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Abstract. Retrograde and prograde mineral
assemblages from metapelitic and metabasic
rocks of the Iforas Granulitic Unit (Mali) were
generated by the superimposition of two granu-
lite facies metamorphic events. They clearly
result from a polycyclic evolution and can be
related to a late Eburnean unroofing followed
by a Pan-African burial.

Thermobarometry on Pan-African garnet-
bearing assemblages yields (P,T) estimates of
620£50°C and 5= 1kbar. The nearly anhydrous
conditions produced in the Eburnean appear
to be the direct cause of the unusually low-
temperature granulite-facies metamorphism in
the Pan-African. These P, T estimates are com-
pared with those obtained on the underlying
unit (Kidal Assemblage) upon which the Iforas
Granulitic Unit was thrust. A P-T-t path, dur-
ing the Pan-African orogeny, is proposed and
discussed for both the Iforas Granulites and
Kidal Assemblage.

Key-words: Eburnean orogeny: geothermo-
barometry; Pan-African orogeny; polymeta-
morphism; P-T-t path.

INTRODUCTION

Studies of disequilibrium metamorphic textures
in structurally well-known metamorphic units
are of particular interest because they give
information of changing P-T conditions during
the tectonic evolution of a crustal segment and
consequently contribute to our understanding
of the tectonic processes involved in the evol-
ution of orogenic belts.

Garnet-forming reactions have frequently
been observed in mafic assemblages (e.g.
McLelland & Whitney, 1980: Bingen, Demaiffe

& Delhal, 1984; Ellis & Green, 1985: Harley.
1985) but two-stage corona growth has rarely
been described (Garde, Glassley & Nutman,
1984: Schenk. 1984). These two-stage coronas
are considered to be monocyclic and arise
either from short-lived fluctuations in ag,, or
Pyi.o at essentially constant P and T such as in
Greenland (Garde et al..1984) or from a unique
P-T—t path such as during the Hercynian
orogeny in Calabria (Schenk, 1984). However,
it has been argued that the second stage coronas
of these latter granulites may also better result
from Alpine recrystallization (Vielzeuf,1984).

The retrograde and prograde mineral reac-
tions we describe in the Iforas Granulitic Unit
(Mali) clearly arise from a polyeyclic evolution
and can be related to a late-Eburnean
unroofing followed by a Pan-African burial,
leading to remarkable resorption and rim tex-
tures. An estimate of the P, T conditions during
the Pan-African thrust tectonics event based on
these textures has been attempted. We discuss
the significance of the inferred P-T=r path and
its bearing on the tectonic history of the unit
during the Pan-African.

GEOLOGICAL SETTING

The Pan-African mobile belt of the
Hoggar-Iforas region (Trans-Saharan belt,
Cahen, Snelling, Delhal & Vail, 1984) is inter-
preted as the result of a collision between the
passive margin of the West African craton and
the active margin of the Tuareg shield (Fig.la;
Black. Caby, Moussine-Pouchkine, Bayer, Ber-
trand. Boullier, Fabre & Lespuer, 1979; Caby,
Bertrand & Black, 1981). In this region, the
[foras Granulitic Unit (IGU) is a polycyclic unit
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affected by a main Eburnean granulite facies
metamorphic event and later involved as a
nappe in the Pan-African orogeny (Boullier,
Davison, Bertrand & Coward, 1978). The IGU
is overthrust onto a migmatitic gneiss unit
(Kidal Assemblage) and overlain through a
sedimentary unconformity by an Upper Pro-
terozoic low-grade metasedimentary cover. A
third unit made of Upper Proterozoic supra-
crustals is thrust over the IGU (Fig. 1b). The
IGU is composed of metasedimentary (metape-
lites, quartzites, rare marbles) and meta-
igneous rocks (ultramafic rocks, norites and
charnockites) interspersed within a monot-
onous series of sub-alkaline quartzo-feldspathic
gneisses of uncertain origin. Field relationships,
petrography and structure have been detailed
in several previous papers (Boullier er al., 1978;
Davison, 1980; Boullier, 1979, 1982; Bertrand,
Michard, Carpena, Boullier, Dautel & Ploquin,
1984; Champenois, Boullier, Sautter, Wright &
Barbey, 1987).

EVIDENCE FOR A POLYCYCLIC
EVOLUTION

The IGU was first metamorphosed under
granulite facies conditions and then retro-
gressed under low pressure — high temperature
conditions, leading to widespread resorption
textures. U/Pb data on zircons show that this
main granulite facies metamorphic event
occurred 2,120 = 20Ma ago (Lancelot, Boul-
lier, Maluski & Ducrot, 1983). After the Ebur-

nean orogeny, the IGU outcropped at the pene-
plain level and was unconformably overlain by
a sedimentary cover. This cover starts with
arkosic microconglomerates composed | of
granulite detritus (e.g. mesoperthites, quartz
with rutile needles) and is attributed to the
Upper Proterozoic by comparison with other
sedimentary sequences in the belt. Both the
granulites and their cover were later involved
in the Pan-African deformation and metamor-
phism.

The IGU has mylonitic contacts with the
underlying gneissic Pan-African Kidal Assem-
blage (Fig.1b). The earliest mylonitic contact
(North and East) is the result of thrust move-
ment in a North — South direction ( D) and has
been subsequently folded by a D, deformation
(Boullier, 1979; Davison, 1980). By contrast,
the western contact corresponds to a late N-10°
dextral D; shear zone dated at ¢. 550 Ma (Lan-
celot er al., 1983; Boullier, 1986) The core of
the IGU has also been affected by the Pan-
African deformation as shown by shear zones
(Bertrand er al., 1984; Fig.2) and folding of
the Upper Proterozoic metasedimentary cover.
However, large blocks of granulites free of Pan-
African deformation have been preserved.

The Pan-African metamorphism is clearly
indicated by the recrystallization of the meta-
sedimentary cover under low-grade conditions
(400-500°C; Boullier, 1982), by the growth of
hornblende instead of clinopyroxene in the
mylonitic subalkaline gneisses of the IGU and
by the recrystallization of pre-tectonic D, basic
dykes which intrude both the IGU and its
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Fig. 2.
1979).

Block diagram showing the geometry of the Iforas Granulitic Nappe (modified from Boullier,
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Upper Proterozoic metasedimentary cover. At
the base of the IGU nappe. these basic dykes
are transformed in amphibolites: garnet is pre-
sent as well as biotite in subalkaline gneisses
and prismatic sillimanite in aluminous mylonitic
gneisses. However, all these metamorphic
assemblages are deformed by the D mylonitic
event and sometimes by the D, event. Conse-
quently, it is quite impossible to attribute any
mineral to either the Eburnean or the Pan-
African in the mylonitic base of the IGU.

Do the prograde garnet-bearing reaction rims
in the IGU originate from this Pan-African
metamorphic event? The most striking argu-
ment for the Pan-African age of these reaction
rims is that some of the pretectonic D, basic
dykes (Upper Proterozoic in age) display pro-
grade garnet-bearing coronas similar to those
found in the Iforas mafic granulites.

All the rocks studied, comprising metapelites
and norites, were sampled near the base of
the nappe as it can be reconstructed from the
geometry of the deformation structures (Fig.1b
and 2) and in regions either with abundant Pan-
African gabbro and diorite bodies (samples
IC-15 and IB-1267) or without intrusive rocks
(IC-114, IC-115).

METAPELITES

The metapelitic granulites are aluminous mig-
matitic paragneisses and consist of alternating
quartzo-feldspathic and alumina-rich. locally
silica-undersaturated ferromagnesian layers.
They display medium to coarse-grained grano-
blastic textures and are mainly composed of
quartz, garnet, cordierite, sillimanite, graphite
and more restricted amounts of alkali-feldspar,
plagioclase, spinel and staurolite. Biotite forms
layers in sample IB-1267, but is rare in 1C-15.

Textures and mineral reactions

Three metamorphic stages have been recorded. The
first two are Eburnean in age, the third Pan-African
(Table 3 and Fig.6).

The oldest assemblage corresponding to the Ebur-
nean peak metamorphic  conditions, consists  of
Grtl + Kfs + Otz + Pl + Sil + Rt + Gr. Pelitic gneisses
suffered incipient partial melting and this assemblage
was then retrogressed.

In sample IC=15. garnet porphyroblasts have been
partly resorbed. locally fragmented (Fig.3a) and sur-
rounded cither by cordierite or cordierite +hercynite
symplectitic assemblages. In silica-undersaturated
layers containing garnet and sillimanite we observe
the growth of cordierite toward garnet and of
cordierite-hercynite symplectites toward sillimanite.
These textures can be accounted for by the following
two reactions:

Grt + Sil + Quz — Crd, (1

Grt + Sil - Crd + Hc + Pl. 2)

In Sample IB-1267 garnet and sillimanite are partly
replaced by cordierite, itsell rimmed by aggregates
of brown-red biotite flakes with or without quartz
and sillimanite (Fig.3d).

The Pan-African metamorphism led to the forma-
tion of several reaction rims and to the recrystalliz-
ation of all the large Eburncan cordierite crystals into
granoblastic aggregates of small grains (0.05-
0.15mm).

The most widespread reaction corresponds to the
growth of both garnet and sillimanite at the expense
of cordierite corresponding to a displacement toward
the left in the reaction (1). The smallest relict garnet
grains (<0.2Zmm) enclosed in cordierite crystals
(resulting from the Eburnean retrograde stage) re-
crystallized into cuhedral crystals with radial silliman-
ite needles, forming sea-urchin-like textures (Fig.3b).
Most larger garnets remain generally anhedral to
subhedral (Fig. 3a).

The second type of reaction consists in the develop-
ment of staurolite mainly at the expense of cordicrite
and sillimanite. The small cuhedral staurolite crystals
(<0.5mm), locally enclosing quartz blebs. grow pre-
ferentially close to or in the immediate vicinity of
hercynite (Fig.3c) or around ilmenite and magnetite
grains. However, textural relationships clearly show
that staurolite developed from four main reactions
(see Richardson, 1968) which are dependent upon
the mineral assemblages:

Crd + He,, — St + Grtll (3)
Crd + He, + Sil = St (4)
Crd + Sil — St + Oz (5)
Crd + Mag + Sil — St +Qtz (6)

Small clusters of cuhedral biotite flakes and silli-
manite developed from cordierite (sample 1B-1267:
Fig.3d).

The non-systematic occurrence of all these reac-
tions and especially the growth of garnet only from

Fig. 3. Resorption and rim textures in metapelites. Scale bar = 0.2mm. (a) Garnet porphyroblasts partly
resorbed into cordierite and spinel, during the Eburncan retrograde stage (sample 1C-15); (b) Pan-African
cuhedral garnet with radial sillimanite needles, within cordierite (sample 1C-15); (¢) Pan-African staurolite
crystals grown from cordierite and spinel; Eburnean prismatic (sil-1) and Pan-African fibrolitic (sil-2)
sillimanite crystals are also visible at the top left (sample 1C-15): (d) Large rim of Eburncan brown biotite
(bt-1) around cordicrite and small Pan-African biotite flakes (bt-2) within cordierite (sample 1B-1267).
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small pre-existing grains suggest that these reactions
are closely controlled by kinetic factors and corre-
spond to local equilibria.

Secondary fluid inclusions are numerous in quartz
crystals, but have not been observed in other minerals
(garnct, cordierite, staurolite). Hence, it is imposs-
ible to attribute these inclusions to one precise stage
of metamorphism (Eburnean or Pan-African). As
a result, no detailed microthermometry has been
performed. Observations show that only CO, and
CO, + H.O(X,,o = 0.1 volume) inclusions are
present. CO, is either monophase (liquid) or biphase
(liquid + wvapour) at room temperature. Inclusion
shape is irregular suggesting decrepitation of carly
(Eburnean?) inclusions or incomplete healing of late
(Pan-African?) microfractures. Whatever their age,
these fluid inclusions suggest that Py, , remained low
during the entire metamorphic history.

Mineral chemistry

Mineral compositions (Table 1) were determined
with an automatized CAMEBAX clectron micro-
probe at the Department of Microanalysis (Univer-
sity of Nancy I) operating at 15 KV, [0nA and using
the mBxcor correction procedure (Henoe & Tong,
1978).

Garnets are  almandine-pyrope  solid-solutions
(X,. = 0.75-0.81: X,,, = 0.13-0.18) with minor
spessartine (Xy,,, < 0.02) and grossular (X, <0.05)
components. Garnet crystals show more or less com-
plex zoning profiles. However, some constant pat-
terns can be drawn from systematic measurements.
The profiles of the small cuhedral garnets (Fig. 3b)
are characterized. from core to rim, by a decrease in
X, and rather constant or slightly increasing Xy,
and X, (Fig.4 and Table 4). whereas those of the
large subhedral to xenomorphic garnets display an
increase in X, . rimward (Table 4). However, some
discrepancies can be observed. More particularly.
garnet X is dependent upon the neighbouring min-
erals and can increase significantly close to ilmenite
grains.

Cordierite composition is rather constant as indi-
cated by average composition and related standard
deviation (X, = 0.34 = (.02). The total fluid content
average is 2.00 = (.75 wt%.

Staurolites have X,. (Fe/Fe+Mg+Mn) ranging
from 0.81 to 0.87 with the lowest values when stauro-
lite is associated with hercynite. The Zn content was
always below the detection limit (<(1.5 wt%) Spinels
are mostly hereynite (X, = 0.83-0.90) with low Mg-
spinel (X, = 0.10-0.15) and minor gahnite (X,
=0.03) components. Oxides are almost pure ilmenite
(Xpw = 0.97-1.00, Xppow = 0-0.02. X
0 = 0.02). Plagioclase crystals are andesine (X, =
0.45-0.50) apart from small grains with very high
An contents (X, = 0.88-0.94) observed in spinel
~cordierite-staurolite aggregates. The presence of
these An-rich plagioclases can be related to reaction
(2) as shown by Viclzeuf (1984). No systematic zon-
ing was observed.
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Fig. 4. Zoning profiles of small euhedral garnets
(M) and of a large xenomorphic garnet (A) from the
metapelite IC-15. See also Table 4.

NORITES

Three samples comprising a norite (IC-115), an
olivine—clinopyroxene—-norite (IC-115B) and a
phlogopite-norite (IC-114), were studies. They
were all sampled from the same outcrop located
near the southeastern border of the IGU in
an area free from Pan-African intrusive rocks
(Fig.1b). These three rock types are tecton-
ically concordant with the regional Eburnean
metamorphic layering and are associated with
spinel-pyroxenites and metapelites. The spinel-
pyroxenites which do not show any reaction
linked to the Pan-African metamorphism, will
not be described in this section.

Textures and mineral reactions

Norite 1C-115

The primary texture of this rock is coarse-grained
equigranular granoblastic. The mineral assemblage
belonging to the Eburnean peak metamorphic con-
ditions may be reconstituted as follows: Grtl+
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OpxI+Cpxl+Pl+Qtz+IIm. Primary garnets are rare
and are observed only in a few cases (Fig.5b). Ortho-
pyroxene is characterized by clinopyroxene ex-
solution lamellae along cleavages and primary plagio-
clase contains antiperthite preserved in the core of
the crystals,

The retrograde granulitic Eburnean stage led to the
breakdown of garnct I and quartz into symplectitic
assemblages of orthopyroxene II and plagioclase II,
according to the reaction:

Grtl + Qtz —OpxIT + PIIL (7

This reaction led to the development of typical patchy
textures. The patches (2-4mm) are composed of a
corona of coarse-grained granoblastic orthopyroxene
IT free of clinopyroxene exsolution lamellae, sur-
rounding a core consisting of a symplectitic assem-
blage of plagioclase I containing orthopyroxene I1
vermicules (see for instance Fig.5a). These orthopy-
roxene vermicules are sometimes in crystallographic
continuity with the large corona orthopyroxenes.
Orthopyroxene and ilmenite are occasionally fringed
with a narrow band of greenish-brown hornblende.
In some cases, orthopyroxene 1 recrystallized and
exsolution lamellae or blebs of clinopyroxene have
coalesced to give large bands alternating with the
recrystallized orthopyroxene. In other cases. blebs
of orthopyroxene and clinopyroxene are included in
plagioclase II. Plagioclase 11 does not contain antiper-
thite but is often slightly zoned with a more An-rich
margin. This zoning could occur during decom-
pression as a result of a reaction such as

Cpx + PIl — Opx + PIII (8)

The Pan-African metamorphism led to the local
growth of garnet II between plagioclase and ortho-
pyroxene (Fig.5¢c and 6) through the reverse reaction
of reaction (7) and between ilmenite and plagioclase
according to the reaction:

Ilm + Pl =Grt + Otz. (9)

Secondary garnets contain abundant quartz blebs
mostly visible in the large crystals. Orthopyroxene
remains stable with quartz therefore suggesting that

 Pan-African recrystallization also occurred under
granulite facies conditions.

As in the metapelite 1C-15, fluid inclusions are
present in quartz crystals only and are impossible to
relate to any precise stage of the metamorphic his-
tory. Three main types of fluid inclusion have been
observed: (1) irregular CO, liguid fluid inclusion; (2)
NaCl brines: (3) H,O and CO, (liquid or liquid +

vapour at room temperature), and sometimes salt;
this type of fluid inclusions could result from the
mixing of the other two.

Olivine—clinopyroxene-norite 1C-1158

The whole metamorphic evolution of this sample is
similar to that of the previously described norite 1C-
115, except for the presence of olivine leading to
an additional garnet-forming reaction (Table 3 and
Fig. 5¢ and 6). The Eburnean highest grade assem-
blage is composed of garnet, orthopyroxene, clino-
pyroxene, minor plagioclase and ilmenite. It is diffi-
cult to ascertain whether olivine belongs to this
assemblage. Both ortho- and clinopyroxene contain
exsolution lamellae along cleavages. Olivine occurs
as aggregates of small grains (<0.2 mm) often sur-
rounded by orthopyroxene.

The first assemblage was retrogressed into a sym-
plectitic association of plagioclase and orthopyroxene
(*+ brown hornblende) vermicules (Fig.5a) according
to the reaction:

Grt + Cpx —Opx + Pl + Otz (10)

Plagioclase frequently encloses small grains of oli-
vine suggesting that the olivine—plagioclase assem-
blage was stable at the end of the Eburnean metamor-
phism.

As in the previous sample the Pan-African meta-
morphic event led to the growth of a late generation
of garnet between plagioclase and orthopyroxene
(reaction (7)) or plagioclase and olivine (Fig.5c¢)
according to the reaction:

Ol + Pl — Grt. (1)

Phlogopite-Norite 1C-114

The primary assemblage can be approximately recon-
structed as consisting ol orthopyroxene containing
tiny necedles of rutile in a 3-D lattice. garnet and
minor plagioclase.

During the Eburnean retrograde stage. this carly
assemblage was destabilized through complex reac-
tions leading to corona textures and to the growth of
large mica flakes outlining a weak foliation. The
coronas consist of a core ol plagioclase grains in
symplectitic association with orthopyroxene and spi-
nel vermicules, surrounded by granoblastic aggre-
gates of coarse-grained orthopyroxene which contains
abundant spinel vermicules close to the plagioclase
contact (Fig. 5d). The spinel vermicules sometimes
coalesce and give larger grains or strings along grain

Fig. 5. Resorption and rim textures in norites. Scale bar = 0.2mm. (a) Garnet porphyroblast partly
resorbed into a symplectite of orthopyroxene and plagioclase with minor brown hornblende, during the
Eburnean retrograde stage (sample 1C-115B); (b) Two-stage corona texture: relict Eburncan garnet grain
(grt-1) destabilized into plagioclase and orthopyroxenc. and Pan-African garnct-quartz rim (grt-2) between
orthopyroxene and plagioclase (sample IC-115): (¢) Pan-African garnet rims around orthopyroxene. brown
hornblende and olivine (sample IC-115B): (d) Pan-African garnet developed on a former orthopyroxene-
plagioclase symplectite: note the orthopyroxene-spinel symplectite formed according to reaction (12) during

the Eburnean retrograde stage (sample 1C-114A),
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boundaries. This could be part of the exsolved MgTs
l.'()mp()m.‘llt:

MgALSIO, = MgALSIO, + SiO, . (12)

Orthopyroxenes have rectilinear or curvilincar
grain boundaries with 1207 triple junctions and show
straight Kink-band boundarics normal to (100).
Relationships between neighbouring crystals suggest
that some grains come [rom a single large crystal by
syntectonic reerystallization or the evolution of Kink-
band boundaries into grain boundaries.

In a subsequent stage, garnet formed from ortho-
pyroxene and plagioclase, or from biotite and plagio-
clase (Fig.5d). As in the previous samples, this pro-
grade reaction is interpreted as Pan-African in age.

Mineral chemistry (Table 2)

Norite 1C-115

Garnets  display  systematic  chemical  variations
between the cores of primary relict garnet and see-
ondary garnet rims growing from plagioclase and
orthopyroxene. The cores of large primary garnets
have the highest Xy, and the lowest X, values
(X, =0.09 ; X, =0.19) whereas the rims have inter-
mediate values (X, =0.08 ; X ,=0.20) similar 1o
those of the small relict primary garnets. Sccondary
garnets have X, contents in the range 0.05-0.07 and
X¢, in the range 0.21-0.26 (average 0.24 = 0.01).

There are no significant compositional variations
between the cores and the rims of the large ortho-
pyroxene crystals and the vermicules included in the
plagioclase. Their compositions vary over a narrow
range (X, = 0.65-0.70. X,, = 0.29-0.32. and X
= (.01-0.02) and they are characterized by a low
AlLLO; content (<1 wt% ). Exsolved clinopyroxence in
orthopyroxene and vermicules of clinopyroxene in
plagioclase are in the same compositional range (X,
= (.23-0.26).

Secondary antiperthite-free  plagioclases  have
higher X, (range 0.54-0.75. average 0.62+0.06)
than primary plagioclase (range 0.48-0.60, average
0.53%0.04) which is characterized by the presence of
antiperthite (X, = 0.93-0.97. Xy, = 0.03-0.07, X,
= (-0.01). With the exception of a few hematite
grains, oxides are essentially ilmenite (X,
0.89-0.95, X1 = 0.01-0.05).

Olivine-clinopyroxene norite 1C-1158

Relict Eburnean garnets have Xy, ranging from 0.24
to 0.26 whercas small Pan-African garnets which
occur as rims around olivine and orthopyroxenc crys-
tals, have lower X, (0.21-0.17). In all types of
garnet X, remains almost constant (0.18-0.21).
The composition of both the large orthopyroxene
crystals and the vermicules included in plagioclase
lies in a restricted range (X, = 0.39-0.45). Only the
small orthopyroxenes forming rims around olivines

have lower X, (around 0.31). AlLLO, contents are
in all cases low (= 1.8 wt%). The composition of
clinopyroxene is also rather constant (X, =
0.34-0.38. X, = 0.39-0.47).

Olivine is characterized by a quite restricted com-
positional range (X, = 0.41-0.43) irrespective of its
association with garnet or othopyroxenc.

Plagioclase is a bytownite (X4, = 0.86-0.90) and
does not show systematic variation around corona
textures.  Oxides  are mainly ilmenite (X,
0.96-0.99, X, = 0.02-0.04) with a few grains of
hematite (X, = 0.98-1, X, = 0-0.02).

“Him

Phlogopite-norite 1C-114

Primary garnets display weak zoning with more Mg-
rich cores (range X, 0.46-0.50, average
0.48+0.01) than rims (range X, = 0.45-0.48.
average 0.47+0.01). Secondary garnets which have
grown from orthopyroxene and plagioclase  have
significantly lower X, (0.43<X,,.<0.46. average
0.45+0.01). Secondary garnets growing at the
expense of biotite have still lower
N (038X, <043, average 0.40+0.02). The X,
(0.02) and X,,, (0.01) contents remain low and do
not show significant variations.

For all types of orthopyroxenes X, varies in the
range (.69-0.73. Spinel vermicules and grains in both
orthopyroxene and plagioclase are hereynite-Mg spi-
nel solid solutions (X, = 0.42-0.52). Biotite does
not show significant compositional zoning (X,,. =
0.87x0.02).

Primary plagioclases are  oligoclases (X,
0.28-0.29) whercas secondary plagioclases are and-
esine (X, = 0.30-0.34) with slightly more An-rich
margins.

ESTIMATION OF P,T CONDITIONS

The main successive mineral reactions (summa-
rized in Table 3 and on Fig.6) and field relation-
ship indicate that the granulites were decom-
pressed at the end of the Eburnean orogeny
and then buried again during the Pan-African
event. Most of garnet forming reactions
observed in both metapelitic and mafic rocks
have been calibrated as geobarometers or
geothermometers and can be used to estimate
the P, T conditions prevailing the IGU during
the Pan-African. These P, T estimates have
been performed only from new garnet grains
and rims of older minerals which can be. «
priori, considered as representative of the Pan-
African metamorphic event. A full set of data
for these P, T calculations is available from the
senior author on request. A P, T estimate from
fluid inclusions has not been attempted
because, as outlined before, there are no
reliable eriteria to distinguish among the several
generations of fluid inclusions.
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Fig. 6. Synthetic diagram for the main Eburncan and Pan-African mineral reactions and related textures
in metapelites and norites. Numbers between brackets refer to the reactions given in the text and in Table 3.

Thermobarometry on metapelitic
assemblages

Temp eratures

Temperatures were estimated from Crd-Grt,
Crd-Spl and Grt-Bt assemblages. All the ther-
mometric expressions based on these assem-
blages assume ideal mixing of garnet com-
ponents.

Temperatures calculated from Grt—Crd
assemblages with the calibrations of Thompson
(1976) are in the range 572-627°C for sample
IB-1267 and in the range 545-658°C for sample
IC-15 (Fig.7a). Estimates from small euhedral

garnets and from rims of larger garnets are
identical. Temperatures obtained from the cali-
brations of Wells (1979) and Martignole & Sissi
(1981) fall in the same range (520-635°C and
510-640°C., respectively).

The Fe-Mg exchange equilibrium between
cordierite and spinel has also been used for
thermometric purposes (Vielzeuf, 1983). This
thermometer yields results (517-656°C) in the
same range as the Crd-Grt thermometer
(Fig.7b).

Temperatures obtained from two Grt-Bt
pairs using the calibration of Ferry & Spear
(1978) and Hodges & Spear (1982) (576-671°C
and 530-624°C, respectively) are consistent
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with the above estimates, whereas tempera-
tures given by the calibration of Pigage &
Greenwood (1979) are rather high (621-708°C).

The Zn content of spinel in Bt-Sil-Spl assem-
blages could not be used as a thermometer
because of the silica-undersaturated chemistry
of the alumina-rich layers in the metapelites
(Montel, Weber & Pichavant, 1986).

The various temperature estimates are con-
sistent with each other and indicate that the
temperature of metamorphism is likely to have
been in the range 550-650°C. It must be
stressed that these temperatures are too low
for Grt-Crd-Sil-Qtz assemblages to be stable
at the relevant pressure of 4-5 kbar (see below)
for Py o= Poa- For instance, the relevant stab-
ility field, bounded by the curves labelled
Bt-Sil-Qtz and FeCrd (see Fig.7 of Holdaway
& Lee, 1977) extends down to 670°C at P=
4 kbar for Py o = 0.4P,,....

Therefore, the stability of the Grt-Crd-
Sil-Otz assemblage at these low temperatures
(550-650°C) suggests strongly reduced water
fugacity or, possibly, inappropriate calibration
of the thermometric expressions (especially
regarding modelling of the activity—composition
relation of garnet). Nevertheless, the consist-
ency of temperature estimates in metapelitic
and in mafic assemblages (for which the non-
ideal mixing of garnet components have been
taken into account) together with the stability
of the Opx-Qtz assemblage, the scarcity of bio-
tite and the abundance of COs-rich fluid
inclusions support the first hypothesis.

Pressures

Pressures estimated from the fluid dependent
equilibrium Crd + Grt + Sil + Qtz must be
regarded with caution because water fugacity
is poorly defined. Nevertheless, the stability of
this assemblage at temperatures around 600°C
implies very low. if not negligible. a4y, . The
calculations were performed assuming anhy-
drous conditions. Consequently, the pressures
determined are minimum estimates.

The different geobarometric expressions
applied to the metapelites assume that cordier-
ites can be approximated to an ideal two-site
mixing and either assume ideal mixing of garnet
components (Holdaway & Lee, 1977; Newton
& Wood, 1979; Lonker, 1981; Martignole &
Sissi, 1981) or use activity—composition relation
accounting for the non-ideal mixing of garnet
components (Bhattacharya, 1986). The calibra-
tions of Holdaway & Lee (1977), Lonker (1981)

and Bhattacharya (1986) yield similar results
in the 550-650°C temperature range which
are respectively:  4.5-5.1kbar, 4.5-5.0kbar
and 4.6-5.7kbar (see also Fig.7a). The cali-
brations of Newton & Wood (1979) and Martig-
nole & Sissi (1981) give lower estimates
(3.8-4.8kbar and 2.5-3.3 kbar respectively).

Thermobarometry on mafic assemblages

Temperatures were estimated from Grt-Opx
thermometers (Harley, 1984a; K. Lal & M.
Raith in Srikantappa. Raith & Ackermand 1985
and written communication, 1985). Pressures
were determined from Grt-Opx-Pl-Qtz assem-
blages using the calibrations of Newton & Per-
kins (1982), Bohlen, Wall & Boettcher (1983)
and Perkins & Chipera (1985), and from the
Grt-Opx Al-barometer (Harley., 1984b) and
the Grt-OI-Pl barometer (Newton, 1983;
Bohlen er al., 1983).

Temperatures

Temperatures calculated from 20 Grt-Opx
pairs with the calibration of Harley (1984a)
are in the range 512-676°C, except for three
extreme values (475, 720 and 723°C). The tem-
peratures for samples 1C-115 (512-638°C) and
IC-115B (565-631°C) are in the same range as
those for the metapelites (Fig.7). The highest
estimates were obtained on the more magne-
sian sample IC-114A (630-723°C).

The calibration of Lal & Raith yields similar
results for the samples IC-115 and IC-115B
(Fig.7¢ and d) but much higher temperatures
for sample IC-114A (=>800°C; Fig.7¢). Such
high values could be due to the high Xy, of
phases because this calibration of the Grt-Opx
exchange equilibrium is not applicable for com-
positions close to the end-members (M. Raith,
written communication, 1986).

Pressures

Pressures determined from norites are consist-
ent with those obtained from the metapelitic
assemblages. Pressure estimates derived from
both Grt-Opx-Pl and Grt-OI-Pl assemblages
with the calibrations of Newton & Perkins
(1982), Newton (1983) and Bohlen er al..(1983)
are in a narrow range (3.5-6.8kbar) The data
obtained from the Grt-Opx barometer of Per-
kins & Chipera (1985) and from the Grt-Opx
Al-barometer of Harley (1984b) are more scat-
tered (1.0-8.7kbar and 3.7-9.3kbar, respect-
ively) but consistent with the former ones. The
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Fig. 7. Diagram showing the results of geothermobarometry. ALSIO. phase diagram from Holdaway
(1971). (a) Crd-Grt thermobarometry on samples 1C-15 and IB-1267. ( ) T and P according to
Thompson (1976) and Holdaway & Lee (1977): (---) T and P ranges according to Wells (1979) and
Bhattacharya (1986). (b) Crd-Spl and Gri-Bt thermometry on samples [C-15 and IB-1267. ( ) Crd-Spl
thermometry (Vielzeuf, 1983): (----- ) Grt-Bt thermometry according to Hodges & Spear (1982); (-—--)
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er al. (1983): (-—-—) P according to Newton (1983). (¢) Gri—-Opx-Pl thermobarometry on sample 1C 114A.
Same as (d).
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Table 4. XT', InK,,, and T(°C) (Thompson. 1976)
for some representative zoned garnets associated with
cordierite and sillimanite.

Sample number Xgn InkK,, T(°C)

Small cuhedral garnets (Fig. 3b)

1C-15-3A
rim 0.791 2.309 601
core 0.802 2.385 581
core 0.799 2.358 588
rim 0.791 2.296 605
IC-15-3B
rim 0.791 2.260 615
core 0.796 2273 613
Subhedral to anhedral garnets
IC-15-2A
rim 0.764 2.215 628
core 0.786 2.115 658
core 0.790 2.314 600
rim 0.796 2.406 576
1C-15-5B
rim 0.791 2.210 629
core 0.773 2.073 671
IB-1267-1
rim 0.814 2.354 589
core 0.795 2.197 633

results for the three studied samples are consist-
ent with each other and given in Table 5.

Garnet zoning

Two types of zoning have been observed (see
previous sections): (1) a zoning characterized
by an increase in Xy, rimward and found only
in metapelites, and (2) a zoning characterized
by a decrease in Xy, toward the rim and
observed in both metapelites and norites.

The first type is typical of the small euhedral
garnets associated with sillimanite needles in
cordierite (Fig.3b). In this case. the K}, values
increase rimward (Table 4) therefore suggesting

that this zoning can be regarded as Pan-African
prograde growth zoning.

The second type corresponds to a decrease
in Xy, rimward. It affects the subhedral to
anhedral garnet grains sometimes associated
with sillimanite in metapelites, and is general
in norites. This zoning is associated with a
decrease in the K}, values rimward (Table 4)
and might be interpreted as Pan-African retro-
grade zoning. However, it is difficult to explain
why the large garnets would be affected by
retrograde zoning but not the smallest ones. A
more likely explanation is that this normal zon-
ing corresponds either to an overgrowth of Pan-
African garnet on a previous residual Eburnean
garnet equilibrated at higher P, T conditions,
or to a relict Eburnean retrograde zoning.

DISCUSSION

On the basis of previous structural and geo-
chronological data, it can be demonstrated that
the two-stage granulitic coronas are clearly
related to a polycyclic evolution. In this respect,
the discussion of Calabria (Schenk. 1984: Viel-
zeuf, 1984) emphasizes the necessity of careful
structural observations and geochronological
data to interpret these two-stage coronas.
Comparing the different thermobarometric
results from both the pelitic and mafic assem-
blages leads us to estimate the P, T conditions
of equilibration of these assemblages during
the Pan-African metamorphic event at about
Sx1lkbar and 620£50°C. Moreover, this esti-
mate could probably represent near-climactic
conditions, as suggested by the existence of
prograde growth zoning in garnets from meta-
pelites. The homogeneity of temperatures all
over the 1GU, irrespective of the proximity
of gabbroic and dioritic bodies, precludes any
significant heating effect by Pan-African
intrusions. Therefore, these P,T conditions

Table 5. Range of pressures (kbar) obtained on the three samples of norites, for
the 550-650°C temperature range using different calibrations: (1) Newton &
Perkins (1982), (2) Bohlen er al. (1983), (3) Perkins & Chipera (1985). (4) Newton

(1983), (5) Harley (1984)

Assemblage Calibration
Gri-Opx-P1 (N

(2)

(3)
Grt-0I-Pl (4)

(2)

Gri-Opx/Al (5)

IC-115 IC-115B IC-114A
3.5-45 5.8-6.5 4.0-6.0
3.2-53 3.8-6.7 3.0-8.5
6.7-9.3 7.3-9.0 3.7-5.2
3.7-5.9
3.0-4.7
2.6-8.7 1.6-7.9 1.0-3.1
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Fig. 8. Synoptic P-T data and interpretative P-T— path for the Iforas Granulite Unit and the Kidal
Assemblage during the Pan-African event. Data for the Kidal Assemblage (8§) from Champenois er al.,

(1987). Data for the IGU (O) from Fig. 7.

1982), it appears likely that the common evol-
probably reflect a rather high geothermal gradi-
ent. The close identity between the pressures
estimated from norites and those estimated
from metapelites clearly corroborates the
hypothesis of very low water fugacities during
the Pan-African metamorphic event.

The underlying Kidal Assemblage experi-
enced a two-stage evolution during the Pan-
African (Boullier, 1982; Champenois et al.,
1987). A paroxysmal stage in the kyanite stab-
ility field, estimated at 700£50°C and
10=1kbar, was followed by a migmatization
episode at lower pressure near to or below the
kyanite — sillimanite phase transition (650 —
750°C. 7-8kbar) and synchronous with the
thrusting deformation (Fig.8). The mylonitic
structures linked to this thrusting event are
observed both in the Kidal gneiss assemblage
and IGU. As these mylonites are coeval with
the granulite facies recrystallizations (Boullier,
ution of the two units began at the peak con-
ditions recorded in the IGU.

The fact that the Iforas granulites were out-
cropping before the Pan-African orogeny and
that the Kidal assemblage experienced higher

pressures than the granulites during the Pan-
African, leads us to propose the following evol-
ution. The IGU together with its autochtonous
sedimentary cover, was overthrust by Upper
Proterozoic  supracrustals and tectonically
buried to a depth of ¢.20km, and then thrust
over and attached to the Kidal Assemblage
which was going up at the same time. Both
units were subsequently uplifted together
(Fig.8). The P-T—t path of these two units is
very similar to those in other collisional orogens
where the crust is thickened by thrusting,
deduced either from thermobarometry on min-
eral assemblages (e.g. Bucher-Nurminen &
Droop. 1983; Barbey et al.. 1984; Hollister &
Crawford, 1986) or from calculation models
(Albaréde, 1976; England & Thompson, 1984).
These results confirm the tectonic interpret-
ation of this segment of the Trans-Saharan Pan-
African belt previously proposed by Boullier et
al., (1978), Wright (1979). Davison (1980) and
Champenois et al. (1987). However it should
be noted that in contrast with the case-study
of Hollister & Crawford (1986) in the Coast
Mountains of British Columbia, the structurally
lowest unit of the Adrar des Iforas (Kidal
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Assemblage) was metamorphosed at higher
pressures that the overlving IGU

Another interesting and important feature is
that the retrogression of the Iforas granulites
during the Eburncan metamorphic evolution
occurred under almost anhvdrous conditions,
leading only to the growth of a little biotite in
metapelites or biotite and hornblende in mafic
rocks. It appears likely that this anhvdrous
Eburnean retrogression (preservation of high
Xco, in the fluid phase) is a prerequisite con-
dition for the development of a new granulite
facies metamorphism during the Pan-African
orogeny. During this event, X, probably
increased moderately after the thrusting of the
granulites upon the Kidal Assemblage where
dehydration reactions occurred. However, the
percolation of fluid from below was restricted
to the sole of the nappe and to localized vertical
shear zones (characterized by intense defor-
mation and recrystallization of hornblende and
biotite) which acted also as weakness zones for
intrusion of plutonic bodies. The fact that these
rocks remained dry may also account for the
local reaction control and limited recrystalliz-
ation during the Pan-African.

Thus. the Pan-African reworking of the IGU
was not complete and left some large blocks
where the whole Eburnean and Pan-African
history can be reconstructed.
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