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Abstract: The large compositional variations in spinels from extremely depleted, megacrystalline
harzburgite–dunites in the Udachnaya-East kimberlite pipe, Yakutia, apparently reflect multistage
metasomatism. Changes in the redox regime are reflected in the compositions of different parts of
mineral grains. From most reduced to most oxidized, spinel compositions divide into: (1) primary
(rock-forming) Cr-spinel and spinel from the central parts of sulfide grains, (2) spinel from microcracks
in olivine, (3) spinel in kelyphitic rim around garnet between garnet and olivine (Rim1 and Rim2
spinel), and (4) spinel in transformed kelyphitic rim around garnet between garnet and kimberlite
(Rim3 spinel). P-T conditions for the vast majority of samples, calculated using the composition
of primary Cr-spinel, fall in the diamond stability field. A change in the composition of spinels of
different generations occurs along the sides of the classical triangle of spinel compositions Al–Cr–Fe3+:
(1) Rim2 to Rim1 spinel—Al–Cr trend, (2) primary Cr-spinel to magnetite rim in the edge—Cr–Fe3+

(kimberlite) trend, (3) replacing Rim1 to Rim3—Al–Fe3+ trend.
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1. Introduction

Spinel from different rock types has been actively studied by petrologists for many years; firstly,
as a mineral, it is commonly found in different rocks and is accessible for study, and secondly, because
its chemical composition can be used as a petrogenetic indicator [1–5]. However, despite the apparent
abundance of material, few studies are devoted to spinel from xenoliths in kimberlites. For example,
in the largest study of spinel from different parageneses [6], only 409 analyses from 26,297 belong
to mantle and lower-crust xenoliths from kimberlites. This is probably due to a relatively small
number of samples (compared, say, with xenoliths from basalts or ophiolites) available to researchers.
Such xenoliths, as a rule, are spinel- and garnet-spinel lherzolites.

At the same time, an extremely rare group of the most depleted mantle rocks
exists—megacrystalline peridotites, represented by harzburgite–dunite. Megacrystalline harzburgite–
dunites (MHD) have been encountered in individual kimberlite pipes, mainly Udachnaya pipe (Yakutia).
These unusual rocks with incompletely replaced olivine were first discovered in 1977 [7]. The rocks
are composed of nearly pure olivine (90% or more)—normally it is one megacrystal and sometimes,
but rarely, 2–3 megacrystals. Less than 10% of the rock makes up a Cr-pyrope garnet and/or enstatite
and/or Cr-spinel. MHD rocks are one of the parental rocks of Siberian diamonds [7–11]. The chemical
composition of the minerals is identical to that of mineral inclusions in diamonds [11] (and references
therein) [12]. The high concentration of Cr2O3 in olivine, the low Fe3+/(Fe3+ + Cr + Al) in chromite,
low contents of TiO2 and CaO in pyrope, and the presence of diamond in mineral parageneses provide
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evidence for reduced conditions during the formation of these rocks and their low metasomatic
alteration [13,14]. Oxygen fugacity evaluations for this group of mantle peridotites obtained by two
independent methods—electrochemical cells and gas chromatography—showed that although the
highest number of values is located in the region of the buffer equilibrium wuestite–magnetite (WM),
a significant variance in the values between the quartz–fayalite–magnetite (QFM) and iron–wuestite
(IW) buffers is observed [15–18]. A wide range of redox conditions, resulting in the formation of the
rims around garnet and coexistence of several spinel generations in some MHD, suggest that some
part of the rocks have been subjected to metasomatic effects before being brought to the surface by
kimberlite. This study focuses on such rocks.

In megacrystalline dunites (olivine + garnet; olivine + garnet + spinel; olivine + spinel) and
harzburgites (olivine + garnet + orthopyroxene; olivine + garnet + orthopyroxene + spinel; olivine +

orthopyroxene + spinel), spinel is present among the rock-forming and accessory minerals, as inclusions
in other phases as well as a mineral in the rims around garnet [19], showing, as a rule, that it is zoning
“core-edge”-type. The study of the chemical composition of various kinds of spinel from MHD allows
for evaluation of the nature and extent of the alteration process that occurred in the most depleted part
of the lithospheric mantle before and during the involvement of the rocks in kimberlite explosion.

Some aspects of this article were partially reported at international conferences in Morocco [20]
and Russia [21]. In the study presented here, I try to look at the problem more broadly and, taking as
my starting point a set of spinel generations from the most depleted mantle rocks, to trace the general
tendencies of transformation of the mantle spinel compositions of different parageneses.

2. Methods and Samples

The chemical compositions of minerals were determined with a scanning electron microscope
(SEM) MIRA3 LMU (TESCAN, Brno, Czech Republic) at an accelerating voltage of 20 kV and a
counting time of 20 s and an electron probe microanalyzer (EPMA) JXA-8100 (JEOL, Tokyo, Japan),
using an acceleration voltage of 20 kV, a focused beam with a current of 10 nA, counting times of
20–30 s, and standard PAP correction procedures [22,23]. Precision and accuracy were monitored
using natural and synthetic standards that were measured at regular intervals during each analytical
session. Detection limits are typically <0.04 wt.% for SiO2, TiO2, Al2O3, MgO, CaO, Na2O, and K2O,
<0.05–0.07 wt.% for FeO, MnO and Cr2O3. The values of microimpurities (CaO, Na2O, Al2O3, Cr2O3) in
olivine, necessary for the calculation of P-T parameters, were determined using a technique described
in [24]. In order to work on the devices, flat polished sample slabs with carbon coating were used.

Thirty-six typical MHD are investigated in the course of the work. Samples are nodules from
kimberlite measuring 2 to 8 cm in diameter, consisting mainly of transparent greenish olivine (single,
sometimes cracked, crystals). A general view of the rocks is presented in Figure 1a–c. Eleven of
them contain primary Cr-spinel (six samples—Cr-spinel only (Figure 1d), five samples—Cr-spinel and
Cr-pyrope (Figure 1e)). Twenty-five samples contain pyrope only. All of them have thin keliphitic
rims situated around the garnet (Figure 1f). In some samples the microcracks in olivine are filled with
secondary minerals (the evidence of later effects on the rocks), including zoned spinel. One dunite is
distinguished by chromite inclusions within rounded sulfide inclusions in olivine.

After Roeder [25], I use the term “spinel”, which encompasses the whole spinel group
(spinel—written with a lowercase letter), and only rarely implying the MgAl2O4 end-member
(Spinel—written with a capital letter).
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Figure 1. Megacrystalline harzburgite–dunites (MHD) from Udachnaya pipe, Yakutia, represented
as follows: (a–c) general view of the rocks: (a,b) xenoliths in kimberlite; in b, the black line outlines
xenolith in kimberlite; (c) extracted nodule; in a–c, fine divisions on the ruler are mm; (d) olivine (Ol)
and Cr-spinel (CHR); (e) olivine (Ol), pyrope garnet (GRT) and Cr-spinel (CHR); (f) olivine (Ol) and
pyrope garnet (GRT) with kelyphitic rims (see text for description of the rims).

The following kinds of spinel occur in the studied xenoliths:

(1) Primary Cr-spinel (Cr/(Cr + Al) = 80%–90%) with the typical zoning ”core-edge” and magnetite
rim (Figure 1d,e and Figure 2a).

(2) Spinel from the kelyphitic rims around pyrope [19]: Rim1 (Al-orthopyroxene + spinel±phlogopite
± Al-clinopyroxene ± amphibole ± sodalite, calcite, potash feldspar, magnetite and sulfides,
including djerfisherite) between garnet and olivine, but closer to garnet; Rim2 (phlogopite border
of the Rim1 ± Al-orthopyroxene, spinel, and Al-clinopyroxene) between garnet and olivine,
but closer to olivine; Rim3 (phlogopite + spinel + magnetite) between garnet and kimberlite
(Figures 1f and 2c,d ).

(3) Inclusions of spinel in pentlandite, bordered with djerfisherite. The sulfides are observed in
randomly throughout of olivine in megacrystalline dunite. The spinel inclusions are present in
the central and marginal parts of sulfides (Figure 2e,f).

(4) Spinel with a wide range of compositions from olivine microcracks, filled by low-iron serpentine
in association with calcite, apatite, ilmenite, high-magnesia Ba-containing phlogopite, magnetite,
perovskite, and sulfides (Figure 2b).

This paper also contains analytical results from previous studies of mantle xenoliths from the
Udachnaya kimberlite pipe published over a range of years [17,19].
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Figure 2. Spinel species from MHD (Udachnaya pipe, Yakutia), BSE images: (a) zoned primary Cr-spinel
with Cr2O3 content, wt.%, from core to edge C (63.7), CCR (49.5), CR (24.4), R (1.42), Mag-rim (1.00)
given in Table 1; (b) spinel in association with apatite, perovskite, Ti-magnetite, sulfides (pentlandite and
djerfisherite) in olivine microcracks filled with serpentine; (c) spinel from the kelyphitic rims (Rim1 and
Rim2) around garnet (boundary “garnet–olivine”); (d) spinel from the Rim3 around garnet (boundary
“garnet–kimberlite”); (e) spinel inclusion in sulfide core; (f) spinel inclusion in association with
phlogopite in sulfide edge. Ap—apatite; GRT—garnet; Jer—djerfisherite; Ol—olivine; Pn—pentlandite;
Prv—perovskite; Phl—phlogopite; Spt—serpentine; Spl—spinel; Ti-mag—Ti-magnetite.
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Table 1. Representative compositions of spinel species from MHD (Udachnaya pipe, Yakutia), this study,
SEM and EPMA*.

Sample 2/09 * 49/10 * 164/09 * 43/01 * 588/11 * 180/10 180/10 180/10 180/10 180/10

C C C C C C CCR CR R Mag-rim

TiO2 0.25 0.08 0.11 0.36 0.11 0.92 4.46 13.4 22.24 3.55
Al2O3 5.06 5.64 8.02 4.13 4.89 5.21 8.03 6.94 6.27 0.00
Cr2O3 65.1 65.78 63.2 64.2 65.3 63.7 49.5 24.4 1.42 1.00
FeO tot 18.1 16.46 15.4 17.2 18.0 19.8 26.7 42.2 51.6 93.1
MnO 0.27 0.212 0.24 0.28 0.28 0.00 0.00 0.00 1.86 1.33
MgO 11.5 12.21 13.0 11.9 11.4 10.4 11.1 13.1 16.62 1.0
Total 100.0 100.4 99.9 98.1 100.0 100.0 99.7 100.0 100.0 100.0

Fe3+/Fe2+ 0.19 0.16 0.16 0.25 0.19 0.14 0.50 1.42 3.00 1.96
Cr/(Cr + Al) 89.61 88.67 84.10 91.26 89.96 89.13 80.51 70.22 13.19 100.0

Fe2+/(Fe2+ + Mg) 0.43 0.40 0.36 0.39 0.43 0.48 0.47 0.43 0.30 0.95
Fe3+/(Fe3+ + Al + Cr) 0.04 0.03 0.03 0.05 0.04 0.04 0.13 0.43 0.79 0.98

Sample avg 21 * avg 15 * avg 24 * 702/13 702/13 702/13 702/13 702/13 702/13 702/13

Rim1 Rim2-C Rim2-E Rim3-C Rim3-E Su-C Su-E Mc-C Mc-E Mc-Mag

TiO2 0.38 3.38 0.52 7.24 4.64 0.44 9.05 5.46 12.72 3.58
Al2O3 37.95 12.12 32.62 4.37 0.66 0.00 5.15 5.08 2.78 0.00
Cr2O3 27.38 46.52 32.08 19.94 11.72 64.08 34.04 50.67 1.3 0.00
FeO tot 14.79 23.43 16.17 57.28 75.61 23.52 41.7 27.18 72.45 91.15
MnO 0.37 0.48 0.39 1.71 1.58 0.00 1.42 0.00 1.69 0.6
MgO 17.69 12.39 16.47 9.06 5.42 10.48 7.78 11.42 8.65 4.27
Total 98.56 98.31 98.24 99.60 99.63 98.52 99.14 99.81 99.59 99.60

Fe3+/Fe2+ 0.43 0.54 0.43 1.89 2.09 0.48 0.87 0.59 2.28 2.37
Cr/(Cr + Al) 0.33 0.72 0.40 0.75 0.92 1.00 0.82 0.87 0.24 0.00

Fe2+/(Fe2+ + Mg) 0.25 0.41 0.28 0.55 0.72 0.46 0.62 0.46 0.59 0.78
Fe3+/(Fe3+ + Al + Cr) 0.05 0.12 0.06 0.60 0.81 0.11 0.33 0.15 0.91 1.00

C—core; E—edge; C–CCR–CR–R–Mag-rim—composition change of primary chromite from core to Mag-rim in
edge; avg—average; Su—inclusion in sulfide; Mc—Spl in microcracks of olivine. The types of spinel from the Table
can be seen in Figure 2.

3. Results

3.1. Spinel Compositions

From the above-mentioned varieties of spinel, in world literature chemical compositions were
previously published only for the primary (rock-forming) Cr-spinel of depleted peridotites from
kimberlites ([9,11,12]—MHD, Yakutia; [26] and references therein—harzburgite, Africa). In this paper,
an attempt is made to track changes in the composition of various parts of the spinel grains of all
the generations found and the basic ratios of the main components, from which one can judge the
conditions for the formation of a particular spinel (Table 1, all numbers of samples in the Table begin
with LUV).

The ratio Cr/(Cr + Al) reflects the degree of depletion and/or the depth of formation of the rock,
and Fe3+/Fe2+ (or mole fraction Fe3O4) is an indicator of the redox conditions [6,25,27–30].

Figure 3a shows good inverse correlation Cr#-Fe3+/Fe2+ observed in the primary chromite when
moving from the grain core to the edge (see also Table 1, LUV180/10 C–R). Figure 3c shows good direct
correlation as well during the formation of a non-aluminous magnetite rim containing 1 wt.% Cr2O3

(Table 1, LUV180/10 CR–Mag-rim).
Spinel from Rim1 and Rim2 is the product of the reactionary replacement of the garnet-host;

therefore, the content of chromium and other components in it, in addition to the depth of formation,
must be determined by the amount of such components in the primary pyrope (degree of depletion).
The central part of the spinel from Rim2 has a composition close to the composition of the intermediate
zone CCR of the primary chromite (Figure 2a), the edge of the spinel from Rim2 is similar in composition
to the spinel of Rim1 (Figure 3c). In Figure 3a,b, one can observe a sharp decrease in the Cr component
in the spinel from Rim2 to Rim1 up to the chromium content in the host pyrope. The ratio of Fe3+/Fe2+,
in this case, varies less significantly. In spinel of Rim3 from the core to the edge, an increase in
the magnetite molecule occurs simultaneously with an increase in the Cr/(Cr + Al) ratio (Figure 3c).
Spinel from the central part of sulfide is practically pure chromite, while inclusions of spinel in the
marginal parts of sulfide grains contain alumina in their composition and a greater amount of oxidized
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iron (Figure 3b,c, Table 1, LUV702/13, Su-C—Su-E). The most pronounced zonation “core-edge” was
observed in spinel from microcracks in olivine, where a sharp decrease in chromium content was
accompanied by a significant increase in ferric iron. A small grain of practically pure magnetite was
found in another microcrack (Figure 3c, Table 1, 702/13, Mc-Mag). This composition is identical to the
composition of the magnetite rim around the primary chromite with the difference that there is no
admixture of chromium here.

Figure 3. Diagram Cr/(Cr + Al)-Fe3+/Fe2+ for spinel species from MHD (Udachnaya pipe, Yakutia):
Primary—primary Cr-spinel; C–CCR–CR–R–Mag-rim—composition change of primary chromite from
core to Mag-rim in edge (see also Table 1, Figure 2a); Rim1,2,3—spinel from kelyphitic rims around
garnet; grt—rock-forming Cr-pyrope (see comments in text); Su—spinel inclusion in the center and
marginal parts of sulfide; Mc—spinel from the microcracks in olivine; arrows indicate core-edge
direction; R2—correlation coefficient for (a) and (b). (a) megacrystalline peridotites LUV180/10 and
LUV49/10, containing both Cr-spinel and Cr-pyrope; (b) megacrystalline peridotites LUV159/10-2 and
LUV702/13, containing Cr-pyrope and sulfide; (c) united general scheme for all spinel species.

It is necessary to emphasize one interesting regularity—all magnetites forming the edges of spinel
species (Table 1) contain about 1.5 wt.% MnO, which is not inherent in mantle spinels from xenoliths of
Yakutian kimberlites.
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3.2. Spinel Thermometry and Barometry

This paper does not delve into the thermobarometry of depleted peridotites, but some comments
are necessary. Equilibrium P-T estimates are difficult, primarily due to the absence of pyroxenes
in the paragenesis (enstatite occurs in rare samples). Temperatures for MHD rocks have been
determined using Mg-Fe ratios in olivine and garnet [31] with pressure from alumina isopleths in
enstatite (if present) that is in equilibrium with garnet [32]. Thermometers and barometers based on
microimpurities in garnet or olivine [33–36] cannot be accurately applied with a standard microprobe
analysis. As petrologists and experimenters previously proposed [11,37,38], the Cr–Ca ratio in pyrope
can be used as a barometer for lherzolites and harzburgites (formulated in [39]).

The geothermometer based on the partitioning of Al2O3 between forsterite-rich olivine and Cr-rich
spinel [40] is of interest in this study. This thermometer has some limitations (Fe3+ < 0.1, Ti < 0.025 in
spinel) and requires the use of exact values for Al2O3 in olivine. Figure 4a shows that the temperature
estimates obtained using this experimental thermometer are slightly higher than those calculated from
garnet–olivine [31] and monomineral olivine [36] thermometers, but are generally commensurable
with the latter. Such a small discrepancy could be caused by the increased Cr# of primary Cr-spinel
from MHD (0.70–0.91) compared to those participating in the experiment (0.07–0.69). Pressures from
the olivine barometer [33] agree well with the monomineral garnet barometer of [39] (Figure 4b).
Points of P-T-condition estimates for MHD, calculated by rock-forming olivine and Cr-spinel, lie in
the field of diamond stability slightly lower the heatflow geotherm 40 mwm−2 (Figure 4c). Data for
seven megacrystalline harzburgites, taken from [11], calculated using the thermometer [31] and the
barometer [32] (indicated by bricks in Figure 4c) show lower P-T parameters and plot closer to the
mantle heatflow geotherm 35 mwm−2. As was shown in [11], four studied samples contained Cr-spinel;
therefore, it was logical to determine their temperature and pressure using a thermobarometer, which
is also used here for MHD (Figure 4c, a field surrounded by a solid line). The result was highly
overestimated, most likely due to the use of inaccurate values of trace impurities (Al2O3 and CaO) in
olivine, obtained using standard microprobe analysis of that time.

P-T estimation for spinels in Rim1,2 was attempted. By chemical composition, some of them
fit well in the limited range of the thermometer [40]. However, calculating the temperature requires
equilibrium olivine, which does not occur in the rims. Rock-forming olivine was used. It shows
zoning with Al2O3 and CaO increasing toward garnet, 1.2–1.8 times higher than in the grain core.
Concentrations increase by several times near microcracks. Since Rim1 is closer to the garnet, olivine,
which is located closest to garnet (with maximum Al2O3 and CaO), was paired with spinel from this Rim.
Points lie in the graphite stability field above heatflow geotherm 40 mwm−2 (Figure 4c). To calculate
the P-T of Rim2 (located closer to the olivine), Al2O3 and CaO of the olivine parts that were located far
from the garnet (as in the case of the primary chromite) were used along with the components of the
spinel from this Rim. Estimates for couples “olivine–spinel of Rim2” are located near the geotherm
40 mwm−2 and the graphite–diamond line in the field of graphite stability (Figure 4c). Unfortunately,
the compositions of spinel from microcracks and inclusions in sulfide did not fit into the composition
range suitable for the thermometer [40]; P-T estimates could not be made even approximately.
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Figure 4. (a–c) Thermobarometry of Cr-spinel-bearing MHD (Udachnaya pipe, Yakutia). (a) temperature
estimates by [40] against temperature calculated using [31] and [36] thermometers; (b) pressure estimated
using [39] and [32] against pressure calculated using [33] barometer. See comments in the text for
(a) and (b). (c) P-T-estimates for Cr-spinel-bearing MHD from Udachnaya pipe: Primary—primary
Cr-spinel; Rim1,2—spinel from kelyphitic rims around garnet. The solid line separates the stability fields
of graphite and diamond [41]; dotted line—mantle heatflow geoterms 40 and 35 mwm−2 [42]. Data of
the previous studies: Rectangles—megacrystalline harzburgites from Udachnaya pipe, Yakutia [11],
grey field—low Ca harzburgites from Daldyn field, Yakutia [34], enclosed oval field—explanations in
the text.
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4. Discussion

Studying the variations of the chemical composition of different spinel generations from MHD in
comparison with spinels from all possible mantle parageneses offers a chance to track the complex
transformations of rocks occurring from the moment of their formation to being brought to the surface
by kimberlite and to identify the processes responsible for these changes.

The different types of spinels, which are sometimes present in the same sample, vary significantly
in terms of their component composition, and practically all are zoned indicating multi-stage,
non-simultaneous formation.

The compositions of the studied samples are plotted on the compositional triangle Spl
((Mg,Fe)Al2O4)–Chr ((Mg,Fe)Cr2O4)–Mag ((Mg,Fe)Fe3+

2O4) (Figure 5). Two trends in the composition
change of the studied spinels are clearly visible—from Chromite to Spinel and from Chromite to
Magnetite. Another trend, not shown in [6] (from Spinel to Magnetite across the Spinel Gap), is traced
for spinels from garnet alteration zones in eclogites of groups A, B, C from the Udachnaya pipe
(Figure 5: Brown field).

The spinels from Rim1,2 fit well on the Cr–Al trend, which was first described by Irving [2] as a
positive correlation of the Cr/(Cr + Al) and Fe2+/(Fe2+ + Mg) ratios (see Table 1) in the equilibrium of
spinel with an olivine of constant composition at constant T. For high-pressure samples, these were
probably the result of equilibria between Al-bearing pyroxenes and Mg-Al-rich spinel [6], which was
observed in our case, considering the mineral association of Rim1,2 (see the description of the samples
in Section 2). The spinel compositions of peridotitic mantle parageneses are located along this direction
(Figure 5a, color fields: Orange, pink, blue, and ocean green). The point of composition of the central
part of primary spinel grain from MHD lies in the field of spinel inclusions in diamonds. The final
composition of this trend, which does not contain alumina, is represented by chromite inclusion in the
central part of sulfide. The increase in Fe3+ is marked as a kimberlite trend and is similar to Fe–Ti trend
(Figure 5a). In our case, these trends are represented by the gradual formation of a rim on the primary
rock-forming spinel, a rim on spinel from microcracks in olivine, and the formation of Rim3 around
the garnet. The Fe–Ti trend is typically characterized by simultaneous increases in Fe2+ and Fe3+,
with titanium increases in spinel due to fractional crystallization of silicates from the host magma [6].
The TiO2 contents of mantle spinels, as a rule, are low (0.5 wt.%) and correlate with the level of xenolith
depletion. Some sectors of spinel species from MHD demonstrate compositions with an enriched Ti
content (Table 1).

In contrast to the overwhelming majority of terrestrial spinel from the various environments
and localizations presented in [6], titanium enrichment of spinel species from MHD occurs in the
postcrystallization period and occurs in multiple stages. Moreover, if at the early stages (ancient
metasomatism), a smooth increase in the Ti component occurs in later generations, then, under the
influence of a kimberlite melt, titanium often forms its own phase (ulvospinel, perovskite, ilmenite),
and an increase in Fe2+ and Fe3+ leads to the formation of low-Ti magnetite at the very last stages of
spinel transformation. This is evident in the formation of the rim of the primary rock-forming spinel,
in which essentially, simultaneous formation of a phase with a very high percentage of ilmenite (R in
Figure 2a and Table 1, LUV180) and magnetite with a low-Ti concentration (Mag-rim in Figure 2a and
Table 1, LUV180) occurs.

As can be seen from Table 1, the outer part of primary Cr-spinel (Mag-rim) and the spinel
from the microcrack (Mc-Mag) are essentially pure magnetite, indicating the highly oxidizing nature
of the environment. The very high content of FeO-tot is also found in the edges of spinel from
microcracks (Mc-E) and Rim3 (Rim3-E): 72.45 wt.% and 75.61 wt.%, respectively. However, in the
composition of spinel Mc-Mag from microcrack, along with the high Fe3+/Fe2+, Cr and Al are absent,
and the Cr/(Cr + Al) ratio becomes meaningless, whereas in the primary Cr-spinel and Rim3-spinel,
the Cr#-ratio increases with increasing Fe3+/Fe2+ (Figure 3c). Evidently, this increase in Cr# cannot be
caused by an increase in depth or depletion of the system during Rim3 formation or magnetite rim
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growth around the primary Cr-spinel. Most likely, Rim1 is converted to Rim3 under the influence of
the kimberlite melt, which carries the rock to the surface.

Figure 5. Spinel (SPL)–Chromite (CHR)–Magnetite (MAG) compositional triangle. The gray field of
the terrestrial spinel dataset is composed of 21,644 analyses and spinel inclusions in diamonds (field
contoured by orange line) taken from [6]. C–CCR–CR–R–Mag-rim—composition change of primary
chromite from core to Mag-rim in edge. Thin black arrows indicate core-edge direction. Color fields
on (a): Orange—MHD; pink—garnet–spinel lherzolites [17]; ocean green net—spinel lherzolites [17];
blue—garnet rims of deformed lherzolites [19]. Color fields on (a,b): Brown—rims and zones of garnet
alteration from eclogites [19]. Three main trends [6], reflecting the variable relationships between the
components of spinel composition, are shown by thick grey arrows on (a,b): Cr–Al, kimberlite, Fe–Ti.
The thick brown arrow shows an Al–Fe trend from this study. The stars on (b)—intermediate spinel
compositions (see the text for details).
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The kimberlite melt, upon interaction with the captured rock, produces a large amount of K and
water. The silicate minerals of Rim1 are replaced by phlogopite (KMg3(Si3Al)O10(OH)2),which is
the main mineral of Rim3. Aluminous spinel from Rim1 in the enriched system under the influence
of increasing oxygen potential is almost completely replaced by spinel with a very high magnetite
component and a small Cr2O3 content. However, since most Al is positioned in the phlogopite, the Cr#
ratio in spinel shows growth. A similar “arithmetic trick” takes place for the marginal part of the
primary spinel, where, along with the formation of magnetite (Table 1, LUV180, CR → Mag-rim),
a spinel with a high titanium content is also formed (Figure 2a, R), “capturing” a small amount of
aluminum that was present in the grain before its change (Table 1, LUV180, CR→ R).

For a long time, there was no material evidence of the formation of Rim3 from Rim1 as a result of
the capture of rock by kimberlite magma. However, recently a spinel of intermediate compositions
was found in the Rim around a garnet of one of the megacrystalline peridotites (Figure 5b: Stars from
Rim1 to Rim3), which supports the model detailing the conversion of Rim1 to Rim3. The rarity of the
occurrence of such compositions is apparently due to the very short period in which the conditions for
their formation exist and the rapid rebalancing of the compositions. The chain of spinel compositions
(denoted by stars in Figure 5b) from Rim1 to Rim3 from MHD coincides with the Al–Fe trend of spinels
from rims of eclogite garnets. This result suggests a single process of reworking the mantle material
with the oxidized fluids before capturing the rocks by kimberlite.

To understand the sequence of processes responsible for changes in the composition of spinel
species from MHD, taking into account the role of Ti, I recalculated the spinel compositions
into four independent extreme terms, separating Al, Cr, Fe3+, Ti: Spinel–(Mg,Fe2+)Al2O4;
Chromite–(Mg,Fe2+)Cr2O4; Ferrite (magnetite)–(Mg,Fe2+,Mn)Fe3+

2O4; Ilmenite–(Mg,Fe2+)TiO3

(Figure 6).
Cr–spinel included in the central part of the sulfide demonstrates the highest proportion of

the Chromite component (88%) (Figure 6d, black line). A similar composition has a rock-forming
Cr–spinel core (Figure 6a, black line) (85% of the Chromite component). However, the relation
Fe3+/(Fe3++Al + Cr) showing the degree to which a system is oxidized (for example, [13]) is much
lower for rock-forming Cr–spinel (0.04) in comparison with Cr–spinel in the sulfide core (0.11) (Table 1).
This is due to different impurities in these spinels. In spinel inclusion in sulfide 11% is Ferrite, while for
the core of primary Cr–spinel, the second most significant component (10%) is Spinel. Nevertheless,
the Cr–spinel inclusion in the core of sulfide represents one of the earliest species of the spinel set
under investigation, since sulfide inclusions are apparently syngenetic with olivine-host. Both spinels
do not contain the Ilmenite component, since they were not directly affected by the metasomatic fluid
and the kimberlite melt.

Spinel in microcracks (Figure 6b, red line) looks like primary Cr-spinel of the later generation
(Figure 6a, CCR composition, red line), as can be evidenced by the high chromium content in the
center of the grain and small grain sizes. Small spinel inclusions in olivine were those weakened areas
through which the cracks passed in the period preceding the capture of the rock by kimberlite melt. It is
probable that during the growth (or transformation by re-equilibration of the composition) of this spinel,
the rock was exposed to hot deep metasomatic melts/liquids, which brought a significant amount of Ti
and Fe (more than 10% of Ilmenite and Ferrite components occur in CCR-primary Cr-spinel and core
of Cr-spinel in olivine microcracks). This process is connected with the early stages of lithospheric
mantle evolution and was caused by ancient metasomatism [43,44], which is responsible for increasing
titanium, calcium, and iron in the outer parts of peridotite garnets [43–45] and an increase in the iron
content of olivine near cracks. Probably at the same time, or shortly after, Rim2 around the garnet
began to form (Rim2-C: Figure 6e, red line). Continued enrichment of Ti and Fe led to a further change
in the composition of the marginal part of the primary spinel (Figure 6a, CR composition, green line)
and the transformation of the composition of spinel inclusions located on a sulfide surface (Figure 6d,
grey line).
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Figure 6. Extreme members of spinel species of MHD from Udachnaya pipe: (a) primary Cr-spinel
from LUV180/10, (b) spinel from the microcracks of olivine, (c) spinel from Rim1, (d) spinel inclusions
in sulfide from LUV702/13, (e) spinel from Rim2, (f) spinel from Rim3. Zones of the spinel species are
given according to Table 1. C—core, E—edge. Spinel compositions of other mantle parageneses are
presented in (g): Fields of rock-forming spinel from spinel-garnet lherzolites [17]—pink; spinel
lherzolites [17]—ocean green net. Fields of the spinel of Rims around garnet from deformed
lherzolites [19]—blue; eclogites [19]—brown. For comparison, lines of the primary spinel and
spinel of Rim2 and Rim1 from MHD are given. (h) Rim3 of garnet from peridotitic parageneses—blue
lines; intermediate spinels marked with stars in Figure 5b—bright blue dotted lines. Note: Lines of the
same color show the same and similar compositions.
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Subsequently, the metasomatism activity appeared to weaken for some time, the temperature
of the system decreased, and the Cr/(Cr + Al) ratio began to shift towards Al, following the Cr–Al
trend (Figure 5). This led to the formation of Rim1 spinel and edges of Rim2 spinel (Figure 4c) with
a predominance of the Spinel (Al) component (Figure 6c,e, rose lines). Therefore, the formation of
rims (Rim1 and Rim2) around the MHD garnets, which do not contact with kimberlite, occurred
before the xenoliths were captured by the kimberlite melt, as confirmed by 40Ar/39Ar dating of these
rims [46]. The P-T formation parameters of spinel from Rim1–2 (Figure 4c) coincide with those for
spinel lherzolites [17], and the lines reflecting their component composition practically contour the
field of spinel lherzolites (Figure 6g, red is average for Rim2-C, pink is average for Rim1). The only
difference is the presence of the Ilmenite component (Ti) in the Rim2-C spinel and its complete absence
in spinel from spinel lherzolites. The presence of Ti in the spinel from Rim2-C is probably due to
the process described above—the ancient metasomatic enrichment of the outer parts of the grains of
peridotite garnet, from which Rim2 were subsequently formed. Such enrichment has mostly affected
the garnets from deformed lherzolites, and it is in the spinels from the rims around them that the
highest Ti content is observed (Figure 6g, blue field).

Figure 6g clearly shows a consistent change in the composition of spinels following the Cr–Al
trend from the central part of the primary Cr-spinel of the most depleted mantle rocks—MHD—to
the spinel in kelyphitic rim of the most enriched—deformed lherzolites. This change is expressed
mainly in the increase in the Spinel component and the decrease in the Chromite component (black
dashed arrows) in the series of parageneses: MHD → garnet-spinel lherzolite → spinel lherzolite
(+Rim2-C-MHD)→ spinel lherzolite + deformed lherzolite (+ Rim1-MHD)→ deformed lherzolite.

Kimberlite formation and the activation of kimberlite fluids and melts with subsequent capture of
xenoliths during eruption were accompanied by changes in the composition of spinel, characterized by a
sharp increase in the role of oxidized iron. At this time, a magnetite/ulvospinel edge on a primary spinel
(Figure 6a, cyan and blue purple lines), as well as a magnetite rim on a spinel from microcracks in olivine
(Figure 6b, blue and cyan lines) were formed. In the composition of these spinels, Chromite (Cr) was
unquestionably the predominant component (Figure 6a,b); therefore, the increase in the Ferrite (Fe3+)
component to a maximum in the outer part occurs following the kimberlite and Fe–Ti trends. At the
same time, Rim1 (Figure 6h, pink line) was converted step by step through intermediate compounds
(Figure 6h, bright blue dotted lines) to Rim3 (Figure 6f, dark blue and blue lines). The Spinel component
dominated in the spinel of Rim1. Therefore, there is a sharp increase in the Ferrite component (Fe3+)
with the reduction of the Spinel (Al) to zero (Figure 6g, black arrows), while the Chromite (Cr) and
Ilmenite (Ti) components do not play a significant role at this stage. A change in the composition occurs
along the Al–Fe trend of eclogite spinels (Figures 5 and 6g, brown field). The compositions of spinel
in Rim3 for peridotite rocks of contrasting parageneses—ultra-depleted MHD and ultra-enriched
deformed lherzolites—are completely identical (Figure 6f,h, blue lines) as they are the result of the
transformation, with further re-equilibration, of the Rim1→ Rim3 compositions under the influence of
the same kimberlite melt.

5. Conclusions

The complexity of this study was that it was necessary to draw conclusions, simulate the processes,
and build a sequence of spinel generations, based only on a detailed analysis of its composition and
morphology. For natural reasons (limiting the volume of the article, focusing on a certain mineral,
etc.), spinel was considered mainly in isolation from paragenesis, of which it is a part. The relationship
with the silicate phases (except for one mention of phlogopite, which forms in the rim around the
garnet and the use of the olivine composition in the calculation of P-T conditions) was not considered.
However, such an approach made it possible to reveal important stages of the mantle composition
transformation, the indicator of which was spinel composition. As a result, it was possible to establish
the following:
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1. In the depleted mantle, sulfides are formed under strongly reducing conditions; however, as the
comparison of the Fe3+# ratio in chromite from the central part of sulfide and in the core of
primary chromite from MHD shows, the latter is formed in an even more reduced environment.

2. The enrichment of the depleted mantle rocks by Ti and Fe occurred more than once. The stages of
enrichment had different length, intensity, and source. The first is most likely because of ancient
mantle metasomatism, the last is associated with kimberlite activity.

3. The formation of standard kelyphitic rims (Rim1–2) around the peridotitic garnets took place
between these stages, before the xenoliths were captured by kimberlite magma. The transformation
of Rim1 with the replacement of spinel by magnetite, and silicate minerals by phlogopite (Rim3)
was influenced by kimberlite melts.

4. Along with the traditional trends reflecting the change in the composition of spinel from chromite
to magnetite (kimberlite and Fe–Ti trends) and from Chromite to Spinel (Cr–Al trend), for mantle
xenoliths from kimberlite, the Al–Fe3+ trend should be taken into account as inherent in spinel
compositions of eclogites, as well as, apparently, playing a key role in the transformation of the
rims around the garnet (Rim1→ Rim3).
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