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Abstract: This work is devoted to the systematization of the composition of xenogenic olivine from
kimberlites as the main mineral composing the lithospheric mantle. Based on data on the composition
of olivines from xenoliths and megacrysts from kimberlites, a general division into four types is
proposed: olivines of ultrahigh-temperature (HTP-1), high-temperature (HTP-2) and low-temperature
(LTP) peridotites, as well as olivines of low-chromium megacryst association (MCA). The separation
scheme uses the CaO content as an indicator of the formation temperature and the Mg/(Mg + Fe)
ratio as an indicator of the degree of enrichment in olivines. In contrast to Al, the Ca content in
olivines from cratonic peridotites is high enough to use only EPMA when applying the proposed
scheme. According to this scheme the study of more than 1500 individual olivine xenocrysts from
a number of kimberlite bodies of the Siberian platform was made. It revealed three characteristic
distributions of olivine types: without high-temperature differences (Obnazhennaya pipe), with
significant development of HTP-2 (Olivinovaya and Vtorogodnitsa pipes), and with a significant
development of HTP-1 (Dianga pipe). Only the latter type of distribution is characterized by the
presence of a noticeable amount of megacryst association olivines. The study of other minor elements
(TiO2 and NiO) in olivines allowed us to propose a model for the formation of high-temperature
olivines of two different types due to the interaction of megacryst melt of various fractionation stages
on depleted rocks of the lithospheric mantle. HTP-2 olivines arose upon exposure to a fractionated
melt of the late stages of crystallization, and HTP-1 olivines appeared upon exposure to unfractionated
(less enriched with incompatible components) megacryst melt at higher temperatures of the initial
stage of crystallization.

Keywords: olivine; kimberlite; lithospheric mantle; Siberian platform; high-temperature
peridotites; megacrysts

1. Introduction

Xenoliths carried to the surface by basaltic or kimberlitic melts bear a message from the subcratonic
lithospheric mantle (SLM). Mantle xenoliths in kimberlites are of quite rare occurrence for several
reasons, including disintegration into xenocrysts during the emplacement. The xenocrysts can provide
less precise but more complete information on the SLM structure and on processes at the respective
depths. The lithospheric mantle is composed of garnet and spinel peridotites, which contain abundant
olivine, one of most widespread kimberlite minerals [1,2]. Olivine would be of interest as an SLM
representative, but using its composition as a proxy of SLM features may be problematic: it has
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narrower ranges of major elements than garnet, though the variability of minor elements (Ca, Ti, etc.)
is sufficient [3,4], and moreover, it can be crystallized directly from kimberlite magma [5–7] or may
belong to a megacryst assemblage [8,9].

Currently, considerable attention is paid to the study of olivine, which crystallizes from kimberlite, in
order to study the processes of kimberlite formation and the evolution of protokimberlite melts [5–7,10–12].
The study of macrocrysts of xenogenic olivine, which belongs to the depleted rocks of the lithospheric
mantle, is given much less attention. This is probably due to the small variety of xenogenic olivine
compositions, as well as the lack of clear schemes for its separation into genetic types, which exist, for
example, for garnet [13,14] or clinopyroxene [15–17] from kimberlites. Due to this lack of separation
schemes, the study of olivines from kimberlites in general cannot provide sufficiently clear information
on the composition and structure of the lithospheric mantle, as genetically different types will be mixed,
for example, depleted olivine and olivine of low-chromium megacrystal association.

With the development of analytical techniques, it became possible to measure the content of
minor elements in olivines, which gave new opportunities for their study and the interpretation
of the results [7]. Moreover, methods have been developed by which such studies can be carried
out using the relatively affordable Electron Probe Micro-Analyzer (EPMA) [7,18–20]. In a number
of recent studies, based on the study of the rare-element composition of olivines from xenoliths of
lithospheric mantle rocks, it was shown that different genetic types of olivine differ in composition
quite significantly [21,22], which provides the basis for their typification.

The aim of this work is to create a classification scheme for the separation of olivines from
kimberlites into their main genetic types, which differ in various composition and characteristics of
origin. The presence of such a scheme will make it possible to study in more detail sets of xenocrysts
from various kimberlite bodies or alluvial deposits, to compare and identify them also in connection
with prospecting problems and assessment of kimberlite diamond grade.

In connection with this aim, a number of problems were solved in the framework of this study.
Their consistent implementation corresponds to the structure of the paper described below. After
discussion of the standard olivines in Section 2, there is a section that discusses all types of olivines that
can be found in kimberlites, including those not belonging to the studied lithospheric mantle rocks,
a method for separating such olivines is proposed (Section 3 “Olivine in kimberlites”). In Section 4,
“Classification scheme for mantle-derived olivines in kimberlite”, based on data on the composition of
olivines from xenoliths of mantle rocks of various origins, as well as megacrysts from kimberlites, a
developed scheme for the separation of individual olivine crystals by composition into main genetic
types is proposed. In Section 5, “Distribution of olivine types in sampled kimberlites”, the proposed
scheme is used to study the distributions of olivines from several closely located Jurassic kimberlite
bodies in the north of the Siberian Platform. Section 6, “Composition of different olivine types”,
contains information on the compositional characteristics of olivine types from the studied kimberlites
and its comparison with olivine compositions from xenoliths of various origins. The origin of the
different olivine types is discussed in Section 7. Here, an explanation is offered of the difference in
the compositions of the two types of olivines from high-temperature peridotites. Section 8 discusses
the characteristic different distributions of xenogenic olivine compositions from kimberlites, their
applicability in identifying bodies, and evaluating potential kimberlite diamond grade.

2. Materials and Methods

Olivines from four Jurassic pipes—Dianga, Vtorogodnitsa, Olivinovaya, Obnazhennaya (Kuoika
kimberlite field, northern Siberian craton)—and one Paleozoic pipe—Aikhal (Alakit kimberlite field,
central Siberian craton)—was analyzed using only EPMA, which makes the methods proposed in the
work readily available.
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EPMA of minor elements in olivine follows methods discussed in [7]. It was performed at the
Analytical Center of Multi-Elemental and Isotope Research SB RAS, on a JXA–8230 microprobe (Jeol
Ltd) using analyzer crystals TAP (Mg, Al, Si), PET (Ca, Ti, Cr), and LIF (Mn, Fe). Analytical conditions
employed were accelerating voltage 20 kV, probe current 250 nA, and spot beam size 1 µm. X-ray
intensities of the elements were recorded at the peaks corresponding to Kα lines. Background was
measured on both sides of the peak. The signal acquisition time for Si at the peak and background
was 20 s; for Mg and Fe, 30 s; for Ca, 120 s; for Ni, 200 s; and for Ti, 240 s. Comparison samples for
calculating the concentrations were natural compounds (in parentheses are the comparison samples,
average detection limit, and average standard deviation, respectively): Si (olivine (Ch-1), 95.4 ppm,
0.24%); Mg (olivine (Ch-1), 313.2 ppm, 0.20%); Fe (olivine (Ch-1), 54.5 ppm, 0.35%); Ca (blue diopside,
14.1 ppm, 6.9%); Ni (NiFe2O4, 22.0 ppm, 0.9%); Ti (TiO2, 30.2 ppm, 0.4%).

Olivines from mantle xenoliths and individual olivines from kimberlites studied in the work were
taken from the fund of the Laboratory of Lithospheric Mantle and Diamond Deposits of the Institute of
Geology and Mineralogy SB RAS, as well as from the personal collections of the authors.

3. Olivine in Kimberlites

3.1. Olivines Crystallized from Kimberlite Melt

Olivines in kimberlites occur as two main genetic types that differ in size and morphology of crystals:
round or irregularly shaped coarse crystals (>0.5 mm) from mantle rocks (xenocrysts) and fine (<0.5
mm) euhedral phenocrysts crystallized from kimberlite magma [23], also referred to as macrocrysts and
microcrysts, respectively. According to the work in [24,25], most of the olivine phenocrysts are genetically
related to kimberlites, but the most common interpretation is that olivines have xenocrystic core while the
phenocrystic material is restricted to narrow rims or micrometer grains [5,10,26,27]. This idea is supported
by data from the Udachnaya East kimberlite where phenocrysts are often zoned, with a homogeneous core
and a narrow rim (~50 µm) grown from a kimberlite melt [6,7]. Among fine phenocrysts, homogeneous
xenocrystic cores are found even in euhedral varieties [7]. Similar correlation between crystal size and
origin was discussed in a recent review of [11] who studied olivine xenocrysts from many kimberlites.
Therefore, we used only homogeneous cores of >0.5 mm olivines in our study.

3.2. Olivines of Cr-Poor Megacryst Assemblage

Some kimberlites, including those described below, enclose numerous olivine crystals with quite
low Mg# (Mg/(Mg + Fe) × 100) from 78 to 88 [28,29], and a typical Mg#–CaO composition trend.
They hardly can be disintegrated lithospheric mantle rocks since the Mg# ratios are known to be
94–90 for granular peridotite and 94–85.5 for sheared peridotite ([22,29–36] and reference there in).
Neither can they be cognate to kimberlite which has a narrow range of Mg# contents from 88 to 93
mol. % [6,7,11,29]. Olivines of this kind were reported from the Monastery kimberlite (South Africa)
enclosing abundant coarse (>10 mm) grains of mantle minerals that belong neither to lithospheric
mantle residue nor to kimberlite proper [28] and were assigned to a Cr-poor megacryst assemblage
(MCA). Compositionally similar but finer olivines are known from other kimberlites as well, interpreted
as fine grains or fragments of coarse grains disintegrated during the kimberlite emplacement [24,37].

3.3. Peridotitic Olivines

Kimberlites can contain coarse low-temperature or porphyroclastic high-temperature SLM
peridotitic xenoliths. High-temperature peridotites are often sheared and bear signatures of
secondary enrichment upon reaction with asthenospheric melts. The peridotite that experienced
secondary enrichment no longer represents the primary depleted subcratonic lithosphere: the average
characteristics of the genetically mixed mineral assemblage will depend on percentages of mixing
rather than on properties of different mantle lithologies.
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4. Classification Scheme for Mantle-Derived Olivines in Kimberlite

4.1. Craton Peridotitic, Megacrystic, and Magmatic Olivines

Megacrystic olivines were discriminated from peridotitic olivines with reference to data on 230
peridotite xenoliths from twelve kimberlites of the North American, South African, and Siberian
cratons [22,30–36,38,39].

Figure 1 shows the compositions of olivines from peridotites (circles) in comparison with olivines
of the low-chromium megacryst association, and a separation line is proposed for interpreting the
origin of xenocryst from kimberlites. On the example of the composition of xenocryst from kimberlites
Colossus (Zimbabwe) [29], Figure 2, it can be seen that olivines of these two genetic groups can be
equally represented in kimberlites. The authors of [8,29] discuss the composition of olivine xenocrysts
from Colossus kimberlites, and it is suggested that the olivine group with a high Mg# > 89 and CaO >

0.05 wt.% refers not to peridotites, but to highly chromic megacrystic minerals associations crystallizing
from unfractionated melt. Indeed, these olivines are very close in chemistry to the high magnesian
part of the trend of olivine megacrysts. However, based on the fact that kimberlites of different ages
and location contain xenoliths of mantle rocks with such high-magnesian and high-calcium olivines,
we propose to classify them as products of the disintegration of high-temperature peridotites. As
will be shown below, these peridotites are indeed closely genetically related to megacrystic olivines,
which crystallized from the least fractionated melt. Two varieties of olivine megacrystals reaching
a size of 10 cm are distinguished in the kimberlites of the Udachnaya pipe. The first refers to the
usual low-chromium megacrystal association with relatively low magnesium number. The second is
characterized by a high magnesian number of ~93. Studies by Pokhilenko et al. [40] unequivocally
show that the latter has a CaO content of less than 0.02 wt.% and refers to disintegrated megacrystalline
pyrope harzburgite-dunites. Their composition is shown in Figure 1 as triangles.

Foley [41] showed that olivines of magmatic origin (basalts of oceanic islands, picrites, continental
alkaline, plume-related continental rocks, etc.) can be separated from olivines from peridotites of
ancient cratons by CaO content of approximately 700 ppm (or 0.098 wt.%). Olivines of some of the
listed rocks (for example, continental flood-basalts of Siberian platform) can get into kimberlites as
xenogenic material if during intrusion the kimberlite passed through an already existing body contains
magmatic olivine, but it seems to us, this is a very rare case. The probability of seeing magmatic
olivines increases significantly if we study olivines not directly from kimberlite, but from alluvial
deposits. In this regard, within the framework of our classification, we propose to limit the field of
olivines from cratonic peridotites to the level of 0.11 wt.% CaO (786 ppm), which is slightly more than
Foley et al. [41] suggests, but correlates with the observed existence of such calcium olivines from the
Kaapvaal craton kimberlites (Figure 1).
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Figure 1. Division boundary (solid line) between low-Cr olivine megacrysts from kimberlite (squares 
and diamonds stand for Monastery [28] and Jagersfontein [9] kimberlites, respectively) and olivines 
from 230 peridotitic xenoliths (circles) from different kimberlites [22,30–36,38,39]. The dotted line 
separates high-Ca magmatic olivine [41]. Triangles are olivines from megacrystalline pyrope 
peridotites from Udachnaya [40,42], shown for comparison with low-Cr megacryst assemblage. 

Figure 1. Division boundary (solid line) between low-Cr olivine megacrysts from kimberlite (squares
and diamonds stand for Monastery [28] and Jagersfontein [9] kimberlites, respectively) and olivines
from 230 peridotitic xenoliths (circles) from different kimberlites [22,30–36,38,39]. The dotted line
separates high-Ca magmatic olivine [41]. Triangles are olivines from megacrystalline pyrope peridotites
from Udachnaya [40,42], shown for comparison with low-Cr megacryst assemblage.
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Figure 2. Olivine xenocrysts from Colossus kimberlites, Zimbabwe. Data from work in [29]. Solid line
is the boundary between low-Cr megacryst and peridotitic olivines.

4.2. Different Olivines from Peridotites

As it was shown by the analysis of experimental and natural peridotitic systems, the incorporation
of Ca into the structure of olivine [43] is sensitive to temperature [44], which allows preliminary
discrimination between olivines from high- and low-temperature peridotites. The precision of the
classical electron microprobe analysis is unsuitable for Ca-in-Ol thermometry [18,22], but EMPA
can be used for general statistical division into main genetic types. Figure 3 demonstrates the
dependence of CaO contents in olivine determined by the standard EMPA routine on temperature
calculated using standard thermometers [45,46] from peridotitic xenoliths in South African and North
American kimberlites.

Olivines in low-temperature peridotite (LTP) that form at <1100 ◦C contain ~0.025 wt.% CaO,
whereas those from high-temperature peridotite have large ranges of CaO contents (0.025–0.120 wt.%)
and crystallization temperatures (1100–1450 ◦C). The Zimbabwe Colossus kimberlite (Figure 2), as
well some other kimberlites [12], contain a group of peridotitic olivines with >0.05 wt.% CaO. It is
reasonable to consider peridotitic olivines with >0.050 wt.% CaO, which crystallize at >1300 ◦C, as a
separate group of ultrahigh-temperature peridotites (HTP-1), and peridotitic olivines with 0.025–0.050
wt.% CaO, which crystallize at 1100–1300 ◦C, as high-temperature peridotites (HTP-2). Thus, there are
three temperature groups of olivines consistent with the classical division.

The suggested temperature division of peridotitic olivines is applicable solely to xenoliths from
Precambrian cratons with low heat flux (~35–45 mW/m2), as the Ca content in olivine is inversely
proportional to pressure [43]. For instance, olivines from granular lherzolite and harzburgite of the
West Sangilen [47] lithospheric mantle (Central Asian orogenic belt) contain 0.06–0.12 wt.% CaO at a
properly estimated equilibrium temperature of 960–1060 ◦C. The lithospheric mantle heat flux of the
West Sangilen area exceeds 90 mW/m2, as in Northwestern Spitzbergen [48].
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5. Distribution of Olivine Types in Sampled Kimberlites

The distribution of olivine compositions in several kimberlite pipes was analyzed using the
suggested classification in order to see the differences in distribution between kimberlites of one field
and to characterize the mineral chemistry and origin of different types of xenolithic (xenocrystic) olivine.
We sampled four Jurassic pipes in the Kuoika kimberlite field (northern Siberian craton): Dianga,
Vtorogodnitsa, Olivinovaya, and Obnazhennaya (Figure 4). According to previous results [17,49–52],
the four kimberlites, which differ in the types and chemistry of mantle minerals and in diamond
grade, represent the mineralogical diversity of a certain stage of kimberlite magmatism in a specific
area. The Dianga kimberlite, the deepest pipe in the field, bearing diamonds, unlike the other pipes,
and is the only one with its estimated PT conditions [17,49] mainly outside the diamond stability
field. Unlike Dianga, the Vtorogodnitsa and Olivinovaya kimberlites carry minerals from both
low-temperature and high-temperature peridotites, but fall totally beyond the conditions of diamond
stability. The Obnazhennaya pipe is among the shallowest kimberlites of the field, and its mineralogy
is restricted to that of low-temperature granular peridotite and pyroxenite [53,54].

The distribution of olivine types in the four kimberlites (Table 1, Figure 5) is similar in the
Vtorogodnitsa and Olivinovaya pipes and may be typical of the kimberlite field as a whole: few
sporadic grains of MCA and HTP-1 olivines and approximately similar percentages of the HTP-2 and
LTP types. The Dianga kimberlite contains well-represented olivines of all four types, and HTP-1
olivines are markedly more abundant than the HTP-2 varieties. A similar distribution of olivine types
was reported from two more kimberlites in other areas: the Neoproterozoic Colossus pipe (Figure 2)
from the Zimbabwe craton, Zimbabwe [29], and the Triassic Malaya Kuonapka kimberlite from the
Kuranach field in Yakutia [12]. Thus, xenolithic olivines in kimberlites of different ages appear to be
distributed in two ways: (i) markedly greater percentages of HTP-1 than HTP-2 olivines and quite
large amounts of the MCA type (Dianga, Colossus, and Malaya Kuonapka kimberlites) and (ii) high
percentages of HTP-2 and almost lacking HTP-1 (and MCA) olivines (Vtorogodnitsa and Olivinovaya
kimberlites); olivines from low-temperature peridotite reach quite large percentages (30–50%). Both
distributions may be present in coeval kimberlites within one area, as in the case of the Kuoika field.
Shallow tipe pipe Obnazhennaya, also present in the Kuoika field, bears only LTP olivines.
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Table 1. Xenolithic olivines of different types: percentages in different kimberlites. Colossus kimberlites
data from work in [29]. Symbols for kimberlite types are same as in Figure 5. n is number of
analyzed grains.

Kimberlite MCP HTP-1 HTP-2 LTP n

Obnajennaya 0 0 0 100 110
Vtorogodnitsa 1 1 56 42 342
Olivinovaya 1 5 42 52 88

Dianga 10 46 12 32 334
Colossus 29 30 6 34 209

6. Mineral Chemistry of Olivines of Different Types

Variations of some major oxides in olivines from the four kimberlites in the northern Siberian
craton (Figure 6; Table 2) are characterized below according to the distinguished types.

Table 2. Composition variations in olivine groups distinguished according to texture and formation
temperature of peridotite: granular or sheared, after work in [7,11] and LTP or HTP-1 + HTP-2 (this
study), respectively. HTP-1 and HTP-2 are two subtypes of high-temperature peridotites and belong to
one group.

Types Mg# NiO CaO TiO2

Granular 87.8–94.0 0.26–0.48 0–0.092 0–0.008
LTP 89.8–93.1 0.34–0.42 0–0.025 0–0.022

Sheared 86.0–92.2 0.22–0.42 0.032–0.091 0.017–0.050
HTP-1 + HTP-2 88.0–92.5 0.19–0.40 0.025–0.089 0.008–0.041

MCA 80.0–90.0 0.10–0.38 0.022–0.10 0.011–0.040

Olivines of the Cr-poor megacryst assemblage (MCA) are abundant in Dianga kimberlite: large
ranges from >90 Mg#, >0.38 wt.% NiO, and <0.01 wt.% TiO2 typical of depleted cratonic lithospheric
mantle to enriched compositions with < 80 Mg#, <0.1 wt.% NiO, and >0.04 wt.% TiO2. The compositions
form direct relationship (e.g., in the Mg#–NiO coordinates) that record fractional crystallization of
mantle silicate melts.

Low-temperature peridotite (LTP) olivines: narrow ranges of Mg# (89.8–93.1), NiO (0.34–0.42
wt.%), and 0.022 wt.% TiO2 in 90% of cases, which correspond to depleted cratonic lithospheric mantle
(granular lherzolite and harzburgite-dunite).

High-temperature peridotite (HTP-1 and HTP-2) olivines: intermediate between LTP and MCA
olivines. The contents of TiO2 and NiO cover the full range of compositions from ultradepleted to
enriched, whereas the lower Mg# bound (86–87) is higher than Mg# in MCA olivines.

The compositions of different olivine types were discussed in the literature
Ref [5,7,11,12,21,22,24,28,29,34,42], but more often in terms of texture (granular or sheared)
rather than formation temperature of peridotites. Granular peridotite mainly forms at low
temperatures, whereas the sheared counterpart is most often of high-temperature origin (Table 2),
though this division is not very strict.

The compositions of LTP and HTP-2 olivines generally correspond to those of granular and
sheared peridotites, respectively. The temperature-based olivine types do not differ much in the
contents of major oxides, possibly because the samples are from only four pipes of the whole kimberlite
field, but the variations in CaO, which are used as a temperature proxy, are distinct. The contents of
CaO in olivines from granular peridotite correspond to a crystallization temperature of 1400 ◦C. Many
granular peridotites are of high-temperature origin because some high-temperature peridotites escape
deformation and some sheared rocks experience later annealing and recrystallization. Many granular
peridotites known from the Udachnaya kimberlite in Yakutia have high crystallization temperatures
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and bear signatures of annealing and recrystallization recorded in the morphology of garnets occurring
as coarse (up to 5 mm), often sheared, grains [55–57].Minerals 2019, 9, x FOR PEER REVIEW 10 of 20 
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The LTP and HTP-1 olivines show generally lognormal distributions of the oxides, but the HTP-2
olivines have two peaks in Mg# and NiO (Figure 7). One peak (high MgO and NiO at low TiO2) has the
same position as that for LTP and corresponds to depleted rocks, whereas the other is shifted to lower
MgO and NiO at higher TiO2 contents and represents more enriched mantle. Thus, there are depleted
and enriched composition subtypes within the HTP-2 type distinguished on the basis of temperature.
The two subtypes are divided according to thresholds of 91.5 Mg#, 0.315 wt.% NiO, and 0.016 wt.%
TiO2. The threshold values may be slightly higher or lower in kimberlites that sample a lithosphere
with different parameters.

Unlike the HTP-2 variety, the HTP-1 olivines have more uniform compositions than those from
depleted SLM (Figure 7). At the same time, they have intermediate Mg#, NiO, and TiO2 values between
the depleted (LTP) and enriched (HTP) compositions (see histograms in Figure 7): the TiO2 peaks
correspond to 0.006 wt.% in LTP, 0.026 wt.% in HTP, and 0.014 wt.% in HTP-1. The Ti peak for LTP
olivines is not far above the detection limit of our EPMA analyses. Such a Ti content in LTP olivines
can be interpreted as its almost complete absence. In this regard, we consider this point not critical
for our study. The difference between the HTP-2 and HTP-1 olivines may record the specificity of
peridotite formation at different temperatures.
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7. Origin of Different Olivine Types

The contents of CaO, NiO, and TiO2 in xenolithic olivines of different types are plotted in Figure 6
as a function of Mg/(Mg + Fe) × 100, and are especially well representative in the Dianga kimberlite.
HTP-2 olivines plot a typical trend of secondary enrichment with Mg# and NiO lower than in LTP
olivines mostly found in depleted rocks (Figure 6A). The enrichment trend is less prominent in the
HTP-1 variety (Figure 6B): decreasing Mg#, but no NiO decrease. The TiO2 contents (Figure 6C) are
higher in HTP-2 than in LTP olivines and increase from below detection to 0.04 wt.% (the maximum
level reached by MCA olivines), whereas the Mg# content decreases. HTP-1 olivines contain slightly
more TiO2 than the LTP type (at the level of minimum TiO2 in MCA olivine). Thus, there are two
temperature-controlled types of secondary enrichment in olivines associated with the formation of
high-temperature peridotites.

Megacrystic minerals were attributed to fractional crystallization of asthenospheric
melts [9,37,58–60] proceeding from their composition trends that trace the evolution of the growth
medium. Studies of different types of xenoliths and megacryst minerals from the Jagersfontein
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kimberlite in the Kaapvaal craton in South Africa led Burgess and Harte [61,62] to the conclusion that
high-temperature enriched peridotites from different depths interacted with silicate melts of different
compositions. In the deepest lithosphere, they were less enriched MORB-type (Mid-Ocean Ridge
Basalts) melts, whereas the shallower depleted peridotite was affected by more enriched melts. The
difference in melt enrichment degrees was explained [61,62] by progressive fractional crystallization of
Cr-poor megacrysts. The enrichment of residual SLM sampled by the kimberlites from the northern
Siberian craton was likely controlled by interaction with melts that lost different amounts of compatible
elements during fractional crystallization.

The origin of olivines in the analyzed kimberlites is illustrated in Figure 8 with the example of
the Dianga pipe. Two populations of megacrysts (MCA-1 and MCA-2) correspond to different ends
of the fractional crystallization [63,64] series. MCA-1 formed from a melt with lower contents of
incompatible elements than that for MCA-2. HTP-1 olivines may result from the interaction of the
depleted lower lithosphere with poorly enriched melts that also crystallized MCA-1 olivines, because
the enrichment of LTP during the formation of HTP-1 remained within the limits of the MCA-1 olivines.
HTP-2 olivines, in their turn, bear an effect of more enriched melts that produced MCA-2 olivines or
intermediate melts: the TiO2 and NiO contents in HTP-2 olivines reach, but do not exceed, the values
for those from MCA-2. HTP-1 olivines, found often in the Dianga pipe, most deeply rooted one in the
Kuoika field, must be transported from the greatest depths.
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Figure 8. Origin of olivines in kimberlites from the northern Siberian craton: olivines from the Dianga
kimberlite (left) and a model of their formation (right). Olivine types: MCA-1 and MCA-2 are early
and late low-Cr megacrysts, respectively; LTP = low-temperature lherzolite < 1100 ◦C, HTP-1 =

high-temperature peridotite > 1300 ◦C, HTP-2 = high-temperature peridotite 1100–1300 ◦C; FC =

fractional crystallization of low-Cr megacryst olivines.

The situation would correspond to the model of lower lithosphere enrichment by a rising evolving
“megacrystic” melt [58,61,62]. However, a reasonable objection to this model may be that both Ti and Fe
are higher in the later MCA-2 than in the earlier MCA-1 crystals, contrary the expectation of low Ti and
Fe in the latest fractionated melt after crystallization of high-Ti and high-Fe phases (mainly ilmenite and
garnet). In terms of temperature, the evolution of the megacrystic melt would be inverse: the earlier
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HTP-2 varieties produced by the action of this melt would have higher origin temperatures than HTP-1
olivine. This interpretation is, however, inconsistent with the >0.05 wt.% CaO contents in olivines from
xenoliths that originated at >1300 ◦C, as estimated from polymineral thermobarometry [46,65], etc.;
i.e., the CaO contents in olivines show positive correlation with equilibrium temperatures (Figure 3).

The contradiction may be explained by assuming that MCA-2 olivines actually crystallized from
the latest melt of the first crystallization step, prior to the formation of ilmenite, rather than from
the latest megacrystic melt. Studies of ilmenite and silicates from the Monastery kimberlite in South
Africa [59] revealed five steps in the sequence of crystallization from the megacrystic melt (Figure 9):
oliv + opx + cpx + gnt (1), cpx + gnt + opx + ilm (2), phlog + ilm (3), zircon + phlog + ilm (4), and zircon
+ Fe-oliv + phlog + ilm (5). Thus, olivine crystallizes at the first (before ilmenite) and high-Fe fifth steps.
Olivine megacrysts from the Monastery kimberlite [37], with the composition trend corresponding
to the crystallization sequence of Moore et al. [59], shows less Ti in the latest olivines with greater Fe
contents and lower Mg# (~79) than in the more magnesian (Mg# 84–88) olivines of step 2 (Figure 9).
The fractional crystallization sequence from MCA-1 to MCA-2 in the Dianga kimberlite occurs within
step 1 of the model of Moore et al. [59] in the Mg# range from 85 to 90.5, with positively correlated
Ti and Fe, as in the case of the Monastery kimberlite. The Dianga kimberlite contains only step-1
megacryst olivines.

Yet, the model fails to explain some essential features. Apparently, the crystallization of olivine from
a megacrystic melt and the formation of compositionally diverse olivines enclosed in high-temperature
peridotide are complicated and require additional investigation with reference to a greater number of
trace elements.Minerals 2019, 9, x FOR PEER REVIEW 15 of 20 
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the model of Moore [59]. Circles are olivine megacrysts from Monastery kimberlite (data from work
in [37]). Crystallization steps: 1 = oliv + opx + cpx + gnt, 2 = cpx + gnt + opx + ilm, 3 = phlog + ilm, 4
= zircon + phlog + ilm, 5 = zircon + Fe-oliv + phlog + ilm.
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8. Discussion and Conclusions

Xenolithic (xenocrystic) olivines in kimberlites can be divided into four main genetic types.
Olivines of the Cr-poor megacryst assemblage (MCA) differ from peridotitic olivines in the Mg# vs.
CaO relationship. Peridotitic olivines are further divided into low-temperature, high-temperature, and
ultrahigh-temperature peridotite varieties according to temperature-dependent CaO contents. The
suggested division is supported by log-normal distributions of major oxides within the distinguished
types of peridotitic olivines. HTP-2 olivines show bimodal element distributions and are of two
subtypes corresponding, respectively, to unaltered lithospheric mantle and to material that underwent
secondary enrichment during the formation of high-temperature peridotite.

The analyzed kimberlite samples from the northern Siberian craton differ in the amount of
olivine types they host: HTP-2 olivines are absent from the Obnazhennaya pipe, but are abundant,
along with the HTP-1 varieties, in the Olivinovaya and Vtorogodnitsa kimberlites; MCA olivines
reach notable amounts in the Dianga pipe. The percentages of HTP-2 and HTP-1 are not equal in
any of the kimberlites, possibly because they uptake lithospheric mantle of different depths and
features. The Dianga kimberlite samples the deepest lithosphere, as well as the diamond-rich Malaya
Kuonapka kimberlite from the Kuranakh field which has similar element distributions in olivines [12].
The kimberlites containing MCA olivines and predominant HTP-1 olivines are commonly most deeply
rooted in a field. On the other hand, they not necessarily should bear diamond: the deepest MCA and
HTP-1 material cannot be diamondiferous, and its uptake reduces the diamond potential of a pipe.
However, only the deepest kimberlites could capture material below the graphite–diamond phase
boundary in the case of thick cratonic lithosphere [17,49], which explains the presence of diamonds
in the Kuoika and Kuranakh kimberlite fields. The Middle Paleozoic lithosphere of the northern
Siberian craton sampled by kimberlites in the Alakit and Daldyn fields is much thicker than the
Mesozoic lithosphere [17]. The richest Aikhal kimberlite from the Alakit field contains mainly LTP and
HTP-2 olivines and almost lacks the MCA and HTP-1 varieties (Figure 10), like the Olivinovaya and
Vtorogodnitsa kimberlites. It would be reasonable to expect some diamond potential from kimberlites
in areas of thicker lithosphere, which show olivine composition patterns similar to those in these two
pipes, where lithospheric mantle material was uptaken at shallower depths.
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