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Abstract: Polymineralic inclusions in megacrysts have been reported to occur in kimberlites
worldwide. The inclusions are likely the products of early kimberlite melt(s) which invaded
the pre-existing megacryst minerals at mantle depths (i.e., at pressures ranging from 4 to 6 GPa) and
crystallized or quenched upon emplacement of the host kimberlite. The abundance of carbonate
minerals (e.g., calcite, dolomite) and hydrous silicate minerals (e.g., phlogopite, serpentine, chlorite)
within polymineralic inclusions suggests that the trapped melt was more volatile-rich than the host
kimberlite now emplaced in the crust. However, the exact composition of this presumed early
kimberlite melt, including the inventory of trace elements and volatiles, remains to be more narrowly
constrained. For instance, one major question concerns the role of accessory alkali-halogen-phases in
polymineralic inclusions, i.e., whether such phases constitute a common primary feature of kimberlite
melt(s), or whether they become enriched in late-stage differentiation processes. Recent studies have
shown that polymineralic inclusions react with their host minerals during ascent of the kimberlite,
while being largely shielded from processes that affect the host kimberlite, e.g., the assimilation of
xenoliths (mantle and crustal), degassing of volatiles, and secondary alteration. Importantly, some
polymineralic inclusions within different megacryst minerals were shown to preserve fresh glass.
A major conclusion of this review is that the abundance and mineralogy of polymineralic inclusions
are directly influenced by the physical and chemical properties of their host minerals. When taking
the different interactions with their host minerals into account, polymineralic inclusions in megacrysts
can serve as useful proxies for the multi-stage origin and evolution of kimberlite melt/magma, because
they can (i) reveal information about primary characteristics of the kimberlite melt, and (ii) trace the
evolution of kimberlite magma on its way from the upper mantle to the crust.

Keywords: kimberlite; kimberlite melt; megacrysts; polymineralic inclusions; mantle metasomatism;
decarbonation reactions

1. Introduction

Kimberlites are complex “hybrid” volcanic rocks that contain minerals of different origins,
including: (i) xenocrysts from the upper mantle and crust, (ii) primary minerals crystallized (potentially
at different depths) from the kimberlite melt, and (iii) secondary minerals formed during post-magmatic
alteration. The multiple origins of some major mineral constituents, including olivine [1–6] and
serpentine [7–11], are still debated. Due to these challenges, the composition of primary kimberlite
melt remains a much sought-after problem in kimberlite petrology. Different approaches have been
taken to close in on the primary composition of kimberlite, including high-pressure, high-temperature
experimental studies [12–17], mass balance calculations that subtract xenocrystic components and
alteration effects from natural kimberlite bulk rock compositions [18–20], and the study of melt and fluid
inclusions within phenocrystic phases [21–23] or within minerals in polymict mantle breccias [24,25].
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Here, the focus is on fully-crystallized melt inclusions, so-called “polymineralic inclusions”,
contained within megacrysts from kimberlites. The term “megacryst” applies to mantle minerals that
are >1 cm in size. Common megacryst phases are clinopyroxene, garnet, olivine, ilmenite, phlogopite,
and zircon [26–28]. Based on their composition, megacrysts can be divided into a Cr-poor and a
Cr-rich suite [29–31]. The origin of megacrysts themselves has long been debated. Some studies have
advocated for a genetic link between a kimberlitic or “proto-kimberlitic” melt [29,32–38], whereas
others considered the megacryst parental melt to be unrelated to kimberlites [26,39,40]. In the scenario
that megacrysts are linked to crystallization from proto-kimberlitic melts in the lithospheric mantle,
the spectrum of Cr-poor to Cr-rich megacrysts has been proposed to be a function of variable interaction
with the surrounding mantle [30,41,42].

The formation of polymineralic inclusions in megacrysts has been attributed to a variety of
metasomatic agents in the upper mantle, including the megacryst magma, which also crystallized the
host megacrysts [43], primary or early kimberlite melt [44–46], mantle carbonatite with a subduction
origin [47,48], or even diamond-forming fluids [49,50]. Here, the findings of previous studies on
polymineralic inclusions in megacrysts from kimberlites are discussed. The aim of this review is to
highlight the potential of polymineralic inclusions to provide new insights about kimberlite magmatism.

Polymineralic Inclusions in Megacrysts—Early Studies to Current Models of Formation

Polymineralic inclusions are fully crystallized, or crystals plus quenched melt-inclusions that are
polygonal to spheroidal in shape and up to a few mm in diameter (Figure 1). They have been reported
to occur in different megacryst minerals, including olivine, garnet, and ilmenite, but appear to be
especially abundant within clinopyroxene megacrysts (Figure 1a, Table 1). Polymineralic inclusions
are typically located where fractures or veinlets in the host megacryst converge, and are usually
surrounded by regions and trails of smaller melt inclusions and fluid inclusions (Figure 2). In a recent
study by Abersteiner et al. [46], the smaller melt inclusions were described as “micro-melt inclusions”
(MMIs), and this term is adopted here. Polymineralic inclusions within clinopyroxene megacrysts are
typically surrounded by “spongy rims” (i.e., regions where the clinopyroxene is altered and contains
abundant fluid/melt inclusions), whereas polymineralic inclusions within garnets are typically lined by
kelyphite (Figure 2). These features have been interpreted as textural evidence for extensive reactions
between the polymineralic inclusions and their host minerals [44]. In contrast, polymineralic inclusions
within olivine megacrysts were interpreted to show little evidence of this chemical interaction [45].
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Figure 1. Photomicrographs of polymineralic inclusions within a clinopyroxene megacryst (A) and 
within garnet macrocrysts that possibly constitute fragments of larger megacrysts (B), from the Diavik 
diamond mine, Slave craton, Canada (modified after Bussweiler et al. [44]; their Figure 2. 
Polymineralic inclusions are typically located where fractures or veinlets in the host megacryst 
converge, and are surrounded by trails of smaller melt inclusions and fluid inclusions. Polymineralic 
inclusions are optically distinct from late‐stage groundmass kimberlite (see kimberlite rind in (A)) 
and altered mineral inclusions (see olivine inclusion in (B)). 

Figure 1. Photomicrographs of polymineralic inclusions within a clinopyroxene megacryst (A) and
within garnet macrocrysts that possibly constitute fragments of larger megacrysts (B), from the Diavik
diamond mine, Slave craton, Canada (modified after Bussweiler et al. [44]; their Figure 2. Polymineralic
inclusions are typically located where fractures or veinlets in the host megacryst converge, and are
surrounded by trails of smaller melt inclusions and fluid inclusions. Polymineralic inclusions are
optically distinct from late-stage groundmass kimberlite (see kimberlite rind in (A)) and altered mineral
inclusions (see olivine inclusion in (B)).
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Table 1. Summary of previous studies on polymineralic inclusions in megacrysts from kimberlites.

References Sample Locations Host Minerals Inclusion Minerals 1 P-T Conditions of
Host Minerals

Haggerty and Boyd,
1975 [51],

Jakob, 1977 [52],
Gurney et al., 1979 [32]

Monastery
kimberlite,

Kaapvaal craton,
South Africa

ol Ti-rich phl, ol, spl, ilm, grt; +
sulfide-rich inclusions ~4.5 GPa

Schulze, 1985 [43] Kentucky, USA cpx,
grt

inclusions in cpx:
Ti-rich phl, srp, cc;
inclusions in grt:

spl, Al-rich cpx, chl

~5.5 GPa,
1050−1325 ◦C

van Achterbergh et al.,
2002 [47]

Diavik A154N
kimberlite,

Slave craton,
Canada

cpx Ti-rich phl, ol, cc, Cr-spl,
silicate glass, prv, sulfides

~6.2 GPa,
~1240 ◦C

van Achterbergh et al.,
2004 [48] as above cpx

cc, silicate glass, Ti-rich phl,
ol, Cr-spl, prv, sulfides

(pyrite, pyrrhotite)

carbonate-rich
inclusions:
~6.0 GPa,
~1235 ◦C,

silicate-rich inclusions:
5.0 GPa

~1000 ◦C

Araújo et al., 2009 [49] as above cpx cc (euhedral or as matrix), ol,
mica, Mg-silicic matrix

6 GPa,
1200–1235 ◦C,

Pivin et al., 2009 [53]

Mbuji-Mayi &
Kundelungu
kimberlites,
Democratic

Republic of Congo

grt phl, Ca-amphibole
(K-pargasite), glass, Cr-spl no estimate

Bussweiler et al., 2016
[44]

Lac de Gras
kimberlites,
Slave craton,

Canada

cpx, grt

inclusions in cpx:
phl, ol, Cr-spl/chr, srp, cc;

inclusions in grt:
Al-spl, Al-cpx, dol
accessory minerals:

ap, sulfides

~4.6 GPa,
~1015 ◦C

Kargin et al., 2017 [54]
Grib kimberlite,

Arkhangelsk
province, Russia

cpx
veinlets filled with Ti-rich

phl, carbonate, srp, spl,
surrounded by spongy cpx

3.6−4.7 GPa,
764−922 ◦C

Golovin et al., 2018 [55]
Udachnaya-East

kimberlite, Siberian
craton, Russia

ol in sheared
peridotite

Na-carbonates, aragonite,
sulphates, halides

accessory minerals:
ol, tetraferri-phl, mgt,

djerfisherite

5.7−7.3 GPa,
1230−1360 ◦C

Howarth and Büttner,
2019 [45]

Monastery
kimberlite,

Kaapvaal craton,
South Africa

ol

cc, phl, spl (low Al & Cr),
prv, srp, fresh/devitrified

glass;
accessory minerals:ilm, ap,

cpx, monticellite

4.5–6.0 GPa

Abersteiner et al., 2019
[46]

Lac de Gras &
Jericho kimberlites,

Slave craton,
Canada;

Udachnaya-East
kimberlite,

Siberian craton,
Russia

cpx,
ol

carbonate-silicate inclusions:
phl, srp, cc, ol, spl (MUM),

chr, ap, prv, Ni-sulfides,
Ba-Sr-Na carbonates, barite

alkali-carbonate-chloride-silicate
inclusions: ol, phl,

tetraferri-phl, shortite,
pectolite, halite/sylvite, Ba-Sr

carbonates, srp,
K-Cl-S-bearing

Mg-Fe-silicate, djerfisherite

no estimate

1 Mineral abbreviations: ap = apatite, cc = calcite, chr = chromite, cpx = clinopyroxene, dol = dolomite, grt = garnet,
ilm = ilmenite, mgt = magnetite, ol = olivine; prv = perovskite, phl = phlogopite, spl = spinel, srp = serpentine.
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Figure 2. False-colored QEMSCAN® (Quantitative Evaluation of Minerals by Scanning Electron
Microscopy) images of typical polymineralic inclusions (modified after Bussweiler et al. [44]; their
Supplementary Figure 1 (A) Polymineralic inclusion within a Cr-diopside megacryst (cpx) surrounded
by a spongy rim, micro-melt inclusions (MMIs), fluid inclusion (FI) trails, and veinlets. Typical inclusion
phases are calcite (cc), olivine (ol), serpentine (srp), phlogopite (phl), chlorite (chl), and accessory apatite
(ap); (B) Polymineralic inclusion within a Cr-pyrope megacryst (grt) surrounded by a kelyphite rim,
fluid inclusion trails, and veinlets. Typical inclusion phases in addition to those observed in (A) are
dolomite (dol), spinel (spl), and clinopyroxene (cpx).

Early studies on polymineralic inclusions within olivine megacrysts from the Monastery kimberlite,
South Africa, favored an “entrapped liquid hypothesis”, implying that the inclusions formed from
kimberlitic liquids that were present during crystallization of the host megacrysts [32,51]. Similarly,
Schulze [43] proposed that the trapped liquid was also responsible for the crystallization of the host
megacrysts, and concluded that the melt that formed the inclusions may have been similar to a
phlogopite-bearing kimberlite, i.e., more enriched in volatiles than the host kimberlite. Importantly,
Schulze [43] compared polymineralic inclusions within clinopyroxene and with those included in
garnet from the same kimberlite pipe and suggested that the trapped melt was originally the same but
reacted with the respective hosts to produce different mineral assemblages. Moreover, Schulze [43]
first used the term “polymineralic inclusions” and already pointed out their widespread occurrence in
different megacryst minerals, including ilmenite, garnet, and diopside from kimberlites in Colorado,
Wyoming, and Kansas, as well as in Cr-poor megacrysts from the Jagersfontein, Kampfersdam, Frank
Smith, Kao, and Camatue pipes in southern Africa. The interpretations of these early studies were
adopted in the kimberlite textbook by Mitchell [27], where polymineralic inclusions are listed as
evidence in support of a high-pressure phenocrystal origin of megacrysts in kimberlite.

In the following decades, research on polymineralic inclusions in megacrysts appears to have lain
dormant, until van Achterbergh et al. [47] reported on melt inclusions (“globules”) within Cr-diopside
megacrysts from the Diavik diamond mine in the Lac de Gras area, Slave craton (Canada). Based on
detailed petrographic and geochemical observations, including trace element and isotope analysis,
they suggested a link to mantle carbonatites, possibly carrying the signature of subduction fluids.
In a follow-up study, van Achterbergh et al. [48] expanded on this idea to advocate for a genetic link
between mantle carbonatites and kimberlites. Importantly, they found a relationship between the
composition of polymineralic inclusions and the depth of origin of their host megacrysts, with deeper
megacrysts hosting more carbonate-rich inclusions. Araújo et al. [49] investigated the same sample
suite of Cr-diopside megacrysts from Diavik and concluded that the entire spectrum of melt inclusions
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(“carbonatitic” to “Mg-silicic”) is primarily a function of specifically how individual inclusions were
cut, which is termed the sectioning effect. Thus, Araújo et al. [49] suggested that the melt inclusions
were formed from kimberlitic melts through differentiation and wall–rock interaction. Based on trace
element signatures of clinopyroxene surrounding the polymineralic inclusions, they drew a connection
to diamond-forming fluids [50]. In a study on megacrysts hosted in kimberlites from the Democratic
Republic of Congo, Pivin et al. [52] described “polymineral inclusions” within garnet megacrysts. They
suggested that the inclusions could be the result of the destabilization of an unknown original mineral
inclusion in response to a K2O- and H2O-rich metasomatic fluid.

More recently, Bussweiler et al. [44] revisited the Diavik megacryst samples and extended
the investigation to include both clinopyroxene and garnet megacrysts from the Lac de Gras area
(with samples from the Diavik and Ekati diamond mines). They concluded that polymineralic
inclusions represent early kimberlite melt trapped at mantle depths which reacted extensively with
the respective host minerals. Similarly, Kargin et al. [53] described veinlets filled with kimberlitic
mineral assemblages within clinopyroxene megacrysts from the Grib kimberlite, Arkhangelsk province
(Russia), and interpreted these as the products of intense interaction with kimberlite melt. Howarth
and Büttner [45] revisited polymineralic inclusions hosted in olivine megacrysts from the Monastery
kimberlite (South Africa) and described fresh silicate glass preserved within the inclusions. They also
advocated for kimberlite melt entrapment at high pressure, i.e., in the subcratonic lithospheric mantle
(SCLM). Based on reconstructed bulk compositions, the authors concluded that the primary kimberlite
melt is carbonated silicate melt rather than carbonatite. Abersteiner et al. [46] focused on the much
smaller (<5 µm) melt inclusions (i.e., MMIs) surrounding polymineralic inclusions hosted in megacrysts
from Lac de Gras and Jericho kimberlites in the Slave craton (Canada), as well as from the Udachnaya
kimberlite in the Siberian craton (Russia). They suggested that polymineralic inclusions, and thus early
kimberlite melt, may have been enriched in alkali-halogen-phases. Golovin et al. [54] described melt
inclusions preserved within sheared peridotite xenoliths from the Udachnaya-East kimberlite that are
dominated by alkali-carbonates, sulphates, and halides (Table 1). Because these samples are derived
from greater depths, i.e., near the base of the SCLM, they may record even deeper melts/fluids, that are
potentially precursory to those producing polymineralic inclusions within megacrysts.

Based on previous studies (Table 1), polymineralic inclusions appear to be especially abundant
in clinopyroxene megacrysts (also see Figure 1). This can probably be attributed to its pronounced
cleavage, compared to other megacryst phases, such as olivine and garnet. The observation that
polymineralic inclusions are especially abundant in megacryst suite minerals (i.e., large crystals) may
be linked to the physical properties of megacrysts compared to those of the finer-grained minerals in
mantle xenoliths. In case of the latter, the interaction with kimberlite melt at depth and during ascent
may promote the disaggregation of xenoliths [56]. The coarser a xenolith, the sooner it will liberate
its crystal cargo, which can then be invaded by the surrounding melt. Incidentally, Brett et al. [56]
described similar carbonate- and phlogopite-rich inclusions of kimberlite melt in olivine macrocrysts
and attributed this to “siphoning” of the melt into the liberated olivine xenocrysts during the ascent of
the kimberlite.

2. Typical Mineralogy of Polymineralic Inclusions

Polymineralic inclusions are typically characterized by a groundmass composed either of carbonate
(Figure 2a) or Mg-silicate/glass (Figure 2b), in which daughter crystals, often euhedral in shape, are set.
The most common phase reported in polymineralic inclusions is phlogopite, which is present in all
host minerals (Table 1). It often occurs as discrete, euhedral crystals (Figure 2a), or around the inclusion
walls (Figure 2b). Phlogopite may be partially altered to chlorite (Figure 2a). Olivine also occurs within
inclusions in all host minerals. It is often euhedral and sometimes described to have a “spinifex” texture
(i.e., acicular or elongated crystals), which is indicative of fast cooling/quenching [46–48]. Olivine
is typically partially serpentinized. Carbonate in polymineralic inclusions is mostly calcite (CaCO3)
of different textural varieties (i.e., euhedral to colloform), but dolomite is also observed, e.g., within
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inclusions in garnet (Figure 2b). There is a clear difference in oxide minerals between polymineralic
inclusions in different host minerals. Within inclusions in clinopyroxene, the oxide phase is mostly
chromite (i.e., high-Cr, high-Ti), whereas within inclusions in garnet, both chromite and Cr-spinel
(high-Al) occur. Within inclusions in olivine, only low-Cr, low-Al spinel occurs. Ilmenite only seems
to occur within inclusions in olivine, whereas perovskite has been reported as an accessory phase
within inclusions in clinopyroxene and olivine [45,46]. Al-rich clinopyroxene and dolomite only occur
within polymineralic inclusions in garnet megacrysts [43,44]. Other commonly reported accessory
phases in polymineralic inclusions are apatite, barite, monticellite, and amphibole (e.g., kaersutite or
pargasite) (Table 1). The occurrence of phlogopite, apatite, amphibole, and carbonate minerals within
the inclusions clearly indicates that the melt was volatile-bearing (i.e., CO2, H2O, halogens).

Based on their groundmass composition, polymineralic inclusions have been divided into
carbonate-rich or silicate-rich end-members [44,48,49]. However, because mineral compositions were
found to be indistinguishable across this spectrum, this is now mostly attributed to a sectioning effect (see
Section 4.2). Haggerty and Boyd [51] described a separate type of sulfide-rich inclusion, which might
indicate immiscibility of a sulfide-melt from the original kimberlite melt. Such pure sulfide inclusions
have not been reported since (to the knowledge of the author). Yet, sulfides (i.e., pyrite/pyrrhotite,
Ni-rich sulfides) are often described as accessory phases in polymineralic inclusions [44,46–48] and
may constitute an important component of the original melt. It is therefore possible that Haggerty and
Boyd [51] looked at a sulfide-rich region of a partially exposed polymineralic inclusion.

In addition to polymineralic inclusions, i.e., fully-crystallized and crystals plus melt-inclusions,
megacrysts commonly also contain single mineral inclusions. In some cases, these may have been
altered by invading fluids to produce similar mineral assemblages to those observed in polymineralic
inclusions (e.g., see olivine inclusion in Figure 1b). Such altered mineral inclusions can be distinguished
from polymineralic inclusions based on mineral chemistry, e.g., higher Ni contents in phases resulting
from the breakdown of former olivine inclusions [44].

In summary, there is a defined relationship of the mineralogy of polymineralic inclusions with
their host megacrysts. Different mineral assemblages within polymineralic inclusions may also be
explained by local and regional differences in kimberlite composition, given that each kimberlite
has a slightly different bulk composition [19]. However, based on previous studies that compared
polymineralic inclusions in different host minerals from the same kimberlite [43,44], it appears that the
host mineral exerts a strong control on which phases can form in polymineralic inclusions.

2.1. Relationship to Surrounding MMIs and Veinlets

A genetic relationship between polymineralic inclusions and the surrounding MMIs and veinlets
is potentially supported by the presence of similar inclusion phases, e.g., phlogopite and calcite.
However, the mechanism and timing of the formation of the surrounding MMIs, veinlets, and fluid
inclusion trails is still a matter of debate. Early studies suggested that the veinlets formed outwards
from the main inclusions due to sudden pressure release during eruption of the kimberlite, causing
preferential liberation of volatile components [32,51]. In contrast, van Achterbergh et al. [47] surmised
that the veinlets may have acted as the channel-ways along which the original melt became trapped by
necking down. Bussweiler et al. [44] noted that the fluid inclusion trails are dominated by CO2-rich
inclusions, and proposed that they were produced by decarbonation reactions that occurred between
the host mineral and the trapped melt (see Section 4.3.). In this scenario, the fluid inclusion trails
and veinlets would form outwards due to decompression and the release of CO2. Howarth and
Büttner [45] observed that fractures around polymineralic inclusions within olivine megacrysts from the
Monastery kimberlite contain partially devitrified glass, compositionally identical to the fresh residual
glass within the polymineralic inclusions (see Section 2.2.), also indicating fracture formation during
decompression after melt entrapment. Thus, the authors interpreted fractures and veinlets extending
from the polymineralic inclusions as “expansion textures”. Abersteiner et al. [46] cautioned that many
polymineralic inclusions constitute an open system, because veins that facilitated the infiltration of
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kimberlite melt do not appear to have healed and sometimes connect to the surrounding kimberlite
groundmass. Therefore, they suggested that MMIs may constitute more pristine samples of the trapped
melt. Nevertheless, while secondary alteration cannot be ruled out, it is obvious that polymineralic
inclusions are different in mineralogy and composition from typical, late-stage groundmass kimberlite,
and thus preserve some characteristics of an early kimberlite melt trapped at mantle depths.

2.2. Presence of Glass in Polymineralic Inclusions

Glass within polymineralic inclusions in megacrysts has been reported in clinopyroxene megacrysts
from Lac de Gras kimberlites, Slave craton (Canada) [48], in garnet megacrysts from the Mbuji-Mayi
and Kundelungu kimberlites (Democratic Republic of Congo) [52], and in olivine megacrysts from
the Monastery kimberlite (South Africa) [45,56]. Van Achterbergh et al. [48] noted that the silicate
glass formed concentric layers alternating with carbonate-rich layers, and attributed this to unmixing
during quenching (i.e., super-solidus separation). Pivin et al. [52] noted that the glass composition
was too silica-rich (43–54 wt.% SiO2) and alkali-poor (e.g., Na2O + K2O + CaO: 0.75–3.0 wt.%) to
correspond to a typical kimberlite composition, and tentatively interpreted the inclusions to result
from the breakdown of an unknown original phase which equilibrated with its host garnet during a
K2O- and H2O-rich fluid metasomatic event. Recently, Howarth and Büttner [45] revisited glass-rich
polymineralic inclusions within olivine megacrysts from the Monastery kimberlite (South Africa)
and highlighted their exceptional preservation. They also reported the glass composition to be
Si–Mg–Fe-rich, largely Ca–K–Ti-free, and depleted in the rare earth elements (REE). The H2O content
was estimated to be up to 10 wt.%, whereas the CO2 content was found to be negligible. Howarth
and Büttner [45] concluded that the glass component represents a quenched residual melt from which
CaO, K2O, TiO2, CO2, and REE were depleted during crystallization of the solid phases within the
inclusions (e.g., phlogopite, calcite, perovskite, and spinel). Interestingly, the observed elevated H2O
contents would exceed those typically found within glassy melt inclusions in arc settings [57], which
could be a function of (i) higher pressure of the formation of polymineralic inclusions in megacrysts,
and (ii) faster ascent rates of kimberlites and thus faster quenching compared to arc magmas. Future
studies could employ spectroscopic methods, e.g., Raman or Fourier-transform infrared spectroscopy
(FTIR), to confidently identify the glass component within polymineralic inclusions and to quantify its
volatile content.

From these previous reports, it appears that the preservation of fresh glass is more likely within
olivine megacrysts. Again, this could be a function of the physical properties of the host mineral.
For example, it can be noted that the average thermal conductivity is higher for forsterite (~12.3 mcal/cm
sec ◦C) than for pyrope (~7.6 mcal/cm sec ◦C) and diopside (~9.8 mcal/cm sec ◦C) [58]. A higher
thermal conductivity may enable faster quenching of the trapped melt into a glass during emplacement
and cooling of the transporting kimberlite. Alternatively, inclusions in olivine may be better preserved
due to less pronounced cleavage compared to clinopyroxene, shielding the inclusions more effectively
from secondary alteration. In any case, the preservation of fresh glass in polymineralic inclusions
is remarkable and attests to their relatively pristine nature. However, because this glass reflects the
residual melt left behind after the crystallization of the inclusion assemblage, its composition needs to
be integrated with those of the daughter crystals to obtain the composition of the original melt.

2.3. Origin of Serpentine in Polymineralic Inclusions

The origin of serpentine in kimberlites is still very much debated, as reflected in the recent
comment and reply discussion by Fulop et al. [59,60] and Gernon et al. [61]. Whereas Fulop et al. [59,60]
maintained that serpentinization in the Snap Lake kimberlite, Slave craton (Canada) is dominantly
driven by deuteric fluids, Gernon et al. [61] argued that it must be essentially completely driven by the
interaction with groundwater, because the amount of released volatiles from the magma would not be
large enough to cause the pervasive alteration of kimberlite. A major open question in this debate,
which the study of polymineralic inclusions may help to address, is how rich in volatiles the kimberlite
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magma was at mantle depths. The presence of OH-bearing minerals in kimberlites in general, and
within the polymineralic inclusions in particular (see above), indicates that the melt was water-bearing.

There is evidence that some polymineralic inclusions have been affected to varying degrees by
secondary alteration. For example, olivine is commonly serpentinized and phlogopite is commonly
chloritized/vermiculitized (Figure 2a). In some cases, serpentine makes up the entire matrix of
polymineralic inclusions in which euhedral to subhedral phases are set (Figure 2b). The origin of the
fluids driving this serpentinization is still unclear. Early studies argued that fractures extending from
the inclusions remained open and allowed meteoric fluids to enter [43]. However, alteration may
also have been driven by deuteric fluids from within the inclusions, i.e., residual fluids left behind
after crystallization of the assemblage of daughter minerals. Bussweiler et al. [44] suggested that in
addition to forming the surrounding fluid inclusions, the exsolution of a fluid phase (containing CO2

and H2O) may have promoted the crystallization of phlogopite, and potentially the precipitation of
subsolidus serpentine within polymineralic inclusions. Howarth and Büttner [45] observed that the
composition of fresh glass within polymineralic inclusions is compositionally similar to serpentine,
and thus suggested that groundmass serpentine in hypabyssal kimberlites may have formed, to some
extent, from the devitrification of a similar silicate melt as preserved in polymineralic inclusions. This
possibility has also been suggested in some previous studies on hypabyssal kimberlites [7,62,63].

2.4. Importance of Alkali-Halogen-Phases in Polymineralic Inclusions

Abersteiner et al. [46] recently reported on alkali-carbonates and alkali-chlorides (e.g., shortite,
halite/sylvite, djerfisherite) that are dominantly found within MMIs around the main polymineralic
inclusions. These accessory minerals are generally small, with grain sizes <10 µm, so it is unclear how
much they would contribute to the original bulk composition of polymineralic inclusions. However,
because alkali-halogen-phases are highly soluble, they may have been lost due to secondary alteration
or during sample preparation of polymineralic inclusions. Therefore, it is crucial to select unaltered
samples and use water-free polishing agents when studying polymineralic inclusions [44,46]. In any
case, the presence of alkali-carbonates and alkali-chlorides within and around polymineralic inclusions
seems to suggest that the trapped melt was originally more enriched in alkalis, Cl, S, and CO2 than the
host kimberlite [46].

In this context, it may be useful to revisit the composition of other commonly observed accessory
minerals in polymineralic inclusions, such as apatite and amphibole (i.e., kaersutite or pargasite).
These phases are potentially more resistant to secondary alteration and may act as important hosts
for halogens, e.g., F and Cl, in the mantle [64]. Phlogopite can also serve as a host for halogens, and
previous studies measured moderate halogen contents in phlogopite within polymineralic inclusions
(e.g., F < 0.5 wt.%, Cl < 0.1 wt.%) [44]. Van Achterbergh et al. [48], using neutron microprobe (NMP)
imaging, detected areas of increased concentrations of halogens (e.g., F and Br) within polymineralic
inclusions in Diavik Cr-diopsides. The analysis of phlogopite within polymineralic inclusions in olivine
megacrysts from the Monastery kimberlite [45] yielded slightly higher F values (up to 1.2 wt.% with a
mean of 0.51 wt.%). Abersteiner et al. [46] analyzed phlogopite within polymineralic inclusions in
clinopyroxene megacrysts from different locations, including Diavik and Jericho (Slave craton, Canada),
and Udachnaya (Siberian craton, Russia). Their Diavik samples yielded moderate halogen contents
(F ~0.22 wt.%, Cl < 0.03 wt.%), in agreement with the findings by Bussweiler et al. [44]. In contrast,
Jericho samples yielded significantly higher F values (up to 3.5 wt.% with a mean of 0.51 wt.%), whereas
Udachnaya samples gave the highest mean value (~0.6 wt.% F).

In future studies, it would be interesting to test whether such elevated halogen contents in certain
minerals are a general feature of polymineralic inclusions, or whether this enrichment is linked to
specific locations.
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3. Mineral Chemistry of Typical Phases in Polymineralic Inclusions

Bussweiler et al. [44] compared the mineral chemistry of the major mineral phases in
polymineralic inclusions (e.g., olivine, phlogopite, carbonates, spinel/chromite, serpentine/chlorite)
with corresponding minerals in kimberlites and, when applicable, in mantle peridotites. The two
major outcomes of this comparative study were that (i) the compositions of minerals in polymineralic
inclusions generally lie at the beginning of typical kimberlite differentiation trends, and (ii) the mineral
chemistry is further influenced by the composition of the host. The latter is especially evident in
elevated Cr concentrations (e.g., in phlogopite, Figure 3), interpreted as a function of a chemical
interaction of the trapped melt with the host Cr-rich megacrysts (i.e., Cr-diopside and Cr-pyrope).
New data for phlogopite in polymineralic inclusions hosted in clinopyroxene megacrysts from Jericho
and Udachnaya by Abersteiner et al. [46] support this interaction with the host: phlogopite within
polymineralic inclusions in megacrysts from Jericho is notably more enriched in Cr than phlogopite
within the Udachnaya samples (Figure 3). This is directly reflected in the Cr contents of the host
clinopyroxene megacrysts; Jericho samples contain on average ~1.2 wt.% Cr2O3, whereas Udachnaya
samples contain only ~0.4 wt.% Cr2O3 [46].
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Figure 3. Compositional variation of phlogopite (A: Cr2O3 versus Mg/(Mg+Fe), B: Cr2O3 versus
TiO2) within polymineralic inclusions in clinopyroxene and garnet megacrysts from Lac de Gras
(LDG) (modified after Bussweiler et al. [44]; their Figure 6), and clinopyroxene megacrysts from
Jericho and Udachnaya [46]. Reference data for phlogopite in kimberlites are from Eccles et al. [65],
Armstrong et al. [66], and Kopylova et al. [67]. Reference data for phlogopite in mantle xenoliths are
from Menzies et al. [68] and Giuliani et al. [25].

In general, Ti-rich phlogopite appears to be a common feature of polymineralic inclusions (Table 1).
Under closer inspection, however, Abersteiner et al. [46] noted that phlogopite hosted in polymineralic
inclusions and MMIs can exhibit a variety of zoning patterns, including discrete internal zones
characterized by decreasing TiO2 and Al2O3 and increasing FeO contents (from core to rim), and thin
(<10 µm) Ba-rich rims (i.e., kinoshitalite), which may be surrounded by the outermost rims of Al-free
phlogopite (i.e., tetraferriphlogopite). Spinel in polymineralic inclusions can also show compositional
zoning. For example, Bussweiler et al. [44] observed that chromites within polymineralic inclusions
in Cr- diopsides and Cr-pyropes plot along “magmatic trend 2” [27,28], which is characterized by
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Fe-enrichment prior to an increase in Ti content. This is attributed to the co-crystallization of phlogopite
and olivine within the inclusions. Such complexity in mineral compositions points to fractional
crystallization within the polymineralic inclusions and warrants caution when reconstructing bulk
compositions (see Section 4.2.).

Interestingly, spinel within polymineralic inclusions hosted in olivine megacrysts [45] is strikingly
different from spinel and chromite reported within inclusions hosted in clinopyroxene and garnet
megacrysts [44]. Spinel within inclusions in olivine has low Cr2O3 and Al2O3 contents (generally
<5.0 wt.% for each) and is thus more similar to magnesio–ulvöspinel–magnetite (MUM) spinels [45].
It is argued here that the absence of high-Al, high-Cr spinel within polymineralic inclusions in olivine
may also be linked to the influence of the host mineral; Cr and Al are trace elements in forsterite
but major components in Cr-diopside and Cr-pyrope. Ilmenite is only present within polymineralic
inclusions in olivine (Table 1) and has been reported to be enriched in Mg compared to ilmenites found
in the host kimberlite [51]. This could also be attributed to the high-Mg nature of the olivine host.

3.1. Trace Element Data

Trace element concentrations in minerals within polymineralic inclusions were obtained mostly for
phlogopite and calcite [44,47–49], because these phases are large enough to be sampled by laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS). The trace element signatures were either
compared directly to those of phlogopite and calcite in kimberlites and/or mantle peridotites [44],
or combined to obtain patterns for reconstructed bulk compositions, which were then compared to
patterns of whole rock kimberlites [47–49]. Figure 4 shows a compilation of trace element patterns for the
Diavik sample suite, Slave craton (Canada), including the pattern of the host clinopyroxene (Cr-diopside)
megacrysts, their polymineralic inclusions, and the host kimberlite (Diavik A154N). The trace element
patterns of the polymineralic inclusions clearly overlap with those of the host kimberlite, supporting
that they constitute trapped kimberlite melt, and not an exotic mantle carbonatite, as initially suggested
by van Achterbergh et al. [47]. The host kimberlite appears to be more enriched in the elements Ba,
Ti, Zr, Hf, Nb, and Ta, i.e., the high field strength elements (HFSE). This is likely due to the fact that
accessory phases which are potentially enriched in HFSE (e.g., apatite, perovskite, ilmenite, amphibole,
see Table 1), were not included in the reconstruction of the bulk patterns of the polymineralic inclusions.
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Figure 4. Chondrite-normalized (using the values by McDonough and Sun [69]) trace-element
patterns of reconstructed bulk compositions of polymineralic inclusions within Diavik clinopyroxene
(Cr-diopside) megacrysts compared to the pattern of the host A145N kimberlite [70]. Average
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al. [47,48] and Araújo et al. [49]. Average concentrations for clinopyroxene megacrysts were calculated
from the data by van Achterbergh et al. [47,48] and Bussweiler et al. [42]. The shaded fields indicate the
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Araújo et al. [49] further measured trace elements in the spongy rims surrounding polymineralic
inclusions in Cr-diopside megacrysts, and compared these to the signature of certain diamond-forming
fluids [50]. They observed a general resemblance to the pattern of fluid inclusions in diamonds along
the spectrum of saline brines to carbonatitic compositions. However, it should be noted that spongy
rims contain abundant micro-inclusions of phlogopite and calcite, as well as multi-phase MMIs, which
are extremely difficult to avoid during LA-ICP-MS.

Howarth and Büttner [45] presented trace element data for perovskite, calcite, phlogopite, and
glass within polymineralic inclusions hosted in olivine megacrysts from the Monastery kimberlite,
Kaapvaal craton (South Africa). They observed that the trace element concentrations (e.g., REE) in
perovskite within polymineralic inclusions are similar to those of perovskite measured in South African
kimberlites. The REE pattern of the silicate glass clearly showed REE partitioning from the melt
into the solid phases, e.g., phlogopite, calcite, perovskite, and spinel, during crystallization of the
inclusions [45].

In general, it can be observed that mineral compositions, in terms of major and trace elements, lie at
the beginning of typical differentiation trends of kimberlite minerals. This underlines the conclusion
that polymineralic inclusions represent early kimberlite melt trapped at mantle depths, not simply
late-stage groundmass kimberlite.

3.2. Isotopic Data

So far, few studies have investigated the isotopic composition of phases within polymineralic
inclusions. The most comprehensive study was undertaken by van Achterbergh et al. [47], who
measured oxygen and strontium isotopes in the host clinopyroxene megacrysts, as well as oxygen,
carbon, and strontium isotopes in calcite within the polymineralic inclusions. The 87Sr/86Sr ratio in
the host clinopyroxene was ~0.7034, whereas the polymineralic inclusions yielded a more radiogenic
value of ~0.7067. The δ18O of the host clinopyroxene was +4.0%� relative to standard mean ocean
water (SMOW), and significantly higher for the polymineralic inclusions (+14.2%� relative to SMOW).
The δ13C value for the polymineralic inclusion was –2.1%� relative to Peedee belemnite (PDB).
From these isotope systematics, the authors concluded that (i) the preserved isotopic disequilibrium
between the host clinopyroxene and polymineralic inclusions suggests entrapment shortly before
kimberlite eruption, and (ii) subducted crustal material may have been involved in the origin of the
polymineralic inclusions.

Bussweiler et al. [44] measured Sr isotopes in the host clinopyroxene and garnet megacrysts, as
well as in calcite in their respective polymineralic inclusions. The 87Sr/86Sr ratios of the host megacrysts
were also found to be significantly lower (~0.7045 for clinopyroxene, ~0.7040 for garnet) than those of
their respective polymineralic inclusions (0.7049–0.7053 in inclusions in clinopyroxene, 0.7061–0.7071
in inclusions in garnet), supporting isotopic disequilibrium, in accordance with the findings of van
Achterbergh et al. [47]. However, the measured 87Sr/86Sr ratios of the polymineralic inclusions still
overlap with the signature of the host kimberlite, i.e., ~0.70619 for the Diavik A154 kimberlite [70],
making an early kimberlite melt the most likely candidate for producing the polymineralic inclusions,
which is also supported by the striking overlap in trace element patterns (see Figure 4). Moreover,
Bussweiler et al. [44] showed that the difference in 87Sr/86Sr ratios between carbonate in polymineralic
inclusion and the host megacryst was smaller for clinopyroxene than for garnet, which was taken as
evidence for a stronger reaction between trapped kimberlite melt and host clinopyroxene.

Future studies could use Rb–Sr isotope systematics on phlogopite [71] to test whether the close
temporal link between polymineralic inclusions and the eruption of the host kimberlite is a common
feature. It may even be possible to decipher multiple kimberlite pulses at depth preceding the eruption,
although compositional and isotopic heterogeneities are unlikely to be preserved for an extended
time at mantle conditions. Moreover, further stable isotope data (e.g., hydrogen, oxygen, and carbon
isotopes) could help to distinguish between primary (i.e., deuteric) or secondary (i.e., meteoric) origins
of serpentine/chlorite in polymineralic inclusions.
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4. Insights into the Evolution of Kimberlite from Mantle to Crust

Polymineralic inclusions in megacrysts can help to better understand the evolution of kimberlite
melt/magma during its ascent from the upper mantle to the crust. By calculating the pressure (P) and
temperature (T) of equilibration for the host megacrysts using geothermobarometry, the maximum
depth of formation of polymineralic inclusions can be constrained. In order to estimate the composition
of the original melt responsible for the formation of polymineralic inclusions, it is necessary to recombine
the major mineral constituents according to their modal abundance, while taking into account the
effects of interaction with the host, fractional crystallization (both within the inclusions and in the
transporting kimberlite), and secondary alteration. Taking a comparative approach, i.e., by looking at
polymineralic inclusions hosted in different megacryst phases sampled by the same kimberlite, might
make it possible to deduce the “reactivity” of the original melt with different mineral phases and
would help to discover common primary features (e.g., volatile content). In future studies, combining
the results from different host megacrysts from different P-T conditions, but also from the same batch
of kimberlite magma, could help to decipher the magma evolution of a given kimberlite. On the basis
of existing studies, some general insights will be summarized here.

4.1. Depth of Formation of Polymineralic Inclusions

In order to constrain the depth of formation of polymineralic inclusions, it is helpful to know the
P-T conditions under which the host megacrysts have formed. This would give a maximum depth
at which entrapment of the inclusions could have occurred because, in theory, the melt could have
invaded the megacrysts at any point during the ascent of the transporting kimberlite. A general
challenge with estimating the P-T conditions of megacrysts is the fact that they are often monomineralic.
Single-crystal thermobarometry is possible for clinopyroxene [72], but only if compositional thresholds
apply that indicate equilibrium with a peridotite assemblage [73]. Therefore, previous studies have
relied on megacryst samples that also contain other mineral inclusions, or inferred that the megacrysts
were in equilibrium with a lherzolitic assemblage [47,48]. For Cr-rich megacrysts this assumption
appears to be justified, because they are virtually indistinguishable from lherzolitic phases [29,42].

The results of previous P-T calculations for megacrysts that contain polymineralic inclusions
(Table 1) indicate that the formation of megacrysts, and by extension the formation of polymineralic
inclusions, occurs along a range of depths within the SCLM, generally at pressures ranging from 4 to
6 GPa and temperatures from 1050 to 1240 ◦C. Results for clinopyroxene megacrysts from the Grib
kimberlite, Arkhangelsk province (Russia) yielded somewhat lower P-T conditions of 3.6–4.7 GPa
and 764–922 ◦C. Older and also more recent models suggest that the formation of megacrysts could
be the result of previous kimberlite pulses (i.e., proto-kimberlites) that stalled in the lithospheric
mantle [30,41,42]. Once these megacrysts are sampled by a subsequent “successful” kimberlite
pulse, they can become infiltrated by early kimberlite melt at depth, aided by cleavage planes or
decompression cracks in the host megacrysts. As the kimberlite magma ascends, different reactions
between trapped melt and host megacrysts occur along the way (see Section 4.3).

4.2. Composition of the Original Melt

Bulk compositions of the original melt(s) that formed the now fully-crystallized polymineralic
inclusions are notoriously difficult to obtain. For example, Schulze [43] noted that “because of the
small size and altered nature of the samples, it would be difficult to obtain meaningful modes or bulk
compositions. Reaction with the garnet host has changed the bulk composition of the samples, and
water at least has been added during serpentinization.” Since then, however, a range of new analytical
techniques have become available, and these were used to constrain the modal and bulk composition
of polymineralic inclusions. For example, van Achterbergh et al. [48] applied neutron microprobe
imaging (NMP), Bussweiler et al. [44] applied Quantitative Evaluation of Minerals by Scanning
Electron Microscopy (QEMSCAN®, see Figure 2), and Howarth and Büttner [45] used large area energy
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dispersive spectrometry (EDS) mapping on polymineralic inclusions. Van Achterbergh et al. [47,48] and
Araújo et al. [49] calculated bulk compositions of polymineralic inclusions in terms of major and trace
elements by combining EPMA with LA-ICP-MS data (see Section 3.1) for the major inclusion phases.
In future studies, trace element mapping by LA-ICP-MS may prove useful in order to better constrain
the trace element budget of polymineralic inclusions and to highlight potential accessory phases.

When plotting the results of these previous studies, it can be noted that the reconstructed bulk
compositions of polymineralic inclusions define linear arrays in terms of the major components,
i.e., in CaO–SiO2 and MgO–SiO2-space (Figure 5). These arrays (highlighted as dotted red arrows in
Figure 5) connect the end-member compositions of calcite and olivine, both common phases within
polymineralic inclusions. Thus, the observed range of compositions can primarily be attributed to a
sectioning effect, i.e., whether more calcite or olivine (or other Mg–Fe-silicates) are exposed [44,49].
However, some variation may also be due to differentiation of the melt before entrapment and/or
interaction with the host megacryst during or after entrapment. Howarth and Büttner [45] argued that
the polymineralic inclusions that they studied within olivine megacrysts from the Monastery kimberlite
were relatively pristine and did not react extensively with the host. However, when comparing their
bulk compositions to the trend of previously published compositions for polymineralic inclusions,
they in fact lie on a similar array, but are clustered near the composition of olivine (Figure 5). Likewise,
the bulk compositions of polymineralic inclusions within garnet megacrysts by Bussweiler et al. [44]
are clearly shifted towards the composition of the host garnet composition (Figure 5b). Thus, reaction
with the host megacrysts needs to be taken into account when evaluating the bulk composition of
polymineralic inclusions.

When comparing the reconstructed bulk compositions of polymineralic inclusions with those of
possible primary kimberlite melts produced in high-pressure, high-temperature experiments [12–16,74],
it can be noted that the experimental melts mostly lie on the lower-SiO2 side relative to the polymineralic
inclusion array (Figure 5). Importantly, there is good overlap with low-degree melts produced at
7 GPa and 1400 ◦C in recent experimental studies [16,75]. The same holds true for the range of
reconstructed primary compositions for South African kimberlites by Soltys et al. [20], which overlap
the compositional array defined by the polymineralic inclusions on the lower-SiO2 side (Figure 5).
Thus, primary kimberlite melt compositions, i.e., from within the experimental melt fields, can
theoretically be projected onto the polymineralic inclusion arrays by reaction with the host megacrysts,
e.g., clinopyroxene or garnet. Reaction with/dissolution of orthopyroxene and olivine may play a
role as well. However, experimental studies have shown that the dissolution of orthopyroxene in
ascending carbonate-rich melts is not effective until pressures of <3.5 GPa [76] and that decarbonation
does not occur until depths of <100 km [77]. Yet, the dissolution of orthopyroxene is also a function of
the primary melt composition, and other experimental studies suggested that in a Na2CO3 melt this
process would occur sooner and could result in the formation of a homogeneous silicate–carbonate
melt at 5.0 GPa and 1200 ◦C [78].

In contrast to the experimental melts shown in Figure 5, melts produced from the melting of
Udachnaya-East kimberlite (Siberian craton, Russia) [79,80] generally yield significantly lower SiO2 and
MgO contents (both <12 wt.%), and higher CaO (up to ~28 wt.%) and Na2O contents (up to ~10 wt.%).
If instead these compositions represent the primary kimberlite melt, a higher degree of assimilation of
mantle minerals would be required to produce the melt(s) which formed the polymineralic inclusions.

In addition to the major and trace elements discussed above, the common presence of accessory
sulfides and sulphates within polymineralic inclusions (Table 1) suggests that early kimberlite melt
may contain a significant sulfur component. The reconstructed bulk composition (“bulk globule”) by
van Achterbergh et al., 2004, indicates that the S content may be ~0.5 wt.%.
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Figure 5. Reconstructed bulk compositions of polymineralic inclusions from various studies (see legend)
plotted together with experimental melts (shaded fields), estimates of primary kimberlite magmas from
natural kimberlites (triangles), and end-member compositions of calcite (cc), olivine (ol), garnet (grt),
clinopyroxene (cpx), and orthopyroxene (opx) (modified after Bussweiler et al. [44]; their Figure 12).
The blue rectangle represents the range of reconstructed primary compositions for South African
kimberlites by Soltys et al. [20]. The CaO versus SiO2 plot (A) and MgO versus SiO2 plot (B) show that
reconstructed bulk compositions of polymineralic inclusions mostly define compositional arrays (dotted
red arrows) between the end-members cc and ol, which is probably a function of a sectioning effect.
Possible primary compositions, i.e., from within the experimental melt fields, can be projected onto
the polymineralic inclusion arrays by reaction with the host megacrysts, e.g., clinopyroxene or garnet.
Reaction with/dissolution of orthopyroxene and olivine may play a role as well.

4.3. Differentiation of Kimberlite Melt and Interaction with Megacryst Hosts during Ascent

The picture that emerges from the study of polymineralic inclusions is that of a multi-stage origin
for kimberlites and their high-pressure mineral constituents, i.e., megacrysts. Kimberlites form in
multiple pulses, stall in the upper mantle, and form megacrysts at a range of depths. Subsequent
kimberlite pulses can entrain these megacrysts and the transporting melt can infiltrate them to form
melt inclusions, possibly at various stages during the ascent of the host magma, which crystallize upon
kimberlite emplacement to form polymineralic inclusions. Interestingly, van Achterbergh et al. [48]
initially suggested that polymineralic inclusions in deeper samples are more carbonate-rich, whereas
polymineralic inclusions in shallower samples are more silicate-rich. This could indicate progressive
differentiation of the kimberlite melt, e.g., by reaction/dissolution of mantle minerals. However,
the different end-members (carbonate-rich versus silicate-rich) were later attributed to sectioning effects
because the mineral compositions are essentially identical [44,49]. A more rigorous investigation of a
suite of megacryst minerals and their polymineralic inclusions, which combines geothermobarometry
with careful petrographic observations, could test this hypothesis.
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Once the potentially variably differentiated melt is trapped in the host megacrysts, it undergoes
different reactions with the different host minerals. For example, Bussweiler et al. [44] showed that
polymineralic inclusions within Cr-diopsides record the decarbonation reaction of dolomitic melt +

diopside→ forsterite + calcite + CO2. Similarly, kelyphite around polymineralic inclusions within
garnet results from decompression reactions with the trapped kimberlite melt, which has previously
been proposed for kelyphite rims commonly observed around garnet xenocrysts [81]. In contrast,
Howarth and Büttner [45] found little textural or chemical evidence for interaction with the trapped
melt and host olivine megacrysts. This could suggest that olivine is a more “inert” container for early
kimberlite melt than, for example, clinopyroxene and garnet, which would be in agreement with
the abundance of olivine xenocrysts in kimberlite [1–6]. For the polymineralic inclusions in olivine
megacrysts, the differentiation of the melt seems to be mainly controlled by the crystallization of
phases present within the polymineralic inclusions, e.g., perovskite, phlogopite, calcite, and spinel [45].
Nevertheless, the distribution of reconstructed bulk compositions of polymineralic inclusions in olivine
(Figure 5) seems to suggest that some reaction between the trapped melt and the host olivine has
occurred. Upon emplacement of the kimberlite, polymineralic inclusions are fully crystallized or
quenched to a glass, and in most cases shielded within their host megacrysts from degassing and
secondary alteration processes that affect the surrounding kimberlite. In general, the crystallization
sequence of polymineralic inclusions is similar to that of typical Group I kimberlites (e.g., [82]).
After melt entrapment and reaction with the host, olivine and phlogopite seem to crystallize first
(as indicated by their large crystal sizes and euhedral shapes), followed by the crystallization of spinel
and accessory phases (e.g., apatite, perovskite, barite), and crystallization/quenching of a groundmass,
which resembles the ‘mesostasis’ of carbonate and serpentine commonly observed in kimberlites.
Prominent exceptions to this crystallization sequence are minerals such as Al-rich clinopyroxene,
Al-rich spinel, and euhedral dolomite (e.g., within polymineralic inclusions in garnet), which are
typically absent from kimberlites. Here, these phases are interpreted to result from the interaction with
the host megacrysts.

5. Conclusions and Outlook

Polymineralic inclusions within megacrysts from kimberlites likely represent kimberlite melt
trapped at mantle depths which reacted with the host megacrysts during kimberlite ascent and fully
crystallized or quenched upon emplacement of the transporting kimberlite. Such inclusions have
now been described from different locations around the globe, including the Slave craton (Canada),
the North American craton (USA), the Siberian craton (Russia), the East European craton (Russia),
and the Kaapvaal craton (South Africa). By bringing the evidence from different locations together, it
appears that the host megacrysts exert a strong control on inclusion mineralogy and mineral chemistry.
From this observation, it may be possible to converge on a common composition, which is most likely to
represent early kimberlite melt (although different geochemical flavors are to be expected for different
kimberlite occurrences). Open questions remain concerning the nature of alkali-halogen-phases
within polymineralic inclusions: Are they commonly lost during secondary alteration and/or sample
preparation? Are they a primary feature of kimberlite melt, or do they become enriched in late-stage
differentiation processes? In this context, more measurements of halogen concentrations in typical
phases within polymineralic inclusions would be useful. Further trace element and isotopic studies on
polymineralic inclusions are needed to pinpoint the origin of different inclusions phases, e.g., serpentine,
and eventually the source(s) and composition(s) of the primary kimberlite melt. Finally, there are some
similarities between the polymineralic inclusions described here and multi-phase inclusions in fibrous
diamonds [83]. The latter also commonly contain phlogopite and carbonate as daughter minerals,
and there also is a saline end-member of high-density fluid (HDF) inclusions [84,85]. A possible
link between HDF inclusions in diamonds and polymineralic inclusions in megacrysts remains to be
investigated in future studies.
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