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ABSTRACT
A petrological and metamorphic comparison of Mesoproterozoic metabasic rocks on the eastern
margin of the Archaean Grunehogna Craton and the adjacent Maud Belt in western Dronning
Maud Land, East Antarctica, revealed a difference in peak metamorphic conditions from T =
~275°C to 730°C and P = 2 to 10.7 kbar over a distance of only 30 km across a major glacial
valley. The lower grade constraints were derived from average P-T calculations using THER-
MOCALC and thermodynamic modeling of phase equilibria together with chlorite geother-
mometry. The high-grade P-T constraint for the westernmost part of the Maud Belt closest to
the glacier, derived from hornblende-plagioclase thermometry and geobarometric calculations
with a garnet amphibolite assemblage, is very similar to that reported for the eastern Maud Belt
and, therefore, does not support the concept of a westward decreasing metamorphic field gradi-
ent as previously proposed. In conjunction with a recent geochronological study on the eastern
Maud Belt, this study suggests that the inferred sub-glacial boundary between the Grunehogna
Craton and the Maud Belt, known as the Penckstkket-Jutulstraumen Discontinuity, may repre-
sent a major thrust that developed during Pan-African orogenesis (possibly as the continuation
of the East African Mozambique Belt into East Antarctica) prior to extension and its develop-
ment as a normal listric fault or succession of fault slices during the Mesozoic break-up of

Gondwana.

Bulk major-, trace- (including rare earth) element and isotopic data of variably metamorphosed
mafic rocks in the polymetamorphic Maud Belt, in conjunction with limited geochronological
data, indicate that the Maud Belt was once an active continental volcanic arc that formed on the
southeastern margin of the Kaapvaal-Grunehogna Craton during the late Mesoproterozoic
(1160-1130 Ma). This is in contrast to models of an oceanic island arc that was obducted onto
the craton margin in analogy with the evolution of the Natal Belt in southern Africa. Four
groups of amphibolite are distinguished on the basis of new lithogeochemical and Rb-Sr as well
as Sm-Nd isotope data. Group 1 is the oldest and is interpreted as representing volcanic arc-
related mafic protoliths in the Maud Belt. It is characterized by Archacan Sm-Nd model ages
(2500 to 3300 Ma), depletion in Nb and Ta, and strong enrichment in light rare earth and large
ion lithophile elements. Its €xg (1110 Ma) values show a wide spread ranging between —6.0

and —15.0. The mafic protoliths to the Group 2 amphibolites are ascribed to the 1107 Ma



Umkondo/Borgmassivet thermal event on the basis of comparable Sm-Nd model ages (~1800
Ma) and trace element distributions. Group 3 amphibolites are distinguished by flat, E-type
MORB-like rare earth element patterns and low Th/Yb ratios. They are interpreted to represent
largely juvenile oceanic basalts/dykes that were emplaced during opening of a Neoproterozoic
ocean basin. Group 4 amphibolites show overall enrichment in rare earth elements and elevated
Zr concentrations. They are interpreted to be related to a phase of c. 530 Ma syn-tectonic mafic
magmatism that was derived from partial melting of late Mesoproterozoic lithosphere. Post-
tectonic, ¢. 490 Ma gabbro and mafic dykes have a geochemical signature with subduction-zone
characteristics. From their chronometric, isotopic and field relationships it is evident, however,
that they are related to partial melting of lower calc-alkaline, arc-related Mesoproterozoic crust
during orogenic collapse and not to melt formation in an active supra-subduction-zone setting.
This demonstrates the limitations and problems of conventional tectonic discrimination dia-

grams.
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1. INTRODUCTION

The high-grade Maud Belt of western Dronning Maud Land, East Antarctica, has been inter-
preted to originate as a juvenile island arc that was tectonically accreted on to the margin of an
Archaean cratonic block, known as the Grunehogna Craton at the end of the Mesoproterozoic
(Basson et al., 2004; Bauer et al, 2003; Golynsky and Jacobs, 2001; Grantham et al., 1995; Gro-
enewald et al., 1995; Paulsson and Austrheim, 2003, Jacobs, 1993; Figs. 1 and 2). The marked
metamorphic contrast between the relatively undeformed Mesoproterozoic volcano-sedimentary
Ritchersflya Supergroup overlying Archaean basement granite of the Grunehogna Craton and
the high-grade gneisses of the Maud Belt, has led to the inference of a sub-glacial boundary
known as the Pencksokket-Jutulstraumen Discontinuity (PJD; e.g. Ravich & Soloviev, 1969;
Grantham et al., 1988; Grantham & Hunter, 1991). Extensive mafic sills of the 1107 Ma Borg-
massivet Suite (Krynauw, 1991; M. Knoper, unpubl. data reported in Frimmel, 2004) intruded
the Ritcherflya Supergroup, whereas in the Maud Belt numerous mafic bodies occur as pre- to

post-tectonic amphibolite dykes, sills and boudins.

General agreement exists on the Grunehogna Craton having formed part of the Kaapvaal Craton
prior to the break-up of Gondwana. The geodynamic evolution prior to Gondwana remains
highly speculative. Three different tectonic models have been suggested for the oceanic area to
the south of the Kaapvaal-Grunehogna Craton, including western Dronning Maud Land: (i) a
complex “Tugela Ocean” with one or more intra-oceanic arcs but generally southward directed
subduction zones (Arima et al., 2001); (ii) a southward directed subduction, followed by a
northward directed subduction in western Dronning Maud Land (Bauer et al., 2003); and (ii1)
two southward directed subduction zones, with the northern one separating the Grunehogna
Province from the Kaapvaal Craton (Basson et al., 2004). All of these models consider the
Maud Belt to represent a continuation of the late Mesoproterozoic Namaqua-Natal Belt of
southern Africa into East Antarctica and they involve deposition of at least the lower parts of
the Ritcherflya Supergroup in a peripheral forearc cratonic basin in response to accretion and
continental collision of an island arc (Maud Belt) to the margin of the Grunehogna Craton (e.g.
Basson et al., 2004; Groenewald et al., 1995; Moyes & Harris, 1996). The polarity of subduc-

tion is, in most cases, assumed to be directed away from the Kaapvaal-Grunehogna Craton to-
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ward allegedly juvenile island arc/s that comprise the Namaqua-Natal and Maud Belts (e.g.

Basson et al., 2004; Jacobs, 1993; Golynsky and Jacobs, 2001; Grantham et al., 1995; Gro-
enewald et al., 1995). The PJD was interpreted to have developed as a consequence of major
Mesoproterozoic (1060 - 1030 Ma) thrusting during this collisional episode forming a large-
scale suture between the oceanic island arc and the southeastern margin of the Kaapvaal Craton

(Groenewald et al., 1995).

In contrast, a number of workers considered the discontinuity to be a graben structure that was
repeatedly reactivated over the past 2.5 billion years (e.g. Ravich & Soloviev, 1969; Roots,
1969; Wolmarans & Kent, 1982). The interpretation as a rift structure was supported by gravity
and aeromagnetic anomalies (Wolmarans & Kent, 1982; Decleir & Van Autenboer, 1982;
Golynsky, 1997) as well as the presence of Mesozoic alkaline complexes at Tvora and Straums-
vola (Fig. 1; Decleir & Van Autenboer, 1982; Harris & Grantham, 1993). Vertical displacement
along the inferred fault plane/s has been estimated at between ~600 to 1500 m (Ravich & So-
loviev, 1969) and 8 km (R.C. Wallace, in Wolmarans & Kent, 1982). Groenewald et al. (1995)
did not dismiss the idea of crustal extension for the PJD proposed by earlier work of the above
authors, but suggested that rifting exploited the pre-existing thrust plane during the break-up of
Gondwana (Grantham et al., 1988; Grantham & Hunter, 1991; Harris & Grantham, 1993; Gro-
enewald et al., 1995).

Low-grade metamorphism and deformation of the Ritchersflya Supergroup has recently been
noted to increase towards the PJD (Frimmel, 2004). The age of this metamorphism, however, is
unknown. On the opposite side of the sub-glacial boundary. an apparent late Mesoproterozoic
metamorphic field gradient has been reported. Metamorphic grade is interpreted to decrease
from granulite facies conditions in the eastern Maud Belt to amphibolite facies further to the
west (Groenewald et al., 1995; Grantham et al., 1995). Recent work in the eastern Maud Belt,
however, has revealed that the main, penetrative fabric is Pan-African (c. 540 Ma) in age indi-
cating major Pan-African tectonic reworking of the Grenville-age crust (Board et al., 2005). Re-
construction of a late Mesoproterozoic P-T-t path for the Maud Belt and direct comparison with
that recorded in the Namaqua-Natal Belt has was, therefore, shown to be complicated because

of Pan-African overprinting (Board et al., 2005; Frimmel, 2004). Thus, the age (that is



*Grenvillian® or Pan-African) and true metamorphic grade on the opposite side of the PID in the
western part of the Maud Belt is also unknown. These new data and field observations present
new uncertainties and casts doubt on pre-existing tectonic models for the development of the
PJD and the late Mesoproterozoic to Palaeozoic geological evolution of Western Dronning
Maud Land. Furthermore, the masking effect of the Pencksokket and Jutulstraumen glaciers,
prevents direct measurement of the dip, transport direction and displacement along the inferred
discontinuity concealing its true nature as a thrust or thrust zone or an extensional feature such

as a normal fault, listric fault or graben-type structure.

The presenting uncertainties and difficulties in interpreting the geological evolution of Western
Dronning Maud Land give rise to a number of possible end-member tectonic models other than
those proposed in the literature. As the age of the metamorphism on either side of the PJD is not
known, it is possible that the two litho-tectonic crustal components record differing geologic
and metamorphic histories in independent tectonic settings prior to juxtaposition that resulted in
a metamorphic discontinuity. Alternatively, the two crustal domains may be related only by
metamorphism and not by their geological origin in the same setting, such as formation and ob-
duction of an oceanic arc onto the continental craton margin forming a large-scale suture or
thrust zone, with a section of crust missing below the glaciers. In this model, the allegedly large
difference in metamorphic grade may be due to differential exhumation of different crustal lev-
els of the Grunehogna Craton and Maud Belt, related either to Grenvillian or Pan-African oro-
genesis. As not only the age, but also the extent of the metamorphic hiatus is uncertain, another
possibility arises whereby a continuous and progressive change in metamorphic grade exists be-
low the glaciers. That is, the two domains may be genetically related by both, metamorphic his-
tory and tectonic setting, arguing for a close spatial relation between the Grunehogna Craton
and the former Maud volcanic arc, in which case the Ritcherflya volcano-sedimentary basin
may take a back-arc position. Hybrid models may also be possible which involve the PDJ as a

major Pan-African thrust, rather than a late Mesoproterozoic feature.

As a penetrative fabric was imprinted on the high-grade metamorphic rocks at ¢. 540 Ma, the
various mafic bodies that occur as deformed dykes, sills and/or boudins must pre-date or be

syn-tectonic with respect to the Pan-African orogeny and thus provide potential information on



the late Meso- to Neoproterozoic history of the Maud Belt. To address the problems discussed
above, the first part of this study aims at assessing the extent of the metamorphic hiatus as well
as the nature and tectonic history of the PID by quantifying and comparing the P-T conditions
on either side of the inferred discontinuity. Peak metamorphic conditions was estimated from
amphibolite boudins at Straumsvola nunatak in the western part of the Maud Belt closests to the
Jutulstraumen glacier and compared to both the Grenvillian and Pan-African metamorphic con-
straints from similar amphibolite in the eastern Maud Belt as well as P-T conditions on the
southeastern margin of the Grunehogna Craton from a probably contemporaneous (with respect

to the protoliths of the amphibolite) mafic sill (Fig. 1).

New major, trace (including rare earth element, REE) as well as Sr and Nd isotopic data for
various mafic intrusions and amphibolites from different parts of Western Dronning Maud Land
are presented in this study. Geochemical and geochronological data on mafic rocks in Western
Dronning Maud Land are scarce in the literature. So far, two geochemically distinct generations
of amphibolite could be distinguished in the southernmost part of the Maud Belt with geochro-
nological methods: U-Pb single zircon ages yielded 1033 + 7 Ma and 586 + 7 Ma, respectively
(Bauer et al., 2003). These late Mesoproterozoic and Neoproterozoic mafic rocks serve as refer-
ence for the variety of undated pre- to post-tectonic mafic rocks across the Maud Belt, which
are subject of this study. A further reference for lithogeochemical and isotopic comparison is
given by the voluminous, effectively unmetamorphosed, 1107 Ma mafic sills of the Borgmas-
sivet Suite on the adjacent Grunehogna Craton. Given that the early metamorphic and tectonic
evolution of the Maud Belt is largely unknown due to major Pan-African tectonic overprint, the
trace element and isotope geochemistry of the mafic protoliths to the amphibolites is used here
in an attempt to constrain their tectonic setting. It will be shown that a number of different gen-
erations of mafic protoliths can be distinguished. By assessing the extent to which the Maud
Belt represents juvenile, late Mesoproterozoic crust of an intra-oceanic island arc origin or an
extensive continental volcanic arc system on the craton margin, a new geodynamic model for

the late Mesoproterzoic evolution of western Dronning Maud Land will be proposed.



2. REGIONAL GEOLOGY

Western Dronning Maud Land comprises two major tectonic units, namely the Grunehogna
Craton and the Maud Belt (Krynauw, 1996), with the latter recording evidence of two orogenic
episodes related to supercontinent formation, once in the late Mesoproterozoic (“Grenvillian™ of
North America) and again around the Precambrian/Cambrian boundary (“Pan-African” of Af-
rica) during the assembly of Gondwana (Figs. 1 and 2). An inferred boundary between the
Grunchogna Craton and the Maud Belt lies concealed below the enormous Pencksokket-
Jutulstraumen glacial system and is known as the Pencksokket-Jutulstraumen Discontinuity (or
PID). The only rocks exposed above this glacial system are the highly sheared diorite and mafic
dykes at a small nunatak, known as Midbresrabben in the middle of the Penckstkket Glacier

(Grantham and Hunter, 1991; Fig. 1).

The Proterozoic volcano-sedimentary Ritcherflya Supergroup, overlying Archaean basement
granite on the craton, is sub-divided into the lowermost Ahlmannryggen Group, interpreted as a
marginal-marine to braided/meandering river, regressive, marine sequence (Ferreira, 1988), and
the upper Jutulstraumen Group, which consists of tuff layers and mafic to intermediate lava
flows (Watters, 1991). Similarity between this volcano-sedimentary succession and the
Umkondo Supergroup of southeastern Zimbabwe has led Ferreira (1988) to interpret the Grune-
hogna Craton as an Archaean fragment of the southeastern Kalahari (amalgamated Kaapvaal-
Zimbabwe) Craton that became tectonically disconnected during the break-up of Gondwana.
Numerous mafic sills of the Borgmassivet Suite intrude the Ritcherflya Supergroup and have
been geochemically correlated with the flood basalts of the Jutulstraumen Group (Krynauw,
1991). U-Pb zircon data from one of the sills indicates an emplacement age of approximately
1107 Ma (M. Knoper, unpubl. data in Frimmel, 2004). A U-Pb age of 1130 £ 7 Ma, derived
from single zircon grains in tuff beds from the Ahlmannryggen Group (Frimmel, 2004), pro-
vides so far the best constraint on the timing of sedimentation in the Ritcherflya basin. The tec-

tonic setting for these sediments remains problematic.

A U-Pb zircon age of 1109.6 £ 0.6 Ma from an Umkondo dolerite sill on the eastern margin of

the Archaean Zimbabwe Craton (Hanson et al., 2004) is identical with that of the Borgmassivet
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Fig. 2. East Antarctica within a Gondwana configuration at ~ 500 Ma (modified after
Boger and Miller, 2004). Inset B shows Western Dronning Maud Land and the Maud
Belt consisting of the Heimefrontfjella (HF), Kirwanveggen (KW), H.U. Sverdrupfjella
(SF), Gjelsvikfjella (GF) and Central Dronning Maud Land (CDML) as the continuation
of the Mozambique Belt into East Antarctica (modified after Kréner, 2001). C: Coats
Land, FM: Falkland Microplate, GP: Grunehogna Craton, LB: Lurio Belt, NNP:
Namaqua-Natal Belt, LHB: Liitzow-Holm Bay, SD: Sor Rondane, YB: Yamato-Belgica
Complex, SL: Sri Lanka. HSZ= Heimefront Shear Zone (after Jacobs et al., 1995). The
proposed suture between East and West Gondwana is after Shackelton (1996) and
Grunow (1996).



Suite. Magmatism at around that time has also been documented about 1200 km southwest of
the Grunehogna Craton in southern Coats Land (Gose et al., 1997; Fig. 2). Zircon grains from
rhyolite and granophyre in that area yielded U-Pb ages of 1112 + 4 Ma and 1106 + 3 Ma, re-
spectively (Gose et al., 1997). It is now known that the Coats Land Block could not have been
attached to the Kalahari Craton since recent age data for the Umkondo sills (Hanson et al.,
2004) confirm a similar age of intrusion to that of the Coats Land magmatic suite, yet the pa-
lacomagnetic data from these rocks indicate that the Coats Land pole is different to the Kalahari
pole (Gose et al., 1997). The Umkondo and Borgmassivet Suites have been interpreted to reflect
part of a large-scale intra-plate magmatic event that took place between 1112 and 1106 Ma that,
although short-lived, affected both the Kalahari (including the Grunehogna) and Laurentian
Cratons during the assembly of an inferred late Mesoproterozoic supercontinent (Hanson et al.,

1998; 2004), be it Rodinia, Palacopangea, or any other configuration.

Traditionally, the Maud Belt has been considered part of a larger Grenville-age mobile belt
around the margin of East Antarctica, known as the Circum East Antarctic Mobile Belt
(CEAMB; e.g. Tingey, 1991; Yoshida, 1992; Jacobs et al., 1993; Gose et al., 1997; Golynsky
and Jacobs, 2001; Jacobs et al., 2003), which continues into the Namaqua-Natal Belt of south-
ern Africa. It has been proposed that the Maud Belt represents a juvenile island arc that accreted
onto the southeastern margin of the Kaapvaal Craton during the late Mesoproterozoic (e.g.
Arndt et al., 1991; Jacobs, 1993; Grantham et al., 1995; Groenewald et al., 1995; Golynsky and
Jacobs, 2001; Bauer et al, 2003; Paulsson and Austrheim, 2003; Basson et al., 2004). The Maud
Belt is exposed in a number of areas from southwest to northeast, namely the Heimefrontfjella,
Kirwanveggen, H.U. Sverdrupfjella, Gjelsvikfjella and central Dronning Maud Land (Fig. 1).
The U-Pb zircon protolith ages of the oldest volcanic and plutonic rocks of this proposed island
arc of between 1160 and 1130 Ma (Arndt et al., 1991; Harris et al., 1995; Jacobs et al., 1999;
Jackson, 1999; Paulsson and Austrheim, 2003; Board et al., 2005) are in good agreement with
the U-Pb single zircon ages of 1130 + 7 Ma from tuff layers in the Ahlmannryggen Group,
pointing to a close spatial relationship between the cratonic depositional basin of the Ritcherflya

Supergroup and the former Maud Belt volcanic arc.

The tectonothermal evolution of the Maud Belt is complex. In contrast to the Namaqua-Natal



Belt, reconstruction of a late Mesoproterozoic P-T-t path has been severely complicated due to
major Pan-African reworking of pre-existing Mesoproterozoic crust (Frimmel, 2004; Board et
al. 2005). Mesoproterozoic metamorphism has been documented from various exposed parts of
the Maud Belt. A SHRIMP U-Pb age of 106114 Ma from 300 km long megacrystic augen
gneiss is recorded in the northeastern Maud Belt (Harris et al., 1995). Similar metamorphic zir-
con ages from anatectic leucosome and metamorphic zircon overgrowths indicate high-grade
metamorphism that occurred between 1060 and 1030 Ma in the Central Kirwanveggen
(Jackson, 1999) and H.U. Sverdrupfjella (Board et al., 2005). Although Arndt et al. (1991) re-
ported a metamorphic U-Pb zircon age of 110445 Ma; high-grade Grenville-age metamorphism
in the southeastern Heimefrontfjella area has more recently been bracketed between ¢.1090 and
1060 Ma (Jacobs et al., 2003). The older age is therefore interpreted as derived from an inher-
ited zircon and most likely dates an earlier large-scale thermal event on the Kaapvaal Craton
(Hanson et al., 1998; 2004). A similar U-Pb age of 1098+5 Ma from leucosome material has

also been reported from the Northern Kirwanveggen (Harris et al., 1995).

The extent of Pan-African tectonic overprinting in the belt has been a contentious issue, with
some workers suggesting a mainly thermal overprint (Grantham et al., 1995; Groenewald et al.,
1995, Jackson, 1999) and others a tectono-thermal overprint (Jacobs et al., 1995; Board et al.,
2005). In particular, U-Pb ages of ¢.540 Ma from syn-tectonic monazite inclusions within meta-
morphic minerals that define a penetrative top-to-the-northwest shear fabric in the H.U. Sver-
drupfjelia provided strong support for a tectono-thermal Pan-African overprint (Board et al.,
2005). This shear fabric developed under upper amphibolites-facies conditions (Myy) that fol-
lowed decompression from eclogite-facies (M,,) conditions (Board et al., 2005). Although the
age of this eclogite-facies metamorphism is not resolved, an early Pan-African age is preferred

because of rare U-Pb zircon overgrowth ages around 565 Ma (Board et al., 2005).

Two pulses of high-grade Pan-African tectonism have also been reported from the Gjelsvik-
fjella (Bisnath et al., in review) and central Dronning Maud Land (Jacobs et al., 2003) further to
the northeast between c. 580-560 Ma and 530-510 Ma. In central Dronning Maud Land, the
second pulse was associated with a phase of syn- to post-tectonic mafic magmatism during oro-

genic collapse (Jacobs et al., 2003). In the Kirwanveggen, the intensity and extent of deforma-



tion and metamorphism contributed by ‘late-Grenvillian’ and Pan-African tectonothermal epi-
sodes has proven to be difficult to differentiate due to co-planar and co-linear superposition of
structural elements (i.e. southeast plunging kinematic indicators), and the lack of Pan-African
magmatism in that area (Grantham et al., 1995; Jackson, 1999). In the amphibolite facies Sivorg
Terrane, east of an extensive Pan-African shear zone (known as the Heimefront Shear Zone or
HSZ) in the Heimefrontfjella, metamorphic zircon overgrowths also indicate a ~500 Ma tec-
tonothermal overprint (Jacobs et al., 2003). The extent of Pan-African tectonothermal overprint-
ing of Mesoproterozoic reworked volcanic arc crust apparently increases towards the northeast
(e.g. Jacobs et al., 1998; Jacobs et al., 2002; Paulsson & Austrheim, 2003), which has lead to
Cambrian migmatization and the more common occurrence of post-tectonic (<510 Ma) mafic
and felsic intrusions (e.g. granitoids, gabbros, syenites, aplite dykes) in the northeastern areas of
the belt (Harris et al., 1995; Mikhalsky et al., 1997; Jacobs et al., 2003; Paulsson and

Austrheim, 2003; Bisnath et al., in review).

The recognition and timing of Pan-African tectonism in the Maud Belt and other related areas
of East Antarctica (Zhao et al., 1992; Shiraishi et al., 1992; Dirks et al., 1993; Jacobs et al.,
1996, 1998; Fitzsimons et al., 1997) has supported the concept of continuation of the East Afri-
can Orogen into East Antarctica (e.g. Pinna et al., 1993; Jacobs et al., 1998). Jacobs et al. (1995,
1996, 1999) interpreted the Pan-African Heimefront Shear Zone (HSZ) in the Heimefrontfjella
to represent the continuation of the Mozambique Belt into East Antarctica, but only as the west-
ern front to the East African Orogen in their Gondwana reconstruction (Fig. 2). The suture be-
tween East and West Gondwana is generally considered to be contained within the East African
Orogen and is attributed to the closure of the Mozambique Ocean between ~700 and 600 Ma (e.
g. Grunow et al., 1996; Shackleton, 1996; Fitzsimons, 2000a, 2000b; Nedelec et al., 2000;
Boger et al., 2001). However, the exact location of this suture in both the East African Orogen

and East Antarctica remains problematic.

Three Mesozoic alkaline intrusions occur in the Maud Belt east of the Jutulstraumen Glacier
(Fig. 1). These include the Straumsvola, Tvora and Sistefjell syenite intrusions (e.g. Harris and
Grantham, 1993; Harris et al., 2002) and are believed to record rift-related magmatism related

to the break-up of Gondwana (e.g. Grantham and Hunter, 1991; Harris and Grantham, 1993).
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3. METAMORPHIC HISTORY OF THE MAUD BELT

Groenewald et al. (1995) proposed a westward decreasing Grenville-age metamorphic field gra-
dient in the H.U. Sverdrupfjella with granulite facies rocks in an eastern domain thrust over an
amphibolite facies domain in the west that developed during collision and accretion of the
Maud Belt as a former oceanic island arc to the southeastern margin of the Kaapvaal-
Grunehogna Craton. Temperature and pressure estimates of ~12+2 and 675-750°C for the east-
ern part were obtained from an early inferred M; mafic assemblage consisting of Grt + Cpx + Pl
+ Qtz (Grantham et al., 1995), with only the pressure estimate being in agreement with the pro-
posed M, eclogite facies assemblage of Groenewald et al. (1995). Subsequent decompression
during thrust-related uplift and partial hydration was suggested, leading to the development of
the mineral assemblage Cpx + Hbl + Grt + Pl + Qtz (M>) for which P-T constraints of 7-9.5
kbar and 600-700°C were obtained (Grantham et al., 1995). This temperature estimate for M, is
much lower than that proposed by Groenewald et al. (1995) and Groenewald & Hunter (1991)
who suggested decompression during thermal relaxation to granulite facies conditions (8-10
kbar, 850°C). These discrepancies most likely reflect uncertainty regarding the timing of meta-
morphic and deformation events in that area. In contrast to the above authors, Board et al.
(2005) tdentified pervasive fabric development and upper amphibolite facies metamorphism
(M3y) in the eastern Sverdrupfjella as being Pan-African (c. 540 Ma) in age based on U-Pb iso-
tope data from syn-tectonic monazite inclusions in the metamorphic minerals defining a pene-
trative S, fabric and from U-Pb zircon ages. These recent data imply a Pan-African age for the
major top-to-northwest thrusting. Although not dated by geochronological means, an early Pan-
African age is also inferred for a garnet-omphacite M,, eclogite facies assemblage, due to evi-
dence for an earlier Pan-African pulse at ¢. 565 Ma from U-Pb zircon overgrowth ages (Board

et al., 2005).

Hornblende-plagioclase geothermometry applied to metabasites that contain retrograde decom-
pression-related hornblende-plagioclase symplectite surrounding garnet and clinopyroxene has
been shown to be more reliable and consistent than garnet-hornblende geothermometry (Board
et al., 2005). Temperature estimates from garnet-hornblende thermometry are variable, indicat-

ing that Fe-Mg exchange between garnet and amphibole did not achieve equilibrium. Previous
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constraints on peak metamorphic temperatures from ‘eastern’ and ‘western’ domains
(Grantham et al. 1995) using this geothermometer are, therefore, problematic as the garnet and
amphibole belong to two separate metamorphic assemblages (M; and M,, respectively) and
most likely did not attain chemical equilibrium. Metamorphic temperature constraints on the M,
garnet-clinopyroxene assemblage are also doubtful as they were derived from garnet and clino-
pyroxene separated by retrograde symplectite, and most likely reflect diffusional resetting dur-

ing Pan-African M,, conditions.

A lower pressure limit of ~3 kbar is derived for the proposed western domain using clinopy-
roxene-plagioclase-quartz geobarometry (Grantham et al.,, 1995). The same geobarometer is
also used in constraining a pressure for M; and M,/M; conditions in the eastern domain. Diffi-
culty in obtaining accurate analyses of Na,O in clinopyroxene is known to be a problematic as-
pect in the application of clinopyroxene-plagioclase-quartz geobarometry. Order-disorder tran-
sitions in both clinopyroxene and albite and the limited activity-composition data for the calcic-
sodic pyroxenes are other problematic factors (Carswell & Harley, 1989). Grantham et al.,
(1995) noted that clinopyroxene and plagioclase compositions from two of their samples
yielded unrealistic pressure estimates. Board et al. (2005) considered all the plagioclase in tex-
tural equilibrium with the clinopyroxene as being secondary, due to petrographic evidence for
decompression from the surrounding hornblende-plagioclase symplectite. Decompression from
M,, eclogite facies to My, upper amphibolite facies conditions resulted in the decomposition of
omphacitic clinopyroxene and the net transfer of jadeite and Ca-tschermakite components to al-
bite and anorthite, respectively, in the secondary symplectitic plagioclase. On this basis, the

lower pressure limit of 3 kbar for the western domain is also unreliable.

A closer inspection of the Grantham et al. (1995) P-T data allows a distinction to be made be-
tween their My/M; metamorphism. Pressure estimates derived from garnet-rutile-ilmenite-
plagioclase-quartz geothermometry (referred to as GRIPS by Grantham et al., 1995) for both
eastern and western domains of ~7-8 kbar, are identical to later Pan-African M,, conditions de-
scribed by Board et al. (2005) in the southeastern H.U. Sverdrupfjella (derived from metapelitic
rocks), suggesting that the plagioclase compositions in the metabasites used by these authors

were reset during late Pan-African metamorphism. Garnet-hornblende-plagioclase-quartz geo-
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barometry, on the other hand, yields a more reliable pressure constraint of ~9 kar, consistent
with the lower pressure estimate (9.2 kbar) for My, in Board’s study. If the interpretation of
Board et al. (2005) is correct, the granulite facies mineral assemblage (i.e. M) described by
Groenewald & Hunter (1991) might be the only preserved relict of earlier, Grenvillian high-

grade metamorphism in the H.U. Sverdrupfjella area, apart from geochronological evidence of

leucosome formation around 1035 Ma.
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4. LOCAL GEOLOGY

Samples for this study were taken from two localities directly on either side of the Penckstkket-
Jutulstraumen glacial valley, namely at Nashornkalvane South on the eastern margin of Grune-

hogna Craton and at Straumsvola in the western part of the Maud Belt (Fig. I and Fig. 3).

4.1 Nashornkalvane

Nashornkalvane comprises two nunataks, namely, Nashornkalvane North and South. Both
nunataks are exposures of the Ahlmannryggen Group, the southern of which is host to a large,
50-120 m thick, mafic sill of the Borgmassivet Suite. At Nashornkalvane South the bedding
planes dip at a significantly steeper angle of ~ 25° SE, as opposed to the general sub-horizontal
attitude further west from the discontinuity. The succession consists predominantly of brown-
grey, massive thickly bedded siltstone interlayered with thin beds of shale, greywacke and pale
yellow felsic tuff.

Field observations are consistent with a regressive marine depositional environment (Ferreira,
1988). Symmetrical bifurcating ripple marks found on the eastern side of Nashalkalvane North
indicate a shallow marine to tidal flat environment. Rounded globule-like structures observed in
thin mudstone layers represent intraformational, clay pebble conglomerates (Ferreira, 1988).
Well preserved cross bedding at Nashalkalvane South indicates changes to a more fluvial domi-
nated depositional environment. In outcrop, the mafic sill at the southern nunatak appears dio-
ritic to gabbroic in composition. On the hand specimen scale, the green colouration points to

possible greenschist facies metamorphism.

4.2 Straumsvola

Metabasic boudins were sampled from a unit mapped as Banded Gneiss Complex of the Jutul-
rora Formation (Grantham et al., 1988) at the southern end of the Straumsvola nunatak (Fig. 3
and Fig. 4). The gneiss complex comprises regularly alternating dark amphibolite and felsic lay-
ers, which define a strong planar fabric and form the host rock to the Straumsvola nepheline
syenite complex (Harris & Grantham, 1993). The Straumsvola alkaline pluton, together with the

nearby quartz syenite Tvora complex intruded the gneisses at around 170-180 Ma during Gond-
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Fig. 3. Geological map of the Straumsvola nunatak (Harris & Grantham, 1993) showing the sampling site with

the Straumsvola and Tvora alkaline complexes also shown.

wana break-up (Grantham et al., 1988; Harris & Grantham, 1993). Oxygen isotope data indi-
cated that extensive fluid alteration (fenitization) of the country rock and the development of a

hydrothermal system around the pluton was not achieved (Harris & Grantham, 1993).

The orientation of the large, up to 8 m thick, mafic boudins in the country rock is parallel to the
foliation throughout the area with the thickness of the gneissic layers ranging from centimeters
to metres (Fig. 4). Thinner, centimeter-scale layers commonly display ptygmatic folds. The
general appearance of the boudins in outcrop suggests that they may represent thick mafic sills
that intruded into a volcano-sedimentary succession before deformation. In places, mafic
boudins display an outer well-foliated zone that surrounds a more resistant, less strained, core.
Some amphibolite boudins are garnet-rich, while others are devoid of garnet. High-grade meta-
morphism generated anatectic leucosomes comprising alkali and plagioclase feldspar, quartz
and large sheets of biotite, which appear in both, the country rock and in the cores of boudins.

Abundant quartzofeldspathic veins and pegmatite post-date folding and foliation in the area and

15



cut across the mafic boudins with xenoliths of amphibolitic country rock present in the larger

pegmatitic dykes.

Fig. 4. Outcrop south of the Straumsvola syenite complex displaying the Jutulrora Banded Gneiss Complex with
amphibolitic boudins. The boudins are syn-tectonic with respect to tHe regional S, fabric. Post-tectonic mafic

dykes are related to the nearby syenite complex.

Numerous, mostly near vertical, melanocratic dykes were found to truncate the folds, boudins
and pegmatite dykes. These dykes are probably similar in age with a similar compositional
range to those cross-cutting the neighbouring Straumsvola complex for which a Mesozoic age
has been established (Harris & Grantham, 1993). As field evidence points to pre- and post-
syenite emplacement for the dykes, the approximate parallel orientation (north-south) of the
dykes with the Jutulstraumen glacier is interpreted to indicate the continuation of rift-related ex-

tension after intrusion of the Straumsvola pluton (Harris & Grantham, 1993).
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5. PETROGRAPHY

5.1 Nashornkalvane

Petrographic examination of the Borgmassivet Suite samples from Nashornkalvane revealed the
presence of actinolite, chlorite, epidote, albite and quartz. These metamorphic minerals are ran-
domly scattered throughout individual thin sections with their occurrence restricted to local do-
mains between dominant relic igneous phases. The mafic rocks appear unstrained with no pre-

ferred orientation of any mineral developed.

In many cases, most of the thin section consists of corroded clinopyroxene (augite) grains and
highly sericitized plagioclase (Fig. Sa). Clinopyroxene is uralitized to fine actinolite and/or
chlorite along grain boundaries. The fine dusting on the plagioclase consists of white mica. Mi-
nor ilmenite is typically replaced by metamorphic sphene and/or rutile. The sphene exists as a
reaction rim around ilmenite, as triangular shaped crystals with an opaque core, or as larger
skeletal-shaped pseudomorphs after poikilitic-skeletal ilmenite crystals. The type and propor-
tion of metamorphic minerals present in the greenschist microdomains vary considerably. All
the minerals defining the metamorphic domains are very fine-grained and usually occur as
mono-, bi-, or tri-mineralic assemblages. Chlorite is usually the most abundant phase. Figure 5
(c) , for example, illustrates textural equilibrium between chlorite, actinolite, epidote and quartz,
whereas in places only actinolite exists as pseudomorphs after clinopyroxene. In most places
chiorite and actinolite may be found in textural equilibrium within microdomains varying be-

tween 4 and 140 mm® in area.

Actinolite is commonly found as small needles fringing relic augite grains. Long, fibrous nee-
dles are also found scattered randomly or concentrated in zones associated with other metamor-
phic minerals (Fig. 5b, ¢, €). In some domains, the dominant actinolite habit was found to be
minute blades occurring in aggregates within chlorite-rich domains rather than existing as fine-
grained nematoblasts (Fig. 5d). A third morphological type manifests itself where clinopyrox-
ene is completely replaced and the resulting actinolite pseudomorph exists as an independent
grain with well formed crystal faces. In this case, the actinolite occurs as larger, elongated pris-

matic crystals. In some of the grains, well-developed cleavage can clearly be observed. Light
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Fig. 5 Photomicrographs of metabasic rocks from Nashalkalvane, (a-e), and Straumsvola, (f-h), all in cross-
polarized light, except (h) taken in plane-polarized light. Field of view =1.5mm. (a) Relic clinopyroxene and pla-
gioclase outside metamorphic domains (sample EG-N3). (b) Large metamorphic microdomain in sample EG-N2
showing partial replacement of clinopyroxene along rim by actinolitic nematoblasts, with chlorite and a euhedral,
crystal of epidote. (c) Smaller microdomain similar to (b) showing quartz, chlorite, actinolite and epidote (EG-
14a). (d) Finer-grained aggregate of chlorite, actinolite and epidote with quartz (EG-14c). (e) Domain showing
albite (after plagioclase), actinolite (after clinopyroxene) with chlorite (EG-N2). (f) Amphibole + plagioclase +
quartz assemblage in textural equilibrium (EG-021b) typical of the Straumsvola amphibolites. (g) Recrystallized
texture due to second generation amphibole (EG-028). (h) Poikiloblastic garnet in garnet amphibolite (EG-016).

green chlorite is present as abundant aggregates surrounding the other metamorphic minerals,
such as quartz, actinolite and epidote (Fig. 5(b-e)). It also exists around clinopyroxene relics
where it is associated with actinolite. Its low, anomalous blue interference colour indicates an

Fe-rich composition. Higher birefringence mixed-layer chlorite/smectite was not observed.

Epidote/clinozoisite is present as granular aggregates (i.e intergrowths of two or more crystals),
six-sided sections or as long prismatic crystals (Fig. 5(b-d)). Crystal size varies considerably.
Grains (and aggregates) of various sizes generally tend to cluster in groups but can also occur

isolated. Many of the crystals display compositional zoning.

The scattered occurrence and restriction of the metamorphic minerals to microdomains may
possibly reflect a lack of pervasive fluid infiltration, which appears to have limited their growth.
This fluid phase most probably had a composition with a low CO, partial pressure as no carbon-

ate phases were observed.

5.2 Straumsvola

Amphibolite samples were collected from mafic boudins within the banded gneiss country rock
to the nearby Straumsvola syenite complex. In contrast to the Nashornkalvane metabasites, ig-
neous textures of the Straumsvola mafic protolith(s) have been completely obliterated due to
high-grade metamorphism. Typically, the amphibolite consists of syn-kinematic green-brown
amphibole, plagioclase and quartz with accessory metamorphic sphene and/or rutile replacing

relict ilmenite (Fig. 5f). Randomly oriented, post-kinematic biotite is present as a minor phase
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in variable amounts. Textural evidence for recrystallization of pre-existing amphibole is indi-
cated in some of the samples that were collected from less hydrated, strain- protected cores of
boudins. In these domains, former, relatively coarse-grained amphibole grains recrystallized to
a second generation of smaller, subhedral amphibole grains (Fig. 5g). Towards the boudin mar-
gins, the second-generation amphibole is progressively more aligned and coarser-grained. This
indicates that the fabric-defining amphibole belongs to the second generation, with evidence of
a previous amphibolite-facies metamorphic event only preserved in strain-protected, less hy-
drated and equilibrated cores of larger boudins. Particularly well foliated amphibolite tends to
show a higher degree of saussuritisation and partial replacement of amphibole by biotite. Most

of the amphibolite is garnet-free, but rarely a garnet-bearing variety occurs as well (Fig. 5h).
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6. MINERAL CHEMISTRY

Mineral compositions were measured using a Cameca CAMEBAX electron microprobe at the
University of Cape Town. Representative mineral compositions are listed in Tables 1-6 (for en-
tire data set see Appendix 3). Mineral abbreviations are after Kretz (1983) and Bucher & Frey
(1994). Five representative polished sections from the Nashornkalvane and nine from the
Straumsvola localities were selected. The analyses were carried out using an accelerating poten-
tial of 15 kV and a beam current of 40 nA. All minerals were analyzed with an electron beam
diameter of about 10 pm, except for feldspar (~ 30-40 pm). Natural mineral standards were
used for calibration. Typical detection limits at 1-sigma of background for element oxides were
(in wt%): SiO,, 0.2; NayO, 0.1; K0, 0.01; Al,O;, 0.2; FeO, 0.3; MnO, 0.03; MgO, 0.1; TiO,,
0.02; CaQ, 0.1. Data were reduced using a Cameca PAP correction (Pouchou & Pichoir, 1984).

6.1 Nashornkalvane

For the Nashornkalvane metabasites at least 15 chlorite grains from each of five samples were
analyzed (Table 1). The x-parameter, or proportion of chlorite content in the phyllosilicate
structure, was obtained from the sum of the non-interlayer cations and extrapolation between
the pure chlorite end-member (for clinochlore, x = 1) and smectite end-member (for saponite, x
= 0) according to the method of Schiffman & Fridleifsson (1991). Chlorite compositions are
close to that of ideal tri,trioctahedral chlorite (Fig. 6 and 7). All of the metamorphic amphibole
grains straddle the boundary between actinolite and ferro-actinolite (after Leake et al., 1997)
plotting within a narrow Xy, range of between 0.49-0.59 (Table 2). Actinolite compositions
within some of the metabasites samples are homogeneous, whereas others display variable Si
content per formula unit for a relatively constant Xy, ratio (Fig. 8). Actinolite compositions ap-
pear to differ depending on actinolite crystal habit/morphology. Fine-grained actinolite needles
found along clinopyroxene grain boundaries have a higher Si content for a given Xy, compared
to discrete, lath-shaped pseudomorphs of actinolite formed after complete clinopyroxene re-

placement.

Ten analyses from a large metamorphic domain in sample EG-14c¢ revealed a significant varia-

tion in epidote composition between the clinozoisite and epidote end-members (Table 3). Epi-
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(filled circles) after Robinson et al. (1993).

dote analyses yielded Xp.3+ values between 0.12 and 0.28. This compositional spread is inde-
pendent of the domain size. The feldspar in metamorphic microdomains is albite. Where pre-

sent, it has a restricted composition of 98-95 mol% Ab (Fig. 10).

tremolite

actinolite magnesiohomblende tschermakite

%, B9
><g 05 5—5¢
EG-N2

ferro- ferrohornbiende Eg::?-ta
tinolit . . .. .

aatnolte EG-N10 Fig. 8. Amphibole compositions in Nashalkalvane

00 L L metabasites classified after Leake et al. (1997).
80 75 70 65 6.0 55

Si

6.2 Straumsvola

The amount of Fe ** in amphibole was estimated using the method of Leake et al. (1997) on the
basis of 23 O. In all cases, normalization on an all-ferrous assumption assigns the majority of
the amphiboles to the ferropargasite compositional field (Table 5; Fig. 9). Recalculation assum-
ing the maximum amount of Fe ** with the formula based on 13 cations excluding K, Na and

Ca, forces amphibole compositions in samples EG-024, EG-031, EG-028 and EG-016 into the
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pargasite compositional field. On an all-ferrous assumption, the amphibole data plotted for

these samples appear to overlap and cluster tightly near the top left corner of the ferropargasite

field. Most grains are compositionally homogeneous. Second generation, recrystallized amphi-

bole displays the highest variation in Si composition, for the same Xy, (Fig. 9, inset B).

Plagioclase compositions range between Anyyand Anys(Table 6; Fig. 10). Plagioclase composi-

tions in the recrystallized sample, EG-028, shows the greatest compositional variability (Fig.

10). Samples with plagioclase compositions between Angoand An,e are associated with a

slightly more edenitic variety of amphibole, reflecting variations in Si and Mg content in the

mafic precursor rocks. The garnet in sample EG-016 is predominantly almandine but with a sig-

nificant grossular component (Py;;AlmssSpessaGro,s, Table 4).
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Fig. 9. Amphibole compositions in selected Straumsvola me-

tabasites classified after Leake et al. (1997).

Recrystallized

amphibole displays the highest variation in Si, but similar Xy,
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Table 1. Representative electron microprobe anafyses of chiorite in the Nashornkalvane metabasites

EGN2(1) EGN2(11) EGN2(7) EGN2(5) EGN2(8) EGN3(12) EGN3(16) EGN3(2) EGN3(1) EGN3(3)

SiO, 25.38 24 .84 25.88 25.70 26.00 26.73 26.28 26.00 2546 26.57
TiO; 0.02 0.01 0.00 0.04 0.01 0.00 0.04 0.02 0.02 0.02
Al,03 21.04 20.20 20.56 20.50 20.40 20.42 20.53 21.08 21.05 19.77
FeO 30.36 29.71 30.40 28.76 29.88 28.39 29.34 29.40 28.61 29.60
MnO 039 0.41 0.47 0.45 0.39 047 0.39 0.39 0.38 0.44
MgO 12.33 13.15 12.10 12.53 12.45 13.21 12.75 12,75 13.68 13.28
Ca0 0.02 0.00 0.05 0.02 0.03 0.05 0.05 0.60 0.01 0.02
Na,0 0.02 0.05 0.00 0.00 0.08 0.00 0.03 0.05 0.04 0.05
K20 0.00 0.00 0.01 0.02 0.01 0.00 0.00 0.01 0.01 0.01
Total 89.55 88.37 89.48 89.00 89.25 89.25 89.43 89.70 89.26 89.76
Si 2.69 2.67 2.74 273 276 2.80 2.77 2,73 2.68 279
A 1.31 1.33 1.26 1.27 1.24 1.20 1.23 1.27 1.32 1.21
T site 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Al 1.32 1.23 1.31 1.30 1.31 1.33 1.32 1.34 1.30 1.24
Fe™ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.95 2.1 1.91 1.99 1.97 207 2.00 2.00 215 2.08
Fe'? 2.69 2.67 2.70 265 265 2.49 2.58 2.58 2.52 260
Mn 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.04
Ca 0.00 0.00 0.01 0.60 0.00 0.01 0.01 0.00 0.00 0.00
Na 0.00 0.01 0.00 0.00 0.02 0.00 0.01 0.01 0.01 0.01
K 0.00 0.00 0.00 G.00 0.00 0.00 0.00 0.00 0.00 0.00
O site 6.00 6.05 5.97 5.98 5.98 5.93 5.96 5.97 6.01 5.98
X fe 0.58 0.56 0.58 0.57 0.57 0.55 0.56 0.56 0.54 0.56
X 0.99 1.04 0.97 0.98 0.96 0.93 0.95 0.96 1.00 0.97
(1°C)

Z&F 273 279 261 265 260 252 258 266 279 253
c 360 366 342 346 339 323 334 347 362 326
C&N 296 300 284 287 282 272 279 287 287 274
K & Mc 200 200 194 195 192 185 190 194 198 187

EG14a(11) EG14a(9) EG14a(14) EG14a(6) EG14a(7) EG14b(15) EG14b(13) EG14b(6) EG14b(8) EG14b(5)

Sio; 26.10 25.99 25.26 2582 26.23 25.05 24.81 24 .85 2499 25.81
TiO, 0.06 0.02 0.02 0.02 0.02 0.04 0.01 0.02 0.04 0.04
ALOs 21.42 21.55 21.84 21.53 21.70 20.79 21.09 21.36 20.41 19.68
FeO 30.16 29.77 29.63 29.84 29.92 30.79 30.51 30.92 30.81 29.93
MnO 0.40 0.45 0.46 0.47 0.43 0.44 0.48 0.47 0.49 0.46
MgO 10.79 11.35 11.05 10.49 11.08 12.30 12.72 11.65 12.20 13.04
CaO 0.04 0.04 0.03 0.05 0.03 0.07 0.02 0.06 0.03 0.06
Na,O 0.01 0.04 0.04 0.04 0.03 0.00 0.01 0.00 0.02 0.00
K>0 0.01 0.02 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Total 88.97 89.21 88.34 88.25 89.45 89.48 89.65 89.32 89.00 89.01
Si 2.77 2.75 2.70 2.76 277 2.67 263 2.65 2.68 275
Al 1.23 1.25 1.30 1.24 1.23 1.33 1.37 1.35 1.32 1.26
T site 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Al'® 1.45 1.43 1.46 1.48 1.46 1.28 1.27 1.34 1.26 1.22
Fe' 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.71 1.79 1.76 1.67 1.74 1.95 2.01 1.85 1.95 2.07
Fe™ 2.68 2.63 2.65 2.67 2.64 2.74 2.71 2.76 278 2.67
Mn 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Ca 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01
Na 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
O site 588 5.91 592 5.88 5.89 6.02 6.05 6.00 6.03 6.01
X re 0.61 0.60 0.60 0.61 0.60 0.58 0.57 0.60 0.59 0.56
X 0.89 0.91 0.92 0.88 0.89 1.01 1.04 1.00 1.02 1.00
(T°C)

Z&F 253 259 269 254 255 278 286 280 275 262
C 334 341 356 336 336 367 378 372 363 341
C&N 278 283 293 280 280 300 307 304 298 283
K & Mc 194 195 200 195 194 203 205 205 201 192

Spot number for individual analysis is shown in parentheses after the sample name. All analysis recalculated on the basis
chlorite structural formula with normalization based on 14 O. Note: all Fe expressed as FeO. Xg, = Fe/(Fe + Mg)

calculated on a molecular proportions basis. x = estimate of the proportion of trioctahedral chlorite (x = 1) relative to

saponite component (x = 0). Z & F = Zang and Fyfe (1995) chlorite thermometer. C = Cathelineau (1988) chlorite themometer.
C & N = Cathelineau and Nieva (1985) thermometer. K & Mc = Kranidiotis and MaclLean (1987) thermometer
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Table 2. Representative electron microprobe analyses of actinolite
for Nashornkalvane metabasites.

Sample  EG-N14b(7) EG-N2(3) EG-N3(8) EG-N14a(3) EGN-10(5)

Sio, 50.58 51.63 54.56 51.88 52.34
TiOo, 0.07 0.05 0.01 0.04 0.09
Al,O, 4.42 4.40 2.63 413 2.97
Fe,0, 0.00 0.00 0.00 0.00 0.00
FeO* 18.53 18.02 15.84 18.66 16.72
MnO 0.38 0.40 0.26 0.35 0.34
MgO 11.64 11.13 12.65 10.24 13.13
Ca0 12.61 11.73 12.59 12.59 12.83
Na,0 0.41 0.30 0.23 0.58 0.26
K,0 0.10 0.18 0.12 0.10 0.11
Total 98.73 97.83 98.88 98.56 98.79
Si 7.45 7.61 7.85 7.63 7.62
Al 0.55 0.39 0.15 0.37 0.38
T site 8.00 8.00 8.00 8.00 8.00
Al 0.21 0.37 0.29 0.35 0.13
Fe" 0.00 0.00 0.00 0.00 0.00
Ti 0.01 0.01 0.00 0.00 0.01
Mg 2.56 245 2.71 224 2.85
Fe'? 2.22 2.18 1.90 2.29 1.97
Mn 0.00 0.00 0.03 0.04 0.04
M1,2,3 5.00 5.00 494 4.93 5.00
Fe'? 0.06 0.04 0.00 0.00 0.07
Mn 0.05 0.05 0.00 0.00 0.00
Ca 1.99 1.85 1.94 1.98 2.00
Na 0.00 0.00 0.06 0.02 0.00
M4 2.09 1.95 2.00 2.00 2.07
Ca 0.00 0.00 0.00 0.00 0.00
Na 0.12 0.09 0.00 0.15 0.07
K 0.02 0.03 0.02 0.02 0.02
A site 0.14 0.12 0.03 0.17 0.10
Total 15.23 15.06 14.97 15.10 15.16

*All Fe calculated as FeO.
Calculation of formula based on 23 O. Number for individual analysis
shown in parentheses.
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Table 4. Selected electron microprobe analyses of gamet in Straumsvola
metabasite.

EG-016G2 EG-016G7 EG-016G10 EG-016G5 EG-016G6 EG-016G14

SiO, 37.10 37.65 37.75 37.32 37.50 37.90
TiO, 0.22 0.06 0.16 0.19 0.12 0.10
ALO, 21.44 20.92 20.98 21.19 21.16 21.26
Cr.04 0.01 0.03 0.09 0.06 0.13 0.00
FeO* 26.32 26.26 26.34 26.36 25.62 25.58
MnO 1.47 1.36 1.08 1.11 1.06 0.65
MgO 2.88 277 2.82 2.79 2.71 253
Ca0 10.68 10.40 10.91 10.78 11.43 11.70
Na,O 0.05 0.05 0.06 0.05 0.02 0.05
K,0 0.00 0.00 0.00 0.00 0.00 0.00
Zn0 0.00 0.00 0.00 0.00 0.00 0.00
Totat 100.18 99.49 100.20 99.86 99.75 99.77
Si 5.84 5.97 5.94 5.90 5.92 5.98
Al 0.16 0.03 0.06 0.10 0.08 0.02

6.00 6.00 6.00 6.00 6.00 6.00
At 3.82 3.89 3.84 3.84 3.86 3.94
Fe**” 0.30 0.14 0.19 0.22 0.17 0.07
cr 0.00 0.00 0.01 0.01 0.02 0.00

412 4.02 4.04 407 405 4.01
Mg 0.68 0.66 0.66 0.66 0.64 0.60
Fe? 3.16 3.35 3.28 3.26 3.21 3.30
Mn 0.20 0.18 0.14 0.15 0.14 0.09
Ca 1.80 1.77 1.84 1.83 1.93 1.98

5.84 5.95 5.92 5.89 5.93 5.96
py 11.57 11.01 11.18 11.15 10.76 9.98
aim 54.20 56.23 55.33 55.33 54.20 55.39
spess 3.36 3.06 244 2.53 2.40 1.46
gro 23.51 26.24 26.08 25.33 27.99 31.33
and 7.33 3.37 4.70 5.46 4.26 1.84
uv 0.03 0.08 0.27 0.19 0.39 0.00

100.00 100.00 100.00 100.00 100.00 100.00
Garnet formula calculated to 24 O and a cation total of 16.
*All Fe reported as FeO.
Fe® " calculated using the method of Droop (1987).
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Table 6. Corresponding representative electron microprobe
analyses of plagioclase for selected amphibolites from
the southern end of the Straumsvola nunatak.

Sample EG22 (14) EG24(8) EG31(3) EG32(4) EG28(3)

SiO, 61.05 58.56 59.22 60.12 61.254
TiO, 0.00 0.00 0.00 0.00 0
AlLO, 24.36 26.50 26.31 25.01 23.983
Fe,04 0.00 0.00 0.00 0.00 0
FeO 0.09 0.12 0.14 0.15 0.444
MgO 0.00 0.03 0.00 0.00 0.12
CaO 5.38 7.68 7.50 577 6.579
Na,O 8.62 7.72 7.51 8.95 7.392
K,O 0.16 0.11 0.17 0.12 0.313
Total 99.67 100.72 100.84 100.12 100.085
Mol. %

Ab 73.66 64.12 63.84 73.26 65.80
An 2542 35.26 35.23 26.11 32.36
Or 0.92 0.62 0.93 0.64 1.83

Spot number for individual analysis is shown in parentheses after
the sample number for plagioclase in amphibole-plagioclase pairs.
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7. THERMOBAROMETRY

7.1 Nashornkalvane

An estimate of the peak metamorphic conditions experienced at this locality was achieved by
combining chlorite geothermometry with experimental phase equilibria studies, together with
phase diagram and average P-T calculations using the program THERMOCALC v.2.75
(Holland & Powell, 1998; and references therein).

7.1.1 Phase equilibria

The metamorphic minerals present within restricted low-grade microdomains comprise chlorite,
actinolite, epidote, albite and quartz. The first appearance of these minerals in textural equilib-
rium is diagnostic of mafic rocks that have undergone the transition to the greenschist facies
(Frey et al., 1991; Liou et al., 1987, 1985a,). Various low-grade, temperature-sensitive indicator
minerals have been used to help assign mafic rocks to a particular metamorphic facies. Epidote
is known to form at temperatures in excess of 200°C (Cho et al., 1986; Liou et al., 1985b; Bird
et al., 1984). Actinolite is reported to appear at about 300°C (Bevins et al., 1991; Bird et al.,
1984). The minimum temperature for the formation of discrete tri,trioctahedral chlorite is given

as 240°C (Kristmannsdoéttir, 1979) or 270°C (Schiffman & Fridleifsson, 1991).

As a first approximation for the metamorphic conditions recorded in the metabasite at Na-
shornkalvane, the position of various univariant end-member reactions with relatively steep
slopes in P-T space were calculated with THERMOCALC v.2.75 using the activities of ten end-
members (calculated by the AX program; www.esc.cam.ac. uk/astaff/holland) from representa-
tive metamorphic mineral compositions in sample EG-N2 (Table 7). This particular sample was
chosen, because it contains the highest number of co-existing metamorphic minerals in the
same microdomain. The uni-variant end-member reactions involve the breakdown of chlorite

into actinolite and an Fe-Mg exchange reaction between these two minerals:

Cln + 6Czo + 7Qtz = Tr + 10An + 6H,O (1)
Fe-Chl + 6Czo + 7Qtz = Fac + 10An + 6H,0 (2)
Cln + Fac = Fe-Chl + Tr 3)
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Temperatures of between 220°C and 410°C are indicated from the above reactions for pressures

of between 1 and 4 kbar (Table 8).

Table 7. Calculated activities for pure end members from the greenschist
phases in EG-N2 using THERMOCALC v. 2.75 (Powell & Holland, 1998)

System  Phase Analysis  End member*  Activity (a)  std. (a)
NCMASH Chlorite 11 clin 0.0238 0.0070
daph 0.0560 0.0118
ames 0.3625 0.0725
Amphibolie 3 tr 0.1000 0.0249
fact 0.0100 0.0036
ts 0.0008 0.0005
Plagioclase 3 an 0.2600 0.0285
ab 0.9800 0.0489
Epidote 3 cz 0.64 0.0635
ep 0.36 0.0365
Quartz q 1
H.O 1

* clin - clinochlore. daph - daphnite. ames - amesite. tr - tremolite. fact - ferroactinolite.
ts - tschermakite. an -anorthite. ab - albite. cz - clinozoisite. ep - epidote.
std. = standard deviation.

Table 8. Calculated temperatures* for the position of univariant reactions.

Pressure (kbar) 1.0 2.0 3.0 4.0
Reaction no.
1 T(°C) 321 351 381 410
2 T(°C) 315 344 373 402
3 T(°C) 222 239 255 271

* temperatures calculated using THERMOCALC with the activities
calculated using the AX program.

An approximation of a minimum temperature constraint for the assemblage in EG-N2 may,
however, be estimated by calculating the position of reactions in P-T space, which define the
sub-greenschist/greenschist facies boundary. The most commonly used petrogenetic grid for il-
lustrating the boundary between the subgreenschist and greenschist facies in metabasites is that
of Frey et al. (1991), which is based on the model basaltic system NCMASH. Two intersecting

reactions mark the subgreenschist-greenschist facies boundary. At pressures above 3 kbar, this
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boundary is defined by the decomposition of pumpellyite given by,

Pmp + Chl+ Qtz=Czo + Tr+ H,O (4)

whereas at lower pressures, this boundary is given by the breakdown of prehnite following the

reaction:

Prh+ Chl + Qtz=Czo+ Tr+ H,O (5)

Frey et al. (1991) pointed out that the reaction boundary in the NCMASH system should be re-
garded as a P-T zone or band as the position of reactions defining the boundary between two
facies in P-T space are sensitive to the activities of the metamorphic minerals (bulk rock com-
position) and other variables such as the partial pressure of water (Py20). Extensive overlap in
metamorphic facies was shown to occur with the transition from the prehnite-actinolite and
pumpellyite-actinolite to greenschist facies at about 250 to 300°C at 1 to 3 kbar and at about
250 to 350°C at 3 to 8 kbar.

Similar calculations were performed for the Nashornkalvane metabasite in the system
NCMASH and the calculated Mg end-member activities from the minerals in the EG-N2 as-
semblage (Fig. 11). As the remaining phases belonging to the subgreenschist facies in the
NCMASH system are not present in any of the samples, their activities are unknown and were
included as unit activities in the above calculations. The reaction curves in the constructed P-T
diagram occur as fixed activity isopleths with the position of the reactions defining the lower

boundary of the greenschist facies, indicating a minimum temperature of about 300°C.

Although the activity isopleths indicate that the transition to the greenschist facies for the meta-
basite at Nashornkalvane South must have occurred at temperatures above ~300°C, they are all
based on the assumption that the partial pressure of H>O at the time of metamorphism was
equal to the lithostatic pressure. However, as many of the reactions defining the boundaries be-
tween different facies are dehydration equilibria, the position of these reactions will shift to-

wards lower temperatures when Py,0<Prom (Fig. 12). Petrographic evidence indicates possible
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limited and variable fluid infiltration for the Nashornkalvane metabasite with local
metamorphic domains of varying size scattered randomly within and between thin section
samples. As exemplified by sample EG-N2, the intersection point between the two boundary
reactions could be displaced to temperatures as low as 250°C if the partial pressure of HyO is
lowered to 0.5 (Fig. 12). Therefore, a minimum temperature could possibly be estimated to lie

between ~250 and 300°C.

An average P-T estimate of T =274 % 30 °C and P = 2 + 1.9 kbar was derived from all ten EG-
N2 end-member activities listed in Table 7 using THERMOCALC in average P-T mode (with
unit activities for prehnite and pumpellyite included to obtain a complete set of independent

reactions). The temperature thus obtained is further compared to that derived from chlorite

geothermometry.
10 e (4) 25Pmp+2CIn+29Qtz=7Tr+43 Czo +67W
 NCMASH | (5) 5Prh+Cin+2Qz=Tr+4Cz0+6W
8 (6) 5Pmp+3Qtz=7Prh+3Cz0+Cin+5W
- (7) 10PmMp+21Qtz+14W=61Lmt+17Prh+2Cin
§ 6 (8) 20Pmp+3Tr+6Qtz=43Prh+7Cin+2W
‘m’ (9) 86Lws+17 Tr=30Pmp+11Cin+95Qtz+40 W
5 (10) 86 Stb + 17 Tr=30 Pmp + 11 Cn + 525 Qtz + 470 W
g 4 es (11) 4Lmt+Tr=3Prh+CIn+12Qtz+ 10 W
fod
o (12) 86Lmt+17 Tr=30 Pmp + 11 Cin + 267 Qtz + 212 W
2
Act éHbl .
0 e L Boundary defining the breakdown of actinolite
100 200 300 400 500 600

Temperature (°C)

Fig. 11. P-T diagram in the system NCMASH showing activity isopleths with activities derived from mineral
compositions in EG-N2. All reactions with clinochlore, quartz and H,O in excess. PA, PP, and PrA indicate the
pumpellyite-actinolite, prehnite-pumpellyite, and prehnite-actinolite facies, respectively. GS = greenschist facies.
Point X is the intersection between the two reactions defining the lowermost boundary of the greenschist facies.
The location of the Act-Hbl boundary is after Apted & Liou (1983).
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Fig. 12. The influence of water pressure on the lower boundary of the greenschist facies, modeled using THER-
MOCALC v.2.75 (Holland & Powell, 1998; and references therein).

7.1.2 Chlorite geothermometry

Cathelineau and Nieva (1985) proposed a chlorite geothermometer based on an empirical
calibration of tetrahedral Al content and temperature increase in chlorite from the Los Azufres
geothermal field, Mexico. Subsequently, Cathelinecau (1988) included a larger dataset and
concluded that increases in tetrahedral Al content is dependant on increasing temperature, and
is independent of factors such as fluid composition. The relation between temperature and

Al" was described as:

T(°C)=-61.92 +321.98 (A"

Kranidiotis & MacLean (1987) also suggested variation in chlorite composition to be a function
of increasing temperature, but modified the calibration of Cathelineau & Nieva (1985) to take
into account the influence of bulk rock composition. The more recent themometer of Zang
and Fyfe (1995), similar to that of Kranidiotis & MacLean (1987), takes into account the

change in Fe/Fe+Mg ratio of chlorite with temperature and is given by the equation:
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T (°C) = 17.5 + 106.2[2(A1") — 0.88(Xge — 0.34)]

Many other researchers have considered chlorite geothermometry to yield inaccurate tempera-
ture estimates and suggested that it should be applied with caution because of the unknown in-
fluences of other variables such as oxygen fugacity, fluid and bulk rock composition, and con-
tamination with other phases (e.g. Jiang et al., 1994; De Caritat et al., 1993). Jiang et al. (1994),
for example, pointed out that the correlation between octahedral occupancy (and therefore, tet-
rahedral Al) and temperature is a product of chlorite contamination by microscopic inclusions
and mixed layer smectite and correctly predicted that irrespective of the geothermometer used,

chlorite with substantial amounts of Ca, Na and K would always yield lower temperatures.

All of the chlorite grains analyzed in this study have very low levels of Ca and the sum of Ca +
Na + K does not exceed 0.02 (Table 1). Discrete chlorite growth with effectively no contami-
nation is thus indicated. The association of albite (as well as epidote and white mica) with the
chlorite indicates Al-saturation, thus fulfilling an essential requirement for the application of
chlorite geothermometry. Chlorite temperature estimates are presented from metamorphic mi-
crodomains in the Nashornkalvane sill using different calibrations of the chlorite thermometer
(Table 1), including those of Zang & Fyfe (1995), Cathelineau (1988), Kranidiotis & MacLean
(1987) and Cathelineau and Nieva (1985). A wide spread in temperatures is obtained from the
different calibrations. However, the independent temperature estimate of 274°C obtained from
THERMOCALC falls within the range of average chlorite temperature estimates (258 - 276°C)
calculated for various sample microdomains using the Zang and Fyfe (1995) calibration. Aver-
age temperature ranges yielded by the other chlorite thermometers are either to high as in the
case of the calibrations of Cathelineau (1988; T = 338 - 364°C) and Cathelineau and Nieva
(1985; T = 282 - 298°C) or too low as for the Kranidiotis & MacLean (1987; T = 191 - 201°C)
thermometer (Table 3). In conjunction with other thermometric techniques, Frimmel (1997)
pointed out that the chlorite thermometer of Zang & Fyfe (1995), which includes a correction
for a change in Fe/(Mg + Fe) ratio, yields more accurate temperature estimates for chlorites
with Xg.>0.5. As all the analyzed chlorites in this study have Xp. ranging between 0.5 and 0.61
(Table 3), the thermometer by Zang & Fyfe (1995) is favoured here.

35



All thermometer calibrations yield significantly higher average chlorite temperatures from
analyses within larger metamorphic domains (as in thin section sample EG-14b) than those
from smaller microdomains (EG-14a; Table 3). A lower average temperature from an appar-
ently less hydrated part of the sill points to a possible relationship between the temperature
yielded by chlorite geothermometry and fluid/rock ratio, as approximated by the modal propor-
tion of the hydrous metamorphic phases, namely chlorite and actinolite (Fig. 13). The chlorite
temperature estimate of 276°C from the microdomain with the highest proportion of chlorite
and actinolite is identical to the temperature estimate of 274 + 30 °C from the average P-T cal-
culation. The lower chlorite temperatures probably do not reflect the true formation tempera-

tures but are rather an artifact of lower local fluid/rock ratios.

60

50 EG-N14b
EG-N2 L
EGN3 —— &
40 —_————————

EG-N14a

Chlorite + actinolite (vo! %)

[ L L L
265 270 275 280
Temperature (°C)

Fig. 13. Relationship between modal proportion of mafic hydrous phases and temperature calculated by the chlo-
rite geothermometry. A temperature of 259°C is a minimum estimate obtained from fine-grained chlorite growing
along a cleavage plane in the core of a clinopyroxene grain in sample EG-N10 and chiorite in the smallest ob-

served metamorphic domain in sample EG-14a.

This possible relation between fluid/rock ratio and chlorite temperature may be the result of the
variance of the greenschist facies mineral assemblage. The assemblage chlorite + actinolite +

epidote + albite + quartz has four degrees of freedom. At a given temperature and pressure, as
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many as five compositional variables determine the state of the system, which may have re-

mained closed, except for H,O:

(1) Fe-Mg variation in chlorite
(i) Al **-Si variation in chlorite
(iii)  Fe-Mg variation in actinolite
(iv)  Fe *-Al*" in epidote

(V) variation in fluid composition or Py;0

Consequently, any change in one of the above, such as Py;,0, will cause a change in all other
variables. However, the spread in chlorite temperatures may also be due to a number of vari-
ables other than fluid/rock ratio (degree of hydration) such as oxygen fugacity and slight varia-
tions in chemical composition of primary phases on a microscale or possibly a combination of
more than one of these variables. For example, the low calculated temperature of ~259°C from
fine-grained chlorite, which has grown along fractures/cleavage of a clinopyroxene grain in
sample EG-N10, may have been the product of both a low fluid/rock ratio and nucleation of
chlorite in an Al-poor micro-environment (Fig.13). Therefore, in order for the dependence of
calculated chlorite temperature on fluid/rock ratio to be true, many other variables affecting
both the nucleation rate and the intra-crystalline chemical composition of chlorite are required
to remain constant. As it is difficult to directly quantify these variables, it becomes correspond-
ingly difficult to interpret the spread in calculated chlorite temperature estimates of between
250 and 276°C. The chlorite temperatures may indicate formation of chlorite and actinolite
within each microdomain under different P-T conditions reflecting more than one metamorphic
event. Alternatively, the highest chlorite temperature estimate (which coincides with the calcu-
lated average temperature) of ~275°C may record peak metamorphic conditions related to a sin-
gle metamorphic event with the spread towards lower artificial chlorite temperatures being a

function of changes in one or more other physical and compositional variables.

37



7.2 Straumsvola

7.2.1 Hornblende-plagioclase geothermometry

Blundy and Holland (1990) suggested, based on a strong positive correlation, that composi-
tional variation in amphiboles is essentially controlled by a coupling between Al" substitutions
and the introduction of cations (Na + K) into the A-site. Further evidence was provided by a
dominant compositional vector lying parallel, but intermediate to the joins edenite-
tremolite and pargasite-hornblende in triangular plots of AIY, Al" and A-site vacancy
for the natural and synthetic amphiboles in their data set. This vector was characterized as
an (Na, K)AI" 0 ;Si ., cation exchange, since it was taken as an expression of the strong
coupling between Al and A-site substitution. The AI" substitution was shown to be more
strongly dependent on temperature, rather than pressure. The (Na, K)AI" 0 _;Si ., exchange was

written in the form of two reactions:

edenite + 4quartz = tremolite + albite  (13)

pargasite + 4quartz = hornblende + albite (14)

Various activity-composition models in, which ideal mixing in amphibole and non-ideal behav-
iour in coexisting amphibole, were assumed to calibrate the above reactions with equilibrium
relations of the form - AG® = R7InK written for each. The resulting amphibole-plagioclase
geothermometer of Blundy and Holland (1990) based on the derived equilibrium constant, K,
was found to yield good temperature estimates for amphiboles with similar compositions to that
in the dataset of Blundy and Holland (1990) but erroneous results for aluminium-rich
amphiboles coexisting with plagioclase in garnet-amphibolites (Mengel and Rivers, 1991). The
failure of the thermometer to yield reasonable results was attributed to two incorrect
assumptions: firstly, that of ideal mixing in amphiboles and secondly, that all amphiboles,
including the aluminium-rich varieties, display strong coupling between Na in the A-site and Al

in the T1 (tetrahedral) site (Holland and Blundy, 1994).
Using a more expanded dataset, as well as incorporating the influence of non-ideality as far as

possible into the activity models, Holland and Blundy (1994) derived two geothermometers.

The first of these (Thermometer A) was a revised edenite-tremolite thermometer based on the
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reaction:

(A) edenite + 4quartz = tremolite + albite

The new, second thermometer (Thermometer B) was based on the reaction:

(B) edenite + albite = richterite + anorthite

and may be used for silica under-saturated rocks. Considering non-ideal mixing between the six
sites in amphibole, a maximum of 36 possible interaction terms (or interaction parameters (W))
were derived, including 24 independent cross-site interaction terms and 12 independent within-
site terms. However, in a balanced chemical reaction involving the two end-members, many of
the interaction terms cancel reducing the total number of terms to only 8. For example, both
within-site and cross-site interaction terms for non-ideal mixing on the M2, M1,3 and M4 sites
between edenite and tremolite cancel out (Holland and Blundy, 1994). It was only these 8 non-
ideal interaction terms, which were considered to affect the equilibrium constant (K,) for reac-

tion A.

The condition of equilibrium for reaction A on which the improved edenite-tremolite ther-

mometer was based therefore, included an ideal and non-ideal component and expressed as:

A}lA =Q= AGA0+ RTIn KA
= AHp® - TASA® + PAV,° + RTIn Kigea + RTIN Y + RTIN Yyrem - RTIn vy

Kigeal remains the same as given in Blundy and Holland (1990), where as the last three terms in
the equation take into account the excess energy associated with non-ideality in plagioclase and

amphibole. A revised expression for the edenite-tremolite thermometer is given as:
Ta= [AHA+PAVA® + Yap + Yied—trem)] / [ASA°— R In Kigeal]

As in the previous thermometer the factor Y,, depends on the albite composition of the plagio-

clase. Y (ed_ wrem), hOWever, is given by,
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Y(ed — trem) = RTlI‘l Ytrem - RTln 'Yed

and is obtained from the 8 interaction parameters. Regression of the expanded experimental and
natural amphibole-plagioclase dataset allowed the determination of AHA® and AS,° as well as
the components comprising Y ed - «em) (Holland and Blundy, 1994). The success of the new ther-
mometer was reflected in the calculated temperatures from hornblende-plagioclase pairs of,

which 83% fell within + 50°C of the measured values.

As all the amphibolite samples display at least 5% quartz, the edenite-tremolite (Thermometer
A) of Holland & Blundy (1994) was used. Application of the hornblende-plagioclase geother-
mometer to the amphibolite in the gneiss complex near Straumsvola in the western H.U. Sver-
drupfjella yielded temperatures between 685 and 790°C (Table 9; Fig. 14(a-¢)). Temperatures
were calculated from amphibole-plagioclase pairs (6-8 pairs per sample) in five samples at pres-
sures of 5, 10 and 15 kbar (Table 9). The temperatures calculated at 15 kbar are unlikely as the
amphibolites should be eclogite under such high pressure conditions. The temperature estimates
calculated from the compositions of amphibole-plagioclase pairs at 10 kbar and 5 kbar are simi-
lar. However, the temperature estimates calculated at 10 kbar display narrower temperature
ranges than those calculated at 5 kbar (Table 9). A pressure estimate from a garnet-bearing sam-
ple EG-016 (see section 7.2.2 below) indicate peak pressures of between 8.5 and 10.7 kbar at
Straumsvola, depending on the geobarometer used. Thus, the temperature estimates at 10 kbar
are preferred. Mineral chemical analyses of the plagioclase in these amphibolite samples show a
significant spread, which possibly reflects a thermal retrograde overprint. Plagioclase grains in
sample EG-031 have the highest anorthite content and a low spread in composition. The calcu-
lated temperature range of 713-748°C (at 10kbar) from the amphibole-plagioclase pairs in this
sample is, therefore, regarded as the minimum temperature estimate for metamorphic conditions
at Straumsvola in the western H.U. Sverdupfjella. This temperature estimate is indistinguish-
able from that of Pan-African M,, conditions (T=687-758°C; Board et al., 2005) in the eastern
part of the belt where a pressure estimate for upper amphibolite facies conditions has been con-

strained at 9.2 to 11.3 kbar.
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Many of the amphibolite boudin cores are host to anatectic leucosome. As this leucosome con-

sists predominantly of K-feldspar and biotite with minor plagioclase and muscovite, it is most

likely derived from the migmatized Banded Gneiss Complex rather than from melting of the

mafic boudins themselves. Considering the calculated upper amphibolite temperatures, this

petrographic observation suggests that metamorphism of the mafic precursor rocks occurred be-

low the experimentally determined solidus at Py»o lower than Py, The position of the tonalite

solidus in P-T space and an approximation of the Pjypp during metamorphism has been esti-

mated from the mineral chemistry of the amphibole in conjunction with a recent study by Patti-

son (2003).

14 1
12
10 r

o NSO

Pressure (kbar)

500

EG-032

(a) !

EG-024

®

EG-022

T

EG-031

| EG-028

b

600

700 800

600

Temperature (°C)

700

800

900

Fig. 14. Temperature curves yielded by the Holland & Blundy (1994) geothermometer for amphibole-plagioclase

pairs (a-€) in the Straumsvola metabasites.

41



As pointed out by Pattison (2003), poorly understood discrepancies occur between P-T data
obtained from natural paragenesis, experimental constraints and thermodynamic modelling in
mafic amphibolite and granulite-facies rocks. One of the reasons for these discrepancies is the
lack of a well-constrained melt composition for thermodynamic modeling. As a result, complex

‘natural’ reactions in metabasites are modelled using only dehydration reactions as analogues.

Table 9. Calculated temperatures from Hbl-Pl compositions in Straumsvola amphibolites.

Pressure (kbar) 5 10 15
Sample no.

EG-032 712-747 700-735 689-723
EG-024 716-773 702-746 688-722
EG-022 717-761 706-738 696-714
EG-031 714-763 713-748 710-742
EG-028 736-790 710-765 685-739

Temperature estimates calculated from compositions of Hbl-P| pairs using the Holland &
Biundy (1994) geothermometer.

Physical conditions for the analogue reaction,

2Prg + 8Qtz = 3Fsl + 2Hd + 2Ab +2An + 2H,O (15)

representing the amphibolite-granulite facies transition in metabasites at low to intermediate
pressures were modelled by Pattison (2003) using THERMOCALC including the thermody-
namic data of Dale et al. (2000) for a range of bulk rock X, values of between 0.35 and 0.65.
As pargasitic amphibole is essentially the only matic mineral in the Straumsvola metabasites
and displays a Xy, of about 0.4 to 0.5, analogue reaction (10) representing a bulk Xy, of 0.5
was used in this study. A down-temperature shift of 150 to 200°C was calculated assuming a
H,0 activity of 0.3 for reaction (10). A similar displacement towards higher temperatures may
be envisaged for the experimentally determined tonalite solidus (Fig. 14). Consequently, as no
petrological evidence for partial melting of the metabasites exists, the Py,0 must have been con-

siderably less than Py, estimated at less than or equal to 0.5.
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7.2.2. Pressure estimate

Pressure could only be constrained for garet-bearing amphibolite (sample EG-016), which dis-
plays a mineral assemblage garnet + hornblende + plagioclase + quartz. The activities of the
various end-members in this assemblage were calculated with the AX program (Table 10). An
average pressure estimate of 10.7 kbar was derived for this amphibolite using THERMOCALC
in average pressure mode and an independent temperature estimate (of ~735°C) derived from
hornblende-plagioclase thermometry. Application of the Kohn & Spear (1990) geobarometer
yielded a pressure of 8.5 kar. In summary, the best constraints on peak temperature and pressure

for these amphibolite samples are T = 713-748°C at P = 8.5 - 10.7 kbar.

Table 10
Activities for phases in EG-016 using
THERMOCALC (estimated with a-x program)

Phase End-member* Activity (a) std. (a)
Garnet alm 0.1400 0.0208
py 0.0046 0.0019
ar 0.0370 0.0098
spss 0.000014  0.000008
Amphibole tr 0.014480 0.004725
fact 0.001600 0.000838
ts 0.0007 0.0008
parg 0.032000 0.007900
Plagioclase an 0.4400 0.0277
ab 0.6900 0.0345
q 1
H,O 1

* alm - almandine. py - pyrope. gr - grossular. spss
- spessartine. {r - tremolite. fact - ferroactinolite. ts
- tschermakite. parg - pargasite. an - anorthite.

ab - albite.

7.3 Discussion and integration of P-T data with the eastern Maud Belt

The data presented in this study indicates the presence of a major metamorphic discontinuity
with a temperature and pressure difference of 450°C and 6.5 to 8.7 kbar, respectively, between
the Grunehogna Craton and the Maud Belt. Metamorphism at Nashornkalvane is assigned to the
lowermost greenschist facies (T = 250 - 276°C, P = 2 kbar), whereas peak metamorphic condi-

tions only 30 km away at Straumsvola in the far western part of the Maud Belt reached upper-

43



most amphibolite facies conditions (T = 713 - 748 °C; P = 8.5 -10.7 kbar). The temperature esti-
mate of 713-748°C is a minimum estimate that takes into account the possibility of a thermal
retrograde effect, either during the late Pan-African or due to the intrusion of the nearby
Straumsvola syenite intrusion. Temperature estimates from amphibolite, which have a signifi-
cantly more sodic composition possibly due to resetting during a retrograde thermal effect, are
slightly lower but do not differ significantly from that calculated from sample EG-031 contain-
ing plagioclase with the most calcic (anorthite-rich) composition. This indicates that any ther-
mal effect on the amphibolite following peak regional metamorphic conditions was probably
minimal. A similar geological situation involving a Mesozoic syenite body that has intruded
amphibolite facies country rock occurs in the northeastern part of the Northern Kirwanveggen
area (see Fig. 1). There, the Sistefjell intrusion, a large 10km wide syenite pluton (twice the
size of the Straumsvola body) intrudes lower amphibolite facies country rock (Harris et al.,
2002). An oxygen isotope study has shown that amphibole growth in the country rock was the
result of an earlier lower amphibolite facies event rather than being related to any contact ther-
mal metamorphic effect of the adjacent intrusion (Harris et al., 2002). Despite the size of the
syenite intrusion, no extensive fenitization and no recrystallization of the pre-existing earlier
formed amphibole was observed in the country rock (Harris et al., 2002). Therefore, the compo-
sitional and thermal effect of these Mesozoic syenite intrusions on surrounding amphibolite fa-

cies country rock appear to be minimal.

A large-scale metamorphic hiatus of 450°C and 6.5 to 8.7 kbar indicates that a section of crust
with an estimated thickness of between ~ 20 to 30 km is missing below the Pencksokket and Ju-
tulstraumen glaciers. This metamorphic discontinuity may have formed in response to different
tectonic compressional and/or extensional regimes. The lack of a P-T-t path for the western part
of the Maud Belt as well as the lack of an extensive structural dataset to help constrain the kine-
matic history (transport direction) along the sub-glacial PJD boundary lead to various possible
tectonic models for its development. Possible models may include the PJD as a major thrust
zone, a low-angle normal fault, an oblique-strike-slip fault, a listric fault or a graben-type struc-
ture. Hybrid models may be invoked for the PJD involving a combination of thrusting followed
by normal or oblique-strike slip faulting. The discontinuity may have developed in an exten-

sional setting possibly as a tilted crustal block during rotation on a listric fault plane between
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the craton and the Maud Belt subsequent to either major late Mesoproterozoic and/or Pan-

African tectonism.

The only exposed rock outcrop in the entire Pencksokket-Jutulstraumen glacial valley occurs at
the Midbresrabben nunatak located at (72.73°S, 2.10°E). There, an ~400m wide mylonitic shear
zone in a diorite intrusion, together with highly sheared 40m wide mafic dykes, protrudes above
the Pencksokket Glacier (Grantham and Hunter, 1991; Grantham et al., 1995). The intense pla-
nar mylonitic fabric at Midbresrabben strikes N-NNE and dips steeply E (70-80), with the min-
eral lineation defined by epidote (after plagioclase) and biotite (probably after amphibole)
plunging steeply (70-80°) toward the SE (Grantham and Hunter, 1991). The orientation and re-
cord of kinematic shear sense of this exposed major mylonitic shear zone is in agreement with
the pervasive Pan-African top-to-northwest shear fabric in the eastern Maud Belt reported by
Board et al. (2005). Both, the dykes and the diorite yielded whole-rock Rb-Sr ages of ~800 Ma
(Moyes et al., 1993a). These ages could either reflect the time of rock emplacement or resetting
of the Rb-Sr isotope system during later tectono-thermal overprinting. As no other magmatic
rocks of comparable age are known from the entire Maud Belt, partial resetting during the Pan-

African orogeny is the preferred explanation for these ages.

Contrary to previous suggestions (Groenewald et al., 1995; Grantham et al., 1995), our new
data suggest that there is no significant difference in metamorphic grade from east to west
across the H.U. Sverdrupfjella (Fig. 15). Considering that the geographical orientation of the
PJD is consistent with the pervasive, Pan-African (540 Ma) top-to-northwest shear fabric in the
Maud Belt, a more likely tectonic scenario could be that the metamorphic hiatus represents a
large-scale Pan-African thrust (Fig. 1). This model has not previously been considered. P-T
conditions in the westernmost part of the belt at Straumsvola (T = 713 - 748 °C; P = 8.5 -10.7
kbar) directly adjacent to the Pencksokket-Jutulstraumen Discontinuity are indistinguishable
trom Pan-African M,, conditions in the eastern H.U.Sverdrupfjella (T = 687-758°C, P = 9.2-
11.3 kbar). By analogy with the dated fabric in the latter domain, it is suggested that the entire
H.U. Sverdrupfjella experienced upper amphibolite facies metamorphism during major Pan-
African tectonic re-working of older, Mesoproterozoic crust. Most of the previous metamorphic

mineral assemblages and structures imprinted during the Grenvillian orogeny were completely
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obliterated. Only in the cores of competent boudins, an earlier amphibole generation attests to

an older, most likely late Mesoproterozoic amphibolite-facies metamorphic event.
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Fig. 15. P-T constraints on metamorphic conditions at Nashalkalvane (Grunehogna Craton) and Straumsvola
(western Maud Belt) compared with those from the eastern Maud Belt (eastern H.U. Sverdrupfjella; Board, 2005).
Granulite facies conditions are derived from mafic boudins after Groenewald & Hunter (1991) and Groenewald et
al. (1995). Aluminosilicate triple point is after Bohlen et al. (1991). Reactions (15), (16) and (17) are from Patti-
son (2003) calculated on the basis of a pargasite composition with Xy, = 0.5. Reaction (18) is the approximate
position of the wet tonalite solidus (Johannes, 1978; Piwinskii, 1968, Wyllie and Wolf, 1993). P-T conditions cal-
culated in this study for the western Maud Belt correspond to that of My, in the eastern Maud Belt with age con-
straints from Board (2005). Note a metamorphic hiatus of T = 450°C and P = 6.5 — 8.7 kbar across the Jutulstrau-

men glacier.
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In the absence of any structural evidence of more than one tectonothermal overprint along the
eastern flank of the Ritscherflya Basin, the lowermost greenschist facies conditions established
here for the Nashornkalvane outcrop is ascribed to a single tectonothermal (Mj) event. The
southeasterly dip of the strata matches the top-to-northwest transport direction established for
the Pan-African orogeny (Board et al., 2005). Consequently, a Pan-African age is assigned to
the low-grade metamorphic imprint there, which would then correspond to M,, in the high-

grade Maud Belt.

To date, no temperature and age constraints for the early M,, eclogite-facies metamorphism are
available, but an Early Pan-African age is preferred for reasons discussed by Board et al.
(2005). The previously reported granulite facies metamorphic assemblage (Groenewald et al.,
1995; Groenewald & Hunter, 1991) preserved in shielded, anhydrous mafic boudin cores and
mafic dykes may therefore, represent relicts of the older, Grenvillian high-grade metamor-
phism. High-T granulite facies metamorphism at that time has also been documented in the

Heimefrontfjella west of the Pan-African Heimefront Shear Zone (Jacobs et al., 2003).

If the PJD is a large-scale Pan-African thrust, it could represent an extension of the orogenic
front from the Mozambique Belt into East Antarctica. Continuation of the PJD into the south-
eastern-most part of the belt would be in agreement with the spatial alignment, kinematic record
(top-to-NNW or NW) and age of the exposed Heimefront Shear Zone in the Heimefrontfjella,
which has been interpreted as the western front of the Pan-African suture between East and

West Gondwana (Jacobs et al., 1999, 1996, 1995).
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8. GEOCHEMISTRY

8.1 Results

A total of 14 mafic samples were analyzed for their major and trace element concentrations
(Table 11), as well as Rb-Sr and Sm-Nd isotopic compositions (Table 12). Samples were taken
from a Borgmassivet Suite sill on the eastern margin of the Grunehogna Craton at Nashornkal-
vane and from amphibolite boudins at Straumsvola in the western H.U. Sverdrupfjella (western
Maud Belt). This limited geochemical data set (Table 11 and Table 12) is compared with un-
published data on various mafic rocks from the eastern H.U. Sverdrupfjella (Board, 2002) and
from the Gjelsvikfjella (A. Bisnath, unpubl. data 2005; Fig. 16). The geochemistry of the am-
phibolites of unknown age is further compared to that of the on-craton 1107 Ma Borgmassivet
Suite sills (this study and Krynauw, 1986) and the contemporaneous Umkondo dolerites
(Munyanyiwa, 1999) as well as two geochronologically distinct groups of amphibolite dykes

from the Heimefrontfjella (Bauer et al., 2003) in the southernmost part of the Maud Belt.

Major and some trace element concentrations, excluding the REE, were determined by conven-
tional x-ray fluorescence spectrometry (XRF) on a Philips X Unique 11 PW 1480 spectrometer
(see Appendix 4) following the techniques described by Duncan et al. (1984) and le Roex
(1985). Typical detection limits are below 0.01 wt% and 2 ppm for the major and trace ele-
ments, respectively. Concentrations of other trace elements, including the REE (Table 11), were
determined by inductively coupled plasma mass spectrometry (ICP-MS) using a Perkin Elmer/
Sciex Elan 6000 mass spectrometer (see Appendix 4) following the methods described by
Frimmel et al. (2001). Sr- and Nd - isotope ratios (Tables 12) were measured on a VG Sector 7-
collector mass spectrometer in multi-dynamic mode, following the standard chemical separation
techniques described by le Roex and Lanyon (1998). The model ages are discussed according to
DePaolo (1981) and the decay constant 6.54x10™"* was used for the decay of "*'Sm (Lugmair
and Marti, 1978), whereas a decay constant 1.42x10"" was used for *’Rb (Steiger and Laeger,
1977). The chondritic uniform reservoir (CHUR) and depleted mantle values of respectively
Jacobsen and Wasserburg (1980), i.e., '*Nd/'**Nd = 0.512638 and "*’Sm/"**Nd = 0.1967, and
Michard et al. (1985), i.e. "*Nd/'"*Nd = 0.513114 and 'Y'Sm/"**Nd = 0.222, were used for the
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calculation of the Sm-Nd model ages and the €4 values.

Table 12. Rb-Sr and Sm-Nd isotopic data for mafic rocks from Nashornkalvane and Straumsvola

Sample Rb Sr ¥sr/*°sr error Sm Nd “INd/"Nd  error
(ppm) _ (ppm) (2-sigma)  (ppm)  (ppm) (2-sigma)
EG-N1 39.56 165.40 0.72265 0.0029 3.35 15.86 0.51182 0.0009
EG-N2 37.74 157.16  0.72315  0.0017 3.24 15.09 0.51181 0.0008
EG-N3 38.66 167.39 0.72271 0.0025 3.10 14.48 0.51182 0.0009
EG-032 21.26 20355 0.71969 0.0017 3.52 14.34 0.51172 0.0009
EG-030 21.24 159.18 0.715638 0.0016 3.71 15.75 0.51173 0.0021

EG-021b 35.38 129.78  0.72859  0.0017 574 21.28 0.51208 0.0009
EG-022 27.18 176.36  0.72303  0.0019 3.92 16.46 0.51150 0.0010
EG-026 80.68 753.63 0.71755  0.0020 18.24 90.28 0.51175 0.0009

Major and trace element concentrations of most of the western H.U. Sverdrupfjella amphibo-
lites are very similar to that of the Nashornkalvane sill samples. SiO, contents for the Na-
shornkalvane sill samples are about 51 wt%. SiO, concentrations for the amphibolites range be-
tween 43.18 and 50.81 wt%. The Mg number (Mg #) for the Nashornkalvane samples is about
51 wt%, within the range of that for the amphibolites (0.35 — 0.52 wt%). The influence of me-

tasomatism on major element and trace element mobility is discussed in a subsequent section.

The Zr/TiO, and Nb/Y ratios of the Nashornkalvane sill samples are about 0.013 and 0.191, re-
spectively. With the exception of amphibolite sample EG-26, the Zr/TiO, and Nb/Y ratios of
the Straumsvola western H.U. Sverdrupfjella amphibolites are similar ranging between 0.007 —
0.010 and 0.167 — 0.321, respectively. Sample EG-26 displays a low Zr/TiO, ratio of 0.004
(mainly due to its much higher TiO, concentration of 4.21 wt%) and a high Nb/Y ratio of 0.520.
This sample also differs in that it has much lower concentrations of Ni, Cu, Co and V but higher
Ba (1267 ppm) and Sr (754 ppm) contents. The REE patterns displayed by the Nashornkalvane
samples is characterized by (La/Yb)y ratios of between 5.20 and 4.66 and a small negative Eu
anomaly. The Straumsvola western H.U. Sverdrupfjella amphibolites have similar REE patterns
with overlapping (La/Yb)y ratios, which range from 4.79 to 2.44. Amphibolite sample EG-26
has the highest (La/Yb)y ratio of 9.
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Fig. 16. Tectonic map of Western Dronning Maud Land, (after Board et al., 2005)
showing the study area and the various sample localities.

51



8.2 Major element distribution

The major element compositions of the Nashornkalvane sill, other Borgmassivet Suite mafic
sills (Krynauw, 1986) and the amphibolites in the Maud Belt are shown on an AFM diagram,
with the majority of the mafic rocks showing an overall tholeiitic trend (Fig. 17a). Although
some of the amphibolites plot in the calc-alkaline field, their higher Na,O and K,0 concentra-
tions are possibly due to alkali metasomatism during high-grade metamorphic overprint. Conse-
quently, the major element distribution is not considered helpful in the characterization of the
high-grade amphibolite samples. The increase in Na,O and K,O concentrations and greater
spread in data points appears to be exemplified by the samples from the Gjelsvikfjella. The
Straumsvola amphibolite sample EG-26, from the western H.U. Sverdrupfjella, is distinguished
in that it has the highest TiO, concentration (4.21 wt%).

FeO* FeO*

O Gjelsvikfjella (A. Bisnath, unpubi. data 2005)

O Western H.U. Sverdrupfjelia (this study)

O Eastern H.U. Sverdrupfjella (data from Board, 2002)
A Borgmassivet Suite (Krynauw, 1986)

A Nashornkalvane sill (this study)

tholeiitic tholeiitic

A

calc-alkaline 0 Q o o) ma?g)

calc-alkaline -

O Gabbro (490 M

a) .
B Mafic dykes I— (A. Bisnath, unpubl. data 2005)

Na,0 +K,0 MgO  Na,0 +K,0 MgO
(a) (b)

Fig. 17. AFM diagram for (a) 1107 Ma Borgmassivet Suite sills on the Grunehogna Craton and the Maud Belt am-
phibolites, and (b) post-tectonic 490 Ma Stabben Gabbro and mafic dykes from the Gjelsvikfjella.

The post-tectonic Stabben gabbro displays a tholeiitic trend, whereas the dykes follow a calc-
alkaline trend on an AFM diagram (Fig. 17b).
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8.3 Trace element distribution

The Nashornkalvane sill has Z1/TiO, and Nb/Y ratios of 0.013 and 0.191, respectively, plotting
on the boundary between the andesite and andesite/basalt fields in the diagram of Winchester
and Floyd (1977). The Zr/TiO; (0.01-0.07 ppm) and Nb/Y (0.024-0.885 ppm) ratios of most
Maud Belt amphibolite samples are similar (Fig. 18), although many classify as sub-alkaline ba-
salts on this diagram. The wide scatter in the Gjelsvikfjella amphibolite data may be a metamor-
phic effect whereby even the high-field strength elements (HFSE) became mobile during their
polymetamorphic history (see discussion below).

|

O Gijelsvikfjella (A. Bisnath, unpubl. data 2005)

O Western H.U. Sverdrupfjella (this study)

Eastern H.U. Sverdrupfiella (data from Board, 2002)
Borgmassivet Suite (1107 Ma; Krynauw, 1986)
Nashornkalvane (1107 Ma; this study)

Umkondo Suite (1109 Ma; Hanson et al., 2004)
Heimefrontfjella (590 Ma; Bauer et al., 2003)
Heimefrontfjella (1030 Ma; Bauer et al., 2003)
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Fig. 18. Zr/TiO, versus Nb/Y diagram (after Winchester and Floyd, 1977) for the mafic rocks from Western Dron-
ning Maud Land.

Compared to most of the other amphibolites, a number of samples contain significantly higher
large-ion lithophile (LILE) and HFSE concentrations (Figs. 19a-g.). The samples from Gjels-
vikfjella, ABA-63, ABA-70, AB-31A, AB-40A, AB-41A, for example, have high concentra-
tions of Cs, Rb, Sr, Nb and Y (Fig. 19a-g.). A similar enrichment in Nb and Y is seen in sam-
ples from the H.U. Sverdrupfjella (e.g. WB-109, EG-26). Six samples from the Gjelsvikfjella
(ABA-22, AB-7A, AB-9A, AB-13A, AB-33A, AB-38A) are distinguished by their high Zr
(280-831 ppm), TiO, (> 3.3 wt%) and P,Os (>0.57 wt%) concentrations.
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tionation and remobilization of elements during high-grade metamorphism (For data sources see Fig. 19).
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Amphibolite samples with high proportions of amphibole (70 - 95 vol%) from that area have
high Ni (262-522 ppm) and Cr (up to 1304 ppm) contents, probably reflecting accumulation of

mafic igneous phases, such as olivine.

The Nashornkalvane sill has a chondrite-normalized REE pattern identical to the REE patterns
for the Borgmassivet Suite mafic sills. These sills have LREE enriched patterns, with (La/Yb)y
ratios between 5.20 and 4.66 and weak negative Eu anomalies (0.81-0.85; Fig. 20a). The REE
patterns of the two amphibolite groups from the Heimefrontfjella are shown separately for com-
parision (Fig. 20h). The (La/Yb)y ratios of between 4.79 and 1.67, total REE abundances and
weak or absent Eu anomalies (0.85 - 0.99) displayed by the H.U. Sverdrupfjella amphibolites
are similar to the REE patterns of the Borgmassivet sills (Fig. 20d.e,f). Sample EG-26 (with the
highest TiO2 concentration of 4.21 wt%), from the western H.U. Sverdrupfjella, differs in that
it displays the highest (La/Yb)y ratio of 9 relative to all other amphibolites in this study (Fig.
20d). Amphibolite sample WB-109, taken from a shear zone with abundant quartz veins in the
eastern H.U.Sverdrupfjella, displays a shallow, concave upward LREE pattern with a (La/Yb)y
= 1.20 (see Fig. 22a and later discussion on REE mobility). As this sample was taken from a
shear zone, its elevated Nb and Y concentrations could reflect metasomatic alteration due to
fluid/rock interaction. Thus, the concave upward LREE-depleted pattern may indicate a high
fluid/rock ratio and LREE mobility during metamorphism (Grauch, 1989, Fig. 22a). Four other
samples (WB-20, WB-64, AB-39A, AB-16A; Fig. 22a) from different parts of the belt also
show a similar LREE-depleted, concave upward pattern. The (La/Yb)y ratios of the remaining
amphibolites from the H.U. Sverdrupfjella decrease with distance from the craton margin (Fig.
20d.e.f) from ratios between 4.79 and 2.44, overlapping with those from the Borgmassivet Sill,

in the western part of the belt to ratios between 2.45 and 1.67 in its eastern part.

More than one type of pre-Pan-African REE profile is identified in the Gjelsvikfjella amphibo-
lite sample set. Six samples from this area (AB-7A, AB-9A, AB-13A, AB-33A, AB-38A,
ABA-22) show high overall enrichment in REE relative to all other samples (excluding the EG-
26) and correspond to the six samples identified as having the highest Zr concentrations (Fig.

20g). Three other samples from this part of the belt (ABA-2; ABA-62 and ABA-63) display flat
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Fig. 20 REE patterns of mafic rocks included in this study from Western Dronning Maud Land normalized to the C1 chondrite
(Sun and McDonough, 1989). Note that the Nashornkalvane mafic sill (this study) on the easternmost margin of the craton has a
REE pattern identical to the data available (Krynauw, 1986) for the 1107 Ma Borgmassivet Suite mafic sills (a). The REE pat-
terns of post-tectonic mafic intrusions (A. Bisnath, unpubl. data 2005) are shown in (b). The majority of the amphibolites of
unknown age (c-f) from the Maud Belt (A. Bisnath, unpubl. data 2005; Board, 2002: this study) compare well with the on-
craton 1107 Ma Borgmassivet Suite sills sharing a similar LREE enriched pattern. Some amphibolites from the Gjelsvikfjella
(A. Bisnath. unpubl. data 2005) differ in that they show overall enrichment in REE or much flatter profiles to the rest (g).
Heimefrontfjella 1030 Ma and 600 Ma amphibolite groups (h: data from Bauer et al., 2003).

56



REE patterns with the lowest (La/Yb)y ratios (1.30, 0.96 and 0.78; Fig. 20g). Except for a larger
variation in Eu anomaly, the remaining Gjelsvikfjella samples have REE patterns with (La/Yb)y
ratios of 4.42 to 1.45 and overall REE abundances similar to those in the eastern and western H.
U. Sverdrupfjella (Fig. 20¢) and to those of the Borgmassivet Suite sills. Samples AB-11A and
AB-12A have a small positive Eu anomaly and are probably reflecting accumulation of plagio-
clase, as indicated by a high proportion of plagioclase (70-85 vol%) in these inferred cumulate

sills.

8.4 The influence of high-grade metamorphism and metasomatism

Low-grade hydrothermal/metamorphic alteration (e.g. Pearce and Cann, 1973; Pearce, 1975,
1976; Frey, 1983) or processes related to high-grade metamorphism, such as partial melting, de-
hydration and fluid-rock interaction (e.g. Sawyer, 1991; Zaleski and Pattison, 1993; Kretz,
1994; Bingen et al., 1996) may all contribute to severely affecting the composition of the pre-
cursor rock. Some element mobility in the mafic rocks from western Dronning Maud Land has
to be expected, because they experienced two high-grade metamorphic episodes. In this section,
to evaluate the influence of secondary processes, element mobility is assessed by plotting HFSE

correlation diagrams and HFSE against LILE concentrations.

The Zr/Y vs Zr diagram of Pearce and Norry (1979) is conventionally used to distinguish be-
tween within-plate, mid-ocean ridge and island-arc basalts. The nature of this diagram (element
ratio against element) may be used to identify samples, which have experienced metasomatism
as any loss or gain of Zr would result in data plotting along a straight line with positive slope.
Six samples from Gjelsvikfjella are enriched in Zr on this diagram (Fig. 21), whereas many of
the remaining amphibolite data points scatter away from the general cluster and appear to show
a depletion in Zr. Sample AB-39A displays a severe depletion in Zr and LREE (Fig. 21;
Fig.22a,). A metasomatically altered sample (WB-109), taken from a shear zone in the eastern
H.U. Sverdrupfjella, is also characterized by a REE pattern with a very gentle slope and a con-
cave-upward LREE profile as well as an enrichment in Nb and Y (Fig. 22a; Fig. 19b,¢), unlike
the majority of the less altered samples, which have moderate LREE-enriched patterns. By anal-
ogy with sample AB-39A, WB-109 most likely also suffered Zr-loss (together with Y-

enrichment as seen in Fig. 19b) explaining its position on the Zr/Y versus Zr diagram (Fig. 21).
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In many of the samples with concave-up LREE-depleted patterns, a general decrease in Zr and
Zr/Y ratio is observed (e.g. WB-109, WB-20, WB-64, AB-39A, AB-16A, ABA-13A; Fig. 21;
Fig. 22a) suggesting that Zr was more mobile, together with the LREEs, during high-grade
metamorphism. The depletion in Zr is also supported by the Y-Zr binary plot showing only
WB-109 (excluding the least equilibrated sample, WB-34) with the high Y concentration plot-
ting away from the general trend, indicating that in this sample even Y did not remain immobile

(Fig. 19b).
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Fig. 21 Zr/Y versus Zr diagram after Pearce and Norry (1979) for mafic rocks from the Maud Belt
(for data sources see Fig. 19).

A good positive correlation (r*=0.83) between La/Yb and Zr/Y points to Zr- and LREE- deple-
tion (mobility) having been coupled (Fig. 22d). Sample AB-39A, showing the lowest La/Yb
value, also has the lowest Zr concentration. The presence of zircon overgrowths indicates at
least short-range Zr mobility in high-grade metamorphic fluids. Such fluids appear to be also
capable of mobilizing the LREEs. Thus, the depletion of amphibolites in both Zr and the
LREEs may indicate mobility of these elements possibly as a result of dissolution of zircon
grains due to chemical attack by a metamorphic fluid. Some amphibolites display greater deple-
tion in Zr than in LREE (e.g. AB-15A), whereas others show an opposite trend. Although many
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studies have shown that HFSE and REE may be mobilized by metamorphic fluids (e.g. Ru-
dashevskiy, 1969; Ludden and Thompson, 1979; Gieré, 1986; Cathelineau, 1987), the behavior
of Zr, Ti and REE in metamorphic fluids is still poorly understood. REE-, Zr- and Ti-mobility
depends on a variety of factors, such as temperature, pressure and fluid composition, with
higher temperatures and high activities of K" and/or Na”, CO,, B’, F', PO, (e.g. Cullers et al.,
1973; Mysen, 1979; Wendlandt and Harrison, 1979; Gieré, 1989) seeming to enhance this mo-
bility. A LREE- and Zr-bearing metamorphic fluid derived from the amphibolites during meta-
morphism may have migrated to higher crustal levels, eventually being incorporated into the
melt derived from partial melting of the felsic country rocks. Deposition of the trace elements
may have resulted due to precipitation/crystallization of new zircon grains found in anatectic
leucosome, such as those in the northeastern part of the belt where the Pan-African tectonism

was most intense (Paulsson and Austrheim, 2003).

Those amphibolite samples that were most intensely altered are readily distinguished on Figure
21 (see Table 13). In general, the amphibolites from the Gjelsvikfjella are more enriched in
LILE compared to those from other areas further southwest. This is interpreted to reflect an in-
crease in metamorphic grade towards the northeast as supported by metamorphic studies (e.g.
Jacobs et al., 2002; Paulsson & Austrheim, 2003). Those samples that have highly elevated Cs,
Rb, Nb and Ba concentrations (Fig 19¢-f) also display strong negative Eu anomalies (Eu/Eu* =
0.31-0.66, Fig. 22¢) suggestive of metamorphic fluid alteration. Sample AB-13A displays the
strongest negative Eu anomaly (Ew/Eu* = 0.24; Fig. 22c) possibly also due to metasomatism.
Some amphibolite samples (e.g. WB-34, ABA-37) show both pronounced negative Eu and Ce
anomalies, which may be due to basalt-seawater alteration (Fig. 22b; e.g. Ludden and Thomp-
son, 1979). Titanium appears to have been a relatively immobile element in the amphibolites.
As can be seen in the Zr versus TiO; plot, even the highly altered sample WB-109 plots within

the fractionation trend (Fig. 19a).

In summary, the geochemical data indicate that more than one secondary process has resulted in
the mobility of elements including those that are generally considered to be immobile. While Ti
has remained largely immobile, metamorphic fluid alteration resulted in the depletion of Zr and

the LREEs, strong relative enrichment in Nb, Y, Cs, Rb, Ba, and large negative Eu anomalies.
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Seawater alteration may account for both negative Eu and Ce anomalies observed in some of

the amphibolite samples.
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Fig. 22 REE patterns of amphibolite samples displaying evidence for secondary alteration (Gjelsvikfjella unpubl.
data from A.Bisnath, 2005; eastern H.U. Sverdrupfjella data from Board, 2002; western H.U. Sverdrupfjella data
from this study). Amphibolites showing concave-upward, LREE-depleted patterns due to metamorphic alteration
correspond to those with severe depletion in Zr (a). Similarly, amphibolites showing pronounced negative Eu
anomalies correspond to the samples also showing enrichment in ‘immobile’ trace elements due to metasomatism
(c). The negative Ce and Eu anomalies in the REE patterns in some samples are attributed to interaction with sea-
water (b). A positive correlation between Zr concentration and LREE depletion is observed in some amphibolites

suggesting the mobility of these elements during high-grade metamorphism (d).
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8.5 Trace element source characteristics and tectonic setting

8.5.1 Pre-tectonic mafic intrusions

Notwithstanding the effects of element mobility during metamorphism on the major and trace
element geochemistry of mafic protolith rocks, an attempt is made to constrain, as far as possi-
ble, the source characteristics of the mafic rocks in this study, in particular with the help of rela-
tively immobile trace elements and isotopic data. On an AFM diagram all the amphibolite data
show considerable spread and overlap, indicating major element mobility during metamorphism
(Fig. 17). Therefore, trace element binary and ternary plots, including the REE data, are used to
compare amphibolites of unknown age to groups of amphibolites and mafic rocks for which re-
liable geochronological control is available. Amphibolites that have experienced metasomatism
(Table 13) are shown separately in plots of all data in the trace element discrimination diagrams
(e.g. Fig. 23b). Similarly, for the purpose of clarity, the Gjelsvikfjella amphibolite samples, dis-
tinguished from the majority by differences in their REE chemistry, are also shown separately

on these diagrams.

The Nashornkalvane and other Borgmassivet Suite sills, as well as the Umkondo dolerites, form
a tight cluster in the within-plate tholeiite and volcanic arc basalt field on the Nb-Zr-Y tectonic
diagram of Meschede (1986; Fig. 23a). Most of the 1030 Ma amphibolite dykes from the
Heimefrontfjella also plot into the same fields, but are distinguished from the Borgmassivet/
Umkondo dolerites by having higher Zr concentrations. Some of these dykes conform to a
within-plate alkali basalt source. A more depleted source character is indicated by the ¢.590 Ma
dykes from the Heimefrontfjella, which plot in the E-type MORB, N-type MORB and volcanic-
arc basalt fields. Excluding strongly altered samples (Fig. 23¢), amphibolites of unknown age
from the western and eastern H.U. Sverdrupfjella and the Gjelsvikfjella are geochemically very
similar to the Nashornkalvane, Borgmassivet and Umkondo dolerites (Fig. 23d). The Straums-
vola western H.U. Sverdrupfjella and Gjelsvikfjella amphibolites overlap strongly with the Na-
shornkalvane and Umkondo dolerites, although some plot in the N-MORB and volcanic-arc
field (Fig. 23d). Amphibolite sample EG-26 differs from all the other samples by having a par-
ticularly high Nb concentration. Those samples from the eastern H.U. Sverdrupfjella straddle
the boundary between the within-plate and volcanic arc and N-type MORB and volcanic arc

fields, with the majority plotting in the more depleted N-MORB and volcanic arc fields. A simi-
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lar situation is observed on the Ti-Zr-Y diagram of Pearce and Cann (1973, Fig. 24). With the
exception of EG-26, distinguished as a high-Ti amphibolite, all the amphibolites of unknown
age follow a trend away from the Borgmassivet and Umkondo sills in the calc-alkaline field to

the more depleted MORB field. The strong within-plate to transitional MORB signature

Nb*2 Nb*2 Nb*2
Gjelsvikfiella

O Low-Th amphibolite
A High-Zr amphibolite

Zr

O Gjelsvikfiella (A. Bisnath, unpubl. data 2005)
< Western H.U. Sverdrupfjella (this study)
O Eastern H.U. Sverdrupfjella (data from Board, 2002)
H Borgmassivet Suite (1107 Ma; Krynauw, 1986)
B Nashomkalvane (1107 Ma; this study)

© Umkondo Suite (1109 Ma; Hanson et al., 2004)

A Heimefrontfiella (590 Ma; Bauer et al., 2003)

+ Heimefrontfjella (1030 Ma; Bauer et al., 2003)

Zr Y

Fig. 23. Nb-Zr-Y diagram after Meschede (1986), data fields include: within-plate alkaline basalts (Al + All),
within-plate tholeiites (AIl + C), P-MORB (B), N-MORB (D), volcanic arc basalts (C + D). Amphibolite dykes
and mafic sills of known age are shown on this diagram (a). All data for amphibolites in this study of unknown age
are compared (b, d). Samples of unknown age from the Gjelsvikfjella with differences in REE chemistry and those,

which have been affected by metamorphism are shown separately of this diagram in (c) and (b), respectively.
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and similarity in tectonic setting between the on-craton mafic sills and the amphibolites in the
Maud Belt, particularly those in the western H.U. Sverdrupfjella, is also reflected in the Zr/Y
versus Zr diagram of Pearce and Norry (1979), thereby suggesting the same active continental

margin setting for these mafic rocks (Fig. 21).

Ti/100 Ti/100 Ti/100
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O Low-Th amphibolite
A High-Zr amphibolite
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O Gijelsvikfijella (A. Bisnath, unpubl. data 2005)
O Western H.U. Sverdrupfjella (this study)
O Eastern H.U. Sverdrupfijella (data from Board, 2002)
B Borgmassivet Suite (1107 Ma; Krynauw, 1986)
B Nashomkalvane (1107 Ma; this study)

O Umkondo Suite (1109 Ma; Hanson et al., 2004)

A Heimefrontfiella (590 Ma; Bauer et al., 2003)

+ Heimefrontfiella (1030 Ma; Bauer et al., 2003)

Zr

Fig. 24 Zr-Ti/100-Y*3 diagram after Pearce and Cann (1973), data fields include: island arc tholetites (A), MORB,
island arc tholeiites and calc-alkali basalts (B), calc-alkali basalts (C), within-plate basalts (D). As in Fig. 24, am-
phibolites of unknown age are compared to those, which have been dated (b, d). Samples with different REE pat-

terns and those showing evidence for fluid remobilization are shown separately in (c) and (b), respectively.
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Although the ¢.590 Ma amphibolite dykes in the Heimefrontfjella cannot be separated from
some of the amphibolites in this study in the above tectonic discrimination diagrams, they differ
by displaying flat REE patterns that are typical of E-type MORB (Fig. 20h; Bauer et al., 2003).
The three Gjelsvikfjella amphibolite samples with the lowest (La/Yb)y ratios also share this flat
REE pattern. Secondary enrichment in Y may have displaced these amphibolites, however,
from the E-type MORB and MORB fields in the above tectonic discrimination diagrams (Fig.
23c and 24c¢).

The amphibolite samples from the Gjelsvikfjella with particularly high Zr concentrations and
strongest overall REE-enrichment are distinguished on the Zr/Y versus Zr diagram from all
other amphibolite samples with data points scattering near the within-plate basalt field (Fig. 21).
A within-plate geochemistry is also indicated in the other diagrams mainly by samples AB-7A
and AB-9A, however, some of these REE-enriched amphibolites plot outside the various fields,
whereas others appear to have a possible subduction-related signature similar to the majority of

the other amphibolite samples (e.g. Fig. 23c¢).

In the plot of Th (non-conservative element) versus Nb (conservative element) normalized to
Yb (Pearce and Peate, 1995), the majority of amphibolites are displaced above the composition
of the mantle array, with almost all samples plotting in the transitional zone between the conti-
nental and intra-oceanic arc subduction-related fields (Fig. 25). The on-craton Borgmassivet
and Umkondo sills have slightly elevated Th concentrations compared to the amphibolites but
an identical range in Nb concentrations. The three Gjelsvikfjella amphibiolite samples with the
lowest (La/Yb)y ratios also display the lowest Th/Yb ratios on this diagram and are closely as-
sociated with data for the three Neoproterozoic amphibolites from the Heimefrontfjella. The po-
sition of these amphibolites plotting within and close to the enriched mantle field in this dia-

gram is consistent with their flat, E-type MORB REE pattern.

In the MORB-normalized diagram of Pearce (1983) and Pearce and Peate (1995) it is observed
that the majority of the amphibolites from the H.U. Sverdrupfjella and Gjelsvikfjella have simi-
lar N-type MORB-normalized patterns to those of the Borgmassivet intrusives, showing a

strong enrichment in Sr, K, Rb, Ba and Th and depletion in Nb and Ta (Fig. 26a-¢). This type of
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pattern is indicative of a subduction-zone signature produced by melting of a mantle source pre-
viously metasomatized by fluids and melts derived from a subducted oceanic crustal slab
(Pearce, 1983; Pearce and Peate, 1995). However, the same LILE-enriched signature and high
Th/YDb ratios can also be produced by crustal contamination of the mafic magma (Pearce, 1983;

Pearce and Peate, 1995).
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Fig. 25 Th/Yb versus Nb/YD plot for the mafic rocks in Western Dronning Maud Land; EM = enriched mantle.
DM = depleted mantle (after Pearce, 1983; Pearce and Peate, 1995). Note that most of the amphibolites in the
Maud Belt and the on-craton mafic intrusives are displaced above the mantle array suggesting the influence of sub-
duction zone metasomatism for these rocks. The three samples from the Gjelsvikfjella with the flat REE profiles
plot close to the data for the ¢.590 Ma amphibolite dykes near the enriched mantle part of the array (For legend and

data sources see Fig. 26).

A striking similarity between the Borgmassivet and Umkondo dolerites and these Maud Belt
amphibolites is also reflected by the primitive mantle-normalized diagram of Sun and
McDonough (1989; Fig. 27). Both the on-craton mafic sills and the amphibolites share a strong
depletion in Nb, Sr, P, and Ti and enrichment in Pb (Fig. 27). These geochemical characteris-
tics, together with a negative Eu anomaly, have been interpreted as reflecting the influence of
subducted sediment in the mantle source region for mafic rocks (e.g. McLennan and Taylor,

1981; Sun and McDonough, 1989). In a Ba/Nb versus La/Nb diagram (Fig. 28; Sun and
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Fig. 26. N-type MORB-normalized trace element variation diagrams (after Pearce, 1983) for various amphibolites
in the Maud Belt (Gjelsvikfjella unpubl. data from A. Bisnath 2005; eastern H.U. Sverdrupfjella data from Board,
2002; western H.U. Sverdrupfjella data from this study) in comparision to the Borgmassivet Suite mafic sills (this
study and Krynauw, 1986) and the two groups of amphibolite dykes in the Heimefrontfjella dated at 1030 and 590
Ma (Bauer et al., 2003). Most of the amphibolites in the Maud Belt have very similar patterns to that of the Borg-

massivet sills (e-f).
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Fig. 27 Primitive mantle-normalized diagrams for the majority of the Maud Belt amphibolites (A. Bisnath, unpubl.
data 2005; data from Board, 2002 and data from this study) in comparision to the Borgmassivet (this study) and

Umkondo Suite (Munyanyiwa, 1999) mafic sills. Average southern Karoo basalt composition of southern Africa

shown for comparision (Duncan et al., 1984).
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Fig. 28 Ba/Nb versus La/Nb diagram (after Sun and McDonough, 1989) for Nashornkalvane mafic sill and the am-
phibolites in the Maud Belt. Fields for primitive mantle, EM-type O1B = Enriched Mantle-type Ocean Island Ba-
salt, HIMU OIB = HIMU Ocean Island Basalt, MORB = Mid-Ocean Ridge Basalt and Arc Basalts after Sun and

McDonough (1989).
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McDonough, 1989) a trend from the volcanic arc to the MORB field is noted. Except for a trend
towards a more MORB-type chemistry for some of the amphibolites, the above analysis has
shown that trace element geochemistry of the Borgmassivet Suite mafic sills and the majority of
the Maud Belt amphibolites are equivocal. A true subduction-zone signature and a possible
close tectonic relation between the mafic sills and amphibolites requires further investigation
using isotope data. Some amphibolite samples show clear differences in trace element chemis-
try, such as the six samples from the Gjelsvikfjella with the highest overall REE and Zr enrich-
ment and the three amphibolites showing the lowest (La/Yb)y and Th/Yb ratios. These amphi-
bolites are hereafter referred to as the high-Zr and the low-Th amphibolites, respectively. Simi-
larly, sample EG-26 from the western H.U. Sverdrupfjella with the highest (L.a/Yb)y ratio of 9

and highest TiO, concentration, is hereafter referred to as the high-Ti amphibolite.

8.5.2 Post-tectonic mafic intrusions

Major and trace element distributions of the post-tectonic mafic dykes in this study can best be
best compared with volcanic arc rocks on the various tectonic discrimination diagrams (Fig.
29a-b). Stabben analyses do not conform to a typical basalt melt composition, thus precluding a
meaningful comparision with the other mafic rocks studied. A very similar LREE—pattern as

with the post-tectonic mafic dykes is noted, however (Fig. 20b).

TiO,

Hff3

MnO,*10 P,0,*10

Th Ta

Fig. 29. Tectonic discrimination diagrams (after Mullen, 1983; Shervais, 1982; Wood, 1980) for the post-tectonic mafic
dykes in the Gjelsvikfjella (A. Bisnath, unpubl. data 2005). (a) CAB = Calc-Alkaline Basalt, IAT = Island Arc Tholeiite,
MORB = Mid-Ocean Ridge Basalt, OIA = Qcean [sland Andesites, OIT = Ocean Island Tholeiites. (b) WPB = Within-
Plate Basalt.
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8.6 Influence of an 1109 Ma mantle plume in WDML?

A large-scale heat mechanism independent of crustal plate processes has been argued for to
explain the widespread and short-lived on-craton magmatism between 1106 and 1112 Ma
(Hanson et al., 1998; 2004). Frimmel (2004) suggested the possibility of a mantle plume
interacting with the base of the sub-lithospheric mantle to have been responsible for this
magmatism, with the lateral escape of heat away from the thicker roots of the Kalahari Craton
leading to high-temperature, low-pressure metamorphism and extension in the surrounding
mobile belts. This mantle anomaly may have interacted intermittently with the sub-cratonic
mantle over a period of more than 200 myr and finally triggered the break-up of the late Meso-

proterozoic supercontinent.

Although the role of a mantle plume in the generation of Large Igneous Provinces (LIP) is still
a subject of debate, many workers have argued that the well-studied 180 Ma Karoo basalts on
the Kalahari Craton were the result of a mantle plume that interacted with the sub-cratonic
mantle leading to the break-up of Gondwana (e.g. Sweeney et al., 1991). Recently, a
geochemical and geochronolgical study of an extensive suite of dolerites in the Ahlmannryggen
region of the Grunehogna Craton were shown to be comtemparaneous with the Karoo dolerites
of southern Africa as well as the other Mesozoic basalts in western Dronning Maud Land such
as the Kirwanveggen and Vestfjell basalts (Riley et al., 2005). The data from this study supports
the plume hypothesis for the generation of the Karoo-Antarctic LIP province as previously
suggested (Riley et al., 2005). Given the link of the late Mesoproterozoic (1109 Ma)
Borgmassivet mafic intrusions and the Mesozoic (~180 Ma) Karoo-Antarctic mafic intrusions
on the Kaapvaal-Grunehogna Craton with a possible mantle plume, their geochemistry is

compared in the discussion below.

To date, the source and petrogenesis of the Mesozoic Karoo basalts and its Antarctic
equivalents remains problematic (e.g. Cox, 1978; Erlank et al., 1980; Cox et al., 1983; Erlank et
al., 1984; Hawkesworth et al., 1984; Sweeney et al., 1991; 1994; Luttinen et al., 1998; Luttinen
and Furnes, 2000; Riley et al., in press). Two fundamentally different end-member models have

been suggested to explain the geochemical patterns of the Karoo basalts, which includes the
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sub-lithospheric mantle source and the above mentioned mantle plume models. These two
endmember models have been used to explain the occurrence of ‘enriched’ high-Ti-Zr basalts
and the ‘normal’ low Ti-Zr basalts of the northern and southern Karoo Province, respectively. A
heterogeneous, sub-lithospheric mantle source with two different mantle domains has been
proposed for the chemical variation within the Karoo Igneous Province (Erlank et al., 1980;

Cox et al., 1983; Erlank et al., 1984).

Sweeney et al. (1991; 1994), on the other hand, proposed the influence of a mantle plume to
have been responsible for ‘enriched’ and ‘normal’ basalts. The high Ti-Zr basalts (and picrites)
were interpreted to be derived from a depth of greater than 120-200 km (> 30-20 kbar) by
mixing of two components, namely the hot, (>200°C above normal mantle temperatures) central
stem of an asthenospheric plume and a thick metasomatized lithospheric ‘keel’. The low Ti-Zr
basalts were suggested to have been sourced from a shallower depth from depleted
asthenospheric melts, which have equilibrated with thinned, sub-continental lithosphere with a
similar thickness to that of continental crust (40-45 km, 13-15 kbar). Sub-lithospheric mantle
regions peripheral to the thicker stable cratonic ‘keel” were believed to be the source of the low-

Ti-Zr southern Karoo basalts.

Furthermore, in the Ti-Y-Zr diagram of Pearce (1973), on-craton Karoo sills and basalts were
found to plot firmly in the fields of calc-alkali basalts, ocean floor basalts and low-K tholeiites,
rather than in the within-plate field, suggesting that their source chemistry was related to
subduction zone processes (Cox, 1984). Cox (1978) suggested back-arc spreading and
magmatism related to subduction beneath Gondwana along the Pacific margin as a tectonic
setting required to produce the chemical characteristics of these basalts. The role of subduction
zone processes in the genesis of the Karoo basalts is still not clear. This problem is exemplified
in the case of the southern Karoo basalts (including the southern Lebombo and Lesotho basalts),
which show high enrichment in Sr, K, Rb and Ba and low Ti. Whether this enrichment in LILE
and depletion in Ti is a reflection of subduction-related metasomatism in the source or crustal
contamination en route to the surface, or both, has remained an open question (e.g. Cox, 1983).

Hawkesworth et al., (1984) suggested on the basis of Sm/Nd and Rb/Sr isotopic data, that the
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Karoo basalts were derived from upper mantle regions that were previously enriched more than
~1.0 b.y. before the Karoo event. Such an enrichment event was interpreted to be related to sub-
duction below the southern margin of the Kaapvaal Craton during the formation and accretion
of the Proterozoic Namaqua-Natal Belt leading to the growth and stabilization of the litho-
spheric mantle within and around the craton. As subduction zone related magmas were consid-
ered to have negative Nb anomalies and high Sr contents (Pearce, 1983), some workers have
argued that if subduction zone metasomatism has influenced the mantle source of the southern
Karoo basalts, the processes responsible for the negative Nb anomalies and relatively low Sr
contents of the Karoo basalts are required to be unrelated (e.g. Hawkesworth and Powell, 1980).
The active subduction during the accretion of the former volcanic arcs related to the formation
of the Namaqua-Natal Belt was considered a candidate responsible for the possible subduction
zone metasomatism identified in the southern Karoo basalts (e.g. Hawkesworth et al., 1984).
However, subsequent tectonic models for formation of the Natal Belt of southern Africa (as for-
mer oceanic island arcs) all envoked subduction directed away from the southern margin of the

Kaapvaal Craton (e.g. Jacobs et al., 1993).

In a recent study, four geochemically distinct groups of Mesozoic mafic dykes were identified
in the Ahlmannryggen region on the Grunehogna Craton of western Dronning Maud Land
(Riley et al., 2005). Group 1 Mesozoic dykes are all low-Ti-Zr tholeiites, which is the
predominant rock type throughout the Karoo-Dronning Maud Land flood basalt. Riley et al.
(2005) has shown that these Ahlmannryggen dykes are geochemically similar in composition to
the low Ti-Zr basalts of the Kirwanveggen (Harris et al., 1990), the chemical type 1 (CT1)
basalts of Vestfjella in Antarctica (Luttinen and Furnes, 2000), and the southern Lebombo Sabie
River Basalt Formation and Lesotho Basalts of southern Africa (e.g. Duncan et al., 1984). The
Group 1 basalts have a characteristic negative Nb-Ta anomaly and are interpreted to represent
12% melting of the SCLM, mixed with Group 3 melts in the source,modified by assimilation of

crustal material and post-magmatic alteration (Riley et al, 2005).
Group 2 dykes are low to moderate Ti-Zr rocks, which are described as being geochemically

similar to the chemical type 2 or CT2 basalts of Luttinen et al. (1998) and the Rooi Rand

dolerite dykes of South Africa. These basalts show very little evidence of crustal contamination.
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Group 3 dykes are high Ti-Zr basalts relative to the other basalts in Ahlmannryggen area and
are relatively depleted in LILE. They are regarded as an unusual magma type showing both N-
MORB and E-MORB OIB type geochemical charateristics, that is from a depleted possibly
plume related source. Three samples from this group are ferropicrites, which are intepreted as
possible partial melts of Fe-rich mantle plume starting heads, with a melt component derived

from the depleted convecting asthenosphere (Riley et al., 2005).

Group 4 dykes are characterized by very high Ti and Zr concentrations, that is the highest in the
Karoo-Antarctic LIP. Half of the Group 4 dykes are low-K picrites and are noted to overlap
with the picritic HTZ group of Sweeney et al. (1994) in the northern Lebombo lavas of South
Africa and, in part, with the CT4 picrites of Luttinen et al., (1998). These dykes are noted to
have an OIB-like (plume-related) chemistry (Riley et al., 2005).

Ar-Ar dating of these basalts indicate two stages of emplacement for the dykes. Groups 1 and 3
are dated at ~190 Ma, whereas Groups 2 and 4 are ~ 178 Ma in age (Riley et al., 2005). The
new “*Ar/*’Ar geochronological data indicates a long-lived magmatic event of greater than 10
Myr that generated the basalts of the Karoo-Dronning Maud Land LIP (Riley et al., 2005)
consistent with the plume incubation model of Sweeney et al. (1991; 1994). This interpretation
is also supported by the older ~190 Ma Group 3 ferropicrites, which have MORB and OIB-like
(plume head) characteristics (Riley et al., 2005).

The Nashornkalvane sill of the 1090 Ma Borgmassivet Suite is more similar in composition to
the most dominant basalt in the Karoo-Dronning Maud Land LIP, as seen in a primitive mantle
plot (Fig 30). These include the low Ti-Zr Groupl basalts of the Mesozoic Ahlmannryggen
dykes (Riley et al., 2005), the CT1 Vestfjella basalts, the Kirwanvegen lavas and the typical
southern Karoo basalts (including Lesotho and southern Lebombo) that show a pronounced
negative Nb-Ta anomaly and evidence for crustal contamination. The Nashornkalvane sill is
geochemicllay distinct from the high Ti-Zr OIB (plume source) — type basalt of the Karoo-
Antarctic Province (Fig. 30). As in the case of the Karoo basalts, it is not possible to distinguish
between crustal contamination and/or subducted sediment in the mantle source for the

Nashornkalvane sill.
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Fig. 30 The Nashornkalvane sil} (this study) of the 1109 Ma Borgmassivet Suite and 1105 Umkondo mafic sills in
comparision to various Mesozoic Karoo-Dronning Maud Land basalt groups of Riley et al. (2005). Data: Umkondo
sills from Munyanyiwa (1999); Average composition of southern Karoo basalt from Duncan et al. (1984). Meso-
zoic Dronning Maud Land-Karoo (DML-Karoo) age Group 1 and 4 basalts from the Ahlmannryggen region, Ant-
arctica from Riley et al. (2005).

The enrichment in Sr, K, Rb, Ba and Th and strong similarity in trace element geochemistry
between the Nashornkalvane sill and the protoliths to the amphibolites in the Maud Belt points
to possible subduction below the southeastern margin of the Kaapvaal Craton during formation
of the former Maud volcanic arc (e.g. Fig 27). In the Th/Yb vs Nb/Yb diagram the
Nashornkalvane sill is displaced above that of the continental arc mafics, suggesting that both
processes of subduction metasomatism and crustal contamination may have played a role in

their petrogenesis.
Following the model of Sweeney et al. (1991, 1994), asthenosphere-derived melts from a 1109

Ma Umkondo/Borgmassivet mantle plume may have melted and equilibrated with a shallow

sub-lithospheric mantle that had been modified by subduction-related processes. Hence, as a
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consequence of an ~1100 Ma Umkondo mantle plume, the Borgmassivet sills may have tapped
the same subduction-related source below the southeastern margin of the Kaapvaal Craton as
that of the later 180 Ma southern Lebombo, Lesotho, CT1, Kirwanveggen and Group 1
Ahlmanryggen dykes of Riley et al. (2005), only forming part of a much older Large Igneous
Province. Such an interpretation would be in agreement with that of Hawkesworth et al. (1984)
who suggested that the Karoo magmas tapped a source previously enriched by subduction ~1
byr before emplacement, however, in this case possibly due to formation of the late Mesopro-
terozoic Maud volcanic arc rather than the Namaqua-Natal Belt. In the following section, Nd-
isotopic analyses for some of the amphibolite are presented which support a continental arc ori-

gin for the Maud Belt.

8.7 Four stages of mafic magmatism in WDML between 1160 Ma and 530 Ma

The age-corrected initial ¥’Sr/*Sr ratio for the Borgmassivet sill at 1110 Ma is 0.7117 (using an
average of three samples; Table 14). Assuming a similar age for the emplacement of the proto-
liths to the amphibolites yields initial *’Sr/**Sr ratios for the western H.U. Sverdrupfjella amphi-
bolites of between 0.70923 to 0.71603. Both, the high-Zr and the low-Th amphibolites from the
Gijelsvikfjella have initial ¥ Sr/**Sr ratios that are unreasonably low at an assumed age of 1110
Ma (i.e. less than chondritic values) from which younger emplacement ages are deduced. As-
suming an age of 600 Ma for the low-Th amphibolites yields more reasonable initial *’Sr/*°Sr
ratios that are comparable to typical ocean floor basalts (> 0.7011). The maximum age required
to obtain reasonable initial *’Sr/*®Sr ratios for the high-Zr amphibolites as well as for AB-15A
and AB-43A is about 530 Ma, which coincides with the age of high-grade Pan-African tecton-
ism in the Gjelsvikfjella and with a phase of syn-tectonic mafic magmatism further east (Jacobs
et al., 2003). These initial *’Sr/*Sr ratios (> 0.7031) are similar or lower than those for the post-

tectonic Stabben gabbro (0.7080), but are within the range of continental mafic rocks.

The initial '**Nd/"**Nd ratios for the various mafic rocks were used in the calculation of €xg
values and Sm-Nd model ages (Table 15) in order to possibly distinguish between different
mantle source regions. As both the Nashornkalvane sill on the craton and the amphibolites in

the Maud Belt share possible supra-subduction-zone geochemical characteristics, their Sm-Nd
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model ages are compared to assess their source characteristics and whether they were derived

from similar mantle sources.

Sm-Nd model ages and €y for the mafic rocks in Western Dronning Maud Land show a wide
spread (Fig. 31, Table 15), which speaks against melt-derivation from the same source. Strongly
negative €yq values between —14.7 and —6.0 were calculated for the Nashornkalvane sill and the
western H.U. Sverdrupfjella amphibolites, using an initial '**Nd/"*'Nd ratio at 1110 Ma, which
approximates the time of emplacement of the Borgmassivet mafic sills and the formation of the

volcanic arc. The Sm-Nd model ages for three samples from the Nashornkalvane sill on the

Table 14. Rb-Sr isotopic data for mafic rocks in western Dronning Maud Land

Group Sample Rb Sr 73r/sr error Rb/*esr 8Sr/%Sr (i)
(assumed age) (ppm) (ppm) (2-sigma)

Group 1 EG-032 21.26 203.55 0.71969  0.0017 0.30268 0.71488
(1110 Ma) EG-030 21.24 159.18 0.71538 0.0016 0.38661 0.70923

EG-021B 35.38 129.78  0.72859  0.0017 0.79072 0.71603
EG-022 27.18 175.36  0.72303  0.0019 0.44938 0.71589

Group 2 EG-N1 39.56 16540 0.72265  0.0029 0.69346 0.71163
(1110 Ma) EG-N2 37.74 1567.16  0.72315  0.0017 0.69627 0.71209
EG-N3 38.66 157.39  0.72271 0.0025 0.71212 0.71140
EG-026 80.68 753.63 071755  0.0020 0.31022 0.71262
0.0000
Group 3 ABA-2 48.60 60.30 0.73740  0.0019 2.33995 0.71738
(600 Ma) ABA-62 45.50 82.40 0.71902  0.0019 1.60027 0.70533
ABA-63 163.00 293.00 0.71483  0.0031 1.61159 0.70114
Group 4 AB-43A 232.03 246.38 0.72857  0.0016 2.73182 0.70793
(530 Ma) AB-15A 187.31 47 49 0.80796  0.0018 11.52990 0.72086
ABA-33A 86.31 404.41 0.71045  0.0017 0.61799 0.70578
ABA-38A  283.75 225.31 0.73291 0.0019 3.65471 0.70530

ABA-22A 349.00 94.40 0.78783  0.0019 10.78630 0.70634
ABA-TA 134.58 29400 0.71373  0.0019 1.32592 0.70371
ABA-9A 21.29 34763 0.70446  0.0017 0.17723 0.70312

Post-tectonic  ABA-65 13.00 2252 0.70818 0.0018 0.01671 0.70807
ABA-58 64.00 2607 0.70849 0.0017 0.07107 0.70799
87Rb/§58r are calculated using the Rb and Sr abundances by ICP-MS.

AB# - data from A. Bisnath, 2005.

Grunehogna Craton are between 1810 and 1869 Ma. With the exception of the high-Ti amphi-
bolite, EG-26, with a similar model age of ~1800 Ma, the remaining amphibolites from the
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western H.U. Sverdrupfjella representative of the majority (possible subduction-related) amphi-
bolite in the Maud Belt have distinctly older Sm-Nd model ages of between 2490 and 3300 Ma.

Calculated €yg (600 Ma) values for the low-Th amphibolites, ABA-63 and ABA-62, are both -
1.2. Sample ABA-2 has a €yq4 (600 Ma) value of 0.0 and a Sm-Nd model of ~600 Ma, indicat-
ing direct extraction of the protolith melt of this amphibolite from CHUR at around that time.
Assuming an initial "*Nd/'*Nd at 530 Ma results in two high-Zr amphibolite samples having
positive €y values (around 2.0), while the remainder, including other calc-alkaline samples,
AB-15A and AB-43, have negative values. Sm-Nd model ages for these amphibolites
(calculated on a depleted mantle and CHUR basis) are around 1000 Ma (Fig. 31), although two
samples have significantly younger model ages of 771 Ma and 620 Ma. The Sm-Nd model age
for the post-tectonic c. 490 Ma Stabben gabbro is around 1450 Ma.

0 1000 2000 3000
Time (Ma)

= Maud arc-related mafics (1130 -1160 Ma)
H Borgmassivet mafics (1107 Ma)
4A----A Neoproterozoic oceanic mafics (~600 Ma)

O—>0 syn-tectonic Pan-African mafics ( 530 Ma)

Fig. 31. Sm-Nd evolution diagram for pre- to syn-tectonic mafic rocks in
Western Dronning Maud Land. (Group 2 = EG-N1 and EG-26).
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The older Archaean to Proterozoic Nd model ages of the western H.U. Sverdrupfjella amphibo-
lites are more characteristic of ancient sublithospheric mantle below Archaean cratons, which
record a complex growth and stabilization history, rather than depleted mantle source regions
below juvenile crust of a Mesoproterozoic island arc. The Sm-Nd isotope data indicate that the
Maud Belt represents a former continental volcanic arc that formed on the margin of an Ar-
chaean craton, rather than as oceanic island arc. This Archaean craton is most likely the Grune-
hogna Craton. A close spatial relation between the Grunehogna Craton with its volcano-
sedimentary Ritcherflya Supergroup and an active volcanic arc is supported by the good agree-
ment in U-Pb ages between the Ahlmannryggen Group (lowermost Ritcherflya Supergroup) and
the oldest plutonic, arc-related rocks identified in the Maud Belt. Such a relationship would im-
ply westward directed subduction below the craton margin in which case the basin for the
Ritcherflya Supergroup would take a back-arc position. As the Grunehogna Craton is generally
interpreted as a crustal fragment of the Kaapvaal Craton, the mafic protoliths to the amphibo-
lites were probably sourced from within and below the sublithospheric mantle regions of the
southeastern part of the Kaapvaal Craton. Pearson (1999) pointed out on the basis of thermo-
barometric and isotopic data from mantle xenoliths in the Kaapvaal Craton and surrounding Na-
magqua-Natal Belts that the sublithospheric mantle below southern Africa is very heterogeneous.
Re-Os isotope data yielded model ages ranging from Archaean to Proterozoic with no system-
atic variation in these ages with depth or laterally in the mantle. Such heterogeneity could ex-

plain the Nd model ages obtained in this study.

From the high Rb/Sr ratio (0.24) and high initial *’Sr/**Sr (0.7117) significant crustal contami-
nation is indicated for the Nashomkalvane sill. These values are very similar to some southern
Karoo basalts interpreted to have assimilated Archaean crust (Hawkesworth et al., 1984). As-
suming that this sill was located directly behind an active continental margin and emplaced in a
continental back-arc setting, it is difficult to envisage that the source region of this Borgmas-
sivet sill has escaped the influence of subduction-zone metasomatism. Therefore, the enrich-
ment in LILE and LREE (slightly elevated above that of the amphibolites) and depletion in Nb
and Ta could reflect a combination of subduction metasomatism in the source and enrichment

due to assimilation of Archaean crustal material for this Borgmassivet Suite sill.
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The four geochemically different groups of amphibolite in the Maud Belt can be ascribed to
specific magmatic events between the end of the Mesoproterozoic and the Precambrian/ Cam-
brian boundary. Group 1 amphibolites are interpreted as continental volcanic arc-related mafic
rocks, reflecting the oldest (1130-1160 Ma) mafic magmatism in the Maud Belt. They are char-
acterized by Archaean Sm-Nd model ages (~2500-3300 Ma). The enrichment in LILE, moder-
ate LREE-enrichment and depletions in Nb and Ta, indicated for the majority of amphibolites in
the Maud Belt, are interpreted as subduction-related. €yg (1110 Ma) values show a wide spread
in negative values ranging between —-6.0 and —15.0 from, which an ancient source may be in-

ferred such as the sublithospheric mantle below the Kaapvaal-Grunehogna Craton.

Group 2 mafic rocks are represented by a high-Ti amphibolite (EG-26) in the Maud Belt and
by the Nashalkvane sill of the Borgmassivet Suite on the craton. The source of high-Ti amphi-
bolite is characterized by a Sm-Nd model age of ~1800 Ma, very similar to the Borgmassivet
Suite sill on the eastern margin of the craton, indicating that protolith emplacement may have
been contemporaneous with the Borgmassivet /Umkondo thermal event at ¢. 1109 Ma. Al-
though this similarity in Sm-Nd model age may be a coincidence, it is possible that the protolith
to the high-Ti amphibolite was emplaced during extension and mafic magmatism in a continen-
tal back-arc basin. The €yq (1110 Ma) values of the Nashornkalvane sill (-6.4 to -6.6) and the
high-Ti amphibolite (-6.2) are almost identical also indicating the involvement of an ancient
source but, overlapping only with the uppermost values in the range for the Group 1 amphibo-
lites. Considering the possible connection of the Borgmassivet/Umkondo thermal event with a
c. 1109 Ma mantle plume (Frimmel, 2004; Hanson, 2004), this group of mafic rocks may have
been the resuit of impingement of a mantle plume on the base of a sub-lithospheric mantle,
which had been previously metasomatized by subduction-related processes a few tens of mil-
lion of years prior to melting. This study has shown that the Nashornkalvane sill has a very
similar geochemical signature to the most dominant basalt type of the 178-190 Ma possibly

plume-related Karoo-Dronning Maud Land Large Igneous Province.
The presence of the high-Ti amphibolite with a similar mantle source to the Borgmassivet Suite

sill indicates that many of the amphibolite protoliths in the Maud Belt with subduction zone sig-

natures may have been the result of a mantle plume. The subduction-zone trace element enrich-
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ment chemistry of the Nashornkalvane sill in this group as well as many of these plume-related

amphibolites, however, is equivocal to the Group 1 amphibolite.

Group 3 amphibolites from the Gjelsvikfjella are distinguished by flat, E-type MORB REE pat-
terns and low Th/Yb ratios similar to Neoproterozoic amphibolites dated at ~600 Ma in the
Heimefronfjella. In contrast to Groups 1 and 2, their €yy values, assuming an age of 600 Ma,
define a narrow range between 0.0 and -1.2. This group probably represents oceanic basalts and
mafic dykes that tapped a heterogencous mantle during thinning of the crust and sub-

lithospheric mantle in consequence of the opening of a Neoproterozoic ocean basin.

Group 4 amphibolites, also from the Gjelsvikfjella, are the most heterogeneous in composition.
Rb-Sr data indicate an emplacement age of ~530 Ma, characterizing these amphibolites as syn-
tectonic with respect to the final pulse of Pan-African tectonism. This group of amphibolites has
late Mesoproterozoic Nd model ages and €yq (530 Ma) values of between 2.1 and 3.2, which
overlap with those of Group 3. However, they are distinguished from Group 3 and the other am-
phibolites by their overall REE-enrichment, rather than flat, E-type MORB REE patterns and as
having the highest Zr concentrations. The 490 Ma post-tectonic Stabben gabbro has a similar
but, somewhat higher late Mesoproterozoic Nd model age (1450 Ma). These syn-tectonic am-
phibolites and the post-tectonic mafic intrusives are therefore, interpreted as products of melting
of arc-related Mesoproterozoic lower crust in response to orogenic collapse. Their calc-alkaline
geochemical signature is thus an inherited feature probably due to mixing between mantle de-
rived melts with a large component of melts derived from the lower crust of the former volcanic

arc and has no bearing on the actual tectonic setting during emplacement.
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9. GEODYNAMIC MODEL

In the current tectonic models suggested for the Maud Belt (Arndt et al., 1991; Jacobs, 1993;
Grantham et al., 1995; Groenewald et al., 1995; Golynsky and Jacobs, 2001; Bauer et al, 2003;
Paulsson and Austrheim, 2003; Basson et al., 2004) a rotation in the principal compressional
tectonic stress by more than 90° around the south and southeastern margin of the Kaapvaal Cra-
ton would be required during the accretion of the Natal-Maud Belt island arc following the clo-
sure of the proposed Tugela Ocean. Contiguity of a volcanic arc stretching all around the south-
ern Kaapvaal-Grunehogna Craton from the Namaqua sector to the Maud Belt is, however, not
supported by more recent, precised U-Pb zircon age data from the Namaqua-Natal and Maud
Belts (Frimmel, 2004). These data indicate arc formation in the Maud Belt to postdate that in

the Namaqua-Natal Belt by at least ~200 myr.

A geochemical provenance study on metasedimentary rocks from the Mfongosi Valley in the
Natal Belt (Basson et al., 2004) has shown that the southern Mfongosi Valley sediments have
an active continental margin signature similar to the sediments of the Ahlmannryggen Group
but distinct from the northern Mfongosi sediments for which an oceanic island arc source is in-

dicated.

Limited Sm-Nd isotope data on felsic rocks from the Gjelsvikfjella including a homogeneous
granodioritic arc-related migmatite with a protolith age of ¢c. 1160 Ma and aplitic dykes dated at
~500 Ma yielded Proterozoic Nd model ages older than that of volcanic arc formation between
1390-1770 Ma and 1800-2220, respectively (Paulsson and Austrheim, 2003). The preferred
model presented by Paulsson and Austrheim (2003) is the same as that of the above workers in-
dicating that the Maud Belt was part of the Natal Belt island arc. They argue that the old (2220
Ma) Nd model ages probably reflect mixing of melts derived from Proterozoic island arc crust

with another source from an unknown craton.
Discrepancies in the available tectonic models can be resolved if the Maud Belt is regarded as a

former continental volcanic arc that formed in an independent and younger tectonic regime

compared to island arc magmatism in the Natal Belt. By the time inboard subduction beneath
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the eastern flank of the Kaapvaal-Grunehogna Craton took place, the island arc(s) of the Natal
Belt would have already been obducted to the southern margin of the craton (Figs. 32 and 33).
The geochemical trace and isotopic data therefore, indicate that the Pencksokket-Jutulstraumen
Discontinuity (PJD) cannot represent a large-scale late Mesoproterozoic crustal suture that de-
veloped between an obducted oceanic island arc and the Kaapvaal-Grunehogna Craton, sup-
porting the interpretation of the metamorphic hiatus between the Maud Belt and the Grune-

hogna Craton as a major Pan-African thrust rather than a Mesoproterozoic crustal discontinuity.

Ritcherflya back-arc
basin
(1137 Ma)

Maud continental arc

(I / (1160 -1130 Ma)
/

Mfongosi basin
(< 1276 Ma)

}

Natal oceanic arc '

-7
(1235 - 1209 Ma)

Fig. 32. Proposed model for the tectonic evolution along the southern and eastern margin of the Kaapvaal/
Grunehogna Craton during the late Mesoproterozoic showing the development of the Maud continental arc after
accretion of the Natal oceanic island arc. Age data for the Ritcherflya basin from Frimmel (2004). Age data for the
Maud Belt are from e.g. Arndt et al., 1991; Jacobs et al. 1999; Harris et al., 1995). Maximum age for the Mfongosi
basin is from Johnston et al. (2001) and the age for the Natal oceanic arc is from Johnston et al. (2001) and
(Thomas et al., 1999)

In the preferred model, subduction beneath the craton margin induced back-arc spreading, re-
sulting in the Ritcherflya Supergroup being deposited in a cratonic back-arc basin with material
derived from the craton and the Maud volcanic arc. Superimposed on the later stages of back-
arc basin development was extension during to the Borgmassivet/Umkondo thermal event at c.

1107 Ma and emplacement of the Borgmassivet Suite sills into the Ritcherflya basin and also
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into the adjacent continental volcanic arc. Early U-Pb metamorphic zircon overgrowth ages at
1104 + 5 Ma (Arndt et al., 1991) and 1112 + 29 Ma (Bauer et al., 2003) in the Heimefrontfjella,

1104 £ 8.3 Ma in the Gjelsvikfjella (Bisnath et al., in review) and leucosome development

— - 1130 Ma
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Fig. 33 Schematic geodynamic evolution of Western Dronning Maud Land.
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dated at 1098 £ 5 Ma in the Kirwanveggen, probably record this event as high-grade thermal
metamorphism throughout the Maud Belt.

Following arc formation, thermal metamorphism and back-arc basin extension, continental col-
lision of the Kaapvaal craton with an unknown (“East Antarctic”?) craton is recorded in zircon
overgrowths and zircon in anatectic leucosome throughout the Maud Belt with U-Pb ages of be-
tween 1030 and 1060 Ma. Post-orogenic collapse following crustal thickening during this conti-
nental collision was accompanied by intrusion of mafic dykes at c¢. 1030 Ma, so far recorded

only from the Heimefrontfjella (Bauer et al., 2003).

Mafic dykes, approximately 600 Ma in age, were emplaced in the southwestern area of the belt
(Bauer et al., 2003). Comparable dykes are now also indicated for the northeastern area of the
belt. The timing and E-type MORB geochemical character of this magmatic event suggests that
it was most likely related to the formation of oceanic basalts and mafic dykes during formation
of a Neoproterozoic ocean basin, possibly the extension of the Mozambique Ocean. Consider-
ing a continuation of the Mozambique Ocean into East Antarctica implies that these mafic rocks
record the latest stages of ocean basin formation. A period of major Pan-African tectonism fol-
lowed in the form of two tectonic pulses, between ~570-560 Ma and 540-530 Ma resulting in
the amalgamation of Gondwana. The latter phase of tectonism resulted in major top-to-NW
thrusting and the development of the PJD as a large-scale Pan-African metamorphic discontinu-
ity of T = 450°C and P = 6.5-8.7 kbar between the Maud Belt and the Grunehogna Craton. The
second phase of tectonism was also associated with syn-tectonic mafic magmatism, whereas
further, post-tectonic mafic magmatism is indicated for an orogenic collapse stage between 500
and 490 Ma. The composition of these rocks indicate their derivation from melting of Protero-
zoic arc-related lower crust, probably in response to sublithospheric mantle delamination and

injection of asthenospheric-derived melts onto the base of the lower crust.
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10. CONCLUSIONS

In the metamorphic study of mafic rocks on either side of the Pencksékket-Jutulstraumen Dis-
continuity (PJD), P-T conditions of 275°C and 2 kbars (lowermost greenschist facies) were cal-
culated from a Borgmassivet Suite mafic sill on the eastern margin of the Grunehogna Craton,
whereas metamorphic conditions of T = 713 — 748°C and P = 8.5 — 10.7 kbar (uppermost am-
phibolite facies) were calculated for the western part of the adjacent Maud Belt. These new P-T
constraints indicate that the Pencksokket-Jutulstraumen Discontinuity represents a major meta-
morphic hiatus of T = 450°C and P = 6.5 - 8.7 kbar between the Grunchogna Craton and the

Maud Belt and thus, a section of missing crust, estimated to be ~20 to 30 km thick.

Although a westward decreasing metamorphic field gradient has previously been reported in the
Maud Belt, the similarity in P-T conditions between the western parts of the Maud Belt pre-
sented in this study and the Pan-African upper amphibolite metamorphic conditions recorded in
the eastern Maud Belt, shows that a such a metamorphic field gradient does not exist. The simi-
larity in P-T (upper amphibolite facies, Mjy) conditions recorded across the Maud Belt argues
strongly in favour of major Pan-African tectonic reworking of the entire late Mesoproterozoic
crust of the Maud Belt and the formation of the PJD as a large-scale Pan-African thrust. Granu-
lite facies conditions (M,) recorded as relic assemblages in anhydrous mafic boudin cores and
in rocks to the west of the Pan-African Heimefront Shear Zone (HSZ), may be the only remain-
ing evidence of late Mesoproterozoic metamorphism. A large-scale Pan-African thrust between
the Grunehogna Craton and the Maud Belt could represent a continuation of the Mozambique
Belt into East Antarctica forming a link with the exposed Heimefront Shear Zone in the south-
eastern most part of the belt as the western tectonic front of the suture between East and West

Gondwana.

As a late Mesoproterozoic P-T-t path and the early pre-Pan-African geological history of the
Maud Belt have remained largely unknown due to intense Pan-African tectonism, various possi-
ble end-member tectonic models could be envisaged for the evolution of western Dronning
Maud Land. For example, one possibility may have been that the Grunehogna Craton and the

Maud Belt recorded two separate, independent geologic and metamorphic histories before being
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tectonically juxtaposed. Despite major Pan-African reworking, complicating reconstruction of
the early pre-tectonic history of the Maud Belt, combined trace and isotopic geochemical data
on pre- to syn-tectonic and post-tectonic mafic rocks in western Dronning Maud Land has pro-
vided important insights into the late Mesoproterozoic to Pan-African geodynamic evolution of
the Maud Belt. The variety of mafic rocks identified it this study include four groups of pre- to
syn- tectonic amphibolite. The protoliths to the Group 1 amphibolite records early mafic mag-
matism during volcanic arc formation between 1160 and 1130 Ma. The Group 2 amphibolite
represents mafic magmatism related to the Umkondo/Borgmassivet thermal event and may have
been emplaced in response to a ~1110 Ma mantle plume. Amphibolite of Group 3 reflects oce-
anic basalts and dykes probably associated with the opening of a Neoproterozoic ocean basin to
the east of the Maud Belt and as a possible continuation of the Mozambique Ocean basin into
East Antarctica. Group 4 amphibolite indicates the presence of a syn- to post tectonic Pan-
African mafic igneous province in the northeastern part of the belt, where Pan-African tectono-

thermal overprinting was most intense.

Sm-Nd isotope data for the earliest volcanic arc-related mafic group indicates that the Maud
Belt represents a former continental volcanic arc and fixes the relative position of the arc the
southeastern margin of the Kaapvaal-Grunehogna Craton. Although previous models all indi-
cate outboard subduction directed away from the craton margin, in the preferred model pre-
sented in this study, subduction below the craton margin is favoured with the sediments of
Ritcherflya Supergroup deposited in a cratonic back-arc basin. The new isotopic data indicates
that the Maud Belt does not represent a simple continuation of the Namaqua-Natal Belt as an
oceanic island arc into East Antarctica, as arc-related mafic magmatism was sourced from an
inhomogeneous, Archaean mantle rather than from depleted mantle source regions below a late
Mesoproterozoic juvenile island arc. Thus, the geochemical data on mafic rocks across the PJD
in western Dronning Maud Land has fixed the relative position of the Maud Belt as a former
continental volcanic arc to the margin of the Grunehogna Craton during the late Mesoprotero-
zoic. This indicates that the geological and metamorphic history of the two crustal domains was
coupled, arguing against their development in independent tectonic environments prior to tec-
tonic juxtaposition. Consequently, the PJD does not represent a large-scale crustal suture that

developed by accretion of an oceanic island arc onto the Grunehogna Craton margin. Rather,
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the P-T data presented supports the interpretation of the metamorphic discontinuity between
Maud Belt and the Grunehogna Craton as a major Pan-African thrust and as a possible exten-

sion of the East African Orogen into East Antarctica.

The youngest mafic group identified is syn-tectonic with respect to the Pan-African orogeny.
Together with post-tectonic mafic intrusions, it shows typical subduction-related geochemical
signatures. The calc-alkaline, subduction-related geochemical signature was probably inherited
by mantle derived magmas that melted and assimilated significant quantities of lower crust, that
consisted largely of Mesoproterozoic volcanic arc material, during orogenic collapse. This high-

lights the limitations of conventional tectonic discrimination diagrams.
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METAMORPHIC EVIDENCE FOR A MAJOR PAN-AFRICAN THRUST BETWEEN THE
ARCHAEAN GRUNEHOGNA CRATON AND THE MESOPROTEROZOIC MAUD BELT,
WESTERN DRONNING MAUD LAND, EAST ANTARCTICA.

E. Grosch* and H. E. Frimmel, Department of Geological Sciences. University of Cape Town, Ron-
deboch 7701. South Africa. *corresponding author, email: c¢groschi@igeology uct.ac.za. ph +27 — 21

— 6502933 or 7059708, fax +27 - 21 - 650 3783.

Introduction: Western  Dronning  Maud
Land of Antarctica consists of two distinct
lithotectonic provinces. the Grunehogna Cra-
ton, interpreted as an Archaean fragment pos-
sibly connected with the Kaapvaal Craton.
and the high-grade metamorphic Maud Beit.
These two provinces are tectonically juxta-
posed along an inferred sub-glacial large-scale
structure  known as  the  Pencksokket-
Jutulstraumen Discontinuity (PJD). To test the
significance of this discontinuity, the meta-
morphic grade was established for metabasic
rocks on either side. namely at Nashalkalvane
on the eastern cdge of the Grunehogna Cra-
ton and at Straumsvola in the northwestern
extreme of the Maud Belt.

Petrographic examination of the Nashalkal-
vane metabasites reveals the presence of min-
erals diagnostic of the greenschist facies con-
fined to local microdomains within a former
dolerite sill. Actinolite (after the uralitization
of clinopyroxene) and chlorite. typically form-
ing the metamorphic mineral assemblage with
or without epidote, albite and secondary
quartz. occurs scattered between dominant
relic igneous phases. Calculated activities from
electron microprobe data for the various
greenschist facies minerals were used in the
construction of a petrogenetic grid for the
system  NCMASH  using the  program
THERMOCALC v, 2.75 [1]. The results con-
firm a temperature of ~300°C for the location
of the reactions defining the subgreenschist-
greenschist facies boundary. A systematic in-
crease in modal proportion of hydrous meta-
morphic phases and temperatures calculated
using chlorite geothermometry suggests that
variations in fluid/rock ratio on a microscale
are an important control on chlorite tempera-
ture estimates. This metamorphic effect may
be one of the factors responsible for the
large uncertainty known to be associated with

chlorite geothermometry. A temperature of

259°C is a minimum estimate for the meta-
morphic  conditions at Nashalkalvanc with
more hydrated microdomains yielding higher
temperatures (as much as 285°C) that are
closer to the constraint derived from the P-T
grid. The metamorphic grade at Nashalkalvane

is, therefore. assigned to the lowermost green-
schist facies with a peak metamorphic tem-
perature estimate of 300°C.

Application of hornblende-plagioclase geo-
thermometry to the Straumsvola metabasites
yields temperatures of between 700 and
800°C. Although pressure is only poorly con-
strained at 2.5-11.3 kbar. this upper amphibo-
lite facies temperature estimate is in perfect
agreement with that obtained in the eastern
Maud Belt [2]. This new data does not sup-
port the concept of a westward decreasing
Mesoproterozoic metamorphic field gradient in
the H.U. Sverdrupfiella as previously pro-
posed [3.4]. The PJD is. therefore, interpreted
to represent a major metamorphic hiatus of
500-400°C. thus implying a large-scale crustal
discontinuity along which most parts of the
middle crust are missing.

Recently. pervasive top-to-NW thrusting in
the H.U. Sverdrupfjella has been shown to be
Pan-African (c¢.540 Ma) in age [2]. Although
geochronological control on an early eclogite
facies (M1) metamorphism is not available to
date. [2] interpreted major decompression from
M1 to M2. evidenced by upper amphibolite
facies hornblende-plagioclase symplectitic tex-
tures (M2) surrounding clinopyroxene and
gamet of the eclogite facies assemblage to
have developed during Pan-African top-to-NW
thrusting. Metamorphic temperatures recorded
at Straumsvola are identical to the M2 condi-
tions (T=687-758°C. P=9.2-11.3 kbar) reported
for the castern part of the beit. One amphibo-
lite sample collected from a less hydrated,
strain protected boudin core at Straumsvola
displayed evidence of recrystallization showing
poikiloblastic amphibole cores surrounded by
a second generation of smaller, euhedral am-
phibole. Both generations of amphibole
yielded upper amphibolite temperatures of
700-800°C. As only two tectonothermal epi-
sodes are known to be recorded in the Maud
Belt. the temperatures yielded by the second
generation of amphibole is interpreted to re-
cord the latest Pan-African metamorphic con-
ditions. Hence. the intense foliated amphibo-
lite zones surrounding boudin cores and the
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pervasive penetrative fabric observed through-
out the country rock at Straumsvola is con-
sidered Pan-African in age. A 540 Ma age for
the metamorphism at Straumsvola directly
adjacent to the PJD suggests that the entire
H.U. Sverdrupfjella experienced major Pan-
African deformation and metamorphism. High-
grade granulite assemblages in pre-tectonic
mafic dykes [3] from the eastern part of the
belt are regarded as representing relics of the
older Grenvillian metamorphism that is indi-
cated by U-Pb zircon ages [5] in early
anatectic leucosome and zircon overgrowths.

A metamorphic hiatus of 500-400 °C, the
similarity in M2 upper amphibolite facies
conditions across the Maud Belt, and the
geographical orientation of the PJD., which is
consistent with the pervasive 540 Ma top-to-
the-NW planar fabric in the belt, suggests
that the PJD represents a major Pan-African
thrust that developed in a compressional tec-
tonic setting. Such an inferred Pan-African
thrust could represent an extension of the
orogenic front from the Mozambique Belt into
East Antarctica. This suture was subsequently
reactivated during the Mesozoic extension
forming a graben-type structure during the
break-up of Gondwana and facilitated alkaline
magmatic activity along its flank.
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Mafic amphibolite sills. dykes and boudins
are extensive throughout the Maud Belt of
Western Dronning Maud lLand. East Antarc-
tica. In the light of limited U-Pb age data for
mafic rocks in the Maud Belt, the geochemis-
try of amphibolites from the western and
eastern H.U. Sverdrupfjella and the Gjelsvik-
fiella areas of the belt are compared to that
in the south-westernmost Heimefrontfjella and
mafic dolerite sills of the 1107 Ma Borgmas-
sivet Suite on the adjacent Grunehogna Cra-
ton. In this study, three groups of pre-Pan
African amphibolites are distinguished based
on systematic geochemical differences in par-
ticular with regard to (Nb+Ta)-Th-Ce. The
recognition of three different mafic events
each recording a specific tectonic setting. al-
lows for a model reconstruction of the tec-
tonic evolution of the Maud Belt.

Group | amphibolites identified in the
H.U. Sverdruptjella are genetically equivalent
to the mafic diabase Borgmassivet sills on the
Grunehogna Craton and are interpreted 1o
represent an early phase of mafic magmatic
activity affecting Western Dronning Maud
Land. An emplacement age for these mafic
sills is established at ¢.1107 Ma (Knoper un-
pub. data. in [1]). The striking similarity in
N-type  MORB- and  primitive  mantle-
normalized patterns between Group | pre-
tectonic amphibolite boudins and the Borg-
massivet intrusions, therefore, implies em-
placement of mafic sills into both, the Grune-
hogna Craton and the island-arc (Maud Belt).
Intrusion of the sills must have occurred prior
to Grevillian orogenesis bracketed between
1090-1030 Ma by U-Pb zircon ages from
early anatectic leucosome and zircon over-
growths [1]. Although the Borgmassivet sills
are characterized as typical continental
tholeiites and the mafic rocks from the H.U.
Sverdrupfjelia show a transitionai but mostly
depleted N-type MORB chemistry. they both
record a strong superimposed subduction zone
signature indicated by high concentrations of
large ion lithophile elements, depletions in Nb
and Ta. and enrichment in Ce and Sm. The
contemporaneous Umkondo dolerites in eastern
Zimbabwe dated at 1105+£2 Ma [2] have iden-
tical REE profiles. N-type MORB- and primi-

tive mantle-normalized signatures and also
classity as a Group | magma type on a Nb-
Th-Ce ternary diagram. The Ce/Yb vs Ta/Yb
binary plot of |3] indicates that the Group [
mafic rocks are displaced from the MORB +
within-plate basalt array into the subduction
zone enriched arc-related basalt and crustal
contamination  field. However, due to
petrological and geochemical evidence for the
Maud Belt as a former island-arc. a sub-
lithospheric mantle source modified by sub-
duction zone processes is favoured, rather
than crustal contamination. to explain the
geochemistry  of Group I. The geochemical
characteristics of this group are strikingly
similar to those of the Mesozoic southern
Karoo basalts. Ferrar dolerites of the Trans-
Antarctic  mountains and the Tasmanian
dolerites for which a lithospheric source af-
fected by subduction zone processes below
Gondwana has been suggested [4]. The primi-
tive mantle-normalized patterns of these
dolerites are indistinguishable from terrigenous
sediments showing low Sr, P. Ti, Nb and
high Pb concentrations as well as typical
crustal Sr. Nd and Pb isotopic compositions
suggesting the involvement of sediment in
their source (Hergt. J.M. unpubl. thesis, re-
ported in [5}). The first order interpretation
of the subduction zone signature shared by
both the Borgmassivet dolerites and the am-
phibolites of Group 1 is that the Grunehogna
Craton was in close proximity to a volcani-
cally active island-arc with subduction and
related metasomatism occurring beneath the
arc and the craton. Subsequent c.1107 Ma
extension and mafic magmatism atfected both
lithotectonic units of western Dronning Maud
Land before collision of the arc with the
craton during Grenvillian orogenesis. This
interpretation is compatible with the similarity
in U-Pb zircon ages from two tuff layers in the
lowermost Ahlmannryggen Formation of the
Ritchersflya Supergroup (1130+7 Ma) on the
craton and the oldest plutonic (arc) rocks in
the Maud Belt [1]. The geochemical data for
the Group | magma-type indicates inversion
from a compressional to extensional sctling
and the deposition of the Ritchersflya sedi-
ments in a back-arc basin prior to Grenvillian
tectonism.



Two geochemically distinct groups of mafic
dykes have been identified in the south-
westernmost Heimefrontfjella area of the Maud
Belt [6]. The first group of dykes was found
to have a within-plate. continental tholeiite
composition with a U-Pb SHRIMP age of
1033+7 Ma. whereas the sccond group was
reported to have an E-type MORB chemisiry
and yielded a U-Pb age of 586+7 Ma. Am-
phibolite samples collected in the north-
eastern Gjelsvikfjella area of the Maud Belt
were found in this study to be geochemically
similar to these two groups and are classified
as Group Il and Group III. respectively, based
on their (Nb + Ta)-Th-Ce distributions. Group 1}
amphibolites are the most heterogencous in
composition and display the highest Th con-
centrations. Their strong within-plate signature
indicates the existence of a sub-lithospheric man-
tle at that time. The heterogeneous nature dis-
played by primitive mantle-normalized dia-
grams of this group may be explained by a
period of post-Grenvillian orogenic collapse
[6]. Although a dominant within-plate chemis-
try is present. a remnant subduction zone
component is still recorded in these rocks.
The high and variable Th concentrations of
this group are most likely the result of
crustal contamination of mafic magma reser-
voirs undergoing different degrees of crystal
fractionation at various levels in the crust.
The chemical heterogeneity can also be ex-
plained by larger variations in partial melting
as well as differences in the timing and con-
ditions of post-orogenic collapse throughout
the Maud Belt.

Group Il pre-Pan African malic rocks dis-
play the lowest Th and Ce -concentrations,
and are the most enriched in Nb and Ta.
They have low Zr/Y ratios and relatively flat
REE patterns strongly resembling that of typi-
cal enriched MOR basalts. The mantle-
normalized diagrams are similar to those for
Group 1 indicating the influence of terrigenous
sediment in the mantle source. Relative to N-type
MORB, Group II shows enrichment in Nb and
Ta. and depletion in Th, which points to a
mantle source that contained a large proportion
of re-worked oceanic crust. Such crustal rework-
ing via dehydration and partial melting would be
most readily achieved by subduction. The age ol
these dykes is compatible with emplacement dur-
ing the waning stages of Neoproterozoic ocean
opening (possibly as a continuation of the Mo-

zambique Ocean further north). A peripheral sub-
duction zone that existed along the entirc
southern margin of Gondwana since about
650 Ma may explain the perculiar geochemistry
of Group I dykes in the Maud Beit.
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Abstract

A petrological and metamorphic comparison of Mesoproterozoic metabasic rocks on the
eastern margin of the Archaean Grunehogna Craton and the adjacent Maud Belt in
western Dronning Maud Land, East Antarctica, revealed a difference in peak
metamorphic conditions from T = ~275°C to 730°C and P = 2 to 10.7 kbar over a distance
of only 30 km across a major glacial valley. The lower grade constraints were derived
from average P-T calculations using THERMOCALC and thermodynamic modeling of
phase equilibria together with chlorite geothermometry. The high-grade P-T constraint
for the western extreme of the Maud Belt, derived from hornblende-plagioclase
thermometry and geobarometric calculations with a garnet amphibolite assemblage, is
very similar to that reported for the eastern Maud Belt and, therefore, does not support
the concept of a westward decreasing metamorphic field gradient as previously proposed.
In conjunction with a recent geochronological study on the eastern Maud Belt, this study
suggests that the inferred sub-glacial boundary between the Grunchogna Craton and the
Maud Belt, known as the Pencksékket-Jutulstraumen Discontinuity, may represent a
major thrust that developed during Pan-African orogenesis (possibly as the continuation
of the East African Mozambique Belt into East Antarctica) prior to extension and its
possible development as a normal listric fault or succession of fault slices during the

Mesozoic break-up of Gondwana.
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Abstract

Bulk major-, trace- (including rare earth) element and isotopic data of variably
metamorphosed mafic rocks in the polymetamorphic Maud Belt of western Dronning
Maud Land, East Antarctica, in conjunction with limited geochronological data, indicate
that the Maud Belt was once an active continental volcanic arc that formed on the
southeastern margin of the Kaapvaal-Grunehogna Craton during the late Mesoproterozoic
(1160-1130 Ma). This is in contrast to models of an oceanic island arc that was obducted
onto the craton margin in analogy with the evolution of the Natal Belt in southern Africa.
Four groups of amphibolite are distinguished on the basis of new lithogeochemical and
Rb-Sr as well as Sm-Nd isotope data. Group 1 is the oldest and is interpreted as
representing volcanic arc-related mafic protoliths in the Maud Belt. It is characterized by
Archaean Sm-Nd model ages (2500 to 3300 Ma), depletion in Nb and Ta, and strong
enrichment in light rare earth and large ion lithophile elements. Its €xg (1110 Ma) values
show a wide spread ranging between —6.0 and —15.0. The matfic protoliths to the Group 2
amphibolites are ascribed to the 1107 Ma Umkondo/Borgmassivet thermal event on the
basis of comparable Sm-Nd model ages (~1800 Ma) and trace element distributions.
Group 3 amphibolites are distinguished by flat, E-type MORB-like rare earth element
patterns and low Th/Yb ratios. They are interpreted to represent largely juvenile oceanic

basalts/dykes that were emplaced during opening of a Neoproterozoic ocean basin. Group



4 amphibolites show overall enrichment in rare earth elements and elevated Zr
concentrations. They are interpreted to be related to a phase of c¢. 530 Ma syn-tectonic
mafic magmatism that is derived from partial melting of late Mesoproterozoic
lithosphere. Post-tectonic, ¢. 490 Ma gabbro and mafic dykes have a geochemical
signature with subduction-zone characteristics. From their chronometric, isotopic and
field relationships it is evident, however, that they are related to partial melting of lower
calc-alkaline, arc-related Mesoproterozoic crust during orogenic collapse and not to melt
formation in an active supra-subduction-zone setting. This demonstrates the limitations

and problems of conventional tectonic discrimination diagrams.
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APPENDIX 2: Sample description and petrography of selected metabasites from
Straumsvola and Nashornkalvane South

A: Nashornkalvane metabasite (Borgmassivet Suite sill, eastern Grunehogna Craton:
072°19.06S/001°57.46W)

Sample: EG-NI

Rock Type: Mafic diabase/dolerite sill

This is a highly altered rock. Most of the thin section consists of altered primary igneous phases
such as corroded clinopyroxene (augite) and sericitized plagioclase. Metamorphic minerals such
as actinolite, chlorite and epidote are scattered randomly and are present in variable proportions
in local domains between the igneous phases. Clinopyroxene is uralitized to fine actinolite nee-
dles and chlorite along grain boundaries. Chlorite is the most abundant metamorphic phase. The
replacement of ilmenite by skeletal grains of metamorphic sphene is common throughout the
section. The above observations suggests possible limited infiltration of a fluid phase during
low-grade, greenschist facies metamorphic conditions (most likely an aqueous fluid since no

carbonate minerals can be identified).

Sample: EG-N2

Rock-Type: Mafic diabase/dolerite sill

The mineralogy and texture of this sample is very similar to EG-N1, however, the thin section
of this metabasite consists of a larger greenschist facies metamorphic microdomain. In this local
domain metamorphic albite is present and coexists with actinolite, chlorite, epidote, and quartz.
The albite is unaltered and differs from the highly sericitized, almost unrecognizable relic igne-
ous plagioclase grains, which constitute most of the thin section. Clinopyroxene is also com-
pletely replaced by actinolite in these domains but chlorite is the still the most abundant meta-
morphic mineral (possibly also after actinolite). Sphene occurs as a reaction rim around opaque

ilmenite.
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B: Straumsvola metabasites (western Maud Belt: 072°09.775/000°14.52W)
Sample: EG-021b

Rock description: Amphibolite boudin (core)

This is a fine- to medium-grained, inequigranular rock, displaying a granoblastic and moder-
ately interlobate texture. Triple junction grain boundaries between amphibole grains are com-
mon. The mineralogy consists essentially of syn-kinematic green-yellow to blue-green amphi-
bole, plagioclase and quartz. Accessory metamorphic sphene and/or rutile have replaced relic
igneous ilmenite. The modal proportions of minerals are: amphibole, 45%; plagioclase, 35%;
quartz, 7%; biotite, 5%; sphene, 5% and trace amounts of opaque ilmenite. Prominent amphi-
bole cleavages are at times disrupted by holes and inclusions of minerals such as plagioclase
giving the amphiboles a poikiloblastic appearance. The small plagioclase grains are only
slightly saussurritized. Minor brown biotite appears to have grown as randomly oriented laths,
indicating post-kinematic growth. (Minerals are not particularly well aligned in the thin section

since the sample represents the core of a mafic amphibolite boudin).

Sample: EG-026

Rock description: Amphibolite boudin

A strong planar fabric is displayed by this particularly well-foliated amphibolite sample defined
by the alignment of syn-kinematic pale-green amphibole, bioitite, quartz and opaque oxide
(1lmenite). It displays a moderately equigranular texture. Triple junction grain boundaries are
absent. Mineral proportions include amphibole, 35%; plagioclase, 30%; bioitite, 15%; quartz,
10%; and opaque phase, 10%. The amphibole is extensively replaced by biotite, particularly
along grain boundaries, cleavage planes and fractures. Plagioclase is moderately saussuritized.
Opaque oxides are abundant in this sample, however, no replacement by metamorphic sphene is
indicated. K-rich fluid infiltration appears to have been far more pervasive possibly due to the

smaller size of the boudin.
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Sample: EG-023

Rock description: Amphibolite boudin (outer foliation zone)

This amphibolite displays an inequigranular, granoblastic and interlobate texture. Individual
amphibole grains coarser-grained, more uniform in habit and are aligned to define a strong pla-
nar fabric. Minerals present in this rock include pale green-brown, syn-kinematic amphibole
(45%), plagioclase (40%), quartz (10%), biotite (3%) and accessory opaque ilmenite, sphene
and rutile (~ 2%). Inclusions commonly occur in amphibole and sphene. Sphene is restricted to
the grain-boundaries of ilmenite and forms a reaction rim around the small grains. Sphene is
also less abundant in this sample than in other amphibolites. A good example of the late growth
of biotite (i.e. fabric development) is indicated by the thin, randomly oriented bioitite laths trun-

cating amphibole, which defines the foliation.

Sample: EG-016

Rock description: Garnet bearing amphibolite boudin

A granoblastic, inequigranular texture, similar to the above samples, is displayed by this rock,
although the moderate interlobate texture is mainly due to plagioclase and quartz grain bounda-
ries. The amphibolitic mineral assemblage consists of syn-kinematic brown-green amphibole
(35%), garnet (30%), plagioclase (10%), quartz (5%) and accessory ilmenite, sphene and rutile.
Amphibole is fresh in appearance with irregular grain boundaries. Garnet grains (~ 1-1.5 mm in
size) are poikiloblastic with poorly developed and irregular grain boundaries. Metamorphic
sphene occurs as small elongate grains in trail-like clusters associated with opaque ilmenite.

Post-kinematic biotite is absent in this sample.

Sample: EG-028

Rock description: Mafic amphibolite boudin (core)

This is a very fine-grained, equigranular amphibolite comprising amphibole and plagioclase
with minor opaque ilmenite. Overall texture is one, which indicates that the original amphiboli-
tic assemblage experienced recrystallization during a second metamorphic event. Amphibole,
plagioclase and opaques are present in mineral clusters. Two generations of amphibole appear

to be present in this sample, namely core and rim amphibole. Poikiloblastic relic cores of first
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generation amphibole are mantled by rims of small, subhedral second-generation amphibole

grains, most likely indicating to two metamorphic episodes. No biotite is present in this rock.

Sample: EG-030

Rock Type: Mafic amphibolite boudin (core)

This relatively fresh rock has a similar texture and mineralogy to the amphibolites described
above. Mineral phases include syn-kinematic brown-green amphibole (40%), plagioclase
(40%), quartz (10%), biotite (5%) and with accessory sphene replacing opaque ilmenite. Acces-
sory metamorphic sphene is associated with trains/trails of ilmenite. Plagioclase displays an un-
usual internal structure with apparent inclusions of quartz. The amphibole grains are slightly
more equigranular in nature in comparision to the other amphibolites. Post-kinematic biotite

crosscuts amphibole grains.
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APPENDIX 3: Electron microprobe analyses for individual minerals

A: Nashornkalvane metabasites

EG-N3
Chiorite

F
Naz0
K20
Al203
FeO
MnO
MgO
Si02
TiO2
CaO
Total

F
Na20
K20
Al203
FeO
MnO
MgO
Si02
TiO2
Ca0
Total

chl 1

0.000
0.038
0.005
21.049
28613
0.382
13.68
26.462
0.02
0.007
89.256

chi 9

0.117
0.019
0.002
20.005
28.301
0.417
12.855
27.005
0.026
0.041
88.787

Actinolite Act 1

F
Na20
K20
Al203
FeO
MnO
MgO
Si02
TiO2
Ca0
Total

0.124
0.217
0.102
2.259
15.726
0.367
12.688
54.529
0.014
12.62
98.646

chl 2

0
0.048
0.006

21.084
29.398
0.39
12.749
26.002
0.023
0

89.7

chl 10

0
0.012
0
20.872
29.007
0.435
12.645
26.61
0.025
0.049
89.656

Act 2

0.02
0.313
0.116
3.181
16.201

0.361
11.706
53.717

0.082
12.372
98.071

chl 3

0.069
0.05
0.008
19.769
29.602
0.437
13.28
26.572
0.02
0.017
89.824

chl 11

0
0.029
0.027

19.212
28.332
0.397
13.294
27.76
0.053
0.048
89.152

Act 3

0
0.278
0.087
2.864
16.248

0.296
12.538
53.816

0.141
11.907
98.175

chl 4

0.045
0.033
0.016
20.04
29.649
0.409
12.39
25.918
0.009
0.061
88.571

cht 12

0.053
0

0
20.415
28.39
0.466
13.205
26.725
0.001
0.045
89.3

Act 4

0.008
0.27
0.109
2.555
16.124
0.359
12.288
53.466
0.016
12.515
97.711
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chli

0.018
0.022
0.007
20.785
28.748
0.419
12.256
25.933
0.035
0.031
88.253

chl 13

0
0.045
0.003

20.342
28.467
0.46
12.284
26.594
0.016
0.06
88.271

Act 5

0
0.379
0.177
3.932
16.409

0.338
11.101
52.943

0.035
12.124
97.437

chl 6

0
0.008
0.019
20.73

28.949
0.434
127
26.846
0.017
0.023
89.726

chi 14

0
0.014
0.004

20.217
28.758
0.419
13.183
27.124
0.028
0.038
89.784

Act 6

0
0.221
0.107
2507
15.802

0.253
12.441
54.809

0.009
12.516
98.664

chl 7

0
0.016
0.002

20.705
28.107
0.428
13.131
26.479
0.003
0.017
88.887

chl 15

0.139
0.036
0.013
20.217
28.571
0.394
12.574
27.551
0.018
0.075
89.588

Act 7

0.223
0.285
0.134
2.766
16.101
0.327
11.911
54.464
0.049
12.291
98.55

chl 8

0.075
0.019
0.009
19.779
28.921
0.483
12.451
25.991
0.021
0.012
87.761

chl 16

0
0.027
0
20.534
29.34
0.444
11.915
26.292
0.041
0.054
88.648

Act 8

0
0.231
0.118
2625
15.835

0.263
12.649
54.564

0.012
12.586
98.882



EG-N14a

Chlorite

Na20
K20
Ai203
FeO
MnO
MgO
SiO2
TiO2

Total

Naz0
K20
AI203
FeO
MnO
MgO
Sio2
TiO2
Ca0
Total

Actinolite

Na20
K20
A203
FeO
MnO
MgO
Sio2
Tio2
Cca0
Total

cht 1

0.017
0.002
21.678
30.134
0.471
10.948
26.514
0.042
0.033
89.838

chi9

0.038
0.021
21.545
29.768
0.447
11.346
25.991
0.016
0.037
89.208

Act1

0.153
0.378
0.098
4019
18.794
0.356
10.873
51.57
0.036
11.27
97.546

chi2

0

0
0.006
21.159
29784
0.43
10.957
26692
0.017
0.043
89.088

chi 10

0.22

0
0.007
20.965
30.199
0.49
10.946
26.937
0.016
0.03
89.811

Act 2

0.319
0.217
0.105
2404
18.731
0.421
9.823
53.872
0.201
12.2
98.293

cht 3

0
0.058
0
21.54
29.991
0.494
11.007
26.754
0.019
0.023
89.886

chi 11

0.014
0.006
0.01
21.421
30.157
0.39%6
10.785
26.103
0.055
0.035
88.983

Act3

0
0.584
0.103
4129
18.66
0.346

10.237
51.88
0.038

12.138

98.113

chl 4

0

0.01
0.011
21.783
30.091
0.483
11.21
26.308
0.013
0.051
89.961

chi 12

0
0.068
0.044

21.505
30.016
0.494
11.241
26.356
0.055
0.031
89.812

Act 4

0.109
0.552
0.098
3.986
18.977
0.332
9623
52.347
0.039
12.216
98.279

chl5

0.017
0.045
0.037
21.557
29.825
0.413
11.025
26.165
0.024
0.047
89.156

chl 13

0
0.019
0.003

21718
29.568
047
11.488
26.56

0
0.034
89.86

Act5

0.55
0.095
4229
18.05
0.375
10.488
52.792

0.146
12.205
98.931

A3-2

chl 6

0.065
0.043
0.004
21.53
29.841
0.468
10.485
25819
0.015
0.047
88.316

chl 14

0.136
0.041
0.013
21.843
29.628
0.456
11.051
25264
0.017
0.029
88.476

Act 6

0.216
0.098
2458
18.354
0477
10.072
54.397
0.113
12.045
98.23

chl 7

0.027
0.012
21.696
29.918
043
11.084
26.233
0.016
0.033
89.45

chl 15

0.007
20972
30.379

0.479
10.666
26.418

0.045

0.037
89.003

chl 8

0.065
0.028
20.695
29.691
0.444
11171
26.328
0.023
0.007
88.452



EG-N2
Chiorite

F
Naz20
K20
Al203
FeO
MnO
MgO
Si02
TiO2
CaO
Total

F
Na20
K20
AI2O3
FeO
MnO
MgO
Si02
Ti02
CaO
Total

Albite

Na20
K20
Si02
FeO
AI203
MgO
CaO
Total

Na20
K20
Si02
FeO
A1203
MgO
CaO
Total

Epidote

Na20
K20
Si02
Al203
FeQ
MgO
Ca0
Total

chi1

0.128
0.022
0.001
21.036
30.359
0.393
12.328
25.375
0.015
0.018
89.676

chl 9

0.022
0.024
0.000
19.859
29.171
0.420
13.154
26.188
0.010
0.033
88.880

Alb 1

10.585
0.085
67.765
0.077
20.75

1.185
100.447

Aib 9

11.557
0.069
68.582
0.096
19.914
0.003
0.336
100.559

Epi 1

0.022
0
39.107
29.628
5.44
0.023
24.256
98.475

chi2

0.000
0.025
0.005
20.484
30.271
0.472
12.513
25.533
0.000
0.020
89.323

chl 10

0.096
0.019
0.021
20.693
29.744
0.488
12.92
25.496
0.028
0.03
89.536

Alb 2

10.974
0.088
67.409
0.182
20.573
0.004
1.047
100.276

Alb 10

11.776
0.09
68.92
0.096
19.773
0

0.242
100.898

Epi 2

0.017
0.016
38.77
28.779
6.27
0.017
24.375
98.245

chl 3

0.064
0.088
0.014
21.261
30.458
0.486
12.345
25.18
0.028
0.047
89.97

chl 11

0.000
0.050
0.002
20.199
29.713
0.407
13.147
24.841
0.01
0.000
88.369

Alb 3

11.084
0.078
68.785
0.418
19.915
0.086
0.344
100.71

Alb 11

10.762
0.057
67.87
0.217

20.293

0
0.747
99.946

Epi3

0.039
0.02
38.175
29.012
5719
0.007
24.252
97.764

chl 4

0.000
0.013
0.018
20.19
29.964
0.436
12.906
26.336
0.024
0.011
89.899

chl12

0.000
0.020
0.011
20.968
30.363
0.418
12.458
25513
0.027
0.036
89.813

Alb 4

11.781
0.087
67.12
0.172

19.685

0.298
99.142

Actinl.

F
Na20
K20
Al203
FeO
MnO
MgO
Si02
TiO2
CaO
Total

Epi 4

0
0
37.072
23.708
12.324

23.326
96.43

A3-3

chl s

0.000
0.000
0.017
20.500
29.755
0.453
12.529
25.695
0.036
0.018
89.001

chi13

0.000
0.000
0.008
22.27
28.932
0.457
10.69
26.063
0.025
0.021
88.466

Alb 5

11.378
0.071
68.249
0.181
20.006
0.008
0.498
100.39

Act 1

0.012
0.162
0.158
3.926
17.154
0.298
11.375
54.378
0.033
11.403
98.9

Epi 5

0.039
0.005
37.591
23.774
12.376
0.139
23.245
97.169

chl 6

0.000
0.033
0.028
20.655
30.019
0.408
11.845
25.573
0.02
0.045
88.626

chi 14

0.024
0.032
0.012
21.161
29.615
0.422
11.26
26.669
0.012
0.085
89.291

Alb 6

11.908
0.083
67.415
0.491
20.009
0.007
0.422
100.335

Act 2

0.333
0.147
3.663
17.373
0.336
10.934
53.672
0.047
12.36
98.864

Epi6
0.032
36.902
28.504

5.855

22.88
94.173

chl?7

0.000
0.000
0.011
20.564
30.398
0.467
12.099
25884
0.000
0.053
89.476

chi15

0.141
0.032
0.017
21.558
29.488
0.417
12.172
25.597
0.02
0.232
89.674

Alb 7

11.407
0.077
68.791
0.096
19.767
0

0.311
100.449

Act 3

0.051
0.299
0.178
4.396
18.018
0.399
11.134
51.626
0.054
11.729
97.883

chi 8

0.270
0.08
0.006
20.402
29.877
0.391
12.448
26.003
0.011
0.03
89.518

cht 16

0.000
0.009
0.012
21.536
29.459
0.445
10.885
25.757
0.034
0.074
88.21

Alb 8

10.85
0.064
68.971
0.568
19.637
0.225
0.49
100.805

Act 4

0.203
0.109
2.516
17.356
0.339
12.269
52.273
0.01
11.721
96.796



EG-14c
Chlorite

F
Na20
K20
AlI203
FeO
MnO
MgO
Si02
TiO2
Ca0O
Total

F
Na20
K20
A1203
FeO
MnG
MgO
Si02
Ti02
CcaO
Total

Actinolite

F
Na20
K20
Al1203
FeO
MnO
MgO
Si02
Ti02
CaO
Total

Na20
K20
AlI203
FeO
MnO
MgOo
Si02
Tio2
CaO
Total

Epidote

F
Na20
K20
AlI203
FeO
MnO
MgO
Si02
Tio2
CaoO
Total

chil 1

0.

027

20.39

30

23

88

769
464
12,

735

744
.004
.061
194

chig

30

88

Act

12

DWW O OO

021
018
20.
708
483
12.
23.
.034
.059
164

913

912
016

035
552
109
799
492

0.39
488

49.76

0
0

131
747
.504

oos

167
054
.382
.857
469
544
822
104
764
A71

013
0567
0.01
839
.569
.031
.005
846
032
029
431

chl

19

30.

13
25

89

2

.042
.019
.948
495
493
564
.226
.025

0.11

922

cht 10

20.

30

12

24.

89

Act

0

17.

13.

12.
97.

Act

0

4
20

0
11
48

12
98

N

w

w N
w b O

NO O ~NwOoO o

052
.042
769
755
5289
644
412
023
0.05
.275

2

052
0.35
115
218
748
297
193
.817
.089
848
727

10

0.04
.803

402
637
.382
051
.699
0.14
2486
.398

0.04
006
019
828
449
052
002
506
038
444
382

chl 3

0.054
0.028
18.693
29.827
0.408
14.01
25.889
0.016
0.092
89.018

cht 11

0.137
0.058
0.039
19.1
30.177
0.481
13.775
26.015
0.034
0.143
89.96

Act3

0.051
0.217
0.06
1.98
19.134

13.088

12.579
98 .854

Act 11

0.732
0.121
4.063
0.051
0.461
11.877
47.623

0.064
12.063
97.055

0.048
0.01
29.789

38.263

24 .421
99.179

chl 4

0.006
19.299
29.971

13.481
24 965

88.254
chl 12

0.294
0.041
0.032
19.961
30.651
0.44
13.212
24.913
0.037
0.114
89.695

Act 4

0.596
0.173
5.541
19.018
0.39
11.487
48.944
0.138
12.565
98.853

Act 12

o

.024

19.113

12.535
50.314

11.786
98.05

0.027

0.011
29.448
6.4586
0.078
0.025
38.382
0.019
24.738
99.181

A3-4

chi 5

0
0.014
20171
30.12
0.472
13.881
24 .635
0.017
0.011
89.32

chl 13

0.051
0.018
18.846
29.862
0.464
14.302
26.199
0.022
0.098
89.862

Act 5

0.173
0.501
0.098
4.361
18.749
0.398
12.494
49 .27
0.132
12.414
98.589

Epidote

F
Na20
K20
AI203
FeO
MnO
MgO
Si02
Ti02
CcaoO
Total

0.044

28.6556
6.603
0.0565
0.001

37.716
0.072

25.111

98.2586

chi 6

0.
0.
20.
30.
0.
12.
23.

086
009
605
146
534
808
808

0.01

0.
88.

056
063

chi 14

19.
29.

14
25

052

032

169
488

403
.258
848
.049
.083

89.38

Act

0.

18

12.
49.

12
98

e

w N
o0~ bhOOCO

0 N
~N Hh O

6

192

472
116
908
.766
.388

334
586

099
3086
167

.341
014
013

112

N
Py
E-N

052
026
867
029
107
.801

066
024
016
911

557

0.06

0.
37.
0.
24.
98.

031
444
016
122
246

chi 7

0
0.018
20.917
30.463

12.757
24 .349

89.041
chl 15

0.035
0.057
0.007
19.973
30.34
0.479
13.386
24.983
0.036

89:398
Act7

644
141
.867
307
437
.868

47.76

0.208
12.101
97.332

whOoOO

-
- 0O

0.007
25.554
11.183

0.016

37.134

24.2
98.095

10

29.525

0.085
0.018
38.223
0.106
24.855
98.974

chi 8

21.461
30.443

12.726
23.773
0.024

89.07
chi16

0.063
0.02
0.029
21.227
30.182
0.529
13.193
24.228

89.545

Act 8

18.984
0.425
11.89

49.336
G.189

12.382

98.109

0.105
0.035
4.458
9.096
0.145
2.693
1.241
0.041
21.623
99.438



Actinolite Act1 Act2 Act3 Act4 Actb Act6 Act7 Act8

F 0.091 0 0.17 0.138 0.0% 0 0.056 0.04
Na20 0.207 0.3%4 0.158 0.336 0.262 0.202 0333 0.196
K20 0.092 0.138 0.078 0.127 0.111 0.081 0.123 0.131
A203 2109 3.559 1.904 3.133 2973 3.772 3.264 2.57
FeO 17.036  17.491 16439  17.052 1672 18103 17386 17.116
MO 0.324 0.416 0.281 0423 0.341 0.261 0.319 0.389
MgO 13664 12292 13644 12872 13133 13.52 1239 13034
Sic2 62015 50679 53264 5202t 52339 50745 51893 51.892
Tio2 0.153 0.163 0.051 0173 0.086 0.021 0.05 0.064
Ca0 12751 12396 12946 12611 12828 11897 12568 12718
Total 98444 97528 98935 98886 98849 98603 98382 98151

Actinolite At9  At10 Act il At 12 At 13 At 14

F 0.068 0 0 0 0.158 0.091
Na20 0.375 0.283 0219 0.204 0.207 0.489
K20 0.062 0.137 0.112 0.129 0.103 0.132
A203 3.01 2.557 2315 2167 2937 3.864
FeO 18176 17187 16804 16.169 17.61 20.58
MO 0455 032 0.281 0.302 0.422 0.509
MgO 12421 12742 13502 12.855 1296 10535
Sio2 51838 52043 52152 52499 51502 50262
Tio2 0.101 0.028 0.03 0.05 0.069 0.065
Ca0 12248 12.871 129 12748 1242 12.288
Total 98753 98167 98315 97121 98389 98824

A3-5



EG-14b
Chlorite

F
Na20
K20
Al203
FeO
MnO
MgO
Si02
TiO2
Ca0
Total

Chlorite

F
Na20
K20
Al203
FeO
MnO
MgO
Si02
TiO2
Ca0o
Total

Actinolite

F
Na20
K20
Al203
FeO
MnO
MgO
Si02
TiO2
Ca0
Total

Actinolite

F
Na20
K20
Al203
FeO
MnO
MgO
Si02
TiO2
Ca0
Total

chi 1

0
0.081
0.035

20.176
29.598
0.369
12.296
26.213
0.008
0.07
88.846

chi 9

0.039
0.014
0
20.504
30.302
0.462
12.501
24.959
0.014
0.06
88.855

Act 1

0.588
0.113
3.919
18.086
0.419
11.282
51.863
0.122
12.308
98.702

Act 9

0.06
0.222
0.118
2.566
17.904

0.401
12.045
52.239

0.028
12.723
98.308

chl 2

0.03
0.054
0.04
19.104
28.577
0.467
13.015
26.799
0.036
0.12
88.242

chi 10

0.153
0.017
0.001
19.267
29.782
0.447
13.102
26.831
0
0.229
89.829

Act 2

0.033
0.41
0.056
3.381
17.969
0.36
10.972
52.624
0.058
12.457
98.319

chl 3

0

0
0.024
19.381
29.281
0.427
12.947
27.161
0.019
0.161
89.4

chl 11

0
0.023
0.002

21.035
30.203
0.521
12.541
25197
0.013
0.023
89.558

Act 3

0.035
0.392
0.113
3.867
18.97
0.412
9.982
50.338
0.129
12.111
96.349

Epidote

Na20
K20
Sio2
Al203
FeO
MgO
Ca0o
Total

chl 4

0.001
19.987
29.774

0.425
13.013
26.014

0.025

0.102
89.341

chl 12

0.051

20.883
29.969
0.433
12.836
24.92
0.02
0.063
89.175

Act 4

0.684
0.171
5.506
18.802
0.316
10.536
48.86
0.174
12.602
97.651

Epi1

0

0.001
40.915
31.05
5.695
0.02
24.285
101.967

A3-6

chl 5

0

0

0
19.677
29.93
0.459
13.036
25.807
0.035
0.062
89.006

chl 13

0.005
0.002
21.087
30.506
0.484
12.721
24.81
0.014
0.023
89.654

Act5

0.481
0.103
4.397
18.395
0.373
11.865
50.412
0.107
12.018
98.152

chi 8

0.004
21.356
30.915

0.467
11.651
24,853

0.015

0.057
89.318

chl 14

0.022
0.047
0.04
18.132
28.908
0.423
13.697
27.814
0.018
0.046
89.146

Act6

0.043
0.708
0.1
5.042
20.398
0.392
10.492
49.275
0.046
12.229
98.725

chl7

0

0

0
19.927
30.181
0.449
12.938
26.066
0.051
0.03
89.644

chl 15

0.009
20.789
30.79
0.443
12.296
25.05
0.042
0.065
89.485

Act7

0.202
0.41
0.102
4.415
18.534
0.375
11.642
50.579
0.068
12.605
98.932

chl 8

0.091
0.022
0
20.408
30.81
0.49
12.202
24.991
0.041
0.032
89.087

Act 8

0.588
0.138
4.822
19.018
0.414
10.915
49.814
0.152
12.541
98.402
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Appendix 4: Analytical Techniques

A. X-Ray Fluorescence (XRF) Spectrometey

Major and some trace element concentrations, excluding the REE, were determined by
conventional x-ray fluorescence spectrometry (XRF) on a Philips X Unique 11 PW1480
spectrometer in the Department of Geological Sciences at the University of Cape Town
following the techniques described by Duncan et al. (1984) and le Roex (1985). The
lithium tetraborate fusion method of Norrish and Hutton (1969) was used to determine all
major and some minor elements, whereas pressed powder briquettes were used for the
determination of the trace elements. A loss-on-ignition (LOI) value was obtained for each
sample by heating in a furnace for at least 12 hours at ~950°C. The disks were analyzed
using XRF with a dual target Mo/Sc X-ray tube. Fe, Mn, Ni, Cr and Ti are measured with
the tube at 50 kV, 50 mA. The other elements were determined with the tube at 40 kV, 65
mA. Peak only measurements were made on the elements Ni through Mg. Sodium was
determined using powder briquettes at 40 kV, 65 mA, and with background measured at
—2.00 and +2.00°2 6 from the peak.

Typical detection limits are below 0.01 wt% and 2 ppm for the major and trace elements,

respectively.

B. Inductively coupled plasma mass spectrometry

ICP-MS analyses were determined on a Perkin Elmer ELAN 6000 ICP-MS in the
Department of Geological Sciences at the University of Cape Town. Fifty milligram of
sample powder were dissolved in a 4:1 HF-HNO; acid mixture in sealed Teflon®™
beakersfor 48 hours on a hot plate. This step was followed by evaporation to dryness. An
aliquot of 2ml concentrated HNO; was added and the sample was heated to dry. This step

was then repeated.

The final dry product was taken up in 5% HNOjs solution containing 10 ppb Re, Rh, In

and Bi as internal standards. Standardization was against artificial multi-element



standards, that is, using a five-point calibration curve with one point at the origin and four
artificial multi-element standards with elemental concentrations of 10, 30, 50 and
100ppb.

The instrumental operating parameters were as follows: nebuliser gas flow = 0.84
litre.min”', main gas flow = 15 litre.min"l,auxi]iary gas flow = 0.75 litre.min™; ICP RF
forward power = 1100 V; autolens voltages: Be = 7.8, ¥°CO = 9.0, '"In = 9.8. The
number of sweeps and replicates was 20 and 3, respectively, the peak dwell time 35-50
ms, the total counting time per peak 2100-3000 ms, the total analytical time 101.58s, and
the wash time between samples 180s. The instrument sensitivity was 30 529 cps.ppb™.
'3Rh and the background intensity at mass 220 was 3.1 cps. The nebulizer gas flow was
optimized to minimized oxide and doubly-charged ion formation. Mathematical
corrections were made for isobaric, oxide and doubly charged ion interferences.
Procedural blank concentrations were <0.065 ppm for Pb; <0.030 ppm for Ba, Nb, Zr, Sr,
Cu, Ni, and Sc; and <0.009 ppm for all other elements. Within-run precision was better
than 3% (1o relative standard deviation) for all elements, as was the precision between
duplicate analyses, except for Co (3.36%). Lower limits of detection (based on 3 standard
deviations of the procedural blank intensities) were <0.300 ppm for Sc; <0.085 ppm for
Sr; <0.050 ppm for Pb, Ta, Ba, Nb, Zr, Rb, Cu, Ni, and Co; and <0.0095 ppm for all

other elements.



