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Li ageofogicaf point of view, (jreat 'J.{flmaqua-fana presents many interesting features. 'Besiies tli.e 

granite, wliicli is tli.e prevailing rocf<i great masses of quartz are met witfi, eitli.er scatterei over its surface, or 

filCing up tli.e large gaps ana fissures occasionea 6y ancient emptions . ..9lt some remote perioi, tfiis lana must 

fiave 6een su6jectea to volcanic agencies; ani tfiougfi not one of tfiese fias ta~n place in tli.e memory of tli.e 

present generation, mm6Cing noises unaergrouna ana tremors of tli.e eartfi are a frequent occurrence. 

Cfiarles Jolin ..9lnaerson, 1856. 
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ABSTRACT 

The middle to late Proterozoic Awasib Mountain terrain (AMT) straddles the boundary between 

the Rehoboth and Gordonia subprovinces in southern Namibia. The AMT is made up of two major 

crustal components, the older of which is correlated with the Namaqualand Metamorphic Complex 

(NMC), and the younger with the Sinclair Sequence. 

The oldest part of the early-stage crust is represented by the amphibolite grade Kairab Complex 

which has undergone three episodes of deformation (D1-Da). Within this complex, high-alumina 

pillow-bearing basalts form part of a bimodal volcanic succession and yield an age of ca. 1460 Ma 

(Rb-Sr, Pb-Pb) with a low 87Srt86Sr initial ratio (Ro) of 0.7027 ± 1. While these basalts are 

characterised by the low contents of Ti, Nb, Zr, Y, Ni and Cr typical of island arc or back-arc settings, 

low- and high-silica rhyolites display chondrite-normalised patterns (especially negative Th anom­

alies) which are also consistent with a subduction-related environment. 

Younger metaluminous granitoids and gabbroids in the early-stage crust have undergone 03 

deformation and low-medium grade metamorphism. There is a close spatial and compositional 

association between the metavolcanic succession and these younger intrusive rocks. The associ­

ation between gabbro, a mafic dyke swarm, pillow-bearing basalt, pyroclastic rhyolite and 

tonalite-trondhjemite resembles that of a dismembered ophiolite complex. Progressive intrusion of 

tonalite (Aunis Tonalite Gneiss; age 1271 ± 62 Ma, Ro = O. 7029 ± 3) to granite (Khorasib Granite 

Gneiss) reflects juvenile magma input followed by an increasing contribution from subcontinental 

within-plate mantle lithosphere and heterogeneous crust. Ocean ridge granite (ORG)-normalised 

trace element patterns for the granitoid gneisses are typical of arc granites (i.e. enrichment in K, Rb, 

Ba and Th relative to Nb, Zr and Y) and suggest that the change in granitoid compositions records a 

progression from a primitive to mature (continental) arc or post-orogenic environment. 

The late-stage crust of the AMT comprises both trough-hosted volcano-sedimentary successions 

and high-level intrusions which have undergone four episodes of deformation (D4-07), the most 

intense phase (Os) being associated with greenschist facies metamorphism. Late bimodal dyke 

swarms constitute the youngest expression of magmatism in the AMT, but these dykes have been 

affected by the 07 phase of folding. In contrast, similar lithologies in the type area of the Sinclair 

Sequence are relatively undeformed and unmetamorphosed in comparison with the late-stage AMT 

crust. 

The oldest sediments in the late-stage crust are represented by immature and poorly sorted 

elastic sediments of the Urusib Formation. Clasts (granitic and volcanic) are locally derived and 

sedimentary features suggest the intercalation of braided streamflow fans with lacustrine deposits. 

This typical rift succession reaches a maximum thickness of 2400 m. 



ABSTRACT 

• 

The predominantly volcanic Haiber Flats Formation (HFF) overlies the Urusib Formation discon­

formably and has a minimum thickness of 3000 m. This bimodal succession occurs at three 

localities, or centres, all of which are dominated by rhyolites. Basaltic andesites are volumetrically 

important at an early stage, but andesites, dacites and rhyodacites are poorly represented. While 

porphyritic textures are characteristic of all volcanic types, pyroclastic textures are most common in 

the rhyolites. Stratified tuffites and volcaniclastic and elastic rocks typically make up less than 10% 

of the HFF. Barby Formation basaltic andesites and tuffites are lithologically and compositionally 

similar to their counterparts in the HFF, but only occur in the eastern part of the AMT and are not in 

contact with the latter. Eruptive rocks of the HFF therefore constitute the most westerly occurrence 

of Sinclair volcanism and appear to be situated close to a palaeomargin. 

Despite the presence of metamorphic biotite, compositions of relict plagioclase, pyroxene and 

titanomagnetite phenocrysts in HFF basaltic andesites are similar to their counterparts in orogenic 

basaltic andesites. Whole-rock compositions likewise show a strong similarity to calc-alkaline or 

high-K (not shoshonitic) volcanic suites from active continental margins such as western North 

America and Chile. These distinctive compositional features include high abundances of K, Rb, 

LREE, Th and Zr (and sometimes Nb and Y), and low abundances of the high field strength elements 

(except Nb and Y in the rhyolites). Rhyolites reveal typical A-type characteristics which are com­

patible with a significant crustal contribution in their petrogenesis. 

HFF basaltic andesite yields an age of 1086 ± 44 Ma and Ro of 0.7030 ± 2 indicating derivation 

from a mantle source region which is slightly depleted relative to "Bulk Earth". However, a relatively 

high 238 Ut204Pb ratio (µ) of 10.2 suggests a crustal (slab?) component undetected by the Rb-Sr 

system. An errorchron age of 1038 ± 74 Ma for rhyolite porphyry is within error of that deduced for 

the basaltic andesite, while a high Ro of 0.718 ± 15 is consistent with the inferred crustal origin. 

Petrogenetic modelling suggests that basaltic andesite (including high-Mg types) has evolved from 

a mantle-derived basaltic parent by fractional crystallisation and has subsequently' undergone 

assimilation-fractional crystallisation and mixing to form andesite. Rhyolites represent near-mini­

mum partial melts of a basic to intermediate source in the lower to middle crust which have 

undergone fractional crystallisation, volatile transfer involving late-stage magmatic fluids, and poss­

ibly thermogravitational diffusion. Rhyodacite magmas have a similar origin to the rhyolites, but 

possibly also underwent mixing with basic magmas. 

The post-HFF calc-alkaline Haisib Intrusive Suite (HIS) and slightly peralkaline Awasib Granite 

show close spatial and compositional associations with the volcanics, despite relative enrichment of 

the former in K, Rb, LREE, Th, Zr, Nb, Ni and Cr at intermediate silica levels. The HIS-Awasib "suite" 

compositional range reflects the increasing influence of both subcontinental within-plate mantle 

lithosphere and continental crust at an active continental margin. The A-type Awasib Granite yields 

an errorchron age of 957 ± 50 Ma and Ro of 0.717 ± 8, both features being compatible with field 

ii 
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relationships and an inferred crustal source. The Saffier Intrusive Suite (formerly intrusive rocks of 

the "Barby Formation" and "Spes Bona Syenite") and Bushman Hill Quartz Diorite are broadly 

i;:ontemporaneous with the HIS, while the Chowachasib Granite Suite represents the youngest 

pre-dyke plutonism. The change in composition from ca le-alkaline to alkali-calcic of the late-stage 

granitoids is compatible with an overall increase in arc maturity. 

Crustal evolution of the AMT took place in two major tectonomagmatic events. Formation of the 

early-stage crust started around 1460 Ma ago as a primitive oceanic arc or continental back-arc and 

ended as a relatively mature ~re or active continental margin about 1270 Ma ago. Continental 

collision (coinciding wjth 02, and possibly Da, in the Central Zone of the NMC) initiated the second 

event by causing the formation of a new subduction zone. Subduction, oblique to the new continental 

margin, resulted in both compressional ("ice-floe") and tensional ("pull-apart") tectonics close to 

1200 Ma ago. While mafic and f elsic magmatism were related to the alternation of compressional 

and tensional regimes, overall development formed part of three major pulses of sedimentation, 

magmatism and tectonic activity in the Sinclair Sequence. During back-arc development prior to 957 

Ma old granite plutonism in the AMT, synchronous transcurrent movements resulted in the slicing-up 

and removal of part of the arc and accretionary complex. Extensional tectonics enabled the preser-

. vation of thick volcano-sedimentary successions and the intrusion of bimodal dyke swarms, 

provisionally dated at 844 ± 35 Ma (Ro 0.7064 ± 2). 

iii 
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PART A: GENERAL INTRODUCTION 

1. PREAMBLE 

1.1 LOCATION 

The middle to late Proterozoic Awasib Mountain terrain (AMT) is situated within the Namib 

Desert to the south-west of MaltahOhe and is bounded by latitudes 25°oo·s and 26°oo·s, and 

longitudes 15°00'E and 16°00'E (Fig. A.1). The area is approximately 11 200 km2 in extent 

but outcrop is concentrated largely in the central-eastern portion and makes up a relatively 

small part of the total area. The topography of the study area is characterised by rugged 

inselbergs which rise steeply above sand- and scree-covered plains. 

1.2 PREVIOUS WORK 

Initial mapping of the AMT was carried out in 1963 by geologists of Consolidated Diamond 

Mines, but these maps remain unpublished. Martin (1965) identified several rock types within 

the AMT which he correlated with lithologic units of the Sinclair "Series" in the neighbouring 

region. Amongst these were felsites of the Nagatis Formation, reddish Tumuab Granite and 

sediments of the Kunjas Formation. 

Watters (1974), after completing a regional study to the east of the AMT, produced a 

generalised geological map of the Sinclair, Helmeringhausen and Awasib areas in which he 

depicted the AMT as underlain almost entirely by the Sinclair Sequence. While this depiction 

was largely corroborated by the reconnaissance work of Harrison (1979), SACS (1980) has 

shown that a larger portion of the AMT is underlain by pre-Sinclair metamorphic basement 

Walvis Boy 

0 
29 

200km 

• Windhoek 

Moltohiihe 

REGIONAL STUDIES 

I This study (detail) 
This study (reccel 

§ McDaid (19781 

IS:! Jackson 09761. 

an ,Watters (19741. 

IZI Von Brunn (19671 

D Greenman 09661 

• Keetmonshoop 0 

BOTSWANA 
27 

NAMIBIA 

SOUTH AFRICA Fig. A.1: 
Locality map of regional geo­
logical studies undertaken in 
southern Namibia. 

1 



PART A: GENERAL INTRODUCTION 1. PREAMBLE 

than previously indicated. 

Areas adjacent to the AMT have been subject to several major regional mapping projects 

which have been undertaken since the mid-sixties (Fig. A.1 ). Studies which dealt mainly with 

the cover rocks and high-level intrusions of the Sinclair Sequence are those of Von Brunn 

(1967) and Watters (1974), while the neighbouring, largely underlying, Namaqualand Meta­

morphic Complex (NMC) has been studied by Greenman (1966), Jackson (1976) and McDaid 

(1976, 1978). Details of earlier work carried out in these areas is contained in Range (1910, 

1912), Beetz (1923, 1924), Kaiser (1926) and Martin (1965). 

1.3 PRESENT STUDY 

Although several reconnaissance studies have been conducted since the early sixties, the 

present study is the first detailed geological investigation of both early-stage crust (or "base­

ment" of possible NMC affinity) and late-stage crust (or "cover") in the AMT (see map pocket). 

Despite the broad scope of this study, the aims have been specific and are listed below. 

(i) To extend mapping from adjacent areas (Fig. A.1) into the AMT and to attempt correla­

tion between these areas. 

(ii) To provide and interpret data on the mineral, whole-rock and isotope compositions of 

volcanic and associated intrusive rocks in the early- and late-stage crust of the AMT. 

(iii) To investigate possible petrogenetic models for the derivation of eruptive rocks of the 

Haiber Flats Formation (HFF), a formation that is lithogically similar to the Barby Formation of 

the Sinclair Sequence. 

(iv) To determine basement-cover relationships in the AMT and to attempt to use these 

relationships to solve the current enigma of radiometrically older Sinclair Sequence rocks 

overlying an apparently younger metamorphic basement. 

(v) To evaluate the importance of the AMT in a model for the crustal evolution of the 

Sinclair Sequence and the adjacent NMC. 

1.4 ACKNOWLEDGEMENTS 

I would like to thank Roy McG. Miller, Director of the Geological Survey of Namibia, for 

arranging this project and for introducing me to the Sinclair Sequence in the Helmeringhausen 

area. Karl Schalk acted as my mentor in the Awasib Mountains and tried his best to instill 

scepticism in me with regard to all geological observations which were not based on field 

evidence. John Ward guided me through the Namib sand sea to the God-forsaken Uri 

Hauchab and Hauchab inselbergs. 

In the Department of Geochemistry at Cape Town, I am indebted to my supervisors Dave 

Reid and Tony Erlank for their energy in wading through bulky manuscripts, to Simon Milner 

for his patient demonstration of XRF techniques, to Marshall Otter and Dick Rickard for their 

help in using the microprobe, to Andy Duncan and Dave Hill for imparting a small part of their 
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computer skills to me, and to "Bomber" Harris for arranging a much needed Antarctic inter­

lude. 

In gaining hands-on experience in the use of Rb-Sr and Pb-Pb isotope techniques, I wish 

to thank all the personnel of the Geochronology Division of the National Physical Research 

Laboratory, Pretoria. In particular Jock Harmer and Bruce Eglington showed tolerance beyond 

the call of duty. 

I also acknowledge useful discussions with Survey colleagues, particularly Karl Hoffmann, 

and the following persons: Chris Hartnady, Tony Ewart, Bill Collins, Ian Plimer, Peter Floyd, 

Gavin Brown and Gregor Borg. 

I am further grateful to Simon Cloete and Petite Badenhorst of the Geological Survey for 

the employment of their draughting skills and Annatjie Maree of Hirt and Carter for her 

generous advice and help in the art of Desk Top Publishing. 

Lastly, I owe a great debt of gratitude to my parents for their constant encouragement, 

without which I might still be suffering the affliction of part-time study. 

2. REGIONAL GEOLOGY 

2.1 REGIONAL SETTING 

The major tectonic provinces and subprovinces of southern Africa are illustrated in Fig. A.2 

(after Harnady et al., 1985). The situation of the AMT across the proposed boundary between 

the Rehoboth and Gordonia subprovinces is important with regard to two problems: 

(i) the actual position of this boundary, and 

(ii) the relationship between these subprovinces. 

Work on this boundary has previously been restricted to the Excelsior-Lord Hill shear zone 

(e.g. Von Brunn, 1967; Blignault et al., 1974; Jackson, 1976, Tankard et al., 1982) and has not 

been extended to the north-west. 

Metamorphic basement to the Sinclair Sequence has been grouped both with the Kheis 

Group (Von Brunn, 1967; Blignault et al., 1974) and the Namaqualand Metamorphic Complex 

(Jackson, 1975; Kroner, 1977), while SACS (1980) proposed separate groupings of these 

"floor rocks" into the Mooirivier Metamorphic Complex and Neuhof Formation. 

With regard to the Sinclair Sequence (which includes the late-stage crust of the AMT), the 

regional setting is seen as part of a curvilinear association of lrumide-age rocks (the so-called 

"Rehoboth Magmatic Arc", Fig. A.2) which extends from the Koras Group near Upington to the 

Goha Hills in northern Botswana (Watters, 1974 and subsequent workers). The geotectonic 

setting of this association has been variously interpreted as an ancient active continental 

margin (Watters, 1974; Hoal, 1987), an aulacogen (Kroner, 1977), an intracontinental rift 
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Fig. A.2: Regional 
setting of the 
"Rehoboth Mag­
matic Arc" in the 
tectonic framework 
of southern Africa 
(after Hartnady et 
al., 1985). The situ­
ation of the Awasib 
Mountain terrain 
(AMT) is also illus­
trated relative to 
the Rehoboth and 
Gordonia subprov­
inces. 

similar to the East African rift (Mason, 1981; Borg, 1988) and a collision-related rift (Hoal, 

1987). 

Geophysical studies, on a regional scale, have provided useful information with regard to 

some of the major structures at the boundary of the Gordonia and Rehoboth subprovinces, 

e.g. Bouguer gravity anomalies (Kleywegt, 1967; SWA/Namibia Geological Map, 1980) and 

aeromagnetic lineaments (COM Mineral Surveys, 1981). Gravity contours (with dark-shaded 

highs) indicate a continuation of the line of anomalies identified by De Beer and Meyer (1984) 

along the margin of the Kaapvaal Craton (Fig. A.3). This feature is important with regard to 

the north-westward continuation of the proposed ca. 1.3 Ga old active continental margin 

(after De Beer and Meyer, 1984). Possible further extension of this ancient margin into South 

America (Fig. D.3) provides an alternative interpretation to the extrapolation of this line along 

the younger lrumide belt (e.g. Borg, 1988). The paucity of gravity stations between the 

Sinclair and Rehoboth areas does not allow for a confident choice between these options. 

Aeromagnetic lineaments in the Sinclair and adjacent NMC have been interpreted from 

aeromagnetic contours (Hoal, 1987) and show strong north-westerly and, to a lesser degree, 

north-easterly trends (Fig. A.4). These trends appear to be related to faults (frequently trans-
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Fig. A.3: A simplified Bouguer anomaly map compiled from data for the northern boundary of the Namaqua-Natal Belt (after 
De Beer and Meyer, 1984) and southern Namibia (after Kleywegt, 1967). 

current) which allow for significant offsets or branching of the major Excelsior-Lord Hill shear 

belt and its possible north-westward continuation towards Hauchab as a complex fault zone. 

This "Excelsior-Hauchab Lineament" (EHL; Hoal, 1987) also has associated with it several 

serpentinite and metagabbroid (including diorite) bodies in a relationship similar to that of the 

better known Tantalite Valley Shear Zone (e.g. Tankard et al., 1982). 

In the regional context, the AMT consists of both early-stage crust of possible NMC affinity 

and late-stage cru,st which forms, together with the Konipberg Formation, the most westerly 

occurrence of the Sinclair Sequence. 
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TABLE A.1: Lithostratigraphy of late-stage crust in the Awasib Mountain terrain (AMT) compared 
with the lithostratigraphy of the Sinclair Sequence (modified from SACS, 1980) 

--
Formation Llthology Intrusion Formation Lithology Intrusion 

AU BURES 
Red quartzite, arkose, 
conglomerate, minor shale. 

Mafic and falsie (dolerite, Dykes, sills and 
gabbro, quartz porphyry). plugs. 

Red, fine-to SONNTAG and Red, medium-grained CHOWACHASIB medium-grained granite. GAMsBERG monzo- to alkali-feldspar GRANITE GRANITES granite. 

Quartz porphyry lavas. Quartz porphyry Mafic and falsie. Dykes, sills and 
intrusive. plugs. 
Quartz porphyry 

Quartz porphyry lava, dykes. 
GUPERAS agglomerate, minor basic Basic stocks and GUPERAS 

lava. plugs. 
Sandstone, siltstone, Basic dykes. 
conglomerate, minor 
orthoquartzite, shale. 

Red, fine-to NUBIBand Red, very fine- to medium- AWASIB GRANITE 
medium-grained, ROOIKAM grained granite porphyry. 
porphyritic granite. GRANITES 

Quartz diorite, tonalite and BUSHMAN HILL 
diorite QUARTZ DIORITE 

Monzonite, quartz HAISIB 
monzonite, quartz syenite, INTRUSIVE 
granodiorite, monzogranite SUITE 

Gabbro, norite, picrite, SAFFIER Gabbro, norite, picrite, SAFFIER 
anorthosite, monzonite, INTRUSIVE anorthosite, troctolite, INTRUSIVE 
diorite, syenite SUITE monzonite, diorite, syenite SUITE 

Sandstone, conglomerate, Acid welded ash-flow tuff, 
grit, tuffaceous sandstone. HAIBER FLATS volcaniclastics, lava. Basic to 
Basic and intermediate lava intermediate lava, ash-flow 
and agglomerate, minor and airfall tuff. lnterbedded 

BARBY 
acid lava; interbedded sandstone and conglomerate. 
quartzite, conglomerate 
and bands of falsie lava. 
Acid lava, ignimbrite, tuff. BARBY Basic to intermediate lava, 

volcaniclastic sediment, 
airfall. 

KUNJAS Arkose, shale, grit, URUSIB Arkose, grit, sandstone, 
quartzite, conglomerate. conglomerate, quartz 

arenite, shale. 

Granite, granite porphyry. TUMUABand 
KOTZERUS 
GRANITES, 
OKARUS 
GRANITE 
PORPHYRY 

Acid lavas and ignimbrites, 
NAGATIS conglomerate, grit, arkose, 

shale, minor basic lava. 
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2.2 LITHOSTRATIGRAPHY 

While individual units in early-stage crust of the AMT have been studied in some detail, the 

stratigraphic succession remains uncertain and will only be dealt with briefly in conjunction 

with the associated metamorphic and structural history in Section 2.3 (Table A.3). A more 

comprehensive breakdown of individual units forms part of the legend to the 1:100 000 scale 

geological map of the AMT (map pocket). This study is primarily concerned with the late-stage 

crust in the AMT and its relationship to the type area of the Sinclair Sequence as established 

by SACS (1980) and revised by Hoal (1985). 

Table A.1 compares the stratigraphic succession in the type area of the Sinclair Sequence 

with the succession observed in the AMT. This comparative table is based on field observa­

tions and not radiometric data, the latter having produced conflicting results (see discussion 

in Section C.5). An example of this dilemma is provided by the petrographic and geochemical 

similarities between the Haiber Flats and Barby Formations, yet Rb-Sr data indicate a dif­

ference of ca. 100 Ma in their ages of extrusion. 

Mafic to intermediate intrusions of the "Barby Formation" and "Spes Bona Syenite" now 

form part of the "Saffier Intrusive Suite" (new name) and, where recognised in the AMT, these 

intrusions have been mapped as such. The mutual relationship between the Haisib Intrusive 

Suite, Bushman Hill Quartz Diorite and Saffier Intrusive Suite is not well established but these 

units are depicted as broadly contemporaneous. Table A.1 also indicates the post-Sinclair 

status of the Aubures (previously "Auborus") Formation on the following grounds: 

(i) The Au bu res Formation is hosted inf au It-bounded troughs which cut across the regional 

trend of typical Sinclair-age basins. 

(ii) The Aubures Formation is younger than the latest granite magmatism in the Sinclair 

Sequence, which represents the closing off of the last volcano-sedimentary episode 

(Table A.2). 

(iii) Correlation of the Aubures Formation with the Doornpoort Formation in the Rehoboth 

area is significant in view of the post-Gamsberg Granite age of the latter. Hoffmann (pers. 

comm., 1988) considers the Doornpoort Formation to be of early Damaran age. 

(iv) A palaeomagnetic age of ca. 1000 Ma led Kroner (1977) to suggest that the Aubures 

Formation was younger than the Sinclair Sequence. 

Most of these problems of correlation reflect the deposition of volcano-sedimentary suc­

cessions of the Sinclair Sequence in isolated basins which have developed both synchronous­

ly and diachronously. Coupled to the episodic nature of the magmatism, contemporaneous 

faulting and vertical movement, it is hardly surprising that the resultant stratigraphy is difficult 

to unravel. 

Watters ( 197 4, 1976) viewed the Sinclair Sequence as having evolved in three cycles, 

each cycle being initiated by the emplacement of basic magma and terminated by sedimenta­

tion. Table A.2 presents a reinterpretation of this cyclical evolution, which is more compatible 
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with field evidence, i.e. artificial boundaries are not created within formations, and places the 

evolution of the late-stage AMT predominantly within the second cycle of activity. In this 

revised model, each cycle is initiated by sedimentation, followed by volcano-sedimentary 

activity, and terminated by plutonism. Each cycle represents an episode of both extension and 

vertical tectonics, with accompanying sedimentation and pulses of magmatism. The final 

stage of plutonism in the third cycle terminates the development of the Sinclair Sequence and 

excludes the Aubures Formation. 

TABLE A.2: Comparison of evolutionary schemes for the Sinclair Sequence and late-stage crust in the 
Awasib Mountain terrain (AMT). 

---CD 
u 
>o u 
1? 
C') 

CD u 
>o u .,, 
c 
N 

CD u 
~ -Ill -

Auborus sandstone, Post-Sinclair (early Damara?) 
Formation conglomerate 

Rooiberg granite (now Sonntag Granite) 
CD 

Sonntag/Gamsberg Granite and dyke CD 
Chowachasib Granite 

u swarms u and dyke swarms 
~ >o u 

Guperas rhyolitic intrusives 
1? 1? 
C") Guperas rhyolitic C') 

Formation and extrusives Formation extrusives 
basic lava basic lava 
and intrusives 

Guperas sandstone, sandstone, 
conglomerate Formation conglomerate 

Nubib/Rooikam/Tumuab Granite CD Nubib/Rooikam/Haremub Granite CD Awasib Granite 
Spes Bona syenite u Saffier Intrusive gabbro, norite, u Saffier Intrusive Suite, 

>o Suite monzonite,diorite, >o Haisib Intrusive Suite, u u .,, syenite c 
.,, Bushman Hill Quartz Diorite. c 

N N 

Barby basic lava and Barby basic lava and Barby Formation and 
Formation intrusives, rhyolitic Formation rhyo/itic extrusives Haiber Flats Formation 

extrusives 

Kunjas arkose, grit Kunjas arkose, grit . Urusib 
Formation shale Formation Formation shale 

Haremub/Kotzerus Granite Tumuab/Kotzerus Granite 
CD CD 

1 u 
Nagatis rhyolitic extrusives Nagatis rhyolitic extrusives >o 

u u 
Formation and minor basic lava, - Formation and minor basic lava -Ill Ill 

arkose, gri~ shale .,.. arkose, grit, shale .,.. 
(?Unexposed basic intrusives and 
extrusives) 

2.3 STRUCTURE AND METAMORPHISM 

Table A.3 compares the geologic history of the AMT with that of the neighbouring NMC 

("Central Zone") and possible Sinclair-type supracrustals within the latter province. The type 

area of the Sinclair Sequence is excluded from this table due to its relatively undeformed and 

unmetamorphosed nature. The controversial Nam Shear Zone appears to have affected 

Sinclair-type lithologies (Watters, 1974), but Schalk (pers. comm., 1985) regards this zon~ as 
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TABLE A.3: Comparison between geological histories of the Awasib Mountain terrain (AMT) and the 
adjacent Central Zone of the Namaqualand Metamorphic Complex (NMC}. 

UTHOLOGIC UNIT 

Mafic and falsie dykes. 

Chowachasib Granite? 

Mafic to falsie intrusions 
(Haisib and Saffier Intrusive 
Suites, Bushman Hill Quartz 
Oiorite, Awasib Granite). 

Volcano-sedimentary 
successsions (Urusib, Haiber 
Flats and 
Barby Formations). 

Khorasib Granite, 
Aunis Tonalite Gneiss 
Kairab Complex gabbro, 
diorite. 
Khorasib Granite Gneiss (?) 

Kairab Complex (basal 
portion. Volcano-sedimentary 
succession. 
Intrusive augen gneiss and 
ultramafic plugs (pretectonic). 

STRUCTURAL & 
METAMORPHIC FEATURES 

Faults causing dyke offsets 
and brittle deformation 
(Aubures age?) 

01: Open folds and warps 

Utilisation of conjugate 
fractures. 

Os: Crenulation folds, 
kinkbands, crenulation 
lineation, conjugate fractures 
(NW-SE & NE-SW). 
Retrograde metamorphism. 

Os: Oextral and sinistral 
shearing (NW-SE, NE-SW, 
E-W), shear-related folds, 
stretching lineation, localised 
thrusting. 
Greenschist metamorphism. 

04: Open folds (NW-SE), 
fracture cleavage, block tilting, 
faulting. 

03: R~ional fabric (53) in 
granito1d gneisses which 
contain schist xenoliths bearing 
earlier f~ric (s1/s2), 
mineral lineation. 

02: Close asymmetric folds in 
layered gneiss and schists, 
local refoliation of s1 by s2, 
mineral lineation. 
Amphibolite metamorphism, 
migmatisation. 

01: Regional fabric (s1) parallel 
to lithologic layering (so). 
lsoclinal folds (f1) in grey 
gneiss. 
Ar:nphi~lit~ metamorphism, 
m1gmat1sat1on. 

UTHOLOGIC UNIT 

Granitoid batholiths 
(Glockenberg Granite) 

Volcano-sedimentary 
successions 
(Konipberg Formation) 

Granitoid batholiths 
(Tumuab and Kotzerus) 

Volcano-sedimentary 
successions 
(Nagatis Formation) 

Naisib River Igneous Suite 

Jakkalskop chamockite, 
alaskitic batholiths (Aus, 
Kubub, Anib), 
granitoid batholiths (Kunguib, 
Tschauchaib), 
gabbroids (Konip). 

Garub Sequence volcano­
sedimentary succession with 
significant carbonate. 
Tsirub augen gneiss 
(pre-/post-01). 
Magnettafelberg serpentinite 
(pretectonic). 

STRUCTURAL & 
METAMORPHIC FEATURES 

Os: Oextral shearing (NW-SE) 
Excelsior, 
Tantalite Valley, Nam 

(04105)- McOaid (1978) 

Os: Open folding, trends 
NW-SE and E-W. 
Retrograde metamorphism. 

04: Open folding, trends 
NW-SE, N-S, NE-SW. 

03: Fabric in cover, tight E-W 
folding (McOaid, 1978). 

03*: Regional fabric N-S to 
NW-SE, isoclinal 
to open folding, local refoliation. 
Amphibolite metamorphism. 

* not identified by McOaid 
(1978). 

02: Regional fabric, isoclinal to 
tight folding, local refoliation. 
Amphibolite metamorphism, 
metatexis. 

01: Regional fabric, isoclinal to 
tight folding. 
Amphibolite metamorphism, 
metatexis. 
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part of the older Neuhof Formation which has suffered only minor reactivation in Sinclair 

times. 

Within the early-stage crust of the AMT, the Kairab Complex shows many similarities to the 

"pretectonic" Garub Sequence described by Jackson (1976). The oldest regional fabric (s1) is 

present in grey gneisses as a gneissic or migmatitic layering which is inferred to be parallel to 

the lithologic layering (so). The foliation s1 is the result of transposition or overprinting of so 

during the D1 deformational event (Plate A.1 a). Tight, often overturned folds (f2) are typical of 

D2, but their orientation does not appear to have any regional consistency. A penetrative 

mineral lineation is usually present and designated 12. Distinction between s1 and s2 foliations 

is difficult on a regional scale, since refoliation is only locally observed (Plate A.1b). The 

deformational episodes D1 and D2 both appear to be characterised by high grade metamorph­

ism (upper amphibolite f acies) and associated metatexis. 

The regional fabric (s3) typical of syn- to late-tectonic granitoids in the AMT "basement" is 
-

widespread but shows variable development (Plate A.1c). Metasedimentary (and possibly 

amphibolitic) xenoliths may also show earlier fabrics (s1/s2) despite flattening in the plane of 

s3. A mineral lineation (13) is occasionally developed. The extent of this Da phase of deforma­

tion is difficult to ascertain, but associated dextral shears may be the earliest manifestation of 

transcurrent movements which culminated in the creation of pull-apart basins in late-stage (or 

"Sinclair-age") crust. Later movement (Os?) has occurred along these faults and resulted in 

shear zones at several basin margins in the AMT. 

The recognition of several phases of deformation in late-stage crust of the AMT constitutes 

a significant departure from the generally accepted idea of minimal tilting and gentle folding in 

the Sinclair Sequence (e.g. Watters, 1974; Kroner, 1977; Mason, 1981). Harrison (1979) 
. / 

identified two post-"Guperas Formation" deformational phases as well as a late phase of 

normal and reverse faulting in the AMT. This .deformational sequence was revised and 

expanded by Hoal (1985) and is now considered to comprise four recognisable phases of 

deformation as well as a late phase of faulting. 

The 03 event recognised by McDaid (1978) in the Sinclair-age Konipberg Formation 

appears to be restricted to the syn- to late-tectonic "basement" granitoids in the AMT. The first 

recognisable phase of deformation in late-stage crust of the AMT affected all units except the 

Chowachasib Gran!te Suite. This event (04) is represented by open north-west to north-north­

west trending folds (f4) which have been intersected by an axial planar cleavage (s4; 

Plate A.1 d) and display a mineral lineation (14). These folds are both upright and more rarely 

overturned, while coaxial warps of the limbs were observed in the synclinorium north of Urusib 

waterhole (Plate A.1 e). Associated with this phase of deformation are widespread fracture 

cleavage and block tilting, possibly as a result of sliding on listric or detachment f au Its. 

The following deformational event (Ds) probably followed shortly after 04 and is charac­

terised by widespread shearing along S4 planes of weakness. The conjugate shear couple 
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A.1a: lsoclinal f, folds defined by migmatite neosomes in garnet­
biotite gneiss of the Kairab Complex. Flattening and boudin­
age of the early layering (so) have resulted in the development 
of transposed layering (s1). 6 km south of Piekniekkoppe. 

A.1c: Migmatised biotite gneiss of the Kairab Complex which has 
been intruded by a dyke of Khorasib Granite Gneiss. Earlier s1 
and s2 fabrics in the migmatite are clearly cross-cut by the s3 
foliation within the granite gneiss. Corner boundary between 
farms Springbokvlakte 166 and Kumbis 55. 

A.1e: Steeply-dipping to overturned western limb of Urusib syncli­
norium. Immediately west of thrust contact indicated on 1:100 
000 map (Appendix I). 

PLATEA.1 

A.1b: Regional s1 foliation in biotite-homblende gneiss which has 
been refoliated in a narrow zone (s2) between the lens cap and 
patchy neosome. Kairab Complex, 7 km west of Diar 11 . 

A.1d : Eastern limb 
of upright fold in 
lithic arenite of the 
Urusib Formation. 
Axial planar cleav­
age is defined by 
pebble flattening 
and illustrates a 
high angle to the 
more moderately 
dipping bedding 
planes, here defined 
by heavy mineral 
concentrations. 
Core of Urusib syn­

==:..=.a clinorium . 

A.1f: lsoclinal S­
fold defined by 
•quartz porphyry• 
dyke in sheared 
meta-andesite of 
the Haiber Flats 
Formation. Inferred 
sense of movement 
is sinistral. Shear 
zone 7 km south­
east of Haiber Hill. 
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represented by the north-west trending Haiber Flats Shear Zone (HFSZ, first named by 

Harrison, 1979) and a smaller north to north-east trending shear zone to the south-east of 

Haiber Hill (see map pocket) may represent Riedel shears in response to overall dextral 

wrenching. Hence the sense of movement in the shear zone south-east of Haiber Hill is 

sinistral (Plate A.1f), while sense of movement in the HFSZ is inferred to be dextral (Fig. A.4). 

Associated with this widespread shearing event are a number of tight, often reclined, folds 

(fs), local thrusts, and a well defined stretching lineation (Is). The latter indicates both 

strike-slip and dip-slip movement. The presence of prograde biotite in basaltic andesites of 

the Haiber Flats Formation (Part C.3) reflects medium to upper greenschist facies meta­

morphism. 

A late phase of deformation (Os) is suggested by crenulation folding and kinking (fs) of ss 

shear planes and the common occurrence of a crenulation lineation (Is). Conjugate fractures 

associated with Ds rather than Ds (cf. Hoal, 1985) define a pattern which corresponds to the 

orientation of late- to post-tectonic basic and acid dyke swarms. Retrograde metamorphism in 

the form of widespread alteration is probably associated with this episode of deformation. A 

subsequent phase of folding and warping (f7) about an east-north-east trending axis has 

resulted in the bending of both shear planes and the s3 fold axial plane of the Urusib 

synclinorium. 

Late-stage faults show a variable orientation, but are commonly parallel or transverse to 

basin margins, i.e. north-west or north-east trending. North trending faults may be younger 

and possibly of post-Sinclair (Aubures or Nama) age. The brittle nature of these faults is 

indicated by commonly associated breccia, while quartz veining is a characteristic feature. In 

the absence of stratigraphic marker horizons, older f au Its can usually be distinguished from 

their younger counterparts by the transcurrent rather than vertical sense of movement. 

The degree of deformation and associated metamorphism within the Sinclair Sequence 

increases further to the west and south of the Awasib Mountains. This is indicated by the 

intense shearing of the Urusib Formation at Hauchab and the medium to high grade deforma­

tion and metamorphism within the Konipberg Formation (correlated with the Barby Formation 

by McDaid, 1978). The influence of the Pan-African Damaran Orogeny on the NMC has been 

severe along the coast of Namibia (Kroner and Jackson, 1974) and has resulted in low angle 

thrusts to the east. Possible effects of the Pan-African orogeny on the AMT must, therefore, 

be taken into account. 

The degree to which Pan-African metamorphism is evident in the AMT may be assessed by 

interpolation between illite crystallinity isolines and extrapolation of the biotite isograd estab­

lished for Pan-African outcrops by Ahrendt et al. (1977). Fig. A.5 illustrates that the AMT lies 

close to the Hbrel>130 isoline which suggests that the grade of metamorphism attributable to 

the Pan-African orogeny did not exceed "very low grade" (i.e. Hbre1=130, which is equivalent 

to temperatures lower than 300-360°C). Extrapolation of the biotite isograd is less easily 
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achieved but was assumed to be sub-parallel to the Hbrel isolines. According to this interpre-

. talion, biotite grade metamorphism during the Pan-African should be confined to the AMT 

outliers (Hauchab and Uri Hauchab} and not recorded further east within the AMT proper or 

the Konipberg Formation. The presence of metamorphic biotite within the HFF basaltic 

andesites and Urusib Formation sediments suggests that the late-stage AMT crust has 

undergone an episode of metamorphism unrelated to the Pan-African event. 

F-::=:t Pon-African 
t:Jcover 

r,01 Sinclair & Reho'­
IL.:::I both sequences 

D Study area 

2.4 SUMMARY 

IOOkm 

Fig. A.5: lllite crystallinity isolines 
and metamorphic isograds for the 
Pan-African Orogeny in southern 
Namibia. Solid lines after Ahrendt 
et al. (1977); dashed lines interpo­
lated or extrapolated. 

(i} The middle to late Proterozoic Awasib Mountain terrain (AMT} comprises two major 

crustal components that are correlated with the Namaqualand Metamorphic Complex (NMC} 

and Sinclair Sequence respectively. 

(ii} The metamorphic Kairab Complex forms an important constituent of the early-stage 

crust of the AMT and comprises a mixed gneiss and amphibolite terrain. Within the Kairab 

Complex, a relatively well preserved volcano-sedimentary succession bears a lithological 

resemblance to the Garub Sequence in the Central Zone of the NMC. 

(iii} The post-Kairab Aunis and Khorasib granite (sensu lato} gneisses in the AMT appear 

to have counterparts amongst the numerous granitoid batholiths in the NMC (Table A.3}. 
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(iv) The early-stage crust has undergone at least three episodes of deformation, the 

earliest of these being characterised by amphibolite grade metamorphism and migmatisation. 

(v) The late-stage crust of the AMT is characterised by trough-hosted volcano-sedimentary 

successions (Urusib, Haiber Flats and Barby Formations) and a host of high-level intrusive 

rocks (Saffier and Haisib Intrusive Suites, Bushman Hill Quartz Diorite, and Awasib and 

Chowachasib Granites) which together bear a strong resemblance to lithologies in the middle 

part, or second cycle, of the Sinclair Sequence (Tables A.1 and A.2). 

(vi) In comparison to the Sinclair Sequence, late-stage AMT rocks are strongly deformed 

(four episodes of deformation) and metamorphosed (greenschist facies) as a result of events 

which pre-dated the Pan-African orogeny and appear to be closely related to tectonic (and 

possibly also magmatic) activity in the adjacent Central Zone of the NMC. South-west of the 

AMT, the even more highly deformed and metamorphosed Konipberg Formation may lie close 

to a palaeomargin of the Sinclair Sequence. 

(vii) Late bimodal dyke swarms represent the youngest magmatism in the AMT and may be 

correlated with similar dyke swarms in the Sinclair Sequence. The Aubures Formation, 

formerly part of the Sinclair Sequence, post-dates this late magmatism and therefore probably 

formed during early Pan-African rifting. 

The close spatial association of early- and late-stage crust in the AMT provides an 

opportunity to solve the enigma of a radiometrically older Sinclair Sequence that stratigraphi­

cally overlies a younger NMC "basement". While the apparent location of the AMT across the 

boundary of the Rehoboth and Gardenia tectonic subprovinces has an important bearing on 

the palaeoenvironments of both early- and late-stage crust in the AMT, conclusions arrived at 

for the AMT should provide general explanations for the evolution of the adjacent NMC and 

Sinclair Sequence. The more regional problem of a "Rehoboth Magmatic Arc" incorporating 

lrumide-age rocks of the AMT and Sinclair Sequence will not be addressed in any detail in this 

thesis. 

The early- and late-stage crust of the AMT are treated separately (in Parts B and C, 

respectively) with regard to those regional and petrological aspects which best provide a 

framework for the discussion of the Proterozoic crustal evolution of the AMT (in Part D). 

Taking into account the greater degree of deformation and metamorphism evident in the 

early-stage crust of the AMT, a greater emphasis will be placed on the late-stage crust, in 

particular the volcanic succession of the HFF. It will be shown that data from the latter 

succession have an important bearing on the "orogenic versus anorogenic" origin of the 

Sinclair Sequence. 
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PART B: EARLY-STAGE CRUST 

1. INTRODUCTION 

The term "basement" refers, in the broad sense, to those lithologic units which underlie 

Sinclair-type rocks in the AMT. However, the division between an older "basement" and 

overlying "cover" is not rigorous in a regional context in view of widespread overlap in 

radiometric ages. Accordingly, reference is made to an early- and late-stage crust which 

better reflects the progression from an early orogeny in the floor rocks to a later event which 

records synchronous magmatic and tectonic activity in the Sinclair Sequence and parts of the 

adjacent NMC, respectively. In this respect, it is important to determine whether the early­

stage crust in the AMT shows affinity with the NMC or forms, instead, part of an older craton 

(Kaapvaal Craton?). 

The main aims in Part B are to provide both data and discussion on the following aspects 

of the early-stage crust of the AMT: 

(i) Field character and petrography of the most prominent rock types in order to establish 

the early lithostratigraphy of the AMT. 

(ii) Mineral chemistry of selected lithological units with a view to determining the nature of 

the precursors and the degree and extent of subsequent metamorphism. 

(iii) Whole-rock chemistry of a variety of rock types for the purpose of geochemical 

characterisation and comparison with modern and ancient analogues in the literature. 

(iv) Geochronology of selected lithological units in order to determine both the age and 

source characteristics of these units. 

2. LITHOSTRATIGRAPHY 

The aim of this section is to provide brief descriptions of the distribution, field character 

and petrography of selected lithologic units which form part of the early-stage crust in the 

AMT. No descriptions are provided of units which have been previously described in areas 

adjacent to the AMT. More comprehensive descriptions of the field relationships and petro­

graphy of lithologic units in the AMT will be presented in Memoir 11 of the Geological Survey 

of Namibia (Hoal, in prep.). 
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2.1 KAIRAB COMPLEX 

2.1.1 Introduction 

The pre-Sinclair basement in the AMT consists of a large variety of metamorphic rocks or 

"metamorphites" of both igneous and sedimentary origin. While some lithologic units have 

identical counterparts in the NMC as mapped by Jackson (1976) and McDaid (1976, 1978), 

there exists also a variety of associated metavolcanic and meta-intrusive units which appear 

to be distinct from neighbouring "basement" lithologies. Accordingly, a threefold division of 

the Kairab Complex into undifferentiated basement, a metavolcanic succession and a meta­

intrusive suite was applied. 

2.1.2 Undifferentiated basement 

Many of the lithologies which make up the undifferentiated part of the Kairab Complex fall 

into the "pretectonic" category defined by Jackson (1976, p. 12) and comprise metamorphic 

rocks of diverse origin. Previously described lithologic units in the NMC which correspond to 

units within this succession include the Garub Sequence, layered biotite gneiss, Magnettafel­

berg serpentinite and biotite granite gneiss. These units, although recognised in outcrop, 

have gen~rally not been differentiated at the 100 000 scale of the regional geological map 

(Appendix I). 

2.1.2.1 Garub Sequence 

The Garub Sequence, as described by Jackson (1976, p. 15-70), comprises fourteen 

different rock types which can be differentiated in the field. Although only nine of these rock 

types can be recognised in the AMT, they cover much of the previously described composi­

tional range from "calcareous" to "magnesian" (Jackson, 1976, p. 15) and comprise the 

folowing lithologies: 

(i) Granofels 

(ii) Aluminous gneiss 

(iii) Biotite and biotite-hornblende schist 

(iv) Quartzofeldspathic metamorphites 

(v) Quartzose metamorphites 

(vi) Mafic metamorphites 

(vii) Magnesian metamorphites: 

(a) Anthophyllite fels 

(b) Chlorite schist 

2.1.2.2 Magnettafelberg serpentinlte 

Several lenticular bodies of green serpentinite in the southernmost part of the AMT bear a 

strong resemblance to the Magnettafelberg serpentinite described by Jackson (1976, p. 
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86-88). Scree cover has obscured the age relationship between the serpentinites and their 

host, but the pod-like nature and ultrabasic composition of the serpentinite bodies suggests 

that they were emplaced as ultramafic intrusions at an early stage in the history of the AMT. 

2.1.2.3 Blotlte gneiss 

"Biotite gneiss" has been used as a "sack-term" in the AMT and incorporates various 

lithologies designated separately by Jackson (1976) as "layered biotite gneiss" (ibid., p. 

71-73) and "biotite granite gneiss" (ibid., p. 95-97). Megacrystic augen gneisses of grano­

dioritic to tonalitic composition have also been included in this category despite their superfi­

cial similarity to typical Tsirub gneiss in the area around Aus. 

Although intercalations of biotite schist and amphibolite of the Garub Sequence with 

layered biotite gneiss are not common, the continuous nature of the very fine-scale layering 

suggests a sedimentary protolith for these gneisses. More commonly biotite gneisses in the 

AMT have a "streaky" rather than a layered texture, and the widespread occurrence of augen 

is indicative of an igneous rather than a sedimentary origin. 

2.1.3 Metavolcanlc succession 

Metavolcanics of basaltic and rhyolitic composition occur both separately and together 

throughout the AMT, but metavolcanics of intermediate composition are rare. The fragmen­

tary, deformed and metamorphosed nature of these volcanic outcrops precludes any rigorous 

stratigraphic analysis. However, together with subordinate volcaniclastic sediments, these 

basalts and felsites form an extensive volcano-sedimentary succession underlying the Sin­

clair Sequence and not, as previously mapped by Watters (1974, Fig. 33), of equivalent age 

to the Barby Formation. Significantly, several of the basalts bear a petrographic resemblance 

to metabasites within the Garub Sequence. 

To the south-west of Chowachasib Mountain (map - Appendix I) there is an estimated 

thickness of 4000 m of plagioclase phyric basalts interbedded with porphyritic, occasionally 

flow-folded, rhyolites (Fig. B.1 ). In the upper part of this steeply-dipping succession por­

phyritic and amygdaloidal basalts exhibit well formed pillow structures (Plate B.1 a), while the 

rhyolites are typically pyroclastic in character. The volcanic succession has been intruded by 

coarse-grained Aunis Tonalite Gneiss and possibly also by layered metagabbro. Very similar 

eruptive rocks underlie the Urusib Formation sedimentary succession in the central part of the 

AMT, but felsites are intercalated here with plagioclase phyric basalts which are not obviously 

pillow-bearing. Further prominent outcrops of these metavolcanics form part of Bushman Hill 

and the mountainous region immediately to the south of it. 
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PART 8: EARLY-STAGE CRUST 

2.1.3.1 Metabasalt 

(I} Field character 

2. LJTHOSTRATIGRAPHY 

Although deformation and recrystallisation of the basalts have adversely affected the 

recognition of primary textures and the determination of way-up criteria, several outcrops 

have, nevertheless, preserved important palaeoenvironmental indicators. Relatively unde­

formed flows allow the recognition of both pillows and pillow-fragment breccias (Plate B.1b). 

While pillow structures provide evidence for subaqueous extrusion, either submarine or 

sub-lacustrine, pillow-fragment breccias suggest that such extrusion took place on a steep 

slope or escarpment (Fisher and Schmincke, 1984, p. 268). 

Flow tops and bases are not easily identified and can often only be inferred from the 

presence of volcaniclastic interbeds. Such interbeds may be characterised by a dark carbo­

nate-rich matrix which weathers negatively between light-coloured metafelsite clasts. Individ­

ual flow units can usually only be traced for a limited extent laterally, a distance of 2 km for a 

pillow-bearing basalt being exceptional. 

(II} Petrography 

Plagioclase phenocrysts, sometimes glomerocrysts, make up 32% of the rock on average 

and may exceed 9 mm in length (Plate B.1c). Despite widespread alteration and strain, 

plagioclase phenocrysts have retained subhedral to euhedral forms and calcic compositions 

(bytownite to anorthite). The patchy appearance and fractured nature of many plagioclase 

crystals is attributed to metamorphic recrystallisation and later alteration to aggregates of 

epidote, sericite, actinolite, albite and carbonate. 

The original presence of mafic phenocrysts is difficult to assess in view of the high 

proportion (nearly 30%) of poikiloblastic hornblende. The strongly pleochroic (yellow-brown to 

dark green) poikiloblasts of hornblende rarely exceed 2 mm in size and contain inclusions of 

plagioclase and quartz of groundmass affinity. Alteration of hornblende to carbonate, epidote 

and chlorite is not uncommon and is probably the result of retrograde reaction, but elsewhere 

hornblende, biotite and euhedral epidote appear to be in equilibrium. Reddish-brown biotite 

may constitute a significant part of the rock (up to 8%), particularly where there is a high 

proportion of blue-green amphibole or actinolite. 

Amygdales, where present, make up between 3 and 4% of the rock, and are characterised 

by a rounded, but strained, appearance. Quartz and epidote are the main constituent mine­

rals. The groundmass, although largely replaced by poikiloblastic hornblende, is made up 

essentially of plagioclase and biotite, with scattered alteration products (epidote, carbonate, 

sericite, quartz, chlorite and opaque minerals). 
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2.1.3.2 Metafelslte 

(I) Field character 

2. LITHOSTRATIGRAPHY 

The porphyritic and amygdaloidal nature of many felsites is an indication of volcanic origin. 

Compositionally these flows range from dacite to rhyolite, the more acidic varieties often 

showing evidence of secondary silicification. The thickest succession of felsites is exposed to 

the south-west of Chowachasib Mountain where it reaches an estimated thickness of 1600 m, 

but individual flows appear laterally discontinuous due to the paucity of outcrop. 

The occurrence of flow folds in the felsites and the limited extent of individual flow units 

together suggest that many of the felsites were lava flows (Plate B.1d). However, widespread 

fragmental textures indicate that pyroclastic flows also make up a significant part of the 

volcanic succession. Pyroclastic debris are often difficult to recognise due to metamorphic 

recrystallisation and tectonic flattening of both pumice clasts and crystal fragments. Individual 

flows of felsite are difficult to recognise and flow tops and bases are invariably obscured, 

either by scree cover or intense deformation. 

(II) Petrography 

Phenocrysts constitute an average of 10% of the rock and are made up predominantly of 

quartz, plagioclase and perthite. Poikiloblasts of biotite and hornblende may further indicate 

the original presence of ferromagnesian phenocrysts. Opaque minerals could also constitute 

original phenocrysts, but their xenoblastic form in association with biotite suggests a second­

ary origin. 

Quartz, in general, makes up over 35% of the rock (range 20 to 75%) and is a prominent 

constituent of the quartzofeldspathic groundmass. Quartz phenocrysts average 0.5 mm in 

size (maximum 4.0 mm) and are commonly highly strained and recrystallised, often forming 

polycrystalline aggregates of amygdaloidal appearance. 

Feldspars, both plagioclase and K-feldspar, constitute between 20 and 60% of the rock 

(average 50%). Feldspar phenocrysts are of similar size to quartz phenocrysts and plagio­

clase is generally dominant over perthitic K-feldspar. Feldspar phenocrysts are typically 

porphyroclastic and cloudy with alteration products of epidote, muscovite, carbonate, chlorite, 

biotite, quartz and opaque minerals. Original twinning (Carlsbad and albite) and low relief (RI 

<quartz) of plagioclase suggest sodic compositions largely (albite to oligoclase). Fragmenta­

tion of feldspar phenocrysts has occurred in response to deformation and resultant grains are 

usually strongly zoned or exsolved and intensely altered. 

Poikiloblasts of blue-green to green hornblende and brown biotite occur both separately 

and as intergrowths, but are restricted to felsites in the central part of the area. These 

poikiloblasts average 0.8 mm in size and may form equilibrium intergrowths with epidote, 

garnet and opaque minerals. An opaque mineral, probably magnetite, forms idioblastic "phe­

nocrysts" which average 0.4 mm in size. A metamorphic origin is indicated for the latter by its 

occasional xenoblastic form and disequilibrium intergrowth with biotite. 
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The groundmass is typically a very fine-grained (< 0.5 ·mm) intergrowth of quartz and 

feldspar (perhaps originally devitrified glass) which is usually extensively recrystallised and 

occasionally exhibits pervasive silicification. Subcircular myrmekitic intergrowths resemble 

spherulites which suggest the presence of original volcanic glass. The groundmass min­

eralogy also comprises disseminated grains and "flakes" of biotite, chlorite, hornblende, 

muscovite and epidote. Very minor amounts of garnet, carbonate, apatite and opaque mine­

rals are usually present in addition. 

The anastomosing fabric is best defined by trails of mica, particularly biotite flakes, and 

epidote. Additional features which both define and accentuate this fabric include granular 

trails of quartz, feldspar and opaque minerals, streaked-out and flattened quartz phenocrysts 

and amygdales, and flattened poikiloblasts of biotite and hornblende. 

2.1.4 Meta-Intrusive suite 

(I) Field character 

Intrusive amphibolite and metafelsite bodies are commonly associated with what appear to 

be their extrusive equivalents in the metavolcanic succession. While the metafelsite bodies 

are usually sheet-like in appearance and differ little in their field character and petrography 

from previously described felsic metavolcanics, massive amphibolite bodies display textures 

which clearly indicate plutonic precursors. These gabbroic rocks have been intruded by the 

Aunis Tonalite Gneiss, but the contact relationship between the latter and intrusive felsites is 

less certain. The compositional relationship between the Aunis Tonalite Gneiss and intrusive 

felsites (Section B.4) indicates sufficient geochemical similarities to suggest the possibility of 

a genetic association. Accordingly, this section will deal only with the gabbroic rocks. 

Gabbro, diorite and minor peridotite crop out as relict bodies which range in dimensions 

from a few metres to several kilometres across. While these bodies may commonly be 

described as rafts within the younger Aunis Tonalite Gneiss, several outcrops are sufficiently 

large to have suffered little physical or chemical transformation by later intrusive activity. In 

particular, the large gabbroic outcrop situated south-west of Chowachasib Mountain occupies 

an important stratigraphic position with respect to adjacent -pillowed basalts and a mafic dyke 

swarm (Fig. B.1 ). The association here is conceivably that of a dismembered ophiolite in 

which the lowermost ultramaf ic and uppermost sedimentary members are absent. Numerous 

dykes and bodies of aplite, quartz porphyry and felsite have intruded the gabbroids. 

The melanocratic appearance of the gabbroids makes it difficult to distinguish between 

these bodies and the equally dark-coloured basalts in the field. Consequently volumetric 

estimates are difficult to make and these lithologies have commonly been grouped together 

on the map (Appendix I - map pocket). Several good exposures allow the recognition of 

cumulate layering in the gabbroids. Elsewhere a more mottled appearance is prevalent due to 

aggregates or "clots" of mafic minerals. 
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tures in a plagio­
clase porphyritic 
metabasalt flow in 
the Kairab Com­
plex, 7 km south­
west of 
Chowachasib 
Mountain. Down­
ward-facing pillow 
cusps indicate that 
this flow unit is the 
right way up. 

B.1c: Kairab Complex metabasalt (BH 883) - 3 km north-west 
of Satanskop. PPL. Anhedral plagioclase phenocrysts (por­
phyroclasts) set in a foliated "matrix" of metamorphic horn­
blende. (PPL = Plane Polarised Light] 

B.1 e: Profusion of 
country rock xeno­
liths (mainly Kairab 
Complex ortho­
amphibolite) in the 
Aunis Tonalite 
Gneiss which sug­
gests magmatic 
sloping during em­
placement. 5 km 
north-west of 
Urusib waterhole. 

PLATE B.1 

B.1 b: Pillow fragment breccia in Kairab Complex metabasalt 
10 km south-east of Awasib Fountain. This breccia sug­
gests extrusion of the basalt on a steep slope. 

B.1d: Irregular folds in Kairab Complex metafelsite which are 
attributed to primary viscous flow rather than tectonic activ­
ity. 5 km south-west of Chowachasib Mountain. 

B.1 f: Early and late phases of the Khorasib Granite Gneiss: 
mafic xenolith-bearing tonalite-granodiorite gneiss has 
been intruded by sheet-like granite gneiss. Note the dif­
ference in orientation of the gneissic fabrics (s2 and s3?), 
here inferred to indicate a protracted history of emplace­
ment. 6 km south of Awasib Fountain. 
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(II) Petrography 

The metagabbroids are typically fine- to medium-grained and inequigranular, occasionally 

displaying well preserved ophitic and subophitic textures. Hornblende and tremolite-actinolite 

make up between 35 and 60% of the rock (average 50%). Hornblende, typically pleochroic 

from yellow-brown to dark green or blue-green, forms both small xenoblastic to subidioblastic 

grains (0.3 mm average) and larger, often poikiloblastic, intergrowths with tremolite-actinolite 

and less commonly biotite. The original alteration of primary pyroxene to actinolite followed by 

prograde metamorphism may provide a general explanation for the paragenesis of horn­

blende except for those localities (e.g. south-west of Chowachasib Mountain) where tremolite­

actinolite has clearly overprinted earlier hornblende. The distribution of hornblende is 

generally uniform and rarely shows any preferred orientation. 

Plagioclase is usually present in roughly equal proportions to hornblende, making up 

between 15 and 50% of the rock (average 40%). Subhedral plagioclase grains show a 

significant range in size (average 0.8 mm, maximum 3.5 mm) and are frequently indetermi­

nate due to alteration to epidote, sericite and occasionally chlorite. Twinning (commonly 

albite, but often combined with Carlsbad and/or pericline) and normal zoning, where 

preserved, indicate fairly calcic compositions, viz. An45 to Anes (extinction angle determina­

tion). While the effects of deformation are not widespread in plagioclase, some grains do 

show clear evidence of having recrystallised to smaller, often polygonal, subgrains. 

Quartz and K-feldspar are difficult to identify, but rarely exceed 10% of the rock. Alteration 

(or retrograde) products include epidote, chlorite, sericite, sphene, carbonate and opaque 

minerals. The latter constitute up to 5% of the rock and are present as large skeletal grains of 

both magnetite and ilmenite. Accessory apatite grains are typically prismatic (0.5 mm long) 

and usually constitute a late phase. 

Pref erred orientation, where present, is defined by elongate aggregates of hornblende 

alternating with discontinuous, strained quartzofeldspathic layers. 

2.2 AUNIS TONALITE GNEISS 

(I) Field character 

Much of the AMT is underlain by granitoid gneisses of tonalitic to granitic composition. 

Amongst the more intermediate members is a distinctive unit of medium- to coarse-grained 

leucotonalite gneiss which has clearly intruded orthoamphibolites of the Kairab Complex. 

Although the Aunis Tonalite Gneiss crops out over a wide area, the major part of this unit 

forms a single body which underlies Urusib Formation sediments in the central portion of the 

AMT (map - Appendix I). The shape of this pluton is ellipsoidal with a north-west trending long 

axis and an inferred outcrop area of almost 500 km2. Xenolith-choked contacts with the 

country rock (Plate B.1 e) indicate that magmatic stoping was an important mechanism during 

emplacement. The Haiber Flats Shear Zone is situated along the western margin of the Aunis 
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Tonalite Gneiss and may represent remobilisation of an older country rock fracture which was 

initially utilised by the tonalite. Irregular pluton margins are the result of subsequent intrusive 

activity. 

The Aunis Tonalite Gneiss is characterised by a foliation defined by quartz-rich layers and 

trails of mafic minerals which wrap around porphyroclasts of feldspar. The weathered surface 

is usually a buff, rusty-brown colour with typical weathering-resistant quartz ribs. Mafic 

xenoliths, largely orthoamphibolite and biotite schist, are commonly flattened in the plane of 

the foliation and vary greatly in size from centimetre to metre scale. In some cases the streaky 

and disaggregated nature of the xenoliths may be the result of magmatic corrosion and/or 

later deformation. 

Apart from the spatial association between the Aun is Tonalite Gneiss and metafelsites of 

the Kairab Complex, there are geochemical similarities between them which suggest a 

genetic association as well (Section B.4). 

(II} Petrography 

The Aunis Tonalite Gneiss is a rock of relatively uniform appearance and mineralogy, but 

the non-uniform response to deformational stress has resulted in heterogeneous textures. 

Plagioclase typically forms anhedral to subhedral porphyroclasts (average size 2.0 mm) 

which make up between 35 and 50% of the rock (average 42%). While a xenoblastic nature is 

not common, plagioclase margins may be highly irregular and crenulate in form. Features 

which indicate deformation include bent twin lamellae and mineral fragmentation, the latter 

commonly giving rise to a "sieve" texture when accompanied by quartz blebs. Despite wide­

spread alteration of plagioclase, strong normal zoning (core An4s, rim An2s) and twinning 

(usually albite) may be preserved. 

K-feldspar (microcline and microperthite) rarely exceeds 5% and may be entirely absent. 

K-feldspar usually forms small xenoblastic (average size 0.4 mm) intergrowths with plagio­

clase which can be distinguished from the latter by both microcline twinning and a relatively 

unaltered appearance. Rims and patches of K-feldspar in plagioclase appear to be the result 

of microclinisation or exsolution. 

Quartz makes up between 25 and 45% of the rock (average 37%) and typically forms a 

mortar texture in which large strained porphyroclasts (average size 2.0 mm) are surrounded 

by relatively strain-free and equidimensional subgrains (average size 0.2 mm). Aspect ratios 

of strained quartz may be high, while margins are usually highly irregular. A gneissic fabric is 

formed where quartz aggregates have segregated into anastomosing layers. Quartz also 

occurs as tiny granules .in cross-cutting trails and along grain boundaries, as small inclusions 

in other minerals (particularly hornblende), and occasionally as myrmekitic intergrowths. The· 

variable nature of quartz is due to the interaction of deformation and recrystallisation which 

has resulted in strain, granulation and blastesis. 
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Strongly pleochroic brown biotite makes up around 8% of the rock and occurs either as 

small "flakes" (average size 0.2 mm) or large, occasionally poikiloblastic, xenoblasts (average 

size 1.5 mm). Hornblende, where present, makes up approximately equal proportions to 

biotite and shows strong pleochroism from light yellow-green to dark green or blue-green. 

Hornblende, like biotite, occurs as both small, sometimes subhedral, grains (average size 0.3 

mm) and large ragged poikiloblasts (up to 3.0 mm in size). Biotite is typically intergrown with 

hornblende in large aggregates (up to 5 mm in size) which may be slightly elongated in the 

plane of the foliation. 

Accessory phases include sphene, apatite, zircon, allanite, muscovite, epidote and opaque 

minerals. The most widespread alteration products are epidote, sericite, chlorite and carbo­

nate. 

2.3 KHORASIB GRANITE GNEISS 

(I) Field character 

This unit comprises a heterogeneous group of grey to pink granitoid gneisses which range 

in composition from tonalite to syenogranite. While it is clear that some of the more granitic 

members post-date the Aunis Tonalite Gneiss, the age relationship between the latter and the 

bulk of the Khorasib Granite Gneiss remains obscure. It seems probable that this unit covers 

a broad time span as indicated by the variation in both intensity and orientation of the gneissic 

fabric (Plate B.1f). 

For the purpose of lithological description, the Khorasib Granite Gneiss can be subdivided 

into the following categories: 

(a) Tonalite to granodiorite gneiss 

(b) Granite gneiss 

(c) Foliated granite 

These compositional categories are, however, difficult to apply rigorously in the field and a 

simpler twofold division into "gneisses" and "granites" was adopted on the map (Appendix I). 

Within the "gneisses", an age progression from tonalite to granite is generally, but not always, 

true. 

('II the different rock types within the Khorasib Granite Gneiss appear to be randomly 

distributed throughout the area with no systematic zonation to suggest a batholithic complex. 

Individual plutons are commonly irregular in shape but tend to be better preserved than the 

earlier Aunis Tonalite Gneiss due to fewer subsequent intrusions. Contacts with country rock 

other than the Aunis Tonalite Gneiss are rare, but a characteristic feature of the more gneissic 

members is the profusion of biotite schist and amphibolite xenoliths which are typically less 

flattened than similar xenoliths in the Aunis Tonalite Gneiss. 
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TABLE B.1: Petrography of the Khorasib Granite Gneiss(%= vol.% of rock). 

------
Medium-grained, augen (K-feldspar megacrysts). Medium-grained, augen (K-feldspar and plagloclase Fine- to medium-grained, massive to foliated. Aplites 
Refoliation, mineral segregation and recrystallisation megacrysts). Refollation similar to tonalite-grano- are allotriomorphic-granular. K-feldspar megacrysts 
where affected by later mylonitisation. diorite. occur, but are not common. 

28% (10-40%). Anhedral to subhedral porphyroclasts 
(av. size 2.0 mm) and megacrysts (>10 mm). Albite 
and Carlsbad twinning. Similar deformation and al­
teration to tonalite-granodiorite. Not as fractured as 
K-feldspar. 

35% (20-45%). Anhedral to subhedral porphyroclasts 
(av. size 2.0 mm), megacrysts (up to 12 mm). Polkl· 
locrysts of microperthite are fractured and rimmed by 
myrmeklte. 

30% (20-45%). Strained porphyroclasts/xenoblasts 
(up to 9.0 mm In size). Grains in Interstitial aggregates 
either strain-free and equant (0.2· 1.0 mm) or strained 
and stretched. Mortar texture. Quartzofeldspathic 
patches formed by commlnU1ion. 

26% (10-35%). Anhedral to subhedral, smaller than 
K-feldspar. Subgrains (av. size 0.3 mm). Tiny gra­
nules in quartzofeldspathic intergrowths. 
Distinguished from K-feldspar by alblte twinning, nor­
m al zoning (oligoclase-albite) and altered 
appearance. 

38% (20-55%). Anhedral mlcrocllne (av. size 1.5 mm) 
and subgralns (av. size 0.2 mm). Occasional mega­
crysts (up to 14 mm). Mlcrocllne mlcroperthite. 
Porphyroclasts rimmed by myrmekite and/or plagio­
clase subgrains. Larger grains are fractured, zoned 
and occasionally polkilltlc. Some equldimenslonal in­
tergrowths with plagloclase. 

28% (20-35%). Interstitial aggregates of strained 
xenoblasts (av. size 1.0 mm) which are typically 
stretched. Less commonly, quartz occurs in mortar 
texture, as tiny granules in anastomosing trails, and 
as exsolution blabs and Inclusions in K-feldspar and 
plagloclase. 

6% (2-15%). Bimodal size: xenoblasts/poikiloblasts 4% (2-15%). Similar to granite gneiss bU1 differs in 
(up to 2.0 mm In size), small subhedral "flakes" (0.1 being coarser grained, subhedral and more com­
mm in size). Pleochroic from light to dark brown. monly replaced by chiorlte. 
Aligned to define fabric. Apatite and zircon Inclusions. 
Chloritised. 
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Despite similarities in appearance between the intermediate members of the Khorasib 

Granite Gneiss and the Aunis Tonalite Gneiss, the latter may be distinguished on petro­

graphic (a lower content of ferromagnesian minerals) and geochemical criteria (Section 8.4). 

(II} Petrography 

The petrography of the Khorasib Granite Gneiss is discussed in terms of the abovemen­

tioned compositional categories in Table 8.1. 

2.4 SUMMARY 

(i) The Kairab Complex is made up of several lithologic units that can be directly correlated 

with components of the NMC, namely the Garub Sequence, "biotite gneiss" and Magnettafel­

berg serpentinite. 

(ii) Apparently distinct from the NMC, a 6000 m thick bimodal volcanic succession in the 

Kairab Complex comprises feldspar phyric basaltic flows (orthoamphibolites) and hornblende 

± biotite poikiloblastic rhyolites which are closely associated spatially, temporally and compo­

sitionally with cumulate metagabbro and sheet-like metafelsite intrusions. Preserved features 

in this succession include pillow structures and pillow breccias in the basalts and pyroclastic 

textures and flow folds in the rhyolites. Together with the presence of a mafic dyke swarm, the 

metavolcanic succession and associated intrusives are conceivably representatives of a 

dismembered ophiolite complex. 

(iii) The post-Kairab Complex Aunis Tonalite Gneiss forms a pluton with an inferred area of 

some 500 km2 which is situated adjacent to a major shear zone in the Haiber Flats. Numerous 

mafic xenoliths (some of metabasalt) suggest magmatic stoping during emplacement. This 

granitoid shows a close spatial association with the metafelsites of the Kairab Complex. 

8iotite and hornblende constitute the most important mafic phases which, together with 

plagioclase porphyroclasts, defines a strong gneissic fabric. 

(iv) The Khorasib Granite Gneiss comprises tonalite-granodiorite gneiss, granite gneiss 

and granite, but there is no systematic zonation to suggest a batholithic complex. While the 

"gneisses" are of uncertain age with regard to the Aunis Tonalite Gneiss, "granites" typically 

post-date the latter. Biotite is the dominant mafic phase by far and shows a progressive 

depletion from tonalite to granite. Megacrystic feldspars are most common in the gneisses 

where they occur as augen. 
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3. MINERAL CHEMISTRY AND METAMORPHISM 

3.1 Introduction 

3.1.1 General 

Mineral assemblages were selected from three lithological units in the early-stage crust of 

the AMT for electron microprobe (EMP) analysis. These analyses have extended Jackson's 

(1976) database for metamorphic "basement" of the NMC around Aus and provided new 

insight with respect to the extent and grade of amphibolite facies metamorphism in the region. 

Analyses of primary phases: where preserved, have further enabled a better understanding of 

the early-stage protoliths. Since textural evidence does not always allow ·the unequivocal 

identification of igneous mineralogy, compositional characteristics of phases are important in 

any discussion of their original formation. 

The following sections describe the mineral chemistries of the common phases en­

countered in selected lithological units. All EMP analyses are tabulated on the accompanying 

Microfiche cards and discussed in Appendix Ill. 

3.1.2 Kalrab Metabasalt 

The assemblage plagioclase + hornblende + epidote ± biotite is widespread in metabasal­

tic rocks of the Kairab Complex as illustrated on an ACF diagram (Fig. 8.2a). As mentioned in 

the previous section, the Kairab metabasalt may bear a strong petrographic resemblance to 

Garub metabasites described from the Aus area by Jackson (1976). Accordingly, mineralogi­

cal comparisons will be made wherever possible. All mineral analyses were derived from a 

single, relatively undeformed and homogeneous, flow unit to the south-west of Chowachasib 

Mountain, the two sample sites (BH 770 and BH 901) being situated approximately 300 m 

apart. Pillow structures are well preserved in the east.em part of the flow, especially at the site 

of sample BH 770. 

3.1.3 Kalrab Metagabbro 

Garub metabasites near Aus include several intrusive amphibolites (Jackson, 1976, p. 46) 

which may be equivalent to metagabbros in the Kairab Complex. This section compares 

analyses between the Kairab metagabbro and metabasalt as well as between these litho­

logies and "metabasites" in the vicinity of Aus. While the metagabbros frequently retain 

original igneous textures (e.g. ophitic), several major phases such as hornblende are meta­

morphic in appearance. The evidence for a retrograde metamorphic imprint in the metagab­

bros is better developed than in the metabasalts, and takes the form of both chloritisation and 

epidotisation. The mineral parageneses are illustrated in an ACF diagram (Fig. B.2b) to 

facilitate comparison with the metabasalts. Accordingly, this diagram is not strictly applied to 

metamorphic phases and also includes relict igneous phases. 
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KAIRAB COMPLEX 
METABASALT 

A 

+ Quartz 
:t Blotlte 

3. MINERAL CHEMISTRY AND METAMORPHISM 

KAIRAB COMPLEX 
METAGABBRO 

A 

+ Quartz 
:t Biotite 

{:t White mica) 
(:t Carbonate) 

(Aclinolilel 

Fig. 9.2: ACF diagrams illustrating mineral parageneses in metabasalts and metagabbros of the Kairab Complex. While 
largely relict igneous phases are written in italics, retrograde phases are presented in parentheses. A = Al203 + 
Fe203 - (N~O + K20), C = CaO - 3.3P20s, F = FeO + MgO + MnO, mole"lo. 

3.1.4 Aunls Tonallte Gneiss 

Despite the spatial association between the Aunis Tonalite Gneiss and Kairab Complex, 

this granitoid appears to have preserved much of its primary mineralogy. The gneissic 

character is the result of a deformational event (including metamorphism) which could be late­

or post-tectonic with respect to the major event which affected much of the Kairab Complex. 

Assessment of the grade of metamorphism in the Aunis Tonalite Gneiss is important with 

regard to assessing the timing of its emplacement into metabasalt and metagabbro. The major 

mineral assemblage, discussed in detail in Section 2, may be summarised as follows: 

plagioclase +quartz+ biotite ±hornblende± K-feldspar 

3.2 PLAGIOCLASE 

3.2.1 Kalrab Metabasalt 

The range in anorthite content from An40 to An92 is illustrated in Fig. B.3 and broadly 

corresponds to the epidote-hornblende or hornblende zones within the Garub metabasites. 

While the presence of epidote is more compatible with the former zone, the average anorthite 

content of Ansg indicates a closer affinity to the higher grade hornblende zone (average Ans1 

after Jackson, 1976, p. 127). However, plagioclase in sample BH 770 yields an average Ans4 

composition in comparison to only Ans4 in sample BH 901. While the latter composition 

agrees well with Jackson's value of Anss determined for the epidote-hornblende zone, the 

more calcic composition of Ans4 is typical of metabasites which form part of the granulite 

facies. Since petrographic observation precludes the latter possibility, it may be concluded 

that such high anorthite contents in the Kairab metabasalt represent primary compositions.· 
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The mineral parageneses in the Kairab metabasalt suggest a metamorphic grade typical of 

the epidote amphibolite or amphibolite facies. In metabasalts of amphibolite grade from the 

Llano Uplift in central Texas, Garrison (1978) observed eight discrete compositional domains 

in plagioclase ranging from Anaa to Ane1. He suggested several explanations for this phe­

nomenon, but favoured an extremely complex immiscibility region which allowed more than 

four metastable end member compositions to exist. While the demarcation of similar compo­

sitional domains in the Kairab metabasalt has not been attempted, it can be demonstrated 

that individual plagioclase phenocrysts are made up of complex intergrowths of varying 

anorthite content in the range An44 to Anes. Such intergrowths may also span the range 

between B0ggild (An47 and Ansa) and Huttenlocher (Ans1 and Aneo) intergrowths in a region 

which is widely considered "homogeneous" (Goldsmith, 1982). Braun and MOiier {1975) have 

reported that the homogenisation of plagioclase is initiated only at temperatures greater than 

6oo0c (upper amphibolite facies). 

The above observations suggest that disequilibrium probably existed during lower amphi­

bolite facies metamorphism of the Kairab metabasalt. On the available evidence, the possi­

bility that highly calcic plagioclase represents a relic phase cannot be excluded. 

(Na) 
albite 

3.2.2 Kairab Metagabbro 

An 

Two 
feldspars 

• BH?70J Metabasalt 
v BH901 

* BH 762 J Metagabbro 

Fig. B.3: Plagioclase composi­
tions in metabasalt and metagab­
bro from the Kairab Complex. An 
(Anorthite), Ab (Albite), Or (Or­
thoclase). Field boundaries after 
Smith (1974). 

The average anorthite content of Ana1 (± An2) shows little variation and is close to the 

average value of Ana4 (± Ana) exhibited by the pillow-bearing metabasalt (Fig. B.3). Again, 

such calcic compositions are typical of what Winkler (1976, p. 168) has termed "labra­

dorite/bytownite-amphibolites", but the absence of metamorphic diopside allows for the possi­

bility that these calcic compositions are primary in qrigin. The presence of intergrowths of 

varying anorthite contents, as seen in some of the metabasalts, was not observed in any of 

the metagabbros. This observation is somewhat contrary to that of Grove (1977) who regards 

"Huttenlocher plagioclases" as useful indicators of a slower cooling history. It is, however, 
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possible that the plagioclases in the metagabbro demonstrate local disequilibrium and compo­

sitional variation on a submicroscopic scale. 

3.2.3 Aunls Tonallte Gneiss 

Plagioclase is the predominant mineral phase and is characterised by strong normal 

zonation (An4s core, An2s rim) in the southern part of the pluton near Aunis waterhole, but 

more sodic compositions (An3s-An1s) in the northern part. This could reflect the more differen­

tiated nature of the northern part of the pluton as indicated by its relative enrichment in 

bulk-rock silica and alkalis and depletion in magnesium. CIPW normative proportions reveal 

further that whereas the southern sample (BH 746) is tonalitic in composition, the northern 

sample (BH 759) has a more trondhjemitic affinity (Section 4). 

While the porphyroclastic nature and recrystallised textures exhibited by plagioclase pro­

vide clear evidence of elevated pressures and temperatures, the core compositions recorded 

are inferred to be primary in origin. More sodic compositions may, like K-feldspar rims and 

patches, be the result of deuteric effects rather than metamorphism. 

3.3 AMPHIBOLE 

3.3.1 Kalrab Metabasalt 

The blue-green to green colour of amphibole in the metabasalts is in agreement with both 

the paragenesis epidote + quartz and the lower amphibolite facies grade inferred for these 

rocks from the anorthite content of plagioclase. The general amphibole formula may be 

written as follows (Hawthorne, 1981): 

Ao-1B2CsDa022(0H,F,Cl)2 

where A = Na, K 

B =Na, Li, Ca, Mn, Fe2+, Mg 

C =Mg, Fe2
+, Mn, Al, Fe3+, Ti 

D=Si, Al 

On the basis of their B group cation occupancy, all amphiboles within the Kairab metaba­

salt may be described as calcic ([Ca + Na]e ~ 1.34). In order to chemically classify these 

amphiboles, the scheme of Leake (1968) was followed (Fig. B.4). The advantage of this 

scheme is that it does not require the determination of Fe2
+ and Fe3

+, neither of which may be 

obtained by using the EMP. Amphibole formulae have, in addition, been calculated on an 

anhydrous basis (23 oxygens) as suggested by Borg (1963). 

By comparison with hornblendes from the Ga rub metabasites in Fig. B.4, several features 

of interest are apparent: 

(i) Most of the analysed hornblendes display similar or lower Mg/(Mg +Fe) ratios than their 

counterparts in the Garub metabasites. 

(ii) A greater range in Si content is displayed by hornblendes from the Kairab metabasalt. 

32 



PART 8: EARLY-STAGE CRUST 

Ca + Na + K > 2,5 

~ ! I I 
Qi I I I j E i Porc;ioslte 
';- Rlchterlte I A I Edenlte I C .J;;~-------
~ o,5 -------.J--.--L-----+--~ ~~~ro~~ 
::;: I I . I I G MQ-hasllnQslte 
"' Fe-rlchterlte I B I Fe-edenlte I O t--- :.----

::!E 0 I I • , I H I Hostinc;isile 

8,0 7,5 7,0 6,5- 6,0 

3. MINERAL CHEMISTRY AND METAMORPHISM 

Tremofite 
\. 

Ca + No + K < 215 

__ ....,: ___ ~...!-~ Mc;i-hornblende I L I 
****!I- J' 11..,~* ITschermaklle 

. Actlnollte I 
------r--~-- - -~-----' I A •• Fe-octlnolllel K . Fe-hornblende j M It Fe-

i , tschermaklte 

8,0 7,5 7,0 6,5 6,0 

SI 
KEY 

A Rlchteritic edenite .. 
B F e-rlchterltlc edenite • BH 770} 
c Edenltlc hornblende I .Tremolitlc hornblende v· BH 901 Metobasalt 

0 Fe-edenitlc hornblende J Actlnolitlc hornblende •• BH 762)- Meta11abbro 
E Parc;iasltic hornblende K F e-octlnolitic hornblende 

L Tschermakltlc hornblende A BH 746}Aunls F F e-parc;iasltlc hornblende 
M Fe-tschermokltlc hornblen.de A BH 759 Tonallte Gneiss 

G Mc;i:-Chostlnc;isitlc hornblende 
~ Garub melobasltes H Hastlnc;isltlc hornblende 

Fig. 8.4: Hornblende compositions In Kairab metabasalt, Kairab metagabbro and Aunls Tonalite Gneiss plotted in terms 
of the classification of Leake (1968). The field of hornblendes from Garub metabasites is after Jackson (1976). All data 
were normalised to 23 oxygens with all_iron considered as Fe2•. 

(iii) Two compositional types are unique to the Kairab metabasalt, viz. Mg-hastingsite and 

Fe-tschermakite. 

Both tschermakitic substitution (aluminium for silica) and edenitic substitution (alkali oc­

cupancy of ·the A-site) have traditionally been related to variations in metamorphic grade. 

While a decrease in tschermakitic substitution with increasing metamorphic grade has -been 

observed by several workers (e.g. Leake, 1965; Binns, 1965; Jackson, 1976; Albat, 1984), 

other workers find no such correlation (e.g. Engel and Engel, 1962; Bard, 1970). The compo­

sitions of amphiboles are plotted according to the classification scheme of Miyashiro (1973) in 

Fig. B.5, which illustrates the overall similarity of hornblendes in the Kairab metabasalt to 

hornblendes of the epidote-hornblende ·and hornblende zones (zones A and B, respectively) 

in Garub metabasites~ However, the lower Si contents of the former are distinctive and typical 

of low-pressure amphiboles according to Raase (1974). 

The very high values of Alv1 in hornblendes of the Kairab metabasalt (Fig. B.6) cannot be 

the result-of high pressure formation·as advocated by Leake (1965) •. since this is incompatible 

with the low Si contents illustrated in Fig. B.5. High Atv1 is accordingly attributed to the high 

alumina bulk compositions of these metabasalts. 

The relationship between alkali enrichment in the A~site of hornblendes, or edenitic sub­

stitution, and increasing metamorphic grade has been well established by a number of 

workers (e.g. Shido, 1958; Engel and Engel, 1962; Binns, 1965). Jackson (1976, Fig. 32) has 

shown that despite a wide variation in alkali content of -hornblende within the different 
\ 

metamorphic zones in the Aus area, there is a steady enrichment from the epidote-hornblende 

(zone A) to the diopside-hornblende zone (zone C). The mean of 0.444 ± 0.118 for (Na+ K) in 

hornblendes of the Kairab metabasalt once again indicates a grade transitional between 

Jackson's zone A (mean= 0.432 ± 0.071) and zone B (mean= 0.517 ± 0.101). 
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Fig. B.7: Total Al vs. total Ti (cations per 23 
oxygen anions) in amphiboles from Kairab 
metagabbro and metabasalt. The straight 
line (after Hynes, 1982) is for purposes of 
comparison only and emphasises the rela­
tively high Ti contents in hornblendes from 
the metagabbro. While brown hornblendes 
In the latter are probably magmatic in origin, 
green hornblendes are not as composition­
ally distinct from hornblendes in the meta­
basalt and may, therefore, be metamorphic 
in origin. 

semblages resulting from recrystallisation (e.g. Grapes, 1975; Grapes and Graham, 1978). 

However, according to Laird (1982), actinolite is typical of the greenschist facies and this is 

borne out by the occasional overprinting of chlorite by actinolite in the metagabbro. 

Fig. B.5 illustrates that hornblendes in the metagabbro are similar in composition to 

hornblendes from both the Kairab metabasalt and the epidote-hornblende and hornblende 

zones within the Garub metabasites. Unlike hornblendes in the metabasalt, however, horn­

blendes in the metagabbro have the low contents of Alv1 and Si typical of low-pressure 

amphiboles reported by several workers (e.g. Leake, 1965; Raase, 1974) and illustrated in 

Fig. B.6. A plot of total Al versus Ti for all of the amphiboles in the metagabbro (Fig. B. 7) 

reveals that while pale green actinolites display characteristically low contents of Al and Ti, 

green to brown hornblendes exhibit relatively high Ti contents. 

Hynes (1982} stated that "the clearest distinction between amphiboles from medium- and 

low-pressure terrains is on the basis of Ti content". The relatively high Ti contents in hornblen­

des from the metagabbro may, therefore, reflect a lower pressure of formation in comparison 

with hornblendes from the metabasalt (Fig. B.7). While Ti/Al ratios vary significantly between 

the different groups of hornblendes illustrated in Fig. B. 7, actinolites from the metagabbro 

display the lower Ti/Al ratios characteristic of the metabasaltic rocks. It is possible that these 

actinolites represent a metamorphic overprint unrelated to earlier hornblendes of higher 

grade, but still low-pressure, origin. Alternatively, the hornblendes in the metagabbro have 

retained their primary igneous compositions and the actinolites form part of the same, or a 

later, metamorphic event that resulted in hornblende formation in the metabasalts. 

In support of a relict igneous origin for the hornblendes in the metagabbro are their high 

contents of Ti and alkalis (Na+ K = 0.686 ± 0.083) and low contents of Mn (0.024 ± 0.003). 

Metamorphic hornblendes with these compositional abundances are usually restricted to high 

grade rocks, commonly in the granulite facies (e.g. Engel and Engel, 1962). 

Bulk-rock composition and oxygen fugacity are factors which may also play an important 

role in determining the compositions of amphiboles. Bulk-rock oxidation ratios 
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(2Fe203.100/[2Fe203 + FeO] mole%; Reid, 1977) in the metabasalt are significantly higher 

than those in the metagabbro, viz. 28.4 and 39.8 respectively, while whole-rock chemistries 

al_so show a marked difference, e.g. Ti/Al of 0.021 in metabasalt relative to 0.054 in metagab­

bro. These observations are compatible with those of Hietanen (1974) who finds no syste­

matic variation in Mg/Fe or Ti in amphiboles independent of rock ·composition and oxygen 

fugacity. 

3.3.3 Aunls Tonallte Gneiss 

Bulk-rock compositional differences between the southern and northern portions of the 

Aunis Tonalite Gneiss are also reflected in the hornblende compositions (Fig. B.4). Using the 

classification scheme of Miyashiro (1973), it can be further seen that these hornblendes show 

a compositional overlap with hornblendes from both metabasalt and metagabbro in the Kairab 

Complex (Fig. B.8). Plutonic hornblende does, however, show a relative enrichment in Ti in 

comparison with metamorphic hornblende from Kairab metabasalt and Ti contents in horn­

blendes from the Aunis Tonalite Gneiss are similar to those in several primary hornblendes in 

intrusive rocks from the Haib (Fig. B.9). Hornblendes of the Kairab metagabbro which contain 

the highest Ti contents are typically brownish-green to brown in co~lour compared with the 

more bluish-green to green colour of hornblendes in the Aunis Tonalite Gneiss. The genera.Uy 

higher Al1v and lower (Na + K) contents of the latter could indicate that crystallisation took 

place at lower temperatures than in the metagabbro. The high values of Al1v are illustrated by 

comparison with average values of hornblendes from the Haib intrusive rocks (after Reid, 

1977, Fig. 53) and the lower Al1v values reported for hornblendes from granitic rocks of the 

central Sierra Nevada batholith (Dodge et al., 1968). 
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Fig. 8.8: Hornblende compositions in 
the Aunis Tonalite Gneiss plotted ac­
cording to the classification scheme of 
Miyashiro (1973). Compositional fields 
of hornblendes (mainly primary?) from 
the Kairab metagabbro and metamor­
phic hornblendes from the Kairab meta­
basalt are included for comparison. All 
data normalised to 23 oxygens. 
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While Al1v contents of hornblendes from the Aunis Tonalite Gneiss are similar to hornblen­

des in the Kairab Complex, (Na + K) contents are generally higher than the metabasalt but 

similar to the metagabbro (Fig. B.10). Together with the high Ti contents, these compositional 

features suggest a primary origin for most of the hornblende in the Aunis Tonalite Gneiss. The 

single hornblendes composition which plots within the "metamorphic" field in Fig. B.1 o may 

represent a xenocryst derived from the metabasaltic country rock. 
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Fig. 8.9: Plot of Al1v vs. Ti for hornblendes from the Aunis 
Tonalite Gneiss compared with primary hornblendes in ig­
neous rocks of the Haib (after Reid, 1977) and hornblendes 
(mainly primary?) from the Kairab metagabbro. The field 
occupied by metamorphic hornblendes in the Kairab meta­
basalt is also shown. All data normalised to 23 oxygens. 

3.4 BIOTITE 

3.4.1 Kalrab Metabasalt 

v Hornblende in Kairab Metabasall * Hornblende in Kairab Metagabbro 
• Hornblende in Aunis Tonolile Gneiss 

Fig. 8.10: Plot of (Na+ K) vs. Al1v for hornblendes from the 
Kairab Complex (metabasalt and metagabbro) and 
Aunis Tonalite Gneiss. The diagonal line defines the 
approximate boundary between hornblendes of meta­
morphic and igneous origin. All data normalised to 23 
oxygens. 

Biotite analyses obtained from the Kairab metabasalt are illustrated in Fig. B.11 in terms of 

the "ideal biotite plane". Alv1 contents and Mg/(Mg + Fe) ratios of these biotites fall in the 

range 0-1 and 0.3-1, respectively, which is regarded by Guidotti (1984) as characteristic of 

amphibolite grade biotites. The mean AIVI content of 0.600 ± 0.170 is, however, close to the 

maximum of 0.6 inferred by the same author to be typical of biotites from amphibolites and 

sub-amphibolites. 

Titanium enrichment in biotite, like hornblende, has been correlated with prograde meta­

morphism (Engel and Engel, 1960). Again the coexistence of biotite with ilmenite in the 

metabasalt has ensured that the former is saturated with Ti. A mean Ti content of 0.209 ± 
0.013 is within the range of greenschist grade metapelites and semi-pelites, but Guidotti 

(1984) admits that the specific values for metabasites are not yet well established. The 
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relatively high content of Alv1 in biotites of the Kairab metabasalt may well be related to the 

low Ti content, since Ti increase at the expense of Alv1 has been alluded to by Guidotti (1984). 

The occasional presence of reddish-brown biotite with "lamellae" of white mica in the metaba­

salt may further suggest the following reaction proposed by Miyashiro (1973): 

muscovite + Ca-amphibole = biotite + anorthite + quartz + H20 
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Fig. 8.11: Blotite compositions from the Kairab metabasalt 
and Aunis Tonallte Gneiss projected onto the "ideal biotite 
plane" (Deer et al., 1966). Fields of metamorphic grade 
(after Guidotti, 1984) indicate that biotites from the Kairab 
mEitabasalt are largely compatible with amphibolite grade. 
Biotites from the Aunis Tonalite Gneiss form a distinct 
compositional field which is inferred to be largely mag­
matic in origin. All data normalised to 22 oxygens. 
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Fig. B.12: Variation in wt.% Al20a between blotite and 
host Aunis Tonalite Gneiss. Biotites plot in the 
vicinity of the most Al20a-rich part of the field of 
magmatic biotites (after Speer, 1984). Biotites in 
metabasalts are plotted for comparison. 

8iotite is always present in the Aunis 'Tonalite Gneiss and coexists with hornblende in both 

samples analysed by EM P. Although hornblende-biotite mineral pairs have not been ana­

lysed, Fe/(Fe + Mg} values· for the two phases suggest that, at the one sigma level of 

confidence, more iron-rich pairs characterise the northern, more differentiated, part of the 

pluton. Compositional characteristics of biotite are consistent with a magmatic origin, al­

thaugh textural features are often ambiguous. 

The relatively high Al contents of primary hornblende are also reflected by biotite composi­

tions projected onto the siderophyllite-annite-phlogopite-eastonite quadrilateral (Fig. 8.11). 

especially when compared .with biotite compositions of Sinclair-type granitoids (Section C.3). 

8iotite compositions display lower Mg/(Mg +Fe) ratios compared with metamorphic biotites in 

the Kairab metabasalt. Enrichment in Al203 in biotite is further illustrated relative to the 

bulk-rock composition in Fig. 8.12, with data points plotting close to the outer limit of the 

overall range reviewed by Speer (1984). 
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With increased aluminium activity, biotite is commonly accompanied by aluminous mine­

rals such as garnet and cordierite as reported by de Albuquerque (1973) and Speer (1981). 

The absence of such phases typical of S-type granites may be attributed to a variety of factors 

such as temperature, pressure, oxygen fugacity and water fugacity (Speer, 1984). Additional 

factors may be the post-crystallisation history (e.g., deformation and metamorphism) and the 

influence of coexisting phases. The composition of biotite will itself be affected by all of these 

factors. 

3.5 EPIDOTE 

3.5.1 Kalrab Metabasalt 

Several euhedral crystals of epidote were analysed in order to determine whether this 

phase is compatible with lower amphibolite facies grade or represents a later retrograde 

phase of metamorphism. While certain workers (e.g. Holdaway, 1965; Maruyama et al, 1983) 

have observed a decrease in the Fe content of epidote with an increasing grade of meta­

morphism, other workers (e.g. Sethuraman and Moore, 1973; Jamieson, 1981) report the 

opposite trend. Cooper (1972) has reported that epidote compositions in metabasic rocks 

from the Haast Schist Group show no systematic variation with the progression from green­

schist to amphibolite facies. He does, however, relate epidote composition to the iron content 

of the rock and the oxidation state maintained during metamorphism. 
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Fig. B.13: Frequency diagram of epidote compositions from 
Kairab metabasalt and metagabbro compared with epidote 
compositions from metabasalts of different metamorphic 
facies in the Yap Islands (Maruyama et al., 1983). The low 
pistacite contents in epidotes of the Kairab Complex are 
most compatible with amphibolite facies metamorphism. 

The epidotes of the Kairab metaba­

salt show a compositional range of pis­

tacite from PS23.5 to Ps2s.7, with a 

bulk-rock oxidation ratio of 28.4. Very 

similar pistacite contents in epidotes 

from metabasalts of the Yap Islands in 

the western Pacific are shown by Ma­

ruyama et al. (1983) to be typical of the 

amphibolite facies (Fig. B.13). In con­

clusion it can be stated that the compo­

sitions of well formed epidote crystals 

are compatible with an origin in the 

lower amphibolite facies. More patchy 

aggregates of epidote (not analysed in 

this study) may, however, represent a 

later retrograde metamorphic imprint. 
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3.5.2 Kalrab MetagabbJO 

Epidote is usually present as small scattered granules but also forms larger crystals in 

aggregates with amphibole. The pistacite content is very similar to that of epidote in the 

amphibolite facies metabasalt (Fig. B.13). However, the bulk-rock oxidation ratio of 39.8 

(compared to 28.4 in the metabasalt) should result in a more iron-rich epidote· according to 

Cooper (1972). The use of epidote composition as an indicator of metamorphic grade has, at 

least in this case, proved to be unsatisfactory. Clearly a greater number of analyses is 

required to establish what factors control the composition of epidote in the metagabbro. 

3.6 CHLORITE 

3.6.1 Kalrab Metagabbro 

Although present mainly as scattered "flakes" throughout the groundm.ass, chlorite has, on 

occasion, been overprinted by actinolite. Laird (1982) reported that actinolite is distinctly 

more Mg-rich than coexisting chlorite, but that hornblende and chlorite have about the same 

Mg cationic content. Chlorite in the Kairab metagabbro has a Mg content of 5.73 ± 0.30, which 

is distinctly higher than the Mg content of both hornblende (2.95 ± 0.07) and actinolite (3.69 ± 

0.16). These discrepancies imply that the assemblage hornblende+ actinolite + chlorite is in 

disequilibrium and that it may represent an arrested stage of readjustment to a higher, or 

lower, grade of metamorphism. This disequilibrium is consistent with a primary origin for 

hornblende. 

An Al-Mg-Fe plot of chlorites in the metagabbro (Fig. B.14) illustrates compositional simi­

larities to biotite zone chlorites in the Haast metabasites (Cooper, 1972). Upper greenschist 

facies metamorphic chlorites from the Haib (Reid, 1977) are illustrated in Fig. B.14 for 

Al 

Fo~Mo 
- ** --•*@ ,r:; .. - * ···~ -- ..., .... ,., 

/---~ 
r-\ 

Cooper (1972) .;;;., 

20 40 60 

* Chlorite in Kairab Complex Metagabbro @ Bulk composition of metagabbro 

~ Field of Haib basaltic andesite bulk compositions 

CZ~ Field of metamorphic chlorites in Haib basaltic andesites 

Fig. B.14: Al-Mg-Fe plot of metamorphic chlorites in the Kairab metagabbro. Compositions are compared with 
metamorphic chlorites from the Haast metabasites (dashed line after Cooper, 1972) and from the Haib basaltic 
andesites (after Reid, 1977). All data normalised to 28 oxygens. 
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comparison. The widespread alteration of biotite to chlorite may provide support for a retro­

grade overprint in the metagabbro, possibly as a result of intrusive activity related to the 

emplacement of Kairab Complex metafelsites and Aunis Tonalite Gneiss. 

3.7 SUMMARY 

(i) While metabasic rocks in the Kairab Complex show a metamorphic mineralogy similar to 

low-medium grade amphibolites in the Garub Sequence, the presence of relict plagioclase 

phenocrysts (high An contents) in metabasalt and relict plagioclase and hornblende {high Ti 

and alkali contents) in metagabbro indicate preservation of the primary mineralogy. 

{ii) The amphibolite grade of metamorphism is best illustrated by the Kairab metabasalts 

which are characterised by low Si, Ti and alkali contents in hornblende, Alv1 contents and 

Mg/{Mg + Fe) ratios of biotite in the range 0-1 and 0.3-1, repectively, and epidotes in the 

range Ps23-27. 

(iii) A retrograde metamorphic imprint is represented by chlorite and actinolite growth in the 

Kairab metagabbro and may be related to the emplacement of younger granitoids. 

{iv) Although porphyroclastic and recrystallised textures are widespread, the Aunis To­

nalite Gneiss has preserved much of its primary mineralogy and compositional changes are 

inf erred to be the result of deuteric effects rather than metamorphism. 

(v) The primary nature of hornblende in the Aunis Tonalite Gneiss is suggested by relative­

ly high contents of Ti and alkalis, and high Alv1 relative to the ratio Mg/{Mg + Fe). Although 

enriched in Al203 relative to the whole-rock compositions, biotite compositions plot within the 

field of magmatic biotites reviewed by Speer {1984). 

4. WHOLE-ROCK CHEMISTRY 

4.1 INTRODUCTION 

Whole-rock analyses are presented on the accompanying Microfiche cards and in Table v 
(Appendix Ill) for a total of 190 samples from the AMT, 78 of which represent early-stage 

crust. Sample localities are illustrated on a 1:100 000 scale geological map (Appendix I). This 

section concentrates on those suites for which Sr isotope and/or REE data have been 

obtained, viz. Kairab metabasalt and Aunis Tonalite Gneiss. Data from associated lithologic 

units provide an important frame of reference for discussion of the tectonomagmatic evolution 

of the early-stage crust. 

Analyses are reported on Microfiche with total Fe expressed as Fe203. However, an 

estimate of the Fe203/FeO ratio is required in order to accurately calculate both the CIPW 

norm and Mg# (molecular MgO/[MgO + FeO]) values. Le Maitre (1976) proposed the calcula-
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tion of an oxidation ratio (FeO/[FeO + Fe203]) based on multiple regression formulae for 

volcanic and plutonic rocks: 

OX(volcanic) = 0.93 - 0.0042 Si02 - 0.022 (Na20 + K20) 

OX(plutonic) = 0.88 - 0.0016 Si02 - 0.027 (Na20 + K20) 

This method is favoured for the calculation of Fe203/FeO ratios in early- and late-stage 

AMT rocks for the following reasons: 

(a) The oxides used in the formulae are assumed to be largely unaffected by alteration 

(see following discussion). 

(b) The oxidation ratios are based on a statistical database of nearly 26 000 analyses 

which provide more realistic mean values as opposed to the maximum values (Fe203 = Ti02 

+ 1.5 wt.%) suggested by Irvine and Baragar (1971 ). 

(c) Where titrimetric determinations have been carried out on FeO contents, these values 

compare favourably with those calculated by the method of Le Maitre (1976). 

Occasionally the stability of the major oxides is in question and in these cases the use of 

Fe203/FeO ratios typical of modern magma type equivalents is preferable. Mg# values in 

particular are sensitive to the Fe203/FeO ratio and the selection of so-called "unerupted" 

ratios has been resorted to in the calculation of these values (cf. Gill, 1981 ). 

The degree of alteration in igneous rocks of the early-stage crust is discussed in the 

following section and is of particular importance where comparisons are made between 

ancient and modern rock suites. Alteration is considered here to represent any process, 

generally post-consolidation, which has changed the original chemical composition of an 

igneous rock. While the effects of weathering may be excluded to some extent by careful 

sample selection, the influence of such processes as metamorphism and metasomatism may 

be more subtle and the effects less easily avoided during sampling. 

4.2 ASSESSMENT OF ALTERATION 

The most severe alteration in the early-stage crust of the AMT probably occurs in metaba­

salts of the Kairab Complex. The presence of pillows in these basaltic rocks suggests the 

possibility of both sub-aqueous weathering and hydrothermal alteration caused by subvol­

canic igneous masses. However, the amphibolite grade of metamorphism is too high to use 

LOI (volatile content) as a measure of any hydrous alteration, since prograde reactions 

typically result in significant dehydration. 

Although some evidence for element mobility should be expected in metabasic rocks 

(Floyd, 1976; Beswick and Soucie, 1978), alteration during metamorphism may give rise to 

the redistribution of elements on the scale of the sample rather than a complete change in 

element concentrations (Smith, 1968). The possibility of nearly isochemical metamorphism 

may be considered in the case of the Kairab metabasalts in view of the large sample masses 

(± 6 kg) taken. In order to test this possibility the approach of Beswick and Soucie (1978) was 
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used and is illustrated in Fig. B.15. This approach compares major oxide molecular proportion 

ratios in metavolcanic rocks to the same ratios in essentially unaltered post-Mesozoic suites. 

The common denominator in these ratios is K20, which is retained in the liquid phase until 

late stages of fractionation prior to the crystallisation of K-feldspar. 

In general, deviations from unaltered trends in Fig. B.15 are not significant in terms of 

vertical and horizontal displacements. However, considerable displacement is indicated for 

three samples along a 45° positively sloping line as a result of their extremely low K20 

contents. Potassium depletion may be the result of metamorphism in these samples, since 

mobility of both Sr and K has been reported in low grade basaltic rocks (Smith and Smith, 

1976) and could, therefore, reflect a retrograde metamorphic overprint in the case of the 

medium grade Kairab metabasalts. 

When compared with the metabasalts, metaf els it es in the Kairab Complex plot closer to 

the origin and show greater deviation from the unaltered trends in Fig. B.15. The data scatter 

suggests some silicification and lesser Ca depletion in these lavas. Accordingly, mobile 

elements (e.g. LILE) must be used with caution in any geochemical classification. However, 

the degree of scatter is not extreme and no correction procedure was considered necessary. 

In conclusion, nearly isochemical metamorphism may be assumed for the majority of 

eruptive rocks in the Kairab Complex provided that obviously sheared and altered zones are 

avoided during sampling. If similar constraints are applied to associated meta-intrusive rocks 

in the Kairab Complex, then an assumption of only limited mobility of the major elements may 

be considered reasonable. 

4.3 GEOCHEMICAL CHARACTERISATION 

4.3.1 Kairab Complex 

4.3.1.1 Metavolcanlc succession 

(I) Classification 

The metavolcanics of the Kairab Complex display a wide range in composition from 

"basalt" to "rhyolite" on the total alkali-silica (TAS) diagram (Fig. B.16) in which compositional 

fields are defined according to Le Bas et al. (1986). The paucity of compositions in the 

"basaltic andesite" to "dacite" range is noteworthy and illustrates the bimodal nature of this 

succession (Table B.2). A limited effect of post-consolidation processes such as alteration 

and metamorphism is suggested by the similar compositional fields (according to Winchester 

and Floyd, 1977) illustrated for these lavas in immobile element ratio plots (e.g. Zr/Ti02 

versus Si02; Fig. B.30). These plots do, however, suggest that some of the basaltic rocks 

show well-defined alkaline tendencies, a characteristic which is not well illustrated in Fig. 

B.16. This alkaline tendency is also not borne out by the low Ti02 concentrations, particularly 

when plotted on the widely used Zr/P20s versus Ti02 plot (Fig. B.17) in which magma types 

are defined according to Floyd and Winchester ( 1975). 
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Fig. 8.16: Total alkali-silica (TAS) diagram 
showing distribution of data for the Kairab 
metavolcanic succession. Rock group sub­
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(THOL) and calc-alkaline (CA), and sub-al­
kaline (SUBALK) and alkaline (ALK) fields 
are according to Kuno (1968) and Irvine 
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In order to differentiate between the two subalkalic series, tholeiitic and calc-alkaline, 

several criteria may be used, viz. alkali contents, iron-enrichment, groundmass mineralogy 

and normative mineralogy (Gill, 1981, p. 8). Some of these criteria have been employed in the 

TAS (Fig. B.16) and AFM (Fig. B.18) diagrams and provide good evidence for the tholeiitic 

nature of the bulk of the metavolcanic succession. The apparent calc-alkaline classification of 

several samples in these diagrams may, however, be attributed to enhanced concentrations 

of total alkalis as a result of alteration. By contrast, concentrations of the "stable" oxide Al20a 
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Fig. B.18: AFM diagram showing compositional variation of 
the Kairab metavolcanic succession. Boundary between 
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in the Kairab basalts are generally high 

when compared with typical tholeiitic series 

reported by Irvine and Baragar (1971). So­

called high-alumina basalt was originally 

defined by Kuno (1960, p. 122) as basalt 

having a "higher content of Al203 (generally 

higher than 17 per cent and rarely as low as 

16 per cent) than that of the tholeiite with 

the corresponding Si02 and total alkalis, 

and by lower alkali content than that of the 

alkali basalt, provided only aphyric rocks 

are compared". 

Using the abovementioned chemical 

characteristics, Middlemost (1975) devised 

a plot of Al203 versus alkali-index ([Na20 + 

K20]/[{Si02 - 43} • 0.17]) in order to separ-

ate high-alumina basalts from other more 

common sub-alkalic basalts. This plot is illustrated in Fig. B.19, where it is used to differen­

tiate between basalts in the Kairab Complex. The high-alumina basalts are typically rich in 

plagioclase phenocrysts and hence do not satisfy Kuno's original stipulation that only aphyric 

rocks be compared. However, the term "high-alumina" basalt has been applied extensively to 

plagioclase porphyritic lavas in the Aleutian Arc (Brophy, 1986, 1987; Brophy and Marsh, 

1986; Gust and Perfit, 1987; Myers et al., 1986), although the primary (and non-accumulative) 

nature of these lavas is the subject of much debate. 

Kairab metafelsites are typically rhyolitic and form both a low-silica (71-75% Si02) and 

high-silica (>75% Si02) group. From Table B.2, comparison of these two groups indicates that 

the high-silica group is characterised by lower contents of all oxides except Si02 and total 

alkalis. However, total alkalis never reach levels out of the subalkaline and calc-alkaline fields 

(Figs B.16 and B.18) of Irvine and Baragar (1971). High field strength element (HFSE) 

contents are broadly similar in both rhyolite groups, but slightly higher in the high-silica group, 

whereas light rare earth elements (LREE) are slightly lower in the latter group. 

(II) Comparison with modern volcanic suites 

The average compositions listed in Table B.2 are not ideal for comparative purposes since 

both boundary conditions and statistical significance vary considerably for averages reported 

in the literature. Accordingly, Fig. B.20 better illustrates the averages and ranges of several 

diagnostic and relatively stable elements in the Kairab basalts as compared with data for 

modern basalts compiled by Maclean et al. (1982). This figure indicates that the so-called 
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TABLE B.2: Average chemical compositions of metavolcanics in the Kairab Complex 

THOLEllTE DEPLETED 
THOLEllTE 

HIGH-AL 
BASALT 

ANDESITE DACITE RHYOLITE 

(n=6) (n=2) 

mean s.d. mean s.d. 

SiO-! 47.98 .61 49.60 .96 
TiO-! .38 .04 .33 .12 
Al2"3 15.30 .64 17.48 .16 
F92Qa" 12.11 1.04 9.41 2.37 
MnO .26 .05 .16 .03 
MgO 7.64 .61 7.01 .77 
Cao 14.14 1.53 13.51 .48 
N~O 1.78 .30 2.28 1.75 
1<20 .31 .18 .20 .05 
P20s .11 .03 .02 .01 

Nb 6.4 2.7 1.8 .5 
Zr 38 12 12 5.0 
y 12 1.9 7.9 .1 
Sr 245 83 212 40 
Rb 9.3 3.0 1.7 1.0 
Th 1.0 1.1 n.a. 
Pb 13 4.8 n.a. 
Zn 88 31 78 23 
Cu 63 72 113 150 
Ni 110 68 50 16 
Co 44 12 n.a. 
Cr 324 144 13 
v 341 46 299 66 
Ba 106 30 15 9.5 
Sc 52 51 .7 
La 3.8 2.2 1.4 
Ce 3.1 n.a. 
Nd 2.0 n.a. 
Cs 1.8 n.a. 

Mg# 60 2 64 3.0 

(n=14) 

mean 

48.49 
.40 

19.35 
12.35 

.24 
4.37 

12.63 
1.89 

.18 

.10 

s.d. 

1.51 
.13 

1.43 
1.21 

.05 
1.19 
1.43 

.84 

.19 

.03 

7.2 1.9 
38 4.2 
9.4 3.2 

264 47 
6.8 3.2 

.8 .8 
8.9 4.3 

89 19 
84 57 
18 12 
35 6.7 
13 

376 48 
112 60 
38 

6.6 
9.9 
8.7 
1.6 

45 8 

(n=1) 

mean 

58.62 
.67 

19.89 
6.71 

.13 
1.18· 

10.08 
2.38 

.15 

.19 

56 
25 

.9 

301 
1.0 
2.7 
3.0 

68 
84 

4.8 
16 
15 

173 
33 
34 

1.3 
9.5 
9.6 
1.4 

29 

Major oxide concentrations in wt.%; trace element concentrations in ppm 

All Fe expressed as Fe2Da" 

n.a. =not analysed; s.d. =standard deviation (1cr) 

LOW-5102 HIGH-5102 

(n=1) (n=4) (n=2) 

mean mean s.d. mean s.d. 

64.78 72.52 1.00 76.59 .43 
.58 .24 .08 .17 .10 

16.00 12.60 .76 11.64 1.15 
8.08 5.33 .71 3.63 1.73 

.08 .16 .06 .14 .13 
1.56 .47 .37 .07 .10 
4.21 3.11 1.04 2.68 .01 
3.62 4.29 .25 3.04 1.69 

.93 1.20 .12 1.99 .78 

.16 .08 .02 .05 .02 

4.7 5.1 2.1 6.5 5.1 
125 95 5.9 112 2.6 
36 37 11 38 26 

251 150 51 136 98 
30 24 6.8 35 23 

2.6 2.0 1.0 1.4 1.3 
2.9 4.6 3.6 6.8 6.1 

116 59 14 57 30 
5.6 3.9 3.5 1.9 2.0 
2.5 1.5 .8 1.4 1.2 
5.6 6.3 5.8 14 14 
9.8 15 4.5 16 

23 8.9 10.7 18 2.5 
174 360 205 367 58 

26 15 2.1 6.6 
11 10 1.4 8.2 
24 25 3.5 20. 
18 18 4.5 13 
3.4 2.8 1.6 1.1 

31 16 12 6 8 
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Fig. 8.20: Comparison of "im­
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Montauban metabasalts. Data 
ranges and averages (filled cir­
cles) compiled by Maclean et al. 
(1982) for modern and Montau­
ban basalts. 

immobile elements Ti, Y, Zr and Nb in Kairab basalts differ from recent flows in two main 

aspects: 

(a) Element abundances occupy a relatively narrow range of values. 

(b) Element concentrations are generally close to the lower limit displayed by modern 

basalts. 

Although absolute abundances of these elements may be subject to variation as a result of 

a variety of both open and closed system magmatic and metamorphic processes, the low 

overall contents of Ti, Y, Zr and Nb in Kairab basalts do not favour within-plate settings such 

as ocean islands and continental interiors. Abundances of Ti, Y and Zr are also low relative to 

typical mid-ocean ridge basalts. Together with the tholeiitic character demonstrated in the 

previous section, it is clear that the trace element abundances of the Kairab basalts most 

closely resemble those of island arc or back-arc tholeiites. 

The generally low abundances of the compatible elements Ni (mean = 46 ppm) and Cr 

(mean = 103 ppm) in the Kairab basalts are also fairly typical of island arc tholeiites ( <50 ppm 

for both according to JakeA and Gill, 1970, and JakeA and White, 1972), although high values 

have been reported in the literature (Brown et al., 1977). A plot of Y versus Ni (Crawford and 

Keays, 1978) provides a useful means of illustrating the contrasting abundances of HFSE and 

compatible elements in tholeiites from the ocean-floor as opposed to island arcs (Fig. B.21 ). 

Shervais (1982) has demonstrated that Ti/V ratios of volcanic rocks reflect the oxygen 

fugacities of the magma and are typically lowest in tholeiites from island arcs compared with 

MORB, continental flood basalts and alkali basalts of ocean islands. This ratio may also be 

used in altered rocks since Ti and V behave coherently during alteration. Analyses of the 

Kairab basalts show an average Ti/V ratio of about 6, but a range from less than 5 to around 

20 (Fig. B.22). While Ti/V ratios of less than 1 O are most characteristic of boninites, a wide 
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Fig. B.22: Ti vs. V plot of Kairab basalts, showing trend lines 
of constant Ti/V ratios = 5, 10 and 20 for reference (modi­
fied from Shervais, 1982). See text for discussion. 

range in Ti/V ratios in samples from a restricted geographical area may be diagnostic of a 

back-arc setting (Shervais, 1982). 

The amphibolite facies grade of metamorphism typical of basalts of the Kairab Complex 

does not, in general, appear to have disturbed the incompatible elements as witnessed by 

their narrow compositional ranges. Although the evidence for element immobility is largely 

qualitative, compositional stability appears to be borne out by the only slightly LAEE enriched 

pattern (LaN/YbN = 1.7) of pillow-bearing high-alumina basalt (Fig. B.23). Comparative fields 

for continental tholeiites as well as island arc and back-arc tholeiites indicate that the profile 

of this basalt is more typical of the latter group. The slightly positive Eu anomaly is certainly 

atypical of continental tholeiites and is not sufficiently pronounced to suggest plagioclase 

accumulation. While slight LAEE enrichment is not uncommon in transitional ridge segments, 

the patterns displayed are distinctly different from that of the Kairab basalt (Fig. B.23). The 

latter pattern is similar to high-alumina Atka basalts in the Aleutian Arc (Myers et al., 1986), 

although overall enrichment is not as great (Fig. B.24). 

Further trace element characterisation of the Kairab basalts can be achieved by using 

MOAB-normalised abundance patterns (Pearce, 1982). Three sample groups were chosen for 

display in Fig. B.25, viz. tholeiites, "depleted" tholeiites and high-alumina basalts. Since 

MOAB-normalised patterns are thought to reflect source region characteristics independent of 

magmatic processes such as fractional crystallisation and partial melting, the following obser­

vations can be made by" comparison of patterns in Fig. B.25 with those typical of a range of 

modern sources (Pearce, 1982, 1983): 
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alumina basalts. Normalising abundances according to Pearce 
(1982, 1983). 
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(a) Both tholeiitic and high-alumina basalts show features in common with volcanic arc 

magma types, viz. an enrichment in the elements Sr, K, Rb, Ba and Th, and a depletion in the 

elements Ce, P, Zr, (Sm), Ti, Y and (Yb). 

(b) The slight enrichment in Nb and sometimes Sc and Cr in the tholeiitic and high-alumina 

basalts is, however, somewhat anomalous and resembles patterns displayed by transitional 

volcanic arc basalts. 

(c) While patterns obtained in the first two groups are largely similar, the "depleted" 

tholeiitic basalts are characterised by MOAB-like abundances for several of the LIL elements 

(K, Rb, Ba), but significant depletion in the elements P, Zr, Ti, and Y. The continuity of 

depletion in these elements suggests that this is a primary feature. 

Pyroclastic rhyolites, although volumetrically subordinate to associated basalts, form an 

important part of the metavolcanic succession in the Kairab Complex. The compositional 

characteristics of both low- and high-silica rhyolites are best illustrated in "spidergrams" (Fig. 

B.26) using the procedure of Thompson et al. (1984). These spidergrams incorporate com­

parative data from rhyolites of both intra-continental rifts and intra-arc regions of Cenozoic 

age (compiled by Sylvester et al., 1987), and illustrate that the Kairab rhyolites most closely 

resemble the rhyolites of subduction-related suites. This similarity is further borne out by the 

wide range in Si02 (71-77 wt.%), relatively high concentrations of Al20a + Cao (mean 

>14.33 wt.%) and low total alkalis (mean <5.5 wt.%) in the Kairab rhyolites. 
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Fig. B.28: Comparison between chondrite-normalised REE 
patterns for the Kairab and Montauban (after Maclean et 
al., 1982) pillowed metabasalts. 

Both low- and high-Si02 Kairab rhyolites show overall chemical similarities to high-Si02 

oceanic island arc rhyolites in a chondrite-normalised spidergram (Fig. B.27). Of particular 

interest are the pronounced negative Th anomalies, since Th depletion is regarded as typical 

of high-Si02 oceanic island arc rhyolites as opposed to rhyolites formed in continental arcs 

and intracontinental rifts (Sylvester et al., 1987). 

(Ill} Comparison with ancient volcanic suites 

Many of the geochemical characteristics of the Kairab basalts discussed in the previous 

section are remarkably similar to Proterozoic amphibolites at Montauban-les-Mines in the 

Grenville Province of Quebec (Maclean et al., 1982). This comparison is particularly applic­

able since it involves rocks of similar origin and composition (pillow-bearing basalts), meta­

morphic grade (amphibolite facies), age (Proterozoic), and tectonic situation (adjacent to 

broadly contemporaneous, relatively undeformed, rift-related volcanics). The geochemical 

similarities are illustrated in Figs B.20 and B.28 and Maclean et al. (1982) conclude that the 

data for the metabasalts and ot~er amphibolites at Montauban are most compatible with 

tholeiitic volcanism in an island arc environment. Cr and Ni contents are, however, relatively 

high compared with Kairab basalts and more typical of a back-arc environment. 

Proterozoic amphibolites in the Bushmanland Group of the Namaqualand Metamorphic 

Complex have been studied in detail by Reid et al. (1987). These workers show that the 
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Bushmanland amphibolites contain tho­

leiitic basalts which are enriched in Ni 

relative to modern basalts. When com­

pared with the Bushmanland basalts in a 

plot of Mg# (molecular MgO/[MgO + FeO] 

adjusted to wt.% Fe203/Fe0 = 0.2) versus 

Ni (Fig. B.29), it is clear that the Kairab 

basalts are generally characterised by con­

siderably lower Ni contents. While Gill 

(1979) regards relatively high Ni contents 

as typical of Archaean tholeiites, the com­

paratively low Ni contents in the Kairab 

basalts are more typical of modern anal-

Mg# ogues, especially island arc tholeiites. 

Fig. B.29: Mg# vs. Ni diagram comparing Kairab basalts 
with Proterozoic Bushmanland basalts (after Reid et Relatively high Ni contents and high Mg# 
al., 1987). Modern and Archaean basalt fields are from 
Gill (1979). values in the Kairab basalts are generally 

restricted to those samples which are not 

characterised by high-alumina compositions and show in Fig. B.29 a close resemblance to 

tholeiites from mid-ocean ridges and marginal basins. 

The overall chemical similarity of the Kairab basalts to amphibolites of the Areachap Group 

in South Africa has important geotectonic implications. Situated some 700 km to the south­

east of the AMT and along the eastern margin of the NMC, massive amphibolites of the 

Boksputs sequence (within the Areachap Group) chemically resemble low-K arc tholeiites 

(Geringer, et al., 1986). A more detailed discussion on the regional significance of this 

similarity is given in Part D. 

The bimodal nature of the Kairab metavolcanics together with the low-K tholeiitic character 

of many of the basalts bear similarities to several Archaean greenstone belts described from 

the Canadian Shield, e.g. Michipicoten (Sylvester et al., 1987) and the Huronian (Jolly, 1987). 

The compositional characterisitics of the Kairab rhyolites compare favourably with those of 

the Michipicoten rhyolitic ash-flow tufts, e.g. similar patterns in chondrite-normalised spider­

grams, the latter having been interpreted as subaerial to submarine arc eruptions. LILE and 

LREE contents of the calc-alkaline rhyolites in the Huronian rift are, however, generally higher 

than the Kairab rhyolites and are interpreted by Jolly (1987) to have been erupted in a 

developing continental rift zone. In both the Michipicoten and Huronian greenstones, the 

compositional characteristics of the rhyolites clearly depend on the nature of the crustal 

sources which have undergone partial melting/anatexis. 
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Bimodality alone does not provide sufficient evidence for a continental rift setting and may 

be attributed to several causes: 

(a) In ancient back-arc basins, bimodal volcanics may reflect felsic input from the arc and 

mafic input in the basin (Condie, 1986). 

(b) Paucity of andesitic magma along an immature oceanic island arc, e.g. Kermadec­

Tonga arc, or along a predominantly rhyolitic continental arc, e.g. Taupo volcanic zone, may 

result in bimodal volcanic successions (Sylvester et al., 1987). 

(c) Liquidus surfaces have shallow slopes at shallow depths (< 1 O km), so that fractional 

crystallisation may give rise to bimodal magmas (Grove and Donnelly-Nolan, 1986). 

80 

75 

70 

65 
5102 

60 

55 

50 

45 

D +RD 

" Kalrob mofic intrusion 
• Kolrob felsic intrusion 

• Aunls Tonolite Gneiss . 

/J',. Field of Koirob 
tl/.i metovolconics 

40'---'--'-...J-L...J...LJ..LJ-~L.-L.....L....L..&..LJ...Ll~-'--'-....L...L...J...LJ~ 

0.001 0.01 0.10 1.00 
Zr/Ti02 

AB = alkali basalt Sub-AB = sub-alkali basalt 
A = andesite D + RD = dacite, rhyodocite 
R = rhyolite 

4.3.1.2 Meta-Intrusive suites 

Fig. 8.30: Zr!Ti02 vs. Si02 diagram 
showing the similarities in composi­
tion between early-stage intrusive 
units and the Kairab metavolcanic 
succession. Rock group divisions 
are according to Winchester and 
Floyd (1977). 

While not discussed in any detail here, selected major and trace element data of metagab­

broic and metafelsitic intrusive rocks are presented in Figs B.30 and B.31 in order to illustrate 

their relationship to associated metavolcanics in the Kairab Complex. The plot of Zr/Ti02 

versus Si02 (Fig. B.30) indicates a close compositional association between the volcanics 

and later intrusive rocks. The relatively wide spread in Zr/Ti02 ratios for the metagabbroids is 

possibly due to their wider regional distribution compared with the metabasalts. 

The bimodality of the metavolcanics is also reflected in the meta-intrusive suite in both Fig. 

B.30 and on an AFM diagram (Fig. B.31). The displacement of the meta-intrusive rocks 

towards more MgO-rich compositions (and higher Mg# values) compared with the metavolca­

nics is probably the result of their cumulate origin rather than indicative of a more primitive 

nature. Substantial compositional variability exists within the suite of metagabbros (Appendix 

Ill - Table V), especially for the more mobile elements such as the alkalis. Such variation is 

not uncommon in Proterozoic metagabbros from bimodal suites, e.g. Salida gabbros in central 
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Fig. 8.32: MOAB-normalised minor and trace element 
variation diagram for Kairab metagabbros compared 
with the envelope of patterns obtained for associated 
metabasalts. Normalising procedure according to 
Pearce (1982, 1983). 

Colorado (Boardman and Condie, 1986). While broadly similar compositional variation is 

displayed by the associated metavolcanics, certain compositional types are unique to the 

lavas, e.g. high-alumina basalt. 

A more rigorous comparative treatment would be to consider only those gabbros which are 

unequivocally associated with eruptive rocks both spatially and, probably, temporally. Poten­

tially of greatest importance are those gabbros which are stratigraphically associated with the 

high-alumina pillow-bearing basalts to the south-west of Chowachasib Mountain (see Section 

B.2). MOAB-normalised plots are presented in Fig. B.32 for three of these gabbros together 

with the envelope of patterns obtained for the basalts in Fig. B.25. The most noteworthy 

feature here is that MOAB-normalised patterns for these gabbros indicate greater enrichment 

compared with associated basalts for all elements except Nb, although some overlap does 

o.ccur. These patterns also most closely resemble those displayed by volcanic arc basalts 

(Pearce, 1982, 1983), a feature consistent with the interpretation for the Kairab basalts in the 

previous section. The implication of a more enriched source for the gabbros suggests either a 

separate source relative to the basalts or a later period of metasomatism resulting in enrich­

ment of the same source. Alternatively, enrichment may have been produced by a smaller 

. degree of partial melting of the same source that produced the basalts. 

The paucity of data available for the intrusive metaf el sites precludes any detailed discus­

sion of their chemical character. The two samples taken show compositions similar to those 

for "dacite" and "low-silica rhyolite" in Table B.2. Perhaps of more importance, however, is the 

compositional similarity between the "low-silica" metafelsites and the Aunis Tonalite Gneiss 
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illustrated in Figs B.30 and B.31. A genetic relationship between intrusive metafelsite and 

Aunis Tonalite Gneiss would suggest a much greater volume of felsic intrusive activity 

associated with the metavolcanic succession. 

4.3.2 Early-stage granltolds 

(I} Introduction 

Selected major and trace element data are presented in this section for a range of 

predominantly felsic granitoids and gneisses which make up a significant proportion of the 

early-stage crust. These granitoids may be broadly divided into the Aunis Tonalite Gneiss and 

,Khorasib Granite Gneiss, the latter comprising both gneiss and granite (Section 8.2). Occa­

sional reference will be made to intrusive rocks in the Kairab Complex which were briefly 

discussed in the previous section. In view of the many uncertainties inherent in the field 

relationships of these "basement" granitoids, this section will attempt to establish geochemi­

cal parameters by which these granitoids may be discriminated from each other as well as 

reveal any subtle relationships between them. In particular, it is intended to provide the 

necessary geochemical background for further discussions on the petrogenesis of late-stage 

successions, specifically the volcanics of the HFF. 

(II) Classification / 

Generally smooth trends obtained on Harker diagrams (not presented here) suggest that 

subsolidus alteration is not significant for the granitoid suites selected and that these trends 

probably reflect primary igneous processes. Accordingly, the use of major and trace elements 

in the classification of these granitoids is considered valid. 
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Fig. B.33: Ternary plots for early-stage granitoids in the AMT. (a) Normative An-Ab-Or; (b) normative Oz-Ab-Or. 
Chemical trends from Barker and Arth (1976). 
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On a normative An-Ab-Or diagram (Fig. B.33), data for the Aunis Tonalite Gneiss plot 

predominantly in the tonalite field of Barker (1979) with some overlap into the trondhjemite 

field. While samples of the Khorasib gneiss straddle the granodiorite and granite fields, the 

younger Kho.rasib granite samples plot entirely within the granite field. The data scatter in an 

AFM diagram (Fig. B.31) infers a Cale-alkaline character for most of the early-stage grani­

toids. Associated gabbros of the Kairab Complex are, however, typically tholeiitic in character 

and hence difficult to relate to the more felsic granitoids. A normative Oz-Ab-Or diagram (Fig. 

B.33) suggests that only data for the Khorasib Granite Gneiss follow a calc-alkaline trend, 

whereas data from the Aunis Tonalite Gneiss lie closer to a gabbro-trondhjemite trend (after 

Barker and Arth, 1976). Data for the gabbros may, however, lie on either of these trends. 

A widely used first order classification of granitoids is the degree of alumina saturation 

(Shand, 1927; Chappell and White, 1974) which refers to the molecular proportion of Al203 

relative to the alkalis and Cao. This classification is illustrated in Fig. B.34, which shows that 

the early-stage granitoids are predominantly metaluminous to slightly peraluminous. Peralu­

minous tendencies are largely restricted to the Khorasib Granite Gneiss, especially the 

younger granites. In general, however, the ratio A/CNK (molecular% Al203/(CaO + Na20 + 

K20)) does not exceed 1.1 and is therefore unlike the strongly peraluminous granites derived 

from "S-type" sources (Chappell and White, 1974). Nevertheless, the ratio A/CNK (Shand 

Index) is a useful measure of alumina saturation and may be used further as a crude indicator 

of the "S-type" component involved in the derivation of anatectic granites. 

In addition to alumina saturation, enrichment in HFSE has been used by Pearce et al. 

(1984) to infer the degree to which a given granite demonstrates a "within-plate" character. 

However, only partial discrimination is achieved between different early-stage granitoids by 

plotting the parameters Nb + Y and A/CNK against each other (Fig. B.35). Samples of the 

Metaluminous 

coo 

Fig. B.34: Molecular 
alumina-calcium-alkalis 
ternary diagram showing 
the metaluminous to 
slightly peraluminous 
character of early-stage in­
trusive units. Classification 
based on Shand (1927). 
Symbols as before. 
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Aunis Tonalite Gneiss show low levels of HFSE and moderate levels of NCNK, both features 

typical of calc-alkaline granitoids. While data for the Khorasib granites exhibit relatively high 

values of NCNK and a wide range in HFSE, data for the Khorasib gneisses appear to be 

transitional between the two groups and may represent both Cale-alkaline and crustal-melt 

granitoids. While it is possible that the Khorasib gneisses contain some unrelated rock types, 

an alternative explanation is that the chosen geochemical parameters are not able to achieve 
. ' 

a meaningful separation of granitoids within this suite. Accordingly, one may question the 

usefulness of discriminant plots which are based on the application of simple geochemical 

parameters (e.g. Pearce et al., 1984). 

In general, geochemical discrimination between the Aunis Tonalite Gneiss and Khorasib 

Granite Gneiss (especially the Khorasib granite) is easily achieved, e.g. Fig. B.36. However, ' . . 

distinction between older gneiss and younger granite within the latter suite is less easy to 

make. Granite (sensu stricto) gneisses within this suite are compositionally similar to the 

granites and may, therefore, imply that field distinction on the basis of fabric development is 

not a useful criterion. Certain element ratios do, however, appear to support this criterion, e.g. 

Rb versus Zr (Fig. B.36d) which indicates that the Rb/Zr ratio typically exceed.s 0.6 in the 

granites, but rarely does in the gneisses. 

(Ill) Comparison with modern and ancient granite suites 

The suggested calc-alkaline and gabbro-trondhjemitic trends displayed by the early-stage 

granitoids in Fig. B.33 warrant further comparison with better studied and preserved intrusive 

suites reported in the literature. Rogers and Greenberg ( 1981) used a diagram of 

log(K20/Mg0) versus Si02 to obtain maximum separation of calc-alkaline and alkaline granite 

suites from a variety of suites of Pan-African to Recent age. These fields, together with the 

trend for the Sierra Nevada batholith and data for the early-stage AMT granitoids, are 

85 

75 

(\I 

Q 65 
V> 

55 

• tr 
. tr . ""------... 

A A ----M--A'r- / 
AIA A ..--;:- ,•-'I / Fig. B.37: Log 

A AA .,,,,.-" / ; _,./' (K20/MgO) vs. Si02 di-
A A ..-'• ;/ ,,-_,..-' * / ;; * _,.,\/ agram showing the rela-
,/ j/ * / tionship between 

Calc-alkalic /' * / 1 ,/"Alkali batholiths early-stage AMT intru-
bathollfhs 7" / / ,,--'' · sions and fields of "calc-

,, ,," '--' alkalic" and "alkali" ,,,, ,, 
,, /' batholiths for a variety of 

,,,, ,,..- Sierra Nevada bathollth suites of Pan-African to 
,,;"" ,,,"" Recent age (after Ro-

,,,,,, ,,.,,." gers and Greenberg, 
•./ • ... .-. • 1981). Note the occur-

,,,, ----- • rence .of the Sierra Ne-'-----.. . 45 .__---''-----'--__,, __ __.. __ ---'------L----'----' vada batholith trend in 
-2 -I o 2. both fields. Symbols as 

Loo (~0/MoOI before. 

59 



PART B: EARLY-STAGE CRUST 4. WHOLE-ROCK CHEMISTRY 

illustrated in Fig. B.37. This diagram illustrates the following features: 

(a) A broad correspondence between data for the Khorasib Granite Gneiss and the Sierra 

Nevada batholith trend, with a gradual displacement of the former towards relatively high Si02 

contents with increasing alkalinity. 

(b) Poor correspondence between data for the Aunis Tonalite Gneiss and the field of 

"calc-alkalic batholiths". 

(c) An approximate clustering of gabbros of the Kairab Complex at the lower end of the 

field of "calc-alkalic batholiths", indicating that these basic rocks may form part of a bimodal 

association with either the Aunis Tonalite Gneiss or Khorasib Granite Gneiss. 

The close spatial and compositional association between the Aunis Tonalite Gneiss and 

metavolcanic succession of the Kairab Complex is noteworthy. In particular, it is conceivable 

that these tonalites represent the end product of differentiation within a possible ophiolite 

sequence south-west of Chowachasib Mountain. In order to test this possibility, data for the 

Aunis Tonalite Gneiss have been plotted on a semilog diagram of Si02 versus K20 

(Fig. B.38). Compositional fields (according to Coleman, 1977) indicate that an extremely low 

K20 content is the most important chemical characteristic of ophiolite sequences. Fig. B.38 

shows several important features, viz. the similarity of the Aunis Tonalite Gneiss to "continen­

tal trondhjemites", the good correlation between "continental granophyres" and the Khorasib 

Granite Gneiss and the wide range in K20 for Kairab Complex gabbros. However, Coleman 
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compositional affinities of early-stage AMT granitoids 
and Kairab gabbros according to the classification 
scheme of Coleman (1977). Symbols as before. 

+ 

~N 
z 
:::::: 
0 
0 

~ 
Cl' 
0 

...J 

• 

0 

lncreasinc;i 
-0.5 arc maturity 

-1.0 

50 60 70 
SI02 

.. 

* * 
* 

80 

Fig. B.39: Silica vs. calc-alkaline ratio plot for early-stage 
AMT granitoids and Kairab gabbros. Cale-alkaline (com­
pressional) and alkali-calcic (extensional) fields are 
modified from Brown (1982). Symbols as before. 

60 



PART B: EARLY-STAGE CRUST 4. WHOLE-ROCK CHEMISTRY 

(1977) cautions against such comparisons in view of widespread low-grade metamorphism 

and possible metasomatism in ophiolites. 

The differentiation trends that give rise to oceanic plagiogranites are typically tholeiitic 

rather than calc-alkaline (Coleman, 1977). By plotting Si02 against the calc-alkali ratio 

log(CaO/Na20 + K20) in Fig. B.39, trends for the early-stage AMT granitoids may be com­

pared with trends for both modern magmatic arcs and intrusive suites (Brown, 1982). From 

this illustration it appears that the Aunis Tonalite Gneiss is calcic rather than calc-alkaline, 

whereas data for the Khorasib gneisses are predominantly calc-alkaline but also plot between 

the calc-alkaline and alkali-calcic fields. Samples of the Khorasib granite also tend to scatter 

between these fields and indicate some affinity with extensional alkali-calcic suites. Kairab 

gabbros show significant scatter in Fig. B.39 and do not demonstrate any clear association 

with the felsic granitoids. 

The general decrease in logarithmic calc-alkali ratios from Aunis Tonalite Gneiss through 

Khorasib gneiss to Khorasib granite may reflect a transition from a compressional to exten­

sional regime (cf. Brown, 1982). Coupled with this increase in logarithimic calc-alkali ratio is 

a general decrease in silica from the Aunis Tonalite Gneiss to the more mafic Khorasib 

gneisses, a trend which could suggest increasing arc maturity (Fig. B.39). The possibility, 

then, that the early-stage granitoids may record a history of arc development and subsequent 

intraplate extension is strongly dependent on the temporal relationships between these rock 

types. Intra-suite variation is difficult to constrain where field relationships are lacking (see 

Section B.2) and so the above assertion must remain somewhat speculative. 

Field relationships, regional considerations and geochemistry of metavolcanics in the 

Kairab Complex all appear to be consistent with the existence of an active continental margin 

in pre-Sinclair times. Accordingly, the geochemistry of related early-stage granitoids should 

lead to a similar conclusion. These granitoids and metavolcanics can best be compared by 

normalising their trace element abundances to the trace element composition of a hypotheti­

cal ocean ridge granite (ORG) according to the method of Pearce et al., (1984). These 

authors have calculated the trace element abundances of ORG by assuming 75% Rayleigh 

fractional crystallisation of a magma with the composition of a mid-ocean ridge basalt. 

Fig. B.40 illustrates the overall compositional similarity between the Aunis Tonalite Gneiss 

and f el sic volcanic and intrusive rocks in the Kairab Complex. The relative depletion in K, Rb 

and Ba in one of the felsic intrusions (BH 784) is possibly the result of alteration. ORG-nor­

malised patterns for the Khorasib Granite Gneiss are less useful for comparative purposes 

due to intra-suite compositional variation, and are not illustrated here. Despite the consider­

able spread in patterns for the Khorasib Granite Gneiss, correspondence is poor between 

these patterns and those for Kairab Complex felsites (sensu lato). 

Nevertheless, most of the early-stage granitoids show certain features in common, viz. 

enrichment in K, Rb, Ba and Th relative to Nb, Zr and Y. Where these features are combined 
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Fig. 8.40: Ocean ridge granite (ORG) normalised trace element variation diagrams illustrating overlapping 
patterns between (a) the Aunis Tonalite Gneiss and Kairab falsie volcanics, and (b) the Aunis Tonalite 
Gneiss and Kairab falsie intrusions. Normalising procedure according to Pearce et al. (1984). 

with low values of Y relative to ORG, the resultant patterns strongly resemble those obtained 

for typical volcanic arc granites {cf. Pearce et al., 1984). However, within the upper range of 

values obtained for the Khorasib Granite Gneiss, it is important to note that Nb, Zr and Y 

levels may be close to their normalising values and together with the LILE enrichment already 

mentioned, such overall abundances may be considered characteristic of "crust-dominated" 

patterns {Thirlwall and Jones, 1983, Pearce et al., 1984). 

The implication of these normalised abundance patterns is that there exists a variety of 

potential sources for the various granitoids and that field classification may well be oversim­

plified. The complexity of the situation is illustrated in Fig. B.41 which attempts to discriminate 

between granitoids of different tectonic affinity {fields after Pearce et al., 1984). The large 

spread in values from VAG to WPG is particularly well developed in the Khorasib Granite 
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Fig. 8.41: (Y + Nb) vs. Rb dis­
criminant diagram for early­
stage AMT granitoids. Fields of 
syn-collision (Syn-COLG), vol­
canic arc (VAG), within plate 
(WPG) and ocean ridge (ORG) 
granites are from Pearce et al. 
(1984). Dashed lines link similar 
granitoid types within the AMT. 
Symbols as before. 
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Gneiss, the Aunis Tonalite Gneiss showing relatively little scatter. Of interest here is the 

general increase in Rb from the Aunis Tonalite Gneiss (33 ppm) through Khorasib gneiss 

(82-102 ppm} to Khorasib granite (147 ppm}. Pearce et al. (1984} consider such progressive 

enrichment in Rb to represent the selective introduction of Rb from the subduction zone into 

the mantle source region. Within the VAG field at least, the relatively steep increase in Rb 

content may be due to the importance of amphibole as a crystallising phase (Pearce et al., 

1984}. The spread in Y + Nb values does, however, suggest that petrogenetic modelling of 

granitoids of the Khorasib Granite Gneiss cannot be well constrained and this feature is 

consistent with the involvement of continental crust in their genesis. Superimposed alteration 

(sufficient to enrich Rb}, crystal accumulation and volatile fluxing have probably all influenced 

the petrogenesis of these ancient granitoids and thereby contributed to the data scatter. 
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Fig. B.42: Plots of Nb and Y against Rb/Zr for early-stage AMT granitoids. Fields are modified from Brown et al. (1984). 

The source heterogeneity implied by the compositional variability of the early-stage grani­

toids is further illustrated in plots of Rb/Zr against Nb and Y {Fig. B.42}. Brown et al. {1984) 

have used these parameters to illustrate trends of increasing arc maturi!Y· but such trends are 

less evident here due to data scatter. Nevertheless, Fig. B.42 does illustrate a general 

increase in Nb and Y with increasing Rb/Zr ratio and it is clear that the youngest "basement" 

granitoids, viz. the Khorasib granites, display consistently higher Rb/Zr ratios than the older 

gneisses. Furthermore, there exists a general correspondence between data fields of the 

Aunis Tonalite Gneiss and "primitive island arcs" as well as between the Khorasib granite and 

"normal to mature island arcs" in Fig. B.42 {compositional fields modified after Brown et al., 

1984). Samples, typically of Khorasib Granite Gneiss, show HFSE enrichments at given levels 

of Rb/Zr which may reflect the source contribution from "within-plate" mantle lithosphere {cf. 

Brown et al., 1984). However, the superimposed contribution by the continental crust {enrich­

ment and melting) is a probable cause of scatter in these diagrams and tends to obscure an 

overall trend of increasing arc maturity from the Aunis Tonalite Gneiss·to the Khorasib granite. 
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4.4SUMMARY 

4.4.1 Kalrab Complex 

(i) The Kairab Complex volcanic succession shows a range in composition from basalt to 

rhyolite with a paucity of intermediate compositions. 

(ii) While TAS and AFM diagrams indicate a tholeiitic affinity for much of this succession, 

the low Ti abundances in the basalts suggest that these flows are wholly sub-alkaline rather 

than demonstrating any alkaline tendencies as indicated by the slightly elevated contents of 

total alkalis. Consideration of the Al20a content relative to the alkali-index of Middlemost 

(1975) reveals that the majority of basalts, especially pillow-bearing flows, are high-alumina 

types. 

(iii) Low abundances of Ti, Y, Zr and Nb in Kairab basalts resemble those of modern island 

arc or back-arc tholeiites, although low abundances of Ni and Cr are more typical of the 

former. The range in Ti/V ratio from <5-20 for the Kairab basalts and the only slightly LREE 

enriched pattern (LaN/YbN = 1.7) for high-alumina basalt are, however, more diagnostic of a 

back-arc setting. High-alumina basalts from the Aleutian Arc (Myers et al., 1977) display REE 

patterns not unlike those of pillow-bearing Kairab basalt. 

(iv) MOAB-normalised trace element patterns (Pearce, 1982) reveal that both tholeiitic and 

high-alumina basalts in the Kairb Complex show features in common with volcanic arc magma 

types, namely, an enrichment in the elements Sr, K, Rb, Ba and Th, and a depletion in the 

elements Ce, P, Zr, Sm, Ti, Y and Yb. Slight enrichment in Nb and sometimes Sc and Cr are, 

however, more typical of patterns displayed by transitional volcanic basalts. Volumetrically 

minor "depleted" tholeiites show MOAB-like abundances for K, Rb and Ba, but significant 

depletion in P, Zr, Ti and Y. 

(v) Ancient analogues for the Kairab metabasalts are found in Proterozoic amphibolites at 

Montauban-les-Mines in the Grenville Province (Maclean et al., 1982). The latter differ in their 

slightly higher contents of Cr and Ni but otherwise show remarkable similarity for the HFSE 

and REE patterns and reinforce the idea that the Kairab basalts are subduction-related. 

(vi) In the regional context, the Kairab basalts show an overall compositional similarity to 

low-K arc tholeiites (amphibolites) of the Proterozoic Areachap Group (Geringer et al., 1986) 

situated 700 km to the south-east of the AMT along the eastern margin of the NMC. 

(vii) Kairab metaf el sites are typically rhyolitic and are represented by both low- and 

high-silica types. Comparison of both groups of rhyolites with Cenozoic analogues suggests a 

broad compositional affinity with subduction-related suites, but good agreement for the ele­

ments Nb, Sr, Nd, P, Ti, Y and Zr in the high-silica rhyolites. The negative Th anomalies are 

believed to be particularly characteristic of high-silica oceanic island arc rhyolites rather than 

continental arcs or intracratonic rifts (Sylvester et al., 1987). 

64 



PART B: EARLY-STAGE CRUST 4. WHOLE-ROCK CHEMISTRY 

(viii} Ancient analogues of the Kairab rhyolites are best represented by the Archaean 

Michipicoten rhyolitic ash-flow tuffs (Sylvester et al., 1987), the latter having been interpreted 

as subaerial to submarine arc eruptions. 

(ix} The bimodal nature of the Kairab volcanic succession may be a consequence of 

selective preservation (Condie, 1986}, paucity of magma of intermediate composition (Sylves­

ter et al., 1987} or fractional crystallisation at shallow depth (Grove and Donnelly-Nolan, 

1986}. 

(x} Metagabbros show compositional similarities to the Kairab basalts, but high-alumina 

compositions are unique to the latter. More MgO-rich compositions in the gabbros reflect their 

cumulate origin, while greater enrichment of elements (excluding Nb} in MOAB-normalised 

plots suggests a more enriched source, or a smaller degree of partial melting of the same 

source, for the gabbros. 

(xi} Metafelsite intrusions are poorly represented but show, along with their volcanic 

counterparts, a compositional similarity to Aunis Tonalite Gneiss on AFM, Zr/Ti02 versus 

Si02 and ORG-normalised diagrams. Although not studied in any detail, a genetic relationship 

between metafelsite and Aunis Tonalite Gneiss would greatly increase the volume of felsic 

magmatism associated with the Kairab basalt. 

(xii} Geochemical data for the Kairab gabbros do not show any clear association with the 

Aunis Tonalite or Khorasib Gneisses. 

4.4.1 Early-stage granltolds 

(i} Data for the Aunis Tonalite Gneiss show some overlap into the trondhjemite field on a 

normative An-Ab-Or diagram (Barker, 1979}, while the Khorasib Granite Gneiss is contained 

within the granodiorite and granite fields on the same diagram. 

(ii} Although a calc-alkaline character is inferred for these granitoids on an AFM diagram, 

the Aunis Tonalite Gneiss lies closer to a gabbro-trondhjemite trend on a normative Oz-Ab-Or 

diagram. 

(iii} Early-stage granitoids are typically metaluminous in the classification of Shand (1927), 

although several of the Khorasib granites show a peraluminous tendency. 

(iv} Low levels of HFSE in the Aunis Tonalite Gneiss are typical of calc-alkaline granitoids 

and contrast strongly with the "within-plate" character demonstrated by HFSE enrichment in 

Khorasib granites. While the latter may be regarded as typical crustal melts, the associated 

gneisses are transitional between the two groups and represent both calc-alkaline and crus­

tal-melt granitoids. 

(v) Geochemical discrimination between Khorasib gneiss and granite is best achieved 

using a Rb/Zr ratio of 0.6, the latter being characterised by values greater than this. 
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(vi) The Aunis Tonalite Gneiss, despite its close association with the metavolcanic succes­

sion of the Kairab Complex, shows the higher K20 contents typical of continental trondh­

jemites rather than oceanic plagiogranites (Coleman, 1977). The Khorasib Granite Gneiss 

shows even higher K20 contents diagnostic of continental granophyres but a broad corre­

spondence to the calc-alkaline to alkaline Sierra Nevada batholith trend on a diagram of 

log(K20/MgO) versus Si02 (Rogers and Greenberg, 1981). 

(vii) Comparison of trends for the early-stage granitoids with trends for modern magmatic 

arcs and intrusive suites on a Si02 versus calc-alkali ratio diagram (Brown, 1982) shows that 

the Aunis Tonalite Gneiss fs calcic rather than calc-alkaline whereas the Khorasib Granite 

Gneiss exhibits a calc-alkaline to alkali-calcic tendency. Notwithstanding the problems of 

correlation between the early-stage granitoids, the trend from calcic to alkali-calcic is con­

sidered to reflect a history of arc development and subsequent intraplate extension. 

(viii) LILE enrichmen_t relative to HFSE is common to most early-stage granitoids and 

resultant patterns on ORG-normalised plots are typical of volcanic arc granites (Pearce et al., 

1984). Where the HFSE Nb, Zr and Y are close to their normalising values in addition (as 

shown by several Khorasib granites), the patterns are considered characteristic of "crust­

dominated" patterns (Thirlwall and Jones, 1983). 

(ix) The tectonic discriminant diagram Y +Nb versus Rb (Pearce et al., 1984) confirms a 

volcanic arc environment for the Aunis Tonalite Gneiss but shows a spread of data for the 

Khorasib Granite Gneiss across the volcanic arc and within-plate fields. A general increase in 

Rb from Aunis Tonalite Gneiss via Khorasib gneiss to Khorasib granite may reflect the 

selective introduction of Rb from the subduction zone into the mantle source region, but the 

spread in Y + Nb values is indicative of involvement of the continental crust in the genesis of 

the Khorasib Granite Gneiss. 

(x) HFSE enrichments at given levels of Rb/Zr in the latter further suggest a source 

contribution from within-plate sub-continental lithosphere (Brown et al., 1984). An overall 

trend o·f increasing arc maturity from Aunis Tonalite Gneiss to Khorasib granite is partly · 

obscured by the involvement of continental crust. 
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5.GEOCHRONOLOGY 

5.1 INTRODUCTION 

Correlation of the early-stage crust in the AMT with the NMC would infer an age range from 

middle to late Proterozoic. Accordingly, isotopic measurements have been carried out on the 

Kairab Complex metabasalt (Rb-Sr and Pb-Pb) and Aunis Tonalite Gneiss (Rb-Sr) in order to 

determine both absolute ages and the duration of activity in the Proterozoic. A more detailed 

discussion on the source characteristics is presented in Part D. 

A description of the chemical and analytical methods and experimental uncertainties is 

presented in Appendix II. Sample localities in the AMT are illustrated on a 1:100 000 scale 

geological map (Appendix I). 

5.2 ISOTOPE RESULTS 

Rb-Sr and Pb-Pb results are shown in Table B.3 and on conventional isochron diagrams in 

Fig. B.43. 

5.2.1 Kalrab Complex Metabasalt 

The ten analysed samples of the Kairab Complex Metabasalt define an isochron (MSUM = 

2.48) with an age of 1461 ± 169 Ma and an initial 87Sr/86Sr ratio (Ro) of 0.70269 ± 12. The 

separation of sample BH 774 from the main cluster of data points in Fig. B.43 clearly exerts a 

significant control on the slope of the regression line. Consequently, Pb separates were 

measured for four samples which fall within the main sample cluster on the Rb-Sr isochron. 

The inset in Fig. B.43 illustrates that these samples define a Pb-Pb isochron (MSUM = 1.1) 

with an age of 1467 +201/-215 Ma andµ= 9.87 ± 0.14/-0.15. Theµ value is slightly, higher 

than the value of 9. 7 4 pref erred by Stacey and Kramers ( 1975) for the second stage of their 

two-stage model of Pb isotope evolution. The Ro estimate for this unit is low. an indication that 

the source material of this metabasalt had a Rb/Sr ratio similar to, or slightly lower than, a 

"Bulk Earth" mantle composition. 

5.2.2 Aunls Tonallte Gneiss 

Nine samples of the Aunis Tonalite Gne'iss define an isochron (MSUM = 1.3) with an age 

of 1271 ± 62 Ma and Ro of 0.7029 ± 3. Sample BH 745 was excluded from the regression as 

it appears slightly weathered in thin section and deviates from the isochron line by more than 

three times the analytical uncertainty (Fig. B.44). Exclusion of this datum has little effect on 

the age and Ro estimates. Again the Ro estimate for the Aunis Tonalite Gneiss is low, an 

indication that the source material of this granitoid had a Rb/Sr ratio similar to a "Bulk Earth" 

or "Uniform Reservoir" mantle composition. This precludes a significant crustal pre-history or 
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TABLE B.3: Isotopic data, early-stage crust 

Lithology and Rb (ppm) Sr (ppm) 87Rb186sr (atomic) 87srl86sr (atomic) 206/204pb 207/204pb 208/204pb 
Sample number 

Kalrab Complex Metabasalt 

BH770 2.01 307 0.0189 0.70297 ±.2 
BH774 12.1 254 0.1372 0.70565±. 1 

BH 783 1.37 384 0.0103 0.70286±. 1 

BH 901 1.10 265 0.0120 0.70340±. 1 20.931 15.858 38.205 

BH 902 0.89 290 0.0089 0.70280±.1 17.840 15.565 37.515 

BH 903 0.75 328 0.0067 0.70289 ±.1 

BH 904 7.92 395 0.0579 0.7040 ±.1 

BH 905 3.92 313 0.0362 0.70315 ±. 1 17.870 15.584 37.569 

BH 906 2.30 274 0.0243 0.70323 ±.1 

BH 907 5.38 360 0.0433 0.70337 ±.1 18.689 15.660 38.494 

Aunls Tonallte Gneiss 

BH727 29.8 121 0.713 0.71609 ±. 1 

BH 745 30.1 205 0.425 0.71131 ±. 1 

BH 746 25.3 214 0.342 0.70912 ±. 1 

BH747 19.9 227 0.254 0.70766±.1 

BH748 25.9 193 0.388 0.70977 ±. 1 

BH 749 25.1 200 0.368 0.70951±.1 

BH 750 25.4 208 0.353 0.70915 ±. 1 

BH 751 28.9 190 0.440 0.71082±.1 

BH 752 24.6 181 0.393 0.71015 ±. 1 

BH 753 19.7 210 0.271 0.70782 ±.1 

Rb-Sr: Quoted errors at 2a level; sample Sr ratios reproducible to 0.01% 

Pb-Pb: Average errors listed in Appendix II; 206/204 and 2071204 reproducible to 0.09% 
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Fig. B.43: Whole-rock isochron plots for early-stage lithologic units in the AMT: 
(a) Kairab Complex metabasalt: Rb-Sr isochron and Pb-Pb isochron (inset) for selected samples. 
(b) Aunis Tonalite Gneiss: Rb-Sr isochron. Open symbol BH 745 excluded from regression. 
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"residence time" for this unit, and implies that the estimated age reflects the time of primary 

derivation and crystallisation of the Aunis Tonalite Gneiss. 

5.3 DISCUSSION 

The age of ca. 1460 Ma obtained for the Kairab Complex metabasalt is considered to 

represent the time of extrusion of these flows in view of the agreement between Rb-Sr and 

Pb-Pb systems. A minimum age for the Kairab Complex basement is provided by the age of 

1271 ± 62 Ma obtained for the Aunis Tonalite Gneiss, since this age is considered to 

represent a primary crystallisation event. This age coincides with a likely maximum age of 

1300 Ma for the 02 Namaqua event (Cahen and Snelling, 1984, p. 65) and is consistent with 

a previous correlation between the Kairab Complex and the NMC (Hoal, 1985). 

Low Ro values in both Kairab metabasalt and Aunis Tonalite Gneiss imply juvenile addi­

tions of magma from the mantle. This event may be compared with volcanism dated at 

between 1300 and 1100 Ma (Barton and Burger, 1983) along the eastern margin of the NMC 

near Upington. These workers have shown that tholeiitic metabasalts of the Wilgenhoutsdrif 

Group and calc-alkaline volcanic rocks of the Jannelsepan Formation exhibit Ro values 

indicative of mantle derivation, but µ2 values indicative of enriched mantle or crustal recy­

cling. Barton and Burger (1983) further interpreted the isotopic data to reflect an active 

continental margin related to the convergence and subsequent collision which characterises 

the Namaqua tectogenesis. Similar conclusions may be drawn for the Kairab metabasalt and 

Aunis Tonalite Gneiss, which suggests that this active continental margin can be extended 

from near Copperton in South Africa to the northern part of the AMT, a distance of nearly 850 

km. 

In the Rehoboth area to the north-east of the AMT, Reid et al. (1988) have reported Rb-Sr 

isochron ages of 1442 ± 32 Ma (Ro== 0.7018) for the Alberta Mafic Complex and 1238 ± 13 Ma 

(Ro== 0.7041) for the Biesiepoort Granite/Weener Quartz Diorite. These ages and Ro values 

are broadly similar to those obtained for the Kairab metabasalt and Aunis Tonalite Gneiss, 

respectively, and may provide evidence for the north-eastward extension of this ancient active 

margin. 
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PART C: LATE-STAGE CRUST 

1. INTRODUCTION 

Late-stage crust in the AMT is correlated with the Sinclair Sequence and is comprised of 

both "cover" rocks and high-level intrusions which are typically less deformed and metamor­

phosed than lithologies in the early-stage crust. A greater emphasis is placed on the eruptive 

rocks of the Haiber Flats Formation (HFF) in view of their relatively well preserved nature and 

suitability for geochemical and petrogenetic studies. Localities ref erred to in the text are 

illustrated on the accompanying regional map (Appendix I). Where applicable, the reader's 

attention will be drawn to similarities between the units discu'ssed and their counterparts in 

the Sinclair Sequence. 

The main aims in Part C are to provide both data and discussions on the following aspects 

of the late-stage crust of the AMT: 

(i) Field character and petrography of the major lithological units in order to establish the 

lithostratigraphy of the late-stage AMT and, where possible, the provenance and palaeoenvi­

ronment of the units in question. 

(ii) Mineral chemistry of selected lithological units with a view to determining igneous 

compositions as well as the degree of metamorphism and/or alteration. 

(iii) Whole-rock chemistry of a variety of rock types, including the Barby Formation of the 

Sinclair Sequence, for the purpose of geochemical characterisation, regional correlation, and 

comparison with modern and ancient analogues in the literature. 

(iv) Petrogenesis of the HFF eruptive rocks in view of their relatively well preserved nature 

and significance in the evolution of the late-stage crust and the Sinclair Sequence. 

(v) Geochronology of selected lithological units, including the Barby Formation (type area), 

in order to determine both the age and source characteristics of these units. 

2. LITHOSTRATIGRAPHY 

This section provides brief descriptions of the distribution, field character and petrography 

of the major lithological units which form part of the late-stage crust in the AMT. More detailed 

descriptions of these units will appear in Memoir 11 of the Geological Survey of Namibia 

(Hoal, in prep.). 
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PART C: LATE-STAGE CRUST 2. LITHOSTRA TIGRAPHY 

Andesites within the main shear zone have preserved their original plagioclase phyric 

character despite a strong foliation. Biotite, together with epidote , now makes up a significant 

proportion of the andesite and has imparted a dark green colour to the rock. Secondary 

silicification is widespread in the form of patches and veins and dacitic compositions may, 

therefore, not be primary. The interfingering of the andesite with flow-banded rhyolite and 

crystal lithic tuft is illustrated in Plate C.2f. The rhyolite-andesite association occurs over 

several hundred metres in stratigraphic height with rhyolite, made up largely of ash-flow tufts , 

becoming dominant in the upper part. 

While rhyolites (sensu Jato) closely resemble their southern locality counterparts, so-called 

rhyolite porphyries are less prominent. An apparently sub-circular intrusion of microgranite 

porphyry, which forms part of the Awasib Granite, bears a strong resemblance to the rhyolite 

porphyries. As a result of this similarity, and because of the near vertical attitude of the 

rhyolite layers, it is difficult to ascertain the original shape of the granite pluton. Nevertheless, 

available evidence suggests that the granite could represent a subvolcanic pluton and may, 

therefore, demarcate the site of an ancient volcanic centre. 

2.2.3.4 Northern locality 

Stratified rhyolitic tuffites occur at the base of the succession (Plate C.3a) and are some­

what coarser-grained than tuffites described from the southern locality. Individual units rarely 

exceed more than a few metres in thickness. Although a small degree of sedimentary 

reworking may have taken place, these tuffites were probably originally air-fall or ash-flow 

tufts and hence indicate rhyolitic activity at an early stage. Epiclastic material appears to be 

restricted to the upper, more poorly welded, parts of these tuffites. The tuffites are overlain by 

thicker beds of volcanic breccia or agglomerate which are characterised by abraded and 

fractured rhyolite pyroclasts . 

The earliest manifestation of basaltic andesitic eruptions is marked by the occurrence of 

stratified tuffites approximately 100 m above the base of the succession (Fig. C.2) . These 

tuffites are characterised by a fine stratification of crystal-lithic layers in which mantled 

bedding (Plate C.3b) provides good evidence for an air-fall origin. 

A 1200 m thick succession of basaltic andesite at the northern locality is made up of a 

monotonous intercalation of lava flows, fragmental rocks and stratified tuffites . The lava flows 

are typically pyroxene porphyritic with subordinate plagioclase phenocrysts and amygdales. 

Although fresh in appearance, a greenish tint to the dark grey colour of these flows indicates 

moderate alteration. The thickness of individual flows varies from several metres to almost 

140 m, the boundaries between flows usually being demarcated by fragmental layers (Plate 

C.3c) . The latter may be broadly classified as volcaniclastic in origin, but commonly exhibit 

the grading (both normal and inverse) and angularity of lithic fragments which are charac­

teristic of pyroclastic flow deposits. These layers are rarely more than a few metres in 
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C.3a : Stratified rhyolitic tuffite showing normal and inverse grad­
ing. Low-angle truncations suggest that this deposit is the 
result of ash-flow surge rather than air fall. Some sedimentary 
reworking may, however, have taken place. Basal part of 
section at northern locality of HFF. 

C.3c: Fragmental 
and multiply graded 
layer of basaltic an­
desite which occurs 
between flows of 
similar composi­
tion. Origin is uncer­
tain, but may 
represent a mixed 
pyroclastic-epiclas­
tic deposit. North­
ern locality of HFF. 

~---~ Lens cap for scale. 

C.3e: Welded 
rhyolitic ash-flow 
tuft containing 
abundant dark frag­
ments (cognate?) 
of basaltic an­
desite. The streaky 
nature of these 
clasts suggests 
that mixing of the 
two magma types 
has occurred. 
Northern locality of 
HFF in the vicinity 
of Nos Numabis. 

PLATE C.3 

C.3b: Planar fabric and mantled bedding indicate an air fall origin 
for the thin basaltic andesite layer. Adjacent layers are of 
similar composition, but represent pyroclastic flow deposits. 
Northern locality of HFF. Lens cap for scale. 

C.3d: View southwards of the northern locality of the HFF showing 
the earlier basaltic andesites (dark portion on left) in contact 
with later rhyolites in the central portion of the photo. Dark 
scree within the latter is typically associated with rhyolite 
porphyry plugs. North-eastern part of Awasib Mountain - sec­
tion approximately 500 m high. 

C.3f: HFF basaltic andesite (BH 690) - northern locality. PPL. 
Phenocrysts of augite (pseudomorphed by actinolite) and 
tabular plagioclase in a pilotaxitic groundmass. Titanomagne­
tite is scattered throughout the section as a groundmass 
phase and as large "amoeboid" replacement products. 
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thickness. However, in the uppermost part of this succession, andesitic volcanic breccia or 

agglomerate takes on a more acidic character due to the increased proportion of felsic clasts. 

A zone of both rhyolitic and andesitic volcaniclastics overlies this mixed agglomeratic 

horizon, but the original nature of these deposits is obscured by shearing. The volcanicastics 

appear to be overlain by a massive outcrop of mainly pyroxene porphyritic basaltic andesite 

which occurs adjacent to the shear zone. These massive beds are in turn overlain by more 

plagioclase porphyritic and amygdaloidal basaltic andesites which have been subjected to 

intense shearing reminiscent of the central locality. The contact between these massive flows 

is, unfortunately, not exposed. 

This overall succession of predominantly andesitic (sensu Jato) volcanics on the eastern 

flank of Awasib Mountain has been tilted to the east by the intrusive Awasib Granite and 

probably also by rhyolite plugs (Fig. C.3 and Plate C.3d). In the central northern part of this 

locality, the granite has caused the updoming of a considerable thickness of acid pyroclastic 

rocks. Most of these pyroclastics are massive beds of ash-flow tuff and agglomerate which 

rarely allow their attitude to be ascertained. However, several widely separated flows do 

indicate eastward dips of between 60 and 80 degrees, which suggest an approximate thick­

ness of rhyolite (sensu Jato) in excess of 6000 m. This estimate is difficult to evaluate in the 

light of widespread intrusion by rhyolite plugs and the Awasib Granite, together with the 

rugged nature of the terrain. The major part of the rhyolitic volcanism post-dates the andesitic 

phase. This is well illustrated by contaminated rhyolite tuffs which contain a profusion of 

exotic mafic volcanic fragments (Plate C.3e). The intrusive rhyolite plugs represent a still later 

phase of acid volcanism or a period of resurgence. 

A small outcrop of porphyritic and sparsely amygdaloidal rhyodacite in the southern part of 

Awasib Mountain is different in appearance and composition from the globular rhyodacite 

recorded in the southern locality. 

The possibility of a volcanic centre being located within the northern locality is suggested 

by several independent lines of evidence 

(i) The presence of coarse-grained proximal agglomerate deposits in the northern part of 

Awasib Mountain. 

(ii) Several dome-shaped rhyolite plugs which are closely associated, spatially and tempo­

rally, with the rhyolite flows. 

(iii) The subvolcanic Awasib Granite crops out over an area of approximately 30 km2 and 

is intimately associated with the felsic phase of volcanism. 

2.2.4 Petrography 

2.2.4.1 Introduction 

Petrographic properties usually allow the classification of individual volcanic members in 

the HFF without recourse to whole-rock chemistry. Hence, rhyodacites can be distinguished 
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from both dacites and rhyolites by their intermediate petrographic character. However, in very 

fine-grained aphyric rocks it is usually necessary to resort to chemical analyses in order to 

accurately classify them. The classification scheme used is that of TAS (Total Alkalis versus 

Silica) which has been recommended by IUGS (Le Maitre, 1984; Le Bas et al., 1986). With 

regard to metamorphosed rocks, little difference was found between the rock group divisions 

recommended by the latter classification scheme and those schemes (e .g. Winchester and 

Floyd, 1978) employing the relatively immobile elements Ti, Zr, Nb and Y. 

Together with the field criteria discussed previously, significant differences in the petro­

graphy of compositionally similar volcanics are in accordance with the existence of three 

separate volcanic centres. The major volcanic groups which can be discussed petrographi­

cally are as follows: 

(i) Basaltic andesite 

(ii) Andesite and dacite 

(iii) Rhyodacite 

(iv) Rhyolite 

The first and last groups are volumetrically most important in the HFF and are represented 

at all of the different localities. Accordingly, petrographic data is presented in comparative 

form for these two groups in Tables C.1 and C.2, but will also be discussed below along with 

the petrography of the andesite-dacite and rhyodacite groups. 

2.2.4.2 Basaltic andeslte 

Porphyritic textures are characteristic of all three localities, only a single aphyric flow 

having been observed at the southern locality. The latter flow is, however, strongly altered 

and characterised by intergrowths of epidote and actinolite which make up between 5 and 

10% of the rock and could represent replacement products of original phenocrysts . Plagio­

clase and augite constitute easily recognised phenocryst phases in many basaltic andesites 

(Plate C.3f) , although augite is typically pseudomorphed by actinolite. Relict cores of augite 

are , however, well preserved in the northern locality (Plate C.4a) and their arrangement 

suggests original glomeroporphyritic texture in which individual crystals display both twinning 

and zoning. 

Pseudomorphous replacement products (actinolite, biotite, chlorite and magnetite) suggest 

that olivine constituted a major phenocryst in basaltic andesite at the central and possibly also 

the northern locality (Plate C.4b). Less commonly, these pseudomorphs exhibit outlines more 

indicative of original hornblende. In view of the degree of alteration, it is difficult to sustain any 

suggestion that magnetite constitutes a primary phenocryst phase. 

Phenocryst proportions show considerable regional variation (Table C.1) in which plagio­

clase is dominant mainly in the southern locality and augite in the northern locality. Olivine 

appears to have been the dominant phenocryst in high-Mg basaltic andesite at the central 
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TABLE C.1: Petrography of basaltic andesites from the southern, central and northern localities of the Haiber Flats Formation (HFF). 

Porphyritic (up to 20% phenocrysts ). Amygdaloidal Porphyritic (10-30% phenocrysts). Schistose in 
(usually <15% amygdales). Occasionally pilotax- proximity of shear zones due to alignment of bio­
itic. Secondary fabric due to growth of biotite ± tite. 

Porphyritic to glomeroporphyritic (5-15% pheno­
crysts). Occasionallly amygdaloidal. Pilotaxitic to 
trachytic. Weak secondary fabric due to growth of 
biotite + actinolite. actinolite. 

Dominant. Av. size 1.5 mm, max. 5.0 mm. Subhe­
dral to euhedral. Carlsbad and albite twinning. 
Andesine composition. Fractured and altered 
(saussuritisation and sericitisation). 

Rare relict cores. Replacement by aggregates of 
actinolite + epidote (av. size 0.5 mm). 

Biotite and actinolite may have replaced a ferro­
magnesian mineral other than augite. 

Subordinate. Av. size 1.1 mm, max. 5.0 mm. Subordinate. Av. size<1 mm, max. 1.5 mm. Sub­
Microphenocrysts (av. size 0.2 mm). Anhedral to hedral. Carlsbad and albite twinning. Normal 
subhedral. Deformed albite twin lamellae. Severe zoning (labradorite cores). Altered to sericite + 
alteration (often albitisation) and complete re- chlorite + epidote ±opaques. 
placement in high-Mg andesite by chlorite + 
sericite ± actinolite ± epidote ±opaques. 

Dominant, except in high-Mg andesite. Av. size 1.0 Dominant. Av. size 0.8 mm, max. 3.0 mm. Subhe­
mm, max. 2.5 mm. Anhedral to subhedral. Pseu- dral to euhedral. Twinned and zoned. Relict cores 
domorphed by actinolite ± biotite ± epidote ± in pseudomorphs of actinolite. 
chlorite ± sericite ±opaques. 

Olivine suggested by opaque-filled fractures in Olivine suggested by opaque-filled fractures in 
actinolite/chlorite pseudomorphs, dominant phe- biotite/chlorite pseudomorphs. Subhedral. Size 
nocrysts in high-Mg andesite (av. size 1.5 mm). 0.5-5.0 mm. Possible microphenocrysts of titano­
Microphenocrysts of opaques are probably sec- magnetite. Presence of hornblende uncertain. 
ondary. 

Rounded or ellipsoidal. Up to 6 mm in size. Quartz- Granoblastic quartz aggregates may represent re- Patchy aggregates of quartz ± epidote ± chlorite 
filling occasionally forms mortar texture. Other crystallised amygdales (or secondary (up to 4 mm in size). Uncommon. Strained appear-
phases are chlorite, biotite, epidote, actinolite, sllicification). ance. May resemble strained quartz xenocrysts. 
opaques, sphene and carbonate. Recrystalllsation 
results in a patchy and vein-like occurrence. · 

Aphanitic intergrowth of feldspar (malnly plagio­
clase), quartz and opaques (haematite and/or 
magnetite). Alteration products are epidote, biotite, 
sericite, chlorite, sphene and oxide. 

Aphanitic intergrowth of mainly plagioclase laths 
and opaques. Secondary assemblage similar to 
southern locality, but quartz also prominent. Biotite 
alignment defines a strong fabric. 

Crypto- to microcrystalline intergrowth of tabular 
plagioclase (labradorite) laths, pseudomorphs of 
actinolite after augite, and interstitial K-feldspar. 
Scattered titanomagnetite granules. Secondary 
assemblage as for southern locality but lacking in 
chlorite. 
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locality, but the degree of alteration and deformation here does not allow easy distinction 

between pseudomorphs after pyroxene and olivine. 

Amygdales, although present, are only widespread in the southern locality, but even here 

rarely exceed 15% of the rock. In deformed flows, amygdales have undergone recrystallisa­

tion and redistribution to form trails and patches of disseminated quartz, a texture difficult to 

distinguish from the effects of secondary silicification. These trails occasionally have a 

vein-like appearance and brecciated texture which appears to be of secondary origin. 

The groundmass of basaltic andesites is typically crypto- to microcrystalline and composed 

of a pilotaxitic to trachytic intergrowth of plagioclase laths together with pseudomorphed 

pyroxene and interstitial K-feldspar. The cloudy appearance of the groundmass is due to 

scattered opaque and secondary minerals, viz. epidote, sericite, actinolite, biotite (green to 

brown) and sphene. 

While alteration and recrystallisation are evident in virtually all basaltic andesites, eruptive 

rocks of the central locality show the greatest degree of metamorphic reconstitution. Hence 

porphyroblasts of carbonate (often associated with green biotite) and mafic aggregates (bio­

tite ± epidote ± carbonate± opaque minerals) are particularly well developed at this locality. 

Bladed to subhedral tourmaline (pink to blue-grey pleochroism) forms a rare component of 

these aggregates. Although greenschists are typical of the central locality, evidence for 

deformation at the southern and northern localities is generally restricted to bending of 

cleavage planes or fracturing of mineral phases. However, a weak to moderate tectonic fabric 

may be defined variously by the subparallel arrangement of tabular plagioclase phenocrysts 

and ellipsoidal amygdales, by elongate aggregates of intergrown biotite and actinolite which 

may be folded and strained, and by anastomosing trails of secondary minerals. 

2.2.4.3 Andeslte and daclte 

Andesitic and dacitic flows are best developed at the central locality and differ little in 

appearance and petrography. These intermediate flows are typically plagioclase phyric (aver­

age 15% of the rock) with individual phenocrysts having an average size of 0.7 mm (maximum 

size 4.5 mm). Plagioclase forms anhedral to subhedral porphyroclasts which may be granu­

lated at their margins and show complete replacement by albite or the assemblage epidote + 

biotite ± actinolite. Polysynthetic twinning is usually well developed in albite, but may be partly 

obscured by the alteration assemblage epidote + sericite + chlorite + biotite. Deformation has 

resulted in recrystallisation of several feldspars into irregular subgrains with an accompanying 

exsolution of quartz blebs. 

Biotite, pleochroic from light yellow to brownish green, forms small flakes which have a 

high aspect ratio and are aligned, sometimes in continuous layers, to define a strong foliation. 

lntergrowths of biotite with epidote granules and skeletal opaque minerals are widespread, 

but particularly dense in the pressure shadows of plagioclase porphyroclasts. Together, 

biotite and epidote make up in excess of one third of the rock volume. 
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Ubiquitous silicification is present both as patchy intergrowths in the groundmass and as 

veins. The groundmass is aphanitic and consists of strongly aligned plagioclase laths, flakes 

of green biotite, and granules of quartz, epidote, sphene and opaque minerals. Granular 

textured plagioclase may be the result of comminution, while the subparallel orientation of 

both plagioclase porphyroclasts and their replacement products further accentuates the my­

lonitic fabric in these andesites. The more biotite-rich rocks usually show evidence for a 

crenulation cleavage in addition to the main mylonitic fabric. 

2.2.4.4 Rhyodaclte 

Southern locality rhyodacite 

Unique to this rhyodacite are large ellipsoidal "globules" (average 20 mm in length) which 

resemble much smaller structures (less than 0.2 mm in size) that have been described from 

ignimbrites in Kenya (Hay et al., 1979). The rhyodacite is typically aphyric and consists of a 

micro- to cryptocrystalline intergrowth of quartz and feldspar with widespread secondary 

phases such as epidote, green biotite, chlorite, sphene and sericite. "Globules" are composi­

tionally and texturally similar to the "host" groundmass; both consist of allotriomorphic, 

inequigranular intergrowths of quartz and feldspar together with approximately equal propor­

tions of the abovementioned secondary minerals. Globules differ from the groundmass, 

however, in the following characteristics: 

(a) A finer-grained nature which is especially well demonstrated by the profusion of tiny 

epidote granules. 

(b) A more leucocratic nature due to a relative depletion in biotite and chlorite. 

(c) A more pronounced tabular shape of plagioclase which is aligned parallel to the 

foliation. 

The darker colour of many of the globule cores is related to an increase in the content of 

epidote, while the outer rims may also contain a particularly dense concentration of epidote. 
' 

The latter feature, together with an inner rim which is essentially epidote-free, forms a distinct 

margin (about 0.2 mm wide) to these structures. 

The presence of tabular plagioclase phenocrysts (average 0.5 mm long) is suggested by 

pseudomorphs of granoblastic quartz ± biotite. 

. Northern locality rhyodacite 

A porphyritic nature is characteristic of this rhyodacite, with phenocrysts of plagioclase, 

K-feldspar, quartz and clinopyroxene constituting approximately 10% of the rock. The 

presence of amygdales is indicated by elongated aggregates of quartz (up to 0.5 mm in size), 

actinolite and opaque minerals, surrounded in turn by a quartzofeldspathic shell and an outer 

rim of opaque granules. 

Quartz phenocrysts are typically large (average size 1.8 mm), rounded and resorbed. 

Evidence for strain in quartz is usually restricted to undulose extinction, although occasional 
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recrystallisation has resulted in granoblastic polygonal aggregates. Plagioclase forms tabular 

phenocrysts (average size 1.0 mm) and microphenocrysts (less than 0.5 mm in size) which 

display both twinning (albite and Carlsbad) and strong normal zoning (An35 cores), despite 

widespread saussuritisation. K-feldspar occurs as altered, sieve-like, phenocrysts (average 

size 1.0 mm), but is a relatively minor component in the rhyodacite. Clinopyroxene, probably 

augite, forms anhedral to subhedral crystals (average size 0.5 mm) which are typically 

altered, sometimes intensely, to the assemblage actinolite ± green biotite ± opaque minerals. 

The intergranular groundmass is an aphanitic intergrowth of the same phases as the 

phenocrysts but contains, in addition, a high content of opaque and secondary minerals. An 

opaque mineral, possibly magnetite, may reach microphenocryst size (up to 0.3 mm) but has 

a secondary appearance. Occasional patchy areas of quartz are probably also secondary in 

origin. A trachytic texture has been preserved in portions of the rhyodacite . 

2.2.4.5 Rhyollte 

While rhyolitic volcanics are predominantly pyroclastic in origin , lavas may occasionally be 

recognised by the ir apparent lack of pyroclastic textures. 

Pyroclastic rhyolite 

The term "pyroclastic rhyolite" is applied to lithic crystal tuff of rhyolitic composition which 

is usually made up of easily recognisable phenocrysts (commonly K-feldspar, plagioclase and 

quartz) and lithic fragments (sensu Jato). The ratio of lithic to crystal components varies from 

about 0.5 in the central locality rhyolites to 2.0 in the northern locality rhyolites, while the ratio 

in the southern locality is about 1.0 (Table C.2) . 

Perthitic K-feldspar is always the dominant phenocryst , but widespread albitisation (Plate 

C.4c) does not allow a reasonable estimate of the original K-feldspar/plagioclase ratio. 

Primary plagioclase can usually be distinguished from secondary albite by its more altered 

nature and polysynthetic (as opposed to "chessboard") twinning. The fractured nature of 

many of the feldspar phenocrysts together with such features as undulose extinction .• granu­

lation and recrystallisation, clearly indicate that the rock has undergone greater strain than 

would be expected from pyroclastic processes alone. 

Quartz phenocrysts are usually rounded and resorbed, sometimes with deep embayments , 

but occasionally exhibit bipyramidal outlines and a poikilitic nature. Angular "chips" of quartz 

may represent pyrogenic crystals which fractured during eruption. In addition to the strain-re­

lated features expected from pyroclastic processes, quartz phenocrysts exhibit widespread 

evidence of tectonic deformation, e.g. well developed mortar texture in rhyolites of the central 

locality. Where deformation has been severe, quartz aggregates are typically streaked out in 

the plane of the foliation and resemble lenticular zones of secondary silicification. 

Sparse aggregates of the secondary assemblage opaque minerals ± biotite ± chlorite ± 

sericite ± epidote may be pseudomorphous after a ferromagnesian mineral phenocryst. Brown 
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TABLE C.2: Petrography of pyroclastic rhyolites from the southern, central and northern localities of the Haiber Flats Formation (HFF). 

-
• 
-,. 
•Al 

Porphyritic to glomeroporphyritic ( 15-30% pheno­
crysts, av. 23%) ; fragmental (10-35% lithics, av. 
19%); massive and eutaxitic 

Dominant. Size 0.2-3.5 mm. Anhedral to subhedral. 
Mesoperthite. Fractured and resorbed. Angular chips 
reflect pyrociastic process. Recrystallisation due to 
tectonic stress. Replacement by albite ("chessboard" 
twinning) and alteration to sericite + epidote + carbo­
nate + oxide. 

Subordinate. Size 0.2-3.5 mm. Anhedral to subhe­
dral. Albite , Carlsbad and pericline twins; 
composition albite to rare oligoclase (av. Ang). Frac­
tured and resorbed. Similar alteration to K-feldspar. 

Size <0.2 (microphenocrysts) - 1.8 mm. Rounded 
and resorbed. Occasionally bipyramidal. Angular 
fragments not uncommon. Stress-related features: 
undulose extinction, stretching and mortar texture. 
Latter not widespread. 

Secondary assemblage opaques + biotite ± chlorite ± 
sericite may have replaced an original ferromagne­
sian mineral phenocryst. 

Size highly variable. Accidental fragments rare. Typi­
cally opaque- or crystal-rich . Spherulitic. Usually 
coarser-grained than groundmass and insets less 
deformed in comparison with "host". High aspect 
ratios (30:1) partly due to tectonic stress. Fiamme 
difficult to recognise due to extreme welding and 
additional tectonic shortening. 

Micro- to cryptocrystalline quartzofeldspathic inter­
growth. Devitrified and recrystallised. Fabric defined 
by trails of opaques, lenticular patches of recrystal­
lised phases, flattened lithic fragments and linear 
intergrowths of sericite. Flow banding defined by 
alternation of layers rich and poor in opaques. 

Porphyritic (10-3&% phenocrysts, av. 18%); fragmental (av. 
<10% lithics); massive and eutaxitic; commonly mylonitic 

K-feldspar ~ quartz ~ plagioclase 

Dominant. Size 0.2-2.0 mm. Anhedral to subhedral. Me­
soperthite. More fractured than at southern locality. 
Resorption difficult to recognise. Angular chips. Wide­
spread recrystallisation . Replacement by albite 
("chessboard" twinning) and alteration to oxide± epidote ± 
sericite ± sphene. 

Subordinate. Size 0.2-2.0 mm. Anhedral to subhedral. 
Albite and periciine twins common. Albite composition. 
Commonly fractured (angular chips), occasionally re­
sorbed. Similar alteration to K-feldspar. 

Size up to 3.0 mm. Rounded and resorbed. Rarely bipy­
ramidal. Commonly angular. Widespread deformational 
features: undulose extinction, severe stretching and mortar 
texture. Lenticular zones of secondary silicification. 

lntergrowths of epidote ±opaques (up to 20 mm in size) 
may have replaced an original ferromagnesian mineral 
phenocryst. Magnetite of phenocryst dimensions (0.2 mm) 
is largely secondary. 

Typically large ( 10 cm in size) and characterised by coar­
sely (up to 0.4 mm) devitrified, spherulitic groundmass. 
Similar characteristics to southern locality where unde­
formed. Elsewhere lithics difficult to distinguish from 
patches of recrystallised groundmass, fragmented phenoc­
rysts and lensoid zones of silicification. Break-up and 
redistribution of lithic fragments is partly tectonic. 

Micro- to cryptocrystalline quartzofeldspathic intergrowth. 
Devitrified and recrystallised. Widespread secondary silici­
fication and blastomylonitic in shear zones. Cloudy due to 
assemblage chlorite ± epidote ± opaques ± sericite ± 
sphene. Primary fabric: phenocryst alignment, trails of 
opaques and alignment of lenticular lithic fragments . Tec­
tonic fabric: lensoid zones of recrystallisation, phenocryst 
stretching and sericite intergrowths. 

Porphyritic (10-25% phenocrysts, av. 15%); fragmental 
(15-50% lithics, av. 30%); massive and eutaxitic. 

K-feldspar ~ quartz > plagioclase 

Dominant. Size 0.2-3.0 mm. Similar nature to southern 
locality. 

Subordinate. Size 0.2-3.0 mm. Similar nature to southern 
locality. 

Large subhedral or rounded poikilocrysts (up to 4.0 mm in 
size) have undergone severe resorption. Otherwise similar 
to southern locality. 

Apart from possible replacement products of an original 
ferromagnesian phase (see southern locality), several 
minerals reach phenocryst dimensions, viz. biotite, magne­
tite and zircon (up to 0.2 mm). 

More abundant than at other localities, but of variable size. 
Typically coarser-grained and more cloudy than ground­
mass. Ellipsoidal devitrification centres are unlike 
spherulitic elsewhere. Cluartt phenocrysts partly recrystal­
lised and patchy nature of lithic fragments may resemble 
zones of secondary silification. Mafic lithic fragments are 
of uncertain origin but resemble fiamme. 

Similar to southern locality. 
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biotite, magnetite and zircon occasionally reach phenocryst dimensions and possibly con­

stitute primary phases. 

The groundmass is a micro- to cryptocrystalline intergrowth of granular quartz and feldspar 

which is charged with small opaque minerals. Lithic fragments can usually be distinguished 

from the groundmass by their darker, opaque mineral-rich appearance (Plate C.4d). A primary 

fabric, where present, is usually defined by the alignment of elongate groundmass phases and 

may be accentuated by such features as trails of opaque minerals, subparallel alignment of 

phenocrysts, elongate patches of more coarsely crystalline groundmass phases, and flat­

tened lithic or pumice fragments (Plate C.4e). Where significant mineral segregation has 

taken place, e.g. opaque mineral-rich and opaque mineral-poor layers, the texture is fluidal 

and probably primary in origin. 

The pyroclastic nature of these flows is best indicated by an appreciable content of angular 

lithic fragments and, less commonly, by the presence of collapsed pumice fragments or 

"fiamme" (after Ross and Smith, 1961). The high aspect ratios (up to 30) of both lithic and 

pumice fragments may give rise to a eutaxitic fabric, but it should be noted that some of the 

flattening is probably the result of tectonic stress. Although the appearance of lithic fragments 

varies considerably, one feature common to all is the more coarse-grained and spherulitic 

nature of the groundmass relative to the host. The combined effect of devitrification, recrystal­

lisation and silicification has completely destroyed any evidence of vitroclastic texture, or 

shard structure, in the groundmass (Plate C.4f). 

Lithic fragments are usually porphyritic, with an identical phenocryst assemblage to the 

host, although individual phenocrysts are typically larger. While it is clear that in some 

rhyolites the lithic fragments, particularly the larger ones, have shielded their insets from 

stress, elsewhere entire fragments have suffered considerable deformation as indicated by 

such features as fractures, quartz-filled pressure shadows adjacent to feldspar porphyro­

clasts, and isoclinal folds. Some lithic fragments are rimmed by intergrowths of quartz and 

carbonate; this may suggest disequilibrium between "host" and "pyroclast" and possibly a 

cognate origin. In general, however, it is difficult to distinguish between clasts of juvenile and 

cognate origin. 

The hybrid nature of tufts 'in the northern part of Awasib Mountain (Plate C.Sa) suggests 

that these tufts are the result of mixed pyroclastic eruptions. Although compositionally distinct 

from the rhyolitic "host", the mafic (possibly andesitic) lithic fragments resemble compressed 

pumice clasts and could be cognate in origin. 

As in the case of the basaltic andesites, the central locality rhyolites show the greatest 

degree of deformation and metamorphism. A mylonitic fabric is best expressed by alignment 

of recrystallised lensoid aggregates of quartz ± carbonate ± muscovite together with anasto­

mosing trails of intergrown sericite flakes. On occasion the degree of recrystallisation relative 

to comminution may be sufficient to refer to the texture as blastomylonitic (Plate C.Sb). Owing 
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C.4a: HFF basaltic andesite (BH 690) - northern locality. PPL. 
Close-up view of adjoining augite phenocrysts showing clear 
core of augite and a more turbid replacement rim of actinolite 
set in a pilotaxitic groundmass. The secondary magnetite 
patch on the right is associated with biotite intergrowths. 

C.4c : HFF rhyolite porphyry (BH 611) - central locality. XPL. 
Recrystallisation of quartz phenocrysts (lower left) has re­
sulted in irregular margins and a domainal structure. An albite 
pseudomorph after K-feldspar (centre-right) shows charac­
teristic "chessboard" twinning . 

C.4e: HFF pyroclastic rhyolite (BH 188A) - central locality. XPL. 
Dark wavy bands and flattened fragments are interpreted as 
devitrified glass or juvenile clasts . Phenocrysts are feldspar 
and quartz. Foliation is partly tectonic in origin and some 
secondary silicification has taken place. 

PLATE C.4 

C.4b: HFF basaltic andesite (BH 687) - northern locality. XPL. 
Biotite-magnetite pseudomorph after olivine phenocryst. Mag­
netite-filled fractures in surrounding microphenocrysts are es­
pecially reminiscent of olivine. [XPL =Cross Polarised Light] 

C.4d : HFF pyroclastic rhyolite (BH 53) - southern locality. PPL. 
Slightly flattened lithic fragments are distinguished from the 
quartzofeldspathic groundmass by their higher concentrations 
of opaque minerals. Phenocrysts of feldspar and quartz (lower 
left) are subordinate to lithic fragments. 

C.4f: HFF pyroclastic rhyolite (BH 236) - northern locality. PPL. 
Welded ash-flow tuft showing resorbed and angular pheno­
crysts and lithic fragments in a devitrified groundmass. Com­
pression and stretching of original shards has resulted in a 
flow foliation which is moulded around the phenocrysts and the 
lowermost lithic fragment. The curved feature in the upper part 
of the photomicrograph is a spherulitic fragment of juvenile 
origin. 
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to the intensity of deformation, it is usually difficult to distinguish lithic fragments from 

coarser-grained patches of recrystallised groundmass, disaggregated phenocrysts and len­

soid zones of silicification. 

Non-pyroclastic rhyolite 

Phenocrysts make up between 1 O and 20% of the rock and comprise plagioclase predomi­

nantly with lesser, but important, K-feldspar and quartz. Plagioclase, both albite (Ana) and 

subordinate oligoclase (An2s?), forms anhedral to subhedral microphenocrysts and phenoc­

rysts (average size 0.9 mm, maximum size 5.0 mm) which occasionally show significant 

resorption. Zoning is usually strong and both albite and pericline twins are commonly de­

veloped. Glomeroporphyritic aggregates of plagioclase, and more rarely K-feldspar, may be 

widespread. The effects of deformation, where present, are particularly noticeable in plagio­

clase phenocrysts, viz. bent twin lamellae, fracturing, quartz exsolution and disaggregation. 

Cloudy interiors in plagioclase are the result of replacement by the secondary assemblage 

epidote + sericite ± chlorite ± carbonate. 

K-feldspar phenocrysts are present as both orthoclase microperthite and microcline, but 

recognition is difficult due to widespread albitisation. K-feldspar is mostly anhedral in form , 

fractured and less altered than plagioclase. 

Phenocrysts of quartz, where present, are both rounded and bipyramidal in form (average 

size 0.4 mm). Angular outlines are less common, possibly as a result of widespread resorp­

tion. 

"Poikiloblasts" of an opaque mineral (average size 0.3 mm) are usually altered to sphene 

± chlorite and may be associated with large epidote grains (up to 0.5 mm). 

The cloudy groundmass is either a cryptocrystalline intergrowth of granular quartz and 

feldspar, as in pyroclastic rhyolite, or it exhibits an unusual devitrification texture which is 

made up of sieve-like ellipsoids (average size 0.5 mm) of quartzofeldspathic composition. The 

long axis alignment of these ellipsoids defines a fabric which may be primary in origin. 

However, elsewhere the alignment of secondary phases such as opaque minerals, epidote , 

chlorite, green biotite and sericite, is more compatible with a tectonic origin. 

2.3 BARBY FORMATION 

(I) Field character 

Mafic flows of the Barby Formation are restricted to the eastern part of the AMT (Map -

Appendix I) where they have commonly been intruded by members, gabbro to syenite, of the 

Saffier Intrusive Suite. Thickness estimates do not exceed several hundred metres and are 

uncertain as a result of disruptive intrusive activity. While minor stratified tuffites are found 

near the base of these mafic lavas at Gorrasis Mountain, evidence for intercalated sediments 

and/or rhyolitic volcanic activity is generally lacking. The nature and mineralogy of the best 
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exposed mafic flows suggest their correlation with the Barby Formation "basaltic andesite 

member" (after Watters, 1974, p. 34}. 

(II} Petrography 

Petrographic similarity to the Barby Formation "basaltic andesite member" (as described 

by Watters, 1974, p. 34-35} precludes any detailed discussion here. In summary, phenocrysts 

constitute approximately 8% of the rock and are made up predominantly of clinopyroxene and 

plagioclase in a pilotaxitic to trachytic groundmass. Zoisite, rather than epidote, is widespread 

and forms patchy aggregates together with biotite and opaque minerals. The unusual yellow­

brown colour and subhedral form of biotite appears to be the result of hydrothermal alteration 

related to syenite intrusion. Strain-related features include occasional granoblastic polygonal 

intergrowths of K-feldspar and quartz which form rims to phenocrysts, particularly within 

pressure shadows. Lensoid zones which consist of quartz ± zoisite may represent original 

amygdales, although these zones also exhibit an "interstitial", or secondary, appearance. 

2.4 HAISIB INTRUSIVE SUITE 

(I) Field character 

Plutons which make up the Haisib Intrusive Suite (HIS} range in composition from quartz 

monzonite to quartz syenite, with the possible inclusion of several bodies of more grano­

dioritic to monzogranitic affinity. The distribution of the suite indicates a close spatial associ­

ation with the HFF. Compositional differences between the plutons associated with the 

different volcanic "localities" or centres are not systematic on a regional scale and do not, 

therefore, reflect any batholithic zonation. 

The area underlain by the HIS is only about 15 km2 in total, but is clearly confined to 

structural weaknesses within, or at the margins of, north-west trending troughs which also 

host the HFF and, in part, the Urusib Formation. Relative proportions of the major rock types 

within the HIS are difficult to estimate due to only slight variations in field appearance. 

However, it is clear that while quartz monzonite is the dominant rock type at the northern and 

central localities, granodiorite and monzogranite characterise the southern locality. 

Usually grey to green in colour, granitoids of the HIS typically contain an abundance of 

xenoliths which have both subangular and diffuse outlines (Plate C.5c} . The partial assimila­

tion of these xenoliths, although locally quite common, is not usually the cause of the blotchy 

appearance of the granitoids. This hybrid character also occurs where xenoliths are uncor­

roded in appearance, a clear indication that the heterogeneous nature was derived prior to 

emplacement. While a large proportion of these xenoliths have been derived from the volca­

nics of the HFF, many granite and amphibolite xenoliths can be related to early-stage crust in 

the AMT. 

Shearing has been widespread in the HIS and large lateral displacements can sometimes 

be inferred. This is well illustrated at the southern locality by the truncation of several mafic 
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dykes at the sheared boundary between monzogranite of the HIS and adjacent sediments of 

the Urusib Formation (Map - Appendix I). In the southern part of Awasib Mountain, foliated 

quartz monzonite has been intruded by relatively undeformed Awasib Granite. 

The HIS appears to occupy a similar stratigraphic position to gabbroic and syenitic rocks of 

the Saffier Intrusive Suite, and a tentative correlation of volcanics of the HFF with the Barby 

Formation would certainly support this. However, the distinctive appearance and composition 

of granitoids of the HIS advise against any premature correlation of this suite with the Saffier 

Intrusive Suite. 

(II) Petrography 

The main petrographic features of the HIS are summarised in Table C.3. 

2.5 SAFFIER INTRUSIVE SUITE 

(I) Field character 

Mafic to intermediate plutonic rocks which belong to the Saff~er Intrusive Suite (SIS) have 

previously been mapped as "Barby Formation intrusive units" and "Spes Bona Syenite" 

(Watters, 1974). The latter syenite was subsequently included in the Barby Formation by 

Watters (1982) due to compositional and isotopic similarities between these two rock units. 

However, not only is the incorporation of intrusive rocks in a formation contrary to the 

guidelines of SACS (1980, p. 1-5), but the geographic locality of greatest abundance of these 

plutonic rocks is the farm Saffier. Accordingly, it is proposed that plutonic rocks previously 

regarded as "Barby Formation" and "Spes Bona Syenite" now be incorporated into the "Saffier 

Intrusive Suite". 

Cor:nprehensive descriptions of intrusive units in this suite have been presented by Watters 

(1974, p. 49-57) and will not be repeated here. Within the AMT, these units can be grouped 

into two broad series: 

(a) Gabbro-monzogabbro series 

(b) Monzonite-syenite series 

The peripheral arrangement of "monzonites" relative to a central body of syenite, as noted 

by Watters (1974, p. 54), is largely substantiated by this study. However, it should be stressed 

that the gradational nature of contacts between the various textural and mineralogical types is 

indicative of a comagmatic origin. The "link" between the monzonite-syenite and gabbro-mon­

zogabbro series may be provided by a dyke of monzonite porphyry in monzogabbro on State 

Land adjacent to the farm Gorrasis. This porphyry resembles a much coarser-grained variety 

of the "large-feldspar trachyandesite" member of the Barby Formation. 

Although widely distributed, members of the SIS are primarily concentrated in the eastern 

part of the AMT. A notable exception to this pattern is a layered mafic intrusion situated to the 

south-west of Awasib Mountain within the Namib sand sea (Map - Appendix I). The associ­

ation of gabbronorite with troctolite in this intrusion is unusual for the AMT, but has been 
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C.Sa: HFF hybrid ash-flow tuft (BH 701) - northern locality. PPL. 
Flattened and contorted lithic/pumice fragments (cognate ba­
saltic andesite?) set in a devitrified rhyolitic groundmass with 
the phenocryst assemblage quartz, K-feldspar, plagioclase 
and hornblende. 

C.Sc: Xenoliths of 
HFF andesite in 
quartz monzonite of 
the Haisib Intrusive 
Suite. The xenoliths 
show irregular and 
diffuse margins due 
to partial assimila­
tion by the quartz 

1 monzonite. 6 km 
south-east of 

===== Haiber H:ll. 

C.Se: View eastwards of Awasib Mountain (850 m above the plain) 
showing the huge "whalebacks" typical of the Chowachasib 
Granite Suite. Coarse-grained granite of the latter has in­
truded the more fractured outcrop of Awasib Granite. 

PLATEC.5 

C.Sb: HFF rhyolite (BH 186) - central locality shear zone. PPL. 
Segregation of quartz- and mica-rich layers in folded blasto­
mylonite. Folds form part of the Os deformational event. 

C.Sd: Awasib Granite - microgranite porphyry (BH 678). XPL. 
Phenocrysts of perthitic K-feldspar and quartz set in a recrys­
tallised groundmass consisting predominantly of the same 
phases. Note blebs of quartz in later growth rims around 
K-feldspar. 

C.Sf: Xenoliths of both early- and late-stage crust in coarse­
grained syenogranite of the Chowachasib Granite Suite. The 
major country rock types visible here are cross-bedded lithic 
arenite of the Urusib Formation (top left below hammer) and 
orthoamphibolites of the Kairab Complex (dark-coloured 
blocks). 3 km south-west of Chowachasib Mountain beacon 
(2063 m). 
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TABLE C.3: Petrography of the Haisib Intrusive Suite (HIS) and Awasib Granite 

Medium- to coarse-grained, inequlgranular to hypidiomorphic granular. 
Widespread strain but foliation only near shear zones: protomylonitic to my­
lonitic. 

42% (30-65%). Av. size 3.5 mm, max. 20.0 mm. Anhedral to subhedral. 
String and bead perthite. large poikilocrysts and commonly twinned (Carls· 
bad, subtle microcline). Replacement by secondary microcline and alblte. 
Differs from plagioclase in occasionally megacrystic and less altered na­
ture. Marginal fractures and quartz lntergrowths. 

27% (15-45%). Av. size 2.1 mm, max. 7.0 mm. Subhedral; widespread twin· 
ning (albite, pericline, Carlsbad). Strong normal zoning (andesine to 
oligoclase). 3 generations: Inclusions in K-feldspar, exsolved in K-feldspar, 
and secondary albite after K-feldspar and earlier plagloclase. Albite and 
myrmekite rims to K-feldspar. Fracturing and recrystallisation (subgrains). 
Severe alteration • saussuritlsation and biotite + sphene +opaques. 

13% (5-30%). Bimodal size: porphyroclasts (av. 1.0 mm, max. 2.0 mm) and 
subgrains (av. <0.4 mm). Fractured and strained. Granoblastic polygonal 
aggregates where recrystallised. Strain-free aggregates occur as fracture 
fillings, rims to feldspar and quartz (mortar texture) and lntersitially. 

14% (5-25%). Large strained laths (av. size 2.5 mm, max. 8.0 mm) and 
smaller strain-free "flakes" (av. size 0.2 mm). Large laths typically poikilltic 
and bent/crenulated. Pleochroic light yellow to green or brownish green 
(chloritised). Flakes strongly aligned and lntergrown to form fabric in shear 
zones. 

Actinolite, where present, Is associated with the assemblage blotlte + 
chlorite + epidote + sphene +opaques. Accessory apatite, zircon and rare 
pink to blue tourmaline. 

3 types: 
a) Fine-grained allotrlomorphic seriate, rare fluldal structure. 
b) Very fine-grained porphyritic (phenocrysts ~ 50%); 
c) Medium-grained hypidiomorphlc granular. 

Granophyric occasionally in b) and c). Rapaklvi In some porphyries. 
Where present, deformational textures correspond to "Nubib granite and 
gneiss" (Watters, 1974, p. 64-67). 

(50-60%). Av. size 2.0 mm, max. 8.0 mm. Anhedral to subhedral. String 
and patch mesoperthite. Rapakivl In porphyries. Carlsbad and microcline 
twinning. Quartz blabs In margins. 

<10% (max. 20%). Size generally <2.0 mm. Subhedral, euhedral Inclusions 
In K-feldspar. Albite twinning (<Ans). Widespread saussuritisation, but sec­
ondary albite Is less altered. 

(25-35%). Av. size 2.0 mm, max. 4.5 mm. Anhedral in hypldiomorphic type 
to subhedral In porphyritic type. Widespread undulose extinction, but mor­
tar texture rare. Patches of blabs In feldspar appear secondary In general, 
but may represent inclusions where confined to rims. Granophyric Inter· 
growths intersitial in hypidlomorphlc type, but rim feldspar in porphyritic 
type. 

<5%. Where present, blotite Is strongly chloritlsed/oxldised and replaced by 
aggregates of chlorite + epidote + sphene +opaques. Occasional poikilo-· . 
blasts form intergrowths with muscovite. 1 

Poikilltic green hornblende • possibly xenocrystic. Alteration of opaques to 
sphene suggest original titanomagnetite. Accessory apatite and zircon. 
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recorded amongst the so-called "black bodies" of the NMC. The nearest of these mafic bodies 

is the Konip Mafic Complex (after McDaid, 1978) which is situated approximately 60 km to the 

south. Considerable uncertainty, therefore, surrounds the stratigraphic position of this layered 

intrusion. Significantly, however, there appears to be an overlap in age between the SIS 

(inferred age range between 957 and 1190 Ma; Section C.5) and the NMC noritoids (1017 ± 

11 O Ma after Stumpf! et al., 1976). 

Cumulate layering is not uncommon in members of the SIS and is typically found in small 

layered intrusions, e.g. plutons on the farms Wolwedans and Springbokvlakte, and also on 

State Land adjacent to the farm Gorrasis. Nevertheless, massive textures are widespread, 

particularly in the coarser-grained syenites. Evidence for chilling against the country rock is 

rare, although fine-grained porphyritic textures are more typical of the margins than the 

interiors of plutons. 

Awasib Granite has intruded gabbro of the SIS at Awasib Mountain, while various members 

of this suite have intruded sediments of the Urusib Formation on State Land adjacent to the 

farm Gorrasis as well as flows of the Barby Formation at Gorrasis Mountain. The only 

occurrence of picrite was found as a raft in Chowachasib Granite situated on the northern side 

of Gorrasis Mountain. 

Basaltic andesite of the Barby Formation shows evidence of potassic metasomatism and 

reconstitution where it has been intruded by syenite at Gorrasis Mountain. More commonly, 

however, contact metamorphic effects are restricted to slight recrystallisation and the growth 

of low grade mineral assemblages. Syenite has itself been subjected to severe shearing at its 

northern contact with the Chowachasib Granite at Gorrasis Mountain. 

(II) Petrography 

Gabbro-monzogabbro series 

This series includes gabbros (sometimes anorthositic), gabbronorites, olivine gabbro­

norites and norites. Detailed petrographic descriptions of these rock types are given in 

Watters (1974, p. 50-52). 

Monzonite-syenite series 

Monzonite corresponds to the "poikilitic medium-grained porphyritic" type described by 

Watters (1974, p. 56), while coarse-grained grey syenite differs little from the type locality 

description for "Spes Bona Syenite" (Watters, 1974, p. 55-56). However, towards the margins 

of the main syenite body, i.e. eastern Gorrasis and north-western Aandster, the syenite is 

finer-grained, sometimes porphyritic, and may take on a "monzosyenitic" character. The 

presence of coarse-grained quartz syenite xenoliths in finer-grained syenite indicates a 

complex marginal zone. 
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2.6 BUSHMAN HILL QUARTZ DIORITE 

(/} Field character 

Although widely distributed, quartz diorite plutons are primarily situated in the north-east­

ern part of the AMT in the vicinity of the 1690 m high Bushman Hill. The term "quartz diorite", 

as used here, is slightly misleading, since more tonalitic and dioritic rocks hB:ve also been 

included. Stratigraphically these plutons can usually only be assigned a "post-basement, 

pre-Chowachasib Granite" status. However, a single pluton of quartz diorite near to Numabis 

(Map - Appendix I) contains volcanic xenoliths which belong to the HFF and has itself been 

intruded by the Awasib Granite. A stratigraphic equivalence of the Bushman Hill Quartz 

Diorite to the SIS seems likely, despite the petrographic similarity to some of the Guperas 

Formation "basic intrusives" described by Watters (1974, p. 71-73). 

The appearance of the quartz diorite is massive and even-grained, although large amphi­

boles may be associated with later veins and apophyses of both Awasib and Chowachasib 

Granite. Where such granite intrusion has been intense, the diorite tends to take on a hybrid 

and/or brecciated appearance. 

(II} Petrography 

In view of the paucity of geological and geochemical data for this unit, no petrographic 

description will be presented here. 

2.7 AWASIB GRANITE 

(/} Field character 

The Awasib Granite, like members of the HIS, is largely confined to the same north-west 

trending troughs occupied by volcanics of the HFF (Map - Appendix I}. Furthermore, the 

Awasib Granite closely resembles rhyolites (sensu Jato) of the HFF in composition; a similar 

comparison has been drawn between plutonic rocks of the Haisib Intrusive Suite and inter­

mediate volcanics of the HFF. The likelihood of this granite being subvolcanic in origin is 

further explored in Sections C.4 and C.5. 

The Awasib Granite underlies an area of approximately 55 km2 with its major exposure in 

the rugged, 1752 m high Awasib Mountain. The granite here is closely associated with 

rhyolites of the HFF and there is some difficulty in distinguishing between rhyolite porphyry 

plugs of the latter formation and microgranite porphyry of the Awasib Granite. A similar 

relationship can be seen west of Piekniekkoppe, but in the southernmost part of the AMT, 

outcrops of Awasib Granite are volumetrically insignificant when compared with their "host" 

volcanics. By contrast, the 1327 m high Guinasib Mountain consists predominantly of Awasib 

Granite, apparently with no associated volcanics. 

The Awasib Granite is reddish in colour and can most commonly be termed a "microgranite 

porphyry" (Plate C.5d). However, there are several different textural varieties which may 
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indicate different phases of intrusion and can usually be allocated to one of three categories 

presented in Table C.3. 

While the Awasib Granite shows evidence for having intruded both the Haisib.and Saffier 

Intrusive Suites at Awasib Mountain, it has. itself been intruded at the same locality by 

coarse-grained Chowachasib Granite (Plate C.Se). In addition, volcanic xenoliths of the HFF 

are not uncommon in the Awasib Granite. Furthermore, this granite has steeply tilted sedi­

ments of the Urusib Formation on the south-western flank of Guinasib Mountain. 

Intrusive contacts are characteristically sharp. with scant evidence of chilling, although 

broad (metre scale) marginal zones of finer-grained nature were noted in the south-western 

portion of Awasib Mountain. The effect of intrusion has often been brittle, resulting in breccias 

at the contacts and utilisation of fractures in the country rock by apophyses of granite. 

Rounded xenoliths are rare in the proximity of intrusive contacts, although occasional streak­

ing out .of mafic xenoliths does occur. However, hybridisation as a result of such assimilation 

(as described by Von Brunn, 1967, p. 102-107, and Watters, 1974, p. 59-60) is a rare feature 

in the Awasib Granite. 

Apart from the mechanical effects of intrusion, the Awas.ib Granite may be responsible for 

a limited degree of contact metamorphism. Evidence for this is restricted to the slightly more 

altered appearance of the HFF volcanics which are now situated adjacent to outcrops of the 

Awasib Granite. These effects are, however, difficult to evaluate in the light of a more regional 

metamorphic imprint as well as the more pervasive influence of the higher temperature mafic 

granitoids of the Haisib Intrusive Suite. 

Many of the granites incorporated in the "Awasib Granite" correspond to rocks which have 

been described by Watters (1974, p. 64-67) as "Nubib granite and gneiss". The latter group is, 

however, very broad in its coverage and appears to incorporate both pre- and post-Sinclair 

Sequence lithologies. Accordingly, the term "Awasib Granite" is retained for a group of 

distinctive microgranite porphyries in the AMT. 

A gneissic texture is rarely developed in the Awasib Granite and there is not always an 

obvious spatial association between strain related features and known shear zones. Granular 

"recrystallisation" textures are commonly restricted to the marginal portio~s of plutons and 

may, therefore, owe some of their appearance to chilling rather than deformation .. 

{II) Petrography 

The different textural varieties within the Awasib Granite do not differ markedly in their 

mineralogy and have, therefore, been collectively described in Table C.3. 
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2.8 CHOWACHASIB GRANITE SUITE 

(/) Field character 

With the exception of mafic and felsic dykes, the Chowachasib Granite Suite, hereafter 

termed the "Chowachasib Granite" or CGS, constitutes the youngest phase of intrusive 

activity within the AMT. Since the total outcrop area does not exceed 120 km2, individual 

bodies can usually be classed as "stocks" (after Bates and Jackson, 1980). The largest stock 

is about 55 km2 in areal extent and forms the 2063 m high Chowachasib Mountain. However, 

it is conceivable that this stock links up below sand cover with a 28 km2 outcrop at the 1690 

m high Bushman Hill and a smaller outcrop of -only 2 km2 to the north-west (Map - Appendix 

I). The projected form of this mass would be subcircular and underlie an area of approximately 

450 km2 in extent, thereby constituting a body of batholithic dimensions. Smaller outcrops of 

the Chowachasib Granite are situated in the eastern part of the AMT on the farms Gorrasis 

and Stellarine, as well as a more prominent mass of about 15 km2 which forms the 1763 m 

high Satanskop Mountain. In the western part of the area, the largest body of granite has an 

areal extent of about 12 km2 where it underlies a considerable part of the 1752 m high Awasib 

Mountain. The outcrop pattern indicates that individual plutons usually conform to a regional 

north-west trend. 

The Chowachasib Granite, as described above, forms an integral part of many of the 

highest and most rugged mountains in the AMT. At a distance this granite can often be 

identified by huge "whalebacks" which have formed through exfoliation (Plate C.5e). The 

texture of the granite is typically medium- to coarse-grained and hypidiomorphic granular, 

although coarsely porphyritic varieties are widespread in the north-western part of Bushman 

Hill. While most plutons are reddish in colour, granites in the vicinity of Satanskop exibit a 

whitish-grey colour which appears to indicate a less potassic nature. These differences are 

clearly primary, since there is no evidence for hybridisation by assimilation of basic material 

as described by Von Brunn (1967, p. 102-107) for the Rooikam Granite. 

Xenoliths are, in general, not common in the Chowachasib Granite except for the south­

western part of Chowachasib Mountain where the granite is characterised by a xenolith­

choked zone adjacent to outcrops of the Urusib Formation and Kairab Complex (Plate C.Sf). 

The effects of intrusion by the Chowachasib Granite are mostly restricted to tilting of the 

country rock strata, although there are some spectacular examples of elevated rafts, e.g. 

sediments of the Urusib Formation in the southern part of Chowachasib Mountain, and mafic 

bodies of the SIS to the south-east of Satanskop. 

Contacts with the country rock are mostly sharp, with only occasional evidence of chilling 

and even more rarely the assimilation of sedimentary xenoliths. As for the Awasib Granite, the 

effect of any contact metamorphism is usually difficult to recognise. However, sediments 

adjacent to granite in the south-western portion of Chowachasib Mountain have undergone 

deformation, recrystallisation and even occasional assimilation. Since this is by far the largest 
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individual granite mass in the AMT, it can be assumed that sufficient heat was retained during 

emplacement for the observed transformation of the country rock. The relatively warm country 

rock was further able to accommodate a greater number of granite apophyses here than 

elsewhere. 

(II) Petrography 

Relative to the Awasib Granite, the Chowachasib Granite is characterised by a coarse 

grain size (average 4.0 mm) and widespread hypidiomorphic granular texture. The mineral 

assemblage may be summarised as K-feldspar + plagioclase + quartz + biotite ± hornblende 

± clinopyroxene. Accessory phases include sphene, allanite, apatite and zircon. 

2.9 MAFIC AND FELSIC DYKES 

The majority of dykes in the AMT resemble their counterparts in the Sinclair Sequence type 

locality with respect to both trend and composition. Both individual dykes and dyke swarms 

are strikingly bimodal in composition and detailed petrographic descriptions have been pro-
. . 

vided by Von Brunn (1967, p. 125-138) and Watters (1974, p. 73-75, p. 97-101). However, the 

latter author's correlation of the majority of both "basic" and "quartz porphyry" dykes with the 

"Guperas Formation" may be in need of revision if the "pre-dyke" Chowachasib Granite is 

younger than the Guperas Formation of the Sinclair Sequence. 

Dyke swarms appear to have utilised a conjugate fracture system which may be related to 

major shear movement in the AMT (Hoal, 1985). Mafic and felsic dykes within the AMT can be 

accommodated by a four-fold division into basic, intermediate, acid and alkaline composi­

tions. 

(I) Basic dykes 

(a) Basic dykes comprise a range of rock types, viz. gabbro, diorite, monzonite, dolerite, 

basalt and andesite. 

(b) Dyke swarms follow two major trends, viz north-east to north-north-east and east to 

east-south-east. Where basic dykes intersect, the former trend is later. 

(c) Deformation in the basic dykes is restricted to occasional shearing (Os?) and later 

warping (01). 

(d) The general lack of any metamorphic character, except in shear zones, suggests that 

these dykes formed late in the history of the AMT. 

(e) Individual basic dykes can be traced for up to 9 km along strike and are usually vertical 

or steeply-dipping in attitude. The width of dykes is highly variable, but usually between 1 and 

30 m. 

(f) The east-south-east trending swarm of dykes at Chowachasib Mountain is charac­

terised by a more moderate dip to the north-east and common "swelling" along strike to form 

plug-like masses. 
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(g) While the finer-grained porphyritic basic dykes differ little in appearance from their 

counterparts in the Sinclair, the medium-grained dykes (typically north-east to north-north­

east trending) bear a distinct resemblance to dykes within the Gannakouriep Suite to the 

south (Reid, pers. comm., 1986). 

(II} Intermediate dykes 

(a) Dykes of intermediate composition are restricted to a few occurrences of quartz 

monzonite within the HFF and even more rare quartz microdiorites. 

(b) While intermediate dykes do not occur in swarms, trends of individual dykes are most 

commonly north, north-east and east-south-east. 

(c) Porphyritic textures are widespread in intermediate dykes, plagioclase being the most 

common phenocryst. 

(d) Xenoliths and xenocrysts are particularly common in quartz microdiorite dykes. 

(Ill} Acid dykes 

(a) Acid dykes comprise a variety of rock types, viz. rhyolite, microgranite, granite and 

granodiorite. 

(b) Dyke swarms follow similar, but more variable, trends to the basic dykes, viz. north­

north-east, east and north-west to north-north-west. 

(c) Where acid dykes intersect basic dykes, they are usually younger. 

(d) Evidence for deformation and metamorphism indicates that acid dykes, like the basic 

dykes, were emplaced late in the history of the AMT. 

(e) Individual dykes may be traced for up to 12 km along strike and are usually steep in 

attitude. A swarm of flow-banded rhyolite dykes on the farm Aandster does, however, dip at 

an angle of· 40° to the east. Dyke width is variable, but mostly between 1 and 20 m. 

(f) "Swelling" of dykes along strike is a widespread feature, especially in the central part of 

the AMT. 

(g) Porphyritic rhyolite sills are considerably more common than their mafic counterparts. 

(h) Acid dykes in the AMT have been mapped in adjacent areas as "granite porphyry", 

"hybrid granophyre" and "quartz porphyry" (Von Brunn, 1967, p. 26-28; Watters, 1974, p. 

97-101). 

(Iv} Alkaline dykes 

A single east-south-east trending dyke of porphyritic phonolite crops out to the west of 

Awasib Fountain where it has cut across several north-north-east trending gabbro dykes. 

While this dyke may represent a much younger phase of intrusion (possibly Karoo?), it should 

be noted that the east-south-east trend is the same as that of the major basic dyke swarm at 

Chowachasib Mountain. 
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2.10 SUMMARY 

2.10.1 Late-stage volcano-sedimentary successions 

(i) The 2400 m thick sedimentary succession of the Urusib Formation forms the basal 

portion of the late-stage stratigraphy in the AMT and occupies a stratigraphic position similar 

to that of the Kunjas Formation in the Sinclair Sequence. Trough-hosted sediments are made 

up predominantly of immature and poorly sorted elastic rocks that grade upwards into eruptive 

flows of the HFF and are characterised by sedimentary features typical of braided streamflow 

fans. While the latter are at~ributed to periods of uplift, associated lacustrine deposits (shale 

and siltstone) are thought to reflect more stable crustal conditions. 

(ii) The Haiber Flats Formation (HFF), despite an estimated thickness of between 3000 and 

7000 m, has a small outcrop area (< 80 km2) confined to three north-west trending linear 

troughs termed the southern, central and northern localities. These localities, or volcanic 

ce.ntres, are characterised by predominantly bimodal volcanic successions (basaltic an­

desite:rhyolite "' 1 :3-1 :4) but andesitic-rhyodacitic compositions are represented. Porphyritic 

and pyroclastic textures are widespread in the flows, particularly in the more felsic composi­

tions. Minor deposits of stratified tuffite and volcaniclastics are associated with these flows. 

(iii) Although subjected to the effects of four episodes of regional deformation and associ­

ated greenschist facies metamorphism, the HFF appears to have undergone early local tilting 

and possibly contact metamorphism as a result of the forceful intrusion of the HIS and Awasib 

Granite. 

(iv) Evidence for the presence of volcanic centres at the different regional localities of the 

HFF includes the localised occurrence of coarse agglomerates (southern and northern lo­

calities), the presence of resurgent rhyolitic plugs/domes (northern locality), the subvolcanic 
' 

nature of microgranite porphyry (central and northern localities), and the difficulty in correlat­

ing flow units between the different localities. 

(v) Basaltic andesite flows of the HFF are typically porphyritic (5-20% phenocrysts), the 

phenocryst assemblage (where preserved) usually comprising plagioclase, clinopyroxene (± 

olivine) and possibly titanomagnetite in a pilotaxitic to trachytic groundmass. Plagioclase is 

the dominant phenocryst in southern locality flows, but is subordinate to clinopyroxene in 

northern locality flows. While amygdales are only widespread in the southern locality, pyro­

clastic textures (including mantled bedding) appear to be restricted to the northern locality 

basaltic andesites. Andesite and dacite flows are unique to the central locality, where mylo-, 

nitisation has transformed these flows into greenschists. Only plagioclase forms an easily 

recognisable phenocryst, but biotite, clinopyroxene and titanomagnetite may be present in 

addition. 
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(vi) Rhyodacites are rare in the HFF and occur as both globular ignimbrite (southern 

locality) and porphyritic flows in which the phenocrysts are plagioclase, K-feldspar, quartz and 

clinopyroxene. Rhyolite flows are often highly porphyritic (10-35% phenocrysts of K-feldspar, 

quartz and plagioclase) and comprise both welded crystal lithic tuffs (10-50% lithic fragments) 

and flow-banded lavas (10-20% phenocrysts). Thick ash-flow tuff horizons appear to repre­

sent single cooling units made up of several independent flows. Rhyolitic air-fall deposits are 

rare and were only observed at the southern and northern localities. While the presence of 

fiamme is not unusual in the rhyolites, any evidence of vitroclastic texture has been destroyed 

by devitrification, recrystallisation and silicification. 

(vii) Mixed pyroclastic eruptions (rhyolite-basaltic andesite) and composite dykes, though 

not widespread, suggest that magma mingling has occurred in the HFF. 

(viii) Basaltic andesites of the Barby Formation crop out in the eastern part of the AMT 

where they have been intruded by gabbros and syenites of the Saffier Intrusive Suite (SIS). 

These flows are porphyritic (8% phenocrysts of plagioclase and clinopyroxene) and charac­

terised by a pilotaxitic to trachytic groundmass. 

2.10.2 Late-stage Intrusive suites 

(i) The Haisib Intrusive Suite (HIS) shows a close spatial association with the HFF and is 

typically confined to the sheared margins of the troughs that host the latter. The quartz 

monzonite to quartz syenite compositions of the HIS are intermediate relative to the basaltic 

andesite-rhyolite end members of the HFF. The abundance of xenoliths in the HIS can be 

related to both the HFF and early-stage crust. The HIS is older than the Awasib Granite and 

occupies a similar stratigraphic position to that of the SIS. 

(ii) The SIS incorporates Watters' (1974) previously mapped "Barby Formation intrusive 

units" and "Spes Bona Syenite". This suite comprises a gabbro-monzogabbro and monzonite­

syenite series which are typically confined to the eastern part of the AMT. A layered gabbro­

norite-troctolite body in the western part of the AMT may show an affinity with the Konip Mafic 

Complex (McDaid, 1978) or the NMC noritoids. Cumulate textures are most common in the 

layered rocks, while marginal portions of the plutons are typically finer grained and por­

phyritic. 

(iii) The Bushman Hill Quartz Diorite comprises diorites, quartz diorites and tonalites of 

uncertain stratigraphic position, but which bear a compositional similarity to the SIS. 

(iv) The Awasib Granite, like the HIS, is largely confined to the same troughs occupied by 

the HFF. This granite is also compositionally similar to the rhyolites of the HFF and its close 

spatial association with the latter and similarity in texture to rhyolite porphyry suggest a 

subvolcanic relationship. While clearly younger than the HIS and SIS, the Awasib Granite has 
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been intruded by the Chowachasib Granite. Although intrusive contacts are typically sharp, 

recrystallisation textures at the margins may be the result of chilling. 

(v) The Chowachasib Granite Suite is made up of several exposed stocks, some of which 

may be linked below the surface to form a single mass of batholithic dimensions (450 km2) in 

the northern part of the AMT. Typically medium-to coarse-grained, this monzo- to K-feldspar 

granite constitutes the latest phase of pre-dyke magmatism. While generally devoid of xeno­

liths, the Chowachasib Granite does carry large rafts of sediment of the Urusib Formation. 

Mafic phases are typically biotite ± hornblende ± rare clinopyroxene. 

(vi) Bimodal dyke swarms appear to have utilised a conjugate fracture system (essentially 

north-east and east-south-east trending) related to regional shear movement. Composition­

ally these dykes are basic, intermediate, acid and alkaline. Metamorphic effects are minimal, 

while deformation is restricted to occasional shearing and late phase warping. Swelling of 

basic and acid dykes along strike is a common feature. A single east-south-east trending 

phonolite dyke may represent a much younger phase of intrusion, possibly of Karoo age. 

3. MINERAL CHEMISTRY AND METAMORPHISM 

3.1 INTRODUCTION 

3.1.1 General 

Mineral assemblages were selected from a number of lithological units in the late-stage 

crust of the AMT for EMP analysis. Analyses of both primary and secondary phases have 

provided new insight with respect to the igneous and metamorphic evolution of Sinclair-type 

rocks in the AMT. The following sections describe the mineral chemistries of the common 

phases encountered in the selected lithological units. All EMP analyses are tabulated on the 

accompanying Microfiche cards and discussed in Appendix Ill. 

Although this study aims primarily at determining igneous compositions, metamorphic 

effects are widespread and must be investigated in order to assess the degree of alteration 

prior to geochemical study. Furthermore, metamorphic phase compositions enable determina­

tion of the grade of metamorphism and allow comparison of late-stage crust with early-stage 

crust in the AMT and with the type area of the Sinclair Sequence. 

3.1.2 Halber Flats Formation (HFF) and Barby Formation 

(I) Basaltic andeslte-andeslte 

In contrast to the more acidic flows, andesites (sensu Jato) of the HFF are better charac­

terised by relict igneous phases due to less pervasive secondary effects. A single sample of 

basaltic andesite from the Barby Formation on the farm Gorrasis has been included for 

comparative purposes. The mineral assemblage in these mafic rocks varies from an essen-
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ti ally primary one to a wholly metamorphic assemblage typical of the greenschist f acies. The 

variation in mineral parageneses is illustrated on an ACF diagram in Fig. C.4. 

(II) Rhyollte-rhyodaclte 

Rhyolitic flows of the HFF have been studied in very little analytical detail compared with 

their andesitic counterparts. However, mutual interbedding and intercalation suggest that 

conclusions arrived at for the latter should hold true for the entire volcanic pile. EMP analyti­

cal work on the rhyolites was largely carried out to test petrographic observations and is 

considered under "Metamorphism of the HFF" (Section 3.9). 

HAIBER FLA TS FORMATION A 
Basaltic andesite 

-andesite 
+ Quartz 
± Albite 
± Sphene 
± Biotite 
± White mica 
± Carbonate 

c Olivine 
'--~~~~~~-'"',......_~__,,,..._~~-=•F 

Augite Actinolite-
Tremolite 

Fig. C.4: ACF diagram illustrating primary igneous (solid lines) 
and metamorphic (dashed lines) mineral assemblages in 
"andesites" of the Haiber Flats Formation. 

3.2 FELDSPAR 

3.2.1 HFF and Barby Formation 

3.1.3 Late-stage ("Slnclalr-type") granl­
tolds 

The major intrusive suites which post­

date the extrusion of the HFF volcanics may 

be broadly grouped into compositional ca­

tegories of mafic (Saffier Intrusive Suite), 

intermediate (Haisib Intrusive Suite) and fel­

sic (Awasib Granite and Chowachasib Gra­

nite Suite) affinities. The type locality of the 

Saffier Intrusive Suite is not located in the 

AMT and this suite, although well repre­

sented in the eastern part of the study area, 

will not be discussed here. 

Plagioclase phenocrysts vary in composition from labradorite or andesine in weakly meta­

morphosed flows of the northern and southern localities to albite or oligoclase in their more 

strongly metamorphosed equivalents at the southern and central localities (Fig. C.Sa). While 

an apparent paucity of compositions in the range Ana-Anas may reflect the existence of the 

peristerite gap, no statistically significant study has been made. Much of the calcic plagio­

clase is primary, the more sodic compositions probably representing varying degrees of 

response to metamorphism, possibly as a function of associated water fugacity. Albite is 

wholly metamorphic in origin and derived from the following reaction (Miyashiro, 1973): 

plagioclase + H20 = albite + epidote 

The general absence of exsolution features in plagioclase has been reported by Grove 

(1977) to be characteristic of rapidly cooled volcanic rocks. This observation appears to hold 

true for much of the HFF as well. 
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• Feldspar from Barby Fm. bas. andesite 

Fig. C.5: Plagioclase phenocryst compositions in (a) "andesites• of the Haiber Flats Formation, and (b) basaltic andesite 
of the Barby Formation. The more sodic compositions (alblte-ollgoclase) are secondary in origin. 

Plagioclase compositions in the Barby Formation basaltic andesite are primary, but slightly 

more sodic than in the weakly metamorphosed HFF volcanics (Fig. C.5b). Approximate 

correlations between anorthite contents of plagioclases and whole-rock Cao contents and 

CaO/Na20 ratios in Fig. C.6 illustrate that bulk magma composition exerts a measure of 

control on the plagioclase composition. Similar correlations have been reported by Ewart 
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Fig. C.6: An contents of plagioclase phenocryst compositions In •andesites• of the HFF and Barby Formation plotted 
against (a) whole-rock CaO/Na20, and (b) whole-rock CaO. Liquidus curve in (a) and compositional fields in (a) and 
(b) are from (Ewart, 1976). Note separation of primary (>An3s) and metamorphic (<An1s) plagioclase phases. 
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(1976) for very calcic plagioclases in orogenic basalts and andesites and these compositional 

fields allow a broad distinction between igneous and metamorphic plagioclase compositions 

in the HFF (Fig. C.6). 

K-feldspar is a groundmass phase in these mafic-intermediate flows and was not analysed. 

3.2.2 HIS, Awaslb and Chowachaslb Granites 

Despite widespread albitisation in these granitoids, it is clear that original plagioclase in 

the HIS is relatively anorthitic in comparison with plagioclase in the younger Awasib Granite 

and Chowachasib Granite Suite (CGS). The decrease in anorthite content can be broadly 

correlated with an increase in the differentiation index (DI), especially when the most calcic 

plagioclase is considered from each of several plutons (Fig. C.7). Plagioclase in the Awasib 

Granite is typically more sodic (<Ans) than in the late CGS (Ans-An20}, although the general 

tendency towards more sodic compositions in the higher silica members of this suite is not 

well defined. 
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Fig. C. 7: Compositional 
variation of the most calcic 
plagioclases as a function of 
Differentiation Index (DI) for 
different plutons within the 
late-stage granitoid suites. 

K-feldspar is generally more abundant than plagioclase in the HIS and is present predomi­

nantly as microcline microperthite and microcline. It is difficult to determine whether these two 

phases represent the discrete phases typical of subsolvus granites, since much of the 

microcline has a secondary appearance. Accordingly, it seems most likely that the granites of 

the HIS were originally hypersolvus but were subsequently subjected to an increase in PH20, 

perhaps as a result of the influx of water (Martin and Bonin, 1976). If the hypersolvus granites 

were previously consolidated, then these authors suggest that the introduction of meteoric 

water could cause the solidus to drop sufficiently to initiate partial refusion. In the case of the 

HIS, the common proximity of shear zones may provide the fluid pathways necessary for the 

required introduction of H20 to increase pH20. 
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K-feldspar in the Awasib Granite is typically microperthitic, but is also associated with 

plagioclase in occasional Rapakivi texture (average : core Or91, rim Abga). K-feldspars in the 

CGS commonly contain a high proportion of exsolved albite and are best termed "mesoper­

thites". In general, the feldspars of the CGS are better preserved than their counterparts in the 

Awasib Granite, largely as a result of widespread albitisation, silicification and recrystallisa­

tion in the latter. 

3.3 PYROXENE 

3.3.1 HFF and Barby Formation 

Relict clinopyroxene (augite) cores in actinolite pseudomorphs are petrographically distinct 

from metamorphic diopside in Kairab Complex amphibolites. Augite is often the only primary 

ferromagnesian phase preserved in andesites (sensu Jato) of the HFF. The general pyroxene 

formula may be written as follows (Cameron and Papike, 1980): 

where 

XYZ20s 

X =Na, Ca, Mn2+, Fe2+, Mg, Li 

Y = Mn2
+, Fe2

+, Mg, Fe3
+, Al, Cr, Ti 

Z=Si, Al 

Using the simplified system of pyroxene nomenclature adopted by Ross and Huebner 

(1979), pyroxene phenocryst compositions of the HFF and Barby Formation are illustrated in 

Fig. C.8. Clinopyroxenes in both formations are typical augites which show a relatively small 

range in composition, while orthopyroxenes in the Barby Formation are bronzites and empha­

sise the Mg-rich (Ensa) compositions regarded as typical of "orogenic" pyroxenes by Ewart 

Ca 

80 60 40 20 

En = IOOMg/(Ca+Mg+Fel 

~Augite 

~ Orthopyroxene 

~ Pigeonite 

o Pyroxene in Haiber Flats Fm. 
•ondesite• 

• Pyroxene in Barby Fm. 
bas. ondesite 

A Actinolite after pyroxene in 
Hoiber Flats Fm. •ondesite• 

Ag. C.8: Pyroxene phenocryst 
compositions in "andesites" of 
the HFF and Barby Formation 
according to the simplified 
nomenclature of Ross and Hueb­
ner (1979). Also plotted are com­
po s itl on s of actinolite 
pseudomorphs after augite in the 
HFF. 
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(1982). Despite the limited compositional variation exhibited by augites, there is a slight 

tendency towards Ca depletion and Fe enrichment which may reflect magma crystallisation. 

0,7 o Augite in HFF 
•andesite• 

Iii Augite in Barby Fm. 
bas. andesite 

• Orthopyroxene in Barby Fm • 
bas. andesite • • • 0,5 • 

MnO 

The presence of non-quadrilateral 

components (e.g. Ti, Al, Cr, Fe3
+, Mn, 

Na) in the pyroxene structure has been 

reported by Lindsley (1983) to affect 

the activities of Wo, En and Fs compo­

nents. The substitution of Mn2+ for 

Fe2+ is illustrated by the positive corre­

lation between MnO and FeO content 

in Fig. C.9. However, pyroxenes of the 

HFF and Barby Formation occupy dif­

ferent parts of the diagram which illus­

trates that the former are usually less 

MnO-rich for the same FeO content. 

Furthermore, relatively high Ti02 abun-
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Fig. C.9: FeO vs. MnO diagram for pyroxene phenocrysts in "an­
desites" of the HFF and Barby Formation. 

dances in HFF pyroxenes are associ­

at.ed with low ratios of MgO/(MgO + 

FeO), thereby suggesting a more differentiated nature compared with the Barby Formation. 

Relative constancy of the interelement ratios Ti/Al1v and Na/Al1v indicate that Ti-Al1v and 

Na-Al1v are important substitution couples in pyroxenes of the HFF and Barby Formation (Fig. 

C.1 O). The Na/Al1v ratio also separates the clinopyroxenes into their respective formations, 

viz. HFF (Na/Al1v = 1/4 - 1/2) and Barby Formation (Na/Al1v== 1). Comparison with relict 

clinopyroxenes of the Bitterwater metalavas (correlated with the Barby Formation; Williams­

Jones, 1984) shows an overall similarity in Ti/Al ratios. However, Na/Al1v ratios are generally 
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Fig. C.10: Plots illustrating (a) Ti-Al and (b) Na-Al substitution in pyroxenes of the HFF and Barby Formation. 
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higher in the HFF, and especially the Barby Formation, when compared with the Bitterwater 

clinopyroxenes (Na/Al1v = 1/4 - 1/8 most commonly). 

The studies of Kushiro (1960) and Le Bas (1962) have demonstrated that the compositions 

of clinopyroxenes vary according to the chemistry of their host lavas. Relict clinopyroxenes of 

both the HFF and Barby Formation do not generally contain the high Al and Ti contents typical 

of alkalic parentage, but do exhibit a depletion in Cr and Ti displayed by many calc-alkaline 

lavas. However, clinopyroxenes from these formations plot within the field of overlap between 

volcanic arc and ocean floor basalts in the discriminant function diagram of Nisbet and Pearce 

(1977). Leterrier et al. (1982) attribute the inconclusive results obtained using the latter 

diagram to the following limitations: 

(i) A small database of only 329 clinopyroxenes 

(ii) The use of mainly groundmass clinopyroxenes 

(iii) The use of oxides such as Ti02, MnO and Na20 in concentrations which are often 

close to the detection limit of the EMP. 
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Leterrier et al. (1982) have devised three magmatic discriminant diagrams based on a data 

file of 1225 clinopyroxene analyses (706 from phenocrysts) selected from basalts or basic 

andesites on the criterion that Thornton and Tuttle's (1960) differentiation index be lower than 

50. The elements used (Ti, Cr, Ca, Al and Na) are able to discriminate between three strongly 

contrasted magma types, viz. "orogenic basalts", "tholeiites from distensive areas or non­

orogenic tholeiites", and "alkali basalts and related rocks". 

Fig. C.11 (a-c) illustrates the application of these discriminant diagrams to clinopyroxenes 

of the HFF and Barby Formation. The inferred non-alkaline and orogenic character. of these 

lavas agrees well with whole-rock compositions (Section C.4), but the discrimination between 

calc-alkaline and tholeiitic affinities is inconclusive. 

3.3.2 Chowachaslb Granite 

Rare "xenocrysts" of clinopyroxene occur in a "host" of titanium-rich hornblende (2.82% 

Ti02) in K-feldspar granite of the CGS. The average clinopyroxene composition of 

Wo4s.sEn41.0Fs1a.s is slightly more Fe-rich than is typical for clinopyroxenes of the HFF or 

Barby Formation, but is otherwise sufficiently similar to have been inherited from xenoliths of 

these formations. 

3.4 AMPHIBOLE 

3.4.1 HFF and Barby Formation 

The alteration of clinopyroxene to pale green amphibole is particularly widespread in the 

HFF. The compositions of the secondary amphiboles vary from actinolitic hornblende to 

tremolite in terms of Leake's (1968) classification (Fig. C.12) and all fall within the field of 

actinolites using Miyashiro's (1973) scheme (Fig. C.13). Even where pyroxene has been 

completely replaced, actinolite pseudomorph compositions plot within the augite field of the 

pyroxene quadrilateral (Fig. C.8). 

The relatively low Ti/Al ratios (mean= 0.035 ± 0.017) of secondary amphiboles in the HFF 

are not compatible with a low-pressure origin, but may resemble the atypical low-pressure 
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Fig. C.12: Amphibole compositions in HFF "andesite" and post-HFF granitoids plotted in terms of the classification of Leake (1968). 
All data normalised to 23 oxygens. Only hornblendes from the Chowachasib Granite Suite are igneous in origin. Fields as in 
Fig. 8.4. 
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amphiboles reported by Grapes et al. {1977) from metabasites of the Hidaka Mountains. 

Hynes { 1982) suggested that the absence of sphene as a phase buffering the Ti content of 

amphibole in these metabasites may have given rise to their low Ti contents. Sphene, 

although present as a secondary phase in the HFF, may post-date the amphibolitisation of the 

pyroxenes. 

3.4.2 HIS, Awaslb and Chowachaslb Granites 

The few amphibole analyses available from a quartz syenite of the HIS indicate that the 

green amphibole present is actinolitic hornblende and actinolite {Fig. C.12). While the actinol­

ite is compositionally similar to the actinolite pseudomorphs after augite in the HFF (Fig. 

C.13), actinolitic hornblende is considerably more enriched in Ti02 {1.91 %) and could, there­

fore, reflect a relict igneous origin {cf. Reid, 1977, p. 173). Such high Ti contents are generally 

more typical of amphiboles of the Saffier Intrusive Suite and may, therefore, suggest a 

relationship between the latter and the HIS. 
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Fig. C.13: Amphibole compositions in HFF "andesite" and post-HFF 
granitoids plotted according to the classification of Miyashiro 
(1973). All data normalised to 23 oxygens. Note separation into 
igneous hornblende and metamorphic actinolite. Symbols as 
indicated previously. 

Amphiboles are extremely rare in the 

Awasib Granite and, where present, ap­

pear to have been inherited from mafic 

xenoliths. The dark green hornblendes 

in the CGS are, by contrast, typically 

igneous in composition, as shown by 

their high Ti02 contents {mean 1.71 ± 

0.78%). 

Amphiboles in the CGS are largely 

Fe-hornblendes according to Leake's 

{1968) classification scheme, with Mg­

hastingsitic hornblende only occurring 

in K-feldspar granite which contains no 

coexisting biotite {Fig. C.12). In 

general, amphiboles are only common 

in the more alkaline granites of the 

CGS, possibly as a result of enhanced 

stability due to Na and Al (rather than Ca) substitution {cf. Wones and Gilbert, 1982). The 

tendency of these amphiboles towards more edenitic and hastingsitic compositions is illus­

trated in Miyashiro's {1973) scheme {Fig. C.13). 

Amphiboles from K-feldspar granite of the CGS at Gorrasis tend to display higher Fe/{Fe + 

Mg) ratios {~ 0.6) at Si contents of== 7.0 compared with their counterparts in syenogranite at 

Bushman Hill. This relative iron enrichment is probably largely due to increased oxygen 

fugacity, since some of the hornblendes in the K-feldspar granite display relatively low Si 
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contents (< 6.5) which clearly do not reflect an increase in silica activity in the crystallising 

magma. By contrast, the relatively high Al1v contents of these iron-enriched amphiboles (Al1v 

of 1.22 in K-feldspar granite compared with 1.08 in syenogranite) may, as proposed by Wones 

and Gilbert (1982), have been influenced by the activities of Na20, Al203 and Si02 in the 

melt. 

3.5 BIOTITE 

3.5.1 HFF and Barby Formation 

Biotite analyses provide a means of distinguishing between the different volcanic groups 

on the basis of the following criteria: 

(i) Titanium content, which is considerably higher in the igneous biotites of the Barby 

Formation compared with the metamorphic biotites of the HFF. This feature is well illustrated 

in Fig. C.14, with comparative fields (after Reid, 1977, Fig. 30) of upper greenschist grade 

biotites from the Haib basaltic andesite and igneous biotites of the Vioolsdrif diorite. 

(ii) FeO./MgO ratios, which appear to be unique to each group and may be correlated with 

the host rock composition (Fig. C.14). 

Titanium content combined with the FeO./MgO ratio further enables an inter-group dis­

crimination between the different volcanic localities, or centres, of the HFF. 

The grade of metamorphism in the HFF volcanics is probably lowest at the northern 

locality, slightly higher at the southern locality and highest at the central locality. However, as 

can be seen from Figs C.14 and C.15, there is no accompanying compositional trend which 

confirms the regional pattern. While this observation is in contrast to studies which show 

systematic compositional variation in biotite as a function of increasing or decreasing meta­

morphic grade (e.g. Engel and Engel, 1960; Miyashiro, 1953), other workers (e.g. Cooper, 

1972) have reported the absence of any such correlation. 

While the composition of biotite probably depends on factors other than metam~rphic 
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Fig. C.14: Plot of Fe0°/MgO vs. 
TI02 for biotites of the HFF, 
Barby Formation and post-HFF 
granitoids. All data normalised to 
22 oxygens. Reference fields are 
from Reid (1977). Symbols as 
before. 
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Siderophyllite 1 Eastonite Widespread chloritisation of biotite in 

the Awasib Granite precludes any reliable 

analysis of this phase. However, dark 

brown biotite is still well preserved in the 

CGS and the generally high Ti02 contents 

(mean 1.94 ± 0.36%) are consistent with a 

primary igneous character. Biotites tend to 

display distinct compositional charac­

teristics for the different plutons in the 

CGS (Fig. C.16). Particularly distinctive 

are the low Alv1 contents of biotites from 

the Bushman Hill syenogranite as well as 

low Mg/(Mg + Fe) ratios of biotites from 

syenogranite at Awasib Mountain. 
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Fig. C.16: Biotite compositions from the post-HFF granitoids 
projected onto the "ideal biotite plane" (Deer et al., 1966). 
All data normalised to 22 oxygens. 

There appears to be a systematic in­

crease in both Ti content and Fe/(Fe + Mg) 

ratio with differentiation index (DI) in the 

CGS, i.e. from monzogranite at Satanskop 

II 
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Fig. C.17: Al-Mg-Fe plot of 
metamorphic biotites and 
chlorites in the Haisib ln­
trusi ve Suite compared 
with compositional fields 
for the HFF "andesites". 
Data normalised as in Fig. 
C.15. 
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to syenogranite at Awasib Mountain (Fig. C.18). While this trend may relate to differences in 

the temperature of crystallisation, the range in DI is very small and consequently such factors 

as oxygen and water fugacity may be more important. However, fractional crystallisation of 

small amounts of mafic phases would not greatly affect the DI, but could produce the 

observed pattern due to the low abundances of Ti, Fe and Mg in the granites. 

3.6 CHLORITE 

3.6.1 HFF and Barby Formation 

Chlorite analyses indicate compositions ranging from ripidolite to sheridanite or clinochlore 

using Hey's (1954) nomenclature (Fig. C.19). The more Mg-rich chlorite compositions (Fig. 

C.15} reflect their high-MgO andesite host in part, but are sufficiently extreme to suggest a 

higher grade of metamorphism for the central locality. This suggestion is supported by both 

field and petrographic observations. The central locality chlorites are more colourless than 

their light green counterparts at the other localities. 
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to the classification of Hey 
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Chlo rites from the southern locality exhibit slightly higher Mg/Fe ratios relative to the host 

rock and are similar in composition to chlorites from the oligoclase zone, or upper greenschist 

facies, of the Haast Schist Group studied by Cooper (1972). 

3.6.2 HIS 

Only chlorites from the HIS were analysed and these reveal compositions which are 

generally more Fe- and less Mg-rich than their counterparts in the HFF (Figs C.17 and C.19). 

3.7 EPIDOTE 

3.7.1 HFF and Barby Formation 

Epidotes from the central and northern localities of the HFF occur as replacement products 

of plagioclase and ferromagnesian minerals. Epidote compositions may be related to a variety 

of different factors such as bulk-rock composition, oxygen fugacity and possibly metamorphic 

grade. 

Epidotes of the HFF show a compositional range from Ps21.2 to Psao.s which is more iron 
I 

rich than the range of Ps2a.s to Ps2s.1 exhibited by epidotes of amphibolite grade metabasalts 

from the Kairab Complex. Maruyama et al. (1983) have also shown that more iron-rich 

epidotes tend to characterise lower grade assemblages in the metabasaltic rocks of the Yap 

Islands. However, the intermediate host-rock compositions in the HFF are typically more 

oxidised and hence suggest that oxygen fugacity could have played an important role in 

determining the iron content of the epidotes (cf. Liou, 1973). This suggestion is supported by 

the relatively high average bulk-rock oxidation ratio of 42.4 in the HFF compared with only 

28.4 in the Kairab metabasalt. 

3.7.2 HIS 

Epidote in the HIS is secondary in origin and varies in composition from Ps22.a in quartz 

syenite to Ps2s.s-Ps2a.a in quartz monzonite, the latter range agreeing well with the range 

Ps21.2-Psao.s determined for epidotes of the HFF. The bulk-rock oxidation ratios of the quartz 

monzonite and quartz syenite are similar, namely 54.7 and 52.1, respectively; hence oxygen 

fugacity may not be an important control on the iron content of epidote in this case. 

3.8 OXIDE MINERALS 

3.8.1 HFF and Barby Formation 

Fe-Ti oxide minerals are usually completely oxidised and made up of magnetite and 

exsolved ilmenite. This exsolution texture suggests the presence of an original homogeneous 

titanomagnetite phase. The common association of rims of biotite and sphene with the oxide 

minerals supports the latter suggestion. Secondary haematite and magnetite (porphyroblasts) 

are also present, but more common in highly altered (or metamorphosed) HFF andesites. 

120 



PART C: LATE-STAGE CRUST 3. MINERAL CHEMISTRY AND METAMORPHISM 

While totals are usually close to 100% when Fe3
+ and Fe2

+ are calculated assuming perfect 

stoichiometry, totals as low as 95% are probably the result of alteration. 

Although the variable proportion of exsolved ilmenite does not allow accurate estimation of 

the original Ti content in the oxide minerals, relatively homogeneous titanomagnetites of the 

Barby Formation contain a maximum Ti02 of about 14% which corresponds to an approximate 

composition of Mts0Usp40. This composition compares favourably with the average value of 

Usp3e reported by Ewart (1982) for Fe-Ti oxides in orogenic basalts, basaltic andesites and 

andesites. 

3.8.2 HIS, Awaslb and Chowachaslb Granites 

Limited EMP analyses indicate that despite widespread oxidation and alteration to 

haematite ± sphene ± chlorite, oxide minerals in these granitoids can be identified as mainly 

magnetite and ilmenite. The original phase was probably titanomagnetite which has now 

exsolved intersecting lamellae of ilmenite. The latter is subordinate, thereby suggesting a low 

Usp content in the original phase. 

3.9 METAMORPHISM IN THE HFF 

EMP analyses of HFF rhyolites show that: 

(i) Plagioclase is predominantly albite (Ano.s ± Ano.2), both in primary and secondary 

phases. This observation supports widespread albitisation in these volcanics. 

(ii) Secondary white micas exhibit the higher K, Si and (Mg + Fe) contents typical of 

muscovite as opposed to margarita or paragonite (Guidotti, 1984). 

(iii) Chlorites are classified as pycnochlorites according to the scheme of Hey (1954), 

which indicates a more Fe-rich character than their counterparts in the andesites. 

(iv) Oxide minerals are largely secondary and made up of magnetite, haematite and 

ilmenite. 

The widespread occurrence of secondary albite, muscovite and chlorite in the rhyolites of 

the HFF is entirely compatible with the greenschist grade of metamorphism deduced from the 

secondary mineral parageneses of the andesites. This metamorphic event represents a 

regional imprint which has not been recognised in Sinclair-type rocks to the east as indicated 

by the absence of the requisite mineral parageneses in the sample of Barby Formation 

basaltic andesite from eastern Gorrasis. 

A variation in the degree of metamorphic recrystallisation within the greenschist f acies is 

evident between the different volcanic localities, or centres, of the HFF. While it may be 

possible to relate such variation to differences in the depth of burial, both the overall grade of 

metamorphism (which is close to the limit of so-called "regional burial metamorphism") and 

accompanying deformation suggest that additional factors must be considered. One possi­

bility is that the closely related Haisib Intrusive Suite may represent, in part, the subvolcanic 
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magma chambers which have provided additional heat and fluids to facilitate metamorphic 

recrystallisation. A variation in the proximity of such magma chambers to overlying volcanics 

would clearly result in a variation in the degree of recrystallisation which may well be 

manifested on a regional scale. The availability of water may also play an important role (cf. 

Winkler, 1976, p. 165). 

Such regional "contact metamorphism" does not, however, explain the accompanying 

deformation and it is further significant that members of the Haisib Intrusive Suite display a 

similar degree of metamorphism and deformation to that experienced by the HFF. A more 

regional and dynamic event must, therefore, be looked to in order to explain the observed 

variation in response to greenschist facies metamorphism in the HFF. 

3.10 SUMMARY 

3.10.1 Late-stage volcanic successions 

(i) Plagioclase phenocrysts in basaltic andesites of the HFF display both primary (labra­

dorite-andesine) and secondary (albite-oligoclase) compositions, the former showing an ap­

proximate correlation with the bulk composition. Plagioclase phenocrysts in the Barby 

Formation are rarely affected by metamorphism and display similar primary compositions to 

the HFF. 

(ii) Relict augite phenocrysts in HFF basaltic andesites differ from the Barby Formation by 

displaying lower MnO contents at a given FeO content, higher Ti abundances and lower 

Na/Al1v ratios. Depletion in Cr and Ti for clinopyroxenes from both formations is typical of a 

calc-alkaline and orogenic character (Le Terrier et al., 1982). Bronzite phenocrysts are unique 

to Barby Formation basaltic andesite and emphasise the Mg-rich compositions typically found 

in orogenic pyroxenes (Ewart, 1982). 

(iii) Actinolite pseudomorphs after augite are most common in the HFF and show enrich­

ment in Mg and Fe and depletion in Ca relative to the primary phase. 

(iv) Biotite compositions in the HFF are typically metamorphic as shown by their similarity 

in terms of Ti02 and FeO./MgO to compositions of the upper greenschist facies Haib basaltic 

andesites (Reid, 1977). By contrast, biotite compositions in the Barby Formation are typically 

primary as shown by their high Ti contents. 

(v) Metamorphic chlorite compositions in the HFF basaltic andesites are typical of green­

schists (e.g. Haib basaltic andesite, Reid, 1977) and Mg enrichment in chlorites at the central 

locality may reflect a locally higher grade of metamorphism. 

(vi) Epidote compositions of Ps21-ao in the HFF are similar to compositions of Ps21-2a in 

quartz monzonite of the HIS, possibly in response to similar metamorphic conditions .. 
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(vii) In the HFF, the association of oxide minerals with rims of biotite and sphene suggests 

that the original oxide phase was titanomagnetite. In Barby Formation basaltic andesite, 

titanomagnetite corresponds to a composition of Mts0Usp40, which compares favourably with 

the average value of Usp3s reported by Ewart ( 1982) for Fe-Ti oxides in orogenic basaltic 

andesites. 

(viii) EMP analyses show that HFF rhyolites are characterised by primary and secondary 

albite, secondary muscovite (as opposed to margarita and paragonite), pycnochlorite and 

magnetite, haematite and ilmenite. 

3.10.2 Late-stage Intrusive suites 

(i) A decrease in An content of plagioclase shows a correlation with increasing DI in the 

Haisib Intrusive Suite (HIS). Granites of the HIS were originally hypersolvus, but a subsolvus 

appearance may be attributed to the influx of water via proximal shear zones and the 

consequent depression of the solidus. Plagioclase in the Awasib Granite is typically sodic (An 

< 5), while K-feldspars are microperthitic and more rarely rimmed by albite to form Rapakivi 

texture. Plagioclase in the Chowachasib Granite Suite (CGS) varies from Ans-20 and is less 

altered than counterparts in the Awasib Granite. 

(ii) Actinolite in the HIS is similar in composition to actinolite in the HFF, but actinolitic 

hornblende exhibits high Ti contents more typical of a primary origin. Primary hornblendes in 

the CGS are only common in the more alkaline granites, possibly as a result of enhanced 

stability due to Na and Al (rather than Ca) substitution. Iron enrichment in these hornblendes 

is attributed to oxygen fugacity since a corresponding trend in silica enrichment is not evident. 

(iii) Biotite compositions in the HIS exhibit similar Ti02 contents to metamorphic biotites in 

the HFF, but higher FeO./MgO ratios. Occasionally high contents of Ti02 in biotites from the 

HIS suggest that the original phase was magmatic in origin and that subsequent changes in 

composition were the result of metamorphism. Biotites in the CGS display compositional 

characteristics which enable discrimination between the different plutons, e.g. low AIVI at 

Bushman Hill and low Mg/(Mg + Fe) at Awasib Mountain. With an increase in DI~ biotites show 

a systematic increase in Ti content and Fe/(Fe + Mg) as a result of fractional crystallisation or 

oxygen/water fugacity. 

(iv) Chlorite compositions in the HIS are generally more Fe-and less Mg-rich than their 

counterparts in the HFF basaltic andesites, while epidote compositions are similar to the 

latter. 

(v) Compositions of occasional clinopyroxenes in K-feldspar granite of the CGS are similar 

to those obtained in the HFF or Barby Formation and suggest that these are inherited phases. 
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4. WHOLE-ROCK CHEMISTRY 

4.1 INTRODUCTION 

Whole-rock analyses are tabulated on the accompanying Microfiche cards (discussion in 

Appendix Ill) for a total of 103 samples from the late-stage crust of the AMT and 9 samples 

from the Barby Formation (Sinclair Sequence type area). This section places emphasis on the 

eruptive rocks of the HFF and their associated intrusions, viz. the HIS and Awasib Granite. 

The volcanic rocks are of particular interest, since variation diagrams show reasonable 

coherence and may, therefore, approximate a liquid line-of-descent. 

As explained is Section B.4, the Fe203/FeO ratios for analyses have been estimated 

according to the method of Le Maitre (1976) for use in calculation of CIPW norms and Mg# 

(molecular MgO/[MgO + FeO]) values. Where rocks are relatively altered and suggest oxida­

tion, an "unerupted" Fe203/FeO ratio has been estimated (e.g. 0.3 for andesites; Gill, 1981). 

4.2 ASSESSMENT OF ALTERATION 

The low grade of metamorphism (greenschist f acies or lower) in late-stage crust of the 

AMT is unlikely to be isochemical with respect to the volatile components H20 and C02. The 

histogram in Fig. C.20 illustrates the range in "loss on ignition" (LOI) for lithologic units in the 

late-stage crust. The LOI values used are minimum values due to incomplete oxidation of Fe 

during the ashing of sample powders. However, a corrected LOI can only be calculated if the 

actual FeO and Fe203 contents are known as well as the amount of unoxidised Fe. By 
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Fig. C.20: Frequency histogram 
illustrating the range in "loss on 
ignition" (LOI) in lithologic units 
within the late-stage crust of the 
AMT. 
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plots for the HFF volcanic succession 
compared with trends for modern suites 
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estimating Fe203 and FeO according to the method of Le Maitre ( 1976) and assuming that 

about 20% Fe is unoxidised, the corrected LOI is found to be slightly higher than the 

calculated LOI. Use of the latter value does, however, enable a crude measure of the volatile 

content which, in turn, allows an approximate assessment of alteration. 

LOI, as a measure of hydration (and minor carbonation in the case of the HFF), increases 

with an increase in hydrous minerals during greenschist facies metamorphism (up to 3% H20; 

Jolly, 1972) and weathering (Miyashiro et al., 1969). While Irvine and Baragar (1971) have 

considered Precambrian greenstones with greater than 2.5% H20+ to be unacceptably al­

tered, Smith (1968, 1969) has found a favourable comparison between volcanics and their 

altered equivalents (recalculated on a water-free basis) having up to 12% H20+. The implied 

lack of any direct relationship between volatile content and alteration (especially in green­

schist f acies volcanics) has been reported by other workers, e.g. Reid ( 1977), Williams-Jones 

(1984). 

Despite the latter considerations, it is clear from Fig. C.20 that the bulk of analyses from 

Sinclair-age rocks contain LOI values which are acceptably low according to Irvine and 

Baragar (1971 ). The implied lack of alteration may once again be tested using the approach 

of Beswick and Soucie (1978). Figs C.21 a-e illustrate that data for the HFF volcanic suite are 

comparable to the unaltered Phanerozoic trends used as references by these workers. 

Nevertheless, data scatter is sufficient to suggest some alteration of the rhyolites, e.g. 

silicification (Figs C.21 a and d), Ca-depletion possibly as a result of albitisation (Figs C.20b 

and e) and potassium metasomatism (Fig. C.21 e). Data for the mafic lavas are generally less 

aberrant but do suggest some silica- and Ca-depletion (Figs C.21 d and e). 

Mg0/10 

,"unaltered" 

..... -~=-',\,~ ...... . . "' '. ' . . ............. . .............. 
...... . . ....... 
',· ..... 

.............. . .. ............... <'. 

Fig. C.22: Plot of HFF data in the ternary system Mg0/1 O­
CaO/Al203·Si02'100 (Davis et al., 1978). "Unaltered" 
compositions fall within the dashed lines. 

While the approach of Beswick and Soucie 

(1978) clearly indicates some element mobility 

in the HFF eruptive rocks, this assessment is 

dependent on the reference database used by 

these workers. Compared with post-Mesozoic 

volcanic suites, the rhyolites of the HFF exhibit 

low levels of Ca and high levels of silica and 

potassium. Such chemical characteristics may 

be considered primary if these rhyolites are the 

product of extreme fractionation or derived 

from a crustal (A-type) source (see discussion 

in Section 4.3.2). Accordingly, the alteration 

present in the HFF volcanic suite is not con­

sidered to be sufficiently intense to preclude 

the employment of geochemical techniques on 

these rocks. This view is supported by the "un-
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altered" nature of the data when plotted in the ternary diagram Mg0/10-CaO/Al203-Si02/100 

(Davis et al., 1978) - Fig. C.22. 

4.3 GEOCHEMICAL CHARACTERISATION 

4.3.1 Late-stage ("Sinclair-type") volcanics 

4.3.1.1 Classification 

Volcanic rocks of the Haiber Flats Formation (HFF) are discussed in this section, with 

comparative reference being made to compositionally similar extrusives in the Barby Forma­

tion. The former are volumetrically more important in the AMT and represent the westernmost 

occurrences of Sinclair-age volcanism. The data for the HFF volcanics have been tabulated 

into eight of the twelve chemical groupings advocated by Ewart (1979, 1982), viz. 52-54, 

54-56, 56-58, 60-63, 63-66, 66-69, 69-73, and >73% Si02 (Table C.4). The distribution 

between these groupings is essentially bimodal (Fig. C.23) with a paucity of compositions in 

the intermediate compositional range, especially 58-66% Si02. 
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Fig. C.23: Frequency histogram illustrating the bimo­
dal distribution of silica contents in HFF eruptive 
rocks. 
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Fig. C.24: Total alkali-silica (TAS) diagram showing distribution of 
data for the HFF volcanic succession. Rock group subdivision 
is according to Le Bas et al. (1986). Other fields as for Fig. 
B.16. 

The wide range of compositions displayed by volcanics of the HFF is illustrated in a total 

alkali-silica plot (Fig. C.24) where fields are defined according to Le Bas et al. (1986). This 

diagram emphasises the calc-alkaline (after Kuno, 1968) or sub-alkalic (after Irvine and 

Baragar, 1971) nature of most of the volcanics, although several samples are clearly alkaline. 
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A relatively potassium-rich nature is indicated for an average trend of the HFF on a plot of 

Si02 versus K20 (Fig. C.25}. Comparison with circum-Pacific trends (after Gill, 1970} illus­

trates a similar slope but consistently higher K20 contents for the average HFF trend. This 

trend is comparable to that of calc-alkaline volcanics from the "southern" Barby Formation in 

the Sinclair Sequence (after Brown and Wilson, 1986}. The shoshonitic trend of some Barby 

Formation volcanics is, however, clearly much steeper than either of these trends. The HFF 

trend falls within the "high-K" field of Ewart (1979, 1982), modified from Peccerillo and Taylor 

(1976}, and most closely resembles orogenic volcanic suites from the western zone of the 

western USA and the Mediterranean region (see Section 4.3.1.4). 

TABLE C.4: Average major and trace element compositions of Haiber Flats Formation 
eruptive rocks, with silica intervals according to Ewart (1979, 1982}. 

SI02 52-54% 54-56% 56-58% 60-63% 63-66% 66-69% 69-73% >73 

n= 2 9 3 2 1 2 3 19 

Si02 53.49 54.69 56.54 61.07 64.62 68.46 71.88 75.64 
Ti02 0.90 1.00 1.08 0.75 0.64 0.49 0.30 0.12 
Al203. 14.12 15.33 16.25 15.22 15.35 14.67 14.00 12.10 
Fe203 9.73 9.52 8.11 6.85 5.62 4.26 2.90 2.19 
MnO 0.16 0.16 0.14 0.10 0.05 0.10 0.14 0.07 
MgO 8.62 5.83 5.03 3.69 2.53 1.24 0.44 0.27 
Cao 7.85 7.28 6.90 5.47 2.87 2.94 1.09 0.53 
Na20 2.84 3.51 3.61 3.73 4.51 4.01 4.56 4.60 
K20 2.02 2.31 2.04 2.92 3.61 3.69 4.47 4.50 
P20s 0.28 0.37 0.30 0.20 0.20 0.14 0.23 0.06 

Mo 1.8 2.0 3.0 2.3 2.1 4.0 4.3 3.7 
Nb 5.6 7.6 7.0 9.4 10 16 20 20 
Zr 118 163 195 206 233 205 361 289 
y 23 29 27 38 36 47 66 95 
Sr 525 524 518 405 309 278 100 44 
u 1.3 2.0 3.2 3.4 2.0 6.1 3.2 3.5 
Rb 62 84 94 126 147 166 165 198 
Th 1.7 4.9 7.6 10 13 18 25 27 
Pb 21 20 4.1 23 20 19 24 25 
Zn 75 73 62 49 39 56 32 29 
Cu 10 72 24 1.5 1.4 6.5 3.1 11 
Ni 201 66 72 28 23 11 5.1 4.1 
Co 40 30 32 24 17 9.2 1.6 0.8 
Cr 712 208 128 111 54 27 22 21 
v 167 155 156 120 89 50 19 20 
Ba 638 714 680 922 1134 706 954 497 
Sc 25 23 22 18 11 7.6 5.4 2.9 
La 18 28 26 26 29 37 64 52 
Ce 32 56 52 49 56 75 127 110 
Nd 23 33 30 31 33 39 65 62 
Cs 3.6 5.0 5.0 2.9 4.4 4.9 2.0 2.4 

DI 37.6 48.6 49.6 61.5 74.7 79.2 90.8 94.1 

Major oxides in wt.%; trace elements in ppm. All Fe expressed as Fe2Da 
. 
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Fig. C.25: Plot of Si02 vs. K20 illustrating average trends for the HFF (bold line) and other volcanic suites. Boundaries 
between tholeiitic (TH), calc-alkali (CA) and high-K fields are according to Ewart (1982). Trends 1-18 are for 
Cenozoic suites in the circum-Pacific region (Gill, 1970). 19 = shoshonitic suite of Fiji (Gill, 1970), 20 = shoshonitic 
lavas of the Barby Formation (Watters, 1974), 21 ="southern area" of the Barby Formation (Brown and Wilson, 
1986). 

(II) Iron enrichment 

The lack in iron enrichment for HFF eruptive rocks is illustrated in plots of Feo· versus 

MgO (Fig. C.26a) and Si02 versus FeOT/(FeOT + MgO) (Fig. C.26b). These diagrams show 

that data for the HFF lavas compare favourably with both the calc-alkaline Cascade volcanics 

(Carmichael, 1964) and calc-alkaline "southern" Barby Formation volcanics (Brown and Wil-
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Fig. C.26: Plots of (a) Feo· vs. MgO, and (b) Si02 vs. FeOT/(Feor + MgO). Feo· =total Fe as FeO; Fear= FeO + Fe203. 
Filled circles represent averages for HFF data according to the silica categories used by Ewart (1979; 1982). Average 
trends are also illustrated for the calc-alkaline "southern" Barby Formation (Brown and Wilson, 1986) and Cascades 
suites (Carmichael, 1964), and the tholeiitic Thingmuli suite (Carmichael, 1964). 
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son, 1986), and are clearly distinct from the tholeiitic Thingmuli trend (Carmichael, 1964). The 

AFM trend (Fig. C.55; Section C.6) also compares well with calc-alkaline volcanic suites in 

general and falls within the "calc-alkaline" field of Irvine and Baragar (1971). 

The tendency for HFF rhyolites to plot within the tholeiitic field designated by Miyashiro 

(1974) is the result of extremely low MgO contents and does not necessarily indicate iron 

enrichment. 

(Ill) Alka//-1/me Index 

A convenient method of illustrating Peacock's (1931) alkali-lime index is by plotting Si02 

versus log(CaO/Na20 + K20), e.g. Brown (1982). Fig. C.27 illustrates that the HFF lavas are 

calc-alkalic (%Si02 == 57) and define an average trend which lies close to the field of "normal 

calc-alkaline andesites" (after Brown, 1982). 

a.a 
4.3.1.2 Major element variation 

0.5 (I) Introduction 

:::::: -0.5 
0 

Variation of major oxides with Si02 is illus­

trated in Fig. C.28 with lavas sampled from the 

southern, central and northern localities indi­

cated separately on each Harker diagram. Data 

points which coincide with average trend lines 

for some oxides are, however, aberrant for 

others. This may be due to the interplay of sev­

eral factors such as alteration, fractionation, 

phenocryst accumulation and regional variation. 

In addition, Gill (1981, p. 102) notes that acer-

0 

i.£i 
Cl 
0 
_J 

-1.0 Halber Flats 
Formation 

-1.5 ....____. _ __,_ _ _.___...___~___.--==-__. 
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80 tain "randomness" may be evident within a suite 
0 50 60 70 

SI02 of samples from the same volcano or even the 

Fig. C.27: Silica vs. care-alkaline ratio plot for the HFF 
eruptive rocks. Open circles = all data; filled circles = 
averages according to silica categories used by 
Ewart (1979, 1982). Bold line = regression line for 
HFF data. Field of normal calc-alkaline andesites is 
from Brown (1982). 

same eruption. 

(II) Systematic description 

Titanium 

Ti02 decreases consistently with increasing Si02 for all lavas of the HFF. However, 

southern locality basaltic andesites display relatively high Ti02 contents which cannot be 

easily explained by titanomagnetite accumulation. Non-enrichment in Fe203 • for the same 

samples is consistent with this observation and suggests that the high Ti02 contents are 

inherited from a parental magma unique to the southern locality. Spatially related dacites and 

rhyolites from the southern locality do not, however, display Ti02 contents significantly 

different from the average trend of HFF lavas. 
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and northern localities, or centres. Aberrant samples are numbered. 
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Aluminium 

Al203 shows a consistent decrease with increasing Si02 for dacites and rhyolites, but 

significant "scatter" for basaltic andesites. The southern locality basaltic andesites which 

display Ti02 enrichment are also characterised by relatively high Al203 contents. The abun­

dance of plagioclase phenocrysts in these lavas suggests that the observed Al203 enrichment 

may be the result of plagioclase accumulation. However, this is not consistent with the 

absence of sympathetic Cao enrichment. The relatively low Al203 (13.1%) of sample BH 598 

from the central locality probably reflects its more primitive nature (>10% MgO). 

Iron 

Fe203 • decreases consistently with increasing Si02 except for a single basaltic andesite 

sample (BH 509) from the southern locality. This highly plagioclase phyric sample also shows 

enrichment in Al203 and Na20, which may suggest dilution of ferromagnesian oxides by 

plagioclase accumulation. However, the absence of sympathetic enrichment in Cao and 

depletion in MgO cannot be reconciled with a model of plagioclase accumulation. If the 

relatively low K20 content displayed by BH 509 is the result of leaching, then the possibility 

exists that the Fe203• content may have been similarly affected. 

Magnesium 

While the overall negative correlation of MgO with Si02 is well established, it is noted that 

four samples of basaltic andesite from the central and northern localities may be classified as 

"high-Mg" (i.e. >6% MgO according to Gill, 1981, p. 110). Three of these samples are 

aberrant, viz. BH 692, 604 and 598, and may owe their elevated MgO contents to the 

accumulation of ferromagnesian minerals. Sample BH 692 from the northern locality shows 

relict augite cores and enrichment in Cao as well as MgO, but no sympathetic enrichment in 

Fe203·. These features may be explained by clinopyroxene accumulation in view of the 

relatively high MgO/Feo· ratio and Cao content of augite. 

Samples BH 604 and 598 from the central locality are metamorphic in character and 

original ferromagnesian minerals are no longer preserved. However, clinopyroxene is unlikely 

to be the accumulated phase since only MgO is enriched in these samples and not Cao. 

Orthopyroxene accumulation would, on the other hand, explain these features due to its 

relatively high MgO/Feo· ratio and low Cao content. The possible occurrence of pseudo­

morphs after olivine in BH 598 suggests that olivine may also have been accumulated despite 

the oversaturated nature of this lava. 

Calcium and the alkalis 

CaO contents decrease fairly regularly with increasing Si02 and vary inversely with alkalis. 

The scatter in the alkalis, especially Na20, may be the result of mobility in response to 

alteration. Primary variation in K20 at a particular Si02 content has been reported for ejecta 

from single volcanoes (e.g. Gorton, 1977) and is typ!cally the result of different magma 
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sources. In the HFF lavas K20 demonstrates a greater rate of increase in the passage from 

basaltic andesite to rhyolite than Na20, thereby resulting in an increase in K20/Na20 ratios 

with increasing Si02. 

Manganese and phosphorus 

MnO and P20s contents both exhibit significant variability with the aberrance of rhyolite 

sample BH 504 being particularly pronounced. While both MnO and P20s would be enriched 

by the accumulation of manganiferous apatite, an accompanying enrichment in Cao is not 

observed. Similarly, accumulation of ilmenite cannot explain the enrichment in MnO in view of 

the average conte_nts of Fe;03 • and Ti02 displayed by BH 504. One possible reason for this 

scatter is that both Mn and P contents in rhyolites are close to 0.1% (1000 ppm} and may, 

therefore, be acting as dispersed trace elements. 

4.3.1.3 Trace element variation 

(I) Variation diagrams 

A total of 21 trace elements are plotted against Si02 in Fig. C.29. While 17 samples have 

been analysed for only 16 trace elements, REE analyses (apart from La, Ce, and Nd} have 

been determined for a further 3 samples (Appendix II}. The latter are presented in Section (ii). 

Some degree of scatter is evident in virtually all of the variation diagrams, which is hardly 

surprising considering that the HFF lavas have been subjected to both greenschist meta­

morphism and deformation in their ca. 1000 Ma history. Nevertheless, the database (n=41} is 

considered sufficient to define average trends for most elements and so provide a means of 

characterising the magmatic evolution of these lavas. 

Systematic description of the trace elements has been organised according to groups of 

elements which display similar chemical affinities (cf. Gill, 1981}. 

K-group: Ba, Cs, Rb and Sr 

The elements of this group (except Ba and Cs} both increase and decrease in concentra­

tion with increasing Si02. While the erratic behaviour of Ba may be the result of alteration, the 

low levels of Cs present do not invite further comment. If K-metasomatism has taken place, 

the presence of secondary biotite and K-feldspar suggest that one might expect a greater 

enrichment in Ba due to its ionic similarity to K (Mason, 1966, p. 134}. While the generally 

high contents of green biotite in basaltic andesite samples BH 500 and 501 appear to support 

this possibility, no obvious petrographic differences can be used in the rhyolites to charac­

terise high- and low-Ba groups. However, silicification and recrystallisation in the rhyolites do 

appear to be more commonly associated with low Ba contents, e.g. high-silica rhyolites of the 

, central locality. 

One indication that the Ba contents of several samples may be original is the much smaller 

degree of scatter displayed by the same samples on plots of both K20 and Rb versus Si02. 

Erratic variation of Ba has been reported from modern (unaltered) volcanics, especially acid 
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members of calc-alkaline suites (Arculus, 1976; Gill, 1981 ), thus confirming that alteration 

need not be invoked in the case of the HFF. 

Rb displays a gradual increase from basaltic andesite (50 ppm) to rhyolite (200 ppm) and 

closely resembles the variation pattern of K20. 

Sr shows an overall decrease with increasing Si02. despite a steep increase from basaltic 

andesite to low-silica andesite in lavas of the northern locality. The latter trend reflects an 

approximate inverse correlation between Sr and K, but similar trends described by Gunn 

(1974) are regarded by Gill (1981) as being anomalous and the result of inexplicable Sr 

enrichment. In general, the significant decrease in concentration of Sr with increasing silica is 

indicative of advanced magmatic differentiation, typically the result of feldspar fractionation. 

LREE Group: La, Ce and Nd 

Light REE exhibit similar increases with increasing Si02, the non-pyroclastic rhyolite BH 

498 showing abnormal enrichment in La, Ce and Nd. Such enrichment may be due to an 

accumulated accessory phase such as sphene or zircon. 

Th-group: Th, U and Pb 

Th exhibits a significant increase with increasing Si02, while no obvious trend can be seen 

for either U or Pb. Th concentrations also increase from northern to southern localities, 

central locality abundances being typically intermediate in value. U is known to be especially 

sensitive to crustal thickness (Dupuy et al., 1976) implying that crustal involvement may be 

responsible for much of the scatter shown by U (and possibly also Pb). 

HFSE-group: Zr, Nb and Y 

Since these elements are characterised by high ratios of charge to ionic size, one would 

expect their concentrations to increase with increasing Si02 due to an incompatible nature 

with regard to most common minerals. This is indeed the case, although significant scatter 

tends to occur at high Si02 values. At least some of the Zr enrichment in the rhyolites may be 

the result of zircon accumulation and in this respect it is important to note that the highest Zr 

abundance occurs in the same sample that also displays significant enrichment in LREE, viz. 

BH 498. Also of interest is the more Zr-rich nature of southern locality basaltic andesites, a 
group already distinguished by its relatively high concentrations of Ti, Al, and LREE. Both Nb 

and Y exhibit pronounced increases with increasing Si02, trends being particularly steep in 

the passage from dacite to high-silica rhyolite. 

Compatible Group: Ni, Co, Cr, V and Sc 

All the compatible elements exhibit a pronounced decrease with increasing Si02. Ni, Co 

and Cr are particularly enriched in the high-Mg basaltic andesite BH 598 and there is an 

approximate decrease in these elements for basaltic andesites from the central, via the 

southern, to the northern localities. The regional diversity in Ni for basaltic andesites is 

difficult to explain in view of current uncertainty with regard to the relative importance of 
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differences in source compositions as opposed to differentiation processes (Gill, 1981, p. 

135). 

Co shows less variation compared with Ni, decreasing from 53 to O ppm between high-Mg 

basaltic andesite and rhyolite. 

Cr, like Ni, shows significant enrichment in basaltic andesites of the central locality 

(362-712 ppm) when compared with the southern (185-78 ppm) and northern (130 ppm) 

localities. 

V decreases regularly with increasing Si02, a feature regarded by Gill (1981, p. 137) as 

typical of suites which are, characterised by modest or no iron-enrichment. Considerable 

variability in V (4-40 ppm) is evident in rhyolites of the HFF, and may be the result of slightly 

different magnetite contents, possibly due to variation in oxygen fugacity. The slight scatter 

shown by the major oxides Ti02 and Fe203. at high Si02 contents is not inconsistent with the 

latter observation, since extremely high partition coefficients have been reported for V in 

magnetite from high-silica rhyolite (e.g. Ko = 500; unpublished compilation by Ewart and 

Duncan). 

Sc shows a regular decrease with increasing Si02 from 25 to O ppm. Apparent bimodality 

(scatter?) in Sc abundances at high silica contents in the HFF may be a consequence of 

mineralogical control, e.g. magnetite. 

Chalcophile Group: Cu, Zn and Mo 

Cu, Zn and Mo all vary irregularly with increasing Si02 content, although there is a 

suggestion of a positive correlation between Mo and Si02. The occurrence of malachite 

staining at the central locality suggests that Cu mineralisation is probably responsible for the 

relatively high Cu contents obtained for samples of basaltic andesite (459 ppm) and rhyolite 

(77 ppm) at this locality. Irregular variation of the chalcophile elements contrasts with the 

relatively coherent trends displayed by the compatible elements and may, therefore, suggest 

that the former do not owe their distribution to magmatic processes. Similar scatter shown by 

Pb suggests that hydrothermal processes, possibly magma-driven, may be a common factor 

controlling the distribution of these elements. Significantly, andesite volcanic provinces are 

also frequently Cu-Pb-Zn-Mo-Ag-Au metallogenic provinces (Gill, 1981, p. 137). 

Mo abundances in the HFF volcanics are difficult to assess in view of the low concentra­

tions (close to the lower limit of detection) and the paucity of published data, but values for 

"andesites" (sensu lato) in the southern and central localities generally exceed the 0.5-2.5 

ppm range reported in the literature (Taylor and White, 1966; Taylor et al., 1969; Peccerillo 

and Taylor, 1976). Mo values for the northern locality "andesites" typically fall within the 

quoted range for andesites. 

137 



.! 
;: 
"O 
c 
0 
.c 
0 
' II 
ii 
E c 
I/) 

PART C: LA TE-STAGE CRUST 4. WHOLE-ROCK CHEMISTRY 

(II) REE 

(a) Description 

Chondrite-normalised REE patterns for eruptive rocks of the HFF and Sinclair Sequence 

are presented in Fig. C.30 (chondritic values after Taylor and Gorton, 1977). The stability of 

REE patterns in rel~tively unaltered rocks (Humphris, 1984) permits their use in the charac­

terisation of different magma types represented in the HFF. The three samples analysed for 

the REE La, Ce, Nd, Sm, Eu, Gd, Tb, Yb and Lu are discussed below. 
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Fig. C.30: Chondrite-normalised REE patterns for the HFF volcanic succession compared with patterns for 
(a) "andesites" (sensu Jato) in the Barby and Guperas Formations, and (b) rhyolites in the Barby Formation. 
Shaded areas represent envelopes of patterns. 

High-Mg basaltic andesite (BH 598) 

This pattern displays LREE enrichment (LaN/LuN = 4.8; LaN/SmN = 2.3) and a fairly flat, 

slightly concave, slope for HREE (TbN/YbN = 1.1; YbN/LuN = 0.9). A slightly negative Eu 

anomaly is present (Eu/Sm = 0.69; Eu/Eu· = 0.85) and HREE enrichment is 1 O to 12 times 

chondritic. 

Acid basaltic andesite (BH 6908) 

The overall pattern is remarkably similar to that for high-Mg basaltic andesite, but with 

overall REE enrichment being consistently higher by between 10 and 30%. Normalised 

inter-element ratios indicate LREE enrichment (LaN/LuN = 5.7; LaN/SmN = 2.2), a flat slope for 

HREE (TbN/YbN = 1.2; YbN/LUN = 1.0) and a slightly negative Eu anomaly (Eu/Sm = 0.68; 

Eu/Eu·= 0.85). HREE enrichment is 12 to 15 times chondritic. 

High-silica pyroclastic rhyolite (BH 669) 

Although the ratios LaN/LUN = 4.4 and LaN/SmN = 2.8 for this rhyolite are of a similar order 

to the andesites (sensu lato), overall REE enrichment is between 70 and 120% higher. The 

HREE pattern is flat (TbN/YbN = 1.0; YbN/LUN = 1.0), while HREE enrichment is between 33 
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and 35 times chondritic. The most pronounced feature of this pattern is the large negative Eu 

anomaly (Eu/Sm= 0.21; Eu/Eu*= 0.24). 

(b) Comparison of REE between lavas of the Haiber Flats, Barby and Guperas Formations 

Unpublished REE data from A. Kraner (made available by D.L. Reid, 1987) have been used 

to compare the REE abundances in lavas of the HFF with those of the Barby and Guperas 

Formations in the Sinclair Sequence. The following important features are illustrated by Fig. 

C.30: 

- REE patterns for tt~e HFF basaltic andesites generally fall within the envelope of 

patterns for compositionally similar extrusives in the Barby Formation. 

- A single pattern for Guperas Formation trachyandesite displays a similar slope 

(LaN/LuN = 4.7) to patterns for the HFF and Barby Formation, but overall enrichment 

in REE, especially HREE, is more pronounced. 

- HFF rhyolite shows a REE pattern which differs in shape and overall enrichment from 

the envelope of patterns displayed by rhyolites in the northern part of the Barby 

Formation. By comparison with HFF rhyolite, the latter envelope is not as steep 

(LaN/LuN = 3.5 compared with 4.4) and has a less pronounced negative Eu anomaly 

(Eu/Sm = 0.43 compared with 0.21 ). Significantly, these "northern Barby Formation" 

rhyolites form part of a bimodal tholeiitic suite which Brown and Wilson (1986) con­

sider to display compositional similarities to the younger Guperas Formation. 

4.3.1.4 Comparison of Halber Flats Formation (HFF) lavas with younger volcanic suites 

(I) The HFF volcanic suite 

The different chemical characteristics of mafic and felsic lavas in the HFF and the paucity 

of lavas of intermediate composition together suggest that bimodality may reflect differences 

in source derivation. While this aspect forms the subject of a more detailed· discussion in 

Section C.6 (Petrogenesis of the HFF), mafic and felsic lavas will be discussed separately in 

sections (ii) and (iii) in order to facilitate their comparison with published data. 

(a) Major and trace element abundances 

Major elements 

- Low Ti02 contents (typically < 1.0%) in the HFF are characteristic of volcanic rocks 

(especially basalts and andesites) erupted at convergent plate boundaries (Chayes, 

1964; Gill, 1981 ). 

- Overal.1 variation in Al20a for most basaltic andesites and andesites is within the range 

of "arc tholeiites and orogenic andesites" (Gill, 1981, p. 112). 

- K20 abundances compare favourably with values reported from high-K eruptives in 

active continental margins of the western USA and Mediterranean (Ewart, 1979, 

1982). 
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High Si02 and alkalis, combined with low MgO and Cao, in the HFF rhyolites resemble 

rhyolites of anorogenic bimodal associations or orogenic rhyolites of the western USA (Ewart, 

1979). 

Trace elements 

- The absolute abundances of Rb (50 - 200 ppm in basaltic andesite to rhyolite) are 

typical of high-K calc-alkaline volcanic suites described by Jakes and White (1972) 

and Ewart ( 1979, 1982). 

- The decrease in Sr in acid andesites of the central locality is typical of high-K suites 

(Gill, 1981), while the overall abundances of Sr in basaltic andesites and low-silica 

andesites are comparable with those reported from medium- to high-K suites. 

- Absolute abundances of LREE and LaN/CeN ratios (= 1.3) in HFF andesites (sensu 

lato) are similar to published values for high-K suites (Masuda et al., 1975; Gill, 1981 ). 

- Despite some scatter, overall abundances of Th-group elements are high, even for 

high-K suites (Jakes and Smith, 1970; Gill, 1981). 

- Zr contents for the average trend are high ( 100-300 ppm) and comparable with values 

reported for high-K volcanic suites (Jakes and White, 1972; Ewart, 1979, 1982). 

- While Nb abundances (13-34 ppm) for HFF rhyolites are generally within the range of 

high-K suites elsewhere (e.g. western belt of the western USA; Ewart, 1979), Y 

abundances (33-131 ppm) for the same lavas are noticeably higher than for typical 

"orogenic volcanic suites". Abundances of Nb (5-10 ppm) and Y (22-39 ppm) in the 

basaltic andesite-andesite range are, however, typical of high-K calc-alkaline volcanic 

suites reported by the same workers. 

- Ni contents for basaltic andesites of the central (143-354 ppm) and southern (71-132 

ppm) localities are high compared with Ni contents of calc-alkaline lavas, even high-K 

suites (cf. Jakes and White, 1972). Excluding the high-Mg sample BH 598, the overall 

variation in Ni from basaltic andesite to rhyolite is still substantial (143 to O ppm), but 

not unlike the variation reported for other calc-alkaline volcanic suites of Proterozoic 

age (e.g. 100 to O ppm in the Haib lavas; Reid, 1977). 

- Average Co contents for the basaltic andesite-andesite range are generally less than 

40 ppm and hence within the range of "orogenic andesites" reported by several 

workers (e.g. Gill, 1981, p. 136; Ewart, 1982). 

- With the exception of the high-Mg basaltic andesite, andesites (sensu lato) display Cr 

contents which compare favourably with values reported for medium- to high-K an­

desites (Gill, 1981, p. 101; Ewart, 1982). Cr contents (16-34 ppm) for the HFF 

rhyolites are less depleted compared with Ni, but resemble similar values reported by 

Ewart (1979) for rhyolites from the Mediterranean region. 
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(b) Trace element trends 

Fig. C.31 illustrates averaged trends (according to Table C.4) of Differentiation Index (DI) 

versus the elements Ba, Sr, Zr, Cr, Ni and V for the HFF compared with averaged trends for 

orogenic volcanic suites compiled by Ewart (1982). Volcanic suites were selected from 

western (Andean) South America, the western zone of western USA, north-eastern Pacific, 

south-western Pacific and the Mediterranean region. Also illustrated are the approximate 

compositional fields occupied by rhyolites of bimodal basalt-rhyolite associations which have . 

been constructed from data compiled by Ewart (1982) for volcanic centres in the USA, 

Iceland, western Scotland and northern Ireland, southern Queensland (Australia) and Papua 

New Guinea. 

The grouping of Ba, Sr and Zr is related to the tendency for these elements to follow K 

during geochemical processes (Ewart, 1982). The HFF displays a general increase in Ba from 

basaltic andesite to dacite followed by a decrease at higher DI which is similar to trends in 

both the western USA and western South America while the overall abundances are closer to 

the latter. Sr in the HFF shows a general decrease which again resembles the trend for 

western South America, while overall abundances are similar to those of the south-western 

Pacific. The marked depletion in Sr at high DI is also typical of both the western USA and 

Mediterrane.an rhyolites. Zr exhibits an irregular increase with increasing DI which is similar to 

the pattern displayed by the western USA at intermediate DI, but only decreases at signifi­

cantly higher DI. The increase in Zr in the HFF to an abundance peak at DI = 91 most closely 

resembles the late-stage increase in Zr (at DI ~ 85) displayed by rhyolites from the north-east­

ern Pacific. 

The grouping of Cr, Ni and V is related to the almost universal depletion of these elements 

with increasing DI in the various orogenic subregions (Ewart, 1982). The HFF trend is 

characterised by high overall abundances of Ni and Cr which resemble the abundances 

displayed by lavas of the western USA. The pattern of depletion in these elements with 

increasing DI is also similar to the western USA, but differs in the less marked depletion of 

HFF lavas at high DI (~ 80). V in the HFF lavas displays a pattern with increasing DI which is 

intermediate between the patterns displayed by lavas of western South America and the 

western USA. 

Rhyolites (sensu stricto) of the HFF generally display abundances of the above elements 

which fall within, or close to, the fields of rhyolites of bimodal associations (Fig. C.31 ). The 

major deviations are in the relative enrichments displayed by the HFF for Ba, Sr (to some 

extent), Cr and V. However, the use of average abundances in compiling trends and the 

probable mobility of K-group elements under metamorphic conditions allow for the possibility 

that the HFF rhyolites form part of an anorogenic bimodal association of volcanics. The 

difficulty in using these compositional fields to determine the magmatic association of rhyol­

ites in general is illustrated by the overlap between these fields and high DI lavas of many 
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orogenic volcanic suites. Furthermore, high-silica biotite rhyolites of the western USA display 

many of the chemical characteristics of rhyolites of the bimodal associations (Ewart, 1979). 

(c) Trace element abundance patterns 

While enrichment in K is well established for most lavas of the HFF, certain element 

abundances are more typical of calc-alkaline lavas, e.g. Sr. Ewart (1982) has shown that 

low-K, calc-alkaline, high-K and shoshonitic series occupy fairly distinct fields on a diagram of 

K/Rb ratio against K20. In Fig. C.32a, these parameters illustrate that data for the HFF is 

predominantly high-K in ch~racter, with some scatter of data into the calc-alkaline field. The 

problem of stability of K-group elements during alteration may be partly overcome by using 

the elements Ti and V, which have been shown to be stable over a wide range of temperatures 

and water/rock ratios (Shervais, 1982). On a plot of Ti versus V (Fig. C.32b), data for the HFF 

show considerable scatter towards the origin (felsic lavas) but away from the origin an 

approximate trend with Ti/V = 40 is evident in the more mafic lavas. This ratio is somewhat 

higher than the calc-alkaline series eruptives reviewed by Shervais (1982), but may be 

attributed to magnetite fractionation. 
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(II) HFF maflc Javas 

For convenience three individual samples within the mafic volcanic succession are chosen 

for discussion, viz. high-Mg basaltic andesite (BH 598), acid basaltic andesite (BH 690B) and 

andesite (BH 574). 

(a) Trace element "spidergrams" 

MOAB-normalised patterns for these samples are compared with predominantly high-K 

and calc-alkaline basalts from active continental margins in central Chile, the western USA 
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and Iran (Fig. C.33). Despite the overall similarity between these patterns, the HFF mafic 

lavas display the following distinctive features: 

100 

- A pronounced negative P anomaly which is below the range of most modern continen­

tal margin lavas and is also lower than MOAB. This depletion may be the result of 

apatite fractionation. 

- A pronounced negative Ti anomaly which is again below the range of the lavas under 

review, although high-K andesite from Iran does exhibit considerable depletion as 

well. The low Ti abundance is probably the result of magnetite fractionation. 
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Fig. C.33: MOAB-normalised minor and trace element variation diagrams for (a) HFF "andesites", and (b) calc-alkaline and high-K 
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(1982, 1983). 

Not unexpectedly, the HFF basaltic andesitic to andesitic lavas show a more fractionated 

nature than their basaltic counterparts from Phanerozoic active continental margins. Never­

theless, the overall patterns are similar and by analogy indicate both a within-plate source 

contribution (high concentrations of Nb relative to Zr and Zr relative to Y and Yb) as well as a 

subduction component (selective enrichment in Sr, K, Rb, Ba, Th, Ce and Sm) as discussed 

by Pearce (1983). While the involvement of continental crust cannot be excluded from a 

genetic model for the more siliceous andesites, a "mantle" isotopic signature (Section C.6) 

precludes crustal contamination for the basaltic andesites. A similar conclusion was reached 

with respect to the petrogenesis of the Chilean basalts (Pearce, 1983). 

Sample BH 598 merits special attention in that it is compositionally a high-Mg basaltic 

andesite which is characterised by several features displayed by so-called "type-E high-Mg 

andesites" from Cape Vogel, Papua New Guinea (Jenner, 1981), viz. LaN/YbN == 3-7 (BH 598 

= 5), Zr/Nb== 19 (BH 598 = 22) and a marked depletion in Ti relative to Zr and Y. "Boninites", 

as defined by Bailey (1981), Hickey and Frey (1982) and Bloomer and Hawkins (1987), are 

characterised by lower Ti02 (< 0.6%), flatter and less enriched REE patterns, and less 
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enrichment in LILE. However, certain interelement ratios do suggest a boninitic affinity for 

sample BH 598, e.g. Ti/Zr= 43 (< 100 in boninites), Y/Zr = 0.2 (< 0.4 in boninites). 

The early eruption of high-Mg basaltic andesite in the HFF and its subsequent deformation 

and metamorphism are compatible with the timing and occurrence of high-Mg andesites in the 

Bonin Islands and Marianas Trench. Here these lavas have been associated with the early 

stages of development of subduction zones or back-arc basins (cf. Karig and Moore, 1975; 

Cameron et al., 1979). Chemical deviations in sample BH 598 from "typical boninite" could be 

the result of a within-plate and/or crustal contribution and may consequently provide indirect 

support for the similarity between the mafic lavas of the HFF and basalts from active continen­

tal margins. 

(b) REE patterns 

Basaltic andesites of the HFF exhibit REE abundances which fall within the range of 

"orogenic" andesites reviewed by Cullers and Graf (1984), although individual patterns plot 

within the zone of overlap between continental andesites associated with subduction zones 

and island arc andesites. 

When compared with specific volcanic suites in Fig. C.34a and b, the REE pattern of HFF 

acid basaltic andesite most closely resembles those patterns displayed by the high-K San 

Pedro volcano in the north Chilean Andes (Thorpe et al., 1976). The less-enriched nature of 

high-Mg basaltic andesite is, however, more typical of medium-K "orogenic" andesites from 

Ancud in central-south Chile (Lopez-Escobar et al., 1976). Significantly, both San Pedro and 

Ancud are situated along the Andean plate margin and may be regarded as continental 

andesitic volcanoes associated with a subduction zone. It is important to note not only the 

similarities of HFF "andesites" to more recent medium- to high-K "orogenic" andesites, but 

also their differences when compared with REE patterns for both tholeiitic and calc-alkaline 

"anorogenic" andesites (Fig. C.34b) reviewed by Gill (1981, p. 129). 
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Fig. C.34: Chondrite-normalised REE patterns for HFF basaltic andesites (filled and open circles) compared with 
patterns from (a) orogenlc volcanics at San Pedro (high-K) and Ancud (medium-K) volcanoes in Chile (Lopez-Es­
cobar et al., 1976), and (b) anorogenic tholeiitic and calc-alkaline (Rio Grande) volcanics compiled by Gill (1981 ). 
Symbols as in Fig. C.33 (a). 
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(Ill} HFF felslc lavas 

(a) Trace element "spidergrams" 

Averages are considered here for both low- (70-75% Si02) and high-silica (>75% Si02) 

rhyolites in the HFF in order to facilitate their comparison with rhyolitic ash-flow tuffs from 

selected Cenozoic terranes reviewed by Sylvester et al. (1986). The Cenozoic rhyolites 

considered by these workers constitute two groups, viz. intracontinental rift- or hot spot-re­

lated rhyolites and subduction-related continental intra-arc rhyolites. 

Using the procedure of Thompson et al. (1984), chondrite-normalised patterns for HFF 

rhyolites are co~pared with patterns for Cenozoic rhyolites in Fig. C.35. The following 
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Fig. C.35: Chondrite-normalised minor and trace element variation diagrams for (a) average low-silica (70-75 wt.%), 
and (b) average high-silica(> 75 wt.%) HFF rhyolites following the procedure of Thompson et al. (1984). Envelopes 
for intracontinental and subduction-related rhyolites are modified from Sylvester et al. (1987). 

features are illustrated: 

- Bot~ low- and high-silica rhyolites in the HFF exhibit an overall chemical similarity to 

the intracontinental rift- or hot spot-related rhyolite suites. 

- Low-silica rhyolites in the HFF exhibit similarities to subduction-related rhyolites with 

regard to the elements Ba, Nb, Zr and Ti. 

- High-silica rhyolites in the HFF exhibit similarities to subduction-related rhyolites with 

regard to the elements Ba, Nb, Sr and P. 
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The difficulty in applying these chemical characteristics may be related to either the highly 

fractionated nature of the HFF rhyolites or the expected heterogeneity if these rhyolites 

represent crustal melts. Cryptic alteration is an additional problem with respect to such 

elements as Ba, Rb, Th and K. In general, however, the relatively low concentrations of 

alumina plus lime (= 14.0% for low-silica rhyolite and 12.2% for high-silica rhyolite) and high 

total alkalis (= 9.3% for low-silica rhyolite and 8.9% for high-silica rhyolite) in the HFF 

rhyolites most closely resemble the major element compositions of rift- or hot spot-related 

rhyolites. 

Significantly there are very close compositional similarities between HFF rhyolites and the 

Awasib Granite. The latter (discussed in detail in Section 4.3.2) is diagnostic of so-called 

"A-type" (alkaline or anorogenic) magmas reviewed by Whalen et al. (1987). Since "A-type" 

chemistry has been applied almost exclusively to granites, caution is necessary when ap­

plying this concept to rhyolites. Nevertheless, it is important to note that the HFF rhyolites 

display many of the chemical characteristics of both A-type granites (as defined by Whalen et 

al., 1987) and within-plate granites (as defined by Pearce et al., 1984). These features are 

compatible with derivation of the rhyolites from crustal and subcontinental lithospheric sour­

ces. 

(b) REE patterns 

The REE pattern for HFF high-silica rhyolite is compared with patterns for both subduction­

related and intraplate rhyolites in Fig. C.36. "Anorogenic" rhyolites represented in this diag­

ram are thought to have originated by partial melting of continental crust, e.g. Kern Plateau 

(Bacon and Duffield, 1981) and Monte Arci (Dostal et al., 1982), while "orogenic" rhyolites 
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Fig. C.36: Chondrite-normalised REE pattern (bold line) for HFF rhyolite compared with patterns for various 
orogenic and anorogenic rhyolites. Data sources: Inner Zone Japan (Terakado and Masuda, 1988), Aegean 
Arc (Innocenti et al., 1981), Kern Plateau (Bacon and Duffield, 1981), Monte Arci (Dostal et al., 1982). 
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owe their origins to both partial melting, e.g. Inner Zone of Japan (Terakado and Masuda, 

1988), and crystal fractionation, e.g: south Aegean volcanic arc (Innocenti et al., 1981). 

Despite the overlapping nature of several of these patterns, it is clear that the HFF high-silica 

rhyolite most closely resembles the pattern for high-silica rhyolite from the Inner Zone of 

Japan. The relative enrichment in HREE of the HFF is, however, distinct from patterns for 

both "orogenic" and "anorogenic" rhyolites in Fig. C.36; although a similar HREE enrichment 

has been reported for non-subduction related rhyolite from the Rio Grande rift (Thompson et 

al., 1984). 

(Iv) Summary 

Despite moderate deformation and metamorphism, the major and trace element variation 

in volcanics of the HFF displays the following primary characteristics: 

(a) A progression in composition from basaltic andesite to high-silica rhyolite, but with a 

paucity of compositions (< 15%) in the range andesite to dacite. 

(b) The chemical affinity of the HFF volcanic suite is largely calc-alkaline (AFM classifica-

tion, alkali-lime index), a high-K nature being suggested by the following features: 

- K20 enrichment in the classification of Peccerillo and Taylor (1976). 

- High abundances of Rb, LREE, Th, Zr and sometimes Nb and Y. 

- High ratio of LaN/CeN (= 1.3). 

- REE patterns, especially for the basaltic andesites, which are similar to high-K vol-

canic suites elsewhere. 

(c) An "orogenic" character is suggested for the HFF volcanic suite by a number of 

compositional features, viz.: 

- Cale-alkaline to high-K character 

- Ti02 depletion 

- Low abundances of HFSE, except for Nb and Yin the rhyolites 

- Eu/Eu· ratio > 0.75 in the basaltic andesites 

- Distinctive REE patterns 

From the above characteristics it can be concluded that the andesites (sensu /ato) are 

"orogenic" as defined by recent workers (e.g. Bailey, 1981; Gill, 1981; Ewart, 1982). Charac- · 

terisation of the rhyolites is less easily achieved owing to their fractionated nature and A-type 

features which are almost identical to the Awasib Granite (see section 4.3.2). The presence of 

both crustal and within-plate ·components in the HFF rhyolites is implied. 

4.3.2 Late-stage ("Slnclalr-type") Intrusive suites 

4.3.2.1 Introduction 

Selected major and trace element data are presented in this section for the following four 

suites of intrusive rocks, all of which post-date volcanics' of the Haiber Flats Formation: 

- Saffier Intrusive Suite (SIS) 
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