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Abstract

The thermal state of the upper mantle beneath tectonic structures of various ages and types (Archaean cratons, Early

Proterozoic accretionary and collisional orogens, and Phanerozoic structures) is characterized by geotherms and by thermal

gradients (TG) derived from data on the P–T conditions of mineral equilibria in garnet and garnet–spinel peridotite xenoliths

from kimberlites (East Siberia, Northeastern Europe, India, Central Africa, North America, and Canada) and alkali basalts

(Southeastern Siberia, Mongolia, southeastern China, southeastern Australia, Central Africa, South America, and the Solomon

and Hawaiian islands). The use of the same garnet–orthopyroxene thermobarometer (Theophrastus Contributions to Advanced

Studies in Geology. 3: Capricious Earth: Models and Modelling of Geologic Processes and Objects 2000 44) for all xenoliths

allowed us to avoid discrepancies in estimation of the P–T conditions, which may be a result of the mismatch between different

thermometers and barometers, and to compare the thermal regimes in the mantle in various regions. Thus, it was established that

(1) mantle geotherms and geothermal gradients, obtained from the estimation of P–T equilibrium conditions of deep xenoliths,

correspond to the age of crust tectonic structures and respectively to the time of lithosphere stabilization; it can be suggested that

the ancient structures of the upper mantle were preserved within continental roots; (2) thermal regimes under continental mantle

between the Archaean cratons and Palaeoproterozoic belts are different today; (3) the continental mantle under Neoproterozoic

and Phanerozoic belts is characterized by significantly higher values of geothermal gradient compared to the mantle under Early

Precambrian structures; (4) lithosphere dynamics seems to change at the boundary between Early and Mezo-Neoproterozoic and

Precambrian and Phanerozoic.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The study of the thermal state of the continental

mantle and the spatial–temporal heterogeneity of its
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thermal regimes is relevant in the context of the

lithospheric evolution problem and the elucidation

of when and where the first stable regions of

continental mantle appeared, how long they per-

sisted, and how the processes forming the mantle

and the crust are interrelated (Pearson, 1999). To

solve these problems, it is important to clarify

whether the thermal regimes in the mantle beneath
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Precambrian and Phanerozoic structures are different

and whether the thermal state of the mantle corre-

lates with the type and age of tectonic structures in

the crust. The existence of a correlation between

geothermal regimes in the mantle and the age of the

last major thermal event in the crust (the tectono-

thermal age) is shown by Poudjom Djomani et al.

(2001). They have constructed, or collected from

the literature, xenolith/xenocryst-based palaeogeo-

therms for more them 300 localities worldwide,

and classified these by their tectonothermal age.

These empirically determined palaeogeotherms are

typically low beneath Archaean cratonic areas

(z 2.5 Ga), higher beneath Proterozoic regions

(2.5� 1.0 Ga), and still higher beneath areas of

Phanerozoic tectonic activity.

It appears reasonable to use the same thermo-

barometric tool for estimating thermal regimes in

the mantle underlying different types of structures in

various continents such as Archaean cratons, Prote-

rozoic collisional and accretionary belts, Phanerozo-

ic accretionary belts, and rifts developing in the

range of Precambrian and Phanerozoic structures.

An opportunity to obtain such estimations is pro-

vided by xenoliths of mantle rocks in kimberlites,

lamproites, and related rocks developed in Precam-

brian structures and by xenoliths in alkali basalts

localized in Phanerozoic accretionary belts and in

rifts.

In this paper, the thermal state of the mantle is

characterized by geotherms in significant depth

intervals and by thermal gradient (TG) values

(TG = T/h, C/km, where h is depth in km;

h= 3.4P, P is pressure in kbar), obtained from

data on the P–T conditions of mineral equilibria

in xenoliths of garnet and garnet–spinel perido-

tites and garnet pyroxenites because the mineral

composition of these rocks, including orthopyrox-

ene and garnet, provides constraints on both the

temperatures and pressures of crystallization. We

use the same garnet–orthorpyroxene thermobarom-

eter (Nikitina, 2000) for all xenoliths to avoid

discrepancies in estimation of the P–T conditions,

which would otherwise result from the inconsis-

tency of different thermometers and barometers,

and to enable adequate comparison of thermal

states of the continental mantle in widely spaced

regions.
2. Garnet–orthopyroxene thermobarometer

The thermobarometer were calibrated using ex-

perimental data on the garnet–orthopyroxene equi-

librium in the FMAS and CFMAS systems at 800,

900, 975, 1050, 1150, and 1200 jC and at pressures

ranging from 5 to 30 kbar (Harley, 1984a,b) and

taking into account thermodynamic data for the

enstatite–ferrosilite series in a quasichemical model

for multisublattice low-symmetry solid solutions

(Nikitina, 1986; Nikitina and Ivanov, 1992). The

interchange energy xFe-Mg
Opx =� 3300F 500 kal/

mol. The simple ideal solution model was used for

Mg–Al and Fe–Al mixtures in orthopyroxenes

(xMg–Al
Opx =xFe–Al

Opx = 0). Pyrope–almandine solid so-

lutions are considered to be ideal (xFe–Mg
Gr = 0) as

well.

A thermometer based on the exchange reaction

MgSiO3 þ FeAl2=3SiO4 ¼ FeSiO3 þMgAl2=3SiO4

T ¼ f½lnKFe þ 2:0909� 3:2707xFe
Opx þ1:39ðxFeOpxÞ2

þ 0:2xOpxAl � 3:0ðxOpxAl Þ2 � 0:9774xGrCa�

=½�0:00078xOpxFe � 0:00035xGrCa þ 0:0007ðxGrCaÞ
2

þ 0:0022ðxGrCaÞ
3 þ 0:000807�g � 273

A barometer based on the reaction

ðMg1�nFenÞ1�pAl2pSi1�pO3 þ Al2O3

ZMg1mFemAl2=3SiO4

P ¼ 0:04T þ ½7:8� 41:3xOpxFe þ 10:1ðxOpxFe Þ2�

þ ½�399:5þ 36:5xOpxFe þ 385:1ðxOpxFe Þ2�xOpxAl

þ ½1408:7þ 518:9xOpxFe � 2161:2ðxOpxFe Þ2�ðxOpxAl Þ2

þ ½�6600þ 2500x
Opx
Fe þ 11800ðxOpxFe Þ2�ðxOpxAl Þ3

þ 12000ðxOpxAl Þ4 þ ½�8:5xGrFe � 6:5xGrCa

þ 15:5ðxGrCaÞ
2�



Fig. 1. P–T plot for peridotite inclusions in diamonds (1), diamond-

bearing (2) and graphite-bearing (3) peridotite xenoliths. Mineral

analyses are taken from Sobolev et al. (1976, 1984, 1997), Danchin

and Boyd (1976), Gurney et al. (1979), Tsai et al. (1979), Laz’ko

and Sharkov (1988), Rickard et al. (1989); and Carswell and Gibb

(1998) ( P, T values in Table 3). The curve of the polymorphic

graphite–diamond transition is from Bundy et al. (1961).
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where T in jC and P in kbar;

KFe ¼ x
Opx
Fe =xGrFe ;

x
Opx
Fe ¼ Fe2þf :u:;

x
Opx
Al ¼ 1=2ðAlOpxtot Þ f :u: per formula MSiO3;

xGrFe ¼ 1=3ðFe2þÞ f :u:;

xGrCa ¼ 1=3ðCaÞ f :u: per formula M3Al2Si3O12

The uncertainties in temperature and pressure are

F 10% and F 5%, respectively.

Data of Table 1 show that this thermobarometer

reproduces experimental conditions for natural garnet

peridotites within the stated errors of temperature and

pressure values. No systematic deviations of calculat-

ed P, T values from experimental data in the MAS

system in the range of 10–40 kbar at 1000–1600 jC
(MacGregor, 1974; Perkins et al., 1980) were ob-

served. The validity of this thermobarometer version

is supported also by comparison P–T conditions of

peridotitic inclusions in diamonds and diamond- and

graphite-bearing garnet peridotite formation with the

diamond–graphite univariant curve (Bundy et al.,

1961). The position on the P–T diagram of dia-

mond-bearing (about 90%) and graphite-bearing rocks
Table 1

Comparison of experimental and calculated by Gr–Opx thermobar-

ometer temperature (jC) and pressure (kbar) values for garnet

peridotites

Sample Experimental Calculated

T P T P

N-8a 1100 31.0 985 37.9

N-13a 1100 38.0 1075 40.7

1315b 1150 30.0 1145 37.5

BKc 1400 60.0 1405 58.7

455d 1450 50.0 1465 49.4

494d 1400 50.0 1425 50.8

S-18e 1200 45.0 1240 45.9

N-6e 1200 45.0 1165 43.7

a Akella, 1976.
b Green and Adam, 1991.
c Brey and Kohler, 1990.
d Ryabchikov et al., 1993.
e Akaogi and Akimoto, 1979.
(Fig. 1) is in accordance with the stability fields of

corresponding carbon modifications.

This thermobarometer is suitable for determination

the P� T equilibrium conditions of the garnet–ortho-

pyroxene assemblage from both basic and ultrabasic

rocks virtually throughout the stability field of it

[700V TV 1500 jC and (4–5)VPV (55–60) kbar].

The main advantage of this thermobarometer is that

both parameters (T and P) are determined solely based

on the garnet–orthopyroxene assemblage.
3. Study objects

In this paper, the investigation results of P–T

equilibrium condition of garnet – orthopyroxene

assemblages from peridotite and pyroxenite xenoliths

in kimberlites and related rocks in East Siberia,

Northeastern Europe (Archangelsk region and Fin-

land), South Africa, India, and North America and

alkali basalts in Central Africa, East Siberia, Mongo-

lia, southeastern China, southeastern Australia, South

America, and Hawaii and Malaita Islands (Fig. 2) are

presented. They establish the thermal state of the

lithospheric mantle underlying Precambrian and

Phanerozoic tectonic structures of different types on



Fig. 2. Location of (1) kimberlite pipes and (2) alkali-basalt volcanoes from which the garnet peridotite xenoliths under study were sampled.
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various continents, as well as on the thermal state of

the oceanic lithospheric mantle. The type and age

tectonic structures, where kimberlites and basalts are

situated, are shown in Table 2.

The analytical data on the compositions of coex-

isting garnets and orthopyroxenes in xenoliths are

taken from the literature.
4. Results

The estimation of the equilibrium temperatures and

pressures (and, accordingly, depths) for xenoliths

from kimberlites and alkali basalts and their

corresponding TG values in the mantle are presented

in Tables 3 and 4 and in Figs. 3 and 4. Geotherms of

the upper mantle underlying various Precambrian and

Phanerozoic structures are shown in Fig. 5.

Mantle xenoliths form two groups of geotherms in

the P–T diagram; one can be described as ‘‘cold,’’

and the other as ‘‘hot.’’

The cold group includes geotherms derived from

peridotite xenoliths in kimberlites and related rocks

(alkali picrites, lamproites, minettes, and lamprohyres)

and characterizes the thermal state of the mantle

underlying Archaean cratons (cratons in the basement

of the East Siberian platform, the Kuloisky and the

Karelian cratons in Northeastern Europe, the Kaap-

vaal and the Zimbabwe cratons in South Africa, the

Dharvar craton in India, the Wyoming, the Central

Slave craton in North America and the Archaean

craton in the basement of the Arctic platform on

Somerset Island), Archaean (the Limpopo belt) and
Proterozoic (the West Olenek belt in East Siberia, the

Natal and Namaqualand belts in South Africa) colli-

sional and accretionary belts (the Yavapi foldbelt in

North America).

The geotherms of the ‘‘cold’’ group are described

by linear equations, and they all cross the model

continental geotherms consistent with heat flows of

40–45 mW/m2 (Pollack and Chapman, 1977).

Considering the similarity of TG mantle values in

full beneath each of the structures, we calculated their

averages, which are presented in Table 2. The aver-

ages in the upper mantle are 7.2F 0.2 jC/km beneath

the Archaean cratons of the East Siberian platform

(the number of determinations n = 54); 7.4F 0.03

beneath Kuloisky craton (n = 3); 7.2F 0.1 beneath

Karelian craton (n = 13); 7.2F 0.2 jC/km beneath

the Kaapvaal craton (n= 46); and 7.3F 0.1 jC/km
beneath the Dharvar craton (n= 11). However, we

obtained significantly higher TG values (7.9F 0.3

jC/km; n = 4) for the mantle in the southernmost

zone of the Wyoming craton, near its contact with

the Proterozoic Yavapi accretionary belt. As can be

seen from Table 2, they are typical of the upper mantle

beneath Proterozoic tectonic structures rather than

Archaean cratons. The mantle underlying the Central

Slave craton and Archaean basement of the Arctic

platform in Canada has similar values: the averages

are 7.5F 0.1 jC/km, which may be due to the

Proterozoic reworking of the Archaean cratons in

these regions.

The TG averages in the mantle underlying Precam-

brian collisional belts are slightly higher than those for

the mantle beneath Archaean cratons, but these differ-
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ences are statistically significant. For the Early Prote-

rozoic West Olenek belt in the northern part of the East

Siberian platform the TG average is 7.5F 0.3 jC/km
(n = 14). In South Africa, for Archaean Limpopo belt,

the TG average is 7.6 F 0.3 jC/km (n= 5), for the

Middle Proterozoic belts the TG averages are equal to

7.4 F 0.3 jC/km (Natal belt) and from 7.4 to 7.7 jC/
km (Namaqualand: for the Louwrensia, Anis-Kubub,

and Hanaus areas they are 7.4F 0.2, 7.6F 0.1, and

7.7F 0.3 jC/km, respectively).

The thermal regime in the mantle underlying the

Early Proterozoic Yavapi accretionary belt in North

America is characterized by higher TG values than in

the mantle underlying the aforementioned collisional

belts: the average TG there is 7.9F 0.4 jC/km
(n = 14).

The ‘‘cold’’ group includes also geotherm derived

from garnet peridotite xenoliths in Genozoic alkali

basalts of the Labait and Lashaine volcanoes in

Tanzania. The Labait volcano is situated in the

Archaean Tanzanian craton near its boundary with

the polycyclic collisional Mozambique belt (0.9–0.6

Ga), which consist of a region of reworked Archaean

crust directly east of the craton (based on Sm–Nd

model ages; Moller et al., 1998). Re–Os depletion

ages for the mantle xenoliths from Labait yield

minimum melt extraction ages up to c 2.8 Ga,

indicating that stabilization of the lithospheric mantle

occurred by the end of the Archaean (Lee and

Rudnick, 1999). The Lashaine volcano is situated in

the Mozambique collisional belt near to the east

boundary of Tanzanian craton. Both volcanoes are

located in the Tanzanian section of the East African

Rift. Pressure of 47.7–53.9 kbar and temperature of

1240–1450 jC characterize the crystallization con-

ditions of peridotite xenoliths from basalts of Labait

volcano. The peridotites supplied by basalts of

Lashaine volcano yield pressures of 47.1–56.0 kbar

and temperatures of 1210–1420 jC. The TG averages

are 7.7F 0.1 jC/km (n = 12) and7.5F 0.1 jC/km
(n = 10), respectively. Such TG values are typical of

the mantle beneath Proterozoic collisional belts or

marginal parts of Archaean cratons.

The ‘‘hot’’ group comprises geotherms derived

from xenoliths of peridotites and pyroxenites in

alkali basalts of the Vitim Upland in the Trans-

Baikal region, the Tariat depression and Dariganga

plateau in Mongolia, and southeastern China, as
well as from xenoliths of alkali basalts and mugear-

ite and alnoite dikes of southern and southeastern

Australia, Tasmania and southeastern South Amer-

ica. Most of geotherms of this group describe

thermal regimes in the upper mantle underlying

Late Proterozoic and Phanerozoic accretionary belts

(see Table 1); the only exception is the South

Mongolia geotherm, which reflects the thermal state

of the mantle under Hercynian collisional belt. This

group also includes the geotherm derived from

xenoliths in Hawaiian alkali basalts and character-

izing the thermal state of the oceanic hotspot

mantle.

Mantle geotherms in the southeastern South Amer-

ica (Phanerozoic belt) and the Vitim Plateau (ripheides

of Central Asian belt) cross at small angles the

continental geotherms corresponding to a heat flow

of 50–60 mW/m2 (Pollack and Chapman, 1977).

Geotherms in Central Mongolia (caledonides of the

Central Asian belt) and southeastern Australia (Tas-

manian Palaeozoic belt) coincide with the 55 mW/m2

geotherm, whereas the geotherm in southeastern Chi-

na (Late Yangchuan Genozoic foldbelts) is close to

the 60 mW/m2 geotherm. The Hawaii geotherm is

consistent with the oceanic model geotherm (Clark

and Ringwood, 1964).

The TG averages in the mantle under regions

containing alkali basalts are 9.0F 0.2 jC/km (South

America; n = 17), 9.4F 0.3 jC/km (Vitim Plateau;

n= 16), 9.4F 0.2 jC/km (Dariganga Plateau, n= 4),

10.0F 0.2 jC/km (Tariat depression; n = 15),

10.8F 0.5 jC/km (southeastern Australia; n = 23),

12.0F 0.5 jC/km (southeastern China; n = 13), and

11.7F 0.2 jC/km (Hawaii; n = 5).

Maximum values of pressure obtained for xeno-

liths in various types of Precambrian and Phanerozoic

structures provide a possibility to calculate the max-

imum depths (Table 2) at which mantle xenoliths of

garnet and garnet–spinel peridotites and garnet pyrox-

enites were incorporated into kimberlites and alkali

basalts (or the minimum melting depths of kimberlite

and alkali-basalt magmas). As can be seen from Fig.

6, there are two trends in the correlation between

maximum depths and the TG averages in the mantle;

one trend is characteristic of Precambrian structures,

and the other is characteristic of Phanerozoic struc-

tures. For Phanerozoic structures, a distinct inverse

correlation is observed between the maximum xeno-



Table 2

Type and age of tectonic structure, TG averages in the Upper mantle and maxima depths of the garnet-bearing peridotite and pyroxenite xenolith

emplacements into kimberlites and basalts

Region Type and age structure n TG (jC/km) Depth (km)

Archaean cratons

Central parts of the East Siberian kimberlite

province (Mir and Udachnaya pipes)

Cratons in the basement of the East Siberian

platform, 2.6 Ga (Neymark et al., 1992;

Kovach et al., 2000)

54 7.1F 0.2 230

Northeastern Europe, Archangelsk region,

the pipes of Simnii bereg

The basement of East European platform,

Kuloi craton, (Sablukov et al., 2000)

3 7.4F 0.3 150

Finland, Kuopio and Kaavi pipes Baltic shield, Karelian craton, 3.1–2.6 Ga,

near its boundary with Svecofennian

foldbelt, 1.9–1.8 Ga (Peltonen et al., 1999)

3 7.2F 0.1 155

South African kimberlites (Premier, Kimberley,

Finsh, Koffiefontein, Bullfontein, Frank

Smith, and Klippfontein)

Kaapvaal craton, 3.0 Ga (Anhaeusser, 1971;

Kondie, 1981; Cohen et al., 1974)

46 7.2F 0.2 230

South Africa, Botswana kimberlites

(Letlhakane pipes)

Zimbabwe craton, 3.6–2.5 Ga, near its

boundary with Proterozoic Magondi fold-

belt, 2.2–2.05 Ga (Stiefenhofer et al., 1997)

5 7.3F 0.1 180

Central Africa, Tanzania, Labait alkali-basalt

Volcano

Tanzanian craton, 2.8 Ga (Lee and Rudnick,

1999), near its boundary with Mozambique

foldbelt, 0.9–0.6 Ga; the Tanzanian section

of the East African Rift (Dawson et al., 1997;

Moller et al., 1998; Lee and Rudnick, 1999)

12 7.7F 0.1 185

India, Karnataka (Varjrakurer kimberlite pipes) West Dharvar craton, about 3.0 Ga

(Rai et al., 1996)

11 7.3F 0.1 180

North America, Montana kimberlite pipes Wyoming craton, 3.1 Ga, near its boundary

with the Lower Proterozoic Yavapi belt

(Hoffman, 1989)

4 7.9F 0.3 170

Canada, Jericho kimberlite pipes North Central Slave craton, 2.6 Ga (Fyson

and Helmstaedt, 1988; Yamashita et al.,

2000)

5 7.5F 0.1 150

Canada, Somerset Island kimberlites (Elwin

Bay and Nikos pipes)

Arctic platform, the fragmented and re

worked in Pt1 craton, (Hoffman, 1989;

Schmidberger and Francis, 1999)

14 7.5F 0.2 180

Precambrian foldbelts

Collisional belts

South Africa, Limpopo, Venetia kimberlite

pipes

Limpopo foldbelt, Central zone, Archaean

(Cox et al., 1989; Stiefenhofer et al., 1999)

5 7.6F 0.3 180

Northern part of the East Siberian platform,

the Olenek uplift kimberlite province

(the Obnazhennaya pipe)

West Olenek belt (Khiltova and Nikitina,

1997), 1.7 Ga (McCulloch, 1989)

14 7.5F 0.3 170

South Africa, Lesotho kimberlites (Northern

Lesotho, Thaba Putsoa, and Kao pipes)

Contact zone of the Natal foldbelt with the

Kaapvaal craton, 1.3–1.1 Ga (Peters, 1991)

19 7.4F 0.2 190

South Africa, Namilian kimberlites: Contact zone of the Namaqualand foldbelt

(1) Louwrensia pipes with the Kaapvaal craton, 1.3–1.1 Ga 13 7.4F 0.1 195

(2) Annis-Kubub pipes (Peters, 1991) 13 7.6F 0.1 175

(3) Hanaus pipes 33 7.7F 0.3 210

Central Africa, Tanzania, Lashaine alkali-

basalt Volcano

Mozambique foldbelt, 0.9–0.6 Ga (Moller

et al., 1998), near to the east boundary of

Tanzanian craton; the Tanzanian section of

the East African Rift (Dawson et al., 1997)

10 7.5F 0.1 190

Accretionary belts

South America, Colorado kimberlites (Sloan

and Thamb pipes)

Early Proterozoic Yavapi belt, 1.8–1.7 Ga

(Hoffman, 1989)

14 7.9F 0.4 195
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Table 2 (continued )

Region Type and age structure n TG (jC/km) Depth (km)

Late Precambrian and Phanerozoic structures

Collisional belts

South Mongolia, Dariganga Plateau,

alkali-basalt volcanoes

Central Asian foldbelt, hercynides

(Kovalenko et al., 1999)

4 9.4F 0.2 160

Accretionary belts

Southeastern Siberia, Vitim Plateau

alkali-basalt volcanoes

Central Asian foldbelt, ripheides

(Kovalenko et al., 1999)

16 9.4F 0.3 175

Central Mongolia, Tariat Plateau alkali-basalt

volcanoes

Central Asian foldbelt, Early Palaeozoic,

caledonides (Kovalenko et al., 1999)

15 10.0F 0.4 160

Southeastern China, Quilin alkali-basalt

volcanoes

Late Yangchuan Genozoic foldbelts

(Fan and Hooper, 1989; Qi et al., 1995)

13 12.0F 0.5 110

Southeastern Australia, Bullenmerri, Bow

Hill, New Wales, Leura, Delegate, and New

Basalts alkali-basalt volcanoes

Palaeozoic Tasman belt (Simons et al.,

1999)

23 10.8F 0.6 150

South America, Patagonia Plateau volcanoes,

Pali-Aike alkali-basalt volcanoes

Phanerozoic foldbelt, sub-Andian

lithosphere (Kempton et al., 1999)

17 9.0F 0.2 185

Phanerozoic oceanic structures

Solomon Islands, alnoites of the Malaita island Island arc (Coleman, 1966) 3 8.7F 0.2 170

Pacific Ocean, Hawaii, alkali basalts Oceanic Plate hotspot (Sobolev and

Nikogosyan, 1994)

5 11.7F 0.2 120
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lith entrainment depths and the TG values in the

mantle. This correlation does not practically express

in Precambrian structures.

The maximum depths at which xenoliths were

entrapped by alkali-basalt magma emplaced to Phan-

erozoic belts in Mongolia, southeastern China, south-

eastern Australia, and Hawaii are smaller than the

depths of xenolith incorporation into kimberlites and

alkali basalts in Precambrian structures and particu-

larly in Archaean cratons. Here these depths reach 250

km. The minimum depths (110–120 km) were fixed

in southeastern China and Hawaii. These data are in a

good agreement with independent estimates of the

melting depths of basaltic magmas and the thickness

of the oceanic lithosphere in this region, which were

obtained by Sobolev and Nikogosyan (1994). Their

estimates of pressure and temperature for the primary

melts of Hawaiian basalts obtained from melt inclu-

sions in minerals and from the composition of basalt

glasses, are 30–40 kbar and 1600–1470 jC, that

corresponds the depth of 100–130 km.

For xenoliths from basalts in the southeastern part

of South America, we obtained maximum depths

comparable to those for xenoliths from kimberlites

in Precambrian structures (about 180 km).
5. Discussion

The geotherms derived from xenoliths for Upper

mantle under Archaean cratons differ from those in

Archaean, Proterozoic collisional and accretionary

belts, forming the following sequence from lower to

higher temperatures: Archaean cratons!Archaean

and Proterozoic collisional belts! Proterozoic accre-

tionary belts. The geotherms from the first two types

of structures on various continents are virtually iden-

tical (see Fig. 5). This may imply the absence of any

spatial differentiation of thermal regimes in the Pre-

cambrian mantle during each of the (Archaean and

Proterozoic) lithosphere evolution stages. In the Pro-

terozoic, the hotter mantle may have influenced mar-

gin zones of Archaean cratons, as indicated, e.g., by

higher TG values in the mantle beneath the southern

Wyoming craton (Montana) near its boundary with the

Yavapi accretionary belt (7.9F 0.3 jC/km) and be-

neath the westernmost part of the Kaapvaal craton

(Zero; 7.5F 0.1 jC/km) near its boundary with the

Early Proterozoic Case accretionary belt. In the man-

tle underlying the Arctic part of the North American

platform, Canada (beneath the Archaean craton,

which was reworked in the Early Proterozoic), the



Table 3

Equilibrium pressures and temperatures for garnet-bearing peridotite and pyroxenite xenoliths from various region and thermal gradient values

in the Upper mantle

Sample P (kbar) T (jC) TG (jC/km) Reference Sample P (kbar) T (jC) TG (jC/km) Reference

East Siberia

Mir and Udachnaya pipes

Uv71/75 36.8 900 7.2 1 Uv98/75 35.7 920 7.6 1

Uv1111 49.0 1185 7.1 1 Ud-1 53.7 1305 7.2 1

93/85 38.1 915 7.1 2 207/87 42.2 1025 7.2 2

556/80 37.8 910 7.1 2 557/80 46.0 1120 7.2 2

3-95 38.1 915 7.1 2 554/87 36.0 855 7.0 2

518/80 38.3 910 7.0 2 216/87 39.6 945 7.0 2

557/80 46.0 1120 7.2 2 4/83 38.9 970 7.3 2

199/82 43.7 1120 7.5 3 109/83 38.9 960 7.3 3

90/85 39.2 970 7.3 3 235/82b 38.3 955 7.3 3

79/749a 38.9 930 7.1 3 558/80 39.7 980 7.3 3

540/80V 39.7 960 7.1 3 94/85 36.0 900 7.4 3

61/83 40.5 980 7.1 3 10/83 38.8 925 7.0 3

92/85 38.4 940 7.2 3 235/82M 37.1 930 7.3 3

79/79M 38.9 940 7.1 3 555/80M 38.9 960 7.3 3

TUV-48 49,2 1180 7.1 4 TUV-7 36,1 865 7.1 4

TUV-65 36,0 885 7.2 4 TUV-150 39,1 895 6.7 4

U-756 53,4 1270 7.0 4 9292 55,3 1350 7.2 5

203/973 57.0 1380 7.1 5 225/576 68.2 1690 7.3 5

9208 53.9 1310 7.2 5 9222 53.0 1260 7.0 5

A-47 38.0 915 7.1 5 A-379 37.2 870 6.9 5

A-2 38.0 875 6.7 5 A-137 36.0 810 6.6 5

A-378 38.9 950 7.2 5 Uv624/86 38.2 950 7.3 6

Uv216/86 39.6 945 7.0 6 Uv255/75 59.6 1470 7.3 7

Uv53/91 45.2 1060 6.9 6 YB-198/76 46.6 1160 7.3 7

Ab-34 58.0 1445 7.3 8 AB-69 52.3 1340 7.0 8

AC-108 55.2 1350 7.2 8 AB-75 38.9 885 6.7 8

AB-93 45.0 1070 7.0 8 715 43.0 965 6.6 9

728/1 47.7 1110 6.8 9 728/2 42.3 975 6.8 9

Obnazhennaya pipe

Ob-177 44.5 1160 7.6 5 Ob-152 49.3 1265 7.5 5

Ob-62 38.8 980 7.4 5 Ob-312 35.2 900 7.5 5

Ob-174 34.3 900 7.7 5 Ob-121 38.5 955 7.3 5

Ob-303 36.7 837 6.7 5 Ob-149 39.1 1015 7.6 5

Ob-100 46.5 1295 8.2 5 Ob-4 36.7 865 7.0 5

Obj-1 35.1 875 7.3 10 ObjV 38.6 955 7.7 10

47639 35.7 940 7.7 11 Yak1 41.0 1050 7.5 11

Northeastern Europe. Archangelsk region. Simnii bereg pipes

Ar4-20 35.2 910 7.6 12 Ar4-22 37.8 965 7.5 12

K25-4 44.3 1065 7.1 12

Finland. Kuopio and Kaavi pipes

L1-A 46.0 1125 7.2 13 L29 43.6 1085 7.3 13

92/2 34.4 840 7.2 13 92/1 36.0 895 7.3 14

14.07/1 36.5 885 7.3 14 5.8/2 50.4 1260 7.4 14

14.01/1 45.8 1110 7.1 14 L44 42.5 1040 7.2 14

L51 43.5 1060 7.2 14 L60 48.7 1200 7.3 14

L66 40.7 1035 7.5 14 L57 41.1 1055 7.5 14

20HH 42.5 1030 7.1 14
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Table 3 (continued )

Sample P (kbar) T (jC) TG (jC/km) Reference Sample P (kbar) T (jC) TG (jC/km) Reference

South Africa

Premier, Kimberley, and Finsh kimberlite pipes

FS-1 43.6 1075 7.3 10 FRB27 35.3 870 7.3 10

PHN2364a 42.4 1030 7.2 10 FRB28 42.3 1040 7.3 10

FRB81 50.9 1315 7.6 10 FRB85 52.7 1300 7.3 10

FRB1 53.1 1280 7.1 10 RVD181 47.3 1200 7.5 15

RVD155 43.4 1090 7.4 13 RVD183 50.3 1220 7.2 15

RVD101 56.8 1390 7.2 15 RVD146 48.4 1235 7.5 15

RVD101V 51.7 1275 7.3 15 8015 40.6 1030 7.5 16

73-180 43.3 1090 7.4 16 1755 39.5 980 7.3 16

1143 42.6 1050 7.2 16 1149 44.8 1120 7.4 16

1156 52.5 1240 7.0 16 1140 41.4 1040 7.4 16

BT-7 44.7 1080 7.1 16 JJG-147 46.9 1130 7.1 17

JJG-479 47.2 1115 7.0 17 JJG-545 57.3 1390 7.2 17

F-41 53.4 1280 7.1 17 F-45 48.3 1115 6.8 17

5 49.0 1155 7.0 18 7 56.7 1350 7.0 18

CK-1 40.6 975 7.1 19 CK-2 40.6 1020 7.4 19

CK-3 42.4 1080 7.5 19 CK-4 39.0 965 7.3 19

CB-4 47.6 1115 6.9 19 CB-6 46.1 1145 7.3 19

8015 40.6 1030 7.5 19 73-180 43.3 1090 7.4 19

JVS-73-63 54.0 1340 7.2 19 JVS-73-64 43.5 1080 7.3 19

JVS-73-76 42.7 1050 7.2 19 46 68.4 1660 7.2 20

48 45.5 1090 7.1 20 K2a 55.0 1335 7.2 21

K8a 41.4 990 7.1 21 K46 50.8 1240 7.2 21

K47 52.0 1235 7.0 21 K56 47.6 1160 7.2 21

XM-46 47.0 1135 7.1 7 XM-48 44.8 1090 7.2 7

Zero pipes

K5/223 53.6 1362 7.5 22 K5/229 50.1 1283 7.5 22

K5/275 40.9 1048 7.5 22

Botswana. Letlhakane pipes

IST113 52.2 1270 7.2 23 ISL151 47.4 1150 7.2 23

ISL278 42.7 1070 7.4 23 ISL504 41.0 1015 7.3 23

ISL280 50.9 1305 7.5 23

Limpopo. Venetia pipes

32 51.7 1295 7.4 24 41 51.9 1305 7.4 24

49 52.9 1325 7.4 24 75 40.7 1060 7.6 24

3 37.9 1045 8.1 24

Lesotho pipes

PTH-102 43.7 1105 7.4 25 PTH-210 37.2 960 7.6 25

PTH-400 55.4 1395 7.4 25 PTH-404 47.6 1135 7.0 25

PTH-404 45.6 1170 7.5 25 PTH-407 46.8 1185 7.4 25

PTH-409 46.0 1195 7.6 25 PTH-204 44.1 1130 7.5 25

PTH-207 45.5 1170 7.5 25 PTH-410 51.3 1355 7.7 25

1359 46.6 1130 7.2 16 1363 45.2 1150 7.5 16

1031 47.2 1165 7.3 16 1361 44.2 1100 7.3 16

1362 45.2 1150 7.5 16 1032 41.8 1070 7.5 16

LBM38a 47.1 1180 7.4 17 LBM22b 45.3 1140 7.4 17

LBM22a 44.8 1130 7.4 17 BD2125 47.7 1175 7.2 7

Namibia

Louwrensia pipes

43 44.9 1120 7.4 26 42 45.9 1160 7.4 26

41 44.1 1105 7.4 26 37a 57.7 1485 7.5 26

35 44.2 1105 7.4 26 34 45.4 1140 7.4 26

(continued on next page )
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Table 3 (continued )

Sample P (kbar) T (jC) TG (jC/km) Reference Sample P (kbar) T (jC) TG (jC/km) Reference

Namibia

Louwrensia pipes

33a 48.8 1240 7.5 26 32 43.9 1100 7.4 26

25a 52.2 1325 7.5 26 24 48.6 1245 7.5 26

23 44.0 1100 7.4 26 22 48.9 1245 7.5 26

21 43.1 1095 7.5 26

Hanaus pipes

27 49.4 1070 7.3 26 26a 45.0 1130 7.4 26

22a 52.1 1455 8.2 26 20a 51.2 1435 8.2 26

19 45,4 1145 7,6 26 18 43,9 1120 7.5 26

17 42,5 1065 7.4 26 16 62,5 1580 7.4 26

12 55,5 1405 7.4 26 11 54.9 1392 7.5 26

9 54,3 1370 7.4 26 8a 49.7 1320 7.8 26

7 43.3 1090 7.4 26 6 48.5 1215 7.4 26

4 45,9 1160 7.4 26 3 50.7 1300 7.5 26

1 43,5 1095 7.4 26 KHA-46 49.1 1355 8.2 27

KHAL1 39.3 1020 7.6 27 KHA3 45.1 1240 8.1 27

KHA6 40.4 1035 7.5 27 KHA10 40.1 1035 7.6 27

KHA50 51.7 1390 7.9 27 KHA54 50.5 1355 7.8 27

KHA56 48.3 1325 8.1 27 KHA58 51.2 1320 7.6 27

KHA61 49.2 1325 7.9 27 KHA63 56.3 1440 7.5 27

KHA90 35.9 965 7.9 27 KHA91 49.3 1380 8.2 27

KHA92 50.6 1430 8.3 27 KHA93 48.8 1385 8.4 27

KHA103 38.0 990 7.6 27

Anis-Kubub pipes

KAK1 48.6 1245 7.5 27 KAK2 41.2 1070 7.6 27

KAK6 45.7 1195 7.7 27 KAK8 47.8 1240 7.6 27

KAK9a 44.7 1170 7.7 27 KAK9b 44.2 1130 7.5 27

KAK10 48.0 1255 7.7 27 KAK19a 49.7 1315 7.7 27

KAK19b 51.2 1340 7.7 27 KAK24a 48.3 1270 7.7 27

KAK24b 50.3 1335 7.8 27 KAK26 48.2 1230 7.5 27

KAK31 45.4 1155 7.5 27

India. Vajrakurer pipes

P3E 25.2 925 7.4 28 P3F2 43.6 1115 7.5 28

P3L2 39.9 995 7.3 28 P3-11 42.8 1080 6.8 28

P3-10 51.0 1270 7.3 28 P3-40 51.8 1290 6.7 28

P3L1 41.5 1040 7.4 28 P3-7 45.7 1100 6.5 28

P3BH1 53.5 1140 6.3 28 P3-39 52.4 1300 6.7 28

LA-L3 51.0 1270 7.3 28

North America

Montana pipes

H67-28K3 46.3 1270 8.1 29 H67-28K2 49.5 1295 7.1 29

H67-28K4 35.2 990 8.3 29 H67-28K1 47.9 1250 7.0 29

Sloan pipes

H69-15F 49.8 1300 7.6 29 H68-16B 37.7 915 7.2 29

CDZ-189 36.7 930 7.5 30 CDZ-112 28.3 865 9.0 30

Thamb pipes

1078THM 48.0 1315 8.1 31 175THM 56.7 1400 7.3 31

8082THM 46.3 1340 8.5 31 CO73THM 47.6 1375 8.5 31

140THM 40.9 1160 8.4 31 DO76THM 45.4 1220 7.9 31

AO82THM 47.7 1285 7.9 31 RO77THM 49.5 1345 7.9 31

1078THM 48.5 1280 7.7 31 NO77THM 45.8 1205 7.7 31
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Table 3 (continued )

Sample P (kbar) T (jC) TG (jC/km) Reference Sample P (kbar) T (jC) TG (jC/km) Reference

Canada. Jericho pipe

14-105 42.8 1080 7.4 32 26-12 43.8 1120 7.5 32

Id16Mx6 38.2 980 7.5 32 Id16Mx7a 38.5 990 7.5 32

Id16Mx7b 41.0 1050 7.5 32

Canada. Somerset Island. Elwin Bay and Nikos pipes

EGL5 53.6 1355 7.5 33 EGL8 48.8 1250 7.5 33

NK1-5 45.6 1170 7.5 34 NK2-3 37.0 940 7.5 34

NK2-10 43.4 1110 7.5 34 NK3-20 31.4 815 7.6 34

NK3-25 48.1 1250 7.6 34 NK1-2 43.8 1105 7.4 34

NK1-3 41.6 1050 7.4 34 NK1-6 44.5 1140 7.5 34

NK1-7 48.4 1255 7.6 34 NK1-17 42.1 1055 7.4 34

NK1-18 45.5 1170 7.5 34 NK2-7 40.5 1030 7.5 34

(1) Boyd, 1976; (2) Solov’eva and Zav’yalova, 1992; (3) Solov’eva et al., 1989; (4) Laz’ko and Sharkov, 1988; (5) Ukhanov et al., 1988; (6)

Pokhilenko et al., 1976; (7) Sobolev et al., 1984; (8) Sobolev et al., 1976; (9) Sobolev et al., 1997; (10) Boyd, 1974; (11) McCulloch, 1989; (12)

Sablukov et al., 2000; (13) Peltonen et al., 1999; (14) Kukkonen and Peltonen, 1999; (15) Danchin and Boyd, 1976; (16) Bishop et al., 1978;

(17) Gurney et al., 1979; (18) Tsai et al., 1979; (19) Delaney et al., 1980; (20) Shee et al., 1982; (21) Rickard et al., 1989; (22) Shee et al., 1989;

(23) Stiefenhofer et al., 1997; (24) Stiefenhofer et al., 1999; (25) Carswell et al., 1979; (26) Mitchell, 1984; (27) Franz et al., 1997; (28) Nehru

and Reddy, 1989; (29) Hearn and Boyd, 1975; (30) Otter and Gurney, 1989; (31) Ehrenberg, 1979; (32) Kopylova et al., 1999; (33) Mitchell,

1979; (34) Schmidberger and Francis, 1999.
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thermal regime appears to have been disturbed to an

extent. Thus, the thermal parameters are close to the

values in the mantle beneath Early Proterozoic colli-

sional structures.

The inferred relationship between the thermal

regimes in the mantle and types of Precambrian

tectonic structures suggest that the TG values and

geotherms derived from xenoliths characterize the

thermal regimes that existed in the lithospheric mantle

during the formation of tectonic structures of Precam-

brian crust, rather than the thermal regimes of kim-

berlite magmatism (Khiltova et al., 1995; Khiltova

and Nikitina, 1997). In other words, these geotherms

and TG values characterize the thermal state of the

paleomantle. The established heterogeneities in the

lithospheric mantle are relics largely preserved from

ancient times. This is supported by age of mantle

xenoliths (Richardson, 1989; Kinny et al., 1989;

McCulloch, 1989) and by the fact that the TG values

obtained for the mantle beneath the Kaapvaal craton

from xenoliths of the 1180-Ma Premier kimberlite

pipe (7.3F 0.2 jC/km; n = 6) are indistinguishable

from the TG values (7.2F 0.2 jC/km; n = 38) derived

from xenoliths in kimberlites of Mesozoic age (Kim-

berley and Finsh kimberlites). Xenoliths from the

Early Proterozoic (1650 Ma) Zero pipe in the west-

ernmost part of the same craton also yield low TG
values typical of the mantle beneath Early Precambri-

an tectonic structures.

During incipient rifting stages, intraplate basaltic

magmatism within cratons and Proterozoic mobile

belts is unlikely to disturb the preexisting thermal

structure of the mantle. This follows from data on

the thermal regimes in the mantle beneath the Labait

and Lashaine volcanoes, which are associated with

the formation of the East African Rift but are located

within the Archaean Tanzanian craton and the Pro-

terozoic Mozambique belt of the collisional type,

respectively.

Probably, stable regions of continental mantle

appeared as early as the Archaean. The scales of these

stable lithospheric blocks are difficult to surmise, but

the fact that identical thermal regimes existed in the

Archaean within the East Siberian platform, the

Dharvar craton in India, and the Kaapvaal and Zim-

babwe cratons in South Africa should be taken into

account when dealing with this issue. The results of

Sm–Nd and Re–Os isotopic studies (Pearson, 1999)

indicate that mantle blocks beneath most cratons have

been isolated from the convecting mantle since at least

the Late or Middle Archaean and, for some cratons,

since the Early Archaean. According to geochrono-

logical evidence, the lithospheric mantle underlying

the Siberian, Kaapvaal, and Wyoming cratons has



Table 4

Equilibrium pressures and temperatures for garnet peridotite xenoliths in alkali basalts of various regions and thermal gradients in the mantle

Sample P (kbar) T (jC) TG (jC/km) Reference Sample P (kbar) T (jC) TG (jC/km) Reference

Tanzania

Labait Volcano

GL4201 53.9 1450 7.9 1 GL4202 50.5 1325 7.7 1

G14203 51.1 1340 7.7 1 FH4203 51.1 1345 7.7 1

GL-XI 50.2 1315 7.7 1 GL-X9 53.1 1380 7.6 1

G14201 53.9 1450 7.9 1 G14202 50.5 1325 7.7 1

LB-24 52.9 1370 7.6 2 LB-53 50.4 1330 7.7 2

LB-24a 47.7 1240 7.6 2 KAT-17 52.2 1375 7.7 2

Lashaine Volcano

775 50.3 1265 7.4 3 797 47.6 1215 7.5 3

797V 47.1 1220 7.6 3 796 48.5 1220 7.6 3

796V 48.1 1210 7.4 3 740 49.4 1230 7.3 3

794 49.2 1245 7.4 3 776 46.2 1205 7.7 3

782 56.0 1420 7.5 3 730 49.1 1275 7.6 3

Southern extremity of South America: Pali-Aike volcanoes

TM2 49.9 1515 8.9 4 TM1 48.8 1480 8.9 4

BN4 51.1 1550 8.9 4 BN35 52.1 1575 8.9 4

L34 54.0 1645 8.9 4 LS101 53.0 1615 9.0 4

LC8 44.8 1405 9.2 5 LC11 50.8 1425 8.3 5

CP3 44.5 1350 8.9 5 CP8 44.3 1360 9.0 5

CP9 44.3 1385 9.1 5 CP11 45.0 1370 8.9 5

CP32 40.5 1300 9.5 5 CP34 42.8 1350 9.2 5

CP31 46.4 1410 8.9 5 CP84 42.5 1345 9.2 5

CP85 49.4 1505 8.9 5

Southeastern Siberia: Vitim Plateau volcanoes

313-1 45.5 1410 9.1 6 313-3 44.4 1380 9.1 6

313-4 42.8 1370 9.1 6 313-5 43.2 1410 9.6 6

313-8 50.0 1540 9.0 6 313-37 46.5 1445 9.1 6

313-54 51.9 1585 9.0 6 313-113 46.3 1500 9.6 6

313-103 45.5 1475 9.6 6 313-114 43.9 1490 9.2 6

313-74 48.7 1525 9.2 6 314-580 48.8 1545 9.4 6

SF93163 45.8 1465 9.4 6 SF93205 45.8 1440 9.2 7

SG96B13 45.0 1420 9.2 7 SF93174 44.1 1495 10.0 7

Mongolia

Tariat Depression volcanoes

130n 42.6 1420 9.8 MK-5 42.3 1480 10.2 8

A-18n 41.4 1385 9.8 8 A-18(r) 40.6 1395 10.1 8

198n 43.9 1500 10.1 8 197 35.6 1350 11.1 8

195 39.9 1295 9.6 8 MK17 43.4 1410 9.6 8

196 35.5 1235 10.2 9 69 42.3 1430 9.9 8

198(2) 43.3 1490 10.1 9 198(1) 46.7 1540 9.7 9

127 35.2 1295 10.8 9 224 40.5 1425 10.3 9

4334/11 45.5 1505 9.7 10 4334/14 41.8 1395 9.8 10

Dariganga Plateau volcanoes

221 43.8 1400 9.4 8 204 47.5 1505 9.4 11

DB1 45.1 1475 9.6 12 DB3 46.7 1475 9.2 12
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Table 4 (continued )

Sample P (kbar) T (jC) TG (jC/km) Reference Sample P (kbar) T (jC) TG (jC/km) Reference

Southeastern Australia

Delegate, Tumut-Ekumbene, Anakies, Leura, New Basalts, Bullenmari, Gnotuk, and New Wales volcanoes

69-27 44.0 1460 9.8 13 R394h 39.3 1330 10.0 13

R394j 40.3 1355 9.9 13 2582c 35.8 1290 10.6 13

69-34 32.1 1350 12.4 13 324/38 31.9 1190 11.0 13

2688 34.9 1250 10.6 13 1 42.1 1450 10.1 14

1V 41.8 1545 10.9 14 2 31.3 1180 11.1 14

Gn35 35.4 1295 10.8 15 Gn35V 36.8 1330 10.7 15

Bm6 36.5 1325 10.7 15 Bm166V 40.2 1470 10.8 15

Bm166 32.5 1295 11.8 15 Bm167 35.5 1300 10.8 15

Gn639 29.9 1150 11.3 15 Gn649 30.0 1160 11.3 15

Dr10165 32.5 1230 11.1 15 Dr1065 32.5 1245 11.0 15

R49177 39.4 1440 10.8 16 R49178 39.9 1455 10.8 16

R49168 39.5 1450 10.8 16

Southeastern China: Quilin Volcanoes

Q9307 29.8 1220 12.1 17 Q9323 32.6 1285 11.6 17

Q9324 32.6 1295 11.6 17 Q8907 30.5 1255 11.2 17

Q9352 32.9 1260 11.2 17 Q9353 30.8 1310 12.5 17

Q9355 30.5 1240 12.2 17 Q9327 32.5 1296 11.8 17

Q935 29.8 1215 12.0 17 QL1 29.6 1242 12.3 17

QL8 25.5 1145 13.2 17 QL13 32.9 1368 12.2 17

QL21 29.1 1230 12.4 17

Solomon Islands: Malaita Island

3 42.4 1265 8.8 18 2 50.1 1438 8.4 18

1 39.6 1183 8.8 18

Hawaiian Islands

S-24 34.6 1366 11.6 19 S-6 32.6 1320 12.0 19

24 34.6 1364 11.6 19 31 29.7 1190 11.8 19

42 33.3 1277 11.3 19

(1) Dawson et al., 1997; (2) Lee and Rudnick, 1999; (3) Reid et al., 1975; (4) Stern et al., 1989; (5) Kempton et al., 1999; (6) Ionov et al., 1993;

(7) Glaser et al., 1999; (8) Kopylova et al., 1995; (9) Kopylova and Genshaft, 1991; (10) Laz’ko and Sharkov, 1988; (11) Nikiforova, 1998; (12)

Ionov et al., 1999; (13) Irving, 1974; (14) Sutherland and Hollis, 1982; (15) Griffin et al., 1984; (16) Stolz, 1974; (17) Xu et al., 1996; (18)

Beeson and Jackson, 1970; (19) Sobolev and Nikogosyan, 1994.
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nearly the same age as the onset of the main crust-

forming events. This fact, in the opinion of Pearson

(1999), suggests either that the processes of mantle

stabilization and crust formation are genetically

connected or that, in order to be preserved, large

fragments of continental crust require the stability of

deep lithospheric roots, which have recently been

often identified by seismic tomography. The problem

of these roots beneath continents becomes particularly

significant in light of the data presented here. Note the

following two implications. First, the roots are ancient

and are largely composed of relics of the Precambrian

continental lithosphere. Second, the processes of ther-

mal convection, which, undoubtedly, were repeatedly
manifested, did not result in global mixing of the

mantle material. It should be acknowledged, however,

that these conclusions are only preliminary, because

the data presented here on Archaean structures do not

cover all ancient cratons.

The continental mantle underlying Phanerozoic

accretionary belts is characterized by higher TG

values. Among them, the coldest geotherms were

established for the mantle beneath the accretionary

belt along the Atlantic coast (southeastern South

America) and Ripheides of the Central Asian fold-

belt (the Vitim Plateau). The hottest ones are

beneath the accretionary belt along the Pacific coast

(the Tasmanian belt in southeastern Australia and
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Fig. 4. The P–T diagram from garnet peridotite xenoliths of alkali-

basalt volcanoes: (1) Labait; (2) Lashaine, Tanzania; (3) Pali-Aike

(southern extremity of South America); (4) Vitim Plateau

(southeastern Siberia); (5) the Tariat depression, Mongolia; (6) the

Dariganga plateau, Mongolia; (7) New Basalts, Bullenmerri,

Gnotuk, and New Wales, southeastern Australia; (8) Quilin,

Southeastern China; (9) Hawaiian Islands; (10) the Malaita island.
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the Late Yangchuan foldbelt in China). The thermal

regimes of the continental lithosphere at the Pacific

margins of the Australian and Asian continents are

similar to that of the oceanic lithosphere of the

Hawaiian hotspot. Given that the ages of the alkali

basalts containing the xenoliths are similar in all

regions under discussion (Cenozoic), one can argue

that the thermal heterogeneity of the mantle per-

sisted until the Cenozoic and that the geodynamic

settings of the accretionary belt development were

more diverse in the Late Proterozoic and Phanero-

zoic than in the Early Precambrian.

Different trends in the relationship between the

maximum depths at which xenoliths were entrapped

by kimberlite and alkali-basalt magmas (or the

minimum melting depths of these magmas) and
Fig. 3. The P–T diagram for garnet-bearing peridotite and pyroxenite xenol

Mir and Udachnaya, (2) Obnazhennaya]; (b) Kuloisky [(1) Simnii bereg p

Africa [(1) pipes of the Premier, Kimberley, Finsch, Zero, Letlhakane kim

(Lesotho-200, Kao, Thaba Putsoa, Letseng-la-Terae) and Namibian pipes

pipes); (e) North America [(1) Montana pipes, (2) Sloan and Thamb, (3) E

continental geotherms corresponding to 35, 40, 45, 50, 55 mW/m2 he

polymorphic graphite–diamond transition (Bundy et al., 1961).
the values in the mantle underlying Early Precam-

brian and Late Proterozoic–Phanerozoic structures,

the relatively weak TG increase from the Archaean

to the Early Proterozoic (see Fig. 6), the TG

uniformity during each stage in the evolution of

the Early Proterozoic mantle, and the significant

increase and spatial differentiation in values of the

Late Proterozoic and particularly Phanerozoic man-

tle are likely to indicate that the lithosphere dy-

namics changed at the boundary between the Early

and Late Proterozoic or between the Precambrian

and the Phanerozoic. It is interesting to note that

changes in the thermal regime of the lithospheric

mantle occurred at the Archaean/Early Proterozoic

boundary. The data presented here are insufficient

to reliably constrain the age of this boundary. In

this context, it should be mentioned that the oldest

supercontinent formed in the latest Archaean (about

2.6 Ga), and its breakup onset is dated at 2.45 Ga

(Glebovitsky, 1996). There are reasons to assume

that this was a time of dramatic change in global

geodynamics, when the mechanism of plate tecton-

ics started operating in full measure. An equally

dramatic change took place in the Late Riphean, at

the boundary with the Phanerozoic. A noteworthy

distinct negative correlation between the minimums

melting depths and mantle TG values is observed

beneath Phanerozoic structures; this may be due to

ascending convective flows of different tempera-

tures, which were responsible for alkali-basalt mag-

matism in Phanerozoic structures. Possibly, similar

convective phenomena took place in the Early

Precambrian mantle; however, the differences be-

tween temperatures of convective flows were much

smaller.
6. Conclusions

Using of the same garnet–orthopyroxene thermo-

barometer allows to carry out correctly comparison
iths from kimberlite pipes in (a) the East Siberian platform [(1) pipes

ipes] and Karelian [(2) Kaavi and Kuopio pipes] cratons; (c) South

berlite fields; (2) Limpopo, Central zone, Venetia pipes, (3) Lesotho

(Louwrensia, Anis-Kubub, and Hanaus); (d) India (the Vajrakurer

lwin Bay and Nikos, (4) Jericho pipe]. Dash lines show the model

at flows (Pollack and Chapman, 1977) and the solid curve—the
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the thermal regimes in the mantle of different con-

tinents. Thus, it was established that:

1. Mantle geotherms and geothermal gradients,

obtained on the base of data on P–T equilib-

rium conditions of deep xenoliths, correspond to

the age of crust tectonic structures and respec-

tively to the time of lithosphere stabilization. It

can be suggested that the ancient structures of

the upper mantle were preserved within conti-

nental roots;

2. The continental mantle under Neoproterozoic and

Phanerozoic belts are characterized by signifi-

cantly higher values of geothermal gradient
Fig. 6. TG averages in the mantle versus maximum depths at which

mantle xenoliths were emplaced into kimberlites and alkali basalts

in various Precambrian and Phanerozoic structures. (1) Archaean

cratons [(1) in the basement of the East Siberian platform, (2)

Kuloisky, (3) Karelian, (4) Kaapvaal, (5) Zimbabwe, (6) Tanzanian,

(7) West Dharvar, (8) Wyoming, (9) Central Slave, (10) in the

basement of the Arctic platform]; (2) Precambrian belts [collisional:

(11) Limpopo; (12) West Olenek; (13) Natal; (14–16) Namaqua-

land: Louwrensia, Anis-Kubub, and Hanaus, respectively; (17)

Mozambique; accretionary: (18) Early ProterozoicYavapi]; (3) Late

Proterozoic and Phanerozoic belts [collisional: (19) hercynides of

Central Asian belt; accretionary: (20–21) ripheides and caledonides

of Central Asian belt, respectively; (22) Late Yangchuan Cenozoic;

(23) Palaeozoic Tasmanian; (24) Palaeozoic belt at the southeastern

extremity of South America]; (4) Phanerozoic oceanic structures

[(25) the island arc, Solomon islands; (26) Hawaiian hotspot in the

oceanic plate].

Fig. 5. Geotherms of the continental mantle underlying the

following structures: (1) Archaean cratons (A–A, cratons in the

basement of the East Siberian platform; B–B, Kuloisky and

Karelian; C–C, Kaapvaal and Zimbabwe; D–D, West Dharvar; E–

E, Wyoming; F–F, craton in the basement of the Arctic platform);

(2) Precambrian collisional (G–G, Limpopo; H–H, West Olenek;

I– I, Natal; J– J, Namaqualand; O–O, Mozambique) and accretion-

ary (K–K, Yavapi) belts; (3) Late Proterozoic and Phanerozoic

collisional and accretion belts (L–L, Palaeozoic belt of southern

extremity of South America; M–M, ripheides and N–N, caledo-

nides of Central Asian foldbelt; P–P, Tasmanian Palaeozoic; Q–Q,

Late Yangchuan Cenozoic); (4) Phanerozoic oceanic structures: R–

R, island arc (Solomon Islands); S–S, Hawaiian hotspot in the

oceanic plate. The range of P–T conditions derived from xenolith

and xenocrysts suits in volcanic rocks that penetrate crust of

Archaean, Proterozoic, Phanerozoic age (Poudjom Djomani et al.,

2001) are shown by dotted fields.
compared to the mantle under Early Precambrian

structures;

3. Lithosphere dynamics seems to change at the

boundary between Early and Mezo-Neoproterozoic

and Precambrian and Phanerozoic.
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