Reaction and ridges
Part III Magma Dynamics, Lecture 3
The reaction-infiltration instability
In the last lecture we saw that a mechanical instability exists in partially molten rock that may
act to localise melt during shear deformation. An alternative localisation mechanism has also
been suggested to be important in melt migration that is chemical rather than purely mechanical
in origin. This localisation mechanism is termed the reaction-infiltration instability (RII).
The first key ingredient of this instability arises from the fact that the equilibrium chemistry
of the partially molten mantle is a function of pressure. In particular, if a melt from great
depth is transported to shallow depths without chemical interaction along the way, then it can
find itself out of equilibrium with the solid. This may cause reactive melting at that shallow
depth. There are a number of lines of evidence that suggest chemical disequilibrium is a key
feature of melt transport through the mantle (see Kelemen et al. (1997) for a good review), and
that there are important solubility gradients within the mantle that may prompt this reactive
melting. One example is the solubility of pyroxene in melt, which increases as the pressure
drops. Thus a melt produced at depth can find itself undersaturated in pyroxene as it rises,
prompting dissolution of pyroxene from the solid that it comes into contact with.
The second key ingredient of the instability comes from the variation of melt flux with
porosity. Recall that the transport of melt can be described by Darcy’s law,
ϕvf =

kϕ
∆ρg
μ

(1)

where the expression above is for purely buoyancy-driven flow of melt, where for simplicity
the solid has been assumed stationary. ϕ is the porosity, vf is the melt velocity, μ is the viscosity
of the melt, ∆ρ is the density difference between solid and liquid, and g is the acceleration due
to gravity. kϕ is the permeability, which is a function of porosity. Typical permeability-porosity
relations are of the form
kϕ = k0 ϕn
(2)
for some constant prefactor k0 (which depends on grain-size) and exponent n that is typically
between 2 and 3. As the porosity increases, the permeability increases, and in turn the melt
flux increases. The increase in flux with porosity is nonlinear, and depends on the assumed
permeability-porosity relation.
The reaction-infiltration instability is simply the following positive feedback loop: If we
have a region of slightly elevated porosity, it will be a region of slightly higher melt flux because
of the increase in permeability with porosity. This higher flux of corrosive melt will prompt
higher rates of reactive melting, in turn increasing the porosity.
Like the shear-localisation instability, insights into the nature of the RII have been made by
performing linear stability analysis calculations: looking at small perturbations to the porosity
fields and seeing under what conditions they grow or decay. The first such study of the RII for
magmatic systems was by Aharonov et al. (1995). A more recent example of such a calculation
is shown in Figure 1 from the work by Rees Jones and Katz (2018).
The linear stability analysis can be used to predict the initial growth rate of the instability
and the dominant wavelength. The maximum growth rate is given approximately by
ṡ = nvf β

(3)

where n is the exponent in the porosity-permeability relation, vf is the melt velocity, and β is
solubility gradient. Note that the instability relies on the permeability increasing with porosity.
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Figure 1: Porosity perturbation corresponding
the most unstable wavenumber from a linearised analysis of the reaction-infiltration instability (from Rees Jones and Katz (2018),
based on the earlier calculations by Aharonov
et al. (1995)). The background colour scale
shows the porosity perturbation ϕ1 (normalized
to have a maximum value of 1). The black
curves are contours of undersaturation, which
is positively correlated with ϕ1 (solid = positive,
dashed = negative). The magenta arrows show
the perturbation liquid velocity. Note the flow
into the proto-channels (regions of elevated
porosity ϕ1 > 0). The compaction pressure
(not shown) is anti-correlated with ϕ1 , consistent with flow direction from high to low pressure. The horizontal axis has been scaled by the
horizontal wavelength λ of the perturbation.

For vf ∼ 1 m yr−1 (appropriate for diffuse porous flow), a solubility gradient β ∼ 2×10−6 m−1 ,
and n ∼ 3, the growth rate is ṡ ∼ 6 × 10−6 yr−1 . Thus the channels are expected to develop on
100,000 year timescales.
There are a number of stabilising mechanisms which can both reduce the growth rate of
the instability and play a role in setting the dominant wavelength. One stabilising mechanism
is compaction. The growth of the RII is fastest in a medium that is rigid. In a compactible
medium variations in porosity lead to variations in compaction pressure which act to reduce
those porosity variations: high porosity regions compact expelling melt which goes to the low
porosity regions. This restricts the growth of the instability at wavelengths larger than the
compaction length. If the material is very easily deformable (very small compaction length),
then it is possible to suppress the RII completely.
At short wavelengths, diffusion of chemical species plays a role in suppressing the instability: short wavelength lateral variations in chemical concentration get smoothed out by diffusion. The dominant wavelength of the RII essentially lies between the millimetre scales at
which diffusion matters, and the kilometre scales at which compaction matters. Typical estimates of the wavelength of the RII are on the order of metres (see Rees Jones and Katz (2018)
for more detailed discussion).

Figure 2: A channel network produced by the reactioninfiltration instability mechanism. Solid material upwells uniformly vertically from the bottom and then encounters a solubility gradient. Red/yellow regions are high porosity, dark blue
regions are low porosity (Spiegelman et al., 2001).
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The linear stability analysis only describes the initial growth of the instability. Full numerical solutions are needed to study the development of channels further, and such simulations
have been performed by Spiegelman et al. (2001), an example of which is depicted in Figure 2. One notable feature of the nonlinear calculations is the branching and coalescence of
the channels, which start to look a little like “tree roots”.

Figure 3: Photomosaic of a mountainside in the Muscat Massif, Oman. The lighter rocks are
dunite, the darker are harzburgites. The two geologists in the center of the image are standing
∼ 50 m apart (Braun and Kelemen, 2002).
Geological evidence for the existence of the RII in nature can be seen in the distribution of
dunite structures in ophiolite complexes, such as in Oman (Kelemen et al., 1997; Braun and
Kelemen, 2002). Petrological evidence suggests the dunites are replacive features formed by
reaction between upward flowing basaltic melt and the surrounding harzburgite. The dunite
sheets are though to be roughly perpendicular to the Moho, and vary in width from millimetres
to hundreds of metres, roughly in agreement with the linear stability analysis.
The existence of the reaction-infiltration instability has also been demonstrated in experimental work, most recently by Pec et al. (2017). In these experiments a corrosive melt is
squeezed through a partially molten rock (Figure 4), and melt-rich channels develop in the
samples (Figure 5) as a consequence of the instability. Interestingly, the morphology of the
channels in the experiments is quite different to those seen in the dunites. In the experiments
the channels are finger-like, whereas the dunites are more tabular. It may be that shear deformation also has a role to play in determining the geometry of the dunite channels, which is
absent in Pec et al. (2017)’s experiments.
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Figure 4: Sketch of the experimental set-up of
Pec et al. (2017). μ, melt viscosity; q, Darcy
flux; k, permeability, 2r, sample diameter, l,
sample length, Pp1 , pore pressure in the melt
source (= Pc , confining pressure; dotted arrows), Pp2 , pore pressure in the porous sink
(= Pp , grey arrow). It should be noted that
the confining pressure acts on all parts of the
assembly. Only the outflow boundary into the
porous sink is under the lower pressure present
in the rigid porous sink.

Figure 5: 3-D micro-computed tomography of the Pec et al. (2017) experiments. Channels are
indicated in red. Melt source is white.

Ridges
We would like to use the ideas developed thus far to understand melt extraction at mid-ocean
ridges. One of the unfortunate predictions of the modelling work is that melt channels are likely
to be at length scales smaller than we are able to observe with geophysical techniques. Such
a geophysical image is shown in Figure 6, and is one of the first seismic images of the melting
region beneath a mid-ocean ridge. Another way of geophysically imaging melt beneath midocean ridges is using magnetotelluric (MT) imaging, which estimates the resistivity beneath
the ridge (Figure 7). Melt is thought to be much more electrically conductive than solid, so
that regions of high conductivity (low resistivity) are identified with regions that are partially
molten. MT studies do indeed show a low resistivity region beneath the ridge axis, but neither
MT nor seismics provide much detail on fine scale variations.
One of the first-order observations about melt transport at ridges is that most of melt erupts
4

Figure 6: Schematic of results from the MELT experiment, showing that melting begins at
about 150 km depth and that the melting regime extends preferentially to the west of the East
Pacific Rise. This experiment was the first attempt to seismically image an ocean-ridge melting
regime (Melt Seismic Team, 1998). Partially molten regions of the mantle are thought to be
associated with low shear-wave velocities.
within a few kilometers of the ridge axis, despite being produced over a much wider region
(∼ 200 km). There have been a number of suggestions to explain this melt focusing:
Ridge focusing mechanism 1: Ridge suction
One mechanism of focusing melt to the ridge axis arises from the fact that a spreading ridge is
expected to be a zone of low pressure which acts to suck melt towards the ridge axis. A very
simple model of this effect is shown in Figure 8, known as a kinematic corner flow model. In
this model the plates move apart at a half-spreading rate U0 , and the geometry is approximated
by a cold and rigid lithosphere with some wedge angle θp beneath which there is a mantle of
constant viscosity η. The mantle upwells passively as a response to the plate spreading. In the
absence of melt, Figure 8b shows the solid streamlines in black and the contours of pressure
in grey. The pressure is lowest at the ridge axis. One advantage of this simple geometry is
that the flow can be described by simple analytical functions without the need for numerical
computation.
A simple scaling argument can be used to estimate the dynamical pressure gradients associated with kinematic corner flow. The pressure gradients scale as
∇P ∼

ηU0
,
r2

(4)

and these should be contrasted with pressure gradients that drive uniform buoyancy-driven
separation of melt from solid, ∇P ∼ ∆ρg. Equating the two expressions gives a characteristic
length scale L over which dynamic pressure gradients dominate over those due to buoyancy,
(
)1/2
ηU0
L=
.
(5)
∆ρg
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Figure 7: Magnetotelluric resistivity image of mantle upwelling beneath the East Pacific Rise.
Top, surface view of sea-floor topography. Main panel, colours show log[resistivity (Ω m)]
in the vertical direction obtained from nonlinear inversion of data from the sea-floor magnetotelluric stations (inverted triangles in surface view). Green to red colours indicate high
conductivity (low resistivity) due to partial melts generated in the upwelling mantle. Solidus
depths for dry and wet peridotite are shown as horizontal lines. (Key et al., 2013)

Figure 8: Corner flow kinematic model of mantle flow beneath a mid-ocean ridge. (a) Domain
geometry and polar coordinate system with θ = 0 pointing downward along the dashed line
and theta increasing counter-clockwise. The bottom of the lithospheric plates makes an angle
θp to the horizontal. (b) Streamlines of the solution for solid velocity in black and contours of
the solution for pressure in grey. The pressure has a minimum of −∞ at the ridge axis, r = 0.

6

Figure 9: Streamlines of the solid (dashed lines) and liquid velocities (solid lines) for the corner
flow solution with uniform viscosity and porosity. The domain has a fixed size in dimensional
units. The top row of panels has a larger lithospheric wedge angle (θp = 30◦ ) than the bottom
row (θp = 15◦ ). The left column has 100× slower melt segregation (ϵ = 1) than the right
column (ϵ = 0.01). (Figure by R. F. Katz, based on Spiegelman and McKenzie (1987))
Essentially, this lengthscale L sets the horizontal scale over which melts are focused to the ridge
axis, and this is depicted in Figure 9 following Spiegelman and McKenzie (1987). There are a
couple of small additional subtleties that
√ can be seen in Figure 9. First, the scale over which the
suction occurs is actually given by L 2B where B is a dimensionless geometric factor which
depends on the ridge angle θp . Second, there is a slight change in behaviour depending on how
readily melt separates from the solid. This is captured in Figure 9 by a parameter ϵ which is
defined as
U0
ϕ0 μU0
ϵ=
=
,
(6)
vf
k0 ∆ρg
namely the ratio of the half-spreading rate U0 to the characteristic melt velocity vf . The smaller
ϵ the faster the rate of melt segregation. If ϵ were large there would be no separation of melt
from solid and melt would just follow the solid streamlines. However, ϵ is expected to be small,
and the melt focusing varies very little for typical estimates of ϵ.
The major shortcoming of this mechanism for focusing is that the lengthscale L is too
small for reasonable estimates of the parameters, with L typically a few kilometres at most.
Significant focusing would only be seen if the mantle viscosity were much higher than we expect
it to be from postglacial rebound studies.
Ridge focusing mechanism 2: Buoyancy-driven flow
An alternative suggestion for focusing melt to the ridge axis is discussed by Spiegelman (1996)
and relies on the buoyancy of the melt to drive a convective roll (Figure 10). The strength of
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Figure 10: Example 2-D solutions for the flow of melt and solid beneath a mid-ocean ridge
assuming constant shear viscosity and a linear melting function. A description of these calculations can be found in Spiegelman (1996). Both solutions show half of a ridge calculation
where black lines are melt flowlines, white curves are solid flow and the color scale denotes
porosity. Both calculations can be described by a porosity-buoyancy number R that reflects
the contribution of buoyancy driven flow to plate drive flow. (a) The solid flow field is driven
primarily by the boundary conditions of plate spreading. A high viscosity solid develops large
pressure gradients (Spiegelman and McKenzie, 1987) that focus melt to the ridge axis. (b) For
lower shear viscosity, buoyancy dominates, narrowing the area of upwelling.
this effect is determined by a dimensionless porosity-buoyancy number R, defined by
ϕ0 ∆ρgd2
R=
ηU0

(7)

where d is the depth of the melting region. For large values of R there is a significant component of buoyancy-driven flow (Figure 10b). However, this model of melt focusing has several
significant drawbacks: first the pattern of porosity predicted is not compatible with the limited
geophysical observations of the melting region (e.g. Figure 7). Moreover, the geochemical
predictions of buoyancy-driven flow are not consistent with the observations, with ridge-axis
melts predicted to be extremely depleted in highly incompatible elements, which is not what is
observed.
Ridge focusing mechanism 3: Decompaction channel
Another potential mechanism of focusing melts to the ridge axis is a decompaction channel
at the base of the lithosphere, which is depicted in Figure 11a. Ascending melts eventually
encounter the thermal boundary layer at the base of the oceanic lithosphere in which there is
a rapid drop in the temperature which promotes freezing. There are two possible dynamical
responses to this freezing, which are depicted in Figure 11a and Figure 11b, and which one
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Figure 11: The two fundamental effects of freezing on the flow of melt near the top of the
partially molten region. (a) Melt channelling: because the cooling plates form a natural sloping
impermeable barrier to melt flow, channels may arise that transport melt to the ridge axis. (b)
Simple freezing: as melt approaches the freezing boundary, it will be converted to solid which
is transported away by the spreading plates. (Spiegelman, 1993)
of these two occurs is dependent on the relative lengthscales of freezing and compaction. In
Figure 11a, the ascending melt encounters an impermeable boundary which causes decompaction near the boundary, and a corresponding increase in porosity. Melt is then focused
laterally along this high porosity channel to the ridge axis. In Figure 11b melt simply freezes
as it ascends and is transported away by the spreading plates.

Figure 12: Geometry and boundary conditions used to investigate
melt migration near a sloping freezing boundary. Freezing occurs in
the darker region marked freezing
zone. Contours and shading show
values of the imposed freezing rate
field. (Spiegelman, 1993)

Spiegelman (1993) gives a good account of the conditions which give rise to these two endmember scenarios (Figures 12 and 13). If freezing is very rapid, what the ascending melt “sees”
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Figure 13: Close-up of the freezing boundary showing melt flux vectors for rapid and slow
freezing rates. (a) Rapid freezing rate: This figure shows that not only does the obstruction
in flux cause porosity to increase near the freezing boundary, but also that the melt in these
channels travels laterally. (b) When the freezing rate is slower, melt only percolates vertically.
(c) Schematic diagram showing pressure gradients that make the melt flow laterally. When
the melt flux is reduced by freezing over many compaction lengths, the compaction pressure is
negligible and no channels form. (Spiegelman, 1993)
is essentially an impermeable boundary and the decompaction channel forms. If freezing is
much slower (such that the length scale over which freezing occurs is larger than the compaction
length), then the channel does not form.
The existence of a decompaction channel is a very appealing mechanism to focus melts
to the ridge axis. However, note that there is no direct evidence for the existence of such a
channel, neither from ophiolites, nor from geophysical imaging. If decompaction channels
exist, we would expect them to be about a compaction length thick, i.e. about a kilometre
thick.
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Ridge focusing mechanism 4: Melting pressure focusing

Figure 14: Schematic diagram of two hypotheses for melt focusing. The background image is
the resistivity structure of the northern East Pacific Rise by Key et al. (2013) (Figure 7). The
magma streamlines on the left side of the diagram represent decompaction channel focusing
(mechanism 3). Streamlines on the right side of the diagram represent melting pressure focusing
(mechanism 4, Turner et al. (2017)). Red curves on both sides outline the region of increased
melt fraction.
Another mechanism for focusing melt at the ridge axis was recently introduced by Turner
et al. (2017) (Figure 14). The focusing originates from the horizontal variations in melting rate
beneath the ridge which can lead to horizontal gradients in compaction pressure.
There are two ways in which porosity changes in two phase models: compaction and melting. In steady-state these must balance, which for small porosities can be expressed as
C=−

Γ
ρs

(8)

where C ≡ ∇ · vs is the compaction rate, Γ is the melting rate, and ρs is the density of the solid.
The compaction pressure P is related to the compaction rate by
P = ζC,

(9)

where ζ is the bulk viscosity. Hence, at steady-state
P = −ζ

Γ
.
ρs

(10)

Thus regions of high melting rate are regions of low compaction pressure. Since the highest
melting rates occur on-axis, there is a tendency of melt to be sucked into the low-pressure regions on-axis. As can be seen in (10), the strength of these pressure gradients depends on the
magnitude of the bulk viscosity. This form of focusing only occurs to a significant degree in
models where the bulk viscosity is much greater than the shear viscosity (e.g. using rheological
laws such as ζ ∝ η/ϕ). The focusing was not seen in early models which assumed bulk viscosities comparable to the shear viscosity. However, it should be noted that simple models of
diffusion creep do have bulk and shear viscosity comparable in magnitude, which may mean
this focusing mechanism is not significant (Rudge, 2018).
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Figure 15: Output from a simulation of mid-ocean ridge dynamics that includes volatileenriched partial melting by Keller et al. (2017). Panels show (a) porosity, with melt (red)
and solid (blue) streamlines; (b) Darcy flux magnitude, with 600, 900 and 1200◦ C isotherms;
(c) bulk water concentration, with calibrated solidus depths for volatile-free, hydrated and
carbonated mantle; (d) bulk carbon dioxide concentration, with contour of primary upwelling
and melt producing domain (white) and melt streamline delimiting the melt focusing domain
(orange), with equilibrium focusing distance (dotted) for comparison.

Reaction and ridges
Figure 15 shows a state-of-the-art calculation of melt transport at a mid-ocean ridge by Keller
et al. (2017) which includes reactive transport of melt. The nature of the reactive transport is
somewhat different to that considered earlier, but the fundamental mechanism of the reactioninfiltration instability acts in the same way. In contrast to previous studies, Keller et al. (2017)
consider volatile-induced melting. The mantle is thought to contain small amounts of volatiles
(such as carbon) which may produce very small amounts of melts at deeper depths than would
be expected for a volatile-free situation (note the deep carbonated solidus in panel (c) of Figure 15). The low degree deep melts, which are highly concentrated in volatiles, become highly
corrosive when transported to shallower depths, setting up the conditions for the reactioninfiltration instability, and hence the appearance of channels.
Moreover, the simulations in Figure 15 also demonstrate a focusing of melt to the ridge
axis (note the focusing distance line in panel (d)). This focusing is caused by both the dynamical pressure gradients (mechanism 1 above), and by the existence of a decompaction channel
(mechanism 3). However, half the deep, volatile-rich melts are not focused to the axis, and are
instead added to the base of the lithosphere.
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I highly recommend you read the Keller et al. (2017) paper, which gives a good overview
of the questions researchers are currently grappling with.
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