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Abstract. Three dives in submersible ALVIN and four deep-towed camera lowerings have been made
along the transform valley of the Oceanographer Transform. These data constrain our understanding of
the processes that create and shape the distinctive morphology that is characteristic of slowly slipping
ridge-transform-ridge (RTR) plate boundaries. Our data suggest that the locus of strike-slip tectonism,
called the transform fault zone (TFZ), is confined to a narrow swath (<4 km) that is centered along the
axis of maximum depth. The TFZ is flanked by the inward facing slopes of the transform valley. The
lower portions of the valley walls are characterized by broad sloping exposures of undisrupted sediment
but at higher elevations the walls are made up of inward facing scarps and terraces of variable
dimensions. Although the scarps have been badly degraded by mass wasting, there is no evidence to
suggest that these scarps have accommodated significant amounts of strike-slip motion. Plutonic and
ultramafic rocks are exposed on these scarps and the occurrence of this diverse assemblage on
small-throw faults indicates that the crust is thin and/or discontinuous in this environment. We suggest
that this complex igneous assemblage is the product of anomalous accretignary processes that are
characteristic of slowly-slipping RTR plate boundaries.

1. Introduction

Slowly slipping RTR plate boundaries are common occurrences along the Mid-
Atlantic Ridge (MAR) south of the Azores (e.g., Heezen and Tharp, 1968; Phillips
and Fleming, 1978). These plate boundaries are characterized by anomalously
deep, elongate troughs that abruptly truncate ridge axis parallel terrain and that
develop thousands of meters of relief (e.g., Heezen et al., 1964). Kinematic models
of plate tectonics mandate that strike-slip relative motion must characterize the
RTR environment (Wilson, 1965; Sykes, 1967) and, for the transform faults of the
central North Atlantic that offset the MAR, reconstructions of magnetic anomaly
results indicate that time-averaged slip-rates should be on the order of 20 mm to
30mm yr! (e.g., Pitman and Talwani, 1972). The detailed structural fabric of
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Fig. 1. (a) Generalized bathymetric map of a portion of the Oceanographer Fracture Zone (OFZ)
including the transform. The adjoining ridge axes of the Mid-Atlantic Ridge (MAR) are shown as well;
two small-offset fracture zones (FZ) are indicated at the limits of the map. The area investigated within
the transform during our survey is shaded; small index map of northeastern Atlantic locating the OFZ is
shown at lower right. Depth in meters; contour interval 1000 m. (b) Map of that portion of the
Oceanographer Transform investigated during our ALVIN and ANGUS field program. The results
from the eastern work area have been reported earlier (OTTER, 1984) and this paper presents the
results for the western work area as well as ANGUS ftraverse 126. Depth in meters; contour interval
500 m.

RTR plate boundaries in the North Atlantic has gone largely unresolved because
there has been a lack of high-resolution data at an appropriate scale. Deep-Tow
(Detrick et al., 1973) and in situ (ARCYANA, 1975; Choukroune et al., 1978)
investigations of the 20 km offset Transform A located at 37° N demonstrate that
along this transform boundary evidence for recent tectonism is confined to a
narrow belt less than two kilometers wide and is centered along the axis of
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maximum depth. Little was known, however, about the structural elements that
characterize a large-offset (100 km) slowly slipping RTR plate boundary.

In the summer of 1980 an investigation of the Oceanographer Transform
(OT; 35°N, 35° W) was conducted using the ANGUS deep-towed camera system
and the manned submersible ALVIN (Figure 1a). Part of the field experiment was
located at the eastern intersection of the OT with the axis of the MAR (Figure 1b)
and the focus of this portion of the field program was to define the structural styles
and outcrop relationships developed at and proximal to a ridge-transform inter-
section. These results have alrady been published (OTTER, 1984) and will not be
dealt with in this paper. The other portion of the field program was located along
the central portion of the transform and was designed to establish the vertical and
lateral distribution of rock types exposed along the walls of the transform valley
and to define the structural provinces that are characteristic of a large-offset
slowly slipping RTR plate boundary.

2. Regional Morphotectonic and Geologic Properties
of the Oceanographer Transform

The first-order morphotectonic properties of the OT, as defined by conventional
surface-ship bathymetry, is described in detail in other publications (Fox et al.,
1969; Schroeder, 1977; Williams et al., 1984; Fox et al., in prep.) but is briefly
reviewed here in order to put our detailed observations in a regional framework.
The OT at 35°N offsets the axis of the MAR 130km in a dextral sense along
a WNW-ESE trending trough that can be best described as a broad, open, and
V-shaped valley developing over 2000 m of relief. The transform valley walls
intersect to create an axis of maximum depth that varies from 3700 to 4500 m
along the length of the transform. The lower portions of the valley walls exhibit a
strong transform-parallel grain but at shallower levels this transform-parallel
fabric is frequently disrdpted by small ridges and valleys with trends that are
approximately ridge axis parallel (Figure 1b).

The southern flank of the transform valley, as outlined by the 2000 m contour, is
defined by an E-W trending ridge that is approximately 10 to 20 km wide. This
transverse ridge, however, is not continuous along the length of the south flank of
the transform valley and its along-strike continuity is disrupted by N-S striking
embayments. From the crest of this ridge the sea floor slopes steeply down
towards the axis of the transform valley developing regional slopes of 10° to 20°. It
is from numerous localities along the south wall of the transform valley that a
diverse suit of basaltic, gabbroic and ultramafic rocks has been recovered (Shibata
and Fox, 1975; Fox et al., 1976). In contrast to the southern side of the transform
valley, the northern flank does not develop a transverse ridge and is characterized
by a number of N-S trending ridges and valleys that slope down into the transform
trough developing regional gradients of 10° to 15°.
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3. The Transform Valley: Near Bottom Observations

Three submersible traverses and four deep-towed camera traverses were carried
out along the transform valley and, except for one ANGUS lowering, all of the
near bottom traverses are located in one small area positioned along the center of
the transform (Figures 1b, 2). The remaining ANGUS traverse (126), a N-S profile
across the transform valley, is positioned about 20 km to the east of this work area
(Figures 1b, 3). A synthesis of these observational data reveal that the transform
valley can be divided into two morphotectonic provinces. The first province, a
zone of tectonism, is a belt of terrain that is less than 4 km wide, that is centered
about the axis of maximum depth, that is characterized by irregular topography,
and that includes terrain disturbed by recent faulting. The second province is
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Fig. 2. Bathymetric map of the western work area (see Fig. 1b for location) showing the locations of the

ANGUS and ALVIN traverses and the geologic relationships documented to exist along each traverse.

Rose diagrams to the left of the field area summarize the structural orientation data for the north wall,

transform valley floor and south wall and include data from ANGUS traverse 126. Depth in meters;
contour interval 100 m.
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Fig. 3. ANGUS traverse 126 across the transform valley; see Figure 1b for location and Figure 2 for a
key to the symbols used. Depth in meters; contour interval 100 m.
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composed of the transform valley walls that flank the zone of neotectonism and
that slope up and away from this zone over distances of several tens of kilometers.
The transform valley walls exhibit no evidence for recent tectonism and slope
morphology is presently controlled by sedimentation and slope decay.

3.1. THE AXIS OF MAXIMUM DEPTH: A ZONE OF TECTONISM

Almost all of ANGUS camera lowerings 122 and 125 and portions of 124 and 126
traverse along or across the tectonized zone providing approximately 60 km of
photographic data for this interval (Figures 2, 3). Most of these results are
concentrated along a 20 km long portion of the axis and it is clear from these data
that the fine-scale morphotectonic character of the terrain immediately flanking
the axis of maximum depth is defined by variable and complexly arranged
sedimented terrain. Surprisingly, not one outcrop and hardly any talus fragments of
the igneous rock are observed along any of the ANGUS profiles; instead the sea
floor is composed of a relatively smooth sediment interface that is undisrupted for
many kilometers (Figure 4a). The seafloor immediately flanking the axis of
maximum depth exhibits a gentle 10° slope. Superimposed upon this regional slope
are ridges and troughs with relief of a few meters to several meters that create a
hummocky outline in profile. The two-dimensional nature of the photographic
profiles does not define the shape or orientation of these undulating terrain
elements and it is difficult to determine whether or not these objects are arranged
systematically creating a distinctive grain to the microtopography along the axis of
maximum depth. The smooth sediment surface, however, that characterizes long
portions of the seafloor in this environment is frequently punctuated by narrow
intervals of rough, disrupted and heterogenous terrain elements that exhibit
evidence for rapid changes in slope gradient and orientation. Moreover, evidence
for slope modification in the form of fault scarps and/or active areas of mass
wasting are observed as well (Figures 2, 3, 4b—f) and these areas are characterized
by one or a number of closely spaced fault scarps that develop relief of several
centimeters to a few meters exposing semiconsolidated carbonate (Figure 4b-f).
A range of ages for these scarps is suggested because in some cases the scarp faces
are free of any suggestion of bioturbidation and the base of these faults are devoid
of debris (Figure 4b, c). At other localities small wedges of debris, in various
stages of development, accumulate along the base of faults and fault traces are
badly degraded by erosion, exhibiting a rounded rather than angular profile
(Figure 4d, f). Steep unstable slopes with relief of a few meters to at least several
meters are also observed at several locations (Figure 4e). The faces of these slopes
are incised by erosional rills, and well developed debris deposits blanket the sea
floor downslope from these steep sections.

These disturbed intervals are generally narrow and range from a few meters to
several hundred meters in width. The limited perspective provided by the
photographic cross sections makes it difficult to establish for certain the continuity
of any given fault trace or composite of fault traces along strike, but the relatively



Fig. 4. Photographs of the floor of the transform valley; see Figure 2 for locations. (A) A typical
photograph along the floor of transform — smooth undisrupted carbonate terrain (ANGUS photo;
lowering 124; time 02:10:00; depth 4220m). (B) A sequence of closely-spaced scarps several
centimeters high that cut semiconsolidated carbonate (ANGUS photo, lowering 122; time 04:34:56;
depth 3752 m). (C) A complex microtopographic environment where seafloor appears to plunge steeply
to left; slope is cut by several closely-spaced erosional furrows and scarplets (ANGUS photo, lowering
124; time 04:38:42; depth 4103 m). (D) A sequence of badly degraded scarplets in semiconsolidated
carbonate (ANGUS photo; lowering 125; time 01:20:50; depth 4130 m). (E) A steep slope that plunges
steeply exposing bedded carbonate (ANGUS photo; lowering 125; time 11:23:08; depth 4160 m). (F)
A relatively old, small scarp several centimeters high with a well-developed debris wedge at its base
that shows considerable bioturbidation (ANGUS photo; lowering 124; time 15:41:35; depth 3680 m).
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large concentration of photographic data in the primary work area makes it
possible to assess with some confidence the spatial distribution of these disturbed
intervals along a 20 km long portion of the axis of maximum depth. The zones of
neotectonism do not seem to be randomly positioned along this segment of the
transform, but rather these intervals closely flank (< 1.5 km) the axis of maximum
depth and, in some cases, tectonized terrain can be extrapolated with some
confidence along the strike of the transform axis from one closely spaced profile to
the next over distances of several kilometers. In plan view, the apparent fault
geometry appears to define a family of short strands of disruption that may
integrate spatially to create a braided pattern (Figure 2).

Although some of the intervals of faulting and slope modification can be traced
along the strike of the transform axis and appear to define a network of short
strands, the internal structural geometry developed within a given interval is
complex and variable (Figure 2). When traversing across a disturbed interval over
distances of a few tens of meters the orientation and facing direction of scarps can
change markedly and for those neotectonic zones that appear to be continuous
along strike there appears to be little similarity with respect to internal geometry:
the scale, orientation and facing direction of structures change over distances of
several hundred meters. The regional strike of the OT is WNW-ESE (100°) and a
rose diagram of all the fault traces and slope orientations observed along the
transform axis demonstrates that the fine scale structural fabric is complex but a
pattern does emerge with the majority of structures oriented sub-parallel with the
strike of the axis of maximum depth or 20° to 30° oblique to either side of the strike
of the transform axis (Figure 2). These kind of photographic data coupled with the
unstable nature of the sedimented terrain makes it difficult to rigorously document
fault kinematics and there are no definitive strain markers to suggest that these
faults have accommodated anything but dip-slip motion. In several areas, however,
mutually parallel fault traces are closely spaced creating a texture suggestive of
strike-slip deformation (Figure 4b, ¢).

3.2. TRANSFORM VALLEY WALLS

Our understanding of the processes that shape the evolution of the northern and
southern walls of the OT are based on the analysis of data obtained during ALVIN
dives (1017, 1018, 1019) and portions of three ANGUS lowerings (122, 124, 126).
Dives 1017 and 1018 along with some photographic data from ANGUS 122, 124,
and 126 are located along the south wall (Figures 2, 5, 7) while dive 1019 and
portions of ANGUS lowerings 124 and 126 are located along the northern valley
wall (Figures 2, 3, 5, 6).

The surface-ship wide-beam echo sounding data suggest that the transform walls
slope, in a monotonous fashion, down towards the axis of maximum depth. This
picture, however, represents only a first-order approximation and our traverse data
indicate that the valley walls, both north and south, are composed of two principal
terrain elements: terraces of variable width and scarps with variable relief. At
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lower elevations on the transform valley walls (3500 m to 2500 m), the terraces are
broad (500 m to greater than 1000 m) and their continuity is only infrequently
disrupted by scarps with modest relief (10 m or less). At higher elevations on the
walls of the transform (depths <2500 m) the width of the terraces diminishes
markedly (<500 m) and the frequency of scarps dramatically increases (Figures 5,
6). As a result of this systematic distribution, the spatial integration of the terraces
and steep intervals create staircase-like profiles that are asymmetric in cross
section: at lower elevations the terraces are broad and the rise between terraces is
small but at higher elevations the terraces are very narrow and the cumulative
relief of the numerous scarps is large.

The terrace surfaces are covered by a blanket of sediment of unknown thickness
and dip gently (5° to 15°) down towards the valley axis. Apart from the evidence of
extensive bioturbidation, the surfaces of these terraces are very smooth and are
covered with a thin (<2 cm) veneer of pteropod shells mixed with fine-grained
mocha-colored debris that is underlain by an off-white, coherent carbonate ooze.
Only occasionally is the remarkable along the across-strike continuity of the
terrace surfaces interrupted by isolated talus blocks that protrude through the
sediment (Figure 7a). It appears that these exotic blocks must have been in place
for a considerable length of time because they are uniformly covered with a
coating of manganese, they often provide the foundation for sessile organisms, and
the sea floor surrounding these blocks is often littered with sand-sized inorganic
debris spalled from rock surfaces. Furthermore, there are no skid marks apparent
in the sedimented surfaces upslope from the talus blocks to suggest a recent
downslope migration.

The monotony of the terraces is punctuated by steep intervals made up of either
scarps that expose the underlying basement rocks (Figure 7d-f) or precipitous
sedimentary slopes (30° to 60°) composed of a chaotic admixture of talus and
carbonate (Figure 7c). The infrequently encountered steep intervals at lower
elevations (depths greater than 2500 m) on the transform walls exhibit relief of
only a few to several meters and are not laterally continuous along strike for more
than several tens to a few hundreds of meters. The outcropping of basement along
these steep intervals is rare and scarps generally expose blocks of rock ranging
from cobble-sized fragments to large bolsters that are set in a semiconsolidated
matrix of fine-grained material (e.g., carbonate, inorganic sand). The faces of these
steep intervals have been degraded by mass wasting and are often deeply incised by
erosional gullies the axes of which are littered with gravel and sand-sized debris. In
addition, well developed aprons of debris fan out from these outcroppings and
stringers of dark inorganic material can be traced for tens of meters downslope
from these exposures.

At higher elevations (depths <2500 m) on the transform valley walls the scarps
are better developed and sections of semi-consolidated debris or bedrock (plutonic
or ultramafic rocks) are frequently exposed on near vertical (> 60°) slopes with
relief of a meter or less to tens of meters. Like the smaller scarps observed at
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Fig. 7. ALVIN photographs of localities along the transform valley walls; see Figure 2 for locations.
(A) Scattered talus blocks partially embedded in carbonate; sand-sized fragments of blocks litter area
around blocks (ALVIN dive 1019; W. S. F. Kidd hand held photograph; depth 2425 m). (B) Steep
escarpment exposing variably sized talus fragments set in a fine-grained matrix of carbonate and detrital
grains (ALVIN dive 1017; hull-mounted camera; time 13:24:29; depth 2695 m). (C) Outcrop of plu-
tonic rock cut by an anastomosing network of closely-spaced fractures (joints). Steep erosional chute
can just be observed in lower right corner (ALVIN dive 1017; hull-mounted camera; time 14:31:22;
depth 2601 m). (D) Outcrop of plutonic rock exhibiting very well defined joint pattern - moder-
ately dipping (to north) surfaces that give the rock a tabular shape and are cut by a near vertical, N-S
trending surface (ALVIN dive 1018; J. Karson, hand held photograph; time 16:28:15; depth 2276 m).
(E) Outcrop of plutonic rock cut by a series of closely-spaced, near vertical joints that strike NW-SE
(ALVIN dive 1018; hull-mounted photograph; time 18:20:00; depth 2032 m). (F) Degraded outcrop of
ultramafic rock exhibiting a well-defined foliation that strikes at approximately 220° with a sub-vertical
dip creating lozenge-shaped blocks (ALVIN dive 1019; W. S. F. Kidd hand held photograph; time
14:29:00; depth 2565 m).
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localities lower on the transform walls, these scarps have all been modified by
erosive processes. For distances of several tens of meters downslope from an
escarpment the sea floor is littered with debris. Individual scarp faces, independent
of the material exposed, are deeply incised by narrow, steeply dipping channels
that disrupt the along-strike continuity of the scarp and that cut back into the
transform wall. When bedrock is exposed, the escarpment morphology is markedly
controlled by joint sets that intersect in a variety of ways to isolate blocks of
different shapes. The outcroppings of ultramafic rock are characterized by curved
and irregular parting surfaces that intersect to create distinctive exposures of
rounded and lenticular blocks which in turn lead to the production of talus fragments
that are distinctly oblate (well developed on Dives 1017, 1019; Figure 7f).

In contrast to the rounded exposures of ultramafic rock, the integrity of outcrops
composed of plutonic rock is often disrupted by one or more sets of planar joints
(Figure 7d-e) that produce outcrops with angular facets. At a number of localities
along the south wall many of the plutonic rock outcrops are defined by planar
transform-parallel faces that are disrupted by a closely-spaced joint set with a
strike approximately E-W and a dip to the north of 40° to 60°. Large tabular
blocks of talus are found at the base of these plutonic rock outcrops and thin slabs
of rock are observed to be separating away from these escarpment faces along
joint surfaces parallel to the face (Figure 7d). At other localities the intersection of
two or more joint sets in plutonic terrain contributes to create even more
complexly shaped outcrop patterns and talus blocks. At some outcrops, joint sets
that strike approximately N-S and that exhibit a variety of dips (vertical, steeply
dipping to either the E or W) along with the frequently observed E-W striking
joint systems intersect to produce triangular promontories (Figure 7e). Oddly-
shaped rhombohedral, rectangular and triangular shaped blocks of plutonic rock
found as talus at the base of escarpments attest to the importance of the
development of these joint systems in the control of scarp evolution (Figure 7¢). In
general terms, the joint systems are variable and spatially heterogeneous with joint
character, distribution, and orientation changing radically over a distance of a few
tens of meters across one escarpment or from one closely spaced outcrop to
another. Although joint surfaces are generally planar, some are observed to
anastomose and outline blocks of various dimensions (Figure 7c, e).

The escarpments observed along the north and south walls of the transform
valley are notable in that they all face the transform axis, individually they generate
relief of no more than a few tens of meters, they are best developed at localities
positioned high on the valley walls, and their recent history has been determined by
the processes associated with slope decay and not slope generation. In fact, there
is no evidence along any of the towed camera or submersible traverses to suggest
that recent and on going faulting is important in shaping the morphology of these
portions of the transform valley walls. The rock outcrops are all painted with a
veneer of Mn and are often covered with sessile organisms. Sediments are ob-
served to abut, in an undisrupted fashion, against the foot of the rock escarpments
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indicating that there has been little or no recent relative motion. Furthermore, the
smooth sedimented surfaces of the terraces are undisrupted and these gently-
dipping planar surfaces indicate that significant differential motion in the underly-
ing basement cannot be accommodated. Finally, although abundant scattered talus
blocks along terrace surfaces attest to the effectiveness of mass wasting processes
in this environment, the relationships observed along our traverses suggest that
even the mass wasting processes are now proceeding at a relatively slow rate. Talus
blocks that litter the sea floor at the base of escarpments, or that are scattered
across the surface of some terraces, are observed to be deeply inbedded in the
surrounding sediment and there are no fresh scars, grooves or marks in the
sediment surfaces proximal to outcrops to suggest the recent passage of a talus
block. The well developed sedimented terraces, devoid of basement outcrops, and
the exposure of semi-consolidated talus on steep escarpments, argue persuasively
that mass wasting processes have been very effective in the past but, at present, the
rate of mass wasting appears to have slowed and is characterized by infrequent
events that are punctuated by relatively long periods of slope stability.

The apparent antiquity of the scarps and obvious effectiveness of mass wasting
processes in the shaping of escarpment morphology makes it difficult to establish
the structural fabric that initially created the outcrop geometry. The escarpments
which expose consolidated debris have certainly been modified by erosion and it is
not clear whether these exposures are originally the product of faulting with a
dip-slip component of motion or whether these escarpments are largely con-
structional representing the steep front of an advancing wedge of debris shed from
source terrain higher up the slope. As a first approximation, however, we have
assumed that even if these escarpments of debris are constructional, their observed
orientation should approximately mimic the overall strike of the source terrain.
There is also an ambiguity about the original orientation of the bedrock-exposing
escarpments because the morphologies of these bedrock exposures are largely
controlled by the interplay between a spatially variable system of joints and slope
decay. As a consequence, important structural information has long since been lost
and it is not surprising that slickensides or other indicators of fault motion are not
observed. Given these ambiguities, detailed structural analyses are precluded but a
rose diagram of the orientation of all the escarpments observed on the north and
south walls have been compiled and the strongest structural signal recognized is
approximately parallel to the regional bathymetric contours (Figure 2). At the very
least, faults must have originally been responsible for the creation of the scarps
exposing plutonic and ultramafic rocks and these faults must have accommodated at
Jeast a component of dip-slip motion to create the observed relief. Although hard
to detect in the face of the slope modifications caused by mass wasting, there is no
evidence to suggest a component of strike-slip relative motion on these faults (i.e.,
rock promontories and intervening gullies that strike at a high angle to the trend of
the transform are not offset).

Observations made during Dives 1019 (north wall) and 1018 (south wall) show
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that near the crest of the transform walls the topographic gradients decrease
markedly (Figures 5b, 6). At a depth of approximately 2400 m on the north wall
the sea floor gradients become very gentle (<5°) and an unbroken blanket of
sediment dominates the seascape. During Dive 1019, after traversing a few
hundred meters of this monotonous terrain, with no targets indentified on the sonar
system, the submersible turned back to the south to investigate escarpments lower
on the transform wall. On Dive 1018, at depths less than 2000 m, the bedrock-
exposing escarpments of the south wall give way to steep slopes of consolidated
talus which in turn give way to broad carbonate covered platforms that are ribbed
by N-S§ trending ridges. These ridges are only about 10 m high with slopes that dip
gently (10°) to the east and west and are covered with a semi-consolidated
admixture of carbonate and Mn-encrusted rock. The rock fragments have a
characteristic semi-circular shape in profile and exhibit a distinctive radial parting.
These properties are diagnostic of rubble produced by the fragmentation of pillow
lavas and we suggest that these N-S ridges are volcanic ridges that have essentially
weathered in place and are mantled by a basalt-carbonate breccia. The advanced
state of consolidation makes it difficult to sample this terrain but one sample of
basalt (Dive 1018, Sta. 8) from such a locality supports this interpretation.

During the three ALVIN traverses up the north and south walls of the transform
semi-consolidated carbonates as well as basaltic, plutonic, and ultramafic rocks
were recovered from outcrops. The semi-consolidated carbonates were exclusive-
ly recovered from outcrops along the north wall. These rocks are composed of
a mixture of very poorly preserved nannofossils that have been broken, dissolved or
overgrown, and that are set in a matrix of recrystallized carbonate. The preser-
vation of some discoasters permit the identification of Ceratolithus actus in two
chalks (1019-5, 1019-13) suggesting that these rocks could be as old as lowermost
Pliocene. A third chalk contained discoasters of the genus Amaurolithus indicating
a faunal assemblage of uppermost Miocene age. The chalks were all burrowed and
the fillings contain Late Pleistocene assemblages (M. Aubry, pers. com-
munication).

Samples of basalts were recovered from accumulations of talus at four localities
along the south wall of the transform and from one outcrop at the crest of the
south wall during Dive 1018. The samples are vesicular with phenocrysts of
plagioclase and olivine set in a microcrystalline groundmass composed mainly of
clinopyroxene and plagioclase with lesser iron ores. The samples are devoid of
fresh glass but all mineral phases are clear and unaltered with the exception of
olivine which is often surrounded by iddingsite. In terms of petrography, these
basaltic rocks are similar to basalts recovered by dredging from localities along the
south wall of the OT (Shibata and Fox, 1975).

A suite of 12 plutonic rocks were recovered from 10 localities along the
southern wall during Dives 1017 and 1018. These plutonic rocks are divisible, on
the basis of mineral chemistry, whole rock chemistry and petrography into two
major groups (OTTER, in prep.). The first group consists of two-pyroxene
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ferrogabbros in which the dominant minerals are orthopyroxene, clinopyroxene,
plagioclase (An 39-18), magnetite and ilmenite. Additionally, two samples contain
minor olivine. Accessory phases are apatite, hornblende, biotite, quartz and zircon
(rarely). Although cumulate textures are not observed within this group of
samples, whole-rock abundances of Zr (<90 ppm) and other incompatible trace
elements indicate that these rocks are clearly accumulative in origin. These
accumulative rocks, because of their highly differentiated mineral compositions,
are interpreted to have formed by the crystallization of ferrobasaltic to quartz
dioritic liquids.

The other group of plutonic rocks are diorites and quartz diorites, in which the
dominant minerals are orthopyroxene, clinopyroxene, plagioclase (An 39-18),
magnetite, ilmenite, amphibole, quartz, apatite and zircon. These rocks are all
fine-grained and holocrystalline. Texturally, these rocks are aphyric and do not
appear to be accumulative. Their high silica (52.3 to 64.7 wt.%) and Zr (200 to
650 ppm) contents suggest that, unlike the two-pyroxene gabbros noted above,
these rocks appear to be the crystalline equivalent of liquid compositions. The
present data suggests that diorite and quartz-diorite liquids, similar in composition
to these holocrystalline rocks, represent the types of magmas from which the
two-pyroxene gabbros noted above have formed by crystallization and ac-
cumulation.

Ultramafic rocks were collected at eight localities along the north wall and at
four localities along the south wall. Harzburgites and lherzolites outcrop on both
the north and south walls and all samples have been variably serpentinized
exhibiting tectonite textures. The lherzolites are characterized by relic olivine,
orthopyroxene, clinopyroxene and spinel grains set in a matrix of foliated
serpentine minerals and secondary magnetite. The harzburgites are composed of
large relic grains of orthopyroxene and minor spinel set in a matrix of serpentinite
minerals and secondary magnetite. Many of the samples exhibit a well defined
foliation and have been highly tectonized with pyroxene crystals deformed,
fractured and recrystallized.

4. Discussion: A Geologic Model of the Transform Valley

During the last several million years the time averaged opening rate for the ridge
axes north and south of the OT, as constrained by the age of diagnostic magnetic
anomalies, is approximately 23 mm/yr™' (Fox et al., 1969; Pitman and Talwani,
1972; Le Douaran et al., 1982). The orientation of the slip-vector for North
America/Africa in this area is not uniquely constrained but first motion studies of
well determined earthquakes along the OT (Sykes, 1967; Udias et al., 1976),
solutions to the fit of magnetic anomaly pairs in the FAMOUS area to the north
(Macdonald, 1977), a global synthesis of plate kinematic data (Minster and
Jordan, 1978), as well as the orientation of the morphotectonic grain of the
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Oceanographer Transform indicate that the slip-vector should have an E-W to
WNW-ESE orientation.

This regional kinematic prespective provides important information about the
first-order tectonic framework of this large-offset slowly-slipping transform but
does not identify the individual tectonic elements within and along the transform
domain and does not resolve how these tectonic components integrate spatially
and temporally to create the first-order morphotectonic fabric of the transform
boundary. The relief from the axis of the OT to the crest of the valley walls is
greater than 2000 m, the regional gradients of the walls are 10° to 20°, and the
cross-strike width of the valley is approximately 20 km. It is not clear from a
regional kinematic perspective where the slip is located, how the slip is manifest at
shallow levels, and what structures are responsible for the distinctive mor-
photectonic fabric of the transform domain. Approximately 100 km of submersible
and deep-towed camera data provide new constraints on the fine-scale structure of
the OT and document that two contrasting structural environments characterize
the transform valley. Lying along the axis of maximum depth is an apparently
braided network of recent fault scarps that disrupt the smooth sediment interface
and that represents the plate boundary. This axial swath of on going tectonism is
narrow and is flanked by the tectonically passive transform valley walls that have a
staircase-like profile and that exhibit no evidence suggestive of recent faulting.

4.1. THE AXIS OF MAXIMUM DEPTH: THE TRANSFORM FAULT ZONE

The intervals of recent scarp development across the transform valley floor create
narrow (a few tens of meters to a few hundreds of meters wide) strands of
tectonized sediment and these intervals are characterized by one or more of the
following: abrupt changes of relief on the scale of meters to several meters,
disruption of the sediment surface by the development of near vertical scarps
(often closely spaced with relief of a meter or less) and steep slopes exhibiting
evidence of recent and on going erosion (Figure 4). These structures integrate
spatially to produce an anastomosing network of discontinuous strands of recent
deformation (Figures 2, 8) that we interpret to represent the surficial expression of
the slip that is taking place between the North American and African plates along
this transform constituting a belt of neotectonism within the transform domain. We
term this tectonic environment, following the terminology introduced by
Tchalenko and Ambraseys {(1970) and ARCYANA (1975), the transform fault
zone (TFZ). Along the 25 km long segment of the transform that we investigated,
the TFZ appears to be less than 4 km wide and centered around the axis of
maximum depth.

All of the observed fault traces within the TFZ cut carbonate-rich, semi-
consolidated ooze, accommodate at least a component of vertical motion creating
relief of less than 1 meter, and must be relatively recent in origin because the
fault-generated scarps are not easily preserved in the face of biodegradation and
mass wasting. Although all the fault traces are relatively recent, a range of ages is
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Fig. 8. A predictive model of the structural geometry that characterizes the central portion of the
transform valley of the Oceanographer Transform. The majority of the strike-slip moiion is taken up
along and within a narrow belt (<4 km) of terrain that is centered around the axis of maximum depth
and that is cut by a braided network of short, recently active fault strands of variable age and
orientation - the transform fault zone (TFZ). The geometry within the TFZ is likely to be complex and
continually evolving but, at any given time, it is likely that most of the slip will be taken up on a small
number of faults that link along-strike to form a through-going strand - the principal transform
displacement zone (PTDZ — Tchalenko and Ambraseys, 1970; ARCYANA, 1975). In response to
changes in the rheology of rock bodies distributed along the transform, the development of asperities
along the fault strands, and changes in relative plate motion, the location of the TFZ may migrate in time
and space creating a swath of tectonized terrain.

suggested because some fault traces are sharp and angular in appearance whereas
others have been badly modified by degradation. The limitations of our data
precludes the definition of how these fault traces of different ages spatially
interrelate. In the absence of definitive kinematic constraints for our field area, we
use the fine-scale structural relationships documented to be characteristic of
continental shear zones (e.g., Warne, 1955; Kingma, 1958; Skempton, 1966;
Tchalenko and Ambraseys, 1970) as well as the structural geometry documented
for the TFZ in Transform A (Choukroune et al., 1978) as viable analogues for the
kinematics of the TFZ in the Oceanographer. Based on these results, we suggest
that one of the strands of deformed terrain within the portion of the TFZ
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investigated is likely to be through-going and represents a single narrow fault zone
no more than a few hundred meters wide along which the major part of the present
day ground movements are concentrated (Figure 8). This particular interval of
most recent tectonism would represent the principal transform displacement zone
(PTDZ). The state of stress within continental shear zones is known to be highly
variable both spatially and temporally (e.g., Tchalenko and Ambraseys, 1970) and,
as a consequence, the location of the PTDZ and the along-strike and across-strike
geometry of the shear zones that comprise the PTDZ are not fixed in time.
Although the actual geometry and kinematic history of the deformed strands of
various ages within the TFZ of the Oceanographer cannot be resolved until more
high-resolution data at a regional scale are obtained (i.e., deep-towed side-scan
sonar data), we suggest that these multiple strands that comprise the TFZ reflect
the complex and evolving state of strain that characterizes the transform interface.

It is notable that the fault strands do not expose one outcrop of
basement or talus along or across the TFZ. The TFZ in the area studied lies along
the axis of maximum depth and, therefore, is located along a linear depositional
zone for debris shed from the high terrain of the flanking valley walls. This debris
must have two primary components — an inorganic component representing debris
shed from exposures of basement and a biogenic component largely composed of
pelagic carbonate that rains down on this part of the North Atlantic sea floor at
rates of 10 to 20 m per million years. In the area studied, the age of the seafloor on
either side of the transform is approximately 5 my and the terrain at the plate edges
has been evolving for this period of time indicating that by this age in the evolution
of the transform enough debris has been deposited along the axis to cover
essentially all of the original basement relief. Our data provides little information
about the thickness of this sedimentary fill but 3.5 kHz records indicate that the
sedimentary blanket is nearly continuous along the transform axis and that
thicknesses are at least several tens of meters (Keith et al., in prep.). Single
channel seismic reflection profile data, although hard to interpret because of the
strong and obscuring side echoes, suggest sedimentary thicknesses in some areas in
excess of 100 m (Schroeder, 1977; Fox et al., in prep.). The surprising lack of talus
on the sea bed or on exposed scarps along this portion of the TFZ support the
notion that the most recent (last million years) depositional phase along the TFZ
has been dominated by the accumulation of carbonate and that talus shed from
distal outcrops up on the transform walls is trapped on the broad sedimented lower
slopes of the transform valley walls that flank the axis of maximum depth. Given
the apparent high rates (tens of meters per million years) of sediment accumulation
along the axis of the transform valley and the unstable nature of the semi-
consolidated sedimentary fill, it is not surprising that only the most recent evidence
for tectonism is observed. It is difficult for an older time-integrated structural
fabric to develop in the sedimentary overburden because rates of slope decay
(slope collapse) are relatively fast relative to the rates of slope generation
(faulting).
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None of the fault traces that comprise the TFZ exhibit geometric relationships
that unequivocally document a component of strike-slip motion. In fact, some fault
traces could not have accommodated a significant strike-slip component of mo-
tion because these faults define sinuous and undeformed traces. Several of the
neotectonic zones, however, are characterized by sharply defined and straight
scarp faces (Figure 4b, c, f) that, in the absence of definitive strain markers to the
contrary, could have accommodated a strike-slip component of motion. At several
localities, a cluster of mutually parallel scarps occur together in a closely-spaced
(several meters to a few tens of meters) assemblage creating a distinctly
pronounced lineated grain to the seafloor (Figure 4b, ¢) suggestive of a fabric that
could be the product of strike-slip faulting.

The majority of the structures within the TFZ have orientations that are
sub-parallel to the overall strike of the transform (090°-100°) or £30° oblique to
this trend. There is a secondary orientation maximum of structures between 150°
and 160°. Given the ambiguities (i.e., difficult to rigorously fix the fault trace
orientation; rapid slope decay obscures important structural details) inherent in
interpreting these deep-towed photographic data, detailed structural inter-
pretations are not warranted. This caveat not withstanding, the first motion
solutions of earthquakes along this transform persuasively argues that left lateral
strike-slip motion must be accommodated along this plate boundary (Sykes, 1967;
Udias et al., 1976) and it is instructive to interpret these fault-scarp orientation
data in the light of what is known about the deformation of material in large,
well-studied continental shear zones (i.e., Tchalenko and Ambraseys, 1970;
Wilcox et al., 1973).

As a first approximation, we assume that simple shear deformation, oriented at
100°, with a left-lateral component of relative motion is the cause of the fault
pattern recognized within the TFZ of the Oceanographer at this locality. The
structural analysis of faults produced in semi-consolidated sediments along pres-
ently active continental strike-slip fault zones (Tchalenko and Ambraseys, 1970;
Wilcox et al., 1973) indicate that strike-slip motion is accommodated by the
development of shears with different but characteristic orientations (Cloos, 1928;
Riedel, 1929; Tchalenko, 1970). Typically, shears form that are oriented 10° to
20° to the shear direction with the acute angle pointing along the relative
movement (R shears) and shears form that are inclined at a steep angle (60° to 70°)
to the direction of movement (R’ shears). In kinematic terms, R and R’ zones of
shear cannot sustain large displacements parallel to the direction of shearing and
strain is accommodated by the formation of crosscutting shears (P shears) that are
oriented in a direction approximately opposite to the R shears. For sustained strain
the R and P shears link up and significant strike-slip displacements are accom-
modated. The majority of the fault scarps that we define along the TFZ have
orientations subparallel (£30°) to the assumed regional slip vector for this portion
of the OT and could, therefore, represent traces of R and P shears. The fault
traces with orientations of 150° to 160° may reflect compressional structures that
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formed either as a result of simple shear or as a result of local stresses due to the
along-strike linking of R and P shears.

We suggest that the location of the TFZ along the axis of maximum depth is not
fortuitous but a direct consequence of the rheology of a large-offset slowly-
slipping RTR plate boundary (Fox and Gallo, 1984). Our field experiment
straddles the center of the OT and, given the 120 km offset of the plate boundary
and the spreading rate for this area (12mmyr™' half rate), the transform
juxtaposes lithosphere that is approximately 5 my old. For oceanic lithosphere of
this age the thickness of the lithosphere should be approximately 20 km thick (e.g.,
Parker and Oldenburg, 1973) and the strains associated with strike-slip tectonism
will be focused along a relatively narrow crush zone located at the edges of the
opposing plates.

4.2. THE TRANSFORM VALLEY WALLS

The inward facing walls of the OT exhibit regional slopes of 20° and create relief
ranging from 2000 to 3000 m. This relief is clearly not the product of dip-slip
motion on a few large throw faults, but rather the integration of the relief
generated on a large number of small throw faults with a relatively small
component of dip-slip motion (< 100 m, Figure 9). From those scarps sampled
along the north wall ultramafic rocks and semi-consolidated carbonate, some of
which is Miocene in age, are routinely sampled. Along the south wall escarpments,
gabbros and diorites are the only rock type recovered in situ but ultramafic,
gabbroic and, to a lesser extent, basaltic rocks are all recovered from exposures of
talus. The fault scarps are oriented paralle! to the regional morphotectonic trends
defined by surface ship bathymetry. Terraces of variable width separate the fault
traces giving the transform valley walls a distinctive staircase-like architecture in
profile with the opposing edges of oceanic lithosphere stepping down towards the
TFZ. Debris generated by erosion of material exposed on faults traces along with
remobilized carbonate is shed from high terrain producing debris fans that cover
small-relief scarps and flat-lying bedrock creating sedimented terraces (Figure 9).
At the lower levels of the transform valley the accumulation of sediments has been
so substantial that broad, continuous and monotonous sedimented slopes dominate
the seascape. The sediments that blanket much of the transform valley slopes are
an effective strain marker and our in situ data document that these sedimented
surfaces are smooth and undisrupted indicating that there is little recent differen-
tial motion between the fault bounded blocks that step the lithosphere down to the
axis of maximum depth.

These field relationships that characterize the central portion of the OT place
important constraints on our understanding of the shallow-level crustal structure of
the transform walls and of the processes that shape the morphotectonic character
of the transform walls. We interpret the routine recovery of gabbroic, ultramafic
and dioritic rocks on small throw faults located high up on the walls of the
transform valley to indicate that the oceanic crust must be thin and, in places,
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discontinuous. Our sampling density is not sufficiently large to elucidate details
but a few clues as to the distribution of crustal lithologies emerge and are
worth mentioning. The traverse up the north wall of the transform valley (Dive
1019) recovered only partially serpentinized ultramafic rocks at outcrops and from
accumulations of talus. This rather monotonous distribution of rock over a
distance of 2500 m suggests that in this area a basaltic crust comprised of basalt
and gabbro is largely absent. In contrast, along the two traverses up the south wall
(Dives 1017, 1018) plutonic rock, with varied compositions, textures, metamor-
phic effects and strain histories, was the only rock type recovered in situ but the
range of rock types recovered from talus is very diverse (basaltic, gabbroic and
ultramafic rocks) indicating that the distribution of rocks in this area is very
heterogenous. Although rigorous sampling programs must be implemented to
define the vertical and lateral distribution of major rock types across and along
transform valleys, it seems clear from this exploratory investigation that this
tectonic environment is characterized by a complex arrangement of igneous units
that vary at a scale of hundreds of meters to a few thousand meters. The contact
between units are likely to be steeply dipping and defined by faults or by an
intrusive interface caused by the diapiric rise of serpentinite.

These sampling results support the prediction, based on a compilation of
dredging results, of Francheteau et al. (1976) that the crust associated with
slowly-slipping RTR plate boundaries is likely to be anomalous in terms of crustal
thickness. This apparent thin crustal assemblage must be a characteristic created
during or shortly after the creation of oceanic lithosphere because in situ sampling
of young oceanic lithosphere (<1.5 my) by submersible ALVIN at or proximal to
three slowly-slipping ridge-transform intersections (Mid Cayman Rise-CAY-
TROUGH, 1979; Stroup and Fox, 1981; Kane Transform-Karson and Dick,
1983; and Oceanographer Transform-OTTER, 1984), show that a varied assem-
blage of gabbroic and/or ultramafic rocks are frequently recovered from small
throw, dip-slip faults that occur along the walls of the rift valley. These in-
vestigators conclude that the oceanic crust created at this type of plate boundary is
anomalously thin (<1 km) and that this thin assemblage of basalts and gabbros is
subsequently disrupted and dismembered by faulting and mass wasting on the walls
of the rift valley. The crustal structure is further complicated when faults
penetrate the thin crustal carapace creating permeable pathways along which
water travels hydrating the underlying upper mantle rocks. Serpentinized bodies
then rise diapirically through the thin crust mixing altered upper mantle rocks with
crustal components along steep intrusive contacts. This model for heterogeneous
crustal structure created at slowly slipping ridge-transform intersections predicts
that a similar complex crustal structure should be observed along the transform
valley walls of a slowly slipping transform (Figure 9).

The oceanic lithosphere exposed on the opposing transform valley walls
investigated during our exploration of the OT is about the same age. Therefore,
the morphologic relationships documented along the walls investigated will be the
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integrated product of a range of processes (e.g., faulting, mass wasting, volcanism,
diapirism) that have operated in space and time since the creation of these portions
of the plate boundary 5 my ago. The badly degraded rock scarps, and the existence
of wide sedimented terraces attest to the effectiveness of mass wasting during the
earlier history of this terrain. There is no evidence for recent faulting along the
existing bedrock exposures or across the sedimented terraces suggesting that there
is little or no differential motion between blocks along the walls. It is apparent that
even the processes of slope decay and modification was not as vigorous today as in
the past because there are no expressions of recent slope decay (i.c., fresh talus,
skid markings in sediment). The scarps that expose bedrock must have been
originally created by faulting that accommodated at least a component of dip-slip
motion. Whether or not these faults ever accommodated significant amounts of
strike-slip motion cannot be established from our data but we suspect, following
the results of Karson and Dick (1983) and OTTER (1984), that little differential
strike-slip motion has been accommodated on these scarps.

Given these relationships, we propose that the great relief and distinctive
morphology of the transform walls have little to do with the strike-slip faulting that
is the tectonic signature of transform faults. Rather, the rapid increase in depth of
the sea floor as the transform boundary is approached, creating the transform
valley walls, reflects profound changes in the properties of the underlying
lithosphere caused by the juxtaposition of a thick edge of lithosphere against an
accreting plate boundary at a ridge-transform intersection (Fox and Gallo, 1984).
Over distances of 10 to 20km, as the transform boundary is approached, the
magmatic budget will diminish continuously because melt generation processes in
the rising wedge of asthenosphere will be attenuated by lower temperatures, higher
viscosities and perturbations in flow. In turn, these effects will lead to the
emplacement of a thin crust and a heterogeneous upper mantle comprised of
undepleted and depleted peridotites as well as trapped basaltic melt. The increase
in depth of the sea floor towards the transform boundary reflects an isostatic
response of the lithosphere to a thinned crust, a marked change in mass
distribution in the upper mantle, and an overall thickening of the lithosphere. Our
data suggests that this isostatically driven deepening of the oceanic lithosphere
proximal to the OT is accommodated by the development of numerous dip-slip
faults that step the sea floor down to the transform boundary. These faults are
generated when the lithosphere is young (<2my; Karson and Dick, 1983;
OTTER, 1984) and, after generation, these faults accommodate little differential
motion except local uplift caused by the diapiric rise of hydrated upper mantle
rocks and subsidence associated with lithospheric aging (DeLong et al., 1979).

The model outlined above is largely based on the in situ sampling results made
by submersible ALVIN at a number of localities in or proximal to RTR plate
boundaries (CAYTROUGH, 1978; Stroup and Fox, 1981; Karson and Dick,
1983; OTTER, 1984), that establish profound small-scale heterogeneity and
compositional variability of the rock types composing the fracture zone environ-
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ment. These results cannot be considered anomalous because carefully constrained
seismic refraction experiments have also been carried in the last several years
along fracture zones and show that velocity structure of RTR plate boundaries at a
regional scale is anomalous (Detrick and Purdy, 1980; White and Mathews, 1980;
Detrick et al., 1982; Sinha and Louden, 1983; Cormier et al., 1984). These results
document that the seismically determined crustal structure of several slowly
slipping fracture zones is anomalous when compared to normal oceanic crust with
crustal structure varying markedly both along and across strike. Of particular
interest are the results of a refraction experiment carried out in an around the
Oceanographer Fracture Zone (Sinha and Louden, 1983). These results show that
the axis of the fracture zone is characterized by crust that is typically only 3-4 km
thick with thickness ranging between 1 and 5 km. At shallow crustal levels along the
fracture zone valley the crustal velocities are low and the velocity gradients are very
steep indicative of increased porosity due to fracturing. Furthermore, some degree
of crustal thinning is recognized as the fracture zone is approached. These seismic
refraction results, which determine the velocity structure of the crust on a scale of
thousands of meters, establish that the compositional and structural complexities
occurring on a small scale integrate in a non-systematic way to create an
anomalous and variable velocity structure.

The seismically-constrained crustal velocity structure for the slowly slipping
OT, however, cannot be easily translated into a geologic model for a number of
reasons: a wide range of igneous and metamorphic rocks are known to be exposed
on the walls of the OT (Fox et al., 1976; this study); these rock types are
distributed at scales generally much less than the seismic scale; the laboratory
determined velocities of representative samples recovered from the OT indicate
that, under appropriate confining pressures, a diverse range of rock types can
satisfy a given crustal velocity interval (Fox et al., 1976); and the contacts between
rock bodies, caused by intrusion or faulting, are likely to be steep. Therefore, the
seismically determined velocity structure represents an averaging of these docu-
mented small-scale heterogeneities. Moreover, the geologic significance of seis-
mically determined thin crust cannot be uniquely determined because any one of
three significantly different geologic environments could be responsible for the
development of seismic Moho. The seismic boundary between mantle velocities
(>8.0kmsec™) and crustal velocities (<7.5 km sec™") could signify the contact
between an overlying cumulate magnetic sequence, dominated by cumulate
gabbros and lesser amounts of cumulate ultramafics, with the underlying residual
ultramafic rocks (tectonized harzburgites) from which the overlying magmatic
sequence was extracted (Fox et al., 1973; Christensen and Salisbury, 1975; Karson
etal., 1984). Second, instead of representing the boundary between magmatic and
residual rocks, Moho could be defined by the transition within the basal cumulate
sequence from gabbroic rocks downwards into a sequence of cumulate ultramafic
rocks (e.g., dunite, pyroxenites; Casey et al., 1981; Karson et al., 1984). Third,
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Moho in and proximal to the fracture zone could represent the depth to which
water has penetrated into ultramafic terrain and signify the contact between the
overlying serpentinized rocks and the underlying unhydrated upper mantle (Fox et
al., 1976; Detrick et al., 1983; Sinha and Louden, 1983). Indeed, all three contacts
are likely to be developed proximal to slowly slipping RTR plate boundaries for a
number of environmental reasons: smaller volumes of melt are likely to be
produced proximal to the cold truncating edge of the transform creating a thin
magmatic crust (Fox and Gallo, 1984; Bender et al., 1984; Langmuir and Bender,
1984); greater degrees of fractionation may occur in small shallow level magma
reservoirs creating thick sequences of cumulate ultramafic rocks (Karson and
Dewey, 1978; Karson, 1984); and, finally, the thin or nonexistent crust allows water
to penetrate into basal ultramafics creating a front of serpentinization (Fox et al.,
1976; Detrick et al., 1983, Sinha and Louden, 1983).

5. Concluding Remarks

The geologic model outlined in Section 4 and shown in Figures 8 and 9 proposes
that the distribution of rock bodies within the crust and upper mantle proximal to a
slowly slipping RTR plate boundary is exceedingly complex and that the transform
domain of a RTR plate boundary is composed of two tectonic environments. First,
there is that relatively narrow portion of the transform domain that has been the
locus of strike-slip tectonism. We suggest that for any given time interval the
strike-slip zone will be characterized by a family of anastomosing fault strands
(TFZ, Figures 8, 9). The TFZ is narrow (<4 km) and is centered along the axis of
maximum depth. Instantaneously, it is likely that the TFZ may contain a single
through-going strand along which most of the slip is concentrated (PTDZ; Figures
8,9). Because of asperities in fault geometry, rheological differences in rock types,
and changes in the pole of relative motion, we propose that the fault geometry of
the TFZ will migrate in time and space creating a swath of tectonized terrain. The
second tectonic environment is defined by the relatively broad flanks of transform
domain that lie to each side of the TFZ creating the inward facing walls of the
transform valley. Our data indicate that the several thousand meters of relief
created by these walls are the integrated product of a large number of inward fac-
ing scarps that accommodate dip-slip motion and, apparently, accommodate little
or no strike-slip motion (Figures 8, 9). A diverse range of plutonic and ultramafic
rocks outcrop on these scarps suggesting that the crust is thin and/or dis-
continuous. We suggest that this complex igneous assemblage is the product of
anomalous accretionary processes that are characteristic of slowly-slipping RTR
plate boundaries (Fox et al., 1980; Stroup and Fox, 1981; Sinha and Louden, 1983;
Karson and Dick, 1983; Fox and Gallo, 1984; OTTER, 1984; White, 1984). The
great relief associated with this portion of the transform domain reflects major
changes in the distribution of mass within the upper portions of the lithosphere as
the transform boundary is approached.
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