration on most records: (Fig. 3). In order to inodel 
ihese pulses we, need to introduce a velocity model for which there are tightly over̂  
lapping travel-time branches. This implies the velocity model should have convex 
upward curvature in the upper layering. The structure wliich we,propose has som ê-
what siinilar shallo wf structufe to that seen on profile A. An initially steep velocity 
gradient weakens with depth until a velocity df 6-5 km s"' is reached at a depth of 
2kin below the sea floor. Below this we have„a relatively hombgeneous region with 
only a slight velocity increase with depth until the mantle is reached. There'is not a 
very strong Moho refiection which suggests that the. contrast at the Moho is not too 
lirge. The apparerit naantle velocity is here 7 • 6 km s~ ̂  and-a.slight gradient below the 
Moho is needed-to support the amplitude ofthe first arrivals. Sonobuoy studies.in this 
f^pn give maritle velocities of 7-7 kin s"^ 

THe agreement between observed and synthetic sections for this profile is good. 
We have been able to inodel the change in the character of the records out to 20 km and 

I 
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particularly the-large arrival at 35 km. We have-also been feasdriablysuccessfu] • 
modelling the late energy riear 70 km. '" 

The profile. G, situated on 5 My old crUst, has, a very different appearance fr̂ ĵ  
the other profiles (Fig, 4(a)). On this section we.see,for the first time evidence f 
distinct layering'in the structure. We have included a.sediment layer which coritribujj, 
to reverberations in the synthetic records. Our proposed naodel shows a relativef* 
distinct 'layer 2'-' but we were unable to characterize this by a single velocity â j 
needed to introduce a gradient to bring the amplitudes into a^eemcnt with th. 
observations. Belo\y this we have a weak gra,dient with a lid velocity of 6-7 kms-i 
In order to model the nature of the maritle arriyal and-the late second arrival beyonj 
40 km, we need to iritroduoe an intermediate step, before reaching.mantle velocities of 
,8 • I km s~ .̂ This would seem to correspond tb the higher velocity layer 3B found ji 
recent sonobuoy studies. This profile is in fact only one side of a split, profile and the 
full section withthe supeririaposedtravel-timecuives of our model is'shown in Fig. 4 \̂ 
We see that the record character to the North, closer to the fracture zone is very similat 
to that for the southern side ofthe OBS, and that,there is no indication of appreciable 
dips. The synthetic records shownin Fig, (4b) agree very well over the-whole profile. 

Profiles B and C were separated by the Siqueiros fracture zone,'and have qiiĵ  
different crustal ages and ;also show distinctly different crustal structures. For shots" t 
between the^two OBSs we find thatthe character ofthe seismogranis recorded at each 
OBS is maintained provided the bottomingpoint of the mantle arrivals is on the samj 
side ofthe fractiire zone as the OBS, Once this point crosses the fracture zone there isa 
distinct change of character. Thissuggests that the approximation df considering two 
laterally homogeneous structures on the two sides of the fracture zone should be 
quite good. 

5. Discussion 

In the three profiles we have examined we-see a significant change in the structure 
with age, For both the younger profiles A and B We have no indication of distinct 
layering—there isa significarit non-uniform velocity gradient which is interrupted by a 
low velocity zone af the ridge cirest and which grades into velocities riiore typical ofthe 
' Oceanic' layer in the 2 • 9 My profile. Even on profile. C at 5 My we have velocity 
gradients existing within amore distinct stratification. Thestructure we have proposed 
for profile C is in.quite good agreement with the model suggested by Lê Pichon, 
Francheteau & Bonnin (1973) for crust of that age. The velocity structures for the 
three profiles we,'liave considered are compared in Fig. 5̂  where-the depth origin has 
been taken to be the sea floor. It is difficult to estimate confidence'timits for these 
models, but except for the details ofthe velocity distfibufibri withiri the low velocity 
zone the tolerance would be about ±0*1 km s~^ 

The most rapid changes in yelocitystructure between the three profiles occur within 
;2 km below the seabed iri the * volcanic' layer. This region seems to.be evolving with 
age'and to be developing-a sharper lower boundary. The transition between thecrust 
and mantle, however,,is becoming more complex over this age range. 

The velocity gradients we have found in the ' volcanic' layer are possibly relatwl 
to compositional gradients within this region. Deep Sea Drilling Project—Leg 
XXXyil, conducted at crustal ages ranging from 3 * 5 to 16-5 My, demonstrated tliat 
the volcanic layeif is probably composed of basalt flows interlayed with deep s» 
sediments (Auinento 1975). The relative abundance of iriferred. sediment contained 
iri the basalt flows decreases with depth until only volcanic/rocks, are encountered. 
The formation of the volcanic layer apparently occurs at a cyclic eruption of basalt 
flows over accumulated sediments. The frequency of the eruptions decreases-as tb 
age andhence distance from the axial trough-increases. Such behaviourin the genesis 
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FIO, 5. Comparison of velocity models for the fh«eprofiles,- the depth origin is 
taken at the sea floor.' 

ofthe volcanic layer would lead to the .sort of velocity gradients we have, derived for 
the structure raliher than theseries of homogeneous layers generally hypothesized. 

The low velocity zone underiying the high velocity crust at the rise crest is 
hypothesized to be a zone of partialmelt or a, magma chamber. Parker & Oldenburg 
(1973) predicted from their thermal model that v/ = 43,m?yr"^ where'v is the 
spreading half-rate and /the intrusive-zone depth, In.this case v = 6x 10~-̂  myr"* 
so 7 = 0-72 km, If we regard this thickness as an order of magnitude estimate and 
the. low velocity zone is regarded as a layer with no ehduririg resistance to shearing 
motiori, then the lithosphefe-asthenospherebouri^aiy occurs at a crustal thickriess of 
approximately 2 km. At an age of 2 -9 My the lithosphere would have thickened to 
9-4/* = 16 km (Parker& Oldenburg 1973). Our inodelfor theintetiriediateagecrust 
represents the structure, of virtually the entire lithosphere at that. age. At an age of 
5My the lithosphere would be 21 km thick. The data indicate, at that age, thattthe 
cnist has become a separate entity within the lithosphere and the mantle velocity has 
exceeded 8 km s~*. 

The presence of a low velocity zone;, though not reported iri previous refraction 
studies at a rise crest, is not an.unusual or uriaccountable result. Seisrriologists using 
teleseismic data, from the Mid-Atlantic Ridge have hypothesizied a localized region of 
low g at the crest-across which S„ will not-propagate:(Molnar & Oliver 19,69; Francis 
I969i Solomon 1973). Solomon & Julian (1974) .require a velocity model with high 
lateral velocity-^adients and a degree of partial melting at shallow depths to explain 
the unusual fault plane, solution patterns for nomial faulting earthquakes on the rise, 
'Kst, Francis & Porter (1973) hypothesized the presence of a .low velocity zone-at a 
(lepth of about 2 '5 km beneath the crustal surface in order to explam the limited.range 
of observation for microearthquakes with OBSs. Gann (1974) has required the presence 
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Table 1 

• - I 

• ^ 

Summary ofseismic refraction profiles conducted on the Mid-Atlantic Ridge. Rgf 
are Talwani: (Talwani et aL 1971); Poehls (Poehls 1974); Whitmarsh (WhitmarshT'• 

cmd Keenf Tramontini (Keen & Tramontini 1970). "'4| 

Oceanic 

^ 

Author 

Talwani 
Talwani 
Talwani 
Talwani 
Talwani 
Poehls 
Poehls 
Whitmarsh 

Profile 

35 
36 
33 
34 
26 
la . 
2b 

mean 
Keen-Tramontini mean 

Sediment 
velocity/ 
thickness 

1-52/0-038 

1-60/0-176 

1-8/0-24 

Basement 
velocity 

thickness 

2-33/0-96 
2-79/0-81 
3-84/1-81' 
3-57/1-05 
405/2-11 
311/1-41 
3-77/0-52 
2-8/1-00 

4-58/1-64 

layer/ 
velocity 

thickness 

4-63/2-31 
4-77/0-81 
5-9112-51 
4-85/2-20 

6-34/2-93 
5-66/2-4 
6-37/4-78 
6-62/3-38 

Mantle Delay 
velocity 

7-59 
1-19 
7-40 
7-40 
7-40 
8-34 
7-21 
8 1 6 
8-11 

time 

1-57 
1-43 
1-50 
1-49 
109 
1-44 
102 
1-61 
118 

Age 
0 
0 
l-5My 
1-5 My 
10 My 
0 
2-0 My 
0 
M8 1-5-6-5M, 

of a shallow magma chamber in developing a petrological model for crustal synthesl, ' 
Table 1 summarizes some of the refraction work conducted on the Mid-Atlantjc 

Ridge and its immediate flanks. Approximate ages ofthe profiles are listed along wjji, 
the crustal delay time to mantle. Delay time was computed by integrating the vertical 
slowness, tj = (a(z)"^ - a„"^)* over the crustal depth, equating «„ to the individual 
investigator's determination of mantle velocity. 

The delay time to mantle is the most stable datum resulting from the conduct ofa 
seismic refraction experiment. Generally mantle arrivals occur over large portions of 
the refraction profile from near 35 km to as far as 120 km and the delay time to mantlt 
calculated by extending a line drawn through the mantle arrivals back to the time axis 
is an accurate determination. Furthermore, if the Moho is treated as an interface 
between two homogeneous media, in the conventional manner of data reduction, tht 
delay time to mantle is independent of dip even though the mantle velocity is heavily 
dependent on dip. Note that throughout Table 1 there is a sudden 0-5 s drop in 
delay time to the mantle at a crustal age of approximately 1 • 5 My. Because the delay 
times possess errors generally no larger than + 0 • 1 s the 0 • 5 s drop is highly significanL 

Both the results presented here and the previous work conducted on the Mid-
Atlantic Ridge confirm that radical change in the nature of the crust occurs in the 
age range 0-5 My. The increased delay time to the mantle at the rise crest can be 
obtained in two ways; (1) Increased crustal thickness (3 km of 6-7 kms~' material 
has a delay of about 0-5 s), or (2) Lower mean crustal velocity. Generally all work 
conducted has employed the second solution. Other authors have accepted a cnisi 
whose velocity is uniformly low but we have introduced a low velocity zone wiih 
normal crustal velocities outside the zone. The similarity of the 0-4 s jump in delay 
time at a velocity of nearly 6 • 7 km s ~ ̂  observed in our data to the 0 • 5 s jump shown in 
Table 1 suggests that a low velocity zone may have been present in some or ail ofthe 
Atlantic profiles. Our sonobuoy work on the East Pacific Rise (Rosendahl et al. 1976) 
indicate that here the low velocity zone is probably confined to the region immediately 
beneath the 10 km or so wide central block. 
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Appoidix 

The ReflectiTity Method 

We have adapted the reflectivity method (Fuchs & Miiller 1971) to calcuiat, 
synthetic seismograms for vertical component ocean bottom seismometers, •n! 
modifications which need to be made parallel those discussed by Kennett (197Sa, M 

The essence of the reflectivity technique is to divide a velocity structure into t» 
parts, in the lower part all multiples and interconversions are included whereas rav. 
tracing is employed in the upper part of the section. For marine crustal profiles it h 
very convenient to break the layering at the sea floor and to consider the reflectioj 
response from the sub-bottom structure. 

The synthetic seismograms are computed by Fourier synthesis of a plane wavt 
representation. For a horizontal range between source and receiver r the vertical 
displacement at an OBS from an explosion in the sea will be given by (c/. Fuchs k 
Miiller 1971; Kennett 1975a) 

00 7 , 

W(r, 0 , t )= J dm S(0) e''̂ (Q}'/aJ^) J dy sin y cos y Jo(o)r sin y/«J 

^R,p(.(o,y)To(0,i) 
where 

a„ = P wave velocity at the sea bed, 

S (o) = source spectrum (including recording efiiects), 

Rpp((o, y) = reflection coefScient from the sub-bottom structure, 

ô(t»» y) = overall transmission coefficient to the sea bed from the explosion. 
The integration variable is the angle of incidence at the sea bed and the limits an 
specified by 

yi.2 = cos-»(aJc,.2) 

where Cj is the largest and Cj the smallest phase velocity considered. 
In the calculations in this paper we have used phase velocity limits of 600 kms'' 

and 4-0kms"* which corresponds to a relatively narrow cone of rays (<25° from 
the vertical) propagating downward through the ocean. The sub-bottom velodty 
structure is represented by a stack of thin layers with unifonn properties and its 
reflection response is calculated by eflScient matrix methods so that all multiple 
reflections within the layers and interconversions of wave type between ? and S 
waves are included. For each layer the P and S wave velocities and density need to 
be specified and allowance may be made for attenuation in the layering (Kennett 
1975b). As noted above we have normally taken the ratio of P to S wave velocities 
to be 1-75 and detennined the density from the Nafe-Drake relations. Our primaiy 
input parameters are thus the P wave velocities in each of the layers and their 
respective thicknesses. 
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