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Kumberlite pupes or dykes lend to occur in clusters (a few kilometres in
diameter) within fields ~30-50 km in diameter. They are generally
considered to originate from low degrees of partial melting of car-
bonated peridotite within zones of ascending mantle. Numerical
modelling shows that at the depth of formation of kimberlite melis
(>>200 km), mantle compaction processes can result in the forma-
tion of melt pockets a few tens of kilometres across, with melt
concentrations up to 7%. The witiation of swarms of kimberlite
dykes at the top of these mell pockets is inevitable because of the large
excess pressure between the melt and the surrounding sold, which
exceeds the hydraulic fracturing limit of the overlying rocks. Afier
their titiation at mantle depth the swarm of dykes may reach the
surface of the Earth when the entire cratonic lithosphere column ts in
extension. We propose that kimberlite fields represent the surface
envelope of dyke swarms generated inside a melt pocket and that
kimberlite clusters represent the discharge of mell via dykes original-
ing from sub-regions of the pocket. This model reproduces the
worldwide average diameter of kimberlite fields and is consistent
with the observation that some of the main kimberlite fields display
age ranges of c. 10 Myr. It is deduced that, at the scale of the
Kaapvaal craton, different fields such as Kimberley, N. Lesotho and
Orapa, dated at 80-90 Ma, probably result from synchronous melt
pockels _forming inside an ascending mantle flow. The same model
could apply to the fields of the Rietfontein, Central Cape and Gibeon
districts dated at 60—70 Ma. 1t ts suggested that the same mantle
Slow that produced the Rimberley, N. Lesotho and Orapa fields
magrated over ~20-30 Myr a_few hundred kilometres westward to
Jorm the Rietfontein, Central Cape and Gibeon felds.
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INTRODUCTION

Main features of kimberlitic melts and
type of occurrences

Kimberlites are potassic ultrabasic igneous rocks, which
have been subdivided into Group 1 and Group 2 types
(Le Maitre, 2002). Both groups are volatile-rich (Group I
1s COy dominant, and Group II is HO dominant; Smith
et al., 1985; Skinner, 1989; Mitchell, 1995). Kimberlites
are restricted in occurrence to cratons and their margins,
and are of great geological interest because: (1) they offer
a direct window into the nature and evolution of the
sub-continental cratonic lithospheric mantle at depths in
excess of 150km, by transporting xenoliths and xeno-
crysts to the surface of the Earth (e.g. Nixon, 1987,
Gurney et al., 1991); (2) kimberlitic melts are important
metasomatic agents leading to textural, mineralogical
and geochemical modifications of the lithospheric mantle
(e.g. Erlank et al., 1987; Van Achterbergh et al., 2001;
Grégoire et al., 2002, 2003); (3) they often contain dia-
monds and are the host rock of most economic diamond
deposits (e.g. Harris, 1992).

Numerous petrological, geochemical and isotopic
studies have linked kimberlites to the activity of therm-
ally anomalous mantle plumes (e.g. Le Roex, 1986;
Haggerty, 1994); however, others have invoked diapiric
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or subduction processes (Green & Guegen, 1974;
Helmstaedt & Gurney, 1997). Nevertheless, there seems
to be a consensus that kimberlitic melts represent very
low degrees (<1%) of partial melting of carbonated lher-
zolitic mantle sources in the deep part of the upper man-
tle located between the base of the cratonic lithosphere
and the top of the lower mantle (e.g. Canil & Scarfe,
1990; Ringwood et al., 1992; Dalton & Presnall, 1998).

In the upper mantle, the density contrast dp between
kimberlitic melt (~2400-2500kg/m?® and the mantle
rocks (~3300-3400kg/m” is about 1000kg/m”, i.e.
twice the contrast between basaltic melt and mantle
rocks at low pressure (Spera, 1984; McKenzie, 1985;
Scarfe et al., 1987). There is no evidence that the kimber-
litic melts, probably because they are volatile-rich, could
become more dense than the olivine- and pyroxene-rich
host mantle at pressures of 6-10 GPa such as proposed
for volatile-poor basaltic magmas (Stolper et al., 1980;
Ridgen et al., 1984).

Kimberlitic melts are efficient metasomatic agents as a
result of their low dihedral wetting angles when they are
in contact with olivine (25-30°). They strongly react with
their mantle peridotite wall rocks causing dissolution of
garnet and orthopyroxene and precipitation of new min-
eral phases such as phlogopite, amphibole and oxides
(e.g. Erlank et al., 1987; Van Achterbergh et al., 2001;
Greégoire et al., 2002, 2003). The evidence for such reac-
tions mostly comes from studies of mantle xenolith sam-
ples equilibrated within the lithospheric cratonic roots
(depths shallower than 200-250 km). It is likely that simi-
lar reactions also occur in the deeper part of the upper
mantle (to 410km depth) and in the Transition Zone
(410-660 km; reaction with ringwoodite, wadsleyite and
majoritic garnet).

Kimberlites and related melts often exhume xenoliths
of mantle material, which represents the cratonic litho-
spheric roots beneath kimberlite fields (e.g. Gurney et al.,
1991; Pearson et al., 2003). Among these mantle xenoliths
is a group that consists of deformed high-7 garnet peri-
dotites (e.g. Gurney et al., 1991; Pearson et al., 2003).
These occur in numerous kimberlite localities world-
wide and are commonly the deepest xenoliths observed
(equilibration pressures generally from 4-5 to >6-5 GPa).
They display evidence of mantle-melt reactions (e.g.
Grégoire et al., 2003). Their textures are porphyroclastic
and mosaic-porphyroclastic with fine neoblasts of olivine
(<1 mm).

Kimberlites show two main types of occurrence: pipes
and dykes. Kimberlite pipes rarely exceed 1 km in diame-
ter, whereas dykes are typically 0-5-3m wide and can
sometimes be followed for several kilometres (Garanin
et al., 1993; Basson & Viola, 2003). Pipes are only a
superficial feature of the kimberlitic activity and their
roots are dykes (e.g. Janse, 1984; Garanin et al., 1993;
Basson & Viola, 2003). The distribution of kimberlite
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pipes and dykes is characterized by clusters, fields, dis-
tricts and provinces. Clusters are of the order of 5-10 km
across, fields a few tens of kilometres (typically 30-50 km),
districts a few hundred kilometres and provinces
are measured in thousands of kilometres (Janse, 1984;
Garanin ¢ al., 1993; Basson & Viola, 2003). Most avail-
able radiometric dates on kimberlites are from the 1980s,
and hence have relatively large errors; typically all the
kimberlites in a cluster and a field have similar ages of
intrusion within analytical uncertainties. Nevertheless, in
one of the most intensely studied cratonic areas, the
Kaapvaal craton, South Africa, the main fields display
an age range of ¢. 10 Myr (e.g. Allsopp & Barrett, 1975;
Kramers et al., 1983; Smith et al., 1985; Allsopp et al.,
1989; Basson & Viola, 2003). Districts and especially
provinces frequently include a range of kimberlitic occur-
rences of different intrusion ages (Garanin ef al., 1993).
Different kimberlite fields and sometimes districts sepa-
rated by a few tens of kilometres to several hundred
kilometres may display similar intrusion ages. As an
example, the group of five economic kimberlites around
the town of Kimberley in South Africa define a cluster
with a diameter of 8km and an age around 85Ma
(analytical error on the age of each locality ranges from
1 to 3Ma). This is one cluster within a field 40 km in
diameter, containing at least 20 kimberlite clusters with
ages ranging from 80 to 90 Ma (analytical error on age of
each dyke and pipe ranges from 1 to 3 Ma). This field lies,
in turn, within the Kimberley district, with dimensions of
at least 200km X 100km and kimberlite ages ranging
from 80 to 120Ma (Fig. 1); this forms part of the
on-craton Kaapvaal kimberlite province (Fig. 2).

The processes involved in the intrusion of kimberlite
dykes within the lithosphere are relatively well under-
stood (Spera, 1984; White et al., 1995; Lorenz et al.,
1999; Sleep, 2003). The propagation of these dykes
within the lithosphere has been shown to be rapid
(Spera, 1987); simple crack-propagation models suggest
that it takes about 14'h for a kimberlitic dyke to travel
from a depth of 150km to the surface; the maximum
width at the base of the crack is ~3m.

Goals of the present study

Several important questions related to the genesis
of kimberlite pipes and dykes are not fully understood:
(1) What kind of processes generate the excess magma
pressure necessary to initiate dyke propagation at mantle
depths and kimberlite diatreme formation? (2) Why
do the pipes and dykes of a single cluster such as the
Kimberley cluster (probably the most dated) fall within
the same ~10Myr age interval? (3) Why do kimberlite
clusters display a characteristic size of several kilometres?
(4) Why are clusters of similar age distributed in fields
with typical diameters of a few tens of kilometres? (5) Why
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Fig. 1. Geological sketch map of the Kimberley district (South Africa) displaying the location of its kimberlite fields.

are kimberlite fields grouped in large districts a few hun-
dred kilometres across?

The goal of this study is to show that answers to the
above questions are linked to melt redistribution and
migration at depths exceeding several hundred kilo-
metres. We propose that the driving force for melt migra-
tion 1s the buoyancy of the melt resulting from the density

contrast between the kimberlite melt and the mantle wall-
rock, 8p. In this model we propose that the compaction of
the residual peridotite—kimberlite melt mush triggers the
formation of swarms of kimberlite dykes at depth.

We start with an overview of what it is known about
the generation of dykes from zones of partially molten
mantle, and then present the adopted set of equations
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Fig. 2. Distribution and localization of the main kimberlite districts in the South African kimberlite province [modified after Garanin et al. (1993)].

The ages indicated are those of the main fields in each district.

and the Equation of State for compaction. The equations
are then made dimensionless and the parameters of the
model are fixed. We then show the results of the model,
which allow estimation of the time of generation of the
kimberlite melt pockets, and their sizes. Special attention
is paid to the evolution of the excess melt pressure in the
mush during the transient development of these pockets.
We discuss how and when kimberlite dykes are generated
in the compacting mush. We finally show how the results
of the model can be used to account for the distribution
patterns and origin of kimberlite pipes and dykes outlined
above.

GENERATION OF DYKES FROM
ZONES OF PARTIALLY MOLTEN
MANTLE

The formation of veins or dykes can within the mantle
result from (1) melt chanelling (Stevenson, 1989), (2) melt

infiltration (Spiegelman & Kelemen, 2003), or (3) magma-
fracturing (Spera, 1987; Rubin, 1995). The propagation
of veins by magma-fracturing occurs when the excess
pressure of the melt (G,) in the veins exceeds the tensile
strength of the wall-rocks (Spera, 1987; Rubin, 1995).
The excess pressure corresponds to the pressure differen-
tial between the melt and the residual solid in the partially
molten mantle mush. Estimates of the critical excess
pressure of the melt for a dyke whose tip 1s melt free
range from 40 to 50 MPa (Spera, 1987). In this case the
dyke thickness (A/) is related to its height (/) by
Oc
= (1)
where M ~50 GPa designates the elastic stiffness of the
mantle (Rubin, 1995). (All the symbols used in equations
are defined in Table 1.) In this case dykes of Im
thickness and 1km height can easily develop. They
propagate at a velocity that is related to the pressure
drop owing to the shear stress induced by the magma

Al
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Table 1: Explanation of the symbols used in the various

equations

v Gradient (mathematical function)

p and pg. and p’ Excess pressure

Sp Density contrast between solid and liquid
n Shear or plastic viscosity

g Bulk viscosity

¢ and 0g. and ¢’ Melt concentration

tand t,. and ¢ Time

g Gravity constant

zand 2’ Vertical coordinate

n Magma viscosity

k() and k(dsc) Effective permeability

n Dimensionless constant

a Characteristic size of the solid grains
L Compaction length

Prime and subscript sc denote dimensionless and scaled
values, respectively.

flowing along the dyke walls (Spera, 1987). Because of
the relative large width of the dykes and the low viscosity
of the kimberlite melts this stress i1s negligible and thus
the ascent velocity is constrained by the velocity of
sound in the solid (Spera, 1987). Much lower values of
the excess pressure of the melt have been estimated in
the case of veins propagating in a crystal mush with a
high intergranular melt content, close to 1 MPa (Rubin,
1998). Finger-like melt veins result from the development
of a hydrodynamic instability caused by the buoyancy of
the melt in a poro-elastic mush (Rubin, 1998). In this
case the dykes are only millimetres in thickness and
kilometres in height. Consequently, the propagating
ascent velocity of melt in these thin dykes is reduced
relative to that in the thick dykes by a factor proportional
to the square of the dyke thickness (Rubin, 1998). Thus
they cannot explain how the kimberlite dykes can cross
the whole lithospheric mantle in less than 1 day and
entrain deep mantle xenoliths up to 1 m in size.

THE EQUATIONS OF THE MODEL
The pressure equation

The excess pressure (p in this study), which represents the
difference in pressure between the melt and the surround-
ing solid in a partially molten crystal mush, does not
depend only on the density contrast dp between the
solid and the melt. In fact, the pressure drop is related
to the intergranular melt flow, which reduces the growth
of the excess pressure. As a result, a correct estimation of
p in a partially, molten, plastic mantle requires explicit
resolution of the compaction equations. During the 1980s

equations describing the coupled evolution of the solid-
state plastic and melt flow in the mantle were proposed
(Sleep, 1974; McKenzie, 1984; Scott & Stevenson, 1986).
The most popular model was formulated by McKenzie
(1984), who assumed that (1) the pressure in the solid and
liquid fractions of the mush are the same and (2) the mush
is deformable and compressible. In this case, its rheology
depends on two viscosities: a shear viscosity (1) and a bulk
viscosity (§). The excess pressure p in McKenzie’s formal-
ism 1s zero (p = 0) and thus cannot be deduced from the
two-phase (melt + solid) equations. Scott & Stevenson
(1986) proposed that the excess pressure field p could be
related to d¢/ds i.e. the rate of variation of the melt
concentration ¢ in the mush with time ¢ In their model
0, N and p are related by the following equation:

_ndo

p_$dt' (2)

This equation was found to be exact in the case of water
flow inside a partially molten icecap (Fowler, 1984).
Bercovici et al. (2001) recently developed a new formalism
to describe two-phase flow. Their formalism assumes:
(1) an incompressible mush with a plastic viscosity M
representing that of the melt-free solid fraction of the
mush, (2) an equation of state relating the excess pressure
$ to melt concentration ¢ similar to that used by Scott &
Stevenson (1984) [equation (2) above]. Actually, the
formalism developed by Bercovici et al. (2001) general-
izes that developed by McKenzie (1984). When the melt
concentration is very small and the bulk viscosity {
is equal to Mm/0¢, both formalisms (McKenzie, 1984;
Bercovici et al., 2001) lead to the same equation for the
evolution of the melt proportion ¢ during compaction.
However, only the formalism of Bercovici et al. (2001)
allows computation of the excess pressure field p during
compaction. The knowledge of this field is important,
as shown here, because it allows us to understand how
kimberlite dykes can be triggered in the sub-cratonic
mantle.

The equation of conservation of
stresses per unit volume

The buoyancy of melt and temperature gradients drive
convection, diapiric flow and compaction within the plas-
tic domain of the upper mantle. It is currently accepted
that below cratonic domains the mantle flow of convec-
tive plumes, shear zones related to plate-drift, and diapirs
related to melting are 50-200 km in size (Van Thienen
et al., 2003). These flows have a weak impact on mantle
compaction (Scott & Stevenson, 1986). As a result, in our
model we assume that the plastic mantle flow pushes the
mush upward at an uniform velocity of a few centimetres
per year. Rearrangement of the Bercovici et al. (2001)
equations leads to the following scalar stress conservation
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equation (see Rabinowicz et al., 2002):

Vo). 9, - p-ap L

where g, z, L and A(0) represent the acceleration due
to gravity, the vertical coordinate, the magma viscosity
and the effective permeability of the mush, respectively.
Equation (3) assumes that: (1) the geometrical reference
frame moves as the same speed as the uniform upward
mantle flow, (2) the melt concentration is small and (3)
the surface tension between melt and solid is negligible.
In equation (3) the term on the right-hand side represents
buoyancy. The first term on the left-hand side represents
the stress per unit volume caused by deformation of the
solid fraction by compaction or dilatation of the mush,
and the second term represents the friction of the melt
flow within the porosity network (Ribe, 1985; Sparks &
Parmentier, 1991).

The permeability equation

Compaction starts when the intergranular melt forms a
connected network. Studies of mantle xenoliths entrained
in alkaline basalts and kimberlites provide convincing
evidence for the circulation of carbonatitic and carbo-
nated highly alkaline mafic silicate melts in the upper
mantle (Green & Wallace, 1988; Dautria et al.,, 1992;
Grifhin et al., 1992; Rudnick e al., 1993; Sweeney et al.,
1993; Chalot-Prat & Boullier, 1997; Ionov, 1998; Yaxley
et al., 1998; Grégoire et al., 2000). Static experimental
studies show that such melts, in contact with olivine,
have low dihedral wetting angles (25-30°, Hunter &
McKenzie, 1989; Watson et al., 1990). These low angles
imply that very thin films of melt (possibly as low as a few
hundred angstréoms) wet or partly wet grain boundaries
and penetrate along grain edges to form an intercon-
nected network of melt tubes with roughly triangular
cross-sections (Hess, 1994). Furthermore, the variation
of volume as a result of melting provides transient
viscoelastic stresses likely to result in the generation of
interconnected cracks filled with melt (Maalge, 2003).
Experiments performed to investigate the interconnectiv-
ity of carbonate melt in a dunite suggest that the mantle is
permeable for any local melt concentration ¢ exceeding
about 107°% (Minarik & Watson, 1995). A power-law
relationship between permeability A¢®) and melt con-
centration ¢ has been proposed by McKenzie (1984):

k(9) o a*¢” (4)

where 7 is a dimensionless constant and « designates
the characteristic diameter of the solid grains. When
the melt flow is confined in tubes whose sizes increase
with melt concentration, the power-law constant 7 is ~2;
in the case of a flow confined in intergranular films, n ~3
(McKenzie, 1984). Laboratory experiments with olivine
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and a basaltic melt suggest that the evolution of the
shape of tubules with increasing melt concentration is
complex and does not lead to a simple increase of their
size (Faul, 1997). The same experiments show that melt
flow is rapidly confined in disc-shaped intergranular
films. As a result it is likely that in a kimberlite mush the
permeability 4(0) follows a cubic relationship with melt
concentration ¢, i.e. n ~3 in equation (4).

Mantle rheology beneath cratonic
lithosphere

It is generally accepted that the mantle in the
‘asthenosphere’ deforms by dislocation creep (Karato &
Wu, 1993). As a result, the rate of deformation of the
mantle rises as a power of the deviatoric stress. In the
governing equations, the excess pressure p represents
the deviatoric stress generated by viscous deformation.
Thus, the plastic viscosity in a model representing melt
percolation in the asthenosphere is excess pressure
dependent. At the scale of the melt—solid grain interface
the excess pressure corresponds to the deviatoric stress
imposed along two adjacent faces of the grains (Sleep,
1988). As a result, the non-linear relationship between
N and p probably reduces the amplitude of the excess
pressure p [see equation (2) and discussion below] and,
therefore, prevents the development of dykes by magma-
fracturing. This explains Sleep’s (1988) arguments to
question the possibility of development of dykes by
magma-fracturing in a partially molten mantle mush.
Does this mean that magma-fracturing is impossible in
a viscous mantle? We see that the problem crucially
depends on the nature of the rheology of the mantle
rock. Karato & Wu (1993) suggested that a relatively
cold upper mantle at depths exceeding 100km to
200km deforms by along-grain diffusion creep. They
based their arguments on the facts that: (1) the activation
volume for dislocation creep is high and thus only favours
deformation at low pressures; (2) the increase in the
amplitude of the deviatoric stresses, from about 1 MPa
to 10 MPa, in response to the decrease in rock ductility,
because of the attenuation of the dislocation creep, leads
to a reduction in the grain size of the mantle, which in
turn enhances viscous flow by diffusion. Geophysical data
supporting their model include the strong reduction in
seismic anisotropy in the mantle at depth, and a cross-
check between isostatic rebound data and modelling of
the vertical movements triggered by deglaciation. In this
study, we assume that the Karato & Wu (1993) hypothesis
applies within the whole of the upper, viscously deform-
ing mantle below the 100-200 km thick cratonic roots. As
a result we assume that the viscosity of the mantle rock 1
is constant even when the excess pressure p is high. This
hypothesis will be critically discussed in a subsequent
section.
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Nature of the obstruction triggering
kimberlite melt concentrations

Ringwood et al. (1992), Nowell e al. (1999) and Sweeney
& Winter (1999) proposed that Group 1 and Group 2
kimberlite magmas have a common parentage from
a carbonate-bearing peridotite mantle source located at
depths >300km and containing various amounts of
ancient subducted oceanic crust. The differences between
the two kimberlite types are controlled by subsequent
assimilation of variably enriched subcontinental litho-
spheric mantle (Nowell ¢t al., 1999; Sweeney & Winter,
1999). The kimberlite source rock is transported by
mantle convection. When it ascends into the Transition
Zone, 1.e. within the 670-400 km depth interval, it melts to
very low degree (¢ <1%) (e.g. Le Roex, 1986; Ringwood
et al., 1992; Haggerty, 1994; Nowell et al, 1999).
Kimberlitic melts wet the grain boundaries, creating an
interconnected network with a non-zero permeability
[£(®), equation (4)]. Subsequently, the mantle mush com-
prising a low volume of kimberlite melt moves upward
with the ascending mantle flow. Because of the newly
created permeability, compaction develops within the
partially molten mantle domain. During its inter-
granular upward percolation, the melt reacts with the
minerals of the surrounding mantle rock (especially with
garnet and orthopyroxene) to form clinopyroxene and
other metasomatic minerals, inducing the progressive
assimilation of the melt. After a few tens of kilometres of
upward percolation, the melt is progressively assimilated.
The kimberlite melt produced below pushes upward and
1s slowed down by the upward obstruction resulting from
melt assimilation. This leads to a local accumulation
of melt as a result of the reduction of the permeability
in the downstream direction. The dramatic non-linear
amplification of the permeability in the zone of melt
accumulation enhances the melt concentration.

MODELLING THE DEVELOPMENT
OF COMPACTION WAVES IN

A SUB-CRATONIC KIMBERLITE
MANTLE MUSH

Scales and dimensionless formulation

of the equations

For the present treatment, it is necessary first to make the
equations dimensionless. To achieve this, we adopt the
following scales for measuring melt concentration ¢
(where sc indicates scaled), pressure py., length L, and
time 4. The unit of length is the compaction length L
(Rabinowicz et al., 2002):

7 VA0 (5)

Mo,

The excess pressure pg. is given by

pse = OpgL. (6)

This represents the pressure contrast between the
solid and the magma integrated along the compaction
length L.

The time £, is given by

lse :ﬂ/l?sc~ (7)

I 1s the time taken for the melt in a mush with a
constant concentration ¢y to move upward over a
distance of one compaction length, L. The values of L
and /. depend on the parameters 8p, O, Kdy.), I, and
1M, whose ranges need to be constrained. The value for
the melt concentration ¢y is equal to the degree of
melting needed to produce kimberlite melt in the mantle,
here assumed to be 0-6%, 1.e. within the range proposed
by Canil & Scarfe (1990) and Dalton & Presnall
(1998). As suggested earlier, the density contrast between
kimberlitic melt and the mantle, 8p, is about 1000 kg/ m®
(Spera, 1984; McKenzie, 1985; Scarfe et al, 1987).
Maaloe & Scheie (1982) proposed a permeability A(g.) of
~107" for rocks with millimetre-size grains [¢ ~1 mm,
equation (4)] and melt fraction ¢ ~0-01. In the light of
his experimental results, Faul (1997) suggested an order
of magnitude lower permeability for a mush with the
same characteristics. Typical grain sizes of mantle
peridotites are ~3—4mm. These sizes are typical of
mantle rocks that deform by dislocation creep in the
upper part of a relatively hot upper mantle. It has been
nevertheless suggested by Karato & Wu (1993) that in a
cold section of the upper mantle, below 150-200 km
depth, the grain sizes will be small (¢ ~1 mm) to permit
deformation of the rock by diffusion. As a consequence,
because of the grain size and permeability models,
we derived a ko, = 0-6%) of about 2 x 10~'" m? [see
equation (4)]. The viscosities of kimberlite melts are
known to be particularly low because of their low Si
content and high concentrations of CO, and H,O.
However, the range of possible variation is large, from
0-01 to 1 Pa s, with a more probable value around 0-1 Pa
s (McBirney & Murase, 1984; McKenzie, 1985, 1989).
Following the study of Karato & Wu (1993), we strongly
suspect that the plastic viscosity in the lower part of the
upper mantle is constant and relatively high: various
lines of evidence, particularly post-glacial rebound data,
suggest a value of 10?' Pa s (Sabadini & Peltier, 1981;
McBirney & Murase, 1984; McKenzie, 1989; Karato &
Wu, 1993). Using equation (4) and the above parameters
we, therefore, deduce that L ranges between 2km and
18km. We adopt here a value for L of 6 km, which is
consistent with a kimberlite melt viscosity L = 0-1 Pa s.
We, therefore, deduce that the excess pressure is p,. =
60 MPa and the compaction time is {. = 0-5 Myr [see
equations (6) and (7), respectively].
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The dimensionless versions of equations (2) and (3) are

aq)/ PV
W =0 (8)
6 /n
v(@"vp) - oy =20 )

where ¢' = 0/, ) = p/pe, t' = t/t,. and Z = z/L
designate the dimensionless variables. It should be noted
that this system of equations does not depend on any
dimensionless parameter. In fact, the only ‘free para-
meter’ is the dimensionless melt concentration profile
used to initiate the computations. As shown below
[equation (10)], this function depicts how melt is
produced and thereafter assimilated by reaction with
the surrounding minerals.

Evolution of the melt concentration
during a compaction experiment

The experiment shown in Fig. 3 was run in a computing
box of 450 km X 450 km size, 1.e. with a dimensionless size
of 75 x 75. To save grid points, the flow is periodic along
z with a periodicity of 450 km, i.e. a dimensionless peri-
odicity of 75, and is symmetrical on both lateral faces of
the computing box. The melt concentration equation
[equation (8)] is solved with a second order in time and
in space explicit finite difference scheme (Barcilon &
Richter, 1986). The pressure equation [equation (9)] 1s
discretized with the fourth-order-in-space scheme pro-
posed by Barcilon & Richter (1986). The equation is
solved with a multi-grid method. The numerical method
1s that used by Wiggins & Spiegelman (1995) to resolve
3-D compaction problems. Our code has been bench-
marked in previous studies (Rabinowicz & Ceuleneer,
2005). We used 256 X 256 equidistant grid points along
the horizontal axis, x, and the vertical axis, z.

The experiment was initiated with the following
dimensionless melt distribution function:

, [+ ra(2)]
0,4, 2) = b cosh(0-3 x ) (10)
where ra(x) is a random function with a mean amplitude
of 0-05, 74 = min(7/, 75km — 7). It implies that, in this
experiment, melt assimilation occurs between a dimen-
sionless height 7 of 0-10, i.e. a dimensional height of
0-60 km, which represents the several tens of kilometres
estimated thickness of the kimberlite melt assimilation
zone (see above). Because of the vertical periodicity, the
production of melt in the model occurs at a dimension-
less depth of about 0-10 below the bottom of the
computing box.

The evolution of the melt concentration and the excess
pressure during a time period of 27 X £, ~13-5 Myr is
shown in Fig. 3. First the kimberlite melt accumulates at
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the top of the obstruction zone. The thickness of this first
zone of high melt concentration depends on the charac-
teristic length of the solid deformation term V(¢'" V'),
which represents several times the compaction length L
(Ribe, 1985). Because of mass conservation [equation (8)]
the mush permeability, the melt concentration and the
velocity sharply decrease below the zone concentrated in
melt, which is therefore hydraulically disconnected from
the bulk of the mush. This process triggers the splitting of
the mush into compaction waves (see Rabinowicz et al.,
2002). Then the porosity waves develop in three stages:
(1) equidistant planar waves are triggered just below the
top of the field of high melt concentration; (2) at about a
time of 13-5 X f,. ~7Myr, spherical melt pockets are
generated inside the planar waves and collect melt up to
a concentration of 7%, i.e. a dimensionless concentration
¢ of ~12; (3) the melt pockets are separated from the
horizontal waves and follow their own trajectories, lead-
ing them to collide with some of those found along
their path. The characteristic dimensionless size of the
pockets is approximately six: i.e. their dimensional size 1s
6 X L ~ 36 km. In fact, this size depends on the sharpness
of the assimilation front in the initial melt concentration
profile. In the experiment shown in Fig. 3 the drop in
melt concentration occurs over a dimensionless distance
of ~10 (Fig. 3). Other experiments show that when this
drop occurs over a smaller length, the wave size decreases
to two and the growth rate and asymptotic amplitude of
the waves increase. This type of experiment has already
been the purpose of several 2-D or 3-D numerical
studies (Wiggins & Spiegelman, 1995; Rabinowicz &
Ceuleneer, 2005).

Transient development of the excess
pressure during the compaction
experiment

To gain an insight into melt redistribution during com-
paction, we have studied more precisely the transient
evolution of the excess pressure p inside a compaction
wave. Figure 4 shows a vertical profile of both p' and ¢’
taken at the end of the experiment along the left lateral
boundary of the computing box. At the top and bottom
of each individual wavelet, the excess pressure field p'
reaches its maximum and minimum, respectively. There-
fore, at the top of a wavelet the pressure of the fluid is
greater than that of the rock. Accordingly, the mush is
dilated and the melt is propelled upward. At the same
time, at the bottom of a wavelet, the pressure of the solid
exceeds that of the melt, and the rock squeezes the melt
column that escapes upwards. The wavelets being sym-
metrical, the amplitude of the pressure maxima is the
same as that of the minima. It should be noted that in a
wavelet the pressure linearly increases from its minimum
up to its maximum, and it dramatically shrinks just above
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MELT CONCENTRATION PRESSURE

75L =450 km

t=0
t=0

t=7.5 Myr initiation of Compaction wave front

t'=10

t=13.5 Myr
t'=20

dimensionless melt concentration

dimensionless excess pressure

0 2 4 6 8 -4 7 0 2 3

Fig. 3. Compaction experiment. From top to bottom are drawn the ¢/ = 0, ¢/ = 13-5 (t = 7-5 Myr), and time ¢’ = 27 (¢ = 13-5 Myr) snapshots of
the dimensionless melt concentration and excess pressure fields in an experiment with a computing box size of 75L (450 km). The experiment was
initiated with a melt distribution function given by equation (10). The values of the parameters are given in Table 2. At time 13-5 (=7-5 Myr), the
wave front is planar, but inside the top wave several pockets are initiated. Thereafter, the planar wave splits and each pocket is individualized. At
the end of the experiment, occurring at time 27 (=13-5 Myr), the first swarm of melt pockets has moved up by about 25L (=150 km), i.e. with a
mean upward velocity of about 1 cm/year. They have a width of about 6L (=36 km), and the maximum melt concentration reached inside the
pockets is about 12¢s, i.e. about 7%. It should be noted that there is a strong interaction between melt pockets generated inside successive planar
waves. At the top of each pocket, excess pressure reaches a maximum of about 3-2 X p= 200 MPa, a value high enough to trigger the fracture of
the overlying rock (>40-50 MPa).
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Fig. 4. (a) The dimensionless melt concentration ¢’ (dashed line), and
the excess pressure 4/ vertical profile (continuous line) taken at time
27 along the left lateral face of the model of Fig. 3. (b) The time
evolution of the maximum melt concentration (dashed line) and the
excess pressure (continuous line) during the numerical experiment. It
should be noted that the maximum pressure and melt concentration
increase linearly and quadratically with time, respectively. The excess
porosity scale factor ¢, = 0:6%, and the pressure scale factor p =
60 MPa. The excess pressure [equation (6)] results from the density
contrast between the melt and the solid fraction of the mush (§p). It is
thus proportional to 8pgl. More precisely, an excess pressure of about
3 X 8pgL is expected at the top of the pocket, a value high enough to
trigger fracturing.

the top of the wavelet and just below its bottom, res-
pectively. During the transient development of the
compaction wave, both the amplitude of the melt con-
centration ¢’ and the pressure p markedly increase with
time. Figure 4b shows the maximum excess pressure p'
and melt concentration ¢’ of the wave train as a function
of dimensionless time. We see that the maximum excess
pressure linearly increases with time whereas the maxi-
mum melt concentration in the wave follows a quadratic
path. When the experiment is initiated, the amplitude of
the excess pressure p' is negligible. At the end of the
experiment, i.e. at dimensionless time 27, the excess
pressure is about 3-2.

These striking results can be explained as follows.
When the experiment is initiated, the gradient of pressure
in the melt column roughly balances the difference in
weight between melt and solid [see equations (3) and (9)].
Accordingly, the pressure in the fluid is close to that in
the solid, and the excess pressure p is extremely small. As
the amplitude of the compaction wave increases, melt
circulation within the wavelet increases because the
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permeability of the mush becomes extremely large in
the regions of high melt concentration [see equation
(4)]. As a result, the pressure drop inside the melt column
is small, promoting a large increase in the pressure dif-
ference between the melt and the solid, and thus of the
excess pressure field in the wave. This explains why, at
the end of the experiment, the difference in excess pres-
sure between the bottom and the top of the wavelet is
about 2 X 3-2 = 6-4. The latter value roughly represents
the difference between the lithostatic and the hydrostatic
pressure across a wavelet with a dimensionless size of
about six.

Now if we consider dimensional variables, we see that
the excess pressure p at the top of the compaction pockets
reaches a value of 3-2 p,. ~200 MPa. This value exceeds
by a factor of four the estimated fracture threshold of the
rock. It also exceeds by a factor of 20 the deviatoric stress
generated by mantle convection in the lower part of
the upper mantle (about 10 MPa; Rabinowicz et al.,
1980). These numbers show that the hypothesis that the
deformation of the mantle beneath the cratonic litho-
sphere 1s governed by diffusion creep is fundamental for
the coherence of our model because in the case of mantle
deforming by dislocation creep, the rise of the excess
pressure p above a level of 100 MPa would cause a drop
of the effective viscosity N at the top of the compaction
wave by at least three orders of magnitude. Conse-
quently, the ‘effective compaction length’ L.y which
rises as /7Tqr [see equation (5)], and the dimensional
excess pressure p.p, which is proportional to L.y [see
equation (6)], are expected to drop by a factor of 30. As
a result, the excess pressure would fall below the 50 MPa
fracture threshold. These results corroborate those devel-
oped by Sleep (1988). We see thus that only a diffusion
creep rheology in the sub-cratonic mantle permits the
development of fracturing at the top of the compaction
waves. The experiment shows that mature compaction
pockets need a period of time of about 204, ~10 Myr to
be generated. During this time period, the compaction
front moves upwards by <150 km. The model assumes a
reference frame pegged to the convective mantle. As a
result, the true upward migration of the melt is the sum
of the height of melt percolation plus the height of
upward migration of the mantle in the ascending flow
during the period of maturation of the melt compaction
pocket. If we assume 1 or 2 cm/year upward movement
as a result of mantle convection, the melt would rise by
250-350km before the maturation of a compaction
pocket would be achieved. This height is similar to that
estimated for the ductile part of the upper mantle beneath
a craton. Otherwise, if the convective current is fast, for
example, 10 cm/year, a possible value in the centre of
a hot cylindrical mantle plume, the compaction front
would collide with the base of the cratonic lithosphere
well before the excess pressure of a compaction pocket
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Fig. 5. Sketch map of the proposed model in a context of subcratonic upper mantle flow. We consider, below a cratonic lithosphere about 200 km
thick, a mantle domain 450 km in size ascending upward at a velocity of 2 cm/year. At time ¢ = 0, a kimberlite melt-bearing horizon, about 60 km

thick, is produced within the Transition Zone and moves upwards with the

mantle flow. After 10 Myr this horizon has ascended by 200 km and at

the same time the top of the compaction wave has percolated through the permeable mantle matrix by about 120 km. Kimberlite melt-bearing
pockets of about 30-40km in diameter have been generated in this wave. In the mush melt pocket two zones are favourable for the development
of ‘dykes’. The first, corresponding to the zone of initiation of the translithospheric kimberlites reaching the surface of the Earth and entraining
mantle xenoliths, is localized at the top of the pocket, where the excess pressure is positive and high, and the melt concentration extremely low.
The second zone, corresponding to the zone of generation of thin veins as described by Rubin (1998), is localized in the middle of the pocket,
where melt concentration is extremely high and the excess pressure is small.

would be capable of breaking the melt-free rock in the
roof of the pocket.

DYKE GENERATION IN MUSH MELT
POCKETS

In Figure 5 we place our model in the context of subcra-
tonic upper mantle flow. We consider a mantle domain
450 km in width ascending upward at a velocity of a few
centimetres a year (assumed to be 2 cm/year in Fig. 5).
At time ¢t = 0, a kimberlite melt-bearing horizon, about
60km thick, is produced within the Transition Zone
(Fig. 5), which moves upwards with the mantle flow.
After 10 Myr this horizon has ascended by 200 km and
at the same time the top of the compaction wave has
percolated through the permeable mantle matrix by

about 120 km. Kimberlite melt-bearing pockets of about
30—40 km diameter have been generated in this wave. In
these mush melt pockets two zones are favourable for the
development of ‘dykes’ (Fig. 5). The first is localized at
the top of pockets, where the excess pressure is positive
and high, and the melt concentration extremely low; the
second 1s localized in the middle of the pocket, where
melt concentration is extremely high and the excess pres-
sure is small. The causes of dyking differ in the two
regions.

Dyke generation from the top of the mush
melt pockets

Here, the excess pressure probably reaches p,. = OpgL,
1.e. 60MPa. This exceeds the tensile strength of the
melt-free mantle, 6. ~40 MPa (Spera, 1987; Rubin, 1995).
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Considering that the melt fraction at the top of the melt
pocket is only a fraction of the value ¢, = 0-6% used in
our model (see above), i.e. a few times 0-1%, the failure
criterion is clearly that of the melt-free rock. Accordingly,
fracturing of the mantle wall-rock is unavoidable, and the
condition for the generation of a magma crack is realized.
In the crack, the excess pressure drops, triggering a tran-
sient flowing melt, which accumulates in the crack (Sleep,
1988). When the differential pressure as a result of the
difference of density between the magma in the crack and
the solid rock column exceeds the tensile strength G, the
crack propagates upward, fracturing the melt-free cap
rock. The failure criterion is reached when the height of
the crack is I-4 km. According to equation (1), the width
of the crack is Al = 6./ M; for M ~50 GPa (Rubin, 1995),
we find that the crack width Alis about 2-3 m, in agree-
ment with the maximum width of kimberlitic dykes
observed at the surface.

Dyke generation from the middle of
the mush melt pockets

In the middle of the melt mush pocket, the excess pres-
sure 1s probably too small to promote the fracturing of
melt-free mantle rock. Because of the high melt concen-
tration, the interstitial melt films wet a significant frac-
tion, if not all, of the grain surfaces. Accordingly, the
tensile stress needed to fracture the mush is probably
small: 6. ~1 MPa. Rubin (1998) suggested that the devia-
toric stresses generated by mantle convection, with an
amplitude of a few megapascals, could lead to the nucle-
ation of numerous small melt-filled cracks in the mush.
In the crack, the local pressure drop resulting from the
crack opening drives a Darcy flow of melt inside the
crack. Rubin (1998) showed that the coupling of the
local Darcy flow and the upper tip propagation leads to
the development of finger-like dykes several kilometres
long, oriented parallel to the direction of maximum com-
pression G;. A robust result of Rubin’s (1998) model 1s
that such finger-like dykes are only a few millimetres
thick. We propose that when a horsetail-like set of
finger-like dykes meets the top of the mush pocket, they
merge to form a melt-filled crack several kilometres high
and several metres wide, which propagates upward
through the upper mantle by fracturing the melt-free
cap rock.

DISCUSSION

Our model is based on the observation that: (1) kimber-
lites occur only in areas characterized by a thick litho-
sphere (150-200 km) originating in a plastic zone of the
mantle that deforms by diffusion creep, and the assump-
tions that (2) kimberlitic melts result from low degrees of
partial melting at great depth of carbonated peridotites
in slowly ascending mantle flows, (3) these melts are,
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thereafter, partly assimilated by reaction with surround-
ing mantle minerals and (4) at these depths the mantle is
viscous enough for the compaction length to reach a
value of about 6 km. If these conditions are met, com-
paction processes may cause large increases in the local
concentration of kimberlite melt (up to 7%) and form
melt-bearing pockets a few tens of kilometres across. In
this case, the dynamic imbalance between hydrostatic
and lithostatic pressure drives the upward migration of
the localized melt body. At the top of the wave the
positive excess pressure dilates the mush, whereas at
the bottom it compacts it. Our model shows that in a
matured pocket, the maximum amplitude of the excess
pressure and the depression at the top and bottom of the
structure is about equal to half the amplitude of the
pressure difference between the solid and melt, integrated
along the vertical section of the body. In this case, the
initiation of swarms of dykes is inevitable because of
the large excess of pressure at the top of the mush melt
pockets, 3 X p. > 150 MPa, which is much higher than
the hydraulic fracturing limit of the overlying rocks
(30-50 MPa; Spera, 1987; Rubin, 1993).

Our model provides an explanation for the origin of the
deformed high-7 garnet peridotite xenoliths entrained
by kimberlites and equilibrated at pressures ranging
from 4-5 to >6-5 GPa (i.c at depths ranging from 150 to
250 km). The significance of their textures has been of
considerable interest since their original recognition by
Nixon & Boyd (1973). Proposals for their generation
include shear zones, shear heating or deformation during
diapiric upwelling (e.g. Downes, 1990; Van Thienen
et al., 2003). They strongly suggest that the xenoliths
were plastic when they were sampled by the kimberlite
magmas. Accordingly, they do not belong to the litho-
spheric mantle but to the underlying ‘asthenosphere’.
Whatever the cause, porphyroclastic textures cannot be
retained for long periods in the deep part of the mantle
(e.g. Goetze, 1975; Pearson et al., 2003). Porphyroclastic
textures are thus transient phenomena experienced by
samples on a short time scale before entrainment in their
host magma, as is also indicated by the zoning patterns in
minerals from these rocks (Smith & Boyd, 1992; Pearson
et al., 2003). We propose that the porphyroclastic and
mosaic-porphyroclastic textures of the deformed high-7
and high-P garnet peridotite xenoliths entrained by kim-
berlites result from plastic deformation at the top of the
melt pockets caused by the large excess of pressure. This
deformation of the roof of the melt pockets happened
shortly before entrainment of xenoliths in the host
kimberlite.

In our model the estimated size of the melt-bearing
pockets 1s similar to the average dimensions of kimberlite
fields (30-50km, Figs 1 and 2). We, therefore, propose
that kimberlite fields are the surface envelope of dyke
swarms generated inside a mush melt pocket and that
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a kimberlite cluster represents the discharge of melt via
dykes originating from a sub-region of a mush pocket.
According to our model, these dykes should have lensoi-
dal shapes with a typical diameter of 4km and a maxi-
mum thickness of 3 m. We propose that these lens-shaped
dykes cross-cut the lithosphere.

During intrusion the dykes sample the surrounding
upper mantle rocks as xenoliths with a size range up to
Im (typically 5-20 cm). The two main mechanisms of
xenolith formation in the lithosphere are: (1) fracturing of
wall-rock during kimberlite dyke propagation; (2) pro-
gressive detachment of fragments as a consequence of
magma intrusion along fractures parallel to the dykes
(e.g. Morin & Corriveau, 1996). The surrounding peri-
dotite wall-rocks clearly need to be fractured for kimber-
lite dykes to initiate and propagate. Their resistance to
fracturing is easily exceeded by the magma pressure
(Spera, 1984; Pollard, 1987; this study). Model calcula-
tion and experiments indicate that inelastic deformation
occurs at the leading edge of a propagating dyke (e.g.
Maalge, 1987; Rubin, 1993). At high confining pressures,
this deformation may result in a set of dyke-parallel frac-
tures extending to tens of metres from the dyke contact
(Pollard, 1987; Rubin, 1993). Once the fracture set is
created magma eventually invades the fractures to form
apophyses; country-rock fragments are progressively
detached and the rapidly ascending magma filling the
dyke entrains the xenoliths upward (e.g. Morin &
Corriveau, 1996, fig. 6). Many of these mantle xenoliths
display evidence of metasomatic reactions with kimberlite
magma at depth, and the local development of some
millimetre-wide dykelets (Erlank et al, 1987; Grégoire
et al., 2002, 2003). These dykelets may correspond to
the finger-like dykelets proposed by Rubin (1998). The
time required in our model to reach the excess pressure in
a melt pocket is several million years. At greater time
scales the maximum excess pressure in the pocket will be
constrained by the hydraulic fracture limit of the rock
cap. That implies that the melt concentration within
the pocket will be stabilized and the melt coming from
below will be periodically evacuated by dykes. At the
same time, at the top of the pocket, part of the melt will
be incorporated as an intergranular film within the
surrounding peridotite.

The compaction problem depends on two independent
parameters: (1) a geometrical parameter, i.e. the com-
paction length L [equation (5)]; (2) a time parameter, the
time scale 4. = N/ps. (equation (7)]. Hydraulic fracture
requires that 3 X p,. (= dpgl) exceeds 400-500 MPa at
the top of the melt pocket. Given that g is ~1000 kg/m”,
we can predict that L will exceed 1km, producing
melt pockets with a minimum diameter of 6 km. Given
the small range in the reported characteristic size of
kimberlite fields range (30-50 km) (Janse, 1984; Garanin
et al., 1993; Basson & Viola, 2003), we infer that

Table 2: Values of the main parameters used in and
estimated jfrom the model

sc 0-6%

3p 1000 kg/m?®
kldge = 0-6%) 2x107"7 m?
a 1mm

n 0-1Pas

n 10% Pa's

L 6km

Psc 60 MPa

the uncertainty in compaction length is small, typically
L =6 £+ 1km. The determination of L also has a major
effect on the time needed to generate mush melt pockets.
For example, assuming a value for L of only 1 km would
lead to a time of melt pocket generation of about 60 Myr,
a value considerably lower than the time it takes for an
ascending flow moving at 1 cm/year to cross the whole
plastic section of the upper mantle (40 Myr; McKenzie,
1984). The other parameter controlling the time of
pocket generation is the solid viscosity of the mantle.
The value of 10?" Pa s used here (Table 2) is a typical
estimate for the mantle Transition Zone below cratonic
regions (Karato & Wu, 1993). A significantly higher value
will lead to a maturation time of the melt pocket also
greatly exceeding the time taken for the upwelling to
cross the upper mantle. On the other hand, it is possible
that the viscosity inside a hot flow could be an order
of magnitude lower than 10?' Pa s (Monnereau et al.,
1993). For instance, Sleep (2003) suggested a value of
~10" Pa s. Assuming this latter value, and maintaining
a compaction length L of about 6 km, we predict a time
scale of generation of melt pockets of the order of
10° years, i.c. quasi-instantancous. If the production of
kimberlite melts starts well within the Transition Zone,
as suggested by some studies (Ringwood et al., 1992;
Haggerty, 1994), a value of 10"’ Pa s for mantle viscosity
mmplies a zone of initiation of the kimberlite dykes at
120km above the source region, ie. at a depth below
300 km (Fig. 5). The deepest mantle xenoliths entrained
by kimberlites come from about 200km, inconsistent
with this predicted depth of dyke initiation. This con-
clusion does not exclude mantle viscosity of 10" Pa s, but
in this case the production zone of kimberlite melt must
occur above 300 km, a value not incompatible with other
estimations of the depth of kimberlite source regions
(Canil & Scarfe, 1990; Dalton & Presnall, 1998). A fur-
ther point of interest is that the range of the ages of
kimberlite dykes and pipes in a given field should provide
strong constraints on mantle dynamics below cratons.
If we trust the age range of 10Myr deduced from
precise and numerous isotopic studies of the Kimberley
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Kimberlite field (Kaapvaal craton, South Africa) we are
forced to conclude that the mantle has a solid viscosity of
10! Pa s and that production of kimberlite melt occurs
within the lower part of the Transition Zone. Conversely,
if future precise isotopic dating of kimberlite dykes and
pipes in a specific field gives a range of about 1 Myr, this
would provide strong evidence in favour of lower solid
viscosity of the plastic mantle transporting the kimberlite
melts and a shallower melt source region. This last
hypothesis is in good agreement with the model proposed
by Sleep (2003) for the generation of kimberlite fields.

It is also interesting to note that the typical kimberlite
districts define domains of a few hundred kilometres, i.e.
of the same order of magnitude as that of a typical mantle
convective flow in the mantle Transition Zone (Davaille,
1999; Montelli et al., 2004). It is likely that such flows
horizontally migrate with a velocity <Icm/year.
Accordingly, it appears probable that in a district all the
kimberlite fields that have been formed over ~20 Myr
are the surface expressions of the same phase of activity
of an ascending convective flow. If we apply this hypo-
thesis to the case of the Kimberley district (Fig. 2), at
least four fields comprising pipes and dykes of Group 1
kimberlites (Kimberley, part of Barkly West, Rietfontein
and Kofliefontein) may have been generated this way at
80-90 Ma, and at least three others (part of Barkly West,
Newlands and Finsch) at 115-120 Ma. At the scale of the
Kaapvaal craton, we propose that the main part of the
districts of Kimberley, N. Lesotho and Orapa, consti-
tuted by Group 1 kimberlites and dated at 80-90 Ma
(Fig. 2), have been formed from the same ascending
mantle flow (Davaille, 1999; Montelli ¢/ al., 2004). The
same model could apply to the Group 1 kimberlites of
the Rietfontein, Central Cape and Gibeon districts but
at 60-70 Ma (Fig. 2). Finally, we could speculate that
the flow that produced the three districts at 80-90 Ma
migrated westward by few hundred kilometres to form
the three districts dated at 6070 Ma.

Once generated, the dyke swarms propagate along a
direction parallel to the maximum compressive stress,
which in an ascending convective flow, gives them near-
vertical orientation (Rabinowicz et al., 1984). Because of
its great thickness, the cratonic lithosphere is generally
under compression (Zoback & Mooney, 2003). Hence,
the dyke trajectories could become horizontal when
they penetrate the lithosphere. The extensional stresses
generated by a convective flow at its top overcome the
compressive stresses that normally act in the cratonic
lithosphere, but probably only at depth. An extensional
tectonic regime affecting the entire cratonic lithosphere
is required to allow the arrival of the dyke swarms at
the surface. This is consistent with the findings of recent
studies concluding that structural control of the emplace-
ment of kimberlites on the Kaapvaal craton is related to
extensional tectonics (White et al., 1995; Basson & Viola,
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2003). If the compressive lithospheric stress remains
locally very high, the kimberlite dykes will be emplaced
as sills and the kimberlites will not reach the surface.
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