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INTRODUCTION

Thermobarometry of upper mantle xenoliths [1–3]
indicates that the thermal state of the continental litho-
spheric mantle (CLM) notably differs beneath Early
Precambrian and Late Proterozoic–Phanerozoic tec-
tonic structures in the Earth’s crust (Fig. 1). The upper
mantle beneath Archean cratons and Early Precambrian
foldbelts is relatively “cold” and is characterized by
geothermal gradients of 6.5–

 

 8.5°

 

C/km, whereas the
mantle beneath Phanerozoic belts is much “hotter” and
has higher geothermal gradients: from 8.5 to

 

12.5°

 

C/km [3]. According to evidence from seismic
tomography [4], the seismic characteristics of the man-
tle underneath the Early Precambrian crust (older than
1700 Ma) are different from those of the mantle under-
lying the Middle Proterozoic crust (800–1700 Ma). The
former was determined to include high-velocity anom-

alies at depths shallower than 250 km, but no such
anomalies were detected beneath young (Middle Prot-
erozoic) cratons. It is natural to hypothesize that the
thermal state and seismic characteristics of the mantle
beneath crustal structures of different ages are in
cause-and-effect relations with the mantle composition
beneath these structures, and it is reasonable to expect
that the mantle composition can be significantly heter-
ogeneous in these structures.

Fundamental differences between the Archean sub-
continental lithospheric mantle, which is represented
by peridotite xenoliths in kimberlites from the African
and Siberian cratons, and the Proterozoic mantle,
which is represented by peridotite xenoliths in within-
plate basalts and by lherzolite massifs in orogenic belts,
were demonstrated by Boyd et al. [5–7]. As was deter-
mined by these researchers, peridotite xenoliths in cra-
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Abstract

 

—Data on the petro- and geochemical characteristics of mantle xenoliths in kimberlites, which sam-
pled the mantle beneath Early Precambrian tectonic structures (Archean cratons: the basement of the Eastern
Siberian Platform, Karelian, Kaapvaal, Wyoming, Western Dharvar; Early and Middle Proterozoic foldbelts:
Western Olenek, Natal, and Halls Creek), and xenoliths in alkaline basalts, which sampled the mantle beneath
Late Proterozoic–Phanerozoic structures (foldbelts: Central Asian, Mozambique, southern tip of South Amer-
ica, and Central German) indicate the following: (1) The major and trace element and REE composition of the
mantle is different beneath Early Precambrian structures and Late Proterozoic–Phanerozoic foldbelts and
reflects the degree of partial melting of the primitive mantle and its depletion in magmaphile components
beneath ancient structures compared to young ones. (2) The original composition of the mantle was different
beneath the Early Precambrian and Late Proterozoic structures in terms of both major oxides and incompatible
trace elements and REE and their ratios; the composition of the mantle beneath the Eastern Siberian Platform,
Wyoming, and Karelian cratons is different in terms of Zr/Y, La/Sm, Ce/Sm, Gd/Yb, and Lu/Hf. (3) The degree
of melting of the primitive mantle decreases with depth, as follows from the negative correlation between the
MgO

 

/

 

SiO

 

2

 

 ratio and pressure (i.e., depth) and the positive correlation between the Al

 

2

 

O

 

3

 

/

 

MgO ratio and pres-
sure in the xenoliths. (4) The Y, Zr, Ti, Sm, Gd, and Yb concentrations and the sum of HREE in the mantle
decrease with increasing degree of melting; correspondingly, the material most strongly depleted in these
incompatible trace elements and REE composes the upper levels of the lithospheric continental mantle.
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tonic kimberlites are more depleted than upper mantle
xenoliths in basalts in Phanerozoic orogens and have
higher Si/Mg ratios (i.e., higher 

 

Opx

 

/

 

Ol

 

 ratios). The
past decade witnessed the amassing of data obtained on
the major and trace element chemistries of mantle
xenoliths from kimberlites and alkaline basalts [7–16].
These data made it possible to characterize the chemi-
cal composition of the mantle and its compositional
heterogeneity beneath certain regions. Griffin et al. [11,
17] arrived at the conclusion that mantle xenoliths from
Archean structures are characterized by lower Ca/Al,
Fe/Al, and Cr/Al ratios than those of xenoliths in Prot-
erozoic and Phanerozoic structures at equal mg values.
According to O’Reilly and Griffin [18], CLM beneath
Archean, Proterozoic, and Phanerozoic structures has
average CaO concentrations of 0.6, 1.7, and 3.1 wt %,
respectively, average densities of 3.31, 3.34, and
3.37 g/cm

 

3

 

, and 

 

V

 

p

 

 at a depth of 100 km equal to 8.18,
8.05, and 7.85 km/s. The correlation between the com-
position of CLM and the age of the crust testifies,
according to Griffin et al., that the volumes of the crust
and underlying lithospheric mantle were produced

roughly simultaneously and commonly evolved con-
currently for a long time. Hawkesworth et al. [19]
believe that the mantle beneath Archean cratons has the
composition of garnet peridotite, whereas the mantle
underlying Proterozoic and younger regions corre-
sponds to spinel peridotite. According to their data, gar-
net peridotites are more depleted (their concentrations
of CaO are 1.1–3.4, FeO are 7.3–5.8, and MgO are
43.9–48.7 wt %) than spinel peridotites, whose average
CaO, FeO, and MgO concentrations are 2.1, 8.4, and
42.3 wt %, respectively.

Although the compositional heterogeneity of the
upper CLM underlying crustal structures of various
ages provokes no principal doubt, further research is
required to elucidate the following issues:

(1) whether the petro- and geochemical composition
of the upper mantle is homogeneous beneath Archean
cratons at different continents;

(2) whether the composition of the mantle is homo-
geneous beneath Phanerozoic belts and within each of
them;

(3) how the concentrations of incompatible trace
elements and REE vary in xenoliths depending on the
degree of their depletion in magmophile elements; and

(4) whether the petro- and geochemical composition
of the mantle varies with depth, and, if it does, what are
its trends.

The solution of these problems is important for
identifying the causes of the compositional heterogene-
ity of the mantle and for understanding the nature of
mantle keels beneath ancient cratons, which, in turn,
will provide insight into material exchange between
geospheres.

This publication deals with the petrochemical and
geochemical characteristics of mantle xenoliths in kim-
berlites, which represent the mantle beneath Early Pre-
cambrian structures, and xenoliths in alkaline basalts,
which represent the mantle beneath Late Proterozoic–
Phanerozoic structures. The paper summarizes our and
literature data on the composition of peridotite xeno-
liths in kimberlites and related rocks from such
Archean cratons as Karelian [20], Kaapvaal [8], Wyo-
ming [21], Western Dharvar [22], and the basement of
the Eastern Siberian Platform (our data and [23]) and
from such Proterozoic foldbelts as Western Olenek
[23], Natal [24], and Western Australia [25]. The alka-
line basalts with mantle xenoliths belonge to the fol-
lowing volcanic fields in foldbelts: Central Asia,
including Transbaikalia (our data, [26, 27]), Khamar-
Daban Range, central Mongolia (our data, [29, 30]),
southeastern Mongolia (our data, [12, 13]), southern-
most South America [31, 14], Mozambique (Labait,
Lashaine, and Kenyan volcanoes [32, 33, 15]), and cen-
tral Germany [34, 35].

The composition of xenoliths was considered in
terms of major, trace, and rare-earth elements and was
compared with that of chondrite and primitive mantle.
For some regions (craton in the basement of the Sibe-
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Fig. 1.

 

 Geotherms of continental lithospheric mantle under-
lying Early Precambrian and Late Proterozoic–Phanerozoic
structures.
(

 

1

 

) Archean cratons (

 

A–A

 

—cratons in the basement of the
Eastern Siberian Platform; 

 

B–B

 

—Kuloi and Karelian;

 

C

 

−

 

C

 

—Kaapvaal and Zimbabwe cratons; 

 

D–D

 

—Western
Dharvar craton; 

 

E–E

 

—Wyoming craton; 

 

F–F

 

—craton in
the basement of the Arctic Platform); (

 

2

 

) Early Precambrian
collisional (

 

G–G

 

—Limpopo; 

 

H–H

 

—Western Olenek;

 

I

 

−

 

I

 

—Natal and Namaqualand belts) and accretionary
(

 

K

 

−

 

K

 

—Yavapi) foldbelts; (

 

3

 

) Late Proterozoic–Phanero-
zoic foldbelts (

 

O–O

 

—Mozambique; 

 

L–L

 

—Paleozoic belt
in the southeastern tip of South America; 

 

M–M

 

—Ripheides
and 

 

N–N

 

—Caledonides of the Central Asian Belt, respec-
tively; 

 

P–P

 

—Tasmanian Belt; 

 

Q–Q

 

—Late Yan Shan Ceno-
zoic belt); (

 

4

 

) Phanerozoic structures in the ocean: 

 

R–R

 

—
Solomon Islands arc; 

 

S–S

 

—Hawaiian hotspot on an oceanic
plate.
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rian Platform, Wyoming and Karelian cratons, and the
Central Asian foldbelt), for which the equilibrium con-
ditions (

 

T

 

 and 

 

P

 

) for peridotite xenoliths could be eval-
uated by the garnet–orthopyroxene thermobarometer
[36], we also analyzed the compositional variations of
the xenoliths in correlation with the temperature, pres-
sure, and depth in the mantle from which the xenoliths
were brought to the surface.

METHODS
In order to ensure the possibility of comparing ana-

lytical data, the chemical compositions of xenoliths
analyzed by the authors and compiled from the litera-
ture were determined by the same methods: major com-
ponents were analyzed by XRF, and trace elements and
REE were determined by ICP MS in solutions.

The chemical composition of xenoliths was deter-
mined in their central portions that were carefully
cleansed of basalt crusts and washed in distilled water.
XRF analyses of the whole-rock samples were con-
ducted at the Central Analytical Laboratory of the
Karpinskii All-Russia Research Institute of Geology
(VSEGEI), St. Petersburg, on an ARL 9800 (Applied
Research Laboratories) spectrometer equipped with an
X-ray tube with a Rh anode and 0.075-mm Be window.
The powdered samples were mixed with a flux (50% Li
metaborate and 50% Li tetraborate) in the proportion
1 : 9 and then melted in Au–Pt crucibles on a Classe
Fluxer-Bis (Labortechnik GmbH, Germany) setup.

Whole-rock samples were analyzed by ICP MS in
solutions at a laboratory of the Institute of Analytical
Instrument Making, Russian Academy of Sciences.
Powdered samples were decomposed in Teflon vessels
by an HCl + HF + HNO

 

3

 

 mixture at 

 

110°

 

C. The com-
pleteness of decomposition was checked under a binoc-
ular microscope. Th, U, Pb, Hf, Lu, Yb, Er, and Dy
were determined accurate to 10–15%, other REE, Ti,
Sc, Zr, Sr, and Nb were analyzed accurate to no worse
than 5%.

PETROCHEMISTRY
Figure 2 shows variation diagrams characterizing

the composition of the xenoliths. These diagrams also
show the data points of the primitive mantle (PM) accord-
ing to data of various researchers (Table 1). The diagrams
demonstrate that all of the xenoliths are enriched in MgO
relative to PM: the MgO concentrations are 37–49 wt % in
the xenoliths and 35.1–37.77 wt % in PM. The
MgO

 

/

 

SiO

 

2

 

 ratios of the xenoliths vary from 0.8 to 1.2
and are higher than those of PM (0.703–0.830).

Xenoliths from kimberlites are much poorer than
PM in CaO (the xenoliths usually contain <3.0 wt %
CaO, and some of them bear as little as <1 wt % CaO)
and Al

 

2

 

O

 

3

 

 (commonly <3.0 wt %, sometimes 0.1 wt %),
whereas the concentrations of these oxides in PM
are, according to various estimates, 2.89–4.36 and
3.54

 

−

 

4.45 wt %, respectively (Table 1). The

Al

 

2

 

O

 

3

 

/

 

SiO

 

2

 

 ratio of the xenoliths ranges from 0.003 to
0.105, and the CaO

 

/

 

SiO

 

2

 

 ratio of most samples is 0.005–
0.04. Compared to PM, most of the xenoliths are
depleted in FeO

 

tot

 

 (to 6 wt %, whereas PM contains
7.50–8.50 wt % FeO

 

tot)

 

 and enriched in K

 

2

 

O (to 0.3 wt %).
The Ni concentrations are 1900–2800 ppm, and the
xenoliths are enriched in this element relative to PM
(PM contains 1880–2000 ppm Ni). Although the Cr
concentration in the xenoliths broadly varies (from 700
to 6000 ppm), most of these xenoliths contain 1000–
3400 ppm Cr. Their Ni and Cr concentrations show a
strong negative correlation.

Xenoliths from alkaline basalts are characterized
by higher concentrations of CaO (2–4 wt %), Al

 

2

 

O

 

3

 

(2–4.5 wt %) and FeO

 

tot

 

 (up to 9.0–9.5 wt %). CaO and
Al

 

2

 

O

 

3

 

 concentrations closest to those in PM are typical
of xenoliths in the basalts of volcanic fields in Trans-
baikalia. In CaO

 

–

 

Al

 

2

 

O

 

3

 

, 

 

CaO

 

/

 

SiO

 

2

 

–

 

Al

 

2

 

O

 

3

 

/

 

SiO

 

2

 

,

 

 and
MgO

 

/

 

SiO

 

2

 

–

 

Al

 

2

 

O

 

3

 

/

 

SiO

 

2

 

 diagrams, xenoliths from kim-
berlites and basalts plot within different fields (Fig. 2),
which overlap, with the overlapping area including
xenoliths from basalts in South America (Pali Aike) and
central Germany belt (Vogelsberg and Rhona). Xeno-
liths in basalts show a positive correlation between the
concentrations of Ni (1000–2800 ppm) and Cr (1000–
5000 ppm). This dependence makes xenoliths from
basalts different from those in kimberlites, with the lat-
ter showing a negative correlation between the concen-
trations of these elements.

The materials presented above highlight notable
compositional differences between xenoliths from kim-
berlites and alkaline basalts. These differences involve
the concentrations of major oxides, such as CaO, Al

 

2

 

O

 

3

 

,

 

and FeO

 

tot

 

; their ratios, such as MgO

 

/

 

SiO

 

2

 

, 

 

CaO

 

/

 

SiO

 

2

 

,
and Al

 

2

 

O

 

3

 

/

 

SiO

 

2

 

; and the character of correlations
between the concentrations of Ni and MgO, TiO

 

2

 

 and
MgO, and Ni and Cr. These features suggest differences
in the upper mantle composition beneath Early Precam-
brian structures with kimberlite magmatism and Late
Proterozoic–Phanerozoic foldbelts with alkaline basal-
tic magmatism. Judging by the composition of peridot-
ite xenoliths in kimberlites, the composition of the
mantle beneath Early Precambrian structures is charac-
terized by strong depletion in CaO, Al2O3, and FeO. In
this context, it is interesting to consider peridotite xeno-
liths in the alkaline basalts of Lashaine and Labait vol-
canoes in the Mozambique Foldbelt within the East
African Rift Zone [47, 48, 15]. The volcanoes belong
to the youngest (0.7–1.5 Ma) episode of Tanzanian rift
volcanism in the Main Volcanic Province (basaltic
volcanism of Tertiary age). Labait volcano is located
near the boundary of the Mozambique Belt with the
Tanzanian craton, and Lashaite volcano [47] is situ-
ated north of it, at a distance of 200 km from the con-
tact. The Mozambique Belt shows clearly pronounced
features of a collisional orogen of the continent–con-
tinent type. The crystallization conditions of the peri-
dotites entrained by the basalts corresponded to pres-
sures as high as 47.0–56.0 kbar and temperatures of
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1200–1450°ë. The í–ê parameters were determined
by the garnet–orthopyroxene thermobarometer [36]
based on the equilibrium compositions of garnet and
orthopyroxene from the peridotites [47, 48, 15]. The
average geothermal gradient value for the regional
upper mantle is equal to 7.6 ± 0.2°C/km (determined
based on data on 22 samples [3]). The MgO, CaO, and
Al2O3 concentrations; the MgO/SiO2,CaO/SiO2, and
Al2O3/SiO2 ratios; and the negative correlation between
the Ni and Cr concentrations in these xenoliths are
close to the analogous values for xenoliths from kim-
berlites (Fig. 3). They show even higher MgO concen-
trations and lower CaO and Al2O3 contents at notable
enrichment in Ni. At the same time, most xenoliths
from Kenyan alkaline basalts (from the eastern part of
the Mozambique Belt) show compositional characteris-
tics comparable with those of xenoliths from basalts in

Late Proterozoic–Phanerozoic structures. The basalts of
Labait and Lashaine volcanoes probably sampled the
upper mantle beneath the deeper part of the Tanzanian
Archean craton, whose eastern boundary does not coin-
cide with the modern boundary between the Tanzanian
craton and Mozambique Foldbelt.

GEOCHEMISTRY

Trace elements and REE were examined most thor-
oughly in xenoliths in kimberlites from cratons in the
basement of the Eastern Siberian Platform, Wyoming,
and Karelian. The chondrite-normalized trace-element
patterns of the xenoliths show certain common features
(Fig. 4a). The xenoliths are characterized by K, Rb, Zr,
Sc, and Cr concentrations close to those in chondrites,
up to twelvefold enrichment in Ba, Nb, and, to a lesser
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position of the primitive mantle.
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degree, Th, U, Sr, and LREE (La, Ce, and Pr), have rel-
atively low (to 0.1 chondritic) concentrations of Ti, Y,
MREE, and HREE (Sm, Eu, Gd, Dy, Ho, Er, and Lu),
V, Zn, Cu, and Ni.

Compared to PM, the xenoliths are enriched in alka-
lis (K, Rb, and Cs), Ba, and Nb but depleted in HREE,
V, and Cu (Fig. 4b). Concentrations close to those in
PM are characteristic of Sr, La, Ce, Nd, Sc, Zn, Ni, and
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Cr. Generally analogous features in the distribution
of trace elements relative to chondrite and the prim-
itive mantle are typical of xenoliths in kimberlites
from the Kaapvaal craton and lamproites of the
Early Proterozoic Halls Creek foldbelt in Australia.

Geochemical similarities between peridotite
xenoliths from volcanics in Early Precambrian
structures are expressed the most conspicuously in
the configuration of REE patterns normalized to the
primitive mantle (Fig. 5). All of these patterns are
asymmetric and reflect depletion in HREE and
some enrichment in LREE.

The geochemistry of xenoliths from alkaline
basalts is illustrated by diagrams of the concentra-
tions of incompatible and compatible trace ele-
ments in the xenoliths from various localities
within the Central Asian Foldbelt normalized to the
primitive mantle (Fig. 6). As can be seen in the dia-
grams, the xenoliths have trace element concentra-
tions close to those in the primitive mantle. An
exception is xenoliths in basalts from the Khamar-
Daban Range, which are enriched in Cs. Relative to
chondrite, all xenoliths except those from the
Khamar-Daban are depleted in Rb, Cs, Tl, V, Zn,
Cu, and Ni. The REE concentrations in the xeno-
liths are close to those in the primitive mantle. The
REE patterns have configurations of three types
(Fig. 7): (1) flat unfractionated (predominant);
(2) gently sloping with some enrichment in LREE rel-

ative to the primitive mantle and HREE concentra-
tions close to those in PM; and (3) flat patterns with
an insignificant depletion in LREE relative to PM and
HREE concentrations close to those in PM.

RELATIONS BETWEEN MAJOR
AND INCOMPATIBLE TRACE ELEMENTS

AND REE IN XENOLITHS
Table 2 lists the MgO/SiO2 and Al2O3/MgO

ratios and the concentrations of some REE (La, Ce,
Sm, Gd, and Yb, and the sums of HREE (totHREE),
and concentrations of trace elements (Ti, Zr, and Y)
in xenoliths from kimberlites from cratons (Wyo-
ming, Karelian, and the basement of the Eastern
Siberian Platform) and alkaline basalts from the
Vitim Plateau in the Central Asian Foldbelt.

As can be seen in Fig. 8, the La and Ce concen-
trations are not correlated with the MgO/SiO2 ratio,
whereas the concentrations of Sm, Gd, and Yb
decrease with increasing MgO/SiO2 ratio. The con-
centrations of HREE vary analogously. The Y, Zr, and
Ti concentrations are also negatively correlated with
this ratio and positively with the Al2O3/MgO ratio
(Fig. 9). The dependence of the Y and Ti concentra-
tions on the Al2O3/MgO ratio is virtually linear.

The (La/Sm)pm, (Ce/Sm)pm, and (Ce/Yb)pm ratios
increase with increasing MgO/SiO2 and are nega-
tively correlated with the Al2O3/MgO ratio (Fig. 10).
This character of the correlations is determined by

Table 1.  Model composition of the primitive mantle

Component 1 2 3 4 5 6 7 8 9 10

SiO2, wt % 49.90 45.96 44.71 45.1 46.12 45.16 44.5 44.7 44.9 45.0

TiO2 0.16 0.181 0.20 0.2 0.18 0.217 0.16 0.15 0.16 0.20

Al2O3 3.64 4.06 3.91 3.3 4.09 3.97 3.59 3.9 4.26 4.45

FeO 8.00 7.54 7.62 8.0 7.49 7.82 8.10 8.5 8.02 8.05

MnO 0.13 – – 0.15 0.15 0.13 0.12 0.14 0.13 0.14

MgO 35.10 37.78 38.92 38.1 37.77 38.30 39.22 38.0 37.3 37.80

CaO 2.89 3.21 3.49 3.1 3.23 3.5 3.44 3.2 3.45 3.55

Na2O 0.34 0.332 0.56 0.4 0.36 0.33 0.30 0.34 0.22 0.36

K2O 0.02 0.032 0.062 0.03 0.03 0.031 0.02 0.03 0.09 0.03

P2O5 – – – – 0.0 – – – – 0.02

Cr2O3 0.44 – – 0.4 0.38 0.46 0.31 – 0.41 0.38

NiO 0.38 – – 0.2 0.25 0.27 0.25 – 0.24 0.25

Total 101.00 99.095 99.472 100.0 100.05 100.23 100.01 98.96 99.18 100.21

MgO/SiO2 0.70 0.82 0.87 0.85 0.82 0.85 0.88 0.85 0.83 0.84

Al2O3/MgO 0.10 0.101 0.10 0.12 0.11 0.10 0.09 0.10 0.11 0.12

Note: (1) Model of the average silicate Earth based on the composition of carbonaceous chondrites of type CI; (2) LOSIMAG C1 model
[38]; (3) primitive mantle [39]; (4) pyrolite [40]; (5) model PRIMA [41]; (6) minimum depleted ultramafic xenolith [42]; (7) spinel
lherzolite KLB-1, Kilbourne Hole [43]; (8) average Zabargad fertile peridotite [44]; (9) spinel lherzolite, West Kettle River [45];
(10) pyrolite [46].
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the fact that the La and Ce concentrations are prac-
tically independent of the MgO/SiO2 and
Al2O3/MgO ratios, and the contents of Sm and Yb
decrease with increasing MgO/SiO2 and increase with
increasing Al2O3/MgO. The (Gd/Yb)pm ratio increases
with increasing MgO/SiO2 and is negatively correlated

with the Al2O3/MgO ratio. Although the Gd and Yb
concentrations decrease with increasing MgO/SiO2 and
decreasing Al2O3/MgO, this dependence is stronger for
Yb than for Gd. The dependences of the (Sm/Nd)pm on
MgO/SiO2 and Al2O3/MgO are weak, although this
ratio slightly decreases with decreasing Al2O3/MgO.
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The (Lu/Hf)pm ratio is at a minimum in xenoliths
from the Wyoming craton (<0.1), which are also
characterized by the lowest Al2O3/MgO (<0.025)
ratio, and at a maximum in xenoliths from the Vitim
basalts, whose Al2O3/MgO ranges from 0.057 to
0.113.

The diagrams showing correlations of the
(Zr/Y)pm, (Ce/Yb)pm, (La/Sm)pm, (Rb/Sr)pm,
(Sm/Nd)pm, and (Lu/Hf)pm ratios with Al2O3/MgO
(Fig. 10) are subdivided into four quadrants: I, II,
III, and IV. Their boundaries are the Al2O3/MgO
ratio in PM (0.082–0.120, average 0.104) and the

ratios equal to 1.0 for trace elements and/or REE
normalized to those in PM. In quadrants I and II,
Al2O3/MgO ≤ 0.082, and the ratios of trace ele-
ments and/or REE are lower and higher than 1.0,
respectively. They characterize the mantle depleted
in Al2O3 with (I) low and (II) high trace-element
and/or REE ratios. In quadrants III and IV,
Al2O3/MgO ≥ 0.105, and the ratios of incompatible
elements are higher or lower than 1.0, respectively.
They characterize the mantle not depleted in Al2O3
with (III) high and (IV) low ratios of incompatible
elements. In (Zr/Y)pm–Al2O3/MgO, (Rb/Sr)pm–
Al2O3/MgO, (Ce/Yb)pm–Al2O3/MgO, and (La/Sm)pm–
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Table 2.  Concentrations (ppm) of rare-earth and trace elements in xenoliths from kimberlites in Archean cratons and from
alkaline basalts in the Phanerozoic Central Asian Foldbelt

Sample T, °C P, kbar Al2O3/MgO MgO/SiO2 SiO2 La Ce Sm Gd Yb ΣHREEpm Zr Y Ti

Wyoming craton

H-67-281 – – 0.01 0.99 44.01 1.84 3.28 0.25 0.16 0.02 0.18 3.42 0.10 – 

H-68-16B 915 37.7 0.03 0.98 44.6 2.16 4.21 0.29 0.21 0.02 0.22 5.39 0.45 – 

T3-4 – – 0.02 1.00 43.55 1.68 3.31 0.29 0.20 0.03 0.27 7.49 0.27 – 

H69-15F 1300 49.8 0.02 1.00 43.45 0.48 1.16 0.20 0.20 0.05 0.33 5.00 0.51 – 

WP28-3-1 – – 0.02 1.01 43.39 0.54 1.26 0.16 0.13 0.03 0.20 5.14 0.16 –

H81-21 – – 0.02 1.02 43.35 0.71 1.79 0.15 0.10 0.01 0.10 2.87 – –

Karelian craton

9.2/1 895 36.0 – – – 3.03 4.78 0.25 – – – 4.60 0.27 253

9.2/2 840 34.4 0.02 1.02 42.98 2.37 3.88 0.15 – – – 2.74 0.18 20

14.07/1 885 36.5 0.01 1.03 42.67 5.82 8.54 0.24 – – – 1.10 0.21 457

14.07/2 – – 0.01 1.13 41.78 1.77 3.07 0.12 – – – 2.41 0.14 44.9

14.01/1 1110 45.8 0.02 0.89 46.59 2.27 3.81 0.19 – – – 3.15 0.28 124

5.8/1 – – 0.03 0.96 44.22 0.67 1.33 0.10 – – – 2.54 0.74 304

5.8/2 1260 50.4 0.06 0.93 42.49 1.16 2.18 0.18 – – – 7.8 1.12 263

Craton in the basement of the Eastern Siberian Platform 

87-43 1360 55.5 0.12 0.88 42.9 1.48 2.96 0.39 0.52 0.39 1.35 13.79 3.99 1862

87-50 – – 0.01 1.22 40.0 1.42 2.42 0.12 0.08 0.02 0.11 2.22 0.30 193

87-55 – – 0.03 1.05 43.7 2.39 4.34 0.18 0.14 0.04 0.20 3.37 0.36 145

87-59 990 41.6 0.02 1.08 41.2 2.21 4.29 0.37 0.25 0.04 0.33 4.62 0.59 482

87-72 – – 0.02 1.16 40.5 2.31 3.98 0.18 0.16 0.03 0.20 3.47 0.30 463

87-91 – – 0.13 0.85 42.8 2.52 5.88 0.68 0.79 0.51 1.84 11.24 4.39 909

87-100 910 37.0 0.04 0.97 44.9 1.45 2.86 0.11 0.11 0.02 0.15 1.93 0.23 112

87-187 1150 – 0.06 0.99 41.7 2.10 4.84 0.43 0.38 0.24 0.92 7.56 2.14 621

87-192 – – 0.01 1.11 42.5 0.72 1.29 0.04 0.02 0.01 0.05 1.30 0.08 98

Central Asian Foldbelt, Vitim Plateau

Vt-4 1480 45.4 0.09 0.89 44.1 1.12 2.76 0.53 0.65 0.21 1.18 17.72 3.52 1489

Vt-5 1480 46.9 0.11 0.87 43.9 0.67 1.55 0.35 0.45 0.44 1.45 10.77 4.64 1536

Vt-8 1495 48.6 0.14 0.84 44.0 1.31 2.65 0.45 0.58 0.55 1.81 13.88 5.92 1804

Vt-10 1470 46.7 0.10 0.91 43.3 3.57 7.12 0.59 0.74 0.22 1.46 20.26 3.99 1940

Vt-11 1230 38.2 0.08 0.88 44.4 2.87 3.34 0.44 0.44 0.12 0.76 9.35 2.50 1025

Vt-12 1340 41.8 0.06 0.96 43.8 0.47 1.22 0.18 0.25 0.26 0.74 5.63 1.99 601

Vt-6 1550 47.2 0.09 0.89 44.0 4.27 7.60 0.36 0.54 0.33 1.30 8.59 3.31 1286

Vt-13 1650 52.1 0.03 1.023 43.8 0.80 1.51 0.14 0.13 0.06 0.26 2.45 0.56 293

Vt-14 1320 45.9 0.07 0.92 43.9 1.80 0.95 0.44 0.61 0.39 1.43 10.83 3.83 1183
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Al2O3/MgO diagrams, the data points of xenoliths in
basalts from the Central Asian Belt plot at the junction
of the four quadrants. The data points of xenoliths from
cratonic kimberlites, which are strongly depleted in
Al2O3, have high (Zr/Y)pm, (Rb/Sr)pm, (Ce/Yb)pm, and
(La/Sm)pm ratios compared to those of PM. The ratios

systematically decrease with decreasing degree of
depletion of the xenoliths in Al2O3 and their
approach to the composition of PM. The opposite
tendency is typical of the (Sm/Nd)pm ratio, which is
usually lower than 1.0 in xenoliths from kimberlites
and higher than 1.0 in xenoliths from basalts.
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CORRELATION BETWEEN THE COMPOSITION 
OF XENOLITHS AND THE T AND P 

EQUILIBRIUM PARAMETERS
OF THE IR MINERAL ASSEMBLAGES

In some xenoliths in kimberlites from the Wyoming,
Karelian, and Eastern Siberian cratons and in basalts
from the Ripheides of the Central Asian Foldbelt, not
only the bulk-rock compositions were determined but

also the compositions of their coexisting garnet and
orthopyroxene ([21, 49] and our data), which enabled
us to calculate the T– P parameters of equilibria of min-
eral assemblages from the xenoliths by the garnet–
orthopyroxene geothermobarometer [36]. Figure 11
shows the dependences of temperature and pressure on
the MgO/SiO2 and Al2O3/MgO ratios of the xenoliths.
As can be seen, the MgO/Al2O3 ratio of the xenoliths
decreases and their Al2O3/MgO ratio increases with
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increasing temperature and pressure for the garnet–
orthopyroxene equilibrium and, correspondingly, the
depth in the mantle from which the material of the
xenoliths was entrained by kimberlites and basalts.
Correlations with temperature and pressure were also
identified for the Y and Zr concentrations (Fig. 12) and
the (La/Sm)pm, (Ce/Sm)pm, (Gd/Yb)pm, (Ce/Yb)pm, and
(Zr/Y)pm ratios of the xenoliths (Fig. 13). The Y and Zr
concentrations increase with increasing temperature
and pressure. The (La/Sm)pm, (Ce/Sm)pm, (Gd/Yb)pm,
(Ce/Yb)pm, and (Zr/Y)pm ratios decrease with increas-
ing temperature and pressure. The lowest values of the
ratios (no higher than 1.0) are typical of xenoliths from
alkaline basalts of the Vitim Plateau, which are charac-
terized by the lowest MgO/SiO2 and the highest
Al2O3/MgO ratios, which are close to those in PM. In
some diagrams (Figs. 12 and 13), the data points of
xenoliths from the Wyoming and Karelian cratons and
the basement of the Eastern Siberian Platform define
individual trends. Dependences of the (Lu/Hf)pm ratio
on temperature and pressure were identified only for
the Vitim samples: this ratio increases in them with
increasing temperature and pressure.

DISCUSSION

Our results testify that the composition of the upper
mantle is different beneath the Early Precambrian and
Phanerozoic tectonic structures in terms of both major
and trace elements (including REE). These differences
are manifested in the variable depletion of the xenoliths
in magmophile oxides (CaO, Al2O3, and FeO) and in
compatible and incompatible trace elements relative to
chondrite and primitive mantle. The timing of lithos-
pheric mantle depletion in magmophile components
and the mechanisms of this process are crucial for
understanding the mechanism of the origin of the con-
tinental lithosphere and its relations with the genesis of
the overlying crust.

Compositional differences between peridotites in
xenoliths from South Africa and peridotites of various
geneses was previously explained either by the “primi-
tive heterogeneity” of the source or by the fact that
xenoliths reflect various degrees of material fraction-
ation from a chondritic source. The mass balance calcu-
lations [6] led to the idea that the peridotites of the
upper mantle beneath Archean cratons are residues
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after the extraction of ultramafic melts like komatiites
from fertile peridotites. The hypothesis that the
depleted mantle beneath cratons was formed via the
extraction of komatiite melts from the “primary” man-
tle found further support in experiments on pyrolite
melting within broad temperature and pressure ranges
[50–53].

The low Re187/Os188 and 187Os/188Os ratios of peri-
dotite xenoliths from Archean cratons in eastern Siberia
[54, 7], the Kaapvaal craton in South Africa [55, 8], and
the Wyoming craton in North America [56, 57] point to
ancient (Archean) Re depletion during extensive melt
extraction from a fertile source.

Our results do not contradict the hypothesis about
the residual nature of the upper mantle beneath Early
Precambrian structures. In the MgO/SiO2–SiO2 dia-
gram (Fig. 14), the data points of xenoliths from kim-
berlites cluster around the trend for the composition of
residue after the partial melting (to various degrees) of
a spinel lherzolite xenolith (which represents the fertile
mantle) and the extraction of komatiite melt from it (the
pyrolite residue trend [53]). The data points of xeno-
liths from the mantle beneath various Early Precam-

brian structures define individual trends. For example,
the data points of xenoliths from the mantle underlying
the Eastern Siberian Platform plot most closely to the
“residual” trend and cluster between the olivine–cli-
nopyroxene (Ol–Cpx) and olivine–garnet (Ol–Gr) mix-
ing lines. The xenoliths have MgO/SiO2 ratios from
0.85 to 1.21 and contain 41–46 wt % SiO2. The data
points of xenoliths from the mantle beneath the
Kaapvaal craton, the Proterozoic Natal Foldbelt in
South Africa, and the Early Proterozoic Halls Creek
Belt in Australia plot in the MgO/SiO2–SiO2 diagram
between the olivine–orthopyroxene (Ol–Opx) and oliv-
ine–clinopyroxene (Ol–Cpx) mixing lines. The
MgO/SiO2 ratio of these xenoliths varies from 0.9 to
1.2, and their SiO2 concentration ranges from 43 to
46 wt %. The trends defined by the data points of xenoliths
from the mantle beneath the Wyoming, Karelian, and
Dharvar cratons are constrained between the trends for
xenoliths from Eastern Siberia and South Africa–Aust-
ralia. This highlights compositional differences in the
mantle composition beneath Early Precambrian struc-
tures, with the possible reasons for these differences
being the variable degree of melting of the primitive
mantle and the primary heterogeneity of the chondritic
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material during the early differentiation of the Earth.
Walter [53] suggested that high- and low-temperature
peridotites found in xenoliths from kimberlites in the
Kaapvaal craton originated from different sources. The

low-temperature peridotites could have been produced
via the extraction of komatiite melt from a source
enriched in SiO2 compared to the pyrolite mantle. Evi-
dence of the primary heterogeneity of the mantle is pro-
vided by individual trends of xenoliths from the Wyo-
ming and Karelian cratons and the Eastern Siberian
Platform in diagrams showing the thermal and baric
dependences of the Zr and Y concentrations and the
Zr/Y, La/Sm, Ce/Sm, and Gd/Yb ratios (Figs. 12, 13)
and in the (La/Sm)pm–(Ce/Yb)pm diagram (Fig. 15).

In a MgO/SiO2–SiO2 diagram, the data points of
xenoliths from alkaline basalts from the Central Asian
Belt (basalts from Mongolia, the Khamar-Daban
Range, and the Vitim Plateau in Transbaikalia) cluster
around the “residual” trend, close to the data points of
the primitive mantle, between the Ol–Cpx and Ol–Gr
mixing lines (Fig. 16). The MgO/SiO2 ratio of these
xenoliths does not exceed 1.05, and their SiO2 concen-
tration is 42–48 wt %. The position of the data points
in the diagram reflects the low degrees of mantle melt-
ing. At the same time, the data points of xenoliths
from Mongolia, Khamar-Daban, and Transbaikalia
are separated in the Al2O3–ë‡O/Al2O3 diagram
(Fig. 17), which is also a likely consequence of the
compositional heterogeneity of the source. In contrast
to xenoliths from the Central Asian Belt, xenoliths in
the basalts of Labait and Lashaine volcanoes in the
Tanzanian Foldbelt provide evidence of high degrees
of melting of the mantle from which these xenoliths
were brought to the surface. In the MgO/SiO2–SiO2
diagram (Fig. 18), their data points plot at the greatest
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Fig. 14. MgO/SiO2 vs. SiO2 diagram for xenoliths from kimberlites and lamproites intruding Archean cratons ((1) Kaapvaal,
(3) Wyoming, (4) Karelian, (5) Dharvar, (7) Eastern Siberian Platform) and Early Precambrian foldbelts ((2) Natal and (6) Halls
Creek). The solid circle shows the composition of the primitive mantle according to various researchers, the asterisk shows the com-
position of olivine (Ol), orthopyroxene (Opx), clinopyroxene (Cpx), and garnet (Gr) in mantle peridotites, the dashed line corre-
sponds to the compositional trend of the residue at an increase in the degree of melting of pyrolite KLB-1 (pyrolite residue trend;
Walter, 1998), solid lines display the Ol–Opx, Ol–Cpx, and Ol–Gr mixing lines.

(La/Sm)pm

2

10 20 30 40 50 60 80
(Ce/Yb)pm

F

4

6

8

10

12

14

16

18

20

0

K

ES

W

Pm

Fig. 15. (La/Sm)pm vs. (Ce/Yb)pm diagram for peridotite
xenoliths in kimberlites from the Wyoming (W) and Kare-
lian (K) Archean cratons and the basement of the Eastern
Siberian Platform (ES) and xenoliths in basalts from the
Vitim Plateau in the Central Asian Foldbelt. See Fig. 8 for
symbol explanations.



GEOCHEMISTRY INTERNATIONAL      Vol. 45      No. 11      2007

COMPOSITIONAL HETEROGENEITY OF THE CONTINENTAL LITHOSPHERIC MANTLE 1097

distance from the points of the primitive mantle, in the
region of high MgO/SiO2 ratios (0.95–1.2) and low
SiO2 concentrations (42–46 wt %). They lie between
the “residue” trend and the olivine–orthopyroxene
mixing line. This highly depleted composition of the
mantle is close to that of the mantle underlying
Archean cratons. This does not contradict the idea that
both volcanoes are located within the buried part of
the Tanzanian craton. Xenoliths in basalts from cen-
tral Kenya characterize the mantle with much lower
degrees of partial melting.

Our data led us to conclude that the depletion of the
mantle is different beneath Early Precambrian and
Late Proterozoic–Phanerozoic structures and the man-
tle is characterized by significant heterogeneity
between these structures. These compositional differ-
ences are manifested in the concentrations of major
oxides, trace elements (including REE), and their
ratios. The Zr/Y, La/Sm, Ce/Sm, Gd/Yb, and Lu/Hf
ratios of the mantle beneath the Wyoming and Kare-
lian cratons and in the basement of the Eastern Sibe-
rian Platform are different.

Judging by the established dependencies of the
MgO/SiO2 and Al2O3/MgO ratios on temperature and
pressure (and, correspondingly, depth), the degree of
melting of the mantle material decreases with depth,
so that the mantle at depths of 180–220 km beneath
Archean cratons is already weakly affected by melting
processes.

The aforementioned correlations of the trace ele-
ment and REE concentrations with the MgO/SiO2 and
Al2O3/MgO ratios, which characterize the degree of
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Fig. 16. MgO/SiO2 vs. SiO2 diagram for xenoliths from alkaline basalts of the Central Asian Foldbelt ((1) Mongolia, (2) Khamar-
Daban, (3) Vitim Plateau). The solid circle shows the composition of the primitive mantle according to various researchers, the aster-
isk shows the composition of olivine (Ol), orthopyroxene (Opx), clinopyroxene (Cpx), and garnet (Gr) in mantle peridotites, the
dashed line corresponds to the pyrolite residue trend; (Walter, 1998), solid lines display the Ol–Opx, Ol–Cpx, and Ol–Gr mixing
lines.
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melting of the source, deserve special discussion. The
concentrations of LREE (La and Ce) in the mantle
peridotite xenoliths do not depend on the degree of
melting of the mantle material (Figs. 8, 9), while the
concentrations of MREE, HREE (from Sm to Lu), Y,
Zr, and Ti decrease with increasing degree of melting
of PM. Analogous correlations were also identified in
garnet and spinel peridotites (Fig. 19). The depletion
of mantle peridotites with garnet, clino- and orthopy-
roxene, and olivine in MREE and HREE with an

increase in the MgO/SiO2 ratio and a decrease in the
Al2O3/MgO ratio suggests that these elements enrich
komatiite melt. This is in conflict with the distribution
coefficients of REE for garnet, olivine, orthopyrox-
ene, and clinopyroxene and melt in equilibrium with
them, with these coefficients increasing from LREE to
HREE (Table 3). Correspondingly, the concentrations
of MREE and, particularly, HREE should increase in
the residue in the process of melting. Moreover, accord-
ing to the experimental data of Johnson [60] for pres-
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Fig. 18. MgO/SiO2 vs. SiO2 diagram for xenoliths from alkaline basalts of the Mozambique Foldbelt (volcanoes: (1) Labait,
(2) Lashaine, (3) central Kenya). The solid circle shows the composition of the primitive mantle according to various researchers,
the asterisk shows the composition of olivine (Ol), orthopyroxene (Opx), clinopyroxene (Cpx), and garnet (Gr) in mantle peridotites;
the dashed line corresponds to the pyrolite residue trend; (Walter, 1998), solid lines display the Ol–Opx, Ol–Cpx, and Ol–Gr mixing
lines.
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sures of up to 2.0 GPa and temperatures of 1310–
1470°ë, the distribution coefficients for Dy, Er, Yb, and
Lu between garnet and basaltic melt are much higher
than 1.0, i.e., all of these elements are compatible with
garnet.

The Early Precambrian komatiites of Australia,
Zimbabwe, Canada, Karelia, and the Kola Peninsula
(which have ages of 3.4–2.7 Ga) are characterized by
low REE concentrations [60, 61] and their chondritic
unfractionated distributions: (Ce/Yb)ch = 0.8–1.2,
(La/Sm)n = 0.9–1.1, and (Gd/Yb)n = 0.9–1.1. Varieties
that are either slightly enriched in LREE ((La/Sm)n =
1.2–1.5, (Ce/Yb)n = 0.9–1.0) or insignificantly
depleted in HREE ((La/Sm)n = 1.0–0.9, (Ce/Yb)n =
0.9−1.1; (Ce/Sm)ch = 0.6–0.8) are rare. For example,
low LREE concentrations ((La/Sm)n = 0.4–0.5,
(Gd/Yb)n = 0.8–1.4) were determined in some
Archean komatiites from the Kola Peninsula and
Karelia, Proterozoic komatiites from Finnish Lapland
[62], and Mesozoic komatiite from Gorgona Island
(0.155 Ga). The extraction of komatiite melts of Early
Precambrian age should have resulted either in the
even depletion of the mantle residue in LREE and
HREE or in its enrichment or depletion in LREE rela-
tive to PM. The positive correlations of the (La/Sm)pm,
(Ce/Sm)pm, and (Ce/Yb)pm ratios with MgO/SiO2 and
the values of these ratios much higher than 1.0 are in
conflict with the models of the partial equilibrium
melting of various geochemical types of mantle mate-
rial (CHUR, DM1, and DM2) with the derivation of
komatiite melts [62]. According to these models, the
(Ce/Sm)pm and (Ce/Yb)pm ratios in the residues should
have been lesser than 1.0, and they should have sys-
tematically decreased with increasing degree of melt-
ing of the source. This controversy could be explained
by a change in the distribution coefficients of REE
between the melt and minerals in the residues at high
temperatures and pressures. A decrease in the distribu-
tion coefficients for Cr, V, Sc, and Yb between garnet
and melt to values close to 1.0 at increasing pressure
was determined in experiments on peridotite melting
under pressures from 4.0 to 24.5 GPa [63]. According
to the data of the same experiments, Co and Be are
compatible elements in garnet (their distribution coef-
ficients are much higher than 1.0) under high pres-
sures, whereas LREE, B, Li, Zr, and Ga are moder-
ately incompatible. Ni is an incompatible element in
garnet, and its distribution coefficient systematically
decreases from 0.9–0.8 to 0.2 at pressure increasing
from 4 to 16 GPa. The distribution coefficients for Mn,
Cr, V, Co, Ni, Ga, Ge, and Sc between olivine and melt
also decrease with increasing pressure (the results of
experiments on melting under pressures up to 16 GPa).
The distribution coefficients for Ni and Mn approach
1.0 at 15 GPa. Under high pressures, Mn, Cr, V, Co,
and Sc become incompatible elements with olivine
[63]. This highlights the necessity of studying the

character of the distribution of trace elements and
REE between coexisting minerals in xenoliths and the
dependences of the distribution coefficients of vari-
ous elements between minerals on temperature and
pressure.

CONCLUSIONS

Our data led us to the following conclusions:
(1) Peridotite xenoliths in kimberlites and alkaline

basalts are of residual nature. The variability of their
chemical composition is a consequence of various
degrees of melting of the primitive (fertile) mantle and
the primary heterogeneity of the chondritic material of
the Earth.

(2) The chemical composition of the mantle beneath
Early Precambrian structures (Archean cratons and
Early and Middle Proterozoic foldbelts) and Late Prot-
erozoic–Phanerozoic folded structures varies in terms
of major and trace elements and REE and reflects
higher degrees of primitive mantle melting and its
depletion in magmaphile elements beneath ancient
structures compared to that beneath young structures.
The upper mantle underlying Archean cratons is also
depleted in HREE compared to the primitive mantle.

(3) The primary heterogeneity of the mantle under-
lying Early Precambrian and Late Proterozoic–Phaner-
ozoic structures is expressed in the concentrations of
major oxides and the contents of incompatible trace and
rare-earth elements and their ratios. The composition of
the mantle beneath the Wyoming and Karelian cratons

Table 3.  Distribution coefficients of elements between min-
erals in mantle rocks and melt

Element
[58] [59]

Ol Opx Cpx Gr Sp Cpx Gr

La 0.005 0.002 0.054 0.01 0.01 0.049 0.0016

Ce 0.005 0.003 0.098 0.02 0.01 0.07 0.005

Nd 0.005 0.007 0.21 0.08 0.01 0.178 0.052

Sm 0.005 0.01 0.26 0.22 0.01 0.293 0.25

Eu 0.007 0.013 0.31 0.32 0.01 – 0.40

Gd 0.006 0.016 0.3 0.5 0.01 – –

Dy – – – – – 0.38 2.2

Er – – – – – – 3.6

Yb – – – – – 0.40 6.6

Lu 0.002 0.049 0.28 4 0.01 0.449 7.1

Zr 0.01 0.01 0.233 0.25 0.005 0.119 0.27

Ti 0.006 0.1 0.1 0.1 0.15 0.34 0.29

Nb 0.01 0.01 0.05 0.005 0.01 0.004 0.0031

Hf 0.005 0.03 0.2 0.23 0.05 0.200 0.24

Y – – – – – 0.412 3.1

Cr – – – – – – 9.0
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and those of the Eastern Siberian Platform shows dif-
ferent Zr/Y, La/Sm, Ce/Sm, Gd/Yb, and Lu/Hf ratios.

(4) The degrees of melting of the mantle material
decreases with depth, as follows from the negative cor-
relation of the MgO/SiO2 of the xenoliths with pressure
(and, correspondingly, depth) and the positive correla-
tion of the Al2O3/MgO ratio with pressure.

(5) The concentrations of Y, Zr, Ti, Sm, Gd, and Yb
and the sum of HREE decrease and the (La/Sm)pm,
(Ce/Sm)pm, (Gd/Yb), and (Ce/Yb)pm ratios increase in
the mantle with increasing degree of melting of the
source.

(6) The compositional features (a high degree of
depletion in magmaphile components and its decrease
with depth) and thermal state (low geothermal gradi-
ents) of the continental upper mantle beneath Early Pre-
cambrian structures likely resulted from processes that
took place early in the Earth’s evolution. The occur-
rence of high-velocity anomalies in the mantle underly-
ing ancient cratons and the absence of these anomalies
in the mantle beneath young crustal regions also possi-
bly means that some processes that took place in the
early Earth’s history were not resumed later [4].
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