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Numerical models of faulting at oblique spreading centers 
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Abstract. Obliquely spreading mid-ocean ridges, such as the Reykjanes Ridge, display two 
distinct fault sets distinguishable by orientation and position: on-axis faults are oriented oblique 
to both the trend of the axis and the normal to the relative plate separation vector, while faults on 
the flanks strike approximately parallel to the ridge axis. Numerical modeling techniques are used 
here to simulate the development of faulting on the Reykjanes Ridge. Stresses acting in a cross 
section through the lithosphere at a slow spreading ridge are investigated using the fast Lagrangian 
analysis of continua (FLAC) explicit difference modeling software. The predicted stresses from 
the cross-sectional models are imposed as a condition in boundary element models of fracture 
propagation and linkage. On-axis fault simulations run under conditions similar to the Reykjanes 
Ridge successfully reproduce the mapped distribution of faults and predict the observed 
orientation of the axial volcanic ridges. Simulations of fractures away from the axis show the 
development of axis-parallel faults by the interaction and linkage of fractures which have been 
rafted off-axis, also in accord with observations. Stresses modeled in cross section favor downdip 
displacement on faults dipping toward the ridge axis. 

1. Introduction 

The controls on the formation and evolution of faulting patterns 
observed at obliquely spreading centres, such as the Reykjanes 
Ridge, are poorly understood. The Reykjanes Ridge is located 
immediately south of Iceland, extending from 56ø30'N to 63ø30'N, 
and is the longest section of obliquely spreading ridge in the 
world's oceans today (Figure 1). The ridge is continuous with no 
transform offsets [Talwani et al., 1971; Johnson et al., 1971; 
Jackoby, 1980; Appelgate and Shot, 1994] and is oriented N036øE. 
The Reykjanes Ridge spreads obliquely with the relative plate 
separation vector oriented at 099 ø, at a half rate of 10 mm yr '• 
(DeMets et al., 1990). 

Two distinct fault sets are present, distinguishable by orientation 
and position [Murton and Parson, 1993; McAllister et al., 1995] 
(Figure 2). On-axis faults strike at 022 ø (i.e. 14 ø oblique to the 
trend of the ridge axis and 13 ø oblique to the normal to the relative 
plate separation vector) [Appelgate and Shot, 1994; Tuckwell et al., 
1996]. Axial volcanic ridges (AVRs), volcanic constructs 
associated with the emplacement of new material at the axis, are 
arranged en echelon along the axis with orientations similar to the 
on-axis faults [Appelgate and Shor, 1994]. Off-axis faults strike at 
a low angle to the ridge, with an average strike of 029 ø (i.e. 7 ø 
oblique to the ridge trend) and predominantly dip toward the ridge 
axis [McAllister et al., 1995]. This preferred dip direction has been 
observed at all slow and intermediate spreading ridges [Carbotte 
and Macdonald, 1990). The orientation of off-axis fractures implies 
a rotation of driving stress with distance from the spreading axis 
[Mutton and Parson, 1993; McAllister et al., 1995]. This study 
addresses the nature of the stresses acting both on- and off-axis and 

investigates the development and evolution of fracture systems 
formed in these regimes. 

For simplicity we treat on- and off-axis fractures separately. On- 
axis fractures are taken as those which form in the neovolcanic zone 

(Figure 3). This is the area in the center of the spreading axis where 
active volcanism occurs and has an average width of 12 km on the 
Reykjanes Ridge [McAllister et al., 1995]. Off-axis fractures are 
those which bound the neovolcanic zone on either side of the axis. 

Our model assumes that the neovolcanic zone is roughly equivalent 
to a mechanically weak zone represented by a thin brittle lid 
overlying a weak zone which acts as a conduit for rising mantle 
material between the diverging lithosphere plates. Either side of 
this weak zone, the lithosphere cools with distance from the axis, 
thus becoming mechanically stronger with thickening of the brittle 
layer (Figure 3). 

Two numerical modeling approaches have been used to 
investigate the nature of the stresses acting on the flanks of the axis 
and to simulate the development of a system of fractures in a given 
stress regime. Boundary element modeling code has been written 
using the displacement discontinuity method of Crouch and 
Starfield [ 1990] to simulate the propagation and linkage of a large 
number of fractures in a two-dimensional infinite elastic medium. 

The stress field operating off-axis is investigated by the construction 
of a model through a cross section of lithosphere using the Fast 
Lagrangian Analysis of Continua (FLAC) explicit difference 
software [ITASCA Consulting Group Inc., 1993]. FLAC is a two- 
dimensional explicit difference code based upon a Lagrangian 
calculation scheme [Cundall and Board, 1988; Coetzee et al., 
1995]. FLAC has several built-in constitutive models which permit 
the simulation of highly nonlinear response representative of 
geologic materials [e.g. Cundall, 1990] 

•Now at Department of Earth Science, University of Liverpool, 
Liverpool, England, United Kingdom. 

Copyright 1998 by the American Geophysical Union. 

Paper number 97JB03673. 
0148-0227/98/97JB-03673509.00 

2. Boundary Element Model 

The boundary element modeling approach has been widely used 
in previous studies of fracture development and interaction [e.g. 
Sempere and Macdonald, 1986; Olsen and Pollard, 1991; Renshaw 
and Pollard, 1994; Renshaw and Harvey, 1994]. In the model, 
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Figure 1. Bathymetric chart of the Reykjanes Ridge south of Iceland 
showing the isobaths in meters. 

the fractures develops iteratively by three processes: propagation, 
tip-to-tip linkage and tip-to-wall linkage. The stress field is 
recalculated after each growth event. 

Propagation is simulated by adding a new element to the tip of 
the crack, thus increasing its length. The direction of propagation 
(i.e. the orientation of the new element) is calculated from the 
stresses acting on the crack tip using the maximum circumferential 
stress theory [Erdogan and Sih, 1963]. This theory states that 
propagation should occur in the direction which maximizes 
circumferential tension near the crack tip and in which the resolved 
shear stress is zero (Figure 4). Propagation will occur in the 
direction, 0, defined by 

K I sin0 + Kii (3 cos0-1) = 0, (1) 

where K] and K. are the mode I and mode II stress intensity factors, 
respectively, and 0 is measured clockwise from the crack tip. 
Propagation will occur if the stress intensity at the crack tip, Ktip, is 
greater than the fracture toughness of the material, K•c [Lawn and 
Wilshaw, 1975], where 

Ktip = cos•0 2 (K I COS2 O _ 3 2 '•' KII sin0). (2) 

each fracture is represented by a number of short linear sections 
termed elements (Figure 4). Each element represents a 
displacement discontinuity which deforms when a far-field stress 
field is applied, affecting the local stress field around it. Growth of 

Kay, is calculated for every fracture tip, and the maximum value for 
the model is found. The length of the new element added at a 
propagating fracture tip is proportional to (Kap-K•c), with the value 
of K• giving a length of zero and the maximum value of Kap for the 
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Figure 2. Structural map of the s•m section of the Rcykj• Ridge. The shaded areas correspond to axial volcanic ridges (AVRs). 
Faults are shown by cross-hatched lines. Dashed lines delineate the near-axis weak zone where faults and AVRs are oblique to both the 
axis trend and the normal to the spreading vector. Outside this zone, faults are typically longer and oriented at a lower angle to the axis 
trend. Redrawn from Murton and Parson [1993], Copyright 1993, with permission from Elsevier Science. 
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Figure 3. Schematic geometry and rheology of a cross section through a 
spreading ridge. 

model giving the length specified in the model parameters as the 
maximum length for a new element. By this mechanism, fractures 
subjected to greater differential stress will increase in length more 
and hence propagate faster than others. 

Fracture linkage occurs by the interaction of process zones ahead 
of a propagating fracture. The process zone may be defined as an 
extensively damaged area extending ahead of the fracture in the 
direction of propagation [Freidman et al., 1972; Segall and 
Pollard, 1983; Simpson, 1983; Cox and Scholz, 1988; Bjarnason et 
al., 1992; Cowie and Scholz, 1992]. The length of the process zone 
extending ahead of a propagating fracture is assumed to be 
proportional to Ktip, with the maximum value taken as 10% of the 
fracture length [An and Sammis, 1996]. Tip-to-tip linkage will 
occur if the process zones of two propagating fractures overlap 
(Figure 5a). Tip-to-wall linkage will occur if the process zone of a 
propagating fracture encounters the wall of another fracture (Figure 
5b). 

3. Near-Axis Faults 

Fractures on the axis of the Reykjanes Ridge are oblique to both 
the trend of the axis and the normal to the relative plate separation 
vector [Appelgate and Shor, 1994; Tuckwell et al., 1996] and have 
the same orientation as the AVRs (Figure 2). Deformation at 
oblique spreading centers may be considered in terms of a 

Figure 4. (a) Representation of a curved crack by a number of short linear 
boundary elements. (b) Fractures propagate at an angle 0 along a path of 
zero resolved shear stress. 
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Figure 5. Interaction of process zones ahead of propagating fractures. 

displacement vector with a component of opening normal to the 
ridge axis and a component of shear along it. The transtension 
model of Sanderson and Marchini [ 1984] relates the orientation of 
principal stresses to the displacement vector. A simple geometrical 
relationship exists between the displacement vector and the 
orientation of the principal compressive stress [McCoss, 1986] and 
thus also the orientation of extensional fractures. Tuckwell et al. 

[ 1996] demonstrated that fractures observed at oblique spreading 
centres form in response to a transtensional stress field produced by 
plate separation. They also hypothesised that larger on-axis 
fractures are exploited by volcanism to form AVRs, explaining the 
identical distribution of orientations. 

The boundary element model was used to simulate the 
development of a system of fractures within the near-axis weak zone 
of the Reykjanes Ridge. The parameters used are listed in Table 1. 
The magnitude of stress acting at the axis of a spreading ridge is 
poorly constrained. Numerical models of upwelling material in a 
vertical conduit estimate ridge strength to be of the order of 10-30 
MPa [Lachnbruch, 1973] and is expected to vary with spreading 
rate. For our model the magnitude of the stress acting at the axis is 
taken as 30 MPa and is oriented such that the principal 
compressive stress is at an angle of 14 ø to the trend of the ridge 
axis, as calculated from transtension theory. Fifty fractures were 
initiated at random positions within an elongate area representing 
a short section of ridge (Figure 6a). Newly initiated fractures are 
oriented perpendicular to the minimum horizontal compressional 
stress Sh and are sufficiently short so as not to significantly 
influence the regional stress field. As the model is run and the 
fractures grow, mechanical interaction occurs as the propagation 
path of one fracture is influenced by the perturbation in the local 
stress field around another, causing the propagation paths of 
fracture tips to curve in toward neighboring fractures (Figure 6b). 
The processes of tip-to-tip and tip-to-wall linkage may be seen to 
occur as fracture tips near neighboring fractures (Figure 6b). If the 
model is run further, the pattern generated comprises fractures with 
a wide range of lengths with orientations distributed about an angle 
of 14 ø to the trend of the ridge, the expected orientation of fractures 
in this transtensional stress field (Figure 6c). Linkage has produced 
a small number of longer fractures arranged en echelon along the 
axis. If the longer fractures are exploited by volcanism to form 
AVRs, as hypothesised by Tuckwell et al. [1996], then a realistic 
morphological picture of the Reykjanes Ridge near-axis region is 
produced (Figure 6d), which can be compared directly with the 
structural map in Figure 2. 
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Figure 6. Boundary element model of the development of a system of fractures formed on-axis. (a) Fifty fractures 
are initiated in a transtensional stress field. Arrows represent the displacement on the boundaries of the zone of 
deformation. (b) As the model is run fractures interact (i) and link (ii). (c) The final distribution of fractures is 
shown. (d) Predicted axis morphology is shown if longer fractures are exploited by volcanism to produce axial 
volcanic ridges (AVRs), shown as shaded areas. 

4. Off-Axis Faults 

In contrast to on-axis faults at oblique spreading centers, off-axis 
faults are oriented at a low angle to the axis trend (Figure 2). Off- 
axis faults typically extend to greater lengths and have greater 
displacements than on-axis faults [McAllister et al., 1995]. Faults 
observed on the flanks of the Reykjanes Ridge are characterized by 
their irregular shape and branching structures where the trace of one 
fault splits into two or more splays (Figure 2). 

The stresses acting in a cross section through the lithosphere of 
a slow spreading ridge were modeled using the FLAC two- 
dimensional explicit difference software and parameters appropriate 
to the Reykjanes Ridge (Table 1). The model extends to a 
horizontal distance of 400 km from the ridge axis and a depth of 70 
km, with the finest grid mesh at the axis (Figure 7). A simple plate 
cooling model, with bathymetry proportional to the square root of 
lithosphere age is used to model the geometry and temperature of 
the lithosphere [Parsons and Sclater, 1977]. A rheological profile 
is determined by calculating the brittle and ductile strengths of the 
material. The deformation process is taken to be that which 
operates at the lowest stress. 

Brittle strength is calculated using a frictional slip criterion in 
which the lithosphere is assumed everywhere to be fractured such 

that •n any given stress field failure may occur by frictional slip 
along a preexisting fracture (Byerlee's law). Thus the brittle 
strength of a material can be written in terms of stress difference, 
overburden pressure, and pore fluid pressure as [Kirby, 1983] 

O1-O 3 2 [3pgz(1-•.), (3) 

where a• and 03 are the maximum and minimum compressive 
stresses respectively, ,o is the density of the material, g is the 
acceleration due to gravity, z is the depth, 2 is the ratio of pore fluid 
pressure to overburden pressure, and fl is a parameter depending on 
the type of faulting, with values of 3, 1.2, and 0.75, for thrust, 
strike-slip, and normal faulting respectively [Ranalli and Murphy, 
1987]. The friction along a fracture plane is largely independent of 
lithology, even for materials such as quartz and calcite with widely 
differing strengths. At high confining pressures it has been shown 
experimentally that the stress required to form a fault exceeds the 
stress required to cause sliding on an optimally oriented fault 
[Byerlee, 1978]. Thus at any depth the brittle strength may be taken 
as the differential stress required to produce slip on a preexisting 
fracture. 

The brittle strength is therefore largely stress dependent and may 
be considered to be unaffected by temperature. This relationship 
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Table 1. Parameters Used in Numerical Models 

Property Value Reference 

Fracture toughness 1.9 Mpa m -m Jones et al. [ 1996] 

Poissons ratio 0.43 Wright et al. [1995] 

Shear modulus 3400 MPa Wright et al. [ 1995] 

Density (crust, mantle) 2900, 3300 kg m '3 

Power law creep 
A (crust, mantle) 
n (crust, mantle) 
Q (crust, mantle) 

8x1025, 4x10 •2 pa -n s 4 
3.4, 3.0 
269,000, 540,000 J mol 4 

Thermal diffusivity 10 -6 m 2 s 4 

Coefficient of thermal expansion 3x10 -5 

Reykjanes Ridge 
Crustal thickness 8 km 

Half spreading rate 10 mm yr 4 

Shaw and Lin [ 1996] 

Ranalli and Murphy [ 1987] 

Parsons and McKenzie [ 1978] 

Kirby [1983] 

Searle and Laughton [ 1981 ] 
De Mets et al. [ 1990] 

has been confirmed experimentally predicting a limiting stress 
difference for frictional sliding along thrust, strike-slip and normal 
faults. However, at low differential stress (up to 50 MPa) the 
variability in the value of friction is large, and few data are available 
for normal stress levels up to 1000 MPa. Most data are for normal 

stress levels of up to 250 MPa, corresponding to a depth of 
approximately 20 km, within which range the value for frictional 
strength may vary by a factor of 2 [Brodie, 1991]. For •,e purposes 
of the model an average crustal density, p, is taken to be 2.9x103 kg 
m '3. Assuming hydrostatic.pore fluid pressure, 2=0.36 at all depths. 

Figure 7. Explicit difference model of a cross section through the lithosphere at a slow spreading ridge. (a) The 
model extends to a depth of 70 km and to a distance of 400 km off axis. The axis is held with a resistive stress of 
30 MPa, and the right-hand edge of the model is pulled at a constant velocity. (b) Thermal and rheological profile 
near the axis of a slow spreading ridge. 
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Strength values predicted by frictional failure are likely to be upper 
limits since the fault plane may be lubricated with clay minerals 
with a lower coefficient of friction [Ranalli and Murphy, 1987]. 

Ductile strength may be defined as the differential stress required 
to plastically deform the material at a specified strain rate. Ductile 
deformation may occur by three mechanisms: cataclasis, 
intracrystalline plasticity, and diffusive mass transfer. All these 
processes occur on the microscopic scale. For strain rates and 
temperatures prevalent in the lithosphere, dislocation creep is 
generally assumed to be the dominant mechanism [Kirby, 1983]. 
On a macroscopic scale the plastic deformation of materials may be 
calculated by a power law-creep relationship. For a given chemical 
environment the steady state creep rate •s is influenced by 
temperature T and differential stress a, via the Dorn [1956] 
equation 

•s = A o" exp(-•TT) (4) 
where R is the gas constant, A, n and Q are experimentally 
determined material parameters which are approximately stress and 
temperature independent. The material parameter n is termed the 
stress exponent and is dimensionless, the parameter Q is the creep 
activation energy of the material and has units J mol -], parameter A 
has umts Pa -n s ']. We assume a diabase rheology for the crust and 
a dry olivine rheology for the mantle [Chen and Morgan, 1990; 
Shaw and Lin, 1996]. Material parameters are listed in Table 1. 
Crustal thickness is assumed to be 8 km [Searle and Laughton, 
1981 ]. Results from models run with crustal thicknesses of 6 km 
and 10 km do not vary significantly from those presented here. 

A two-dimensional rheological profile through a cross section of 
oceanic lithosphere may thus be constructed (Figure 7). The brittle 
layer is modeled as elastic, rather than brittle to investigate the 
stresses that drive the deformation of the brittle lithosphere. 
Allowing the brittle layer to fail would relieve these stresses. 
Ductile material is modelled using the WIPP power law creep 
criteria, a constituent model in the FLAC software which provides 
a solution to (4) [ITASCA Consulting Group Inc., 1993]. 
Gravitational forces applied at each node of the explicit difference 
grid Fg are calculated by 

Fg = gVOo(1-aT)), (5) 

where g is the acceleration due to gravity, V is the volume of 
material represented by the node, O0 is the density of material at 
0øC, a is the coefficient of thermal expansion, and T is the 
temperature. A resistance to plate separation at the ridge axis of 30 
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Figure 8. Graph of horizontal stress in the brittle layer versus distance from 
the ridge axis. 

Figure 9. The orientation of principal stress axes in a cross section through 
the lithosphere at a slow spreading ridge. 

MPa is assumed [Lachenbruch, 1973] and a velocity is applied to 
the right-hand edge (Figure 6a). 

If horizontal stress were developed soley due to the resistance to 
plate separation at the axis, then the magnitude of horizontal stress 
would not be expected to exceed the magnitude of this resistance. 
The magnitude of horizontal stress decreases from approximately 
1000 MPa near to the axis to 300 MPa at a distance of 6 km (Figure 
8). This stress is generated by the gravitational forces acting on the 
brittle lithosphere as its density increases off-axis, the near-ridge 
effect of the ridge-push force and is an order of magnitude higher 
than that which can be supported at the ridge axis. Thus on the 
flanks of the ridge it may be assumed that stresses are acting almost 
normal to the trend of the ridge. It is clear that such large 
extensional stresses could not be supported by the lithosphere, 
which would fail and deform. It is important to emphasize, 
however, that the off-axis stress field is dominated by these large 
stresses and that this deformation would be driven by ridge normal 
extension. In cross section the principal extensional stress axes are 
inclined away from the ridge axis (Figure 9), favoring downdip 
displacement on faults dipping toward the ridge axis. 

The boundary element model was used to investigate the 
development of fractures on the flanks of the axis. Material 
properties are assumed to be homogeneous in the plane of the 
model. A system of faults formed on-axis, modeled as described 
previously, is assumed to have been rafted off-axis (Figure 10a). 
Longer fractures that formed on-axis are assumed to have been 
sealed when exploited by volcanism to form AVRs. This system of 
fractures is then allowed to develop in an extensional stress field 
oriented perpendicular to the ridge axis trend (Figure 10b). 
Fractures propagate and link to develop long, irregular structures 
oriented at a low angle to the trend of the ridge. The length 
weighted average orientation of fractures shown in Figure 10b is 
10_+2 ø to the trend of the ridge, at 95% confidence. Thus off-axis 
fractures develop at a lower angle to the ridge trend than those on 
axis. It is principally the process of fracture linkage driven by a 
stress field oriented orthogonal to the axis trend which acts to rotate 
the average strike of off-axis fractures toward axis parallel. 

5. Off-Axis Morphology 

The irregular nature of the fractures is a function of the 
orientation and length of the starting fractures. Studies by Bergman 
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Figure 10. Boundary element model of the development of fractures off-axis. (a) A system of fractures formed on- 
axis is assumed to have been rafted off-axis and is subjected to a stress field oriented normal to the trend of the ridge 
axis. Arrows represent the displacement on the boundaries of the zone of deformation. (b) The process of fracture 
linkage produces long irregular fractures oriented at a lower angle to the axis trend. 

and Solomon [1990] and Shaw and Lin [1993] suggest that off-axis 
morphology at slow spreading ridges is the expression of rotated 
normal fault blocks. Consequently, off-axis morphology may offer 
an insight into the nature of fractures which have been rafted off- 
axis. Three boundary element models of off-axis fracture 
development have been run with the same initial distribution of 

fractures but with different far-field stress histories. In an 

extensional stress field, fractures link to produce long, relatively 
straight structures (Figure 11 a). Fractures grown in an extensional 
stress field from a system of fractures formed in a transtensional 
stress field produce more irregular fractures than those in the 
previous example (Figure 1 lb). A system of fractures formed in a 

Figure 11. Comparison of three models run with the same starting distribution of fractures but with different far- 
field stress histories. (a) Fractures grown entirely in pure extension. (b) Fractures initially formed in a transtensional 
stress field (i), grown in an extensional stress field (ii). (c) Fractures grown entirely in a transtensional stress field. 
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Figure 12. (a) Diagram of a section of obliquely spreading ridge constructed from models of on- and off-axis 
faulting. Shaded areas represent axial volcanic ridges (AVRs). (b) Fault map of the southern Reykjanes Ridge about 
58øN. Redrawn from Murton and Parson [ 1993]. For both plots, dashed lines delineate the "near-axis" zone. 

transtensional stress field produces very irregular structures (Figure 
11 c). Our model predicts a more irregular off-axis morphology at 
oblique spreading ridges. The effect of spreading obliquity on the 
ridge morphology may be exaggerated by longer fractures being 
rafted off-axis. If volcanism exploits the longest fractures at the 
axis, as these are expected to be deepest [Cowie and Scholz, 1992; 
Wright et al., 1995], then an increase in volcanic activity may 
exploit a greater number of on-axis fractures, reducing the average 
length of fractures which are rafted off-axis. Thus off-axis 
morphology may be influenced by past spreading obliquity and 
magmatic activity. The application of this modeling approach to the 
development of ridge morphology is the subject of further study. 

6. Comparison With Reykjanes Ridge 

A model of on-axis fractures may be positioned between two off- 
axis fracture models to approximate a complete fault map for a short 
section of ridge (Figure 12a). This may be directly compared with 

a fault map of a section of the Reykjanes Ridge at approximately 
58øN, produced from interpretation of SeaMARC II backscatter 
data [Mutton and Parson, 1993] (Figure 12b). Here we use the 
Tuckwell et al. [1996] hypothesis that AVRs exploit the longer 
near-axis fractures. Both maps clearly show the on-axis faults and 
AVRs oriented oblique to both the trend of the axis and the normal 
to the spreading direction and distributed about an angle of 
approximately 14 ø to the trend of the ridge axis. Off-axis faults are 
oriented approximately axis-parallel and are irregular in shape 
showing branching in the trace of the fault, consistent with 
structures formed in the model by the process of tip-to-wall linkage. 

The distribution of fault length versus azimuth plotted from the 
data [Appelgate and Shot, 1994] is very similar to that from the 
model (Figure 13). Data measured from the model were taken from 
the orientation of each boundary element, weighted by the element 
length. Values of fault length at discrete fracture trends from the 
data and the model agree well, with a correlation coefficient of 0.95, 
indicating that the stress regimes used as a boundary condition for 
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Figure 13. Histograms of fault length against azimuth. Blocks represent data taken from models of fracture 
propagation and linkage; the line represents fault data •or the Reykjanes Ridge between 55ø50'N and 63ø00'N 
(redrawn from Appelgate and Shor [1994, Figure 9]). Refer to text for details. 
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the models of fracture propagation are capable of producing the 
structural features seen at the Reykjanes Ridge. Thus a slow 
spreading ridge may be modeled as having a weak zone centred at 
the axis, which at the surface deforms by brittle fracture in response 
to plate separation. This weak zone is bounded either side by 
relatively strong brittle lithosphere, which deforms in response to 
the large axis normal stresses generated by gravitational effects as 
its density increases off-axis. 

7. Conclusions 

Boundary element models of fracture propagation and linkage 
generate systems of fractures of varying length and with a 
distribution of orientations in agreement with that expected for a 
transtensional stress field. The process of linkage produces long 
fractures which may be exploited by volcanism to produce axial 
volcanic ridges (AVRs) and are arranged en echelon along the 
length of the ridge axis. 

Extensional stress on the flanks of the ridge, modeled using the 
FLAC explicit difference modeling software, is an order of 
magnitude higher than that acting on-axis. This stress is gravity 
driven, generated by the variation of topography and density with 
distance from the ridge, and acts normal to the ridge trend. This is 
the near-ridge expression of the ridge push force. In cross section 
the orientations of principal extensional stress axes favor downdip 
displacement on faults dipping toward the axis. 

Fractures observed on the flanks of the ridge may be modeled by 
assuming a distribution of fractures formed on-axis has been rafted 
off-axis, where fractures propagate in an extensional stress field 
oriented normal to the ridge trend. The length and obliquity of the 
rafted fractures control the irregularity of the off-axis faults and are 
expected to have a significant effect on off-axis morphology. 
Branches in the trace of fractures observed on the Reykjanes Ridge 
are produced in the model by the process of tip-to-wall linkage. 

Combining models of on- and off-axis faults produces a realistic 
representation of the structure of an obliquely spreading ridge. 
Histograms of fault length against azimuth for the models and the 
real data are statistically similar, indicating that the fracture 
distribution produced by the model is close to that which exists on 
the Reykjanes Ridge. This implies that the stress regimes applied 
as a boundary condition in the models of fracture propagation and 
linkage are capable of producing the structural features seen at 
obliquely spreading ridges. Thus slow, obliquely spreading ridges 
may be modeled as having a weak central zone which deforms in 
response to plate separation, bounded on either side by relatively 
strong lithosphere with brittle thickness and strength increasing off- 
axis. 
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