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Nowadays, it is commonly accepted that kimberlitic
magmatism of ancient platforms was initiated by hot
plumes that ascended toward the base of the continental
lithosphere from the Earth’s deep-seated boundary
sources such as the lower mantle/core boundary or tran-
sitional zone [1, 2]. The Late Devonian kimberlitic
magmatism, the most productive for diamonds at the
Siberian Craton, is related to the Yakutian superplume
[2]. It is suggested that the plume approaching the base
of a rigid continental plate produces asthenospheric
melts and related assemblages of low-Cr megacrystals.
The melts replace substance of the upper asthenos-
pheric layer and the lower lithosphere. This process is
rather well studied based on geochemistry of megacrys-
tals and high-temperature deformed peridotites from
kimberlites in South Africa and Yakutia [1, 3, 4].

The geochemical implications of these processes for
the lithospheric mantle, which overlies the zone
directly affected by the asthenospheric melt, have
remained poorly studied. As was shown in [5, 6], the
zonal distribution of major and minor elements at mar-
gins of garnet crystals in granular lherzolites and
harzburgites from kimberlites of South Africa is a result
of interaction with fluids just before their entrapment
by kimberlites. Thus, the zonality is probably related to
the influence of plumes rising to the base of the litho-
sphere.

We checked the previously proposed hypothesis on
the reworking of mantle substance by reduced fluids
derived from asthenospheric melts at the early stage of
the kimberlite-forming cycle [7]. This hypothesis has
been supported by Fe

 

3+

 

 contents in polychrome olivines
found in some xenoliths of granular peridotite in the
Udachnaya kimberlite pipe [8]. The cores of olivine

grains, grain blocks, and particular olivine grains in
such xenoliths have orange, brownish pink, brown, and
yellow colors grading into green, pale green, and color-
less zones. In some cases, isolated orange and yellow
grains are incorporated into the groundmass of green,
pale green, and colorless olivine. As has been estab-
lished with Moessbauer spectroscopy, the orange,
brownish, and yellow olivines contain an appreciable
Fe

 

3+

 

 admixture, which is virtually missing in pale green
and colorless varieties [8]. This phenomenon has been
explained by nonuniform reworking of the lithospheric
mantle by reduced fluids shortly before the entrapment
of xenoliths by the kimberlitic melt. The xenoliths with
orange, brownish, and yellow olivines are extremely
rare in the population of peridotitic xenoliths in the
Udachnaya pipe. The xenoliths with polychrome oliv-
ine are more frequent. The green, pale green, and color-
less olivines are predominant. The color of garnet
grains corresponds to that of olivines. The xenoliths
with orange or polychrome olivines contain reddish
violet and pink-violet garnets, while indigo blue, lilac,
and inky garnets are associated with green and color-
less olivines.

We chose three control groups of granular garnet
peridotites (lherzolites and harzburgites) from the
Udachnaya pipe: (1) xenoliths with orange, brownish
pink, and yellow olivine grains (50–90% of the olivine
groundmass); (2) xenoliths with polychrome olivines,
in which orange and brownish pink cores and grains
compose 10–25% of the olivine groundmass, and the
remainder comprises green and colorless varieties; and
(3) xenoliths with green, pale green, and colorless oliv-
ine grains, among which the yellowish gray variety
accounts for 3–10%. The control group included three
xenoliths, for which the Fe

 

3+

 

 content in olivine was
measured with Moessbauer spectroscopy [8]. Data on
the geochemistry of rocks and minerals from five xeno-
liths were reported in [9]. The chosen xenoliths have
been examined carefully under a binocular microscope
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and in thin sections. The major oxides in minerals were
determined with a JEOL Superprobe 733 microprobe at
the Institute of Geochemistry, Siberian Division, Rus-
sian Academy of Sciences. Concentrations of trace ele-
ments (Rb, Sr, Ba, Nb, Zr, Hf, Ti, La, Ce, Nd, Sm, Eu,
Gd, Dy, Er, Yb, and Y) in garnet and clinopyroxene
were measured with secondary-ion mass spectrometry
at the Institute of Microelectronics, Yaroslavl. This
method provided accuracy of measurements not worse
than 10% for trace elements with a concentration of
>1 ppm and not worse than 15–20% for concentrations
ranging from 1.0 to 0.1 ppm.

The garnet lherzolite and harzburgite xenoliths from
the Udachnaya pipe are common granular peridotites
that do not reveal any indications of cataclasis typical of
deformed peridotites from kimberlites. For each sam-
ple, the modal compositions of the main mineral
assemblage (i.e., the contents of orange, brownish, and
yellow olivine grains in the total amount of olivine in
rock) and the character of secondary alterations of the
rock are given below (in %).

Sample 343/87, garnet lherzolite: a single plate of
Phl I, 10.7 Gr, 0.3 Cpx, 20 Opx, and 69 Ol (90% of oliv-
ines are pinkish, brown, and yellowish gray varieties).
Fe

 

3+

 

/Fe

 

tot

 

 = 0.025 in pinkish brown olivine [8]. The
xenolith is slightly serpentinized (5–7%).

Sample 545/80*, garnet harzburgite: 3–7 Gr, 5–
10 Opx, and 85 Ol (approximately 50% of olivines are
orange and grayish yellow varieties). Fe

 

3+

 

/Fe

 

tot

 

 = 0.034
in orange olivine [8]. The xenolith is intensely serpen-
tinized (50–60%).

Sample 45/82, garnet lherzolite: 1.6 Gr, 8 Cpx,
24.2 Opx, 66.2 Ol (approximately 50% of olivines are
orange and greenish yellow varieties). The xenolith
contains no more than 1–3% superimposed minerals of
the late metasomatic assemblage (kelyphitic phase,
phlogopite II, amphibole, calcite, and ore mineral).

Sample 50/82*, garnet lherzolite: 13 Gr, 10 Cpx,
22 Opx, and 55 Ol (10% orange and 40% pinkish
brown varieties). The rock contains no more than 1–3%
of superimposed minerals.

Sample 325/87, garnet lherzolite: 18 Gr, 2 Cpx,
29 Opx, and 51 Ol (25% orange and pinkish brown
varieties). Fe

 

3+

 

/Fe

 

tot

 

 = 0.020 and 0.008 in orange and
green olivines, respectively [8]. The rock is moderately
serpentinized (25%).

Sample 544/80*, garnet lherzolite: 8 Gr, <1 Cpx,
15 Opx, and 75 Ol (colorless variety). The rock is
intensely serpentinized (50–60%).

Sample 42/82, garnet lherzolite: 6.5 Gr, 2.5 Cpx,
23 Opx, and 68 Ol (10% pale orange grains, the
remainder is pale green and colorless grains). The rock
contains no more than 1–3% of superimposed minerals.

Sample 43/82, garnet lherzolite: 3.4 Gr, 3 Cpx,
18.9 Opx, and 74.7 Ol (pale green and colorless variet-
ies). The rock contains no more than 1–3% of superim-
posed minerals.

Sample 00/212, garnet lherzolite: 6.8 Gr, 0.3 Cpx,
25 Opx, and 67.9 Ol (5–10% yellowish grains, the
remainder is pale green and colorless olivine). The rock
is slightly serpentinized (10–15%).

Sample 03/108*, garnet harzburgite: 12 Gr, 18 Opx,
and 70 Ol (green, pale green, and colorless).

In the samples designated with an asterisk, the
modal composition was estimated tentatively along the
lines in lump specimens; in other samples, the modal
composition was calculated based on proportions of
grains in crushed samples. Sporadic, strongly deformed
orthopyroxene megacrystals 7–20 mm in size occur in
samples 343/87 and 00/212. A very small amount
(<0.5%) of irregular interstitial segregations of Al–Cr
spinel, often as myrmekitic intergrowth with clinopy-
roxene, occur in most garnet lherzolite samples. The
relationships between minerals indicate that the Al–Cr
spinel postdated the main mineral assemblage and pre-
dated the metasomatic assemblage [7].

The table presents the major and rare element con-
tents in garnet and clinopyroxene from the rocks of
groups 1–3. Figure 1 shows the distribution of chon-
drite-normalized Nb, Zr, Hf, Ti, (Y + REE), and REE
contents. The chemical composition of garnet in all
three groups does not reveal marked differences. The
elevated FeO content in sample 45/82 (group 1) and
overall enrichment of garnets pertaining to group 3 in
CaO are noted. In contrast to garnet, clinopyroxene
demonstrates a progressive depletion in Al

 

2

 

O

 

3

 

, Cr

 

2

 

O

 

3

 

,
FeO, and Na

 

2

 

O from group 1 to group 3 concurrently
with appearance of the Al–Cr spinel.

The contents of all incompatible rare elements,
except Rb in garnet and Rb and Ba in clinopyroxene,
decrease from the rocks with orange and yellow oliv-
ines to the rocks with pale green and colorless olivines.
The exceptions for Rb and Ba are probably caused by
the fact that these elements were omitted in some sam-
ples. The depletion in rare elements is extremely non-
uniform. The LREE (especially Nd and Sm) contents in
garnet change by two to three orders of magnitude,
whereas the Nb and Yb contents in garnet from all
groups remain virtually unchanged. Clinopyroxene
becomes depleted in all rare elements; the greatest dif-
ference (by more than 4 orders) is established for Nd
and Sm. The shape of curves in lines changes drasti-
cally: instead of Nb, (Zr + Hf), and Ti minimums in cli-
nopyroxene of group 1, low peaks of these elements
appear in this mineral of group 3. The (Zr + Hf) and Ti
minimums typical of the garnet pertaining to group 1
with orange and yellow olivines are commonly absent
in the garnet belonging to group 3 with green and col-
orless olivines, and low peaks of these elements appear
instead of minimums. The lines of minerals from xeno-
liths of the transitional group 2 occupy an intermediate
position between the lines of minerals pertaining to
groups 1 and 3. The distribution of rare elements in gar-
net from sample 50/82 and clinopyroxene from samples
50/82 and 325/87 is similar to that of minerals from
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group 1, whereas the garnet from sample 325/87 is
closer in this respect to garnets of group 3 both in the
level of contents and in their distribution. Garnets of
group 1 and garnets from sample 50/82 (group 2) reveal
sinusoidal REE patterns characteristic of garnet from
granular peridotites [5, 6, 11].

Figure 2 shows the coefficients of rare element par-
tition between garnet and clinopyroxene in the studied

samples, as well as (DGr/Cpx) values calculated from
the literature data. The DGr/Cpx curves for the sam-
ples of groups 1 and 2 are generally parallel to the the-
oretical curves. However, lines of group 1 lie below
the theoretical curves and lines of group 2 (Fig. 2a).
The lines are broken for the rocks of group 3 and are
appreciably less consistent with the calculated curves
(Fig. 2b).

 

Fig. 1. 

 

Chondrite-normalized [10] HFSE (Nb, Zr, Hf, Ti), (Y + REE), and REE contents in garnet and clinopyroxene from granular
garnet peridotites with olivines of different colors. Samples: (

 

1

 

) 343/87, (

 

2

 

) 545/80, (

 

3

 

) 45/82, (

 

4

 

) 50/82, (

 

5

 

) 325/87, (

 

6

 

) 544/80,
(

 

7

 

) 42/82, (

 

8

 

) 43/82, (

 

9

 

) 00/212, (

 

10

 

) 03/108. Samples of group 1 are shown by a thick line; group 2, by a dashed line; and group 3,
with a thin line.
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The concentrations of rare elements in garnet and
clinopyroxene and their chondrite-normalized patterns
do not correlate with the amounts of these minerals in
rocks and with the orthopyroxene contents, but reveal a
correlation with the contents of orange, brown, and yel-
low olivine varieties. For example, garnet harzburgites
from samples 545/80 (group 1) and 03/108 (group 3)

are similar in the modal mineral composition but signif-
icantly different in concentration and distribution of
rare elements in accordance with the olivine coloration.
As has been shown previously [8], orange, brownish,
and yellow olivines bear a substantial admixture of fer-
ric ion and remain in the rocks as relict minerals during
the percolation of reduced fluids through solid rocks at
the early stage of kimberlite formation. The appreciable
depletion of pale green and colorless olivines in Fe

 

3+

 

 in
reference samples [8] testifies to the reduced character
of the affecting fluids. The formation of native graphite
in mantle metasomatites of reaction type is likely
related to precisely such fluids [14]. The reduced char-
acter of fluids may be explained by the development of
an advanced hydrogen front in asthenospheric melts
beneath the lithospheric mantle during the kimberlite-
forming cycle [7]. These fluids vigorously extracted
incompatible rare elements from rocks and minerals.
Probably, they were also responsible for reaction meta-
somatism at oxidizing geochemical barriers.

The next logical conclusion is no less important.
The primary substance of the lithospheric mantle of the
Siberian Craton was composed of rocks and minerals
enriched in incompatible rare elements rather than
depleted in these elements. This suggestion provides
new insight into the primary nature of the lithospheric
mantle beneath ancient cratons. If the ancient litho-
spheric mantle was initially enriched in incompatible
rare elements, it cannot be regarded as a restite left after
the generation of basaltic or komatiitic melts, as is com-
monly accepted now [5, 6, 11, and others]. It is also
thought that the restitic mantle was enriched in incom-
patible rare elements as a result of introduction of sub-
duction-related silicic melts [15]. In the example con-
sidered above, this hypothesis comes into conflict with
the absence of a correlation between the rare element
contents in garnet and clinopyroxene, on the one hand,
and the amount of these minerals and orthopyroxene in
rocks, on the other hand. Garnet and clinopyroxene
from lherzolite sample 00/212 (group 3) are depleted in
rare elements in full agreement with the pale green and
colorless character of olivines, though the xenolith is
enriched in orthopyroxene and contains a few relict
deformed megacrystals of this mineral. If the mega-
crystals were old porphyroblasts related to the metaso-
matic impact of a subduction-related silicic melt, the
minerals would be enriched in rare elements.

The Nb, (Zr + Hf), and Ti minimums in lines of cli-
nopyroxene and (Zr + Hf) and Ti minimums in lines of
garnet from the most enriched granular peridotites are
complementary to peaks of these elements in garnet
megacrystals in the deformed peridotite and equilib-
rium melts that existed beneath the lithospheric plate
during the kimberlite tectonomagmatic cycle [3].
Therefore, we can suggest that the high-temperature
orthopyroxene–olivine cumulate was a protolith of the
lithospheric mantle. The parent melt was depleted in
HFSE and highly enriched in LREE and LILE owing to
the removal of high-pressure majorite and Mg-perovs-
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 (a) Coefficients of partition of rare elements (Nb, Zr,
Hf, Ti, Y, and REE) between garnet and clinopyroxene
(DGr/Cpx) in rocks of (a) groups 1 and 2 and (b) group 3.
DGr/Cpx values were calculated as ratios of trace element
contents in garnet and clinopyroxene determined in the
studied samples. Thick lines are theoretical DGr/Cpx values
calculated as ratios of garnet/melt and clinopyroxene/melt
partition coefficients based on published data: solid line,
after [12] (after [13] for Gd); dashed line, after [13] for Nb,
Zr, Hf, Ti, Gd, and Yb; after [1] for La, Ce, Nd, Sm, Eu, Dy,
and Er (DGr/L is at 1000

 

°

 

C); and after [12] for Y.
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kite. Precisely majorite and Mg-perovskite accumulate
HFSE and are sharply depleted in LREE. The cumula-
tive orthopyroxene of the mixed composition was
depleted in HFSE. After the subsequent exsolution of
garnet and clinopyroxene, these minerals redistributed
trace elements according to the DGr/Cpx value (Fig. 2a).
The lower position of DGr/Cpx lines for samples 343/87
and 45/82 relative to the theoretical curves might be
caused by an exsolution of garnet and clinopyroxene in
equilibrium with carbonate liquid.

CONCLUSIONS
The lithospheric mantle of the Siberian Craton was

washed out by reduced fluids delivered from astheno-
spheric magma sources at the early stage of kimberlite
formation in the Middle Paleozoic. The ascending flu-
ids intensely extracted incompatible rare elements from
rocks and minerals. Subsequently, these elements were
precipitated in metasomatites of reaction type at the
oxidizing barriers. Metasomatic diamonds and graphite
might be products of such a reductive process.

The protolith of the lithospheric mantle was repre-
sented by the light olivine–orthopyroxene cumulates
crystallized in the ancient magma ocean. They were
complementary to the high-pressure majorite–Mg-per-
ovskite buried in the transitional zone of the upper man-
tle and enriched in HFSE. As a result, the lithospheric
protolith was enriched in LREE and LILE and depleted
in HFSE.
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