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Fig. 3. Details of TOBI sonographs with interpretation. Bright surfaces face towards the instrument track. An
overlapping pair of axial valley-wall normal faults, linked by a set of fine, small connecting splay faults, widen
to form a large valley-wall fault at the discontinuity at 24°22'N.

at this point, with dips of about 18°. The vertical
throw of this fault is at least 1.25 km, and is thus
likely to expose sheeted dykes at the base of the
scarp. Dolerite rocks, altered to greenschist
facies conditions, were indeed recovered on
Dredge CD57-22D.

North of 24°22’N, the valley broadens into a
zone of oblique extension. There is an apparent
reduction on the throw of the faults in this
region, perhaps because faults to the east, in the
region of oblique extension, continue to be
active.
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Strain measurements

We have attempted to quantify the variation of
the throw of the valley-wall faults along the axis
by estimating the horizontal strain accommo-
dated by the faults. Because the tilting of the
faults is minimal, this can be estimated from the
width of the faults observed on the Seabeam
bathymetry, measured parallel to the plate
separation vector (097°), over 20km on each
side of the axis. The width of the fault scarps is
likely to be somewhat greater than the horizon-
tal throw of the faults, because of erosion and
the development of talus fans at the base of the
faults, and because the technique does not
account for back-tilting, so the measurement of
strain will be something of an overestimate. It
does, however, give a relative measurement of
differences in faulting style along the axis.

At the segment centres the horizontal strains
are approximately 20% (Fig. 8). The strains rise
rapidly towards the segment ends, to values
around 40% . The drop in strain to values <10%
in the northern part of the second segment may
reflect a broader region of deformation in the
oblique offset zone, not included in our strain
estimate. It may also reflect a shorter period of
extension, consistent with the propagation of the
second segment into old lithosphere.

The cumulative vertical component of fauit
displacement can be estimated from the height
of the valley wall above the valley floor. This
corresponds quite closely with the estimate of
horizontal strain which we would expect if both
are the result of normal faulting on faults with
similar dips.

Discussion

The centre of the first segment is high, and the
valley walls are symmetric, with multiple,
relatively small-throw faults. Towards the ends
of the segments the throws of the faults increase,
and the asymmetry of the valley walls becomes
more pronounced, with a single, major fault on
the eastern side. This segment is essentially
similar to the ‘typical’ MAR segment described
by Shaw (1992), although he did not emphasis
the asymmetry of the system.

In the second segment, the valley shallows

slightly, to about 4000m. Faulting remains
dominantly asymmetric, with a large eastern
valley-wall fault. The throw on the valley-wall
fault decreases towards the segment centre. The
geometry of the segment is quite different to the
first segment, as it does not develop a symmetric
graben at the centre, but remains asymmetric
throughout. The valley floor is generally lower,
and neovolcanic activity has produced the robust
axial volcanic ridge which stands out above the
valley floor.

There is a strong correlation between the
bathymetry of the axial valley, the horizontal
strain on the valley-wall faults and the height of
the valley wall above the valley floor (Fig. 8).
This suggests that the bathymetric variation may
be at least partially the consequence of litho-
spheric stretching and thinning. The low strain
encountered at the segment centres and the high
strains at segment ends is consistent with the
magma budget concept (e.g. Harper 1985). The
axial valley faults at the segment ends have
accrued about 10km of extension, compared to
about 4km at the narrowgate. Presumably the
difference between these cumulative extensions
was taken up by greater accretion in the segment
centre.

The differences in tectonic extension along
the axis would produce crustal thinning at the
segment end relative to the segment centre.
Using the estimates of horizontal extension, we
predict a difference of about 16%. This is
significantly less than most estimates from other
segments (e.g. Tolstoy et al. 1993), or from
estimates assuming that the bathymetry of the
valley floor is an isostatic response to crustal
thickness variations. We therefore conclude that
crustal thinning at the segment ends is the result
of two associated processes; tectonic thinning
and magmatic accretion. Further studies of
extension and thinning associated with faulting,
linked with studies of the crustal thickness are
required to fully assess the relative contribution
of these effects.

The large axial valley fault on the eastern side
of the valley at the discontinuity between the
segments corresponds to the deepest point of the
valley and the shallowest part of the the eastern
valley wall. Back-tilting also reaches a maximum
of 18° at this point. This geometry suggests that

Fig. 4. Details of TOBI sonographs with interpretation. Bright surfaces face towards the instrument track. A
set of normal splay faults is developing at the tip of a large axial valley-wall fault. These faults appear to cut a
set of smaller faults, which may either be an early set of valley floor faults, or small connecting splays that
developed at the same time as the main faults. This interconnected network of faults isolate individual fault
blocks (or horses). A large axial valley-wall fault links two smaller faults. A slump occurs at the foot of the fault
at this point, perhaps marking the collapse of an isolated fault horse.
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the normal faulting to form the half graben is
also accompanied by flexural uplift and back-
tilting of the footwall, such as that suggested by
Buck (1988). The large valley-wall fault has a
throw of at least 5 km, and the fault plane must
continue at least this far beneath the axial valley.
Such a fault would be cxpected to exhibit all the
characteristics of a continental detachment fault
(e.g. Lister & Davis 1989) and to juxtapose fault
rocks of different grades: cataclastites and fault
breccias in the hangingwall and mylonites in the
footwall.

The switch from symmetric to asymmetric
faulting does not appear to be controlled by the
throw on the fault, as at the centre of the
northern segment the valley walls are asym-
metric, yet the strains recorded are around 20%,

Fig. 5. Fault scarp evolution. (a) Immature stage.
The original fault surface is exposed, with small talus
fans developing at the base of the fault scarps and on
terraces. The base of the fault is sharp and linear.
Small erosive scars and debris chutes dissect the
upper original surface. The measured angle of dip is
close to that of the original fault. (b) Mature stage.
The fault scarp is covered with a thick wedge of
sediments produced by gravitational collapse of the
unstable, steeper slope. The crest free-face (the
sediment-free upper surface of the fault scarp) has
eroded deeply into the upper original surface, and has
a morphology typified by rock-buttresses and gullies.
The debris slope will have a planar profile, controlled
by the angle of repose of the sediment clasts, typically
between 30° and 40°. The base of the slope has a
cuspate aspect, marking the growth of individual
fans. (¢) Drape stage. The fault scarp is covered by a
drape of pelagic sediments, which appear dark on
TOBI sonograms. Occasionally the over-steepened
crest free face can be observed at the top of the scarp
as a bright scar on the sonograms. The boundaries of
these surfaces are irregular and gradational. At this
stage pelagic sedimentation is more rapid than
continued erosion and debris deposition.

similar to those observed in the centre of the first
segment, wherc the valley walls are symmetric.
The controlling factor may be the depth to the
brittle—ductile transition, as has been suggested
by Shaw & Lin (1993). If the brittle layer is thin,
then valley-wall faults may be expected to
propagate into the ductile layer beneath the
axial valley. In this situation, the lithosphere
would be weak, and faults would not accumulate
large throws beforc new faults could develop.
Alternatively, where the brittle—ductile tran-
sition is relatively deep, then, when one fault
propagates more than half way across the axial
valley, it may encounter faults from the opposite
wall. It will either be cut by and lock up against,
or cut and lock these faults. In the latter case the
main fault can continue to be active, and will
accommodate a large proportion of the fault
movement. The relative strength of cold mantle
relative to crust (e.g. Harper 1985) would favour
the prolonged activity of a weakened pre-
existing shear zone over fresh lithospheric
fracturing.

This concept of the style of faulting being
controlled by the depth to the brittle-ductile
transition has implications for the thermal
structure of the segments. We would predict that
the northern segment is relatively cold, com-
pared to the southern, narrowgate segment.
This corresponds to observations which suggest
that the northern segment may be relatively
young, propagating northward into old, cold
crust (Allerton ez al. 1995). Also, the existence
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Fig. 6. Detail of a valley-wall faults imaged on high resolution TOBI sonograph, with interpretation. (a)
Immature stage. A linear fabric is clearly distinguishable on the fault scarp. The base of the scarp is sharp and
linear, suggesting that there are no large talus fans developed at the base. The scarp dips at a maximum of
about 45°, shallowing to 30° on the lower slopes, as measured from the Seabeam data, which are smoother than
the true bathymetry. (b) Mature stage. Small, individual fans can be identified on the lower slopes of the first
valley wall scarp. Large debris slopes, marking a cuspate basal profile can be seen on the second valley wall
scarp, suggesting a progressive increase in the amount of sediment on the scarps.

of the robust axial valley ridge, which stands up
to 0.5 km above the valley floor, may argue for a
deeper plate thickness than that seen at the
narrowgate (e.g. Vogt 1974). Lawson et al. (this
volume) demonstrates from deep-towed camera
observations that the age of parts of the robust
axial volcanic ridge may be as much as 40ka,
suggesting that the valley floor must have a suf-
ficient elastic thickness to support this structure.

The large fault at the discontinuity may be
expected to have been active for more than
0.25 Ma (assuming a plate separation half-rate of
12mma ~!; McGregor et al. 1977; Allerton et al.
1995). This is longer than most estimates of
recurrence-times of volcanic activity (e.g.
0.01Ma, Bryan & Moore 1977; 0.04 Ma, Aller-
ton et al. 1995), so it is likely that fault activity
was accompanied by rising magma. In this
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Fig. 7. Structural cross-sections. (a) Centre of first segment at 24°06’N: Symmetric graben. Observations.
Faults have throws of a few 100 m. Back-tilting is relatively minor, generally less than about 10°. Cumulative
strains are low, <25%. There is no clear axial volcanic ridge within the axial valley. Interpretation. High
thermal gradients due to the high magma budget place the brittle-ductile transition in the crust. Brittle normal
faults terminate into a high ductile strain region within the lower crust, indicated by strain ellipsoids. (b)
Discontinuity at 24°22'N: Asymmetric half-graben. Observations. Extension is mostly accommodated by
faulting on a single axial valley-wall fault to the east. Strains are high - approaching 50%. A distinct axial
volcanic ridge is observed within the axial valley. Interpretation. The geometry of the valley is that of a flexural
haif-graben, with associated footwall uplift and back tilting, and shallowing of the main valley-wall fault. The
crust is thinner, because of tectonic stretching and limited accretion of new material. The fault will broaden into
a ductile shear zone at depth. The throw on this fault is large, and it has been active for a considerable period,
perhaps 0.25 Ma. This detachment may act as a migration path for rising magma. The asymmetry probably
initiates from a symmetric graben, when the depth to the brittle-ductile transition increases, so that individual
faults meet, and one locks. The other continues to remain active, accommodating large displacements.

situation the fault may have acted as a mi-
gration route for the magma. Flat-topped
seamounts (e.g. Lawson et al. this volume,
Allerton et al. 1995) commonly occur on the
valley floor next to large valley-wall faults, and
they are concentrated at the discontinuity
between 24°20'N and 24°25’N, adjacent to the
largest valley-wall fault. The extrusion of these
flat-topped seamounts may thus be controlled
by large crustal-scale detachments, with melt
being channelled to the surface along the
faults.

Conclusions

TOBI deep-towed sidescan sonar data produces
high resolution images of the valley-wall faults.
In detail, the fault geometries are typical of
normal faults, and include fine splays and
horses. Landslip scars and debris flows at the
bases of the faults can be identified in a few
places. An age progression can be identified
from fresh fault scarps, through highly eroded
scarps with extensive talus fans at their bases, to
scarps covered by a drape of pelagic sediments.
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Fig. 8. Variation along the axial valley (as minutes of
latitude north of 24°00’N). (a) Bathymetry of the
axial volcanic high, from Seabeam data (Purdy et al.
1990). (b) Height of the eastern valley wall above the
valley floor. (¢) Horizontal strain on axial valley-wall
faults smoothed over a 3’ running window.

The cumulative strain on the valley-wall faults
is about 25% at the segment centres and up to
40% at the discontinuity between the segments.
This result is consistent with a relatively reduced
magma budget at the segment ends. This can
account for about 16% thinning of the crust at
the discontinuity compared to the segment
centres. This is significantly less than has been
observed in other segments. The bathymetry of
the axial valley correlates closely with the strain,
suggesting that the bathymetric segmentation is
at least partially a response to tectonic thinning.
The height of the eastern wall above the valley
floor, which roughly correlates with the vertical
throw on the faults, correlates with the bathyme-
try and the horizontal strain.

The southern segment has a symmetric
graben at the centre, with a series of small faults
on each side of the valley. These faults increase
in throw as the discontinuity is approached.
North of 24°16'N the eastern valley wall be-
comes dominant, and the axial valley takes on a
distinctly asymmetric aspect. The northern seg-
ment is asymmetric for its entire length. The
style of faulting does not appear to be con-
trolled by the extension they have accommo-
dated, as the centre of the northern segment
has strains similar to those at the centre of the

southern segment. The style may rather be
controlled by the depth to the brittle-ductile
transition, with asymmetric faulting occuring
where the transition is deep, and faults can
propagate across the width of the axial valley,
where they cut and lock faults from the opposite
valley wall.

At the discontinuity, the valley floor reaches
its deepest point, the eastern valley wall reaches
its shallowest point, and back-tilting reaches a
maximum of about 18°. Flexure is likely to be an
important contributor to uplift and back-tilting.
This fault has probably been relatively long-
lived, and can have accommodated plate separ-
ation for about 0.25Ma. It probably extends
beneath the axial valley, locking up the faults on
the western wall. This major crustal detachment
may control the extrusion of flat-topped vol-
canoes.

References

ALLERTON, S., MURTON, B. J., SEARLE, R. C. & JONES,
M. 1995. Extensional faulting and segmentation
of the Mid Atlantic Ridge north of the Kane
Fracture Zone (24°00'N to 24°40'N). Marine
Geophysical Researches, 17, 37-61.

Bryan, W. B. & Moorg, J. G. 1977. Compositional
variation in young basalts in the Mid-Atlantic rift
valley near 36°49'N. Geological Society of Ameri-
can Bulletin, 88, 556-570.

Buck, W. R. 1988. Flexural rotation of normal faults.
Tectonics, 7, 959-973.

Detrick, R. S., MUTTER, J., Bunt, P. & K, I. T.
1990. No evidence from multichannel reflection
data for a crustal magma chamber in the MARK
area on the Mid-Atlantic Ridge. Nature, 347,
61-64.

FLEWELLEN, L., MiLLarD, N. & Rousg, 1. 1993.
TOBI: a vehicle for deep ocean survey. Elec-
tronics and Communications Engineering Jour-
nal, 5, 85-93.

Hareer, G. D. 1985. Tectonics of slow spreading
mid-ocean ridges and consequences of a variable
depth to the brittle/ductile transition. Tectonics,
4, 395-409.

Karson, J. A., TuompsoN, G., HumpHrIs, S. E.,|
EpMmonDp, J. M., Bryan, W. B., Brown, J. R.,
WINTERS, A. T., PockaLNy, R. A., Casey, J. F.,
CampeBELL, A. C., KLINKHAMMER, G., PALMER,
M. R., KINzLER, R. J. & SuraNOwska, M. M.
1987. Along axis variation in seafloor spreading in
the MARK area. Nature, 328, 681-685.

Lawson, K., SEARLE, R. C., PEARCE, J. A., BROWN-
ING, P. & KemproN, P. 1996. Detailed volcanic
geology of the MARNOK area, Mid-Atlantic
Ridge, north of the Kane Transferal. This
volume.

LN, J., Purpy, G. M., ScHouTEN, H., SEMPERE, J.-C.
& Zervas, C. 1990. Evidence from gravity data
for focused magmatic accretion along the Mid
Atlantic Ridge. Nature, 344, 627-632.


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at Pennsylvania State University on September 15, 2016

60 S. ALLERTON ET AL.

Lister, G. S. & Davis, G. A. 1989. The origin of
metamorphic core complexes and detachment
faults formed during Tertiary continental exten-
sion in the northern Colorado River region,
U.S.A. Journal of Structural Geology, 11, 65-94.

McGRreGOR, B. A., HaRrisON, C. J. A., LAVELLE, J.
W. & Rona, P. A. 1977. Magnetic anomaly
patterns on Mid-Atlantic Ridge crest at 26°N,
Journal of Geophysical Research, 82,231-238.

PockaLNY, R. A., DeTRICK, R. S. & Fox, P. J. 1988.
Morphology and tectonics of the Kane transform
from Seabeam Bathymetry data. Journal of
Geophysical Research, 93, 3179-3193.

Purpby, G. M., Sempérg, J.-C., Scoouten, H.,
DuBois, D. L. & GorpsmrtH, R. L. 1990.
Bathymetry of the Mid-Atlantic Ridge, 24-31°N:
A map series. Marine Geophysical Researches,
12,247-252.

ScHoUTEN, H., KLITGORD, K. D. & WHITEHEAD, J. A.
1985. Segmentation of mid-ocean ridges. Nature,
317, 225-229.

SEMPERE, J.-C., PURDEY, G. M. & SCHOUTEN, H. 1990.

Segmentation of the Mid-Atlantic Ridge between
24°N and 30°40'N. Nature, 344, 427-431.

SHaw, P. R. 1992. Ridge segmentation, faulting and
crustal thickness in the Atlantic Ocean. Nature,
358, 490-428.

& LN, J. 1993. Causes and consequences of
variations in faulting style at the Mid-Atlantic
Ridge. Journal of Geophysical Research, 98,
21839-21851.

TAPPONNIER, P. & FRANCHETEAU, J. 1978. Necking of
the lithosphere and the mechanics of slowly
accreting plate boundaries. Journal of Geophysi-
cal Research, 83, 3955-3969.

Tovrstoy, M., HARDING, A. J. & Orcutr, J. A. 1993,
Crustal thickness on the Mid-Atlantic Ridge:
Bull’s eye gravity anomalies and focused ac-
cretion. Science, 262, 725-729.

Vogr, P. R. 1974. Volcano height and plate thickness.
Earth and Planetary Science Letters, 23, 337-348.

Watracg, R. E. 1977. Profiles and ages of young fault
scarps, north — central Nevada. Geological So-
ciety of American Bulletin, 88, 1267-1281.



http://sp.lyellcollection.org/

