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Abyssal-hill-bounding faults that pervade the oceanic crust are the most common tectonic feature on the surface of the Earth. The
recognition that these faults form at plate spreading centres came with the plate tectonic revolution. Recent observations reveal a
large range of fault sizes and orientations; numerical models of plate separation, dyke intrusion and faulting require at least two
distinct mechanisms of fault formation at ridges to explain these observations. Plate unbending with distance from the top of an
axial high reproduces the observed dip directions and offsets of faults formed at fast-spreading centres. Conversely, plate
stretching, with differing amounts of constant-rate magmatic dyke intrusion, can explain the great variety of fault offset seen at
slow-spreading ridges. Very-large-offset normal faults only form when about half the plate separation at a ridge is accommodated

by dyke intrusion.

Faults are quasi-planar weak zones in the lithosphere, the brittle
outer shell of the Earth, where earthquakes and tectonic strain
are concentrated. To study how faults form it is logical to look at
mid-ocean ridges, where faults are constantly forming. It is also
particularly important to understand ridge fault systems because
they affect major hydrothermal mineral deposits' and chemo-
synthetic biological communities®.

A rift valley flanked by normal faults was the first feature
identified as marking the axis of mid-ocean ridges when
ridges were discovered 50 years ago®. To explain the 1-2-km-deep,
20-30-km-wide axial valley seen at most slow-spreading ridges (see
Fig. 1b, ¢) was a great challenge of early ridge studies. A consensus
emerged that stretching the cold brittle lithosphere at a ridge is what
produces a valley*>*.

The space generated at the valley by the far-field pull of plate
tectonics can be filled by magmatic dyke intrusion at lower stress
than is needed for faults to slip and accommodate tension’. For this
reason, many authors assume that faults form only during periods
when no magma is available for dyke intrusion and that the total slip
on faults depends on the time interval between dyking events®.
According to this standard model, all faults at ridges result from
tectonic stretching of thin axial lithosphere during amagmatic
periods’.

In the last decade it has become clear that the stretching model
cannot explain the variety of faults seen at ridges. Three specific
observations stand out. First, the dip directions of mid-ocean-ridge
normal faults show systematic variability as a function of spreading
rate. Nearly all faults mapped at slow-spreading centres dip towards
the axis, but about half of faults near fast-spreading centres dip
towards the axis and the other half dip away’. Stretching faults
should dip towards the axis.

Second, faults bounding abyssal hills near fast-spreading ridges
begin to form ~2-4km from the axis of normal axial highs'’ and
not at the axis, where the seismically imaged lithosphere is thin-
nest''"". Lavas cover faults offset very close to the axis'*, but abyssal-
hill-bounding faults continue to grow out to 20-30 km from the
axis'.

Third, a completely different type of fault structure was discov-
ered on parts of slow-spreading ridges called ‘oceanic core com-
plexes’ or ‘megamullion’ structures'®"? (Fig. 1¢). Rather than pillow
basalts that are cut by high-angle faults, the core complex surface,
sometimes called a detachment, may expose gabbros and
mantle rocks that were probably brought up from depths of
at least several kilometres. These regions have been likened to
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continental metamorphic core complexes where rocks from depths
of ~10 km are exposed at the surface. Oceanic core complexes occur
mainly at the inside corners of ridge-transform intersections of
slow-spreading ridges. The lithosphere of the outside corners looks
more like typical slow-spreading lithosphere with moderate-
amplitude abyssal hills and nearly continuous exposures of pillow
basalts at the surface®. To fit these core complex structures into the
standard stretching model, amagmatic spreading with durations of
the order of a million years would be needed. Further, the standard
model cannot explain the across-ridge asymmetry associated with
most oceanic core complexes.

Faults at buoyancy-dominated ridges

Here we develop models of ridge axis deformation in the light of
these observations. To deal with faulting at fast-spreading ridges we
consider the effect of local buoyancy. Local buoyancy refers to
lateral density variation on the scale of the axial region (within
~10km of the axis). These density variations may be important at
fast-spreading ridges because the axial lithosphere is very thin, hot
and underlain by partially molten crust'"'>. A few kilometres from a
fast-spreading axis the lithosphere may be five times thicker than it
is on axis and the crust may be solid'>*'. The near-off-axis litho-
spheric thickness of both fast- and slow-spreading ridges may be
nearly the same, on the basis of seismic interpretations and thermal
models of ridges*>*’. However, at slow-spreading ridges there may
be much smaller differences between on- and off-axis lithospheric
thickness* (see Fig. 2).

Lateral density variations may relate to the formation of the axial
high seen at many fast-spreading centres (Fig. 1a). We adopt the
approach of the recently developed accretional curvature model***.
Unlike other models*”** it does not depend on potentially complex
viscous flow under the ridge axis. Also, this model predicts a
magnitude and distribution of brittle strain that is consistent with
the average observed horizontal fault strain®. Previous numerical
treatments of this model* could not resolve faults and so direct
comparisons with observed fault populations have not been
possible.

The main simplifying assumption in the model is that fluid
magma rises to the level of local isostatic equilibrium at the axis of
plate spreading. Local magmatic isostasy at the axis should occur
when there is enough magma to accommodate all plate separation.
A justification for this assumption comes from seismic results that
show a bright reflector at a depth of 0.7-2 km along the axis of most
ridges with axial highs'"*. This bright reflector has characteristics

719

© 2005 Nature Publishing Group




articles

consistent with a magma-filled lens and so is described as an axial
magma chamber. Outside this region that is underlain by magma
the lithosphere is too strong to respond in a local isostatic manner.
The magma and underlying partial melt should accrete to the sides
of the adjacent separating plates and get denser as it cools and
freezes. This load bends down each plate, and additional accretion
forms a plate with a concave upward curvature. As the curved plate
passively moves away from the axis it unbends.

To look at fault development near ridges we use a numerical
technique that allows for localization of the deformation in a brittle-
plastic layer in shear zones simulating faults®. Faults are not
specified but develop where the stress is sufficient for brittle
yielding. The model uses an explicit finite-element approach that
efficiently deals with elastic, viscous and brittle-plastic deformation
and is set up in a way similar to our previous ridge faulting

Figure 1 Shaded relief images of bathymetry over three contrasting sections of the
mid-ocean ridge system. Each image shows ~40 km along the ridge axis and ~110km
across the axis. The vertical exaggeration (V.E.) is three times greater for the top image
than for the other two. a, Relief across the axial high at 9° 37" N latitude on the East Pacific
Rise showing the small (~50 m) relief of the abyssal hills that parallel the axis. b, Much
larger abyssal hills are seen parallel to the axial valley along the 115° E longitude segment
of the intermediate spreading rate Southeast Indian Ridge. ¢, The intersection of the
Mid-Atlantic Ridge, along the centre of image, with the nearly east-west trending Kane
transform and fracture zone (on the left and right sides at the top of the image). The image,
centred at 23° 25" N latitude, shows that the east side of the ridge has abyssal hills
parallel to the axis, as in b. Starting ~20 km west of the axis is a ~15-km-wide,
30-km-long structure with great topographic relief and with shorter wavelength
‘corrugations’ striking perpendicular to the ridge. Profiles orthogonal to these ridge
segments, going through the centres of the images, are shown in Figs 3 and 5. Images
made with GeoMapApp®® software with multibeam sonar data*®=*2,
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studies®*. Because the buoyancy-dominated (or axial high) case
is expected to develop symmetrically, only one side of the ridge is
modelled. Magmatic accretion is assumed to account for all plate
separation, so no stretching occurs at the axis. Dykes accrete by
addition of a column of new elements at the axis every time the off-
axis boundary has moved one grid spacing. The top of the new
column is set to be at the level of local isostatic equilibrium. To
simulate the freezing of partially molten lower crust, elements are
also accreted at the non-vertical boundary between the weak axial
zone and the brittle lithosphere (Fig. 2a). Deformation occurs
because accreted elements are denser than the material in the
axial partial melt zone. The density of the axial zone controls the
normal stress boundary condition applied to the axial elements and
to the level of accretion of the top accreted elements.

For a reasonable density contrast and brittle layer thicknesses the
model reproduces both the shape of the axial high and some of
the basic characteristics of the flanking faults. As shown in Fig. 3, the
fully two-dimensional model fits the general shape of a real axial
high. As with previous thin-plate models, the wavelength of the high
depends on the off-axis plate thickness and a good fit was found for
a 5-km-thick brittle plate. During plate unbending, extensional
plastic failure, normal fault nucleation and offset would occur in the
top of the plate above a neutral depth—with compressional failure
below that depth.

The pattern of faulting in the numerical models of axial-high-
related plate unbending is very sensitive to the prescribed rate and
amount of weakening with strain. If the rate of strain weakening is
low, say 10 MPa of strength loss over a strain of 50%, then no
localization into fault-like behaviour is seen. In contrast, for a high
rate and large amount of strain weakening, curved faults developed
that cut completely through the lithosphere. Bending was concen-
trated on these widely spaced ‘hinge’ faults, but did not result in
appreciable fault-offset-related surface relief.

Only with limited strength loss that occurred very rapidly with
strain does the model develop a fault pattern that bears some
resemblance to real axial-high flanking faults. As shown in Fig. 3,
a good case had 10 MPa of cohesion loss occurring over 1% of strain.
After a phase of fast-strain weakening, continued slow-strain
weakening does not affect the bending faults because bending
strains are small. Pairs of graben-bounding faults that dipped
towards each other developed during plate unbending. The
faults did not develop appreciable offset until they were several
kilometres away from the axis and they grew steadily out to a

a Buoyancy-dominated set-up
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b Stretching-dominated set-up
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Figure 2 Set-up for numerical models. a, Structure used to model a ridge where near-axis
buoyancy variations control the topographic relief and faulting. b, Set-up for stretching-
dominated ridge with a fixed temperature structure.
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distance of ~20-25km. The faults develop over such a wide
distance range because that is where progressive unbending occurs,
and the faults cease growing where the plates are essentially flattened
out. A maximum fault-related relief of >50 m was developed in the
models, in the range of observed values’.

Faults at stretching-dominated ridges

To deal with the apparent variety of stretching-related faulting we
consider that ridge-axis dyke intrusion at various rates must be
considered. Real dykes are intruded over a matter of days with the
time between intrusion events measured in years®', but in the model
we consider the time-averaged rate of dyke intrusion. Magmatic
accretion is assumed to occur at a constant rate at all depths through
the axial lithosphere. The rate of dyke opening is specified by the
fraction of the plate separation rate, M, that is accommodated by
magmatic dyke opening. For M = 0, dykes account for none of the
plate spreading and for M = 1, dykes accommodate all the plate
separation.

Dykes are assumed to open at one horizontal position in a cross-
section of a ridge axis. This assumption is based on the idea of
feeding of melt to magma chambers at the centres of ridge segments,
for which there is ample evidence®*. Dykes supplied from a central
magma chamber have to open in nearly straight lines to keep the
supply of magma flowing along and into an opening dyke. Dyke
intrusion may supply much of the heat that keeps the axis hotter and
the axial lithosphere thinner than the lithosphere farther from the
axis. Solid-state advection below the ridge axis should also affect
the thermal structure of the ridge axis, but for simplicity we fix the
thermal structure.

A simple geometric argument shows how faults and dykes might
interact at a ridge with a fixed position of dyking and fixed thermally
defined strength structure. If one fault forms owing to lithospheric
stretching then it should initially cut the thinnest axial lithosphere
on one side of the axis, shown in Fig. 4. If the fault moves away from
the axis into thicker lithosphere, it then becomes harder to continue
offsetting that fault even though it is weaker than the surrounding
lithosphere. Eventually, it will be easier to form a new fault cutting
the axis and the first fault will be abandoned.

Insights from previous models of normal faulting® show that
when a normal fault forms, one side moves up and away from the
fault by about the same amount that the other side moves down and
away from the fault. Eventually, the down-dropping side (the
hanging-wall block) cannot drop further and stops deforming.
The other (footwall) block continues to move up and out as
asthenosphere from below accretes to that layer. Because the
hanging-wall block no longer deforms, but continues to translate,
the active part of the fault moves with the hanging wall. As a result,
faults should move with the hanging-wall block, as inferred from
these model results. As shown in Fig. 4, the plate to the left of the axis
moves with velocity —V /2, where V, is the total plate separation
rate. The velocity step across the axial dyke is MV,. Thus, the
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hanging-wall block of the fault will move away from the axis at a
speed of V,(M — 0.5).

For M = 0.5 the hanging wall of the fault does not move away
from the axis, so the fault could build up potentially unlimited
offset. The distance L from the axis out to which the fault can remain
active should depend on the strength structure of the axis and the
fault-weakening parameters. The horizontal component of fault slip
rate is V,(1 — M), so the amount of fault offset before abandon-
ment is L(1 — M)/(M — 0.5), as plotted in Fig. 4. For M close to 1
the maximum fault offset can be small, while for M close to 0.5 the
offset should be very large compared to L. This plot is at best a
qualitative guide to expected results because L is expected to be a
nonlinear function of fault offset™**.

A numerical model of dyking and stretching

To look at fault development we treat the model of stretching and
dyking using the same numerical technique used for the buoyancy
cases, except that we allow for asymmetric deformation across the
axis. Dyke opening is simulated with a vertical column of special
elasto-plastic dyke elements that are made to widen at a constant rate.
The dyke column is placed at the axis of the assumed symmetric ridge
thermal and strength structure (Fig. 2b). The top of the dyke is set at
the height of the adjacent elements, which are free to move up or
down in the course of a calculation. The base of the dyke column is
placed within the weak asthenosphere, which always deforms via
viscous creep (see Supplementary Information for details).

To approximate the strength structure of slow-spreading ridges
we assumed uniform elastic coefficients, pressure- and strain-
dependent Mohr Coulomb brittle-plastic failure stresses and
temperature-dependent non-newtonian viscosity (Supplementary
Information).

Several dozen numerical cases were run with various values of M,
strain weakening rates and numerical grid sizes. The results of
two cases with the same strength structure, grid size and strain-
weakening parameters are shown in Fig. 5. These cases show that the
normal fault offset varies greatly as a function of M and that for
M = 0.5 we can get a very large fault offset, as predicted by
our kinematic conceptual model. For M = 0.95, the model also
generates a fairly symmetric pattern of mainly inward-dipping,
small-offset faults, and a symmetric axial valley.

For M = 0.5 the model produced two large faults with offsets 20
to 30 km on one side of the spreading axis and a series of small faults
on the other. On the opposite side of the axis, a series of small-offset
normal faults develop, along which the lithosphere moves up from
the deep axial valley region. We believe that these small faults, which
were not part of our kinematic conceptual model, accommodate a
small part of the tectonic stretching across the axis. This small
stretching on one side of the axis will contribute to migration of the
large-offset faults away from the axis on the other side of the axis.
This may account for the limited offset of the large faults seen in this
case.
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Figure 3 Results for buoyancy-dominated ridge models. The shape of the model axial
high and the spacing and relief of the faults is similar to that observed at 9° 37’ N on the
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East Pacific Rise (from Fig. 1a). Half the bending faults dip towards the axis and half away,
which is also consistent with observations.
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Structures developed in association with model large-offset faults
are similar to the oceanic core complexes seen at more than twenty
ridge-transform intersections on slow-spreading ridges'’'°. Besides
having a similar range of relief for the axial valley and the inside-
corner high (2 km), the model topography has other characteristics
observed on topographic profiles for an ocean core complex
(Fig. 5b): (1) a domed shape with a flat-lying abandoned-fault
footwall; and (2) the characteristic shape of the fault breakaway.
Also, for M = ~0.5 nearly all the magmatic accretion occurs on the
side of the axis with small-offset faults, as may happen at outside
corners of some ridge-transform intersections. Finally, although it is
not well resolved in our numerical models, the bending associated
with large fault offsets should result in small-offset, high-angle
faults. Such distributed small-offset, high-angle normal faults are
seen on the surface of oceanic core complexes''.

To get the large-offset faults that may characterize oceanic core
complexes our models require that three conditions be met. First, M
has to be close to 0.5. Next, the fault weakening must be large and

Time

Fault offset/L
[}
o

0.0 05 1.0
M, magmatic fraction of plate spreading

0.0

Figure 4 lllustration of kinematic stretching fault model. a, Cartoon showing how the
hanging-wall block of a fault may migrate during ridge stretching as a function of the
fraction, M, of plate separation accommodated by magmatic dyke opening. The velocity of
the hanging-wall block relative to the axis is V(M — 0.5), where V, is the full spreading
rate. The position of the hanging-wall block should control the fault location. For M > 0.5
the hanging wall moves away from the axis, but for A = 0.5 the hanging wall does not
move laterally with time. b, Plot of estimated fault offset as a function of Mfor the kinematic
stretching and dyking ridge model. L is the maximum off-axis distance of fault activity.

722

© 2005 Nature Publishing Group

more than half of the weakening has to occur moderately slowly
with strain. Finally, the lithosphere cannot thicken very fast with
distance from the axis.

Magma supply and fault mode

A single set of fault strain-weakening parameters reproduced the
essential features of both stretching- and bending-related faults.
Two phases of strain weakening were needed. Nearly instantaneous
strength reduction had to occur, once the yield stress was reached,
for bending to produce small-offset, inward- and outward-dipping
faults similar to those seen near axial highs. Slower strain weakening
had to occur to get larger-offset faults seen at some slow-spreading
centres. For both the buoyancy- and stretching-dominated model
cases the same strain-weakening parameters were used: with fast
weakening for the first percent of strain and slow strain weakening
for greater strain. The fast strain weakening may correspond to the
sudden loss of cohesion as a fault break forms. The continued
weakening may relate to wearing and widening of the fault zone
with greater offset. It is possible that these strain-weakening
parameters may also describe how faults form in other tectonic
environments, such as strike—slip and thrust-faulted regions.

The numerical models developed here show how distant loads
and local loads may produce very different modes of normal
faulting at mid-ocean ridges. All loads driving plate motion and
deformation are produced by lateral density variations in the Earth.
Stretching is related to loads and motions at the scale of plate
tectonics. The tectonic pull caused by cooling and contraction
of plates that float on a weak asthenosphere can contribute to
stretching by transmitting stresses over long distances. Local loads,
related to magmatic accretion and near-axis cooling, may drive

a M=0.95 SEIR bathymetry (m) 2500

o R
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Model relief (m)

-50 0 50
Distance (km) T T T
0 Plastic strain 1

b M=0.50 MAR bathymetry (m) 5 50
WA\/ %3’500
500 4,500
-500
Model relief (m)
-1,500
T 0
<
< -10
a
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Distance (km) S EEEEET TR
0 Plastic strain 2
Figure 5 Results for stretching-dominated ridge models. Two model cases are shown ina
and b for different values of M, but with the same lithospheric structure. a, Note the fairly
symmetric axial valley and the moderate fault offsets for M = 0.95 which matches the
sense of the bathymetric profile from the 115°E segment of the Southeast Indian Ridge
(from Fig. 1b). Reducing the model lithospheric thickness by about one-third produces a
better fit to this bathymetry. b, Faults with very large offset occur for M = 0.5. The model
topographic profile is similar to that observed near the intersection of the Mid-Atlantic
Ridge and the Kane transform (from Fig. 1c). The model is consistent with the large offset
faults seen at the inside corners of such slow-spreading segments, as well as with the
asymmetry in magmatic accretion, because most magmatic accretion takes place on the
side of the ridge with smaller fault offsets.
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lithospheric bending and faulting at any ridge. Bending-related
faulting is the dominant faulting mode at fast- and perhaps at some
intermediate-spreading centres.

The pattern of faulting produced by stretching a spreading centre

is controlled by the rate of magmatic accretion. Temporal variations
in magma supply on a very long timescale are not required to
produce large-offset faults. The across-axis strength structure can
also affect the pattern of faulting, although the models presented
here do not deal with different strength structures. For M less than 1,
the thermal advection related to fault offset may affect the ways
faults continue to slip, but this is a complex question related to
hydrothermal cooling of lithosphere®.

We have considered only end-member cases to demonstrate these

ideas, so we can only speculate about the behaviours of ridge
segments with a range of spreading rates and magma supply.
Many intermediate-spreading ridge segments fit reasonably well
into our end-member categories, some being buoyancy-dominated
and some stretching-dominated. At the slowest-spreading ridges,
sometimes called ultraslow-spreading ridges™, an extreme range of
along-axis variations in magma abundance is seen on a segment
scale (~100km)***”*. Unlike typical spreading segments, magma-
starved parts of ultraslow-spreading segments can be oblique to the
spreading direction. The obliquity of nearly amagmatic parts of
ultraslow-spreading ridges may be directly tied to the lack of dyke
intrusions coming from a magma chamber at the centre of a segment.

In these models, even small-magnitude stretching (that is M just

less than 1) produces large axial valley relief. Maximum relief
increases with increasing model axial lithospheric thickness, on
the basis of models not presented here. Increased axial valley relief
seen at slow-spreading segment ends compared to segment centres
correlates with thicker lithosphere at the ends than at centres™.

If our view of the kinematics of the hanging-wall block bounded

by a fault and an axial dyke (Fig. 4) for M = 0.5 is correct, then it
suggests a simple explanation for oceanic core complex formation
on the inside corner of a ridge-transform intersection. Having this
block on the inside of the ridge-transform intersection minimizes
the shear strain across the transform. An outside-corner core
complex would require slip on the extension of the transform
outside the ridge-transform intersection.

The great variations in the fault pattern along many ‘normal’

slow-spreading segments (for example, Fig. 1) appear to require
very different rates of magmatic dyke intrusion along those seg-
ments. There may be a central, magma-rich part of these segments
where the magma supply is nearly enough to accommodate plate
separation (M just below 1) with an adjacent magma-poor part of
the segment where M = 0.5. Our work shows that differences in
magmatic input to dykes may produce the observed differences in
faults. Understanding why the magmatic accommodation of plate
separation varies so much along ridge segments, and why it seems to
occur in various modes rather than vary smoothly, is a clear
challenge to understanding how spreading centres work. O
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