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Abstract

Constraining the composition of primitive kimberlite magma is not trivial. This study reconstructs a kimberlite melt com-
position using vesicular, quenched kimberlite found at the contact of a thin hypabyssal dyke. We examined the 4 mm selvage
of the dyke where the most elongate shapes of the smallest calcite laths suggest the strongest undercooling. The analyzed bulk
compositions of several 0.09–1.1 mm2 areas of the kimberlite free from macrocrysts were considered to be representative of
the melt. The bulk analyses conducted with a new ‘‘chemical point-counting’’ technique were supplemented by modal esti-
mates, studies of mineral compositions, and FTIR analysis of olivine phenocrysts. The melt was estimated to contain 26–
29.5 wt% SiO2, �7 wt% of FeOT, 25.7–28.7 wt% MgO, 11.3–15 wt% CaO, 8.3–11.3 wt% CO2, and 7.6–9.4 wt% H2O. Like
many other estimates of primitive kimberlite magma, the melt is too magnesian (Mg# = 0.87) to be in equilibrium with
the mantle and thus cannot be primary. The observed dyke contact and the chemistry of the melt implies it is highly fluid
(g = 101–103 Pa s at 1100–1000 �C) and depolymerized (NBO/T = 2.3–3.2), but entrains with 40–50% of olivine crystals
increasing its viscosity. The olivine phenocrysts contain 190–350 ppm of water suggesting crystallization from a low SiO2 mag-
ma (aSiO2

below the olivine-orthopyroxene equilibrium) at 30–50 kb. Crystallization continued until the final emplacement at
depths of few hundred meters which led to progressively more Ca- and CO2-rich residual liquids. The melt crystallised phlog-
opite (6–10%), monticellite (replaced by serpentine, �10%), calcite rich in Sr, Mg and Fe (19–27%), serpentine (29–31%) and
minor amounts of apatite, ulvöspinel-magnetite, picroilmenite and perovskite. The observed content of H2O can be fully dis-
solved in the primitive melt at pressures greater than 0.8–1.2 kbar, whereas the amount of primary CO2 in the kimberlite
exceeds CO2 soluble in the primitive kimberlite melt. A mechanism for retaining CO2 in the melt may require a separate fluid
phase accompanying kimberlite ascent and later dissolution in residual carbonatitic melt. Deep fragmentation of the melt as a
result of volatile supersaturation is not inevitable if kimberlite magma has an opportunity to evolve.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Knowledge of compositions of kimberlite magma is cen-
tral to understanding its physical properties, and ultimately,
its ascent, fragmentation and emplacement. Reconstructing
kimberlite magma compositions, however, is not a trivial
task as kimberlites entrain at least 25 vol% of xenolithic
component (Scott-Smith, 1996) and only rare textural
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varieties of coherent kimberlites may have compositions
that approximate parental melts.

Estimates of kimberlite melt compositions that appear in
the literature were based on various approaches applied to
hypabyssal kimberlites. Several attempts at the reconstruc-
tion used aphanitic kimberlite as a proxy for a kimberlite
magma (Edgar and Charbonneau, 1993; Price et al.,
2000). More recently, Le Roex et al. (2003) and Harris
et al. (2004) have constrained the compositions of kimber-
lite magmas by using the trajectories between macrocrystic
and aphanitic kimberlite on major element variation dia-
grams. The authors showed that some aphanitic kimberlites
emplaced in late dykes (e.g., the Wesselton aphanitic kim-
berlite, Edgar and Charbonneau, 1993) are evolved, rich
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in Fe and therefore are not representative of primitive kim-
berlite melt. Another approach was to reconstruct the com-
position by subtracting a known amount of olivine
macrocrysts from analysed hypabyssal samples (Nielsen
and Jensen, 2005; Becker and Le Roex, 2006). In many of
these studies, kimberlite melts were considered primary
even though most of the reconstructed melts were too mag-
nesian to be equilibrated with the mantle.

This work applies a new analytical approach, a ‘‘chem-
ical point-counting’’ technique, to carefully selected sam-
ples of hypabyssal kimberlite and constrains the
kimberlite melt composition using quenched kimberlite that
may be analogous to glassy volcanic rocks traditionally
used for reconstruction of parental magmas. The study is
based on kimberlite samples in which unusual elongation
of groundmass minerals suggests extreme undercooling
and rapid crystallization. To address possible criticism that
hypabyssal kimberlite in the root facies of pipes may be an
agglutinated clastogenic rock that has lost some volatiles
(Sparks et al., 2006), our search for kimberlite melts was
limited to hypabyssal kimberlite in tabular intrusions with
sharp planar contacts.

In searching for quenched textures in kimberlites, sev-
eral dykes in the Jericho and Gahcho Kue kimberlites have
been examined. The best fresh and quenched kimberlite was
found among hypabyssal samples from the Jericho kimber-
lite. From its composition, the study infers melting condi-
tions, contents of volatiles in the magma and olivine
phenocrysts, and the sequence and pressure and tempera-
ture of crystallization. The reconstructed melt composition
is shown not to satisfy the Mg# constrain for a primary
magma. In addition, melting conditions of previously
reconstructed kimberlite magmas and their properties are
re-examined using results from recent petrologic experi-
ments (e.g., Brooker et al., 2001; Brooker, 2006; Keppler,
2003; Giordano and Dingwell, 2003; Gudfinnsson and
Presnall, 2005). Finally, the vesicular and amygdaloidal
character of the sample supports a study of minerals depos-
ited from the primary kimberlite fluid in comparison to the
corresponding magmatic phases.
2. SAMPLES

The Jericho kimberlite (111�28.900W, 65�59.190N) is part
of a mid-Jurassic (172 ± 2 Ma, Heaman et al., 2003) kim-
berlite cluster northwest of the main Lac de Gras kimberlite
field. The kimberlite, classified as Type Ia, intruded Arche-
an granitoids covered by unknown thicknesses of metatur-
bidites and Middle Devonian limestones (Cookenboo,
1999). The kimberlite was emplaced in three major succes-
sive magmatic phases that formed the intrusion of a 5–20 m
thick dyke, two quasi-contemporaneous lobes of Phase 2
volcaniclastic kimberlite, and a lobe of Phase 3 volcaniclas-
tic kimberlite (Cookenboo, 1999) followed by small volume
dykes.

Sample JD40 90.2 m represents a late thin (�10 cm)
hypabyssal dyke cross-cutting Phase 2 kimberlite in the
Jericho pipe at a present depth of 90 m and inferred initial
depth of at least 390 m (Cookenboo, 1999). The hypabyssal
kimberlite with abundant round vesicles filled with 20–100%
carbonate and 0–80% serpentine adjoins the Phase 2
kimberlite along a wavy sharp contact (Fig. 1). Examination
of thin sections with a scanning electron microscope
revealed an interesting pattern in textures of the hypabyssal
kimberlite groundmass minerals. At the contact and no
more than 4 mm inside the chilled margin of the kimberlite,
the optically cryptocrystalline groundmass is composed of
long (�150 lm) laths of carbonate made of smaller isomet-
ric patches of calcite and interstitial serpentine (Fig. 1A).
Farther from the contact, the laths of calcite become larger
and optically discernible (Fig. 1B), and 10 mm away from
the contact the texture is replaced by a common texture of
the kimberlite groundmass with interstitial anhedral calcite
and serpentine. Abundant (10%) round vesicles in the
4–10 mm zone (Fig. 1) are filled by serpentine and rhombic
carbonate whose shape indicates growing from the vesicle
wall inside an open space. In contrast, volatile segregations
further away from the contact resemble regular segregations
common in hypabyssal kimberlite; they are not sharply
defined, irregular in shape rather than round, and are
infilled by a mixture of anhedral calcite and serpentine.

Our analytical work was focused on the 4 mm contact
zone of the sample where the most elongate shapes of the
smallest calcite laths suggest the strongest undercooling.
In two most distant thin sections along the chilled margin
of the dyke, we analyzed four different areas of the ground-
mass (Fig. 2) devoid of macrocrysts. The selected areas con-
tain partly serpentinized olivine and phlogopite phenocrysts
set in a matrix of calcite and minor phlogopite laths, inter-
stitial serpentine, euhedral serpentinized monticellite, spinel
group minerals, ilmenite, perovskite, apatite, occasional K
and Ni sulfides, barite and chlorite (Fig. 2).
3. ANALYTICAL METHODS

The groundmass areas suitable for the bulk quantitative
analysis were chosen on a Philips XL30 scanning electron
microscope (SEM) (Earth and Ocean Sciences Department,
UBC). The areas were analyzed with a fully automated
CAMECA SX50 electron microprobe operating in wave-
length-dispersion mode (Earth and Ocean Sciences Depart-
ment, UBC) using an accelerating voltage of 15 kV, beam
current of 10 nA, and spot diameter of 30 lm. Peak and
background counting times were 20 s and 10 s, respectively.
Standards used were synthetic phlogopite (Mg, Si, Al),
diopside (Ca), albite (Na), rutile (Ti), synthetic magnesi-
ochromite (Cr), synthetic rhodonite (Mn), synthetic fayalite
(Fe), and orthoclase (K). The analyses were done on square
or rectangular grids of 100 points covering areas from
0.3 · 0.3 mm (296E-A) to 1.2 · 0.9 mm (296G-C). Analyses
for individual points were averaged over the grids (Table 1).
The totals for the averaged analyses ranged from 80 to 81
wt% (P2O5, CO2 and H2O excluded). P2O5 was assessed
based on weight percentages of apatite calculated from
the apatite mode estimated for each individual area of the
analysis, and the composition of apatite in the Jericho kim-
berlite. CO2 was assessed based on the weight percentage of
calcite. This, in turn, was calculated based on the mass bal-
ance of Ca, modes of perovskite and apatite, and composi-
tions of perovskite and calcite in each analysed area. H2O



Fig. 1. The contact between quenched hypabyssal kimberlite JD40 90.2m and Phase 2 volcaniclastic kimberlite of the Jericho pipe. Note
numerous round vesicles in the hypabyssal dyke. Two insets, (A,B), show enlarged textures of the hypabyssal kimberlite 1–4 mm from the
contact (A) and 4–10 mm away from the contact (B).
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was computed as the difference between 100% and the ana-
lytical totals.

The grid analyses in the four areas (Fig. 2) were supple-
mented by analyses of all minerals (Tables 2 and 3). Analyt-
ical conditions, the precision (2r) and minimum detection
limits (wt%) for these are listed in Electronic Supplemen-
tary Table 1.

Proportions of groundmass phases in the areas were as-
sessed using grey-level variation in backscattered electron
images via computer-assisted image analysis. Image analy-
sis produces results that are accurate and reproducible to
±0.3 vol% for some minerals with contrasting grey levels
and shapes (oxides, apatite, olivine, serpentine pseudo-
morphing olivine, and monticellite), but are inaccurate for
the rest of the groundmass minerals. In the studied samples,
phlogopite shows a range of grey levels, from dark (Ba-free)
to light (Ba-rich), thus imitating grey levels in back scat-
tered electron images of lighter calcite to dark serpentine.



Fig. 2. Back scattered electron images of the groundmass areas in JD40 90.2m used for the EMP grid analysis. The scale bar is 50 lm. The
analysed area of 296E-A is 300 by 300 lm covered by 10 · 10 touching points 30 lm each. Areas of 296E-B, 296 G-A and 296 G-C are covered
by 10 · 10 non-touching points 30 lm each.
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Nevertheless, a reasonable estimate of modal composition
for the analysed areas can be made (Table 1). As a check
for internal consistency of modal and chemical data, we
reconstructed bulk composition on the basis of the modal
mineralogy and compared it with the analysed bulk compo-
sitions. All elements show a good match, but the analysed
compositions were always richer in Al2O3 (by up to 0.5
wt%), FeO (by up to 1.8 wt%) and K2O (by up to 0.8
wt%). This may be ascribed to the presence of Fe and K
in accessory sulfides and the residence of Al in phyllosili-
cates, either as serpentine-septechlorite solid solution, or
as serpentine-chlorite mixed layer mineral, or as an inter-
layer smectite component in serpentine (Stripp et al.,
2006). Alternatively, the overestimation of FeO and
Al2O3 may be inherent to the technique as XRF concentra-
tions of these oxides in a reference specimen (see below)
were also lower than the corresponding measured values.
The calculated amount of H2O in the melt has the largest
uncertainty among all oxides as some H2O reside in serpen-
tine pseudomorphing outer rims of olivine phenocrysts
(Fig. 2). If the replacement is late, our estimates of H2O
in the melt would be inflated by 2–3.3 wt% (based on the
13–22 vol% pseudomorphed olivine, Table 1).

The grid electron microprobe analysis of the ground-
mass bulk composition is akin to a petrographic point
counting technique and is critically dependent on gaining
enough statistics. Since most groundmass mineral grains
are only 3–20 lm and each 30 lm analytical spot, on aver-
age, covers 10–20 individual grains, each grid analysis aver-
ages 1000–2000 mineral compositions. This exceeds the
statistics necessary for a representative petrographic modal
analysis (Solomon and Green, 1966). Another measure of
the robustness of the method is the similarity of the aver-
aged results for the areas. For example, the difference be-
tween chemical analyses of SiO2 derived from various
grids is only 2 wt%, and CaO estimates vary by 4 wt% (Ta-
ble 1). A correlation between the Mg#, Fe content and the
presence or absence of olivine phenocrysts is another indi-
cation that the averaged analyses of the areas are represen-
tative of the mineralogy. Two averaged analyses for the
groundmass areas without olivine phenocrysts show higher
Fe content and lower Mg# as expected. Accuracy of the
new ‘‘chemical point-counting’’ technique was checked
against a whole-rock composition of a kimberlite chilled
margin specimen analyzed by XRF after removal of olivine
crystals (JD69-1, Price et al., 2000; reported also in Table
1). Absolute and relative differences between oxide contents
estimated by the new technique and XRF are listed in Elec-
tronic Supplementary Table 1 for 2 grid analyses. Compo-
sitions calculated from point counts yielded SiO2 and CaO
contents lower than the XRF values by 2.8 wt% and 5.8
wt%, respectively; TiO2, Al2O3, FeO, MgO, and K2O were



Table 1
Composition and mineralogy of the Jericho parental kimberlite melts in comparison with other estimates of kimberlite melt compositions

Label Jericho melts (this work) Literature estimates of kimberlite melts

296E-A 296E-B 296G-A 296G-C Southern Africa Jericho (Price
et al., 2000)

Average group I
(Becker and Le Roex,
2006)

Kimberley (Le
Roex et al., 2003)

Uintjiesberg
(Harris et al.,
2004)

JD69 JD82

Oxides (wt%)

SiO2 29.47 26.64 26.45 28.54 26.15 26–27 24.99 27.00 28.13
TiO2 1.35 1.38 1.64 1.62 2.58 2.2 3.23 0.5 0.7
Al2O3 1.82 1.73 2.33 1.60 2.76 2.2 2.32 1.3 1.6
Cr2O3 0.36 0.28 0.38 0.37 0.18 0.22 0.13 0.18
FeO Total 7.36 6.80 6.71 7.38 9.65 8.8 9.16 5.39 6.63
MnO 0.17 0.17 0.17 0.18 0.19 0.19 0.14 0.16
MgO 28.35 26.10 25.77 28.68 25.2 27–26 26.09 22.4 23.1
CaO 11.28 15.08 14.92 12.16 13.26 12.0 14.99 19.4 16.7
Na2O 0.09 0.12 0.11 0.09 0.16 0.06 0.15 0.19
K2O 1.46 1.43 1.85 1.19 0.83 1.5 1.87 0.4 0.5
P2O5 0.61 0.80 0.94 0.37 2.04 0.30 0.6 0.8
CO2 8.27 11.35 11.16 9.29 8.19 7.0 8.63 14.01 12.1
H2O 9.40 8.14 7.57 8.52 7.33 12.3 4.92 7.1 6.7
Total 100.00 100.00 100.00 100.00 98.52 99.0 99.48 99.57 98.63
Mg# 0.874 0.873 0.874 0.875 0.84 0.86 0.846 0.882 0.862
NBO/T 2.77 3.14 3.11 2.93 2.75 2.72–2.57 2.72 3.14 2.79
X CO2 0.10 0.08 0.07 0.08 0.09 0.07 0.10 0.15 0.13
X H2O 0.20 0.27 0.27 0.23 0.19 0.29 0.14 0.18 0.18

Mineral modes estimated by image analysis

Ol fresh 5.1 4.9 8.5 8.8
Serp after Ol pheno 22.2 15.6 13.4 14.2
Serp after Mont 9.2 10.2 7.0 7.0
Spl+Per+Ilm 3.6 3.2 3.9 2.9
Apatite 1.3 1.7 2.0 0.8
Phl+Carb+Serp 58.6 64.4 65.2 66.3
Total 100.0 100.0 100.0 100.0

Weight% of minerals

Ol fresh 5.9 5.7 9.9 10.2
Phlogopite 8.8 5.9 8.9 9.8
Apatite 1.5 1.9 2.3 0.9
Total serp 60.9 53.7 48.8 51.2
Interstitial carb 18.0 28.2 25.9 23.9
Per 0.9 0.3 0 0.7
Ilm 2.6 2.0 1.6 1.8
Spl 1.5 2.3 2.6 1.5
Total 100.0 100.0 100.0 100.0
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overestimated by 1.2 wt%, 2 wt%, 1.9 wt%, 2.6 wt%, and 0.8
wt%, respectively. Magnesium numbers were lower by 0.01
than those for the XRF analysis.

Olivine phenocrysts in the samples were analysed for
water content on a Thermo Nicolet Nexus 470 FTIR spec-
trometer equipped with the Continuum IR microscope
(University of Alberta). During analysis, microscope optics
and sample stage area were continuously flushed with a
flow of dried air. Such purging significantly reduced spec-
tral noise at 3600 cm�1 caused by atmospheric water vapor.
FTIR spectra were acquired in transmission mode using
unpolarized IR beam at room temperature. The crystallo-
graphic orientation of an olivine grain relative to the IR
beam was determined after the FTIR analysis using 2nd or-
der Si–O spectral overtone (Jamtveit et al., 2001; Brooker
et al., 2001; Matveev et al., 2005). Water concentrations
were calculated for olivines analysed with beam oriented
parallel to [010] as described in (Paterson, 1982) and then
multiplied by a factor of 3.5 (Bell and Rossman, 2003).
For FTIR spectroscopy, 5 · 10 mm fragment of kimberlite
JD40-296F was cut and polished on both sides to produce a
200 lm thick platelet. The IR beam size defined by the aper-
ture of the IR microscope was set to 70 · 70 lm. FTIR
spectra were measured on every optically clear olivine grain
of the sample for which areas exposed from both sides of
the sample platelet were larger than the beam size.



Table 2
Representative compositions of silicate and carbonate minerals in the groundmass of quenched Jericho kimberlite

Mineral Serpentine Olivine Phlogopite core

Texture
Av. of

Interstitial Filling vesicles Ol & Mtc pseudomorphs

3 3 3 4

SiO2 41.68 38.93 38.77 40.26 39.00 40.92 40.14 40.58 41.65
TiO2 N/A N/A N/A N/A N/A N/A N/A N/A 0.56
Al2O3 0.29 0.94 0.36 0.20 0.42 0.40 0.35 10.76
Cr2O3 0.09 0.07 0.25 0.03 0.07 0.05 0.21
FeO 2.59 5.91 6.35 7.28 3.13 2.62 6.03 8.41 4.16
MnO 0.08 0.09 0.09 0.12 0.09 0.04 0.09 0.10 0.03
MgO 39.50 36.62 36.86 35.60 38.08 40.27 36.90 49.96 26.24
CaO 0.34 0.79 0.53 0.38 3.00 0.77 0.37 0.05 0.07
Na2O 0.08 0.07 0.12 0.08 0.08
K2O 0.18 0.49 0.05 0.04 0.05 10.75
NiO 0.68 0.23 0.06 0.06 0.17 0.38 0.17
BaO 0.18 0.04
Total 84.88 84.78 83.52 83.97 83.96 85.23 84.16 99.58 94.73
Mg# 0.96 0.92 0.91 0.90 0.96 0.97 0.92 0.91 0.92

Mineral Carbonate Apatite

Primary grains in laths and in groundmass interstities Filling vesicles Ol pseudomorph

Texture
Av. of

Interstitial Lath Lath Lath Lath Average primary
5 4

FeO 0.29 0.42 0.28 0.69 0.64 0.46 0.10 0.22 0.56
MnO 0.08 0.06 0.09 0.07 0.07 0.07 0.11
MgO 0.41 3.69 0.70 3.21 1.98 2.00 0.15 0.10 0.16
P2O5 52.39
CaO 55.01 52.89 54.45 50.94 54.44 53.55 56.79 55.86 41.70
SrO 0.69 0.08 0.51 0.68 0.39 0.26 1.56
La2O3 N/A N/A N/A N/A N/A N/A N/A N/A 0.36
Ce2O3 N/A N/A N/A N/A N/A N/A N/A N/A 0.84
Pr2O3 N/A N/A N/A N/A N/A N/A N/A N/A 0.13
Nd2O3 N/A N/A N/A N/A N/A N/A N/A N/A 0.32
Gd2O3 N/A N/A N/A N/A N/A N/A N/A N/A 0.12
CO2 43.50 42.85 43.97 45.08 42.20 43.52 42.59 43.82
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 98.14

All minerals except apatite were analysed in areas used for bulk grid analysis (296E-A, 296 E-B, 296 G-A, 296G-C).
Apatite grains in areas used for bulk grid analysis were too small and were instead analysed in non-quenched samples of the Jericho
hypabyssal kimberlite. Blanks—below detection limit, N/A—not analysed, BaO in carbonates are below detection limit but reaches up to 3
wt% in phlogopite rims. CO2 in carbonates is calculated assuming 100% totals.
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4. MINERALOGY

Olivine microphenocrysts have uniform compositions,
Fo91, (Table 1) and contain 0.35–0.40 wt% NiO. FTIR
spectra of the olivine (Fig. 3) are characterized by the
strong OH IR absorption in the wavenumber range be-
tween 3650 and 3450 cm�1 and suggest the presence of hy-
droxyl in the tetrahedral sublattice (Matveev et al., 2001;
Berry et al., 2005). Based on the hydroxyl peak intensities,
water contents of olivine were quantified to be 190–
350 ppm, similar to those measured in olivines from other
Canadian and South African kimberlites (Matveev, pers.
comm.).

The serpentine-group mineral has only traces of Al and
a limited solid solution towards the Fe end-member,
greenalite. Its Al-poor composition suggests that the min-
eral is lizardite (Stripp et al., 2006), but structural studies
are required to confirm this. Serpentine-group minerals oc-
cur in three textural positions: (1) replacing olivine and
smaller subhedral grains of possible monticellite, (2) in
the groundmass as fine-grained intergrowths with intersti-
tial carbonate and phlogopite, (3) in round vesicles. The
three textural varieties of serpentine differ in composition.
Serpentine in vesicles is the most Mg-rich (Mg# = 0.97);
interstitial serpentines vary significantly in Fe content and
occasionally include 3 wt% CaO (Table 2) as a result of
sub-microscopic intergrowths with smectite (Zinchuk
et al., 2003) or calcite. Serpentine pseudomorphing olivine
and monticellite has the most Fe and by Mg# is equal to
the precursor olivine.

Carbonate is calcite with minor Mg, Fe, and Sr. Like the
serpentine-group minerals, calcites growing in the three



Table 3
Representative compositions of oxide minerals in the groundmass of quenched Jericho kimberlite

Mineral Spinel group mineral Perovskite Ilmenite

Groundmass microlites 10–50 lm Groundmass Groundmass microlites 50–80 lm In vesicle

Zoned grain

Texture Core Rim Core Core

SiO2 0.06 0.21 0.11 0.06 0.04 0.04 0.09 0.08
TiO2 19.60 20.29 20.92 12.76 19.77 18.49 4.61 51.39 52.28 56.27 55.31 51.99
Al2O3 3.19 3.52 3.46 3.09 3.01 3.20 2.41
Cr2O3 2.79 1.31 1.25 21.72 3.39 6.51 54.14 0.49 0.23 3.66 3.90 0.07
FeO 53.38 53.65 52.93 45.33 55.16 52.84 26.41 2.01 36.44 20.33 23.24 35.92
MnO 0.89 0.76 0.84 0.64 0.80 0.67 0.35 3.77 0.70 0.54 4.44
MgO 14.79 15.53 15.71 12.91 13.87 14.11 11.40 3.93 16.87 17.16 4.91
CaO 0.27 0.37 0.24 0.23 0.20 0.33 0.20 34.06 0.82 0.54 0.27 0.16
NiO 0.27 0.19 0.19 0.29 0.26 0.29 0.14 0.07 0.23 0.19
Nb2O5 0.09 0.07 0.09 2.91 1.08 0.16 0.08 1.55
Ta2O5 0.09
La2O3 N/A N/A N/A N/A N/A N/A N/A 1.33 N/A N/A N/A N/A
Ce2O3 N/A N/A N/A N/A N/A N/A N/A 3.31 N/A N/A N/A N/A
Total 95.24 95.72 95.73 97.16 96.61 96.48 99.71 95.69 98.71 98.76 100.68 99.04

All minerals except perovskite were analysed in areas used for bulk grid analysis (296E-A, 296 E-B, 296 G-A, 296G-C).
Perovskite grains in areas used for bulk grid analysis were too small and were instead analysed in non-quenched samples of the Jericho
hypabyssal kimberlite. Blanks—below detection limit.
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Fig. 3. Representative FTIR spectra of olivine grains in sample
JD40 90.2m. The spectra are normalized to 1 cm sample thickness
and stacked for clarity.
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structural positions have different compositions. Euhedral
rhombic calcite does not contain Mg or Fe, but has a mea-
surable amount of Sr (0.26 wt%). Groundmass calcite in
laths or interstitally intergrown with serpentine is richer
in Mg, Fe, and Sr. Calcite pseudomorphing olivine does
not have any Sr (Table 2).

Phlogopite is present as microphenocrysts and as tiny
flakes intergrown with groundmass serpentine and calcite.
Microphenocrysts are Al-rich (10.5–11.3 wt% Al2O3) and
Fe-poor (3.8–4.9 wt% FeOtot) and are overgrown by dis-
crete 1–4 lm mantles of barian phlogopite (up to 3 wt%
BaO) (Table 2). Groundmass phlogopite is too small to
be analysed, but grey levels in the backscattered electron
images suggest that it is mostly Ba-poor.

Spinel-group minerals are strongly zoned and only rarely
show atoll textures. Most grains are classified as magnesian
ulvöspinel-ulvöspinel-magnetites (13–21 wt% TiO2; 14–16
wt% MgO, 45–52 wt% FeOtot), and occasional cores of tita-
nian magnesiochromite are present (4.6 wt% TiO2, 54 wt%
Cr2O3) (Table 3). Ilmenite occurs in the groundmass and
in vesicles together with serpentine and calcite. Ilmenite in
vesicles has the highest contents of MnO and Nb2O5, and
is poor in Cr2O3. Ilmenite in the groundmass is strongly
zoned and shows a decrease in MgO (from 17 to 3 wt%),
Cr2O3 (from 4 to 0.2 wt%) and a corresponding increase in
MnO (from 3.8 to 0.7 wt%) from core to rim (Table 3).
Perovskite and apatite failed to produce good analyses
because of the small grain sizes. Semi-quantitative analysis
showed that by composition these two minerals are similar
to those from a ‘‘regular’’, non-quenched samples of the
Jericho hypabyssal kimberlite, but perovskite is enriched in
Nb2O5 (to 7 wt%). For mass balance calculations, composi-
tions of apatite and perovskite from the Jericho Phase 1
hypabyssal kimberlite were used.

5. COMPOSITIONS OF PARENTAL KIMBERLITE

MELTS

The bulk composition of the quenched Jericho hypabys-
sal kimberlite is taken to be representative of a parental
kimberlite melt. The melt has 26–29.5 wt% SiO2, �7 wt%
of FeOT, 25.7–28.7 wt% MgO, 11.3–15 wt% CaO, 8.3–
11.3 wt% CO2, and 7.6–9.4 wt% H2O (Table 1). This esti-
mate is close to previously published compositions of kim-
berlite melts (Price et al., 2000; Le Roex et al., 2003; Harris
et al., 2004) for many chemical parameters. Additional
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confidence in this result derives from the fact that the esti-
mates done by several various methods agree. Nevertheless,
our estimate of the Jericho melt is lower in Ti, Al and Fe
and higher in CO2 than that for primary melts from South-
ern Africa (Le Roex et al., 2003; Harris et al., 2004). The
higher contents of Ti, Al, and Fe in the melt could be a true
characteristic of kimberlite magma in Southern Africa, as
the Price et al. (2000) estimate for Jericho also shows
similar low concentrations of these elements. The major dif-
ference between our melt composition and the Price et al.
(2000) estimate is lower Mg and Fe and higher Ca and
CO2.

The parental kimberlite melt sampled at the subsurface
has evolved during its ascent. For example, the composition
of the melt was modified by partial assimilation of perido-
tite xenoliths resulting in a complete dissolution of orthopy-
roxene. Instability of orthopyroxene in kimberlite (Shee,
1985; Le Roex et al., 2003; Mitchell, 2006) and other alka-
line rocks is well known. Selective resorption and assimila-
tion of orthopyroxene in kimberlites is evident in reaction
textures in contacts of mantle peridotites with kimberlites.
While olivine in peridotites remains intact, orthopyroxene
is entirely serpentinized and ‘‘digested’’ by kimberlites
(Shee, 1985). Complete assimilation of orthopyroxene is
also evidenced by the low ratio of orthopyroxene to olivine
macrocrysts when compared to the orthopyroxene/olivine
ratio found in cratonic peridotite (�1:4, Kopylova and
Table 4
Calculated compositions of evolving kimberlite magma as exemplified by

Label Primitive melts Evolved melt

At depth, before assimilation
of orthopyroxene

At the
subsurface

After crystall
olivine & mo

Comment 1 2 3
Oxides
SiO2

(wt%)
26.70 28.54 24.62

TiO2 1.73 1.62 2.38
Al2O3 1.57 1.60 2.35
Cr2O3 0.36 0.37 0.55
FeO total 7.58 7.38 7.07
MnO 0.18 0.18 0.26
MgO 28.25 28.68 23.08
CaO 12.90 12.16 11.12
Na2O 0.10 0.09 0.13
K2O 1.26 1.19 1.74
P2O5 0.40 0.37 0.55
CO2 9.88 9.29 13.64
H2O 9.07 8.52 12.51
Total 99.97 100.00 100.00
Mg# 0.870 0.875 0.855
NBO/T 3.09 2.93 2.77
Mg/Ca
(mol)

3.06 3.30 2.91

1—the composition of the melt was computed by subtraction of 6 vol% or
the assessed amount of xenocrystal olivine in kimberlites (25 vol%), and
2—analysed composition from Table 1.
3—computed melt composition after crystallization of olivine and monticel
4—residual melt calculated as a mixture of interstitial serpentine (32 vo
positions of the minerals are as in Table 2. This estimate assumes that
rather than in the subsolidus or from fluids associated with the melt.
Russell, 2000). Reconstruction of the melt composition
prior to assimilation of orthopyroxene (Table 4) estimates
that this effect leads to a 2 wt% increase of SiO2, a 0.5
wt% decrease in volatile content and a very slight (0.005) in-
crease in Mg#.

The Jericho primitive kimberlite melt cannot be consid-
ered primary as its high Mg# is incompatible with deriva-
tion from the mantle. The Jericho melt before
assimilation of orthopyroxene had Mg# of 0.86–0.87 which
would imply equilibration with Fo95 based on an olivine-
melt KDFe–Mg = 0.36 (Herzberg and O’Hara, 2002). The
Jericho mantle xenoliths do not have such magnesian oliv-
ine in their xenoliths (max Mg# is 0.93, Kopylova et al.,
1999a), nor do such Mg-rich olivine phenocrysts crystallize
from the melt (Table 2). The Mg# estimate would be even
higher if the Fe3+ in the melt is accounted for. The discrep-
ancy between Fe and Mg contents of the mantle source and
the kimberlite primitive melt cannot be ascribed to a more
refractory mantle in the deeper asthenosphere (Kopylova
and Russell, 2000) where kimberlites are thought to origi-
nate (Mitchell, 1986). The highest Mg-numbers of olivine
found as inclusions in diamonds beneath the Slave craton
do not exceed 93.6 (Pokhilenko et al., 2004; Davies et al.,
2004; Tappert et al., 2005). Similar problems besiege other
primitive kimberlite melts with high Mg-numbers that are
claimed to be primary (Price et al., 2000; Le Roex et al.,
2003).
sample 296G-C

s

ization of
nticellite

After crystallization of all groundmass minerals
except serpentine & carbonate

4

22.47

0.54

3.61

22.00
23.64

0.28

18.84
8.65

100.04

5.19
0.89

thopyroxene from Jericho melts of Table 1. This number is based on
the 78/19 ratio of olivine to orthopyroxene in cratonic peridotite.

lite phenocrysts (23% olivine and 7% monticellite in sample 296G-C).
l%) and carbonate (24%) as determined for sample 296G-C. Com-
interstitial serpentine and carbonate forms from a residual magma
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6. PARTIAL MELTING OF THE MANTLE AND THE

ORIGIN OF KIMBELITE MELT

Compositions of kimberlite provide clues to their ori-
gins. For primary magmas, melting conditions can be in-
ferred from experiments on mantle source rocks. The
most recent experiments on CO2-saturated deep melting
of peridotite were carried out in the model CMAS–CO2 sys-
tem (Gudfinnsson and Presnall, 2005). Despite the fact that
the Jericho melt is not primary by the Fe/Mg ratio, propor-
tions of other oxides in the melt may have experienced min-
or modifications. Therefore, projecting the Jericho melts to
the CMAS–CO2 system may give a reasonable idea on the
possible pressures and temperatures of the kimberlite for-
mation. The melt was projected to the model CMAS–CO2

system by normalizing CaO, MgO, Al2O3, SiO2, and CO2

to 100% and plotted onto the phase diagram for CO2-bear-
ing lherzolite (Fig. 4). The high Mg content of the melt lim-
its the pressure at which the melt can coexist with lherzolite
to 90 kb. Such deep melting, unfortunately, has not been
investigated experimentally and one has to rely on extrapo-
lation of experiments at 30–80 kb (Gudfinnsson and Presn-
all, 2005) to higher pressures and temperatures. The
permissible P–T conditions in the CMAS–CO2 system are
very narrow due to the fact that the low CO2–CaO melts
and low Al2O3 melts are mutually exclusive at almost all
ranges of P and T. The estimates of 1900–2000 �C, 90–
110 kbar obtained for the CMAS–CO2 system gives the
deepest possible conditions of kimberlite formation. The
pressures and temperatures are lower for natural composi-
tions where significant amounts of FeO and H2O are pres-
Fig. 4. P–T conditions for generation of CO2-bearing melts in equilibriu
system. Phase boundaries, solidi, and MgO isopleths (per cent by weigh
rectangle shows a range of pressures and temperatures of experimental w
extrapolated beyond theses limits are shown as dashed lines. Open P–T
melt is in equilibrium with the garnet lherzolite in the CMAS–CO2 sy
components in natural peridotite, mainly Fe and H2O. To compare Jerich
melts were recalculated to exclude all oxides except CaO, MgO, Al2O3, S
ent. The solidus of volatile-free natural peridotite lies 60�C
below the comparable solidus in the CMAS–CO2 system.
The CO2-saturated solidus of peridotite is depressed by
200 �C, and the pressure of the solidus point where carbon-
ate becomes stable is lowered by �8 kbar (Presnall and
Gudfinsson, 2005; Gudfinnsson and Presnall, 2005). Our
composition suggest intermediate degrees of saturation
with CO2, thus, the temperature will be lowered by approx-
imately 130 �C and melting conditions for the natural CO2-
bearing lherzolite would be 1770–1870 �C and �80–
100 kbar. Accounting for water content further decreases
the solidus temperature, as the water-saturated solidus of
carbonate-bearing peridotite is 150 �C lower than the anhy-
drous solidus (Falloon and Green, 1990). Thus, the Jericho
melts are expected to be produced at the maximum
T = 1620–1720� and �80–100 kbar, which is clearly in the
petrological asthenosphere (Kopylova et al., 1999b).

These conditions match pressures inferred for primitive
kimberlite melts using other experimentally constrained
diagrams (Figs. 5 and 6). Ratios of MgO/CaO and SiO2/
Al2O3 of Southern African kimberlite melts and the Jericho
melt from Price et al. (2000) are compatible with melting at
60–70 kbar, whereas melts from this work suggest melting
at 70–90 kbar (Fig. 5). On the MgO–CaO–CO2 and
MgO–CaO–SiO2 triangles, the melt estimates suggest a
somewhat lower range of pressures from 40 to 90 kbar
(Fig. 6). The content of CO2 observed in our Jericho melt
can be produced by 0.1–0.7% partial melting of a carbon-
ated mantle source containing 0.02–0.15 wt% of CO2 in
its bulk composition, respectively (Fig. 10 of Gudfinnsson
and Presnall, 2005).
m with the garnet lherzolite phase assemblage in the CMAS–CO2

t) in the melt are after Gudfinnsson and Presnall (2005). An open
ork by Gudfinnsson and Presnall (2005), and the phase boundaries
field corresponds to inferred conditions where the Jericho primary
stem, a black P–T field is the same field corrected for additional
o melts with melts in the model system, compositions of the Jericho
iO2, and CO2 and then normalized to 100%.
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Fig. 6. CaO–MgO–SiO2 (A) and CaO–MgO–CO2 (B) plots show-
ing compositions of melts generated in equilibrium with garnet
lherzolite in the CMAS–CO2 system (Gudfinnsson and Presnall,
2005). Superimposed on the plots are estimates of primitive
kimberlite melts from Jericho (this work and Price et al., 2000)
and South Africa (Le Roex et al., 2003; Harris et al., 2004; Becker
and Le Roex, 2006).
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7. CRYSTALLIZATION AND EVOLUTION OF THE

MELT

Several aspects of crystallization and the chemical and
thermal evolution of kimberlite magma are elucidated in
this study. The largest euhedral phenocrysts and, thus, the
first minerals to crystallize from the melt were forsterite
and minor phlogopite. FTIR spectra suggest that OH� in
olivine phenocrysts is associated with crystal defects in tet-
rahedral sublattice (Fig. 3) (Matveev et al., 2001; Berry
et al., 2005) and parental magmas had therefore a low
aSiO2

and were highly undersaturated in orthopyroxene
(Matveev et al., 2001, 2005). Such a result is expected based
on the absence of orthopyroxene phenocrysts in kimberlite
and is consistent with the inferred composition of the melt.
In order to estimate the pressure of olivine crystallization,
the observed H2O content in the Jericho olivine phenocrysts
have been compared with experimentally determined water
solubilities in forsterite (Fig. 7). The minimum pressure of
crystallisation calculated assuming olivine equilibrium with
pure aqueous fluid (X H2O �1) is between 5 and 15 kbar.
Since X H2O in the primitive kimberlite melt is 0.20–0.27
(Table 1), the pressure necessary to crystallize the observed
olivine increases to 30–50 kb (Fig. 7). A more accurate pres-
sure estimate would require the knowledge of aH2O in kim-
berlite melt.

The bulk of phenocrystic olivine ceased to crystallize at
30–50 kbar (100–170 km), prior to the development of the
groundmass assemblage at the subsurface as the majority
of olivine phenocrysts are homogeneous and inclusion-free.
Rarely, olivine continues to form during the final emplace-
ment, simultaneously with other groundmass minerals.
Such olivine phenocrysts are zoned and in the Jericho kim-
berlite have a thin Fe-rich outer rim. Numerous microinclu-
sions of late groundmass kimberlite minerals are found
mostly in this discrete rim (Kamenetsky, pers. comm.).
Furthermore, 2 kbar (Otto and Wyllie, 1993) and 1 kbar
experiments in the CMS–H2O–CO2 system (Frantz and
Wyllie, 1967 as reviewed in Mitchell, 1986) inevitably find
olivine as a liquidus phase in all melts with 5–28% SiO2.

The reminder of groundmass minerals is thought to
crystallize during the final emplacement (Mitchell, 1986,
2006). The first mineral to precipitate during the emplace-
ment is monticellite as it forms euhedral crystals larger than
other minerals. Experimental crystallization of melts in the
CMS–H2O–CO2 system suggest that monticellite may ap-
pear on the liquidus of melts with 20–27 wt% SiO2 at
T > 1100 �C (2 kb, Otto and Wyllie, 1993). Monticellite
may be accompanied by olivine or calcite as evident from
the rock texture. The approximate maximum temperature
of co-crystallization of forsterite and monticellite is 1050–
1100 �C at 2 kbar (Otto and Wyllie, 1993) and 895–
975 �C at 1 kbar (Frantz and Wyllie, 1967). Early calcite
that occurs in laths is clearly precipitated from melt and
not from accompanied vapor as the laths show flow
alignment (Fig. 1). Monticellite becomes unstable as the
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the examined Jericho samples.
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temperature drops to 1000 �C in melt with 18–28% SiO2

(2 kbar, Otto and Wyllie, 1993) and is replaced by serpen-
tine which may have formed as a result of a reaction be-
tween the early phases and the volatile-rich residual
magma, or may have precipitated from the fluid that always
coexist and evolve in parallel with magmas rich in volatiles.
At lower pressures (<1 kbar) monticellite becomes unstable
in the CMS–H2O–CO2 system below 700–800 �C in the sub-
solidus (X CO2 = 0.05–0.18; P = 1 kbar) and at even higher
temperatures in more CO2-rich compositions in the CaO–
MgO–SiO2–H2O–CO2 system (Fig. 29-3, Winter, 2001).
High, supersolidus temperatures of monticellite replace-
ment indicate that serpentine pseudomorphing monticellite
cannot be subsolidus and may be primary rather than a
post-emplacement alteration product. Forsterite is also a
metastable phase in the subsolidus below 340–390 �C (at
X CO2 = 0–0.2, P = 0.3 kbar, Stripp et al., 2006) in the
CMS–H2O–CO2 system where it should transform to cal-
cite + serpentine (lizardite).

The parental melt crystallized 15–22% olivine and �10%
monticellite and evolved into a melt enriched in CO2 (14–17
wt% CO2) and H2O (11–16 wt% H2O), and is poor in Mg,
Ca and Si (22–25 wt% SiO2) (e.g., Analysis 3 in Table 4).
The evolved melt crystallised 19–27 vol% calcite, 29–31%
serpentine, less than 6% phlogopite, 0.8–2% apatite, and
2.9–3.9% oxide minerals (spinel, ilmenite, and perovskite).
Even though serpentine can be a deuteric subsolidus
(>300 �C) phase in fresh kimberlites (Mitchell, 2006), the
mineralogy of serpentine in the studied samples (see
below) attests to its precipitation from the residual melt.
Simultaneous crystallization of an oxide mineral, a hydrous
mineral and calcite starts at T = 625 �C, 1 kbar in the
CMS–H2O–CO2 system (Frantz and Wyllie, 1967), which
may be relevant to observed co-precipitation of spinel, ser-
pentine and calcite in kimberlite melt. The last minerals to
crystallize from the residual melt (Analysis 4 in Table 4)
were calcite and serpentine. Co-crystallization of calcite
and serpentine from the melt is evident from the rock tex-
ture where calcite laths are made of small patches of calcite
with minor interstitial serpentine (Fig. 1A). The melt may
have crystallized completely at temperatures close to
605 �C (experimental eutectic T in the CMS–H2O–CO2

system at 1 kbar, Frantz and Wyllie, 1967) �670 �C
(experimental eutectic T in the CMS–H2O–CO2 system at
2 kbar, Otto and Wyllie, 1993) depending on pressure.

The mineralogy of serpentine and calcite gives us clues
to the crystallization history. The Mg# of serpentine is a
reflection of the Mg# of the precursor (e.g., Boyd et al.,
1997), as is shown by a good match between Mg# of the
olivine and the Mg# of the serpentine, which replaces it.
The widely varying Mg# and composition of the interstitial
serpentine are thus controlled by its prolonged crystalliza-
tion from evolving magma progressively enriched in Fe.
In a similar manner, groundmass calcite crystallized contin-
uously from hot evolving magma, as suggested by its high
and varying contents of Mg, Fe, and Sr. Calcite accepts
more Mg and Fe in its solid solution at high temperatures
(Anovitz and Essene, 1987), and elevated Sr is considered
to be a hallmark of a primary carbonate in kimberlite
(Mitchell, 1986; Armstrong et al., 2004; van Straaten
et al., 2006). The high Sr contents of calcite filling vesicles
attests to its deposition from primary volatiles exsolved
from the melt.

Serpentine and calcite in vesicles differ significantly in
composition and in the distribution of Mg, Ca, and Fe be-
tween these two phases. This is ascribed to their precipita-
tion from the vapor phase exsolved from the melt, a
distinctly different bulk composition of the vapor and distri-
bution coefficients of these elements between vapor and
melt drastically different from unity (Veksler and Keppler,
2000; Williams-Jones and Heinrich, 2005).
8. VOLATILES IN KIMBERLITE MELT AND

CONSTRAINTS ON ITS EMPLACEMENT

Knowing the contents of volatiles in kimberlite melt is
important to determine if the melts are saturated with fluids
and experience deep degassing and violent emplacement, or
are undersaturated and emplace non-explosively.

Solubility of CO2 in kimberlite melts at low pressure has
not been measured directly, but it can be estimated by
extrapolating relationships between the melt structure and
CO2 solubility (Brooker et al., 2001) to kimberlites. Key
parameters in this extrapolation are the ratio of non-bridg-
ing oxygens (NBO) to tetrahedral cations (T) in the melt,
Mg content (Brooker et al., 2001) and alkalinity (Brooker,
2006). For CO2-rich melts, all Fe, ferric and ferrous, act as
network-forming cations (Brooker et al., 2001). The calcu-
lated NBO/T ratios of kimberlite melts from this work
(2.3–3.2, Table 1) display a similar range of NBO/T as
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the literature estimations (2.6–3.1; Table 1). Using the
NBO/T relationship experimentally produced for non-
peralkaline melts with MgO >17 wt% (Brooker, 2006), the
NBO/T’s of Jericho kimberlite melts suggest CO2 solubility
of 6–8 wt% at 20 kbar and 1400–1600 �C (Fig. 2 of Brooker,
2006). The CO2 solubility at 1 kbar and 1250–1300 �C
decreases to 5–7 wt% (Fig. 3 of Brooker, 2006). This CO2

content in a saturated peralkaline melt with NBO/T = 2.3–
3.2 determines the maximum solubility in a primitive
kimberlite melt as it is less alkaline and more magnesian.

A drastic increase in the solubility of CO2 occurs if kim-
berlite melt crystallizes at one depth. Early precipitation of
Mg-rich silicates makes the melt progressively more Ca-rich
and Si-poor (Table 4). Dropping Mg/Ca ratios in evolving
kimberlite (from 3.30 to 0.89, Table 4) should enhance CO2

solubility (Brooker, 2006 and references therein). Experi-
ments on kimberlite melts with varying Mg/Ca ratios, for
example, demonstrate that CO2 solubility increases from
12 to 21 wt% (10 kb, 1700 �C) when MgO/CaO ratio de-
creases from 1.72 to 0.75 at constant concentrations of
other elements (Fig. 4 of Brey and Ryabchikov, 1994). As
the Jericho melt evolves (Table 4), it crosses a transition be-
tween silicate and carbonate liquids at SiO2+Al2O3 �20–
25% and NBO/T = 3.5 (Brooker, 2006). The CO2 solubility
in the residual ionic carbonate liquid (Analysis 4 in Table 4)
is significantly higher because the melt contains isolated
molecular CO2 species, metal-carbonate pairs and ap-
proaches pure carbonate melt with 40–44% CO2. Experi-
mental data (Brooker, 2006) suggest that carbonatitic
residual kimberlite melt can accommodate 20 vol% more
CO2 than the primitive kimberlite melt.

Calculated CO2 concentration in our samples, 8.3–16.7
wt%, reflect the minimum primary CO2 content in the mag-
ma. It is suggested by the accommodation of CO2 in flow-
oriented carbonate laths and by their high Sr content. The
CO2 concentrations of 8.3–16.7 wt% are higher than the
CO2 dissolvable in primitive kimberlite melt at 1–20 kbar,
but lower than CO2 concentrations soluble in the residual
kimberlite melt.

Water solubility in kimberlite melt can be evaluated by
reference to experimental data on carbonatitic melts. H2O
concentrations calculated for the Jericho primary melt
(7.5–9.4 wt% H2O) are dissolvable in the carbonatitic melt
at pressures >0.8–1.2 kbar at T = 900 �C (Keppler, 2003).
These estimates give the maximum solubility in the kimber-
lite melt, as addition of silicate component to carbonatitic
melts will decrease the amount of soluble H2O (Keppler,
2003).

The above solubilities of pure CO2 and H2O in the melt
serve as the highest possible values limiting the solubilities
of these species in the 2-component CO2+H2O fluid as a
mutual effect of H2O and CO2 reduces their saturation con-
tent in a combined fluid phase (Papale, 1999; 2006). The
influence of H2O on the CO2 solubility, although, is more
important for kimberlite magma than the reciprocal effect,
as CO2 escapes first during the magma ascent, and this pat-
tern is enhanced under open-system conditions (Papale,
1999). Kimberlite being a magma with high volatile content
and high CO2/H2O ratio should show an open system
behavior (Dixon and Stolper, 1995). Under such condi-
tions, carbon dioxide should be first removed from the melt
with negligible loss of water, and during further magma as-
cent, the water content of the melt should follow the water
solubility curve (Dixon and Stolper, 1995). Earlier degas-
sing of CO2 from the ascending kimberlite magma is sup-
ported by petrographic observations on the paucity of
carbonates in fragmental kimberlites of the diatreme facies
and on the predominance of hydrous deuteric minerals in
kimberlites. The extent of the H2O effect on the CO2 solu-
bility can be roughly estimated based on data for basalts.
The addition of H2O up to �8.5 wt% (estimated minimal
content of H2O in the kimberlite magma) produces a 83–
29% decrease in the amount of dissolved CO2 (data for ba-
salt at 1300 K, 0.4–0.6 kb; Fig. 12b of Papale et al., 2006).

Viscosity, a critical parameter controlling magma prop-
erties, can also be roughly assessed based on the kimberlite
melt compositions through the NBO/T parameter. Extrap-
olation of experimental data on silicate melts (NBO/T = 0–
1.6, Giordano and Dingwell, 2003) to higher NBO/T of
kimberlite melts yields viscosities from 101 Pa s at 1100 �C
(Primitive Melt 2 in Table 4) to 103 Pa s at 1000 �C
(Evolved Melt 3 in Table 4). Viscosity estimates made with
a newer model of volatile-bearing magmas predicts Log g
�3 at T = 1200 �C (Russell et al., 2006). High fluidity of
the kimberlite melt devoid of crystal load is evident also
in the wavy, irregularly shaped contact of the kimberlite
dyke (Fig. 1). In reality, though, the kimberlite melt is em-
placed with 40–50 vol% crystals (25% xenocrysts and 15–
25% phenocrysts) that should significantly increase g and
change the flow regime (Sparks et al., 2006). The above val-
ues, therefore, constrain only the low bound on the viscos-
ity of kimberlite melt.

9. CONCLUSIONS

The primitive kimberlite magmas at Jericho assessed by
a new methodology of ‘‘chemical point counting’’ are not in
equilibrium with the mantle. Selective assimilation of orth-
opyroxene sourced from entrained cratonic harzburgites is
not sufficient to account for the high Mg# of the melt. A
search for primary Fe-rich kimberlite melts buffered by
Fo91–93 and for processes that enrich them in Mg during as-
cent should be continued. If the primitive kimberlite melts
originate in the volatile-saturated peridotitic mantle, they
may have been formed as deep as 250–340 km (�80–
100 kbar) and have crystallized the bulk of olivine at 30–
50 kbar. The melts were thus emplaced as non-Newtonian
crystal mush with viscosities limited on the lower side by
g = 101�3. Crystallization continued until the final emplace-
ment at depths of a few hundred meters and led to progres-
sively more Ca- and CO2-rich residual liquids. Comparison
of CO2 and H2O contents with the corresponding solubili-
ties in the 2-component H2O+CO2 fluid predicts that the
amount of primary CO2 found at depth of �400 m in the
kimberlite exceeds the amount of CO2 that can be carried
to this depth by primitive kimberlite melt, but roughly
matches the amount of H2O that saturates the primitive
kimberlite at this pressure. Residual kimberlite melt that
crystallized Mg-silicates, however, is capable of dissolving
all observed CO2 and providing the CO2 supersaturation
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necessary to nucleate bubbles and degas. A supersaturation
of 1–3 kbar is needed, for example, for nucleation of CO2

bubbles in alkaline basaltic melts (Lensky et al., 2006),
which are good proxies for kimberlites. Deep fragmentation
as a result of volatile supersaturation and 70% vesiculation
(e.g., Sparks et al., 2006), therefore, is not inevitable in the
kimberlite magma if it has an opportunity to evolve. Geo-
logic observations on shallow inferred depths of explosion
for kimberlite pipes (0.5–1 km, Clement and Reid, 1989)
and the presence of coherent hypabyssal kimberlites in
the subsurface support our conclusion.

One problem associated with the CO2 budget is that the
carbonatitic residual melt forms only at the final stages of
emplacement when 40–50% of the melt has crystallized,
and effectively stops the melt movement. A process, other
than ascent of CO2 dissolved in the kimberlite melt, should
therefore be proposed to transport primary mantle CO2

into the crust. Such a mechanism, in our opinion, may in-
volve a separate fluid phase accompanying a kimberlite as-
cent and later dissolution in residual carbonate magma.
Experiments on diamond dissolution have determined that
common diamond morphologies ‘‘require the presence of a
H2O–CO2 fluid phase through a significant part of kimber-
lite emplacement history and during the latest stages of
kimberlite emplacement’’ (Fedortchouk et al., in press).
This separate fluid phase may exist and entrain together
with primitive kimberlite melt at high pressures, but enters
residual ionic carbonate liquid left after precipitation of
Mg-silicates and oxides at the subsurface. Crystallization
of kimberlite should ‘‘suck up’’ free CO2 enveloping the
ascending melt and deposit this CO2 in carbonate laths pre-
cipitating from the melt and as carbonate–serpentine mix-
tures formed from low-temperature (>300 �C, Mitchell,
2006) deuteric fluids. Experiments reproducing observed
crystallization sequences of kimberlites and inferred evolu-
tion of the melts at low pressure are needed to test this
hypothesis.
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