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AN INTERPRETATION OF THE GRAVITY AND MAGNETIC ANOMALIES
OF THE RIVERA FRACTURE ZONE, EASTERN PACIFIC OCEAN

INTRODUCTION

In April, 1972, personnel of the Geophysics Group of Oregon
State University surveyed the Rivera fracture zone, a seismically
active 400 km long offset in the East Pacific Rise system off Aca-
pulco, Mexico. A ten day survey was designed to study the crustal
and subcrustal structure of a young fracture zone and to determine,
if possible, the nature of the tectonic forces involved in creating
these unique features of the ocean floors.

Menard and Dietz (1952) described the Mendocino fracturé
zone in the eastern Pacific Ocean in 1952, and in the years
following, researchers located many more (e.g. Menard, 1964).
Fracture zones are usually bathymetrically distinct from the sur-
rounding sea floor because of their high relief and extreme linearity.
Some of the eastern Pacific fracture zones are over 2000 km long,
certainly marking them as the most conspicious features on earth.

With the introduction of the transform fault by Tuzo Wilson
(1965) and the evolution of the plate tectonic theories of the late
1960's (e.g, Morgan, 1968, Isacks et al., 1968), fracture zones
received considerably more attention. Their orientation became an

important geometric tool which helped to indicate the complex



motions involved in the creation, motion and subduction of large rigid
plates on a spherical earth.

Today, fracture zones are not only defined bathymetrically, but
also by offsets in magnetic anomaly patterns produced by mid-ocean
ridges and by linear bands of seismicity. Despite the implications
drawn from fracture zone orientation by nearly all geological and geo~
physical investigators involved with plate tectonics, fracture zones
~ are poorly understood as a physical phenomena. Their structure and
the role they play in global tectonics, whether passive or active, is

largely unknown.




PREVIOUS WORK

Topography of Fracture Zones

The most common topographic feature of fracture zones besides
high relief and extreme linearity, is the presence of a central trough,
usually deeper than the adjacent sea floor and surrounded by high
standing parallel ridge systems. .Most studies to date have been con-
cerned with surveying this topography along with the surrounding mid-
ocean ridge system for the purpose of defining the present tectonic
situation of a specific area. Several investigators expanded these
st@dies and developed partial geometrical and dynamic explanations
for fracture zone topography. van Andel, etal. (1968, 1971) in an
extensive study of the Vema fracture zone of the central Atlantic, pro-
posed that as a result of a reorientation in spreading direction, the
fracture zone itself is the site of secondary spreading. They sug-
gested that spreading takes place by the injection of thin dikes into
the fracture zone walls.

Menard and Atwater (1969) first proposed this general concept.
They developed a simple georﬁetrical model which explained general
elevation differences observed across some fracture zones. They
further observed that the elevation of mid-ocean ridges is'roughly

inversely proportional to the spreading rate, and concluded that



fracture zone topography must be a direct result of an extremely
small component of spreading normal to transform faults. The work
of Sleep and Biehler (1971) gave some credibility to this rather cir-
cular argument. They invoked viscous drag forces and resulting head
loss in magma upwelling at fracture zone-rift intersections in order
to explain the observed central trough. The fact that the deepest
portion of many fracture zones is at the fracture-ridge intersection
supports this model. Uplift, associated with recovery of lost head
as the topography spreads away from the ridge, may account for the
raised fracture zone walls (Sleep, 1969).

These models seem to fit the equatorial Atlantic fracture zones
fairly well. However, their applicability to all types of fracture
zones found in the world oceans is questionable. The differences
in the character of the Atlantic and Pacific mid-ocean ridge systems
suggest that fracture zones may also be expected to vary from one
region to another. Still, one would expect to find some basic dynamic
model which would apply to all fracture zones.

To a large degree, the models of Sleep and Biehler (1971) and
‘Menard and Atwater (1969) depend upon a recent reorientation in spread-
ing direction. It is difficult to envision all fracture zones as leaky.
Further complications arise when one considers the fact that fracture
zone topography does not exist along whole segments of many fractures,

-especially in the Pacific Ocean. Also unexplained by the fracture-



ridge intersection models is how fracturé zone topography can exist
along portions of oceanic crust which was not the product of fracture-
ridge intersection areas. "'I;his situation arises in particular among
Pacific fracture zbnes which are relatively young and which exhibit
largé 'ridge offsets.

‘The implication is that fracture zone topography, to a certain
degree, is independent of ridge-fracture zone intersections and

.spreading direction changes.

Petrology of Fracture Zones

Because of their rugged topogréphy, fracture zones provide
excellent locations for dredging the mid-ocean rise systems, and
rﬁuch of the petrologic data concerning fracture zones is obtained
in studies of mid-ocean rises. Matthews et al. (1965), Melson
and Thompson (1971), Aumento and Lubat (1971), Bonatti et al. (1970)
and many other investigators report dredging nearly every type of
oceanic rock known or postulated to exist from fracture zone scarps.

‘This has generally ledkto many complications in the speculative
explanations of fracture zone dynamics, for any acceptable model
must account for this cornucopia of varied petrology .

Probably the most comprehensive paper in this field is that of

Thompson a.m'i{ Melson m(l‘g72) . After an in-depth analysis of several

Atlantic fracture zones, they concluded that fracture zones are sites
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of basic rock extrusions and intrusions as well as bintrusions of ultra-
basic plutonic rock believed to be of upper mantle origin. It is further
suggested that oceanic crust ig created along the fracture Zone and
that this crust differs chemically from the crust created at ridge

crests.

-

GraVity Observations QOver Fracture Zones

A sizeable amount of geophysical data already exists over the
regions of the ocean floors where fracture zones are most abundant.
However, most gravity and magnetic data available comes from sur-
veys of adjacent features, such as mid-ocean ridges; and is not well
suited for fracture zone analysis. Only a few gravity studies of
fracture zones are available. One, by Dehlinger, et al. (1967) is a
survey of the Mendocino escarpment, a mostly relic fracture zone.
Their refraction and gravity constrained crustal sections indicate
that the Mendocino escarpment is mirrored by an escarpment in the
earth's mantle and that the fracture zone separates regions of different
mantle densities.

Cochran (19 73), in a composite gravity survey of several
e_duatorial Atlantic fracture zones concluded that they are the lo-
cations of local mass excess. In order to account for the observed
free-air anomaly it was necessary to introduce additional mass bé—

neath the fracture zone trough and ridges. Two alternate theories are



offered to explain the observed data. Thompson and Melson (1972)
suggested that fracture zones are sites of large scale intrusions of
serpentine. Serpentine, which is a low temperature hydration product
of olivine, varies considerably in density as a function of the degree
of alteration. It is possible that these intrusions may appear as
local mass excesses when contrasted against light material of the
type associated with layer II.

An alternate explanation is that fracture zones are essentially
windows into the lower oceanic crust. This view is supported by
dredge hauls which have produced samples of basic and ultrabasic
rocks from fracture zone scarps. Layer III is postulated to be a
mixture of various basic and ultrabasic plutonic rocks (Melson and
Thompson, 1970, 1971). These layers, void of the usual upper
crustal material, might also appear as mass excesses. Cochran
sees fracture zones as the sites of extensive serpentine intrusions,

but concedes that basaltic rocks must also be present.

Magnetic Anomalies Over Fracture Zones

Fracture zones are well known for their distinct magnetic
anomaly patterns. The amplitude of the anomaly may vary, but in
general, it is distinct from the adjacent sea floor spreading anomalies
(Rea, 1972). For many years, the concensus has been that

there is a sharp positive magnetic peak situated directly over the



fracture zone trough. Cochran reported_vthis phenomenon in his study
of Atlantic fracture z'oheé.; Early speculation was that this anomaly
was due to serpentine intrusions (Vogt, 1971) or basaltic accumulation
in the fracture zone trough (Morgan, 1969). Cochran concluded that
the observed magnetic anomaly is produced by induced magnetic
sources in slabs separated by 20 km across the fracture zone.
van Andel et al. (1973), in a study of the Ascension fracture zone,
favor the existence of magnetic bodies parallel to the strike of the
fault. They base their conclusion on correlation of several mag-
netic profiles taken perpendicular to the strike of the fracture zone.
To date, most studies. involve a qualitative analiysis of large ..
amounts of magnetic data. Surprisingly, few people take into account
the effects of topography when analyzing magnetics. The abundance
of possible magnetic models may be a product of this fact and the

inherent nonuniqueness of magnetic modeling in general.




GEOGRAPHICAL AND TECTONIC SETTING
OF THE RIVERA FRACTURE ZONE

The Rivera fracture zone lies at 190N, 105°wW forming the
western border of the Rivera lithospheric plate. This plate is sep-~
arated from the Pacific lithospheric plate on the east by the East
Pacific Rise, and from the American lithospheric plate on the west by
the Middie America trench. To the north, the East Pacific Rise breaks
up into a series of short spreading centers and en echelon faults which
eventually lead into the San Andreas fault system. In the extreme
southeast portion of the Rivera plate, the fracture zone forms the bor-
der between the Rivera and Cocos plates (Figure 1).

The interpretation of magnetic anomalies (Larson, 1972) indi-
cates that the Rivera fracture zone and corresponding plate came into
existence somewhere between 4 and 10 million years ago following a
general reorientation of the East Pacific Rise system south of the
mouth of the Gulf of California. Recently, some controversy exists
as to whether the Rivera plate is an independent plate actively under-
thrusting the North American plate, or attached to and part of the
larger North American plate. (Larson (1972) favored the latter view
based on parallelism between the Rivera fracture zone and en echelon
faults in the Gulf of California. However, Molnar (1973) determined
focal mechanisms for eight earthquakes on the Rivera fracture zone and

found that the direction of motion was not the same as that expected
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for a Pacific-North American plate boundary. He concluded, therefore,
that the Rivera piate is an independent plate.

Assuming that Molnar is correct, the Rivera plate must be pre-
sently underthrusting the North American plate in the vicinity of the
Middle America trench. Larson (1972), using’ magnetic anomalies,

estimated a half rate of approximately 3.0 cm/yr.

Physical Description of the Rivera Fracture Zone

For purposes of description the topography of the 400 km long
fracture zone is divided into two parts. The western half extends
from the easterh portion of the East Pacific Rise ét 1100W longitude,
to a north-south trending valley at 107OW lQngitude. This portion of
the fracture zone exhibits striking fracture zone topography. A cen-
tral_ trough at depths of 5000 meter:s is bordered by two high standing
ridge systems, one on the'south, and one on the north. The topo~
graphic relief on this portion of the fracture zone changes as much
as 5.6 km vertically along a 28 km traverse (Figure 2).

The eastern half of the fracture zone, from 107OW to the Middle
America trench at IGSOW longitude,v exhibits entirely different topo-~
graphy. The striking fracture zone topography gives way to low
lying ridges and slight depressions of limited linear extent. The
only discernable trend is an almost east-west lying series of

short ridges and depressions as indicated by the 2800 meter contour

o
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in Figure 1. There is no visible continuation of fracture zone topo-

graphy in this area.

Earthquake Strain Release and Focal Mechanisms

Figure 3 depicts strain release expressed in terms of equivalent
body wave magnitude, earthquake epicenters and available focal mech-
anism solutions (Sykes, 1967, 1968 and Molnar, 1973). The offset
portions of the East Pacific Rise appear as north-south trending zones
of moderate strain release. The western portion of the Rivera fracture
zone appears as a concentrated zone of strain release and epicenters
some 50 km in width. Focal mechanism solutions show consistent
right lateral motion along fractures which strike N108OEq

The eastern portion of the fracture zone generally exhibits a
more diffuse strain energy pattern and a more widely scattered epi-
center zone. The only focal mechanism in this portion of the
fracture zone indicates that the direction of strike-slip motion in
this area is along fractures oriented more east~west, possibly re~

flecting a Rivera-Cocos plate interaction.
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DATA INTERPRETATION

-Gravity Data

Gravity measurements were taken aboard the R/V Yaquina during
a 27 day cruise in April, 1973, with LaCoste-Romberg surface ship
gravity meter S~42, The meter operated on a stable~table on which
accelerometers measured horizontal accelerations and an anaiog com-
puter calculated cross-coupling corrections. During on-land data re-
duc’cion, correlation coefficients between gravity and acceleration
parameters were calculated by a matrix inversion technique and
applied to the gravity measurements to correct for non-linear response
of the meter caused by large ship accelerations, Final gravity values
reported at five minute intervals, correspond to an average spatial
frequency of 0.66 points per km.

Satellite fixes, obtained at intervals of less than two hours,
provided the basis for ships navigation, Computer analysis, navi-
gational data, including satellite fixes and ship's speed and course
Qata, produced the final ship's trackline. Estimated navigational
accuracies are * .1 kts in ship speed, + lO in heading and + 0.2 km
in ship position. The difference in gravity measurements at trackline
crossings provides an estimate‘of the accuracy of the gravity meter.

Of the six crossings, all but one agreed within + 3.5 mgals. The
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sixth crossing is over a small portion of the survey during which
gravity meter corrections were not properly recorded on magnetic tape.
The effect of cross-coupling was the only correction made to this data
and the observed difference in the gravity measurements at this cross-
ing was 12 mgals. In addition to the six internal crossings, two
traverses made in 1972 crossed traverses made in 1969 with LaCoste-
Romberg gimbal mounted meter S-9, aboard the R/V Yaquina. They
agree with an accuracy of + 3 mgals.

An absolute gravity value of 978,524 .5 mgals measured at the
monument of "A Los Heros, Febrero De 1949" in Acapulco, Mexico,
provides the base tie for the survey. The accuracy between this
gravity value and that measured on the ship was estimated to be
+ 1.0 mgal.

Overall, the gravity data used in constructing the free-air
anomaly map and structural sections reflects an rms accuracy of
+ 3.6 mgals. Figure 4 shows the location of the ship tracklines
and submarine pendulum stations used for construction of the free-

air map.

Free-Air Gravity Anomaly Map =

The most prominant feature of the free-air gravity anomaly map
of the Rivera fracture zone area is the presence of a large elongate

negative anomaly over the central fracture zone trough (Figure 5).
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Maximum negative anomalies of ~120 mgals are observed in the ex-
treme western portion of the fracture zone. This large negative anom-
aly is bordered on the south by a linear trend of positive anomalies
corresponding to the southern ridge systems.

The north-south trending valley at 107OW longitude which topo-
graphically divides the fracture zone, exhibits negative anomalies as
low as -40 mgals. East of this feature, the character of the gravity
anomalies change. In contrast to the linear negative anomaly of the
western fracture zone, the eastern por,tior'l\ exhibits mostly positive
anomalies with a maximum of +48 mgal and \a minimum of -30 mgal.
These anomalies, although not as linear as their western counter-
parts, appear to strike more westerly, thus indicating that surface
and possible subsurface trends change in this area.

The northeast portion of the free-air map shows prominent gra-
vity anomalies associated with the Middle America trench. Free-air
anomalies of approximately -170 mgals are colinear with the bathy-
metric axis of the trench.

With the exception of the trench area, the region of the Rivera
fracture zone appears to be in general isostatic equilibrium, as in-
dicated by a near zero free-air gravity anomaly for most of the sur-
rounding region. This implies that there are no large mass imbalances
indicative of driving forces associated with the general region of the

fraction zone.
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Crustal and Subcrustal Cross Sections

Direct knowledge of the structure of the crust and upper mantle
in the area of the Rivera fracture zone comes from two large refraction
studies; one by Phillips (1964) in the Gulf of California and the second
by Shor and Fisher (1961) over the Middle America trench. One re-
fraction station from each study is located close enough to the
fracture zone so that it could be used as control for constructing
crustal cross sections along major north-south gravity profiles.

The procedure is to locate the refraction station on the free-
air gravity anomaly map and determine the approximate gravity anom-
aly value at that point, It is assumed that the structural section, as
defined by seismic refraction, remains unchanged along a line of
constant free~air gravity value in a region in which tkhe change in age,
as indicated by the magnetic anomalies, is small. Where this contour
crosses a major north-south gravity profile, the structure is defined.
The velocity-density curves of Ludwig, Nafe and Drake (1968) pro~
vide a means of converting reported longitudinal wave velocities to
densities required for gravity modeling.

A two-dimensional technique (Talwani, 1959) enabled compu-
| tation of the total vertical attraction of the section assuming infinite
horizontal layers and a compensation depth of 30 km. Water depth

and sediment thickness at the transposed site were determined from

.
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precision depth recordings and seismic reflection records obtained with
a Bolt (40 cubic inch) air-gun system taken simultaneously with the
gravity measurements. The transposed station, assumed to have the
same total vertical attraction as the original refraction station, was
adjusted for the slightly different water depth and sediment thick~
nesses, giving a consistent structural section along the gravity con-
tour., | |

| Station 21 from Phillips (1964) Gulf of California study, lo-
cated approximately 100 km from the north end of profile 8 and é,d-—
justed as described above, provided the structural control for the
north end of the profile (Figure 4) . Assuming a gpreading half-rate
of 3.0 cm/yr, the age of the crust in this area is approximately 8.0
million years, Profile 8, situa.téd approximately midway between the
spreading ridges, lies along océanic crust whose age does not charige
appreciably alongw the length of the profile. Since there is no re-
fraction data available south of the Rivera fracture zone, the
assumption was made that the oceanic structure in this area remains
constant for a given age in undisturbed areas. With this assumption,
definition of the south end of profile 8 was also possible.

By adjusting lvayber thickness so that the computed anomaly
best fits the observed, the deep structure of the fracture zone can

be inferred across areas where there is no refraction control. Ex-

tension of section ends by 5000 km reduced the errors caused by edge
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effects. The underlying assumption of two-dimensionality is open to
question, but due to the observed linearity of fracture zones, it is a
reasonable assumption.

In a similar manner, Station 2 of Shor and Fisher's study of the
Middle America trench defined the structure on the‘north‘ end of profile
11. The 8 million year old section, modified to fit the observed
water depth and sediment thickness so that the total vertical attrac-
tion was consistent with the free-air anomaly, provided structural
control for the south end of profile 11.

No refraction control exists for profile 4, which extends from
2-4 million year old crust in the north to 12-14 million year old crust
in the south. Again, the modified 8 million year old section pro-
vided the best estimate for layer thickness for the north and south
ends of profile 4.

Table 1 shows the control sections derived in the manner shown
above, using densities of 1.03, 2.00, 2.61, 2.84 and 3.21 gr/cm®,
for sea water, sediment, layer II, layer III and mantle, respectively.
A mantle density of 3.21 gr/cm3 is slightly lower than densities ‘nor—
mally associated with mantle material; but the age of the lithosphere
in this area is young enough (less than 14 million years) so that this

density is acceptable.
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Table 1. Control sections for gravity profiles

Water Sediment Layer II Layer III Depth
Profile Depth Thickness Thickness Thickness To mantle
(km) (km) (km) (km) (km)
4 North 2.9 0.0 1.21 7.07 11.12
4 South 3.5 0.0 1.21 3.47 8.18
8 North 3.1 0.48 1.21 4.33 9.12
8 South 3.5 0.2 1.1 3.3 8.1
11 North 4.8 0.44 w6 7.86 13.7
11 South 3.1 0.0 1.0 6.4 10.5

Structural Profile 4

Profile 4 is the westernmost of the structural sections. It
crosses the Rivera fracture zone just east of the East Pacific Rise.
It is in this area that the presence of the fracture zone has the great-
est topographic relief. In crossing from the south fracture zone ridge
to the central trough, a distance of 8 km, the total relief encountered.
is over 3 km. This relief is partially reflected in the free-air gravity
anomaly which drops from a +35 mgals over the south ridge to -110
mgals over the central trough.

The structural section as inferred from the gravity anomaly in-
dicates that the central trough of the fracture zone is underlain by a

corresponding trough in the mantle (Figure 6). The normal depth to
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the top of the mantle in this area is nearly 9 km, but beneath the frac-
ture zone walls, the crust becomes thicker. It reaches a maximum
thickness of 8 km directly beneath the central bathymetric trough.
This crustal root may also represent altered and fractured upper man-
tle material.

The fracture zone ridges and tro;ughs also reflect lateral as

well as vertical changes in density. The 2.61 gr/cm3 layer normally
associated with oceanic layer II appears to pinch out as a continuous
unit in the ridge walls of the fracture zone. The south side of the
central trough is composed of 2.61 gr/cm3 density material which
increases to @ maximum thickness of 1 km directly under the trough
axis and then pinches out in the north wall of the trough. Although
this density is associated with layer II outside the fracture zone,

in this area it is probably indicative of brecciated and hydrothermally
altered basaltic materials or possibly light intrusives. The north
wall of the trough is an area of exposed 2.84 gr/cm3 material, nor-

mally indicative of layer II material.

Structural Profile 8

Profile 8 crosses the fracture zone near the termination of the pro-
minent fracture zone topography. Maximum relief in this instance is
2 km vertically in a 5 km traverse. Again, the most predominant

feature in the structural section constrained by gravity data is the
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presence of a deep crustal root beneath the central bathymetric trough
(Figure 7). The top of the mantle, with a mean density of 3.21 gr/cm3,
and with a mean depth of 8.5 km, drops to 14 km beneath the trough
axis. As in profile 4, the 2.61 gr/cm3 layer appears to terminate as
a continuous unit in the ridge systems which form the walls of the
fracture zone. In this case, however, the south trough wall is the
zone in which 2.84 gr/cm3 layer III material is exposed. The north
wall is composed of thick 2.61 gr/cm3 material Which reaches a max-

imum thickness of 3 km directly beneath the trough axis.

Structural Profile 11

Profile 11 lies across the easternmost portion of the fracture
zone. This is the area where no apparent bathymetric trace of the
fracture zone exists and where earthquake focal mechanisms and epi-
centers indicate fracturing occurs over a broad zone and in a slightly
different direction than in the western portion.

The structural section shows two areas of thickened layer II
material directly underlain by a crust-mantle interface which increases
in depth from 9 km to nearly 11 km (Figure 8). These two areas are
separated by 70 km along the profile. The southernmost zone lies
along a line of projection of the western fracture zone topography.

The northernmost anomalous zone lies along the east-west striking low

lying ridge systems of the eastern Rivera fracture zone area as rep-
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resented by the 2800 meter contour in Figure 1. It reflects the same

general orientation as the easternmost focal mechanism.

General Structure

In general, where topography and a relatively narrow zone of
lateral shear motion indicate the presence of a fracture zone, a trough
in the mantle underlies the central fracture zone trough. The width of
the crustal root is approximately equal to the width of the area of up-
lift across the fracture zone; i.e., approximately 30 to 40 km. The
thickness of the crustal root is from 4 to 5 km.

Layer II of the upper crust appears to terminate in the walls of
the fracture zone, The central trough, consists partly of 2,61 gr/cm3
material, probably indicative of brecciated and altered volcanic mat-
erial,.and partly of heavier material of density 2.84 gr/c:m3 . This
density is indicative of basic layer III materials such as gabbros or
amphibolites. Immediately beneath the floor of the central trough is
a narrow root of 2,61 gr/cm3 material which extends to depths of 3 km
below the ocean floor. Again, this low density root is probably indi-
cative of intense fault brecciation and hydrothermal alteration. The
nature and origin of this rock cannot be established from the data,

In the eastern portion of the fracture zone, where there is no
distinct bathymetry and where fracturing appears to be more diffuse,

the crust and mantle exhibit several locally anomalous zones. In
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two widely separated areas, the 2.61 gr/cm‘3 layer increases in thick-
ness from 1 to 3 km across a 10 to 20 km wide area. Beneath these
zones, the crust-mantle interface also gradually deepens by 1 to 2 km,
but does so over a wider 50 to 60 km area.

Considering the seismic evidence and local tectonic setting,
these anomalous areas may indicate sites of lateral faulting assoc-
iated with the Rivera fracture zone. Fracturing evidently occurs over
a much broader zone. It appears that the result of spacing a constant
amount of fracturing or total differential shear motion over a larger

area is to alter wider areas of crust and mantle to a lesser extent.

Magnetics

Modeling Techniques

Slab models were constructed for profiles 4 and 8 directly from
depth corrected digitized bathymetry records. Spatial frequency of
the field data is approximately 2.0 points per km, but varies with the
amount of relief encountered; i.e., higher frequency over the fracture
zone, The magnetic data was sampled at a frequency of 1.25 points
per km and a theoretical anomaly is calculated at 1.0 points per km,
the uncertainty therefore being slightly greater at the higher fre-

quencies,
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The purpose of the magnetic modeling is not to infer layer thick-
nesses or intensity of magnetization by fitting the observed curve ex-
actly, but to use standard accepted values for thickness and intensity
of magnetic sources along with topography in order to fit the general
shape and amplitude of the observed anomalies using the simplest
possible model.

One important source of error in both gravity and magnetic mod-
eling lies in using unmigrated bathymetry for the surface of source
bodies. Many of the first returns over steeper portions are portions
of reflection hyperbolas and not true bottom, This severely limits the
steepest slope which can be seen. In general, the maximum slope
which can be accurately recorded is 0.5 x the cone angle of the P.D,R.
or in this case 300. This means that a 90O fault scarp in the fracture
zone appears as a moderately sloping face in the models.

Theoretical anomalies were calculated using a two-dimensional
modeling technique of Talwani and Heirtzler (1964). Again, the ass-
umption of two-dimensionality on the fracture zone is a good approxi-

mation of the real configuration.

Description of Observed Magnetic Profiles

. Figure 10 shows the bathymetry and observed magnetic anomaly
over profiles 4 and 8. Both show anomalies of up to 500 gammas, sev-

eral of these seem to correlate with topographic features while others
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do not. At this point, it is impossible to even guess at the source of
the anomalies without including topographic effects.

At first glance, the observed magnetic data do show a large
anomaly in the area of the fracture zone trough. However, a careful
look at the magnetic and bathymetric profiles will show that the large
positive anomaly does not appear to be associated with the fracture
zone trough, but instead with the prominant walls of the fracture zone.

It is likely that cursory examinations of data at high vertical
exaggeration has been the source of some misleading descriptions of

the magnetic signature of fracture zones.

Induced Magnetic Profiles

There is no evidence for re-orientation of the crust in the Rivera
fracture zone area since its formation, consequently, it is virtually
impossible to distinguish between a magnetic anomaly caused by.in-
duced magnetization and normally polarized remnant magnetization.
However, the differences between an anomaly caused by induced mag-
netization and an anomaly caused by reversely polarized remnant mag-
netization are great and it ié possible to distinguish between them
with some degree of certainty.

The first step in the magnetic modeling was to calculate the
anomaly produced by induced magnetization from a 1.0 km thick layer

which follows the topography and has an induced susceptibility of
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.015 emu/cms. This susceptibility is high for oceanic basalts, but
necessary to reproduce the required anomaly amplitudes.
Figure 9 shows the calculated induced field superimposed upon

the observed anomalies for profiles 4 and 8. Profile 8 fits the ob-

served anomaly shapes fairly well, but the calculated peak to peak

amplitudes are over 100 gammas too low over the fracture zoﬁe.
However, in profile 4, the theoretical induced anomaly appears to be
opposite in sense to the observed anomaly. The simplest source
which could possibly produce the observed anomaly for profile 4 is
a reversely polarized remnant source.

Contrary to recent investigations (Cochran, 1973), this seems
to rule out the possibility of explaining the Rivera fracture zone

anomalies by induced magnetic source bodies.
Remnant Magnetic Models

Profiles 4 and 8 were remodeled using remnant magnetic fields
in a 0.5 km thick source layer following the topography and having an
intensity of remnant magnetization of .022 femu/cm3 . This is a more
reasonable value for magnetization of oceanic basalts than was the
value of induced susceptibility required to produce compatible
theoretical and observed anomaly amplitudes.
Since the gravity data suggested that the fra.cfure zone is the site

of brecciation and hydrothermal alterations due to large scale lateral
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faulting, it is difficult to envision an unbroken magnetized layer
lying beneath the fracture zone, Even if this was originally the case,
one would expect the intensity of the remnant magnetization of layer
IT basalts to be essentially zero in the central fracture zone area.
Matthews et al. (1965) noted the expunging of magnetic anomalies
associated with the Carlsberg Ridge in a Wide area near a fracture
zone., Dredge hauls from the walls of the fracture zones produced
brecciated basalts which showed varying degrees of hydrothermal
alteration. Accordingly, profiles 4 and 8 were modeled so that the
0.5 km thick layer was discontinuous across the fracture zone trough
so as to render the center 5-8 km of the fracture zone nonmagnetic.
Figure 10 shows the remnant models with the calculated and
observed anomals. Although the fit in profile 8 does not improve
greatly, the observed and calculated anomaly amplitudes more closely
match over the central fracture zone area. The effect of introducing
this nonmagnetic zone effectively increases the central anomaly
amplitudes. The fit on profile 4 improves drastically. The 400 gamma
anomaly near the north end of the profile is apparently produced by a
change in polarity between the fracture zone axis and the end of the
orofile. This is entirely possible since the traverses were up to 15o
off perpendicular to the exact strike of the fracture zone énd .since the
polarity bands are not necessarily linear features. The anomaly on

the south end of the profile could be modeled in any of several differ-
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ent ways, but since there is no gravity or structural data which might
indicate its source, no effort was made to model it. The anomaly is
over 35 km from the fracture zone, and it is unlikely that the two could
be directly related.

It is possible that many different sources, dependent upon
local tectonics and the particular fracture zone, could cause the ob-
served fracture zone anomalies. However, the anomalies associated
with the Rivera fracture zone appear to be caused by layer 1I basalts
which are terminated in the fracture zone walls., Topographic effects
complicate the observed magnetic anomalies making their interpre-
tation possible only after this effect was taken into account.

To account for the Rivera fracture zone magnetic anomalies with
induced magnetization, or bodies sub-parallel to the fracture would

require much more complicated models.

Combined Magnetic and Gravity Models

The gravity and magnetic models, generated independently,
yield basically the same structural results for the upper oceanic
crust. The fact that no intrusive bodies are necessary to account
for the observed magnetic anomalies supports the gravity models
which introduced no additional layers than were previously indicated

by the refraction data available for the area.
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The configuration of the magnetic layer and the 2.61 gr/cm3
layer in the fracture zone trough at first glance do not appear consis-
tent. Recently, however, investigators in magnetics have tended to
attribute much of the remnant magnetic anomaly field to a very thin
layer of intensely magnetized pillow basalts on the sea floor (Cox,
et al., 1972). These small scale features may not necessarily show
up in a‘ gravity model. Conversely, the presence of the 2.61 gr/cm3
layer in the gravity model does not necessarily imply a magnetic
source. The layer may have lost much of its magnetization, or may
consist of non-magnetic material. However, the essential conclusion
is that the two independent non-unique solutions lead to the same
general conclusions concerning the structure of the Rivera fracture
zone,

Any structural model for a fracture zone should be examined in
the light of the existing petrological data. Although this adds no
further structural information, it is useful in estimating the validity
of some models generated from potential field data. In general, the
structural model presented for the Rivera fracture zone is compatible
with present day petrological models. The appearance of both 2.61
and 2.84 gr/ cm3 layers in the trough walls may account for the
presence of both basalts and basic rocks and their associated al-,
teration products obtained in dredge hauls from fracture scarps. Ai-

though large amounts of altered peridotites have not been dredged
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from Pacific fracture zones, the presence of an altered mantle root
beneath the Rivera fracture zone would make the central trough a very
likely place to find altered basic and ultrabasic rock such as serpen-

tines.
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TECTONICS OF A FRACTURE ZONE AND AN ALTERNATE
THEORY FOR THE ORIGIN OF FRACTURE ZONE TOPOGRAPHY

Presently, only the modified model of Sleep and Biehler (1970)
successfully accounts for some aspects of fracture zone topography.
The limitations of this type of theory have already been examined,
but perhaps the major argument in favor of a more general theory is
the profusion of fracture zones existing in all types of tectonic en-
vironments and all exhibiting generally similar topography. The topo-
graphic variability of fracture zones from ocean to ocean is less than
the variability of the mid-ocean ridge systems with which they are
associated. These facts lead one to conclude that tectonic forces
independent of the rise systems contribute to the building of fracture
zone topography.

A fracture zone is a transition region across which lateral shear
motion in thick lithospheric plates occurs. This transition zone must
extend to at least the depth past which elastic processes are no longer
the predominant mode of deformation. This depth is not well defined
in the oceanic crust, but earthquake hypocenters have been located
at least as deep as 15 km along fracture zones (e.g., Tobin and
Sykes, 1968).

Crustal cross sections derived from refraction controlled gravity
and magnetic data presented in preceding sections suggest that fract-

uring occurs across a 30 km wide area enclosing the fracture zone
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ridges and trough. An intensely fractured and brecciated zone from
5 to 7 km wide probably exists in the central trough of the fracture
zone. ' Below the floor of the fracture zone, is a relatively narrow low
densify zone underlain by an anomalously deep and narrow. mantle
trough.

Constant faulting and brecciation of the crust and upper mantle
rﬁaterial in the fracture zone appear to occur to depths of at least 10
km beneath the ocean floor. The resulting increase in permeability
associated with fracturing of crust and mantle rocks could provide an
environment in which water, ih some form, might be expected to
exist at great depths. Hydrothermal currents as deep as 750 meters
in fauited basaltic areas are well documented (Bodvarsson, 1972).
Hart (1973) postulates the existence of water from 3~5 km in order
to account for alteration of basalts on mid-ocean ridge flanks, and
Lister (1972) proposes the existence of water at depths of up to 10
km beﬁeath Juan de Fuca Ridge.

If this is indeed the case, then it is not unlikely that a fracture
zone may also be the site of deep water penetration. The immediate
result of water injection is the alteration of crustal and mantle mater-
ial beneath the fracture. Alteration products of the upper oceanic crust
vary considerably with the .initial chemical and mineral composition of
the ‘host rock, the thermal regime, and the time available: for alteration

(Hart, 1970, 1973). Such information for the upper crust cannot be
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ascertained from the geophysdical data presented in this text. How-
ever, the presence of :an-anémalous mantle root and its associated
density contrast may ‘ind'ic‘;affe something more definite concerning sub~
crustal alterations.

One immediate result of hydrothermal alteration is a reduction
of denvsity in the altered material. The question of whether. serpentini-
zation of peri_odotite résults in a volume expansion of the altered mat-
erial is the subje_ct of some controversy. If the chemical system is
not restricted exclusively to water introduction, then the formation of
serpentine is possible without a corresponding volume increase
(';'hayer, 1966). However, field studies by Coleman and Keith (1970)
bn Burro Mountain, California, indicate that serpentinization of
peridotite can proceed under isochemical conditions (except for the
injectiqn of water). They state that "a completely serpentinized
dunite (~ 100 wt per cent Qlivine) with a final brucite/serpentine
rat-iq of 0.21 will have a volume increase of 48 percent." They
conclude that 32 percent serpentinization occurred in their study area
with a 14 percent volume increase. This process probably proceeded
in stages with moderate volume increases accommodated by faulting
which allowed vertical and horizontal movement.

If-it is as_sumed that the crust-mantle interface in the Rivera
fraqture zone area was originally at a depth of 8-9 km, then approx-

imately 150 cubic km of mantle material was altered beneath each



43

1 km length of the fracture. The gravity models indicate a density de-
crease from 3.21 to 2.84 gr/cm3, which corresponds to a 14 percent
volume increase. The result of tiuis volume expansion will be to cause
localized uplift in the 4-5 km thick rigid plates overlying the expansion
zone.

The fétal amount of expansion and the time required for that ex-
pansion depends upon the vertical and horizontal extent of faulting
and the rate and extent Qf alteration. Regional tectonics control the
extent of horizontal faulting, and: material parmeters control the
depth of faulting. The gravity sections support this by indicating no
appreciable change in the volume of altered material with age along
the fracture zone. This means that the controlling factor in rate and
extent of expansion is the degree and rate of alteration. Rates for
this process at depth are largely unknown, but the appearance of
fracture zone topography in new crust formed at the ridge-fracture
intersection requires the rate of expansion to be large when compared .
to the rate of horizontal movement. There is also no clear evidence
for large amounts of continued uplift with age on the fracture zone,
which means Lthat most of the hydrothermal alteration and accompanied
expansion occurred in a relatively short time.

Figure 11A depicts faulting in oceanic crust and mantle due to
transverse motions in lithospheric plates. The overall permeability

of a fault brecciated section increases, allowing the penetration of
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water through the crust and into the upper mantle. Water, in contact
with mantle materials, causes the hydrothermal alteration of the host
rock (Figure 11B)., Alteration of mantle material brings about a re-
duction in density and expansion in the altered volume; which in turn
causes uplift in the crustal sections overlying the altered material.
Uplift across two structurally independent plates will result in crustal
dilation, and the generation of a void area between the two plates
(Figure 11C). Faulting, accompaning the uplift and the structural
instability in the regions nearest the void, will result in the formation
of a central valley bordered by raised parallel ridges (Figure 11D).
Less extensive uplift and faulting on the fracture zone flanks pro-
duce sub-parallel valleys and ridges. The processes of alteration,
uplift and faulting are contemporaneous. This hypothetical topo-
graphy is compared to the Rivera fracture zone profile 8 with no ver-
tical exaggeration (Figure 11E).

Where a well defined fracture zone intersects a spreading
ridge, this topography would immediately begin forming. It would
also occur along previously unaltered oceanic crust subjected to
the presence of fracture zone faulting. This may help explain the
troubling presence of fracture zone topography along oceanic crust
which was formed far from a fracture-spreading ridge intersection.
Where faulting occurs across a broader area, the extent of alteration

is less, and distinct fracture zone topography does not form.
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Local uplift and subsidence across fracture zones produces
observabl_e vertical faulting . Thisis apparent in profiles across the
Ascension fracture zone in the equatorial Atlantic Ocean which shows
vertically offset sedimentary sections (van Andel, et al., 1973).

This simple model is not intended to account for all aspects
of fracture zone topography. In particular, the time required to create
fracture zone topography in this manner is largely unknown. Because
of the appearance of deep valleys immediately at the rift-fracture
intersections it is probable that at this location, the Sleep and Biehler
(1971) model may be more applicable. It is also unclear as to how
this model might be adapted to fit the postulated "leaky" fracture zoneé
of the central Atlantic.

However, this simple model for the origin of fracture zone topo-
graphy does fit the existing data for the Rivera fracture zone and
accounts for the presence of fracture zone topography along sections
of oceanic crust where previously existing theories do not apply.
More importantly, it provides a common mechanism for producing
distinct topography on fracture zones which may lie in entirely

different geographical and tectonic settings.
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