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Mineral data from Yakutian kimberlites allow reconstruction of the history of lithospheric mantle. Dif-
ferences occur in compositions of mantle pyropes and clinopyroxenes from large kimberlite pipes in the
Alakit and Daldyn fields. In the Alakit field, Cr-diopsides are alkaline, and Stykanskaya and some other
pipes contain more sub-calcic pyropes and dunitic-type diamond inclusions, while in the Daldyn field
harzburgitic pyropes are frequent. The eclogitic diamond inclusions in the Alakit field are sharply divided
in types and conditions, while in the Daldyn field they show varying compositions and often continuous
PressureeTemperature (PeT) ranges with increasing Fe# with decreasing pressures. In Alakit, Cr-
pargasites to richterites were found in all pipes, while in Daldyn, pargasites are rare Dalnyaya and
Zarnitsa pipes. Cr-diopsides from the Alakit region show higher levels of light Rare Earth Elements (LREE)
and stronger REE-slopes, and enrichment in light Rare Earth Elements (LREE), sometimes Th-U, and small
troughs in Nb-Ta-Zr. In the Daldyn field, the High Field Strength Elements HFSE troughs are more
common in clinopyroxenes with low REE abundances, while those from sheared and refertilized peri-
dotites have smooth patterns. Garnets from Alakit show HREE minima, but those from Daldyn often have
a trough at Y and high U and Pb. PTXfO2 diagrams from both regions show similarities, suggesting similar
layering and structures. The degree of metasomatism is often higher for pipes which show dispersion in
PeFe# trends for garnets. In the mantle beneath Udachnaya and Aykhal, pipes show 6e7 linear arrays of
PeFe# in the lower part of the mantle section at 7.5e3.0 GPa, probably reflecting primary subduction
horizons. Beneath the Sytykanskaya pipe, there are several horizons with opposite inclinations which
reflect metasomatic processes. The high dispersion of the PeFe# trend indicating widespread meta-
somatism is associated with decreased diamond grades. Possible explanation of the differences in
mineralogy and geochemistry of the mantle sections may relate to their tectonic positions during growth
of the lithospheric keel. Enrichment in volatiles and alkalis possibly corresponds to interaction with
subduction-related fluids and melts in the craton margins. Incorporation of island arc peridotites from an
eroded arc is a possible scenario.
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1. Introduction

The most intensely studied kimberlite fields in the central part
of the Yakutian kimberlite province (YKP) (Sobolev, 1977;
Kostrovitsky et al., 2007) are the Daldyn and Alakit or Alakit-
Markha fields according to the ALROSA division (Salikhov et al.,
tion and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Figure 1. (A) The scheme of the Daldyn and Alakit field and their position on the Siberian craton. Fields: 1. Malo-Botuobinskoe, 2. Nakyn, 3. Alakit-Markha, 4. Daldyn, 5. Upper
Muna, 6 and 7. Anabar field together (StarayaRechka, Ary-Mastakh, Dyuken, Luchakan, Kuranakh, Middle Koupnamka), 7. Kuoyka, 8. Kharamai. Terrains according to Gladkochub
et al. (2006): IdTungus; IIdMagan; IIIadWest Daldyn; IIIbdEast Daldyn; IVdMarkha; VdHapchan; VIdBirekte; VIIeXdAldan-Stanovoy province: VIIdOlekma, VIIIdCentral
Aldan, IXdEast Aldan, XdBatomga. (B) Distribution of the large and small pipes in the Daldyn and Alakite fields.
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2015). They both contain >50e80 kimberlite bodies (Fig. 1). Some
large pipes such as Aykhal, Yubileynaya, Komsomolskaya and
Sytykanskaya in the Alakit field and the Udachnaya, Zarnitsa and
Dalnyaya pipes (Spetsius and Serenko, 1990) are being explored for
diamonds. Some others like Zarya, Festivalnaya Leningradskaya,
Irelyakhskaya, Dolgozhdannaya are also of economic grade. Smaller
pipes commonly show lower diamond grades. Many scientific pa-
pers and studies have been devoted to the kimberlites, their
mineralogy and mantle xenolith and xenocrysts (Pokhilenko et al.,
1976, 1991, 1999, 2013; Sobolev, 1977; Rodionov et al., 1988; Ilupin
et al., 1990; Spetsius and Serenko, 1990; Zinchuk et al., 1993; Boyd
et al., 1997; Kuligin,1997; Bulanova et al., 1998; Agashev et al., 2004,
2013; Pearson et al., 2005; Shatsky et al., 2008; Spetsius et al., 2008;
Koreshkova et al., 2009; Nimis et al., 2009; Ashchepkov et al., 2010,
2013a,b, 2014a,b, 2015, 2016, 2017; Ionov et al., 2010, 2011, 2013,
2015; Sobolev et al., 2011, 2015; Doucet et al., 2012, 2014;
Alifirova et al., 2015 and reference there in).

The deep-seatedmaterial (xenoliths, megacrysts and xenocrysts)
included in the kimberlites systematically vary in bulk and
geochemical composition in these regions. However, systematic
comparisons, including trace element geochemistry of the minerals,
are lacking except for a fewer rather preliminary works (Sobolev,
1977; Spetsius and Serenko, 1990; Ashchepkov et al., 2013a,b).

All the pipes have nearly the same upper Devonian age of
w355e360Ma (Agashev et al., 2004; Zaitsev and Smelov, 2010; Sun
et al., 2014) except for Zagadochnaya which is of lower Triassic age
(Zaitsev and Smelov, 2010).

Tectonically these two territories are divided into the West and
East Daldyn terranes (Rosen et al., 2006), both belonging to the
granulite-orthogneiss collision system. However, there are no great
deep-seated faults dividing these two regions (Salikhov et al.,
2015). According to tectonic reconstructions (Rosen et al., 2006),
they are both located within the Paleoproterozoic Accretion Zone
with a 1.8 Ma age corresponding to the peak of the Re/Os dates
(Malkovets et al., 2012) for garnets and dating in other isotopic
systems (Rosen et al., 2006) and for lower crust samples
(Koreshkova et al., 2009). A preliminary estimation of the mantle
layering and trace element geochemistry of the corresponding
mantle melts showed that all mantle terranes within the YKP have
their distinct features (Ashchepkov et al., 2013a,b, 2014a,b) as
demonstrated an example of the typical mantle section beneath
several pipes (Ashchepkov et al., 2010, 2012, 2013a, 2014a). Tran-
sects obtained using the approximation of the data along the profile
from NE to SW show similarities in the mantle sections beneath all
Alakit-Daldyn fields (Ashchepkov et al., 2014a,b) (Fig. 14). But the
degree of depletion in the lower part became higher in Alakit in the
lower part of the sub-cratonic lithospheric mantle (SCLM) just at
the interval from Zagadochnaya (Nimis et al., 2009) to Syty-
kanskaya (Ashchepkov et al., 2015), with quite different mineralogy
of mantle minerals and structure of SCLM. Here we present more
detailed mineral geochemistry compared to the previous infor-
mation (Ashchepkov et al., 2010, 2013a) and discuss the origin of
the compositional differences of mantle sub-terranes and litho-
sphere structure.

2. Samples

Most of the studied samples were collected during fieldwork for
joint research projects with ALROSA stock company in 2003e2007
and further cooperative works in the quarries of the large
kimberlite pipes Udachnaya, Zarnitsa, Dalnyaya, Komsomolskaya
and Yubileynaya, and in the ore stores of Sytykanskaya and other
pipes. Heavy minerals concentrate from the kimberlites or drilling
mud from the cores. Many heavy mineral separates were prepared
from the kimberlite samples in Institute of Geochemistry (Irkutsk).
For several pipes from Alakit and Daldyn fields, samples and con-
centrates were received from the ALROSA Company.

3. Methods

Samples were analyzed by standard methods. Mineral grains
(w15,000) from mantle xenoliths from large pipes and xenocrysts
of orthopyroxenes (Opx), clinopyroxenes (Cpx), garnets (Gar),
olivine (Ol), chromite (Chr), ilmenite (Ilm) and amphiboles (Amph)
frommany other pipes were analyzed in Analytic Centre of IGM SD
RAS, Novosibirsk.

Compositions were mostly determined using a CamebaxMicro
electron microprobe (EMPA) in SB RAS using 15 kV acceleration
voltage and 15 nA beam current in epoxy mounts of the polished
mineral grains according to the procedure of Lavrent’ev and Usova
(1994), Lavrent’ev et al. (1987). Compositions of some grains were
determined using the Jeol Superprobe electron microprobe in An-
alytic Centre IGM. The relative standard deviation does not exceed
1.5%; the precision was close to 0.02e0.01% for minor elements. In
addition mineral grains from w340 xenoliths from Udachnaya,
Sytykanskaya, Dalnyaya, Komsomolskaya, Yubileynaya pipes were
determined in Vienna University. Detailed works on xenoliths in
thin sections were conducted at the University of Vienna using a
Cameca 100 SX microprobe with similar techniques but longer
counting time (4 min) and a 2� improvement in precision. All
analyses were obtained using mineral standards with wavelength-
dispersive spectrometers; acceleration voltage and beam current
were 15 kV and 20 nA, respectively, and standard correction pro-
cedures were applied.

Compositions of the trace elements for garnets and clinopyrox-
enes from Udachnaya (32), Zarnitsa (19), Dalnyaya pipe (15), and
Aykhal (20)Yubileynaya(12),Sytykanskaya(25)Komsomolskaya(15)
pipes were analyzed by LA-ICP-MS using a Finnigan Element I
inductively coupled plasma mass spectrometer (ICPMS) with a
Nd:YAG 193 UV NewWave laser system in the Analytic Centre IGM.
The laser spot diameter did not exceed 10e20 mm. Scanning time for
each grain was about 2.5e3 min. The concentrations of 32 trace ele-
ments were obtained and normalized to 40Ca using EPMA values for
silicate minerals. The relative standard deviations commonly
were<5e8% anddetection limit ranges from10 to 20 ppb for REE, Ba,
Th, U and large ion lithophile elements (LILE) and could exceed 10�8

for several trace elements. Analyses are represented in tables
(Supplementaryfile1).Thetraceelementconcentrations forminerals
from Festivalnaya pipe were determined in Nikolaev Institute of
Inorganic Chemistry SB RAS using quadrople ICPMS aniCAP Q
(Thermo Scientific) and a NewWave Research NWR 213 nmNd:YAG
laser ablation system. This technique lets us to determine 32 trace
elementswith detection limits ranges fromn� 10�5 to n� 10�7wt.%
andhasstandarddeviationof themeasurementsrangesfrom7to15%.

4. Chemical features of minerals in mantle xenolith and
xenocrysts

4.1. Variations of mantle clinopyroxenes from Daldyn kimberlites

Clinopyroxenes from large Devonian pipes demonstrate simi-
larities in their compositions. Peridotite minerals from the Udach-
naya, pipe show rather low Na2O concentrations in the MgOeNa2O
classification diagram. They are divided into the Mg-rich and Fe-
enriched refertilized clinopyroxenes from deformed xenoliths
(Ionov et al., 2010; Agashev et al., 2013), and Na-enriched Cpx from
metasomatites related to the pyroxenitic type (Pokhilenko et al.,
1999; Ashchepkov et al., 2013a,b). Diamond inclusions of perido-
titic Cpx (Logvinova et al., 2005) are related to all types including
metasomatized peridotites with very high Na-Cr content
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(Pokhilenko et al., 1976). Cpx in eclogites from the Udachnaya pipe
(Sobolev and Sobolev, 1993; Snyder et al., 1997; Sobolev et al., 1999;
Pearson et al., 2005; Shatsky et al., 2008; Alifirova et al., 2015) are
generally very enriched in Na2O and Al2O3, but show rather wide
variations in FeO (Fig. 2). In addition, omphacites from diamond
eclogites and diamond inclusions (Bulanova et al., 1998; Sobolev
et al., 2004; Logvinova et al., 2005) cover the entire composi-
tional range. In the Dalnyaya pipe the range from depleted to
enriched compositions is continuous, Na-enriched varieties are
rare. Cr-diopsides from the Zarnitsa pipe display a more continuous
range to Na-Al-rich metasomatic and pyroxenitic compositions.
The difference between Fe- and Mg-types is not large. In the Fes-
tivalnaya pipe, the Fe-enriched but low-Na compositions similar to
Cr-diopsides from Dalnyaya pipe prevail. Positive correlations for
Fe-Ti and negative ones between Fe and Cr are common for all pipes
except for Zarnitsa.

4.2. Variations of mantle clinopyroxenes from Alakit kimberlites

Cpx compositions from Aykhal show a division into highly Mg-
rich and depleted (diamond associated group) (DG) in incompatible
element groups and a strong increase in Na2O (to 7 wt.%), starting
mostly from the Fe-richgroups (FeG). Diamond-bearing eclogites
correspond to group B and C of Dawson (1980) (Fig. 3).

In the Yubileynaya pipe, the Mg-content of Cpx is mostly in-
termediate in Fe but the increase of Na is even greater (Ashchepkov
et al., 2004). In Komsomolskaya, the MgeNa trend is discrete and
diamond inclusions are related to the relatively Fe-enriched group.
Cpx from diamond-bearing eclogites (Pernet-Fisher et al., 2014)
belong to strongly enriched group B and C. Cpx from the Syty-
kanskaya pipe (Ashchepkov et al., 2015) show the most variable,
trend and are also divided into DG and FeG groups and have a
stepped trend of Na enrichment. Diamond inclusions of Cpx in
these pipes belong to all groups and associations.

4.3. Variations of mantle garnets from Daldyn region

The garnet trends in the Cr2O3eCaO plot (Sobolev et al., 1973)
for large pipes in Daldyn field are variable. A peridotite trend to
14 wt.% is quite definite for garnets fromUdachnaya pipe belonging
to diamond-bearing associations (Sobolev et al., 1984; Pokhilenko
et al., 2013; Logvinova et al., 2005). Dunite and harzburgite asso-
ciations show clusters in the sub-calcic field, TiO2 enrichment also
demonstrate some clustering. The Cr2O3eCaO trend for garnets
from Dalnyaya is wider, possibly because many associations were
initially harzburgitic and then were refertilized by reactions with
melts. Harzburgitic trends are rather rare. The TiO2 trend divides
into two branches. The trend for garnets from the Zarnitsa pipe is
flat to 6 wt.% Cr2O3 and then an increase in CaO occurs, due to the
abundance of the pyroxenitic associations. Sub-calcic associations
are more common from 4 wt.% Cr2O3, similar to Udachnaya, but the
CaO content quickly decreases with Cr2O3. The amount of sub-Ca
garnets in porphyritic kimberlites (PK) is higher than in autho-
lithic breccia (ABK). The content of TiO2 decreases with increasing
Cr2O3. In Festivalnaya pipe the volume of sub-Ca and Cr-rich gar-
nets is less than in the previously mentioned pipes (Fig. 4).

4.4. Variations of mantle garnets from Alakit region

In the Alakit field, garnets from the most productive Aykhal pipe
show tight Cr2O3eCaO, and then the trend becomes scattered.
Diamond inclusions in the sub-calcic field showing mostly dunitic
affinity are very frequent. In Yubileynaya, the lherzolitic trend is
more continuous. However, the sub-calcic field is widely repre-
sented starting from 8 to 6 wt.% Cr2O3. Pyrope diamond inclusions
are not frequent in this pipe. The pyrope trend for the Komso-
molskaya pipe is not very continuous and shifts to the pyroxenite
field after 8 wt.% Cr2O3 (Fig. 5). The diamond inclusions are mostly
harzburgitic and give a scattered plot (Sobolev et al., 2004;
Logvinova et al., 2005). Garnet trends from Sytykanskaya pipe are
also located mainly in the lherzolitic field with deviations to the
pyroxenitic field in the middle part of diagram. Diamond inclusions
(Spetsius and Koptil, 2008) are concentrated in the dunitic field and
a few of them belong to the harzburgite and pyroxenite suites.

4.5. Mantle amphiboles

Amphiboles are common in the northern part of the mantle
lithosphere beneath the YKP (Ashchepkov et al., 2016, 2017), and
mostly belong to the Cr-hornblende-pargasitic types. They were
found also in the Alakit field. Most of them are from Yubileinaya
pipe where they occur in depleted metasomatized harzburgite
xenoliths (Ashchepkov et al., 2004). They contain notable amounts
of Cr and range from pargasites to richterites, with continuous in-
creases in K and Na (Fig. 6). Pargasitic amphiboles were found also
in Sytykanskaya (Ashchepkov et al., 2015) and Komsomolskaya
pipes. This is the first occurrence of amphiboles reported from the
Daldyn field. Several were found in the rims surrounding garnets in
Zarnitsa pipe. Intergranular pargasites were discovered in xenoliths
from Dalnyaya pipe. Thin amphibole needles substitute for ortho-
pyroxenes in harzburgites.

5. Thermobarometry

5.1. PTX conditions in mantle determined by single grain
thermobarometry

In this study we present we made modifications to the previ-
ously published PTXfO2 diagrams (Ashchepkov et al., 2012, 2013a,
2014a,b, 2015), adding analyses for eclogites and diamond
inclusions.

5.1.1. PTXfO2 diagrams for kimberlite pipes from Daldyn region
The diagram for the Udachnaya pipe was described in detail

(Ashchepkov et al., 2010, 2014a,b). This mantle column is sharply
layered and shows a rather wide range of temperatures in each
level due to reactions with the intruded protokimberlite melts.

In the new version, the PTXfO2 diagram is completed by more
details for the eclogite associations (Alifirova et al., 2015). In the
mantle column beneath this pipe, the eclogite associations very
often follow the high temperature (HT) branch. They correspond to
the diamond-graphite transition (GDT) coinciding in Fe# with the
megacryst associations or related to the deformed peridotites. The
low temperature eclogites are close to the branch traced by the
diamond inclusions or even more cold conditions (w33 mW/m2).
The more Fe-rich eclogite associations show trend of increasing of
Fe# with decreasing temperatures, which reach the highest values
at 4e3.5 GPa. The Ca-Al-rich eclogites are distributed in the 5 to
6 GPa interval (Fig. 7A).

The mantle column beneath Zarnitsa also was described in
detail (Ashchepkov et al., 2010, 2014a,b). The mantle structure
beneath this pipe is similar to those determined for Udachnaya, but
the PT plot is more scattered and layering is more dispersed. Among
the xenoliths, several metasomatic associations with amphiboles
were found, which are rare in Udachnaya. Eclogitic garnets (our
data and from Alifirova et al., 2015) and several PT values for
eclogites and diamond inclusions (Bulanova et al., 1998) complete
the PTX diagram. The diamond inclusions are sub-calcic garnets
related to the low temperature branch. The FeG are more Fe-rich
than those from common sheared peridotites (Nixon and Boyd,



Figure 2. Variation diagrams for mantle clinopyroxenes from the most productive pipes in the Daldyn field. (A) Udachnaya; (B) Dalnyaya; (C) Zarnitsa; (D) Festivalnaya.

I.V. Ashchepkov et al. / Geoscience Frontiers 8 (2017) 671e692 675
1973; Agashev et al., 2013) and probably belong to the megacryst
associations. All eclogitic omphacites are located near the graphite-
diamond transition. Eclogites found as xenoliths and xenocrysts are
related to the relativelyMg-rich group and are slightly higher in Fe#

than the megacrysts. The garnets are close to the megacrystic as-
sociations and Mg-type eclogite common geotherm from the bot-
tom of mantle section to 3.3 GPa, which is the upper boundary for
the megacrysts (Fig. 7B). Xenocrysts of eclogitic garnets show joint
increase of Ca and Fe at the pressure ranging from 2.5 to 6.0 GPa.

A separate diagram based on analyses of xenocrysts from the PK
from Zarnitsa pipe reveals a simpler and more contrasted layering
with fluctuations of Fe# for Gar from 0.05 to 0.11. The ilmenite trend
demonstrates a smooth increase of Fe# and Cr content (from 4 GPa)
with decreasing pressure starting from the LBA (lithosphere-
asthenosphere boundary) to 3 GPa, and clustering into 4 groups
(Fig. 7E).

For the Dalnyaya pipe, the mantle structure was determined for
xenocrysts from autholithic kimberlite breccia (AKB) and porphy-
ritic kimberlite (PK) (Ashchepkov et al., 2017). The wide set of
analyzed xenoliths (w160) shows that most of mantle column was
reacted from the bottom and was subjected to very intense meta-
somatism. The mantle column has been relatively homogenized by
the reactions and the layering is not seen in detail. In the SCLM
beneath Dalnyaya, the lower part of the mantle section is strongly
heated and many clinopyroxenes are low-Cr and belong to the
megacrystalline associations found in intergrowths with ilmenites
(Rodionov et al., 1988) (Fig. 7C). Sub-calcic garnets and chromites as
diamonds were found in the bottom and in middle part of the
mantle sections.

The mantle column beneath the Festivalnaya pipe reveals a
generally similar situation, but with layering not so evident
compared to Udachnaya. In the lower part of the mantle sections,
the double PeFe# trends for the garnets and cold split geotherm are
the most distinct features. The hot branch is mainly represented by
Fe-rich Gar and low-Cr FeG Cpx, which demonstrates an increase
from the LBA to 3.5 GPa, with slightly increasing Fe# from 0.11 to
0.15, forming themegacrystalline trend together with the ilmenites
trend which is also more Fe-rich (Fig. 7D).

5.1.2. PTXfO2 diagrams for kimberlite pipes from Alakit region
The PTX diagram for Yubileinaya shows three large intervals. All

Cr-diopsides arehigher in Fe. Some Fe-rich and low-Cr Cpx belong to
the megacrystic type (Kopylova et al., 2009), the garnet of low-Cr
type display PT estimates forming a trend parallel to the ilmenite
megacrysts. The eclogitic garnets displaya trend fromthebaseof the
lithosphere to the middle of the SCLMwith increasing Fe# (Fig. 8A).



Figure 3. Variation diagrams for mantle clinopyroxenes from the most productive pipes in the Alakit field. (A) Aykhal and Zarya; (B) Yubileinaya; (C) Komsomolskaya;
(D) Sytykanskaya.
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The diagram for Komsomolskaya pipe was completed by PeT
estimates for diamond-bearing eclogites (Pernet-Fisher, 2013),
which show three clusters from the base of the lithosphere to GDT
boundary. The Ca-rich varieties are located in the lower part of
mantle section as beneath Udachnaya (Fig. 8B).

The diagram for the Komsomolskaya pipe was completed by the
PT estimates for diamond-bearing eclogites (Pernet-Fisher et al.,
2013) which show three trends from the base of the lithosphere to
the graphite-diamond transition. The Ca-rich varieties are located
in the lower part of the mantle section, as beneath Udachnaya
(Fig. 8B).

The diagram for the SCLM from Sytykanskaya (Ashchepkov
et al., 2015) was also completed with PeT estimates for
almandine-pyrope diamond inclusions. They generally show dis-
tributions similar to those found for the Komsomolskaya pipe, but
are more Mg-Ca-rich and belong to the deeper level near the base
of the lithosphere. The pyrope diamond inclusions of dunitic type
(Stachel and Harris, 2008) also belong to the lithosphere base
(Fig. 8C).

The mantle structure beneath the Aykhal pipe is sharply layered
and shows a continuous increase of Fe from the base of the litho-
sphere to the Moho with similar arrays of PeFe# in 6 to 7 major
intervals of pressure. The high temperature ilmenite-clinopyroxene
stepped trend traces five intervals from the base of the lithosphere
to 2.5 GPa. Garnet diamond inclusions split into the cold and hot
branches, as well in Fe# (Fig. 8D).

The PTX diagram for the satellite pipe Zarya reveals similar but
less contrasting layering, Garnets in the middle and upper part of
the SCLM are mostly more Fe-rich. The trend for the megacrystic
pyropeswith Fe# from 0.11 to 0.13 rises from the LBA to 2.5 GPa. The
ilmenite trend is denser in the lower part compared to the Aykhal
pipe (Fig. 8E).

The oxidation state determined for the mantle columns beneath
the Alakite and Daldyn fields by garnets mainly relates to the pri-
mary conditions of SCLM, and does not differmuch from other parts
of Siberian and other cratons (McCammon et al., 2001).

5.2. The comparison of the Opx-based geotherms for the Daldyn
and Alakit fields

In this paper we represent the Opx-based geotherms (T (�C; Brey
and Kohler, 1990)e P(GPa; McGregor, 1974)) and Opx-Gar ther-
mobarometry (Brey and Kohler, 1990), considered to be the most
reliable, and representing the primary PeT conditions in the SCLM
because Cpx often characterizes regeneration processes. For all the
pipes except Udachnaya, these data are quite new. Combinations of
the single grain Opx PT (BK90Opx-MG74) values are close to the
Opx-Gar thermobarometry (BK90) and show the conditions for
fresh xenoliths, which are rare in all pipes except for Udachnaya.
Our Gar-based thermobarometry (Ashchepkov et al., 2016, 2017)
(this volume) covering all the PT fields in the diagrams show PT
range for all mantle associations (Fig. 9).

All pipes from Daldyn field have similarities and show stepped
and split geotherms with repeated cooler and warmer areas in PT
diagrams. The upper 3.0e1.0 GPa interval is much hotter than in the
SCLM beneath Alakit. The evident high temperature convecting



Figure 4. Variation diagrams for mantle garnets from the most productive pipes in the Daldyn field. (A) Udachnaya; (B) Dalnyaya; (C) Zarnitsa; (D) Festivalnaya.
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branch (Boyd et al.,1997) related to the sheared peridotites found in
Udachnaya (Agashev et al., 2013) is pronounced also for Dalnyaya
and Zarnitsa pipes. The only example from Sytykanskaya shows a
linear low temperature geotherm, which is colder than calculated
for SCLM beneath the Udachnaya and Dalnyaya pipes. A few de-
viations to a high temperature geotherm are seen near the
graphite-diamond transition and garnet-spinel transition. A very
similar cold and smooth linear geotherm was produced using Cpx
for the SCLM beneath Yubileinaya (Ashchepkov et al., 2004). These
straight line and cold pyroxene geotherms are common for all SCLM
beneath all large pipes in the Alakit field.

6. Geochemistry of mantle minerals

6.1. Trace elements in minerals from Daldyn field

The LA-ICPMS analyses were determined for minerals from all
pipes. Clinopyroxenes from Udachnaya pipe (Ashchepkov et al.,
2013b) show different patterns in each of the distinct groups. The
trace element patterns for clinopyroxenes from lherzolites are
mostly highly inclined with strong variations in the HREE, with
varying (La/Yb)n ratios, and a small hump in the LREE (Fig. 10). Cpx
from very depleted harzburgites show low concentrations of trace
elements and concave REE patterns in the HREE part. They have
deep Nb and Hf troughs while Cpx commonly shows deep Zr and
moderate Ta-Nb anomalies. The spider diagrams for sheared peri-
dotites show round REE and smoothed enriched patterns (Ionov
et al., 2010; Agashev et al., 2013) with LREE-enrichment, Sr
troughs and Pb peaks shown by some Gar-bearing varieties. Most
peridotite garnets show Zr, Ba troughs as well as for Yandmoderate
Ta-Nb depletion (Ionov et al., 2010; Doucet et al., 2012), prevailing
for Nb. The REE patterns for peridotitic garnets are mostly round
and regular for common peridotite xenoliths. Some of themwith S-
shaped or even U-shaped REE are typical for the depleted compo-
sitions with deep Sr, Zr and Hf troughs as well as for Ba and Th. The
levels of Nb, Ta and U, Th fluctuate (Fig. 10A). Ti-rich green garnet
from a porphyroclastic wehrlite has very enriched rounded REE
pattern but the content of the incompatible elements is very low.

Clinopyroxenes from Zarnitsa reveal rather high REE enrich-
ment and in the patterns which have an inflection in Eu, Ce are
more complex and possibly demonstrate the participation of
eclogitic material and reactions with peridotites (Fig. 10B). The
inclination (La/Yb)n is moderate. Cpx which are low in REE
demonstrate complex S-shaped patterns with very low LREE and
strong depletion in Ba. The Cpx compositions with low trace
element concentrations also have Zr and Ba minima and low
incompatible element abundances. The trace element-rich com-
positions have higher incompatible element contents but small Ta
minima. Garnets from Zarnitsa have commonly rather high LREE
except for one harzburgitic sample which shows a minimum in the
M-HREE. They show patterns without HFSE minima but strong Ba
and Sr depletion, rare U peaks and varying Pb.

For Dalnyaya pipes, the patterns for clinopyroxenes are mainly
asymmetric bell-like shapes with a peak at Nd and nearly flat
patterns from Ta to Rb with troughs at Ba, Hf and deeper troughs at
Zr and Pb. These distributions for the garnets from the concentrates
are slightly different from those reported for the xenoliths
(Ashchepkov et al., 2016, 2017). Garnets mainly show HREE-
enriched round patterns, except for one dunitic type, which has
low trace elements and S-type REE pattern with a V-shaped



Figure 5. Variation diagrams for mantle clinopyroxenes from the most productive pipes in the Alakit field. (A) Aykhal; (B) Yubileinaya; (C) Komsomolskaya; (D) Sytykanskaya.
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depression from Sm to Yb. However, the left part of the spider di-
agram shows distributions similar to other samples with rather
high Ta-Nb and U and low LILE (Fig. 10C).

Clinopyroxenes from the Festivalnaya pipe are very similar to
those fromDalnyaya pipe but aremore humped in LREE. They show
all show Pb peaks and minima and small depressions in Zr and Hf,
They reveal also moderated minima in Ta, Nb, Th U and fluctuated
LILE. Garnets from this pipe have elevated concentrations and
round pattern for the megacrystic pyropes (Fig. 10D). The S-type
and depression in the MHREE for harzburgitic patterns are similar
to those from the Finsch pipe (Lazarov et al., 2009). The HFSE are
near the level of REE. The prevailing REE patterns are tending to be
more linear in the middle part than those from Dalnyaya pipe. They
demonstrate even enrichment in Nb-Ta and U and depression in Th,
U and fluctuating LILE.
6.2. Trace elements in minerals from Alakit field

Four pipes in the Alakit field show distinct features of trace ele-
ments ofmantleminerals, which differ from those fromDaldyn field.

In most productive Aykhal pipe, minerals show rather high
enrichment in LREE for both garnets and clinopyroxenes. Cpx
shows inclined REE patterns with a small hump at Ce. The Ta, Nb
and Zr troughs are correlated with REE levels. Garnets also show
different levels of REE and rather gentle slopes compared with
garnets from Daldyn field. They show elevated levels of Ta-Nb and
even U and Th but the Zr trough is deep for those garnets with low
REE concentrations while the Pb peaks are higher (Fig. 11A).

For minerals from the Yubileinaya pipe, LREE enrichment for
Cpx is so high that their REE patterns are nearly linear. The patterns
with higher (La/Yb)n inclinations are similar to the high-pressure
pyroxenes from Phl-richterite peridotites from Kimberly pipe
(Gregoire et al., 2003). Amphibole has concave upward REE and is
very similar in trace elements to the composition of one kimberlite
from Yubileynaya analyzed also by the LA-ICP-MS method. The
garnets vary from S-type patterns which are more common for the
Cr-rich garnets to HREE-rich more rounded patterns with and
without Ce minima, and even to hampered in the middle part REE
pattern common for pyroxenitic garnet (Ashchepkov et al., 2011).
Clinopyroxenes show Ti-Pb minima for the most enriched com-
positions but elevated Th, Nb and U. In contrast, garnets show peaks
at Pb and Ti (possibly due to sulfide and ilmenite and micro-
inclusions) (Fig. 11B).

Trace elements of minerals from the Komsomolskaya pipe
generally show similarities with those from Yubileynaya. Two types
of clinopyroxenes demonstrate straight-line REE patterns and
different inclinations. The spider diagram has high Th-U and Nb-Ta-
Zr minima, less pronounced in Pb. Garnets generally show S-type
patterns with lowconcentrations of all trace elements and a Upeak.
One garnet shows a round REE pattern and minima in HFSE and Ba
(Fig. 11C).

Newly analyzedminerals from the metasomatic veined xenoliths
from Sytykanskaya pipe showing higher trace element levels in
general and enrichment in LILE, complete the trace element patterns
for mantle minerals from this pipe reported previously (Ashchepkov
et al., 2013a, 2015). Metasomatic clinopyroxenes show Sr and HFSE
at nearly the same levels as REE and sometimes-high Rb due to
phlogopite micro-inclusions but a trough in Ba (Fig. 11D).
7. Discussion

In studies by prospecting geologists, the Daldyn-Alakit region is
considered as a continuous structure (Ilupin et al., 1990; Khar’kiv
et al., 1991; Zinchuk et al., 1993; Zaitsev and Smelov, 2010). There



Figure 6. Variation diagrams for mantle amphiboles from the most productive pipes in the Daldyn and Alakit field.
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are no major faults dividing the Daldyn and Alakit fields. However,
notable differences and tectonic different positions may suggest
that they belong to different sub-terranes. Strong variations in the
SCLM structures are notable also in other cratons (Griffin et al.,
2004, 2009a,b; Wittig et al., 2008; Zhao et al., 2015) and seen in
seismic data (Snyder and Lockhart, 2009; Pedersen et al., 2013).

7.1. Thermobarometric differences of the Alakit and Daldyn fields

More linear geotherms of the Alakit region suggest a uniform
growth mechanism of the continental keel and long-term
stabilization of the SCLM, whereas the stepped geotherm beneath
Daldyn may suggest formation of the mantle keel from alternately
hot and cold subducted slabs. This may have happened if they were
formed from different subduction slabs originating in distant or
proximal spreading centers or formed by fast or slow subduction.
The other possibility is that some layers were hydrated to different
extents (Doucet et al., 2015; Ivanic et al., 2015). Some layers could
be frequent collectors of mantle melts, such as the middle part e
the pyroxenite layer (Pokhilenko et al., 1999) or the uppermost
SCLM beneath the Moho. The very hot PT arrays shown by the
upper part of SCLM beneath Udachnaya and other pipes means a



Figure 7. PTXfO2 diagram for the SCLM beneath Daldyn field. (A) Udachnaya pipe; (B) Dalnyaya; (C) Zarnitsa (ABK); (D) Zarnitsa (PK); (E) Festivalnaya. Symbols: 1. Opx T�C (Brey and
Kohler, 1990)- P(GPa) (McGregor, 1974); 2. Cpx: TP (Nimis and Taylor, 2000); 3. T�C (Nimis andTaylor, 2000 cor)- P(GPa) (Ashchepkov et al., 2010); 4. The same for eclogites; 5. The
same for diamond inclusions; 6. Gar(mono): T�C (O’Neil and Wood, 1979 mono)-P(GPa) (Ashchepkov et al., 2010); 7. the same for eclogites; 8. The same for diamond inclusions; 9.
Chromite: T�C (O’Neil and Wall, 1987)- P(GPa) (Ashchepkov et al., 2010); 10. The same for diamond inclusions; 11. Ilmenite T�C (Taylor et al., 1998)- P(GPa) (Ashchepkov et al., 2010).
12. PT (Brey and Kohler, 1990). The oxidation state was calculated using oxy barometers for Gar (Gudmundsson and Wood, 1995), Ilm, Sp (Taylor et al., 1998) transformed to
monomineral equations according to Ashchepkov et al. (2010, 2014a,b). The isopleth of the CO3

2� in melt and position of buffers are according to Stagno et al. (2013).
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Figure 8. PTXfO2 diagram for the SCLM beneath Alakit field. (A) Yubileinaya; (B) Komsomolskaya; (C) Sytykanskaya; (D) Aykhal pipe; (E) Zarya pipe. Symbols as for Fig. 7.
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Figure 9. PT diagrams for the SCLM beneath (A) Udachnaya pipe; (B) Dalnyaya; (C) Zarnitsa; (D) Sytykanskaya pipes constructed using the estimates based on Opx and Opx-Gar
thermobarometry. Symbols as for Fig. 7.
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high degree of interaction with the Devonian plume melts pene-
trating to the Gar-Sp field and underplating beneath the Moho
(Thybo and Artemieva, 2013).

The lack of abundant sheared peridotites from the Alakit fieldmay
suggest that the deeper layer was not favorable for the intrusion of
mantlemelts.Possibly itwasnotweakenedbyoxidation (Karato,2010)
and/or hydrationwhich is the main reason for shearing (Peslier et al.,
2010), whereas the mantle keel beneath Udachnaya was primary hy-
drated at its base and also in some intermediate levels, which later
served as the collector of intruding melts (Doucet et al., 2014).

The other possibility supposes that all terranes were in a back-
arc setting and subjected to the influence of arc K-Na melts.

7.2. Arrays of P-Fe# for garnets

The question of the formation of the lithospheric keel may be
solved using mainly the sequences of PeFe# for garnets
(Ashchepkov et al., 2013a), because pyroxenes are often secondary
in peridotites from the SCLM. In the Daldyn SCLM beneath
Udachnaya, calculated Fe# for Opx, Gar, Chr and Cpx coexisting
with Ol in the peridotite association (Ashchepkov et al., 2010)
coincide very well. The details of the PeFe# for diamond in-
clusions show that the lithospheric keel in the lower part of SCLM
is composed of 7 layers with increasing Fe# with decreasing
pressure which is common for oceanic sequences. Rather simple
layered structures of the mantle columns are detected in SCLM
beneath Udachnaya and Zarnitsa (for PK) pipes in Daldyn field. A
general increase in Fe upward suggests that the mantle sequences
became more depleted in time in Archean. The opposite
inclination corresponds to the interaction of evolved melts with
peridotites. Such tendencies are common at the 6.0e6.5 GPa level
and correspond to sheared peridotites or other FeG peridotites. In
the mantle columns subjected to wide reactions like in SCLM
beneath the Zarnitsa (for AKB), Festivalnaya and Dalnyaya pipes,
the variations in Fe# are higher and the PT arrays are irregular and
together form clouds (Fig. 12).

Beneath Alakit, the Fe#-Ol coexisting with Gar increases
continuously or in a stepped manner from the base to the top of the
SCLM beneath the large pipes. However, this is stronger for the
SCLM beneath the Aykhal pipe. In the Sytykanskaya SCLM, the re-
actions show three arrays from 5.5 to 3 GPa. For the SCLM beneath
the Yubileynaya and Komsomolskaya pipes, the general growth
from the lithosphere base to the middle SCLM is observed but the
variations in Fe# are higher. The common tendency is that the
simpler and rough layering like in Aykhal and Udachnaya pipes
coincides with higher diamond grades.

An example of the evolution of the mantle column beneath
Zarnitsa from simple layering sampled by the early PK kimberlites
to more complex arrays determined for AKB, or from Aykhal to
Zarya SCLM, show that large metasomatic perturbation reduces the
diamond grade.

Some difference in the layering in the Alakit SCLM from Aykhal
to Sytykanskaya (East Daldyn terrane) determined by garnets
suggests lateral variations, for example domination of dunitic as-
sociations near the lithosphere base beneath Sytykanskaya pipe.
Nevertheless, one could also see the similarities not only within one
field but in all regions from Krasnopresnenskaya to Udachnaya
(Fig. 14).



Figure 10. REE and trace element patterns for mantle clinopyroxenes and garnets from Daldyn kimberlite fields. (A) Udachnaya; (B) Zarnitsa; (C) Dalnyaya; (D) Festivalnaya.
Normalization to primitive mantle according to McDonough and Sun (1995).
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7.3. General regularities of the mantle patterns for minerals as
evidence of mantle processes

High variations of mantle mineral REE and patterns and spider
diagrams for some pipes such as Udachnaya, Sytykanskaya and
Dalnyaya were already discussed (Ashchepkov et al., 2013a,b, 2015,
2016, 2017). Comparison shows that variations of the patterns of
Cpx from Udachnaya and Zarnitsa in the Daldyn field are higher
than for the Cpx fromAykhal andKomsomolskaya pipes. Also, the V-
shaped dunitic patterns (Banas et al., 2009) aremore frequent in the
Daldyn field while harzburgites with HREE depression are common
for the Alakit SCLM. The depth of the HREE is likely regulated by the
Gar/Cpx ratios and degree of melting as well as intensity of
chromatographicmelt percolation effects (Harte et al.,1993; Doucet
et al., 2012). The S-type patterns for garnet are very common for the
pipes in the Alakit field possibly demonstrating pronounced melt
percolation effects (DePaolo, 1981). Some round depressions of the
garnets and clinopyroxenes from the Alakit region, as well as the
general depletion of rocks, are similar to the peridotites from back-
arc or even fore-arc settings (Ionov et al., 2013). However, it is not
easy to suggest why and how back-arc peridotites were merged to
the craton keel and why the mantle rocks at distances of <100 km
have moderate depletion and MORB-type characteristics.

Subduction related characteristics such as Sr, U, Ba, Pb peaks
and HFSE depression (Spandler et al., 2004) are very rarely
detected for trace element patterns of mantle minerals from both



Figure 11. REE and trace element patterns for mantle clinopyroxenes and garnets from Alakit kimberlite field. (A) Aykhal; (B) Yubileinaya; (C) Sytykanskaya; (D) Komsomolskaya.
Normalization to primitive mantle according to McDonough and Sun (1995).
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the Daldyn and Alakit fields. This suggests that subduction condi-
tions differed in Archean times (Shu and Brey, 2015). Possibly also,
most mantle rocks were subjected to later melt interaction and to
metasomatism.

7.4. Metasomatic agents

Several types of mantle metasomatism are described for mantle
rocks (Harte et al., 1993; Griffin et al., 1999b; McCammon et al.,
2001; Gregoire et al., 2003; Araújo et al., 2009; Banas et al., 2009;
Nimis et al., 2009; Pokhilenko et al., 2013; Agashev et al., 2013;
Doucet et al., 2014; Shu and Brey, 2015; Le Roex and Class, 2016).
But major differences lie in the nature of the agents: H2O bearing or
carbonatitic melts or fluids. The results of metasomatism also
depend on the oxidation state (Hanger et al., 2015).

Abundant hydrous metasomatism in the mantle of the Alakit
field is pronounced not only in the Stykanskaya pipe (Ashchepkov
et al., 2015), where amphiboles and phlogopites occur in veins
and are scattered in the peridotites. They are also common in xe-
noliths of all other large pipes. The multistage metasomatism rich
in the LILE and other trace elements may suggest that this part of
the mantle lithosphere was located at the margin of the craton, and
possibly was subjected to the influence of subduction-related
mantle fluids (Ma et al., 2016) derived from the mica-bearing



Figure 12. PeFe# for the garnets from SCLM beneath the large productive kimberlite pipes in Daldyn and Alakit fields.
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sediments, which can produce huge Rb-Ba, anomalies or even
subducted proto continental TTG crust (Halla et al., 2009). Ancient
(hydrous) metasomatism rarely could be associated with Zr, Hf, Y
growth as for the Belsbank peridotites (Shu and Brey, 2015).

In metasomatic associations formed by H2O-bearing melts,
chromites dominate over ilmenites typical for mantle veins
beneath the Daldyn field (Dalnyaya and Festivalnaya), which are
associated with carbonatitic (Chakhmouradian, 2010) or proto-
kimberlitemelts which produced the enrichment in HFSE. Such Nb-
Ta enrichment is common for mantle associations from the Dal-
nyaya (Ashchepkov et al., 2016, 2017) and Festivalnaya pipes. The
carbonatites which are not related to magmas produced U-Th
enrichment which is very rare for minerals from the SCLM. Highly
oxidized melts could produce huge HFSE negative anomalies
(Ashchepkov et al., 2014b).

Rather high Fe and sometimes Ti in metasomatic veins in Alakit
SCLM is also evidence of the influence of evolved melts of possibly
of hybrid H2O-carbonatite nature related to ancient plumes
(Ashchepkov et al., 2015) or later protokimberlites.

7.5. Trace element evidences for the mantle processes and
reconstructions

7.5.1. Equilibrium e disequilibrium features for Gar-Cpx bearing
melts and the stages of melts percolation

Here we compare mainly peridotitic garnets and clinopyrox-
enes, because melts in equilibrium with the megacryst as for Cpx
from Dalnyaya show features close to protokimberlite (Ashchepkov
et al., 2016, 2017).

The comparison of the melts parental for the minerals (PMM)
determined using KD of mineral/melts for Gar (Green et al., 2000)
and Cpx (Hart and Dunn,1993) shows that PMM responsible for the
creation of garnets (Fig. 8) and clinopyroxenes differ in their con-
figurations of spider diagrams. The PMM patterns for the clino-
pyroxenes are often more enriched in trace elements (Fig. 13). The
difference in configurations reflects the fact that pyroxene peri-
dotite associations were created later and, in many cases from the
more evolved or low degree partial melts (LDM). However, garnets
in many cases were formed during construction of the lithospheric
keel from melts of higher degree of fusion or differing in volatile
content. Garnet formation mainly occurred close to the main
merging events of the late Archean collision (Malkovets et al.,
2012).

The PMM for Cpx in both Alakit and Daldyn SCLM show more
flatter patterns and the PMM for garnets reveal some round
depression in the HREE (Ashchepkov et al., 2013b), likely reflecting
the chromatographic effects of melt percolation in the garnet sta-
bility field (Harte et al., 1993).

The clinopyroxenes are located in intergranular positions in the
rocks or formmicroveins. In most cases, they reflect the later events
of melt percolation through the mantle columns. Clinopyroxenes
commonly show Pb-troughs due to the precipitation of sulfides,
which accompanied differentiation,whereas garnets showPb peaks
probably common for partial melting when intergranular sulfides
participate in melt generation. The U peaks found in garnet spider
grams results from interaction with subduction-related fluids.

The difference is in the elevation of REE level relative to primi-
tive mantle (PM) (McDonough and Sun, 1995), and mainly corre-
sponds to depletion in modal melting events. However, it also
reflects the melting degrees (F) and abundance of the remaining
garnets in the rocks (Rollinson, 1993) in the melting events corre-
sponding to hydrous melting. Abundance of olivine could even
raise the REE level as well as Gar/Cpx ratio in the restite. Rocks that
are depleted in Cpx rocks produce more inclined and LREE enriched
patterns.

Thus, the high REE content and inclination for the PMM for Cpx
from Alakit in many cases indicates their formation during meta-
somatism from hydrous or carbonatite low degree partial melts
(Frezzotti and Touret, 2014). Trace element patterns of the Alakit
garnets in many cases may characterize primary ancient features,
though there are many Ti-bearing varieties, which obtained their
secondary characteristics under the influence of plume-derived or
other metasomatic melts. The amount of garnets showing HREE-
depletion is higher in the Alakit pipes than in Udachnaya and
other kimberlite pipes from the Daldyn field.

Alakit garnets commonly have no deep Y minima. The extrac-
tion of this element which is compatible for garnet (KDY in

Gar ¼ 3.5e14) (Green et al., 2000; Bédard, 2006) may be explained
just by removal of garnet from the rock. It may also be explained by
the removal of zircons or Y-phosphates producing deeper anoma-
lies. Commonly spinel peridotites have no Y anomalies, but special
metasomatism with formation of zircons found in island arcs or
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participation of P-rich fluids could create such anomalies. The
garnets from Daldyn often demonstrate rather flat HREE patterns
and thus garnet extraction is under question.

Daldyn minerals reveal frequent Y anomalies, suggesting
essential melting in garnet stability field. The high variation in Zr,
Hf and Ta-Nb troughs is also more common for the parental melts
for the garnets from this field.

Our wider range of trace element data for minerals from
Udachnaya pipe was recently described (Ashchepkov et al., 2012,
2013a,b). Trace elements of this suite are most variable. There are
many inflected patterns reflecting the wide variations in mantle
rock compositions.

For the Cpx from Alakit pipes, the high inclination of REE pat-
terns and LREE-enrichment is typical for PMM from all pipes but
notable differences occur between the northern pipes Syty-
kanskaya and Komsomolskaya, including the Yubileynaya and
Aykhal pipes. Many of them have high LILE content. Rb anomalies
for Cpx from Sytykanskaya commonly are associated with Phl
metasomatism.

The PM or pyroxenes from the Sytykanskaya pipe from xeno-
liths without phlogopites are slightly less LREE-enriched and
humped with a peak at Pr showing in spider diagrams and Zr, Pb
minima, Th maximum and varying Nb-Ta. Cpx from Sytykanskaya
and Komsomolskaya show troughs at Zr-Hf and Zr, but the latter
component varies in Cpx from Yubileynaya. The Zr trough in CPx
Figure 13. REE and trace element diagrams for melts parental for mantle garnets and clinop
primitive mantle according to McDonough and Sun (1995).
from the Komsomolskaya pipe and decoupled Hf probably relate to
H2O metasomatism (Griffin et al., 1999a). The Zr troughs, which
are typical for Phl metasomatism, are also common for parental
melts from Zarnitsa pipe (Griffin et al., 1993, 1999a; Downes et al.,
2015).

7.6. Possible geomechanics of the mantle keel growth and
destruction beneath Siberian craton

The structure of the SCLM, geochemical characteristics of the
mantle minerals and parental melts, as well as bulk rock compo-
sitions (Boyd et al., 1997; Ionov et al., 2010; Doucet et al., 2012) may
be used as the basis of the reconstructions of paleodynamic
environments.

In the Daldyn SCLM (East Daldyn terrane), bulk rock composi-
tions and geochemistry of melts parental for minerals suggest that
it was composed from primary oceanic peridotites (Ionov et al.,
2010; Doucet et al., 2012; Goncharov et al., 2012; Ashchepkov
et al., 2013b), formed probably in the middleelate Archean
(Pearson et al., 2005; Malkovets et al., 2012) and reactivated in late
Proterozoic (Ionov et al., 2015) during collision events (Rosen et al.,
2005, 2006).

To suggest an arc origin of the highly depleted peridotites from
Alakit (and other regions), it is necessary to prove the fact of sub-
duction of fore- or back-arc peridotites together with the arc itself
yroxenes from Daldyn and Alakit kimberlitic fields, Siberian platform. Normalization to



Figure 14. Schematic SCLMT through Daldyn field (contour maps) from Udachnaya to Zagadochnaya pipe based on: (A) PeFe# for all minerals; (B) PefO2 for all minerals; (C) PeT.
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Figure 15. Scheme of the growth and development of mantle keel beneath Siberian Craton. (A) Early Archean stage. Highly differentiated mantle diapir and separation crust and
depleted mantle; (B) middle Archean stage. Creation of proto continent shallow subduction with melting of eclogites; the pyroxenite layer 120e150 km; (C) late Archean stage. Low
angle subduction with the spalling of the slabs beneath the continents; (D) late Archeaneearly Proterozoic stage. Creation of the protocontinents with the super thick mantle
lithosphere; (E) middle Paleozoic Devonian stage. Interaction of the Devonian superplume with the continents with the creation of basalt in rifting area and kimberlites ion rift
shoulders; (F) late Paleozoiceearly Mesozoic stage. Interaction of Siberian Superplume with Siberian continent. Rifting creation of basalts and kimberlites.
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and probably the sediments from the ancient TTG (Halla et al.,
2009), which could be the source of the Fe-rich high-Al eclogites
(Spetsius et al., 2008; Riches et al., 2010). The high-Mg and Cr-low
eclogites, which are common in Alakit (Pernet-Fisher et al., 2014),
are complemental to TTG (Horodyskyj et al., 2007).

The detailed structure showing variations of Fe# of peridotitic
garnets suggests that the lower part of the SCLM was composed of
several (6e7) paleo subduction slabs.

The high depletion of peridotites, abundant hydrous meta-
somatism with higher participation of the LILE (Aykhal pipe) and
other incompatible elements in geochemistry of parental melts,
maymean a continental or even back-arc environment of peridotite
formation. The mantle wedge (Ntaflos et al., 2007) in present time
is more depleted that it should be in Archean time due to lower
water activity. Extended PeFe# Cpx arrays suggests large-scale melt
percolation and metasomatism.

The high alkalinity of clinopyroxenes from the Alakit region
could be explained by several possible mechanisms. One is trans-
formation of peridotites hydrated by marine water. Next is meta-
somatic interactions with subduction-related fluids in the marginal
cratonic setting. Another reason that is more probable is interaction
of the melted subducted basalts (spilites) transformed later to
eclogites and peridotites.

The structure of the Daldyn Alakit region shown on the mantle
lithosphere profile (Fig. 14) obtained by the method described
previously (Ashchepkov et al., 2014a,b) shows that it is slightly
folded but shows rather continuous structure, which suggests that
this part of the mantle keel was formed in the same stage and
possibly represents the same structure, but with lateral changes in
composition of the constituting rocks (Fig. 14). However, one could
see that between Zagadochnaya to Sytykanskaya, the structure of
layering slightly changes and the lower part of the mantle section
becomes more depleted. It is possible that Daldyn and Alakit could
represent closely located but separate blocks combined in one
terrane in very ancient time.
The seismic data and modeling of profiles in the Siberian craton
SCLM (Kuskov et al., 2011; Pavlenkova, 2011) give in general the
same thickness of the lithosphere and even the amount of layers
but the resolution is rather low.

7.6.1. Stages of the SCLM growth
Possible mechanisms of the creation and evolution of the craton

keel were described in many publications (Pearson et al., 2005;
Griffin and O’Reilly, 2007; Santosh et al., 2009; Santosh, 2010; Lee
et al., 2011; Griffin et al., 2014). In the early stage, the most prob-
able mechanism is a deep mantle diapir or slow plume with high
melting degrees in heated early Archean mantle (Aulbach, 2012)
(Fig.15A). Such depleted cores of the ancient cratons are recognized
in Zimbabwe (Smith et al., 2009), in the North Atlantic craton
(Wittig et al., 2008; Sand et al., 2009) and probably in Aldan shield.
However, the layered structures, which are detected beneath most
continents, may be created only because of subduction (Pearson,
1999; Pearson et al., 2005). Thus, in the stages around 4.0 or 4.4
billion years a magma ocean corresponds to the highly depleted
spinel peridotites. In the early stages with a hot mantle, the
thickness of the keel was about 120 km (van Hunen and van den
Berg, 2008). The eclogitization at that time took place only to the
depth of 120 km. In deeper conditions, eclogites should melt due to
the high temperatures and oxidized conditions of the slab in HT
conditions of the Archean mantle (Fig. 11B). Eclogites transformed
to pyroxenites show a range of compositions consistent with their
arc origin (Horodyskyj et al., 2007). The thickness of mantle created
at the stages of the intra-oceanic arcs (Maruyama et al., 2012)
corresponds to Ga-Sp peridotites of the upper part of mantle. The
pyroxenite-eclogite layers at the depth of 3.5e4.0 GPa represent
the enriched bottom of the keels created by the re-melted eclogites,
and variations from 3 to 4 GPa probably relate to the different time
of creation of this boundary.

The very cold ledge at w3 GPa to 600 �C found for the SCLM of
Udachnaya and some other pipes probably reflects the conditions
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of deep melting and fast subduction at the beginning of the process
of the fast SCLM growth after 3.0e2.7 billion years, which probably
relates to the time period of the small embryonic protocontinents
(Maruyama et al., 2012; Roberts et al., 2015), when after a small
amount of cooling subducted slabs cannot cross the 8.0 GPa
boundary of the olivine melt density inversion (Agee, 1998)
(Fig. 11C). The thermal conditions were hot enough for melting of
most eclogites and creation of the pyroxenite layers in different
parts of the lower SCLM and lithosphere base (Ashchepkov et al.,
2010, 2011, 2013a,b) beneath Udachnaya, Mir and other large
pipes. During the general cooling of the Earth’s mantle (Gerya,
2014), the eclogite layers could be subducted to the upper-lower
mantle transition zone. After transformation they may fall into the
lower mantle and after melting create plumes (Maruyama and
Okamoto, 2007).

The question of how >100 km of lower SCLM with similar
characteristics in their peridotites can be created is debatable. They
may be easily created by the stacking of the inclined subduction
slabs (Gerya, 2014; Griffin et al., 2014; Humphreys et al., 2015), but
the SCLM reconstructions suggested the relatively uniform struc-
tures beneath the same kimberlite region like in the Daldyn terrane
relates to the model of low angle subduction (Snyder and Lockhart,
2009). Similar structures with the low angle rhythmic layering
were determined by seismic methods for the Slave (Snyder and
Lockhart, 2009) and other cratons. The common division of the
SCLM to large 6 (or 12 units) (Ashchepkov et al., 2010, 2014a,b) may
be determined by the common thickness of the subducting slabs
close to 20 km which together combine to form the 200e250 km2

of the SCLM. According to isotopic data, the growth of SCLM should
be accomplished by 2.7 Ga, coinciding with the peaks of crustal
global growth (Kröner et al., 2012; Roberts and Spencer, 2015),
creation of supercontinent Sclavia (Nance et al., 2014) and creation
of garnets in mantle peridotites (Malkovets et al., 2012) and
appearance of water in mantle (Santosh et al., 2009).

The period of the SCLM accretion of large continents was
finished near 2.3e1.8 billion years, with the appearance of the first
supercontinent Protopangea (Piper, 2010) or Columbia (Nuna)
(Santosh et al., 2009; Maruyama et al., 2012). This event is well
detected by Re-Os isotopes for Siberian mantle (Ionov et al., 2015).
It was the stage of the abundant hydrous subduction-related
metasomatism (Pokhilenko et al., 2013). Probably at this stage,
the continental lithosphere thickness could have reached 330 km,
and in some cases maybe 410 km (O’Reilly et al., 2009) in cold
conditions with fast subduction, at least beneath intracontinental
collision zones (Fig. 15D) and when the convection beneath the
continents stopped. At that time, the thermal gradient could be
near 33 mW/m2 or less (Artemieva, 2009) while the continental
thickness of 250e270 km relates to the 38e40 mW/m2 geotherm
(Rudnick et al., 1998). It is a question whether some remnants of
such deep roots still exist (O’Reilly et al., 2009; O’Reilly and Griffin,
2010). Probably they were in Siberia to the time of kimberlite
intrusion, because pyrope garnets with up to 16 wt.% Cr2O3 occur in
the lithosphere.

In the Proterozoic, the history of the continental keel growth
finished. Break-up of the supercontinents after a series of super-
plumes and the creation of Rodinia amalgamated Siberia. The latest
significant modifications refer to 1.8 Ga (Ionov et al., 2015). The
further history was mainly destruction and rifting. Daldyn mantle
contains phlogopites cratedmainly in Proterozoic time (Pokhilenko
et al., 2013) while Alakit mantle phlogopites are Neo-
proterozoicePhanerozoic (Ashchepkov et al., 2015)
(Supplementary file 2).

Continuous oxidation of Earth mantle and melts was accom-
panied by the appearance of the melt lenses in the SCLM at 6.0 GPa
at theminimumof the oxidation solidus of peridotites (Foley, 2011).
This was accompanied by reduction of lithosphere thickness to
250 km in late Proterozoic and Paleozoic, and especially in Meso-
zoic time, though deeper roots are also recognized (Fishwick, 2010;
O’Reilly and Griffin, 2010).

After the PermoeTriassic plumes, the presence of deep roots
>200 km are not evident by the PeT estimates based on the min-
eral concentrates from most northern kimberlite fields, as well as
from geophysical models (McKenzie and Priestley, 2008; Koulakov
and Bushenkova, 2010; Kuskov et al., 2011; Pavlenkova, 2011).
Garnets, pyroxenes and some xenoliths captured from the level of
6.0 GPa in Kharamai and other Triassic kimberlite fields (Griffin
et al., 2005; Ashchepkov et al., 2016) are common in the Triassic
kimberlites. It is possible that basification and thermomechanical
interaction of a superplumewith the SCLM reduced the thickness of
the lithosphere in 30e50 km, as was calculated by Sobolev et al.
(2011).

7.6.2. Nature of differences in SCLM between Alakit and Daldyn
field

The primary difference in the mineral geochemistry could
possibly be explained by the different origin of these terranes or
their different positions in the structure of the continent. The latter
is more probable because the profiles for the Daldyn and Alakit
show that the mantle structure is nearly continuous.

It is possible that theWest Daldyn terranewas in ancient time at
the margin of the continent and was subjected to hydrous melting
with many stages of melt intrusion activated by subduction of
evolved sediments abundant in mica. This also could explain the
relatively cold geotherm and linear shape, because metasomatism
produced homogenization of the mantle column, although the
garnets still keep the signs of primary mantle layering.

8. Conclusions

(1) Systematic differences were found in the chemistry and trace
element patterns of mantle minerals found as xenoliths and
xenocrysts from the kimberlites of Alakit (more enriched and
metasomatized) and Daldyn region (more depleted).

(2) The differences in the mineralogy most likely reflect the tec-
tonic positions of the mantle terrains. The Alakit field in the
West Daldyn terrain relates to the marginal part of craton
subjected to subduction metasomatism.

(3) Despite the general similarities in the SCLM structures within
the same kimberlite, mantle columns are not similar and even
pipes could have rather different structure and diamond
grades.

(4) Mantle columns subjected to a high degree of metasomatism or
melt interaction such as those beneath the Dalnyaya and Zar-
nitsa pipes show dispersed clouds in the PT diagrams and
PeFe# trends.

(5) The pipes with the preserved primary layering of the SCLM and
low dispersion like Aykhal or Udachnaya have higher diamond
grades.

(6) Early Archean subducted slabs melted at 130e150 km creating
pyroxenite layer.

(7) Creation of SCLM structure was accomplished 3.0e2.5 Ga with
the appearance of H2O in mantle with the latest modification
1.8e2.0 Ga and later metasomism in the Daldyn 2.4e0.7 Ga and
in the Alakit SCLM from 1.8 to 0.5 Ga
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