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Abstract
Olivine in kimberlites can provide unique insights into magma petrogenesis, because it is the most abundant xenocrystic phase and a
stablemagmatic product overmost of the liquid line of descent. In this studywe examined the petrography and chemistry of olivine in
kimberlites from different tectonic settings, including the Slave craton, Canada (Ekati: Grizzly, Koala), the Brasilia mobile belt
(Limpeza-18, Tres Ranchos-04), and theKaapvaal craton, SouthAfrica (Kaalvallei: Samada, NewRobinson). Olivine cores display a
wide range of compositions (e.g., Mg# = 78–95). The similarity in olivine composition, resorption of core zones and inclusions of
mantle-derived phases, indicates that most olivine cores originated from the disaggregation of mantle peridotites, including
kimberlite-metasomatised lithologies (i.e. sheared lherzolites and megacrysts). Olivine rims typically show a restricted range of
Mg#, with decreasing Ni and increasing Mn and Ca contents, a characteristic of kimberlitic olivine worldwide. The rims host
inclusions of groundmass minerals, which implies crystallisation just before and/or during emplacement. There is a direct correlation
between olivine rim composition and groundmass mineralogy, whereby high Mg/Fe rims are associated with carbonate-rich kim-
berlites, and lower Mg/Fe rims are correlated with increased phlogopite and Fe-bearing oxide mineral abundances. There are no
differences in olivine composition between explosive (Grizzly) and hypabyssal (Koala) kimberlites. Olivine in kimberlites also
displays transitional zones and less common internal zones, between cores and rims. The diffuse transitional zones exhibit interme-
diate compositions between cores and rims, attributed to partial re-equilibration of xenocrystic cores with the ascending kimberlite
melt. In contrast, internal zones form discrete layers with resorbed margins and restricted Mg# values, but variable Ni, Mn and Ca
concentrations, which indicates a discrete crystallization event from precursor kimberlite melts at mantle depths. Overall, olivine
exhibits broadly analogous zoning in kimberlites worldwide. Variable compositions for individual zones relate to different parental
melt compositions rather than variations in tectonic setting or emplacement mechanism.
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Introduction

Olivine is the most abundant phase in coherent kimberlites,
typically accounting for 40 to 60% of rock volumes (e.g.,
Brett et al. 2009; Moss et al. 2010; Soltys et al. 2018a).
Olivine is a primary liquidus phase in kimberlite melts (e.g.,
Mitchell 2008) and crystallises throughout most of the
crystallisation sequence, as indicated by inclusions of ground-
mass phases in olivine rims (e.g., Bussweiler et al. 2015;
Kamenetsky et al. 2008; Giuliani et al. 2017; Soltys et al.
2018b). In addition, olivine is the most abundant xenocrystic
component in kimberlites, with volumetric contents estimated
at ~20 to 50% (Brett et al. 2009; Fedortchouk and Canil 2004;
Bussweiler et al. 2015). Since there is also abundant evidence
of interaction between kimberlites and entrained mantle wall

Editorial handling: P. Janney

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00710-018-0607-6) contains supplementary
material, which is available to authorized users.

* Andrea Giuliani
andrea.giuliani@unimelb.edu.au; andrea.giuliani@mq.edu.au

1 KiDs (Kimberlites and Diamonds), School of Earth Sciences,
University of Melbourne, Parkville, VIC 3010, Australia

2 Australian Research Council Centre of Excellence for Core to Crust
Fluid Systems (CCFS) and National Key Centre for Geochemical
Evolution and Metallogeny of Continents (GEMOC), Department of
Earth and Planetary Sciences, Macquarie University, North
Ryde, NSW 2109, Australia

3 Central Science Laboratory, University of Tasmania,
Hobart, TAS 7001, Australia

Mineralogy and Petrology (2018) 112 (Suppl 2):S539–S554
https://doi.org/10.1007/s00710-018-0607-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s00710-018-0607-6&domain=pdf
http://orcid.org/0000-0002-6823-2807
https://doi.org/10.1007/s00710-018-0607-6
mailto:andrea.giuliani@unimelb.edu.au
mailto:andrea.giuliani@mq.edu.au


rocks (Canil and Fedortchouk 1999; Cordier et al. 2015;
Hunter and Taylor 1982; Mitchell 2008; Kamenetsky et al.
2009, 2014a; Russell et al. 2012; Soltys et al. 2016), studies
of olivine provide the opportunity to deconvolve the evolution
of kimberlite melts.

Olivine grains in kimberlites worldwide generally contain a
xenocrystic core overgrown by one or more texturally and/or
compositionally distinct zones (Brett et al. 2009; Bussweiler et
al. 2015; Fedortchouk and Canil 2004; Giuliani 2018; Giuliani
et al. 2017; Howarth and Taylor 2016; Nielsen and Sand 2008;
Sazonova et al. 2015; Shaikh et al. 2018; Sobolev et al. 2015;
Soltys et al. 2018b). These zones have been defined using dif-
ferent terminology in the literature. To avoid confusion, the
terms employed in this article are defined as follows. The core
is defined as the central, compositionally distinct zone observed
in most olivine grains. Rim is defined as the magmatic over-
growth that is common to olivine in most kimberlites and is
equivalent to the ‘margins’ or ‘melt zones’ described in some
publications. Rind is the magmatic zone that fringes the olivine
rims in some (fresh) kimberlites. There is general consensus that
the rims and rinds have a magmatic origin, with the cores orig-
inating from disaggregated mantle rocks. However, consider-
able debate remains regarding the following aspects of olivine
compositions and their formation:

1) There is increasing evidence that part of the olivine core
population originated from peridotite modified by precur-
sor kimberlite melts (Arndt et al. 2010; Giuliani 2018;
Howarth and Taylor 2016; Sazonova et al. 2015;
Sobolev et al. 2015). The exact nature of the source peri-
dotite is uncertain and suggestions range from
‘defertilised’ dunites (Arndt et al. 2010) to metasomatised
lherzolites (Sobolev et al. 2015) and Cr-rich megacrysts
(Moore and Costin 2016).

2) There is uncertainty relating to the mechanism(s) that
generate olivine rims with almost constant Mg#, but var-
iable Ni, Mn and Ca contents. Explanations range from
atypical element partition coefficients between olivine
and kimberlite melts (Cordier et al. 2015; Kamenetsky
et al. 2008), to fractional crystallisation of olivine and
oxide minerals during digestion of orthopyroxene
xenocrysts (Pilbeam et al. 2013).

3) The origin of intermediate zones between cores and rims in
kimberlitic olivine is poorly constrained. Suggested caus-
ative mechanisms include kimberlite-related ‘dunitisation’
of the magmatic conduit (Cordier et al. 2015), multiple
dissolution and overgrowth events (Sobolev et al. 2015),
and partial core re-equilibration with the host kimberlite
magma (Howarth and Taylor 2016).

In addition, previous studies have established that mag-
matic olivine in global kimberlites have a restricted range
in composition, with Mg# [100 × Mg/(Mg + Fe)] ratios of

~88–91 (e.g., Brett et al. 2009; Bussweiler et al. 2015;
Fedo r t chouk and Can i l 2004 ; G iu l i an i 2018 ;
Kamenetsky et al. 2008; Nielsen and Sand 2008; Shaikh
et al. 2018). This observation seems at variance with the
variable groundmass mineralogy of worldwide kimber-
lites, ranging from those dominated by carbonates (e.g.,
Armstrong et al. 2004) to phlogopite-rich examples (e.g.,
Downes et al. 2006; Taylor and Kingdom 1999). To ad-
dress the potential correlation between olivine and
groundmass composition, and provide new constraints
on the origin of olivine zoning, we have examined the
petrography and olivine major-element chemistry of
diamond-bearing kimberlites from a diversity of localities:
Grizzly and Koala (Ekati property), Lac de Gras, Canada;
Limpeza-18 and Tres Ranchos-04, Alto Paranaiba Igneous
Province, Brazil; Samada and New Robinson (Kaalvallei
cluster), South Africa (Fig. 1). This is the first detailed
study of olivine in Brazilian kimberlites. The examined
kimberlites were emplaced in different tectonic settings
and exhibit variable textures and groundmass composi-
tions, as well as different olivine characteristics. This
unique dataset provides new insights into the origin of
olivine compositional variations and the evolution of kim-
berlite magmas.

Samples

The Grizzly and Koala kimberlites are located in the Lac de
Gras kimberlite field of the Slave craton, Canada. The studied
samples derive from holes drilled by BHP during preliminary
investigations of these pipes. The Grizzly pipe contains coher-
ent magmatic kimberlite of likely pyroclastic origin (Nowicki
et al. 2008; Webb et al. 2008). The Koala pipe hosts a layered
sequence of volcanoclastic kimberlite units, which overlies a
basal unit (‘P7’) of hypabyssal kimberlite (Nowicki et al.
2004; Porritt and Cas 2011), the source of the Koala sample.

The Limpeza-18 and Tres Ranchos-04 kimberlites form
part of a widespread province of kimberlites, kamafugites and
other alkaline rocks, the Alto Paranaiba Igneous Province,
within the Late Cambrian Brasilia Belt, along the margin of
the Sao Francisco craton (Araujo et al. 2001; Felgate 2014;
Gibson et al. 1995; Guarino et al. 2013). Representative sam-
ples from Limpeza-18 (407/409/0036/1) and Tres Ranchos-04
(407/409/004/6) were obtained from the De Beers collection.

Samada and New Robinson are two of the three pipes that
comprise the Kaalvallei cluster, which intruded into the
Kaapvaal craton, South Africa. The Samada sample (173/44/
K8/7) is from the De Beers collection, whereas the New
Robinson sample (JJG-2828) was sourced in the John J.
Gurney Upper Mantle Room Collection, University of
Cape Town.
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Analytical methods

Sample textures and petrography were first characterised un-
der transmitted and reflected light using a Leica DM750P
microscope. The study of microstructures, mineral inclusions
and olivine zoning was performed using a Phillips FEI XL30
environmental scanning electron microscope (ESEM)
equipped with an OXFORD INCA energy-dispersive X-ray
spectrometer (EDS), and a Hitachi SU-70 field emission scan-
ning electron microscope (FE-SEM) equipped with an
OXFORD AZtec-XMax80 EDS. The relative abundances of
mineral phases in the groundmass were calculated using BSE
images and the image-analysis software JMicroVision 1.2.7
(https://www.jmicrovision.com/).

Different compositional zones of each olivine grain (e.g.,
cores, rims) were identified using BSE images. Major and
minor oxide concentrations were then measured using a
Cameca SX50 electron probe micro-analyser (EPMA), with
some analyses performed with a Cameca SX100 EPMA.
Analytical conditions were as follows: beam current of 25 or
35 nA, beam accelerating voltage of 15 kV, and beam diam-
eter of 1–2 μm; counting times of 20–40 s on peak positions
and 10–40 s on two background positions located on either
side of the peak position. Both natural (e.g., Durango apatite)
and synthetic materials (e.g., synthetic periclase from the
University of Melbourne) were used for calibration purposes.
All elements analysed monitored the k-alpha X-ray lines

except for Nb (l-alpha), and data reduction was carried out
using the PAP matrix correction software program.

Petrography

Grizzly

The Grizzly kimberlite, as well as the other examined sam-
ples, exhibits a typical porphyritic texture (Fig. 2) with vari-
able quantities of olivine macrocrysts (rounded or anhedral
grains, larger than 0.5–1.0 mm), phenocrysts (euhedral to
subhedral crystals, >0.5 mm in size) and micro-phenocrysts
(<0.5 mm). Dunite micro-xenoliths (polygranular ‘nodules’ of
Arndt et al. 2010) have been observed in some samples, in-
cluding Grizzly.

The majority of small (<0.5 mm) olivine grains in the
Grizzly kimberlite show angular shapes indicating explosive
emplacement (Fig. 2a). Olivine grains are fresh, with only
minimal alteration to serpentine and carbonates along the
grain edges and fractures. Olivine grains are zoned and typi-
cally consist of a core, rim and internal zone between core and
rim (Fig. 3a). Cores are generally rounded or show embay-
ments, probably due to resorption. Olivine internal zones are
≤40 μm thick, while rims can be up to 150 μm wide. Olivine
grains devoid of compositional zoning are rare. The most
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Fig. 1 Locality map showing the distribution of kimberlites examined in this study. Red circles represent locations of kimberlites
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common inclusion in olivine is spinel; i.e. Cr-spinel in the
cores and magnesio-ulvöspinel-magnetite (MUM) in the rims.

The sample also contains occasional phlogopite and garnet
macrocrysts. In addition, kinoshitalite mica occurs as rare,
200–400 μm long, poikilitic phenocrysts with monticellite
and spinel inclusions (Fig. 4a). The groundmass includes (in
order of decreasing abundance) monticellite, carbonates, ser-
pentine, spinel-group minerals, phlogopite, apatite, perov-
skite, minor barite and sulfides (Table 1). Carbonates are
mostly calcite with lesser dolomite and, together with serpen-
tine, occur as an interstitial mesostasis. Country rock xenoliths
observed (< 2 vol%) are completely altered to mixtures of
fine-grained minerals.

Koala

In contrast to theGrizzly kimberlite, olivine in our Koala sample
forms (not fragmented) euhedral to subhedral crystals,

regardless of size (<0.1–5 mm; Fig. 2b). Olivine is very fresh
with only minimal alteration to serpentine. The majority of ol-
ivine grains are zoned and include core, rim, and multiple rinds
(up to ~30), each a few μm thick (Fig. 3b). Rims and rinds form
composite overgrowths around cores, up to 300 μm thick.
Inclusions of Cr-spinel and Cr-diopside are present in olivine
cores. Spinel inclusions (chromite to MUM) occur in the rims,
whereas MUM spinel, phlogopite and calcite are included in
rinds (see also Kamenetsky et al. 2013).

Olivine, calcite ± dolomite aggregates (segregations) and
occasional phlogopite macrocrysts are in a groundmass
consisting of carbonates, serpentine, spinel, phlogopite, apa-
tite and monticellite (Fig. 4b; Table 1). Monticellite is largely
pseudomorphed by serpentine, although its characteristic
rounded euhedral shape is still apparent (Fig. 4b). Spinel
grains commonly show atoll shapes with cores zoned from
chromite to MUM, and pleonaste occasionally preserved in
the lagoon between chromite-MUM and magnetite rims. No

Fig. 2 Optical photomicrographs
(plane-polarised light) showing
the texture and olivine
morphologies of kimberlites from
(a) Grizzly, (b) Koala, (c)
Limpeza 18, (d) Tres Ranchos 4,
(e) Samada, and (f) New
Robinson. Note the angular and
shard-like shapes of olivine grains
in the Grizzly and Tres Ranchos 4
kimberlites. ol = olivine, carb =
carbonates, pvk = perovskite,
spl = spinel, phl = phlogopite,
ox = oxides
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perovskite was observed, whereas trace amounts of sulfides
(djerfisherite and pyrite), pyrochlore [(Na,Ca)2Nb2O6(OH,F)]
and priderite [K(Ti7Fe

3+)O16] occur in the groundmass.
Altered country rock material is rare (< 3 vol%).

Limpeza-18

In contrast to the Ekati kimberlites, the Limpeza-18 sample
contains more abundant olivine phenocrysts and micro-
phenocrysts (65%) than macrocrysts (Fig. 2c). Internal zones
are occasionally observed between cores and rim (Fig. 3c).
Olivine rims host inclusions of MUM spinel, chromite, apa-
tite, phlogopite and perovskite. Dunite micro-xenoliths
(~1 mm) were also observed in this sample.

Monticellite is the major groundmass constituent and oc-
curs as small crystals (<40 μm and occasionally up to
~100 μm in size). Phlogopite micro-phenocrysts, 100–
200 μm in size, are relatively common. Other major ground-
mass components include spinel (chromite to MUM;
<50 μm); perovskite (up to 200 μm, but generally
<100 μm), which contains inclusions of spinel; apatite often

intergrown with phlogopite (Fig. 4c); and interstitial serpen-
tine. Carbonates are notably absent in this sample. We specu-
late this might be due to immiscible separation and removal of
a carbonate melt rather than complete CO2 degassing, which
commonly produces pyroclastic kimberlites without primary
carbonates.

Tres Ranchos-04

Similar to the Grizzly kimberlite, the majority of olivine grains
in the Tres Ranchos-04 kimberlite show angular and shard-
like shapes (Fig. 2d), which indicates moderately explosive
emplacement of the parental magma. Euhedral to subhedral
phenocrysts are only occasionally observed. In contrast to
Limpeza-18, olivine macrocrysts are significantly more abun-
dant than (micro-)phenocrysts. Olivine is zoned with common
internal zones between cores and rims (Figs. 3d and 5a).
Unzoned grains are again rare.

The macrocryst population of the Tres Ranchos-04 kimber-
lite includes Cr-diopside, Cr-spinel and abundant phlogopite.
The groundmass consists of carbonates (calcite and lesser
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Fig. 3 BSE images of
representative, zoned olivine
grains from (a) Grizzly, (b) Koala,
(c) Limpeza 18, (d) Tres Ranchos
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Robinson. Note the internal zone
(‘int’) between core and rim in
grains from Grizzly, Limpeza 18
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layered rind of Koala olivine; and
the diffuse transitional zone (‘tz’)
between core and rim in Samada
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dolomite), mica (intermediate between phlogopite and
kinoshitalite), serpentine, spinel, apatite, perovskite and barite
(Fig. 4d; Table 1) and can be separated into domains enriched
in carbonates or phlogopite. Monticellite is largely replaced by
serpentine. Groundmass spinel is mainly MUM with occa-
sional chromite cores, whereas some larger (>100 μm) grains
contain Al-rich cores [Cr/(Cr + Al) < 0.50]. Apatite is abun-
dant and displays a dendritic texture with Sr-rich cores in the
carbonate-rich domains (Supplementary Fig. S1). Barite is
relatively abundant in the groundmass, especially in the
carbonate-rich domains, and occurs together with apatite as
inclusions in calcite.

Samada

The Samada sample is unusual in that it contains a relatively
coarse-grained groundmass (>50 μm; Fig. 2e). Olivine is
again the major constituent, comprising ~40 vol% of the rock.
Olivine is more serpentinised than in the other kimberlites
with most micro-phenocrysts being extensively altered.
Olivine zoning includes cores, rims, rinds (Supplementary
Fig. S1), and diffuse layers between cores and rims

(transitional zones; Fig. 3e, and Supplementary Fig. S2). A
characteristic feature of the Samada olivine is the widespread
occurrence of ilmenite inclusions, which are <10 μm in size,
typically rounded, and often form a ‘necklace’ within the ol-
ivine rim (Fig. S1; see also Stiefenhofer 1989).

The groundmass consists of serpentine, phlogopite, spinel,
Mg-ilmenite, carbonates, perovskite and apatite (Fig. 4e).
Phlogopite occurs interstitial to olivine and hosts abundant
inclusions of oxide minerals. Clusters of oxide phases are
common, and often exhibit Mg-ilmenite cores mantled by
MUM spinel, Ti-magnetite and perovskite. Intergrowths of
perovskite and MUM spinel were also observed occasionally.
The small number of crustal xenocrysts present (~1–2 vol%)
are all altered.

New Robinson

Olivine macrocrysts and (micro-)phenocrysts in this kimber-
lite are pervasively fractured with serpentinisation along mar-
gins and fractures (Fig. 2f). The majority of olivine grains are,
however, euhedral to rounded in shape. Macrocrysts and
(micro-)phenocrysts occur in similar proportions. Olivine

Fig. 4 BSE images showing the
main groundmass features of
examined kimberlites: (a)
Grizzly, (b) Koala, (c) Limpeza
18, (d) Tres Ranchos 4, (e)
Samada, and (f) New Robinson.
For the Ekati kimberlites (a, b),
note the enrichment in carbonates
(‘carb’) and monticellite (‘mt’),
which is largely serpentinised
(‘srp-mt’) in Koala. The Limpeza
groundmass is dominated by
fresh monticellite. Phlogopite
(‘phl’) and oxide minerals (spinel
+ Mg-ilmenite; ‘ox’) are very
abundant in the groundmass of
the Kaalvallei kimberlites (e, f).
ol = olivine, sp. = spinel, pvk =
perovskite, ap = apatite, srp = ser-
pentine, ca = calcite
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typically shows simple concentric zoning with a core and a
rim, often separated by a diffuse transitional zone (Figs. 3f and
5c, and Supplementary Fig. S2). Themost common inclusions
in the rims are Mg-ilmenite (Fig. S1), with lesser MUM spinel
and phlogopite.

Olivine, abundant phlogopite macrocrysts and
(micro-)phenocrysts, plus large (>1 mm) ilmenite macrocrysts
occur in a groundmass composed of serpentine, phlogopite,
calcite, oxide minerals (Mg-ilmenite, MUM spinel, Ti-mag-
netite, perovskite and minor chromite), and apatite (Fig. 4f).
Monomineralic calcite aggregates and ≤ 400 μm clusters of
oxide minerals are common (Fig. S1). Trace amounts of sul-
fides (e.g., pyrite) are also present in the groundmass.

Olivine chemistry

The major and minor element compositions of different oliv-
ine zones for each sample are plotted in Figs. 6, 7, 8, 9, 10 and
11, with the complete dataset reported in Supplementary
Tables. Two types of core composition are distinguished based
on Mg#, Ni, Mn and Ca contents, namely ‘Mg-rich (Mg#
>89) and ‘Fe-rich’ cores (Mg# <89). Compositions of rims,
rinds, internal and transitional zones are plotted using different
symbols.

Grizzly

Thirty-five olivine grains were analysed in the Grizzly sample
(Fig. 6). The cores showMg# ranging from 89.8 to 94.1, with
high NiO (0.26–0.45 wt%), variable MnO (0.03–0.19 wt%)
and low CaO (< 0.09 wt%) contents. Olivine internal zones
(n = 4) are characterised by modest variations in Mg# (90.2–
90.8) and NiO (0.25–0.30 wt%). The rims show a relatively
constant Mg# (90.7–92.0), with decreasing NiO (0.44–
0.07 wt%) and increasing MnO (0.09–0.23 wt%) and CaO
(0.02–0.38 wt%) contents (see also Fedortchouk and Canil
2004). A single olivine grain contains a rind with high Mg#
(92.4), low NiO (0.03 wt%), high MnO (0.31 wt%) and CaO
(0.45 wt%) concentrations. Two unzoned grains yielded com-
positions typical of cores and rims, respectively.

Koala

The compositions of 33 olivine grains from the Koala sample
were measured (Fig. 7). The majority of the cores have Mg#
values overlapping those of Grizzly olivine (89.9–93.1; ‘Mg-
rich cores’), with four grains exhibiting lower Mg# (85.3–
88.9) and higher MnO contents (0.16–0.20 wt%; ‘Fe-rich
cores’). Olivine rims are characterised by constant Mg#
(90.8–91.8), decreasing NiO (0.32 to 0.14 wt%) and increas-
ing MnO (0.10–0.23 wt%) and CaO (0.04–0.16 wt%) con-
tents. Transitional zones show intermediate compositionsTa
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between cores and rims (e.g., Mg# = 90.5–92.7; n = 4).
Individual zones in the olivine rinds (Fig. 3b) could not be
measured due to their limited thickness (<5 μm). Overall the
rinds form an array trending from the rim compositions to-
wards increasing Mg# (from 92.1 to 95.0), MnO (0.19–
0.34 wt%) and CaO (0.12 to 0.56 wt%), and decreasing NiO
concentrations (0.17 to 0.05 wt%; Fig. 7). One unzoned oliv-
ine grain lies within the field of mantle core compositions.

Limpeza-18

The 32 olivine grains measured in this kimberlite contain ei-
ther ‘Mg-rich’ (Mg# = 89–92; NiO = 0.34–0.46 wt%; CaO <
0.12 wt%; n = 16) or ‘Fe-rich’ cores (Mg# = 83–88; NiO =
0.22–0.42 wt%; CaO = 0.07–0.14 wt% with an outlier at
0.02 wt%; n = 16; Fig. 8). Nickel and Mn concentrations in
the Fe-rich cores show broadly direct and inverse correlations
with Mg#, respectively. Internal zones (n = 5) have a constant
Mg# of 84.1 ± 0.3 (1 s.d.) with variable NiO (0.19–0.31 wt%)
and CaO concentrations (0.08–0.14 wt%), at constant MnO
(0.17–0.19 wt%). The rims exhibit higher Mg# value (85–87)
than the internal zones. The rim NiO contents decrease from
0.38 to 0.06 wt% while MnO and CaO both increase (0.15–
0.28 wt% and 0.07–0.40 wt%, respectively).

Tres Ranchos-04

Thirty-two olivine grains were measured in the Tres Ranchos-
04 sample (Fig. 9). In contrast to Limpeza-18, the majority of
cores show high Mg# (90–93), NiO (0.33–0.43 wt%), mod-
erate MnO (0.04–0.18 wt%), and low CaO concentrations (<

Fig. 5 BSE images and schematic
diagrams of complexly zoned
olivine grains from (a, b) Tres
Ranchos-04, and (c, d) New
Robinson. These grains were
selected because they contain
well defined internal (a, b) and
transitional zones (c, d),
respectively
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0.05 wt%; ‘Mg-rich’ cores). Two ‘Fe-rich’ cores are distin-
guished by lower Mg# values of 85.0 and 87.1. The internal
zones have relatively constant Mg# (87.0–88.4), and similar
NiO, CaO and MnO to the rims. As for the other kimberlites,
the rims show a restricted range of Mg# values (88.8–90.0),
decreasing NiO (0.41–0.14 wt%) and increasing MnO (0.10–
0.29 wt%) and CaO contents (0.03–0.16 wt%). Three
unzoned grains were analysed and show compositions similar
to Fe-rich (2) and Mg-rich cores (1).

Samada

Of the 29 olivine grains analysed in the Samada sample, 6
cores are classified as ‘Mg-rich’ based on their high Mg#
values (92.0–93.4) and NiO contents (0.37–0.41 wt%)
coupled with moderately low MnO (0.09–0.11 wt%) and
CaO concentrations (0.04–0.11 wt%; Fig. 10). The 23 ‘Fe-
rich’ cores have lower Mg# (78.2–88.9) than the ‘Mg-rich’
cores, with NiO (0.03–0.40 wt%) and MnO contents (0.09–
0.22 wt%) directly, and inversely, correlated to Mg#, respec-
tively. Additional core compositions measured by
Stiefenhofer (1989; n = 18) belong to the Fe-rich group, with
a single exception (Fig. 10). The rim compositions show

constant Mg# (84.5 ± 0.3, 1 s.d., n = 11), decreasing NiO
(0.24–0.09 wt%), and increasing CaO concentrations (0.13–
0.20 wt%). Some olivine grains exhibit rinds with higher Mg#
(85.0–87.0), MnO (0.21–0.26 wt%) and CaO (0.35–
0.54 wt%), and lower NiO abundances (0.08–0.12 wt%) than
the rims. Transitional zones between cores and rims have a
wide compositional range (e.g., Mg# = 83.2–89.2) intermedi-
ate between core and rim values. Two analyses show CaO
concentrations greater than those of olivine cores and rims,
which might be due to minor carbonate contamination.

New Robinson

Analyses were conducted on 21 olivine grains from the New
Robinson kimberlite (Fig. 11). Similar to Samada, ‘Mg-rich’
cores (Mg# = 91.3–94.9; NiO = 0.36–0.47 wt%; CaO <
0.04 wt%; n = 5) are considerably less abundant than ‘Fe-rich’
cores (Mg# = 78.9–87.8; NiO = 0.03–0.34 wt%; MnO =
0.09–0.22 wt%; CaO < 0.10 wt%; n = 15). As for the
Limpeza-18 and Samada Fe-rich cores, Mg# is positively cor-
related with NiO and inversely correlated with MnO (Fig. 11).
There is significant overlap between the core compositions for
the Samada and New Robinson grains. Olivine rims have
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constant Mg# (82.7–83.9), but lower values than those of the
Samada sample. Rim NiO contents decrease (0.21–0.02 wt%)
with increasing MnO (0.14–0.24 wt%) and CaO concentra-
tions (0.05–0.17 wt%). The transitional zones between cores
and rims have Mg# values greater than the rims, consistent
with their occurrence in contact with cores showing higher
Mg# (see also Fig. 5c).

Discussion

The kimberlites investigated in this study are from different
tectonic settings and exhibit a variety of textures (i.e. pyro-
clastic coherent vs hypabyssal kimberlites) and groundmass
compositions (i.e. enrichment in carbonate or phlogopite plus
oxide minerals). This comprehensive sample set allows com-
parison of olivine zoning in kimberlite magmas of variable
composition and different emplacement mechanisms. In the
following sections, we discuss the origin of the various olivine
zones and implications for the evolution of kimberlite sys-
tems. We then address the relationships between olivine zon-
ing and variations in texture and groundmass mineralogy.

Xenocrystic nature of olivine cores

‘Mg-rich’ olivine cores are characterised by Mg# values >89,
high NiO (>0.22 wt%), variable MnO (0.04–0.19 wt%) and
low CaO (<0.10 wt%) concentrations. These compositions
overlap those of olivine in coarse-grained granular peridotites
entrained in kimberlites worldwide (Fig. 12); including
harzburgite and lherzolite xenoliths from the Ekati area
(Menzies et al. 2004). This and the occurrence of lithospheric
mantle phases included in these cores (e.g., Cr-diopside and
Cr-spinel in the Koala grains) indicate core derivation from
disaggregated mantle peridotites. In detail, the Mg-rich cores
in olivine from the Brazilian samples show more restricted
compositions (i.e. Mg# <92.8; Figs. 8 and 9), consistent with
previous olivine analyses for the APIP kimberlites (Araujo et
al. 2001) and values for mantle xenoliths from the Tres
Ranchos kimberlite cluster (Leonardos et al. 1993). The ab-
sence of olivine with higher Mg# composition (i.e. >93) in the
Tres Ranchos-04 and Limpeza-18 kimberlites suggests either
refertilisation of the underlying cratonic lithospheric mantle,
or sampling limited to shallower off-craton mantle. The latter
explanation seems unlikely given the association of diamonds
with at least some kimberlites in the region (Read et al. 2004).
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Refertilisation of the underlying cratonic mantle is supported
by the composition of clinopyroxene xenocrysts from kimber-
lites and kamafugites in the area, which record a progressive
enrichment and thinning of the lithospheric mantle during the
Cretaceous (Grütter 2009; Read et al. 2004).

‘Fe-rich’ olivine cores showMg# <89–90, decreasingMg#
and NiO (0.40 to 0.03 wt%), increasing MnO (0.09 to
0.23 wt%) and variable CaO concentrations (<0.19 wt%).
The contrasting geochemical trends exhibited by ‘Mg-rich
‘and ‘Fe-rich’ olivine probably indicate different origins.
The compositions of ‘Fe-rich’ cores are similar to those of
southern African kimberlitic megacrysts (Boyd and Nixon
1975; Gurney et al. 1979; Hops et al. 1992) and olivine in
sheared peridotites from worldwide localities (Fig. 12), which
suggests a genetic link. ‘Fe-rich’ olivine cores constitute a
substantial proportion of the Kaalvallei and Limpeza-18 sam-
ples, represent a minor component of the Tres Ranchos-04 and
Koala samples, and are absent fromGrizzly. Other kimberlites
that host significant amounts of olivine grains with ‘Fe-rich’
core compositions include Monastery in the Kaapvaal craton
(Moore 1988) and Colossus in the Zimbabwe craton (Moore
and Costin 2016). There is therefore no apparent relationship
between the abundance of ‘Fe-rich’ cores and tectonic setting

(craton margins vs interiors) or location (Sao Francisco,
Kaapvaal and Zimbabwe cratons). However, it is important
to note that ‘Fe-rich’ olivine cores are rare in the Lac de
Gras kimberlites (this study; Brett et al. 2009; Bussweiler et
al. 2015; Fedortchouk and Canil 2004).

In accord with several previous studies (Arndt et al. 2010;
Brett et al. 2009; Bussweiler et al. 2015; Fedortchouk and
Canil 2004; Giuliani and Foley 2016; Giuliani et al. 2017;
Howarth and Taylor 2016; Kamenetsky et al. 2008; Nielsen
and Sand 2008; Pilbeam et al. 2013; Sazonova et al. 2015;
Shaikh et al. 2018; Sobolev et al. 2015), the current data indi-
cate that olivine cores in kimberlites worldwide originate from
different types of disaggregated mantle rocks (i.e. peridotite
xenoliths and megacrysts), which occur in variable propor-
tions in different kimberlites. A xenocrystic origin is consis-
tent with rounded shapes and embayments shown by many
cores (e.g., Figs. 3d, e), which is consistent with chemical
resorption, potentially combined with some mechanical abra-
sion (Brett et al. 2015; Jones et al. 2014). Our data do not
preclude the possibility that some olivine cores could originate
from recently metasomatised peridotites (Howarth and Taylor
2016; Sazonova et al. 2015; Sobolev et al. 2015) and
‘defertilised’ dunites (Arndt et al. 2010). In fact, kimberlitic
megacrysts and sheared peridotites are widely believed to be
related to kimberlite metasomatism in the lithospheric mantle
(Kargin et al. 2017; Kopylova et al. 2009; Moore and
Belousova 2005; Moore and Lock 2001; Nowell et al. 2004;
Pivin et al. 2013; Tappe et al. 2011; Woodhead et al. 2017).

Formation of transitional zones

The transitional zones documented in many olivine grains
appear as diffuse layers (Figs. 3 and 5c, d) with compositions
intermediate between those of cores and rims, but no clear
compositional trends, even in samples where multiple transi-
tional zones were examined (e.g., New Robinson; Fig. 11).
Similar transitional zones have been documented from the
Kangamiut aillikite/kimberlite rocks (Greenland) by Cordier
et al. (2015), and Benfontein kimberlite sills (Kimberley,
South Africa) by Howarth and Taylor (2016). These zones
could result from partial re-equilibration of olivine cores in
the ascending kimberlite before olivine supersaturation and
rim overgrowth (Howarth and Taylor 2016). In addition, the
diffuse character of the transitional zones (Figs. 5c, d and S2)
suggests a contribution from diffusive exchange between
cores and rims.

This study shows that transitional zones represent a ubiq-
uitous feature of olivine grains in kimberlites due to disequi-
librium of xenocrystic cores in kimberlite magmas.
Identification of these zones in BSE images depends on the
compositional contrast between core and rim as well as core
residence times, and therefore depth of entrainment, in kim-
berlite magmas.
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Significance of internal zones

Internal zones have been observed in some grains from Grizzly
(4; Fig. 3a), Limpeza-18 (5; Fig. 3c) and Tres Ranchos-04 (14;
Figs. 3d and 5a, b). In all three kimberlites, internal zones ex-
hibit relatively restricted Mg# values that are lower than those
of associated rims at broadly similar NiO and MnO concentra-
tions (Figs. 6, 8, 9). These features, combined with evidence of
resorption (i.e. embayments; e.g., Fig. 5a), suggest these inter-
nal zones may have crystallised from early pulses of evolved
kimberlite melt at mantle depths before entrainment in the as-
cending kimberlite magma. The low Ca contents could be ex-
plained by concurrent crystallisation of (or equilibration with)
clinopyroxene, which is stable in kimberlite-like silicate-car-
bonate melts at mantle depths (e.g., Luth 2009; Stone and
Luth 2016). This interpretation of the formation of internal
zones is consistent with abundant evidence of kimberlite meta-
somatism in the mantle coeval with, or just preceding kimber-
lite emplacement (Bussweiler et al. 2016; Dawson et al. 2001;
Fitzapyne et al. 2018; Giuliani et al. 2013, 2014, 2016;
Kamenetsky et al. 2014a; Kargin et al. 2016; Lawless et al.
1979; Jollands et al. 2018; Soltys et al. 2016).

Conversely, internal zones in olivine from the De Beers
kimberlite show euhedral shapes (Soltys et al. 2018b).

Similar euhedral internal zones were also reported by
Howarth and Taylor (2016, their Fig. 4a, b) for the
Benfontein kimberlite. The compositions of internal zones in
olivine from De Beers and Benfontein cluster at higher Mg#
and Ni contents than those of their respective rims. As sug-
gested by Soltys et al. (2018b), those internal zones probably
represent the early crystallisation product of the ascending
kimberlite, which is consistent with inclusions of (magmatic)
chromite. The occurrence of distinct types of olivine internal
zones in different kimberlites (i.e. this study vs Soltys et al.
2018b), and their absence in others (e.g., Kaalvallei), under-
lines the complex and non-unique evolution of kimberlite sys-
tems at each locality.

Magmatic crystallisation of rims and rinds

The characteristic features of olivine rims (i.e. relatively con-
stant Mg# (<2 units) at decreasing Ni and increasing Mn and
Ca contents), combined with the occurrence of inclusions of
groundmass minerals (e.g., spinel but also phlogopite, apatite
and perovskite; see Limpeza-18 olivine), clearly show that the
rims crystallised from kimberlite magmas at and/or just before
emplacement (see also Arndt et al. 2010; Brett et al. 2009;
Bussweiler et al. 2015; Fedortchouk and Canil 2004; Giuliani
2018; Giuliani et al. 2017; Howarth and Taylor 2016;
Kamenetsky et al. 2008; Nielsen and Sand 2008; Pilbeam et
al. 2013; Sazonova et al. 2015; Sobolev et al. 2015; Soltys et al.
2018b). The differences in averageMg# composition of olivine
rims from different kimberlites probably reflect differences in
parental melt compositions (see below).

Although the olivine rims of each kimberlite form sub-
vertical arrays in Mg# vs Ni, Mn, Ca covariation plots, some
sloping trends can be observed. A decrease ofMg# (83.9 to 82.9
at decreasing NiO (0.21 to 0.02 wt%) is observed at New
Robinson (Fig. 11), but also at Bultfontein (Giuliani et al.
2017). Rims of Koala olivine are characterised by increasing
MnO (0.10 to 0.20 wt%) at decreasingMg# (92.2 to 90.8), with
two higher-MnO analyses plotting out of this trend (Fig. 7).
Conversely, a concomitant decrease of Mg# and MnO is appar-
ent in Tres Ranchos-04 olivine rims (Fig. 9), while Soltys et al.
(2018b) report a negative relationship between Mg# and NiO
concentrations for De Beers olivine rims. In summary, there
seems to be no consistent evolution path in the compositions
of olivine rims examined in this and previous studies. Localised
conditions including oxygen fugacity variations, fractionation of
magmatic phases (e.g., spinel, ilmenite) and assimilation of
entrained material probably affect kimberlite melt compositions
in different ways both at the local and global scale. Large chang-
es in Ni concentrations at relatively constant Mg# might be due
to elevated values of Ni partitioning between olivine and kim-
berlite melts (Cordier et al. 2015).

The rinds that fringe the rims of olivine grains in some kim-
berlites host inclusions of calcite and phlogopite (see Koala

Fig. 12 Mg# vs (a) NiO and (b) MnO covariation charts comparing the
compositions of ‘Mg-rich’ and ‘Fe-rich’ olivine cores measured in this
study to analyses of coarse-grained granular ‘peridotites’ and ‘sheared
peridotites’ from worldwide localities, and olivine ‘megacrysts’ from
southern African kimberlites
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olivine), suggesting formation late in the magmatic evolution of
kimberlites. The compositional features (i.e. increasing Mg#,
Mn and Ca at decreasing Ni contents) of the rinds examined
in this and previous studies (e.g., Figs. 7 and 10) have been used
as evidence to support various formationmechanisms, including
equilibration with late-stage carbonatitic fluids (Pilbeam et al.
2013), and crystallisation from residual kimberlite melts at high
oxygen fugacity conditions (Bussweiler et al. 2015;
Fedortchouk and Canil 2004; Howarth and Taylor 2016). The
latter interpretation is consistent with spinel evolution to MUM
spinel and then Ti-magnetite (i.e. high Fe3+/Fe2+) compositions
in kimberlites worldwide, as well as the presence of olivine rinds
in the carbonate-poor Samada kimberli te sample
(Supplementary Fig. S1). Koala olivine rinds differ from those
examined in other kimberlites, because several discrete zones
are present (Fig. 3b; see also Kamenetsky et al. 2013). The
apparent oscillatory zoning noticeable in Fig. 3b coincides with
a progressive increase in Mg# (Fig. 7). and could be due to
rapid, non-equilibrium crystallisation conditions (e.g., Shore
and Fowler 1996).

Relationship between olivine composition, kimberlite
texture and groundmass mineralogy

Olivine rims in the examined kimberlites show variable aver-
age Mg# composition of between ~83.3 (New Robinson) and
91.5 (Grizzly and Koala), which indicates different parental
melt compositions. The Grizzly and Koala samples, which
occur in close proximity within the Ekati area, exhibit differ-
ent textural features (i.e. extent of olivine breakage; Fig. 2),
due to moderately explosive and non-explosive magma em-
placement, respectively. The compositions of their rims are
however indistinguishable in terms of average Mg#
(Grizzly: 91.5 ± 0.2; Koala: 91.5 ± 0.3, 1 s.d.). Koala olivine
has developed thick rinds, whereas rinds are thin and scarce in
Grizzly olivine. While examination of more pyroclastic and
hypabyssal kimberlites samples from the same pipe or cluster
will be required to confirm these observations, it is apparent
that the emplacement style does not influence olivine rim
compositions, whereas rinds might develop more extensively
in hypabyssal kimberlites. A corollary is that the composition
of the parental kimberlite magma, as shown by olivine rims,
has little influence on the emplacement style of these
kimberlites.

The samples examined in this study show very different
proportions of groundmass components, i.e. dominant car-
bonates and (pseudomorphed) monticellite (~60–70 vol%;
Table 1) in the Ekati kimberlites; abundant (≥30 vol%)
phlogopite and oxide minerals (spinel, Mg-ilmenite, perov-
skite; e.g., Fig. 1e, f) in the Brazilian and Kaalvallei kim-
berlites. Our results show a robust inverse correlation be-
tween groundmass mineralogy (i.e. vol% of phlogopite plus
oxide phases) and olivine rim compositions (i.e. average

Mg#; Fig. 13). This correlation can probably be extended
to other carbonate-rich kimberlites worldwide including
Diavik and Leslie in the Lac de Gras field (e.g., Moss et
al. 2009), and Udachnaya-East in Siberia (e.g., Kamenetsky
et al. 2014b), where olivine rims show elevated Mg# (~89–
91; Bussweiler et al. 2015; Brett et al. 2009; Kamenetsky et
al. 2008). It is therefore apparent that kimberlite magmas
more enriched in Fe generate olivine with lower Mg# and
crystallise higher proportions of phlogopite and Fe-bearing
oxide minerals in the groundmass.

Conclusions

This study demonstrates that olivine in kimberlites from dif-
ferent continents and tectonic settings have broadly similar
zoning patterns characterised by xenocrystic core, magmatic
rim, transitional zone between core and rim, and, when pre-
served, (magmatic) rind. Transitional zones result from partial
re-equilibration of xenocrystic cores with the entraining kim-
berlite combined with diffusive exchange between cores and
rims. An additional internal zone is present in olivine from
some kimberlites and probably reflects early kimberlite activ-
ity in the mantle.

Despite this similarity, the compositions of each olivine
zone show significant variations in kimberlites worldwide.
The proportions of cores derived from granular peridotites
and kimberlite-metasomatised mantle (i.e. sheared peridotites
and megacrysts) vary largely between localities, but are unre-
lated to tectonic setting. The compositions of magmatic rims
show marginally different Mg# vs Ni, Mn, Ca trends, which
suggest variable influence of different factors including
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this study. Note the statistical robustness of the inverse correlation be-
tween the two parameters (R2 = 0.91). An arbitrary uncertainty of ±5% is
applied to mineral modal abundances to account for variations within
examined thin sections
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oxygen fugacity, fractionation of magmatic phases and assim-
ilation of entrained material. In each kimberlite, olivine rims
exhibit a restricted range of Mg# values, which however
varies significantly between localities (i.e. from ~91.5 at
Ekati to ~83.3 at New Robinson). Average Mg# values of
olivine rims are inversely correlated to the abundance of
phlogopite plus oxide phases in the groundmass, which pro-
vides robust evidence for a direct correlation between olivine
rim composition, groundmass mineralogy and, therefore, melt
composition. Conversely, the composition of olivine in nearby
kimberlites that show explosive (Grizzly) and hypabyssal em-
placement (Koala) is remarkably similar, except for thicker
and more abundant rinds in Koala.

In summary, olivine commonly shows very complex
zoning patterns in kimberlites from worldwide localities,
which provides invaluable insights into the evolution of
kimberlite systems from early kimberlite metasomatism at
mantle depths to late crystallisation of residual kimberlite
melts after emplacement. The unique zoning of olivine in
kimberlites is potentially a diagnostic feature of kimberlite
rocks.
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