Supplemental Material

Only recently have numerical methods been developed that can simulate geological time scale formation of faults.  A particularly successful approach in modeling faulting and other geodynamic processes in two-dimension uses the academic code FLAC (Fast Lagrangian Analysis of Continua)s1,s2,s3.  The most recent version of this numerical technique s4,s5 can dynamically take into account non-linearities of plastic failure in a frictional material and thermally activated viscoplastic creep used in the geosciences community to describe the deformation of rocks s6s7.   

In this first to attempt to link dyke intrusion in a long-term fault development model for ridges we make several simplifying assumptions. Our model dykes form at the axis of spreading, where the lithosphere is thinnest.  The dykes are vertical and widen at a constant, depth-independent rate (Fig. 3).  

For buoyancy dominated (axial high) models dyke intrusion is treated as simple accretion to each side of the ridge.  We model only one side of the spreading center since both accretion and the ridge density structure are assumed to be symmetric.  Accretion is simulated by addition of a column of elements on the left (axial) side of the model lithosphere.  Since axial high-related faults appear only on the top of the brittle lithosphere and are very hard to resolve we ignore the numerical complications of viscous behavior.  Strains in the brittle layer are sufficiently small that regridding is not needed.  We treat the lithosphere as a brittle Mohr-Coulomb layer.  The layer has a friction coefficient of 0.6 and an initial cohesion of the layer is 22 MPa.  Where stresses exceed the yield stress, the cohesional strength is reduced as a function of strain, as described in the text.  The brittle lithosphere is 0.5 km thick at the axis and thickens laterally to 5 km over a 2 km wide and 4.5 km high buoyant notch (Gaussian function) of low-density, invicid asthenosphere. There is no model time scale, or applied spreading velocity since no ductile behavior is considered in these very high-resolution models, where the grid size is 200 meters.

Elements are accreted at and near the axis of symmetry at a height controlled by the density of the underlying hot, partially molten crust.  Using a density of overlying water of 1000 kg/m3, cold rock density of 3000 kg/m3, and the partial melt density is 2800 kg/m3, the level of accretion is 330 m shallower than the level of floatation of the surrounding 5 km thick crustal lithosphere.

 For the stretching dominated (axial valley) models dyke intrusion is more involved due to the possibility of asymmetries in stretching fault development.  The dyke is assumed to be 2 elements wide and these elements widen steadily during a model run. Since our numerical method is Lagrangian both dyke intrusion and sizeable fault offset require re-meshing to overcome the problem of degradation of numerical precision when elements are distorted. The initial mesh of the model is made of quadrilaterals subdivided into two pairs of superimposed constant-strain triangular zones.  We trigger remeshing when one of the triangles in the grid elements is distorted enough that one of its angles becomes smaller than 10°.  Every time re-meshing occurs, strains at each grid point are interpolated between the old deformed mesh and the new undeformed mesh using a linear interpolation algorithm. The new state of strain is then used with the rheological laws to calculate the stress and resulting out-of-balance forces to start the time step cycle again.

 A special type of remeshing for the dyke elements was devised to minimize artificial diffusion outside the dyke region.  The dyke occupies the whole height of the model and expands in the ductile domain in order to allow for a simple adaptive remeshing scheme.  Each time the 2 columns of the dyke reach 4 times the initial width of an element x the sides of the model domain are cut away and the dyke is remeshed with 4 elements of width x.  The calculations are then resumed with a new 2 element wide elastic-plastic dyke. This adaptive remeshing technique is conservative and minimizes the number of remeshing steps affecting the region ouside the dyke.  Outside that region remeshing is caused by the accumulation of deformation by faulting.  The dykes deform and weaken according to Mohr-Coulomb plastic flow law. Accumulation of plastic deformation in the dyke tends to lock the location of tectonic faulting at the base of the dyke and does not allow the faults to depart away from the axis as is observed.  To solve this problem strain accumulation in the dyke is limited to smaller amount than the initial weakening necessary to form a fault (5 MPa of cohesion reduction).  This way a fault forms and can move away from the axis.

For the stretching dominated (axial valley) models the rheological structure is controlled by a fixed temperature structure.  In the shallow, cold part of the lithosphere the viscosity is so high that the material is brittle described by the same parameters as for the buoyancy dominated cases.  Warmer regions deform by thermally activated creep, approximated as a non-linear Maxwell visco-elastic temperature and strain rate dependent flow. The creep parameters for the lithosphere are that of dry diabases7, n=3.05, Q= 276 KJ mol-1, and A = 1.25 x 10-1 (Pa.s)1/n, assuming that the strain rate = An exp(Q/RT), where  is the second invariant of the stress tensor and R is the gas constant.  For these parameters the brittle ductile transition occurs at approximately the depth of the 450(C isotherm.  

At the axis the 450(C isotherm is at 6 km and the depth to this isotherm increases to 20 km, 75 km away from the axis. The steady state thermal structure is then defined by a piecewise linear geotherm versus depth, with set top (10(C) and bottom (1000(C) temperature.  The temperature-depth relation is linear up to the 450(C isotherm.  Below that depth the temperature gradient is 5 times greater to the depth where T = 1000(C.  For deeper regions T=1000°C.  The right and left sides of the model are pulled steadily apart at 1/2 cm.yr-1.

For both the buoyancy and stretching dominated models the top surface is shear and normal stresses free.  At the bottom, normal stress equals the pressure in the underlying invicid asthenosphere and there is zero shear stress.  The overlying water has a density of 1000 Kg m-3, and it is 3300 Kg m-3 for the lithosphere and the inviscid substrate.  The density of the lithosphere does not depend on temperature.  The acceleration of gravity is set to 10 ms-2.
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