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ABSTRACT

Namibia is renowned for its abundant mineral resources, a large proportion of which are
hosted in the metasedimentary lithologies of the Damara Belt, the northeast-trending
inland branch of the Neoproterozoic Pan-African Damara Orogen. Deposit types include
late- to post-tectonic (~ 523 — 506 Ma) LCT (Li-Be, Sn-, and miarolitic gem-tourmaline-
bearing) pegmatites, and uraniferous pegmatitic sheeted leucogranites (SLGs), which have

an NYF affinity.

Fluid inclusion studies reveal that although mineralization differs between the different
types of pegmatites located at different geographic locations, and by extension, different
stratigraphic levels, the fluid inclusion assemblages present in these pegmatites are
similar; thus different types of pegmatites are indistinguishable from each other based on
their fluid inclusion assemblages. Thorough fluid inclusion petrography indicated that
although fluid inclusions are abundant in the pegmatites, no primary fluid inclusions could
be identified, and rather those studied are pseudosecondary and secondary. Fluid
inclusions are aqueo-carbonic (+ NaCl), carbonic, and aqueous. It is proposed that all of
the pegmatites studied share a similar late-stage evolution, with fluids becoming less

carbonic and less saline with the progression of crystallisation.

Oxygen isotope ratios allow the discrimination of different pegmatites into two groups,
Group A (Sn-, Li-Sn-, and gem-tourmaline-bearing LCT pegmatites), and Group B (Li-Be-
bearing LCT, and U-bearing NYF pegmatites). Group A pegmatites have O-isotope ratios
ranging from 11 to 13 %o suggesting that they have an I-type affinity. These values are,
however, elevated above those of typical I-type granites (7 - 9 %o), indicating either a post-
emplacement low-temperature exchange with meteoric fluid, high-temperature
hydrothermal exchange with 6'30 country rocks during emplacement, or the derivation of
these pegmatites from a non-pelitic/S-type metaigneous source. Group B pegmatites
have higher §'®0 ratios (6'%0 = 15 - 16 %o), indicative of their S-type affinity, and their

derivation from metapelitic source rocks. 8D values of all the pegmatites range from -40



%0 to -90 %o indicating that the pegmatitic fluids are primary magmatic with a

metamorphic fluid component.

Trends in the trace element concentrations of both Group A and Group B pegmatites are
very similar to each other, making the two groups indistinguishable from each other on
this basis. The Damaran pegmatites also share similar geochemical trends with their
country rocks. There is, however, no direct field evidence to suggest that the pegmatites
were derived from the in situ anatexis of the country rocks. It is more likely that anatexis
occurred some distance away from where the pegmatites were ultimately emplaced, and
that the melts migrated and were finally emplaced in pre-existing structures, possibly

formed during Damaran deformation.

O-isotope and Ti-in-quartz geothermometry indicate that Damaran pegmatites can be
subdivided into two groups based on their crystallisation temperatures. LCT pegmatites
crystallised at temperatures ranging from ~ 450 - 550 2C, while the NYF pegmatites
crystallised at higher temperatures, ranging from 630 - 670 2C. It is important to note that
the subdivision of pegmatites in Groups A and B based on their O-isotope systematics
does not correspond with their subdivision into the LCT and NYF pegmatite families

according to their crystallisation temperatures.

In addition to clarifying aspects of the emplacement and evolution of the Damaran
pegmatites, this study points out that there are several discrepancies in the current
classification schemes of pegmatites. It shows that in addition to the problems
encountered when trying to distinguish between LCT and NYF pegmatites based on their
mineralogy, they also cannot truly be distinguished from each other using their
geochemical and isotopic characteristics, or their tectonic settings. It is tentatively
proposed that crystallisation temperature be considered as an alternative or additional
characteristic in the classification of pegmatites, and that it be considered on a regional
scale rather than only in the evaluation of the highly evolved end-members of a pegmatite

swarm.
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CHAPTER 1
OVERVIEW OF THE GEOLOGY OF THE DAMARA BELT, NAMIBIA

1.1 Introduction

In Namibia, a large variety of mineral deposits occur, and are distributed throughout the
country; these include volcanogenic-exhalative-hosted base metals (Killick, 1986), vein-
hosted tin and tungsten (Diehl, 1992a), rare-metal pegmatite-hosted cassiterite, lithium,
beryllium, niobium-tantalum and semi-precious stones (e.g. Roering and Gevers, 1964;
Richards, 1986; Wagener, 1989; Diehl, 19923, b & c; Keller et al., 1999; Schneider and
Seeger, 1992; Diehl, 1993; Singh, 2007, 2008, 2009), and pegmatite-hosted uranium
(Berning; 1986; Basson and Greenway, 2004), to name a few (Miller, 1992a). A large
proportion of Namibia’s mineralisation is hosted within the meta-sedimentary sequences
and magmatic intrusive bodies of the Damara Belt, which represent the depositional and

orogenic phases of the Pan-African Damara Orogen (Miller, 1992a).

This thesis examines aspects of mineralisation in post-collisional pegmatites of the
Damara Belt in an effort to relate the differences in mineralisation between them to the

activity of fluids during their emplacement.

1.2 Regional Geology: The Damara Belt

The Damara Belt is the northeast-trending arm of the Neoproterozoic Damara Orogen,
which extends north into Angola and the Democratic Republic of Congo, east through
central Namibia, and into Botswana (Kennedy, 1964; Martin and Porada, 1977; Unrug,
1996; Miller, 2008; Miller et al., 2009a). It is part of a network of similar orogenic belts in
Africa which represent the sutures between continental fragments which amalgamated

during the Pan-African Orogeny to form Gondwana, and which partially surround and



cross-cut the African continent today (Figure 1.1; Kennedy, 1964; Cahen et al., 1984;
Unrug, 1996; Miller, 2008; Frimmel, 2009). The Belt meets the north-northwest-trending
sinistral transpressional Kaoko Belt and the north-trending sinistral transpressional Gariep
Belt (Figure 1.1) at a triple junction centred near Swakopmund, Namibia (Davies and
Coward, 1982; Goscombe, 2003a; Goscombe, 2004; Miller, 2008; Frimmel, 2009). These
Pan-African Belts developed as a result of successive phases of rifting, spreading,
subduction, and continental collision between the Kalahari, Congo and Rio de la Plata
Cratons which occurred between approximately 900 Ma and 460 Ma (Martin and Porada,
1977; Porada, 1979; Porada et al., 1983; Stanistreet et al., 1991; Prave, 1996; Goscombe,
2003a; Gray et al., 2008; Miller, 2008; Frimmel, 2009; Miller et al., 2009a; Frimmel et al.,
2011).



1000 km

Neoproterozoic-Early
900 Age of rifting L [Younger crust Palaeozoic belt

900 Age of collision - Precordillera Terrane :,:Z%ggﬁg‘c

- Craton of specific palaeo-
geographic affinity (>1.0 Ga)

Figure 1.1: Neoproterozoic fold belts and magmatic arcs between various cratonic blocks of
southwestern Gondwana with ages of rifting and continental collision indicated (modified after
Gaucher et al., 2009 and Frimmel et al., 2011).
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Figure 1.2: Tectonostratigraphic zones of the Damara Orogen (modified after Miller, 1983, 2008;
Hoffmann, 1983, 1987, 1989; Goscombe et al., 2003b).

Miller (1979, 1983, 2008) divided the Damara into tectono-stratigraphic zones (Figure 1.2)
according to the variations in stratigraphic successions observed in them, as well as their
tectono-metamorphic and magmatic histories. The boundaries of these zones are
delineated by major linear structures which produce significant aeromagnetic anomalies,
and which correspond with large-scale facies changes (see reviews in Miller, 2008;

Frimmel et al., 2011). The zones are, as they appear from north to south in the Damara



Belt, the Northern Platform (NP), Northern Margin Zone (NMZ), Northern Zone (NZ),
Central Zone (CZ; further subdivided into the northern Central Zone, nCZ, and southern
Central Zone, sCZ), Southern Zone (SZ), Southern Margin Zone (SMZ) and Southern
Platform (SP) (Figure 1.2; Clifford, 1967; Hoffmann, 1987, 1989; Miller, 1983; Miller, 2008).

1.2.1 Stratigraphy and depositional history of the Damara Belt

The Damara Belt comprises meta-sedimentary lithologies of the Damara Supergroup,
which were deposited unconformably upon the Pre-Damaran Abbabis Complex gneisses
(Miller, 2008). The Supergroup is composed of seven major stratigraphic units
representing continental rift and shelf sediments. Figure 1.3 illustrates the stratigraphy of
the Damara Supergroup and places the stratigraphic units in the context of the tectono-

stratigraphic zones of Miller (1979, 1983, 2008)

The oldest stratigraphic unit is the Nosib Group (Figure 1.3), which is composed of
feldspathic quartzites, subordinate metagreywackes, and conglomerates. Sedimentation
was initiated by the breakup of the supercontinent Rodinia and the opening of the
Adamaster Ocean, which began between approximately 800 and 900 Ma (Stanistreet et
al., 1991; Hoffman et al., 1996; de Kock et al, 2000; Gray et al. 2008; Miller, 2008).
Although the exact timing of rifting has not been well constrained, Copperbelt-type
chalcocite deposits in the shales at the top of the Nosib Group suggest similar ages in rift-
sedimentation between the Katanga and Damara Supergroups (post-880 Ma; Frimmel and
Miller, 2009), and rift-related magmatism in the Damara Belt has been dated at between
752 Ma and 759 Ma (Hoffman et al. 1996; Halverson et al. 2005; Jung et al. 2007;
summarised in Frimmel and Miller 2009b). Rift sediments were deposited in two
northeast-trending, parallel grabens, which later developed into the Outjo and Khomas
Seas of the Damara Ocean (Porada, 1979; Stanistreet et al., 1991; Miller, 1992b; Miller
2008; Frimmel et al., 2011).
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Figure 1.3: Stratigraphy and lithostratigraphic correlations across the Damara Belt with
approximate deposition ages. Note the post-600 Ma ages of the Mulden and Nama Groups, which
corresponds with the initiation of continental collision (thicknesses are not to scale; modified after
SACS, 1980, De Kock, 2001 and Miller, 2008).

The deposition of the Nosib Group was followed by that of the laterally equivalent Groups
(Figure 1.3) of the Otavi (carbonate-dominated), Swakop (lower carbonates and upper
siliciclastics), Hakos (siliciclastics) and Witvlei (carbonates and siliciclastics) Groups.
Glacio-marine sediments are preserved, intercalated banded-ironstone and quartzites,
and manganostones, in the Chuos Formation (Otavi and Swakop Groups); these have been
dated at approximately 730 Ma and their formation has been attributed to the
Neoproterozoic Sturtian “Snowball Earth” event (Killick, 1986; Biihn et al., 1992;

Stanistreet et al., 1991; Miller, 1992b; Miller, 2008; Frimmel, 2009; Miller et al., 2009a, b).



A second, younger glaciation occurred at 635.5 + 1.2 Ma (Hoffmann et al., 2004; Miller,
2008; Frimmel et al., 2002; Miller et al., 2009a, b) and this resulted in the deposition of
the Ghaub Formation in the upper parts of the Swakop Group (Miller, 2008). Its
formation, coupled with the deposition of siliciclastic successions and tholeiitic magmatic
activity, was followed by large-scale subsidence of the entire region between the
Northern and Southern Zones, and the subsequent accumulation of a thick succession of
turbiditic greywackes (Kuiseb Formation) in both the Outjo and Khomas Seas (Miller,
2008). These greywackes reach up to 10 km thickness in the Northern Zone and mark the

end of the spreading phase (Frimmel et al., 2011).

While there is no evidence of progressive deepening and subsequent continental rupture
in the Outjo Sea (northern graben), evidence of these processes has been found in the
rocks of the Khomas Sea (southern graben) in the form of Besshi-Type Matchless
Amphibolite Member, a 350 km-long, narrow, linear belt of metabasic rocks with a MORB
or plume-type geochemical affinity and Cu-Fe sulphide deposits (see Figure 1.2; Barnes
and Sawyer, 1980; Breitkopf and Maiden, 1986; Killick, 2000; Miller et al., 2009a, b;
Frimmel et al., 2011). This active mid-ocean ridge occurs at the base of, and was largely
covered by, the greywackes of the Kuiseb Formation, but the presence of pillow lavas and
cupreous pyrite deposits in the Matchless Member indicate that submarine volcanism and
volcanogenic exhalative processes were at work at the time (Barnes and Sawyer, 1980;

Breitkopf and Maiden, 1986; Killick, 2000; Miller et al., 2009a, b; Frimmel et al., 2011).

A reversal of plate motion initiated the subduction of the Kalahari Craton beneath the
Congo Craton (Miller, 2008; Miller et al., 2009a, b; Frimmel et al., 2011). Although the
exact timing of this event remains unclear, it has been somewhat constrained by the dates
of deposition of the Hartelust Rhyolite Member (Gomab River Formation, Hakos Group;
Figure 1.3) 609 Ma (Nagel, 1999) and of the formation of the oldest syn-tectonic garnets
formed during the first stages of transpressive continental collision in the Kaoko Belt (595
Ma; Goscombe et al., 2005). With the uplift and erosion of the active continental margin,

the arc-trench molasse successions (shales, greywackes, sandstones and carbonates) of



the Mulden Group (580 — 541 Ma; Gray et al., 2006), and the foreland orogenic flysch and
molasse successions (sandstones, shales and carbonates) of the Nama Group (Figure 1.3)
were deposited into the closing Khomas Sea (Stanistreet et al., 1991; Grotzinger and

Miller, 2008; Miller, 2008; Germs et al., 2009; Frimmel et al., 2011).

1.2.2 Structural evolution of the Damara Belt

The closing of the Khomas Sea and eventual continent-continent collision, represented by
the Kaoko, Damara and Gariep Belts, between 560 Ma and 542 Ma (Stanistreet et al,
1991; Prave, 1996; Miller, 2008) was accompanied by the polyphase deformation of the
psammitic and pelitic gneisses, marbles, and calc-silicate lithologies of the Damara
sequence (Smith, 1965; Longridge et al., 2008; Miller, 2008; Frimmel et al., 2011). The SZ
ocean floor and adjacent Kalahari Craton in the south were subducted during their
northeasterly transpressive collision with the Congo Craton, thus the most intensely
deformed zones of the Damara Belt are the southern Central Zone, SZ, and SMZ (Will et
al., 2009). Various authors have identified anything from two (Jacob et al., 1983) to six
(Sawyer, 1981) deformation events, however it is generally accepted that there were two
major events, and that later events were only locally and weakly developed (Smith, 1965;
Nash, 1971; Coward, 1983). These have been termed D, and Ds (in acknowledgment of an
early regional fabric-forming event, D;, which has been identified by some workers e.g.

Smith, 1965; Nash, 1971).

D, deformation is characterised by tight to isoclinal, gently north-dipping to recumbent
folds, with associated S-verging thrusts and shear zones, as well as boudinage of
stratigraphic layers and the formation of a penetrative fabric. This deformation event
resulted from continental collision between the Congo and Kalahari Cratons and has been
dated at + 555 Ma (Smith, 1965; Nash, 1971, Blaine, 1977; Coward, 1983; Miller, 2008;
Will et al., 2009; Frimmel et al., 2011).



D; represents the final stages of continent closure. It formed upright folds with NE-
trending fold axes (Smith, 1965; Nash, 1971; Blaine, 1977; Barnes, 1981; Coward, 1981,
Jacob et al., 1983). This event is responsible for the regional northeasterly structural
trend observed in satellite and aerial photography of the Damara Belt, and the tightening
and refolding of earlier structures to form northeast-trending, elongate domal structures
in the southern Central Zone (Smith, 1965; Nash, 1971; Oliver, 1995; Kisters, et al., 2004,
Kinnaird and Nex, 2007; Will et al., 2009; Frimmel et al., 2011). The domes are typically 2 -
5 km long, but may extend several tens of kilometres along strike (Smith, 1965), and their
cores are predominantly, although not exclusively (e.g. Rossing Dome), composed of
basement material from the Abbabis Complex (Smith, 1965; Kisters et al., 2004; Kinnaird
and Nex, 2007).

D; deformation is typically focused at the interface between basement and supracrustal
rocks, leading Oliver (1995) to suggest that the interface marks a mid-crustal extensional
detachment, and that the southern Central Zone represents a deep metamorphic core
complex. The timing of D; deformation, continental closure, and doming in the southern
Central Zone has been constrained at + 542 Ma by the dating of syn-D; granites (Marlow,
1983; Tack et al., 2002). Its importance is evident, as it has controlled the emplacement
and formation of post-orogenic magmatism and mineralisation in the Damara Belt (e.g.

Corner, 1982; Diehl, 1993; Kisters et al., 2004; Kisters, 2005; Kinnaird and Nex, 2007).

1.2.3 Metamorphism in the Damara Belt

The metamorphic grade in the Damara Belt increases inward from the Northern Platform
and Southern Margin Zone to the Central Zone, as well as from the interior of Namibia
towards the coast (Figure 1.4; Kinnaird and Nex, 2007; Will et al., 2009). Lithologies of the
Southern Zone and Southern Margin Zone are dominated by a high pressure, low
temperature (~ 600 °C at ~ 10 kbar; Kasch, 1983) kyanite facies mineral assemblages,
while those of the Central Zone contain low pressure, high temperature (~ 750 °C at ~ 5.0-

6.0 kbar; Kasch 1983; Jung et al., 2000) cordierite-sillimanite facies minerals, and are



associated with syn- to post-tectonic intrusive bodies, predominantly of granitic
composition, indicating that the Damara Belt is a paired metamorphic belt (Goscombe et

al., 2004; Miller, 2008).

Debate exists over whether the Damara Orogen experienced one or two metamorphic
episodes (Nex et al.,, 2001a). Numerous authors (e.g. Nash, 1971; Barnes, 1981;
Horstmann et al., 1990; Jung and Mezger, 2003; Gray et al., 2008) are in favour of the
latter, and have suggested that an initial high pressure metamorphic event, M;, (600 °C at
6- 7 kbar), occurred at 530 and 500 Ma, coinciding with the thrusting of the Congo Craton
onto the Kalahari Craton. This was followed by the overprinting of the D; deformation
event by a higher temperature granulite facies event, M, (700 °C at 4 kbar) caused by

extensive and voluminous magmatism.

Longridge (2012), however, found no evidence for two separate events, and suggested
instead that the Damara Belt experienced a single metamorphic event, following a
clockwise P-T path, which reached peak temperatures of ~ 800 °C at 4.5 - 5.0 kbar, and
which experienced slight decompression at the thermal peak. Contradictory age data
were produced from the same study, however, therefore it was concluded that even given
the absence of petrographic evidence of M; metamorphism, its occurrence could not be

unequivocally discounted.

Metamorphism in the study areas will be discussed in greater detail in Chapter 2.
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Figure 1.4: Simplified representation of peak metamorphism in the Damara Orogeny (modified
after Goscombe et al., 2004).

1.2.4 Magmatism in the Damara Belt

The intrusive suite of the Damara Belt comprises in excess of 200 plutons, plugs, stocks,
and syn- to post-tectonic granites, as well as thousands of granite dykes and pegmatites,
and it covers an area of approximately 74 000 km? (Figure 1.4; Miller, 2008; Miller and
Frimmel, 2009). These plutonic rocks may be characterised by their composition and

shape in relation to the timing of their emplacement.
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The majority of granitic intrusions occur within the Central Zone (Miller and Frimmel,
2009), and their emplacements span the entire tectonic history of the Damara Belt
(Wagener, 1989). Of these voluminous granitoid intrusions, 96% are granitic, with the
remaining 4 % comprising rocks of minor calc-alkaline to granodioritic composition (Miller,
1983; Miller and Frimmel, 2009), and their emplacement is largely influenced by the
northeasterly, Ds-related structural trend common to the entire Damara Belt (Roering and
Gevers, 1964; Wagener, 1989; Richards, 1986; Kisters et al., 2004; Kisters, 2005; Miller,
2008).

The majority of the intrusions are syn- to post-tectonic, and occur in a region overlying the
shallow portion of the Damara subduction zone (Miller and Frimmel, 2009). In the
southern Central Zone, where the highest metamorphic grade is observed, magmatism of
different compositions occurred at different times in the development of the Damara Belt;
these magmatic suites, from oldest to youngest, are summarised in Table 1.1 and briefly

described in Table 1.1.

Post-Damaran anorogenic alkaline intrusions, such as the Brandberg and Erongo
Complexes (190 — 120 Ma), also occur within the Damara Belt along an extension of
oceanic transform faults which trend in a northeasterly direction (Marsh, 1973; Wagener,
1989). Magmatism in the Damara Belt is discussed more comprehensively in Section 1.3.2

of this chapter.
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Table 1.1: Summary of published and unpublished ages for granitoids from the CZ and NZ.

Rock Age (Ma) Method Reference

Goas Suite and related rocks

Goas granite 580+ 30 U-Pb discordia Allsop et al. (1983)
Oamikaub diorite 566 + 10 U-Pb single zircon Milani (pers. comm. 2013)
Mon Repos quartz diorite 564+ 5 U-Pb single zircon Jacob et al. (2000)
Palmental diorite 564 + 55 Rb-Sr whole-rock McDermott (1986)
Palmental diorite 557+0 U-Pb zircon Milani (pers. comm. 2013)
Mon Repos diorite 558+8 U-Pb zircon Milani (pers. comm. 2013)
Okangava diorite 558+8 U-Pb single zircon De Kock et al. (2000)
Rotekuppe granite 543 +5 U-Pb single zircon Jacob et al. (2000)
Okangava diorite 539+10 U-Pb titanite Jung et al. (2002)

Goas granite 535+2 U-Pb discordia Allsop et al. (1983)

Salem Granites

Salem-type granite 601+ 79 Rb-Sr whole-rock Marlow (1983)
Salem-type granite 563 + 63 Rb-Sr whole-rock Hawkeworth et al. (1983)
Salem-type granite 554 +17 Rb-Sr whole-rock Kroéner (1982)

Sorris Sorris granite 542 +19 U-Pb discordia Milani (pers. comm. 2013)
Omangambo granite 527+7 U-Pb zircon Milani (pers. comm. 2013)
Red Granites

Red granite 539+17 U-Pb zircon Longridge (2012)

Red granite 536+7.2 Concordant monazite Longridge (2012)
Goanikontes red granite 534+7 U-Pb discordia Briqueu et al. (1980)
Leucogranites and grey granites

Stinkbank leucogranite 549 +11 U-Pb zircon Johnson et al. (2006)

Ida Dome grey granite 542 +6 U-Pb single zircon Tack et al. (2002)
Bauwkwab leucogranite 525+1 Pb-Pb zircon evaporation Jung et al. (1998)
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Table 1.1: continued

Leucogranites and grey granites cont.
Oetmoed granite

Grey granite

Garnet-bearing leucogranite

Pegmatites and mineralised veins
Uraniferous leucogranite
Brandberg West Sn veins
Goanikontes uraniferous alaskite
Rubicon pegmatite

Navachab Au veins

Rubicon pegmatite

Uis pegmatite, K5 mine pit
Navachab Au veins

Sandamap Noord pegmatite
Sandamap tin pegmatite

526+ 16
520+ 4.2
520+4.6

514 +22
509+11
508 +2

505+ 2.6
500+ 10
496 + 30
496 + 30
494 +8

473 +23
468 + 14

U-Pb monazite, titanite
U-Pb zircon
U-Pb zircon

Discordant monazite
Rb-Sr

Concordant monazite
U-Pb columbite

U-Pb single titanite
Rb-Sr mineral age
Rb-Sr whole-rock
U-Pb single titanite
Rb-Sr whole-rock
Rb-Sr whole-rock

Jung et al. (2000)
Longridge (2012)
Longridge (2012)

Longridge (2012)

Jacob & Kruger (1994)
Briqueu et al. (1980)
Melcher et al. (2013)
Jacob et al. (2000)
Haack and Gohn (1988)
Haack and Gohn (1988)
Jacob et al. (2000)
Steven et al. (1993)
Steven et al. (1993)
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1.2.4.1 Goas intrusive suite

The Goas Intrusive Suite is located in the area south of Karibib (see Figure 1.2) and
comprises metagabbroic to dioritic rocks, which occur as a number of individual (the
Okatuwo, Mon Repos, Oamikaub, Okongava, and Palmental) plutons (Miller, 2008).
They display evidence of syn-tectonic deformation, and contain xenoliths of older
meta-sedimentary lithologies. The Goas Intrusive Suite is the oldest magmatic suite,
suggested to be the only record of subduction-related magmatism in the Damara Belt,
with recent studies giving a range of ages from 558 - 573 Ma (Milani, pers. comm.,
2013). The granodioritic plutons are thought to represent the active margin calc-
alkaline component of the suite, while the mafic and ultramafic lithologies have been

suggested to have formed in a volcanic arc setting (De Kock, 1991; Miller, 2008).

1.2.4.2 Salem granites

The Salem Granites are the most abundant and extensive of the Damaran intrusive
rocks; they are generally monzogranitic in composition, however the term "Salam
Granite" actually includes not only granites, but also granodiorites and adamellites
(Blaxland et al., 1979; Miller, 2008). The Suite has been subdivided into a non-
porphyritic gneissic granite, a porphyritic biotite granite, and a leucogranite (Jacob,
1974), and of these, the biotite granites are the most abundant (Miller, 2008). They
are thought to be the result of extensive melting in the lower crust during a period
spanning from 511 - 539 Ma (Longridge, 2012; Milani, pers. comm., 2013). Longridge
(2012) invoked slab break-off and subsequent asthenospheric upwelling, resulting
from the collision between the Kalahari and Congo Cratons, as a heat source for early

magmatism in the Damara Belt.

1.2.4.3 Red granites

Similar to the name, Salem Granite, the term "Red Granite" encompasses a variety of
granite types, including red gneissic granites, red homogeneous granites, and buff
leucocratic granites, which earlier workers considered to be coeval and
consanguineous (e.g. Sawyer, 1976; 1981). The red gneissic granites occur in the

southwestern parts of the Damara Belt, suggesting their emplacement at lower
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stratigraphic levels, while the red homogeneous granites are pervasive throughout the
Central Zone (Smith, 1965; Brandt, 1987). Some workers (see reviews in Miller, 2008)
have suggested that the Red Granites are the oldest of the Damaran intrusive suites,
however field relationships observed by Sawyer (1976) and a U-Pb zircon/monazite
age of 534 + 7 Ma obtained by Briqueu et al., (1980) indicate that the Red Granites are
younger than both the Goas and Salem intrusives. Longridge (2012) showed that they

are the products of melting of a 1 Ga year-old metasedimentary protolith.

1.2.4.4 Homogeneous syn-tectonic granites

Homogeneous grey granites occur predominantly in the northern Central Zone. They
are monzogranitic in composition. They have been dated at 517 Ma (Briqueu et al.,
1980; Nex et al.; 2001b) and show evidence of syn-D, emplacement, and as well as D,
and D; deformation (Miller, 2008). Longridge (2012) obtained ages for grey granites
ranging from 519 - 520 Ma, indicating that they are younger than the Red Granites of

the Damara Belt.

1.2.4.5 Post-tectonic leucogranites

A number of small leucogranitic dykes and plugs (the Baukwab, Otjua, Kubas,
Stinkbank and Elba granites), as well as two major plutons (Donkerhuk and
Bloedkoppie granites) occurs throughout the Central Zone (see reviews in Miller,
2008). They contain abundant garnet and muscovite, and have been suggested to
have formed as a result of the anatexis of metapelitic material, although some have

suggested that they represent the residua of the Salem granite melts (Marlow, 1983).

1.2.4.6 Post-tectonic pegmatites

A vast number of pegmatites occur within the Central Zone and Northern Zone, as well
as the Southern Kaoko Zone, where metamorphic conditions reached their peak
during the Damara Orogeny. They include large, internally-zoned Li- and Be-rich
bodies and unzoned to weakly-zoned Sn-rich bodies of the LCT family (Li-Cs-Ta-
bearing, see Chapter 2; Cerny, 1991a; Cerny and Ercit, 2005) and rare-metal class,

weakly- to strongly-zoned LCT miarolitic gem-bearing pegmatites, and unzoned NYF
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(Nb-Y-F-bearing; Cerny, 1991a; Cerny and Ercit, 2005) and abyssal class characteristics
(e.g. Roering, 1963; Roering and Gevers, 1964; Diehl, 1992a, b, c, 1993; Schneider and
Seeger, 1992; Nex and Kinnaird, 1995; Nex et al., 2001a; Basson and Greenway, 2004;
Kinnaird and Nex, 2007; for details on the classification of pegmatites see Chapter 2).
Mineralisation varies in the pegmatites according to their geographic locations, and
thus stratigraphic levels, within the Belt. They have been dated by various workers,
who obtained ages ranging from 509 - 492 Ma (Briqueu et al., 1980; Steven; 1993;
Melcher et al., 2013; Longridge, 2012) More detail on the classification of pegmatites
and the various types present in the Central Zone and Northern Zone/Southern Kaoko

Zone will be presented in Chapter 2 and 3.

1.3. Project aims

In terms of mineralisation, the pegmatites of the Damara Belt appear to display a
zonation from LCT pegmatites in the Southern Kaoko Zone (Uis area), northern Central
Zone and the northwestern and central parts of the southern Central Zone (Karibib
and Usakos areas) to uranium-bearing NYF pegmatites in the southwestern parts of
the southern Central Zone (Swakopmund area). Although mineralisation varies
amongst these pegmatites, they share a common late-syn-tectonic to post-tectonic
age of emplacement, ranging between ~ 510 Ma and ~ 490 Ma (Kréner and

Hawkesworth, 1977; Briqueu et al., 1980; Haack and Gohn, 1988; Longridge, 2012).

The aim of this research was thus to characterise the fluids present as fluid inclusions
in quartz from LCT and NYF pegmatites in an attempt to investigate what role they
played during the crystallisation and mineralisation of, the pegmatites. In conjunction
with this, oxygen- and hydrogen isotopes, as well as major and trace elements, were
analysed in both the pegmatites and their host rocks in order better to understand the
relationship between the two. Furthermore, the data obtained from this study were
combined with previously published age data for the pegmatites, in order to
determine the timing of pegmatite emplacement relative to the regional evolution of

the Damara Belt.
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The pegmatites of the Damara Belt, as well as those found in other Pan-African and
older mobile belts (e.g. Hugo, 1969; Pezzotta, 1999; Dewaele et al., 2011) also provide
excellent examples of the pitfalls associated with pegmatite classification, which will
be discussed in greater detail in Chapter 2. In so doing, they may provide insight into
plausible models for the derivation of pegmatitic melts and their emplacement during,

or towards the end of, large-scale collisional events.

In order to understand the processes involved in the regional evolution of the
Damaran pegmatites, it is necessary to understand their emplacement in terms of a
regional context, as well as the processes responsible for the internal evolution of
pegmatites. The following chapter thus provides a synthesis of the regional geology of
the study areas, while Chapter 3 presents current research pertaining to the

classification and evolution of pegmatites.
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CHAPTER 2
REGIONAL GEOLOGY OF THE STUDY AREAS

2.1 Introduction

The mineralised pegmatites under investigation in this study occur in the southern
Central Zone of the Damara Belt and the junction between the Northern Zone and the
Southern Kaoko Zone of the coeval Kaoko Belt (also referred to as the Ugab Zone and
western Northern Zone by Goscombe et al., 2004). They are located in three areas

situated near the towns of Karibib/Usakos, Uis, and Swakopmund (Figure 2.1).

These pegmatites have been emplaced into the metasedimentary lithologies of the
Damara Supergroup, as well as earlier Pan-African intrusive lithologies. The
stratigraphy of the Damara Belt has been extensively documented by numerous
workers (e.g. Nash, 1971; De Kock, 2001; Kisters et al., 2004; Paciullo et al., 2007; see
reviews in Miller, 2008) who have constrained deformations, metamorphism and
magmatism in various parts of the Damara Belt, and shown that in these regions the

stratigraphy is spatially very variable.

The geology in the Central Zone and Northern Zone/Southern Kaoko Zone comprises
pre-Damara basement gneisses of the Abbabis Metamorphic Complex, has been
overlain unconformably by (meta)sedimentary rocks of the Damara Belt. These
metasediments have been subdivided into the Nosib and Swakop Groups in the
Damara Belt, and the Zerrissene Group in the Kaoko Belt, which were deposited during
a period of extension, rifting between, and subsequent collision of the Congo and
Kalahari Cratons (Miller, 2008). The lithologies that comprise the Damara Sequence in
the Central and Southern Kaoko Zones are extremely variable, and include quartzites,

marbles, metapelites, diamictites and diopside-plagioclase gneisses.
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relation to the tectonostratigraphic zones of the Damara Belt (Google, 2012).
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Abbabis

Damara Supergroup

Table 2.1: Correlated lithostratigraphy of the Central Zone of the Damara Belt and Southern Kaoko Zone (modified after Nash, 1971; Badenhorst, 1992; Nex,

1997; De Kock, 2001; Hofmann et al., 2004; Paciullo et al., 2007; Miller, 2008; Owen, 2011).

Complex

Group Subgroup

Formation

Central Zone

Lithology

Quartz-biotite-cordierite schist and turbiditic

Formation

Southern Kaoko Zone

Lithology

Interbedded sandstone-shale couplets, laterally continuous

Kuiseb psammites Amis River sandstones and thinly-bedded shales
Karibib Grey and white calcitic and dolomitic marbles with Gemsbok Calcarenites, schists, blue marbles locally interbedded with
v intermittent calc-silicate felses and marble breccias River breccias, calcarenites and shales
Daheim Member: Amphibolites locally within a
Ghaub carbonate matrix Ghaub Interbedded sandstone-shale couplets, calcarenite and blue
Kachab Member: Glaciomarine pelites and dropstone marble, greywakes with glaciogenic clasts
units
2 Oberwasser Member: Grey quartz-biotite-tremolite- g Brak River Interbedded sandstone-shale couplets, calcarenite and blue
§ cordierite schist and calc-silicate felses g marble, greywakes
2 . Okawayo Member:' -Blue-grey do‘lomltlc and calcitic N Brandberg Interbedded white, yellow to brown calcarenite with siliceous
Arandis marbles and calc-silicate felses, intercalated calc- . .
. West lamination, shales and light blue marbles
Usakos silicates
Spes Bona Member: Quartz-biotite schists and meta- Zebrapiitz Distal greywakes and distal, fine-grained, thinly laminated
psammites shales
Chuos Glaciomarine diamictite
Ugab ROssing Interbedded marbles, calc-silicates and siliciclastics
No exposure
Khan Greyish green, clino-pyroxene-hornblende quartz
% arenites
S Etusis Pinkish-brown to pale grey quartz arenites, with rare

arkose and orthoquartzite layers

Pink and grey quartzo-feldspathic augen gneisses,
schists, amphibolites and pegmatites
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2.2 Regional Stratigraphy

2.2.1 Pre-Damaran Geology: Abbabis Complex

The Abbabis Complex, or Abbabis Metamorphic Complex, comprises feldspathic augen
gneisses, schists, amphibolites and pegmatites, which occur in three units, the Tsawisis
and Noab Formations, and the Narubis Granitoid Complex (Brandt, 1987). Although
these three units have been identified, particularly the Tsawisis and Noab Formations
have not been extensively described, and the work of Brandt (1987) provides the most

detailed information on them.

The Tsawisis Formation comprises feldspathic quartzite, biotite and biotite-sillimanite
schists, locally containing muscovite, garnet and tourmaline, as well as minor

amphibole schists, marbles and calc-silicates (Brandt, 1987).

The Noab Formation is composed of similar lithologies, including a lower biotite schist
containing subordinate calc-silicates, a middle quartzite, marble and calc-silicate

member, and an upper meta-volcanic member (Brandt, 1987).

The Narubis Granitoid Complex comprises a number of granitic intrusions which have
been deformed into the characteristic augen gneisses of the Abbabis Complex. The
augen gneisses are cross-cut by numerous amphibolite dykes, which, due to the fact
that they generally do not cross cut any Damaran metasediments, have been
interpreted as representing the youngest event in the formation of the Abbabis
Complex (Steven, 1994; Barnes, 1981; Longridge, 2012). Owing to this relationship,
the presence of amphibolites has been used a parameter for distinguishing pre-
Damaran from Damaran units (Barnes, 1981), however they have been observed

cross-cutting Damaran metasediments at Rossing Mine (Nex, pers. comm., 2009).

Numerous studies have indicated an age of ca. 2 Ga for the Abbabis Complex gneisses
as well as inherited cores of Damaran magmatic zircons (e.g. Jacob et al., 2000; De
Kock et al., 2000; Tack et al., 2002; Longridge, 2012). This is older than ages obtained

by the earlier work of Kréner et al. (1991), which range between 1.10 and 1.04 Ga. It
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has been suggested that the discrepancy between these ages may either be attributed
to a 1 Ga Kibaran overprint on older 2 Ga Eburnian basement material from the Congo
Craton (Rumvegeri, 1991; Rainaud et al., 2005; Longridge, 2012), or to the presence of
an extension of the younger Rehoboth terrane of the Kalahari Craton in the area

(Kroner et al., 1991).

Deformation in the Abbabis Complex has not been documented or described, although
Smith (1965) and Blaine (1977) noted that the fabrics in the pre-Damaran basement
material and those in the overlying Damaran metasediments are oblique to each
other. In addition to this, Poli (1997) proposed that the metamorphic grade of the
Abbabis Complex is higher than that observed in the overlying Damaran cover,
however, due to the fact that the fabrics in the basement material have been strongly
overprinted by those of Damaran age, the suggestion of Poli (1997) has not been
explored by other workers, thus the deformation history of the Abbabis Complex

remains largely unexplored.

2.2.2 The Damara Supergroup: Nosib Group

The Nosib Group overlies the Abbabis Complex unconformably and has been
subdivided into two formations, the older Etusis Formation, and the younger Khan
Formation (Table 2.1 Smith, 1965; Nash, 1971; Lehtonen et al., 1995; 1996). Both the
Etusis and Khan Formations have given model ages of ca. 2 Ga, an age identical to that
of their source material, the underlying Abbabis Complex (Hawkesworth and Marlow,
1983; Miller, 2008), however ages obtained from volcanic units of the Nosib Group
indicate that sedimentation began at ca. 750 Ma (Hoffman et al., 1996; De Kock et al.
(2000).

2.2.2.1 Etusis Formation

The Etusis Formation comprises quartzites, conglomerates and quartzo-feldspathic
gneisses (arkoses), which were originally suggested by De Kock and Botha (1988) to
have been deposited in an alluvial fan environment, but which Henry (1992) later

proposed were deposited in an extensive sandy, braided fluvial system. Many of the
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outcrops of the Etusis Formation are wedge-shaped, suggesting that deposition

occurred in half grabens (Miller, 2008).

The quartzites show cross-bedding enhanced by the presence of ilmenite and
magnetite on the foresets of the sedimentary structures, a distinctive characteristic of
these particular units in the Etusis Formation (Sawyer, 1981). Conglomerates are
more abundant in the lower parts of the Etusis succession, and the remaining part of it
is composed of alkali feldspar-rich arkoses, indicating that a large proportion of the
Etusis Formation is in fact composed of recrystallised peralkaline felsic volcanic rocks

(Miller, 1983; 2008).

The Etusis Formation is laterally variable, apparently not present in some areas while
reaching thicknesses of in excess of 3000 m in others, suggesting that there was
differential subsidence during the deposition of the Formation in an extensional

environment (Henry, 1992; Miller, 2008).

2.2.2.2 Khan Formation

The Khan Formation is composed of very fine-grained to medium-grained, thinly- to
very thickly-bedded and massive clinopyroxene and hornblende-bearing gneisses and
calc-silicates (Sawyer, 1981; Miller, 2008). Cyclical sedimentary units have been
identified in the Khan Formation, and sedimentary structures formed by current action
suggest that the rocks were deposited in a low energy, distal fluvial system

characterised by floodplains and ephemeral lakes (Henry, 1992).

The metasedimentary lithologies of the Khan Formation show evidence of extensive
metamorphism and metasomatism/hydrothermal alteration (Henry, 1992; Miller,
2008). Locally in situ migmatites have resulted from partial melting of Khan Formation
rocks, and in some areas e.g. Khan Mine, local anatexis has produced concordant
copper-bearing pegmatites which have been emplaced in boudin-like constrictions

Miller, 2008).
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2.2.3 The Damara Supergroup: Swakop Group

The Swakop Group overlies the older Nosib group conformably. It has been
subdivided into the Ugab, Usakos, and Navachab Subgroups (Table 2.1; SACS, 1980).
De Kock (2001) revised the stratigraphy of the Swakop Group in the region of the
current study, subdividing the Swakop Group into the Adler, Quelle, Okomis,
Omusema, Karibib, Tinkas, and Fahlwater Formations, however this reappraisal has
not been widely cited, and the more commonly recognised stratigraphic are described

below.

2.2.3.1 Réssing Formation (Ugab Subgroup)

The Rossing Formation (Table 2.1) is the lowermost stratigraphic unit of the Swakop
Group, and its base marks the first appearance of carbonate in the Damara
Supergroup (SACS, 1980). It is composed of a variety of different rock types, including
quartz-biotite and quartz-feldspar gneisses, quartzites, quartz-feldspar-biotite-calc-
silicates, quartz-biotite and pelitic schists, and marbles (Miller, 2008), which were
originally deposited in a shallow marine environment such as an epicontinental marine
platform (Henry, 1992). Stanistreet et al. (1991) suggested that during the deposition
of the Swakop Group, subsidence caused a marine transgression and the subsequent
deposition of the Rdssing Formation carbonates and siliciclastic rocks. This Formation
shows high variability laterally, and its upper limit is bounded by an unconformity

(Henry, 1992; Nex, 1997).

2.2.3.2 Chuos Formation (Usakos Subgroup)

The Chuos Formation (Table 2.1) unconformably overlies the Rossing Formation. Itis a
distinctive unit, composed predominantly of unsorted, matrix-supported glacial
diamictites with subordinate banded ironstones, quartzites, minor marbles and pelitic
units (Miller, 2008). It has been correlated with the world-wide Sturtian glaciation,

which occurred at + 710 Ma (Hoffman (2005).
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2.2.3.3 Arandis Formation (Usakos Subgroup)

The Arandis Formation (Table 2.1) comprises calc-silicates, metagreywackes, schists,
and carbonates, which constitute the cap carbonate to the Chuos Formation diamictite
(Lehtonen et al., 1995; Miller, 2008). It has been further subdivided into the Spes
Bona (intercalated biotite schists and calc-silicate felses), Okawayo (turbidites,
interbedded marbles, marble breccias, biotite schists and calc-silicate horizons), and
Oberwasser Members (feldspathic biotite schists and quartz-biotite schists with lesser

calc-silicate units; Badenhorst, 1992; Miller, 2008).

The various units of the Arandis Formation were deposited at a time of large-scale
marine transgression and basin deepening (Stanistreet et al., 1991), and the extent of
the Okawayo Member in particular indicates that sedimentation occurred during a

period of crustal stability in warm, shallow water (Badenhorst, 1992).

The upper limit of sedimentation has been constrained at 635 + 1 Ma, a date obtained

from a felsic volcanic unit by Hoffmann et al. (2004).

2.2.3.4 Ghaub Formation (Navachab Subgroup)

The Ghaub Formation conformably overlies the Oberwasser Member of the Arandis
Formation. It comprises a series of diamictites, and graded siltstones and shales which
contain dropstones (Sawyer, 1981; Miller, 2008). It has been subdivided into the
Kachab (dropstone-bearing siliciclastic rocks; Badenhorst, 1992) and Daheim Members
(metamorphosed alkaline, basic pillow lavas and pyroclastic rocks; Miller, 1983;

Badenhorst, 1992).

The glacial event preserved in the Ghaub Formation has been correlated with the
world-wide Marinoan glaciation, which occurred at ca. 635 Ma (Hoffmann, et al,,
2004). U-Pb ages obtained from zircons in the volcanic horizons have been used to
constrain the timing of deposition at 635 + 1 Ma (Hoffmann et al., 2004), and the alkali
composition of these metavolcanics suggests that they were deposited on the margins
of a deep, submerged basin close to the southern passive continental margin of the

Congo Craton (Miller, 1983; 2008).
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2.2.3.5 Karibib Formation (Navachab Subgroup)

The Karibib Formation is composed almost entirely of carbonate marbles and
dolomites (De Kock, 2001; Miller, 2008), which were deposited in a shallow marine
environment during an extended period of marine transgressions between 625 Ma
and 600 Ma (Miller, 2008). It is substantially thicker (up to 1000 m; Sawyer, 1981;
Badenhorst, 1992), than the earlier Okawayo Member of the Arandis Formation, and is
likely to record the submergence of the rift edges (grabens), resulting in the
development of a larger platform upon which deposit carbonates, which may or may
not have been coupled with a decrease in ocean floor spreading (Miller, 2008). The
turbidites of the Tinkas Formation (Jacob, 1974) in the southwestern parts of the
southern Central Zone have been correlated with the Karibib Formation in the Karibib

area.

2.2.3.6 Kuiseb Formation (Navachab Subgroup)

The Kuiseb Formation is the highest stratigraphic unit in the Swakop Group, and it
overlies the Karibib Formation conformably. It comprises a very thick metaturbiitic
sequence, reaching thicknesses of up to 10 000m in the Khomas Trough (Miller, 1983).
The dominant lithologies in the Formation are fine- to coarse-grained biotite-rich
quartzo-feldspathic schists which contain cordierite, amphibole, or sillimanite
porphyroblasts (Richards, 1986; Diehl, 1993; Miller, 2008). The schists become more
migmatitic closer to Swakopmund, where the highest regional metamorphic

conditions were attained.

The transition from carbonate deposition in the Karibib Formation to the deposition of
turbidites in the Kuiseb Formation suggests an increase in basin subsidence at the time

of sedimentation (Miller, 2008).

2.2.4 The Damara Supergroup: Zerrissenne Group (Southern Kaoko Zone)
The Zerrissenne Group is found at the junction between the Southern Kaoko Zone and
Northern Zone (see Chapter 1, Figure 1.2), which is adjoined to the western portion of

the Northern Zone (Miller, 2008), and which can be correlated with the Swakop Group
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in the Central Zone. The unit is composed almost entirely of turbidites with some
minor carbonates, which have been tightly folded by gently plunging, westerly verging
N-S folds, resulting in a regular east-west repetition of the stratigraphy (Miller, 1983,
2008; Macey and Harris, 2006).

2.2.4.1 Zebrapiitz Formation

The Zebraplitz formation is the lowest exposed unit of the Zerrissene Group. It is
composed of thinly-bedded distal greywackes which are intercalated with siliciclastic
pelites containing minor amounts of calcite, and has been correlated with the Spes
Bona Member of the Arandis Formation in the Central Zone (Table 2.1; Swart, 1992;

Miller, 2008).

Swart (1992) suggested that the Zebrapliitz sequences were deposited in a very low
energy, lobe fringe to basin plain environment by pelagic settling. During extended
periods of progradation, medium- to thick-bedded sandstones were deposited; their
deposition has been attributed to high density liquified flows down the low-angled

lobe slopes (Swart, 1992; Miller, 2008).

2.2.4.2 Brandberg West Formation

The Brandberg West Formation conformably overlies the Zebrapiitz Formation, and
although it only attains a maximum thickness of 20 m, it is laterally extensive, and
individual layers show a high degree of lateral continuity (Swart, 1992; Miller, 2008).
This unit has been correlated with the Okawayo Member of the Arandis Formation in

the Central Zone (Table 2.1; Miller, 2008).

It comprises interbedded sandstones, calc-arenites, commonly containing siliceous
laminations, shales, which were deposited by turbidity currents adjacent to a
carbonate margin, and blue marbles, which may represent hemipelagic, per-platform
oozes (Swart, 1992; Miller, 2008). Swart (1992) attributed the deposition of the
Brandberg West Formation to a rise in sea level and a simultaneous decrease in the

volume of terrigeneous material available to the basin during sedimentation.
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2.2.4.3 Brak River Formation

The Brak River Formation conformably overlies the Brandberg West Formation, and in
some regions its base is interfingered with the upper strata of the latter. It correlates
with the Oberwasser Member of the Arandis Formation in the Central Zone (Table 2.1;

Miller, 2008).

This unit is composed of interbedded sandstone-shale couplets, calcarenite and blue
marble, greywakes, which Swart (1992) interpreted as representing classic fan fringe

deposits.

2.2.4.4 Ghaub Formation

The Ghaub Formation is conformable to the underlying Brak River Formation, and,
with the exception of the presence of glaciogenic clasts within it, it is virtually
indistinguishable from the latter (Miller, 2008). The unit correlates with the similarly

named Ghaub Formation in the Central Zone (Table 2.1; Miller, 2008).

Like the Brak River Formation, it is composed of interbedded sandstone-shale
couplets, calcarenite and blue marble, greywakes. The glacial clasts in the Formation
occur either as isolated dropstones or as clusters of clasts, with individual clasts

reaching up to 30 cm in size (Miller, 2008).

The sediments of the Ghaub Formation were deposited in fan fringe or distal lobe
environments during the Marinoan glacial event, with the uppermost shales having
been deposited during a period of glacial retreat succeeded by a post-glacial increase

in sea level (Swart, 1992).

2.2.4.5 Gemsbok River Formation
The Gemsbok River Formation is again very similar in composition to the Brandberg
West Formation, however it correlates with the Karibib Formation of the Swakop

Group in the Central Zone (Miller, 2008).
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It comprises calcarenites, schists, blue marbles locally interbedded with breccias,
calcarenites and shales. These sediments represent debris derived from a shelf
environment, which were deposited as aprons on the slopes of drowned continental

margins (Swart, 1992; Miller, 2008).

2.2.4.6 Amis River Formation

The Amis River Formation is the uppermost unit of the Zerrissene Group. It
conformably overlies the Gemsbok River Formation, and its basal strata are
intercalated with the uppermost strata of the latter (Miller, 2008). This Formation has

been correlated with the Kuiseb Formation in the Central Zone (Miller, 2008).

It comprises interbedded sandstone-shale couplets, laterally continuous sandstones
and thinly-bedded shales, and is generally dominated by sandstone sequences in its

western parts and shales in its eastern reaches (Miller, 2008).

The Amis River Formation is a classic distal outer-fan lobe or fan fringe deposit (Swart,
1992). The sequences to the west were probably deposited in more proximal, variable
environments (Swart, 1992), whereas, according to Swart (1992), the entire succession

between Cape Cross and Uis was deposited in a distal basin plain environment.

2.3 Metamorphism and deformation in the study areas

Both basement lithologies of the Abbabis Complex and the supracrustal sequence of
the Damara Supergroup have been exposed to metamorphic and deformation events
associated with various stages of collision between the Congo and Kalahari Cratons.
While these events have been documented to some degree in the Southern Kaoko
Zone/Northern Zone (e.g. Goscombe et al., 2004; Macey and Harris, 2006), the most
extensive studies have been conducted in the southern Central Zone (e.g. Kisters et al.,
2004; Longridge et al., 2009; Longridge, 2012). The metamorphic and structural

characteristics of the two major regions of study i.e. the Southern Kaoko
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Zone/Northern Zone and southern Central Zone are briefly discussed in the following

sections.

2.3.1 Metamorphism in the southern Central Zone

The Central Zone is the part of the Damara Belt that experienced high temperature,
low pressure metamorphic conditions during the process of orogenesis. It represents
the southern leading edge of the active continental margin of the Congo Craton, and

the root zone of the Damara Belt (Prave, 1996; Miller and Frimmel, 2009).

Metamorphic conditions in the Central Zone have been well documented and
constrained by various authors (e.g. Nex et al., 2001a; Jung and Mezger, 2003;
Longridge, 2012). They reached upper amphibolite facies (~ 750 - 850 °C at ~ 4.5 - 6.0
kbar; Kasch 1983; Jung et al., 2000; Longridge, 2012), although Masberg et al. (1992)
suggested that it reached lower granulite facies, with an increase in metamorphic
grade from the northeastern to the southwestern parts of the zone (Puhan, 1983;

Goscombe et al., 2004; Miller, 2008).

Although some debate exists over how many metamorphic events occurred in the
Central Zone, there is agreement that its thermal evolution advanced as a result of
isothermal decompression, where peak pressures were syn-tectonic and peak
temperatures were post-tectonic (Miller, 1983, 2008). Nex et al. (2001a), based on
observations made in the Goanikontes area near Swakopmund, proposed that post-
tectonic isobaric heating, caused by the intrusion of massive volumes of granitic
magma, succeeded a syn-tectonic decrease in pressure conditions. This hypothesis is
similar to that of Biihn et al. (1995), based on the interpretation of data obtained from
the Otjosondu area northeast of Windhoek, suggesting that the traditionally held view
that metamorphic grade increases towards the western parts of the Central Zone may
be an oversimplification of the metamorphic characteristics of the zone (Nex et al,

2001a; Goscombe et al., 2004; Miller, 2008).

The upwelling of asthenospheric material following slab break-off has been proposed

as a heat source for M; metamorphism (Longridge, 2012). M,, however, occurred at
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lower pressures, indicating that extensive crustal thickening is unlikely to have been
responsible for metamorphic conditions reaching upper amphibolite to granulite facies
in the Central Zone, thus an additional heat source must have been responsible for the

high grades of metamorphism attained during M, (Longridge, 2012).

A number of hypotheses have been proposed in order to account for this heat source
e.g. Nex et al. (2001b), who proposed that the voluminous granitoids in the Central
Zone were the heat source for M,, however the absence of any contact aureoles
around the granitoid bodies of the Central Zone and Northern Zone indicates that they
were not transported particularly far from the site of melt generation, thus they
appear to be a product of M, rather than its cause (Chamberlain and Sonder, 1990;

Longridge, 2012).

Another suggestion is that the crust that was thickened during the Damara Orogeny
was highly radioactive, and as such radioactive decay may have been the source of M,
heat. Modelling by Longridge (2012) showed, however, that the basement rocks were
not particularly enriched in heat producing elements, therefore they must have been

emplaced in the crust with the granitoids.

The P-T evolution of the Damara Belt remains a debated issue; nonetheless, low
pressure and high temperature metamorphism (M,) cannot be accounted for through
a "simple" mechanism of crustal thickening and thermal relaxation, and an additional

heat source must have been responsible for M,.

2.3.2 Deformation in the southern Central Zone

The southern Central Zone is characterised by kilometre-scale, elongate, northeast-
trending dome structures (Oliver, 1995; Kisters et al., 2004; Longridge et al., 2009;
Longridge, 2012). The domes usually comprise cores of basement material, generally
ortho- and para-gneissic in composition, which are enveloped by and a host of tightly-
folded metapelitic lithologies of the Damara Supergroup, including quartzites, schists,

marbles, amphibolites, and calc-silicates (Oliver, 1995; Nex, et al., 2002; Kisters et al.,
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2004; Longridge et al., 2009). A number of mechanisms of dome formation have been

proposed over the last few decades, and some are briefly discussed here.

Earlier workers such as Sawyer (1981) and Steven (1993) proposed buoyancy-driven
e.g. solid-state diapirism of basement material, or extension-related e.g. ballooning of
granitic intrusives, vertical tectonics as a mechanism for dome formation. In contrast
to this, other workers (e.g. Coward, 1983; Oliver, 1995) suggested rather that the
domes represent sheath folds caused by crustal-scale shearing, leading Oliver (1995)
to suggest a metamorphic core complex origin for them. Detailed mapping of the
southwestern portion of the southern Central Zone by Longridge et al. (2009),
however, did not produce any evidence for a crustal-scale shear zone. A further
hypothesis is that doming resulted from mid-crustal constrictional folding coupled
with top-to-the-west transport of rocks of the Damara sequence over basement

gneisses (Poli and Oliver, 2001).

According to Kisters et al. (2004), however, the kilometre-scale doming observed in
the Karibib area (see Figure 2.1) represents large-scale tip-folding or fault-propagation
folding located at the ends of underlying blind thrusts. This is contradictory to the
findings of Longridge (2012), who suggested that domes in the southwestern parts of
the southern Central Zone may represent Type 2 interference structures which

resulted from the folding of earlier D, folds during Da.

While each of these mechanisms is intended as a regional-scale model, it is most likely
that none is mutually exclusive, and that multiple mechanisms acted together to a

greater or lesser degree to cause doming (Barnes, 1981).

2.3.3 Metamorphism in the Northern Zone/Southern Kaoko Zone

Lithologies of the Zerrissene Group located at the junction between the Northern Zone
and Southern Kaoko Zone have been regionally metamorphosed to greenschist facies,
and thermally metamorphosed to mid-amphibolite facies by the intrusion of Salem

Type granites (Macey, 2003; Macey and Harris, 2006; Miller, 2008).
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The thermal metamorphism of the metaturbidites has caused the development of a
biotite-cordierite aureole in the turbiditic schists of the Amis River Formation,
resulting in the formation of cordierite porphyroblasts (Miller, 2008). Studies by
Macey (2003) and Goscombe et al. (2004) indicated that heat derived from the
intrusive suite added to the regional thermal budget, and therefore may be
responsible for the regional metamorphism. Evidence for this lies in the fact that
regional metamorphic isograds in the area are oriented almost parallel to the contacts
of the granites, and the lowest metamorphic grades in the surrounding country rocks

are found in metapelites furthest from the intrusions (Macey and Harris, 2006).

Peak metamorphic conditions in the area reached ~ 350 °C at a distance from granitic
intrusions and 550 - 600 °C near their contacts at pressure ranging from 1.0 - 3.2 kbar

(Macey, 2003; Goscombe et al., 2004).

2.3.4 Deformation in the Northern Zone/Southern Kaoko Zone

The metapelites of the Northern Zone/Southern Kaoko Zone were deformed during
the D; and D, deformation events (see Chapter 1). Deformation is characterised by
relatively tight north-south-striking folds with moderately- to steeply-inclined fold
axial planes which dip to the east (Goscombe et al., 2004; Macey and Harris, 2006;
Miller, 2008).

The structural evolution of the Southern Kaoko Zone/Northern Zone involved only the
sedimentary lithologies of the Damara Supergroup i.e. there is no basement exposure
in the area. Deformation has been attributed to the convergent and shortening

phases of the Damara Orogen (Goscombe et al., 2003a).
Figure 2.2 summarises the stratigraphic location of pegmatites from this study in the

units of the Damara Supergroup and Southern Kaoko Zone, relative to deformation

observed in these units, and metamorphic grades recorded.
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Formation Deformation Metamorphic Grade Pegmatite Occurence

Lower amphibolite
Karibib D;doming facies (560 - 650 °C at 3
+ 1 kbar)

- 3 kbar)
Y

. . Upper greenschist
Kuiseb/Amis River E;lj;’m'ng/ DotightN-S ¢ ies (540 - 570 «C at 2 A

Chuos D;doming
Rossing D;doming
Granulite facies ( 750 -
850 °C at 5.0-6.0 kbar)
Khan D;doming
Etusis D;doming

Abbabis Complex

<. Helicon Karlowa Omapyu Valencia (Type C)

‘ Rubicon , Uis y Usakos Valencia (Type B)

Figure 2.2: Summary of pegmatite emplacement in metasedimentary units of the Damara
Supergroup. Refer to Chapter 4 for pegmatite names and localities.  Structural and
metamorphic conditions cited from Puhan (1983), Steven (1993), Goscombe et al. (2004),
Kisters et al. (2004), Freemantle (2012),and Longridge (2012).
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CHAPTER 3
AN INTRODUCTION TO PEGMATITES

3.1 Introduction

The term “pegmatite” is traditionally used to describe igneous rocks containing
extremely coarse-grained minerals (Simmons, 2007; London, 2008; London and
Kontak, 2012). Pegmatites themselves, though, are usually described based not only
on their coarse grain size, but on other textural characteristics as well, such as skeletal
and granophyric textures, and unidirectional crystal growth structures (Simmons,
2007; London, 2008; London and Kontak, 2012). All granitic pegmatites are similar in
their mineralogy (quartz + feldspar + tourmaline, muscovite, garnet), however they
may display variations in texture, structure and mineralogy (Cameron et al., 1949).
Pegmatites have also been described to some degree on their geochemical
characteristics, such as their overall granitic composition (though carbonatitic, mafic,
ultramafic and alkaline pegmatites do exist) and their enrichment in rare elements e.g.
Li, Rb, Cs, Be, Ga, Sc, Y, REE, Sn, Nb, Ta, U, Th, Zr and Hf which are the constituents of a
number of exotic minerals, and which have a variety of technological applications
(Cerny, 1991a, b; Ercit, 2005; London, 2008; Glover et al., 2012; London and Kontak,
2012). They are also exploited for industrial minerals such as feldspar, quartz, fluorite,
spodumene and petalite, not only because of the concentration of mineralisation in
large, very pure crystals, but also because they accommodate the concurrent
extraction of several ores (Cerny, 1991a; Linnen et al., 2012; London and Kontak,
2012). Although the paragenesis, geochemical characteristics and structural features
of granitic pegmatites differ greatly, they share the common genetic feature of their
crystallisation from volatile-rich melts containing varying enrichments of lithophile

rare elements (Cerny, 1991b; London, 2008).
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3.2 Regional and global distribution of pegmatites

Most pegmatites occur in groups or swarms which consist of cogenetic bodies
occupying an area of a few to hundreds of square kilometres which may be associated
with a particular granitic source pluton, and which are distributed systematically
around it, from the less fractionated granite to the most highly evolved pegmatitic
bodies occurring at the greatest distance from the pluton (Figure 2.1; Cerny et al.,

1981; Cerny, 1991b; Ercit, 2005; Simmons, 2007; London, 2008).

In syn- to late-orogenic suites the emplacement of a group of pegmatites is commonly
restricted by the metamorphic grade of the host rocks into which they have intruded
(Cerny, 1991b). The pegmatites of a given swarm share a common
geological/structural environment, such as a deep fault lineament or mobilised
cratonic margin, which may cover a large aerial extent (< 10 000 km?; Cerny, 1991a, b),
thus its formation may be attributed to a single tectono-magmatic event, with all
pegmatite bodies within it being consanguineous and sharing a similar age (Cerny,

1991b; Simmons, 2007; London, 2008).

By extension, a pegmatite belt refers to all fields/swarms related to a particular
geological structure; a belt may contain different classes of pegmatites which formed
under different tectono-magmatic conditions, but all of these are related to the
history of the said structure (Cerny, 1991b; London, 2008). Finally, a pegmatite
province encompasses all swarms and belts in a particular region, and thus consists of
various classes of pegmatite that formed at different stages of crustal evolution

(Cerny, 1991b; London, 2008).

Cerny (19914, b) identified three groups of pegmatite based on their proximity to a
granitic pluton, interior, marginal and exterior (Figure 3.1). Interior pegmatites (Figure
3.1C) lie within a granitic body, and are the least fractionated, and mineralogically and
structurally the least complex of all pegmatites. Marginal pegmatites (Figure 3.1B)
occur within or at the margin of a granitic pluton and are relatively more complex than

interior pegmatites.  Lastly, exterior pegmatites (Figure 3.1A) are hosted in
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metamorphic lithologies outside of the granitic body. The regional zonation around a
given pluton is influenced by the composition and structure of the host rock as well as
the vertical level of exposure, and in general, as the degree of fractionation and
mineralogical complexity increases away from the pluton, the number of associated
exterior pegmatites decreases. It is generally accepted that the reason for this
regional zonation is that more fractionated melts contain greater amounts of volatiles
and are therefore less viscous. Fluid-rich melts are able to remain fluid at lower
temperatures and so are able to travel greater distances from their source pluton

(Cerny, 19914, b).
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Figure 3.1: The relationships between parent granite plutons and surrounding pegmatites
showing A) Exterior pegmatites occurring in a pegmatite aureole surrounding a granitic pluton;
B) Marginal pegmatites; C) Interior pegmatites (modified after Varlamoff, 1972; Cern\'/,
1991a, b).

3.3 Pegmatite classification

The classification of pegmatites is rather complicated. The first attempt at it was
made by Landes (1933) who distinguished between chemically simple and chemically
complex pegmatites based on their mineralogical similarities with, or differences from,
common plutonic rocks (London, 2008). The terms “simple” and “complex” were
coupled with the modifiers acid, intermediate or basic denoting the predominant

igneous composition of the rock (Landes, 1933).

The major factor influencing the modern classification of granitic pegmatites is the

depth-zone classification of granitic rocks (Buddington, 1959; Ginsburg et al., 1979).
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According to this method pegmatites are categorised according to their depth of
emplacement and their relationship to metamorphic grade, as well as their

relationship to granitic plutons (Ercit, 2005; Simmons, 2007).

3.3.1 Pegmatite classes

The current classification of pegmatites is based on a fourfold subdivision of
pegmatites by Ginsburg et al. (1979) into abyssal, muscovite, rare-element and
miarolitic classes, based predominantly on mineralogical and textural characteristics,
the pressure and temperature conditions of pegmatite formation, and to a limited
degree, the metamorphic grade of their host rocks (Figure 3.2; Cerny et al., 2012).
Cerny (1990; 1991a), and later Cerny and Ercit (2005), expanded upon the
classification scheme of Ginsburg et al. (1979) to produce the most recent and most
commonly used granitic pegmatite classification scheme. This system further
subdivides the four pegmatite classes into subclasses, types and subtypes based on
the trace element signatures of pegmatites as determined from their mineral

assemblages and mineral chemistry (Table 3.1; Cerny and Ercit, 2005; Cerny et al.,

2012).
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Figure 3.2: Pressure-temperature conditions for the formation of Ginsburg’s (1984) and Cerny’s
(1991a) abyssal (AB), muscovite (MS), rare-element (RE) and miarolitic (MI) pegmatite classes
in relation to aluminosilicate and lithium-aluminosilicate stability fields.
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Table 3.1: Pegmatite classification scheme of Cerny and Ercit (2005) modified to illustrate the
correlation between pegmatite classes and families (LCT = Lithium-Caesium-Tantalum; NYF =
Niobium-Yttrium-Fluorine; see text for explanation).

Class Subclass Type Subtype Family
Abyssal HREE NYF
LREE
U NYF
BBe LCT
Muscovite
Muscovite-rare
element REE NYF
Li LCT
Rare element REE allanite-monazite
euxenite NYF
gadolinite
Li beryl beryl-columbite
beryl-columbite-
phosphate
complex spodumene
petalite LCT
lepidolite
elbaite
amblygonite
albite-spodumene
albite
Miarolitic REE topaz-beryl
gadolinite- NYF
fergusonite
Li beryl-topaz
spodumene LCT
petalite
lepidolite

3.3.2 Pegmatite families

Expanding upon the work of Ginsburg et al. (1979) , Cerny (1990; 1991a;1992)
proposed the Lithium-Caesium-Tantalum (LCT), Niobium-Yttrium-Fluorine (NYF) and
mixed LCT — NYF families by relating pegmatite classes to other petrological,

paragenetic and geochemical data.

3.3.2.1 LCT Pegmatites
LCT pegmatites are enriched in the elements Li, Rb, Cs, Be, Ga, Sn, Nb, Ta, B, F, P, Mn
and Hf, elements which become progressively enriched in the residual magma as they

behave incompatibly with the crystallisation of quartz and feldspars (Cerny, 1991b;
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Cerny, 1992; Cerny and Ercit, 2005; Simmons, 2007; Martin and De Vito, 2005; Martin
et al., 2009). In terms of bulk geochemistry, they share a compositional affinity with S-
type granites; they are typically per- to sub-aluminous, a characteristic manifested in
the presence of minerals such as muscovite, tourmaline, spessartine garnet and rarely
gahnite, topaz or andalusite (London, 2008). These pegmatites crystallise from
hydrous magmas, they usually display an S- and rarely I-type geochemical signature,
and their source lithologies are undepleted upper- to middle-crustal rocks (S-type) and
basement gneisses (I-type; Cerny, 1991b; Chappell and White, 1992, 2001; London,
2008; London and Kontak, 2012).

The Li enrichment in LCT pegmatites results from the melting of mica-rich
metamorphic rocks at the pegmatite source, and causes the crystallisation of the Li-Al-
silicates, spodumene and petalite, and somewhat less frequently in lepidolite,
amblygonite-montebrasite, or elbaite (London, 1995; 2005; 2008; Cerny et al., 2012).
Cs enrichment is evident in rare-element pegmatites containing pollucite that also
results from the melting of micas, predominantly biotite and muscovite, at the
pegmatite source (London, 1995, 2005). The source of Ta enrichment in LCT
pegmatites is poorly understood, however London (2008) suggests that micas or minor
quantities of ilmenite in mica schists may act as a possible source for Ta in LCT

pegmatites.

3.3.2.2 NYF Pegmatites

NYF pegmatites are enriched in Ti, Nb, Y, HREE, Zr, U, Th, F and Sc (Cerny, 1991b;
Cerny, 1992; London, 2008; Cerny et al., 2012). Their bulk composition is sub- to
metaluminous, and in contrast to LCT pegmatites they crystallise from relatively dry
magmas (Cerny, 1991b). Although NYF magmas are believed to be H,0-poor, Skjerlie
and Johnston (1992) suggested that they accumulate F during the growth of pyroxene
from amphiboles and mica. NYF pegmatites typically display an A-type (anorogenic)
geochemical signature, their sources including depleted middle to lower crust
granulites or juvenile granitoid rocks, and they usually contain some chemical
constituents from the mantle (Lenharo et al., 2003; Cerny and Ercit, 2005; Martin and

De Vito, 2005; Cerny et al., 2012).
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In terms of mineralogy, NYF pegmatites commonly contain amazonitic K-feldspar and
sodic pyroxenes and amphiboles (London, 2008). Unlike LCT pegmatites, the origins of
the NYF trace element signature are relatively poorly understood (London, 2008;

Cerny et al., 2012).

3.3.2.3 Mixed LCT-NYF Pegmatites

Mixed LCT-NYF pegmatite suites are predominantly NYF bodies that show strong LCT
overtones resulting from contamination from local sources (Cerny, 1991b; Martin and
De Vito, 2005; Cerny et al., 2012). In these systems, late-stage orthomagmatic fluids
from the formation of the NYF pegmatites cause hydrothermal reactions in the
sedimentary host rocks, releasing Li and B and thus overprinting the NYF intrusion with

a LCT signature (Martin and De Vito, 2005; Cerny et al., 2012).

3.3.3 Controversies regarding pegmatite classification

Recently authors have noted the limitations imposed by the classification of
pegmatites based on their depth of emplacement, and have pointed out the need for
a classification scheme that relates pegmatite melt generation to tectonic processes

(e.g. Martin and De Vito, 2005; Martin, 2007; Martin et al., 2009).

Martin and De Vito (2005) have proposed two main types of pegmatite, those
generated by anatexis, and those derived from the fractional crystallisation of more
primitive felsic intrusions. They have also suggested that the geochemical nature of a
pegmatite melt is determined by the tectonic environment in which a given pegmatite
occurs, such that LCT melts are orogenic i.e. generated in compressional
environments, and NYF melts are anorogenic i.e. generated in extensional

environments (Martin and De Vito, 2005; Tkachev, 2011; Cerny et al., 2012).
Thus, in the case of LCT pegmatites, the parent magma is derived from partial melting

of the mantle wedge during subduction processes, and, strictly speaking, at the post-

tectonic phase of continent collision (Martin and De Vito, 2005; Tkachev, 2011; Cerny
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et al.,, 2012). The magma rises into the lower crust and undergoes assimilation-
fractional crystallisation. At the same time a regional increase in the geothermal
gradient, caused by the hydrothermal plume rising from the subducting plate,
contributes towards the melting of mica-bearing metasedimentary lithologies in the
crust. Magma mixing and mingling result in the increasing enrichment of H,0, B, P, F
and Li in the melt, and the ultimately per- to metaluminous nature of the LCT

pegmatite melt (Martin and De Vito, 2005; Martin, 2007).

In contrast, NYF melt generation is related to the focusing of volatiles ahead of a rising
mantle plume of fertile asthenospheric material (Woolley, 1987; Martin and De Vito,
2005; Martin, 2007). The fluids are typically alkaline, H,0 — CO, bearing, and rich in
trace elements, particularly high field strength elements and LREE (Martin and De Vito,
2005; Martin, 2007). They metasomatise the upper mantle and rise through the
bulged crust, preparing for the commencement of anatexis; Abdel-Rahman and Martin
(1990) refer to this process as metasomatic "ground preparation". Because of the
highly selective nature of metasomatic "ground preparation", there is a greater influx
of alkalis and silica relative to Al, resulting in the A-type geochemical signature of the

pegmatite melt (Martin and De Vito, 2005; Martin, 2007).

There are many instances in Africa e.g. South Africa, Namibia, Mozambique, and
Zambia (Von Knorring and Condliffe, 1987) where the model of Martin and De Vito
(2005) does not seem plausible as an explanation for the differences between LCT and
NYF pegmatites. Here coeval, typically post-collisional LCT and NYF pegmatites occur
within the same tectonic setting. In these instances it may be necessary to consider
the influences that bulk protolith composition and crustal contamination may have on

a pegmatite melt composition. This will be further discussed in Chapter 7.

3.4 Internal anatomy of pegmatites

Cameron et al. (1949) compiled the key reference on the internal structure of
pegmatites based on extensive field work in the early 1940s on behalf of the U.S.

Geological Survey, and their terminology is still used today. The term “zone” is used in
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the identification of areas in the pegmatite which are dominated by a particular
mineral, and which form “successive shells around the innermost unit that reflect the

shape and structure of the pegmatite” (Cameron et al., 1949).

3.4.1 Unzoned pegmatites

The term "unzoned" does not imply that the composition of the pegmatite is primitive;
rather it refers to the fact that texture and mineralogy are homogeneous in these
bodies, although they may display a porphyritic texture and oriented mineral fabrics

(Heinrich, 1958; Simmons, 2007; London, 2008).

Unzoned pegmatites are composed essentially of quartz and feldspar with subordinate
amounts of mica, and may contain accessory tourmaline, garnet and some rarer
phases (Simmons, 2007). They are commonly found in high grade metamorphic
terranes which fall within the kyanite and spodumene stability fields (Figure 3.2;

Simmons, 2007; London, 2008).

3.4.2 Zoned pegmatites

Zonation in pegmatites refers to the development of discreet, mapable "shells" within
a pegmatite body, which differ in mineralogy, texture, grain size and crystal habit
(Cameron, 1949; Ercit, 2005; Simmons, 2007; London, 2008). The zones reflect the
structure of the pegmatite body, and ideally the shells are developed concentrically

about an innermost core (Figure 3.3; Cameron et al., 1949).

Zoned pegmatites are primary in nature having crystallised directly from a pegmatitic
melt from the outside inward, with grain size increasing from the outer zones inward
(Cameron et al.,, 1949; Simmons, 2007). Coupled with these features are the
tendencies to become mineralogically simpler and more silica-rich from the edges
inwards (Cameron et al., 1949; Simmons, 2007). Bulges in the pegmatite commonly
host the most fractionated part of the body, whereas more primitive units are

developed in pinched out parts of the body (Cameron et al., 1949; Simmons, 2007).
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Cameron et al. (1949) described the following zones which may or may not be present

and/or continuous in a given pegmatite, and which are illustrated in Figure 3.3:

intermediate zone
core
wall zone
border zone \

P

meters

©2008 Mineralogiefl Association of Canada

Figure 3.3: Idealised block diagram of a zoned pegmatite, illustrating concentric zonation
around a central core zone (modified after Cameron et al., 1949; London, 2008). Zonation may
be developed to the scale of several meters. Note that some zones may or may not be (fully)
developed in a given pegmatite.

3.4.2.1 Border zone

The border zone is typically a few centimetres thick and is similar to the chill margin of
other intrusive bodies. It is commonly aplitic to fine-grained, but may have a bimodal
texture. The contact between the border zone and the wall rock is abrupt.
Mineralogically, the border zone is composed of feldspar, quartz and muscovite with
accessory tourmaline, beryl, apatite and garnet, occasionally with minerals oriented
parallel to the wall rock, but more commonly with one or more of the component
minerals perpendicular or sub-perpendicular to the contact walls (also known as

unidirectional crystal growth).
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3.4.2.2 Wall zone
The wall zone is coarser-grained and thicker than the border zone, and it commonly
grades into the adjacent border and intermediate zones. It is composed primarily of

plagioclase, perthite, quartz, muscovite, tourmaline and beryl.

3.4.2.3 Intermediate zone

Intermediate zones are less commonly developed than other zones in a pegmatite.
They vary both in thickness and mineralogy, and are most extensively developed in the
thicker parts of the pegmatite, and pinch out where the body thins. Mineral
assemblages in these zones usually include combinations of plagioclase, quartz,
perthite, muscovite, biotite, Li-aluminosilicates, and amblygonite-montebrasite.
Intermediate zones are commonly identifiable by a sudden increase in grain size and

the dominance of a particular mineral.

3.4.2.4 Core

The core represents the innermost unit of a zoned pegmatite. Its size is usually
determined by the overall size of the pegmatite, and the thickness of the wall and
intermediate zones. It is normally composed of mono-mineralic quartz, however it
may contain variable proportions of perthite, albite, Li-aluminosilicates and

phosphates (e.g. montebrasite).

3.5 Generation and consolidation of pegmatite melts

3.5.1 Models for the formation of pegmatites

There are two dominant theories relating to the generation of pegmatitic melts which
have prevailed since geoscientists began working on the subject in the early 1900s.
The first of these is that they are formed by the fractional crystallisation of a flux-
bearing magma of granitic composition and the second invokes the segregation of an

aqueous fluid from a silicate fluid and the redistribution of geochemical components
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in the system (Cerny, 1991b; London, 2005; Simmons, 2007; Alfonso and Melgarejo,
2008; London and Morgan, 2012; Thomas et al., 2012).

According to the first model, the first minerals to crystallise in a granitic system are
alkali and sodic feldspars, quartz and minor muscovite/biotite into which Si, Al, K, Na,
O and some H,0 are incorporated. As a result, incompatible elements become
enriched in the residual melt or pegmatitic magma. The pegmatitic melt is enriched in
volatiles and fluxes e.g. H,0, CO,, B, F, Li and P, which lower the viscosity and
crystallisation temperature of the pegmatite system, relative to the initial granitic
magma. Concurrently, the melt becomes enriched in rare elements e.g. Cs, Ta, Nb, Sn,
REE, Zr and U (Cameron et al., 1949; Simmons, 2007; London, 2008; London and
Morgan, 2012).

The second model was developed by Jahns and Burnham (1969), who stated that "the
appearance of an aqueous fluid can be regarded as the most decisive step in the

genesis of pegmatites." According to their model, K partitions into the aqueous fluid
while Na partitions into the silicate melt. The aqueous fluid is responsible for the
removal of incompatible elements from the lower parts of the magma, and their
upward transport and subsequent accumulation in giant, exotic crystals, while the

silicate melt simply acts as a source of geochemical components.

The most recent model for pegmatite genesis draws from aspects of both of the
former models. It is called Constitutional Zone Refining (CZR), and proposes the
formation of flux-enriched boundary layer of silicate liquid adjacent at the crystal-melt
interface (see reviews in London, 2008; London and Morgan, 2012). This model will be

discussed in greater detail in section 3.6.

3.5.2 The importance of volatiles in pegmatites
Volatile enrichment in pegmatitic systems occurs as the result of the solubility of H,0
in felsic melts as well as the exclusion of volatiles from major rock-forming minerals

during crystallisation (London, 2005; Simmons, 2007).
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H,0 and other volatiles (e.g. F, Cl, B, Li and P) are the main components responsible
for petrogenesis in a pegmatite system; they reduce the viscosity of the melt,
enhancing transport of the melt in the crust, and they reduce the glass transition
temperature allowing melts to crystallize well below the thermodynamic solidus
(Nabalek et al., 2010). In addition to this, as volatiles increase in abundance, they act
to hinder the formation of crystal nuclei until the melt is sufficiently undercooled, and
they increase the efficacy of diffusion to the nuclei that are able to form, thus resulting
in the formation of fewer, larger crystals (Simmons, 2007; London, 2008; Nabalek et

al., 2010).

Once a mineral is able to nucleate, however, it may grow extremely quickly and its size
will be determined by the distance between the site of nucleation and the point in the
magma where its temperature is equal to that of the solidus of the crystallising
mineral (London, 2008; Nabalek et al., 2010). What distinguishes pegmatites from

regular granites is, therefore, their ability to retain H,0 (Figure 3.4).
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Figure 3.4: Temperature-wt % H,0 paths for a generic granite, rhyolite and pegmatite
illustrating the differences between them, in water retention and subsequent undercooling.
Water loss resulting from decompression and venting, results in a microcrystalline texture and
possibly the development of glass. In a slow-cooling system water exsolves from the
crystallising magma, equant crystals grow, and the magma finally solidifies at the
thermodynamic solidus (from Nabalek et al., 2010).

3.6 Rates of pegmatite crystallisation and Constitutional Zone Refining

It has traditionally been thought that giant crystals in a pegmatite are the result of
slow cooling in the pegmatite system, however the results of several studies have
shown that pegmatite dykes may have cooled to their solidus temperatures in as short
a time as a few days to months, and that very large pegmatites may cool in decades to
a few hundred years (Chakoumakos and Lumpkin, 1990; Webber et al., 1997, 1999;
Morgan and London, 1999; Cerny, 2005; London, 2008).

Pegmatite melts may, in fact, be significantly undercooled (Nabalek et al., 2010). The
process of undercooling involves the removal of a particular flux as that flux becomes
incorporated in a crystallising phase, which then initiates the rapid growth of crystals

(Simmons, 2007; Nabalek et al., 2010). Furthermore, because of the lag time (also
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known as nucleation delay) between cooling and the onset of crystallisation, the melt
becomes supersaturated in fluxes and incompatible elements. Once nuclei are able to
form, rapid crystallisation from this undercooled melt generates a boundary layer
(Figure 3.5) of excluded elements ahead of the growth front of crystallising phases,
even where the amount of flux present in the melt is relatively low (~ 3 wt %; Webber
et al., 1997; Morgan and London, 1999; Simmons, 2007; London, 2008; Nabalek et al.,
2010).

With progressive crystallisation, the solidus of the boundary layer is reduced and it
becomes further enriched in fluxes and trace elements in relation to the bulk melt
composition (Figure 3.5; London 2005, 2008). Fluxes in the boundary layer form
complexes with incompatible elements in the melt, resulting in the increased purity,
homogeneity and size of crystallising phases. This process has been called
Constitutional Zone-Refining (CZR; Morgan and London, 1999; London, 2005; London,
2008). Thus the outer zones of a pegmatite, containing anisotropic fabrics, graphic
textures, and fine-grained minerals are dominated by the effects of undercooling,

while the progressively coarse-grained and blocky inner zones result from the build-up

of fluxes in the boundary layer (London, 2009; London and Morgan, 2012).
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Figure 3.5: Schematic diagram illustrating crystal growth, pile-up in the boundary layer, local
saturation, and fluxed constitutional zone-refining. The fluxing component (brown atoms) is
incompatible with the main crystallising phase (blue and red atoms); it forms complexes or
associated species with other incompatible elements (green atoms; from London, 2008).
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Recent work by Thomas et al. (2006, 2009; 2011; 2012) and Thomas and Davidson
(2012) has shown that pegmatite melts contain significantly greater proportion of
"melt structure modifiers" such as OH", CO, HCOs", CO52’, S0,>, H3BOs, and Cl, as well
as the elements Li, Na, K, Rb, Cs, and Be, present in fluid inclusions, in addition to the
traditionally recognised fluxes, H,0, F, B and P, whose combined effect on pegmatitic
melts could be responsible for the diversity observed in pegmatites around the world.
In addition to this, the water content of pegmatites may vary from as little as 2 wt % to
well over 50 wt % water (Thomas et al., 2012). It has been suggested that the
variability of water content in pegmatites may be attributed to processes of melt-melt
immiscibility during crystallisation, which themselves may be attributed to the
presence of, and interaction between, several melt structure modifiers in the melt
(Thomas et al., 2012). The conjugate melts, A and B (melt B preserved only as melt
inclusions as a result of its reactivity throughout crystallisation), are peraluminous and
peralkaline respectively, and the physical and chemical differences between the melts
have a significant influence on element partitioning between them (Thomas and
Davidson, 2012). Thomas et al. (2012) and Thomas and Davidson (2012) concluded
that melt-melt immiscibility in pegmatites removes the necessity of a fluxed boundary
layer CZR processes during the crystallisation of the melt and also suggested that the
role of liquidus undercooling as a major process during pegmatite crystallisation may
be greatly overestimated, and only really effective in melts containing high

proportions of H,0.

Due to their abundance, mineralogical variability and exposure pegmatites in the
Damara Belt provide an excellent opportunity to examine the processes responsible
for the regional variability of coeval pegmatites. A number of pegmatites displaying all
of these attributes were selected for study, and an introduction to each is presented in

Chapter 4.
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CHAPTER 4
PEGMATITES OF THE DAMARA OROGEN

4.1 Introduction

Many of the economic ore deposits of the Damara Belt occur within the Central and
Northern Zones. Among these deposits are Li-Be-, Sn- and tourmaline-bearing LCT
pegmatites and U-bearing NYF pegmatitic leucogranites, which have been intruded
into the tightly folded supracrustal rocks of the Damara Supergroup (Keller et al.,
1999). The main commaodity extracted from each type of pegmatite varies according to
its geographic location, and by extension, its position within the stratigraphy of the
Damara Belt, even though all of these bodies are of similar, late tectonic age (~ 510 -
490 Ma). Figure 4.1 illustrates the geographic extent of the major pegmatite districts

of the Damara Belt.

Ten pegmatites were sampled for the purpose of this investigation; their locations are
varied, with two occurring within the Northern Tin Belt (1; Northern Zone/Southern
Kaoko Zone), one within the Southern Tin Belt (3; southern Central Zone), three within
the Karibib Pegmatite Belt (4), and four within the Rossing Pegmatite Belt (5; southern

Central Zone; Figure 4.1).

Those occurring within the Southern Tin and Karibib Pegmatite Belts are large, zoned
Li-Be- and gem-tourmaline-bearing pegmatites belonging to the LCT family (Cerny and
Ercit, 2005). Those located in the Northern Tin Belt are large, unzoned Sn-bearing
bodies belonging also to the LCT family, while those occurring within the R&ssing
Pegmatite Belt are smaller, unzoned U-rich bodies which possess NYF characteristics
(Cerny and Ercit, 2005). They have been intruded into Damaran metasediments which
were metamorphosed to upper amphibolite-granulite facies in the southern Central

Zone, and to greenschist facies in the Northern Zone/Southern Kaoko Zone.
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Figure 4.1: Geographic extent of five major pegmatite belts in the Damara Belt (modified after
Keller et al., 1999). Number 1 occurs in the Northern Zone (NZ)/Southern Kaoko Zone (SKZ),
number 2 in the northern Central Zone (nCZ), and numbers 3, 4 and 5 in the southern Central
Zone (sCZ). This study focuses on samples collected from 1, 3, 4, and 5. These localities are
labelled R, H, O, Us, Ui, K, and V, where R = Rubicon, H = Helicon, Ui = Uis, K = Karlowa, Us =
Usakos, O = Omapyu, and V = Valencia pegmatites. See text for details.

The pegmatites investigated were selected for a number of reasons. These include
their diversity of mineralisation, their geographic, and therefore stratigraphic,
distribution with respect to one another, as well as the ease with which they could be
accessed. Furthermore, only pegmatites that have been mined at some point were

selected for sampling.
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4.2 Li-Be-bearing pegmatites of the Damara Belt: Rubicon and Helicon

pegmatites

4.2.1 Introduction

The Li-Be-bearing pegmatites of this study are located in the Karibib Pegmatite Belt
(see Figure 4.1). The two studied belong to a larger swarm of similar pegmatites which
occur in the Karibib area. These include the Rubicon and Helicon pegmatites, sampled
for this study, the Karlsbrunn, Becker's, Kaliombo, Brockmann's, Henckert's, and Van
de Made's pegmatites, to name a few. The pegmatites of the Karibib area were
extensively mapped, sampled and analysed for mineral chemistry by Roering (1963).
Later studies by Diehl and Schneider (1990) elaborated upon the work of Roering
(1963).

The Rubicon and Helicon pegmatites are large, internally- zoned LCT pegmatites. They
are located on the farm, Onkangava Ost 72, approximately 30 km southeast of Karibib
in the southern Central Zone, and occur within the Karibib Pegmatite Belt (Figures 4.1

and 4.2).

Exploration for beryl began in the 1930s in the Karibib district, however the Rubicon
pegmatite in particular became Namibia's major source of lithium. From the 1950s it
was selectively mined for petalite, amblygonite, lepidolite, beryl, quartz, pollucite,
bismuth, and bismuth oxides (Diehl, 1992b). More recently it has been reworked for
industrial minerals, particularly quartz. The Helicon pegmatites were mined for similar
minerals, as well as niobium-tantalum oxides (Diehl, 1992b). By the early 1990s, the
Rubicon and Helicon pegmatites collectively were the sources of approximately 90 %

(approximately 250 t) of Namibia's total pollucite production (Diehl, 1992b).
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Figure 4.2: Google Earth map with a 1:250 000 geological map overlay of the Karibib pegmatite
district indicating the locations of the Rubicon and Helicon pegmatites in relation to each other
(Google, 2012).

Due to the extensive workings at the Rubicon and Helicon pegmatites, the bodies are
relatively easily accessible by four-wheel drive. In addition to this, they provide
excellent examples of three-dimensional exposure of the internal zoning of
pegmatites. This allowed for sampling to be conducted across the strike, and

therefore, zonation of the pegmatites.

4.2.2 The Rubicon Pegmatite

4.2.2.1 Structural setting of the Rubicon pegmatite

Because of the thick alluvial cover in the area, the exact orientation of the Rubicon
pegmatite remains unclear, however the main ore body forms a prominent ridge
which strikes northwest and dips between 202 and 652 north. It measures
approximately 320 m in length and 25 - 35 m in width and according to Roering’s
(1963) mapping has an anticlinal structure which resulted from “the upward
coalescence of Li-bearing zones occurring symmetrically about two quartzose core

zones” (p. 27).
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At its base it is in contact with granodiorite of the ~ 566 - 557 Ma Goas Suite (Milani,
pers. comm., 2013; Figure 4.3A), however in the hanging wall the ore body grades into
a pegmatitic granite whose grain size diminishes progressively (Roering, 1963; Roering
and Gevers, 1964). Undeformed xenoliths of granodiorites are also present in the
quartzo-feldspathic footwall of the pegmatite. The Rubicon pegmatite has been dated
at 505.5 + 2.6 Ma (U-Pb ratios obtained from columbite; Melcher et al. 2013).

The granodiorite is composed of abundant intergrown hornblende and plagioclase
with minor fine-grained (0.3 - 0.5 mm) quartz, biotite, magnetite, and zircon. The
hornblende grains are larger (~ 1.3 mm) than the other minerals and contain abundant
and small (0.1 mm) inclusions of magnetite, plagioclase, quartz and biotite (Figure

4.3B). Individual plagioclase grains are also poikilitic, containing hornblende and

magnetite.

Figure 4.3: Goas Suite granodiorite into which the Rubicon pegmatite has intruded; A) Goas
Suite xenolith hosted in the Wall Zone (see text) of the pegmatite. The xenolith measures
approximately 2.5 m x 3 m and is situated in the footwall of the pegmatite; B) Poikilitic
hornblende (Hbl) containing plagioclase (PI), quartz (Qz) and magnetite (Mag) inclusions (ppl).
Large hornblende grains are intergrown with plagioclase crystals of similar dimensions (GPS:
UTM 33 K 597133 7557437).

4.2.2.2 Internal zonation and mineralogy of the Rubicon pegmatite

Roering (1963) used the generalised pegmatite zonation pattern of Cameron et al.
(1949) (see Chapter 3) as a basis for the description of the zones identified in the
Rubicon pegmatite, and using this model he identified border, wall, intermediate and
core zones; a map showing the distribution of these zones is shown in Figure 4.4A and

delineated in Figure 4.4B.
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Figure 4.4: Zonation observed in the Rubicon pegmatite; A) schematic diagram of the zonation
identified, with line A-B indicating the approximate location of the sampling transect; B)
Mineralogical zonation in the hanging wall. Although Roering (1963) states that the Core Zone
of the pegmatite is not composed of massive quartz, a small (~ 1 - 2 m) lens of massive quartz is
present. Note that the Perthite Zone described in the text is situated in the footwall of the
body, thus is not indicated in this figure (GPS: UTM 33K 602738 7555297).

4.2.2.2.1 Wall Zone:
This outer zone is variable in thickness but is generally a few metres thick. It contains
albite, quartz, muscovite and garnet (spessartine). Quartz, muscovite and garnet tend
to occur together in a more albite-rich matrix, and tourmaline (schorl) occurs as an
accessory phase intergrown with albite, muscovite, and quartz. Large muscovite
grains are poikilitic, containing small (up to 0.55 mm) grains of albite which are

oriented along the long axis of the muscovite grains. Quartz grains show a similar
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texture, enclosing grains of albite and minerals of the columbite-tantalite series
(Figure 4.5). Veins up to 2 mm wide and containing albite, quartz and minor, fine-

grained, altered muscovite sporadically cross-cut all minerals in this zone.
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Figure 4.5: Poikilitic quartz (Qz) and muscovite (Ms) from the Wall Zone. Quartz and muscovite
are intergrown and contain inclusions of euhedral albite (Ab) and columbite-tantalum oxides
(CT; cross-polarised light). Note the reaction rim surrounding albite where it has been enclosed
by muscovite

4.2.2.2.2 Perthite Zone
Like the Wall Zone, the thickness of the Perthite Zone is variable. Its mineralogy
consists of quartz, Li-muscovite, lepidolite, microcline-perthite, cleavelandite, with
accessory pale green to white beryl, apatite, and Li-phosphates (Diehl, 1992c). Locally

individual perthite crystals reach dimensions of 1 x 3 m.

4.2.2.2.3 Beryl Zone
The Beryl Zone is 1 - 2 m thick. It contains cleavelandite and muscovite, quartz,
lepidolite, perthite and accessory phosphates, with beryl as the primary economic

mineral. Perthite crystals form nuclei which are enveloped by a rim of
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albite/cleavelandite and subordinate quartz; albite displays a corrosive relationship
with perthite, which is followed by a rim of muscovite and quartz to form "rosette"
structures as large as 30 cm in diameter (Figure 4.6; Roering, 1963; Roering and

Gevers, 1964). Albite in the Beryl Zone displays a poikilitic texture and contains small

(0.02 - 0.2 mm) grains of lepidolite and albite.

Figure 4.6: Perthite (Ksp) "rosette" from the Beryl Zone. A large perthite grain (Ksp) is
enveloped by a cleavelandite (Ab) rim which is in turn enclosed by a rim of radiating muscovite
and blocky quartz (GPS: UTM 33 K 602833 7555257; pencil for scale is 13 cm long).

4.2.2.2.4 Lithium Ore Zones
Two major lithium ore zones occur in the Rubicon pegmatite. These are the 1 -6 m
thick Petalite Zone, and the Lepidolite Zone which is in excess of 10 m thick. The
mineralogy of the Petalite Zone is variable, ranging from pure petalite to an
assemblage of petalite, albite, lepidolite, amblygonite, and subordinate quartz, with
accessory columbite, apatite, fluorite, and Li-phosphates. Individual petalite crystals
reach a length of 1.5 m (Figure 4.7A). At the micro-scale petalite grains are seen to be
replaced by radiating nests of hectorite which also displays replacement textures

where in contact with lepidolite (Figure 4.7B).
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Figure 4.7: Petalite from the Petalite Zone of Rubicon pegmatite; A) Giant petalite crystals
reach lengths as great as 1.5 m (photo courtesy of the Giant Crystal Project,
http://giantcrystals.strahlen.org/africa/rubicon.htm); B) Large (up to 7 mm) lepidolite (Lpd)
grains being replaced by hectorite (Hec; after petalite). Quartz and lepidolite are intergrown

(xpl).
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The Lepidolite Zone is slightly less complex in mineralogy than the Petalite Zone and
includes lepidolite, albite, quartz, amblygonite, and petalite. It has been subdivided
into low-grade ore and high-grade ore zones, distinguishable from each other by their
percentage albite content. The intergrowth of lepidolite and albite shows vermicular
textures, as shown in Figure 4.8A. At the microscopic scale, albite and lepidolite, in
both the High and Low Grade Lepidolite Ore Zones, are fine-grained (0.2 mm). Locally
large (up to 5 mm long) albite grains occur and these are poikilitic, containing small

(0.02 mm) grains of lepidolite (Figure 4.8B).

Figure 4.8: Relationship between albite and lepidolite in the Lepidolite Zone of the Rubicon
pegmatite; A) Vermicular intergrowth of lepidolite and albite in the Low Grade Lepidolite Zone
(GPS: UTM 33 K 602763 7555263); B) Fine-grained lepidolite intergrown with a larger grain of
albite from the High Grade Lepidolite Ore Zone, The large albite is poikilitic, containing
inclusions of lepidolite. Albite is a minor constituent of the mineralogy in this zone and is more
commonly fine-grained with grains measuring 0.2 mm (xpl).
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4.2.2.2.5 Core Zone
The Core Zone is only developed as pure massive quartz in the northern parts of the
pegmatite where the zone reaches a thickness of 1.5 - 2 m. To the south lepidolite,
albite, petalite, amblygonite and beryl are intergrown with quartz in this zone.
Roering and Gevers (1964) attribute the mineralogical complexity of the Core Zone to
the mixing of the final quartz-rich melt fraction with the adjacent lepidolite- and

petalite-rich zones.

4.2.3 The Helicon Pegmatites

4.2.3.1 Structural setting of the Helicon pegmatites

The Helicon pegmatites include Helicon | and Helicon Il., which are located
approximately 7 km north-northeast of the Rubicon pegmatites. Helicon | is the larger
of the two bodies; it is an elongate and lens-shaped body, measuring ~390 m in length
and 65 m in width (Roering, 1963; Diehl, 1992b). Helicon II, south of the main
pegmatite, is similarly shaped and measures approximately ~¥250 m in length and 50 m
in width. For reasons pertaining to accessibility and sampling ease, Helicon Il was

sampled for the purposes of this study.

Helicon | and Il are similarly orientated, striking east - west and dipping between 43¢
and 702 north. They have been emplaced into marbles of the Karibib Formation
(Swakop Group) which also strike east - west, however dip 352 - 452 south. The
marbles in this area are composed of alternating calcite-rich and actinolite-rich layers
measuring 0.1 - 0.6 mm. They show extensive deformation in the form of a-symmetric

boudinage and micro- to-centimetre-scale z-folds (Figure 4.9A and B).

Steeply-dipping fractures oriented sub-parallel to the strike of the pegmatite occur
throughout the body. They are spaced at intervals of approximately 10 cm from each
other and slicken sides on their surfaces indicate sinistral movement along the fracture

planes.
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Figure 4.9: Features of the Karibib Marble in the vicinity of the Helicon pegmatites; A) A-
symmetric boudinage observed in the marble (photo courtesy of K. Naydenov); B) Micro-
folding (f) and boudinage (b) present in both calcite (Cal)- and actinolite (act)-rich layers (GPS:
UTM 33 K 605773 7561642).

4.2.3.2 Internal zonation and mineralogy of the Helicon Il pegmatite

Like the Rubicon pegmatite, the Helicon pegmatites are zoned bodies comprising
outer quartzo-feldspathic zones with lithium and beryllium mineralisation occurring in
the intermediate zones which are centred partially symmetrically around a massive
quartz core. Roering (1963) did extensive mapping and compiled detailed descriptions
of the zonation of Helicon |, however because of limited access Helicon Il was sampled
for the purpose of this study. The zones present in the Helicon Il are described and
illustrated (Figure 4.10) below based on field observation, the work of Roering (1963),

and Cameron et al.'s (1949) models for mapping zoned pegmatites:
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Figure 4.10: Mineralogical zonation in the footwall of Helicon Il pegmatite. Note that the
Lepidolite/Lithium Ore Zones described in the text occurs in the hanging wall of the pegmatite
and is thus not indicated in this figure (GPS: UTM 33 K 605739 7561564).

4.2.3.2.1 Albite-quartz-muscovite (perthite) Zone (Wall Zone)
The outermost Wall Zone of Helicon Il is approximately 4 m thick and is composed
predominantly of albite (cleavelandite), quartz, and muscovite with accessory perthite,
rare beryl, blue tourmaline, and columbite. The grain size of feldspar grains is
variable, typically measuring between 0.5 and 3 cm in length. They occur as
radiating/feathery nests showing undulatory extinction and bent twins. At the macro-
scale quartz occurs as large, blocky crystals, however in thin section it can be seen also
to occur as 0.2 - 0.5 mm annealed grains. Muscovite grains are large (> 3 cm) and
form radiating nests (Figure 4.11). Locally, small (~ 50 um) grains of muscovite and
albite mark the interface between quartz and feldspar grains. Blue Tourmaline
crystals have an acicular habit and, like muscovite, form nests, 15 - 20 cm long, of
radiating blades (Figure 4.11). Tourmaline is poikilitic, containing inclusions of quartz

whose orientation is largely, however not exclusively, crystallographically controlled.
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Figure 4.11: Tourmaline (Tur) and muscovite (Ms) nests in the Wall Zone of the Helicon II
pegmatite. Tourmaline appears to overprint quartz and albite (Ab; GPS: UTM 33 K 605846
7561573).

4.2.3.2.2 Albite-quartz-petalite Zone (Intermediate Zones)
The Intermediate Zone is approximately 4.5 m wide and is composed of intergrown
quartz and albite and large (up to 30 cm long) petalite crystal