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ARTICLE INFO ABSTRACT

Keywords: We present new major element geochemical data, and review the existing data for ilmenite macrocrysts,
Magnesian ilmenite megacrysts, as well as ilmenite in mantle xenoliths from four diamondiferous kimberlite fields in the Yakutian
Yakutia province. This combined data set includes 10,874 analyses of ilmenite from 94 kimberlite pipes. In the studied
Kimberlite samples we identify various different ilmenite compositional distributions (e.g., “Haggerty's parabola”, or “Step-
y:f;cig:ts like” trends in MgO-Cr,05 bivariate space), which are common to all kimberlites from a given cluster, but the
Asthenosphere compositional distributions differ between clusters. We propose three stages of ilmenite crystallization:

(1) Mg-Cr poor ilmenite crystallising from a primitive asthenospheric melt (the base of Haggerty's parabola on
MgO-Cr,0s3 plots).

(2) This primitive asthenospheric melt was then modified by the partial assimilation of lithospheric material,
which enriched the melt in MgO and Cr,O3 (left branch of Haggerty’s parabola).

(3) Ilmenite subsequently underwent sub-solidus recrystallization in the presence of an evolved kimberlite melt
under increasing oxygen fugacity (fO,) conditions (right branch of Haggerty’s parabola in MgO-Cr,03 plots).

Significant differences in the ilmenite compositional distribution between different kimberlite fields are the
result of diverse conditions during subsequent ilmenite crystallization in a kimberlite melt ascending through the
lithospheric mantle, which have different textures and compositions beneath the studied kimberlite fields. We
propose that a TiO, fluid formed due to immiscibility of an asthenospheric melt with low Cr and high Ti con-
tents. This fluid infiltrated lithospheric mantle rocks forming Mg-ilmenite. These features indicate a genetic link
between ilmenite and the host kimberlite melt.

1. Introduction

Magnesian ilmenite (ilm) is an important kimberlite indicator mi-
neral, which is widely used in diamond exploration to identify primary
deposits (e.g., Nowicki et al., 2007). In kimberlites, ilmenite forms
discrete monomineralic grains (i.e., megacrysts, macrocrysts, and
micro-phenocrysts), whose content varies widely (from 0.1 to 2-3 wt
%). Less frequently ilmenite occurs in mantle xenoliths (Rehfeldt et al.,
2007; Solov’eva et al., 2019) and in ilmenite-pyroxene intergrowths
(e.g., Gurney et al., 1979, Egger, 1983; Clarke and Mackay, 1990).
However, the rarity of syngenetic inclusions in ilmenite macrocrysts
hampers a complete understanding of the genesis of this mineral. The
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origin of ilmenite macrocrysts and megacrysts, and their potential ge-
netic relationship with kimberlite magmas and the low-Cr megacryst
suite is still debated (Nixon and Boyd, 1973; Jones and Wyllie, 1984;
Nowell et al., 2004; Kopylova et al., 2009). Potential origins of ilmenite
macrocrysts and megacrysts include:

(D) the disaggregation of ilm-bearing lithospheric mantle lithologies
(Blagul’kina et al., 1975; Haggerty, 1975, 2016; Amshinsky et al., 1983;
Rodionov et al., 1984; Garanin et al., 1979, 1984; Robles-Cruz et al.,
2009); (II) crystallization within the asthenosphere (Boyd & Nixon,
1975; Pasteris, 1979; Harte & Gurney, 1981; De Bruin, 2005; Tappe
et al, 2012, 2016); (III) crystallization from an asthenospheric melt
within the lithosphere associated with kimberlite magmatism
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Fig. 1. Map showing the location of diamondiferous kimberlite fields in the Yakutian province. The pipes locations with each field, are reported in Supplementary

Fig. 1s-5s.

(Frantsesson, 1968; Frick, 1973; [lupin et al., 1974, 1978; Gurney et al.,
1979; Eggler et al., 1979; Mitchell, 1986; Kostrovitsky, 1986; Nowell
et al, 2004; Kopylova et al., 2009; Giuliani et al., 2013; Kamenetsky
et al., 2014); a modern take on this previous model is (IV) formation in
a “metasomatic aureole” surrounding the (proto-) kimberlite melt and/
or previous pulses of failed (proto-)kimberlite melt, alongside other
megacryst suite minerals and sheared xenoliths (Moore & Lock, 2001;
Moore & Belousova, 2005; Kargin et al., 2017); and (V) crystallisation
from other genetically unrelated melts such as basanites, picrites,
meimechites and MORB-derived melts (Griffin et al., 1997; Harte, 1983;
Jones, 1987; Moore et al., 1992; Tappe et al, 2013, 2015).

We propose that an asthenospheric melt was parental to both kim-
berlites and minerals of the Cr-poor megacryst suite (including ilm).
Convincing arguments are provided by the study of ilmenite composi-
tional distributions within individual clusters, fields, and pipes, as well
as the heterogeneity of individual grains. Previously, Mitchell (1986),
reviewed the published compositional data on ilmenite from different
kimberlite pipes and using factor analysis showed that “inter-intrusion
compositional variations are statistically significant”. Our research not only

confirms this, but accounts for the emergence of different compositional
distributions of ilmenite from different kimberlite fields, clusters, and
pipes.

It is commonly argued that fractional crystallization is the primary
mechanism responsible for the formation of composition trends in mi-
nerals of the Cr-poor megacryst suite (Mitchell, 1973, 1986; Agee et al.,
1982; Moore et al., 1992; Griffin et al., 1997; Moore, 1987); e.g. de-
creasing NiO contents and Mg# in olivine, increasing FeO, and TiO5
contents in olivine, garnet, clinopyroxene, and ilmenite. Geochemical
data (e.g., incompatible behaviour of Nb in ilm, positive correlation
between Ca# in clinopyroxene and Nb in Ilmenite — see Moore et al.,
1992), as well as petrographic constraints (e.g., the abundance of
clinopyroxene (cpx) inclusions in ilmenite macrocrysts and ilm-cpx
intergrowths) indicates that ilmenite and cpx were the final phases of
Cr-poor megacryst suite to crystallise (Garanin et al., 1984;
Kostrovitsky et al., 2004). However, it remains unclear if fractional
crystallization is the only factor which controls the compositional
variability of Mg-ilmenite (e.g., increasing MgO and Cr,03 in ilmenite
cannot be readily explained by such a process).
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The lengthy ascent of kimberlite melts from the deep mantle to-
wards the surface is accompanied by a changes in melt composition,
which occurs as a result of the entrainment and partial assimilation of
lithospheric material (Agee et al., 1982; Brett et al, 2009; Kamenetsky
et al., 2008; Arndt et al, 2010; Russell et al., 2012; Ashchepkov et al.
2014; Soltys et al., 2016, 2018a,b) and changes in redox potential
(Eggler, 1983; Mitchell, 1986). Ilmenite is sensitive to such changes
(e.g., Green and Sobolev, 1975), and therefore variations in ilmenite
composition can be used to elucidate both the genesis of this mineral,
and changes in the host kimberlite melt during its ascent through the
lithosphere.

In this contribution we summarize the pertinent features of ilmenite
compositions acquired during the course of mineralogical assessment of
various intrusions in the diamond fields of the Yakutian kimberlite
province (YKP). Mineralogical assessment of these intrusions involved
the study of ilmenite compositions across four diamondiferous kim-
berlite fields, covering 94 pipes, and totaling 10,874 analyses thus
ensuring the data reported here are representative. Of these analyses
6726 are new, and 4148 have been published previously (Kostrovitsky,
2018).

Here we predominantly focus on bivariate plots of ilmenite com-
position where one of the axis is the oxide Cr,03, because these charts
are the most informative for demonstrating differences between ilme-
nite from various fields, clusters, and pipes (Haggerty, 1975, 1979;
Mitchell, 1986; Moore et al., 1992).

2. Geological setting

The southern portion of YKP contains five diamondiferous kimber-
lite fields (i.e., Mirninsky, Nakynsky, Daldynsky, Alakit-Markhinsky
and Verkhnemunsky) and hosts 20 economic diamond mines (Fig. 1).
The majority of these kimberlites are Paleozoic in age (370-350 Ma)
based on U-Pb dating of zircons and perovskites (Davis et al., 1980;
Kinney et al., 1997; Agashev et al., 2004; Sun et al, 2014, 2018). All
these pipes intrude through thick (2.0-2.5 km) sedimentary host rocks
consisting of Cambrian-Silurian terrigenous-carbonates (Nowell and
Pearson, 1998). These kimberlites contain distinct units with different
textures and structures, bulk-rock compositions, as well as diamond and
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Fig. 2. MgO vs. Cr,03 bivariate plot showing the composition of ilm macro-
crysts and megacrysts, compared with ilm-bearing xenoliths from the
Udacvhnaya-East pipe.
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indicator mineral compositions and contents. Most of the studied
kimberlites are volcaniclastic or pyroclastic (after Scott Smith et al.,
2013). Three chemical groups of kimberlite were distinguished within
the studied fields (after Kostrovitsky et al, 2004, 2007): 1) low-Fe-Ti-K
(FeOiora1 < 6 Wt%, TiO, < 1 wt%, K20 < 1 wt%); 2) low-Fe-Ti, high
-K (FeOyora1 < 6 Wt%, TiO, < 1 wt%, K;0 > 1 wt%); and 3) high Fe-
Ti, low-K (FeOipra1 > 6 Wt%, TiOy, > 1 wt%, K;0 < 1 wt%).

The available data suggests that the petrochemical kimberlite types
within the YKP could relate to different mantle source reigons
(Bogatikov et al., 2004; Kononova et al., 2005, Blagul’kina, 1975;
Milashev, 1965; Kostrovitsky et al, 2004, 2007). The mineral compo-
sitions of the studied kimberlites also vary between the different pet-
rochemical, petrographic and textural types of kimberlites. For ex-
ample, Fe and Ti-rich kimberlites usually contain olivine cores with
Mg# = 86-93, and ilmenite is the predominant phase in the heavy
mineral concentrates (e.g., Mir, Udachanay-East, Yubileinaya pipes). In
contrast, the high-Mg kimberlites contain olivine with Mg# = 85-95, a
higher abundance of garnet and Cr-spinel and low concentrations of
Ilmenite in heavy mineral concentrates (e.g. Aikhal and Inter-
natsional’naya pipes).

3. Materials, Sampling, and Analytical techniques

Heavy-mineral concentrates were collected from each locality by
panning kimberlite material, and ilmenite was subsequently separated
from these concentrates by heavy liquid separation. Ilmenite grains
then mounted in epoxy for electron probe micro-analyser (EPMA)
analysis (~100 grains from each pipe were measured). Electron micro-
probe analyses were carried out in the Central Analytical Laboratory of
the Botuobia Exploration Party ALROSA on a JEOL Superprobe JXA
8230R (Mirniy, Russia, analyst A. Ivanov). Additional analysis were
undertaken at the Analytical Common Center at the Institute of
Geochemistry, Siberian Branch of the Russian Academy of Science on a
JEOL JXA-8200 microprobe (Irkutsk, Russia, analyst L. Suvorova).
These electron microprobe instruments are equipped with five energy
dispersion spectrometers and analyses were performed at an accelertion
voltage of 20 kV, a beam current of 50nA, and counting times were 10 s
(peak) and 5 s (background) on both sides of the line.

The composition of ilmenite macrocrysts were determined for most
of the kimberlite pipes in the YKP (shown in parentheses is the number
of known kimberlite bodies): 1600 analyses from 7 pipes of the
Mirninsky field (9), 4148 analyses from 51 pipes of the Daldynsky field
(60), 4528 analyses from 25 pipes of the Alakit-Markhinsky field (60),
and 598 analyses from 9 pipes of the Verkhnemunsky field (16)
(Supplementary Fig. 1s-5s). The compositional heterogeneity of ilme-
nite macrocrysts was studied on representative polygranular grains
from the Mir pipe (Mirninsky field). Of the data discussed in this con-
tribution those from the Mirninsky, Alakit-Markhinsky and Verkhne-
munsky (Tables 1s, 3s, 4s in supplementary) fields are new previously
unpublished analyses, whereas those from Daldynsky field (Tables 2s in
supplementary) have been published in previous contributions by the
first author (Kostrovitsky, 2018). Representative examples of zoned il-
menite from the Zarnitsa pipe (Daldynsky field) and Komsomol’skaya
pipe (Alakit-Markhinsky field) are provided here to illustrate ilmenite
re-crystallization processes (Figs. 7 and 8, Table 2).

To test the hypothesis that ilmenite macrocrysts derive from the
disaggregation of peridotitic lithologies we also compare the composi-
tions of ilmenite macrocrysts and ilmenite in sheared peridotites
(Table 5s) from the Udachnaya-East kimberlite using previously pub-
lished data (Sobolev, 1974; Garanin et al., 1984; Solov’eva et al., 1994,
Alymova et al, 2004, Solov’eva et al., 2019).

Using the data reported by Solov’eva et al. (2019) we present a brief
petrographic overview of two representative ilm-bearing sheared peri-
dotite xenoliths from the Udachnaya-East pipe in order to provide the
necessary textural context of these samples (Fig. 11). Finally, we discuss
the pressure-temperature parameters of ilmenite crystallization
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Table 1

Average, the interval of variation in the composition of Mg-ilmenite from dif-
ferent diamondiferous fields of the Yakutian province (in parentheses - the
number of analyses).

Mirninsky Daldynsky Alakit- Verhnemunsky
(1600) (4171) Marhinsky (598)
(4634)
TiO, 45.8 48.0 48.3 47.4
28.5-56.5 36.4-55.2 36.7-60.3 37.7-59.5
Al,O; 0.6 0.53 0.4 0.5
0-4 0-1.9 0-1.4 0-3.8
Cr,0;3 1.0 1.0 1.4 1.4
0.1-9 0.2-14.5 0-7 0.1-12.6
FeO 18.8 14.4 6.7 15.5
0-43.4 0.1-44 0-24 0-46.3
Fe,03 24.7 25.8 12.9 26.2
8-44.5 0.2-45.9 0-30.7 8.9-40.3
MnO 0.16 0.25 0.3 0.2
0.1-2.4 0.1-2.9 0.1-0.9 0.1-1
MgO 8.8 9.6 9.9 9.1
0-15.6 0.1-16.2 6-19.7 0.9-18.1

determined by previous studies (based on syngenetic clinopyroxene —
Gurney et al., 1979, 1995; Agee et al., 1982; Eggler et al., 1979;
Kostrovitsky et al., 2004; Kamenetsky et al., 2009; Sobolev et al., 2015).

4. Results

The compositions of ilmenite megacrysts and macrocrysts from the
Mirninsky, Daldynsky, Alakit-Markhinsky, and Verkhnemunsky dia-
mond fields are reported in Supplementary Tables 1s-4. Our mineral

Ore Geology Reviews 120 (2020) 103419

chemical data is consistent with previously published data for the
limited number of pipes which have been studied (e.g., Zarnitsa and
Dalnyaya, Daldynsky field — Amshinsky et al., 1983; Rodionov et al.,
1984). This confirms that the analysis reported here are accurate and
representative. A literature compilation of the composition of ilmenite
macrocrysts and ilmenite in mantle xenoliths from the Udachnaya-East
kimberlite is reported in (Supplementary Table 5s).

4.1. Ilmenite macrocryst compositional distributions

Below we review the main ilmenite compositional trends and dis-
tributions which are illustrated by plots of MgO (wt.%) vs. Cry03 (wt.%)
(Fig. 3). It is important to note that the average composition of ilmenite
and its MgO-Cr,03 distribution does not vary with sampling depth, or
with the textural type (i.e., unit) of kimberlite within a single pipe.
Therefore, the composition of ilmenite is an invariant characteristic
unique to a given kimberlite (Kostrovitsky et al., 2003, 2004, 2006;
Alymova et al., 2004; Kostrovitsky, 2018).

4.1.1. The Mirninsky field

The Mirninsky field contains two kimberlite clusters orientated NE-
SW and spaced ~120 km apart (Fig. 1). These two clusters contain the
following pipes: (1) Mir, Sputnik, and Dachnaya; and (2) Inter-
natsional’naya, Amakinskaya, Anomalya-21, Tayozhnaya, 23 KPSS
(Fig. 1s).

The ilmenite compositional distribution from both clusters of the
Mirninsky field follow the parabola defined by Haggerty (1975) in
MgO-Cr,03 space (Fig. 3A). Most analyses of ilmenite from this field are
characterized by low Cr,O3 contents (< 0.5 wt%) with variable MgO
contents (i.e., ~4-14 wt%), forming the base of the parabola. The other

Table 2

Chemical composition of the zoned macrocryst of Ilm from Zarnitsa (see Fig. 7) and Komsomol’skaya pipes (Fig. 8) and polygranular macrocrysts of Ilm from Mir pipe

(Fig. 9).
Figures Fig. 7 Fig. 8 Fig. 9A
Points lc 1 1r 1 2 3 4 1 2 3
TiO, 41.30 50.60 20.54 50.88 52.16 54.41 22.64 48.48 48.48 48.76
Al,O5 0.09 0.23 3.24 0.60 0.81 0.54 3.81 0.67 0.68 0.66
Cry03 0.04 1.18 0.41 0.41 0.77 2.42 1.14 0.17 0.15 0.14
Fe,03 19.68 9.39 - 11.33 9.63 6.28 - 14.47 14.69 15.17
FeO 33.93 22.71 58.32 24.37 22.51 22.61 57.64 28.61 28.85 28.86
MnO 0.16 0.48 0.67 0.24 0.32 0.51 0.84 0.21 0.22 0.20
MgO 1.74 12.47 12.36 11.84 13.76 14.43 13.93 8.29 8.15 8.30
Total 96.94 97.05 95.55 99.67 99.95 101.20 99.99 100.9 101.22 102.09
Figures Fig. 9A Fig. 9B
Points 4 5 6 7 1 2 3 4 5
TiO, 48.94 52.20 54.74 51.04 38.07 48.28 43.76 49.83 47.76
Al,O3 0.73 1.36 0.10 0.05 0.60 0.26 0.69 0.33 0.00
Cry03 0.15 0.24 0.32 0.42 0.43 0.61 0.46 0.61 0.28
Fe,03 14.52 7.11 5.00 1.01 31.79 14.91 22.51 12.69 4.00
FeO 27.50 27.84 28.77 40.70 25.29 27.14 26.67 26.26 38.19
MnO 0.23 0.36 0.46 4.51 0.16 0.27 0.18 0.33 4.55
MgO 9.13 10.51 11.21 0.35 4.92 8.98 7.01 10.22 0.08
Total 101.2 99.62 100.6 98.08 101.26 100.45 101.28 100.27 94.86
Figures Fig. 9C Fig. 9D Fig. 9E
Points 1 2 1 2 1 2
TiO, 44.05 43.56 32.80 48.01 31.49 48.58
Al,O3 0.61 0.69 0.66 0.29 0.55 0.16
Cr;03 0.14 0.19 3.76 5.17 4.15 5.60
Fe,03 22.89 23.16 38.44 11.62 39.81 10.48
FeO 26.95 26.74 22.29 25.40 21.83 25.78
MnO 0.19 0.18 0.13 0.21 0.11 0.36
MgO 6.99 6.87 3.97 9.85 3.57 9.84
Total 101.82 101.39 102.05 100.55 101.51 100.8
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Fig. 3. MgO vs. Cr,0;3 bivariate plots showing the distribution of ilmenite compositions from different diamond-bearing kimberlite fields of the Yakutian province: A -

Mirninsky; B - Daldynsky; C - Alakit-Marhinsky; D - Verhnemunsky.
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Fig. 4. MgO vs. Cr,03 bivariate plots of ilm compositions from two clusters, Mir
and Internatsional’naya from the Mirninsky field.

two compositional groups correspond to low- and high-Mg ilmenite
with variable Cr,03 contents and generally have a diffuse distribution,
forming the two branches of the parabola. However, these two kim-
berlite clusters exhibit subtle differences in their MgO-Cr,03 distribu-
tions, ilmenite from the Internatsional’naya cluster forms a complete
parabola, whereas in the ilmenite from the Mir cluster the right branch
of parabola is incomplete (Fig. 4). Ilmenite from Mirninsky field is re-
latively depleted in MgO (Fig. 3, Table 1, Table 1s). Moreover, ilmenite
with high hematite component (up to ~43 wt% Fe,O3, see also Garanin
et al. 1984) typifies the kimberlite field. Indeed, in the 1960’s geologist
working on the Mirninsky field kimberlites were thrown off, thinking
that these ilmenites were in fact magnetite.

4.1.2. The Daldynsky field

The Daldynsky field offers an unrivaled opportunity to study the
variation of ilmenite compositions due to the high abundance of ilme-
nite macrocrysts in the kimberlites of this field (i.e., up to 3 vol%). The
Daldynsky kimberlite field is oriented in a NNE-SSW direction and is
comprised of 12 pipe clusters as well as several individual pipes
(Fig. 2s). The compositions of ilmenite macrocrysts from this field were
reported by the first author (Kostrovitsky, 2018). The study of ilmenite
compositional distributions within the Daldynsky field (see Alymova
et al., 2004; Kostrovitsky et al., 2003, 2006b; Kostrovitsky, 2018) has
shown that the ilmenite from a single cluster, have similar composi-
tional distribution patterns and average compositions, yet different
clusters show distinct compositional distributions and average
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compositions (Fig. 3B).

Ilmenite from most clusters of the Daldynsky field (i.e., Zarnitsa,
Malyutka, Aeromagnitnaya, Udachnaya, and Yakutskaya clusters) form
three distinct groups which can be distinguished based on Cr,O3 con-
tents (Fig. 5). This MgO-Cr,0O3 distribution pattern, which we term
“step-like” is not identical for all clusters in the Daldynsky field; the
steps differ in both MgO and Cr,O3; contents (e.g., Fig. 5A Figure
Supplementary Fig. 8s). Similar ‘step-like’ MgO-Cr,0O3 distributions
have previously been described for ilmenite from the Zarnitsa pipe
(Amshinsky et al., 1983; Rodionov et al., 1984). Ilmenite compositional
distributions from some other pipes (e.g., the Rot-Front cluster) display
combinations of the ‘step-like’ and ‘parabolic’ distributions (Fig. 5A).

In contrast, ilmenite from the Polyarnaya and Dalnyaya clusters are
characterized by a unimodal Cr,O3 distribution (Fig. 5B). Ilmenite from
these clusters display two distinctive trends both of which show a po-
sitive correlation between MgO and Cr,Os: (1) low-Mg Ilmenite
(< 10-11 wt% MgO) and (2) high-Mg Ilmenite (> 10-11 wt% MgO).
There is no significant correlation between Cr,O5 contents and Fe**/
Fe?™ ratios (Figure Supplementary Fig. 6s), but there is a positive
correlation between MgO and Al,0O3 (R?2 = 0.63) for ilmenite from
Daldynsky field (Figure Supplementary Fig. 7s).

4.1.3. The Alakit-Markhinsky field

The Alakit-Markhinsky kimberlite field is orientated NE-SW and
comprises 14 kimberlite clusters as well as individual pipes (Fig. 1,
Fig. 3s). The kimberlites in this field are significantly poorer in ilmenite
macrocrysts than the Mirninsky and Daldynsky fields. This paucity of
ilmenite macrocrysts correlates with a higher bulk-rock MgO content of
kimberlites in the Alakit-Markhinsky field (Kostrovitsky et al., 2007).
The MgO-Cr,03 distribution of ilmenite from different pipes and clus-
ters of the Alakit-Markhinsky field, show various different composi-
tional distribution trends (Fig. 3C, Fig. 6), including: (a) ‘Haggerty’s
parabola’ (Yubileinaya, Kylakhskaya, and Moskvichka pipes) with
symmetrical scatter and a wide range of Cr,O3 contents (up to 6 wt%);
(b) ‘hockey stick-like’ (three pipes of the Iskorka cluster: Iskorka, Sve-
tlaya, Kollektivnaya), with low Cr,0O3 contents (predominantly < 1 wt
%); (c) “diffuse step-like” (Komsomolskaya, Sitikanskaya, Bay-
takhskaya, Podtrapovaya, Krasnopresnenskaya, Alakitskaya pipes),
with a wide range Cr,O3 contents (up to 5 wt%); (d) a combination of
“step-like” and ‘hockey stick-like’ distributions (Druzhba pipe), with
low Cr,03 contents (predominantly < 0.5 wt%); and (e) a negative

correlation between MgO and Cr,03 contents (3 pipes of NIIGA cluster:
NIIGA, Marshrutnaya, Talisman).

4.1.4. The Verkhnemunsky field

The Verkhnemunsky field consists of 16 kimberlite pipes and 4
dykes forming two NW-SE orientated linear chains (Fig. 1, Fig. 4s). All
pipes of the Verkhnemunsky field contain a low-Mg Ilmenite group
(6.5-8 wt% MgO) which shows a strong correlation between MgO and
Al,03 while Cr,03 is constant (Fig. 3D). Ilmenites with such distinctive
compositions only occur within this field. Ilmenite from kimberlites of
the Verhknemunsky field with an MgO content > 8 wt% show a weak
positive correlation between MgO and Cr,Os3 contents, as well as a
distribution similar to “Haggerty’s parabola” (Fig. 3D).

In spite of the fact that ilmenite from different kimberlite fields have
similar average compositions and wide ranges of major oxide contents
(Table 1), ilmenite from different fields show significant differences in
their compositional distribution as shown by plots of MgO vs. Cry0s.
Ilmenite from the Mirninsky field exclusively follows the “Haggerty’s
parabola” distribution; ilmenite from the Daldynsky field pre-
dominantly shows a “step-like” distribution; ilmenite from the Alakit-
Markhinsky field displays a combination of several distribution trends
(i.e., “Haggerty’s parabola”, ”step-like“ and ”diffuse“); and ilmenite
compositions from the Verkhnemunsky field are characterized by
“diffuse” distribution types with one distinctive local area on MgO-
Cr;03 plot (Figure Supplementary Fig. 9s).

4.2. Geochemically heterogeneous ilmenite macrocrysts

Most ilmenite grains are heterogeneous, with rims enriched in MgO
(up to 14.4 wt%; Fig. 7, Table 2) that are up to 100 um thick (Elthon &
Ridley, 1979; Boctor & Meyer, 1979; Agee et al., 1982; Garanin et al.,
1984). For example, SEM-BSE images of a zoned macrocryst from the
Zarnitsa pipe (Daldynsky field) and the Komsomol’skaya pipe (Alakit-
Markhinsky field) are provided in Figs. 7, 8. This Mg-enrichment is not
restricted to concentric rims, but is also recorded in polygranular il-
menite nodules (e.g., Fig. 9). In these nodules individual granules vary
in size from 100 um to > 1 mm and Mg-enrichment extends from grain
margins along micro-fractures (Fig. 9 A, B, E, and F). In some examples
Mg-enrichment is locally restricted to certain areas within the nodule
(e.g., Fig. 9 C, D). Core to rim Mg-enrichment is coupled with Fe;O5
depletion, whereas MnO contents increase, and the Cr,O3; contents



S.1. Kostrovitsky, et al.

Cr,0,, wt. %

Cr,0,, wt. %

Cr,0,, wt. %

Ore Geology Reviews 120 (2020) 103419

e A B
3
ot A
+
4 iyt b L. + 4
+*$$ +
oy TR 4
- & g, H + + + + -
a4
+ o+ T
+ 1 ks {'ﬁ-* F _.
ool + o+t
s P + +
-+ + +
= + b + -
oo + P 4 i
4 "'+.¢'_': ¥, tres + 4
o ey ¥ ++ ++
+ + o+
- ++ “++ +*++1 L - .
+ + +
:*f TR o+ R
- + 1 +
&
— — + - *
+ 4+
+ + +-*o— *
4 . .
R .
| | L [ ! | ! | ' | : |
o 3 .
] +
T T +
| ] +
+
] +
7 +
. -1 _‘;.*.'_ & ¥
W‘ G i
g i
| ! | ’ | ’ | ’ | ! |
- 6 8 10 12 14 16
+ E MgO, wt. %
&
+
= +
+ +
+, +
- +**++++
* +
+ +
2 b 4kt + 4+
+
++*t+ + Tikg
+ o+
] +w-;“' o
+ + + +
T ++++¢*l"'+++
+
o
’ | ' I ' | ¢ | ! |
6 8 10 12 14 16

MgO, wt. %

Fig. 6. MgO vs. Cr,03 bivariate plots showing the different compositional distribution of ilm from different pipes from the Alakit-Markhinsky field: a) “Haggerty
parabola” (Yubileynaya pipe); b) “Hockey stick-like” (three pipes of Iskorka cluster: Iskorka, Svetlaya, and Kollektivnaya); c) “Step-scattered” (Komsomolskaya and
Sitikanskaya pipes); d) “Stepped” (Druzhba pipe); e) “Inclined”, with an inverse correlation between MgO and Cr,03 (three pipes of the NIIGA cluster: NIIGA,
Marshrutnaya, andTalisman).

remain unchanged (Table 2). There is precipitation of Mn-bearing (up The granulation of Ilmenite macrocrysts is the result of re-
to 4.6 wt% MnO) vein-like ilmenite (~30 pm - Fig. 9A - point 7; Fig. 9B crystallization, this process causes an increase in the magnesium con-
- point 5; see Table 2) and Ti-magnetite at the boundaries between tent while FeO and MnO are removed and re-precipitated beyond the

individual granules.

grain boundary where the MnO content of ilmenite may reach 4.6 wt%.
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Fig. 7. Back-scattered electron (BSE) image of a zoned ilm grain from the
Zarnitsa pipe (Daldynsky field). This ilm grain becomes more magnesian from
the core to the rim (see Table 2).
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Fig. 8. BSE image of ilm macrocryst from kimberlite of Komsomol’skaya pipe
(Alakit-Markhinsky field). In the center, relicts of high—Fe*S, low-Cr Ilm are
preserved, the marginal part of the grain recrystallized to relatively high-Mg,
high-Cr ilm.

(Table 2, Fig. 9 E, F, G). The MgO content of recrystallized ilmenite
macrocrysts varies widely (i.e., from 0.1 to 13.0 wt%), while the Cr,05
contents remain constant across the grain (Fig. 10).

4.3. Ilm-bearing sheared peridotites

The textural features of ilm-bearing sheared peridotites can provide
important constraints on the genesis of ilmenite in kimberlites. In most
kimberlite localities there is a correlation between peridotite texture
(i.e., the degree of deformation) and P-T conditions of equilibration,
e.g., Lesotho (Boyd et al., 1997), Jagersfontein (South Africa — Jonston,
1973), Premier (South Africa — Danchin, 1979), Letlhakane (Botswana —
Stiefenhofer et al., 1997), and Jericho (Canada — Kopylova et al., 1999).
Therefore, it can be assumed that sheared xenoliths are predominantly
derived from the lower portions of the lithospheric mantle and equili-
brated at higher temperatures relative to granular peridotites (i.e.,
~4.5-7 GPa and 1023-1400 °C for sheared xenoliths; e.g., Boyd and
Nixon, 1975; Kennedy et al., 2002; O'Reilly and Griffin, 2010; Baptiste
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et al, 2012; Kargin et al, 2017).

It is noteworthy that the compositions of minerals in sheared peri-
dotites are similar to those of the megacryst suite (Ukhanov et al, 1988;
Nixon & Boyd, 1973; Burgess and Harte, 2004; Kostrovitsky et al., 2008;
Solov’eva et al., 2008). This similarity has been used to infer a genetic
connection between sheared peridotites and the megacryst suite. Below
we present a brief summary of the petrographic and geochemical fea-
tures of two ilm-bearing sheared peridotites (samples 00-83 and UV-
218b) from the Udachnaya-East kimberlite, which were described in
detail by Solov’eva et al. (2019). The degree of deformation in sheared
peridotites is variable and reflected in the rock textures. Porphyr-
oclastic ilm-phl dunites ( + minor clinopyroxene) are composed of fine
grained olivine neoblasts, coarse olivine porphyroclasts, as well as il-
menite schlieren and phlogopite leists.

Sample 00-83 is an olivine-phlogopite-ilmenite sheared peridotite
xenolith with a fluidal porphyroclastic texture as defined by Harte,
(1977). This sample contains ~30 vol% olivine (ol), ~40 vol% phlo-
gopite (phl), and ~30 vol% ilmenite. Olivine predominantly occurs as
small (0.05-0.2 mm) euhedral neoblasts, but rare anhedral porphyr-
oclasts (< 1 mm) are present. Laminar phl porphyroclasts (< 2 mm)
are deformed (i.e., kink-banded) and recrystallized at grain margins.
These small recrystallized phl grains are aligned parallel to ilm. Ilme-
nite occurs as thin lenses (<0.5 cm wide and < 4 cm long; Fig. 11),
which have a polygranular textures (Fig. 12a), resembling the poly-
granular ilmenite macrocrysts from the Mir pipe described in Section
2.3 (Fig. 9). In a similar manner to the polygranular ilmenite macro-
crysts, titaniferous-magnetite has precipitated in the interstitial space
between ilmenite granules and at the grain margins of ilmenite lenses.
Ilmenite from this xenolith is characterized by wide variations in MgO
contents (8.6-12.5 wt%) with relatively constant Cr,O3 contents (i.e.,
2.6-2.9 wt% —Table 3). Ar*°/Ar® dating of phl from this sample yields
an age of 367.1 * 1.4 Ma (Solov’eva et al., 2017), which overlaps the
age of host kimberlite (i.e., 367 Ma; Kinny et al., 1997; Yudin et al.,
2014).

Sample U-218b is an ol-ilm-cpx sheared peridotite xenolith with a
banded porphyroclastic texture. This sample contains ~65 vol% ol,
~30 vol% ilm, and ~5% cpx. Olivine porphyroclasts (0.5-3 mm) occur
in a fine-grained mosaic olivine matrix (Solov’eva et al., 2019). Ilmenite
grains are 0.3-2 mm in size and are elongated parallel to the samples
banding. Rare grains of cpx (0.5-2 mm) are included in ol porphyr-
oclasts and ilmenite bands. Ilmenite in this xenolith is again char-
acterized by a polygranular texture (Fig. 12). Grains of titaniferous-
magnetite which are occasionally zoned to Ti-free magnetite occur in
the interstitial space between ilmenite granules and at the grain mar-
gins of ilmenite bands (Fig. 12b). Ilmenite from this xenolith is char-
acterized by limited variations in MgO contents (10.6-11.8 wt%) with
low Cr;03 contents (0.3-0.4 wt%) (Table. 3).

4.4. The composition of ilmenite macrocrysts vs. Ilmenite in mantle
xenoliths

Comparison of the compositions of ilmenite macrocrysts (including
megacrysts) and ilmenite in sheared peridotites was undertaken using
samples from the Udachnaya-East kimberlite (Supp. Table 5S). Based on
plots of MgO vs. Cr,03 (Fig. 2), there are subtle compositional differ-
ences between these two ilmenite populations. Namely, the composi-
tion of ilmenite macrocrysts do not extent to as high MgO or Cr,03
contents. Fig. 2 shows that macrocryst compositions can be grouped
into three fields clearly distinguished by their Cr,O3 content: (1) low-Cr
(0.25-0.4 wt%); (2) moderate-Cr (0.75-1.4 wt%); and (3) high-Cr
(2.4-2.8 wt%). In contrast, most Ilmenite in sheared peridotites (i.e.,
88%) form two sub-horizontal trends stretching along the MgO axis
(from 9 to 14 wt%) with narrow ranges of Cr,0O3 contents (0.3-1.2 wt%
and 2.6-3.7 wt%). A subordinate population (22%) form a diffuse
cluster with MgO contents of 8-14 wt% and Cr,O; contents
1.43-5.43 wt%.
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5. Discussion
5.1. The formation of distinct ilmenite compositional distribution patterns

We established 3 stages of ilmenite macrocryst and megacrysts
crystallization: 1) asthenospheric; 2) lithospheric; and 3) lithospheric-
crust.

It is expected that the first stage of ilmenite crystallization occurred
within the asthenosphere (Boyd & Nixon, 1975), together with other
minerals of the Cr-poor megacryst suite. A pristine asthenospheric melt
had undergone fractional crystallization and, as noted above, was most
likely characterized by relatively low Cr and high Fe-Ti contents.
Therefore, the primary mechanism for changing the composition of il-
menite as well as other minerals of Cr-poor megacryst suite was frac-
tional crystallization (Mitchell, 1973, 1986; Moore et al., 1992, 2005;
Griffin et al., 1997). Ilmenite compositions with variable MgO and re-
latively low Cr,0O3 contents (i.e., < 1-2 wt%) on MgO- Cr,O3 plots
(Fig. 3) illustrate this first stage.

The second stage of ilmenite evolution occurred in response to
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Fig. 9. BSE images of ilm polygranular macrocrysts
from Mir pipe (Mirninsky field): A - Uneven granu-
lation of an Ilm macrocryst. The formation of mi-
crocracks on the boundaries of granules. B - The
changing of Ilm composition is starting in the border
zones of granules. C - Relatively uniform micro
granulation of ilm grains with the size of individual
granules of 100-200 my. D - Development of micro-
cracks (granulation process) throughout the macro-
crystal ilm, accompanied by a change in composition
on only one half of the grain. E, F - The more in-
tensive development of the processes of granulation
and substitution takes place in linear microzones of
fracturing.

%65 108pm WD11mm

changes in the composition of the kimberlite melt during ascent
through, and interaction with the lithospheric mantle (Agee et al.,
1982; Brett et al., 2009; Arndt et al., 2010; Russell et al., 2012; Soltys
et al., 2018). The melt was progressively enriched in magnesium and
chromium; and therefore, ilmenite compositions evolved in a similar
direction. The formation of the left branch of “Haggerty's parabola”
(Fig. 3) and plateaux with different Cr,03 contents within the “step-like
trend” (Fig. 4) reflect this second stage. There is no correlation between
MgO and Cr,03 contents, which can likely be attributed to a high de-
gree of heterogeneity of the melt, that assimilated various lithospheric
mantle material (e.g., clinopyroxene, garnet, Cr-bearing spinel).

The third stage of ilmenite evolution is represented by the right
branch of “Haggerty’s parabola” in MgO-Cr,05 plots (Fig. 3), and by
heterogeneity in individual grains caused by melt oxidation (Figs. 4,
7-10). The “Haggerty’s parabola” distribution is defined by the pre-
sence of two ilmenite groups, low- and high-Mg, with identical varia-
tion in Cr,03 contents. The right branch of this parabola reflects sec-
ondary subsolidus ilmenite recrystallization under changing redox
potentials of the evolving kimberlite melt during ascent through the
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Fig. 10. MgO-Cr,0;3 plot for polygrainular ilm from the Mir pipe shown in
Fig. 9 and reported in Table 2. The letter (i.e., A, B, C, D, E) designates the
analysis which correspond to specific macrocryst, and the number shows the
location of the spot analysis within this macrocryst (see.

lithosphere, and possibly continuing through to the crust. This process
caused increases in the ilmenite MgO content, while Cr,O3 contents
remain constant. In our view, this process causes the “Haggerty’s
parabola” distribution in MgO-Cr,O3 plots.

MgO-Cr,03 plots show that every kimberlite cluster within a single
field displays its own individual ilmenite compositional distribution
(Figs. 3, 4). The most common distribution pattern is “Haggerty’s
parabola” (e.g., ilmenite from the Mirninsky field, and the Yubileinaya
pipe of the Alakit-Markhinsky field). The ”step-like“ distribution is less
common and occurs in Ilmenite from pipes of the Daldynsky field and
some of the pipes of Alakit-Markhinsky field. These complex distribu-
tion patterns cannot be explained by simple fractional crystallization of
ilmenite from the kimberlite melt (e.g., Mitchell, 1973, 1986; Moore
et al., 1992; Griffin et al., 1997), which would cause decreasing con-
centrations of compatible elements such as Mg, Cr, Ni, and Sc. Agee
et al. (1982) advanced a model, whereby ilmenite compositions change
(i.e., toward increasing Mg and Cr contents) with the kimberlite melt
composition in response to the assimilation of lithospheric mantle
rocks. From Fig. 9s it is evident that ilmenite from Verkhnemunsky field
has a distinct compositional distribution from the Daldynsky field, with
the former showing less dispersion. Moreover, kimberlites from the
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Verkhnemunsky field have a significantly lower modal abundance of
ilmenite and perovskite.

An important feature of ilmenite compositional distributions is that
all kimberlite pipes from the same cluster are characterized by close
average ilmenite compositions and the same compositional trends, and
vise versa, ilmenite from different clusters have different average com-
positions and compositional trends (see Kostrovitsky et al, 2003;
Kostrovitsky 2018). These observations lead us to propose that all
kimberlites from the same cluster share a common magma conduit and
primitive melt composition, whereas different kimberlite clusters ex-
ploit different conduits. Kimberlite melt compositions vary in different
feeder channels because of partial assimilation of different lithospheric
mantle wall rocks. In turn, evolving kimberlite melt compositions are
reflected in the variation of ilmenite compositions.

The compositional heterogeneity of ilmenite macrocrysts (see sec-
tion 2.4), including poly-granular nodules (Table 2, Figs. 7-10), is ex-
pressed by Mg-rich rims and zones along the grain boundaries of re-
crystallized macrocrysts (Boctor & Boyd, 1977, 1980; Garanin et al.,
1984; Agee et al., 1982). We postulate that the recrystallisation of il-
menite macrocrysts occurred in response to stress imparted during their
ascent in the host kimberlite melt towards the surface, as a result of
changing P-T-fO, parameters of the melt. Subsolidus recrystallization of
ilmenite resulted in a decrease in Fe>*, a corresponding increase in Mg,
Ti and Mn contents, whereas the Cr,O3 contents remain constant or
slightly increase (Table 2, Fig. 10). The lack of change in the Cr,0;
content of ilmenite is explained by a constant composition of the host
melt during ilmenite recrystallization caused possibly by the change of
fO4 parameters.

“Step-like” ilmenite compositional distribution patterns reflect
changes in the evolution of the host kimberlite melt ascending through
the lithosphere. Lithospheric mantle material of different compositions
are disaggregated and assimilated by different melts in different con-
duits. We propose that the formation of two sub-parallel inclined steps
(i.e., the positive correlations in low-Mg and high-Mg portions of the
MgO-Cr,03 plots for ilmenite from kimberlites of the Dalnyaya and
Polyarnaya clusters) was formed by the same process as that which
formed the “Haggerty’s parabola” trend (Fig. 5).

The trace element compositions of kimberlites from different fields
of the Yakutian province indicate a high level of similarity of their
asthenospheric source (Kostrovitsky et al., 2007). This asthenospheric
melt composition affinity probably resides in the proximity of the
average composition of ilmenite (Table 1). In our view, significant
differences in ilmenite compositions from different fields in MgO-Cr,05
plots (Fig. 3A-D) are due to different conditions during proto-kimber-
lite metasomatism of the lithospheric mantle, reflecting the different
compositions of the lithospheric mantle beneath these fields.

Fig. 11. Photomicrograph of Sample 00-83, a phl-ilm-ol sheared peridotite from the Udachnaya-East pipe. Note: Ilm forms veins and lenses.
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Fig. 12. Back-scattered electron images of ilmenite (ilm) grains with a polygranular texture from samples: 00-83 (A) and U-218b (B). The size of the granules is
20-250 pm. Titaniferous-magnetite is located in the interstices between the ilm granules and at the boundaries of the ilm lenses.

5.2. An asthenospheric source for kimberlites, and their megacryst suite

Radiogenic isotope systematics (Nowell et al., 2004; Woodhead
et al., 2009; Tappe et al., 2012), the Mg#, Cr, and Ni contents of
kimberlite melts (e.g., Price et al., 2000; Soltys et al., 2018), sub-li-
thospheric xenoliths (Sautter et al., 1991; Haggerty, 2017), as well as
deeply derived diamonds (Stachel, 2001; Harte, 2010; Kaminsky, 2012;
Pearson et al., 2014) in kimberlites globally suggest that the source of
kimberlites occurs in the asthenosphere (Boyd and Nixon, 1975;
Pasteris, 1979; Pearson et al., 1995).

A genetic link between kimberlites and the megacryst suite is in-
dicated by their similar Rb-Sr, Sm-Nd, and Lu-Hf isotope systematics
(Nowell et al., 2004; Kopylova et al., 2009; Kamenetsky et al., 2014).
For example, initial 8Sr/%°Sr values for the low-Cr megacryst suite as
well as whole-rock kimberlites (Nowell et al., 2004; Becker and Le
Roex, 2006) overlap the 57Sr/%°Sr; values of early crystallising kim-
berlite phases (i.e., perovskite and apatite — Malarkey et al., 2009;
Paton et al. 2007; Woodhead et al., 2009).

The composition of primitive kimberlite melts are still the subject of
debate. Estimates range from carbonatitic (e.g., Dawson and
Hawthorne, 1973; Kamenetsky et al., 2008, 2014; Russell et al., 2012),
to transitional silicate-carbonate (e.g., Brooker et al., 2011; Nielsen and
Sand, 2008; Soltys et al., 2018), to volatile-rich ultramafic silicate melts
(e.g., Kopylova et al., 2007; le Roex et al., 2003; Price et al., 2000).
Likewise, the composition of the melt parental to the megacryst suite is
equally controversial, where picritic (Harte, 1983), alkali-basaltic
(Jones, 1987; Bruin, 1993De Bruin, 1993), or melts broadly similar to
OIB (Nowell and Pearson, 1998) have been suggested. It was noted by
Moore (2008) that REE modeling using partition coeffecitions for ba-
saltic melt compositions argues against megacryst crystallization from
the host kimberlite magma. However, the petrographic evidences

provides strong evidence for genetic link between kimberlites and their
megacryst suite, and suggests that megacrysts formed in the presence of
carbonate-rich kimberlite liquids (Moore and Belousova, 2005). On the
other hand, a genetic connection between kimberlites and alkaline
basalts has been suggested based on their spatial and temporal re-
lationships in the YKP (Rothman, 2002; Kiselev et al, 2009; Egorov
et al., 2011) and other kimberlite provinces worldwide (Alibert et al.,
1983; Araujo et al., 2001; Bizzi et al., 1993; Bogatikov et al., 1999).

5.3. Ilmenite in the kimberlite groundmass

Groundmass ilmenite occurs as anhedral to subhedral grains <
0.2 mm in size and has the highest MgO contents of any generation

discussed here (up to 24 wt% - Danchin et al., 1975; Boctor & Boyd,
1980; Pasteris, 1980; Agee et al., 1982; Shee, 1984; Garanin et al.,
1984, 1986). We interpret the composition of this ilmenite to represent
evolution of the late stage kimberlite melt toward high MgO contents
(see also Soltys et al., 2018b; Giuliani et al., 2017). Such Mg enrichment
is also evidenced by zoned groundmass olivine (Sobolev et al., 2015;
Brett et al., 2009).

Atypical groundmass ilmenite occurs in the Internatsional’naya pipe
from the Mirninsky field (Fig. 13), where it forms acicular grains (from
100 x 10 to 350 x 30 pm in size). These groundmass ilmenite grains
are enriched in MgO (up to 24 wt%), MnO (up to 3 wt%), and Nb,O3
(up to 6 wt%) compared to macrocrysts or megacrysts (Table 3).Fig. 14.

5.4. A xenocrystic or antecrystic origin of ilmenite macrocrysts?

The extreme rarity of ilm-bearing xenoliths compared with the high
abundance of ilmenite macrocrysts in kimberlites of the Yakutian pro-
vince argues against a strictly xenocrystic origin of these macrocrysts.

Table 3

Chemical composition of Ilm from the deformed peridotites of the Udachnaya-Eastern pipe and groundmass needle-like Ilm from Internatsionalnaya pipe (see

Figs. 12, 13).
Samples 00-83 (Fig. 12A) U-218b (Fig. 12B) 00-287 (Fig. 13)
Points 1 2 3 4 5 1 2 3 13A-3 13B-12
TiO, 47.57 45.83 45.67 45.14 45.39 50.07 49.95 50.01 52.64 50.45
Al,O3 0.59 0.6 0.46 0.85 0.35 0.63 0.46 0.37 0.03 0.06
Cry03 2.94 2.82 2.63 2.75 2.74 0.28 0.32 0.38 0.04 0.08
FeO 34.79 40.5 40.93 40.78 42.58 37.92 38.43 37.31 10.22 10.65
MnO 0.48 0.25 0.21 0.17 0.23 0.17 0.16 0.23 3.75 4.31
MgO 12.95 9.81 10.16 9.55 8.59 10.78 10.62 11.74 25.64 23.03
Nb,Os 0.44 0.4 0.36 0.29 0.31 0.16 0.13 0.12 7.25 7.02
NiO 0.06 0.15 0.14 0.12 0.15 0.08 0.11 0.07 0.01 0.01
Total 99.82 100.36 100.56 99.65 100.34 100.09 100.18 100.23 99.58 95.61
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Fig. 13. Back-scattered electron images of acicular groundmass ilm from a serpentine-free kimberlite sample (No 00-287) of Internatsional’naya pipe (see Table 3).
Late stage groundmass ilm is overgrown by, and included in the dolomite-calcite-halite matrix, and may neucleate from olivine grain magrins.
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Fig. 14. MgO-Cr,03 plot of ilm macrocrysts from all studied kimberlite fields
with schematic designation of ilm crystallization stages (1, 2, and 3) as dis-
cussed in the main text. Kimberlite fields are labeled as follows: a - Mirninsky; b
- Daldynsky; c - Alakit-Marhinsky; d - Verhnemunsky.

Compositional distributions of ilmenite megacrysts and ilmenite from
mantle xenoliths in the Udachnaya-East kimberlite indicate subtle
compositional differences (Fig. 2). The composition of ilmenite mac-
rocrysts are grouped into three distinct tightly clustered groups in MgO-
Cr,03 space. In contrast, ilmenite from sheared peridotites forms two
largely scattered fields. Ilmenite in sheared peridotites is characterized
by a higher MgO and Cr,Oj3 contents. Therefore, a xenolithic source for
many macrocrysts appears unlikely. On the other hand, the textural
features of ilm-bearing sheared peridotites from the Udachnaya-East
kimberlite (section 2.4) are similar to those of polygranular ilmenite
nodules from the Mir pipe. The similarity of ilmenite deformation
textures in sheared peridotites and polygranular nodules indicates their
crystallization occurred prior to interaction with the (proto-)kimberlite
fluids which caused deformation and eventual entrainment into the
host kimberlite melt (Pasteris, 1979; Kostrovitsky et al., 2013). This
scenario is consistent with the long ascent of kimberlite melts to the
earth’s surface, where these nodules may undergo recrystallization and
change their compositions (e.g., Arndt et al., 2010).

The REE’s compositions and distributions of garnets in sheared
lherzolites and garnet megacrysts from the Udachnaya kimberlite
(Kostrovitsky et al., 2004, 2008, 2013; Solov’eva et al., 2008) and other
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kimberlites worldwide (Moore & Lock, 2001) are similar, indicating a
genetic relationship. Veins of ilmenite in sheared lherzolites further
supports a genetic relationship between ilmenite macrocrysts and ilm-
bearing sheared peridotites.

We suggest that stress at the lithosphere-asthenosphere boundary
led to asthenospheric melt-fluid mobilization and ascent through the
lithospheric mantle causing metasomatism and deformation of lherzo-
lites (Boyd et al., 1997; Burgess and Harte, 2004). Immiscibility of an
ilm-bearing fluid formed lenses and veins at deep lithosphere levels,
which become the source for some proportion of ilmenite megacrysts/
macrocrysts (Ashchepkov et al., 2014).

This model for the formation of kimberlitic ilmenite makes the
question of whether ilmenite macrocrysts are xenocrystic redundant.
The main conclusion is that the source of ilmenite was an astheno-
spheric (proto-kimberlitic?) melt and therefore ilmenite crystallization
was connected with formation of kimberlites.

5.5. P-T conditions of ilmenite crystallization

Members of the Cr-poor megacryst suite crystallize over a wide
temperature range 1410-1130 °C and at < 45 kb (Gurney et al., 1979;
Moore et al., 1992, 2001). Ilmenite is suggested to have crystallised
after garnet and orthopyroxene megacrysts, at the lower end of this
wide temperature range. Megacrystic clinopyroxene is syngenetic with
ilm, and is commonly used to evaluate the P-T parameters of ilmenite
crystallization. Similar P-T parameters (i.e., 50 kb and 1165-1390 °C)
were obtained by Agee et al. (1982) for crystallization of ilmenite
megacrysts and ilm-cpx intergrowths from the kimberlites of Elliott
Country, Kentucky. Slightly lower crystallization temperatures (i.e.,
1025-1125 °C) of cpx megacrysts, which were presumably syngenetic
with ilm, were obtained by Eggler et al. (1979) for kimberlites of the
Sloan-Nix, Colorado-Wyoming kimberlites.

P-T crystallization parameters were calculated for ilmenite from the
Udachnaya-East kimberlite from a locality with an unusually high
concentration of ilmenite macrocrysts (i.e., ~40-50% of the whole rock
— Kostrovitsky et al., 2004). This locality contains ilmenite nodules with
inclusions of cpx, ilm-cpx intergrowths, as well as cpx and ol mega-
crysts. The P-T conditions of ilmenite crystallisation (i.e., 1054-1091 °C
and 39.8-42.5 kb after Kostrovitsky et al, 2004) were obtained using
the single clinopyroxene thermobarometer of Nimis & Taylor, (2000).
Sr-Nd-Hf isotopic systematics were determined for a cpx megacryst (Ne
UV-9774) collected from this same ilm-rich locality (Kamenetsky et al.,
2009). The  isotopic  composition of this  megacryst
((®!”sr/%Sr); = 0.70292, eNd = +5.0, eHf = +6.5) overlaps those of
perovskites from this kimberlite (Kamenetsky et al., 2009; Sun et al.,
2014). We suggest that ilmenite megacrysts crystallised within the li-
thospheric mantle, at depths of ~140 km. Higher P-T conditions (i.e.,
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1054-1150 °C and 6 GPa) were obtained for cpx-ol-ilmenite sheared
peridotites from the Udachnaya-East pipe (Solov’eva et al., 2019 ),
which corresponds to the approximate depth of the LAB beneath this
cluster.

5.6. The presence and formation of ilmenite/oxide melts

The large size of ilmenite megacrysts (up to 4 cm), abundance of
ilmenite in some kimberlites (e.g., up to 3 vol% — Oval pipe, Daldynsky
field; Olymp pipe, Chomurdakh field), and ilmenite veins in sheared
lherzolites (Fig. 11), whose origin can be linked to the Cr-poor mega-
cryst suite, all indicate the existence of an ilmenite/oxide melt. The
presence of metal oxide melts which crystallise ilmenite has been in-
voked by a number of researchers (e.g., Clarke and Mackay, 1990;
Hong-Fu et al, 2001; Zhang et al., 2001; Wyatt et al., 2004;
Kostrovitsky et al., 2004).

The presence of ilmenite veinlets in sheared lherzolites (Fig. 11) is
evidence of the formation of such melts at depths which correspond to
the asthenosphere-lithosphere boundary. Ilmenite liquation from the
parental high-Ti asthenospheric melt was caused by a change in P-T
conditions after deformation processes at the LAB. We assume that the
latter initiated the formation of deformed lherzolites, and the ascent of
the asthenospheric melt. Based on the widespread occurrence of
sheared xenoliths and megacryst suit minerals in kimberlites worldwide
it appears that such proto-kimberlite metasomatism of the lithosphere is
a prequsite for successful kimberlite ascent to the surface. Ilmenite
crystallization from the kimberlite melt continued to the later stages of
ascent and possibly during and after kimberlite emplacement into the
upper crust, as indicated by the presence of small groundmass ilmenite
(Pasteris, 1980; Agee et al., 1982; Shee, 1984; Garanin et al., 1984,
1986).

5.7. Ilmenite and the diamond potential of kimberlites

Ilmenite is one of the main kimberlite indicator minerals (Haggerty,
1991a, 1991b; Mitchell, 1986; Wyatt et al., 2004) and has been utilized
heavily in diamond exploration (Nixon et al., 1963; Boctor and Boyd,
1980; Haggerty and Tompkins, 1984; Mitchell, 1986; Griffin and Ryan,
1995; Gurney et al., 1993; Hood and McCandless, 2004; Kjarsgaard
et al., 2004; Masum et al., 2004; Kostrovitsky et al., 2004, 2006; Van
Straaten et al. 2008). The interpretation of ilmenite major element
compositions used in diamond exploration has proven ineffective for
identifying diamondiferous kimberlites (Gurney and Zweistra, 1995;
Wyatt et al., 2004; Schulze et al. 1995; Robles-Cruz et al. 2009). For
instance, late-stage Mg enrichment of ilmenite xenocrysts is unrelated
to reducing conditions which favor diamond preservation within the
mantle (Castillo-Oliver et al., 2017). The absence of a correlation be-
tween the diamond content of the host kimberlite and the Fe,O3 con-
tent of its ilmenite has been described for North American occurrences
(Schulze et al., 1995), and the Catoca intrusions (Angola — Robles-Cruz
et al., 2009).

Different mantle source regions for most diamonds (i.e., litho-
spheric) and macrocrystic ilmenite (i.e., asthenospheric), as well as
their different origins (i.e., xenocrystic and antecrystic, respectively)
underpin the lack of correlation between the abundance and composi-
tion of these minerals. The most diamondiferous pipes in the YKP —
Aykhal (Alakit-Markhinsky field), Internatsional’naya and XXIII KPSS
(Mirninsky field), Botuobinskaya and Nyurbinskaya (Nakynsky field,
see Fig. 5s) are high-Mg kimberlites where ilmenite macrocrysts are
either rare or non-existent (Kostrovitsky et al., 2015). On the other
hand, there are large highly diamondiferous pipes (e.g., Mir, Zarnitsa,
Yubileinaya, Udachnaya) which are Mg-Fe kimberlites and contain
variable amounts of ilm. The maximum concentration of the hematite
end-member in ilmenite is found in kimberlites of the Mirninsky field,
which are characterized by different diamond grades, from high grade
(Internatsional’naya pipe) to low grade (Taezhnaya pipe) (Figure
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Supplementary Fig. 10s).
6. Conclusions

A representative collection of ilmenite macrocrysts from the major
diamondiferous kimberlite fields of the YKP was employed to propose a
genetic association between ilmenite and kimberlite magmatism.

Different ilmenite compositional distributions were identified in
MgO vs. Cry03 plots, and different distributions (i.e., Haggerty’s para-
bola, step-like distributions) are dominate in particular kimberlite
fields. The “Haggerty’s parabola” distribution is typical of ilmenite from
the Mirninsky field; the “step-like” distribution is typical of ilmenite
from the Daldynsky field; the Verkhnemunsky field is dominated by a
diffuse cluster of analysis and no clear evolutionary trend in MgO-Cr,05
space; and a combination of the “Haggerty’s parabola”, ”step-like“ and
”diffuse” distributions are observed in ilmenite from the Alakit-
Markhinsky field.

Based on ilmenite macrocryst compositional distributions, the study
of heterogeneity in polygranular ilmenite nodules, and ilmenite in
sheared xenoliths, we propose a three stage formation and (re-)crys-
tallization history of ilmenite macrocrysts and megacrysts: 1) primitive
asthenospheric melt; 2) lithospheric contaminated melt and 3) re-
equilibration with the host kimberlite during ascent through the li-
thosphere-crust.

The initial stage of ilmenite crystallization occurred in an astheno-
spheric melt with other megacrystic minerals of the Cr-poor suite. In
accordance with previous studies, we suggest the primary mechanism
for changing the composition of ilmenite (i.e., decreasing Mg, Cr, in-
creasing Fe, Al concentrations), as well as other minerals of Cr-poor
megacryst suite, was fractional crystallization.

The second stage of ilmenite crystallization is inferred to have oc-
curred within the lithosphere. This ilmenite displays an increase in MgO
and Cr,03 contents, which reflects changes in the composition of the
kimberlite melt during assimilation of lithospheric mantle material,
forming the right branch of Hagerty’s parabola in MgO vs. CryO3 bi-
variate plots.

The third stage of ilmenite re-crystallization (and re-equilibration)
is recorded by the heterogeneity of individual grains. We propose re-
crystalisation of ilmenite under increasing fO, of the evolving kimber-
lite melt during ascent through the lithosphere (potentially continuing
in the crust) caused the decreasing Fe and Mn contents, with corre-
sponding increases in Mg content, yet Cr contents of remain unchanged.
In our view, this process explains the production of the right branch of
“Haggerty’s parabola”. We note that these three ilmenite (re-)crystal-
lization stages were realized in different clusters (i.e., different con-
duits) to varying degrees.

The formation of other ilmenite compositional distribution patterns
(e.g., “step-wise”, and “hockey stick”) is attributed to different com-
positions of the entrained and partially assimilated lithospheric mantle
material, and different ascent dynamics in each of the different kim-
berlite conduits (which were different for each different kimberlite
cluster).

All kimberlite pipes of the same cluster are characterized by similar
ilmenite compositions and the same compositional distribution,
whereas ilmenite from different clusters have distinct average compo-
sitions and compositional distributions (Kostrovitsky et al, 2003; Kos-
trovitsky, 2017). Similar ilmenite compositional distributions are also
typical of other kimberlite provinces worldwide, and we infer similar
process to be responsible for these compositional distributions in kim-
berlitic ilmenite globally (e.g., Haggerty, 1975; Shee and Gurney, 1979;
Eggler et al., 1979; Schulze, 1984; Mitchell, 1986; Moore et al., 1992;
Wyatt et al., 2004; Robles-Cruz et al., 2009). These compositional
features are attributed to the existence of a single magmatic conduit
feeding all pipes of a given cluster, and different conduits feeding dif-
ferent clusters. Proto-kimberlite melt compositions evolved separately
in each cluster (conduit) by the incorporation and partial assimilation
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of distinct lithospheric mantle material, leading to distinct ilmenite
composition in each kimberlite cluster.

The presence of large ilmenite megacrysts (up to 7 cm in size), the
abundance of ilmenite macrocrysts and megacrysts (up to 1-3 vol%) in
some kimberlites, and ilmenite veins in sheared peridotites suggest il-
menite crystallisation following immiscibility of a oxide-carbonate-si-
licate melt (see also Clarke & Mackay, 1990; Zhang et al., 2001;
Kostrovitsky et al., 2004; Giuliani et al., 2014). We suggest that the
process of immiscibility (liquation) of the proto-kimberlite melt oc-
curred as a result of stresses at the asthenosphere - lithosphere
boundary.

Therefore, although ilmenite is a part of Cr-poor megacryst suite, its
crystallization was not limited to the asthenosphere, but continued
during proto-kimberlite metasomatism of the lithosphere, and con-
tinued to (re-)crystallise and re-equilibrate with the host kimberlite
melt during ascent through the lithosphere, and possibly continuing
after emplacement in the upper crust. These findings are consistent with
(proto-)kimberlite magmatism occurring for an extended period (i.e.,
~5 Ma) before eventual emplacement of the host kimberlite into the
upper crust (e.g., Moore, 2008).

If correct, the duration of kimberlite ascent was not as short as
described in a number of publications (i.e., 4-20 m/s with eruption
durations of many hours to months - e.g., Sparks et al., 2006; Wilson
and Head, 2007). At least, this time was sufficient for the assimilation
lithospheric material and (re-)crystallization of deep-seated minerals.
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