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ABSTRACT

Using a combination of GLORIA long range side-scan
sonar, bathymetry, seismic reflection profiles, free-air
gravity and total magnetic field data, this study looks
at the morphology and structure of an area centred on
the Romanche Transform in the Equatorial Atlantic. It
also includes portions of both the active and inactive
sections of the Saint Paul Fracture Zone, together with

adjacent seafloor areas.

The main tectonic and structural features are
mapped from GLORIA sonographs. In particular, sonar
records enable precise mapping of the plate boundary
separating the African and South American plates. The
identification of the Romanche Transform Fault allows a
direct comparison between the direction of local plate
motion and that predicted by global plate tectonic
models. The overall trend of the Romanche Transform
Fault is about 3°north of that predicted from the recent
global models.

Gravity data, after correction for topography,
sediment thickness and a crustal 1layer of average
thickness and density, show regional anomalies of up to
100mgal across the Romanche Fracture Zone. This
phenomenon is attributed to the different ages and hence
contrasting thermal and density structures of juxtaposed
lithospheric blocks in fracture zones. These regional
fields are isolated and removed using the method of
upward continuation. Residual anomalies are modelled by
local changes in the thickness and density of crust and
reductions in upper mantle density using the results of



seismic refraction experiments over fracture zones as
constraints on possible solutions. Modelling indicates a
lowering of crustal and, probably, upper mantle density
beneath the Romanche Transform Valley. It also suggests
that the crustal, and upper mantle structure, is
generally different beneath the Saint Paul Fracture Zone
fracture valleys and Romanche Transform Valley.

Factors affecting magnetic anomalies associated
with fracture =zones located within the study area are
examined. Two-dimensional modelling of total field
magnetic profiles indicates that the intensity of
magnetisation of crustal source rocks is inhomogeneous
within the Romanche Fracture Zone. This modelling also
indicates that crustal source rocks are weakly
magnetised within the southern fracture valley of the

Saint Paul Fracture Zone.
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CHAPTER 1

INTRODUCTION

The work described in this thesis is a geophysical study
of the transform offset of a major oceanic fracture
zone, the Romanche Fracture Zone, and its surrounding
area, in the Equatorial Atlantic. Spreading ridge
offsets, or transform zones, form one of three major
types of plate boundary on the Earth's surface, where
the main motion between adjoining plates is strike-slip;
the other plate boundaries are either accretionary,
where new oceanic 1lithosphere is generated, or
convergent, where old oceanic crust disappears beneath
either oceanic or continental lithosphere. The area of
investigation is centred on the Romanche Transform
Zone, the location of which is shown in Figure 1.1.
Before describing the study area, we shall first
consider the features of oceanic fracture zones and some
of the problems associated with their study which have
been revealed from earlier investigations.

1.1 Characteristics of oceanic fracture zones

1.1.1 Fracture zones and plate tectonics

Fracture zones were originally defined by Menard (1954)
in terms of ocean floor morphology without reference to
their kinematic significance. The advent of the seafloor

21



22

30N
20N
VEMA FZ
10N H
1
SAINT ey ROMINCHE FZ
0 PAUL FZ —
CHAIN\"
£7
ASCENSION
F7
108
20S
305
60W 50W 40W 30W 20W 10W 0

Figure 1.1. Index map showing location of study area
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fracture zones in the Equatorial Atlantic.



spreading hypothesis (Hess 1962), later proved by Vine
and Matthews (1963), 1led Wilson (1965) to identify and
associate fracture zone portions offsetting spreading
ridges as "transform faults"; the name "transform®™ being
adopted because the sense of displacement and motion
across the fault are opposite. He also proposed that
fracture zone extensions outside the ridge offset zone
are inactive. This theory was eloquently and succinctly
proved by Sykes (1967) from fault plane solutions within
ridge-transform regimes in the Central and North
Atlantic.

The trends of active fracture zones, in
conjunction with plate velocities (obtained from dating
magnetic anomalies), have been used since the late
1960's (Le Pichon 1968; Morgan 1968) to demonstrate and
validate the general theory of plate tectonics by
finding well constrained poles of rotation and angular
velocity vectors to pairs of adjacent macro-plates
outlined by earthquake epicentres. Improvements in the
density and quality of data (e.g. GLORIA sonar, SEABEAM
bathymetry- Section 1.1.2) since then have defined more
plates and enabled their boundaries to be mapped more
precisely.

Global plate tectonics, in terms of a small
number of macro-plates of perfect rigidity is a first
approximation, often a very good one, to describing
regional tectonics in the vicinity of a plate boundary.
Poles of rotation, and their associated angular
velocities, necessarily represent averages to fit in
with previous regional data. The fact that plates are
not perfectly rigid, and the three-dimensional nature of
lithospheric cooling (e.g. Collette 1974; Turcotte 1974)
will give a certain latitude of movement to plate

boundaries along active fracture zones.

23



1.1.2 Mapping oceanic fracture zones from the sea

surface

Fracture 2zones are continually being mapped in greater
detail, both because of the ever increasing density of
coverage by conventional echo-sounder observations,
seismic reflection, and total intensity magnetic field
data and the availability of more sophisticated, higher
resolution modern survey equipment and methods. The most
important innovations in recent sea surface surveying
techniques are GLORIA long-range side-scan sonar and
SEABEAM multi-beam bathymetry with data provided by
these instruments providing an excellent framework for
planning more localised, detailed manned submersible
(e.g. ALVIN), sampling and deep-tow investigations (e.g.
ANGUS deep-towed camera system).

GLORIA, originally developed at the Institute of
Oceanographic Sciences (I0S) during the late 1960's
(Rusby 1970 ), and subsequently improved and
modified (GLORIA II- Somers et al. 1978) has been used
for reconnaissance surveying at a number of fracture
zones in the North Atlantic (Searle 1979, 1986), the
Equatorial Atlantic (Belderson et al. 1984; this study),
the Gulf of Aden (Tamsett 1984), and three fracture
zones on the East Pacific Rise between 3°30' S and 5° S
(Searle 1983). The system has the advantage of surveying
an area relatively quickly by being capable of scanning
up to 30km either side of the survey vessel at an
average speed of 8 knots. Linear trends and sea floor
fabric are well resolved, as are the trends of even very
small features e.q. the plate boundary 1lineaments
associated with transform zones are easily resolved.
Although the GLORIA records or sonographs do not provide
direct information on the bathymetry of an area they do
provide invaluable information about the directions and
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extents of linear trends.

The SEABEAM bathymetry generator (Renard and
Allenou 1979) is a narrow multi-beam echosounder which
builds up a bathymetric chart from successive parallel
passes. A contouring interval of 10m gives the system
unrivalled detail for a sea surface instrument. SEABEAM
has been used within transform offsets along the slow-
spreading Mid-Atlantic Ridge e.g. to map a small portion
of the transverse ridge bounding the Romanche Transform
Valley on its northern side (Bonte et al. 1982), as a
prelude to coring and dredging. However, to date SEABEAM
has been used much more extensively in mapping transform
offsets along the faster spreading East Pacific Rise
(e.g. Clipperton Transform Zone- Gallo et al. 1986;
Orozko Transform Zone- Madsen et al. 1986). A study of
the Galapagos Triple Junction (Searle and Francheteau
1986), wusing a combination of GLORIA and SEABEAM data
illustrates the excellent combination provided by using
both instruments in conjunction.

1.1.3 Terminology used for the description of fracture

zones

In order to facilitate the description of fracture
zones, and their immediate environs, and especially for
making comparisons between different fracture zones it
is desirable to use consistent terminology. With
reference to Figure 1.2, which shows the main features
of a typical slow-slipping (<6cm/yr), very large-offset
(e.g. offset >100km) transform zone, there follows a
glossary of the main terms in current usage as a result
of discussion between scientists presently involved in
the study of fracture zones (Searle, personal
communication 1985).
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Fracture Zone - an all encompassing term for the

morphotectonic expression of a ridge-transform-ridge
plate boundary, including both the seismically active
and inactive portions.

Transform Zone - the seismically active portion of

the fracture zone.

Non-transform Zone -~ the aseismic limbs of the

fracture zone (synonymous with inactive section or

fossil section).

Transform Fault - the general idealized strike-

slip boundary (map view) of plate tectonic theory. A
term which should be used only in the most general sense
and not to be used when discussing the specific tectonic
environments of a fracture zone.

Transform Boundary - the general idealised strike-

slip boundary (cross-section) of the plate tectonic
theory.

Principal Transform Displacement Zone (PTDZ) - a

term well-rooted in the 1literature of continental
strike-slip faults (with addition of transform), and
used to describe the currently active strand that
defines the surficial expression of the plate boundary.

Transform Fault Zone (TFZ) - another term well-

rooted in the 1literature of continental strike-slip
faults and used to describe the swath of terrain
affected by recent motions along the transform including
the PTDZ.

Fracture Zone Valley - a morphologic term that

describes the abrupt and generally well defined plunge

27



of the seafloor down to the axis of maximum depth of the
fracture zone.

Transform Valley - that section of the fracture

zone valley within the transform zone.

Fracture Valley - any section of the fracture zone

valley outside the transform zone.

Transverse Ridge - anomalously shallow, elongate

ridge that defines a portion of one or both walls of a
fracture zone valley.

Ridge-Transform Intersection - the points at which

transform strike-slip and spreading centre extension are

coupled.

Nodal Basin = closed contour depression that 1is

normally found at the ridge-transform intersection of

slow slip-rate transform plate boundaries.

Ridge-Transform Corner - the interior corner of

slow-slipping ridge-transform intersections where the
median valley wall merges with the transform valley
wall.

Intersection High - on the interior corner of

slow-slipping ridge-transform intersections there is
commonly found a closed contour shallow called the
intersection high.

Ridge-Non-Transform Corner - not in such common

usage but used by Karson and Dick (1983) to refer to the
exterior corner of slow-slipping ridge-transform
intersections where the median valley wall merges with
the fracture valley wall.
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1l.1.4 Large scale tectonic patterns within and in the

vicinity of fracture zones

Normal oceanic crust is everywhere characterised by a
"tectonic spreading fabric" which is made up of numerous
closely-spaced fault scarps striking parallel to sub-
parallel to the spreading axis (e.g. Klitgord and Mudie
1974; Whitmarsh and Laughton 1976; Searle and Laughton
1977). These scarps arise from large normal faults or
bundles of smaller such faults formed within a few
kilometres of the spreading axis (e.g. Searle and
Laughton 1977). Slow-spreading ridges are characterised
by the great majority of faults dipping towards the
spreading centre. Normal faults are formed in response
to tensile stress. Consequently, the faults
characterising the tectonic spreading fabric are
believed to form as the result of tension in the young
lithosphere, and their strikes therefore indicate the
local normal to the minimum compressive stress component
(maximum tensile stress component), which is usually
parallel or sub-parallel to the spreading direction.

However, as a fracture zone is approached the
average trend of tectonic spreading fabric often
changes. Usually, within 5-15km from the fracture zone
axis faults begin to curve in the direction of the
fracture zone offset with curvature increasing over the
last 2-3km. The amount of curvature is variable but a
deviation of 46’— 55°is typical (e.g. Whitmarsh and
Laughton 1975; Crane 1976; Searle and Laughton 1977;
Searle 1979, 1983). The most widely accepted explanation
for this phenomenon is that the curvature results from a
rotation of the tensional stress component, from a
direction parallel to the spreading direction at great
distances from fracture zones to a direction at 45° from
the spreading direction in the transform zone;
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reflecting the <change 1in stress regime that alters
continuously from tension along the spreading direction
far from transform boundaries to shear parallel to that
direction near transforms (Figure 1.3). There are
examples of fault curvature being observed on both the
transform and non-transform sides of spreading centres
near fracture zones (e.g. Charlie-Gibbs Fracture Zone-
Searle 1981; Quebrada, Discovery and Gofar Fracture
Zones- Searle 1983), and also of curvature being
restricted to only the transform side (e.g. Kane
Fracture Zone- Karson and Dick 1983; Oceanographer
Fracture Zone- OTTER 1984). This variability probably
reflects differences in the lateral extent of the shear
stress regime: either extending only as far as the
ridge-transform corner as seen at the Kane Fracture
Zone; or also influencing the ridge-non-transform
corner, as observed at the the Charlie-Gibbs Fracture
Zone.

The tectonic spreading fabric can normally be
traced from GLORIA sonar records part way down into the
fracture zone valley e.g. about 1500m below the crest of
the southern wall at the Charlie-Gibbs Fracture Zone
(Searle 1981). Superimposed on this fabric within the
fracture 2zone walls are normal faults of small offset
trending parallel to sub-parallel to the fracture zone
direction; first documented from manned submersible
studies in the FAMOUS area (ARCYANA 1975) and also
observed from similar studies at both Kane (Karson and
Dick 1983), and Oceanographer (OTTER 1984, 1985)
Fracture Zones. The larger of these faults show as
linear trends on GLORIA sidescan records (e.g. Searle
1981). These faults accommdate the vertical relief
associated with the fracture zone valley (e.g.
Francheteau et al. 1976; OTTER 1984, 1985). Fracture
zone wall faults are discussed more fully in Section
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1.1.6.

Finally, for 1large-offset fracture zones (Searle
1986), the transform valley floor is associated with an
active zone of strike-slip tectonism or transform fault
zone. This feature is discussed more fully in Sections
1.1.5 and 1.1.6.

1.1.5 Variation in morphology of transform zones with

spreading axis offset and differences in

spreading rate

Searle (1986) in a review paper on GLORIA sonar coverage
over active fracture zones made a tripartite
classification based on spreading axis offset: short-
offset (<20km), intermediate-offset (20-35km), and
large-offset (> 25-35km). These values are used in the
discussion below, and throughout this study. Similarly,
three spreading rates (full-rate  not half-rate) or
slipping rates are used: slow, medium and fast with
values within the approximate ranges (< 6cm/yr), (6-
l2cm/yr) and (>12cm/yr) respectively (Fox and Gallo
1984).

Short-offset transforms 2zones occur on slow-
spreading ridges where the overall trend of the
spreading ridge 1is only slightly oblique to the
spreading direction e.g. over much of the northern Mid-
Atlantic Ridge between major fracture zones. A good
example seen on GLORIA records is the 45°N area of the
North Atlantic (Laughton and Searle 1979), where short
intrusion zones (10-20km-long and trending normal to the
local spreading direction), are offset in "en echelon"
fashion along narrow fault zones orientated obliquely
(at about 45°) to the ends of these intrusions. The
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sequence of small intrusion zone, alternating with short
oblique offset, 1is located within the broader confines
of a spreading ridge which is slightly oblique to the
spreading direction.

Intermediate-offset transform zones surveyed by
GLORIA sonar include the active Kurchatov Fracture Zone
along the Mid-Atlantic Ridge (Searle and Laughton 1977),
and at least two offsets of the mid-ocean ridge in the
Gulf of Aden (Tamsett and Searle 1988) along slow-
spreading ridges, and an unnamed offset of the medium-
spreading Cocos-Nazca Spreading Ridge in the Equatorial
Pacific (Searle 1986). As with short-offset transform
zones, the ridge offset 1is accomplished within an
oblique zone of spreading. However, in contrast with the
short-offset oblique 2zones, 1in this case the oblique
zone 1is normally associated with fracture-zone-like
topography or a distinct seafloor trough; both active
and inactive sections of the Kurchatov Fracture Zone
have total relief of about 2000m. The direct analogue of
short- and intermediate-offset fracture zones seen 1in
slow- and medium-spreading areas have not been observed
along the fast- spreading East Pacific Rise. However,
overlapping spreading centres observed at several
locations along this spreading ridge (e.g. Lonsdale
1983; Macdonald and Fox 1983; Macdonald et al. 1984)
have similar ridge offsets to oblique fracture =zones
along the slower spreading ridges. Searle (1986)
interprets the oblique offsets of slower spreading areas
and overlapping spreading zones of fast-spreading
centres as equivalent features manifested in areas of
relatively thick, strong lithosphere (areas of slow- and
medium-spreading) and relatively thin, weak lithosphere
(areas of fast-spreading).

Large offsets of spreading ridges along the slow-
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spreading Mid-Atlantic Ridge are the archetypal active
sections of fracture zones e.g. Kane, Oceanographer,
Vema, and Romanche Fracture Zones. They are
characterised by well defined, 1linear troughs which
are anomalously deep compared with "normal"™ seafloor
areas of equivalent age and are frequently bounded on
one or both sides by anomalously shallow ridges (Figure
1.2). The total relief associated with these fracture
zones 1is generally upwards of 2000m, and as much as
5000m in the Romanche Fracture Zone (e.g. Gorini 1981).
Both trough and flanking ridges trend parallel or sub-
parallel to the local direction of seafloor spreading.
GLORIA sidescan records (Searle 1986, and references
within) and more detailed deep-tow and submersible
studies (e.g. ARCYANA 1975; Lonsdale 1978; Macdonald et
al. 1979; OTTER 1985) show that large-offset transform
zones are characterised by well developed narrow bands
of tectonic elements which strike parallel to the slip
direction joining the offset spreading ridges, with
these bands varying in width from a few hundred metres
to a few kilometres and occupying positions near the
topographic axes of the transform zones. These bands of
lineaments are the physical surficial representation of
"transform faults", or strike-slip boundaries of plate
tectonic theory, and such bands are called the
"transform fault zone" (TFZ), following the terminology
introduced by Tchalenko and Ambraseys (1970). Within the
transform fault 2zone there is one trace called the
"principal transform displacement zone" (PTDZ- Tchalenko
and Ambreseys 1970), that represents the currently
active slip plane. Only large-offset transform zones are
characterised by transform fault zones (Searle 1986),
and there is no evidence to date of equivalent features
within the oblique offsets of either short- or

intermediate~-offset transform zones.
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The largest fracture zone offsets of slow-
spreading ridges are often associated with shallow
transverse ridges flanking one or both sides of the
fracture zone valley (e.g. the Romanche, Vema and Saint
Paul Fracture Zones in the Equatorial Atlantic; the Owen
Fracture Zone on the Carlsberg Ridge in the 1Indian
Ocean). The origin of transverse ridges is still
controversial and there is no general consensus of
opinion (e.g. Bonatti 1978). One alternative which can
be dismissed most readily is excess volcanic activity,
because rock samples recovered from transverse ridges
yield a high proportion of mafic and ultramafic
constituents (e.g Bonatti and Honnorez 1976; Bonatti and
Hamlyn 1978). This leaves a tectonic origin as most
probable, for which two possible causes are: diapiric
intrusion of serpentinites causing uplift of overlying
crust (e.g. Bonatti 1976) ; and uplift promoted by
horizontal compression following a re-alignment in
spreading direction (e.g. Crane 1976; Bonatti and Crane
1982).

The results of combined seismic refraction and
gravity modelling conducted over transverse ridges
bounding both the Charlie-Gibbs (Whitmarsh and Calvert
1986) and Vema (Louden et al. 1986) Fracture Zones, do
not support the presence of significant serpentinite
intrusions underlying these ridges. The preferred model
of Whitmarsh and Calvert (1986) and the model of Louden
et al. (1986) both indicate that normal oceanic crust is
thinned and uplifted beneath the respective transverse
ridges, with no change in the mantle velocities beneath
these ridges. Both studies favoured uplift promoted by
compressional forces following probable changes in the
spreading direction. Their explanation also ties in
better with the observation that transverse ridges are
most often observed where a slow-spreading ridge
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undergoes a particularly large-offset, since these
fracture =zones are also associated with the oldest and
thickest lithosphere, and consequently readjustments of
plate geometry are likely to meet with more resistance
and zones of intense compressive strain are likely to be
formed and persist as transverse ridges. Smaller offset
transforms in slow-spreading areas and even large ridge
offsets along fast-spreading ridges have thinner, weaker
lithosphere and are thought to be more 1likely of
disappearing following major changes in the direction of
spreading as documented by Vogt and Avery (1974) in the
North Atlantic.

GLORIA coverage of fast-slipping transforms along
the East Pacific Rise is limited to a survey of the
Quebrada, Discovery and Gofar Fracture Zones between 3.§J
S and 5°
previously ill-defined but appeared to be single

S (Searle 1983). These transform zones were

topographic valleys from conventional echo-sounder
bathymetry (Mammerickz et al. 1975; Lonsdale 1977).
However, the GLORIA survey (Searle 1983) reveals a close
group of multiple transform fracture zones: four at
Quebrada, two at Discovery, and three at Gofar. Here,
the close spacing of separate transform fault 2zones
(between 5 and 16km apart) in each fracture 2zone, has
resulted in the narrow transform valleys coalescing into
composite ones. Consequently, the average strike of each
of these three major fracture zones, defined as the
azimuth of the line joining the extreme rise-transform
intersections, is significantly different from the slip-
direction; for example at Quebrada the difference
amounts to 10°and more. The Garret Transform Zone at 12°
S (Gallo et al. 1983), and Tamayo Fracture Zone at 23°N
(CYAMEX and Pastouret 1981), are further examples of
multiple transform fracture zones along the East Pacific
Rise. Fox and Gallo (1984) noting the common occurrence
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of multiple transforms in this fast spreading
environment have suggested that the inherently thinner
lithosphere 1is instrumental in promoting a ™softer"
plate boundary which results in a more ephemeral and
more easily relocated strike-slip boundary.

Searle (1983) observed narrow (l1.5km wide or 1less)
transform fault zones in every transform valley in the
Quebrada-Discovery-Gofar fracture zone complex, usually
containing sharp, narrow (0.5km wide or less) clearly
defined PTDZ's. A previous deep-tow survey covering an
8km-long section of the northernmost Quebrada transform
(Lonsdale 1978) also reported a narrow PTDZ consisting
of a furrow some 150m wide and 50m deep. Similarly, a
SEABEAM investigation of the single transform Clipperton
Transform Zone (Gallo et al. 1986), displayed a narrow
(less than 1lkm wide), strongly lineated transform fault
zone. The narrowness .and simplicity of the active
strike-slip plate boundary observed within fast-slipping
transforms has been attributed by Searle (1986) to the
relatively thin, and hence weak, fast spreading
lithosphere, thereby allowing ready deformation by
simple strike-slip faulting.

1.1.6 Detailed observations from manned submersibles

and deep-towed cameras

Since active fracture zones are associated with great
seafloor relief (usually 1000's metres), initially they
were thought of as ready-made slices into ocean crust
(Hess 1962), thus providing unrivalled ease to sampling
deep crustal and/or upper mantle rocks. This simplistic
view has been superseded, following detailed deep-sea
submersible and deep-tow investigations (e.g. along
Transform A located near 37°N in the FAMOUS area of the
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North Atlantic- ARCYANA 1975; at Kane Fracture Zone-
Karson and Dick 1983; and at Oceanographer Fracture
Zone- OTTER 1984, 1985), by a general acceptance that
fracture zone valley walls are made up of a large number
of predominantly small throw (10's-100's metres) normal
faults (Francheteau et al. 1976; OTTER 1985), orientated
parallel to sub-parallel to the regional trend of the

fracture zone.

Within the Oceanographer Transform Zone, terraces
of variable width separate the fault scarp traces,
giving the valley walls a distinctive staircase-like
appearance in profile (OTTER 1985). Here, rock scarps
along the valley walls near the middle of the transform
zone (corresponding to crustal material that is about 5
million years old), are badly degraded as talus ramps,
and there is no evidence for recent faulting along the
existing bedrock exposures or across the sedimented
terraces, suggesting that there has been little, or no
recent differential motion between blocks along these
walls.

Corresponding submersible observations at the
ridge-transform corners of both Kane (Karson and Dick
1983) and Oceanographer (OTTER 1984) Fracture Zones,
have reported that dip-slip but little or no strike-slip
motion 1is accommodated here by the recently formed
transform valley wall scarps. This implies that the
inactive transform wall scarps seen within the
Oceanographer Transform Domain (OTTER 1985) have also
played no role in accomodating strike-slip motion, and
hence only accomodated dip-slip motion.

In contrast, the narrow network (4km-wide maximum)
of anastomosing strands of recently tectonised sediment
observed along a 25km portion of the axial deep of the
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Oceanographer Transform Valley attest to the recent
activity of the strike-slip boundary or transform fault
zone within this fracture zone (OTTER 1985). Deep-tow
and submersible studies within other transform zones
have similarly provided evidence for recent tectonic
activity along the transform fault zone e.g. at Fracture
Zone A in the FAMOUS area (Detrick et al. 1973; ARCYANA
1975; Choukroune et al. 1978), the medium-slipping
Tamayo Fracture Zone along the East Pacific Rise
(Macdonald et al. 1979; CYAMEX and Pastouret 1981), and
the fast-slipping northern transform of Quebrada
Fracture Zone (Lonsdale 1978).

1.1.7 Petrology of rocks from fracture zones

Rock types recovered from fracture zones are far more
diverse than those commonly found elsewhere in ocean
basins; exposing a diverse suite of gabbroic and
ultramafic rocks (serpentinised to varying degrees) in
addition to basalts and seabed sediments (e.g. Miyashiro
et al. 1969; Bonatti et al. 1971; Thompson and Melson
1972; Bonatti and Honnorez 1976; Francheteau et al.
1976; Karson and Dick 1983; OTTER 1985). The recovery
of rocks typical of the lower crust and upper mantle
high on fracture 2zone valley walls is difficult to
explain if normal crustal thicknesses (5-8km) are
assumed, so providing petrological evidence for crustal
thinning in fracture zone valleys (e.g. Fox 1978; Stroup
and Fox 1981). Also, sampling of young oceanic
lithosphere (< 1.5 Ma old) by the submersible ALVIN at,
or proximal to, slow-slipping ridge-transform
intersections (e.g. Kane Transform- Karson and Dick
1983; Oceanographer Transform- OTTER 1984) has shown a
similar incidence of recovery of gabbroic/ultramafic

rocks, suggesting that thin crust is a characteristic
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during, or shortly after, the creation of oceanic
lithosphere. The heterogeneity of igneous rocks
recovered from fracture zones reflects variability both
in the amount of crustal thinning at different
locations, and in the throws and vertical extents of
normal faults associated with the fracture zone valley
walls. These latter provide ducts for seawater to
penetrate to deeper levels within the crust, and if deep
enough, the underlying ultramafic upper mantle, thereby
creating localised serpentinite diapirs.

1.1.8 Evidence for abnormal crustal and upper mantle

structure from seismic refraction experiments

The results of seismic refraction experiments carried
out across and along both the active and inactive
sections of certain North and Central Atlantic fracture
zones e.g. Kane Fracture Zone (Detrick and Purdy 1980;
Cormier et al. 1984), Oceanographer Fracture Zone and a
nearby short-offset fracture zone- Fracture Zone I
(Sinha and Louden 1983; White et al. 1984), Charlie-
Gibbs Fracture Zone (Whitmarsh and Calvert 1986), Vema
Fracture Zone (Ludwig and Rabinowitz 1980; Detrick et
al. 1982; Potts et al. 1986), and the Tydeman Fracture
Zone (Calvert and Potts 1985) show, 1in most cases,
crustal thinning over several kilometres towards the
fracture zone axis, irrespective of offset, or location
within or outside the transform zone, with crust usually
being markedly thinner in a narrow zone (usually < 10km)
centred on the fracture zone trough. Not only is oceanic
crust wusually thinner beneath fracture zones, it also
has a lower seismic velocity, and is characterised by an
absence of a distinct layer 3. Furthermore, upper mantle
velocity 1is also often reduced beneath fracture =zones.
Seismic refraction, therefore, furnishes important and
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clear evidence for a distinctive fracture zone crust
which is clearly anomalous compared with "normal"
oceanic crust {(e.g. White 1984). Since fracture zones
are relatively common along the slow-spreading Mid-
Atlantic Ridge (occurring every 50-80km) this so called
"anomalous"™ crust comprises an important minority
fraction of the total areal extent of oceanic crust
in the Atlantic.

Two very different types of mechanisms have been
proposed to explain the occurrence of abnormal crust in
fracture 2zones. The first is a direct result of the
modifications imposed on the accretion of new oceanic
crust near ridge-transform intersections. The second
seeks to explain thin crust by tectonic processes.

There are two main processes which may be
responsible for the accretion of anomalously thin crust
in fracture zones. Firstly, the thermal effect of
juxtaposing a cold, thick edge of lithosphere against
the accreting ridge boundary at ridge-transform
intersections. The resulting 1loss of heat from the
accretionary axis to the older lithosphere may result in
less partial melting at depth (Stroup and Fox 1981; Fox
and Gallo 1984), or in viscous head 1loss of rising
asthenosphere (Sleep and Biehler 1970), which could
restrict the supply of magma already differentiated from
the mantle to reach the surface. A reduction in magma
supply will consequently mean a thinner crust is
accreted.

A second process thought to affect the accretion
of new crust near fracture zones, for which there is a
growing amount of evidence (e.g. Schouten and White
1980; Le Douran et al. 1982; Schouten and Klitgord
1982), 1is that adjacent spreading ridge segments can be
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treated as independent, irrespective of fracture =zone
offset, with a significant proportion of new material
being supplied from a single magma chamber centrally
located along the spreading axis segment between
neighbouring fracture zones (e.qg. Francheteau and
Ballard 1983). In other words, ridge-transform
intersections mark the limits of accretionary ridge
systems supplied by a given magma chamber, and magma
supply may be restricted because of this.

The second process provides an explanation for the
common occurence of thin crust in fracture zones
irrespective of their age offset and also ties in with
the observation of gradual crustal thinning towards the
fracture zone (e.g. Sinha and Louden 1983; Whitmarsh and
Calvert 1986). The role of "cold" lithosphere juxtaposed
against the accreting ridge is uncertain since there is
no correlation between ridge offset and amount of
crustal thinning observed within the fracture =zone.
Also, the modelled three-dimensional temperature
structure of a ridge-transform intersection (e.g. Wilson
and Forsyth 1982; Forsyth and Wilson 1984) shows that
conductive cooling extends no more than 10km across the
fracture zone axis, even for a relatively large-offset
fracture 2zone (10 m.y. age offset) such as the Kane.
This mechanism 1is therefore inconsistent with the
gradual thinning of crust towards the fracture zone.

Explanations for thin fracture zone crust invoking
modification of normal accretionary processes have
superseded earlier tectonic mechanisms. These include
the explanation of Karson and Dick (1983), of back-
tilting of oceanic crust away from and down-tilting into
transform zones at ridge-transform intersections.
Bonatti (1976, 1978) associated crustal thinning with
necking through regional extension across the fracture

42



zone, or with the emplacement of serpentinite bodies
within the fracture 2zone. None of these mechanisms
offers an easy explanation for the progressive thinning
of oceanic crust over several kilometres away from the
fracture zone axis, or why crustal velocities are
anomalously 1low in fracture zones. However, tectonic
thinning may well be locally significant.

The cause of anomalously low crustal velocities
generally observed in fracture zones is normally
attributed for seismic layer 2 to a combination of talus
debris accumulating from the fracture zone walls, and
the faulted and fractured nature of the basement, both
along the valley floor and the valley walls, as observed
from manned submersibles at the Kane (Karson and Dick
1983) and Oceanographer (OTTER 1984, 1985) Fracture
Zones. Anomalous layer 3 velocities are thought to be
caused either by deep fracturing of the mafic crust
(White et al. 1984), or hydrothermal alteration of
upper mantle peridotite to serpentinite, so making it
difficult to distinguish between the base of the mafic
crust and altered upper mantle in fracture zones from
the evidence of P~wave seismic velocities alone, owing
to the overlap in the seismic velocities of partially
serpentinised peridotite and the unaltered gabbro of the
lower crust (Detrick and Purdy 1982; White et al. 1984).
However, where accompanying S-wave velocities have been
recorded in addition to those of the P-waves at the
Tydeman Fracture Zone (Calvert and Potts 1985), the
calculated Poisson's ratio is too low for serpentised
peridotite. A reduction in the upper mantle velocity
beneath fracture zones has been attributed by Calvert
and Potts (1985) to serpentinisation of the upper mantle
peridotite.
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1.1.9 Gravity anomalies over fracture 2zones

Early modelling of gravity anomalies over the inactive
Mendocino Fracture Zone (Talwani et al. 1959; Dehlinger
et al. 1967, 1970), required a difference in the upper
mantle density either side of this fracture zone (with
older upper mantle being denser) to model the step in
free-air anomaly values (30-70mgal) across this fracture
zone. However, the significance of this result in terms
of the juxtaposition of lithospheric blocks of different
ages and hence different density structures (e.qg.
Sclater and Francheteau 1970) was not realised at the
time. Sibuet and Le Pichon (1974), re-modelled two of
the profiles over the Mendocino Fracture Zone used by
Dehlinger et al. (1967, 1970), by combining the crustal
structure used by these authors, as determined from
seismic refraction work, with the different density
structures of upper mantle blocks of differing ages
juxtaposed either side of the fracture zone axis, as
predicted by the lithospheric plate model of Sclater and
Francheteau (1970). A similar approach was adopted by
Sibuet and Veyrat-Peinet (1980), to model free-air
anomalies over the Equatorial Atlantic fracture =zones.
These authors found good general agreement between the
regional free-air anomalies, and anomalies generated by
juxtaposing isostatically compensated lithospheric
blocks. However, no account was taken in either the
study of Sibuet and Le Pichon (1974), or Sibuet and
Veyrat-Peinet (1980), of the effect of 1lateral heat
conduction between 1lithospheric blocks of different
ages, as modelled by Louden and Forsyth (1976).

The early models of Cochran (1973) over the
Equatorial Atlantic fracture zones, and of Robb and Kane
(1975) over the Vema Fracture Zone, both requiring the
presence of high densities beneath the fracture =zone
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valley-transverse ridge boundary must be suspect as they
did not include the effects of sub-crustal density
differences. Also, more recent evidence from well
constrained seismic refraction experiments over a number
of fracture =zones offsetting the slow-spreading Mid-
Atlantic Ridge (e.g. Sinha and Louden 1983, and
references therein), show that oceanic crust is normally
thinner and generally less dense beneath fracture zones
compared with normal oceanic crust (Raitt 1963; White
1984). It 1is evident, therefore, that there are two
important and independent contributors to gravity
anomalies over fracture zones: firstly, density
differences between juxtaposed upper mantle blocks which
are greatest near the intersection area of a large-
offset fracture zone along a slow-spreading ridge (e.g.
Romanche, Vema); and the variations in crustal structure
associated with fracture zones, irrespective of offset,
as reported from the results of seismic refraction
experiments.

In attempting to model variations in crustal
structure over a fracture zone from an analysis of
gravity anomalies, a correction should therefore be
applied for sub-crustal effects. Both Whitmarsh and
Calvert (1986), at the Charlie-Gibbs Fracture Zone, and
Louden et al. (1986), at the Vema Fracture Zone, having
applied corrections for sub-crustal effects have shown
that the resulting residual anomalies can be modelled
by variations in the thickness and density of crust
compatible with their seismic refraction results over
nearby profiles.
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1.1.10 The magnetic signature of fracture zones

Unlike sea level gravity anomalies which are
attributable to variations in the density and thickness
of oceanic crust, and the density of upper mantle , the
magnetic signature of oceanic crust is attributed to
variations in the magnetisation intensity of the
basaltic, and upper gabbroic layer of oceanic crust,
comprising the topmost 3km or so e.g. Smith (1985),
Swift and Johnson (1984).

Sea floor spreading anomalies carpet the ocean
floor symmetrically about existing spreading centres,
and, are offset along fracture =zones. Analyses . of
relative age contrasts across fracture zones, using
the anomaly data, at varying distances from current
transform zones, can establish growth, or, diminishment
of a ridge offset with respect to its current value e.g.
Collette et al. (1984).

The individual magnetic signatures of fracture
zones tend to be swamped by juxtaposition of oceanic
crust with reversed magnetic polarities. Magnetic
anomalies over fracture zones in magnetically
anisotropic seafloor were originally modelled by a
narrow zone of reduced magnetisation e.q. Cochran
(1973), Schouten (1974), Collette et al. (1974), Twigt
et al. (1979). However, Collette et al. (1974), noted
that anomalies in active transform zones were smaller
than : ‘could be expected from a model predicting
no difference in the magnetic response of fracture =zone
crust outside and inside the active fracture zone.

In an attempt to elucidate more clearly the
magnetic response of fracture zones in isolation, Twigt

et al. (1983), analysed the inactive extension of Kane
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Fracture Zone 1in the Cretaceous Magnetic Quiet Zone
(African Plate). Their findings point to a differential
enhancement of magnetisation on the younger side of the
fracture zone axis (i.e. that side which was never in
the transform domain). They explain this effect by the
emplacement of a thinner basalt layer on the transform
side of accretionary axes as first observed by Karson
and Dick (1983) during detailed submersible work in the
vicinity of the ridge-transform intersections of Kane
Fracture Zone.

Collette et al. (1984), in their study of the
Central and Northern Atlantic (Kroonvlag-project),
extended this same model to configurations with polarity
reversals. Further studies in the Cretaceous Magnetic
Quiet Zone by Slootweg and Collette (1985), and Verhoef
and Duin (1986), are also consistent with the same
model, with, in about 30% of cases a corresponding
reduction in magnetisation being necessary over the
older side of the fracture zone axis to model an

asymmetric anomaly.

1.2 Fracture zone offsets in the Equatorial Atlantic

In the Equatorial Atlantic the Mid-Atlantic Ridge is
offset by a series of major left-lateral fracture zones.
The active portion of the Romanche Fracture Zone,
offsetting the Mid-Atlantic Ridge by about 850km, is
the largest of these offsets (Figure 1.1).

Heezen et al. (1964) presented the first detailed
topographic map of a portion of the Equatorial Atlantic
based on shipboard echo-souder soundings; covering the
active sections of both the Romanche and Chain Fracture
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Zones (3o N - 3°S; 10°W - 20o W). This study also
established the presence of a local deep within the
Romanche Transform Valley which was named "Vema Deep"
after the research vessel "R/V Vema" from which the
soundings were made. Tomczak and Annutsch (1970)
presented another map (1°N to 3°S; 17°45°W to 24015'W)
covering the majority of the active Romanche Fracture
Zone and the westward inactive continuation of the Chain
Fracture Zone.

Many papers (e.g. Burke 1969; Arens et al. 1970;
Fail et al. 1970; Hayes and Ewing 1970; Le Pichon and
Hayes 1971; Francheteau and Le Pichon 1972) provided
early demonstrations of the continuity of the offset
portions of the equatorial fracture zones with
structures in the continental margins on either side of
the Atlantic. The trends of these inactive fracture
zones have been used to define poles of rotation for the
initial opening of the South Atlantic (e.g. Le Pichon
and Hayes 1971; Mascle and Sibuet 1974; Sibuet and
Mascle 1978). Gorini (1981) presented a regional
morphological and tectonic study of the whole of the
Equatorial Atlantic between the latitudes of 3 N and 4 S
using a combination of bathymetric and seismic
reflection data.

Several petrological studies have been published
of dredged samples from the active Romanche Fracture
Zone by Enrico Bonatti and co-workers (e.g. Bonatti et
al. 1971; Bonatti and Honnorez 1976; Bonatti et al.
1977; Bonatti and Chermak 1981). The variety of
petrologic types recovered (basalts, gabbros, and their
metamorphic equivalents as well as serpentinites and
sedimentary rocks) and the diversity of locations from
which they are recovered is typical for a large-offset
fracture 2zone offsetting a slow-spreading ridge. A
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similar diversity of igneous rocks has been reported at
the Vema (e.g. Bonatti et al. 1971; Thompson and Melson
1972; Bonatti and Honnorez 1976); Kane (Karson and Dick
1983) and Oceanographer (OTTER 1984, 1985) Fracture
Zones. Bonatti et al. (1977) reported the recovery of
limestones, originally formed in very shallow water,
from two sites near the crest of a transverse ridge,
currently between 950-1300m below sea level near the
eastern end of the Romanche Transform Valley. Fossil
dating of these samples, indicating formation about 5Ma
ago, necessitates an average subsidence rate for the
crest of this ridge about an order of magnitude greater
than that given by the age v depth relation for "normal"
oceanic crust of equivalent age (e.g. Parsons and
Sclater 1977). This result provides conclusive proof of

recent vertical tectonism along a fracture zone wall.

A high-resolution SEABEAM bathymetric survey of a
small portion (approximately 500km2) of the northern
wall of the Romanche Transform Valley near 18° 30* w
between the depths of 2800m and 7600m was presented by
Bonté et al. (1982). Their map shows two ridges
separated by a sedimented terrace at the upper level of
this slope, and the remainder of the slope comprising
more localised terraces and several breaks of slope of
varying relief. Although not directly observed with a
submersible, this topography is consistent with a valley
wall comprising several small-scale faults, as observed
elsewhere along slow-spreading transform valley walls
(e.g. OTTER 1985).

Precise positioning of sediment cores and dredge
hauls using a combination of SEABEAM bathymetry and
acoustic navigation enabled Bont€ et al. (1982) to
estimate ages for various sections of the transform wall
and pinpoint the topographic locations from which dredge
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hauls were recovered. Dating of nannofossils from
sediment cores indicated a recent origin (<1 Ma B.P.)
for the sedimented valley floor (depth 7600m), and an
age of 10-20 Ma for the broad terrace (Terrace A- Figure
3, Bonté et al. 1982) separating two transform parallel
ridges; compared with a crustal age for this section of
about 30-35 Ma (assuming a half spreading-rate of about
2cm/yr using the global plate model of Minster and
Jordan 1978). These results provide further proof of
differential vertical movement within the Romanche
Transform Valley. Dredge hauls recovered during this
survey showed a great variety of rock types (basalts,
gabbros, serpentinised peridotites, mylonites,
sediments), as observed elsewhere at both the Romanche
and other slow-slipping fracture zones (e.g. Bonatti and
Honnorez 1976; Karson and Dick 1983), with no evidence
for particular rock types being confined to a particular
location. The recovery of glauconized ooze from one of
the ridges at a depth of about 3750m (ridge 1II- Figure
3, Bonte et al. 1982), indicates a former depth within
the photic 2zone (<200m depth), and hence 1is further
proof of substantial differential vertical susidence
along a ridge positioned north of the Romanche Transform
Valley.

1.3 Area of investigation

Figure 1.1 shows the position of the area of the
Equatorial Mid-Atlantic Ridge which has been studied in
detail. The western 720km of Romanche Transform Zone had
previously been mapped using GLORIA long-range sonar
during RRS "Discovery" cruise 96 (Belderson et al.
1984). RRS "Discovery" cruise 142 (November-December
1983) completed GLORIA coverage of the active Romanche
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Fracture Zone and adjoining portions of the Mid-Atlantic
Ridge. 1In addition, during this cruise, gravity and
total field magnetic intensity data were collected along
five profiles crossing the active Romanche and inactive
Saint Paul Fracture Zone to enable modelling of crustal
and upper mantle structure to be carried out. Data
collected during both "Discovery" cruises have been
collated with existing data from previous cruises in
this area.

1.4 Objectives of study

The aims of the present study are:

(1) To map plate boundaries and physiographic
zones using a combination of GLORIA side-scan,
bathymetric and seismic data in the vicinity of the
current Romanche Transform Zone.

(2) To examine crustal and upper mantle structure
beneath the Romanche Transform Zone, eastern inactive
Saint Paul Fracture Zone and adjacent seafloor areas
along five free-air gravity traverses.

(3) To investigate the distribution of
magnetisation of the wupper crustal layer within the
Romanche Transform Zone and inactive Saint Paul Fracture
Zone along five total field magnetic traverses.

(4) Using the results obtained from (1), (2) and
(3) to make a comparison between the morphology and
structure of the Romanche Transform Zone and eastern
inactive Saint Paul Fracture Zone with results reported
from other fracture zones.
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CHAPTER 2

DATA ACQUISITION AND REDUCTION

2.1 Data sources and coverage

The data set comprises two RRS "Discovery"™ cruises with
GLORIA 1long range side scan sonar: the first in 1978
(Belderson et al. 1984), which insonified the western
720km of the Romanche Transform Zone, and the second in
1983 which completed sonar coverage of the active
Romanche Transform Zone. In addition to these two
"GLORIA" cruises the data set also incorporates cruise
data up to 1983 from the following sources: Lamont-
Doherty Geological Observatory; Woods Hole Oceanographic
Institution; Centre Nationale pour l'Exploration des
Oceans; Bureau Gravimetrique International; and Scripps

Institution of Oceanography.

Table 2.1 presents a synopsis of specific cruises
whose data have been used in this study, together with
the type of information available from these cruises.
Figure 2.1 shows the total track coverage of cruises
listed in Table 2.1 within the confines of the study
area, with the two RRS "Discovery"™ cruises being
highlighted.
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Table 2.1. Data sources and types. The following
acronyms are used for the various institutions:
"Institute of Oceanographic Sciences", G.B., (I.0.S.):
*Lamont-Doherty Geological Observatory”, U.S.A.,
(L.D.G.0.); "Centre Nationale pour l'Exploration des
Oceans", France, (C.N.E.X.0.): "Woods Hole Oceanographic
Institution®, U.S.A., (W.H.0.I.); "Bureau Gravimetrique
International (B.G.I); "Scripps Institution of
Oceanography”, U.S.A., (S.I.0.). Data types abbreviated
as follows: GLORIA sonar (Gl); echo-sounded depths (D):
seismic reflection profiles (S); gravity (Gr); total
field magnetics (M).

Ship, cruise,

year and
institution Navigation Data types
Discovery 95 Satellite D, M

1978, 1.0.S.

Discovery 96 Satellite Gl, D, S
1978, I1.0.S.

Discovery 97 Satellite D, M
1978’ I.O.S.

Discovery 142 Satellite Gl, b, S, Gr,
1983, I1.0.S. M
Vema 17, leg 12 Celestial D, S, Gr, M

1961' L.DcGoOc
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Vema 22, leg 2
1966[ L.D.G.OO

Vema 26, leg 4
1968, L.D.G.O.

Vema 26, leg 7
1969I LoD-G.Oo

Vema 27, leg 13
1970, L.D.G.O.

Vema 30, leg 3
1973, L.D.G.o.

Vema 30, leg 4
1974, L.D.G.o.

Vema 31, leg 1
1974, L.D.G.O.

Vema 31, leg 5
1974, L.D.G.O.

Conrad 13, leg 11

1970' LoDoGoOo

Conrad 16, leg 12

1973, L.D.G.O.

Table 2.1. (Continued).

Celestial

Satellite

Satellite

Satellite

Satellite

Satellite

Satellite

Satellite

Satellite

Satellite

D,

D,

D,

D,

D,

D,

D,

D,

D,

S,

S,

S,

S,

S,

S,

S,

S,

S,

S,

Gr,

Gr,

Gr,

Gr,

Gr,

Gr,

Gr,

Gr,

Gr

Gr,
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73002911
1973' CoNoEoXoOo

73003121
1973, C.N.E.X.O.

CHO99L03
1970, W.H.O.I.

A2075L02
1973' W.HnO.Io

K020-A
1975, B.G.I.

K020-B
1975, B.G.I.

ME-2T
1965, B.G.I.

INMD12MV
1978, S.I.0.

Table 2.1. (Continued).

Satellite

Satellite

Satellite

Satellite

Satellite

Satellite

Celestial

Satellite

D,

D,

D,

D,

D,

D,

D,
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Gr, M

Gr, M

Gr, M

Gr

Gr

Gr
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2.2 "Discovery® cruise 142 (1983) - Dakar (Senegal) to

Dakar: instrumentation and data processing

This cruise provides a substantial proportion of the
total database used for this study (Figure 2.1, Table
2.1). A brief description of the relevant equipment used
during this cruise and of the data processing methods
employed are given below.

2.2.1 Navigation

Navigation on both "Discovery" cruises and the majority
of other «cruises to the study area was accomplished
through a combination of intermittent satellite fixes
with dead-reckoning between satellite fixes using two-
component electromagnetic 1logs (Table 2.1). Only the
earliest "Vema" cruises were navigated celestially
before the availability of satellite positioning. A
comprehensive discussion of navigation during

"Discovery" cruise 142 is given in Appendix 1.

2.2.2 GLORIA sonar

(1) History and basic operating principles

GLORIA 2 (Geological Long Range Inclined Asdic) was the
main survey tool used during this cruise. GLORIA is a
scaled-up version of normal side scan sonar pioneered at
the Institute of Oceanographic Sciences (I0S), then the
National Institute of Oceanography (NIO) (Chesterman et
al. 1958; Tucker and Stubbs 1961). GLORIA 2 (Somers et
al. 1978) is a modified and improved version of the
original GLORIA (Rusby 1970).
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GLORIA was the first side scan instrument to be
developed exclusively for wuse in deep oceanic
environments. The mark 2 version scans to both sides of
the ship's track with a maximum scanning range of Jjust
under 30km on either side (Figure 2.2). This is achieved
by transmitting acoustic pulses once every 40s, and
recording the returned signals over a duration of 40s.
Acoustic signals do not propagate linearly in the oceans
owing to variations in water velocity with depth caused
by differences in salinity, temperature, and pressure.
The velocity range is about 1480 - 1540m/s. The GLORIA
fish is towed at an average depth of 50m so as to
minimise the spurious effects of upward refraction
followed by internal reflection off the bottom of the
uneven sea surface. A pulse repetition of 40s with an
average propagating speed of about 1500m/s gives a
theoretically maximum slant range (slant range is the
linear distance between the towed fish and a seafloor
feature), to either side, of 30km and horizontal range
of just under 30km (Figure 2.2). ExXcessive near-bottom
refraction will result in critical reflection within the
water column at longer ranges so limiting the maximum

across track range.

(2) Towing arrangements and beam characteristics

The GLORIA fish is 7.75m long, 0.66m wide and weighs
2.04 tonnes in air. The vehicle is towed about 400m
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astern of the survey vessel, at a depth varying between

40 and 80m, by an unfaired cable attached to its nose.
An average survey speed of 8 knots is usually
maintained. The operating depth is not stablised and is
controlled by the cable length and towing speed. The
simplicity of the towing arrangement is possible because
overall the vehicle is slightly light of being neutrally
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buoyant.

Two arrays of transducers are arranged
symmetrically on either side of the active 1length of
5.33m of the towed fish. Each array comprises 2 rows of
30 elements housed in 15 nylatron housings in groups of
4 (each group constituting on segment of each array).
Transducers are inclined at 20°to the horizontal. The
only essential services apart from sonar are accurate
indications of heading and depth. Transducers, housings
etc are all substantially negatively buoyant and the
required neutral buoyancy is provided by buoyancy blocks
of expanded PVC foam.

The design of the towed fish and towing
arrangements minimise vehicle yaw and roll. 1In the case
of yaw, the long, shallow, cable scope (400m), de-
couples the towed fish from the ship's course excursions
which have longer periods than the smaller yaw promoted
by waves. Stability under conditions of yaw is ensured
by the addition of a ring tail to the towed fish.
Vehicle roll, caused mainly by the direct action of wave
particle velocities on the body is wholly independent of
ship roll because no torque is transmitted along the
cable. Roll 1is reduced dramatically by towing beneath
the surface layer affected by wave motion, with a towing
depth in excess of 25m resulting in peak to peak
oscillation of less than 0.50. Vehicle roll induced by
the varying tensions in the towing cable due to the
pitching motion of the ship is of much longer period (>
6s) than the natural roll frequency of the vehicle
(1.8s) so that synchronisation is generally avoided.
Vehicle pitch is less critical and at the normal towing
depth generally does not exceed 4°peak to peak. This
pitch is excited by the combined surge and heave
movements of the survey vessel which are transmitted
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unattenuated to the towing vessel via the towing cable.
Vehicle pitch could be reduced by a combination of an
elastic cable and/or greater vehicle drag (by towing the
GLORIA vehicle at a shallower level).

One of the main objectives in re-designing the
GLORIA sytem was to simplify and make a routine
procedure out of launch and recovery. With these aims in
mind a purpose-built gantry was built which is
essentially a sliding and tilting cradle frame fitted
with multiple rollers along the sides and base. The
gantry is fixed to the poop deck, with a small rear end
overhang and hydraulic rams, which, operated
electrically, manoeuvre the GLORIA vehicle from the
shallow sloping stowing position to the steep
deployment/recovery position.

Both sonar arrays emit 4s-long linear FM
pulses (having bandwidths of 100Hz) at a given
repetition rate (10s, 20s or 40s), dependent on the
maximum required across-track range (7.5km, 15km or
30km). These modulated pulses are superimposed on an
operational frequency of  about 6.5kHz. Crosstalk
between arrays is suppressed by having slightly
different carrier frequencies to port and starboard,
and by applying the modulated pulse signals in opposing
senses to each side (i.e. linear increase on one side
and linear decrease on the other).

The operating frequency of 6.5kHz is a compromise
between limiting the array size (and hence vehicle size
and power requirements), and the amount of power
required to overcome absorption in the water medium.
Down-range resolution is governed by the pulse
bandwidth, and is about 50m.
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Each array produces a beam which .’ is narrow
in the horizontal plane (2.5O beamwidth), and much
broader in the vertical plane (30o beamwidth) depressed
by 19°-20° below the horizontal. Along-track resolution
is governed at near range by the pulse repetition rate
(200m using a 40s pulse) and by the horizontal beamwidth
at longer ranges (lkm at the maximum range of 30km).

One of the fundamental prerequisites for
successful side-scanning is that the beam array should
be stable to within its own beamwidth during the pulse
repetition period i.e. vehicle yaw should not exceed
this amount. In addition to the mechanical constraints
on yaw imposed by the towing system and fish design,
GLORIA also has an inbuilt electronic beam steering

system which cancels any remaining residual.

Return signals are automatically corrected for
both the dispersive, and absorptive effects of
propagating through seawater by applying an empirical
time varied gain (TVG) filter. These returns, called
fixed gain, were recorded directly onto magnetic tape
without further processing during the second GLORIA
cruise to the Romanche. Sonar data collected during the
first GLORIA cruise to the Romanche Transform
("Discovery" 96- Belderson et al. 1984) also had an
automatic gain control (AGC) process applied during tape
recording. AGC records signals of all levels using a
non-linear gain which preferentially highlights weaker
signals. However, an artefact of AGC is the pre-
shadowing of strong reflectors. Fixed gain recording
retains the true relative amplitude of strong signals at
the expense of not registering low level returns because
of the 1limited dynamic range of the tape recorders.
Analogue tape recording was used on the first Romanche
cruise, digital on the follow up. Digital recording has

62



superseded the original analogue process because of the
range and flexibility of image enhancement techniques
which can be applied when data are recorded digitally.

Real time, 1low quality displays were produced on
electrosensitive paper in the ship's plotting room so as
to monitor the performance of the system and to have
first hand information of seabed returns. High quality
records are produced as black and white photographs by
replaying and processing tape recorded data. The
sequence of operations followed for producing final
GLORIA records is described below.

(3) Processing of recorded data for final display

Firstly, tape recorded data were replayed through a
facsimile recorder (Muirhead recorder) onto black and
white photographic paper with good contrast and tonal
range (Rusby and Somers 1977). Each photographic print
produced by the Muirhead represenfs sonar information

recorded over a six hour period.

With digitally recorded data a slant range
correction can be applied at this stage. This is
necessary because the sonar measures differences 1in
travel time along the slanting raypath from the vehicle
to the seafloor, whereas the user wishes to interpret
the record in terms of horizontal range (Figure 2.2). By
inputting the relevant recorded corrected seafloor
depths (in intervals of 200m) into a microprocessor, the
necessary corrections can be made to the recorded data
prior to printing. With reference to Figure 2.2:

horizontal range = J((slant rangef2+ (depthfz). (2.1)
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On the second Romanche cruise both slant range
corrected and uncorrected prints were produced on board
ship. Data from the first Romanche cruise, which were
originally displayed without slant range correction,
have also been subsequently corrected.

Muirhead prints were then photographed onto 35mm
film using a special anamorphosing camera which makes a
correction for differences in along-track and across-
track scales (Rusby and Somers 1977). The required
anamorphic ratios were calculated from time annotated
track plots produced by the shipboard computer. Finally,
scale corrected 35mm negatives were printed at the
required scale for display purposes, and for direct
comparison with bathymetric and other data. A scale of
1:500,000 (at 33o N using a Mercator projection of the
international spheroid) was used.

2.2.3 Precision echo-sounding (P.E.S)

Along track depths were sounded using a 10kHz precision
echo-sounding pinger source on both "Discovery" cruises.
During cruise "Discovery"™ 142 the echo-sounding device,
enclosed within a fish vehicle, was towed at a depth of
about 10m via a midship support on the port side. The
echo-sounding signal used was of 1-3ms duration,
producing every 2s a narrow, conical, beam (of angular
width 30o ) symmetrical about the vertical. Recorded
depths (hitherto assuming a nominal seawater acoustic
velocity of 1500m/s and called uncorrected depths) were
displayed in real time on electrosensitive paper by a
MUFAX 1line scan recorder, and annotated at two minute
intervals by the P.E.S. watchkeeper. Uncorrected depths
digitised at this two minute interval were later
inputted into the ship's computer and corrected for
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variations in seawater velocity with depth using
seawater velocity v depth tables.

2.2.4 Seismic reflection profiling (S.R.P)

During RRS "Discovery" cruise 142 seismic profiling was
conducted using a single airgun as a source and a towed
two section hydrophone array receiver. Data were
displayed real time on electrosensitive paper, whilst
being tape-recorded for future playback. Seismic
profiling during this cruise was 1limited to survey
speeds of 8 knots, or less, speeds in excess of this
limit resulted in the air gun source riding too high in
the water, severely interfering with the acoustic signal
and usually disrupting and/or dislodging the gun seals.
This meant that continuous acquisition of seismic
reflection profiling data was not possible in order to
meet cruise time deadlines.

2.2.5 Measurment and reduction of gravity data

On "Discovery" 142, gravity was measured using a
Lacoste-Romberg Sea Gravity Meter mounted on
gyrostabilised platform located near the centre of
gravity of the ship. This position, minimising
the 1large, and variable accelerations associated with
both the rolling, and yawing motions of the ship.

The gravity meter was read every 6s by the
shipboard computer, and time-averaged over one minute
intervals. A continuous analogue output on a strip chart
recorder was also available. No tares were observed.

Time-averaged gravity values were subsegently
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corrected for the effects of the relative motion of the
ship with respect to the FEarth's surface (Eotvés
effect). This correction could only be made
retrospectively when navigation had been wupdated for
position fixes.

Corrections for latitude were made using the 1967
Gravity Formula as adopted by the "International
Association of Geodesy" in 1971 (IAG 1971&).

Gravity differences measured by the shipboard
meter were linked to the "International Gravity
Standardization Net" (IAG 197lb)via a tie-in station at
the port of Dakar where an absolute value has been
measured for "g", the acceleration due to gravity. Ties
were made immediately before and after the cruise to
establish the overall drift of the shipboard meter,
which was +0.68 mgal (approximately +0.02 mgal/day).
Gravity data were subsequently corrected for the drift
of the meter.

Conversion of gravimeter readings into free-air

anomalies

The following expression summarises the steps required

to convert gravimeter readings into free-—-air anomalies:

Free-air anomaly (in mgal) = GBASE - MTRDIFF ¥ EOTVOS
- EXPECG + DRIFT CORRECTION.

GBASE = absolute gravity at base station (docked
location of gravimeter in Dakar) as obtained from nearby
tie-in base.
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MTRDIFF

difference in meter reading

(OBASE -~ OBS) * CALIBRATION

where: OBASE = observed reading of gravimeter in
meter units at base station prior to cruise; OBS =
observed reading of gravimeter at sea; and CALIBRATION
is the calibration constant or multiplication factor for
conversion from meter units to mgals.

EOTVOS = EStvés correction
= 4.0511 * v * sin g * cos A (mgal) (2.1)
where: v = ship's speed in km/h; g = ship's

bearing relative to north; and A = geographic latitude.

EXPECG = expected gravity at given latitude using
the 1967 Gravity Formula (IAG 1971q).

DRIFT CORRECTION linear correction made for
differences between gravimeter
readings at base station, Jjust

prior to, and after cruise.

The original gravity data from some cruises had been
corrected for latitude wusing the earlier 1930
"International Gravity Formula". These data were re-
corrected using the 1967 formula, by wusing the
following conversion formula:

EXPECG = EXPECG - 3.2 + 13.6 sin?A (mgal) (2.2)

where A = geographic latitude.
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2.2.6 Acquisition of total field magnetic intensity

data

Total field magnetic intensity was measured using a
precision total field proton precession magnetometer
towed in a cylindrical fish at a depth of between 20m
and 30m some 250m astern of the ship.

As with gravity, magnetic readings were read every
6s by the shipboard computer and time averaged over
one minute intervals. At the same time a real time
analogue record was produced in the plot room for
immediate analysis.

No correction was made for the very small
difference between the field at the towing depth and at
sea level. There was also no attempt made to compensate
for daily fluctuations in the regional magnetic field by
tying in with the 1land based magnetogram data; a
procedure which 1is questionable anyway (Bullard and
Mason 1961) owing to the wuncertain electromagnetic
effect of the sea.

2.3 Reduction of total field magnetic intensity values

to magnetic anomalies

Total field magnetic intensity values are converted to
magnetic anomalies by removing the 1long wavelength
component with a time dependent reference field. In this
study the "International Geomagnetic Reference Field"
(IGRF) as defined by a working committee of the
"International Association of Geomagnetism and Aeronomy"
(IAGA) has been used as the reference datum for all
anomaly reduction. The IGRF is periodically updated to
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take into account new measured magnetic intensity data.
To-date there have been four IGRF updates: IGRF 1965
(IAGA Commission 2, Working group 4, 1969); IGRF 1975
(IAGA Division 1 study group 1976); IGRF 1980 (IAGA
Division 1, Working group 1, 1981); and IGRF 1985 (IAGA
Division 1, Working group 1, 1986).

Rather than adopt the latest IGRF model, a priori,
for reducing total field values to anomalies, a field
model giving the best level of internal consistency for
the total data set was chosen. This was ascertained by a
cross-over analysis, in which the field model most
effective in reducing the cross-over errors of total
field magnetic data for intersecting ships'-tracks
within the study area was chosen.

2.3.1 Cross-over analysis

In an area of intersecting ships'-tracks with total
field magnetic data along each track acquired at
different times, such as that shown in Figure 2.3, then,
in general there will be differences between measured
total intensity values at any intersection. These
differences arise from a combination of: the secular
change of the Earth's field at the intersection points;
ships' navigational errors and hence errors in 1locating
the points of intersection; daily fluctuations in the
magnetic field; and the magnetic effect of the survey
vessel. In practice, differences arising from navigation
errors are difficult to quantify, as are daily
fluctuations in the magnetic field (Bullard and Mason
1961), and no attempt has been made to correct for
either source of error in this analysis. Differences
arising from the magnetic effect of the survey vessel

will be less than 10nT assuming all surveys were carried
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out with the towed magnetometer more than two ship's
lengths behind the ship (Bullard and Mason 1961),
which 1is insignificant.

The cross-over error at an intersection 1is the
difference between the two values (total magnetic field
or magnetic anomaly) at that point, with the earlier
crossing being the reference value for subtracting from;
as adopted by Verhoef and Scholten (1983), and Verhoef
et al. (1986), for cross-over analyses in the North
Atlantic. Although for any individual cross-over error,
there will be no clue as to the absolute contributions
from navigational errors, differences between the two
measured magnetic fields caused by daily fluctuations in
the magnetic field, or differences between the
calculated magnetic anomalies caused by error in the
adopted IGRF model used for reduction, by finding the
average of all the cross-over errors, the random nature
of both navigational errors and daily variations in the
magnetic field will tend to cancel each other out
(assuming the number of cross-overs is sufficient). Any
error in the IGRF model adopted is left as a bias in the
mean value of all cross-over errors to positive or
negative values. The criterion for deciding which IGRF
model to adopt is that which leaves the smallest bias.

There are 67 cross-overs with magnetic data within
the study area (Figure 2.3). Cross-over positions were
determined accurately by fitting cubic splines to the
navigational data, and total field wvalues at the
intersections were likewise determined from cubic
splines to the field data. Cross-over errors were then
calculated at each intersection for cases of no secular
field correction (using measured total field intensity
data) ,and for secular field correction wusing IGRF
1965, 1IGRF 1975, IGRF 1980 and IGRF 1985. Cross-over
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error distributions for each of the aforementioned five
cases are respectively drawn in Figure 2.4(a-e). Table
2.2 1lists the means and standard deviations of each
cross-over distribution. Two means and two standard
deviations are quoted in each case: the first pair of
values ((a) values, Table 2.2) refers to the whole data
set of 67 intersections; the second pair ((b) wvalues,
Table 2.2), refers to a slightly reduced data set with
values which are more than 2 standard deviations away
from the mean of the total data set being discarded and
new means and standard deviafions being calculated in

their absence.

All cross-over distributions using the total data
set show a very wide range in values (Figure 2.4), and
consequently large standard deviations, between 83nT and
60nT (Table 2.2), which are dominated by a relatively
small number (between 4 and 6) of anomalously large
cross-over errors (both negative and positive, Figure
2.4). The latter, presumably, are overwhelmingly the
result of errors in navigation and/or large
fluctuations in the diurnal local field, both of
which have a disproportionate effect on the
individual distributions: hence the need to remove
these values and use smaller, but, more significant
error distribution data (with standard deviations only
508 to 65% of the original values). Note that all
statistics pertain to the reduced data sets ((b) values,
Table 2.2) in the discussion forthwith.

The distribution of cross-over errors using total
magnetic intensity values (Figure 2.4(a)), has no
correction applied for the long term secular change in
the field. The distribution is characterised by a mean
value of -2nT and standard deviation of 55nT.
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Table 2.2. Statistics of cross-—over distributions
shown in Figure 2.4.

Magnetic field Number of Mean value of Standard deviation
model cross-overs cross-overs of cross-overs
(nT) (nT)
(a) 67 5 83
No field model
(b) 61 -2 55
(a) 67 24 68
IGRF 1965
(b) 63 25 56
(a) 67 -28 60
IGRF 1975
(b) 62 -29 48
(a) 67 1 63
IGRF 1980
(b) 62 3 44
(a) 67 10 66
IGRF 1985

(b) 62 13 49
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Distributions of cross-over anomaly errors using
reference fields IGRF 1965 and IGRF 1975 to correct for
long-term secular variation (Figure 2.4(b,c)), do not
show an improvement on the non time-corrected
distribution, with IGRF 1965 systematically moving the
error distribution to more positive values (mean of
+25nT), and IGRF 1975 to more negative values (mean of -
29nT) .

In contrast, IGRF 1980 and IGRF 1985 both
systematically reduce and centralize the error
distributions closer to the theoretically perfect value
of OnT; with mean error values of +3nT and +13nT
respectively, and corresponding standard deviations of
44nT and 49nT (Table 2.2).

Using the simple criterion that the best IGRF
model is that which most effectively centralizes the
errors about a mean value of OnT then IGRF 1980 is the
preferred model. IGRF 1980 has been used for the
reduction to anomalies of all total field magnetic data
in this thesis. This does not imply that IGRF 1980 is a
better model than its replacement IGRF 1985. Only that
for this relatively small data set within a relatively
small area and without making corrections for errors in
navigation and diurnal field fluctuations, IGRF 1980
most effectively centralizes the error distribution.
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CHAPTER 3

MORPHOLOGY OF THE ROMANCHE TRANSFORM ZONE AND
SURROUNDING AREAS FROM GLORIA SONOGRAPHS, BATHYMETRY AND
SEISMIC REFLECTION PROFILES

3.1 Introduction

The most recent compilation of bathymetric and
tectonic charts of the Equatorial Atlantic was made by
Gorini (1981). These charts show the active Romanche
Fracture Zone as a complex zone of alternating ridges
and troughs which is up to 100km in width (Figure 3.1).
Gorini identified two major E-W transverse valleys, with
the longer northern valley inferred as the plate
boundary owing to its offset of the Mid-Atlantic Ridge
axis by 950km, and its association with the great
majority of earthquake epicentres. The southern valley,
was traced by Gorini between about l9°W and 24°W, as a
feature slightly oblique to the main valley and
interpreted as the old fracture zone trace prior to a
change in the direction of the plate motion (Figure
3.1).

The position of the plate boundary in the less
well mapped Saint Paul Transform has been more
uncertain, owing to the numerous ridges and troughs
associated with this feature and the scatter of
earthquake epicentres located beneath both ridges and
troughs. The evidence, thus far, suggests there might be

more than one transform valley.
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Furthermore, seafloor areas between the Romanche
Transform, and inactive Saint Paul and Chain Fracture
Zones were identified by Gorini as possessing an unusual
fabric of ENE-WSW ridges and valleys, rather than the
more usual topographic fabric lineated parallel to the
spreading axis (Figure 3.1).

New GLORIA, bathymetric, and seismic data are
presented in this chapter for the study area. Data
sources are summarised in Table 2.1. The main tectonic
and morphological features observed on this data are
mapped and discussed.

3.2 Interpretation of GLORIA sonographs

3.2.1 Factors affecting character of return signal

On GLORIA records, or sonographs, areas of high acoustic
return are white. While, areas of low acoustic return
are black. Varying shades of grey represent areas with
return levels between these extremes.

The character of the returned sonar signal is
governed by three main factors :

(1) The direction of insonification.

Since GLORIA is a side-scanning instrument,
features which trend parallel to the sonar asdic will be
preferentially highlighted at the expense of features
trending in other directions. Because of this, cruise

tracks are normally pre-planned so as to view specific
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features optimally. 1In this study, fracture zones are
viewed predominantly from tracks running parallel with
their courses, and seafloor spreading fabric from tracks
running perpendicular to fracture zones.

(2) The acoustic roughness of the seabed.

Acoustic roughness is measured relative to the
sonar wavelength (about 25cm). Outcrops of volcanic rock
and volcanic scree deposits are generally rough at the
sonar wavelength and backscatter strongly, whereas
sediments are much smoother, and reflect sound away

from the sonar vehicle.

(3) The topography of the seabed and angle of incidence

of sound rays.

Acoustic shadows are formed over seabed areas from
which there are no sonar returns. The locations of zones
of acoustic shadows are determined both by the geometry
of sound rays, and by the underlying seabed topography
(Figure 3.2(a)). Critical reflection of sound rays
within the water layer often reduces the maximum viewing
range to less than 30km from the ship's track, leaving
the remainder in acoustic shadow (Figure 3.2(b)).
Examples of acoustic shadows are shown in Figure 3.3.

Given seafloor areas with identical acoustic
backscattering properties, with each being insonified
from the same direction (i.e. the bearing of the
acoustic ray is the same), then the strength of the
returned sonar signal is determined by the slope of the
seabed relative to the angle of incidence of the sound
rays. An excellent example is provided by the quite
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(a)

(b)

Figure 3.2. (a) Formation of an acoustic shadow. There
is no sonar return from the seabed from within the
shaded area. (b) Critical reflection of round ray
near the seabed. There is no sonar return from the
seabed from within the shaded area.
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Figure 3.3. (a) Bathymetry of a small portion of the
Romanche Transform Zone. (b) South-looking GLORIA
sonograph covering the central portion of 3.3(a). (c)
Interpretation of 3.3(b). The sedimented area at the
bottom of transform valley is shown black. Acoustic
shadows are represented as diagonal ruled lines. Synform
and antiform symbols represent features interpreted as
furrows and ridges. Base of southern wall identified by
tick marks. (d) North-looking sonograph covering
approximately the same area as 3.3(b). (e)
Interpretation of 3.3(d) with shading and symbols as for
3.3(c).
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different character of returned sonar signals from the
Romanche Transform Valley walls when insonified from the
north and the south (Figure 3.3).

3.2.2 1Identification of seafloor features

The most easily recognisable feature is the median
valley floor of the Mid-Atlantic Ridge : typically 10-
15km wide, the valley floor is characterised by a high
level of acoustic backscattering (Figure 3.4) because
there is very little sediment covering the acoustically

rough volcanic basement.

Many of the features observed are 1linear. The
narrowest and sharpest lineaments represent fault scarps
facing the sonar vehicle (Figure 3.4), narrow lineament
shadows are sometimes cast by fault scarps facing away
from the towed asdic. Broader and more diffuse
lineaments are often associated with 1linear volcanic
ridges which can sometimes be individually identified
along spreading centre median valley floors as shown in
Figure 3.4. The broadest and most diffuse of 1linear
returns correspond to the outcrops of volcanic basement
on the dip slopes of escarpments, or exposed as uplifted
horst blocks (Figure 3.5).

Sedimented areas are characterised by low levels
of acoustic backscattering. Where ambiguity exists
between the 1location of a sedimented area and an
acoustic shadow the problem can be resolved if two
opposing viewing directions are available of the same
feature e.g. an area of low acoustic return on the floor
of the transform valley when viewed from both north and
south in Figure 3.3, can unequivocally be identified as
an area of almost flat, ponded sediments owing to the
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Figure 3.4. (a) Bathymetry of a small section of the
spreading centre median valley between the Romanche and
Saint Paul Fracture Zones. (b) GLORIA sonograph covering
the central portion of 3.4(a). (c) Interpretation of
3.4(b). The zone of bright backscattering occupying the
floor of the median valley 1is interpreted as
representing fresh volcanic rocks (the neovolcanic zone)
and is shown as diagonal ruled lines. Narrow
lineaments, interpreted as fault scarps, are drawn with
a tick on their inferred downthrow sides. The ship's
track is shown by the dotted line.

Figure 3.5. Representative portion of the seafloor area
between the Romanche Transform Valley and the Saint Paul
Fracture Zone. (a) Bathymetry. (b) Sonograph covering
the central portion of 3.5(a). (c) Interpretation of
3.5(b) with basement outcrops outlined (zones of high
backscatter in 3.5(b)), and areas of acoustic shadow
shown as diagonal ruled lines. The ship's track is
shown by the dotted line.
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similarity of outline of this area on both sonographs.

3.3 Data presentation

3.3.1 Bathymetric compilation

A new bathymetric <chart is presented in Plate 1
(enclosed in slip case). This chart was compiled using
soundings provided by both GLORIA cruises to this area,
RRS "Discovery" cruise 96 (Belderson et al. 1984) and
RRS "Discovery" cruise 142 (Searle et al. 1984), in
addition to available soundings from The National
Geophysical Data Center, Boulder, Colorado, and The
International Hydrographic Bureau, Monaco (list of data
sources in Table 2.1). Also incorporated is the detailed
bathymetric chart of Francis (1977), of the Saint Paul
Fracture Zone western ridge-transform intersection area.

Bathymetric contours are controlled by GLORIA
data, where records are available (Plate 1). This data
is particularly helpful as an aid to contouring because
of the sonar's ability to show different tectonic
trends, and its ability to differentiate characteristic
acoustic facies.

3.3.2 Summary chart of main tectonic, volcanic and

topographic features

Plate 2 (enclosed in slip case) presents a summary of
the main tectonic and volcanic features of the study
area as inferred from the GLORIA data. The main
identification criteria wused for its compilation are



discussed in section 3.2.

3.3.3 Sediment distribution chart

Plate 3 (enclosed in slip case), is a sediment
distribution chart of the study area. The location of
the "Om" isopach shown in Plate 3 is coincident with the
boundary between outcropping volcanic basement and
seabed sediment for those areas covered by GLORIA sonar
records. Also shown are sediment depths at a selection
of positions along the seismic profiles, indicating the
lateral extent of sediment cover along these profiles
and the maximum depth of sediment within individual
basins. The density of seismic data was not considered
sufficient to present an isopachyte map. All depths
shown assume a seismic velocity for unconsolidated
sediment of 2km/s.

3.4 The Romanche Fracture Zone

3.4.1 The transform valley

The Romanche Transform Valley is 850km long, and flanked
for the majority of its length on both sides by shallow
bounding transverse ridges (Plate 1). The transform
valley width ranges from 20km at its western end to a
maximum of 60km at its eastern end. The valley floor
depth is just over 5000m at the western ridge-transform
intersection, about 5500m at the eastern ridge-transform
intersection, and exceeds 7000m near 20°W and 7800m near
18030'W in "Vema Deep" (Heezen et al. 1964). The valley
is thus 1longitudinally asymmetric, being generally
deeper and wider at its eastern end. GLORIA data (Plate
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2) shows that the topographic axis of the valley is
largely covered (about 70% of the total extent) by
sediments ponds, up to 10km wide and a few hundred
metres thick (Plate 3). As discussed in Section 3.2,
and shown in Figure 3.3, these sedimented areas
occupying the valley floor show up as dark or uniformly
grey-toned expanses. Three ridges, some 600 to 1200m
high, 50 to 100km long and 10km wide, 1lie within the
transform valley close to its topographic axis, near 23
30'w, 22040'W, and 19040'W (Plate 1). The two ridges at
23030'W and 22040'W are located on the current transform
fault 2zone and the other ridge is located about 10km
south of the active plate boundary (Plates 1 and 2).
These ridges whose axes align with the valley floor may
be serpentinite diapirs. Although serpentinites are
common throughout the whole transform valley environment
and do not appear to be restricted to any particular
location (e.g. Bonatti 1978; OTTER 1985), the additional
fracturing of rocks near the plate boundary, coupled
with seismic refraction evidence that the thin fracture
zone crust 1is often thinnest beneath the transform
valley (e.g. White et al. 1984), so implying that the
upper mantle 1is closest to the seabed, could well
promote larger quantities of water to penetrate to the
upper mantle, inducing larger serpentinite diapirs to
intrude areas near to the plate boundary. The intrusion
of serpentinites along, or near, the transform fault
zone could be further encouraged if the plate boundary

area was locally under tension.

Location and character of the transform fault zone

The active plate boundary, or transform fault =zone,
comprising a band of tectonic elements of variable width
(less than 0.5km to about 15km), and striking parallel
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to the slip direction, can be traced almost continuously
over the entire 1length of the transform valley from
GLORIA records (Plate 2). The transform fault zone does
not follow the topographic axis of the transform valley,
being located north of this axis over the western 720km
of the transform valley and south of this axis over the
remainder of its length (Plate 2). The transform fault
zone crosses the topographic axis of the transform
valley near 18o 40'W, which corresponds to the
sedimented Vema Deep (Heezen et al. 1964), the deepest
location (>7800m) within the transform valley (Plates 1
and 2). In plan view, the trace of the transform fault
zone exhibits a slight sinuosity superimposed on its
overall trend, and its distance from the transform
valley's topographic axis increases and decreases

constantly, but never exceeds 15km (Plates 1 and 2).

Parson and Searle (1986) identified four main
styles of transform fault zone within the Romanche
Transform Valley, and provided examples of each type
over a 100km-long section of the transform fault =zone
near the eastern end of the transform valley
(incorporating a copy of the bathymetry of the area they
discussed from Plate 1). The four main styles of
transform fault zone are discussed below, and further
examples of each type are labelled in Figure 3.6 from
an area near the western ridge-transform intersection.

(1) Single, very narrow lineaments (no wider than
0.5km), thought to represent scarps.The direction in
which the scarp faces can be determined from whether the
lineament 1is a high or low sonar return, respectively
facing towards and away from the sonar vehicle (e.g. AA'
represents a scarp facing north in Figure 3.6). Such
features are thought to represent the single "active"

surface expression or strand of strike-slip movement or
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Figure 3.6. Western Romanche ridge-transform
intersection. (a) Bathymetry. (b) Interpretation diagram
of main features observed on both E-W looking sonograph
(3.6(c))., and N-S 1looking sonograph (3.6(d)). The
neovolcanic zone occupying the median valley floor of
the spreading centre is shown as diagonal ruled lines.
Lineaments interpreted as fault scarps have a tick drawn
on their inferred downthrow sides. Sedimented areas
occupying the floor of the Romanche Transform Valley are
shown black. Lineaments drawn with antiform symbols
represent ridges. Features labelled AA', BB', CC' and D
along the transform fault zone are discussed in Section
3.4.
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principal transform displacement zone.

(2) Paired 1lineations where areas of relatively
high and relatively low acoustic returns are juxtaposed,
which are usually no wider than 1.0km. These represent
either ridges, or furrows, depending on whether areas of
high return are closer to, or further away from, the
sonar vehicle respectively (e.g. BB' represents a narrow
ridge in Figure 3.6). These features probably represent
the principal transform displacement zone (Parson and
Searle 1986).

(3) More complex, multiple 1lineament areas,
normally covering upwards of 2km. These areas often have
a braided fault aspect (e.g. Zone C, Figure 3.6). It is
generally impossible to locate the actively slipping
segment.

(4) Broader ridge or trough features upwards of
2km in width (e.g. the ridge labelled D in Figure 3.6).

Transform valley walls

Plate 2 shows that sonar returns from the northern inner
wall of the transform valley, are generally parallel, or
sub-parallel to the valley trend. These are thought to
represent faults in the valley wall, presumably inward
dipping normal faults which acc&mm&kme the large relief
of the transform valley, as documented from submersible
studies at other fracture zones e.g. Karson and Dick
(1983), OTTER (1985).

Sonar returns parallel to the trend of the
transform valley are also visible from the southern
inner wall (Plate 2). In addition, trends which are
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approximately normal to the transform valley are visible
on sonar swathes crossing the transform valley between
18°W and 20°W. In more detail, these orthogonal trends
comprise areas of juxtaposed high, and low sonar
returns, and are taken to represent ridges or tilted
fault blocks (characteristic of the seafloor tectonic
fabric) crossing the elevated ridge flanking the
transform valley, and extending as far north as the
valley floor. Here, therefore, it appears that the
seafloor spreading fabric extends into the transform
valley as far north as its topographic axis. Further
east, between 18o W and the eastern ridge-transform
intersection, no spreading fabric is visible on the
southern wall of the transform valley (Plate 2), but
such a fabric may exist since the sonar viewing
direction (parallel to the transform valley) here is not
optimal. A series of oblique trends visible on the
southern wall west of about 20°W (Plate 2) are another
group of trends which are not parallel to the transform
valley on this southern inner wall. These are discussed
in more detail in Sections 3.8.3 and 3.8.4.

3.4.2 Shallow topography flanking the transform valley

The transform valley is flanked on its northern side by
a continuous area of shallow topography, which is up to
50km wide, and consists of either a single summit ridge
or transverse ridge, or two or more transverse ridges
separated by sediment- filled basins (Plates 1 and 3).
Tectonic spreading fabric is completely absent from this
shallow area north of the transform valley, and from the
transform valley north of its topographic axis (Plate
2). Apart from the shallow topography associated with
the ridge-transform corner, the depths to the summits of
the transverse ridges shoal progressively eastwards,
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culminating in the very shallow, 300km-long, transverse
ridge facing the eastern transform intersection area,
which shoals to under 1000m at one location near 17° W
(first documented by Bonatti et al. 1977). These
transverse ridges generally strike parallel to sub-
parallel to the transform valley, but may locally trend
in other directions e.g. both transverse ridges near 21?
W locally trend WNW-ESE.

Transverse ridges are very well displayed on
GLORIA sonar swathes run parallel to the Romanche
Transform. For example, in Figure 3.7, the summits of a
single transverse ridge which bifurcates into two ridges
backscatter very strongly (so strongly that they
generate one or two strong multiples in places), because
sonically rough basement outcrops in the vicinity of
the steep summits of the transverses ridges. Areas of
moderate to low return oﬁ the less steep flanks (Figure
3.7) are interpreted as being covered by sediments
having a grain size small compared with the sonar
wavelength (25cm); probably pelagic sediments and
turbidites. Also visible are =zones of very high
backscatter, comparable in intensity with the summit
ridges themselves, extending both north and south of
the very shallow ridge summit section east of 17° 30'w.
North of the summit ridge, these areas form 1long,
narrow, curvilinear lineaments extending up to 25km from
the summit, crossing each other at some positions, and
with their general directions being perpendicular to the
slightly curved ridge summit. The combined evidence
suggests that these lineaments represent talus deposits
eroded from the outcropping summit ridge. Their high
backscattering being attributable, presumably, to a
combination of the rough texture of the parent rock and
the large size of scree blocks. Their trends, normal to
the ridge summit, probably resulting from the fact that
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Figure 3.7. Shallow topography north of eastern
Romanche ridge-transform intersection area. (a)
Bathymetry. (b) Montage of GLORIA sonographs which
run parallel to the topography. (c) Interpretation of
3.8(b). Ridge summit shown by antiform symbol, areas
covered by talus are outlined, and outcropping basement
is shown black.
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they are following the steepest slope of descent.
However, the greatest concentration of scree slopes are

seen south of the very shallow summit ridge near 16°

30'W, descending some 4000m into the inactive Romanche
Trough. Here, individual scree slopes again trend
perpendicularly to the direction of the summit ridge as
if following the steepest slope of descent, forming a
dendritic pattern where smaller scree slopes coalesce to

form bigger ones.

To the south, the transform valley is flanked by a
single transverse ridge between the area opposite the
current western ridge-transform intersection and about
17o 30'W (Plate 1). Between 17°3o'w and the eastern
ridge-transform intersection, there is no ridge visible
above the generally shallow topography flanking the
transform valley. The transverse ridge has variable
depth, ranging from 4400m at its western end to a
minimum of 2000m at 20°30'W.

3.5 The eastern Romanche ridge-transform intersection

and plate boundary between the Romanche and Chain

Fracture Zones

South and east of the eastern limit of the Romanche
Transform Valley the plate boundary can be followed
successively from GLORIA records as: an oblique
spreading centre; a short spreading centre normal to the
direction of spreading; an oblique fracture zone ; and
another normal spreading centre, as far as the limit of
sonar coverage at 0040'8. These features are labelled
respectively as AB, BC, CD and DE in Plate 2 and Figure
3.8, and each is discussed below in more detail.
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Figure 3.8. Eastern Romanche ridge-transfrom
intersection area. (a) Bathymetry. (b) Montage of E-W
looking sonographs. (c) Montage of N-S looking
sonographs. (d) Interpretation of GLORIA data. Inferred
plate boundary position south of the ridge-transform
intersection 1is shown by diagonal ruled 1lines and
labelled ABCDE for ease of description. Antiform and
synform labels represent localised ridges and troughs
along the transform fault zone. Features interpreted as
volcanic ridges within the neovolcanic zone along AB
are outlined.
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The Romanche eastern ridge-transform intersection

is oblique,with the angle formed on the transform side [/
between the Romanche Transform Valley and oblique
spreading centre AB being approximately 25°(Figure 3.8).
The actual plate boundary intersection which corresponds
to the southward bend of the narrow transform fault zone
towards the spreading centre is located at 0° 6'N, 17°
10'Ww, about 10km south of the topographic axis of the

transform valley. Spreading centre/transform valley

intersections are usually associated with local

depressions called nodal deeps (Sleep and Biehler 1970).

No nodal deep is shown at the intersection, (Figure

3.8}, but one could exist undetected as there are no
soundings over the junction itself. No fault trace 1is

visible beyond the intersection.

Oblique spreading centre AB, is 65km 1long and
trends about 1020. Outside of the transform valley, AB
is wvisible on GLORIA sonar records as a zone of bright
backscattering, typical of the rough, unsedimented
volcanic basement associated with the neovolcanic 2zone
(Figure 3.8). Within the transform valley, the location
of AB is inferred to coincide with four oblate targets,
5-9km-long by 2-3km-wide, each trending about 155° ’
which are positioned next to each other in en echelon
fashion. These targets which are only visible on sonar
returns with the survey vessel perpendicular to the
transform valley (Figure 3.8(c)), probably represent
axial volcanic ridges, since they are characterised by
juxtaposed areas of high and 1low acoustic return,
respectively facing towards and away from the sonar
vehicle.

There is, therefore, a large difference between
the overall trend of the oblique spreading centre (1023,
and the trend of individual axial volcanic ridges
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1977; Karson and Dick 1983). Similarly, short spreading
centre BC (Figure 3.8), which trends approximately
normal to the spreading direction is also a valley, the
floor of which 1is also occupied by a 2zone of high
acoustic backscattering taken to represent a neovolcanic

zone.

CD is interpreted as an oblique fracture zone, or
leaky transform, rather than a short oblique spreading
centre, because it is not characterised by the very high
level of acoustic backscattering, representing a
neovolcanic 2zone, as seen for instance at spreading
centres BC and DE (Figure 3.8). Offsetting spreading
centres BC and DE by approximately 18km in a left-
lateral sense, CD is characterised by a trough trending
about 1200. No lineament characteristic of a transform
fault is seen within CD parallel to the spreading
direction of 078°. The mottled appearance of CD on
sonar records (Figure 3.8(b,c)), suggests that it is
characterised by volcanic rocks partially covered by
sediments, perhaps an indication that volcanic activity
is 1less frequent here than in neighbouring spreading
centres BC and DE, thereby allowing time for some
sediment to settle on the volcanic basement. Several
oblique-offset fracture zones have been observed in the
Gulf of Aden (Tamsett 1984; Tamsett and Searle 1988).
Kurchatov Fracture Zone (Searle and Laughton 1977) in
the North Atlantic is another example.

Spreading centre DE, which is orthogonal to the
spreading direction, can be followed on sonar records as
far south as about 0040'5 (Figure 3.8(b)). South of
here, the bathymetry suggests that it continues with the
same trend, uninterrupted to the Chain Fracture Zone.

The comPLexL¢3 of the plate boundary south of
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the Romanche Fracture Zone has previously been
unnoticed. Previous bathymetric compilations of this
area (e.g. Gorini 1981, shown in Figure 3.1), show a
single spreading centre orthogonally connecting the
Romanche and Chain Fracture Zones.

3.6 Spreading centre between the Romanche and Saint

Paul Fracture Zones and the ridge-transform

intersections

The spreading centre joining the Romanche and Saint Paul
Fracture Zones is 210km long (Plates 1 and 2). Typically
for a slow-spreading axis, it is characterised by a
median valley, the floor of which is a zone of very high
acoustic backscatter which corresponds to the fresh
volcanic rocks comprising the neovolcanic 2zone. The
neovolcanic zone 1is clearly displayed on the GLORIA
record (Figure 3.9). East of the neovolcanic =zone,
numerous sharp, narrow (0.5km-wide or 1less), high
backscattering lineaments generally trending parallel to
sub-parallel to the median valley floor are visible.
These are interpreted as fault scarps facing the median
valley, another characteristic of slow-spreading
spreading centres (Laughton and Searle 1979). Only a few
lineaments thought to represent scarps are observed west
of the neovolcanic zone because almost the whole of this
area is in acoustic shadow (Figure 3.9).

Diffuse sonar returns, 5-10km-long, by 2-3km-wide,
and aligned with their 1long axes parallel to sub-
parallel to the median valley floor are visible within
the generally high level of acoustic backscattering
characterising the neovolcanic zone (Figure 3.9).The
location of these features, and their identification as
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Figure 3.9. Central portion of spreading ridge between
the Romanche and Saint ©Paul Fracture Zones. (a)
Bathymetry. (b) E-W 1looking GLORIA swathe. (c)
Interpretation of 3.9(b). Features labelled as in Figure
3.4.
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ridges, 1is inferred from the juxtaposition of areas of
relatively high and relatively low backscatter;
inferred as slopes facing towards and away from the
sonar vehicle respectively. They are thought to
represent axial volcanic ridges (Laughton and Rusby
1975). Two oval-shaped areas of low acoustic return
located near 0025'5 and &’ within the neovolcanic zone,
are also elongated along the direction of the median
valley (Figure 3.9). Both are characterised by an inner
area of no acoustic return surrounded by an area of low
sonar return. There is no evidence for a sonar target
casting a shadow to create an acoustic shadow at either
location, and the overall impression given by each is
that of topographic depressions with the areas of no
return corresponding to the deepest parts of these
depressions. This evidence, coupled with their
elongation along the direction of the median valley,
suggests that they could be collapsed volcanic ridges
which have created calderas. The location of the more
southerly of the two zones of low acoustic return near
to the eastern side of the neovolcanic zone might
explain the curvature of fault scarps seen in the
crestal mountain area adjacent to this zone: because
faults generally parallel the shape of the edge of the
median valley floor which here is the curved eastern
side of the oval zone of low backscattering. Both zones
of 1low backscatter are probably associated with small-
offset fracture zones (Searle 1986), where the active
zone of new crustal injection (as represented by the
volcanic ridges) is successively offset by about 10km
within the confines of the median valley, with an offset
in one direction occurring south of each feature and an
offset 1in the opposite direction occurring north of it.
Thus for the southern zone of 1low backscatter, it
appears that there is a sinistral offset of the zone of
crustal injection south of this feature and a dextral
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offset north of it (Figure 3.9). Correspondingly, for
the northern zone it appears that a dextral offset south
of this feature is accompanied by a sinistral offset
north of it.

Western Romanche ridge-transform intersection

The plate boundary intersection is located at 1°10'S, 24°

35'W, where a strand of the transform fault zone curves
northwards towards the direction of the spreading centre
neovolcanic zone (Figure 3.6).The intersection of the
transform valley with the median valley floor is
orthogonal. A fault zone colinear with the transform
fault zone can be followed to the western limit of sonar
coverage of the fracture zone, about 100km beyond the
current intersection (Plate 2). The clarity of the fault
zone outside the transform zone suggests that it is
still active in some role. Perhaps it is still active as
a strike-slip boundary beyond the "classical" plate
tectonic 1imit of strike-slip movement at the ridge-
transform intersection, caused possibly by asymmetry in
the rate of spreading at spreading centres at either end
of the transform valley. Alternafively, the fault zone
may be instrumental in accomﬁdating any differential
vertical movement between either side of the inactive
fracture valley when lithospheric blocks are "welded"
together at the intersection.

A nodal deep is not seen in the bathymetry at the
intersection (Figure 3.6), but one could exist
undetected as there are no soundings over the
intersection. Excluding the localised nodal deep itself
(if this exists), the median valley floor still deepens
considerably towards the transform wvalley, gently
between 25km and 10km from the valley, by about 200m,
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then much more steeply over the remaining 10km, by
1000m. Deepening of spreading centres towards transform
valleys 1is the norm at both slow-slipping and fast-
slipping transforms (Fox and Gallo 1984). The width of
the median valley floor also increases significantly on
approaching the transform valley, from about 12km, 20km
north of the intersection, to 30km at the intersection.
This increase in width is achieved entirely through the
widening of the median valley on its eastern or
transform side. On this side, within 20km of the
intersection, the median valley transform wall trends at
a constant oblique angle of 145°to the transform valley
so forming an oblique ridge-transform corner. In
contrast, the western, or non-transform median valley
wall continues undeviated into the transform valley. A
disparity, such as this between transform and non-
transform corners has also been observed at other ridge-
transform intersections of large fracture zones along
the slow-spreading Mid-Atlantic Ridge e.g. Kane Fracture
Zone (Karson and Dick 1983), Oceanographer Fracture
Zone (OTTER 1985), and Vema Fracture Zone (Macdonald et
al. 19846). Ridge-transform corners at slow-slipping
transforms are generally associated with an
"intersection high" where the high rift mountains
flanking the median valley combine with the upwarped
edge of the transform valley. No such feature is seen in
the bathymetry, but, as with a nodal deep, one could
exist undetected between the available soundings.

Median valleys often become asymmetric in profile
on approaching a transform valley with the non-transform
rift mountains being abnormally low, and the transform
rift mountains being abnormally high culminating at the
intersection high. This configuration has been adopted
as the typical morphology for the median valley in the
Atlantic near the ridge-transform intersection by
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Collette (1986), in explaining the typically asymmetric
profile of inactive fracture zone valleys; an asymmetric
valley on the younger non-transform side and a high wall
or scarp to the older side. This intersection area is
not characterised by asymmetry of the median valley,
with the flanking non-transform rift mountains remaining
equally high near the transform. Also, the profile of
the inactive fracture valley beyond the intersection is
a high wall on the non-transform side and a wide valley
on the transform side, which 1is, strikingly, the
opposite of what is normally observed (Collette 1986). A

possible explanation for this is discussed below.

Eastern Saint Paul ridge-transform intersection

The intersection 1is slightly oblique, with the angle
formed between the neovolcanic zone and the southern
transform valley being about 1000 (Figure 3.10). The
plate boundary is located at 0°37'N, Zé)ll'w, where the
transform fault zone within the southern transform
valley curves towards the neovolcanic zone., The
intersection is associated with a nodal deep, where the
seafloor depth is about 4400m, some 400m deeper than the
surrounding seafloor of the transform valley (Figure
3.10(a)). Again, the median wvalley floor deepens
considerably on approaching the transform valley, by
about 800m over 30km. The spreading centre median valley
widens on approaching the fracture zone, from about 10km
to 25km, largely the result of a 10km westward offset of
the median valley transform wall north of a subsidiary
valley near 0°27'N. This valley has been inferred as a
fracture zone by Francis (1977). This interpretation is
supported by sonar evidence showing westward curvature
of fault 1lineaments adjacent to the neovolcanic 2zone
about 10km south of the subsidiary valley (itself not
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Figure 3.10. Eastern end of Saint Paul Transform Zone.

(a) Bathymetry. Area within box corresponds to
bathymetry of Francis (1977). (b) Montage of GLORIA
data. (c) Interpretation of 3.10(b). Ridge summit south

of transform zone is shown by an antiform symbol. Other
features are labelled as in Figure 3.6.
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visible because of being located within the sonar shadow
zone), because seafloor spreading fabric normally curves
towards the direction of transform offset adjacent to
fracture zones (e.g. Searle and Laughton 1977).

Finally, there is a distinct asymmetry between the
high transform and much 1lower non-transform rift
mountains on approaching the transform valley; a common
characteristic of spreading axis median valleys near
transforms valleys in the North Atlantic (Collette
1986).

3.7 The Saint Paul Fracture Zone

3.7.1 The Saint Paul Transform Zone

Sonar coverage of the Saint Paul Transform Zone during
"Discovery" cruise 142 was limited to areas more than
200 miles from the Saint Paul and Saint Peter island
group. This limited coverage to areas east of about 26°W
(Plates 1 and 2).

The current plate boundary, east of 260 W, is
accommodated within two transform valleys joined by a
short spreading centre near 25°30'W (Plates 1 and 2,
Figure 3.10). However, the northern transform valley is
still south of the western end of this fracture zone
(located at about 1°N, 30°30'wW - e.g. bathymetry of
Gorini 1981), so there must be at least one more
spreading centre and transform valley in it, and the
presence of two valleys north of the northern transform
valley (Plate 1), suggests a minimum of two further

transform valleys.
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The southern transform valley

The transform fault 2zone in the southern transform
valley is 30km-long, almost straight, and has an overall
trend of 081° (Figure 3.10). There is no detailed
bathymetric control to determine the location of the
transform fault zone relative to the deepest axis of the
valley, but it appears centrally located. Similarly,
there are no soundings over its intersection with the
short spreading centre at 0°34'N, 25° 26'W to establish
whether a nodal deep is located there. In more detail,
insonified from the north, the transform fault zone
trace, where visible, is a very narrow, bright lineament
over the western 15km of the valley, which is
interpreted as a narrow scarp, no wider than 0.3km,
facing north (Figure 3.10). Over the remainder of the
transform valley, the transform fault zone is a wider
(1-1.5km-wide), double lineament, of juxtaposed areas of
relatively high, and relatively low acoustic return,
which are respectively closer to, and further away from
the towed vehicle. Here, the transform fault zone 1is
interpreted as a narrow ridge (Figure 3.10). As at the
western ridge-transform intersection of the Romanche
Transform Zone, here also, the fault zone continues
beyond the ridge intersection, although whether it is
still active in some role is uncertain.

From examination of echo-sounder data, Francis
(1977) identified a sediment-covered ledge some S5km NE
of, and 350-400m above the current eastern intersection
area. A narrow 2zone of low acoustic return near the
location of the ledge is visible on the sonar record
(labelled A in Figure 3.10), although the very 1low
return of this feature suggests that it is probably an
acoustic shadow and not a sedimented surface. This being
the case, then the ledge is being identified indirectly
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by a shadow cast by the steep slope immediately to its
north. Francis (1977), interpreted the sediment-covered
ledge as the westernmost limit of the inactive southern
fracture valley floor because it lines up exactly with
the 1latter. This implies that the active transform
valley 1is some 5km SW of, and 400m deeper than its
inactive counterpart. An explanation for this non-
alignment was provided by Francis (1977). Noting that
the active transform valley near the intersection area
is almost sediment-free he concluded that it was most
unlikely that no sediment would have reached the deeper
location of the active transform valley considering that
the shallower ledge was sediment-covered. Using this
evidence, he postulated that the current intersection
area corresponds to a recently collapsed volcanic ridge,
or caldera, which assuming a spreading rate of about
2cm/yr (using the rotation pole of Minster and Jordan
1978), occurred within the last 700,000 years. There is,
therefore, good evidence for a recent southward
movement, by about 5km, of the northern limit of the
spreading centre between the Romanche and Saint Paul

Fracture Zones.

The northern transform valley

The transform fault 2zone in the northern transform
valley can be traced as another narrow zone of up to
0.3km in width westwards for 35km from its intersection
with the neovolcanic zone at d’42'N, 25° 40'W to the
limit of sonar coverage (Figure 3.10). Over this
distance the trace of the fault zone is predominantly a
single scarp. There is a small discontinuity of the
fault zone near the ridge-transform intersection.
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Short spreading centre between the two transform valleys

A 25km-long spreading centre orthogonally joins the
transform valleys near 25°30'w (Figure 3.10). In spite
of its short length, it exhibits a characteristic median
valley the floor of which is an area of fresh volcanic
rocks (on GLORIA sonar records a 2zone of bright
backscattering). Bathymetric control is not available to
establish whether there are nodal deeps at either end of
the spreading centre. However, a single sounding 1line
crossing the median valley centrally from east to west,
shows that the depth of the median valley floor is
comparable to soundings taken within the transform
valleys. Both ridge-transform corners are oblique, with
the angles formed between each transform valley and
median valley transform wall being about 135° . In
contrast, the non-transform corners appear to be
perpendicular. Similar differences between the trends of
transform and non-transform corners have been reported
at other fracture zones e.g. the Kane Fracture Zone
(Karson and Dick 1983), and the Vema Fracture Zone
(Macdonald et al. 1986). This difference is also
observed at the western Romanche ridge-transform
intersection (Section 3.6, Figure 3.6).

Shallow topography between the transform valleys

Ridges flank the two transform valleys on either side,
and a ridge also separates the two northern valleys
(Plate 1). Three seamounts near 1° 30'N probably
demarcate the northern extent of the Transform Zone.
GLORIA data south of the southern transform valley
(Figure 3.10), shows the unsedimented summit ridge of a
transverse ridge paralleling the.transform valley, a
very similar feature to that observed north of the
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Romanche Transform at its eastern end (Figure 3.8).
However, both the shallow ridge separating the two
southernmost transform wvalleys and the insonified
section of the ridge north of the second transform
valley are dominated by oblique basement returns thought
to represent oblique scarps facing towards their
respective spreading centres. Oblique escarpments such
as these, striking about 45°to the spreading direction,
have also been observed in the walls of the Kurchatov
Fracture Zone (Searle and Laughton 1977), and the
inactive eastern 1limb of Charlie-Gibbs Fracture Zone
(Searle 1979, 1981). They appear to form only in slow-
slipping transforms, and are thought to originate when
oblique normal faults are formed in the transform domain
near the ridge-transform intersections (Searle and
Laughton 1977). These faults serve to decouple the floor
of the transform valley from the seafloor outside it
when the latter rises into the rift mountains. Also
visible on the southern wall of the second transform
valley near 25o 50'w, is an area of intersecting
lineaments of oblique fault scarps and scarps parallel
to, and facing the transform valley. There is no lateral
offset of oblique scarps across the scarps parallel to
the transform valley, which implies that the latter do
not have any strike-slip offset, and are probably only
associated with normal faulting.

There 1is a distinct difference between the depths
to the summits of ridge sections on either side of the
short median valley 3joining the two southernmost
transform valleys (Figure 3.10). The shallower ridge
section 1is located west of the median valley, with a
summit depth of under 2500m. East of the valley the
ridge summit only shoals to about 3400m. This difference
may be caused by the ridge section west of the median
valley being tectonically uplifted within the transform
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zone since active fracture zones are often associated
with anomalously shallow flanking ridges.

3.7.2 The inactive eastern extension of the Saint Paul

Fracture zone

Both the 1inactive sections of the two southernmost
transform valleys, and the two more northerly valleys,
which probably represent inactive transform valleys, can
be traced eastwards from the transform zone to about 23o
W (Plate 1). Eastwards of here, only two inactive
transform valleys are visible, separated by an area of
shallower topography. This evidence suggests that about
20 Ma B.P., assuming the current location of its eastern
ridge-transform intersection area and a spreading rate
of about 2cm/yr (pole of Minster and Jordan 1978), there
was a change in the composition of the transform zone,
from a double transform valley, to one being associated
with, as at present, probably four active transforms.

Limited GLORIA coverage of the inactive fracture
zone shows that the fracture valleys are almost totally
sediment-covered and that oblique trends predominate in
the shallow areas between inactive fracture valleys as
observed between fracture zone valleys in the active
transform zone (Plates 2 and 3).
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3.8 Seafloor areas between the major fracture zones

3.8.1 Region between the Romanche Fracture Zone and

the eastern inactive Saint Paul Fracture Zone

GLORIA coverage of this area comprises five swathes
between the two fracture zones (approximatley
perpendicularly to the direction of the fracture
zones). These are located at about 21°30'W, 20°45'W,
18° 45'w, 17° 15'W and 16° 45'W (Plate 2). Seafloor
spreading fabric, comprising areas of outcropping
basement trending roughly parallel to the current
spreading centre between the Romanche and Saint Paul
Fracture Zones is the dominant feature observed on each
N-S swathe. There is also a noticeable increase in the
proportion of sediment to exposed basement eastward from
the unsedimented neovolcanic 2zone of the spreading
centre (Plates 2 and 3), reflecting the increasing age
of, and hence greater accumulation of sediment on top of
the underlying basement. Seafloor spreading fabric can
be traced into the southernpmost inactive Saint Paul
Fracture Valley from GLORIA data on each of the five
swathes, with fabric curving towards the active
transform section of this fracture zone from within 10-
20km of the fracture valley on four out of the five
swathes. North of the Romanche Fracture Zone, spreading
fabric cannot be traced from GLORIA data south of a
line roughly coinciding with the 4000m isobath, on the
northern edge of the shallow area north of the fracture
zone valley (Plates 1 and 2). There is also no visible
curvature of spreading fabric on approaching the shallow
ridge north of the Romanche Fracture Zone.

The continuity of ridge-parallel spreading fabric
between the Romanche and Saint Paul Fracture Zones is
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broken at some places by pairs of ridges, spaced 10-15km
apart, trending parallel to the spreading direction e.g.
at 0015'N, 21030'W (Plate 2). However, these ridges only
extend over an E-W distance of up to 20km away from the
spreading centre. These features could represent former
fracture 2zone offsets between the two major fracture
zones. Their short E-W extents implies that they were
ephemeral features, and that they were only associated
with short offsets of the spreading ridge. Similarly, a
10km-long, NW-SE trending section of an exposed basement
lineament at 0°30'N, 26’30'W (Plate 2, Figure 3.3),
might indicate a previous oblique 1left-lateral offset
along the spreading centre.

3.8.2 Region north of the Saint Paul Fracture Zone

This area is covered by .only two GLORIA swathes, one
near 23o 30'W and the other at about 19° W (Plate 2).
Exposed basement fabric observed on both swathes
generally trends almost perpendicdlarly to the Saint
Paul Fracture Zone, which is symptomatic of seafloor
spreading fabric. However, on the more westerly swathe
this fabric is crossed by an E-W basement lineament at
about 2°30'N (Plate 2), coinciding with a short 120km-
long valley and adjacent ridge (Plate 1). This latter
feature is interpreted as a fracture zone, and its short
lateral extent implies that it was a temporary feature
of the former ridge axis.

3.8.3 Region south of the Romanche Fracture Zone

This area displays far greater variety in the trends of
exposed basement fabric, and associated topographic
features, than the seafloor area between the Romanche
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and Saint Paul Fracture Zones (Plates 1 and 2). For
ease of description the area is sub-divided into two:
east of 20°W; and west of 20°W.

Area east of 20°W

Available GLORIA data (Plate 2, Figure 3.8), show
basement lineaments on either side of the plate boundary
trending parallel to each of its sections (AB, BC, CD,
and DE), to the limit of sonar coverage on its eastern
side (a maximum of 80km from the plate boundary), and to
about 100km west of it. These basement lineaments are
interpreted as faults created within a few kilometres of
the plate boundary in 1its present configuration.
Basement fabric trending uniformly 0100, which replaces
the plate boundary parallel fabric at about 100km west
of the current plate boundary, is interpreted as
indicating a major alteration in the plate boundary
geometry south of the Romanche Transform Zone. Assuming
a spreading rate of about 2cm/yr (Minster and Jordan
1978), there was a major alteration in the geometry of
the plate boundary about 5 Ma B.P.: from a single
spreading ridge trending 010°, to the present complex
configuration.

There is only very limited GLORIA coverage south

of the Romanche Transform Valley between 17°30'W and 20o

W (Plate 2). However, the trends of exposed basement
lineaments, which are almost perpendicular to the
Romanche Transform Zone, are characteristic of a
tectonic spreading fabric.

Area west of 20°W

o) o
The area between 20 W and 24 30'W, and up to 80km south
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of the Romanche Transform Valley and its inactive
western continuation, is dominated by a long, sediment-
filled trough, flanked to the north over the majority of
its 1length by the transverse ridge of the active
transform and to the south by another long ridge (Plates
1, 2 and 3). Both trough and boundary ridges were
documented by Gorini (1981), from echo-sounder
bathymetry and single channel seismic data. The trough
can be followed as a well defined topographic feature on
the bathymetric chart for about 450km between 20° 20'w
and 24°20'W, slightly oblique to the Romanche Transform
Valley, and with its sedimented floor deeper than 5000m
and more 1locally exceeding 5600m in depth (Plate 1).
With an observed sediment cover of between 400-700m
(Plate 3), oceanic basement within the central portion
of this trough is about 6000m deep. In more detail, the
trough appears to be sub-divided into three sub-basins
by minor ridges crossing the trough near 22°30'Ww and 21°
40'W, each associated with minor offsets of the
topographic axis of the trough to the south when viewed
from east to west and with there being a corresponding
small southward offset (10km) of the shallow ridge
paralleling the trough to the south at 22°30' w (Plate
1). Each sub-basin trends a few degrees south of E-W,
and hence obliquely to the current Romanche Transform
Valley by between 10°and 150.

The shallow ridge flanking the basin to the south,
has been insonified by GLORIA sonar between 22°30'W and
23030'W (Plate 2). Here, two distict basement fabrics
are observed, comprising: north facing scarps, 5-10km-
long, trending parallel to the ridge, which are observed
on the ridge summit and north of the summit (Plates 1
and 2); and west facing scarps, 5-20km-long, trending
approximately perpendicular to the ridge, which are
observed both north, and south of, the ridge summit.
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Where both sets of scarps intersect, the overall
impression is that of an area of escarpments, tilting
both to the south, and to the east (Figure 3.11). Both
sets of scarps abut against the sediment-floored basin
creating, in places, a serrated appearance.

The northern edge of the sedimented basin has a
more dramatic zig-zag appearance where it abuts against
the southern flank of the transverse ridge south of the
Romanche Transform Valley between the longitude 1limits
of 21°30'W and 248°W (Plates 1 and 2). Similarly, between
the same longitude limits, basement lineaments
alternately trending parallel and perpendicular to the
basin (visible on GLORIA records when insonified from
the south- Figure 3.11), are observed on the Romanche
transverse ridge, extending as far north as the
topographic axis of the -Romanche Transform Valley.
Further east, between 20o W and 21o 30'W, both the
transverse ridge and northern inner wall of the
transform valley are characterised by alternating NW-SE
and NE-SW trends (Plate 2). The fact that all the
oblique trends mentioned above are only visible on
north-scanned records, implies that they are probably
scarp features facing south (Figure 3.11).

South of the oblique trough, in the area between
24°W and 26°W, and north of 2°05'S, a series of NW-SE
trending ridges and intervening sediment-filled valleys
are observed (Plates 1 and 2). Successive ridges
protrude 200-800m above the sedimented surfaces of
intervening valleys, which are infilled with sediments
of up to 550m thickness (Plate 3). Also visible, in the
area between 24°W and 26°W, and 2°S and f’SO'S, are a
series of short basement ridges up to 25km-long, each
trending about 5o north of E-W, which roughly align with
each other (Plate 2). A single GLORIA swathe near Zf)W
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