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Many continental rifts are associated with and preceded by the formation of large igneous provinces. Partial
melting of a large region of anomalously hot, upwelling mantle is required to explain these huge volumes of pre-
and syn-rift basaltic magma. The uplift associated with a shallow region of hot mantle is often invoked as a cause
of the “rift-push” force that may drive the observed extension. The rift-push force is likely to be an order of
magnitude too small to drive tectonic stretching of normal continental lithosphere, but may be sufficient to drive
opening of lithosphere-cutting dikes. Intrusion of a sequence of such dikes along a narrow zone may provide
enough heat to significantly weaken the lithosphere. Here we use a newly developed 2D numerical approach, in
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Keywords: which magma filled dikes open in continental lithosphere in response to an evolving model stress field, and the
rifting advection and diffusion of heat is tracked, to investigate the relation between the volume of magma and the
magma amount of lithospheric weakening. The available rifting force, lithospheric structure, and parameters controlling
;(i)knitrilgemal Breakup magma flux are varied in the numerical simulations. For continental lithosphere >60 km thick (Hy = H1200 -c)

heat diffusion is unimportant and only a small amount of magma is required (<4 km of maximum cumulative
dike opening) to weaken the lithosphere such that it may rift without additional magma. The volume of magma
per unit length of rift required to transition from magmatic to tectonic rifting using our method is less than half of
thatreported by an earlier study. For reasonable plate-tectonic time scales, the amount of magma required for this
transition is nearly independent of the rate of magmatic injection, with the exception of highly extrusive cases.
Thus, magma assisted rifts may transition to tectonic rifts with rapid magma injection over a short period of time
(~1 m.y. as seen for some “volcanic margins” like the North Atlantic) or with slow rates over longer time scales
(>10-20 m.y. similar to “magmatic rifts” like the Red Sea).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Most continental-scale rifts that proceed to sea floor spreading
develop in association with large igneous provinces (LIPs) (Hinz, 1981;
Hill, 1991), during which magma may erupt for more than 10 Ma, but
most of the volume is erupted over a period of one million years or less
(Courtillot and Renne, 2003; Wolfenden et al., 2004, 2005). Despite the
correlation between magmatic events and continental breakup, many
models of continental breakup ignore the importance of magmatism
and dike intrusion in rift evolution (e.g., McKenzie, 1978; Royden and
Keen, 1980; Braun and Beaumont, 1989; Buck, 1991; Davis and Kusznir,
2004), or have focused on magma generated due to asthenospheric
upwelling in response to lithospheric stretching (e.g., White and
McKenzie, 1989; van Wijk et al., 2001; Nielsen and Hopper, 2002).
However, magmatism associated with LIPs often precedes rifting,
including in the Red Sea (Bosworth et al., 2005), North and South
Atlantic rifts (Courtillot et al., 1999; Courtillot and Renne, 2003 and refs.
therein). The giant dike swarms that precede continental breakup may
require a major thermal perturbation in the upper mantle (e.g., Fialko
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and Rubin, 1999). Our model is not sensitive to whether pre-rift magma
is generated via plumes (LeCheminant and Heaman, 1989; Hill, 1991) or
other mechanisms, such as super-continent insulation (Coltice et al.,
2009).

Dike intrusions in continental rifts associated with LIPs can be 10s to
100s of meters wide and several thousand kilometers long (Fahrig,
1987; Ernst and Buchan, 1997). Extensional tectonic force is required to
open such dikes, but this force is much less than that needed to produce
amagmatic stretching via normal faulting (e.g., Buck, 2004). In addition
to adequate force levels, sufficient magma flux is necessary to open
dikes and sustain magmatic rifting (Buck, 2006; Qin and Buck, 2008).

Whether dike intrusions lead to continental rifting and breakup may
depend on how much magma is intruded into a region. Intrusion of
hot basaltic magma in dikes will heat and weaken the lithosphere
(e.g., Royden et al., 1980). With sufficient weakening, rifting should
continue even if the supply of magma wanes or ends. Estimating the
amount of magma needed to weaken the lithosphere has been done in
other studies that treat kinematic dike opening. Buck (2004) treated
steady opening of dikes in a numerical model of the thermal evolution of
a rift, but he could only make a rough estimate of the mechanical effect
of lateral change in thermal structure on the strength of a rift. Dikes have
been treated in a fully visco-elastic-plastic code by accreting frozen
magma at a preset spreading center as some percentage of extension,
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called the M-factor (Buck et al., 2005). Behn et al. (2009) used this M-
factor approach to estimate magma volumes, but this approach
emplaces dikes with preset dimensions without regard for the local
stress field or regional extensional forces.

Herein, we seek to provide a mechanically consistent treatment of
dike opening and heat emplacement as rift lithospheric strength
evolves. Our goal is to more precisely estimate the amount of magmatic
dike opening and the magma injection rate required to weaken the
lithosphere such that it may rift on its own, without further dike
injection. Real rifts involve complications such as pre-existing weak-
nesses and variable rates of magma input that are not treated herein, but
our idealized models, which are the most complete to date, allow us to
gain insight into the physical processes occurring in real magmatic rifts.

We investigate the effects of repeated dike intrusions into a 2D region
of continental lithosphere using an approach that estimates opening for
each dike. This is done by computing the stress distribution before and
after the dike intrusion for set parameters of available magma supply and
pressure. We explore how changes in the stress field affect magma dis-
tribution in space and time, focusing on the influence of the rate of magma
injection versus thermal diffusion on the amount of magma input
required before such a region can tectonically rift, that is rift with the
available tectonic force without additional magma. Lastly, we examine the
maximum thickness lithosphere that may be able to undergo rifting with
the assistance of dike injection and discuss possible real world
applications.

2. Conceptual model

Dikes open in response to lithospheric stress. Because intruding
dikes have nearly the same density as the crustal host rock (Fig. 1a and
b), the stress difference needed to open dikes can be substantially less
than that needed for tectonic extensional normal faulting (Fig. 1cand d)
(Buck, 2006; Qin and Buck, 2008). Since we are concerned with
extension of the entire lithosphere, we consider the vertically integrated
stress, or force per length, of arift. In situations where the force for rifting
is derived from uplift of the lithosphere over abnormally hot mantle
(Spohn and Schubert, 1982; Bott, 1991), the available rifting force is
roughly equivalent to that of ridge push (Bott, 1991). If the lithosphere is
initially thin (and so weak) or the extensional force is very large, then
little or no magma weakening should be needed to a allow rifting to
proceed. For continental lithosphere with a normal heat flow (~40-
50 mW m™ 2) and crustal thickness, H, ~40 km, the lithosphere should
be close to 80 km thick (Turcotte and Schubert, 2002), and the ridge
push force is likely not large enough to drive tectonic rifting, but it is
large enough to open dikes (Fig. 1e) (Buck, 2004, 2006).

Dikes are magma filled cracks in the lithosphere, thus we have to treat
the elastic behavior of dike opening. Since we are concerned with the
temperature controlled strength of the lithosphere through time, we also
have to track the viscosity of the crust and mantle. Though we are
interested in force levels that may be too low to form lithosphere-cutting
faults, enough force may be present to fault the brittle crust above the dike.
Fault strain is simulated with a plastic (yield stress limited) rheology. Thus,
a visco-elastic-plastic rheology is used to model the lithosphere.

In this paper we estimate the amount of magma required to
sufficiently weaken the lithosphere to the point that rifting can
continue without continued magmatic input. Thus, we look at the
evolution of lithospheric strength in models with different values of 3
variables: lithospheric thickness (Hy), available extensional force (Fa)

Fig. 1. (a) Lithospheric structure. (b) Density profile of lithosphere and diking column with
depth. (c) Stress profile of lithosphere and dike with depth. (d) Yield stress for faulting
versus dike emplacement. (e) Force required to rift versus lithospheric thickness. For the
magmatic case, crustal thickness is 40 km, and magma fills dikes up to the surface. The
tectonic force is estimated following Buck (2006) but is under-estimated by assuming
strength in the crust only though 300 °C and in the mantle through 1000 °C, neglecting
strength in ductile zones.
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and magma flux. Of these the magma flux is the most difficult for us to
specify directly in the context of our simulation of dike opening. The
amount of magma intruded in an event depends on the lithospheric
stress and the magma pressure. Computing the lithospheric stress is
straightforward, as described below, but specifying the magma
pressure is harder. For example, were we to fix a magma pressure
that was sufficient to allow extrusion, then the amount of extrusion
would be unlimited. We chose to assume that as more magma is
intruded into a region the magma pressure is reduced. This assumption
is based on observations of active dike events in places like Hawaii and
Iceland where source regions are seen to subside during the short time
when dikes are seen to open (Tryggvason, 1984; Einarsson, 1991; Segall
et al., 2001). It appears that the source region and the dike form a
“closed-system” during a dike event. The withdrawal of magma from a
“magma chamber” source region surrounded by elastic rocks should
result in a reduction in pressure and the pressure drop should increase
with the magma volume removed. We assume that the magma at the
start of an event has a given pressure (Py) and that the pressure is
linearly reduced with the volume intruded into dikes.

3. Description of hybrid kinematic, dynamic boundary condition

In order to model a force-limited rift, we impose a hybrid boundary
condition that combines aspects of kinematic and dynamic conditions.

R.W. Bialas et al. / Earth and Planetary Science Letters 292 (2010) 68-78

We pull on the sides of a block of lithosphere at a set velocity until the
force difference reaches a set maximum value (Fig. 2a), at which time
we stop pulling (Fig. 2b). Dikes periodically injected into the center of
the model domain reduce elastic stresses and so decrease the force
difference (Fig. 2b). When the force difference is reduced by an arbitrary
amount, by diking and/or viscous relaxation, we resume pulling on the
sides of the model (Fig. 2¢). With repeated intrusions, enough heat
enters the system to locally weaken the lithosphere such that it may rift
on its own without the injection of additional magma (Fig. 2d). We dub
this time the onset of tectonic rifting.

Before extension, the horizontal stress, Sy, at any depth, z, equals
the vertical, lithostatic stress, Sy:

S,(2) = g[p(2)dz 1)

where g is gravitational acceleration, 9.8 m s~ 2; p(z) is the density, in
our case a crustal layer with p.=2750 kg m~—> overlying a mantle
layer with p,, =3300 kg m~? (Fig. 1b); and z is the depth (Turcotte
and Schubert, 2002; Qin and Buck, 2008). Extension of the elastic
lithosphere reduces Sy, tectonically by some amount, Sq4, such that:
Su(2) = 5,(2)—S4(2) )
To simulate extension with a limited extensional force, we start with
a lithostatic stress state and pull the sides of the model lithosphere at a

Kinematic, Dynamic Velocity Boundary Condition
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Fig. 2. Cartoon plot and diagram illustrating the kinematic-dynamic boundary condition. Darkened sections of the AF plot correspond to the lithospheric state at right. At the model's
inception, the force difference is below the available rifting force (red line), and a velocity is applied to the sides of the model (a). With extension, AF increases until it equals the
rifting force (a), and the applied velocity is set to 0 (b). Diking continues, decreasing AF (b), and the velocity is reset (c). For numerical reasons, we must apply a finite force drop
(green line) before restarting the velocity. This cycle repeats until the model is weak enough to extend unhindered (d).
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constant velocity (Fig. 2) such that Sy, is reduced by S4. The resulting
force difference is:

AF = [S4(2)dz. 3)

Throughout model time, diking occurs at the center of the model at
a periodic interval, relieving Sq and decreasing AF. When extension
increases AF such that it is greater than the force available for rifting,
Fa, (when i.e. AF>Fa) we stop pulling on the model (Fig. 2b). While
pulling is stalled, diking and viscous relaxation decrease AF until
AF <F,, at which time extension resumes (Fig. 2¢). We must assume a
finite, but small, drop in force before restarting extension (Fig. 2,
green line). Varying this force drop between 1% and 20% of Fa did not
significantly affect the results.

Dike opening accretes material to the center of the model at
1200 °C, and additional heat enters the system due to the latent heat
of dike solidification. The viscosity of the crust and the mantle is
temperature dependent, scaling as:

woc &t @)

where E, is the activation energy, n is the power law exponent, r is the
gas constant, and T is the temperature (Kirby and Kronenberg, 1987).
With enough heat injection, the lithosphere weakens such that AF
stabilizes at or below Fj (Fig. 2d), signaling the onset of tectonic rifting.
Though diking may continue, it is no longer required to continue rifting.
Relating the thermal weakening associated with diking to the
extensional force requires a numerical model.

4. Numerical methods

We examine the effect of dike intrusion into a section of lithosphere
using highly-idealized, regional scale, two-dimensional numerical
models. The simplified lithosphere is a 640 km wide box consisting of
a layer of crust overlying a layer of mantle. The crust has a dry pla-
gioclase rheology with peryst=2750 kg m~3, E,=238 k] mol~!, and
thermal conductivity=2 Wm™ ' K~ . The mantle is modeled with an
olivine power law creep rheology with ppange=3300kgm~3, E,=
511k mol~!, and thermal conductivity=3 Wm™'K~' (Table 1)
(Kirby and Kronenberg, 1987). The initial thermal profile is defined by
a linear thermal gradient to a bottom temperature of 1200 °C. There is
no initial thermal perturbation in the model. Our conceptual dikes are
sourced at some distance from the modeled cross section (Fig. 3). Our
modeled section of lithosphere is a cross section perpendicular to the
radiating direction of the dikes (Fig. 3).

Table 1
Simulation variables and constants.

Variable Standard case Range in models
Diking terms

Hc Crustal thickness 40 km 14-40 km

Hi, Hiz00 «c  Lithospheric thickness 80 km 20-120 km

Va Applied half velocity 0.5cmyr—! 0.5cmyr !

Fa Extensional force 42TNm™ ! 1-42TNm '

Dy Diking interval 5000 yrs 5000 yrs

MCE Magma chamber efficiency Varied 10~ '-10"*m?Pa—!
hpn Magma pressure head Varied 100-10,000 m

Rheology terms (crust, mantle)

p Density 2750, 3300 kg m >
k Thermal conductivity 2,3Wm~'K!
n Non-Newtonian power 32,3
law exponent
T Gas constant 8.31]mol~'K~!
E. Activation energy 238,511 k] mol !
A Pre-exponential of the ~ 3.2x10~ %,
effective viscosity 7x10*MPa—"
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Fig. 3. Schematic view of large dike intrusion into continental lithosphere. A magma
chamber above a thermal anomaly radiates dikes hundreds to thousands of kilometers
from a central source. We show an example location for our 2D model cross sections.

Deformation is tracked using an explicit finite difference method
similar to the FLAC (Fast Lagrangian Analysis of Continua) technique
(Cundall, 1989). It has previously been used to investigate local
deformation (e.g., Lavier et al., 2000) and regional deformation (e.g.,
Bialas et al., 2007). Brittle behavior is modeled using Mohr-Coulomb
criterion for elasto-plasticity (with a friction coefficient of 0.6 and an
initial cohesion of 20 MPa), and viscous behavior is modeled by a non-
Newtonian viscosity based on power law creep (Kirby and Kronen-
berg, 1987). A small amount of strain weakening is applied such that
cohesion decreases from 20 to 14 MPa between plastic strain values of
0 to 1. Grid spacing is ~2 or ~4 km, and remeshing is triggered in
areas of very large deformation. Altering grid size from 2 to 4 km does
not affect the results. A complete description of the finite difference
method can be found in Lavier et al. (2000) and Bialas et al. (2007).

In order to simulate diking, we employ a boundary element method
based on TWODD (Two-dimensional displacement discontinuity
method) (Crouch and Starfield, 1983) to calculate the deformation of
adike in a non-gravitational half-space. Such a method is appropriate as
long as the along-axis dike length is several times larger than its height.
A major advantage over previous studies is the dike top and bottom,
in addition to the width, are calculated using Weertman's method
(Weertman, 1971), rather than arbitrarily assigning a dike height at the
start of the problem as many previous models of dike emplacement
have done (e.g., Rubin and Pollard, 1987; Rubin, 1990). This approach
has been previously used to investigate dike width (Qin and Buck, 2008)
and morphology (Qin, 2008) at mid ocean ridges.

Because dike opening, magma volume, and pressure on the dike wall
are linked, we numerically iterate to solve for the dike opening (Qin and
Buck, 2008) (further explained in Appendix A). We ignore magma flow
related stress variations during dike opening. Thus, the equilibrium
condition at the wall of a dike is that the magma pressure, Py, = Sp,. At
any depth P,(z) is calculated as the pressure at a reference depth plus
the static variation with gravity

Py =Py + 8Pz (3)

where Py is the magma pressure at the surface (z=0) and py, is the
density of the magma in the dike, p,, =2750 kg m~> (Fig. 1b and c).

Dikes are injected at a preset, regular diking interval, Dy, inspired by
historical observations, e.g. the Krafla segment of Iceland (Saemunds-
son, 1979). While ideally the timing of dike injection would be self-
determining based on the stress field and magma supply, such a tech-
nique is not feasible in our numerical approach at this time. The
time interval for diking, D;, must be chosen. The D; can affect dike
size if the stress field is changing during that time interval. For our
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kinematic-dynamic boundary condition, if AF is at its maximum, a
longer D; will not affect dike size as no additional stresses build during
the additional time. However, a larger D; will result in large dikes if AF
increases during the expanded diking interval. For our numerical
approach, D; must be at least a few time steps to allow for the FLAC code
to update between diking events. For the models herein, D;= 5000 yrs,
with FLAC time steps averaging 0.5 yrs, well within our limitation. While
the timing of individual dikes in large continental dike swarms is poorly
constrained, our chosen D results in the observed range of dike size and
allows us to investigate a wide range of magma supply rates.

A single dike is calculated per event. Dike swarms or repeat
injections are not treated. Modeled dikes are always vertical and
intrude at the model's centerline. Each dike is initiated at a preset
isotherm (in most cases presented, the 700 °C isotherm), and the dike is
initially ~1 km in height. The dike is allowed to grow both upwards and
downwards at the same velocity until each tip stops opening. An
intrusion event is assumed to be fast enough that we can neglect magma
freezing during the dike event, but slow enough that viscous flow can be
ignored. Resistance to opening at the dike tip is ignored, assuming zero
fracture toughness. In the event of zero opening during a diking event,
there is no update to the stress field. If a dike cracks the surface with
enough pressure, extrusion, modeled as a series of layered flows that
increase surface topography with crustal material, occurs.

As adike propagates, more magma is removed from the hypothetical
source region, reducing the magma pressure within the source region
and at the dike wall. The source region is treated as a Mogi source (Mogi,
1958), and the magma volume per length of rift, AV, that can be pulled
out at a given magma pressure change can be written as:

2
AV, = 32—§AP (6)

where R is the radius of a cylindrical source region, u is the shear
modulus of the source region, and AP is the difference between the

magma pressure in the source region before and after dike intrusion.
Reorganizing,

_ 3nR?
AP 4u

MCE = 4V / @)

we refer to the ratio: AV,/AP as the magma chamber efficiency (MCE)
(m?Pa~1) and set this value at the beginning of each simulation, as
the volume of source material is important in determining dike size
and length in natural systems (Fialko and Rubin, 1999; Qin and Buck,
2008). Altering the MCE between simulations is equivalent to
changing the size of the initial magma chamber by changing R.

The magma pressure in the model dike varies with depth as in a
static fluid column with magma density, pn, and the initial surface
pressure, Po = pmghpnh — AP, which is also set at the start of each sim-
ulation in terms of pressure head, hpp, the maximum supported height
above the initial model surface for that column (Table 1).

The FLAC and TWODD codes work in tandem to model the effects
of dike intrusions in the lithosphere. FLAC simulates the steady
changes in stress, viscous flow, and faulting. When a diking event is
triggered, TWODD uses the information from FLAC to calculate stress
changes and displacements from the dike intrusion. This information
is interpolated back into the finite difference mesh of FLAC. A dike
calculated in TWODD is inputted into FLAC in its “frozen” state with
the same diabase rheology as the crust. As dikes are 1-10m wide and
grid elements are 2 or 4 km wide, using the same rheology for crust
and dikes avoids numerical problems in the crust, where most of the
dike opening occurs. In the mantle, there is some mixing of rheologies.
The dominant rheology is used in model calculations, but a weighted
average is used to calculate the element density.

Advection and diffusion of heat are tracked in FLAC since temper-
ature changes affect the rheology. The concentration of radiogenic

elements is set to 0 yW m™ 3. While continental lithosphere certainly
contains radiogenic elements, removing this complication from our
models allows us to isolate and investigate the thermal effects of diking.
When TWODD calculates a dike, the newly accreted material enters at
1200 °Cand adds the latent heat of solidification to the system. The heat
input from the dike calculated in TWODD is interpolated back into FLAC,
which updates the temperature field. The viscosity updates as a result of
the temperature change, and the rheology is updated to include the
accreted crustal material.

5. Results

The results presented herein are for a section of continental
lithosphere of normal thickness, Hy = Hq300 -c =80 km, modeled as
40 km of crust overlying 40 km of mantle. Altered model parameters
are the MCE and hpy,. Fa, the available extensional force (maximum
allowed AF), is 42 TN m~'. Models with varied lithospheric archi-
tecture and rifting force are treated in the discussion.

Chronologically, models are split into 2 periods: the magmatically
assisted phase, during which the lithosphere cannot extend without
further magmatic input, and the tectonic phase, when the lithosphere
has sufficiently weakened to extend with or without the input of
additional magma. All models begin in the magmatic phase, but not all
transition to tectonic rifting.

5.1. Example model

Fig. 4 presents time slices of lithosphere structure, tempera-
ture, viscosity, and topography for an example model with MCE =
1073 m? Pa~ ' and hp, =1 km. At 1 m.y,, the lithosphere has extended
~2 km, and the maximum cumulative dike opening is ~0.85 km at a
depth of 25 km (Fig. 5b). Faulting in the upper crust forms rift flanks
peaking at ~200 m. The thermal perturbation created by diking is visible
as a narrow spike in the temperature profile and a decrease in viscosity
of the lower crust and upper mantle.

At 2 m.y., the lithosphere has extended ~4.2 km; the extension rate
has increased due to the weakening. Between 1 and 2 m.y., the majority
of dike opening has occurred in the crust. Continued diking has further
raised isotherms, and diffusion has extended the width of the thermal
perturbation. The weak region, heated by the dikes, has a viscosity of
10%°to 10?" and extends almost the entire height of the lithosphere. The
rift flanks have decreased in height slightly due to the increased
percentage of extension accommodated by dike opening in the upper
crust, and a deep fissure has developed above the dike.

The model transitions to tectonic rifting after 2.6 m.y. and 7.6 km of
magma assisted rifting. As the model nears the transition, the extension
rate increases further due to weakening, and the maximum velocity of
0.5 cm yr~ !is applied to each model side after the transition. Between 2
and 2.6 m.y., there is no additional dike opening in the mantle as the
mantle portion of the diking zone has begun to deform ductily due to the
thermal weakening. The colder crust requires more heat input to
weaken, and maximum cumulative dike width is ~3.9 km at a depth of
~15 km (Fig. 5b). Viscosities are on the order of 10'° Pa s in the diking
zone.

Two additional time slices at 5 and 9 m.y., during the tectonic rifting
phase, are shown. In this example, diking continues but is not required
to sustain rifting. Dike opening is outpaced by extension at the sides of
the model. The crust begins to significantly thin, and a deep basin is
formed. Mantle material at 1200 °C is pulled up with continued
stretching.

5.2. Results with varied model parameters
In models with combinations of high MCEs and hpys, dikes are large,

penetrating the entire lithosphere (Fig. 5c), and extrusion occurs,
increasing surface topography and adding a load to the lithosphere
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have remained at ~200 m. Through 5 and 9 m.y., the model extends at 0.5 cm yr~ ! per side, and hot mantle material is pulled up from below.

(Fig. 6a, green). The height of the volcanics increases with increased
magma input parameters to a maximum of h,,. Isotherms are raised in
a narrow area prior to the transition (Fig. 6b), and the high heat
fluxes reduce the time to tectonic rifting compared to models with
slower magma input rates (Fig. 7). The load from the extrusives also
influences the extensional system by increasing the vertical stress,
Sy, effectively decreasing AF (Fig. 6¢). If the extrusive load is large
enough, AF will be depressed such that it never reaches Fa, and the
system will continuously extend. This loading effect reduces the time
to and amount of magma required for the transition to tectonic
rifting.

Comparatively, models with low rates of magmatic input have
smaller, narrower dikes (Fig. 5a) and require more time to transition to
tectonic rifts (Fig. 7). Dike opening in these slower models is initially
concentrated in the mantle until enough heat is injected to significantly
raise isotherms (Fig. 5). The lack of magmatic extension in the upper
crust during the first few million years leads to more faulting, creating
higher rift flanks and deeper basins than more magmatic models

(Fig. 6a). Isotherms are raised across a broader area than cases with
higher magmatic input (Fig. 6b) due to the longer transition time.

Fig. 7a shows the effects of altering MCE and hpy, on the time to
transition to tectonic rift. Models with high MCE and hy, transition to
tectonic rifting almost immediately, in part due to the loading effect
from extrusives. For steady hp, and decreasing MCE or steady MCE
and decreasing hpp, the time required to transition to tectonic rifting
is lengthened.

Varying MCE and hpy, along with all factors affecting dike size
(Table 1), will vary the magma injection rate, tiz= (magma to tectonic
rifting)/(time to tectonic rifting) (m? m.y.~ ). While ri1 ignores changes
in magma distribution with depth, using this approximation for the
average magma flux allows us to distill MCE, hpp, and D; to a single term.
Models with the same Fa, He, and Hp with similar m require similar
amounts of time to transition to tectonic rifting, regardless of the
combination of MCE, hpy, and D; (Fig. 7b). This transition time increases
as a power law function with n, as it is a function of time vs. rate:
t=magma(t)/t. If the amount of magma input is constant with time,
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Fig. 5. Cumulative dike opening (m) is plotted against depth (km) at different time
intervals for 3 models with varied MCE, hp, =1 km, H, =80 km, and FA=42 TN m™~ I
The latest time interval shown is the time at which the model transitions to tectonic
rifting. Plot (b) is the case presented in Fig. 4. For high MCE dikes are large and have a
consistent blade like shape through the lithosphere. With decreasing MCE, the
distribution of magma is uneven. For low to medium MCE, dikes first open in and
weaken the mantle before intruding the crust. Maximum dike opening is similar
(~4 km) for cases that transition at 2.6 m.y. and 14 m.y.

the slope of this power law function equals — 1, as the function takes the
form: t=constant/t. The more negative the slope of the power law
function, the more magma is required with increasing time to tectonic
rifting. For the above cases, only a small increase in the area of
magma needed to transition is required with increasing time to tectonic
rifting (Fig. 7c). Cases with high ni1 are affected by extrusive loads
(ri1>10® m® m.y.” ') and require less magma than expected (Figs. 6¢
and 7c).

6. Discussion
Our numerical approach is the first to investigate the long term

thermal and strength evolution of rifting lithosphere cut by a series of
magma filled dikes resulting from the stresses acting on the dike
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Fig. 6. (a) Topography at the time of the transition to tectonic rifting for models with
hyn=1km, H =80 km, and FA=4.2TNm™ . Note the different scales for top and
bottom panels. High MCE, hy,;,, or combinations of each produce high piles of extrusives.
Low values produce deep basins and high rift flanks. Rift flank height increases, and
basins deepen with decreasing MCE. (b) Plots of the 700 °C isotherm at the transition
time to tectonic rifting for 3 of the above models. The height reached by the isotherm is
similar across all cases, but the width of the thermal perturbation increases with
decreasing magma supply and pressure. (c) Cartoon illustrating the effects of extrusion
on the integrated vertical force. The extrusive load increases this force, which
effectively decreases AF.

walls. While these stresses, the lithospheric structure, and the
available extensional force affect dike dimensions, the MCE, hyy, ,
and D; are the only parameters whose sole function is related to
diking. By varying combinations of these parameters, we are able to
vary the magma flux for a section of lithosphere under different
condition and reproduce a wide range of model behaviors.

6.1. How much magma do we really need?

The total width of dike opening required to transition to tectonic
rifting varies with depth of the dike. In all cases considered here,
the widest total dike opening is at mid-crustal levels. For models that
are little affected by heat loss with lithosphere of normal thickness,
maximum cumulative dike opening of ~4 km will sufficiently
weaken the lithosphere to the point of tectonic rifting (Fig. 5). For
very low rates of magma injection, minimum cumulative opening is
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and less magma is needed in cases where extrusives decrease AF.

affected by thermal diffusion. If all heat from a dike is conductively
cooled away from the injection zone before the next intrusion, the
system will never transition to a tectonic rift. If cooling is not im-
portant in the system, then the total volume of magma required
to tectonically rift will be independent of m. For such cases, the
slope of a power law function relating ni1 and time to tectonic rifting
would be —1.

Fig. 8a plots time to tectonic rifting versus i for 4 cases: 1. 80 km
lithosphere, 40 km crust, and F=4.2 TN m~ ! (the suite of models pre-
sented in Fig. 7), 2. 80 km lithosphere, 40 km crust, and FA=2TNm™,
3. 60 km lithosphere, 30 km crust, and Fa=2TNm™ !, and 4. 20 km
lithosphere, 6 km crust, Fs=1TN m™ . Models affected by extrusion
are excluded. For models with lithsopheric thickness > 60 km, the slope
of the power law relationship is close to — 1, implying minimal cooling.
The total required area of magma (Fig. 8b) shows small increases
with time for cases with H; >60 km. While more magma is required
with lower extensional force (80km 4TNm™' vs. 2TNm™!), the

lower force series also only requires a modest increase in magma with
time.

For thin lithosphere, diffusion is more important, evidenced by the
power law slope for the series with 20 km lithosphere and 6 km crust,
which equals — 1.8. (Fig. 8a). For this case, the linear rate of increase in
the area of magma is ~4 times greater than that of the 60 km series
(Fig. 8b). The increased influence of thermal diffusion with thinner
lithosphere is related to the initial thermal profile. Isotherms are
much closer together in the thin lithosphere and, as a result, are much
closer to this surface boundary condition, set to T(surface) =0 °C. As a
result, more heat is lost out of the model domain than for models with
thick lithosphere.

6.2. Comparison to other models

Previous models combining a fully visco-elastic-plastic code with
simulated dike intrusion have relied on the M-factor approximation
(e.g. Buck et al., 2005; Tucholke et al., 2008) in which some fraction of
extension, the M-factor, is accommodated by accreting a set width of
hot material onto a vertical column of diking nodes. Our approach has
three major advantages over the M-factor method. First, in our
method, the top, bottom, and width of the dike are calculated as a
response to the stress field and prescribed magmatic parameters,
where as the M-factor approach uses predetermined values for dike
dimensions. As demonstrated in our results, the shape of an individual
dike changes with depth, thermal structure, and rheology. Second,
M-factor models assume enough force is present to extend the
lithosphere, which we argue is not always true in natural systems. Our
model does not stretch the lithosphere when available force is below
that necessary to extend. This affects dike shape and magma distribution
with depth and time. Lastly, our approach allows extrusion to be treated
in a reasonable way based on the size of the dike calculated from the
stress field and the available magma supply. M-factor models have not
treated extrusion. As discussed above, extrusion affects the stress field
and can reduce the amount of intruded magma required for tectonic
rifting.

Recent work using the M-factor approach addressed how much
magmatic weakening is required to rift continental lithosphere. For a
similar definition of normal lithosphere as used here, Behn et al.
(2009) report that ~4 km of dike opening is required to transition to a
tectonic rift, similar to our maximum cumulative dike opening.
However, the total volume per unit length of magma required by our
approach is less than half that predicted by this M-factor approach
(Figs. 7c and 8b). This difference stems from the changes in magma
distribution through space and time, discussed above, allowed in our
simulation. This reduction may be significant when considering the
influence of magmatism on the evolution of margins traditionally
viewed as magma-poor, as the presence of a small amount of pre-rift
magmatism, potentially all intrusive, can have a large impact on rift
development. However, the similarity in the total width of opening
between the two studies is encouraging. M-factor models, while
making a set of much simpler assumptions, are easier and faster to run
and still seem to still provide a reasonable way to simulate some of the
effects of repeat dike intrusion.

6.3. How thick is too thick?

Given the force requirements for our velocity boundary condition,
our model is well suited to test the maximum thickness of lithosphere
that may magmatically rift. Following the analytical model description,
the required force to open a dike through the lithosphere is:

Freq = [(S,—Pp)dz 8)

Fig. 9a plots the F. for a section of lithosphere with 40 km crust and
increasing thickness of mantle lithosphere with h,, =1 km and 100 m.
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The horizontal red line is the available extensional force, FA=4 TN m™ . lithospheric weakening depends mainly on the initial lithospheric

If Freq>Fa, the lithosphere will not be able to rift. Analytically, the
maximum lithospheric thickness into which dikes may intrude is
~80 km for hy, =100 m and ~90 km for hp, =1 km.

Numerically, the solution for the maximum “riftable” lithospheric
thickness depends on the magma supply parameters and on the time
over which magma is supplied to the rift. Fig. 9b shows the time to
tectonic rifting for models with 40 km crust and increasing mantle
lithospheric thickness for series with hp, =100 m and 1 km and MCE =
0.01 m? Pa~'. The base of the lithosphere is defined here as the thermal
lithosphere at the 1200 °C isotherm. As lithospheric thickness ap-
proaches its critical value for a set hp, dikes do not open deep enough to
rift the lithosphere and the time to tectonic rifting becomes infinitely
long. With higher pressure head, thicker sections of lithosphere may rift,
as predicted by the analytical model. The maximum riftable thickness is
~100 km and ~112 km for h,,=100m and 1 km, respectively. The
20 km difference between numerical and analytical thicknesses arises
from the ability of the ductile portion of the mantle lithosphere in
numerical models to extend without dike injection. Maximum penetra-
tion depth of numerical dikes is ~85 km and 95 km for h,, =100 m and
1 km, respectively, only 5 km larger than the analytical approach. Thus,
choosing a lower value of the temperature marking the bases of the
lithosphere would bring the analytical and numerical models into
closer agreement. For reasonable values of pressure head and moderate
extensional force, it is unlikely that extremely thick continental
lithosphere (i.e. well over 100 km) would be able to magmatically rift.

6.4. Implications for real rifts

We find that for moderate rift opening times (from a few to a few
10's of Ma) the amount of total magma needed to cause sufficient

thickness. With thicker mantle lithosphere more magma is required
not only due to the thickness increase but also because of the lower
thermal gradient compared to thinner lithosphere models. In this
paper we define lithosphere in terms of the depth to a set isotherm
(1200 °C). However, at the rates of deformation considered here, we
only see brittle behavior down to about the 1000 °C isotherm in the
mantle. Because our idealized models do not consider heat-producing
elements in the crust, it is difficult to directly compare our results to
natural systems where surface heat flow is the primary constraint on
the lithospheric structure. Heat-producing elements would increase
temperatures in the crust and upper mantle, making for a higher
surface heat flow for a similar thickness of lithosphere. Our results,
therefore, over-estimate the amount of magma needed to sufficiently
weaken the lithosphere with a given surface heat flow.

Our results have bearing on many natural rift systems. By changing
the diking parameters, our models can simulate the behavior of different
magmatic rifts. Highly extrusive models with fast transitions to tectonic
rifting match the behavior of rifts initiated contemporaneously with
or immediately after emplacement of seaward dipping reflectors,
such as the Greenland Margin (Hopper et al., 2003) or South Atlantic
(Gladczenko et al., 1997). Largely intrusive models with longer tran-
sitions may match the early history of the East African Rift and Red Sea
(Keranen et al.,, 2004; Kendall et al.,, 2005). Our models demonstrate that
some non-volcanic rifts could have been significantly weakened by
relatively small amounts of intruded magma.

It is difficult to constrain how fast magma is intruded into natural
magmatic rifts. However, the observed rate of magma extrusion in
large igneous provinces is similar to the intrusion fluxes needed to
significantly weaken our model rifts. Courtillot and Renne (2003)
report an average flux for LIPs to be ~2 km? yr~ . If such a flux were
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tectonic rifting increases until the system cannot rift. Numerical maximum riftable
lithospheric thickness is ~100 km and ~112 km for hp,, =100 m and 1 km, respectively.
(c) Plot of the area of magma required to transition to tectonic rift versus lithospheric
thickness.

intruded along a 2000 km long rift, the implied intrusion rate would
be 10° m? m.y.~ !, comparable to our highest flux cases. In addition,
dikes >10 m wide, similar to those developed in our numerical
models with high to medium m1, are observed in continental rifts
associated with LIPs (Fahrig, 1987). We therefore believe our highest
values of i to be reasonable.

The amount of magma needed for complete rifting is reasonable.
For every 1000 km of rift cutting normal continental lithosphere
(defined here as having ~30 km of brittle mantle lithosphere) we

expect that ~10° km? of basalt (~100 km? of magma for 80 km thick
lithosphere by 1000 km length of rift) would be needed to weaken the
rift to allow tectonic stretching at reasonable force levels. Even for the
2000 km long Red Sea rift, the amount of magma required is less than
two-thirds the estimated 3.5x 105 km> of basalt present today, post
erosion, on the Ethiopian and Yemen Plateau at 30 Ma (Mohr, 1983).
Thus, a fraction of the magma produced in short-lived volcanic pulses
associated with LIPs could be enough to initiate a rift in moderately
old continental lithosphere.

7. Conclusions

Our modeling approach, which calculates dike opening in terms of
the stress distribution before and after the dike intrusion for set
parameters controlling the available magma supply and pressure,
allows us to investigate the amount of magma required to transition a
section of continental lithosphere from a magmatically assisted rift to
a tectonic rift. For an 80 km thick section of continental lithosphere,
the amount of magma needed is small; maximum cumulative dike
opening is ~4 km in the mid- to upper crust, with substantially less
opening in the hotter mantle regions. The total volume of magma
required by this approach is roughly half that of previous studies
which assumed uniform dike width with depth. The time required for
this transition decreases almost linearly with the inverse of the
magma injection rate. For thick lithosphere, >60 km, the amount of
magma is little affected by thermal diffusion. Thinner lithosphere is
more affected by heat loss, and the transition requires more
cumulative dike opening. In addition, we observe that large volumes
of extrusives can influence the available rifting force and transition
rifts to tectonic rifting earlier than expected.

Increasing magma pressure head allows thicker sections of
lithosphere to magmatically rift. Numerical results for the maximum
riftable thickness agree with our analytical estimate. Very thick
continental lithosphere, >100 km, probably cannot rift under condi-
tions found on Earth.

Changes in magmatic input can produce a range of rift types
comparable to those observed in nature, from slightly magmatic rifts
to highly volcanic rifts.
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Appendix A. Calculating dike opening

We use an iterative process to calculate a dike top, bottom, and
dike width at depth which balances the pressure in the dike wall
derived from the injected magma and the pressure on the dike wall
from the local stress field. For each dike event, an initial test “seed”
depth is set, and the top and bottom of the dike are moved away from
the seed as long as the boundary element calculation for an iteration
indicates opening at those points. For our 80 km thick lithosphere
cases, we use the depth of the 700 °C isotherm as our seed depth,
~50-60 km. For thicker models, we keep the seed depth at 50-60 km,
tying it to the appropriate isotherm. Altering the seed point position
can change the magma injection history. If dikes are inputted at
shallow levels and breach the surface, they will not penetrate as
deep as dikes with deeper seed points. Initial dike size is small, usually
1-2 km. Initial dike size is important for opening and growing of the
initial dike, but in cases where dikes will open, the final dike size of an
event is not affected by the initial dike size.

Pressure in the dike wall is solved for during each iteration in
terms of pressure head above the top of the dike, referred to as the
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magma top. Given an initial guess for the magma top, dike opening is
calculated by balancing the stress field and magma pressure. After
dike opening is calculated, we compare the volume per unit length of
the injected magma with that of the available magma supply:

J.Ax(z)dzvs‘ (hph —dike top—magma top) *m*g*MCE

where Ax(z) is the dike width with depth. If the volume of injected
magma is not within 10% of the available magma supply, we increase
or decrease the magma top accordingly.

Once a magma top has been established, we again check the opening
at the top and bottom of the dike. If the opening is larger than 0.1 m (for
the H; range explored in this paper), the dike top (or bottom) is
increased, increasing the dike height. If there is negative opening at
either dike tip, the dike height is reduced by adjusting the dike top or
bottom accordingly.
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