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Quantifying the compositional evolution of mantle-derived melts from source to surface is fundamental for
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constraining the nature of primary melts and deep Earth composition. Despite abundant evidence for interaction
between carbonate-rich melts, including diamondiferous kimberlites, and mantle wall rocks en route to surface,
the effects of this interaction on melt compositions are poorly constrained. Here, we demonstrate a robust linear
correlation between the Mg/Si ratios of kimberlites and their entrained mantle components and between Mg/Fe
ratios of mantle-derived olivine cores and magmatic olivine rims in kimberlites worldwide. Combined with
numerical modeling, these findings indicate that kimberlite melts with highly variable composition were broadly
similar before lithosphere assimilation. This implies that kimberlites worldwide originated by partial melting of
compositionally similar convective mantle sources under comparable physical conditions. We conclude that mantle
assimilation markedly alters the major element composition of carbonate-rich melts and is a major process in the

evolution of mantle-derived magmas.

INTRODUCTION

Kimberlites are carbonate-rich volcanic rocks derived from low-
degree melting of the mantle, which have a unique place in the
Earth Sciences, because they represent the deepest sourced melts
[>150 to 250 km; e.g., (I, 2)] and are the major host for diamonds.
On their journey to the surface, kimberlite magmas entrain a range
of mantle and crustal fragments, which provide unrivaled insights
into the composition of the lithosphere and, occasionally, the con-
vective upper mantle beneath continents through time. The hybrid
nature of kimberlite rocks, combined with their ubiquitous alter-
ation by fluids of diverse origin [both magmatic and crustal; e.g.,
(3)], makes the identification of primary kimberlite melt composi-
tions challenging.

There is extensive petrographic and experimental evidence that
kimberlite magmas interact with and assimilate entrained mantle
material en route to the surface (4-11). It has been suggested that
this assimilation process might be instrumental in driving the as-
cent of kimberlite magmas, whereby CO, exsolution in response to
the assimilation of orthopyroxene enhances magma buoyancy (7).
Although some experiments have confirmed an increase in melt
SiO; due to orthopyroxene dissolution (9, 11), other experiments
indicate that the solubility of silicate minerals in carbonate melts is
low at high pressure (>3.5 GPa) and temperature [>1200°C; (9, 12)].
Therefore, a fundamental, as yet unanswered, question is to what
extent the assimilation of mantle material has influenced the com-
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positional variability of kimberlite and other carbonate-rich melts
that reach Earth’s surface. If it is possible to “see through” the effects
of lithospheric mantle assimilation and determine the compositions
of primary kimberlite melts, these data should provide key insights
into the compositional evolution of the convective mantle in space
and time, as well as melting processes in the deep Earth. Further-
more, mantle assimilation might play a similarly major role in the
petrogenesis of other mantle-derived magmas, especially those that
at depth are enriched in CO; (e.g., melilitites, ultramafic lampro-
phyres, and some olivine lamproites), due to the high reactivity of
carbonate-rich melts and mantle rocks (4, 6-9, 11-14).

To address the potential role of mantle assimilation in kimberlite
petrogenesis, we have adopted two strategies. Initially, we compare
the bulk compositions of kimberlites from representative localities
with those of entrained peridotite xenoliths from the underlying
lithospheric mantle (fig. S1 and table S1). We then compare the
compositions of the xenocrystic cores and magmatic rims of
kimberlitic olivine, the most abundant phase in fresh kimberlites
(~50 volume %) from worldwide localities (fig. S1 and table S1).
Analyses of olivine core compositions provide information on the
nature of the mantle column traversed by kimberlite magmas. In
contrast, olivine rim compositions represent proxies of the kimberlite
melt composition after the assimilation of lithospheric material.
These two approaches emphasize the controlling effects of the local
lithospheric mantle on the nature of the erupted magmatic products.

RESULTS

Bulk kimberlite versus mantle peridotite compositions

The average Mg/Si ratios for bulk kimberlites from 10 on- and
off-craton locations in southern Africa, Canada, West Greenland,
and Siberia are compared with the average Mg/Si ratios of their
entrained coarse-grained, well-equilibrated peridotite xenoliths from
these same localities in Fig. 1. The Mg/Si ratio was chosen because
it is indicative of the relative amount of olivine and orthopyroxene
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Fig. 1. Comparison between Mg/Si ratios of bulk kimberlite rocks and entrained
mantle peridotites. Each data point is the average Mg/Si for multiple samples
with the symbol bars indicating 2 SDs of the mean (see table S1). The blue line
(with error envelope) is the linear regression through the data points and is calculated
considering the uncertainties of both variables.

in the lithospheric mantle, which has been shown to vary widely in
different regions [e.g., (15)]. In addition, kimberlite melt differentiation
via olivine (+ spinel) fractionation and accumulation of olivine in
kimberlite rocks do not substantially alter bulk kimberlite Mg/Si
(16). For example, the Mg/Si ratio (by weight) of the estimated
primary melt parental to the Bultfontein kimberlite is 1.52 + 0.10
[1 SD; (17)], whereas olivine (xenocrystic) cores and (magmatic) rims
in this kimberlite have Mg/Si values of 1.56 + 0.06 and 1.53 + 0.02,
respectively (10). Although crustal contamination of kimberlites is
known to affect Si and Mg (16, 18), the analyses included in this
compilation only refer to hypabyssal samples and have been
screened for crustal contamination following the criteria outlined
by Kjarsgaard et al. (18). Kimberlite bulk compositions were not
corrected for contamination by mantle-derived xenocrystic material
and, therefore, represent mixtures of magmatic components and
mantle fragments. No filtering was applied to the peridotite bulk
rock datasets.

The Mg/Si ratio in bulk kimberlite compositions is correlated
with the Mg/Si of associated entrained peridotite xenoliths (R* = 0.89,
n = 10; Fig. 1), as indicated by the results of Student’s ¢ test
[fcalc = 8.02 >> tait 0.01; 10) = 3.17; see Materials and Methods]. This
linear correlation is a clear evidence of the control exerted by the
local mantle lithosphere on the composition of kimberlite rocks in
the crust [see also (16)], particularly with respect to the olivine/
orthopyroxene ratio in the mantle, which is proportional to peridotite
Mg/Si ratios (15). Mantle-derived olivine xenocrysts comprise a
volumetrically major component of most kimberlites [~20 to 30
volume % or more; (17, 19-21)]. Therefore, bulk compositional
data alone cannot differentiate between physical entrainment versus
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Fig. 2. Mg# versus NiO (wt %) concentrations in olivine cores and rims from
the Damtshaa (Orapa, Botswana), Jwaneng (Botswana), Murowa (Zimbabwe),
and Samada (Kaalvallei, South Africa) kimberlites. The fields of olivine (Ol) in
coarse-grained and sheared peridotite xenoliths in kimberlites worldwide and olivine
megacrysts from southern African kimberlites are shown for comparison (70).
Dotted vertical bars are average rim compositions. Note that lower rim Mg# correspond
to higher abundances of low-Mg# cores probably derived from megacrysts and
sheared peridotites. Samada olivine data are from Lim et al. (25).

assimilation of peridotitic material into the evolving kimberlite
melt. Further insights can be gained by comparing the composi-
tions of mantle-derived xenocrystic cores with the magmatic rims
of olivine grains in kimberlites.

Olivine composition in kimberlites

We have analyzed major element compositions of olivine (n ~ 1000)
in 22 kimberlites from South Africa, Botswana, Lesotho, Zimbabwe,
Canada, Finland, and India, complemented by previously published
data for 27 kimberlites from southern Africa, North America, Russia,
India, Brazil, and Greenland (fig. S1 and table S1). This compilation
is restricted to archetypal (formerly Group I) kimberlites from both
on- and off-craton localities, with ages between ~1635 and 49 million
years (Ma).

Olivine grains in kimberlites are typically zoned, regardless of
morphology and size (fig. S2) [(10) and references therein]. Olivine
cores have angular to more rounded shapes with occasional embay-
ments and may host inclusions of mantle phases [e.g., clinopyroxene
and garnet; (6, 21)] that are unstable in kimberlite magmas at
low pressure. In each kimberlite, the olivine cores exhibit variable
compositions. For example, the Mg# [= 100 xMg/(Mg + Fe)] for
olivine cores ranges from 79.2 to 94.3 (n = 54) for the Damtshaa
(Orapa cluster, Botswana) kimberlite versus 90.8 to 94.4 (n = 37) for
the Murowa kimberlite (Zimbabwe; Fig. 2). These compositions
range from those typical of olivine in well-equilibrated, coarse-
grained mantle peridotites (i.e., Mg# ~ 90 to 94) to more Fe-rich
compositions (as low as Mg# = 78; Fig. 2). These features indicate
derivation of olivine cores from the disaggregation of typical mantle
peridotites, as well as other mantle lithologies that are more enriched
in Fe, i.e., megacrysts and some sheared peridotites (10, 19-25),
which derive from complex processes of hybridization between
earlier kimberlite (or related) melts and peridotite wall rocks [e.g.,
(26-28)]. Some cores could also derive from the crystallization of failed
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kimberlite intrusions at mantle depths (29, 30) or from disaggregation
of “replacive” dunites where interaction with earlier kimberlite
melts promoted olivine formation at the expense of other silicate
phases (31). These products of earlier kimberlite melt rock reaction
essentially become local lithospheric mantle wall rock.

Olivine rims often develop euhedral habits and contain inclu-
sions of primary groundmass phases (e.g., spinel and ilmenite).
Olivine rims exhibit a remarkably homogeneous Mg# composition
at each locality (e.g., Damtshaa: 86.7 £ 0.4, n = 32; Murowa:
92.0 = 0.1, n = 13), whereas Ni and Cr decrease, and Mn and Ca
contents increase approaching grain margins (Fig. 2 and fig. S6)
[(10) and references therein]. These characteristics are consistent
with a magmatic origin for the olivine rims. The homogeneous Mg#
value of olivine rims in each kimberlite implies that this parameter
is insensitive to fractional crystallization, which is known to modify
the composition of kimberlite and other magmas [e.g., (16)]. Fur-
thermore, Lim et al. (25) recently showed that, in kimberlites from
different continents, the Mg# of olivine rims is correlated with the
abundance of magmatic phases (phlogopite and Fe-Ti oxides) in the
kimberlite matrix, which largely crystallize upon magma emplace-
ment in the upper crust. These lines of evidence suggest that olivine
rim Mg# values can be used as proxies of kimberlite melt composi-
tions after ascent through the lithospheric mantle.

The average Mg# of olivine rims are correlated with the mean
(or median) Mg# of olivine cores from the same kimberlite [#n = 49,
R = 0.73; teae = 11.27 > teritical(0.01, 49) = 2.68; Fig. 3A and fig. S3].
This relationship implies that kimberlites with high-Mg olivine
rims (e.g., Renard and Murowa) entrain xenocrystic cores and,
therefore, mantle material that, on average, feature high Mg# (>92).
For Murowa, this is consistent with the extreme depletion shown by
peridotite xenoliths from this locality (32). Similarly, kimberlites

with Fe-rich olivine rims (e.g., Kaalvallei, Monastery, and Limpeza-18)
have olivine cores with low Mg# (<90). As olivine compositions
with Mg# < 90 are characteristic of megacrysts and sheared peridotites,
the low-Mg# kimberlite melts preferentially sample mantle rocks
that have previously interacted with earlier kimberlite or related
melts. This relationship is supported by the inverse correlation
[R* = 0.70, n = 49; teqc = 10.47 >> taitical(0.01, 49) = 2-68] between the
average Mg# of olivine rims and the fractional abundance of olivine
cores with Mg# < 90 (Fig. 3B).

The correlation between olivine core and rim compositions
is less strong, although still statistically significant, if mean NiO
[R* = 0.30; teale = 4.49 > teritical(0.01, 49) = 2.68] or MnO [R” = 0.39;
Feale = 5.48 > Leritical(0.01, 49) = 2.68] concentrations are used instead of
Mg# (fig. S3). These more scattered correlations are unsurprising,
given that mantle olivine typically contains relatively invariant Ni
concentrations [between 0.3 and 0.4 weight % (wt %)], and Mn is
only weakly correlated (inversely) with Mg# (33). Therefore, Mg# is
the best indicator of the compositional variability of entrained
(xenocrystic) olivine and, hence, of mantle material in kimberlites.

Kimberlites characterized by high-Mg olivine rims (i.e., Mg# > 90)
cover the entire age range of this study [i.e., ~1635 Ma (Zero Satellite)
to ~49 Ma (Aaron); fig. S4] and were emplaced well within inferred
craton boundaries, with the exception of Jagersfontein, Buffel-
boudsfontein, and Zero Satellite, which are located along craton
margins. In contrast, kimberlites with low-Mg olivine rims (i.e.,
Mg# < 87) are limited to Cretaceous occurrences located both on-
and off-craton in southern Africa and Brazil. Whereas a highly
depleted lithospheric mantle [typical of cratonic regions; e.g., (15, 34)]
appears to be a prerequisite for the occurrence of kimberlites with
high-Mg olivine, kimberlites with low-Mg olivine occurs throughout
Archean and Proterozoic crust-mantle domains.
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Fig. 3. Comparison of olivine core and rim major element compositions. (A) Average olivine rim Mg# versus average olivine core Mg# and (B) fraction of cores with
Mg# < 90 in kimberlites from this and previous studies (see table S1). Symbol bars are 2 SDs of the mean. Blue and orange lines (with error envelopes) in (A) and (B), re-
spectively, are the linear regressions through the data points and are calculated considering the uncertainties of x and y variables. For “Fraction of olivine core Mg# < 90,”

an arbitrary 2 SD of 0.1 is used for the regression calculations.
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DISCUSSION

Lithospheric mantle assimilation controls the composition
of kimberlites at surface

The linear correlations observed between the mean Mg# of olivine
rims and cores (Fig. 3A) and the relative abundance of kimberlite-
metasomatized cores (i.e., with Mg# < 90; Fig. 3B) in worldwide
kimberlites point to a close relationship between the compositions
of kimberlite melts and their entrained lithospheric mantle material.
Possible reasons for this correlation include:

1) The olivine cores represent restite grains from the partially
molten kimberlite source. This explanation is considered improbable
given the large compositional range of the cores (e.g., Mg# = 79.2
to 94.3 at Damtshaa); in particular, low-Mg# compositions are un-
likely to be of restite origin because partial melting residues feature
elevated Mg#.

2) The olivine cores are early crystallization products of (failed)
kimberlite intrusions at mantle depths (30, 31). Although this inter-
pretation probably applies to some cores (e.g., low-Mg# composi-
tions typical of olivine megacrysts) (24), the large compositional
variation shown by olivine cores (e.g., Mg# = 78.2 to 93.4 at Samada)
compared to the very narrow Mg# range for olivine rims in the
same kimberlite (84.2 to 85.4 at Samada; Fig. 2) indicates that the
bulk of the cores are unlikely to have crystallized from the same
magmas that produced the olivine rim compositions.

3) The olivine cores, together with the other lithospheric mantle
phases (orthopyroxene, clinopyroxene, and garnet), were entrained
and partly assimilated from the wall rocks lining the kimberlite
magmatic conduit. In this model, incorporation of lithospheric
mantle material progressively alters the composition of transient
kimberlite melts; consequently, magmatic olivine rims trend to-
ward lower or higher Mg# depending on the average composition
of mantle wall rocks. This interpretation is supported by the cor-
relation between Mg/Si ratios of bulk kimberlite rocks and en-
trained mantle peridotites (Fig. 1), which implies that variable olivine/
orthopyroxene (function of Mg/Si) ratios in the lithospheric mantle
play an important role in kimberlite petrogenesis.

Kimberlite magmas that entrain and assimilate greater propor-
tions of Fe-rich material (e.g., Samada, New Robinson and Monastery)
become enriched in Fe, Mn, and Ti compared to their primary com-
position, which translates into lower Mg# olivine rims and higher
modal abundances of Fe-Ti oxide phases and phlogopite in the
matrix (25). The corollary is that the extent of interaction between
earlier kimberlite (and related) melts and lithospheric mantle wall
rock, which generates low-Mg# megacrysts, sheared peridotites,
and other metasomatic lithologies (e.g., mantle polymict breccias)
(29), dictates the level of enrichment in Fe, Mn, and Ti in the kim-
berlite melts that reach the surface. The absence of any correlation
between olivine rim Mg# and Sr-Nd isotope compositions (fig. S5)
shows that the assimilated material in low-Mg# kimberlites con-
tains low concentrations of Sr and Nd compared to kimberlite melts
and/or is not isotopically “enriched” (i.e., does not have high
87Sr/%6Sr and low '**Nd/**Nd, which are typical of phlogopite-rich
mantle rocks) (35, 36). This lack of effect on the Sr-Nd isotope
systems further testifies to the assimilation of incompatible element
poor lithospheric mantle.

In summary, this work provides compelling geochemical evi-
dence for assimilation of mantle material by carbonate-rich kimberlite
melts. Previously, this process was only inferred from some experimental
studies (7, 9, 11, 14) and from resorption textures in xenoliths and
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xenocrysts entrained by kimberlite magmas (4, 6, 8, 10). Our
empirical observations, based on the compositions of xenocrystic
and magmatic material from the same igneous rocks, unambigu-
ously reveal that interaction with lithospheric material during as-
cent (together with other processes such as crystal fractionation and
volatile loss) controls the major element composition of kimberlite
melts emplaced into the crust. It seems plausible that this inference
applies to any carbonate-rich melt that migrates through the
mantle, due to the well-documented disequilibrium between carbonate-
rich melts and lithospheric mantle peridotites at high pressure and
temperature (7-9, 11, 13-14). Assimilation of lithospheric mantle
material might be favored in highly reactive magmas, which ascend
more slowly compared to kimberlites (e.g., lamproites and ultramafic
lamprophyres) (37). Therefore, to constrain the primary com-
position(s) of mantle-derived magmas emplaced into the crust,
which at depth are enriched in CO, (e.g., melilitites, ultramafic
lamprophyres, some olivine lamproites and alkali basalts), it is
necessary to quantify and remove the effects of interaction with the
local lithospheric mantle using the available compositions of en-
trained xenocrysts. A quantitative approach toward this aim is
provided below.

A common source for kimberlites
Deciphering the geochemical effects of mantle assimilation on the
geochemistry of kimberlites is critical for constraining their source
regions. Incompatible trace elements are less sensitive to the assim-
ilation of mantle material than major and compatible trace elements,
especially in kimberlite magmas, which contain very elevated levels
of incompatible trace elements (16, 18). Fresh (or minimally altered)
kimberlite rocks from worldwide localities show remarkably similar
trace element patterns [Fig. 4; see also (38)]. Absolute concentra-
tions fluctuate due to variable dilution of the magmatic component
with xenocrystic material low in incompatible trace elements; however,
the trace element patterns are analogous and include negative
anomalies for K, Pb, Sr, Zr, Hf, and Ti in primitive mantle-normalized
diagrams (Fig. 4). This observation implies that kimberlite magmas
derive from broadly similar sources or that these magmas have
equilibrated with a common mantle component. Kimberlites
worldwide exhibit chondritic to moderately suprachondritic Nd
and Hf isotope compositions, and pre-Mesozoic kimberlites have
remarkably consistent close-to-chondritic Nd-Hf isotope composi-
tions (39). These combined lines of evidence indicate kimberlite
melt formation from similar sources located in the convective
mantle. Possible contributions from subducted recycled material, as
indicated by radiogenic isotope compositions (i.e., high 2°°Pb/***Pb;
negative AeHf) from Cretaceous-Eocene southern African, Brazilian,
and western Canada (Lac de Gras) kimberlites (39, 40), appear to
have had a limited impact on the trace element compositions of
these kimberlite sources. The above interpretation is entirely con-
sistent with the mantle-like oxygen isotope compositions of olivine
in southern African, Brazilian, and Lac de Gras kimberlites (41) and
the new constraints provided by olivine compositions. The linear
correlation of Mg# between olivine cores and rims (Fig. 3A) can
only be achieved if primary kimberlite melts have similar Mg# and,
therefore, major element compositions before interacting with
lithospheric mantle material.

On the basis of this constraint, it is possible to estimate the ex-
tent of lithospheric mantle assimilation by kimberlite melts, using
mass balance calculations and the relative Mg# values of kimberlite
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melt and assimilated material. In these calculations, the Mg# value
of the estimated primary kimberlite melt (before interaction with
the mantle lithosphere) is assumed to be 84 + 1, which is the median
value of previously estimated initial melt compositions (80 to 88)
(16-18, 20, 42). The final kimberlite melts emplaced into the crust
are assumed to be in equilibrium with the average compositions of
olivine rims, reflecting the variability inherent to each locality. Melt
Mg# values can be calculated using olivine rim Mg# and olivine
melt Dgevg [0.50 + 0.05; e.g., (43, 44)] for carbonate-rich melt com-
positions. These calculations show that, in the vast majority (44 of
49) of kimberlites studied, the Mg# of the final melt is lower than
that of the primary melt (table S6). Using a lower olivine melt Dr..
Mg of 0.4, yields decreased Mg# for all kimberlite melts due to inter-
action with the mantle lithosphere. This model implies that bulk
assimilation of peridotitic material, which typically exhibits Mg# > 90
[e.g., (34)], cannot be the main cause of the compositional variability
observed in kimberlite melts worldwide. Further insights can be
gained by considering how kimberlite melts interact with peridotitic
material.

Among the major rock-forming phases in mantle peridotites,
orthopyroxene is the least stable in carbonate-rich melts. This infer-
ence is based on petrographic evidence of orthopyroxene resorption
in kimberlites (6), the paucity of orthopyroxene compared to
olivine xenocrysts in kimberlite rocks once the relative abundance
of orthopyroxene versus olivine in mantle peridotites is considered
(5), and results from experiments that have examined carbonate-rich
melt compositions at variable pressure and temperature (7, 9, 11).
These experiments show that, upon interaction with carbonate-rich
melts at a pressure of <3.5 GPa, orthopyroxene melts incongruently
to olivine + clinopyroxene + CO,, with clinopyroxene later reacting
with residual melt to generate further olivine and CO; (plus calcite)
(9). These reactions involve a net loss of Mg from the carbonate-rich
(kimberlite) melt (see Materials and Methods). Incongruent melting
of orthopyroxene can therefore explain the decrease in Mg# (and
MgO; table S7) inferred for most (if not all) of the kimberlite melts
after interaction with lithospheric mantle wall rocks.

To quantify the amount of assimilated orthopyroxene in kimberlite
melts from each locality, we undertook mass balance calculations
with propagated uncertainties. The molar abundance of dissolved
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orthopyroxene was calculated using the molar amount of Mg loss
from the kimberlite melt after interaction with the lithospheric
mantle, combined with the equations of Stone and Luth (9), which
describe incongruent melting of orthopyroxene in carbonate-rich
melts. Orthopyroxene compositions were computed from the average
compositions of olivine cores and appropriate olivine-orthopyroxene
distribution coefficients. Model details are provided in Materials
and Methods. These simulations indicate that <15% and, more
commonly, <10% (by mass) of orthopyroxene assimilation are
required to produce the spectrum of kimberlite melt compositions
emplaced in Earth’s crust. Higher degrees of assimilation are ob-
tained for kimberlites with low-Mg olivine (e.g., New Robinson and
Monastery), which suggests preferential assimilation of less refractory
Fe-rich material in kimberlite melts (where Fe-rich lithologies
are available). Similar amounts (~7 to 8 wt %) of silicate mineral
(orthopyroxene, clinopyroxene, and garnet) assimilation were esti-
mated by Soltys et al. (17) for the Bultfontein kimberlite based on
the modal abundance of olivine xenocrysts. However, we note that
if bulk peridotite assimilation, which increases melt MgO contents,
occurred in kimberlite melts before (e.g., deeper than) incongruent
melting of orthopyroxene, then rates of orthopyroxene assimilation
would be higher. Bulk peridotite assimilation may explain the
elevated Mg# values calculated for some kimberlites with high-Mg
olivine (e.g., Murowa and Renard; table S6).

From this modeling, it appears that assimilation of variable
quantities of lithospheric mantle material by primary kimberlite
melts of broadly similar composition can produce the wide range of
kimberlite melt compositions (i.e., olivine rim Mg# = 83.3 to 92.3)
observed at the surface. While assimilation of bulk peridotite ap-
pears to be important for those kimberlites that contain high-Mg
olivine, incongruent melting of orthopyroxene could be the domi-
nant mechanism that modify kimberlite melt compositions during
interaction with the lithospheric mantle. Formation of peritectic
olivine from orthopyroxene breakdown might also explain the
occurrence of olivine cores with unusual compositions (i.e., elevated
Mg# and CaO contents of >90 and >0.1 wt %, respectively) observed
in kimberlites worldwide, which are uncharacteristic of any mantle
lithology observed to date (10, 30). These assimilation processes
increase silica contents (7, 9, 11) but have negligible effect on the
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incompatible trace element compositions of kimberlite melts (e.g.,
see similar trace element patterns in Fig. 4) due to the low concen-
trations of these elements in orthopyroxene and bulk peridotite
rocks. In addition, the lack of correlation between bulk kimberlite
Mg/Si and mean Mg# of olivine rims (fig. S6), which is inversely
correlated to the amount of assimilated orthopyroxene, suggests
that bulk kimberlite compositions are largely controlled by physical
entrainment of mantle material rather than assimilation of ortho-
pyroxene and other mantle silicates.

In conclusion, bulk rock incompatible trace element and olivine
compositions are both consistent with primary kimberlite melts be-
ing generated from similar convective mantle sources since at least
~1635 Ma. This interpretation agrees with the temporal uniformity
of radiogenic isotope compositions in pre-Mesozoic kimberlites
(39) and implies that the composition of kimberlite sources and
their conditions of melting have not undergone major changes over
time. Alternatively, all kimberlites have equilibrated with simi-
lar asthenospheric mantle before assimilation of lithospheric ma-
terial. Similar incompatible trace element patters are also observed
in some ocean island basalts (45, 46) and diamond fluid inclusions
(47). Therefore, it seems likely that similar melts to those that generate
kimberlites are involved in the formation of some diamonds and oceanic
basalts, with the caveat that the final composition of kimberlites is
influenced by extensive interaction with lithospheric mantle material.
Our study demonstrates that the composition of kimberlite and,
probably, other carbonate-rich melts that ascend through the mantle
appears to be controlled by the local composition of the mantle that
is entrained and partly assimilated. Future work should examine
olivine lamproites and other magmatic rocks containing abundant
xenocrystic and magmatic olivine to define the extent and mecha-
nism(s) of lithospheric mantle assimilation in the petrogenesis of
other low-volume, highly reactive melts from Earth’s mantle.

MATERIALS AND METHODS
For this study of olivine compositions in kimberlites, we selected 24
samples from 22 kimberlites from southern Africa, Canada, Finland,
and India (table S1). Sample selection was based on three criteria,
namely, wide geographical and temporal coverage of kimberlite
magmatism, absence of high-quality olivine compositional data in
the literature, and occurrence of fresh olivine grains. With the
exception of Peuyuk C (Somerset Island, Canada), which is a pyro-
clastic kimberlite, all the examined samples are hypabyssal. Olivine,
locally partly serpentinized, is invariantly the most abundant phase
(~40 to 60 volume %), and its size is highly variable from >1 mm to
<100 um. Only <1-mm-large grains tend to develop a euhedral habit.
Olivine grains for electron probe microanalysis (EPMA) were
initially selected using a petrographic microscope rather than a
scanning electron microscope [SEM; as recommended in (10)].
This approach was used to avoid bias toward evidently zoned grains
and especially those with larger compositional (i.e., Mg#) and there-
fore visual contrast between cores and rims in back-scattered elec-
tron (BSE) images. Independent testing where several grains from
the same thin section were selected by optical microscopy and using
BSE images confirmed a bias toward core compositions with Mg#
[= 100 x Mg/(Mg + Fe)] very different from the rims when BSE im-
ages were used. Selected grains cover the entire size range available
in thin section, including large (>0.5 mm) anhedral/subhedral
grains (also known as macrocrysts), and euhedral crystals of variable
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size (i.e., >0.5-mm phenocrysts and <0.5-mm microphenocrysts).
After selection, each grain was examined in BSE mode using a
Philips (FEI) XL30 environmental SEM (University of Melbourne)
to distinguish core, rim, and other compositionally distinct zones
(internal zones between core and rim, external rinds). Some partly
serpentinized grains did not have any rim preserved, and therefore,
only their core was analyzed to obtain more representative average
core compositions (rim Mg# is typically homogeneous in a given
kimberlite). Some fresh grains did not display evident compositional
zonation in BSE images, and for these grains, two analyses were
performed corresponding to grain center and edge.

The major and minor element compositions of olivine were
quantified by EPMA in two laboratories. At the University of
Melbourne, we used a CAMECA SX-50 equipped with four wavelength
dispersive spectrometers (WDS). Analytical conditions were as
follows: beam acceleration voltage of 15 kV, beam current of 20 nA,
beam diameter of 2 pm, and counting times per analysis of 20 s on
peak positions and 10 s on two background positions located on
either side of the peak position. Instrument calibration was undertaken
using natural and synthetic materials, including wollastonite (Si-Ko
and Ca-Ka), Cr metal (Cr-Ka), hematite (Fe-Ka), Mn metal (Mn-Ka,),
Mg oxide (Mg-Ka), and Ni metal (Ni-Ka). In addition, San Carlos
olivine was included in the analytical sessions to evaluate the re-
producibility of our olivine results (1 SD of San Carlos Mg# = 0.15,
n = 44; table S4). Data reduction was performed using the PAP
matrix correction software program. Typical quantification limits
are ~0.02 wt % for NiO, MnO CaO, and Cr,0O3;. Analyses with lower
concentrations (as low as 0.01 wt %) are however considered broadly
representative of olivine compositions because they are consistent
with data structure.

Additional analyses were undertaken at the Central Science
Laboratory, University of Tasmania, using a JEOL JXA-8530F Plus
field-emission electron microprobe equipped with five WDS and an
energy dispersive spectrometer (EDS). Analytical conditions includ-
ed an accelerating voltage of 15 kV, a beam current of 300 nA, and a
beam diameter of 2 um. The major elements Si, Fe, and Mg were simultane-
ously analyzed by EDS with one minor element (Al, Ca, Cr, Mn,
and Ni) on each of the five WDS. Counting time was 90 s for
all elements (on peak and background for WDS), corresponding
to limit of quantification of 0.002 wt % for Al,O3, 0.003 wt % for
Cr,03, 0.005 wt % for NiO, 0.003 wt % for MnO, and 0.001 wt % for
CaO. Instrument calibration was undertaken using natural minerals
and synthetic oxides as reference standards (San Carlos olivine NMNH
111312-44 for Si-Ko, Fe-Ko, and Mg-Ko; natural corundum H
126097 for Al-Ko, natural wollastonite for Ca-Ko; synthetic Cr,0;
for Cr-Ko; natural rhodonite for Mn-Ko; and synthetic NiO for Ni-Ka,).
Reproducibility of olivine Mg# values based on multiple analyses of
San Carlos olivine is 0.07 (i.e., 1 SD of the mean, n = 57; table S4).
The “Probe for EPMA” software (Probe Software Inc.) was used for
acquisition and data reduction.

Analyses of cores, rims, BSE-unzoned grains and, where present,
internal zones and rinds were plotted in conventional Mg# versus
minor element (NiO, MnO, and CaO) compositional charts (fig. S6).
Major element analyses revealed that all the analyzed grains that did
not display zoning in BSE images were nonetheless zoned between
core and rim of similar Mg# but distinct minor element composi-
tions. No grains without xenocrystic core (i.e., “true phenocrysts”)
were encountered in this study, although they are known to occur in
some kimberlites [(5, 10) and references therein]. Given the variable
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origin of internal zones (i.e., mantle metasomatic products and
liquidus olivine) (10, 23, 25), combined with their scarcity compared
to ubiquitous rims, this study focused on the compositions of rims
and cores. This approach has allowed us to obtain statistically
significant datasets (i.e., >40 to 50 core and rim analyses) for most
of the examined kimberlites and, at the same time, source abundant
results from previous studies.

The new results were combined with the data reviewed and
filtered for core and rim outliers by Giuliani (10). Additional results
were recently published by Lim et al. (25) and Shaikh et al. (48), and
these are also incorporated in this database for a total of 49 kimberlites
from five continents with an age range between ~1635 and 49 Ma
(table S1). Arithmetical means (and medians) and SDs of the means
were calculated for cores and rims and are included in table S1.

The correlations observed between the compositions of olivine
cores and rims (Fig. 3) were subjected to the standard two-tailed
Student’s ¢ test for the null hypothesis, which the correlations be-
tween variable occurs by chance. We calculated ¢ values at the 99%

level of confidence using the relationship ¢ = r x \=2, where n is

1-r
the number of data points and r is the correlation coefficient. None
of the correlations examined are likely to have occurred by chance
because calculated t values are significantly higher than critical ¢
values.

Mass balance calculations of orthopyroxene dissolution

in kimberlite melts

To calculate the extent of orthopyroxene assimilation (“¥”), we
have undertaken mass balance calculations using MgO variations in
kimberlite melts due to interaction with lithospheric mantle wall
rocks. Initial MgO concentrations (MgOpejci = 25 + 2 wt %) in esti-
mated primary kimberlite melts, i.e., before interaction with the
lithosphere, are based on multiple estimates of initial kimberlite
melt compositions (16-18, 20, 42). Final MgO abundances in the
melt are calculated, assuming equilibrium with average olivine rim
compositions, i.e., MgOmelt = MEOolivine rim X Dmgo, Where Dy is
the MgO partition coefficient between olivine and melt. Dy is
calculated using high-pressure experiments of olivine in equilibrium
with carbonate melts at T'= 1200° to 1400°C (43, 44). The combined
results of these experiments returned a Dyjgo of 2.3 + 0.4. Experi-
ments of olivine in equilibrium with basaltic melts at these same
temperatures show lower values (e.g., Dygo = 1.95 at 1200°C) (49).
To account for the silicate-carbonate compositions of kimberlite
melts [(17) and references therein], we have therefore adopted
Dwmgo values of between 2.0 and 2.3. We note that the exact Dyg0
value is the largest source of uncertainty of this model because Dyg0
is dependent on crystallization temperature and melt composition,
which are both loosely constrained for kimberlites.

These calculations show that MgO concentrations (and Mg#
values; tables S6 and S7) of final kimberlite melts in equilibrium
with olivine rims are typically lower than in primary kimberlite
melts. This observation implies that bulk assimilation of peridotitic
material, which typically has Mg# > 90 [e.g., (34)], cannot account
for the compositional modification of kimberlite melts during in-
teraction with the lithospheric mantle (with some potential excep-
tions). Orthopyroxene is widely known to be highly unstable in
kimberlite melts (5-7) at a pressure of <3.5 GPa (9), and its break-
down in carbonate-rich (kimberlite) melts can be described using
the equations of Stone and Luth (9)
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2 Mg, Si; O6(Opx) + CaMg(CO3),(melt) —2 Mg, SiO4(01) +

CaMgSi; Og(cpx) +2CO;, 1)

CaMgSi; Og(cpx) +3 CaMg(CO3)2(melt) —2 Mg, SiO4(Ol) +
4CaCOs3(melt) +2CO, 2)

Combining Egs. 1 and 2, we obtain

Mg, Si; O4(Opx) +2 CaMg (CO3)2(melt) — 2 Mg, Si04(01) +
2CaCOjs(melt) +2CO, 3)

Equation 3 shows that for every mole of orthopyroxene dissolved
in the carbonate-rich (kimberlite) melt, 2 moles of Mg are consumed
in the melt to generate peritectic olivine. In principle, incongruent
melting of orthopyroxene can therefore explain the decrease in MgO
contents (and Mg#) computed for kimberlite melts after interaction
with the lithospheric mantle.

The amount of orthopyroxene () incongruently dissolved in
kimberlite melts can be determined using Mg loss in kimberlite
melts and the molar weight of orthopyroxene. The latter is computed
using the ideal formula of orthopyroxene (Mg,Fe),Si;O¢ with Mg/
Feopx defined by the average Mg/Fe of (xenocrystic) olivine cores
and the Mg# difference between orthopyroxene and olivine (“Opx-Ol
Mg#”). Opx-Ol Mg# (0.9 + 1.0) is derived from multiple analyses of
olivine and orthopyroxene in several (n = 73) equilibrated mantle
peridotites from the Kimberley (South Africa), Diavik (Canada),
and Udachnaya-East (Russia) kimberlites (table S5) and is consis-
tent with results from equilibrium experiments at high pressure and
temperature [e.g., (50)]. Using pure enstatite rather than the calcu-
lated orthopyroxene compositions has a negligible role on ‘¥ values.

Values of ¥ and associated uncertainties were quantified using
Monte Carlo simulations with fully propagated uncertainties, where
each parameter was randomized and blocks of 1000 simulations
were constructed for each parameter. The results of these computa-
tions are indistinguishable from those obtained using arithmetic
formulas (i.e., without randomization), including those for error
propagations, and we therefore only present the latter in table S7.
Using olivine-melt Dyigo of 2.3, the estimated amount of assimilated
orthopyroxene varies between 8.1 (+ 7.0) wt % and 14.6 (+ 6.8) wt
% (table S7) for end-member cases, i.e., high-Mg olivine (Murowa
and Renard) and low-Mg olivine (New Robinson and Monastery),
respectively (table S1). The extent of orthopyroxene assimilation
increases with decreasing Mg# of olivine cores and rims (e.g.,
¥ =13.4 + 6.8 for Monastery; ¥ = 10.3 + 7.0 for Bultfontein; ¥ =
8.1 + 7.0 for Murowa, and assuming that Dy,0 = 2.3) and by de-
creasing olivine melt Dygo t0 2.0 (Whax = 7.1 £ 7.8 and Wpin =
0.0 £ 8.2). These results suggest that up to 15% and, more commonly,
<10% (by mass) of orthopyroxene can be dissolved in kimberlites
to generate the spectrum of kimberlite melt compositions that reach
the upper crust, assuming similar primary kimberlite melts. However,
higher amounts of orthopyroxene can be dissolved if kimberlites
assimilate bulk peridotite material in the deeper lithosphere.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/17/eaaz0424/DC1
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