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Abstract

Here we present new data from a systematic Sr, Nd, O, C isotope and geochemical study of kimberlites of Devonian age Mirny
field that are located in the southernmost part of the Siberian diamondiferous province. Major and trace element compositions of
the Mirny field kimberlites show a significant compositional variability both between pipes and within one diatreme. They are
enriched in incompatible trace elements with La/Yb ratios in the range of (65-300). Initial Nd isotope ratios calculated back to the
time of the Mirny field kimberlite emplacement (¢ =360 ma) are depleted relative to the chondritic uniform reservoir (CHUR)
model being 4 up to 6 ENd(t) units, suggesting an asthenospheric source for incompatible elements in kimberlites. Initial Sr
isotope ratios are significantly variable, being in the range 0.70387-0.70845, indicating a complex source history and a strong
influence of post-magmatic alteration. Four samples have almost identical initial Nd and Sr isotope compositions that are similar
to the prevalent mantle (PREMA) reservoir. We propose that the source of the proto-kimberlite melt of the Mirny field kimberlites
is the same as that for the majority of ocean island basalts (OIB). The source of the Mirny field kimberlites must possess three
main features: It should be enriched with incompatible elements, be depleted in the major elements (Si, Al, Fe and Ti) and heavy
rare earth elements (REE) and it should retain the asthenospheric Nd isotope composition. A two-stage model of kimberlite melt
formation can fulfil those requirements. The intrusion of small bodies of this proto-kimberlite melt into lithospheric mantle forms
a veined heterogeneously enriched source through fractional crystallization and metasomatism of adjacent peridotites. Re-
melting of this source shortly after it was metasomatically enriched produced the kimberlite melt. The chemistry, mineralogy
and diamond grade of each particular kimberlite are strongly dependent on the character of the heterogeneous source part from
which they melted and ascended.
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Introduction

Kimberlites are known as incompatible elements and volatile
enriched rocks which contain diamond and are derived from
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deeper levels in the mantle than any other magma. Hence,
kimberlite compositions are an important source of informa-
tion regarding deep mantle compositions and melt-generation
processes. Early studies have shown that basaltic and mica-
ceous varieties of Southern African kimberlites differ in their
isotopic and geochemical character, and they are thus divided
into Groups I and II, respectively (Smith 1983; Smith et al.
1985). The chemical and isotopic contrasts between the two
groups are believed to reflect the different compositions of
their mantle source regions. Lithophile trace element ratios
in Group I (Gr I) kimberlites are generally similar to those of
oceanic island basalts (Smith et al. 1985). They also have
relatively high initial '**Nd/"**Nd isotope ratios and low ini-
tial ¥’Sr/*®Sr ratios compared to Group II kimberlites. The
origin of Gr I kimberlites from the convectively mixed
(asthenospheric) mantle is generally accepted, but the position
of the source remains in question. Opinions are divided be-
tween a site just below cratonic lithosphere, and one within a
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transitional zone between the upper and lower mantle (Smith
1983; Ringwood et al. 1992; Taylor et al. 1994; Tappe et al.
2014). Isotopic signatures of orangeites (Group II kimberlites)
indicate an origin from melting of a source within the lithospheric
mantle that is characterized by a long-term time-integrated
enrichment in incompatible elements (Smith 1983; Tainton and
McKenzie 1994; Taylor et al. 1994; Giuliani et al. 2015). The
tectonic trigger for kimberlite melting is also debated. Mantle
plumes (Haggerty 1994; Torsvik et al. 2010) or only heat and
volatiles from plumes or hotspots (Le Roex et al. 2003; Becker
and Le Roex 2006) can trigger kimberlite melting. An alternative
trigger is volatile supply from the deeply subducted oceanic crust
far away from the continent boundary (Duke et al. 2014).
Recently Tappe et al. (2014, 2017) argued that kimberlitic melt
extraction and transport to the Earth’s surface occurred mainly
during the fast and changing plate motions that occur during the
assembly and breakup of supercontinents.

Previous studies have shown that the Middle Paleozoic
kimberlites from the Siberian Platform are isotopically and
geochemically similar to South African basaltic kimberlites
(Agashev et al. 2000; Kostrovitsky et al. 2007) and can be
classified as Gr I rocks. However, the Nakyn field kimberlites
of the Siberian craton (Agashev et al. 2001) have unique trace
element signatures and Sr and Nd isotope compositions that
distinguish them from any other kimberlites worldwide.

Here, we present new data relating to systematic isotope
geochemical studies of all kimberlites within the Mirny field
which are known for their world class diamond mines first of
all Mir and Inter pipes. The geochemical composition of kim-
berlites is very heterogencous even between closely located
pipes and even within one kimberlite body (Agashev et al.
2000). However, kimberlites composing one kimberlite field
could be genetically related and formed by a single tectono-
magmatic episode from a single source. In this study, we at-
tempt to find the regularities in the variations of the geochem-
ical compositions of kimberlites within one kimberlite field
which could have arisen from such a genetic relationship.

Geological background

The Mirny kimberlite field is located in the southernmost part
of the Siberian kimberlite province (Fig. 1), within the
Botuobinskaya anticlinal structure, near the western edge of
Vilyui Rift Basin (Kiselev et al. 2014). The Archean crystal-
line basement in this area is covered by an approximately 1.5—
2 km thick sequence of sedimentary rocks. The sedimentary
sequence consists of carbonate rocks of Cambrian,
Ordovician, and upper Silurian age. Those carbonates are part-
ly covered with stratigraphic unconformity by upper
Paleozoic and Mesozoic, mostly lower Jurassic, terrigenous
rocks with conglomerates and unsorted sandstones as the bas-
al layers. The latter basal rocks often contain diamond and
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diamond indicator minerals such as pyrope garnets and
picroilmenites, suggesting considerable erosion of the kimber-
lite material after emplacement until Jurassic time.

The major regional deep fault zones have a submeridional
direction (Fig. 1). They are traced by magnetic field anomalies
and mafic dyke systems. The dykes, which are represented by
dolerites, are part of Devonian age dyke swarm along the
northwestern shoulder of the Vilyui Rift system (Kiselev et
al. 2014). The peripheral faults with a northwest direction are
connected with the major fault zones and are traced by a long
axis of elongated surface planes of explosion pipes and shear
zones in lower Paleozoic sediments. The kimberlite pipes
were emplaced at the intersections of the major regional faults
with peripheral faults. Some pipes are exposed at the present
day surface. Others are covered by thin layers (5-20 m) of
lower Jurassic sediments. The emplacement age determined
for four Mirny field kimberlite pipes are in range of 356—
364 Ma (Davis et al. 1980; Agashev et al. 2016).

Presently in the Mirny field, six kimberlite pipes are
known: Mir, Inter, 23 CPC, Amakinskaya, Taezhnaya and
Dachnaya. In addition, there are one satellite pipe (Sputnik),
two separate dykes (Anomaly 21 and Yuzhnaya), and several
dykes connected with the pipes. Hence, the Mirny kimberlite
filed is a suitable object to study systematically the composi-
tional variations of kimberlites composing the field. The Inter
kimberlites are of very high diamond grade. Kimberlites of the
23 CPC, Mir and Dachnaya pipes are high to middle diamond-
iferous, The Taezhnaya pipe is sub-economic and the
Amakinskaya pipe is poor in diamond (Table 1). At present
diamond mines of the Mirny field were mined out; therefore it
is difficult to establish the internal structure of the pipes. The
Mirny field kimberlites are composed mostly of one
(Dachnaya, Amakinskaya, 23 CPC, Anomaly 21) or two
(Inter, Taezhnaya) phases of intrusion. The Mir pipe has a
more complex structure and six phases of intrusion were iden-
tified (Vladimirov et al. 1981), with most of the pipe volume
composed of kimberlite breccias.

Samples and analyses
Description of samples, petrography and mineralogy

The Mimy field kimberlites are variably altered by surface
processes and their olivine is fully serpentinised; only some
of the olivine in the Mir pipe porphyric kimberlite has sur-
vived. All kimberlites, including that of the Mirny field, are
petrographically complex rocks with three main components.
The first two are xenoliths of the mantle and continental crust
and a suite of macrocrysts and xenocrysts which is mostly of
mantle origin. Olivine macrocrysts are common for all of the
Mirny kimberlites and occupy from 15 vol% up to 40 vol% of
the rocks. The xenocrysts suite includes the following
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Fig. 1 a Simplified geological map of the Mirny kimberlite field. 1=
Upper Cambrian sediments; 2 = Permian sediments; 3 = Lower Jurassic
terrigenous sedimentary rocks; 4 = Doleritic intrusions; 5 = Kimberlite
bodies; 6 =Regional faults. b Map of the Siberian platform showing

minerals: olivine, garnet, chrome-diopside, ilmenite, Gr-spi-
nel, enstatite, phlogopite and diamond. All of these reside in
the third componend that consists of a fine grained matrix
which is belived to represent the kimberlite itself. The matrix
is composed of different proportions of secondary serpentine
and calcite and microphenocrysts of olivine, phlogopite,

locations of Middle-Paleozoic kimberlite fields. a = Vilyuisk paleorift
system; b = Vilyui-Markha deep fault zone; ¢ = Kimberlite fields (1=
Mirny field; 2 = Nakyn; 3 = Alakit; 4 = Daldyn; 5 = Muna)

calcite and one or several of the following minerals in small
amount(s): apatite, dolomite, diopside, monticellite, spinel,
perovskite and ilmenite. Kimberlite samples of this study
(0.5-1 kg) were crushed into 3—5 mm chips and ~100 g of
fragmens free of xenogenic material were powdered for
whole-rocks analysis.

Table 1 Main features of the Mimy field kimberlites

Name Kimberlite type Olivine Crustal xenocrysts Pipe size” (ha) Diamond
macrocrysts  xenoliths (vol%) grade (Ct/t)
(vol%) Ilmenite  Ti-rich garnet*(%) Cr-rich spinel

Inter Porphyric kimberlite 20-45 0-5 trace <5 high 1.27 9

23 CPC Kimberlite breccia ~ 15-40 10-20 trace 3.6 high 0.2 34

Mir Porphyric kimberlite 20-40 0-5 moderate moderate moderate 12.33 4-5

Mir Kimberlite breccia ~ 15-30 5-20 high 9.4 moderate 12.33 4-5

Dachnaya Kimberlite breccia 1540 15-20 high 7.3 moderate 0.3 1.7

Taezhnaya Porphyric kimberlite 20-40 0-10 high 9.6 low 0.15 0.23

Taezhnaya Aphyric kimberlite ~ 0-5 0-5 high n.d. trace 0.15 n.d

Amakinskaya Kimberlite breccia ~ 15-30 10-30 very high 13.3 trace 2.5 0.05

Anomaly 21 Aphyric kimberlite ~ 0-5 0-5 high n.d. trace 0.2

Abundance of olivine macrocrysts and crustal xenoliths were evaluated by visual examination of rock samples and thin-sections. Relative abundances of

xenocrysts were evaluated by inspection of heavy minerals concentrates

*Fraction of low Cr, Ti-rich megacrysts among the total number of garnet xenocrysts studied

** Surface squares of pipes
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Samples of Mirny field kimberlites are represented by three
petrographic types. Porphyritic kimberlite (PK) that has
abundunt serpentinised olivine macrocrysts set in a fine
grained matrix and corresponds to the hypabyssal facies kim-
berlites of textural genetic classification (Clement and Skinner
1985). Kimberlite breccias (KB) which has abundunt xeno-
liths that are mostly fragments of wall-rock sediment, and
Aphyric kimberlie (AK) that contains very little xenoliths or
xenocrysts. The petrographic type of every studied sample,
along with the sampling sites, is provided in Table S1
(Electronic Supplementary Material). The study of heavy min-
eral concentrates reveals significant differences in the abun-
dances of mantle-derived ilmenite, Cr-poor Ti rich garnets and
Cr-rich spinel xenocrysts between the different Mirny field
kimberlites. Randomly selected garnet xenocryst fractions
(100-200 grains) were studied for chemical composition
(Aleksey A. Agashev and co-workers, unpublished data) and
proportion (in % out of total number of grains studied) of Ti-
rich Cr- poor garnet was calculated. A summary of the main
features of the Mirny field kimberlite petrographic types along
with their abundances of olivine macrocrysts and xenoliths of
mostly upper crust sediments as well as their relative abun-
dances of mantle-derived xenocrysts is provided in Table 1.
The average diamond grade and the surface sizes of the pipes
are also shown. The relationship between kimberlite chemis-
try (average TiO, contents), abundances of Ti-rich Cr- poor
garnet xenocrysts and diamond grade are presented in Fig. 2.
The chemical compositions of those garnet xenocrysts are
given in the Electronic Supplementary Material.

Analytical methods

Major oxides in whole rock samples were measured by X-ray
fluorescence (XRF) analysis using an ARL-9900 XP spec-
trometer. Trace element concentrations in the rocks were de-
termined on a Finnigan MAT ELEMENT high-resolution in-
ductively coupled plasma mass spectrometer (ICPMS) with a
U-5000AT+ ultrasonic nebulizer. Samples were digested
using the method of Li metaborate fusion followed by disso-
lution (Nikolaeva et al. 2008). The quality of trace elements
determinations was controlled by the SARM-39 international
kimberlite standard (see Electronic Supplementary Material).
The isotopic compositions of oxygen and carbon were mea-
sured with a Finnigan MAT-253 mass spectrometer with sam-
ple preparation on a Gas Bench II line by standard methods.
The accuracy of the carbon and oxygen carbonate material
measurements was controlled by the NBS19 international
standard (8" Cyppp =+1.9%, 8'*Ovsmow = —2.2%0) and
was 0.1%o for 6'°C and §'®0 values.

The Rb-Sr and Sm-Nd isotopic compositions were deter-
mined on a GV instruments IsoProbe multi-collector (MC)
ICPMS. Strontium and Nd were purified using Sr-SPS resin
(SR-B25-S, 50-100 mesh; Eichrom Technologies Inc.) and
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Ln resin (LN-B25-S, 50-100 mesh; Eichrom Technologies
Inc.) following the method described by Nishio et al. (2004).
The ¥’Sr/*°Sr and '**Nd/'**Nd data were normalized to
781/*°Sr=0.710258 for SRM987 and to '**Nd/'*'Nd =
0.5121067 for JNdi-1. The results of the standard rock analyses
are as follows; '**Nd/'**Nd=0.513054+10 for JB3 and
87Sr/%°Sr=10.703776 + 12 JB2. Decay constant of *'Rb =
1.42x 10" a! and for "'Sm=6.54x 10> a ' were used
for initial isotope ratios calculations. Calculations of the ENd(t)
values are based on the compositions of CHUR "*Nd/'*Nd =
0.512638 and "*’Sm/"**Nd = 0.1967 (Faure 1986).

Results
Chemical compositions
Major elements

Analytical data regarding major and trace element composi-
tions are provided in the Electronic Supplementary Material
along with replicate analyses of the SARM-39 kimberlite stan-
dard. As can be seen from Fig. 2, the Mirny field kimberlites
show a significant compositional variability both between
pipes and within one diatreme, which is typical for kimber-
lites. Most of the compositional variability is represented by
the negative covariation of SiO, and MgO with CaO contents
(Fig. 2), which reflects the proportions of silicate (olivine-
serpentine) and carbonate within the rocks. The variability in
the abundances of phlogopite and ilmenite results in variabil-
ity in the K,O and TiO, contents. Based on the major ele-
ments, the Mirny field kimberlites can be rougly divided in
three varieties. The first variety is represented by Inter and 23
CPC kimberlites which have low TiO, and Fe,O5 contents
that vary in the range 0.38-0.77 wt% and 2.74-7.05 wt%
respectively. The second variety, which includes rocks of the
Mir, Dachnaya and Taezhnaya pipes, is of intermediate com-
position and contains 0.75—-1.78 wt% of TiO, and 6.43—
10.94 wt% of Fe,O3. The last group is a high Ti variety that
includes kimberlites of the Amakinskaya pipe, aphyric kim-
berlite of the Taezhnaya pipe and rocks of the Anomaly
21dyke. Low Ti kimberlites are characterized by a significant
amount of phlogopite in their groundmass and a small amount
of ilmenite macrocrysts. The high Ti variety, in turn, contains
a significant amount of ilmenite.

The relationship between the TiO, and K,O contents also
provides an important distinction between Gr I kimberlites
and orangeites (Smith et al. 1985). Most of the Mirny field
kimberlites plot within the field of the South African Gr I
kimberlite (Fig. 2), which is in agreement with their major
element composition. The compositions of the Inter and 23
CPC pipes plot at the low concentration corner of the
orangeites; however, the K,O content in the kimberlites of
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these pipes (0.8 wt%) is significantly lower than the average
of the orangeites (3.3 wt%) of South Africa.

Trace elements

Kimberlites of the Mirny field are enriched in incompatible
trace elements [Ba, Sr, Nb, Ta, Zr, Hf, Th, U and light REE
(LREE)]. The degree of enrichment in incompatible elements is
variable between and within particular pipes and the concen-
trations of LIL (Rb, Ba, and K) elements are the most variable.
Variation in the concentrations of LREE and high field strength
elements (HFSE) in the Mirny field kimberlites are also signif-
icant but to a lesser degree than those of large-ion lithophile
elements (LILE). For example, the range of REE fractionation
among the samples of one pipe expressed as La/YDb ratio could
be very high (124-270) for the Inter pipe. Porphyritic kimber-
lite and kimberlite breccia of the Mir pipe are clearly different
in trace element concentrations and ratios. Porphyritic kimber-
lite contains less of the incompatible elements and has a low
La/Yb ratio (62—105) compared to KB (156-300). In spite of
the high variations in the absolute concentrations of incompat-
ible elements, the average compositions of the Mirny field
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kimberlites are very similar on log-scale primitive mantle
(PM) normalized spidergrams (Fig. 3). The only clear differ-
ence is the Ti anomaly that is negative in the low Ti kimberlites
and positive in the high Ti kimberlites. Concentrations of the
incompatible elements normalized to the PM composition
(Fig. 3) have negative anomalies for Rb, K, Zr and positive
ones for Nb, Th, Ba, Nd and Sm. This type of distribution
has been shown to be common for Gr I kimberlites (Smith et
al. 1985) and plume-related OIB. Indicative trace element ratios
of the Mimy kimberlites are Nb/Zr >1 and La/Nb <1, which are
typical for kimberlites of Gr 1. On the plot of Ba/Nb and La/Nb
ratios, the Miry field rocks are similar to Gr I kimberlites and
show scatter in their Ba/Nb ratios along the composition of
main mantle reservoirs (Weaver 1991) from values lower than
that of OIB originated from source with high U/Pb ratio
(HIMU) and up to values of OIB originated from enriched
mantle source (EM) (Fig. 4).

Sr-Nd isotopes

Initial Nd isotope ratios calculated back to time of the
Mirny field kimberlite emplacement (=360 Ma,
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Agashev et al. 2016) show variable depletion relative
CHUR model being 4 up to 6 €Nd(t) units (Table 2 and
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Fig.5). Given their Sr and Nd isotope compositions, these
kimberlites could be classified as Gr I, as is the case for
most of the Siberian middle-Paleozoic kimberlites
(Agashev et al. 2000; Kostrovitsky et al. 2007) but they
are clearly different from the Nakyn kimberlites of
Siberia (Agashev et al. 2001) and the orangeites of
South Africa (Smith et al. 1985; Giuliani et al. 2015).
Initial Sr isotope ratios are significantly variable, being
in the range of 0.70387 to 0.70845. Increases in initial Sr
isotope ratios in the Mirny field kimberlites are accom-
panied by slight decreases of ENd(t) values. Four samples
have almost identical Nd and Sr isotope compositions
with eNd(t) values of 5.64-5.96 and initial ®’Sr/**Sr ra-
tios of 0.70387-0.70408. Two of these samples are from
the 23 CPC pipe, one is from the Taezhnaya pipe and one
from Anomaly 21, all together they closely correspond to
the PREMA (Prevalent Mantle) composition of the
Zindler and Hart (1986) definition. Previously reported
Sr-Nd isotope compositions of the Siberian kimberlites
(Agashev et al. 2000; Carlson et al. 2006) also show
spread towards radiogenic Sr composition at positive
€Nd(t) values, with the exception of the Devonian
Nakyn field kimberlites (Agashev et al. 2001) which
have a distinct Nd isotope composition with €Nd(t)
values of around 0 (Fig. 4). Sun et al. (2014) reported a
number of in situ Sr-Nd isotope analyses of perovskites
from Siberian kimberlites but none however from the
Mirny field. These perovskite data show a rather narrow
range of initial Sr isotope composition (0.7028-7038)
with variable eNd(t) values from 2 to 6.

0 and C isotopes

The 5"3Cyppp values of the carbonate components of the
Mirny field kimberlites (Table 3) vary between —4.6 and —
9.8%o. This mostly corresponds to the mantle carbon compo-
sition (Deines 2002), with the samples from Anomaly 21 hav-
ing slightly lower values (Fig. 6a). Oxygen isotope composi-
tions are outside of the range of mantle carbonates, being
higher, and vary between 16.3 and 26%o 5'"% 0ysmow. This
high variation of oxygen isotope composition in a narrow
range of carbon isotope compositions is common for kimber-
lites (Giuliani et al. 2014).

Discussion

Source of protho-kimberlite melt

Four samples have almost identical initial Nd and Sr iso-
tope compositions that are similar to the PREMA reser-

voir of Zindler and Hart (1986), suggesting an astheno-
spheric source for the incompatible elements in
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Table2  Rb-Srand Sm-Nd isotope composition of the Mirny filed Kimberlites
Pipe Sample Rb (ppm) Sr (ppm) 87Rb/5Sr 87Sr/30Sr 2SE 87Sr/30Sr(t)
Inter In71 11.86 238.1 0.1441 0.709201 +31 0.708450
Inter In74 19.74 561.0 0.1018 0.705654 +20 0.705124
Inter In75 2.03 263.6 0.0223 0.707192 +18 0.707076
23 CPC Ps72 14.44 912.7 0.0458 0.704240 +25 0.704002
24 CPC Ps73 26.68 1321.4 0.0584 0.704237 +17 0.703932
Mir M4 9.44 286.3 0.0954 0.706970 +18 0.706473
Mir M29 33.51 523.6 0.1851 0.706095 +25 0.705130
Mir M58 8.86 627.3 0.0409 0.707560 +16 0.707346
Taezhnaya Tj74 9.62 356.4 0.0781 0.707020 +23 0.706613
Taezhnaya Tj75 6.33 507.3 0.0361 0.704058 +20 0.703870
Amakinskaya Am 19/55 15.54 867.3 0.0518 0.708006 +23 0.707735
Anomaly 21 An27 1.85 364.8 0.0147 0.707109 +17 0.707032
Anomaly 21 An32 2.67 1320.3 0.0058 0.704115 +20 0.704084
Nd (ppm) Sm (ppm) 147Sm/"*Nd 18N/ *Nd 2SE eNd(t)
Inter In71 38.91 543 0.0843 0.512620 +10 491
Inter In74 53.7 7.04 0.0792 0.512653 +11 5.79
Inter In75 82.38 10.83 0.0794 0.512641 +9 5.54
23 CPC Ps72 73.4 94 0.0774 0.512639 +8 5.60
23 CPC Ps73 76.42 10.02 0.0793 0.512646 +9 5.65
Mir M4 117.39 12.85 0.0661 0.512586 +8 5.09
Mir M29 85.98 10.88 0.0765 0.512564 +9 4.18
Mir M58 27.34 3.78 0.0835 0.512606 +10 4.67
Taezhnaya Tj74 64.97 8.65 0.0805 0.512567 +9 4.05
Taezhnaya Tj75 99.63 13.16 0.0798 0.512647 +9 5.64
Amakinskaya Am 19/55 91.77 11.85 0.0781 0.512552 +11 3.87
Anomaly 21 An27 69.79 10.06 0.0872 0.512638 +10 5.12
Anomaly 21 An32 76.87 10.2 0.0802 0.512664 +10 5.96
15 +BSE kimberlites. Prevalent mantle is the most common isoto-
OPREMA pic signature for OIB. We can propose that the source of
MORS +018 :Iznstecl;Pc proto-kimberlite melt of the Mirny field kimberlites is the
] mMir same as for the majority of OIB. This is supported by the
ATaezhnaya ratios of very incompatible elements that do not fraction-
= 51 ® Amakinskaya ate in partial melting and crystallization processes such as
2 o La/Nb, Nb/U, U/Th, which are OIB like in the Mirny field

0 { Perovskites from # Carlson et al.

Siberian
kimberlites ~— \  \™V ______
-5 4 “‘\‘\
Orangeites E
/"I
-10 T T . . ==t
0.7 0.702 0.704 0.706 0.708 0.71 0.712
871/ %0sr(t)

Fig. 5 Sr and Nd isotope composition of the Mirny field kimberlites.
Compositional fields for MORB and OIB after Hofmann (1997).
Nakyn field kimberlites after Agashev et al. (2001). Kimberlites Group
I and orangeites after Smith (1983). Siberian kimberlite data of Carlson et
al. (2006) is also shown. Data on perovskites composition after Sun et al.
(2014). Bulk silicate earth (BSE) after Faure (1986)

kimberlites. The shift towards radiogenic Sr isotope ratios
could result from a combination of several reasons.
Theoretically, it could be the assimilation of old enriched
material within the lithospheric mantle, such as K-rich
metasomes (Rosenthal et al. 2009). Peridotites at the base
of lithospheric mantle also keep the sign of old metaso-
matism, thus deformed peridotites of the Udachnaya kim-
berlite have initial Sr isotope ratios up to 0.7055
(Surgutanova et al. 2016). Radiogenic Sr is also reported
to be part of diamond forming fluid (Klein-BenDavid et
al. 2014). Secondly, it could be contamination of kimber-
lites by wall rocks that contain carbonates and evaporates
(Kostrovitsky et al. 2007; Kopylova et al. 2013). As is
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Table 3 O and C isotope composition of the Mirny field kimberlites
Pipe Sample 83 Cyppp(%o) 880y smow(%o)
Inter In71 —5.5 26

Inter In74 —4.7 16.4

Inter In75 —6.2 232

23 CPC Ps72 —6.1 16.3

24 CPC Ps73 —4.6 16.7

Mir M4 —5.7 23.4

Mir M29 -7.2 23.6

Mir M358 —6.4 15

Taezhnaya Tj74 -5.5 17.3
Taezhnaya Tj75 —8.6 18.4
Amakinskaya Am 19/55 -5 21.3
Anomaly 21 An27 —-9.8 14

Anomaly 21 An32 -9 14.9

shown by Agashev et al. (2000), simple mechanical
mixing with carbonate sediment through which the
Siberian kimberlites were intruded could not explain the
elevated Sr isotope ratios of these kimberlites as it re-
quires up to 50 % sediments addition. Sample preparation
carefully removed any visible entrained crustal xenogenic
material before making powders to exclude this possibil-
ity. The most probable reason for increase of Sr isotope
ratio is the post-magmatic ground water circulation and its
exchange of Sr with the kimberlites (Woodhead et al.
2009; Giuliani et al. 2014, 2017). The radiogenic Sr iso-
tope tends to be positively correlated with oxygen isotope
composition, which could support a post-magmatic

2
@ Inter
04 a ©23CPC
Mir
2] A Taezhnaya
) @ Amakinskaya )
- O Anomaly21 Post-magmatic
2 4] P fluid circulation
8
§”) m¢
2 8 4 =
191 Mantle o
carbonates
12 A ]
CO; degassing
-14 . i
0 10 20 30

5"®Oysmow (%o)

Fig.6 a O and C isotope composition of the Mirny field kimberlites. The
mantle carbonate compositional box is from Giuliani et al. (2014) the
trends of post-magmatic fluid circulation and CO, degassing after

@ Springer

hydrothermal process as a reason for the elevated Sr iso-
tope composition (Fig. 6b). The increase of 5'*0%o at
nearly constant 5'°C%o is usually explained by deuteric
fluid circulation (Wilson et al. 2007) or by hydrothermal
post-magmatic processes (Deines 1989; Giuliani et al.
2014). Three samples have low 5'°C values and their O-
C isotope composition is consistent with carbonate crys-
tallization after extensive CO, degassing (Demeny et al.
1998; Giuliani et al. 2014). Samples with lower concen-
trations of Sr could be more easily affected by secondary
alteration processes as their Sr isotope composition is
negatively correlated with Sr content.

Kimberlite source formation and melting

Based on the chemical composition and mineralogy, kim-
berlites of the Mirny field could be subdivided into 3
groups. The first group represents the kimberlites of
Inter and 23 CPC, which have low TiO, and Fe,O3 con-
tents and are very similar to each other in geochemical
composition. They contain little ilmenite and other min-
erals of the low Cr megacrysts suite and are very rich in
diamond. The second group includes the Mir, Dachnaya
and Taezhnaya pipes. The Mir kimberlite pipe is one of
the world biggest diamond deposits and consists of two
main varieties of kimberlites (PK and KB), which sys-
tematically differ in their geochemical compositions. The
KB is enriched in all incompatible elements compared to
PK, indicating that these two types of kimberlites within
one pipe are derived from a different batch of magma.
Kimberlites of the Dachnaya and Taezhnaya pipes are

0.710
*
0.708
- [ ]
= o ¢
$ A
= 0.706 1
17 .
&
0.704 - OF N
0.702 . :
0 10 20 30

5"®Oysmow (%o)

(Demeny et al. 1998; Giuliani et al. 2014). b Relationship between Sr
and O isotope composition of the Mirny field kimberlites
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compositionally very similar to KB of the Mir pipe.
Kimberlites of the Amakinskaya pipe contain a high
amount of low Cr megacrysts, have a low diamond grade
and are enriched in TiO, and HFSE relative to light and
middle REE. AK of Anomaly 21 dyke and the Taezhnaya
pipe are TiO, rich and contain little diamond.

It is very improbable that all of the compositional
variability of the Mirny field kimberlites has arisen from
the assimilation and contamination of lithospheric mantle
material and fractionation of the melt that formed in the
asthenosphere below. In this case, the composition of the
kimberlites would be more or less similar to each other.
However within the pipes compositional variabily could
be resulted from differen degress of interaction with pe-
ridotitic rocks during ascent (Giuliani et al. 2016). The
source of the Mirny field kimberlites has to combine
three main features. It should be enriched in incompati-
ble elements over PM, be depleted in major elements
(Si, Al, Fe and Ti) and heavy REE and it should retain
the asthenospheric Nd isotope composition. The base of
the lithospheric mantle metasomatised just prior to kim-
berlite melting and fulfills all of these requirements
(Agashev et al. 2006). Therefore, we consider that a
two-stage model of kimberlite melt formation (Tainton
and McKenzie 1994; Agashev et al. 2000, 2008,
Yaxley et al. 2017) is more plausible to explain the great
variation of kimberlite chemistry and their diamond con-
tents. Geochemical variations in kimberlite composition
within one field could be explained by a combination of
factors and first of all is the small-scale heterogeneity of
the source. The formation of an incompatible element
enriched source for the kimberlites is initiated by intru-
sion into the lithospheric mantle of small bodies of
proto-kimberlite melt that formed within the convecting
mantle of a PREMA-like composition. Magmas ascend-
ing from the asthenosphere beneath could form the
veined heterogeneously enriched source through fraction-
al crystallization and metasomatism of adjacent perido-
tites. There could be two main types of source enrich-
ment; high-temperature silicate matasomatism and lower-
temperature metasomatism by residual carbonatite melt.
High-temperature silicate metasomatism directly by as-
thenospheric magmas that make pyroxenite veins and
precipitate the low Cr megacrysts suite is not favourable
for diamond survival. Residual carbonatite and volatile
rich melt percolates away from the pyroxenite veins and
makes up an enriched reservoir within peridotites, pre-
cipitating minor metasomatic phases and cryptically
metasomatise peridotite minerals. This lower-
temperature metasomatic process is probably favourable
for diamond survival and even grows off of the new

crystals. Further supply of heat and volatiles from the
asthenosphere below initiate the melting of this enriched
source within the lithospheric mantle. The time span
between metasomatism by proto-kimberlite melt and for-
mation the kimberlite melt itself could be very short
(Agashev et al. 2006). The kimberlite source formation
and emplacement events are closely related in time and
could be associated to crustal extension in the nearby
Vilyui rift system. This relation is in line with Tappe
et al. (2014, 2017) proposal that kimberlite magmatism
is triggered by major continental reorganisations.

Melting of the veined parts of the source enriched in
the low-Cr megacrysts suite could be responsible for the
low diamond grade, and Ti and Fe rich kimberlites of
the Amakinskaya pipe. Melts for diamond rich kimber-
lites of the Inter and 23 CPC pipes could be formed
from part of a source that experienced low-temperature
metasomatism by residual CO,-rich melt/fluid. A good
example of this scenario could be the Inter, 23 CPC and
Amakinskaya pipes which are located in close proximity
to each other (~3 km). Kimberlite melt of the
Amakinskaya pipe could have formed in the metasomat-
ic channel where the asthenospheric melt was crystal-
lized and therefore bring to the surface a set of Ti rich
garnet and ilmenite megacrysts and little diamond.
Kimberlites of the Inter and 23 CPC pipes were fromed
from a source that was peridotite metasomatised by re-
sidual melts and fluids at a distance from the channel
and have traces of Ti-rich garnet or ilmenite but very
diamondiferous. In melting of the high volume kimber-
lite magma of the Mir pipe, several batches of magma
were formed, and probably diverse parts of source were
involved and sampled (Fig.7).

The search for a primary melt composition that is
common to all kimberlites is useless as every particular
kimberlite body formed from their own unique segmet
of a heterogeneous source at the base of the lithospheric
mantle. In their work, Kjarsgaard et al. (2009) men-
tioned that at least three different primary kimberlite
melts are present among the Lac de Gras kimberlites.
However, at the initial stages all kimberlites are more
carbonatitic in composition than we see at the surfuce
(Agashev et al. 2008; Kamenetsky et al. 2008; Giuliani
et al. 2012; Pokhilenko et al. 2015; Bussweiler et al.
2015; Soltys et al. 2016). Only their isotopic composi-
tions of Nd, Hf and unaltered (lowest) Sr isotope values
along with their ratios of very incompatible elements
that are not fractionated durind melting and crystalliza-
tion allow us to trace their common asthenospheric OIB-
like proto-kimberlite melt composition. The last feature
is brodly common for all Gr I kimberlites worldwide
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Fig. 7 Simplified model of two
stage kimberlite melt formation
and emplacement for the Mirny
field kimberlites. Proto-kimberlite
melt ascending from the
asthenosphere could form the
veined heterogeneously enriched
source. There could be two main
types of source enrichment; high-
temperature silicate
metasomatism (green field) and

Inter

Continenti | crust

®

Amakinskaya 53 cpc Mir

Continental crust

lower-temperature metasomatism

by residual carbonatite melt/fluid 4>
(yellow field). The time span Refractory
between metasomatism by proto- peridotites

kimberlite melt and formation the
kimberlite melt itself (red lines) 4>
could be very short. Small volume
pipes sampled a single source but
high volume Mir pipe probably
consists of several batches of
magma that sampled a different
sources

High temperature
LithgsphereMlsilicate metagomatism

(Smith 1983; Becker and Le Roex 2006; Nowell et al.
2004; Tappe et al. 2011; Sun et al. 2014).

Conclusions

Mirny field kimberlites have a significant compositional
variability both between pipes and within one diatreme
which arose from small-scale source heterogenity and dif-
ferent amounts of assimilation and entrainment of mantle
material during ascent. Based on their chemical composi-
tion and mineralogy, kimberlites of the Mirny field could
be subdivided into 3 groups with low, middle and high
TiO, contents, respectively. These groups also differs in
the amout of low-Cr and Ti-rich megacrysts entrained.
Proto-kimberlite melts for the Mirny field kimberlites
were asthenospheric OIB-like melt from the PREMA-
like source. The intrusion of small bodies of this proto-
kimberlites melt into the lithospheric mantle forms the

@ Springer

4> Refractory
peridotites

fluid metasomatised
peridotites

fluid metasomatised

Carbonatite melt-
Carbonatite melt-
peridotites

)

veined heterogeneously enriched source through fraction-
al crystallization and metasomatism of the adjacent peri-
dotites. Re-melting of this source shortly after it was
metasomatically enriched produced the kimberlite melt.
The diamond grade of a particular kimberlite strongly de-
pends on the character of the asthenospheric melt invasion
to its source segmets at the base of the lithospheric man-
tle. Kimberlites that melted along the proto-kimberlite
melt channels contain little diamond or are barren whereas
kimberlites which have a peridotitic source that were
enriched by residual carbonatitic melt or fluids have a
greater chance of having an economcal grade of diamond.
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