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Abstract:  

Dike emplacement in volcanic rift zones is often associated with the injection of “blade-

like” dikes, which propagate long distances parallel to the rift, but frequently remain 

trapped at depth and erupt only near the tip of the dike.  Over geologic time, this style of 

dike injection implies that a greater percentage of extension is accommodated by magma 

accretion at depth than near the surface.  In this study, we investigate the evolution of 

faulting, topography, and stress state in volcanic rift zones using a kinematic model for 

dike injection in an extending 2-D elastic-viscoplastic layer.  We show that the intrusion 

of blade-like dikes focuses deformation at the rift axis, leading to the formation of an 

axial rift valley. However, flexure associated with the development of the rift topography 

generates compression at the base of the plate.  If the magnitude of these deviatoric 

compressive stresses exceeds the deviatoric tensile stress associated with far-field 

extension, further dike injection will be inhibited.  In general, this transition from tensile 

to compressive deviatoric stresses occurs when the rate of accretion in the lower crust is 

greater than 50-60% of the far-field extension rate.  These results indicate that over 

geologic time-scales the injection of blade-like dikes is a self-limiting process in which 

dike-generated faulting and topography result in an efficient feedback mechanism that 

controls the time-averaged distribution of magma accretion within the crust. 
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1. Introduction 

 Extension in volcanic rift zones is accommodated through a combination of normal 

faulting and local magma intrusion.  Dike emplacement in these environments is often 

characterized by “blade-like” dikes (identified by their large length-to-height ratios), 

which propagate outward from a central magma reservoir parallel to the strike of the rift 

(Figure 1).  Surface eruptions associated with blade-like dikes are primarily concentrated 

near the tip of the dike [1], implying that they form in a stress regime that favors lateral 

propagation rather than upward growth and eruption [2].  Dikes will tend to propagate 

laterally if the driving pressure (defined as the difference between the magma pressure, 

Pmagma, and the total horizontal stress in the lithosphere, σtectonic) at the dike center exceeds 

the driving pressure at the top and bottom of the dike [2, 3].  Ryan [4] hypothesized that 

lateral propagation will occur at the level of effective neutral buoyancy.  In regions where 

magma supply is continuous, this level is determined by the vertical density structure of 

the crust.  However, where the rate of magma injection is less than the rate of extension, 

the level of effective neutral buoyancy is controlled by a combination of rock and magma 

density, local stress state and magma pressure, and broadly corresponds to the depth of 

the brittle ductile transition [2].  Therefore, in magma limited environments we consider 

such dikes to be “double-edged” blades limited at the top by brittle failure and below by 

viscous creep.  Excellent examples of magma limited volcanic rift zones are slow-

spreading mid-ocean ridges, where seismic moment studies [5] and measurements of 

cumulative fault throw [6] suggest that ~80% of seafloor spreading is accommodated by 

magmatic accretion, while the remaining 20% occurs via extensional faulting.   

 Dike intrusion has a strong influence on faulting and topographic relief during rifting.  

Regions overlying zones of dike emplacement are characterized by normal faulting, 

subsidence, and graben formation (e.g., [7-10]).  For example, individual diking events in 

Iceland have been observed to produce up to 2 m of co-intrusion slip on normal faults 

with little or no lava eruption [11, 12].  Moreover, the 1–2-km deep rift valley observed 

along many parts of the slow-spreading Mid-Atlantic ridge (e.g., [13, 14]), illustrates the 

potential for continual magma injection to produce significant rift topography [10].  

However, while the mechanical interaction between magma injection and faulting has 
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been studied on the timescale of individual dikes [7, 8, 15-18], little work has been done 

to understand how these processes will evolve over geologic time.  

 In this study, we investigate the feedbacks between dike emplacement, faulting, and 

the growth of topography in volcanic rift zones.  Dike intrusion is simulated using an 

elastic-viscoplastic continuum approach that allows us to model strain localization 

without presupposing the initial location of faults.  We show that the emplacement of 

blade-like dikes rapidly localizes strain onto inward dipping faults, resulting in the 

formation of an axial rift valley.  However, as topography grows, compressional stresses 

associated with plate flexure accumulate at the ridge axis, which will suppress the 

injection of future dikes.  The result is an efficient feedback mechanism in which dike-

induced faulting and topography act to control the time-averaged depth distribution of 

magma accretion in the crust. 

2. Numerical Models of Volcanic Rifting 
 Most previous studies that examined the mechanical interaction between magma 

injection and faulting assumed that the Earth behaves as an elastic half-space and 

simulated faulting through induced slip on presupposed dislocations in the crust (e.g., [7, 

8, 15]).  These assumptions are likely valid on short timescales, but breakdown in the 

case of repeated diking events over geologic time.  Here we study the long-term 

evolution of topography and faulting at volcanic rifts in a 2-D elastic-viscoplastic layer 

(Figure 2) using the Fast Lagrangian Analysis of Continua (FLAC) technique of Cundall 

[19].  This numerical approach has been used to simulate localized deformation (i.e., 

faulting) in a variety of extensional environments [20-22] and is described in detail 

elsewhere [23, 24].   

 In our model, material behavior is a function of the thermal structure, stress, and 

accumulated plastic strain throughout the model space.  In regions where deformation is 

visco-elastic, the material behaves as a Maxwell solid.  Viscous deformation is 

incompressible and follows a non-Newtonian temperature and strain-rate dependent 

power-law [25, 26].  Material properties appropriate for a dry diabase rheology [27] are 

assumed throughout the model space.  Plastic yielding in the brittle layer is controlled by 

Mohr-Coulomb theory.  The weakening of the brittle layer after failure is simulated by 
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assuming a strain-dependent cohesion law in which the initial cohesion, Co, decreases 

linearly with the total accumulated plastic strain until it reaches a minimum value, Cmin, 

after a critical increment of plastic strain of εc [21, 22, 24].  For the model runs presented 

in this study we assume Co = 24 MPa and Cmin = 4 MPa, however we note that these 

parameters have little influence on our numerical results relative to the effects of dike 

injection. 

 The initial numerical domain is 100 km wide by 20 km deep, with a grid resolution of 

0.25 km x 0.25 km.  Deformation is driven by imposing a uniform far-field extension 

along the edges of the model space with a velocity, utectonic = 2.5 cm/yr (Figure 2).  A 

hydrostatic boundary condition is assumed for the base of the model space and the top 

boundary is stress free.  The thickness of the brittle layer, hlith, corresponds to the depth of 

the brittle ductile transition (~650ºC for dry gabbroic rock [28]) and is adjusted through 

the imposed thermal structure.  Temperature increases linearly with depth from 0ºC at the 

surface to the 650ºC at hlith, below which it increases rapidly to a maximum of 1200ºC.  

This temperature structure results in a sharp brittle ductile transition, minimizing the 

effect of viscous strengthening in the lower crust.  To ensure that rift behavior is not 

affected by necking associated with perturbations in lithospheric thickness all 

calculations assume a uniform initial plate thickness of 6 km.  For simplicity temperature 

structure remains fixed and does not evolve throughout our numerical calculations.  

 Assuming blade-like dikes represent the dominant style of intrusion in magma limited 

volcanic rifts such as slow-spreading ridges, a greater fraction of magma will be intruded 

at depth than near the surface (e.g., Figure 1, [2]).  We simulate this process 

kinematically, by widening a column of model elements extending from the base of the 

brittle layer to a fixed depth, d, below the surface (Figure 2).  Here we envision that 

magma is supplied to the injection zone by along-rift transport from a central magma 

chamber as illustrated in Figure 1.  As deformation progresses, d, remains fixed with 

respect to the surface and thus may migrate relative to the fixed thermal structure.  The 

rate of injection is described by the parameter M, which is defined as the ratio of the rate 

of dike opening to the rate of far-field extension applied on either side of the model space 

[29].  Thus, M = 1 corresponds to a case where the rate of dike opening is equal to the 
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rate of far-field extension, and M = 0 represents an amagmatic rift.  In the following 

section we describe the response of the lithosphere and the growth of rift-valley 

topography to different rates of magma injection. 

 We have benchmarked our approach against the 2-D boundary element solution for 

an opening dike in an elastic half-space [30].  The predicted vertical and horizontal 

surface displacements closely reproduce the boundary element solution (Figures 3a & 

3b), with slight differences resulting from the finite width of the injection zone and the 

finite thickness of the elastic plate.  The predicted deviatoric stresses are illustrated in 

Figure 3c, and show the expected regions of compression adjacent to the dike and tension 

above and below the dike. 

3. Stress Evolution and the Growth of Rift Valley Topography 
 In all simulations with dike injection (i.e., M > 0), deformation initiates on two 

inward-dipping normal faults that form at the top of the dike zone and propagate upward 

to the surface (note that for M = 0 initial deformation will be distributed throughout the 

brittle layer).  The location of these inward-dipping faults corresponds to the region of 

maximum tensile stress predicted by calculations of a dike in an elastic half-space (e.g., 

Figure 3c and ref. [7]).  The initial growth of topography is a function of both the rate of 

magma injection and the depth distribution of accretion throughout the crust.  When dike 

injection penetrates to shallow depths, the rift valley subsides more rapidly for smaller 

rates of magma injection (Figure 4).  In contrast, if the region of dike injection is 

confined to deeper levels in the crust, the rate of topographic growth increases with 

greater rates of magma injection.  These calculations indicate that both the depth 

distribution of magma injection, as well as the rate of injection are important in rift valley 

development. 

 For M > ~0.5, the inward-dipping normal faults remain pinned at the top of the dike 

creating a small “key-stone” block that does not deform as the rift valley deepens (Figure 

5a,b).  In these runs the long-term depth of the rift valley is limited by the development of 

off-axis faults, which alleviate flexural bending stresses in the uplifted rift flanks [31].  

For cases with M < ~0.5, a conjugate set of faults forms dipping outward from the axis 

and cutting the entire brittle layer (Figure 5c,d).  These conjugate faults relieve tensile 
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stresses that accumulate in the lower portion of the plate adjacent to the dike.  The 

formation of the conjugate faults produces a wider and shallower rift valley than for more 

magmatic cases in which only inward dipping faults are observed.  Furthermore, as 

deformation continues alternating sets of inward and outward dipping faults form, 

resulting in a pattern of horst and graben topography that is not predicted from simple 

elastic models of dike injection.  Although evidence for outward dipping faults is 

relatively rare at slow-spreading ridge segments, thickening of the lithosphere off-axis 

due to plate cooling will favor the formation of inward dipping faults as compared to the 

uniform thickness plate studied here [32].   

 Dike injection requires that the pressure in the dike is greater than the total horizontal 

stress in the lithosphere (see Figure 1 and [2, 3, 33]).  Because magma chamber over-

pressures are typically small (0-10 MPa [e.g., 3]), this requires the horizontal deviatoric 

stress in the lithosphere to be tensile.  As described above, our simulations assume a 

kinematic formulation for dike injection, in which there is no feedback between the 

modeled stress state and the depth distribution of magma injection at a particular time 

step.  However, the calculated axial stresses can be used to assess whether conditions are 

consistent with continued dike intrusion.  For example, if the horizontal deviatoric stress 

surrounding the injection zone remains tensile, further dike intrusion will be allowed.  In 

contrast, the development of compressional deviatoric stresses will suppress continued 

dike intrusion. 

 For cases with low magma supply (M < 0.5), we find that the horizontal deviatoric 

stress, σxx, in the plate remain tensile throughout the axial lithosphere (Figure 5c).  

However, for higher rates of magma injection, compressional deviatoric stresses 

accumulate rapidly in the lower lithosphere adjacent to the dike injection zone (Figure 

5b).  Although compression is expected adjacent to an opening dike in an elastic half-

space (e.g., Figure 3 and ref. [7]), injection alone will not result in compression in an 

extending plate due to the net tensile stresses associated with the far-field boundary 

conditions.  Rather, the deviatoric compression at the base of the plate develops in 

response to the formation of the axial rift valley.  As rift topography grows flexural 
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bending stresses caused by the uplifted rift flanks and depressed axial valley produce 

compression at the base of the lithosphere beneath the rift axis. 

 To illustrate the importance of rift topography on the stress at the rift axis we 

examined the evolution of stress throughout deformation for the M = 1 simulation shown 

in Figures 5a & b.  The component of the horizontal deviatoric stress associated with 

topography was estimated by calculating the flexural stresses in a 6-km-thick elastic plate 

loaded from above by the model rift topography [34].  Although this approach ignores 

complexities associated with variations in plate thickness and the evolving material 

properties of the lithosphere, it provides a good first order approximation for the flexural 

stresses associated with rift topography.  Figure 6 illustrates the relationship between the 

growth of the rift valley, the topographic stresses predicted from flexure, and the 

horizontal deviatoric stress at the base of the plate beneath the rift axis.  We find that for 

all time steps, the influence of the far-field boundary conditions is to reduce the 

deviatoric stress relative to the topographic stress.  However, both the topographic and 

deviatoric stresses are directly correlated with the depth of the axial valley, and reach 

their respective maximum values only when the axial valley stops deepening (Figure 6).  

 The transition between compressional and tensile deviatoric stresses at the base of the 

plate occurs for M ≈ 0.5 (Figure 7).  When M > 0.5, magma injection relieves the tensile 

stresses associated with far-field extension, causing the rift valley topography to 

dominate the stress state in the lithosphere.  The compressional stresses in the lower 

lithosphere promote enhanced tensile faulting above the dike, which further deepens the 

rift valley leading to a positive feedback and greater compression at the base of the plate. 

Of course, it is unlikely that magma injection will continue in the presence of such large 

compressive stresses, and thus we view model runs with M > 0.5 to be unphysical on 

geologic time-scales.  In contrast, when M < 0.5, far-field extension dominates the stress 

state in the lithosphere.  The result is net tension at all depths beneath the rift axis, which 

in turn promotes extensional faulting throughout the entire brittle layer.  Conjugate 

outward dipping normal faults (e.g., Figure 5c) develop in response to these tensile 

stresses, producing a wider, shallower rift valley that further decreases the magnitude of 

the topographic stresses. 
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 One oversimplification of the models presented above is that we assume all dikes 

extend upward to a fixed depth.  In reality, there will be a distribution in dike height 

through time, with some dikes reaching the surface and others stopping at various depths 

below the surface.  To investigate the influence of these effects we examined two 

additional parameterizations for the depth distribution of magma.  First, we simulated 

cases in which M increases linearly from 0 at the surface to values ranging from 0 to 1 at 

the bottom of the plate.  Figure 7c illustrates the horizontal deviatoric stress at the base of 

the lithosphere after 5 km of total extension.  Similar to the earlier calculations in which 

M was constant within the dike zone, we find that cases in which M varies by more than 

~0.6 results in compressional deviatoric stresses below the axial valley.  We further 

explored situations in which there was a linear variation in M throughout the plate, but 

with M > 0 at the surface, implying a certain fraction of dikes erupt.  These calculations 

again show that the transition between compressional and tensile deviatoric stress at the 

base of the plate occurs when the total variation in M exceeds 0.6–0.7 (Figure 7).   

Discussion and Conclusions 
 Temporal and spatial variations in the rate of magma accretion are frequently invoked 

to explain differences in faulting and axial morphology at slow-spreading ridges [29, 35, 

36].  Regions with deep rift valleys are interpreted to reflect lower rates of magma 

injection, while shallower and more distributed rift morphology is taken to imply 

enhanced magmatism [13, 37].  In this study we have shown that the depth-distribution of 

magma injection throughout the crust will also strongly influence topographic growth and 

long-term rift morphology.  Specifically, larger gradients in the depth distribution of 

magma accretion will promote enhanced normal faulting in the shallow crust and the 

development of deeper rift valleys (Figure 7).  Thus future interpretations of crustal 

magmatic processes from observed rift morphology, must involve a better understanding 

of how accretion occurs at depth.  

 There are strong feedbacks between dike injection, faulting, and the growth of rift 

topography.  The calculations presented in this study illustrate the limitations of inferring 

lithospheric stress and dike propagation in an evolving rift zone from a simple yield 

strength envelope.  As has been shown previously (e.g., [7]), the injection of blade-like 
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dikes will promote normal faulting and graben subsidence.  However, magma injection 

simultaneously relieves tensile stresses in the extending plate, leading to a situation in 

which rift topography dominates the overall stress state in the lithosphere (e.g., Figure 7).  

The result is an efficient negative feedback in which the deepening rift valley drives the 

base of the plate toward more compressive stresses, inhibiting further dike injection at 

these depths.   

 As the stress state near the base of the plate approaches lithostatic one of several 

scenarios will occur.  The first is that dike propagation will cease until there has been 

sufficient far-field extension to reduce the total horizontal stress to the tectonic stress 

curve shown in Figure 1.  A second possibility is that as the total horizontal stress 

approaches lithostatic, dikes will propagate to shallower depths, redistributing magma 

injection throughout the crust (Figure 8).  In this scenario, dikes are initially “double-

edged”—limited both above and below by the variation in tectonic stress.  However, as 

dikes are forced to shallower levels in the crust they will eventually become “single-

edged”—narrowing at the base and widening at the surface.  Both of these scenarios 

result in mechanisms in which the time-averaged gradient in magma accretion evolves in 

such a way that the deviatoric stress state beneath the rift axis remains tensile (i.e. ∆M < 

0.5–0.7 in Figure 7c).  These processes may occur in a time-averaged manner such that a 

combination of double-edged and single-edged dikes are continuously injected.  

Alternatively, injection may cycle between periods in which double-bladed dikes are 

intruded, followed by periods of single-bladed dikes.  Future studies in which dike 

injection is linked to the evolving stress state in the lithosphere, as well to the flux and 

migration of melt beneath the rift axis, are critical to distinguish between these different 

scenarios and gain a better understanding of how volcanic rift zones evolve on geologic 

time-scales. 

 Lastly, slow-spreading mid-ocean ridge segments are frequently characterized by 

along-axis variations in crustal thickness as indicated by residual gravity anomalies [38-

40] and seismic velocity structure [37, 41-43].  Near the segment center, the rift valley is 

typically shallow, formed by closely spaced faults with relatively small throw [6, 35, 44].  

Toward the segment end, faults become larger and more widely spaced, resulting in a 
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broader, deeper rift valley with greater total relief.  It has been proposed that the along-

axis variations in crustal thickness observed at many slow-spreading ridge segments can 

be explained by model in which dikes propagate outward from a central magma chamber 

located near the center of the ridge segment [45].  In this model, dike propagation is 

driven toward the ends of the spreading segment by the along-axis gradient in 

topographic relief, and the maximum propagation distance is limited by thermal arrest.  

However, the results of this study indicate that the growth in rift valley relief toward the 

ends of slow-spreading ridge segments will generate compressional stresses in the lower 

crust.  If these stresses are large compared to the along-axis topographic driving stress, 

this may provide an alternative mechanism for limiting the along-axis propagation of 

dikes.  It remains for future studies to fully investigate the 3-D interactions between dike 

propagation and fault development along a segmented rift system. 
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Figure Captions 

Figure 1:  Schematic illustration of stress conditions leading to intrusion of blade-like 

dikes.  σlith represents the lithostatic stress (compression positive) and σtectonic is the total 

horizontal stress in the lithosphere.  σtectonic is defined by Byerlee’s rule in the brittle crust 

and viscous flow in the underlying ductile region [46].  Thick dashed lines in left panel 

illustrate the location of the numerical domain shown in Figure 2.  Dikes will propagate 

laterally if the driving pressure (difference between Pmagma and σtectonic) at the dike center 

exceeds the driving pressure at the top and bottom of the dike.  This condition will occur 

in magma limited rifting environments such as slow spreading ridges.  Over geologic 

time a large proportion of laterally propagating dikes will not reach the surface, implying 

that a greater percentage of the total extension will be accommodated by magma 

accretion at the base of the plate than near the surface.  Figure adapted from [3, 33]. 

Figure 2:  Model setup for numerical simulations of dike intrusion in an extending visco-

elastic layer.  The dike injection zone is illustrated with the thick black line.  Grey region 

represents the portion of the model space that undergoes brittle deformation, while the 

white region behaves viscously.  Deformation is driven by applying a uniform horizontal 

velocity, utectonic, to either side of the model space.  Dike injection is simulated by 

widening a vertical column of elements in the center of the model space at a fixed rate 

udike.  The rate of magma injection is defined by M = udike/ utectonic. 

Figure 3: (a) Vertical and (b) horizontal displacements calculated at the surface for a 

dike opening in a purely elastic layer (triangles).  Displacements are normalized to the 

amount of dike opening.  The dike is embedded in a 20 km thick elastic layer and extends 

from a depth of 3 to 6 km.  Thick black lines show the results of a 2-D boundary element 

solution [30]. (c) Horizontal deviatoric stress, σxx, normalized by the dike opening. 

Figure 4: Rate of topographic growth during the first 10 kyrs of magmatic rifting as a 

function of the rate of magma injection, M.  Curves illustrate dike heights of 2 km 

(circles), 3 km (triangles), and 4 km (squares).  The relationship between the growth of 

rift topography and the rate of magma injection is a function of dike height. 
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Figure 5: Numerical simulations of magmatic rifting showing the calculated strain-rate 

and horizontal deviatoric stress, σxx, after 5 km (200 kyr) of total extension for (a,b) M = 

1 and (c,d) M = 0.4.  The depth to the top of the dike injection zone is 2 km and the initial 

lithospheric thickness is 6 km.  For M = 1 two inward-dipping faults remain pinned at the 

top of the injection zone throughout rifting resulting in the formation of deep rift valley.  

Flexural stresses act to place the base of the plate in compression, which would act to 

inhibit further magma injection at that depth.  In contrast for M = 0.4, alternating inward 

and outward dipping faults form as extension continues, resulting in a shallow rift valley 

and tensile stresses throughout the axial lithosphere. 

Figure 6:  Rift valley depth (filled circles) and topographic (grey squares) and total 

horizontal deviatoric stress (open squares) at the base of the plate versus total extension 

for M = 1.  Topographic stresses are calculated by imposing model topography on a 6-km 

thick elastic plate with a Young’s modulus of 30 GPa.  Small-scale variations in the total 

stress curve are associated with the propagation of undamped elastic stresses throughout 

the model space.  Note that the magnitude of compression at the base of the plate is 

directly correlated to the depth of the rift valley. 

Figure 7:  (a) Model topography and (b) horizontal deviatoric stress, σxx, versus depth at 

the rift axis after 5 km (200 kyr) of total extension.  (c) Horizontal deviatoric stress at the 

base of the plate versus the difference in M between the surface and base of the plate.  

Filled circles illustrate cases where the depth to top of the dike is 2 km and M is constant 

within the injection zone.  Triangles illustrate runs where M varies linearly with depth 

from the surface to the base of the plate with Msurface = 0 (blue) and Msurface = 0.25 (red).  

Note that for ΔM > 0.5–0.7 continuous magma injection is inhibited by compression at 

the base of the plate. 

Figure 8:  Comparison of stress conditions for rifts with and without the influence of rift 

topography.  σlith represents the lithostatic stress and σtectonic is the total horizontal stress in 

the lithosphere, which is controlled by a combination of brittle and ductile failure and the 

growth of topography.  As the rift topography reduces the tensile stress at the base of the 

plate, dikes with the same driving pressure, Pdrive, will propagate upward to shallower 
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levels in the crust.  The net result is to suppress the formation of blade-like dikes and 

reduce the total gradient in magma accretion throughout the crust. 
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