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Abstract

Numerical models show that maximum dike width at oceanic spreading centers should scale with axial lithospheric thickness if
the pre-diking horizontal stress is close to the Andersonian normal faulting stress and the stress is fully released in one dike
intrusion. Dikes at slow-spreading ridges could be over 5 m wide and maximum dike width should decrease with increasing plate
spreading rate. However, data from ophiolites and tectonic windows into recently active spreading ridges show that mean dike
width ranges from 0.5 m to 1.5 m, and does not clearly correlate with plate spreading rate. Dike width is reduced if either the pre-
diking horizontal stress difference is lower than the faulting stress or the stress is not fully released by a dike. Partial stress release
during a dike intrusion is the more plausible explanation, and is also consistent with the fact that dikes intrude in episodes at Iceland
and Afar. Partial stress release can result from limited magma supply when a crustal magma chamber acts as a closed source during
dike intrusions. Limited magma supply sets the upper limit on the width of dikes, and multiple dike intrusions in an episode may be
required to fully release the axial lithospheric tectonic stress. The observation of dikes that are wider than a few meters (such as the
recent event in Afar) indicates that large tectonic stress and large magma supply sometimes exist.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Dikes are planar cracks filled with magma. In oceanic
spreading centers, either back-arc spreading centers or
mid-ocean ridges, basaltic dikes intrude repeatedly and
form most of the oceanic crust (Delaney et al., 1998;
Einarsson and Brandsdottir, 1980; Fialko and Rubin,
1998; Kidd, 1977; Sohn et al., 1998). Dike intrusions
release magma and volatiles into the ocean, perturbing
hydrothermal vents and triggering a sequence of related
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physical, chemical, and biological processes (Delaney
et al., 1998). Given the central role of dike intrusions
in plate spreading and related biological processes,
sheeted dikes in ophiolites representing ancient oce-
anic crust have been extensively studied (Kidd, 1977).
In recent years technological improvements also have
made real-time monitoring and on-site experiments to
study dike intrusions at active oceanic spreading centers
possible.

The planar geometry of a dike makes the dike width as
an easy-to-measure parameter that permits the most direct
comparison between theoretical predictions and field
observations. For example, dike width is directly tied to
the frequency of dike events in a ridge of given spreading
rate, which is essential for us to plan on-site experiments
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at spreading ridges. Dike width is also thought to be a key
factor controlling dike thermal cooling rate, dike
propagation distance and speed and the persistence of
fissure eruptions (Bruce and Huppert, 1989; Fialko and
Rubin, 1998; Lister, 1995). These factors are essential to
the understanding of ridge segmentation and magma
transportation and distribution along ridge axis.

Aswewill detail below, basaltic dikes are nearlymeter-
wide, on average, across all oceanic spreading centers
where field data are available. Though various processes
may affect the width of a basaltic dike (Valentine and
Krogh, 2006), it is generally accepted that basaltic dikes at
oceanic spreading centers open as a result of elastic
expansion of host rock under magma overpressure (Fialko
and Rubin, 1998; Lister, 1995; Pollard et al., 1983). Since
oceanic spreading centers have different thermal and
mechanical structures (Purdy et al., 1992), it is important
to know why the dike widths across different tectonic
settings have the same average. However, previous studies
calculating dike width by simply assuming 10–20 MPa
uniform driving pressure failed to account for tectonic
conditions, including the variations of driving pressure
and dike height across different spreading centers (Fialko
and Rubin, 1998; Pollard et al., 1983; Rubin, 1990; Rubin
and Pollard, 1988).

Rather than treating a dike as a uniformly pressurized
crack in an elastic half-space, in this study we compute
possible stress distributions before and after dike intru-
sions in a way that accounts for a reasonable strength
structure of the spreading center and the level of magma
supply from magma chamber. Another advantage com-
pared with previous studies is that we calculate the dike
Table 1
Statistics of data on dike thickness

Spreading center Inferred
spreading rate a

Hess Deep b 13 cm/yr, fast
Oman ophiolite (Umino et al., 2003) Intermediate to fast
Troodos ophiolite (Kidd, 1977) Intermediate
Josephine ophiolite (Harper, 1984) Intermediate to slow
Ballantrae ophiolite (Oliver and McAlpine, 1998) N/A
Newfoundland ophiolite Slow

Iceland 2.0 cm/yr, slow

Afar, East Africa Rift 1.0 cm/yr, slow
a Fast means full spreading rateN8 cm/yr, slow meansb4 cm/yr and interm
b Unpublished data from J. Karson.
c Tertiary dike swarms, A. Gudmundsson, pers. comm.
d Dike swarm recorded beginning September 2005.
top and bottom using Weertman's method (Weertman,
1973) and do not assign the dike an arbitrarily determined
dike height. We will show that limited magma supply
controls the dike width.

2. Statistics of field data on dike width

Dike width measurements from active and fossil
spreading centers (mid-ocean ridges and back-arc
spreading centers) are readily available. In this study
we use data from ophiolites from Oman (Umino et al.,
2003), Troodos (Kidd, 1977), Betts Cove (Kidd, 1977)
and Bay of Islands (Rosencrantz, 1983) in Newfound-
land, Josephine of California (Harper, 1984), Ballantrae
in Scotland (Oliver and McAlpine, 1998) and ancient
dike swarms in Iceland (Gudmundsson, 1983; 1995);
dike events monitored during Krafla 1975–1985 in
Iceland (Tryggvason, 1994) and dikes exposed at Hess
deep (unpublished data, J. Karson). Since September
2005, several dikes have intruded along the Dahabbu
segment in Afar, East Africa (Wright et al., 2006).

Table 1 shows the number of dikes collected from
these areas, inferred spreading rate, and the mean dike
width. Since the dike width has either a power-law or
log-normal distribution (Gudmundsson, 1983; 1995;
Kidd, 1977; Rosencrantz, 1983), standard error is not a
good description and we arbitrarily choose an upper
band of dike width to help indicate dike width dis-
tribution, within which 80% of the dike measurements
lies. The dike width is defined as the space between two
chilled margins that indicates a single dike intrusion or 2
times the width if one chilled margin is missing (Kidd,
Mean width Upper limit that
contains 80% data

Number of
measurements

(m) (m)

0.56 0.64 37
0.71 1.3 1511
1.58 2.4 530
∼0.60 N/A N600
0.50 1.03 137
0.48 (Kidd, 1977) 0.7 190
0.80 (Rosencrantz, 1983) 1.2 576
0.8 (Tryggvason, 1994) 1.0 9
∼1.0 c (Gudmundsson, 1995) ∼2.0 N5000
b5.0–6.0 d / Several

ediate falls between.



Fig. 1. Schematic view of dike intrusions at spreading centers. A
typical ridge system has an axially-thinned lithosphere overlying hot
asthenosphere. The plate is stretching constantly and in the long term
the lithosphere is stressed but the hot, weak asthenosphere is relaxed.
A dike originating from the crustal magma chamber at the bottom of
the lithosphere may propagate both vertically and horizontally.
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1977). Treating the width of a single-side-chilled dike as
one half of that of an intact dike increases the distribution
spread, but the mean dike width will stay the same as
long as both sides of the split dikes have the same
possibility to be exposed in the field. In tectonic
windows exposing upper oceanic crust in active
submarine ridges, the chilled margin is hard to identify
and laterally continuous, roughly parallel structural dis-
continuities are taken as dike margins [J. Karson, pers.
comm.]. The published dike width data from Iceland
((Gudmundsson, 1983; 1995); A. Gudmundsson, per.
comm.) only show the total width of dikes, most of
which are composite dikes composed of several
columnar cooling joints or multiple dikes that comprise
many chilled margins. Since these dikes are thought to
form by successive intrusions of multiple dikes, we will
not use the published data directly (Gudmundsson, 1983;
1995). Instead, 0.5–2.0 m wide columnar joints formed
as dikes cool and shrink and∼1.0 m estimations of mean
dike width by Gudmundsson (1995) are listed in Table 1.
There are also sparse data from Blanco Transform Zone
of Juan de Fuca Ridge (Karson et al., 2002) and Kane
Transform Zones of Mid-Atlantic Ridge (Karson, 1999)
show that the dikes are commonly 0.5–1.5 m wide.
Geodetic measurements made during the Krafla. Iceland
dike intrusion episode of 1975–1984 show that most of
these∼20 events involved opening of about a meter. The
only significantly wider dike of that sequence was the
first event. Another dike intrusion sequence in very
slow-spreading environment is now occurring in Afar,
Ethiopia, and the first dike in that sequence averaged 5–
6 m wide, while later dikes have been narrower (Wright
et al., 2006; Tim Wright, pers. comm. 2007). Although
there is variability involved in dike width measurements,
most dikes are contained in a small width range. In sum,
dike width measurements in oceanic spreading centers
show two important characteristics: (1) there is no clear
relation between dike width and spreading rate; (2) the
mean dike width is around 0.5–1.5 m.

3. Dike width from simple elastic calculation

3.1. Model setup

3.1.1. Simplified view of dike intrusion at oceanic
spreading center

We consider a simplified 2-D ridge system with a
lithosphere that is thinnest at the axis overlying hot,
weak asthenosphere (Fig. 1). The oceanic plates move
away from each other at the ridge axis and astheno-
sphere creeps to accommodate the deformation, stres-
sing the lithosphere only. The thickness and geometry of
the lithosphere is controlled by thermal structure that
varies at different plate spreading rates. Dikes originate
from a magma chamber located at the bottom of the
lithosphere and intrude vertically, following the direc-
tion of least horizontal stress coinciding with the
direction of ridge axis. A dike could propagate both
vertically upward to the surface and/or downward into
the asthenosphere.

3.1.2. Rock density and mechanical properties
The rocks in oceanic spreading centers are layered,

and their densities increase from the seafloor toward the
mantle. For simplicity we assume the lithosphere has a
uniform density ρl and the asthenosphere has density ρa.
We choose diabase as the representative host rock
bounding the dike wall and describe its mechanical
property by visco-elastoplastic rheology. Viscous flow
is considered Newtonian, and elastoplasticity is char-
acterized by Mohr–Coulomb failure criteria. The
Poisson's ratio of diabase has a small range between
0.22 and 0.28 and here we choose a mean v=0.25. The
experimentally determined shear modulus for diabase is
27–42 GPa (Birch, 1966), however, the rock is much
weaker at a larger scale where macro-cracks or faulting
planes would largely control the rock behavior (Rubin,
1990). Seismic velocity data from Iceland (Foulger
et al., 2003), the East Pacific Rise (Crawford and Webb,
2002) and the Mid-Atlantic Ridge (Barclay et al., 1998)
show the S-velocity of upper crust (layer2, lava and
sheeted dikes) gradually increases from 1.0 km/s to



Fig. 2. Two examples of stress distributions at ridge axis. Dotted line shows the vertical stress Sv, solid curve is the horizontal stress Sh on the ridge
axis before a dike intrusion and dashed line is the magma pressure Pm after dike intrusion. Driving pressure in a dike is the difference between Pm and
Sh. (a) Andersonian normal faulting stress case, in which the ridge has been stretched to faulting and the resulting horizontal stress reaches a
minimum. (b) Uniform tectonic stress case, in which the horizontal stress is uniformly lowered by Sd from lithostatic level. Note that the driving
pressure is negative in the asthenosphere.
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3.5 km/s, and P-velocity increases from 2.0 km/s to
6.0 km/s. Using a simple relation between seismic
velocity and shear modulus, we could put shear modulus
in the range of 3 GPa to 35 GPa. For illustrative purpose
we only show one calculation with shear modulus
G=10 GPa and 20 GPa (Fig. 4), and in the rest of the
calculations only G=10 GPa is considered.

3.1.3. Stress in the dike
The horizontal stress at the ridge axis Sh (Fig. 2) is

the stress acting on the dike wall prior to a dike in-
trusion. At oceanic spreading centers the horizontal
stress is continuously lowered by plate spreading in the
absence of fault slip or dike intrusions. We will detail
later what might be a reasonable stress conditions at
ridge axis, but here we simply present two simple views
of the stress condition for comparison (Fig. 2):
Andersonian normal faulting stress or a uniform stress
tectonically lowered by Sd. Thus we can express the
horizontal stress for z≤Hl (Turcotte and Schubert,
2002), in the normal faulting case:

Sh zð Þ ¼ qlgz�
2A ql � qwð Þgzþ 2cffiffiffiffiffiffiffiffiffiffiffiffiffi

A2 þ 1
p

þ A
; ð1aÞ

or in the uniform stress case:

Sh zð Þ ¼ qlgz� Sd; ð1bÞ

For zNHl in both cases:

Sh zð Þ ¼ qlgHl þ qag z� Hlð Þ

� qlgz� Shð Þjz¼Hl
� eE=R

1
T zð Þ� 1

Tt

� � ð1cÞ
where z is the depth measured from the seafloor. The
stress is assumed to be continuous at z=Hl. Hl is the
thickness of axial lithosphere. T(z) is the temperature
linearly increasing with depth from Tt =273 K at the
seafloor and Tt =873 K is the reference temperature at
lithosphere–asthenosphere boundary. Cohesion is
c=10.0 MPa, and friction coefficient μ= tan 30°.
Activation energy E=276 kJ/mol, and gas constant
R=8.31. As extensive fractures and fissures are seen at
seafloor and may reach considerable depth, the
horizontal stress Sh(z) may not be lower than water
pressure ρwgz and in the model we put water pressure as
the minimum to which the horizontal stress could drop.
Water density is ρw=1000 kg/m3.

Upon a sudden dike intrusion, the ridge axis is
cracked open, and the magma is assumed to fill the dike
up to the top. Given the low viscosity of hot magma and
the time required to freeze that magma, we assume that
the pressure in the intruding dike is equal to the static
magma pressure, Pm. The magma pressure Pm in the
dike at depth z=Hl, equals the pressure of magma
chamber and decreases/increases towards the dike top/
bottom at a constant gradient, ρmg. Therefore the
pressure in the dike can be written as

Pm zð Þ ¼ P0 þ qmg z� Hlð Þ ð2Þ

where P0 is the pressure in the magma chamber and the
density of magma is ρm=2800 kg/m3.

3.1.4. Dike top and bottom
If the driving pressure is high, the dike may reach the

seafloor and feed fissure eruptions. However a dike
penetrating downward may be hard to thermally arrest



Fig. 3. The calculated dike opening varying with depth under both
stress conditions. Dike opening in the faulting stress case is basically
constant with depth until near the dike bottom, while in the uniform
tectonic stress case dike opening progressively decreases from top to
bottom. In the uniform tectonic stress case, because the stress
distribution is uniform, the resulting dike opening is like a triangle.
The faulting stress distribution is like a triangle, and the dike opening is
more uniform with depth.
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because the dike in the hot asthenosphere cools too
slowly to freeze in a few days. A likely way to arrest
downward dike propagation is a negative driving
pressure in the asthenosphere, where the stress condition
is close to lithostatic and the density of asthenosphere is
higher than the magma. Fig. 2 shows how negative
driving pressure, Pm−Sh, could be generated in the
asthenosphere as the magma pressure gradient falls
below the horizontal stress gradient. To determine the
position of dike top and bottom, we use the method first
given by Weertman (1973). This method traces the
opening of a dike tip and regards the points where the
dike tip changes from opening to closure as the position
where dike propagation stops.

We use a 2-D boundary element program, TWODD
(Crouch and Starfield, 1983), to calculate the elastic
deformation of a dike in a non-gravitational half-space.
Such a 2-D model can be justified as long as the extent
of a dike along axis is several times larger than height of
the dike. We try different positions of the top and bottom
of the dike and use TWODD to see if they are sites of
opening or closing bottom (Weertman, 1973). Compar-
ing TWODD results with Weertman's analytical solu-
tion, the penetration depth calculated from both methods
agrees within 1% when the number of elements is
greater than ∼50 (Qin et al., 2007).

3.2. Numerical results of dike width

Previous studies (Pollard et al., 1983) indicate that
dike width, w, scales with rock properties (the shear
modulus G, and Poisson's ratio v), mean driving
pressure, (Pm−Sh), and dike height, H, as:

w~
Pm � Shð ÞH
G= 1� vð Þ : ð3Þ

Eq. (3) indicates that dike width increases with driving
pressure and dike height but inversely depends on shear
modulus. However, as we will discuss below, our
numerical results suggest that Eq. (3) can only be used
as a general guide since the lithospheric stress distribu-
tion and dike penetration depth also affect the dike width.

Fig. 3 shows how the dike opening changes along the
dike wall, under different horizontal stress conditions:
Andersonian normal faulting stress or uniform tectonic
stress Sd=10 MPa. In both cases the magma pressure is
so high that the dike could propagate to the seafloor. Both
the dike width and shape vary between two loading con-
ditions. For the uniform tectonic stress case (Figs. 2(b)
and 3 dashed line), the same magnitude of stress near
the dike top will open the dike wider than if it does on the
dike bottom. The resulting dike opening is like a triangle
with the wide side near the top. In contrast, the faulting
stress case has a more triangular stress distribution and
the resulting dike opening is fairly uniform along most of
the dike wall. Because dike width varies with depth, we
pick the dike width in the middle of the lithosphere as the
mean dikewidth, whichmay better compare with the field
data, considering that the portion of the dike in the
asthenosphere may be easily smeared by viscous creep
flows or hard to expose at the surface.

We plot mean dike width against axial lithosphere
thickness in Fig. 4, along with the dike width data from
ophiolites, Iceland, and Hess deep (see Table 1). Both
stressing conditions are shown and in each case, two
values of shear modulus are considered: 10 MPa and
20 MPa. Dike width deceases linearly with the shear
modulus as predicted in Eq. (3). The dike width in-
creases nearly with the square of axial lithosphere
thickness in the faulting stress case, but only linearly
with lithosphere thickness in the uniform tectonic stress
case. In both cases the mean dike width is readily above
the narrow 0.5–1.5 m range of field data when
lithosphere thickness is greater than 1.0 km.

4. Reconciling the numerical results and field data:
limited magma supply

The active and fossil spreading centers from which
the dike width data are collected (Table 1) present a wide



Fig. 4. Numerically modeled dike width increases with axial
lithosphere thickness. The mean dike width is measured in the middle
of the lithosphere. Hatched region indicates mean dike width from
field observations (Table 1). Dashed curves have shear modulus
G=10 GPa and solid curves of 20 GPa. In faulting stress cases the dike
width increases quadratically with lithosphere thickness, while in
uniform stress case this trend is basically linear.
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spectrum of spreading rates. Axial lithosphere thickness
in oceanic spreading centers generally decreases with
plate spreading rate, as inferred from seismic data and
predicted by theoretical models (Purdy et al., 1992;
Sinton and Detrick, 1992). Fast spreading ridges
typically have an axial lithosphere thickness of 1–
2 km, approximately the depth of the magma chamber
(Sinton and Detrick, 1992). Axial lithosphere of
intermediate spreading ridges may be 2–3 km thick,
which is inferred from the presence of magma chamber
on some ridge segments (Baran et al., 2005). No magma
chamber reflectors have been imaged at slow-spreading
ridges but 3–5 km deep seismic LVZ's (low-velocity
zones) detected at the centers of some slow-spreading
segments may indicate the sites of ephemeral magma
bodies (Purdy et al., 1992).

Slow-spreading segment centers have thinner litho-
sphere than do segment ends where the lithosphere may
be 3–7 km thick (Lin and Parmentier, 1989; Magde and
Sparks, 1997). A very clearly imaged low-velocity zone
at the center of the Krafla Segment in Iceland has a
depth of 3 km (Brandsdottir et al., 1997). Iceland is a
sub-aerial slow-spreading ridge where seismic and geo-
detic measurements show that dikes away from the
segment center may reach 6–8 km depth (Gudmunds-
son, 1983; Rubin, 1990).

The model calculations in Fig. 4 show that (1) dikes in
oceanic spreading centers can be over 2.0 m wide if the
lithosphere is thicker than 1.0 km; and (2) maximum dike
width increases with axial lithosphere thickness. Clearly
the modeled dike widths are not consistent with the field
data in terms of averages and the trend with spreading rate
(Table 1, Fig. 4). This discrepancy between the modeled
dike width and field data has to be explained by a
reduction in driving pressure, (Pm−Sh) during dike
propagations, since other factors (e.g. the shear modulus,
G, Poisson's ratio, v) that should affect the dike width (see
Eq. (3)) are reasonably constrained and are not likely to
vary with spreading rate. The driving pressure, (Pm−Sh),
could be reduced either by increasing the pre-diking
horizontal stress, Sh, above the level needed for exten-
sional faulting or by decreasing the magma pressure, Pm,
in the dike wall during the dike propagation.

It is possible that dikes are triggered well before pre-
diking horizontal stress, Sh, reaches the minimum stress,
i.e., Andersonian normal faulting stress level. For exam-
ple, a basaltic dike may be triggered due to magma
chamber overpressure built up by continuous magma
flux (Kelemen and Aharonov, 1998). For this idea to
work, the pre-diking horizontal stress has to be higher
(closer to the lithostatic stress condition) for ridges with
thicker lithosphere to not produce wider dikes. How-
ever, there is no reason to assume that the horizontal
stress is higher for ridges with thicker lithosphere, as
these ridges typically develop rift valleys and are
extensively faulted.

There is strong evidence suggesting pre-diking stresses
at ridges are very close to or at the faulting stress level.
The world stress map shows that there are active normal
faults from earthquake focal mechanism solutions all
along the slow and intermediate spreading ridges (South
Indian Ridge, Mid-Atlantic Ridge and Iceland, for
example) (Reinecker et al., 2004). Fault scarps reach
tens of meters high in Iceland and hundreds of meters at
intermediate and slow-spreading ridges, where 1–2 km
deep rifted valleys are also present at the ridge axis (Lin
and Parmentier, 1989; Tryggvason, 1994). At fast
spreading ridges it is not clear that the horizontal stress
is also lowered to the level of Andersonian normal
faulting, though extensive fissures (Wright et al., 1995)
and fresh faulted surfaces (Macdonald et al., 1996) aswell
as increasing seismic activities before fissure eruptions
(Tolstoy et al., 2006) indicate that this is a good
possibility. The observations as well as the measured
time interval between are consistent with the idea that
dikes are triggered by earthquake activity close to magma
chamber tops (Buck, 2006) and these earthquakes may
only happen when stresses approach the yield stress.

Therefore, the only feasible explanation for the meter-
wide dike may be that magma pressure in the magma
chamber, P0, is much lower than the maximum allowed,
so that the magma pressure in the dike wall is lower



Fig. 5. Mean dike width decreases as the magma pressure in the dike
drops. The magma pressure is indicated by magma head that is
measured as the distance from the dike top to the seafloor. A meter-
wide dike is produced when the magma head drops by an amount that
depends on the lithosphere thickness.

Fig. 6. Multiple meter-wider dikes could intrude in a diking episode
due to limited magma supply as in this set of model calculations. The
magma head at the end of each intrusion is −0.85 km, −0.40 km,
−0.2 km and 0.0 km respectively. The lithosphere is 3.0 km thick,
shear modulus G=30 GPa and the horizontal stress prior to the first
intrusion is at faulting stress level. The first dike did not reach the
seafloor; the following dikes opened fissures to the seafloor, but do not
have enough magma to fill the opening, leaving a surface depression.
Only the last dike feeds extrusives.
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(Eq. (2)). Pressure reduction in a crustal magma chamber
during dike intrusions only happens when the magma
supply is limited. By limited magma supply we mean
that the magma chamber is closed system during the time
span of dike propagation. The magma pressure drops as
the dike takes magma out the magma chamber. Fig. 5
shows model results indicating how the dike width
decreases as magma head drops. Here the magma head is
defined as the level that fluid magma could reach,
measured relative to the seafloor. Magma pressure is
related to head by gravitational acceleration, g, times the
density contrast between magma and water. The magma
head is zero if the magma could reach the surface and is
negative if the magma pressure is lower. A meter-wider
dike could be produced if the magma pressure in the dike
drops low enough.

Magma supply, however, does not explain why very
narrow dikes are seldom observed. As a dike propagation
pulls more magma from a source region the pressure and
width of the dike should diminish. The rate at which
magma flows in a propagating dike should decrease as
the dike narrows and will eventually allow freezing of
the magma. The width at which freezing occurs depends
on several things including the country rock temperature
and magma viscosity, but for 0.5–1 m is a width for
freezing (Bruce and Huppert, 1989; Fialko and Rubin,
1998; Lister, 1995).

The idea that the magma pressure drops as a result of
limited magma supply fits into the picture of a small and
thin magma chamber seismically imaged within a
broader mush zone (Sinton and Detrick, 1992). Assum-
ing a Mogi source (Mogi, 1958),∼0.1% volume change
of magma chamber produces 10–20 MPa of pressure
loss if the shear modulus of oceanic crust is 10–20 GPa,
a pressure change about a −500 m magma head loss
(Fig. 5). This pressure change may cause the surface
subsidence above the magma source. For example,
geodetic measurements of Krafla 1975 intrusion/erup-
tion episodes indicate that surface deflation above the
caldera always accompanies fissure eruptions (Einars-
son and Brandsdottir, 1980; Tryggvason, 1994).

Regional stress variations may explain why some
dikes are much wider than a meter. In regions of fairly
uniform stress a dike should propagate as long as it is
wide enough that it does not freeze (Buck et al., 2006).
As it propagates more magma is removed from the
magma chamber, pressure there and in the dike is re-
duced and so the dike narrows until it freezes. Dikes that
encounter stress barriers (where the relative tension is
less) could stop and in some cases open to greater
widths. This may explain the observation that the first
dike in the 1975–1984 Krafla episode was at least 3 m
wide (Tryggvason, 1994) and the September, 2005 dike
of the ongoing Afar, Ethiopia episode was more than 5–
8 m wide (Wright et al., 2006).

5. Implications of limited magma supply for dike
episodes

Limited magma supply allows the possibility that
single dike intrusions might not release all the stress
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accumulated during an amagmatic spreading period. An
episode of dikes is thus needed to fully release the stress
to restore the ridge axis to a lithostatic state. Fig. 6 shows
how successive meter-wide dike intrusions may relieve
the stress in the axial lithosphere. The first dike does not
reach the seafloor, and only releases part of the axial
stress, though such a dike might generate extensive
fissures or faulting at the seafloor. The second dike might
reach the seafloor, but as the dike opens and propagates,
the magma head falls below the seafloor. The third and
fourth dike reaches the seafloor, feeds fissure eruptions
and further releases the strain. More dikes may intrude
later depending on magma availability. In such an epi-
sode each dike is meter-wide and the total width is
several meters.

We thus expect one dike episode at a ridge segment
would persist for the time needed to release accumulated
stress, depending on the time for the magma chamber to
replenish between dike intrusions. The ridge segment
may then have no intrusions for tens of years at fast
spreading ridges and hundreds of years at slow-
spreading ridges to allow strain accumulation for the
next episode. The longer quiescence time for slower
spreading ridges corresponds to the longer time needed
to accumulate higher tectonic stress because of the
slower spreading rate and thicker lithosphere. The
quiescence time between episodes may be also related
to magma flux at the ridge axis, as available magma is
another necessity to feed multiple dike intrusions
(Kelemen and Aharonov, 1998). Submersible surveys
on lava flows in mid-ocean ridges and observations of
sub-aerial spreading centers like Iceland suggest a
correlation between spreading rate and eruption fre-
quency (Buck et al., 2006; Sinton et al., 2002). Episodic
basaltic dike eruptions at certain continental settings are
also linked to magma volume, where tectonic stretching
is thought to be the controlling mechanism (Valentine
and Perry, 2007).

A good example of a dike episode is the 1975
episode of Krafla rift zone in Iceland. That section of
plate boundary remained quiet for about 250 yr, but
beginning in 1975 more than ten meter-wide dikes
intruded within 10 yr and created 7.0–9.0 m opening at
Krafla rift zone (Tryggvason, 1994). The distance and
direction of dike propagation varied systematically in a
way that reflects the gradual release of tectonic stresses
in an episode (Buck et al., 2006). The Krafla rift zone
has been basically inactive since 1984, and this episodic
intrusion/eruption style contrasts sharply with Kilauea
volcano of Hawaii that had continuous eruptions for
over 100 yr and is still active today (Macdonald et al.,
1986). Both areas are hot-spot influenced, but their
different eruption styles may suggest that Krafla rift
zone is tectonic stress guided while Kilauea is magma
surge controlled.

6. Summary

If the horizontal stress prior to a dike intrusion is
close to the extensional faulting stress and magma
pressure is sufficient to allow magma to reach the sur-
face during an intrusion, our numerical results de-
monstrate that modeled dike width: (1) is over 3 times
larger than the observed average and; (2) should scale
with axial lithosphere thickness and so ridge spreading
rate. We argue that the horizontal stress at oceanic
spreading centers is close to the normal faulting stress,
thus the most feasible explanation for this discrepancy is
that the magma supply from the magma chamber is
limited so that the magma pressure drops as the dike
propagates. We show that a meter-wide dike could be
produced if the magma pressure is lower than the
maximum, a few hundred meters below the seafloor as
measured by magma head. For cases with thick axial
lithosphere and/or very limited magma supply a single
dike can only partially release stress accumulated during
amagmatic stretching periods, thus an episode of dikes
is needed to fully release them.
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