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Constraints on the Structure of the East Pacific Rise From Gravity

BRIAN T. R. LEWwIs

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

" Gravity data across the East Pacific Rise at 9°N and 12°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. [t 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 10®° N m. The significance of the 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 fess 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™3. 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 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.

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 [1977), 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 thermal
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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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 seve'ral 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. 11. Comparison of the 12°N data with topography and

gravity computed from the isostatic thermal model (see text 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 interprétation

"methods. In the thermal 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 (-2

‘20/7)/ exp (—2 #3/\). Since the topographic field is about 10

mGal and the data resolution is about 1.5 mGa!l, we can find
a value of \ for which w = 0.15. Below this wavelength the
compensation gravity field will not be resolvable. This
occurs for A = 50 km. Therefore, the data are interpreted to
imply that for wavelengths less than S0 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 principal 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 et al. [1980)
in the Siqueiros area clearly show that this is not occurring.
Second, the refraction data of Orcutt et al. [1976] and Lewis
a_'ld Garmany [this issue] indicate low velocities under the
fse axis that can be interpreted as being caused by partial
melt in the crust. If there is indeed partial melt under the
axis, 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 séveral 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

OBSERVED GRAVITY AND TOPOGRAPHY-THERMAL MODEL
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GRAVITY RESIDUALS AFTER SUBTRACTING
THERMAL MODEL AND APPLICATION OF TOPOGRAPHIC CORRECTION
USING ELASTIC PLATE MODEL
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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 and 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 model 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 of the 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 ¢an 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™> wag
found to fit the gravity residuals (that is, the topographically
corrected differenceé between the observed gravity and the
thermal model). A comparison of the data and the mode)
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 partially 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 equilibrium.

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 thermal 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.
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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 partiai melt in the crust and upper mantle. In the crust
the partial melt is assumed to be of crustal compositoin (see Lewis
(1981] for details on the method of calculating the amount of partial
melt). The diffusivity is in units of 10* 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™3 is one
possibility that is consistent with 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 of the East Pacific Rise in the vicinity of 12°N. Off axis but within 50 km of the 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 gradnem 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 velocnty gradlenl 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 of the 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 of the size of the 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 lines
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.

Copyright 1982 by the American Geophysical Union.
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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. '

THE DATA

In this study we have restricted our analysis to shots in the
vicinity of the rise axis and to data recorded by University of
Washington ocean bottom seismometers (OBS’s) [Lister and
Lewis, 1976). For this experiment the OBS's were used with
metal tripod anchors rather than the concrete flower pots
because they were to be emplaced, in general, ona hard rock
bottom.
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Fig. 2. Record section of large and small shot data along line 1 to OBS 407.

Because the interpretation of the axial structure is criti-
cally dependent on the quality and distribution of the 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
(WIWp)?? - (RIRy)", where W, and R, are a reference weight
and distance, and W 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 smail 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

03

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*made as
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 |,
4, and 5 were used to constrain the off-axis velocity struc-
ture. The linear programing method of Garmany [this issuel
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 few
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models were chosen which best fit the observed travel times
as a function of distance. These models were used in a
WKBI 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 (dX/dp). 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

T-0D/8(seconds)

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 differences in the three record sections
of the data (Figures 2—4). All three lines show a strong Moho
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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 [198 1] 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
¢ach seismogram. .
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routine that is poorly constrained and are not intended to
represent earth structure. There is insufficient data at short
distances to constrain this part of the structure. In addition,
sharp corners in other parts of the structures qust not be
regarded as resolved details. These represent points where
the linear programing routine has run up aga‘inst‘ a hard
constraint and has wrapped around it. The source function
used for the synthetics on lines 1 and 4 was an exponentially’
damped cosine curve of four cycles duration (0.4 s). Line §
was received by another instrument and has rather different
recording characteristics. An undamped wavelet of | 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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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 are 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 which 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
spreading.

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 ve
high order constraints due to the amplitude information.

Structure Under the Axis

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

Data from lines 6L and 7L to OBS’s 407 and 403 are showy,
in Figures 7 and 8 and represent travel times along paths thy,
cross the rise axis obliquely. Data from line 1L to OBS 4¢;
on the rise axis is shown in Figure 9 and represents travej
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 hag
been verified by synthetic seismogram modeling, and j
indicates that these waves are only affected by crusty]
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 of the
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-
mantie boundary at the axis or both. It is unlikely to be due
to anelastic effects because the wavelengths are of the order
of the width of the 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 | 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 betwgen
OBS’s 407 and 403. These data are uncorrected for topogra-
phy, and they show that at distances corresponding (o

crustal arrivals (OBS 407) the propagation across the axisis .

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 of
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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-
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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.

tions, less than 0.2 s, to simulate a constant thickness ocean
above the shots. The application of the topographic correc-
tions to line 1S data on OBS's 407 and 406 are shown in
Figure 11.

"
ol
O

o
T~
-

T~0/8(seconds)
o

w

Fig. 1.

Small shots across the rise axis to OBS's 407 and 406. Topographic corrections have been made.
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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 of the 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 1S 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

4~ -
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= e MAGMA CHAMBER
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Fig. 13. Computed travel times for the Oman ophiolite mode!l of Pallister and Hobson [1981) comparéd 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
peyond 25 km. The reduction in amplitude between 19 and
22 km can be adequately explained by the normally low

dient in velocity.in the lower crust. The travel time offset
can be due to a slowness difference dS applied "over a
distance x. For x = I'km, dS = 0.1 s/fkm, which corresponds
to a velocity decrease from 7 km/s (the velocity in the lower
crust) to 4.12 knvs. For x = 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

Lewis AND GARMANY: SEISMIC DaTa oN THE EasT PacrFic RIsE 8425

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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Crustal structure of the Mid-Atlantic ridge crest
at 37°N

C. M . R. FOwler Department of Geodesy and Geophysics, Madingley Road,
Cambridge CB3 0EZ

Received 1976 May 7

Summary. A structural model of the 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.

Introduction

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 any 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 P-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 P-wave low-velocity zone, with half-width several tens of

- . o~

-~ = e




15

S
i

- oL 78, NO. 35 JOURNAL OF GEOPHYSICAL RESEARCH DECEMBER 10, 1973
yoL-

—

Detailed Near-Bottom Geophysical Study of the Gorda Rise* -

Tanya ATwaTER? AND JOoHN D. MubpIiE

) University of California, San Diego
Manrine Physical Laboratory of the Scripps Institution of Oceanography
La Jolla, California 92087

A deeply towed inmstrument package was used to survey the fine details of topography,
gediment distribution, and magnetization of the Gorda rise, an active spreading center off
northern California. The gross form of the central rift valley is the result of large-scale
pormal 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 features of the same age on the opposite flank.
Flat terrigenous turbidite sediments are found in the valley floor and in deeps on the west
flank, a8 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. The magnetic field measured near the ocean bottom can be approximately simulated
by using straightforward model calctlations. The extremely complex short-wavelength anom-
alies (width less than 1 km) geperally 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 3.556 m.y.

The Gorda rise lies off northern California  southern Gorda rise with a deep towed gedphys-
just north of the Mendocino fracture zone (Fig- ical instrument package, hereafter called the
ure 1). Seismicity shows that it is an active Fish. Since it is towed very near the sea.floor,
plate boundary [Tobin and Sykes, 1968]; high the Fish reduces the resolution problems ef-
beat flow, low mantle velocities, shallow sym- countered by sea surface instruments, allowing .
metrical topography, and recognizable magnetic  one to study structures of the sea floor in great
thomalies all indicate that it is an active spread-  detail. The central portion of the southern
g center [Von Herzen, 1964 ; Shor et al., 1968;  Gorda rise was taken as an example of a slowly
McManus, 1967; Vine, 1968]. Magnetic anoma- spreading rise (about 12 mm/yr), and most of
bes discussed by Vine [1966] show that the the survey was concentrated in that region.
Suthern Gorda rise has spread slowly since Data were also collected along one long track
thout, 2 m.y. and more quickly in earlier times. crossing older crust that was formed by faster

In May 1967 a survey was conducted of the spreading (37 mm/yr). The purpose of this
— ‘ " paper is to summarize the data collected with
o;aczhtribution of the Secripps Institution of the Fish and to explore the implications of these

'No:vuth%; ‘Si?t;i:f'of Esrth and Plaetary da;ﬁ1 for the dspreading phenomenox;l.

8 L spreading rates given in this paper are
3 enﬁféggmmeﬁ:t;mgg;; of Technology, half rates, i.e., the rate at which one flank of
. the ridge was formed. The unit millimeter per
X c"an'hg@ 1973 by the American Geophysical Union year i8 adopted because it converts dlrectly 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 [Reilly,
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 the
Fish and the ocean bottom; a wide-beam 35
kHz down-looking sonar penetrates sedimens
bodies; and side-looking sonars display te
character of the bottom and the shape of b
tom features within 400 meters of either s
The sonars resolve objects as small as a few D*
ters in size and delineate objects tens of mele® @
or larger in size. The usual transponder navig-
tion system was not used successfully in th
survey. A proton precession magnetometer sﬂ’ _
sor was towed behind the Fish, and the &7
towed a second proton precession magnetome®
at the sea surface. '
During postcruise data processing, all 500
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. data were corrected for -varying water
msumn velocities according to Matthews [1939]
d were converted to meters (more recent
;mates of water col_umn sound velocity in
-« region, made in 1965 by R. Raitt and co-
tblikers (personal communication), 1969, are
tially identical to those reported and used
" yfatthews’ tables for the depths concerned).
l%};ere needed for comparisons to charts, depths
also given in uncorrected fathoms (assuming

. sound velocity of 800 fm/sec).

NAVIGATION

Navigation of the ship was by Loran A,
readings being taken every half hour. Inconsist-
encies amMODE readings and between readings
ond approximately known ship speeds- and
peadings indicate the Loran readings to be
sometimes as much as 3 km in error in E-W

itioning. N-S control was somewhat better
pecause 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
s0 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-
ting corners and diminishing small excursions of
the ship. Thus, to estimate the Fish track in this
region we smoothed the ship track mn 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
then the Fish passes over some distinctive high
Point in the  topography. Eighty measure-
ments of the separation made in this way
tanged from 1 to 3 km, depending approxi-
mately upon the depth at which the Fish
%8 being towed. From these measurements,
A0 empirical relationship was calculated be-
'ween ship-Fish separation and Fish depth, and
this relationship was used in a first attempt

lolocate 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 tracks, 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-8 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 309, so that quantitative
measurements of slopes, for example, are not
very reliable.
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Fig. 2. Present plate configuration near the
Gorda rise. Heavy lines show active plate bound-
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 and 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, as 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°2(0’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
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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
Coz [1969]; normal intervals in the time scale

are shown as grey stripes. Black profile shows’

basement topography at 15 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 the magnetic anomalies.
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the past 7 m.y. can be studied by using
magnetic anomalies mapped by Raff and p b
[1961] s interpreted by Vine [1968], Aq."
lies west of the ridge (in the Pacific Dlate)
for the most part straight and orderly, i5g;
ing that this plate has remained intact g
its formation at the ridge crest. If we *
that spreading was approximately Symmety
and perpendicular to the ridge crest, thig
netic pattern records the followiné‘ history -

_spreading between the Pacific and Gorda pla

Between 7 and 2.5 m.y. ago, the plates ey
apart at a rate of about 37 mm/yr in g g,
tion that gradually changed from N95°p
N100°E. Sometime between 2.5 and 18 my,
ago, the discontinuity formed near 42°N, diy;q
ing the Gorda plate into two sections with
distinet behaviors. The motionr of the nort),
section (north of 42°N) changed slightly ¢, ,
trend of about N110°E and to a rate of aboyy

rotation occurred .
Znt, during the Mat
"V'F,om the discussion
[ __ion of our survey
] ﬁe;ent histories: (1.
S0 undisturbed ocea
S mm/yr; (2) the
pic crust formed
deformed; and
jic crust formed a
t imste extent of these
. ;ons of our survey hir
g only one line extends
inces. Details of the
|, ghownt in Figure 4.
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BATHYMETRY
;" Lineation and conti.
b it valley. The stn

30 mm/yr. The southern section of the plate, i, §

contrast, slowed drastically. From sea surfgy
magnetic anomalies, it cannot be determiny
whether the slowing was'sudden or graduy
This history can be better delineated by usg

‘the near bottom magnetometer records in whig

the boundaries of the Jaramillo event (0.89-0gs
m.y. in age) can be distinguished. Figure 3
shows locations of magnetic reversals measureg
by the Fish along the long track across the
western flank shown in Figures 1 and 2. The
method for determination of these locations i
discussed in a later section. When matched to
the time scale of Coz [1969], the reversal locs-
tions indicate that the change in spreading rate
occurred at 2.1 m.y., if it was abrupt, and hu
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 importan,
because it implies that features in the centra
valley may be representative of slow spreading
centers rather than being just transient features
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 northem
section are approximately parallel to their west:
ern counterparts, those in the south have bees
rotated 35° to 40°. Silver [1971] notes ths!
most of the rotated anomalies are nearly para!'
lel to one another, and the central anomaly 2
almost constant in width. Thus a major part
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4 pe ™ during the Matuyama reversed epoch.

the discussion above we can divide the

m of our survey into three provinces of

- ¢ histories: (1) the western flank prov-

&% pdisturbed oceanie crust formed at about
W;nm/ﬁ’f'i (2) the eastern flank province,
;e crust formed at about 37 mm/yr and

o deformed; and (3) the central province,

¢ crust formed at 12 mm/yr. The approx-
w:extent of these provinces and the loca-
9 of our survey lines are shown in Figure 2.
one line extends well into the flank prov-
Details of the central survey lines are

" 30D in Figure 4.

BATHYMETRY AND STRUCTURE

Lineation and continuity of faulting in céntral
ot valley.. The structure of the Gorda rise
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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 small features appear to be vol-
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Fig. 5. Topographic profiles showing faulted, ste;;like fopogmphy 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 along the tracks shown in Figure 4 and projected onto E-W lines.
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canic 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 sinply 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 faultmg in the rift appears to be linear
and parallel to the center of spreading. Large
topographic features of the ocean fioor tend to
be elongated parallel to magnetic anomalies in
this region [Menard and Mammerickz, 1967]
and, on & 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

~ W path oF FisH

ATwATER aND MupIE: Gorpa Rise -

BOTTOM : TRACE ',' i

navigated by using Heinrichs' compilatioy,
profiles do show that the larger steps are
tinuous in minor details of character ; for
ample, the. bare volcanic step near 12793
maintains its character for most of itg Jgp.;
a deeper trough always occurs just west, ,

™
and a set of sediment-topped steps lies West n’ E

that.

Lineation of faults in the central rift valley,
also shown in our side-looking sonar recorgy
On E-W lines, scarplike features crossed by
down-looking sonars were recorded in the &
looking records as continuous linear fegy,
across the records, as is shown in Figur ¢
During the N-S traverses, the side-logk

sonars recorded numerous linear features pan. 3

leling the track or crossing it 4t small ap

ag is shown in Figure 7. In order to compuy ‘
the actual trends of the features seen in ty, K

side-looking sonar records, prominent points g
the traces were digitized and were combingy
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Fig. 6 Records from side-looking sonar and bottom penetration systems showmg hnea-
tion of the scarps which bound sediment-covered steps high in the western valley wall. These
data were collected along E-W track B’B™. A line has been drawn to clarify the location of

t)}e water-sediment interface, known from other records (see Belderson et al. [1972] for a
discussion,on the interpretation of side-looking sonar records).
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p—y '2‘-"'3; Fig. 7. Records from side-looking sonar and bottom penetration eystems showing a small
—scarp | oo T . scarp cutting flat layered turbidite sediments at the eastern edge of the central valley floor.
o ;2900 o gg‘ : These data were collected along N-S track @ near its crossing with track EYE™ (marked EG
g wE in Figure 5). . o
L. . O’U ) . e '
ﬁm‘f?ﬂoo/jm e - T
T YT with Fish position and height data and sound
e :1,"5,‘!.;’4 .= velocity data. Since the navigation of the Fishis =
- — HOO' na poorly controlled, local velocities of the Fish are
wiwgss (L g quite uncertain. These uncertainties may be
_.‘é_{._;_"i'-ZQOmB il responsible for errors of 10° to 20° in the
( e K 8 g computed trends of individual features. Figure
et 100 o S 8 shows the locations.of all detectéd linear
‘ aT features in the side-looking somar records, and ..
85 the rose diagrams summarize their trends.
oo, The upper rose diagram in Figure 8 summa-
Ss.’ nzes the trends computed for linear features
g " in the central valley. Within the scatter, the e pr—
e ttends cluster subparallel to the trend of the .
o ] . .
.. ‘ . Fig. 8. Trends of linear features observed in
o . central ma‘gnemc anoma_dy and the centr.al "a“FY side-looking sonar records. Dark marks indicate
S ooz topographic trends. Since the spreading rate jocations of features measured along the Fish
Lé 00- (= appears to have been constant at 12 mm/yr for tracks (light lines). Grey areas mark regions o;
‘ N S g the last 2 m.y., the linear faulting of the rift DOSitiVe'f maggeticRa;oma‘liy ;ls Obse?;;gl]at Tt.ge
S R TN . . - gea gurfiace by Kaff an ason . e
2 i g valley may be r‘epresentatlve of the sFructure upper rose diagram summarizes trends of features
MS) . Ll T of dowly spreading centers, and we might ex- measured in the central valley weighted by the

>n systems showing linea-
western valley wall. These

to. clarify the location of
lerson et al. [1972] for a

pect to find similar features in others. A few
#teplike features have been reported in the
mid-Atlantic rift by van Andel and Bowin
; [1968] and Loncarevic et ol. [1966]. With more

length of feature measured. The lower rose dia-
gram summarizes trends of features measured on
the east flank weighted by the length of feature
meagured. The average trends lie subparallel to
the magnetic anomaly (spreading center) trends.
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Flg 9 Topographic lmeanon a.nd symmetry
in crust formed between 1 and 2.5 my. ago. Pat-
terned regions indicate crust carrying the positive
polarity magnetization of anomaly 2 (1.6 to 18
m.y. old). The bottom three profiles were col-
lected on the west flank; the top profile Was
collected on the east flank and is shown reversed.
Letters identify positions on track lines in Fig-
ure 4.

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

Lineation, continuity, and symmetry of fea-
tures on inner flanks. On the flaiiks just out-
gside the central villey, the geomorphology still

‘appears to be dominated by faulting, although-

this is less striking. The topographi¢ profiles
c¢an 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 on the west, one on
the east), the gross morphology appears to be
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 (4”7A”) is
taken from the east flank and has been reversed
for comparison. In this profile, crust that was
formed between 1.8 and 1.8 m.y. occurs in the

" center of a block which i§ similar even in small
detail to that in its western flank counterpart

(AA’). This shows an amazing degree of sym-
metry in the sea floor generation and rifting

- its formatxon This conclusion is Suggesteq Ury -."

process at the tune that these featupeg
formed. The symmetry is less pronouncedwa‘
younger sections of the central provingg
are symmetrical in a gross way; the h]Tb"
peaks on the ridge crests occur in crust g ey
1 my. old and the valley tenter is. app
mately the center of anomaly 1, byt feam'*
differ in detail (Figure 5). tury
The pervasive lineation of the featy

scribed above may be controlled by ,
grain of weakness built into the sea ﬂoor di

res@ .’

the one profile that extends into the b’ .
flank province, the province formed g, a fu K
spreading rate and later deformed. The
penétration and side-looking sonar records fy,
this line in crust about 22 m.y. old are
sented in Figure 10, which shows a p

small tilted blocks. The side-looking
record shows that the scarps are linear With o
‘trend: east of north. Flgure 8 shows the locatioy
of all measured scarps in this region, apg ty

;
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m‘
lower rose diagram shows that their trengy’ tion
cluster well east of rorth, subparallel to g, § 1971

trend of magnetic anomalies in this region, Thi 4 an:
again .shows that linear faulting occurs aboy .

paralleLto the direction of the original em R McMam
ment of the crust. Luyendyk [1970] and Laruy §§ The arrc
[1971] have also noted this relationship in deep ¢ turbidity

tow studies of abyssal hills and of the Em J River

Pacific rise. X through:
s . with sec

DiIsTRIBUTION OF TU'RBIDITE' SEDIMENTS ¥ pance. (i.
The récords from the seismic penetratos € Californi
"system contain many examples of flat layend ff some flo.
sediments that are interpreted to be turbidits §# north of
of continental origin. While the distributionof J§ mixed s

these sediments is of interest for its own sale, central v

it is also very important because of its tectonit § and som
implications. Since turbidity currents dre st §  then flow
believed to flow uphill for any apprecisble d» &  valleys o
tance, it can be presumed that every terrigenow [ Deep :
turbidite body was deposited at or below the & show fl:
shallowest contemporaneous charinel betweent 3 valley flc
and the ‘continent. Turbidites presently found northern:
above the level must have been tectonically i g  floor was
lifted since their deposition. g lam, 1760

The distribution and sources for turbidis 8  shallows.
sedimentation in the region around the Gor® @  apparent
rise cari be inferred from the work of Duws ¢ the valle

(1968] (reported by Fowler and Kulm [1970]’ ; farther r.
and from the topographxc gradients mapped 7 Ji  tops of ¢
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. - OISTANCE FROM FISH (CORRECTED METERS

Fig. 10. Records from side-looking sonar and bottom penetration systems showing linea-

tion of scarps that bound smali faulted blocks on the eastern flank [from Spiess and Mudie,
1971). These data were collected on NW-SE track near the point marked 4~ in Figures

4and 9. . -

McManus [1967] and by Chase et al. [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-
pance (i.e., from southern Oregon and northern
California), they filled the Gorda basin, and
some flowed westward through the gap just
porth of the Meéndocino 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 found 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 they are
tilted. For these reasons we postulated [Atwater
and Mudie, 1968] that the turbidites were I,de-
posited as a more continuous, nearly horizontal |
body at the time that the underlying crust occu-
pied the valley floor, during and shortly after
its formation. The sediments were subse-
quently broken, uplifted, and tilted along with
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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. Deffeyes [1970]
discusses these constraints and concludes that
the uplift of the steps must be accomplished
by the addition of material 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 uplifting 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 between
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-

ATWATER AND MupIie: Gorpa RISE

ince (westward extension of track 4 ip .
4). The profile at the bottom of Figure 11 sh
the ocean bottom trace and prominent sub

“tom reflectors that were recorded along

track. They have been digitized ang plot
by computer at 15X vertical exaggeratio,
the eastern portion, sediments drape the 1,
raphy and are nearly devoid of interng) Tefler.
tors. These are presumed to be pelag 5:1(;:
ments. This sea floor was formed by a g
spreading center, presumably on a bigh-sta:;t
ing riftless ridge so that it probably has pg,,
lain deep enough to receive turbidite sedimep N

- tion. West of km 70 nearly all the lows CODtajy

flat strongly layered sediments, but the highs
are draped as before. The flat layered sedimepy,
are presumed to be terrigenous turbiditeg Wwhich
recently passed westward through the &2 norty
of the Mendocino ridge and then DOrthwgpy

along the lineated valleys of this region (gee Fg. | é;

ure 1). The only other possible route of tep,.
enous turbidites to this region, through Cas.
cadia Gap, seems to be ruled out, since the Gap
i8 significantly deeper than this region and feeds
directly into a well-developed channel that leads
out of the area. The shallowest turbidities, in th,
basin at km 90, are 3.20 km deep (1720 fm).
This appears to be very nearly the same ag the

-depth of turbidite fill in the gap north of the

Mendocino ridge, measured by profiles B anq ¢
of Moore and Sharman [1970].

CraRraCTERISTICS OF OCEANIC MAGNETIC Laves

Computer modeling system and its assump.
tions. The magnetic anomaly measured by the
Fish is extremely complex, showing a strong
complicated relationship to nearby topographie
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 upa
computer modeling system to calculate the mag-
netic anomaly that would be expected 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 ses
surface magnetic anomalies. The assumption i
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 kilometers

SERVED
[ =

F o MC
HAPE 0
? 5E s\[, €. 5%

[}
WAGNE TIC AN
c

MAGNE TIZATIO!

/'—F-_-—

TOPOGRAPHY
:T_uoo v.E 13>

(600

1800

UKCORR. Fm

129°00°
Fig. 11
were colle
flank pro
by the b
ments ar
where 8er,
model la}
to the di
the Fish ¢

and the Fish

" less than a fe

is realistic.
Since the g
region is the
its formatio:
layer was mc
the top exce
forms. The °
magnetized i1
its present si
east flank pr
been rotated
lation the 1
vertically bo
zation, and
individual bl
along the Fis
Parker et a
the calculatic
netic layer :

. Mmagnetizatior

Magnetizat
our first ex)
grams, we sir



-
h

ision of track 4 ip Fig,
bottom of Figure 1) Shov:e
«ce and prominent subbygy
were recorded along tha~
een digitized and Diot t
vertical exaggératiop
ediments drape the ¢
+ devoid of internal ,eﬂec.
umed to be pelagic Sed{
v was formed by g f&s;
sumably on a high.smmL
hat it probably hag Deve,
eceive turbidite sedimeng,_
nearly all the lows contajy
sediments, but the highg
The flat layered sedimeut‘8
'rrigenous turbidites whyy,
-ard through the gap North
idge and then ndrthwa,-d
eys of this regign (see Fig.
:r possible route of terrig.
this region, through Ca.
se ruled out, since the Gap
than this region and feeds
wveloped channel that leags
hallowest turbidities, in the
3.20 km deep (1720 fm),
ary nearly the same as the
| in the gap north of the
isured by profiles B and ¢
n [1970].

JDceaNic MAGNETIC Laver

1 system and its assump-
anomaly measured by the
mplex, showing a strong
1ip to nearby topographic
tions of Fish height above
lata clearly could not be
aking the topography and
nt; therefore we set up a
stem to calculate the mag-

would be expected along-

the Fish followed over the
igraphy that it measured.
1at the topography is two-
to the trend of the sea
malies. The assumption is
om the Fish to the feature
1e length of the feature.
tures in the region appear
continuous for kilometers

ATWATER AND MUpm: Gorpa Rise 8675

20 Ho 100 S0 BO 70 PERPENDICULAR DISTANCE TO CENTER (KW}
90T -
IC  ANOMALY
M‘:ﬂ‘cﬂnzo M\
¥ M\

. o8SERVED

A
sv. € 5X

APE OF MODEL MAGNETIC LAYER AND FISH PATH (cpucurs nomuscnt rics

NAGKETIC LAvER

/ns.. L L I SO

“AGNE‘NZATION DISTRIBUTION IN MODEL MAGNETIC LAYER

A

T A AN =)
T [

TYRBIOITE :
sComents . |

NS SV

AND SEDIMENTS FROM 35 aHr BOTTOM PENETRATION SYSTEM
i .

. tn paTe
e

BASLuENT o b

PELAGIC ~3£0

T — T
126%a5' 128°30'

T T
128°15' 128°00'W

Fig. 11. Data collected by Fish on long west-flank track and magnetic model. The data
were collected on the westward extension of track 4 in Figure 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 (W = 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
ess 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
ity formation, the bottom of the magnetic
layer was modeled as approximately parallel to
the top except beneath some obvious voleanic
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-
mtion, and the sum of anomalies due to the
individual blocks was caleulated at each point
along the Fish path by the method described by
Parker et ol. {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-
grams, 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 which
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-
lies were often approximately reproduced in the
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first experiment, the amplitudes 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 basge-
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 fitg 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
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" layer bottom are small, since the Fish wasg

t
very near the bottom. Among the gmme::”

assumptions built into the model, the a¢
tion of perfect topographic linearity is tp,
troublesome, Nonlinearity will cause oUr o
mates to be too low. : =
Figure 13 shows all the estimates of Magpe,
zation plotted with respect to their ages deriy
from the long-wavelength sea floor 8preag;
anomalies as identified in Figure 3 and Tabj
The highest values in Figure 13 corresponq
very young features of apparent voleani,
struction, such as that shown in sectipy
Figure 12. The magnetizations of such featupy
are plotted as triangles in Figure 13 and Proby,
bly represent minimum values, since these va.
canic features are unlikely to be very linea
The other estimates (rectangles) were obtaine,j
from sections of blocky fault-dominated topeg.

33
& XM

o 2 3 4 5

Fig. 12. Topographic anomalies in the magnetic field at the Fish, observed (line with

ns were made at points along the Fish path

assuming a layer of constant magnetization (grey region, value of magnetization shown). Poor

fits occur where basement below sediments is

not known (crosses at top of layer) or only.

poorly known, eg., parts of section B. Longer-wavelength variation in section F may be

related to short events in the Coz [1969] reversal time scale.
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TABLE 1

Perpe
S
0
10.4 (+0.2, -
18.8 (20.1)
37.0 (21.0)

. 53.9 (20.1)
59.8 (:0.1)
71.5 (20.2)
77.6 (20.2)
86.8 (20.2)
98.2 (20.1)
109.7 (20.1)
115.9 (20.1)

Anomaly name
al. [1972].
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and therefore may be better measures

rﬂi’t‘he magnetization of the fabric of the sea
gf)of- However, many of the block tops -also

.- Juded peaks and irregular sections of con-
ctional appearance. Their moderate magnet-
- tions suggest that the bulk magnetization
w reases quite rapidly during the first few
b gndred thousand years, similar to the rapid
.tial decrease noted by Irving et al. [1970]
for qurface samples. This decrease is presuma-
ply due to chemical alteration, as reported by
Marahall and Cor [1972], although they ex-
ted the process to proceed more slowly.

" The open rectangles in Figure 13 indicate

agnetization of the sediment-covered steps in
the central valley. These are the lowest values
measured. These steps apparently received their
diments “from turbidity currents while they
occupied the valley floor. Thus it seems
quite likely that the voleanic rock forming the
pasement 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. Coz and
Doell [1962] and Marshall and Coz [1971]

have shown that basalt bodies which cooled .

dowly 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

TABLE 1.
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Fig. 13. Strength of bulk magnetization of
topographic features, estimated by matching
short-wavelength magnetic anomalies, as shown
in Figire 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 approiimate 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 indiciting 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 rocks in the center

Locations and Widths of Boundaries of Normal Polarity Blocks Measured

along Track A4' and its Westward Extension

Perpendicular Distance from Anomaly
Spreading Center, km Epoch Event . Number
Slow Spreading: 12 mm/yr
0 8.8 (+0.2, - 0.5) Brunhes - 1
10.4 (+0.2, - 0.5) 11.4 (£0.2) Matuyama Jaranillo
18.8 (20.1) 21.2 (#0.1) Matuvama Gilsa 2
Fast Spreading: 37 mm/yr
37.0 (£1.0) 51.7 (#0.1) Gauss
53.9 (20.1) 56.1 (%n.2) Gauss - Kaena !
59.8 (#0.1) 68.8 (20.3) Gauss Mammoth ,
71.5 (20.2) | 72.2 (£0.2) Gilbert Possible new k
event )
77.6 (*0.2) 78.7 (£0.2) Gilbert Possible new /
. event
86.8 (£0.2) 90.7 (%0.3) Gilbert Cochiti 3.1
98.2 (30.1) 103.8 (#0.2) Gilbert Nunivak 3.2
109.7 (£0.1) 111.9 (%0.1) Gilbert 3.3
115.9 (20.1) 124.6 (*0.1) fiilbert 3.4

Anomaly.names follow Cox [1969]; anomaly numbers follow Pitman et al. (1968] and Klitgord et

al. [1972].
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must be twice that of rocks in the flanks, while
here it need only be about 509%. higher. Larson

et ol. [1972] used this mechanism to account

for the lack of magnetic anoinalies in the sedi-
ment-filled basins of the Gulf of California.
Thickness of magnétic layer. Whereas the
- short-wavelength anomalies give the magnetiza-
tion of individual 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
features, the layer is about 0.5 km thick. Tal-
woni et al. [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.

Macneric PorARITY 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 magnetizatiori 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.

e ———————e—e e
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Locations of reversal boundaries. The lo
line across the western flank, partly EhO.Wnb'{

" Figure 11, crossed crust from 0 to 5m.y: in,

We modeled the magnetization by a set of g
formly magnetized normilly and Tevery)
polarized blocks connected by smooth transitig,
zones, such as that shown in Figure 11,

The locations of the zero crossings of 4
transition zones were found by trial ang iy
fitting of the calculated magnetic andmalieg o
those observed. The locations that give the
best fit are listed in Table 1; along with eg;

- mates of the amounts by which they eap be

displaced before the fit obviously deteriorat,
In Figure 3 the best fit reversal locations wey,
plotted versus their age according to the Cez
[1969] time.scale, and two straight lines wer
drawn through them by eye. The' deviatiop o
points from the lines may indicate errors j
navigation,” minor spreading. rate changes, o
errors in the time scale ages. The last appeyy
to be the case for the events in anomgly 3
(3.8-to 4.8 m.y.), where normal intervals in th,
Cox time scale are systematicilly too long iy
duration, but reversed intervals are too shon,

Models for the reversal transition zones. Iy
usual sea floor spreading models, blocks of op-

positely polarized material are separated by

abrupt. boundaries. This model, .when observeq

from near the ocean floor, would give rise to

very large peaked edge effects at the réverss |
boundaries. The actual boundary anomalis &:.

observed were much wider and smoother, re-
quiring a model with a gradual transition from

" one polarity to the other. We thereforé modeled

each reversal boundary as a set of narrow
blocks, each with its own uniform magnetiss.
tion, which changed from block to block in such
a way as to approximate a smooth curve (s
cosine curve from 0 to =). 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 procs - &

ess, we wished to obtain an: estimate of W.
Preliminary comparisons with near-bottem
models such as that in Figure 11 showed that ¥
must be greater than 1 km and less than 5 ko,
but more precise estimates were difficult 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
were continued upward to a plane at 2.5 km depth. Theoretical models were calculated for
varying W. The model for W = 2.1 km is shown. Best fit widths are chosen from subtle varia-
tions in peak-to-trough width, shape, and for narrow ariomalies, 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
ond Klitgord [1972]. We then compared the
dsta with anomalies produced by models with
varying W. Figute 14 shows this comparison
for W = 14,21, and 3.5 km (W = 2.8 km was
also tised). 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
shipe 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 fit to W =
21 km, although some of the transitions defi-
nitely require greater or smaller values. In the
discussion that follows, we shall assume W =
21 km. However, the range of real variation,
sbout 1.5 to 3.5 km, should be kept in mind.
Significance of the polarity transition width.
The width of the smooth reversal transitions
3_tlldied above can be attributed to the-combina-
Yion 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, an
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 al. [1966] estimate that the tran-
sition time for the field to decrease in ampl-
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 al. [1973] in a similar study estimated
3800 and 3500 years. Dunn et al. [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
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transition .as & 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 13 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-
gured above. The remairider of the transition
width W, about 1.7 km, presumably reflects
the process by which magnetic material is added
at the ridge crest. It acts as a smearing or
smoothing 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
dnd sinuscidal variations of period less than
- about 40,000 years will be greatly attenuated.
Thus if this region is similar to other regions
of similar spreading rate, it seems quite unlikely
that the short-wavelength varidtions observed
by Larson and Spiess [1970] record fluctuations
in the field, as has been suggested.

Numerous crossings of 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 sue-
cessful. The extremely Tough topography, com-
bined with a variable and daring Fish path,
combined with the close proximity of the rever-
salg in the Jaramillo-central anomaly section,
made transition widths extremely difficult to
model.

Models for the emplacement of the magnetic
-layer. The width of the smoothing function
W, 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 o, about
the spreading center and each dike feeds a flow
that adds material in a normal distribution
with standard deviation o, about its feeder.
Idealizing the discussion of Marshall and Coz
[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 o»,, and

ATwWATER AND Mupie: Goroa RIsE

a continual addition of magnetized floy

rial at the surface, described by ;. The fo
dard deviation o is a combination of the oth
(0c" = o' + 05°) and reflects the fact that

a given patch of ground the amount of 5 ' &

material added will depend on both the &mf o
delivered to the vicinity by dikes and the
it is spread out by flows. Details of the Mogy
calculation are given in the Appendix.

In Figure 15 the first two modelg are
tremes. The first is a dike model in which %),:
or; ie., flows are very localized abou, .

dikes. The second is a flow model in whic}, > §

op; ie., dike material is added only at the ve
center and feeds very wide flows. The ¢
model in Figure 15 shows combinationg o
varying ratios of dp/oc. The graphs show
transition of average magnetization of the
netic layer that would be formed near ihe tm
of an instantaneous polarity transition,

The graphs contain some interesting phenqy, |
ena that should be noted. For instance, all 1,
polarity transitions are offset to the right g
that the maignetization transition is centeny
about a location corresponding to a time tha

- older than the time of occurrence of the polarity

_reversal that it records. This effect would teng
to displace all transitions outward from the
center so that the central anomaly would alwayy

.‘_‘_‘
kg

y

e

be too wide. For the pure dike model the effest |

is negligible, but for the pure flow model the §
central anomaly would be too wide by about W,
Another point of interest i3 that the shapes of
the magnetization transitions are not symmetr.
cal; the steepest part of the transition occuns
near its right-hand edge in the dike model and
at its left-hand edge in the flow model. Thi
effect may be important when skewnes is
studied or removed during the manipulation
of magnetic anomalies; e.g., Schouten and Mec
Camy [1972], Blakely and Cozx [1972]. How-

23—

it - n g
.
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ever, this parameter is very sensitive to the'

emplacement model chosen, and the most likely
models, combinations
feeding moderate flows, are seen in the bottom
graph to be nearly symmetrical.

Perhaps the most interesting phenomenon in

with scattered dike \J

the graphs in Figure 15 is the spreading efect &

of the dike injection model. While the firs |
material emplaced with the new polarity 1
scattered with a normal distribution of gver
width, subsequent dike intrusion extends thst

C
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Fig. 15. Schematic models for the emplacement of magnetic material at a spreading center
and graphs of the resulting average magnpetization 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 ¢,). The flow model assumes centralized dikes feeding very wide-
ranging flows (which distribute material normally about the center with standard deviation or).
The third model is a combination: a scattering of dikes feeding wide flows; o¢ is a combined
standard deviation (oc® = 05* 4 ¢o®), 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. Wy 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, Wy == 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. )

Our measurement of W, = 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/vr 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 cannot flow farther than the nearest
rift in each direction, so that o, for the center
i3 probably only about 0.2 km. If the results
from the Gorda rise flanks are applicable here,
Ws = 1.7 km and o, = 0.2 km require a com-
bination model with o 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 Deffeyes [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 W = 3.8 km for the
central province (at 12 mm/yr), and Ws == 3.3
km. The valley floor topography shown in Fig-
ure 5 would probably limit most flows to a
total width of 1 km or o, = 0.3 km. This fits
with a combination model with o, = 0.85 km
and most material being emplaced in the central
3.5 km, ie, in the valley floor. This adds
credibility to the conclusions reached earlier
that each block of the basement that is now in
the rift valley walls was originally emplaced in
the valley floor and was then sedimented,
faulted, moved outward, and uplifted to its
present location.

" Vertical distribution of magnetization in

transition z2omes. The Marshall. and Coz

[1971] study carries interesting. implications

for the physical geometry of the tramsition
zones. Their conclusions imply that most of the
magnetization of the magnetic Iayer 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 eeparate the new polarity ma-
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terial. above from the old polarity below, I a typical
calculated magnetic anomalies such ag thoseﬂ-h . Our det:
Figures 11 and 14, topographic effects Witfn 09“ valley topog:
transitions were not reproduced very wej h”‘ Ky, suggesting
misfit may arise because the transitiong " bl“’dc. during t
modeled by using average magnetization g, , fs phic relief
a topographic feature on the ses floor g 3 @p:ntal origin c&
center of the transition was assigned zery P ve nded in t
netization.. The above discussion impﬁesm b8 sents are also,
it should have been assigned a magnetizggiy, ¢ fault block ste
with the new polarity. A cursory examingg t 1 km
of the more obvious topographic anomalieg ob. yurbidity currents
served within the transition zones indicatey t distance,
they do generally carry the younger polarity, gediments must ha
Posgible short polarity reversal events I py their underlying

Figure 3 and Table 1, two small ‘positive
are postulated to have occurred during the
negative polarity interval 3.3 to 3.7 m.y. iy
These were needed in order to explain mediyg,
wavelength features in the observed MAgnetiey
near km 72 and 78 in Figure 11. The oldey
event is centered about 3.55 m.y. and coulq be
modeled very well by superimposing two smogyy
transitions 1 km apart, implying that it yy,
about- 27,000 years in duration. The y
event could not be fitted as easily but appesn
to be centered about 3.4 m.y., and, judging froy
the amplitude of the magnetization peak (s
suming constant. sinoothing width), it is o F
shorter duration than the older event. :
The only other unexplained medium-wave |
length events that are clearly 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 Cog
[1969] time scale. Unfortunately, these occur
near the time of rotation of the Gorda plats
and readjustments of spreading rate, so that
their age and duration cannot be deduced. ‘
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CoNCLUSIONS

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

The central region includes a deep axisl
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origin can flow into the region and
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than 1 km above the valley floor. As
jty currents are unlikely to flow uphill
t distance, we believe that the perched
ts must have been tectonically uplifted
their underlying blocks. Our magnetic studies
b hen this conclusion as they imply that
surfaoé of the oceanic basement was also
placed primarily in the bottom of the rift
calley. To account for these observations we
izage o steady-state model in which the new

is continually emplaced ‘in the center of

do valley floor, is covered by turbidites, and

¥ (ben is faulted and carried outward and upward

io-form the valley walls.

In the fast-spreading flank regions, our most
iteresting results arose from our magnetic
gudies. Our profiles crossed many magnetic
polarity reversals, recorded in the crust by the
wa floor spreading process. The transition zones
petween regions of opposite polarity were found
to be 1.5 to 3.5 km wide (average about 2.1).
This transition width provides a measure of the
width over which new material overlapped old
during the spreading process. In particular, it
implies that on the average most new magnetic

material was added within 2 km of the spread-

ing center or that the emplacement zone was
shout 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
mones of widths comparable to half the width
of the emplacement zone. In contrast, dike-
dominated models produced transition zones
tat were 2.5 times wider. Thus, if the polarity
transitions that we measured were formed by a

. dke-dominated emplacement mechanism, the

ttal emplacement zone may have beem only

- 15 km wide, an extremely narrow zone fot such
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’y’-aom detailed' study shows that the-
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a gross- process. Geometrical observations at the
east Pacific and Gorda 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 models
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/¢m")

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 oF THE OCEANIC
MagNETIC LaYER

The model assumes that nonmagnetic dikes
are intruded with a normal distribution (stan-
dard deviation op) 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 o,) about their feeder dikes.
The model is & 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 ¢, (the moment of the re-
versal) a set of marker points z.(t) 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 z((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 ®(z, o) to represent the value of a

normal distribution of standard deviation at a.

distance z from its center, ®(z, ¢) = (2nd*)™*”

exp —(2’/2¢"*). Then the distance traveled by
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a point at z. during At is approximately given

by - . . o

Azi(z:(t) 2 28A1 fo

z¢(t)

Q(Z, Up)dz

Note that at large distances from the center’

fo°®dz = Y, 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 z, is controlled
by the number of dikes emplaced in that region;
ie., it is proportional to ®(z,, ¢»). The thick-
ness of new material added at another point z
by flows originating in the source region at z,
depends upon the amount of material delivered
by the feeder dikes to the source region ®(z,,
o») and upon the width of the flows that dis-
tribute this material, compared with the dis-
tance from the source region to the point ®(z;
~ z, or). Thus the total thickness AH added
during At to the point at z can be obtained
by integrating over the entire source region:

AH(z) = 28T At

-f_m ®(z,, 0p)®(z, — z, op) dz,

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

AH(z) = 28TA(z, o.)

where o' = oo’ + o,°. 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.

Dusing At, the cross-sectional area of ma-
terial added to the region between two points
z,(t) and z:..(t) centered about z, is approxi-
mately given by AH (z,) times the momentary
distance between the points (this separation
increases with time). For each step in time;
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this amount is added to that collecteq
reversal.

_The iteration continues until a]] Pointg . .
terest leave the central region. The tota) I
sectional area of magnetic materig] coc
between each tiwo points is then diyg
their final separation distance to give t,

Bince &

age .thickness of new polarity material, 5 y, '

that when compared to T gives the av
magnetization between those pointg, The
sulting magnetization distribution ig Plottedr‘s
the graphs in Figure 15 for varioug °°Inhib:
tions of o, and oo.

In the graphs, the transition width of

distribution, W, is given in terms of A

. . 9
propriate o. Thus from our estimate that, p
[

17 km we can conclude the follow;
spreading rate 37 mm/yr: (1) If we
the dike model (i.e., that the magnetic tayy
was predominantly formed. by dikes foeg:

flows of negligible horizontal extent), the tap ;

graph shows that Wy = 4.60; and thus o,
0.37 km; ie., 95% of all material Was-emplay
within 0.74 km of the center. (2) If we 859U,
the flow model (i.e, that the magnetic layer
was predominantly formed by broad flows wiy

dike intrus/iqn—orily very near the center), th, &
middle-graph shows that Ws = 1.70, and thy §f,

or = 1.0 km, i.e., 95% of the flow material wy

added within 2.0 km of the center. These an §

upper bounds for o, and ¢,; in combinatig
models they must be even smaller. For example,

when Wy = 1.7 km and o»/oc = ‘08, the ‘

bottom graph shows that W, = 3.30, and thu

oc = 0.5km;orop = 03kmand o, = 0dkm

Since o is the standard deviation of the total
distribution of magnetized material, 959% of
all material is emplaced within 0.8 km of the
center. It is assumed that purely intrusive add-
tions at any point in the formation of the crust
will not be well detected magnetically. If im-
portant, their effect is to extend the crugt, s

that the widths given by the models are to &

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

[n April l976 a group of ocean-orient-
fearth scientists gathered in La Jolla to
scuss ways in which newly available
Bpabilities for detailed studies of the sea
oor, particularly manned small sub-

;Summary. Hydrothermal vents jetting out water at 380° + 30°C have been discov-
yed on the axis of the East Pacific Rise. The hottest waters issue from mineralized
,'imneys and are biackened by sulfide precipitates. These hydrothermal springs are
Phe 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
wabs similar to those found at the Galdpagos spreading center. Four prototype geo-
N physical experiments were successfully conducted in and near the vent area: seismic
= wfraction measurements with both source (thumper) and receivers on the sea floor,

& on-bottom gravity measurements, in situ magnetic gradiometer measurements from
the submersible Alvin over a sea-floor magnetic reversal boundary, and an active
dectrical sounding experiment. These high-resolution determinations of crustal prop-
erties along the spreading center were made to gain knowledge of the source of new
woceanic crust and marine magnetic anomaties, the nature of the axial magma cham-
ber, and the depth of hydrothermal circulation.

a

i

mersibles, might best be further devel-
gk oped and used in the Pacific Ocean (/).

. 728 Although most of those at the meeting
- :;2%-were from U.S. institutions, there were
E'also representatives from France, which
! has operational deep submersibles, and
e Mexico, which has a number of poten-
E-tially interesting offshore areas.cAn out-
'tome of this meeting was the inception

E(RISE) program, whose results are the
;.Subject of this article.
The plate tectonic model of the eanh 5

seusncz, VOL. 207, 28 MARCH 1980

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 effects, and new
types of benthic biological communities.
These regions have been the focus of
fine-scale investigations with unanned
systems for many years (Z-5) while more
recently the FAMOUS project (6-9) and
investigations of the Galdpagos spread-
ing center (/@) have included major' sub-
mersible programs as well. '

The. principal technical aspect in
which the RISE program differed from
the FAMOUS and Galdpagos 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 (ard 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. 1), where the Pa-
cific and Rivera plates are separating at
about 60 mm/year. This leaves for the fu-

Of the Rivera Submersible Experiments’

"F. N Spiess, K. C. Macdonald, C. Cox, J. Hawkins, R. Haymon, R. Hessler M. Kastner, J. D. Macdou-
S. Miller, and J. Orcutt, Scnpps Institution of Oceanogmphy, University of California, San Diego, La
Jolla 92093 T. Atwater, Depanmem of Earth and Planetary Sciences, Massachusetts Institute of Tech-
nology, Cambndge 02139; R Ballard, Woods Hole Oceanographic lnsutuuon Woods Hole, Massachusetts
2543; A. Carranza and V. M. Diaz Gama, Centro de Ciencias de] Mar y Lxmnolog!a Universidad Nacional
Auténoma de México, México 20, D.F.; D. Cordoba and J. Guerrero, Instituto de Geologfa, Universidad
Nacional Auténoma de México; J. Franchetcau Centre Océenologtque de Bretagne, Centre National pour
I'Exploitation des Océans, Brest 29N, France; T. Juteau, Laboratoire de Minéralogie-Pétrographie, Univer-
sité Louis Pasteur, 67084 Strasbourg Cedex, France; R. Larson, Lamont-Doherty Geological Observatory,
Palisades, New Yark 10964; B. Luyendyk Geology Depmment University of California, Santa Barbara
93106; W. Normark, Office of Marine G Geological Survey, Menla Park, Cahfomm 94025; and
C Rangm Institut de Géologie, Umvemté de Paris, Paris, France. . .
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Fig. 1. Location of
RISE program re-
search sites in rela-
tion to the East Pacif-
ic Rise and Galdpagos
. spreading center in
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ture other locations in the faster range
{up to 180 mm/year); they are perhaps
Mmore 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 21°N site with an
unmanned deep-tow system (//) to docu-
ment fine-scale topography and magnetic
field 3, 12-15), and as a companion to
RISE there was a 1978 expedition,
CYAMEX (16-18) with the French sub-
mersible Cyana.

RISE was carried out from late March
to early May 1979, using the submersibie
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 sulfide mounds of the type seen by
the French workers (/7) 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 mapped (Fig..2). In 12 dives we
carried out the planned short-range seis-
mic and gravity measurements (with col-

1422

120°

)DO' 80

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°C and their associated sul-.
fide mounds, as well as cooler (20°C)
springs with dense biological assem-
blages similar to those at the Galdpagos
spreading. center (/0).” While 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
S-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 locas
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 with some
lineated fault-bounded’ ridges and
troughs (Figs. 2 and 3). Its mean depth

" decreases from 2650 to 2600 | min 10

along the strike to the southweg; ,E:;?‘
concurrent changes in local refipy S
denced by the occurrence of fewq & 10
ear, steep-sided troughs. K oV
On the basis of deep-tow work 3, ‘ 3 are
augmented by observations from ¢ 'grys
(16), one can distinguish three Vol T
tectonic zones within the axig b ’
(Fig. 3). The innermost extrusion ._,' -~
is flanked by a faulted and fissureq xtall-
sional zone, which is in turn bounge,
abyssal hills formed by back-ultedr
block terran€. These are referred (o,
as zones 1, 2, and 3, respectively (16)
The width of zone 1, which is the,
of freshest lava flows and has at moq
light dusting of sediment, varieg o ¥ g,
about 600 to a little over 1000 m. Risplls
atively free of faults and fissureg ang i3 &
characterized by a discontinuoys , ot
ridge 20 to 80 m high. In the north,,
this terrane is largely formed of pillow t
vas; to the southwest there are exteny ¢
lava lakes. N
Although the flanking - extensig, ’ .
zone (zone 2) is not symmetrical in wigy ,' ‘ .
or relief on opposite sides of the p.®. -
axis, its morphology is distinctly liney &
In contrast with the volcanic constngff Fi8:
tional features of the extrusion zone, ity geltsel,
region is characterized by open fisun@ deep.
and horsts and grabens with relief of peft. echo
ters to tens of meters, mostly aligeflf* HC !
with the regional orientation of the riul; °°“t”
crest. Sediment-free talus slopes here .. ;‘:u:
test 10 quite recent displacements. x  the :
In zone 3, abyssal hill or tilted fautk , inclu
block terrane, active.fissuring appemnlj 8°Ok
less common and vertical offsets ons m_ot:
few faults produce linear ridges severd fone
kilometers long. The transition betwees bloc}
zones 2 and 3, best defined by directsup ¢ Note
mersible observation, commonly ocum § % 8
along axially facing fanlt scarps wibg o
large vertical displacements that fom}  vent:
the ridges along the edges of the axidd {  amin

block.

Although the relief in zone,3—zcns )
of meters here and at the Galdpagn
spreading center—contrasts dramaticat [

ly with the hundreds of meters encour } -

tered in the FAMOUS area, the three §
zones at the different sites are remark- §
ably similar.

Observations from Cyana in the adﬁ' '
cent northern (CYAMEX) area co
firmed that most of zone 1 consists of pi [
low lava flows, with sheet flows limited
to topographic lows. In the RISE area. gk
however, sheet flows are more extensiv
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 es
lished that the sheet flows, especi



file:///yith
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: southwesy, @ |ava lakes that are commonly more
1 local relier 4 ;5 mindepth and hundreds of meters
:nce of fewe, W oss, including collapse areas that
18, W', ow pillars and lake margins with an ap-
-tow work (3, , & jrent layering of alternating glass and
itions from C)‘a ! ﬂstdline basalt. This pseudolayering
sh three volcy, W :
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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. 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-
thermal venting on this profile. Gravity anomaly (1 mgal = 10~%) is derived from measurements
made with Alvin 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

—2.5km 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 percent of the pillow lava
relief may be buried. Qutside 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-
fow 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 source
may be the same magma chamber that
feeds zone 1. '
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 (/7) observed from Cyana on
the boundary between zones 1 and 2.

Hydrothermal Vents

When this expedition began, the only
major example of deep-sea hydrothermal
activity was at the Galdpagos spreading
center, where vents were found in 1976
(22-25) characterized by temperature
differences of 0.1°C. 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 (/0, 26). During RISE,
our early measurements of temperature

anomalies were quickly followed by sub-

mersible views of Galdpagos-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° x 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 vents at
the Galdpagos 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: Galdpagos-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 (/7)
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-

" areas are their most visible feature (1

"Galdpagos (26)

ary fashion, although not engygs8
mation is available yet tq dete B
which form would be the older *
southernmost dive: of Alvip 0.3
lowering of ANGUS sugges; 1,8
may have defined the extent of g
drothermal system to the southw
The Galdpagos-type vents ohger 3
2I°N emit warm water from p
cracks and small fissures in the o ['r
ridge terrane over an area | to i
across. The venting water s 2ene;
clear and temperatures as high g
were recorded close to major o
Mixing with the surrounding 1.8°C y;
is rapid. Directly above one vent of
type. the temperature was abouto
above amblem at an elevation of 10
while at a correspondlng distance g
laterally the anomaly was less g
0.1°C. Inactive sulfide mounds wei»é
served on one Alvin dive within g ¢
tens of meters of a warm vent. .;‘J
The fauna associated with these v3

o

e At e TR 3
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5). On approaching a vent field one 3
ally sees a number of galatheid crabs
then patches of large (25-centimy eig
long) conspicuous white clams (vesiy
myid bivalve Calyptogena, tentativi
C! elongata); the clams are mostly deg deng '
in the outlying areas, but, closer ix,, b
ing animals predominate. The surfaces
the lava pillows usually bear white-tyhej
serpulid polychaetes, so abundan{
some areas that the surfaces seem fi
encrusted. : "
Most prominent in lhe field, usus
clustered densely around a major
water vent, are giant tube. worms, vesti &
mentiferan pogonophorans (Fig. S}
these are 2 to 3 cm in diameter and uptos
3 m tall and have red, gill-like crows |
(the. only part of the living animal ex.
posed) that may be withdrawn quicklyin ;
response to a threat, as from one of the :
many brachyuran craps in the vicinity. &
All of these organisms have also been
found at the Galdpagos vents. A small ;i
lightly colored eel- like fish, possibly an. ‘;
ophidiid, was seen here for the first time:-}
but is more abundant near the hot vents. i
Two different archaeogastropod hmpel_!», ;-
seen at Galdpagos were also collected ¥
here, and photographs show a third liv-
ing on the shells of live vesicomyids. ¥
Some of the animals characteristic of g
were not observed &
here—for example, small anemones and - ;
mussels. B
The similarity of the East Pacific Rise &
and Galdpagos Rift fauna suggests that
these vent communities are widespread_
and that their species are equipped with
sophisticated dispersal mechanisms wel"
suited for the detection of the discontit™
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‘;(top right). Sketches of hot-water vents
S ions indicated in Fig. 2, after sketches
g .. by (A) T. Juteau and (B) C. Rangin dur-

older B# heir observational dives. The black
n ang ’ ker is similar to that shown on the cover,
€St thy # which 380° = 30°C_ water témperatures
1t of th; ) !ﬁ' measured. The highest open-ocean hy-
S hy. @f hermal temperature measured before this
Juthweg, P°12°C at the Galépagos spreading center.
3 obser\,Ed ";peratures of water from *‘snowballs”
fom  hajy, a ot easured at = 330°C. Specific rock and
in the pill Ne et samples discussed in the text are noted.
i0 to 300:; ,- )
is , . .
highg‘:;eg]n ¢ and ephemera.l_‘ vent conQition’s.
1ajor Outley ¢ cause of faunal dlﬁ'c'erences is com-
g 1.8°C Waxs 'jete'y unknown, .and biogeographic or
Z vent of thfr ﬂological mechanisms are equally pos-
about ¢ 308 fle. Unfortugately, !_he Gal4dpagos and
tion of 19 o, t Pacific Rise are in the same ocean
istance awa‘ W tor; thel.*efore we must wait for more
15 less Iha,y, gstant:  discoveries ‘ tq demon_strate
nds were o, fgtether the community is worldwide.
within g few fn contrast to the biology-dominated
ent, ‘Realdpagos-type vents, the sulfide mound

th these v, fwt-Wwater vents are most notable for
feature (Fig geir geological attnbutes._ In these, the
ield one usu: qater flows ou{ through a limited numl?er
eid crabs apg d discrete chimneys or stacks, thlcb
25‘°e"timeter ‘R ge superposed on basal rpounds built di-
ams (vesjco. Rrctly on fresh basalt pillows or flows
(Fig. 4 and cover). The basal structures,
ymilar to the CYAMEX sulfide mounds,
ge oxidized to Halloween colors of och-
a, orange, and black and have overall
peral dimensions up to 15 by 30 m.
They are honeycombed with a cross-cut-
ing network of fossilized worm tubes.
Vent constructions 1 to 5 m high rise
wove the base mound elevations of 2 m
o more, and hydrothermal effects (stain-

IR tentatively _
» mostly deag
closer in, ljy.
1e surfaces of
r white-tubeg
abundant in
Es seem fully

ﬁeld, usuaj]y

major warm- i
vorms, vesti- @8, organisms, millimetric manganese
s (Fig. §5); [Qcatings) extend tens of meters away

fom the vents (Fig. 4). .

:ter and up 1o
Edifices atop the mounds are classed

I-like crowns

g animal ex- [ either black or white, and those vent-
wn quickly in Jiig particulates are dubbed smokers.
'm one of the §The black chimneys are free of orga-
the vicinity. Jtisms. These ‘‘organ pipes’' are as much
ve also been §u30-cm in diameter and are occasion-
nts. A small, [aly 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-
lates, which settle out to form a black

. possibly an
the first time
he hot vents.
Jpod limpets
50 collected

v a third liv- § sdiment around the chimney structures
resicomyids. (cover). The white chimneys are covered
acteristic of § ¥ith worm tubes and thrive with worms
t observed. Jand crabs. Structurally, they vary from
emones and [ thimneys to hummocky stacks to spheri-
al ‘snowballs™” (Fig. 4). Warm waters
Pacific Rise [ 32° 10 330°C), clear to milky with white
iggests that @ Particulates, emanate gently from these
widespread  leatures and deposit white sediment
uipped with §&ound the chimney bases. ,
anisms well B The snowballs are the most striking bi-

e discontin-

!{!ogical feature associated with the hot
E, voL. 207§

[Whitel

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 pogondphorans), clams (vesicomyid bivalve Calyprogena), and galatheid
crabs. Limpets can be seen attached to some of the clam shells.
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Table. l.rAnalyses:ofl' samples from hot-water vents (see Fig.4) and deep. East-Pacific waters.

Analyses: were performed by J. Gieskes.

) cle Ca* Mg* H.SiO*  Li* Mnf,
Sample (per mil) (mM) (mM) M) (uM) (ppm)

914W-1 19.17 13.60 52.81, 234 31.2 0.320

917W-1 19.17 10.63 52.74 255 28.0 0.320

Deep East 19.17 10.53 53.40 180 27.0 < 0.0§

- Pacific waters . '

(000m) <

‘Anglyied 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 of a 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-dwelling 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 1 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
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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 (/7). 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.seawater. These are
consistent with the trends observed in
Galdpagos hydrothermal fluids (/0) 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 form, §
tion temperature of about 300°C, cons;,

tent with measured water temperature,
White vent particulates, apparently py,

ticles from worm tubes and chimney sy §

fides, are predominantly pyrite globulea,

. barite rosettes, and ubiquitous amg; §

phous silica.
" In the heterogeneous mound apy
chimney materials the dominant soljy
phases, identified by x-ray diﬁ'ractiou'
scanning electron microscopy, and ele.
tron microprobe studies, include sphy.
erite (ZnS), pyrite (FeS,), and chalc0py_
rite (CuFeS,). Other sulfides of Zing,
iron, and copper are also present in ny;
nor quantities (wurtzite, pyrrhotite, mg.
casite, bornite, cubanite, and chalco.
cite). Calcium and barium sulfates (anhy.
drite, gypsum, and barite) and oxides qf
iron and silicon (goethite, and amgr.
phous iron oxyhydroxide and silicy
are quite common; native sulfur occup
often; and the magnesium silicate, tale,
was found on one sample. The most sjg.
nificant vent minerals beyond thoge
found in the CYAMEX inactive mounds
(17) are pyrrhotite, anhydrite, barite, ang
talc. Cobalt, lead, silver, cadmium, and
manganese were all detected in the CY.
AMEX samples at concentrations up tog
few parts per thousand. The numerous
and highly heterogeneous samples of the
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 oxyhydroxides, and
traces of native sulfur. Brittle, platy
white precipitates coating the tube

oV B

-

Fig. 6 (left). Scanning electron micrograph of filtered particulate pyrrhotite from hot (380° + 30°C) waters from the black smoker shown in Fig.

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 of the 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 sample. .
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. walls of honeycomb samples are assem-

plages of barite and amorphous silica.
Analyses to date have not fully 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

. equilibrium 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
of unstable FeS§, _ ; 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.

} B MARCH 1980
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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 A/~
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

thé glass analyses represent original lig-

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 olivine is commonly
irregular and skeletal in form, apparently
the result of crystallization during rapid
cooling. On the basis of FeQ/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 Zr are 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 TiO,
and FeO*MgO (FeO* is total iron
oxides) and a smaller range of these val-
ues than many of the 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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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 (5/), 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 about 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

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) + 0.3086A for the decrease in g in
bringing the meter up to the datum (& 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 oh to replace the crust
between the station and the datum (o 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 (53). At this writing, the

‘bathymetric data have not been com-
piled in sufficient detail to calculate these
corrections fully. .

A profile plot of .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-

2556 m (uncorrected-depth of the shal-

other gravity. low appears near ~2.4 h;
(Fig. 3), but this will be largely remoyeg

with topographic corrections,

 The size and width of the central neg, I

tive anomaly can be quickly analyzed‘ d Fi

i)
terms of a two-dimensional honmmal_
cylinder source. The total mass def
ciency is 9 x 107 kilograms per meter of:

ridge. The cylinder center is at 1.0 kp,d

below the datum. If the cylinder’s top

edge reaches up to the datum, a mip;. §

mum density contrast of 0.03 g/cm? is ;.
dicated. If the maximum density contrag;
is 0.21 g/cm® (rock-melt contrast), they
the cylinder's top edge is 0.63 km beloy
the datum. The density contrast in thig
ideal case could be due to a shallow mag.

ma chamber or crustal fracturing, o E
both. Further work on the Alvin crusty
seismic travel-time data in this regiop,

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 ip. |
crease in observed gravity, Ag, for a sta.

tion A m below the datum is £(0.04193.
Ao — 0.2222), where h is negative. A

graph of Ag against & 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 eleclromagnetlc signals
into the ocean and underlylng 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
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ay from the transmitter- antenna. At
" receiver the signal was clearly above
oise at all the frequencies transmitted.
- 11 shows preliminary results of

analysis of data from this receiver.

observed amplitude of the two hori-
atal components of the electric field
malized by the dipole strength of the

smitter antenna is shown as a func-
jon of frequency. The observed data are
Compa.red in Fig. 11 with theoretical
«rves derived from a simple model in
gJhich a horizontal electric dipole an-
gona is mounted at the plane interface
petween two uniform conductors repre-
nting the ocean (conductivity, 3.2 sie-
gens per meter) and the crust (con-
guctivity, o). The comparison shows
pat the effective conductivity of the
crust approximates 0.004 S/m. The elec-
romagnetic skin depth of a uniform ma-
enal of conductivity 0.004 S/m is 8 km
for a frequency of 1 Hz. We believe this
isabout the effective depth of our sound-

Previously, the conductivity of the ig-
geous part of the oceanic crust was esti-
mated from dredged and drilled samples
¢#4) and by logging of holes drilled into
pasement rocks as part of the Deep Sea
prilling 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
Sm. )

The fact that our observations show an
effective conductivity lower than 0.03 S/
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-
oretically 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
tarth’s interior by examining the effects

. of naturally occurring boundaries, edges,
= B 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 determine
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 determine 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). Sur-
face ship surveys show the reversal here
to be clear and linear but not unusually
$o (55). In 1977 Macdonald er al. (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 a zone 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's
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 reversal 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 crustat dilata-
tion by fauiting 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-
stlts 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 magneti¢ studies should also in-
dicate how important deeper layer 3
sources and cumulate settling portions of
the magma 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 hydrothermali
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 Gali-
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,
suifur, barite, opal, and talc. Chimneys
éxhibit 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 shaillow 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 of the 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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Arsenault, master), and R.V. New Horizon (A.
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eral hardworking scientific parties. F. Grassle
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through analyses and descriptions of biological
and mineralogical samples. L. Shure aided in the
collection and analysis of the magnetic data. The

massive sulfide deposits, such as those in
the Troodos complex in Cyprus (/3), Se-
mail in Oman (/4), and Betts Cove and
York Harbor in Newfoundland (/2, /5),
appear to represent ancient oceanic crust
formed at mid-oceanic spreading ridges.

A summary of the ophiolite complexes
containing sizable ore deposits around

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 21°N during a French-American-

- Mexican joint project (project RITA) on

rapidly spreading ridges ({7, 18) (Fig. 1).
The East Pacific Rise deposit occurs at a
spreading ridge at 21°N. The rate of sep-
aration at the site, 3 centimeters a year,
appears to have been constant during the
last 4 million years (/8). As indicated by
deep-tow studies (/9), 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

estis, p|
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" . [
nlinkeg Sulfide Deposits from the
Ithougy §. . ] R
s beea- East Pacific Rise Near 21°N
e coup. _
A R. Hekinian, M. Fevrier, J. L. Bischoff, P. Picot, W. C. Shanks
tAndel, § . '
! prepa.
n, ALE,
67,600 The early discoveries of hydrothermal
- 36. 92 } products at accreting plate boundaries
were sediments rich in iron and manga-
Crane, f nese (/). More recent findings of strong-
zipants, § ly fractionated iron-manganese con-
c. Ngi. | cretions, material rich in silicon-iron
‘cience, . .
ark, R, Summary. Massive sulfide deposits were discovered frorn the diving saucer Cyana
8.1 § on the accreting plate boundary region of the East Pacific Rise near 21°N. The depos-
“Len., ¥ its form conical and tubular structures lying on a basaltic basement. Mineralogical and
er. Sci. | geochemical analyses showed two main types of intimately associated products: a
n. Cos. | POlymetallic sulfide-rich material- composed of pyrite and marcasite in association,
i zinc-rich phases, and copper-rich compounds, and an iron-rich oxide and hydroxide
"'6'."'}\‘{ material (also called gossan) composed largely of goethite and limonite. Silicate
risnfl of- | phases such as opaline, silica, iron-silicon clay, and trace amounts of mica and zeolite
7). are encountered in both types of material. Possible mechanisms for the formation of
favens, 1 the sulfide deposits on the East Pacific Rise are discussed.
ght, G.
the Pa-
nerican . .
t976), { clay, and hydrous iron oxides have been
c. am. | collected from the Galdpagos spreading
’ center (2, 3), from the Mid-Atlantic the world is given by Coleman (/6).
. Ridge near 26°N (4, 5) and 37°N (6), and
c. Am. ) from the Gulf of Aden (7). Direct visual
Miner- 4 Observations of thermal springs were
s 81, n}ade during a submersible study on the
- | nft valley of the Galdpagos spreading
;Q;WL center (8).
The first discovery of a sizable sub-
Earth ¥ marine polymetallic sulfide deposit on a
n;:erlt‘-; ridge system was made in the Red Sea
ress). § during the international Indian Ocean ex-
o, J. pedition (1963 to 1965). In adc!ition,
.many ancient massive sulfide deposits
- found in ophiolites are thought to have
1138 [ been formed on the sea floor in large
" J oceans or marginal basins. These depos-
;6)01" S i(s consist primarily of pyrite, chalcopy-
" ntte, and sphalerite (9-/2). The ophiolitic open fissures.
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More recent dives in the region by the
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 suifide minerals on 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 21°N (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) (/7). The general area
consists of a }.5-km-wide band of fis-
sured and faulted terrane associated with
a horst and graben zone (/7, 24). The
massive sulfide deposits form roughly

- ¢ylindnical 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 over 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. The'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 [0 m
away from the first on the same hill.

The authors’ affiliations are: R. Hekinian, Centre
Océanologique de Bretagne, Brest Cédex 29273,
France; M. Fevrier, Centre Océanologique de Bre-
tagne and Université de Bretagne Occidentale, Brest
Cédex 29200; J. L. Bischoff, U.S. Geological Sur-
vey, Menlo Park, California 94025; P. Picot, Bureau

de Recherche Géologique et Miniére, Orleans Cé- .

dex 45018; and W. C. Shanks, Department of Geol-
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 northern 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 Riddihough {1977)
shows that for the past several million years the half spread-
ing rate at the ridge has been 3 cm/yr. Examination 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 accretion. For
this study we selected the simplest part of this ridge system,
located between 46° and 47°N latitude.

Figure 1 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
cither 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.

DEegepP-Tow REFLECTION DATA

The University of Washington deep-towed array was
deployed across the segment of rise crest shown in Figure 1

Copyright 1982 by the American Geophysical Union.’
Paper number 1B1905.
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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.3) 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 of the 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 of the 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 withinl 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
diffractions 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




&
~
o

LATITUDE

ooy

VS T T |

08s-3

TR ETTY PR TNTETY ST TS FUTT T

14L|AALL|A|AAI|A¢

1295 129.0

128.0

LONGITUDE

Fig. 1. Location of the area of study. Shown are the 1000—5000 refraction lines, air éun 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 of the 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 seismic 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 OBS'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 oﬂ‘sets 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

e




" to
‘om
‘ere
un-
ed,
To
ito
this
iate
S's
ons
m/s
ade
the
shic

)18

fter -

son
the
ntle
the

was

ash-
€9

2 - WAY

McCLAIN AND LEwis: Data FroM THE N. JuaN DE Fuca RIDGE

| 1000 LINE
3 puripre U T G T T T I
éi]':i:i] wu 1] unulma;gu] L !!}H gg';lﬁ
. !TTT"H SAERRER f.
:I!z:i!lillllllﬂ HHHHHHIH
LR e e B ‘l,l,;;

| LINE 28 o+ 1 1 l " -

éllFTTT: SRs IIIITIHTHHT
IHIIIHIHIHIIIH

REFLECTION TIME (secs)

DISTANCE FROM RISE AXIS (km)

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 |I.
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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 [2°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 | or 2 km of
the seafloor and is about | 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

s

topographically corrected total travel time. A plot of this
average velocity of the shots for OBS-1 and OBS-4 is shown
in Figure 1. 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 ata
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 hypothesns
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
of the 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. 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.

than 30 km), the apparent velocity across the shots is ~B8

km/s.

The 4000 line is located 55 km from the ridge axis and
parallel to it (Figure 12, bottom). The age of the 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-3is ~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 mantle 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 clese 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 mode! 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 OBS4,
which was on the ridge.

W RISE AXIS DISTANCE (KM) E
|

TIME (SECONDS)

Fig. 6. Processed (see text) deep-towed reflection data across the
rise axis. The ridge axial valley is on the left of the figure.
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Fig. 7. Diffraction curves superimposed on the deep-towed data
that were calculated from the assumption of side refiections 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.

First arrival times computed from the model for OBS-6 are
shown as arrows in Figure 14 (top). The combination of the
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 Miiller (1971} reflectivity method incorporat-
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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 reflections show little or no offset as the shots cross
the ridge.

ing Filon's integration method [Frazer and Gettrust, 1981]. -
This method assumes a laterally homogeneous velocity
structure, and so the match of the 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 showrin 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 consndenpg 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 Eo6tvés correction. Ship speeds on all
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two record sections on the left side of the figure are from
403 and OBS 407. Shot and receiver geometry are shown

line 6 shots across the East Pacific Rise as recorded by OBS
beneath the data. Note the poor energy propagation as shots

cross the rise axis. The record section on the right side of the 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

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],

lkln-—l

FlAg(x)) = = 2 nGe™ %% 3 o Fleoh" ()

n=1

have no topographic corrections.

Here, g(x) is the gravity anomaly, p(x) is the lateral density

variation, k is the horizontal wave number, G is the gravita-

tional constant, h(x) is the topography, and Z; is the depth

below the surface from which one measures A(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

k'n—l
n!

Flag(x)le'>
227G

-3 |

n=2

Floh() = Flooh" ()

One can use this equation, given Zy, 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 t0
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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, ih:4000 line parallel to and 55 km east of the ridge (bottom). Sediment cover is

surrounding topography, and the gravity anomaly has a peak
to peak amplitude of 4 mGal. Results of the density inversion
for line | are also presented in Figure 16 for several values of
Z,. All inversions at different Zy's fit the data within 1 mGal
accuracy. The inversion became unstable for Z, 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 Z,'s represent the nonuniqueness of
the gravity inversion. However, we note that for Zy = 3 km
the density contrast fluctuates by 1 g/cm®, which is probably
unreasonable. For larger Z's, the fluctuations are smaller,
and no statistically discernible difference can be seen in the
density under the rise axis.

We infer from 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 crugtal
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
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are very different. The free-air anomaly across the East
Pacific Rise near 12°N has a peak-to-peak amplitude of about
12 mGal. 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 spreading
East 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 of the crust. We note that areas that may have
steady state crustal magma chambers, such as the 12°N area,
and areas with possible episodic 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 would 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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5‘ systt
. The region of the Explorer spreading centre off Vancouver [sland, British Columbia, hasbeen b Juan
studied through a marine geophysical survey. Earthquake epicentres located by three ocean tend

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, n
the Explorer ridge, and the Dellwood Knolls. The epicentres of earthquakes in this area as ~ deta
determined by the onshore seismic network are found to be subject to significant errors. The " have

ocean bottom seismometers also have been used for a detailed seismic refraction line just to the * the
north of the Explorer spreading centre employing explosives and a large airgun as sources. A ! proa
' : preliminary analysis of the data indicates a fairly typical crustal structure but a shallow and low : .
velocity mantle near the ridge crest, and illustrates the value of ocean bottom seismometers in ., éxan
) oceanic refraction studies. A new geothermal heat flux probe was employed in this study that s+ phys
. permitted repeated ‘pogostick” penetrations without raising the instrument to the surface. Six ' Ti
profiles with a total of 112 penetrations provided valuable data on the nature of hydrothermal P cenl
circulation in the oceanic crust. Eleven standard heat probe stations provided some restraints on b nent

the poorly known age of the oceanic crust along the margin. Seismic reflection profiles using a = th

3.5kHz system, a high resolution pulser profiler, and a large airgun were used as aids in the er
interpretation of the seismic and heat flow data. ;- 2 fev
' the o
On a étudié la région du centre d'expansion Explorer au large de I'lle de Vancouver en lo th
Colombie-Britannique a I'aide d"un levé géophysique marin. Les épicentres de séismes localisés ' r!‘e[ll
par trois sismomeétres installés dans le fond de I'océan confirment le fait que la limite entre la . limit
plague du Pacifique etla plaque Explorer (I'extension au nord de la plaque Juan de Fuca) se trouve .. Stren
a présent le long de la zone de fracture de Sovanco, de la créte d'Explorer et des monticules de i ing t

‘Dellwood. Les épicentres des séismes dans cette région tels que déterminés par le réseau i def;
sismique cOtier semblent étre entachés d'erreurs significatives. On a aussi utilisé les sismométres ;% to o
. 1 onic

Can. J. Earth Sci., 15, 1508- 1525 (1978) A

. { of th,
—_— - | depe
'Earth Physics Branch Contribution No. 723. \ aries

2Contribution of Bedford Institute of Oceanography No. Bl 679. i
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sur le fond océanique pour un profil détaillé de sismique-réfraction juste au nord du centre
d'expansion Explorer en utilisant des explosifs et de gros fusils a air comme sources. Une analyse
préliminaire des données indique une structure.de la croiite assez typique mais un manteau a
faible profondeur et & basse vitesse pres du sommet de la créte et illustre I'utilité des sismométres
de fond dans les études de réfraction océaniques. On a utilisé dans cette étude une nouvelle sonde
pour le flux de chaleur géothermique qui permet des pénétrations répétées sans ramener |'instru-
ment en surface. Six profils avec un total de 112 pénétrations ont fourni des données précieuses
sur la nature de la circulation hydrothermale dans la croute océanique. Onze stations de sondes
thermiques standard ont fourni quelques limites aux ages mal connus de la crolte océanique le
long de la bordure. On a utilisé des profils de sismique-réflexion avec un systéme de 3.5kHz, un
profileur a pulsation de grande résolution et un gros fusil A air pour aider a 'interprétation des

données sismiques et thermiques.

_ Introduction

This article presents. da}a and ‘prelim.inar_y
alyses of seismicity, seismic refraction, seismic
anﬁection profiling, and heat flow from a cruise on
rCeF A.V. Endeavour in the area of the Explorer
= eading centre Off Vancouver Island, British

,plea . i . .
Columbia (Fig. l).' The area is one pf considerable
rectonic complexity ‘with interaction between a
qumber of lith.osphenc‘plates (e.g., Wilson 1965).
The triple point junction between the Explorer
plate (the northern extension of the Juan de Fuca
plate), the Pacific plate, and the North America

ate is located at or near the edge of the continental
shelf between the northern end of Vancouver Is-
land and the southern end of the Queen Charlotte

[slands (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
to 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
strength 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-
tonics. In addition, the rapid changes in the motions
ofthe small plates (e.g., Riddihough 1977) probably
de_Pends primarily on the forces along their bound-
anes. If the changes in motion and in the bound-

[ Traduit par le journal]

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-echelon
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 Charlotte Islands
(e.g., Srivastava ef al. 1971; Bertrand 1972; Tiffin
1973; Barr and Chase 1974; Chase er 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
geothermal 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 of the 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 Bottom 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 60cm 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 of an 18 cm diam-
eter cylindrical instrument housing with a 33¢m
diameter glass sphere for flotation. A 50kg 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

3

horizontal 4.5 Hz geophone and a hydrophone i
recorded with a dynamic range of 40 dB. '{j
The four seismometers were first employed,
70 km line for seismic refraction (Figs. 2 and 6), t

AGC instrument deployed several kllometres fm
OBS site 3 failed to return to the surface and y,
lost. We now think that sediment may have Sealut
the tube before sea water completely filled
evacuated space. An external rubber water Tes,
voir is now used to fill the evacuated space. A}
the refraction experiment the remaining AGC;
strument was redeployed at OBS site 5 to form ‘
30km triangular array for 6 days of earthquah'
recording. The location of the deployments
determined by satellite and Loran A to within abgyf
0.5km.
All of the three recovered instruments performyf
well, the only important failure being the hf
drophone of the AGC instrument which operay;
only for a short period on the first deployment z
not at all on the second. This was a significant o
as the hydrophone signal appears to be very vy,
able for the identification of some phases i
clearly defined on the geophone records. Examply}
of records obtained from earthquakes and expj.
sive charges are 