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Previous models do not simultaneously reproduce the observed range of axial relief and fault patterns
at plate spreading centers. We suggest that this failure is due to the approximation that magmatic dikes
open continuously rather than in discrete events. During short - lived events, dikes open not only in the
strong axial lithosphere but also some distance into the underlying weaker asthenosphere. Axial valley
relief affects the partitioning of magma between the lithosphere and asthenosphere during diking events.
The deeper the valley, the more magma goes into lithospheric dikes in each event and so the greater the
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faulting analytic model implications for axial faulting. The predictions of this new model are broadly consistent
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with global and segment-scale trends of axial depth and fault patterns with H; and Hc.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Mid-ocean ridges are the main places where magma exits the
Earth’s interior and new oceanic lithosphere is created and faulted.
Thus, understanding the processes responsible for major spreading
center features should give insight into the solid and fluid mechan-
ics affecting other geologic systems such as continental rifts. The
across-axis topographic shape of ridges show systematic variations
with spreading rate (Macdonald, 1982; Small, 1998). Fast spread-
ing centers (plate separation rates >8 cm/yr) are characterized by
up axial high with up to 500-m of relief, while slow spreading
ridges (plate separation rates <4 cm/yr) feature valleys as deep
as 2 km (Fig. 1). Extensional faults exist at all ridges but there is
a general increase in fault offset with decreasing spreading rate
(Cannat et al., 2006; Carbotte and Macdonald, 1994; Small, 1998;
Tucholke et al., 1998). The fault patterns show several different
modes (Cannat et al., 2006; Carbotte and Macdonald, 1994) with a
clear relation between magma input and fault mode (Buck et al.,
2005; Tucholke et al., 2008).

In this paper we first describe previous spreading center mod-
els that fail to explain both axial relief and faulting pattern ob-
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servations. We argue that to explain these observations requires
consideration of the discrete nature of short-lived (i.e. hours to
days) dike opening events at the axis of spreading. To do this, we
need to parameterize the effect of individual dike events in a way
that enables estimation of the effect of many such events on the
long-term development of spreading center relief and faulting pat-
terns. We build on previous studies of dike opening (Pollard, 1976;
Qin and Buck, 2008; Weertman, 1971) to derive analytic relations
between axial lithospheric thickness, the driving stress opening a
dike and the distance of penetration of a dike into the astheno-
sphere. This analysis shows that the deeper the axial valley, the
less magma goes into dikes opening into the asthenosphere. The
magma intruded into the asthenosphere cools slowly to form gab-
bro and is not available to accommodate lithospheric plate separa-
tion.

Averaging over many dike events, we calculate the long-term
flux of magma into the lithospheric part of dikes. We show that
this lithospheric dike flux increases with axial depth, suggesting
a way that magma supply could directly control axial depth. As
long as the lithospheric dike opens at less than the plate spreading
rate, then fault slip deepens the axial valley. If the valley gets deep
enough that the dikes open as fast as the plates spread, then the
valley stops deepening.

Numerical simulations of plate spreading are developed using
these new analytic dike-opening relations to show that magma
supply can control axial relief and affect near-ridge faulting. As-
suming dikes supply all the magma to build the oceanic crust, we
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Fig. 1. Bathymetric profiles showing axial relief for different values of (a) spreading rate and (b) crustal thickness. Vp is full spreading rate; Hc¢, crustal thickness; Dm is
mean depth within 40 km of the spreading axis defined by Small (1998) and should depend primarily on crustal thickness. EPR is the East Pacific Rise; SEIR, Southeast Indian
Ridge; NMAR, Northern Mid-Atlantic Ridge; SWIR, Southwest Indian Ridge; SMAR, Southern Mid-Atlantic Ridge. Data from multibeam bathymetry are available at http://
www.geomapapp.org/. Crustal thicknesses for different cross-sections of the 33°S segment of the SMAR are based on Tolstoy et al. (1993).

analytically describe how steady-state axial depth depends on ax-
ial lithospheric thickness and crustal thickness. Finally, we discuss
how axial valley relief can be maintained by flexural stresses in
the lithosphere when magma controls the axial valley depth and
faulting does not accommodate plate spreading.

2. Previous models for spreading center relief and faulting

Global compilations show that axial relief depends on both
spreading rate and crustal thickness (Small, 1998) (also see Fig. 1).
Axial highs are generally thought to result from buoyantly support
provided by low-density, possibly partially molten material under
the spreading center (Buck, 2001; Eberle et al., 1998). The genera-
tion of axial valleys at spreading centers is more controversial. The
two earliest ideas about steady-state axial valleys relate either vis-
cous flow or tectonic faulting. The viscous flow idea is that flow of
viscous asthenosphere into a narrow slot between two lithospheric
plates could produce a valley with flanking highs (Sleep, 1969).
A difficulty with this model is that viscous stresses and related
valley depth should scale with plate separation velocity; predicting
the deepest valley for the fastest plates, contrary to what is seen.

The tectonic control of axial valley formation was proposed by
Tapponier and Francheteau (1978) who suggested that the faulting
of the brittle axial lithosphere should produce a valley. Offset of
normal faults dipping toward the spreading axis should deepen a
valley, but they did not specify what would limit the valley depth.
Phipps Morgan et al. (1987) used simple mechanical arguments
to suggest that the depth of a tectonically generated valley scales
with the thickness of axial lithosphere.

Several observations and recent models do not fit the view that
axial valley depth scales simply with axial lithospheric thickness.
At spreading centers with very thick crust and no axial valley,
like Iceland and Afar, seismicity extends to nearly 10 km depth
at the spreading axis (Ayele et al, 2009; Einarsson and Brands-
dottir, 1980). Such thick brittle lithosphere would support a deep
valley according to the tectonic model. Numerical models that self-
consistently treat the mechanics of faulting show that tectonic
extension of lithosphere as thin as that inferred for fast spread-
ing ridges should result in moderately deep axial valleys (Qin and
Buck, 2005).

Gradual changes in axial valley depth along some slow spread-
ing segments do not clearly correlate with changes in axial litho-
spheric thickness. For example, a seismic refraction study along

the 33°S latitude segment on the Mid-Atlantic Ridge shows crustal
thickness differences of a factor of two (Tolstoy et al., 1993)
(Fig. 8). Most of the variation occurs in the seismically fast crustal
layer 3, thought to be composed of gabbros. Layer 2 is thought to
primarily consist of dikes formed in the cold, brittle crust. If this
is correct then the uniform thickness of Layer 2 implies that ax-
ial lithospheric thickness is nearly constant along this segment. As
shown in Fig. 1 there is almost no axial valley near the segment
center while the valley relief is nearly 2 km at the segment end.
It appears that the reduced magma supplies to the segment ends,
not thicker lithosphere, results in a deeper valley there.

Chen and Morgan (1990) were the first to incorporate magmatic
dike intrusion into a spreading center thermo-mechanical model.
In their model, magma was injected as a dike opening at a rate
equal to the spreading rate from the surface down to the base
of the crust. They found that a valley only forms when the axial
lithospheric thickness Hj is greater than the crustal thickness Hc.
This is consistent with work suggesting that magma-filled dikes
open at lower stress differences that needed for tectonic fault-
ing (Rubin, 1992; Rubin and Pollard, 1988). The Chen and Morgan
(1990) model lithospheric thickness and valley relief increase as
spreading rate decreases, consistent with the observed trend. How-
ever, Poliakov and Buck (1998) found that the constant dike height
model produces no faulting in a model that allows for strain lo-
calization. They also noted that this dike geometry resulted in a
non-physical stress singularity at the base of the dike.

In a numerical model that assumes dikes open to the base of
the axial lithosphere, Buck et al. (2005) reproduced the observed
range of spreading center faulting. Their model fault pattern de-
pends on the ratio M of the rate of dike widening to the rate
of plate spreading. For M close to 0.5, large-offset faults develop
on one side of the axis, similar to the detachment faults found
along slow-spreading ridges (Cann et al., 1997; Cannat et al., 2006;
Tucholke et al, 1998). For M between ~0.6 and 0.99 a series
of nearly evenly spaced, moderate offset faults form in sequence,
while for M between 0 and ~0.4 a more chaotic pattern of fairly
large offset faults prevails (Olive et al., 2010; Tucholke et al., 2008).
For M =1 the model produces an axial high with a height that
depends on the density structure at the axis compared to that off-
axis. However, for all values of M less than 1 the axial valley depth
is independent of M and equals the depth predicted for purely tec-
tonic extension (Qin and Buck, 2005).
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The Chen and Morgan (1990) and the Buck et al. (2005) mod-
els assume different dike heights, but depend on a similar ratio of
the magma input flux to lithospheric spreading rate. If dikes sup-
ply all the magma to build the crust then M = H¢/H|. However,
one model does not produce faults and the other does not produce
variations in axial valley relief with magma input. Ito and Behn
(2008) tried to reconcile the ‘M-based’ approach with spreading
rate dependent axial relief by assuming the near-axis region had
a low effective viscosity that allowed the axis to rebound closer
to local isostatic equilibrium. The viscosity of the axial lithosphere
controls the axial relief while M still controls the faulting pattern.
For the model to fit observations required that the effective vis-
cosity depend on spreading rate. Though this works, it is not clear
what this viscosity represents. In this paper we also try to recon-
cile observed variations in faulting and axial relief, but with a new
approach.

3. Model formulation

We formulate a new treatment of dike opening that focuses on
how dikes opening into the axial brittle-elastic lithosphere must
also open some distance into the underlying ductile-viscous as-
thenosphere. A key is that during the short time that a dike opens
and freezes elastic stresses generated in the asthenosphere change
the distribution of dike opening in the lithosphere. Here the litho-
sphere is defined as the region that is strong enough to maintain
significant elastic stresses over the long-time interval (i.e. 10-100 s
of years) between dike events, while the asthenosphere can only
maintain such stresses during an event. The lithosphere and the
asthenosphere are assumed to be visco-elastic-plastic regions. The
viscosity of the lithosphere is taken to be so high that negligible
viscous relaxation of stresses occurs over any time scale of inter-
est. In contrast, the asthenosphere is assumed to have such a low
viscosity that it maintains zero elastic stresses on the time scale
between dike intrusion events (10 s-100 s of years; e.g. Wright et
al.,, 2012). For the purpose of the present analysis the dike event
is taken to be instantaneous so that during the event the astheno-
sphere behaves elastically and can be strongly stressed.

We consider the opening of vertical, magma-filled dikes driven
by extensional stresses produced by plate spreading at mid-ocean
ridges. The analytic and numerical models developed here con-
sider idealized cross-sections of a spreading center with the hor-
izontal axis aligned in the plate spreading direction. The magma
filling a dike is taken to come from lateral flow of magma along
the spreading axis. Some justification for this is based on seis-
mic and geodetic observations showing that magma chambers a
few kilometers across at the centers of some spreading segments
feed dikes that propagate as much as 70 km from those centers
(Einarsson and Brandsdottir, 1980; Wright et al., 2012).

A critical feature of our new model is that the magma flux
available to a part of a spreading center is split between litho-
sphere opening dikes, and deeply intruded gabbros. We first con-
sider approximate analytic descriptions of the way axial depth
should change the partitioning of magma between the elastic and
viscous depth range at a spreading axis. Then we use our de-
rived analytic relations between axial depth and lithospheric dike
opening in the kind of two-dimensional, cross-sectional numerical
models previously used to investigate faulting at ridges.

3.1. Parameterizing dike opening into the asthenosphere

The aim of the following analysis is to describe what controls
the depth distribution of dike opening at a spreading center. Pa-
rameters defined are listed in Table 1. Because rocks have little
resistance to tension, a dike can be assumed to open wherever

Table 1
Summary of parameters.
Parameters Description
D Axial depth relative to local isostatic depth of near-axis region
Hc Crustal thickness
Hp Axial lithospheric thickness
Vy Full spreading rate
Py Driving pressure
Pgr Driving pressure in the lithosphere
Pm Magma pressure
op Horizontal stress
z Depth below the surface of near axis in isostatic equilibrium
7z Depth below of the base of axial lithosphere
wo Dike width in lithosphere
Ap1 Density difference between magma and crustal rock
Ap2 Density difference between water and crustal rock
Ep Energy released on dike opening in the lithosphere
Ea Energy input required for dike opening in the asthenosphere
H¢ Distance of dike opening into asthenosphere
M Lithospheric dike opening rate divided by V,
AH¢, w Amplitude and period of oscillations in Hc
Wext Cross-axis extent of extrusion

magma pressure Py, is greater than the local minimum compres-
sive stress (Delaney and McTigue, 1994; Rubin, 1995). For a vertical
dike we define the driving pressure P4 as the difference between
the magma pressure and horizontal stress o} as:

Py=Pm—oy (1)

We adopt the geologic convention that compressive stress is pos-
itive so that a dike should open where driving pressure is pos-
itive. For a mid-ocean ridge, the separation of plates should re-
duce the horizontal stress in the axial lithosphere and so pro-
mote the formation of vertical dikes. Comparably low stresses
do not develop in the hot asthenosphere during slow extension
between dike events due to thermally activated creep. However,
the opening of a dike in a region of positive driving pressure,
like axial lithosphere, will change the stresses in the surround-
ing region and can drive dike opening into an area of initially
negative driving pressure, like the asthenosphere (Pollard, 1976;
Weertman, 1971).

To estimate how far a dike could propagate into a region of
negative driving pressure, Pollard (Pollard, 1976; Secor and Pol-
lard, 1975) considered the simple case of linear variation of driving
pressure with distance from the center of a dike opening in an
elastic whole-space. By neglecting stress changes in the direction
parallel to the dike plane and assuming zero fracture toughness,
he was able to write an analytic expression for the distance of
dike opening. For the case of positive driving pressure at the dike
center, he found that the part of the dike opening in the region
of negative driving pressure can be longer than the part in the
region of positive driving pressures. Qin and Buck (2008) numeri-
cally treated dike opening for a half-space with a stress field ex-
pected for a mid-ocean ridge, where the positive driving stresses
were initially confined to the lithosphere. Assuming zero fracture
toughness they found a dike shape similar to that found by Pollard
(1976), but the large magnitude of negative driving stress in their
model asthenosphere gave them a smaller length of dike opening
there compared to the analytic case.

A key point is that the change in axial depth does not change
the lithostatic pressure in the fluid asthenosphere. If dikes open
just to the top of the axial lithosphere, then increasing the ax-
ial valley depth D increases the magnitude of the negative driving
pressures in the asthenosphere below a spreading axis. Here we
derive a relation between the distance of dike opening, axial litho-
spheric stress and thickness and axial depth under the assumption
that dikes, or a series of dikes, have their top at the depth of
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Fig. 2. Illustrations of the interaction between axial relief and magmatic dike intrusions. (a) Shows the distance H¢ of dike sub-lithospheric opening into warmer astheno-
sphere where the axial depth D equals zero. The driving pressure in lithosphere Py, is uniform, while the driving pressure in asthenosphere is negative and depends on
axial lithospheric thickness Hy. The depth z is measured from the surface of the axial crust if it were in local isostatic equilibrium, the density difference between magma
and country rock is A pj. (b) The formation of an axial valley with depth D lowers the pressure in magma at a given depth z and thus decreases the driving pressure in
the asthenosphere. (c) Left panel shows the relation between H¢ and axial valley depth for different values of axial lithospheric thickness and driving pressure. Right panel
shows the relation between M and axial valley depth as defined in equations (12) and (14), the axial lithospheric thickness equals 5 km and the driving pressure is set to
10 MPa. The color of curves shows different crustal thickness Hc. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

the spreading axis. Rather than do a full numerical treatment, we
assume a simplified version of the dike geometry based on the nu-
merical model of Qin and Buck (2008) and use energy arguments
to estimate the distance of dike opening into the asthenosphere.
We assume that the width, w, of a dike in lithosphere of thick-
ness H; is uniform and equal to wg, while width of dike in as-
thenosphere decreases linearly with distance over a thickness Hg
(Fig. 2(a)), so that:

wo Z <0
wo(1 — HZ—;) Z>0

w(z) = { (2)
where 7/ =z — (H + D) is depth measured from the lithosphere-
asthenosphere boundary, and z = 0 at the surface of the axial crust
if it were in local isostatic equilibrium. Ideally, z= 0 should be set
at the depth where accretion results in neither an axial valley nor
an axial high. This reference depth has a simple definition only for
the case of no lateral variations in lithospheric density structure
outside a vanishingly narrow region of dike axial dike intrusion.
This is one of the assumptions needed to derive an analytic de-
scription of axial relief (Buck, 2001). For more general axial litho-

spheric structures the value is close to the local isostatic depth of
the axial region within about a flexural wavelength of the spread-
ing axis. For simplicity, we define z=0 as the local isostatic depth
of the lithosphere at the side of our model domain. Taking z =0 as
the local isostatic depth of the near axis lithosphere would change
our predicted axial relief by between 10 and 100 m.

The magma pressure is defined relative to the pressure at z=0,
and is assumed to be the static pressure in a column of magma
with a top at the surface of the axial lithosphere so that:

Pm = pwgD + pmg(z — D) (3)

where p,, is the density of water and pp; is the density of magma
and g is the acceleration of gravity.

In the lithosphere the simplest assumption is that the driving
pressure is uniform (Rubin, 1995; Rubin and Pollard, 1988). This
means that the horizontal stress is a constant amount lower than
the magma pressure. To first order, the width of the dike in the
lithosphere is directly proportional to the driving pressure there.
The fact that most dikes seen in the field are about a meter wide
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is consistent with a set lithospheric driving pressure for each dike
event (Qin and Buck, 2008).

In the asthenosphere, the horizontal stress should equal the
lithostatic stress so that:

ohn=pcgz 7 >0 (4)

where p. is the density of country rocks, assumed constant here.
With these assumptions the driving pressure is negative in the as-
thenosphere and can be expressed as:

Py =—((pc — pm)gZ + (Pm — pw)gD) 2’ >0 (5)

Elastic strain energy is liberated as a dike opens and reduces
extensional elastic stresses in the lithosphere. Taking the dike to
be inviscid, the energy change equals the work done by the driving
pressure on the wall of the dike as it opens. The driving pressure
must equal zero when the dike is open to an equilibrium width
w(z) and we assume that the driving pressure drops linearly with
width to zero as the dike opens. Then the energy change SE per
unit length along the axis of dike opening is:

SE = %Pdw(z)az (6)

Because no work is done on the magma in the limit that its vis-
cosity is vanishingly small, the elastic strain energy released as the
dike opens in the lithosphere (E;) should equal the energy con-
sumed in forcing open the part of the dike in the asthenosphere
(Ea) so:
EL+Ep=0 (7
The work done in the lithosphere given by integrating equation (6)
is:

1
E = EPdLWOHL (8)
where Py is the driving pressure in the lithosphere.

The energy consumed in the asthenosphere is:

Hg+H| 1

EPd(z) -w(2)dz (9)
H

Using equations (2), (5) and (9), we can rewrite E4:

Wo

1 1
Eqa= 5 [E(AmgHL + Ap28D)Hg + EAmg : H?;] (10)

where Apq is the density difference between magma and crustal
rock, and Ap, is the density difference between water and crustal
rock. Setting the total energy change to zero gives:

1 1
HiPay = - (Ap1gHL + ApagD)He + ZAprg - HE (11)
Solving the equation (11), we can express the H¢ as:

Hg
_ —3Ap18HL —3Ap28D + V9(Ap1gHL + ApagD)? +24Ap1gPaL DH,
2Ap18

(12)

Fig. 2(c) shows analytic results indicating that the deeper the
axial valley, the shorter the downward distance of dike open-
ing into the asthenosphere. The shorter this part of the dike, the
smaller the amount of magma is driven into the asthenosphere to
form gabbros.

We can now describe the flux of magma going into the as-
thenosphere as a function of D assuming the magma flux available
to fill a dike on a part of a spreading center is equal to the oceanic
crustal thickness H¢ times the spreading rate Vp. Any decrease
in flux going into the asthenosphere means that more can go into
the part of the dike opening in the lithosphere. Given the simple
geometry shown in Fig. 2(a) implies that:

1
H(_‘VPZMVP<HL+5HG> (13)
MV, is the dike opening rate in the lithosphere. Rearranging this
equation allows us to describe the fractional opening rate of the
lithospheric part of the dikes:

Hc

M= —+—— 14
Hy + $Hc(D) ()

The relationship between M and D given by equation (14) is
shown for several cases of lithospheric stress, thickness and crustal
thickness in Fig. 2(c). Equation (14) is then used to specify the
rate of lithospheric dike opening in the numerical models of axial
stretching and faulting.

3.2. Numerical methods

To see how this analytic model affects valley formation and
faulting patterns for a reasonable spreading center lithospheric
structure and rheology, we used FLAC (Fast Lagrangian Analysis of
Continua), an explicit hybrid finite-element and finite-difference
technique, to solve the equations of conservation of mass and
momentum in a visco-elastic-plastic continuum. This method has
been used to simulate localized deformation in various tectonic
settings and was described in detail elsewhere (Behn and Ito,
2008; Buck et al., 2005; Lavier et al., 2000; Poliakov and Buck,
1998).

We conducted two-dimensional numerical simulations of mag-
matic injection and fault growth for the same idealized and fixed
ridge thermal structure considered by Buck et al. (2005). The ma-
terial deforms according to a dry diabase flow law (Mackwell et
al., 1998), which ensures that the region cooler than ~600°C
(lithosphere) behaves elasto-plastically, while the hotter areas be-
have visco-elastically. The brittle-ductile transition roughly coin-
cides with the 600 °C isotherm for this flow law. A Mohr-Coulomb
failure criterion is implemented in the lithosphere, assuming a fric-
tion coefficient of 0.6 and material cohesion of 25 MPa in intact
material. Wherever this yield criterion is met, the material weak-
ens with strain. To favor strain localization, 10 MPa of cohesion
loss occurs over 1% of strain. Slower strain weakening (13 MPa of
cohesion loss occurring over 30% of strain) continues after this ini-
tial phase of fast-strain weakening. Model elements near the ridge
axis are 250 m wide, so the amount of fault slip necessary for total
fault weakening is ~300 m (Lavier et al., 2000).

The dike opening rate in the numerical model is defined as M
times Vp, with M described as a function of axial depth D given
by equations (12) and (14) (Fig. 3). D is defined as the difference
between the depth of the top axial element and the isostatic equi-
librium level.

We assume that a series of dikes accommodates the separa-
tion of plates at a spreading axis with a uniform average opening
rate with depth (i.e. M is uniform with depth in the lithosphere).
Though the rate of dike opening in the asthenosphere should de-
crease with depth, we found some numerical difficulties in re-
solving fault patterns when we implemented depth dependent M.
Since the rate of dike opening in the asthenosphere does not af-
fect either the long-term axial relief or the faulting patterns (Behn
and Ito, 2008; Poliakov and Buck, 1998), we assume the same rate
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Fig. 3. Set up for numerical models with dikes that open into the axial lithosphere and
into both the axial lithosphere and the warm, ductile asthenosphere. (b)-(d), Snapshots

ductile sub-lithospheric crust. (a) Set-up of the numerical model in which dikes open
of a simulation with Hc =6 km, top panels are model topography and bottom panels

are modeled distribution of strain rate. Fault scarps were identified as the steepest features that dip toward the axis.

of dike opening in the asthenosphere as in the lithosphere so that
M is uniform over the whole height of the axial domain.

The domain is subjected to horizontal extension at a half-
rate of 2.5 cm/yr, applied symmetrically on the side boundaries
(Fig. 3). The top boundary has zero traction and the bottom is
subject to lithostatic normal stress and no shear stress. Both are
free to deform with the Lagrangian grid, which is periodically re-
interpolated to a new grid with uniform horizontal grid spacing.
On regridding, the bottom boundary is set to be horizontal and at

each horizontal position the grid spacing is uniform between the
free surface and the bottom boundary.

4. Numerical results

The numerical models illustrate that reasonable axial valley
shapes result from our analytic estimate relating the fractional rate
of dike opening in the axial lithosphere M to axial depth D. Our
models show (Fig. 4) that the axial depth cannot increase with-
out limit. Two mechanisms can stop axial deepening; one related
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to magma input and the other to tectonics. If M < 1 the dikes
do not open as fast as the plates spread. Thus, faults form and
the offset of those faults cause an axial valley to deepen. In the
magma-controlled mode axial depth will stop increasing when the
model ‘self-adjusts’ so that M equals 1: As the valley depth D in-
creases the value of M increases as indicated by Equation (14).
When M equals 1 the valley stops deepening. In contrast, tecton-
ics takes over if the axial depth reaches the maximum tectonically
controlled axial valley depth Dt and M is still less than 1. In that
case the axial depth will remain at D7, as it is maintained by con-
tinual faulting. As noted by Qin and Buck (2005), Dt is controlled
by axial lithospheric thickness and the rate of off-axis lithospheric
thickening (i.e., slope of the lithosphere-asthenosphere boundary).
The fault patterns in the tectonic controlled mode depend on
magma input, but the valley depth does not. Results for fault pat-
terns are consistent with previous M-based models (Behn and Ito,
2008; Buck et al., 2005; Ito and Behn, 2008; Olive et al., 2015;
Tucholke et al., 2008).

A minor problem with our model is that it predicts no faulting
for cases with magmatic control of the axial valley depth. However,
observations suggest that even ridges with shallow valleys have
small normal faults that are relatively continuous along strike (see
Fig. 1). There are several ways that these faults might be produced
and we briefly consider a mechanism driven by minor oscillations
in the amount of magma delivered to dikes.

In the magma-controlled mode magmatic oscillations should
lead to extrusion sometime and faulting at other times (see Fig. 5).
To treat magmatic fluctuations, we set:

Hc(t) = Hc(0) + AHc sin(2r wt) (15)

where AH¢ and w are the amplitude and period of magma sup-
ply oscillations. We incorporate this relation into equation (14) to
compute temporal variations in M. Since values of M greater than
1 are non-physical, we set M =1 when H, > H| + %HG(D). In that
case we also emplace new extrusive material above the location of
the dike at a rate equal (H.(t) — Hy — %Hc;(D))Vp/Wext, in which
Wext is the cross-axis extent of extrusion. The numerical results

(Fig. 6) show that the faults patterns are directly related to mag-
matic fluctuation amplitude AH¢. For a given period, topographic
roughness increase with larger AH. (Fig. 6). The detailed influence
of magmatic oscillations on faulting patterns is, however, complex.
For periods w greater than the time interval between successive
faults (represented by the average fault spacing), fault spacing is
controlled by the temporal variability between tectonic and mag-
matic periods (Fig. 6); for shorter magmatic fluctuation periods,
fault spacing become independent of w for a given magmatic fluc-
tuation amplitude, as was describe by Ito and Behn (2008) and
Olive et al. (2015).

5. Discussion

This analysis shows that adding parameterized effects of dis-
crete diking events to a model that already fit the range of fault-
ing seen at spreading centers allows it to reproduce the observed
range of axial relief. Before comparing model predictions with ob-
servations we discuss how axial valleys can be maintained when
dikes accommodate all plate spreading without significant faulting.

5.1. How the model works

The key to this model is that the opening of a dike in the
lithosphere generates elastic stresses in the asthenosphere that
forces opening of a dike some distance into the asthenosphere.
The amount of dike opening in the asthenosphere depends on the
depth of the axis, such that the deeper the axis the less magma
goes in to the part of the dike opening in the asthenosphere (i.e.
Hg depends on D). If there is not enough magma available to
open the dike in both the lithosphere and the asthenosphere when
D =0 then fault offset deepens the valley. Eventually, for a given
valley depth, there may be enough magma for the dikes to open
at the full spreading rate (i.e. M = 1). As viscoelastic stresses relax
after a diking event the magma in the asthenospheric part of the
dike should rise to the base of the lithosphere and cool to form
gabbro. For cases where the lithosphere is thinner than the crust
this material is added directly to the crustal thickness. For cases



Z. Liu, W.R. Buck / Earth and Planetary Science Letters 491 (2018) 226-237 233

Extrusive

(@)

Brittle-Elastic
Upper Crust

Visco-Elastic
Lower Crust

Brittle-Elastic
Upper Crust

Visco-Elastic
Lower Crust

Extrusive

Brittle-Elastic
Upper Crust

Visco-Elastic
Lower Crust

(b)

He(o),
H+1/2H extrusion
L G IR " Faulting
Period
0 Time
@ @
1
i ®
=
0.5
0 Axial Depth Dr

L He =7.5km
08 J\/‘\/\—W\N\/\/ @
-0.5
- -1 &
5 05 He = 6.5km
5 0 @
0.5
8 -1r
§ -1.5%
Hc =4.5km

-30 20 -10 0 10 20 30
Distance from the axis (km)

Fig. 5. Modeled faulting and axial relief for cases with magma supply fluctuation. (a) Cartoon illustrating how fluctuation in magma supply can produce faults for any value
of the average magma supply. (b) Upper panel shows Hc evolution with time. When H¢ > Hy + 1/2Hg, extrusion will occur, when H¢ < Hp + 1/2Hg, faults will develop.
Lower panel show the analytic relationships between axial depth and M for these cases. (c) Numerical model bathymetry profiles for cases in which tectono-magmatic
period, @ = 0.1 Myr, amplitude of magmatic oscillation, AHc =0.1 and H¢(0) as shown.

10 T

T 10
o | He(0)= 6.5km, AHe=0,65 |
él S=Vp: 0 /@ 9
8r = 18
S|
7k 1 i -
Bl @ 7 _5
6l 5 1.3
5+t ] &
| 5&
4r Fault spacing = 3.3km | 14 E
3 @— — — @ @ —
2 12
L 11
0 ' [ (a) i
102 1071 100

Period of magmatic fluctuation (w, Myr)

T T T T T T T T T 200
Hce(0)= 6.5km, o= 0.1Ma
,
B
4
4 ~
I’ E
. e
7’ o
¢ E
20 £
g g
F , 1150 <
’ 17}
4 17}
< £
1’ %D
’
/’, §
R
4
’
d
’
¢’
AN N I N SR U N S I (+)
0.65 1.3 1.95 2.6 3.25 100

Amplitude of magmatic fluctuation(AHc,km)

Fig. 6. Sensitivity of model fault pattern to magmatic supply fluctuation period and amplitude for model with half spreading rate equals to 2.5 cm/yr and axial lithospheric
thickness is set to be 5 km. (a) Results of cases with Hc(0) = 6.5 km, AH¢ = 0.65. Black circles show spacing of modeled faults, measured by the distance between the tops
of the faults, versus period of magmatic fluctuations, black solid line shows a linear relation between spacing and period. (b) Results of cases with H¢(0) fixed at 6.5 km, @
fixed at 0.1 Myr. Blue diamonds show roughness amplitude (roughness is the average of the absolute difference between each point in the filtered profile and the median

value of the profile) of modeled faults versus amplitude of magmatic fluctuations.

where the lithosphere is thicker, the added material may produce
isolated gabbro bodies in the lithosphere.

This model only works if the viscosity of the asthenosphere is
in a range allowing stresses to relax between dike events while
maintaining stresses during events. This is tenable if the astheno-
spheric Maxwell Time (ty = viscosity/shear modulus) is more
than a few days and less than a few years, implying a viscos-
ity between ~10'> and 10?° Pas. Geodetic measurements for the
viscoelastic deformation around the active dike intrusion in the
Afar of Ethiopia gives an asthenospheric viscosity of a few times
1018 Pas (Nooner et al., 2009), which is in the required range.

Model results also depend on the assumed value of the driving
stress to open dikes in the lithosphere P4;. The preponderance of
~1 m wide dikes seen in ophiolites, the exposed sections of fossil
spreading centers, argues for driving pressure on the order of 10
MPa (Qin and Buck, 2008). If the driving pressure is vanishingly
small, the model will give the same unsatisfying result in terms
of axial relief as previous models with constant M for spreading
centers (Buck et al., 2005; Ito and Behn, 2008; Olive et al., 2015;
Tucholke et al., 2008). This can be seen by setting P4, equal to 0
in equations (12) and (14) which makes M independent of axial
depth D and equal to Hc/Hj.
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Fig. 7. lllustration of the way flexture of a plate accreted below the level of lo-
cal isostatic equilibrium can produce a axial valley. Comparison of observed profile
from Southeast Indian Ridge (black) and analytic axial relief from flexural accre-
tional model (red) derived in Buck (2001) (for flexure parameter equal to 12 km
and axial depth D set to —800 m).

In the newly defined magmatic mode, axial valleys are main-
tained when magmatic dike opening accommodates all litho-
spheric plate separation. This may seem surprising since valleys
are typically associated with lithosphere-cutting normal faults that
do not occur in this mode. Though the numerical models show
that valleys can be maintained without such faulting, they do not
show how this occurs. As noted above, the combination of finite
sized diking events (i.e. with a finite value of Py;) and a finite
supply of magma per event can result in accretion of dikes with
a top at a depth D that is lower than the reference level where
z = 0. Those dikes freeze onto the side of the lithospheric plates
before the elastic stresses in the asthenosphere relax. If the dike
were not attached to these plates, the new dike would rise to
be in local equilibrium (i.e. where D = 0) as those asthenosphere
stresses relax. Being attached to the lithosphere, the upward push
of the newly accreted dike causes distributed flexure of the litho-
sphere. It is the flexural strength of the plate that maintains the
valley.

This is precisely the same mechanism of accretional flexure, or
accretional curvature, previously suggested to explain axial highs
(Buck, 2001). The difference is that for axial highs the dikes ac-
crete above their level of local isostasy while for axial valleys, dike
accretes below this level. With a change in sign and amplitude the
analytic axial relief derived in Buck (2001) is very similar to val-
leys seen in the magma controlled numerical models and in nature
as shown in Fig. 7.

This flexural analysis is at the heart of the explanation of the
tectonic control of the maximum valley depth. As the valley deep-
ens the flexural stresses and so the bending moment maintained
on the flanks of the axis increase. Lithosphere with finite strength
can only support moments less than a maximum value (Turcotte
and Schubert, 2014). The maximum depth of the axis, Dr, is the
depth that makes the moment equal the maximum supportable
moment, as described by Qin and Buck (2005).

5.2. Comparison of model predictions and observations

The model of magma partitioning between dikes in the litho-
sphere and gabbro below the lithosphere explains a range of
observations not consistent with previously accepted models for
axial valley formation (Chen and Morgan, 1990; Phipps Mor-
gan and Chen, 1993). Unlike those models, the new approach
implies that valleys can form in places where the axial litho-
sphere is thinner than the crust. This prediction is consistent
with observations of the seismicity and seismic structure of sev-
eral ridges with axial valleys. For example, at the TAG segment of
the Mid-Atlantic Ridge, the maximum depth of seismicity, thought
to mark the base of brittle lithosphere (deMartin et al., 2007), is
less than the depth to the seismically imaged Moho (Canales et
al., 2007; Zhao et al., 2012). Recent studies showed the crustal

thickness near 58°28E on the Southwest Indian Ridge is up to
9.5 km and this is much larger than axial lithosphere thickness
as measured by the depth of axial magma chamber (Jian et al.,
2017).

If the axial valley is at its maximum depth D, then the mode
of faulting depends directly on the value of M, as detailed in previ-
ous models and consistent with observations (Behn and Ito, 2008;
Cannat et al., 2006; Ito and Behn, 2008). In contrast, shallower
steady-state axial valleys can be maintained with no faults. Small
faults may form in response to oscillation in the magma supply,
and characteristic fault offsets depend on the amplitude and pe-
riod of these oscillations (Fig. 6). Such oscillations should also pro-
duce periodic extrusions. Available evidence suggests that eruptive
volume produced during single eruptive episodes increase with
decreasing spreading rate (Curewitz and Karson, 1998; Perfit and
Chadwick, 1998; Rubin et al., 2009; Sinton et al., 2002). If this is so,
then we would expect that the amplitude of magma supply varia-
tions, quantified using equations (14) and (15), would be inversely
related to spreading rate. Then our model would be consistent
with the observed trend of increasing fault offset with decreas-
ing spreading rate. The magma supply oscillation may be induced
by internal ridges processes and/or by external processes, such as
climate-induce sea-level changes (Crowley et al., 2015).

Along many slow-spreading segments, axial relief and average
fault offset increase with the distance from the segment center
(Shaw and Lin, 1993). This is clear near 33°S on the mid-Atlantic
ridge, which is one of only places where seismic refraction con-
straints on crustal structure are available along an entire segment
(Fig. 8). The prediction that the amount of dike-supplied gabbros
decreases with increasing axial depth is consistent with the seis-
mic interpretation that the sub-dike layer 3 thins with distance
from the segment center. As shown in Fig. 8, our model can ex-
plain the trend in axial relief if crustal thickness H¢ decreases with
distance from the segment center. Though we do not yet have a
clear view of why such magma supply variation occurs, we hope
that further work on magma-tectonic interactions will shed light
on underlying segment-scale processes.

To relate model predictions with the global trends of axial re-
lief as functions of lithospheric and crustal thickness, we can focus
on the predicted conditions for the magma controlled mode of ax-
ial relief. We can get a closed form solution for D as function of
H; and H¢ for that mode by combining equations (12) into (14),
and setting M = 1. The results of doing this are plotted in shaded
region of Fig. 9.

For the region in the upper left corner of Fig. 9, we expect
that there will be axial highs with heights depending on the local
buoyancy. Buoyancy refers to axial density structure (Buck, 2001;
Buck et al,, 2005). Fast spreading ridges like the East Pacific Rise
and some intermediate spreading rate ridges like Juan de Fuca
Ridges should belong to this region. The lower right corner in Fig. 9
shows the region of tectonic control on axial valley depth. The tec-
tonic limit on axial valley depth Dt is expected to be a function
of both axial lithospheric thickness H;, and the geometry of litho-
spheric structure (Qin and Buck, 2005).

The essential new feature of our model is that we define a re-
gion between buoyancy and tectonic control of axial relief (shaded
region in Fig. 9). In this transition region, it is the relation between
magmatism and axial depth that controls the axial relief. The ex-
act position of the boundaries depends on uncertain assumptions.
For example, lowering the density contrast between magma and
lower crust moves the region of magmatic control of axial valley
depth to lower values of H;. Assuming that a smaller fraction of
the magma delivered to the crust is available to feed dikes moves
this region to higher values of H¢. Even with these uncertainties



Z. Liu, W.R. Buck / Earth and Planetary Science Letters 491 (2018) 226-237

(@ Bathymetry
32930’ S

33°00'S
33°30'S . - —
15°00'W 14°30'W 14°00'W
-4000" _-3000" -2000" -1000
Bathymetry(m)

®) Filtered Topography

Depth

15°00'W 14°30'W 14°00'W
I I I I :-I
-1000 -500 0 500 1000 1500
Filtered Topography (m)

—~
o

depth below sea level(km) ~

P3 P2 Pl

v Vv
PHRED JUDY

~ O

—
N

Depth

20 40 60
Range south to north(km)

(d) He= 7.5km
04 Filtered Topography (km), R=95m
0
-04
04 Model Filtered relief (km), R=106m
0
-04
-2.0 athymetry (km)
25
-3.0
05 Model Relief (km)
05 . e
abyssal active Injection  abandoned
hill fault  zone (healing)fault strain rate
-12

bt Al -14
(600°C isotherm) ‘|l:'1 L LITHOSPHPERE
| -16
-30 -20 -10 0 10 20 30
Distance from the axis (km)
(e) Hce=6.0km
Filtered Topography (km), R=134m
0 } WW
-0 4 M
odel Filtered relief (km). R =120m
04 ]\W\W\/J\/\,\/\/\/\'\/\/\/
:gg Bathymetry (km)
-3.0
-3.5
Model Relief (km)
) strain rate
L -12
0 oy 7 Y
brittle -ductile transmon r‘1 ﬁl LITHOSPHPERE rLt
(600°C isotherm) <! 0 16
-10 0 10 30
Distance from the axis (km)
(f) Hc=4 .5km .
b Filtered Topography (km), R=213m
0
-0.4 i ;
04 Model Filtered relief (km), R =276m
0
04
-2.0
2.5
Bathymetry (km
30 ymetry (km)
Model Relief (km)
strain rate
-12
brittle -ductile transition LITHOSPHPERE o
(600°C isotherm) i

-30 -20 -10 0 10 20 30
Distance from the axis (km)

235

Fig. 8. Comparison of data and numerical model results for segment-scale variations in axial relief and faulting (a) Shaded relief bathymetric map of 33°S on the mid-Atlantic
Ridge, Karen, Judy and Phred are location of OBSs from Tolstoy et al. (1993) (b) high-pass filtered bathymetry with wavelengths greater than 20 km removed. Filtered
topography is expected to indicate fault characteristics (Small, 1998); (c) Along-axis interpreted cross-section of the 33°S segment of the Mid-Atlantic Ridge based on a
seismic refraction experiment (Tolstoy et al. (1993)). (d)-(f) Three model cases for different values of axial crustal thickness Hc, but with the same lithospheric structure
(axial lithospheric thickness HL is fixed at 5 km) and magma supply fluctuation period (0.1 Ma). Hc is based on seismic refraction experiment (Fig. 8(c)). (d) Note the fairly
shallow axial valley and the moderate fault offsets for Hc = 7.5 km, which matches the sense of the bathymetric profile from 33°S Mid-Atlantic Ridge segment center (from
Fig. 8(a), P1). (e) Deeper valley depth for Hc =6 km. The model topographic profile is similar to that observed from Fig. 8(a), P2. (f) Faults with very large offsets occur and
much deeper valley depth is seen for Hc = 4.5 km. The model topographic profile is similar to that observed from the 33°S segment end (Fig. 8(a), P3).

we are confident of the general patterns of axial relief as functions
of H; and H¢ as show in Fig. 9.

6. Conclusions

Our treatment of partitioning of magma between lithosphere
cutting dikes and deeper dikes resolves several problems of pre-

vious models for the accretion and tectonics of plate spreading
centers. In summary, this conceptually simple mechanism implies

that:

1. The global and segment-scale dependence of axial valley
depth on crustal thickness and axial lithospheric thickness can
be described analytically with the assumption that the amount
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Fig. 9. The colored curves in the shaded region show the prediction of axial valley
depth D for the model of axial relief controlled by magma input. Plugging equa-
tion (12) into (14), and setting M = 1, we get a prediction of D as a function
of crustal thickness H¢ and axial lithospheric thickness H;. The average driving
pressure in the lithosphere Pg; is assumed equals 10 MPa, the density difference
between magma and crustal rock Ap; is 300 kg/m?3, and the density difference be-
tween magma and crustal rock Ap, is 2000 kg/m3. For the region to the left and
above the shaded region we expect axial highs with heights depending on the lo-
cal buoyancy that is not treated here. The lower right region shows the parameter
range of tectonic control on axial valley depth that should depend on axial litho-
spheric structure not treated fully here. Data on axial relief from Fig. 1(b) (circles)
is displayed using the same color scale. The crustal thickness of data from Fig. 1(b)
is constrained by seismic data (Tolstoy et al., 1993) and the axial lithospheric thick-
ness is assumed to uniform and equal to 5 km. Four numerical prediction of axial
valley (stars) is superimposed in the map using the same color scale.

of magma available to feed dike opening scales with local crustal
thickness.

2. Axial valleys can be maintained without faulting when all
plate spreading is accommodated by dike intrusion (i.e. where
M=1).

3. Oscillations in the magma supply may produce the observed
faulting at ridges where axial depth shallower than maximum tec-
tonic control depth Dr.

4. Large fault offsets occur when the axial valley is at the tec-
tonically controlled maximum depth. The fault offset in the tec-
tonic controlled mode depends on M as predicted by previous
models.

This study allowed us to relate axial lithospheric and crustal
thickness to the mechanics of dike opening and the related mag-
matic control of axial relief. Magma input should affect the thermal
structure and thickness of the lithosphere. Thus, in future work we
plan to show how combining thermal and mechanical models will
allow estimation of the dependence of axial relief on spreading
rate and crustal thickness for all three of the modes of axial relief.
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