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Paleoproterozoic eclogites and garnet pyroxenites
of the Übende belt (Tanzania)

by Eugene V. Sklyarov1, Karl Theunissen2, Alexander I. Melnikov1,
Jean Klerkx2, Dmitry P. Gladkochub1 and Abdul Mruma3

Abstract

Petrographical and mineral chemical data are given for eclogites and garnet pyroxenites from the Paleoproterozoic
Übende belt which bounds the western edge of the Tanzania craton Both types of rocks are constituents -with meta-
pendotites, mafic granuhtes, amphibohtes and quartzites - of a mafic-ultramafic sequence known as Übende and Iku-
lu series and interpreted as an ophiolite suite. Eclogites also occur as small lenses in garnet-kyanite gneiss Most of
the eclogites underwent strong retrogression resulting in opx-cpx coronas around garnet and in breakdown of om-
phacite

Pyroxene is omphacite close to Jd50Ac15Di35 m kyamte eclogite, low-Jd omphacite - Na-augite in retrograded
eclogite and Na-augite to augite m garnet pyroxenites. The garnets m both eclogites and garnet pyroxenites belong
to grossular-nch Prp-Alm series (Prp16J(6, Grs2i_31) with < 5 mol% spessartine Amphibole is taramite in kyamte
eclogite, edenite-pargasite in retrograded eclogites and garnet pyroxenites and pargasite in late retrogression
assemblages

The mafic-ultramafic sequence has experienced a complex metamorphic history recorded in mineral assemblages
of kyamte eclogite, retrograded eclogites, mafic granuhtes, amphibohtes, and blastomylonites The tectonometamor-
phic evolution is interpreted in terms of Paleoproterozoic plate tectonics, involving a subduction of oceanic plate under

the Tanzania craton and several stages of subsequent exhumation, characterized by different P-T paths.

Keywords eclogite, garnet pyroxemte, mmeral chemistry, Lower Proterozoic, Übende belt, Tanzania craton

Introduction

Eclogite and HP-granulites have been reported
almost all around the Tanzanian craton (Hep-
worth, 1972; Coolen, 1980). By analogy with
other occurrences in Africa, e.g. Lufihan Arc
(Cosi et al., 1992), Dahomey (Menot and Sed-
doh, 1985), northern Mali (Caby, 1994) HP-meta-
morphism is supposed to be connected with the
Upper Proterozoic Pan African orogeny. Lower
Proterozoic eclogites were described in kimber-
lite pipes of southern Africa (e.g. Shervais et al.,
1988) and were found recently in the Usagara belt
at the south-eastern boundary of the Tanzania
craton (Moller et al., 1995). Eclogites and
associated garnet pyroxenites and mafic granulites
were also documented in the adjacent Lower
Proterozoic Übende belt (e.g. Sutton, 1964; Hep-

worth, 1972; Smirnov et al., 1973), but no
detailed study of these complexes were carried out
despite their significance for the metamorphic
and tectonic evolution of the Übende belt in
particular and for plate tectonic processes during
Lower Proterozoic orogeny.

This paper describes occurrences, mineral
assemblages, mineral chemistry, and the P-T evolution

of eclogites and garnet amphibohtes of the
Übende belt. It presents a first attempt to interpret

the presence of these HP-metamorphic rocks
in the tectonic evolution of the belt.

Geologic setting

The north-west trending Übende belt extends for
over 500 km to the western side of the Tanzania
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Fig. 1 Sketch map, showing position of the Übende
belt m the regional structure (modified after Priem et
al., 1979).
1 - Upper Proterozoic deposits; 2 - Pan-African thermal
effect on Lower Proterozoic belts; 3 - Tanzanian shield;
4 - major recent faults. Contour of figure 2 is shown.

craton (Fig. 1). It is about 150 km wide and limited

to the north by the NE-SW striking Middle
Proterozoic Kibara belt and the Neoproterozoic
Bukoban sedimentary basin, to the west by the
Lower Proterozoic Bangweulu Block (Daly and
Unrig, 1982). Based on a large scale kinematic
approach the Übende- and Usagara fold belts
have been interpreted by Daly et al. (1985) as

originating within a single Paleoproterozoic plate
tectonic regime, i.e. the EW and NE oriented
Usagara thrust belt (Shackelton and Ries, 1984)
which results from frontal accretion on the
Archean craton, while the NW oriented Übende
shear belt was interpreted as a result of lateral
accretion.

The Übende belt is composed of blocks or ter-
ranes which are strongly elongated in a NW-SE
direction and which are bounded by shear zones
(Daly, 1988; Daly et al., 1989). In the central part
six main series are distinguished (Fig. 2):

- the Mahali series consisting mainly of two-
mica quartz-feldspatic gneisses exhibiting
widespread granitization;

-the Ufipa series also composed of granitic
gneisses but with a higher proportion of amphi-
bole-bearing gneisses, containing pods of horn-
blendite and retrograded eclogite;

- the Katuma series notable for a homogeneous

lithology of biotite-plagioclase gneisses and
granite-gneisses, commonly migmatised;

- the Ikulu series composed of amphibolites
with lenses of harzburgite, pyroxenite, garnet py-
roxenites, eclogites, retrograded eclogites, high-P
granulites and quartzites of different size;

- the Übende series characterized essentially
by amphibolite and amphibole gneisses with lenses

of listwenite, pyroxenite, hornblendite, and
high-P granulite of different size;

- the Wansisi series which is mainly composed
of aluminoferrous gneisses, sometimes associated
with amphibolites and Fe-Mn quartzites and with
rare boudins of hornblendite and retrograded
granulite in gneisses.

The Übende and Ikulu series are essentially
composed of rocks of mafic composition and may
be regarded as equivalents. The main difference
between both series is the different degree of
overprint of the early eclogite- and granulite-fa-
cies assemblages by regional widespread
deformation and retrogression to amphibolite facies. In
the Ikulu series the proportion of the early mafic
granulites and pyroxenites is much higher than in
the Übende series.

Fragments of metamorphosed harzburgite,
pyroxenites, gabbro, eclogite and mafic granulite
(former basalts or diabase dikes) and Fe-Mn
quartzite (metacherts) embedded in amphibolites
and amphibole gneisses are supposed to represent
relics of an original ophiolite suite.

Recent investigation of the Übende belt
provides a good insight in its structural development.
Roughly two different Paleoproterozoic
evolutionary phases were proposed (Theunissen et al.,
1996). Although time constraints are only partly

Fig. 2 The Ubendian terranes along lake Tanganyika.
1 - recent deposits; 2 - Upper and Middle Proterozoic
horizontal deposits; 3 - Lower Proterozoic volcanics; 4 -
Lower Proterozoic granites. Ubendian terranes: 5 - Mahali

series; 6 - Übende series; 7 - Ufipa series; 8 - Ikulu
series; 9 - Wansisi series; 10 - Katuma series. 11 -
Dodomian series (Tanzanian shield). Location occurrence

of garnet pyroxenites (solid triangle), retrograded
eclogites (solid circle) and kyanite eclogite, retrograded
eclogites and garnet pyroxenites (solid square) are
shown.
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Fig. 3 Photomicrographs showing mineral associations and texture of eclogites from the Übende belt, (a) Exsolution

lamellae of plagioclase in Na-augite in retrograded eclogite (sample Sk-1 from Ikola area). Composition of Cpx
is listed in table 2. (b) Corona around garnet in contact with quartz in retrograded eclogite (sample Sk-1 from Ikola
area). Internal part of the corona is composed of plagioclase with rare grains of opaque mineral and amphibole.
External part consists of orthopyroxene and clinopyroxene. Composition of garnet, orthopyroxene and clinopyroxene
listed in tables 1 and 2. (c) Large grain of kyanite in kyanite eclogite. Aggregate of sillimanite along joints
corresponds to near isothermal decompression trend of late exhumation stage (sample TZS1 from Ikola area). Composition

of associated minerals are listed in tables 1, 2, 3. (d) Sieve-textured Al-rich Na-augite with inclusions of sodic

plagioclase (light) and amphibole (dark) in retrograded eclogite (sample 279a2 from Chisi area). Composition of
pyroxene is listed in table 2.

documented, it was proposed that an early
evolutionary stage with granulite facies environment
occurred during the 2100-2025 Ma period, while a

second phase with amphibolite facies conditions
and NW oriented folding and shearing took place
between 1950 and 1850 Ma, ending with the late-
tectonic magmatism (Lenoir et al., 1994). It is

important to note that available geochronological
data (Lenoir et al., 1994; Boven et al., 1996) confirm

that, despite subsequent structural reactivation,

no major orogen scale impact affected the
Übende belt after 1720-1740 Ma.

Fragments of eclogites and garnet pyroxenites
as well as mafic granulites and garnet-free ultra-

mafics were investigated in the Ikola, Kungwe Bay
and Chisi areas (see Fig. 2). Although the structural

relations with embedding amphibolites and
amphibolite gneiss are not always visible, the
transition of massive retrograded eclogite to foliated
plagioclase-poor garnet amphibolite, to plagio-
clase-rich garnet amphibolite and to garnet-free
amphibolite was documented. Many pods are
massive and relatively homogenous; some are
compositionally layered. The size of the lenses
varies from tens of centimeters to tens of meters
across in the Ikola and Kungwe Bay areas and
from tens of centimeters to a few meters across in
the Chisi area.
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Petrography

According to mineral content and mineral chemistry

plagioclase-free garnetiferous rocks can be
subdivided into four groups: kyanite eclogite,
retrograded eclogites, amphibole-bearing garnet
clinopyroxenites and amphibole-bearing garnet
websterite. It should be noted that the above
mentioned varieties occur in different outcrops and
that transitions from fresh to retrograded eclogite
or from retrograded eclogite to mafic granulite
were never observed.

(1) Kyanite eclogite occurs as isolated body in
garnet amphibolites. The rock is coarse-grained
showing a granoblastic heterogranular texture
and slight foliation, defined by subparallel oriented

grains of omphacite, taramite and sodic plagio-
clase. The mineral assemblages of the eclogite
may be subdivided into several groups in sequential

order of formation:
(a) garnet-omphacite-taramite-kyanite-sodic

plagioclase-quartz-rutile. Garnets occur as por-
phyroblasts (up to 1 cm) embedded in a polygonal
equigranular cpx-amf-pl matrix. Inclusions of
omphacite, taramite and rutile are usual. Subhedral
omphacite and taramite in the matrix range from
1 to 3 mm across. Sodic plagioclase, being in
equilibrium with omphacite and taramite, is usually
concentrated in microlayers (1-2 mm thick).
Relatively rare porphyroblastic prismatic grains of
kyanite occur in the matrix. Rutile is ubiquitous,
either as interstitial grains between rock-forming
minerals or as fine-grained inclusions in garnet or
omphacite. Ilmenite occurs in aggregates with
ruble in matrix.

(b) sillimanite, which develops along cracks in
kyanite (Fig. 3c) and fixes the stage of high
temperature retrogression;

(c) zoisite, developing as euhedral oriented
grains in matrix. Growth of zoisite seems to postdate

all the other primary minerals, corresponding
to late lower temperature retrogression.

(2) Retrograded eclogites are identified by the
presence of relics of omphacite, textures of
primary pyroxene breakdown (lamellae of sodic
plagioclase (Fig. 3a) or sieve-textured grains of
pyroxenes (Fig. 3d). In the Ikola and Kungwe Bay
areas they are medium- to coarse-grained, mostly
massive with near-equigranular texture, but sometimes

exhibiting a foliation defined by alternation
of garnet-rich and garnet-poor layers. The former
mineral constituents are garnet, pyroxene 1, green
amphibole, rutile, whereas pyroxene 2, blue-green
amphibole, plagioclase, scapolite and titanite
reflect the stage of high-temperature retrogression.
Sometimes high-temperature retrogression is
characterized by development of coronas around

garnet in contact with quartz (Fig. 3b). The inner
part of a corona is composed of plagioclase with
rare grains of green amphibole, while the outer
part contains an opx-cpx assemblage.

Retrograded eclogites of the Chisi area are
medium-grained, massive equigranular and
relatively rich in plagioclase and quartz (up to
20-30%). The sieve-textured intergrowth of Na-
augite, plagioclase and amphibole is supposed to
be the coarse scale analogue of symplectites, usual

in retrograded eclogites. The coarseness of the
sieve texture relative to normal symplectites
presumably reflects unusually high temperatures, or
longer period of plagioclase and amphibole
release, or both (Sanders et al., 1987). The early
eclogite stage is supported by the relics of
omphacite in the core of some pyroxene grains.

(3) Garnet pyroxenites are more abundant
than the two previous groups of rocks and may be
subdivided into two subgroups according to tex-
tural features. Coarse-grained varieties are
composed mostly of garnet and pyroxene with minor
amphibole. The only distinction between the true
eclogites and garnet clinopyroxenites is that
clinopyroxenes contain less Na (Fig. 6) and are
not omphacite. The lower Na content in the
pyroxenes probably reflects a bulk rock composition
low in Na, since modal mineral contents and the
extent of retrogression are similar.

(4) Garnet websterites occur sporadically
among garnet-free websterites, which compose
large blocks of 50-60 m thickness in amphibolites.
They are heterogranular, massive, medium- to
coarse-grained rocks. Fine-grained garnet develops

along the margins of subhedral pyroxene
grains.

All the rocks described contain disequilibrium
texture and phases related to granulite- to amphi-
bolite-facies decompression. Retrogressive am-
phibolitization is manifested as later, fine-grained,
texturally immature blue-green hornblende along
fractures. It is worth noting that amphibole-filled
fractures develop only in pods of retrograded
eclogites, garnet pyroxenites and mafic granulites,
and have never been observed in embedding
amphibolites.

Mineral chemistry

Mineral analyses were carried out on a CAMECA
microprobe at the Buryat Geological Institute,
Ulan-Ude. Standard operating conditions were
15 kV, 20 nA; various natural standards were used
in calibration. The Fe3+ and Fe2+ contents in
minerals were calculated using the method of Droop
(1987).
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Tab 2 Representative analyses of pyroxenes Abbreviations c - core, cr - in corona, 1 - inclusion in garnet, m - in
matrix, r - rim, rl - relics m the central part of the grain Other abbreviations as in table 1 Formula calculations
after Droop (1987)

Sample TZS-1 TZS-1 TZS-1 Sk-1 Sk-1 Sk-1 Sk35e Sk35e n24b n24b

Rock Ky-ecl Ky-ecl Ky-ecl R-ecl R-ecl R-ecl R-ecl R-ecl Gr-px Gr-px
Mm Cpxm Cpxic Cpxir Cpx m Cpxcr Opxcr Cpx rl Cpxr Cpxc Cpxr
Area Ikola Ikola Ikola Ikola Ikola Ikola Ikola Ikola Ikola Ikola

Si02 53 59 53 25 54 02 51 32 52 05 5197 53 57 5271 52 46 5249
Ti02 030 008 009 046 000 000 032 044 035 028
AI2O3 1441 1276 1428 511 182 056 7 95 449 6 91 676
Cr203 0 00 007 007 006 005 006 000 000 011 000
FeOtot 677 1177 10 80 8 36 9 06 24 89 7 98 926 5 31 5 21

MnO 000 012 012 0.14 0 21 037 0 05 003 0 00 000
MgO 5 35 3 51 3 29 12 91 12 93 2075 8 85 1031 12 6 13 07

CaO 9 31 8 55 7 60 1996 2177 044 16 91 2017 18 63 1916

Na20 870 849 922 171 0 95 000 4 76 225 2 98 256
K20 000 000 000 000 000 000 000 005 000 000

Total 98 43 9913 1000 100 39 9910 99 04 99 92 9978 9935 9953

4 cations 6 oxygens 4 cations

Si 1927 1950 1946 1887 1956 1976 1954 1961 1909 1909
Ti 0008 0002 0002 0013 0 000 0 000 0 009 0012 0010 0008
Al 0611 0551 0 606 0221 0081 0 025 0 342 0197 0296 0290
Cr 0 000 0002 0002 0002 0001 0 002 0000 0000 0003 0 000
Fe3+ 0126 0145 0139 0099 0 075 0 021 0069 0021 0073 0058
Fe2+ 0 078 0216 0187 0158 0210 0770 0174 0267 0089 0101
Mn 0 000 0 004 0004 0004 0007 0012 0 002 0001 0000 0000
Mg 0287 0192 0177 0707 0724 1176 0 481 0572 0684 0 709

Ca 0359 0 336 0293 0786 0877 0018 0 633 0804 0726 0747
Na 0 606 0603 0644 0122 0 069 0000 0337 0162 0210 0180
K 0 000 0000 0000 0000 0000 0 000 0 000 0002 0000 0000

Total 4000 4.000 4000 4 000 4 000 4 000 4 000 4000 4 000 4 000

Mol%Jd 480 45.8 505 23 00 26 7 14 2 13 7 12 2

Mol%Ac 126 14 5 13 9 99 70 69 21 73 58
Mol%Aug 394 397 35 6 87 8 931 66 3 83 8 79 0 820

Representative analyses of minerals are
presented in tables 1-3, compositional variations are
shown in figures 4-6 and characteristic features of
the mineral chemistry are described below

GARNET

The composition of the analyzed garnets with
respect to the mole proportions of Mg, Fe, Mn and
Ca are presented m figure 4. The garnets in both
eclogites belong to a grossular-rich prp-alm
series with < 5 mol% spessartine. They show a
relatively wide range of pyrope contents (16-
46 mol%) with little variation in grossular
component (21-31 mol%).Two groups of garnets are
distinguished in garnet pyroxemtes (Fig. 4). The

first group is similar to garnets of retrograded
eclogites, though slightly richer m grossular
component. Garnets of the second group are pyrope-
rich (39-46 mol%), reflecting probably a bulk
composition rich in MgO. In general the analysed
garnets show only weak effects of retrograde
evolution, as reflected by weakly decreasing MgO
from core to rim. Only in garnets from kyamte
eclogite the prograde trend is preserved as shown
on figure 5a.

CLINOPYROXENES

The composition ranges of clinopyroxene are
shown on an augite-jadeite-acmite diagram (Fig.
6). Three groups can be chemically distinguished
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Tab. 2 (cont.)

Sample Sk42a Sk55e Sk55e 279a2 279a2 Sk82h Sk82h Sk82h Sk82k Sk8f Sk8f
Rock Gr-px Gr-wb Gr-wb R-ecl R-ecl R-ecl R-ecl R-ecl R-ecl Gr-wb Gr-wb
Min Cpxr Cpx r Opxr Cpxc Cpx r Cpxi Cpxrl Cpxr Cpxr Opx Cpx
Area Ikola Ikola Ikola Chisi Chisi Chisi Chisi Chisi Chisi Kungwe Kungwe

Si02 51.02 52.38 53.94 52.71 52.64 52.55 52.14 52.31 51.66 54.03 52.21

Ti02 0.59 0.34 0.06 0.30 0.34 0.48 0.43 0.32 0.32 0.00 0.21

ai2o3 5.57 3.90 2.59 7.38 7.15 6.73 8.56 3.60 6.56 3.22 5.08

Cr203 0.08 0.23 0.10 0.10 0.11 0.00 0.05 0.00 0.00 0.00 0.00

FeOtot 5.10 4.64 13.63 8.16 8.34 9.04 9.96 9.82 7.43 12.37 6.55

MnO 0.00 0.05 0.11 0.05 0.05 0.08 0.08 0.10 0.09 0.00 0.00

MgO 12.87 13.85 28.34 10.01 10.00 9.73 8.41 11.82 10.23 30.55 12.49

CaO 22.94 23.18 0.24 17.68 17.65 16.39 15.82 20.76 20.73 0.00 21.05

Na20 0.89 0.87 0.00 3.44 3.17 3.74 4.24 1.15 2.18 0.00 2.08

K20 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00

Total 99.06 99.46 99.01 99.98 99.48 98.95 99.94 99.89 99.24 100.17 99.67

6 oxygens 4 cations 6 oxygens

Si 1.892 1.931 1.942 1.932 1.943 1.949 1.919 1.952 1.920 1.901 1.915

Ti 0.016 0.009 0.002 0.008 0.009 0.013 0.012 0.009 0.009 0.000 0.006

Al 0.244 0.169 0.110 0.319 0.311 0.294 0.371 0.158 0.287 0.133 0.220
Cr 0.002 0.007 0.003 0.003 0.003 0.000 0.001 0.000 0.000 0.000 0.000
Fe3+ 0.000 0.005 0.000 0.042 0.008 0.050 0.068 0.002 0.011 0.065 0.086
Fe2+ 0.158 0.138 0.410 0.209 0.249 0.230 0.238 0.304 0.220 0.299 0.115

Mn 0.000 0.002 0.003 0.002 0.002 0.003 0.002 0.003 0.003 0.000 0.000

Mg 0.711 0.761 1.521 0.547 0.550 0.538 0.461 0.657 0.567 1.602 0.683

Ca 0.912 0.916 0.009 0.694 0.698 0.652 0.624 0.830 0.826 0.000 0.827

Na 0.064 0.062 0.000 0.245 0.227 0.269 0.303 0.083 0.157 0.000 0.148

K 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

Total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000

Mol%Jd 6,4 5,7 20.3 21.8 21.9 23.4 8.1 14.6 6.2

Mol%Ac 0,7 0,6 4.2 0.8 5.0 6.8 0.2 1.1 8.6

Mol%Aug 92,7 93,8 75.5 77.3 73.1 69.7 91.7 84.3 85.2

as Jd-rich omphacite, Jd-poor omphacite -Al rich
Na-augite and Na-augite - augite.

Omphacite (Jd-content up to 50%) occurs
only in kyanite eclogite and either as grains in the
matrix or as inclusions in garnets. The pyroxenes
in both sites have similar Jd-content but the
pyroxene in the matrix is richer in MgO. This is in
good correlation with the decrease of Mg/Mg + Fe
from core to rim in the garnet. The pyroxene
inclusions in the garnets show a prograde trend, or
increase Jd-content from core to rim (Fig. 5b),
whereas pyroxenes in the matrix show decrease of

Fig. 4 Mole proportions of Ca-Fe-Mg for garnets
from: 1 - kyanite eclogite, 2 - retrograded eclogites, 3 -
garnet pyroxenites. Arrows represent change of composition

from core to rim.

Ca Ca
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Fig. 6 Compositional variations of clinopyroxenes
from eclogites and garnet pyroxenites. 1 - kyanite eclogite;

2 - retrograded eclogites (Ikola); 3 - retrograded
eclogites (Chisi); 4 - garnet pyroxenites (Ikola and
Kungwe bay areas).

jadeite in rims. The calculated acmite content is

relatively high and constant (13-14%). Low-Jd
omphacite and Na-augite occur as relics in the
central parts of pyroxene grains of retrograded
eclogites. Na-augite and augite are the most common

pyroxenes in retrograded eclogites and garnet

pyroxenites.
Na-augite in retrograded eclogite contains

6-15% of the jd component. In rocks with a high
temperature retrograde overprint, two types of
clinopyroxene are distinguished; the matrix
pyroxene has a 15% Jd content while in the cpx-opx-
pl coronas around garnet (Fig. 3b) the pyroxene is
almost jadeite-free. In view of the exsolution
lamellae of plagioclase in pyroxene (Fig. 3 a) it is
suggested that omphacite was the primary pyroxene

AMPHIBOLE

In the analysed amphiboles (Tab. 3) three compositional

groups may be distinguished as taramite,
edenite-pargasite and pargasite.

Alumino-taramite NaCaNa(Mg,Fe2+)3Al2Si6
A12022(0H)2 appears in kyanite eclogite, where it
occurs in the groundmass and in inclusions in garnet.

Taramite, first identified by Ungaretti (et al.,
1981) is indicative for relatively high-temperature
(Chopin and Sobolev, 1995) and high-pressure
metamorphic conditions. In inclusions in garnet,
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taramite has a much higher content of alkalies
and a lower Mg/Mg + Fe ratio than taramite in
the groundmass.The groundmass taramite is
transitional between alumino-taramite and ahimi-
no-barroisite CaNa(Mg,Fe2+)3(Fe3+,Al)2Si7A1022
(OH)2.

Most common amphiboles of the edenite-par-
gasite group occur in all rock-types under
consideration. Usually their composition is only weakly
variable from core to rim but in some cases a
sharp increase of A1203 and alkali appears in the
rim zone.

Pargasite, replacing former minerals and
developed along fractures narrow veins has high
A1203 (up to 19%) and alkali content and also
higher Fe/Fe + Mg ratio than coexisting former
amphiboles.

OTHER MINERALS

Sodic plagioclase, whose content in the retrograded
eclogites and some garnet pyroxenites does not

exceed 1-2%, ranges in composition from An6 to
An30, rarely up to An50. Compositions of analyzed
scapolites mostly range between Me66 and Me73,
with mizzonite (Me^) in one sample of retrograded

eclogite (Sk-l).The MgO content in ilmenite of
kyanite eclogites reaches 1.5%, but is insignificant
in retrograded eclogites and associated mafic
granulites.

Geothermobarometry

Estimation of the P-T conditions of crystallization
of eclogites and garnet pyroxenites is a complex
problem because an individual sample usually
contains disequilibrium assemblages reflecting
different stages of evolution.

Many geothermometers and geobarometers
are applicable to the mineral assemblages present
in the studied rocks. Two complementary
approaches were applied to the rocks of the Übende
belt. At first temperatures were determined from
the Fe-Mg exchange reaction between garnet
and clinopyroxene (Ellis and Green, 1979) with
Fe3+ being recalculated for both minerals. Both
retrograded eclogites and garnet pyroxenites give
a wide range of temperatures from 700 to 850 °C.
The temperatures obtained using core compositions

of analyzed minerals are systematically
20-50 °C higher than for rim compositions.

Geobarometry is notoriously difficult to determine

in Pl-free assemblages, and only minimum
pressures between 10 and 14 kbar could be
established for retrograded eclogites and garnet pyrox¬

enites from the albite jadeite + quartz reaction
(Holland, 1980). For retrograded eclogite
(279a2), where omphacite is proposed to be in
equilibrium with sodic plagioclase, more precise
P-estimations of about 14 kbar were obtained, by
using equilibration P with T in gamet-pyroxene-
plagioclase-quartz assemblages according to
Perkins and Newton (1981).

At the second stage average P-T calculations
have been made using an updated version of the
internally consistent thermodynamic dataset
(Holland and Powell, 1990,1998) and the
program THERMOCALC (Powell and Holland,
1988). The results are shown in table 4 and plotted
in figure 7a.

The independent set of end-member
reactions for the assemblage garnet-clinopyroxene-
plagioclase-quartz in mafic granulites, plagio-
clase-bearing retrograded eclogites and garnet
clinopyroxenites used for average PT-estimates,
includes four possible equilibria. For the amphi-
bole-bearing garnet websterite the independent
set of reactions includes seven equilibria for the
paragenesis orthopyroxene-clinopyroxene-gar-
net-amphibole. As mentioned above for the
kyanite eclogite, sodic plagioclase and zoisite are
in textural equilibrium with omphacite, taramite
and garnet. Nevertheless, the formation of these
minerals at the later stage of retrogression cannot

be excluded. For this reason average PT-
estimates have been made for two mineral
assemblages: garnet-omphacite-taramite-kyanite-
paragonite-quartz, and the same minerals plus
plagioclase and zoisite. In the first case the
independent set of end-member reactions includes
seven mineral equilibria and ten for the second
one. The most important calculated reaction
curves are shown in figure 7. Both average P-T
estimates are near the reaction curve paragonite

jadeite + kyanite + H20. The average P-T values

for the plagioclase-bearing association are
very close to the interception of the calculated
reaction curves paragonite jadeite + kyanite +
H20 and jadeite + quartz albite; they look
quite reasonable at least for the late stage of
high-pressure metamorphism. The higher P and
lower T estimates for the plagioclase-free mineral

assemblage may be unreasonable, but the
alternative of simultaneous pressure decrease and
temperature increase from early to late stage
may also be assumed. On figure 7b we show two
possible P-T-t trajectories for the early stage of
the metamorphic evolution.

In general, both methods of P-T estimation
give comparable results. Using the geothermome-
ter of Ellis and Green (1979) and the geo-
barometer of Perkins and Newton (1981) yields
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Tab. 4 P-T estimates for eclogite and associated mafic granulites of the Übende belt.

No Rock Area Mineral assemblage used

in calculations
T°C P kbar ofit

TZS I Ky-ecl Tkola Grt + Omph + Amf + Ky + PI +
Zo + Par + Qtz 724 ± 13 17.1 + 0.7 1.28

Grt + Omph + Amf + Ky + Par + Qtz 609 + 66 19.7 + 1.5 1.53

S-l R-ecl Ikola Grt + Cpx + Opx + Qtz 764 + 94 11.2 + 1.6 0.84

Sk35h R-ecl Ikola Grt + Cpx + PI + Qtz 620 + 77 10.2 + 1.3 0.67

Sk37b R-ecl Ikola Grt + Cpx + PI + Qtz 633 + 70 9.8 + 1.0 0.32

Sk37d R-ecl Ikola Grt + Cpx + PI + Qtz 763 + 92 11.2 + 1.4 1.33

Sk54f c MG Ikola Grt + Cpx + PI + Qtz 655 + 85 10.7 + 1.4 0.79

Sk54f r MG Ikola Git + Cpx + PI + Qtz 579 + 73 9.0 + 1.2 0.09

Sk54k MG Ikola Grt + Cpx + PI + Qtz 637 + 79 9.3 + 1.2 0.51

Sk74bc MG Ikola Grt + Cpx + PI + Qtz 665 + 78 9.8 + 1.3 0.27

Sk74b r MG Ikola Grt + Cpx + PI + Qtz 652 + 75 9.7 + 1.3 0.15

279a2 R-ecl Chisi Grt + Cpx + PI + Qtz 772 + 90 15.1 + 1.6 1.02

Sk82h R-ecl Chisi Grt + Cpx + PI + Qtz 684 + 90 13.4 + 2.0 0.57

Sk82k R-ecl Chisi Grt + Cpx + PI + Qtz 731 + 83 13.8 + 1.5 0.90

Sk8f Grt-wb Kungwe Grt + Cpx + Opx + Amf 911 + 76 16.0 + 2.4 1.10

Sk9c c MG Kungwe Grt + Cpx + PI + Qtz 757 + 82 13.2 + 1.0 0.44
Sk9c r MG Kungwe Grt + Cpx + PI + Qtz 687 + 89 11.8 + 1.1 0.54

SklOa c MG Kungwe Grt + Cpx + PI + Qtz 742 + 82 13.1 + 1.4 0.26
SklOa r MG Kungwe Grt + Cpx + PI + Qtz 690 + 78 11.9 + 1.3 0.25

SklOb c MG Kungwe Grt + Cpx + PI + Qtz 714 + 77 12.3 +1.2 0.53

SklOb r MG Kungwe Grt + Cpx + PI + Qtz 676 + 110 11.4 + 1.8 1.61

SklOd MG Kungwe Grt + Cpx + PI + Qtz 699 + 74 12.4 +1.3 0.46

Skllc MG Kungwe Grt + Cpx + PI + Qtz 650 + 79 11.5 + 1.4 0.68

Sk449c MG Kungwe Grt + Cpx + PI + Qtz 693 + 84 12.6 + 1.0 0.78

Sk461c MG Kungwe Grt + Cpx + PI + Qtz 677 + 69 12.1 + 1.3 0.96

Notes: abbreviation as in tables 1-5. P-T estimates from THERMICALC with 2ct errors of Powell and Holland
(1988) and Holland and Powell (1990,1998).

temperatures 30-100 °C higher and pressures
0.5-1 kbar lower as compared to the calculations
of mineral reactions after Holland and Powell
(1990,1998).

Discussion

The eclogites described in this study show many
features (intense overprinting, omphacite breakdown

textures, etc.) common to eclogites of other
areas as for example the Scandinavian Cale-
donides (e.g. Austrheim, 1990; Krogh et al.,
1990; Krogh and Carswell, 1995). But the
degree of high-temperature overprint is very high in
the studied area. This caused complete re-equili-
bration of primary mineral assemblages. Only one
pod of not retrograded kyanite eclogite and a few
bodies of retrograded eclogites were found. Other

garnet-rich rocks embedded in amphibolites
are garnet pyroxenites and high-P granulites.

The garnet pyroxenites may be subdivided
into two varieties: (i) true pyroxenites (former
pyroxenites), for which high Mg/Mg + Fe ratio and
high Cr-content are typical, refleced by compositions

of rock-forming minerals (e.g. sample n24b)
and completely retrograded eclogites (former
gabbro or basalts). The latter are similar in
textures, mineral assemblage and chemistry to
retrograded eclogites except for the absence of
omphacite relics and omphacite breakdown textures.
P-T conditions for metamorphism for the true
pyroxenites are likely to have been the same as for
eclogites, but the presence of Na-augite instead of
omphacite is explained by a bulk composition
poor in Na.

Eclogites and garnet pyroxenites of the
Übende belt are the constituents of the basic-
ultrabasic sequence that underwent a complex
tectonometamorphic evolution. The results of this
study, in combination with data on mafic
granulites which are regarded as products of complete



268 E.V. SKLYAROV, K. THEUNISSEN, A.I. MELNIKOV, J. KLERKX,
D.P. GLADKOCHUB AND A. MRUMA

T3 *-H

-£ % c2 o

« o +
o|^i288.S'Od 2 S
<U >>x—v M

TO rj- cd

«f ^ ^ T3

S |0 §

Ô a +
ß w

cfl cd Tf .2 es

_ <ü
Û 7=3
2 .2-
< h
d so <s

E .2
-O »

11^1 II"3+353
Q 8 ^ <

' 2
L_iS "^5 ^ TO

)ffi SO3
; +- -o O ü

>>"0 5 ^
1 a s u
i * % K Ü°W S

S2|S &
•-HO H Ä " <£
o s- 11 ^ o e

>,6.2
0-^2 Cu -C >, ofc O cd X)2 X <N CL> ZZ £>

5 >>x -5 b oo
<u ^ *-' J2 ^
e <U II ° o

•O g N S M a£ OSS u S3

Cd 13 O ^ O
£?.2 + £1

T3

^ eu

o
<D

<g c/>
* M

» H

3
§;

' Ç C «

X. W)£

O-

cd

— MN IL^ "
a<|b^ia^ u O 0> /-i.£ k. >- 00

5b BoTS on°te §H
"S S

to o*rH *•»
<U ON

3 2U o o '

r£ w *a 5 s •

«i cd ö O S i
o "2 *-• ts j®S

g
« 'S m + Oh Ph

"i i|«5 >> ^
J-H t/> <-> Il
P "O C Ji
S S -S 15 a sb£-ä®< ä g-

M « ö c'i c ^r1 D- " " + jï +

ed
cd

O -n

_
cd

9 0> 2
<

g 1<£\§ °

r iu "rr\ ' *

^d°„
g £ Kp ° +

TO

TO X
M O
.s + *»
ojd «a x P
o S &

<L> TO £»H _QÄ -2 os «£
ÛÛ*T3 _•

"O \©
0) 00
> ON
O ON
i-H r-HO-^
S w

3



ECLOGITES AND GARNET PYROXENITES OF THE ÜBENDE BELT (TANZANIA) 269

retrogression of eclogites in granulite-facies
conditions (Sklyarov et al., in prep.) and structural
investigations (Theunissen et al., 1996) suggest
the following evolution scenario:

(1) Plate convergence and subduction of the
oceanic slab under the Tanzanian craton. Strong
obliteration of primary magmatic features makes
the nature of the basic sequence (basalts, dykes or
gabbro) somewhat uncertain and the side by side
occurrence of different kinds of rocks in separate
segments makes the complete reconstruction of
the sequence difficult. Nevertheless the mafic and
ultramafic sequences with associated metasedi-
mentary rocks are regarded as an ophiolite suite.
Alternating metaperidotite, pyroxenite and
metagabbro in some segments and the common
association banded granulite (metabasalt) with
quartzites (metacherts) indeed suggest the ophiolite

nature. The kyanite eclogite assemblages
(T 720 °C, P 17.1 kbar) reflect the early meta-
morphic event during subduction (Fig. 7).

(2) Exhumation stage 1, recorded in
retrograded eclogites (opx-cpx corona around garnet,
breakdown of omphacite). The final P-T conditions

of this stage (T 800-850 °C, P 11-15
kbar) are assumed as "initial" ones for mafic
granulites (completely overprinted eclogites).
Two types of eclogites are distinguished according

to their mode of occurrence: (i) as
constituents of essentially basic but dismembered
tectonic units, known as the Übende and Ikulu
series and (ii) as rare small lenses in felsic gneiss.
This distinction is considered as result of different
exhumation mechanisms of the subducted plate.
In the first case the relatively large slabs of essentially

basic composition were uplifted from depth.
In the second case former eclogites were
exhumed to an intermediate level of the crust as
xenoliths in ascending granitic magma. Afterwards

this suite was involved in orogenic defor-
mational processes. As the precise PT conditions
for the peak temperature are uncertain, the shape
of the metamorphic path between the prograde
and the early exhumation part of the PT trajectory

remains poorly defined and we assume two
possibilities (Fig. 7b). Both include simultaneous
heating and decompression at the beginning
followed by decompression and cooling, but the
shape of the P-T-t trajectories is different. Forced
flow (England and Holland, 1979; Cloos,
1982) is assumed to contribute to the early stage
of uplift with a steep P/T gradient in to the 40-50
km level. Variations in the "initial" granulite P-T
conditions (Fig. 7), as recorded in different areas,
are tentatively interpreted as result of fragmentation

and exhumation of slices of the subducted
plate on different levels.

(3) Exhumation stage 2, reconstructed from
the P-T evolution of mafic granulites and
retrograded eclogites. This stage is characterised by
more gentle P/T gradients (about 25 bar/°C). Sub-
parallel trends of P-T evolution of different
blocks can be explained by similar rates of uplift
experienced or - in other words - by uplift of the
whole pile, built up during a previous tectonic
stage. So, initial and final PT conditions of meta-
morphism of the Chisi area refer to a lower,
those of the Kungwe area to an intermediate, and
those of the Ikola block to an upper level of this
stacked pile. Lower P/T gradients may be
explained either by lower rates of uplift (erosion or
erosion combined with tectonic denudation of the
upper crust) or by a higher T gradient during
orogenesis.

(4) The final stage of exhumation is recorded
in numerous shear zones, separating blocks and
slices of mafic granulites, amphibolites
(retrograded granulites) and associated metasedimen-
tary rocks. Estimated temperatures are around
500-600 °C, and the pressure ranges between
5-10 kbar, reflecting a near-isothermal
decompression trend (Sklyarov et al., in prep.). This
stage is likely to be responsible for the final
juxtaposition of blocks with differing tectonometamor-
phic history, as observed in the present geological
structure.

The ages of eclogite- and granulite facies
metamorphism in the Übende belt are
unresolved, but available geochronological data
(Lenoir et al., 1994; Boven et al., 1996) ensure
that no major orogenic events took place in the
Übende belt after 1720-1740 Ma. According to
Pinna (1995) the belt persists as an oblique
suture, structurally frequently reactivated as a zone
of horizontal stress transfer but never reworked
by high grade metamorphism after Early Protero-
zoic. The repeated reactivation in the Proterozoic
as well as in the Phanerozoic concentrated along
and was confined to the inter-terrane boundaries,
emplaced in the second phase paleo-Proterozoic
evolution of the belt. Reactivation characteristically

occurred in retrograde, generally greenschist
facies conditions (Theunissen et al., 1996). The
described eclogites are probably synchronous
with eclogites of the Usagara belt for which 2 Ga
age is established (Moller et al., 1995). If it is
really so, the basite-ultrabasite sequences (dismembered

ophiolites) and also the high-pressure
metamorphism of eclogites and garnet pyroxen-
ites are the petrological indicators of the early-
most stages of plate tectonic evolution documented

in Africa. We are aware that additional dating
and petrological investigations of the basic-ultra-
basic sequence are necessary for an unambiguous
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reconstruction of the tectonometamorphic evolution

of the Übende belt. Such a work is now in
progress and will be published later.
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