








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

hoboth and Gordonia subprovinces in southern Namibia. The AMT is made up of two major crustal compo-

nents, 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 (D
1
-D

3
). 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 87Sr/86Sr 

initial ratio (R
0
) 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 anomalies) which are also consistent with a subduction-related environment.

Younger metaluminous granitoids and gabbroids in the early-stage crust have undergone D
3
 deformation 

and low-medium grade metamorphism. There is a close spatial and compositional association between the 

metavolcanic succession and these younger intrusive rocks. The association between gabbro, a maic 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, R
0
 = 0.7029 ± 

3) to granite (Khorasib Granite Gneiss) relects juvenile magma input followed by an increasing contribution 
from subcontinental within-plate mantle lithosphere and heterogeneous crust. Ocean-ridge granite (ORG)-nor-

malised 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 (D
4
-D

7
), the most intense phase (D

5
) being 

associated with greenschist facies metamorphism. Late bimodal dyke swarms constitute the youngest expres-

sion 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 clastic sediments 

of the Urusib Formation. Clasts (granitic and volcanic) are locally derived and sedimentary features suggest 

the intercalation of braided streamlow fans with lacustrine deposits. This typical rift succession reaches a 
maximum thickness of 2400 m.

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

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 andes-

ites, dacites and rhyodacites are poorly represented. While porphyritic textures are characteristic of all volcanic 

types, pyroclastic textures are most common in the rhyolites. Stratiied tufites and volcaniclastic and clastic 
rocks typically make up < 10% of the HFF. Barby Formation basaltic andesites and tufites 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 titanomag-

netite 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) vol-

canic suites from active continental margins such as western North America and Chile. These distinctive com-

positional features include high abundances of K, Rb, LREE, Th and ‘h: (and sometimes Nb and Y), and low 

abundances of the high ield strength elements (except Nb and Y in the rhyolites). Rhyolites reveal typical 
A-type characteristics which are compatible with a signiicant crustal contribution in their petrogenesis.

HFF basaltic andesite yields an age of 1086 ± 44 Ma and R
0
 of 0.7030± 2 indicating derivation from a mantle 

source region which is slightly depleted relative to “Bulk Earth”. However, a relatively high 238U/204Pb 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 R
0
 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 sub-
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sequently undergone assimilation-fractional crystallisation and mixing to form andesite. Rhyolites represent near-minimum 

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 luids, and possibly 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 relects the increasing inluence of both sub-

continental 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 R
0
 of 0.717 ± 8, both features being compatible with ield relationships and an 

inferred crustal source. The Safier Intrusive Suite (formerly intrusive rocks of the “Barby Formation” and “Spes Bona Sy-

enite”) and Bushman Hill Quartz Diorite are broadly contemporaneous with the HIS, while the Chowachasib Granite Suite 

represents the youngest pre-dyke plutonism. The change in composition from calc-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 arc or active continen-

tal margin about 1270 ,Ma ago. Continental collision (coinciding with D
2
, and possibly D

3
, 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-loe”) and tensional (“pull-apart”) tectonics close to 1200 Ma ago. While maic 
and felsic 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 de-

velopment 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 preservation of thick volcano-

sedimentary successions and the intrusion of bimodal dyke swarms, provisionally dated at 844 ± 35 Ma (R
0
 = 0.7064 ± 2).
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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 Maltahöhe and is bounded by latitudes 25°00’S and 

26°00’S, and longitudes 15°00’E and 16°00’E (Fig. A.1). 

The area is approximately 11 200 km2 in extent but out-

crop 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 in-

selbergs 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) identiied 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, red-

dish Tumuab Granite and sediments of the Kunjas Forma-

tion.

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 corrob-

orated by the reconnaissance work of Harrison (1979), the 

South African Committee for Stratigraphy (SACS, 1980) 

has shown that a larger portion of the AMT is underlain 

by pre-Sinclair metamorphic basement than previously in-

dicated.

Areas adjacent to the AMT have been subject to several 

major regional mapping projects which have been under-

taken 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 underly-

ing, Namaqualand Metamorphic Complex (NMC) has been 

studied by Greenman (1966), Jackson (1976) and McDaid 

(1976, 1978). Details of earlier work carried out in these ar-

eas is contained in Range (1910, 1912), Beetz (1923, 1924), 

Kaiser (1926) and Martin (1965).

1.3 PRESENT STUDY

Although several reconnaissance studies have been con-

ducted since the early sixties, the present study is the irst 
detailed geological investigation of both early-stage crust 

(or “basement” of possible NMC afinity) and late-stage 
crust (or “cover”) in the AMT (map - Appendix I). Despite 

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

(i) To extend mapping from adjacent areas (Fig. A.1) into 

the AMT and to attempt correlation 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 base-

ment.

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

for the crustal evolution of the Sinclair Sequence and the 

adjacent NMC.
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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 be-

tween the Rehoboth and Gordonia subprovin¬ces is impor-

tant 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 northwest (Fig. A.4).

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; Kröner, 1977), while SACS (1980) 

proposed separate groupings of these “loor rocks” into the 
Mooirivier Metamorphic Complex and Neuhof Formation.

With regard to the Sinclair Sequence (which includes the 
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late-stage crust of the AMT), the regional setting is seen as 

part of a curvilinear association of Irumide-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 (Kröner, 1977), an intrac-

ontinental rift 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 struc-

tures at the boundary of the Gordonia and Rehoboth sub-

provinces, e.g. Bouguer gravity anomalies (Kleywegt, 1967; 

SWA/Namibia Geological Map, 1980) and aeromagnetic 

lineaments (CDM Mineral Surveys, 1981). Gravity contours 

(with dark-shaded highs) indicate a continuation of the line 

of anomalies identiied by De Beer and Meyer (1984) along 
the margin of the Kaapvaal Craton (Fig. A.3). This feature is 

important with regard to the northwestward 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 al-

ternative interpretation to the extrapolation of this line along 

the younger Irumide belt (e.g. Borg, 1988). The paucity of 

gravity stations between the Sinclair and Rehoboth areas 

does not allow for a conident choice between these options.
Aeromagnetic lineaments in the Sinclair and adjacent 

NMC have been interpreted from aeromagnetic contours 

(Hoal, 1987) and show strong northwesterly and, to a lesser 

degree, northeasterly trends (Fig. AA). These trends appear to 

be related to faults (frequently transcurrent) which allow for 

signiicant offsets or branching of the major Excelsior-Lord 
Hill shear belt and its possible northwestward 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 dior-

ite) 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 afinity and late-stage crust 
which forms, together with the Konipberg Formation, the 

most westerly occurrence of the Sinclair Sequence.

2.2 LITHOSTRATIGRAPHY

While individual units in early-stage crust of the AMT 

have been studied in some detail, the stratigraphic succes-

sion remains uncertain and will only be dealt with briely in   
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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 (Appendix 

I). This study is primarily concerned with the late-stage crust 

in the AMT and its relationship to the type area of the Sin-

clair 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 ield obser-
vations and not radiometric data, the latter having produced 

conlicting results (see discussion in Section C.5). An ex-

ample of this dilemma is provided by the petrographic and 

geochemical similarities between the Haiber Flats and Barby 

Formations, yet Rb-Sr data indicate a difference of ca. 100 

Ma in their ages of extrusion.

Maic to intermediate intrusions of the “Barby Formation” 
and “Spes Bona Syenite” now form part of the “Safier Intru-

sive Suite” (Hoal, 1989b) and, where recognised in the AMT, 
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these intrusions have been mapped as such. The mutual re-

lationship between the Haisib Intrusive Suite, Bushman Hill 

Quartz Diorite and Safier Intrusive Suite is not well estab-

lished but these units are depicted as broadly contemporane-

ous. Table A.1 also indicates the post-Sinclair status of the 

Aubures (previously “Auborus”) Formation on the following 

grounds:

(i) The Aubures Formation is hosted in fault-bounded 

troughs which cut across the regional trend of typical Sin-

clair-age basins.

(ii) The Aubures Formation is younger than the latest gran-

ite 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 Doorn-

poort Formation in the Rehoboth area is signiicant in view 
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of the post-Gamsberg Granite age of the latter. Hoffmann 

(1989) considers the Doornpoort Formation to be of early 

Damaran age.

(iv) A palaeomagnetic age of ca. 1000 Ma led Kröner 

(1977) to suggest that the Aubures Formation was younger 

than the Sinclair Sequence.

Most of these problems of correlation relect the deposition 
of volcano-sedimentary successions 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 move-

ment, it is hardly surprising that the resultant stratigraphy is 

dificult to unravel.
Watters (1974, 1976) viewed the Sinclair Sequence as hav-

ing evolved in three cycles, each cycle being initiated by the 

emplacement of basic magma and terminated by sedimen-

tation. Table A.2 presents a reinterpretation of this cyclical 

evolution which is more compatible with ield evidence, i.e. 
artiicial 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 volca-

no-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 inal stage of plutonism in the third cycle 

terminates the development of the Sinclair Sequence and ex-

cludes the Aubures Formation.

2.3 STRUCTURE AND METAMORPHISM

Table A.3 compares the geologic history of the AMT with 

that of the neighbouring NMC (“Central Zone”) and pos-

sible 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 zone as part of the older 

Neuhof Formation which suffered only minor reactivation in 

Sinclair times.

Within the early-stage crust of the AMT, the Kairab Com-

plex shows many similarities to the “pretectonic” Garub Se-

quence described by Jackson (1976). The oldest regional fab-

ric (s
1
) is present in grey gneisses as a gneissic or migmatitic 

layering which is inferred to be parallel to the lithologic 

layering (s
0
). The foliation s

1
 is the result of transposition or 

overprinting of so during the D
1
 deformational event (Plate 

A.1a). Tight, often overturned folds (f
2
) are typical of D

2
, but 

their orientation does not appear to have any regional con-

sistency. A penetrative mineral lineation is usually present 

and designated l
2
. Distinction between s

1
 and s

2
 foliations is 
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dificult on a regional scale, since refoliation is only locally 
observed (Plate A.1b). The deformational episodes D

1
 and D

2
 

both appear to be characterised by high-grade metamorphism 

(upper amphibolite facies) and associated metatexis.

The regional fabric (s
3
) typical of syn- to late-tectonic gran-

itoids in the AMT “basement” is widespread but shows vari-

able development (Plate A.1c). Metasedimentary (and pos-

sibly amphibolitic) xenoliths may also show earlier fabrics 

(s
1
/s

2
) despite lattening in the plane of s

3
. A mineral lineation 

(l
3
) is occasionally developed. The extent of this D

3
 phase 

of deformation is dificult to ascertain, but associated dex-

tral shears may be the earliest manifestation of transcurrent 
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movements which culminated in the creation of pull-apart 

basins in late-stage (or “Sinclair-age”) crust. Later move-

ment (D
5
?) 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 signiicant departure 
from the generally accepted idea of minimal tilting and 

gentle folding in the Sinclair Sequence (e.g. Watters, 1974; 

Kröner, 1977; Mason, 1981). Harrison (1979) identiied 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 

(Hoal, 1989b).

The D
3
 event recognised by McDaid (1978) in the Sin-

clair-age Konipberg Formation appears to be restricted to 

the syn- to late-tectonic “basement” granitoids in the AMT. 

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

sib Granite Suite. This event (D
4
) is represented by open 

northwest to north-northwest-trending folds (f
4
) which have 

been intersected by an axial-plane cleavage (s
4
; Plate A.1d) 

and display a mineral lineation (l
4
). 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.Le). Associated with this phase 

of deformation are widespread fracture cleavage and block 

tilting, possibly as a result of sliding on listric or detach-

ment faults.

The following deformational event (D
5
) probably fol-

lowed shortly after D
4
 and is characterised by widespread 

shearing along s
4
 planes of weakness. The conjugate shear 

couple represented by the northwest-trending Haiber Flats 

Shear Zone (HFSZ, irst named by Harrison, 1979) and a 
smaller north to northeast-trending shear zone to the south-

east of Haiber Hill (map - Appendix I) may represent Riedel 

shears in response to overall dextral wrenching. Hence the 

sense of movement in the shear zone southeast 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 (f
5
), local thrusts, and a well-deined 

stretching lineation (l
5
). 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)  

relects medium to upper greenschist facies metamor-
phism.

A late phase of deformation (D
6
) is suggested by crenu-

lation folding and kinking (f
6
) of s

5
 shear planes and the 

common occurrence of a crenulation lineation (l
6
). Conju-

gate fractures associated with D
6
 rather than D

5
 (cf. Hoal, 

1985) deine a pattern which corresponds to the orientation 
of late- to post-tectonic basic and acid dyke swarms. Retro-

grade metamorphism in the form of widespread alteration 

is probably associated with this episode of deformation. 

A  subsequent phase of folding and warping (f
7
) about an 

east-northeast-trending axis has resulted in the bending of 

both shear planes and the s
3
 fold axial plane of the Urusib 

synclinorium.

Late-stage faults show a variable orientation, but are com-

monly parallel or transverse to basin margins, i.e. north-

west- or northeast-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 com-

monly associated breccia, while quartz veining is a charac-

teristic feature. In the absence of stratigraphic marker ho-

rizons, older faults can usually be distinguished from their 

younger counterparts by the transcurrent rather than verti-

cal 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 deformation and metamorphism 

within the Konipberg Formation (correlated with the Barby 

Formation by McDaid, 1978). The inluence of the Pan-Af-
rican Damaran Orogeny on the NMC has been severe along 

the coast of Namibia (Kröner 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 evi-

dent in the AMT may be assessed by interpolation between 

illite crystallinity isolines and extrapolation of the biotite 

isograd established for Pan-African outcrops by Ahrendt et 

al. (1977). Fig. A5 illustrates that the AMT lies close to the 

Hb
rel

>130 isoline which suggests that the grade of meta-

morphism attributable to the Pan-African orogeny did not 

exceed “very low grade” (i.e. Hb
rel

≈130, which is equivalent 
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to temperatures lower than 300- 360°C). Extrapolation of 

the biotite isograd - is less easily achieved but was assumed 

to be sub-parallel to the Hb
rel

 isolines. According to this in-

terpretation, biotite-grade metamorphism during the Pan-

African should be conined 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 un-

related to the Pan-African event.

2.4 SUMMARY

(i) The middle to late Proterozoic Awasib Mountain ter-

rain (AMT) comprises two major crustal components that 

are correlated with the Namaqualand Metamorphic Com-

plex (NMC) and Sinclair Sequence respectively.

(ii) The metamorphic Kairab Complex forms an impor-

tant 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 lithologic resemblance to 

the Garub Sequence in the Central Zone of the NMC.

(iii) The post-Kairab Aunis and Khorasib granite (sen-

su lato) gneisses in the AMT appear to have counterparts 

amongst the numerous granitoid batholiths in the NMC (Ta-

ble A.3).

(iv) The early-stage crust has undergone at least three 

episodes of deformation, the earliest of these being char-

acterised by amphibolite-grade metamorphism and migma-

tisation.

(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 (Safier and Haisib Intrusive Suites, 
Bushman Hill Quartz Diorite, and Awasib and Chowacha-

sib Granites) which together bear a strong resemblance to 

lithologies in the middle part, or second cycle, of the Sin-

clair Sequence (Tables A.1 and A.2).

(vi) In comparison to the Sinclair Sequence, late-stage 

AMT rocks are strongly deformed (four episodes of deforma-

tion) 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. Southwest 

of the AMT, the even more highly deformed and metamor-

phosed Konipberg Formation may lie close to a palaeomar-

gin 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 Forma-

tion, 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 stratigraphically 

overlies a younger NMC “basement”, While the apparent lo-

cation of the AMT across the boundary of the Rehoboth and 

Gordonia 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 “Re-

hoboth Magmatic Arc” incorporating Irumide-age rocks of 

the AMT and Sinclair Sequence will not be addressed in any 

detail in this memoir.

The early- and late-stage crust of the AMT are treated sep-

arately (in Parts B and C, respectively) with regard to those 

regional and petrological aspects which best provide a frame-

work for the discussion of the Proterozoic crustal evolution 

of the AMT (in Part D). Taking into account the greater de-

gree 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 anoro-

genic” origin of the Sinclair Sequence.
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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. Accord-

ingly, reference is made to an early- and late-stage crust 

which better relects the progression from an early orogeny 
in the loor 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 afinity 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 lithologic 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 compari-

son with modem and ancient analogues in the literature.

(iv) Geochronology of selected lithologic 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, ield character and petrography of the 
major lithologic units which form part of the early-stage 

crust in the AMT. Limited detail is provided in the case of 

lithologic units which have been previously described in 

areas adjacent to the AMT. Localities referred to in the text 

are illustrated on the accompanying geological map (Ap-

pendix I).

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 undifferenti-

ated part of the Kairab Complex fall into the “pretectonic” 

category deined 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, Magnet tafelberg serpentinite and biotite 

granite gneiss. These units, although recognised in outcrop, 

have generally not been differentiated at the 1: 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 ield. Although only nine of these 
rock types can be recognised in the AMT, they cover much 

of the previously described compositional range from “cal-

careous” to “magnesian” (Jackson, 1976, p. 15). Brief de-

scriptions of the major Garub Sequence-type lithologies 

that occur in the AMT are given below.

(i) Granofels

Lenticular rafts of carbonate-free granofels occur in a 

layered maic intrusion of the Safier Intrusive Suite which 
is situated on the farm Wolwedans in the northeastern part 

of the AMT. The granofelses are characterised by a dark, 

banded appearance which is the result of diopside-rich lay-

ers alternating with plagioclase-rich layers. In addition to 

plagioclase and diopside, the granofelses are composed of 

opaque minerals and secondary chlorite, biotite, epidote, 

actinolite and sphene. The ine-grained granoblastic polyg-

onal texture is not unusual for outcrops of basement situ-

ated this far north in the AMT.

(ii) Aluminous gneiss

Layered gneisses which relect an original “pelitic” char-
acter are restricted to a raft of muscovite-biotite-staurolite 

gneiss in Awasib Granite at Guinasib Mountain, and to sev-

eral outcrops of muscovite-biotite gneiss in the proximity 

of Haiber Hill which appear to contain needles of Silliman-

ite. Although these lithologies are quite unlike the typical 

aluminous gneisses of the Garub Sequence, many of the dif-

ferences in character may be attributed to the lower meta-

morphic grade in the AMT basement.

(iii) Biotite and biotite-hornblende schist

Biotite schists constitute the most common Garub Se-

quence-type lithology in the AMT, but may differ from the 

type locality in containing signiicant amounts of musco-

vite. The remaining mineralogy is made up of plagiocla-

se, quartz, minor K-feldspar, occasional garnet and horn-

blende. Accessory phases include apatite, zircon, sphene 

and opaque minerals, but several of these minerals appear 

to be secondary in origin. Epidote, like muscovite, is more 
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abundant than in the type locality and this may be attributed 

to a lower metamorphic grade in the AMT. Hornblende may 

be present in suficient amounts to refer to the rock as a 
biotite amphibolite rather than a biotite-hornblende schist. 

The distribution of biotite schists is widespread, while horn-

blende-bearing schists are not as common and appear to be 

restricted to the southern part of the AMT. Together, these 

schists suggest derivation from a “semi-pelitic” protolith.

(iv) Quartzofeldspathic metamorphites

Jackson (1976, p. 37) assigned to this category all quartz-

feldspar rocks of the Garub Sequence which contained < 

5% maic minerals. In the AMT this category includes pink 
quartzofeldspathic gneisses of arkosic character as well as 

white pegmatoids and garnet-bearing granite-aplites which 

are together associated with maic schists and amphibolites 
in the southern most part of the area.

(v) Quartzose metamorphites

Metaquartzite occurrences are rare, the only body of 

and prominence being a magnetite metaquartzite outcrop 

situated 2.5 km west of the DiaR10 trigonometrical beacon. 

This metaquartzite exhibits a distinctive grey to red colour 

and inequigranular texture. Magnetite makes up 10-15%  

of the rock and is the only mineral of any prominence be-

sides quartz. The magnetite metaquartzite overlies garnet-

biotite schist and schistose amphibolite of the Garub Se-

quence.

(vi) Maic metamorphites
“Metabasites” described in the area around Aus (Jackson, 

1976, p. 41-52) include granolites, amphibolites and epi-

dote schists. Granulite facies granolites, which are typically 

hypersthene-bearing, have not been recorded anywhere in 

the AMT and this may relect a northward decrease in meta-

morphic grade. This observation is borne out by the rarity 

of diopside-bearing amphibolites in the AMT, since such 

amphibolites commonly occur in areas adjacent to granolite 

occurrences. A single outcrop of diopside-bearing amphi-

bolite was noted 2 km to the northwest of the DiaR10 trigo-

nometrical beacon. The more widespread diopside-free am-

phibolites in the AMT are characterised by several features 

which suggest a lower metamorphic grade than the diop-

side-bearing amphibolites, viz. a green colour and poikilob-

lastic nature of the hornblende, the presence of epidote and 

the subordinate nature of granoblastic polygonal textures. 

The range in mineralogy and texture of the diopside-free 

amphibolites differs little from that already described by 

Jackson (1976, p. 48-51), but many of the lower grade or-

tho-amphibolites have been mapped separately as part of a 

metavolcanic succession or meta-intrusive suite of rocks. 

These ortho-amphibolites are described in some detail in 

the following section. Quartz-epidote-chlorite schists, or 

so-called “epidote schists”, are better described in the AMT 

as epidote-rich biotite and hornblende schists which have 

suf-fered retrograde metamorphism.

(vii) Magnesian metamorphites

Anthophyllite fels and chlorite schist occur together in 

the southern most part of the AMT. This association of 

magnesian metamorphites, resembles the cummingtonite 

and chlorite schist association described by Jackson (1976, 

p. 52). However, the different mineralogy merits the inde-

pendent description given below.

(a) Anthophyllite fels

This lithology occurs as pods, possibly dykes originally, 

in the chlorite schist and is closely associated with lens-

es of serpentinite. Anthophyllite-gedrite makes up almost 

60% of the rock with lesser amounts of tremolite (30%) and 

chlorite (10%). Large laths of porphyroblastic anthophyl-

lite may deine a schistose fabric, but are more commonly 
randomly oriented. Tremolite and chlorite are typically 

intergrown in ibrous aggregates to form a “groundmass” to 
the anthophyllite laths. The medium-grained and dark green 

character of the anthophyllite fels is distinctive.

(b) Chlorite schist

Chlorite is the major constituent but appears to form a 

ibrous replacement product of tremolite; together these 
intergrowths deine a crenulated foliation. Occasional an-

thophyllite laths have grown across this foliation and ap-

pear to have a preferred orientation orthogonal to the latter 

trend. These ine-grained chlorite schists may have formed 
by the retrogression of associated poikiloblastic amphi-

bolites which are typically made up of tremolite-actinolite 

(60%), plagioclase (20%) and chlorite (20%).

2.1.2.2 Magnettafelberg serpentinite

Several lenticular bodies of green serpentinite in the 

southern most part of the AMT bear a strong resemblance 

to the Magnet tafelberg serpentinite described by Jackson 

(1976, p. 86-88). These bodies are small, generally less 

than 300 m by 100 m, and occur as pods and lenses in the 

host anthophyllite-tremolite-chlorite schist of the Garub 

Sequence. Antigorite is the predominant mineral and forms 

ibrolamellar aggregates which have been cross-cut by ine-

ly banded veins of chrysotile. Associated trails of opaque 

minerals typically enhance this layering, while minor laths 

of anthophyllite are randomly oriented. Numerous irregular 

and cross-cutting veins of white magnesite have intruded 

along fractures and shears which post-date the regional fo-

liation.

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 ultramaic intrusions at an early 
stage in the history of the AMT.

2.1.2.3 Biotite gneiss

“Biotite gneiss” has been used as a “sack-term” in the 

AMT and incorporates various lithologies designated sepa-

rately by Jackson (1976) as “layered biotite gneiss” (ibid., 

p. 71-73) and “biotite granite gneiss” (ibid., p. 95-97). Meg-

acrystic augen gneisses of granodioritic to tonalitic com-

position have also been included in this category despite 

their supericial similarity to typical Tsirub gneiss in the 
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area around Aus. This correlation has not been made for the 

following reasons:

(i) Tabular K-feldspar megacrysts in the biotite gneisses 

of the AMT are commonly a distinctive pink colour and the 

rock more leucocratic in appearance than the Tsirub gneiss.

(ii) Garnet, which is not an uncommon phase in the Tsirub 

gneiss, has not been observed in the megacrystic gneisses of 

the AMT.

(iii) The megacrystic gneisses of the AMT usually form 

diffuse zones within larger outcrops of biotite gneiss and are 

dificult to map as separate units.
Outcrops of “layered biotite gneiss” are conined to the 

southern part of the AMT. They differ from similar biotite 

gneisses of the Aus area in containing muscovite as a promi-

nent mineral and rarely any garnet. Layering is most com-

monly deined by varying proportions of biotite, but some 
discordant quartzofeldspathic layers are clearly the result 

of migmatisation. Although intercalations of biotite schist 

and amphibolite of the Garub Sequence with layered biotite 

gneiss are not common, the continuous nature of the very 

ine 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 megacrystic augen is indicative of an igneous 

rather than a sedimentary origin (cf. Vernon and Williams, 

1988). While Jackson (1976) refers to a group of lithological-

ly homogeneous biotite gneisses as “biotite granite gneiss”, 

the biotite orthogneisses in the AMT differ in the following 

aspects:

(i) Lithological heterogeneity is relected in a variation in 
composition from tonalitic to granitic.

(ii) Hornblende is not uncommon in the more maic grani-
toids.

(iii) Garnet is very rare.

2.1.3 Metavolcanic succession

Metavolcanics of basaltic and rhyolitic composition oc-

cur both separately and together throughout the AMT, but 

metavolcanics of intermediate composition are rare. The 

fragmentary, deformed and metamorphosed nature of these 

volcanic outcrops precludes any rigorous stratigraphic analy-

sis. However, together with subordinate volcaniclastic sedi-

ments, these basalts and felsites form an extensive volcano-

sedimentary succession underlying the Sinclair Sequence 

and not, as previously mapped by Watters (1974, Fig. 33), of 

equivalent age to the Barby Formation. Signiicantly, several 
of the basalts bear a petrographic resemblance to metabasites 

within the Garub Sequence.

To the southwest of Chowachasib Mountain (map - Ap-

pendix I) there is an estimated thickness of 4000 m of plagi-

oclase-phyric basalts interbedded with porphyritic, occasion-

ally low-folded, rhyolites (Fig. B.1). In the upper part of this 
steeply-dipping succession porphyritic and amygdaloidal 

basalts exhibit well-formed pillow structures (Plate B.1a), 

while the rhyolites are typically pyroclastic in character. The 

volcanic succession has been intruded by coarse-grained Au-

nis 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 
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Hill and the mountainous region immediately to the south  

of it.

2.1.3.1 Metabasalt

(i) Field character

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 palaeoenviron-

mental indicators. Relatively undeformed lows allow the 
recognition of both pillows and pillow-fragment breccias 

(Plate B.l b). While pillow structures provide evidence 

for subaqueous extrusion, either submarine or sub-lacus-

trine, pillow-fragment breccias suggest that such extru-

sion took place on a steep slope or escarpment (Fisher and 

Schmincke, 1984, p. 268). Alternatively, such breccias may 

indicate high volatile pressures in the magma, with subse-

quent fragmentation at shallow water depths (Glikson, pers. 

comm., 1989).

Row tops and bases are not easily identiied and can of-
ten only be inferred from the presence of volcaniclastic 

interbeds. Such interbeds may be characterised by a dark 

carbonate-rich matrix which weathers negatively between 

light-coloured metafelsite clasts. Individual low units  
can usually only be traced for a limited extent laterally, a 

distance of 2 km for a pillow-bearing basalt being excep-

tional.

(ii) Petrography

Plagioclase phenocrysts, sometimes glomerocrysts, make 

up 32% of the rock on average (range 20-40%) and may 

exceed 9 mm in length (plate B.1c). Despite widespread 

alteration and strain, plagioclase phenocrysts have re-

tained subhedral to euhedral forms and calcic compositions  

(bytownite to anorthite). The patchy appearance and frac-

tured nature of many plagioclase crystals is attributed  

to metamorphic recrystallisation and later alteration to ag-

gregates of epidote, sericite, actinolite, albite and carbon-

ate.

The original presence of maic phenocrysts is dificult 
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 ex-

ceed 2 mm in size (average 0.3 mm) and contain inclusions 

of plagioclase and quartz of groundmass afinity. Alteration 
of hornblende to carbonate, epidote and chlorite is not un-

common and is probably the result of retrograde reaction, 

but elsewhere hornblende, biotite and euhedral epidote ap-

pear to be in equilibrium. Reddish-brown biotite may con-

stitute a signiicant part of the rock (up to 8%; average 3%), 
particularly where there is a high proportion of blue-green 

amphibole or actinolite.

Amygdales, where present, make up 3-4% (maximum 

8%) of the rock, and are characterised by a rounded, but 

strained, appearance. Quartz and epidote are the main con-

stituent minerals. The groundmass, although largely re-

placed by poikiloblastic hornblende, is made up essentially 

of plagioclase and biotite, with scattered alteration products 

(epidote, carbonate, sericite, quartz, chlorite and opaque 

minerals).

2.1.3.2 Metafelsite

(i) Field character

The porphyritic and amygdaloidal nature of many felsites 

is an indication of volcanic origin. Compositionally these 

lows range from dacite to rhyolite, the more acidic varie-

ties often showing evidence of secondary siliciication. The 
thickest succession of felsites is exposed to the southwest 

of Chowachasib Mountain where it reaches an estimated 

thickness of 1600 m, but individual lows appear laterally 
discontinuous due to the paucity of outcrop.

The occurrence of low folds in the felsites and the limited 
extent of individual low units together suggest that many 
of the felsites were lava lows (Plate B.1d). However, wide-

spread fragmental textures indicate that pyroclastic lows 
also make up a signiicant part of the volcanic succession. 
Pyroclastic debris are often dificult to recognise due to 
metamorphic recrystallisation and tectonic lattening of 
both pumice clasts and crystal fragments. Individual lows 
of felsite are dificult to recognise and low tops and bases 
are invariably obscured, either by scree cover or intense de-

formation.

(ii) Petrography

Phenocrysts constitute an average of 10% (range 5-25%) 

of the rock and are made up predominantly of quartz, plagi-

oclase and perthite. Poikiloblasts of biotite and hornblende 

may further indicate the original presence of ferromagne-

sian phenocrysts. Opaque minerals could also constitute 

original phenocrysts, but their xenoblastic form in associa-

tion with biotite suggests a secondary origin.

Quartz, in general, makes up over 35% of the rock (range 

20-75%) and is a prominent constituent of the quartzofeld-

spathic 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 

plagioclase is generally dominant over perthitic K-feld-

spar. 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). Fragmentation of feldspar phenoc-

rysts has occurred in response to deformation and resultant 

grains are usually strongly zoned or ex solved 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 (maximum 3.0 

mm) and may form equilibrium intergrowths with epidote, 

garnet and opaque minerals. An opaque mineral, probably 

magnetite, forms idioblastic “phenocrysts” which average 

0.4 mm in size. A metamorphic origin is indicated for the 

latter by its occasional xenoblastic form and disequilibrium 

undergrowth with biotite.
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The groundmass is typically a very ine-grained (< 0.5 
mm) intergrowth of quartz and feldspar (perhaps originally 

devitriied glass) which is usually extensively recrystallised 
and occasionally exhibits pervasive siliciication. Subcir-
cular myrmekitic intergrowths resemble spherulites which 

suggest the presence of original volcanic glass. The ground-

mass mineralogy also comprises disseminated grains and 

“lakes” of biotite (3-10%), chlorite (2-7%), hornblende  
(< 7%), muscovite (1-7%) and epidote (< 5%). Very minor 

amounts (< 1 %) of garnet, carbonate, apatite and opaque 

minerals are usually present in addition.

The anastomosing fabric is best deined by trails of mica - 
lakes, particularly biotite, and epidote. Additional features 
which both deine and accentuate this fabric include granu-

lar trails of quartz, feldspar and opaque minerals, streaked 

out and lattened quartz phenocrysts and amygdales, and 
lattened poikiloblasts of biotite and hornblende.

2.1.4 Meta-intrusive suite

(i) Field character

Intrusive amphibolite and metafelsite bodies are common-

ly associated with what appear to be their extrusive equiva-

lents in the metavolcanic succession. While the metafelsite 

bodies are usually sheet-like in appearance and differ little 

in their ield character and petrography from previously de-

scribed felsic metavolcanics, massive amphibolite bodies 

display textures which clearly indicate plutonic precursors. 

These gabbroic rocks have been intruded by the Aunis To-

nalite Gneiss, but the contact relationship between the latter 

and intrusive felsites is less certain. The compositional re-

lationship between the Aunis Tonalite Gneiss and intrusive 

felsites (Section B.4) indicates suficient geochemical simi-
larities 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 com-

monly be described as rafts within the younger Aunis To-

nalite Gneiss, several outcrops are suficiently large to have 
suffered little physical or chemical transformation by later 

intrusive activity. In particular, the large gabbroic outcrop 

situated southwest of Chowachasib Mountain occupies 

an important stratigraphic position with respect to adja-

cent pillowed basalts and a maic dyke swarm (Fig. B.1). 
The association here is conceivably that of a dismembered 

ophiolite in which the lower most ultramaic 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 

dificult to distinguish at a distance between these bodies 
and the equally dark-coloured basalts. Consequently volu-

metric estimates are dificult to make and these lithologies 
have commonly been grouped together on the map (Ap-

pendix I). Several good exposures allow the recognition of 

cumulate layering in the gabbroids. Elsewhere a more mot-

tled appearance is prevalent due to aggregates or “clots” of 

maic minerals.

(ii) Petrography

The metagabbroids are typically ine- to medium-grained 
and inequigranular, occasionally displaying well-preserved 

ophitic and subophitic textures. Hornblende and tremo-

lite-actinolite make up 35-60% of the rock (average 50%). 

Hornblende, typically pleochroic from yellow-brown to 

dark green or blue-green, forms both small xenoblastic to 

subidioblastic grains (average size 0.3 mm) and larger (up 

to 4.0 mm in size), often poikiloblastic, intergrowths with 

tremolite-actinolite and less commonly biotite. The original 

alteration of primary pyroxene (augite?) to actinolite fol-

lowed by prograde metamorphism may provide a general 

explanation for the paragenesis of hornblende except for 

those localities (e.g. southwest of Chowachasib Mountain) 

where tremolite-actinolite has clearly overprinted earlier 

hornblende. The distribution of hornblende is generally uni-

form and rarely shows any preferred orientation. Subhedral 

to fractured augite was observed in noteworthy amounts (7-

25%) at only two localities where it occurs both as inclu-

sions in plagioclase and more skeletal remnants (0.3 mm, 

maximum 1.0 mm) in amphibole “poikiloblasts”.

Biotite is also present in a minority of the samples, where 

it makes up 7-15% of the rock and occurs as both skeletal 

xenoblasts and lakes (average 0.8 mm) and decussate inter-
growths with tremolite-actinolite. Biotite exhibits wide-

spread alteration to chlorite, inclusions of plagioclase, and 

rims and trails of opaque granules.

Plagioclase is usually present in roughly equal propor-

tions to hornblende, making up 15-50% of the rock (aver-

age 40%). Subhedral plagioclase grains show a signiicant 
range in size (average 0.8 mm, maximum 3.5 mm) and 

are frequently indeterminate 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. An
45

 to An
88

 (extinction angle determina-

tion). While the effects of deformation are not widespread 

in plagioclase, some grains do show clear evidence of hav-

ing recrystallised to smaller, often polygonal, subgrains.

Quartz and K-feldspar are dificult to identify, but rarely 
exceed 10% of the rock. Alteration (or retrograde) products 

include chlorite (< 12%), epidote (< 10%), 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.

Preferred orientation, where present, is deined by elon-

gate aggregates of hornblende alternating with discontinu-

ous, 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 inter-

mediate members is a distinctive unit of medium- to coarse-

grained leucotonalite gneiss which has clearly intruded 

ortho-amphibolites of the Kairab Complex. Although the 
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Aunis Tonalite Gneiss crops out over a wide area, the ma-

jor 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 ellip-

soidal with a northwest-trending long axis and an inferred 

outcrop area of almost 500 km2. Xenolith-choked contacts 

with the country rock (Plate B.Le) indicate that magmatic 

stoping was an important mechanism during emplacement. 

The Haiber Flats Shear Zone is situated along the western 

margin of the Aunis Tonalite Gneiss and may represent re-

mobilisation 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 

deined by quartz-rich layers and trails of maic minerals 
which wrap around porphyroclasts of feldspar. The weath-

ered surface is usually a buff, rusty-brown colour with 

typical weathering-resistant quartz ribs. Maic xenoliths, 
largely orthoamphibolite and biotite schist, are commonly 

lattened 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 Aunis To-

nalite Gneiss and metafelsites of the Kairab Complex, there 

are geochemical similarities between them which suggest a 

genetic association as well (Section BA).

(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 tex-

tures.

Plagioclase typically forms anhedral to subhedral por-

phyroclasts (average size 2.0 mm, maximum 7.0 mm) 

which make up 35-50% 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 (subgrains 0.3 mm in size), the latter 

commonly giving rise to a “sieve” texture when accompa-

nied by quartz blebs. Despite widespread alteration of pla-

gioclase, strong normal zoning (core An
45

, rim An
25

) and 

twinning (usually albite) maybe 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 

plagioclase which can be distinguished from the latter by 

both microcline twinning and a relatively unaltered appear-

ance. Rims and patches of K-feldspar in plagioclase appear 

to be the result of microclinisation or exsolution.

Quartz makes up 25-45% of the rock (average 37%) and 

typically forms a mortar texture in which large strained por-

phyroclasts (average size 2.0 mm) are surrounded by rela-

tively strain-free and equidimensional sub grains (average 

size 0.2 mm). Aspect ratios of strained quartz may be high, 

while margins are usually highly irregular. A gneissic fab-

ric 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 na-

ture of quartz is due to the interaction of deformation and 

recrystallisation which has resulted in strain, granulation 

and blastesis.

Strongly pleochroic brown biotite makes up around 8% 

(range 7 -1 0%) of the rock and occurs either as small 

“lakes” (average size 0.2 mm) or large, occasionally poikil-
oblastic, 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, al-

lanite, muscovite, epidote and opaque minerals. The most 

widespread alteration products are epidote, sericite, chlorite 

and carbonate.

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 tonal-

ite 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 Kho-

rasib 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 lithologic description, the Khorasib 

Granite Gneiss can be subdivided into the following cat-

egories:

(a) Tonalite to granodiorite gneiss 

(b) Granite gneiss

(c) Foliated granite

These compositional categories are, however, dificult to 
apply rigorously in the ield and a simpler twofold division 
into “gneisses” and “granites” was adopted on the map (Ap-

pendix I). Within the “gneisses”, an age progression from 

tonalite to granite is generally, but not always, true.

All the different rock types within the Khorasib Granite 

Gneiss appear to be randomly distributed throughout the 

area with little suggestion of a zoned 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 lattened than similar xenoliths in 
the Aunis Tonalite Gneiss.

Despite similarities in appearance between the intermedi-

ate members of the Khorasib Granite Gneiss and the Aunis 

Tonalite Gneiss, the latter may be distinguished on petro-
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graphic (a lower content of ferromagnesian minerals) and 

geochemical criteria (Section B.4).

(ii) Petrography

The petrography of the Khorasib Granite Gneiss is dis-

cussed in terms of the abovementioned compositional cat-

egories in Table B.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 

Magnet tafelberg serpentinite.

(ii) Apparently distinct from the NMC, a 6000 m thick 

bimodal volcanic succession in the Kairab Complex com-

prises feldspar-phyric basaltic lows (ortho-amphibolites) 
and hornblende ± biotite poikiloblastic rhyolites which are 

closely associated spatially, temporally and composition-

ally with cumulate metagabbro and sheet-like metafelsite 

intrusions. Preserved features in this succession include 

pillow structures and pillow breccias in the basalts and py-

roclastic textures and low folds in the rhyolites. Together 
with the presence of a maic dyke swarm, the metavolcanic 
succession and associated intrusives are conceivably repre-

sentatives 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 maic xenoliths (some of metabasalt) sug-

gest magmatic stoping during emplacement. This granitoid 

shows a close spatial association with the metafelsites of 

the Kairab Complex. Biotite and hornblende constitute the 

most important maic phases which, together with plagi-
oclase porphyroclasts, deine 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 zoned 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 maic phase by 
far and shows a progressive depletion from tonalite to gran-

ite. Megacrystic feldspars are most common in the gneisses 

where they occur as augen.

3. MINERAL CHEMISTRY AND 

MET AMORPHISM

3.1 INTRODUCTION

3.1.1 General

Mineral assemblages were selected from three lithologic 

units in the early-stage crust of the AMT for electron mi-

croprobe (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 identiication 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 encountered in selected lithologic 

units. All EMP analyses are tabulated on the accompanying 

Microiche card and discussed in Appendix III.

3.1.2 Kairab metabasalt

The assemblage plagioclase + hornblende + epidote ± 

biotite is widespread in metabasaltic rocks of the Kairab 

Complex as illustrated on an ACF diagram (Fig. B.2a). As 

mentioned in the previous section, the Kairab metabasalt 

may bear a strong petrographic resemblance to Garub meta-

basites described from the Aus area by Jackson (1976). Ac-

cordingly, mineralogical comparisons will be made wher-

ever possible. All mineral analyses were derived from a 

single, relatively undeformed and homogeneous, low unit 
to the southwest 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 

eastern part of the low, especially at the site of sample BH 
770.

3.1.3 Kairab metagabbro

Garub metabasites near Aus include several intrusive am-

phibolites (Jackson, 1976, p. 46) which may be equivalent 

to metagabbros in the Kairab Complex. This section com-

pares analyses between the Kairab metagabbro and metaba-

salt as well as between these lithologies and “meta-basites” 

in the vicinity of Aus. While the metagabbros frequently 

retain original igneous textures (e.g. ophitic), several major 

phases such as hornblende exhibit a metamorphic texture. 

The evidence for a retrograde metamorphic imprint in the 

metagabbros 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 meta-

morphic phases and also includes relict igneous phases.

3.1.4 Aunis Tonalite Gneiss

Despite the spatial association between the Aunis Tonal-

ite Gneiss and Kairab Complex, this granitoid appears to 

have preserved much of its primary mineralogy. The gneis-

sic character is the result of a deformational event (includ-

ing 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 metamor-

phism 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
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3.2 PLAGIOCLASE

3.2.1 Kairab metabasalt

The range in anorthite content from An
40

 to An
92

 is illustrat-

ed in Fig. B.3 and broadly corresponds to the epidote-horn-

blende or hornblende zones within the Garub metabasites. 

While the presence of epidote is more compatible with the 

former zone, the average anorthite content of An
69

 indicates 

a closer affmity to the higher grade hornblende zone (aver-

age An
67

 after Jackson, 1976, p. 127). However, plagioclase 

in sample BH 770 yields an average An
84

 composition in 

comparison to only An
54

 in sample BH 901. While the lat-

ter composition agrees well with Jackson’s value of An
55

 de-

termined for the epidote-hornblende zone, the more calcic 

composition of An
84

 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.

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 An
38

 to An
91

. He suggested several explanations for this 

phenomenon, but favoured an extremely complex immisci-

bility region which allowed more than four metastable end 

member compositions to exist. While the demarcation of 

similar compositional 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 An
44

 to An
86

. Such 

intergrowths may also span the range between Bøggild (An
47

 

and An
58

) and Huttenlocher (An
67

 and An
90

) intergrowths in 

a region which is widely considered “homogeneous” (Gold-

smith, 1982). Braun and Müller (1975) have reported that the 

homogenisation of plagioclase is initiated only at tempera-

tures greater than 600°C (upper amphibolite facies).

The above observations suggest that disequilibrium prob-

ably existed during lower amphibolite facies metamorphism 

of the Kairab metabasalt but do not argue convincingly for 

either a prograde or retrograde origin for the plagioclase 

intergrowths. On the available evidence, the possibility that 

highly calcic plagioclase represents a relict phase cannot be 

excluded.

3.2.2 Kairab metagabbro

The average anorthite content of An
81

 (± An
2
) shows little 

variation and is close to the average value of An
84

 (± An
8
) 

exhibited by the pillow-bearing metabasalt (Fig. B.3). Again, 

such calcic compositions are typical of what Winkler (1976, 

p. 168) has termed “labradorite/bytownite-amphibolites”, 

but the absence of metamorphic diopside allows for the pos-

sibility that these calcic compositions are primary in origin. 

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 plagi-
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oclases” as useful indicators of a slower cooling history. It 

is, however, possible that the plagioclases in the metagabbro 

demonstrate local disequilibrium and compositional varia-

tion on a submicroscopic scale.

3.2.3 Aunis Tonalite Gneiss

Plagioclase is the predominant mineral phase and is char-

acterised by strong normal zonation (An
46

 core, An
25

 rim) 

in the southern part of the pluton near Aunis waterhole, but 

more sodic compositions (An
38

-An
18

) in the northern part. 

This could relect the more differentiated nature of the north-

ern 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 afinity 
(Section 4).

While the porphyroclastic nature and recrystallised textures 

exhibited by plagioclase provide 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 deu-

teric effects rather than metamorphism.

3.3 AMPHIBOLE

3.3.1 Kairab metabasalt

The blue-green to green colour of amphibole in the meta-

basalts 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 (Haw-

thorne, 1981):

 A
0-1

B
2
C

5
D

8
O

22
(OH,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 amphib-

oles within the Kairab metabasalt may be described as calcic 

([Ca + Na]
B
 ≥ 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 ad-

dition, been calculated on an anhydrous basis (23 oxygens) 

as suggested by Borg (1963).

By comparison with hornblendes from the Garub metaba-

sites 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 horn-

blendes from the Kairab metabasalt.

(iii) Two compositional types are unique to the Kairab me-

tabasalt, viz. Mg-hastingsite and Fe-tschermakite.

Both tschermakitic substitution (aluminium for silica) and 

edenitic substitution (alkali occupancy of the A-site) have 

traditionally been related to variations in metamorphic grade. 

While a decrease in tschermakitic substitution with increas-

ing metamorphic grade has been observed by several workers 

(e.g. Leake, 1965; Binns, 1965; Jackson, 1976; Albat, 1984), 

other workers ind no such correlation (e.g. Engel and En-

gel, 1962; Bard, 1970). The compositions of amphiboles are 

plotted according to the classiication 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-pres-

sure amphiboles according to Raase (1974).

The very high values of AlVI 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 incom-

patible with the low Si contents illustrated in Fig. B.5. High 

AlVI is accordingly attributed to the high alumina bulk com-

positions of these metabasalts.

The relationship between alkali enrichment in the A-site of 

hornblendes, or edenitic substitution, and increasing meta-

morphic grade has been well established by a number of 

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

variation in alkali content of hornblende within the differ-

ent metamorphic zones in the Aus area, there is a steady en-

richment from the epidote-hornblende (zone A) to the diop-

side-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).

The titanium content of hornblende has been reported by 

Engel and Engel (1962) and Binns (1965) to increase with 

increasing metamorphic grade irrespective of the titanium 

content of the host rock. Raase (1974) also reported an in-

crease from 0.08 to 0.29 ions per formula (on the basis of 

23 oxygens) from the greenschist-amphibolite transition to 

the granulite facies. Jackson (1976, Fig. 33) showed that 

hornblendes of zone A have a signiicantly lower concentra-

tion of Ti (mean = 0.056 ± 0.027) than hornblendes of the 

higher grade zones. The hornblendes of the Kairab metaba-

salt show even lower contents of Ti (mean = 0.038 ± 0.012), 

but it appears likely that biotite (up to 8% by volume) has 

preferentially accommodated much of the Ti. Enrichment of 

Ti in hornblende may, therefore, not be solely dependent on 

metamorphic grade, despite coexistence with the Ti phase 

ilmenite.

3.3.2 Kairab metagabbro

The amphiboles analysed exhibit a range in colour from 

essentially colourless, through blue-green and green, to a dis-

tinct brownish-green. These calcic amphiboles ([Ca + Na] ≥ 
1.34) are similar in composition to the amphiboles of the Kai-

rab metabasalt, but may be intergrown with, or overprinted 

by, amphiboles of actinolitic composition (Figs B.4 and B.5). 

Such intergrowths could represent equilibrium assemblages 

indicative of a miscibility gap between actinolite and horn-

blende (e.g. Shido and Miyashiro, 1959) or disequilibrium 

assemblages 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 chlo-

rite 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 me-

tabasalt, however, hornblendes in the metagabbro have the 

low contents of AlVI and Si typical of low-pressure amphi-

boles 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 ex-

hibit 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 

hornblendes from the metagabbro may, therefore, relect a 
lower pressure of formation in comparison with hornblendes 

from the metabasalt (Fig. B.7). While Ti/Al ratios vary sig-

niicantly between the different groups of hornblendes illus-

trated 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, 
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but still low-pressure, origin. Alternatively, the hornblendes 

in the metagabbro have retained their primary igneous com-

positions 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 abun-

dances 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 

(2Fe
2
O

3
.100/[2Fe

2
O

3
 + FeO] mole%; Reid, 1977) in the me-

tabasalt are signiicantly lower than those in the metagabbro, 
viz. 28.4 and 39.8 respectively, while whole-rock chemistries 

also show a marked difference, e.g. Ti/Al of 0.021 in meta-

basalt relative to 0.054 in metagabbro. These observations 

are compatible with those of Hietanen (1974) who inds no 
systematic variation in Mg/Fe or Ti in amphiboles independ-

ent of rock composition and oxygen fugacity.

3.3.3 Aunis Tonalite Gneiss

Bulk-rock compositional differences between the southern 

and northern portions of the Aunis Tonalite Gneiss are also 

relected in the hornblende compositions (Fig. B.4). Using 
the classiication scheme of Miyashiro (1973), it can be fur-
ther seen that these hornblendes show a compositional over-

lap 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 (de-

spite higher bulk-rock Ti in the latter) and Ti contents in 

hornblendes 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 brown-

ish-green to brown in colour compared with the more blu-

ish-green to green colour of hornblendes in the Aunis To-

nalite Gneiss. The generally higher AlVI 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 AlVI are illustrated by comparison with average 
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values of hornblendes from the Haib intrusive rocks (after 

Reid, 1977, Fig. 53) and the lower AlVI values reported for 

hornblendes from granitic rocks of the central Sierra Nevada 

batholith (Dodge et al., 1968).

While AlVI contents of hornblendes from the Aunis Tonal-

ite Gneiss are similar to hornblendes 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 pri-

mary origin for most of the hornblende in the Aunis Tonal-

ite Gneiss. The single hornblende composition which plots 

within the “metamorphic” ield in Fig. B.10 may represent a 
xenocryst derived from the meta-basaltic country rock.

3.4 BIOTITE

3.4.1 Kairab metabasalt

Biotite analyses obtained from the Kairab metabasalt are 

illustrated in Fig. B.11 in terms of the “ideal biotite plane”. 

AlVI 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 bi-

otites. The mean AlVI 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-amphibo-

lites.

Titanium enrichment in biotite, like hornblende, has been 

correlated with prograde metamorphism (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 speciic values for metabasites are not 

yet well established. The relatively high content of AlVI in 

biotites of the Kairab metabasalt may well be related to the 

low Ti content, since Ti increase at the expense of AlVI has 

been alluded to by Guidotti (1984). The occasional presence 

of reddish-brown biotite with “lamellae” of white mica in the 

metabasalt may further suggest the following reaction pro-

posed by Miyashiro (1973):

 muscovite + Ca-amphibole = biotite + anorthite +

 quartz + H
2
O

3.4.2 Aunis Tonalite Gneiss

Biotite is always present in the Aunis Tonalite Gneiss and 

coexists with hornblende in both samples analysed by EMP. 

Although hornblende-biotite mineral pairs have not been 

analysed, Fe/(Fe + Mg) values for the two phases suggest 

that, at the one sigma level of conidence, more iron-rich 
pairs characterise the northern, more differentiated, part of 

the pluton. Compositional characteristics of biotite are con-

sistent with a magmatic origin, although textural features are 

often ambiguous.

The relatively high Al contents of primary hornblende are 

also relected by biotite compositions projected onto the si-
derophyllite-annite-phlogopite-eastonite quadrilateral (Fig. 

B.11), especially when compared with biotite compositions of 

Sinclair-type granitoids (Section C.3). Biotite compositions 

display lower Mg/(Mg + Fe) ratios compared with metamor-

phic biotites in the Kairab metabasalt. Enrichment in Al
2
O

3
 in 

biotite is further illustrated relative to the bulk-rock composi-

tion in Fig. B.12, with data points plotting close to the outer 

limit of the overall range reviewed by Speer (1984).

With increased aluminium activity, biotite is commonly 

accompanied by aluminous minerals such as garnet and 
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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 inluence of 
coexisting phases. The composition of biotite will itself be 

affected by all of these factors.

3.5 EPIDOTE

3.5.1 Kairab metabasalt

Several euhedral crystals of epidote were analysed in order 

to determine whether this phase is compatible with lower am-

phibolite 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 greenschist to amphibolite facies. He 

does, however, relate epidote composition to the iron content 

of the rock and the oxidation state maintained during meta-

morphism.

The epidotes of the Kairab metabasalt show a composi-

tional range of pistacite from Ps
23.5

 to Ps
26.7

, with a bulk-rock 

oxidation ratio of 28.4. Very similar pistacite contents in 

epidotes from metabasalts of the Yap Islands in the western 

Paciic are shown by Maruyama et al. (1983) to be typical 

of the amphibolite facies (Fig. B.13). In conclusion it can 

be stated that the compositions of well-formed epidote crys-

tals 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 meta-

morphic imprint.

3.5.2 Kairab metagabbro

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 am-

phibolite facies metabasalt (Fig. B.13). However, the bulk-

rock oxidation ratio of 39.8 (compared to 28.4 in the meta-

basalt) should result in a more iron-rich epidote according to 

Cooper (1972). The use of epidote composition as an indica-

tor 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 Kairab metagabbro

Although present mainly as scattered “lakes” throughout 
the groundmass, chlorite has, on occasion, been overprinted 

by actinolite. Laird (1982) reported that actinolite is distinct-

ly more Mg-rich than coexisting chlorite, but that hornblende 

and chlorite have about the same Mg cationic content. Chlo-

rite 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 + actin-

olite + chlorite is in disequilibrium and that it may represent 

an arrested stage of read-justment to a higher, or lower, grade 
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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 similarities 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 comparison. The 

widespread alteration of biotite to chlorite may provide sup-

port for a retrograde 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 am-

phibolites in the Garub Sequence, the presence of relict pla-

gioclase phenocrysts (high An contents) in metabasalt and 

relict plagioclase and hornblende (high Ti and alkali con-

tents) in metagabbro indicate preservation of the primary 

mineralogy.

(ii) The amphibolite facies grade of metamorphism is best 

illustrated by the Kairab metabasalts which are characterised 

by low Si, Ti and alkali contents in hornblende, AlVI contents 

and Mg/(Mg + Fe) ratios of biotite in the range 0-1 and 0.3-1, 

respectively, and epidotes in the range Ps
23-27

.

(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 Tonalite Gneiss has preserved 

much of its primary mineralogy and compositional changes 

are inferred to be the result of deuteric effects rather than 

metamorphism.

(v) The primary nature of hornblende in the Aunis Tonal-

ite Gneiss is suggested by relatively high contents of Ti and 

alkalis, and high AlVI relative to the ratio Mg/(Mg + Fe). Al-

though enriched in Al
2
O

3
 relative to the whole-rock composi-

tions, biotite compositions plot within the ield of magmatic 
biotites reviewed by Speer (1984).

4. WHOLE-ROCK CHEMISTRY

4.1 INTRODUCTION

Whole-rock analyses are presented on the accompanying 

Microiche cards and in Table V (Appendix m) 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 im-

portant frame of reference for discussion of the tectonomag-

matic evolution of the early-stage crust.

Analyses are reported on Microiche with total Fe ex-

pressed as Fe
2
O

3
. However, an estimate of the Fe

2
O

3
/FeO ra-

tio is required in order to accurately calculate both the CIPW 

norm and Mg# (molecular MgO/[MgO + FeO]) values. Le 

Maitre (1976) proposed the calculation of an oxidation ratio 

(FeO/[FeO + Fe
2
O

3
]) based on multiple regression formulae 

for volcanic and plutonic rocks:

Ox
(volcanic)

 = 0.93 - 0.0042 SiO
2
 - 0.022 (Na

2
O + K

2
O) 

Ox
(plutonic)

 = 0.88 - 0.0016 SiO
2
 - 0.027 (Na

2
O + K

2
O) 

This method is favoured for the calculation of Fe
2
O

3
/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 26000 analyses which provide more realistic mean 

values as opposed to the maximum values (Fe
2
O

3
 = TiO

2
 + 

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 
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calculated by the method of Le Maitre (1976).

Occasionally the stability of the major oxides is in ques-

tion and in these cases the use of Fe
2
O

3
/FeO ratios typical of 

modem magma type equivalents is preferable. Mg# values 

in particular are sensitive to the Fe
2
O

3
/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 modem 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 in-

luence of such processes as metamorphism and metasoma-

tism 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 metabasalts of the Kairab Com-

plex. The presence of pillows in these basaltic rocks sug-

gests the possibility of both sub-aqueous weathering and 

hydrothermal alteration caused by subvolcanic igneous in-

trusions. 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 signiicant 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 concentra-

tions (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) tak-

en. In order to test this possibility, the approach of Beswick 

and Soucie (1978) was 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 K
2
O, 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 signiicant in terms of vertical and horizontal 
displacements. However, considerable displacement is in-

dicated for three samples along a 45° positively sloping 

line as a result of their extremely low K
2
O contents. Potas-

sium 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, relect a retrograde metamorphic overprint 
in the case of the medium-grade Kairab metabasalts.

When compared with the metabasalts, metafelsites in the 

Kairab Complex plot closer to the origin and show greater 

deviation from the unaltered trends in Fig. B .15. The data 

scatter is compatible with some siliciication and lesser Ca 
depletion in these lavas. Accordingly, mobile elements (e.g. 

LILE) must be used with caution in any geochemical clas-

siication. 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 ap-

plied to associated meta-intrusive rocks in the Kairab Com-

plex, 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 Metavolcanic succession

(i) Classiication
The metavolcanics of the Kairab Complex display a wide 

range in composition from “basalt” to “rhyolite” on the to-

tal alkali-silica (TAS) diagram (Fig. B.16) in which compo-

sitional ields are deined 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 meta-

morphism is suggested by the similar compositional ields 
(according to Winchester and Floyd, 1977) illustrated for 

these lavas in immobile element ratio plots (e.g. Zr/TiO
2
 

versus SiO
2
; Fig. B.30). These plots do, however, suggest 

that some of the basaltic rocks show well-deined alkaline 
tendencies, a characteristic which is not well illustrated 

in Fig. B.16. This alkaline tendency is also not borne out 

by the low TiO
2
 concentrations, particularly when plotted 

on the widely used Zr/P
2
O

5
 versus TiO

2
 plot (Fig. B.17) 

in which magma types are deined according to Floyd and 
Winchester (1975).

In order to differentiate between the two subalkalic se-

ries, 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 meta-

volcanic succession. The apparent calc-alkaline classiica-

tion 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 “sta-

ble” oxide Al
2
O

3
 in the Kairab basalts are generally high 

when compared with typical tholeiitic series reported by Ir-

vine and Baragar (1971). So-called high-alumina basalt was 

originally deined by Kuno (1960, p. 122) as basalt having a 
“higher content of Al

2
O

3
 (generally higher than 17 per cent 

and rarely as low as 16 per cent) than that of the tholeiite 

with the corresponding SiO
2
 and total alkalis, and by lower 

alkali content than that of the alkali basalt, provided only 

aphyric rocks are compared”.
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Using the abovementioned chemical characteristics, Mid-

dlemost (1975) devised a plot of Al
2
O

3
 versus alkali-index 

([Na
2
O + K

2
O]/[{ SiO

2
 - 43} * 0.17]) in order to separate 

high-alumina basalts from other more common sub-alkalic 

basalts. This plot is illustrated in Fig. B.19, where it is used 

to differentiate between basalts in the Kairab Complex. 

The high-alumina basalts are typically rich in plagioclase 

phenocrysts and hence do not satisfy Kuno’s original stipu-

lation that only aphyric rocks be compared. However, the 

term “high-alumina” basalt has been applied extensively 

to plagioclase-porphyritic lavas in the Aleutian Arc (Bro-

phy, 1986, 1987; Brophy and Marsh, 1986; Gust and Perit, 
1987; Myers et al., 1986), although the primary (and non-

accumulative) nature of these lavas is the subject of much 
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debate.

Kairab metafelsites are typically rhyolitic and form both 

a low-silica (71-75% SiO
2
) and high-silica (> 75% SiO

2
) 

group. From Table B.2, comparison of these two groups in-

dicates that the high-silica group is characterised by lower 

contents of all oxides except SiO
2
 and total alkalis. However, 

total alkalis never reach levels out of the subalkaline and 

calc-alkaline ields (Figs B.16 and B.18) of Irvine and Bara-

gar (1971). High ield 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 signiicance vary considerably for averages 
reported in the literature. Accordingly, Fig. B.20 better illus-

trates the averages and ranges of several diagnostic and rela-

tively stable elements in the Kairab basalts as compared with 

data for modern basalts compiled by MacLean et al. (1982). 

This igure indicates that the so-called immobile elements Ti, 
Y, Zr and Nb in Kairab basalts differ from recent lows in two 
main aspects:

(a) Element abundances occupy a relatively narrow range 
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of values.

(b) Element concentrations are generally close to the lower 

limit displayed by modem 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 basaltsdo not 

favour within-plate settings such as ocean islands and con-

tinental 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 ba-

salts most closely resemble those of island-arc or back-arc 

tholeiites.
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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 Jakeš and Gill, 1970, and Jakeš 

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 il-

lustrating the contrasting abundances of HFSE and compat-

ible elements in tholeiites from the ocean-loor as opposed to 
island arcs (Fig. B.21).

Shervais (1982) has demonstrated that Ti/V ratios of vol-

canic rocks relect the oxygen fugacities of the magma and 
are typically lowest in tholeiites from island arcs compared 

with MORB, continental lood 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 10 are most characteristic of bon-

inites, a wide 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 
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for element immobility is largely qualitative, compositional 

stability appears to be borne out by the only slightly LREE-

enriched pattern (La
N
/Yb

N
 = 1.7) of pillow-bearing high-alu-

mina basalt (Fig. B.23). Comparative ields for continental 
tholeiites as well as island-arc and back-arc tholeiites indi-

cate that the proile of this basalt is more typical of the latter 
group. The slightly positive Eu anomaly, as also shown by 

the lower margin of the ield, is certainly atypical of conti-
nental tholeiites and is not suficiently pronounced to suggest 
plagioclase accumulation. While slight LREE 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-alu-

mina 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 MORB-normalised abundance pat-

terns (Pearce, 1982). Three sample groups were chosen for 

display in Fig. B.25, viz. tholeiites, “depleted” tholeiites and 

high-alumina basalts. Since MORB-normalised patterns are 

thought to relect source region characteristics independent 
of magmatic processes such as fractional crystallisation and 

partial melting, the following observations can be made by 

comparison of patterns in Fig. B.25 with those typical of a 

range of modem sources (Pearce, 1982, 1983):

(a) Both tholeiitic and high-alumina basalts show features 

in common with volcanic-arc magma types, viz. an enrich-

ment 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, some-

what anomalous and resembles patterns displayed by transi-

tional volcanic-arc basalts.

32

PART B: EARLY-STAGE CRUST



(c) While patterns obtained in the irst two groups are 
largely similar, the “depleted” tholeiitic basalts are charac-

terised by MORB-like abundances for several of the LIL ele-

ments (K, Rb, Ba), but signiicant 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 volumetric ally subordinate 

to associated basalts, form an important part of the metavol-

canic 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 

comparative data from rhyolites of both intra-continental rifts 

and intra-arc regions of Cenozoic age (compiled by Sylvest-

er 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 SiO
2
 

(71-77 wt. %), relatively high concentrations of Al
2
O

3
 + CaO 

(mean > 14.33 wt. %) and low total alkalis (mean < 5.5 wt. 

%) in the Kairab rhyolites.

Both low- and high-SiO
2
 Kairab rhyolites show overall 

chemical similarities to high-SiO
2
 oceanic island-arc rhyo-

lites 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-Si
O2

 oceanic 

island-arc rhyolites as opposed to rhyolites formed in conti-

nental arcs and intracontinental rifts (Sylvester et al., 1987).

(iii) Comparison with ancient volcanic suites

Many of the geochemical characteristics of the Kairab 

basalts discussed in the previous section are notably similar 

to Proterozoic amphibolites at Montauban-les-Mines in the 

Grenville Province of Quebec (MacLean et al., 1982). This 

comparison is particularly applicable since it involves rocks 

of similar origin and composition (pillow-bearing basalts), 

metamorphic grade (amphibolite facies), age (Proterozoic), 

and tectonic situation (adjacent to broadly contempo-rane-

ous, relatively undeformed, rift-related volcanics). The geo-

chemical similarities are illustrated in Figs B.20 and B.28 

and MacLean et al. (1982) conclude that the data for the 

metabasalts and other amphibolites at Montauban are most 

compatible with tholeiitic volcanism in an island-arc envi-

ronment. 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 
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the Namaqualand Metamorphic Complex have been studied 

in detail by Reid et al. (1987). These workers show that the 

Bushmanland amphibolites contain tholeiitic basalts which 

are enriched in Ni relative to modem basalts. When com-

pared with the Bushmanland basalts in a plot of Mg# (mo-

lecular MgO/[MgO + FeO] adjusted to wt. % Fe
2
O

3
/FeO = 

0.2) versus Ni (Fig. B.29), it is clear that the Kairab basalts 

are generally characterised by considerably lower Ni con-

tents. While Gill (1979) regards relatively high Ni contents 

as typical of Archaean tholeiites, the comparatively low Ni 

contents in the Kairab basalts are more typical of modem 

analogues, especially island-arc tholeiites. Rela-tively high 

Ni contents and high Mg# values in the Kairab basalts are 

generally restricted to those samples which are not charac-

terised 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 im-

portant geotectonic implications. Situated some 700 km to 

the southeast 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 signiicance 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-low tuffs, e.g. 
similar patterns in chondrite-normalised spidergrams, the 

latter having been interpreted as subaerial to submarine arc 

eruptions. LILE and LREE contents of the calc-alkaline rhy-

olites 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 compo-

sitional characteristics of the rhyolites clearly depend on the 

nature of the crustal sources which have undergone partial 

melting/anatexis.

Bimodality alone does not provide suficient evidence for 
a continental rift setting and may be attributed to several 

causes:

(a) In ancient back-arc basins, bimodal volcanics may 

relect felsic input from the arc and maic input in the basin 
(Condie, 1986).
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(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 volcan-

ic zone, may result in bimodal volcanic successions (Syl-

vester et al., 1987).

(c) Liquidus surfaces have shallow slopes at shallow 

depths (< 10 km), so that fractional crystallisation may 

give rise to bimodal magmas (Grove and Donnelly-Nolan, 

1986).

(d) A dual source such as concomitant partial melting 

in the mantle and in overlying crust (Glikson, pers. comm., 

1989).

4.3.1.2 Meta-intrusive suites

While not discussed in any detail here, selected major and 

trace element data of metagabbroic and metafelsitic intru-

sive 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/TiO
2
 versus SiO

2
 (Fig. 

B.30) indicates a close compositional association between 

the volcanics and later intrusive rocks. The relatively wide 

spread in Zr/TiO
2
 ratios for the metagabbroids is possibly 

due to their wider regional distribution compared with the 

metabasalts.

The bimodality of the metavolcanics is also relected 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 metavolcanics is probably 

the result of their cumulate origin rather than indicative of 

a more primitive nature. Substantial compositional vari-

ability exists within the suite of metagabbros (Appendix III 

- Table V), especially for the more mobile elements such 

as the alkalis. Such variation is not uncommon in Protero-

zoic metagabbros from bimodal suites, e.g. Salida gabbros 

in central 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 con-

sider only those gabbros which are unequivocally associat-

ed with eruptive rocks both spatially and, probably, tempo-

rally. Potentially of greatest importance are those gabbros 

which are stratigraphically associated with the high-alumi-

na pillow-bearing basalts to the southwest of Chowachasib 

Mountain (see Section B.2). MORB-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 MORB-nor-

malised patterns for these gabbros indicate greater enrich-

ment compared with associated basalts for all elements ex-

cept Nb, although some overlap does occur. 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. 
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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 enrichment 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. In view of the relatively 

high oxidation state of the gabbros, the higher LIL elements 

may signify intra-plutonic fractionation or secondary addi-

tion related to alteration and metamorphism (Glikson, pers. 

comm., 1989).

The paucity of data available for the intrusive metafelsites 

precludes any detailed discussion 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 illustrated in Figs B.30 and B.31. A genetic relation-

ship between intrusive metafelsite and Aunis Tonalite Gneiss 

would suggest a much greater volume of felsic intrusive ac-

tivity associated with the metavolcanic succession.

4.3.2 Early-stage granitoids

(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 signiicant proportion of the early-
stage crust. These granitoids may be broadly divided into the 

Aunis Tonalite Gneiss and Khorasib Granite Gneiss, the lat-

ter comprising both gneiss and granite (Section B.2). Occa-

sional reference will be made to intrusive rocks in the Kairab 

Complex which were briely discussed in the previous sec-

tion. In view of the many uncertainties inherent in the ield 
relationships of these “basement” granitoids, this section will 

attempt to establish geochemical 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 suc-

cessions, speciically the vol-canics of the HFF.

(ii) Classiication
Generally smooth trends obtained on Harker diagrams (not 

presented here) suggest that subsolidus alteration is not sig-

niicant for the granitoid suites selected and that these trends 
probably relect primary igneous processes. Accordingly, the 
use of major and trace elements in the classiication of these 
granitoids is considered valid.

On a normative An-Ab-Or diagram (Fig. B.33), data for 

the Aunis Tonalite Gneiss plot predominantly in the tonal-

ite ield of Barker (1979) with some overlap into the trond-

hjemite ield. While samples of the Khorasib gneiss strad-

dle the granodiorite and granite ields, the younger Khorasib 
granite samples plot entirely within the granite ield. The data 
scatter in an AFM diagram (Fig. B.31) infers a calc-alkaline 

character for most of the early-stage granitoids. Associated 

gabbros of the Kairab Complex are, however, typically tho-

leiitic in character and hence dificult to relate to the more 
felsic granitoids. A normative Qz-Ab-Or diagram (Fig. B.33) 

suggests that only data for the Khorasib Granite Gneiss fol-

low a calc-alkaline trend, whereas data from the Aunis To-

nalite 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 irst order classiication of granitoids is 
the degree of alumina saturation (Shand, 1927; Chappell 

and White, 1974) which refers to the molecular proportion 

of Al
2
O

3
 relative to the alkalis and CaO. This classiication 

is illustrated in Fig. B.34, which shows that the early-stage 

granitoids are predominantly metaluminous to slightly pera-

luminous. Peraluminous tendencies are largely restricted to 

the Khorasib Granite Gneiss, especially the younger granites. 

In general, however, the ratio A/CNK (molecular% Al
2
O

3
/

(CaO + Na
2
O + K

2
O)) does not exceed 1.1 and is therefore 

unlike the strongly peraluminous granites derived from “S-
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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” charac-

ter. 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 Aunis Tonalite Gneiss show low levels of HFSE and 

moderate levels of A/CNK, both features typical of calc-alka-

line granitoids. While data for the Khorasib granites exhibit 

relatively high values of A/CNK and a wide range in HFSE, 

data for the Khorasib gneisses appear to be transitional be-

tween the two groups and may represent both calc-alkaline 

and crustal-melt granitoids. While it is possible that the Kho-

rasib gneisses contain some unrelated rock types, an alterna-

tive 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 useful-

ness 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. How-

ever, distinction between older gneiss and younger granite 
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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 ield distinc-

tion on the basis of fabric development is not a useful crite-

rion. 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 exceeds 0.6 in the granites, but 

rarely does in the gneisses.

(iii) 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 Green-

berg (1981) used a diagram of log(K
2
O/MgO) versus SiO

2
 

to obtain maximum separation of calc-alkaline and alkaline 

granite suites from a variety of suites of Pan-African to Re-

cent age. These ields, together with the trend for the Sierra 
Nevada batholith and data for the early-stage AMT grani-

toids, are illustrated in Fig. B.3? 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 

SiO
2
 contents with increasing alkalinity.

(b) Poor correspondence between data for the Aunis Tonal-

ite Gneiss and the ield of “calc-alkalic batholiths”.
(c) An approximate clustering of gabbros of the Kairab 

Complex at the lower end of the ield of “calc-alkalic batho-

liths”, indicating that these basic rocks may form part of a 

bimodal association with either the Aunis Tonalite Gneiss or 

Khorasib Granite Gneiss in view of the general contempora-

neity of these units.

The close spatial and compositional association between 

the Aunis Tonalite Gneiss and metavolcanic succession of 

the Kairab Complex is noteworthy. In particular, it is con-

ceivable that these tonalities represent the end product of dif-

ferentiation within a possible ophiolite sequence southwest 

of Chowachasib Mountain. In order to test this possibility, 

data for the Aunis Tonalite Gneiss have been plotted on a 

semilog diagram of SiO
2
 versus K

2
O (Fig. B.38). Composi-

tional ields (according to Coleman, 1977) indicate that an 
extremely low K

2
O content is the most important chemical 

characteristic of ophiolite sequences. Fig. B.38 shows sever-

al important features, viz. the similarity of the Aunis Tonalite 

Gneiss to “continental trondhjemites”, the good correlation 

between “continental granophyres” and the Khorasib Granite 

Gneiss and the wide range in K
2
O for Kairab Complex gab-

bros. However, Coleman (1977) cautions against such com-

parisons in view of widespread low-grade metamorphism 
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and possible metasomatism in ophiolites.

The differentiation trends that give rise to oceanic pla-

giogranites are typically tholeiitic rather than calc-alkaline 

(Coleman, 1977). By plotting SiO
2
 against the calc-alkali 

ratio log(CaO/Na
2
O + K

2
O) in Fig. B.39, trends for the early-

stage AMT granitoids may be compared with trends for both 

modem 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 ields. 
Samples of the Khorasib granite also tend to scatter between 

these ields and indicate some afinity with extensional al-

kali-calcic suites. Kairab gabbros show signiicant 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 relect a transition from a compressional to ex-

tensional regime (cf. Brown, 1982). Coupled with this in-

crease in logarithimic calc-alkali ratio is a general decrease 
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in silica from the Aunis Tonalite Gneiss to the more maic 
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 dificult to constrain where ield relationships are 
lacking (see Section B .2) and so the above assertion must 

remain somewhat speculative.

Field relationships, regional considerations and geochem-

istry 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 relat-

ed 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 hypothetical 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 ba-

salt.

Fig. B.40 illustrates the overall compositional similarity 

between the Aunis Tonalite Gneiss and felsic volcanic and 

intrusive rocks in the Kairab Complex. The relative deple-

tion in K, Rb and Ba in one of the felsic intrusions (BH 784) 

is possibly the result of alteration. ORG-normalised patterns 

for the Khorasib Granite Gneiss are less useful for compara-

tive purposes due to intra-suite compositional variation, and 

are not illustrated here. Despite the considerable 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 cer-

tain features in common, viz. eurichment in K, Rb, Ba and Th 

relative to Nb, Zr and Y. Where these features are combined 

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 en-

richment 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 ield classiication may well be oversim-

pliied. The complexity of the situation is illustrated in Fig. 
B.41 which attempts to discriminate between granitoids of 

different tectonic afinity (ields after Pearce et al., 1984). 

The large spread in values from VAG to WPG is particularly 

well developed in the Khorasib Granite Gneiss, the Aunis 
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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 ield 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 petroge-

netic modelling of granitoids of the Khorasib Granite Gneiss 

cannot be well constrained and this feature is consistent with 

the involvement of con-tinental crust in their genesis. Super-

imposed alteration (suficient to enrich Rb), crystal accumu-

lation and volatile luxing have probably all inluenced the 
petrogenesis of these ancient granitoids and thereby contrib-

uted to the data scatter.

The source heterogeneity implied by the compositional 

variability of the early-stage granitoids 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 maturity, 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 ields 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 ields modiied after Brown et al., 1984). 

Samples, typically of Khorasib Granite Gneiss, show HFSE 

enrichments at given levels of Rb/Zr which may relect the 
source contribution from “within-plate” mantle lithosphere 

(cf. Brown et al., 1984). However, the superimposed con-

tribution by the continental crust (enrichment 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.

4.4 SUMMARY

4.4.1 Kairab Complex

(i) The Kairab Complex volcanic succession shows a range 

in composition from basalt to rhyolite with a paucity of inter-

mediate compositions.

(ii) While TAS and AFM diagrams indicate a tholeiitic af-

inity for much of this succession, the low Ti abundances in 
the basalts suggest that these lows are wholly sub-alkaline 
rather than demonstrating any alkaline tendencies as indi-

cated by the slightly elevated contents of total alkalis. Con-

sideration of the Al
2
O

3
 content relative to the alkali-index of 

Middlemost (1975) reveals that the majority of basalts, espe-

cially pillow-bearing lows, are high-alumina types.
(iii) Low abundances of Ti, Y, Zr and Nb in Kairab ba-

salts resemble those of modem island-arc or back-arc tholei-

ites, 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 

(La
N
/Yb

N
 = 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) MORB-normalised trace element patterns (Pearce, 

1982) reveal that both tholeiitic and high-alumina basalts in 

the Kairab Complex show features in common with volcan-

ic-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 “de-

pleted” tholeiites show MORB-like abundances for K, Rb 

and Ba, but signiicant 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 
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and reinforce the idea that the Kairab basalts are subduc-

tion-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 (Gering-

er et al., 1986) situated 700 km to the southeast of the AMT 

along the eastern margin of the NMC.

(vii) Kairab metafelsites are typically rhyolitic and are 

represented by both low- and high-silica types. Compari-

son of both groups of rhyolites with Cenozoic analogues 

suggests a broad compositional afinity with subduction-re-

lated suites, but good agreement for the elements 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 conti-

nental arcs or intracratonic rifts (Sylvester et al., 1987).

(viii) Ancient analogues of the Kairab rhyolites are best 

represented by the Archaean Michipicoten rhyolitic ash-

low tuffs (Sylvester et al., 1987), the latter having been 

interpreted as subaerial to submarine arc eruptions.

(ix) The bimodal nature of the Kairab volcanic succes-

sion may be a consequence of selective preservation (Con-

die, 1986), paucity of magma of intermediate composition 

(Sylvester et al., 1987), fractional crystallisation at shallow 

depth (Grove and Donnelly-Nolan, 1986), or a dual source 

(Glikson, pers. comm., 1989).

(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 

relect their cumulate origin, while greater enrichment of 
elements (excluding Nb) in MORB-normalised plots sug-

gests 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 composi-

tional similarity to Aunis Tonalite Gneiss on AFM, Zr/TiO
2
 

versus SiO
2
 and ORG-normalised diagrams. Although 

not studied in any detail, a genetic relationship between 

metafelsite and Aunis Tonalite Gneiss would greatly in-

crease 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 Kho-

rasib Gneisses.

4.4.1 Early-stage granitoids

(i) Data for the Aunis Tonalite Gneiss show some overlap 

into the trondhjemite ield on a normative An-Ab-Or dia-

gram (Barker, 1979), while the Khorasib Granite Gneiss is 

contained within the granodiorite and granite ields 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 

Qz-Ab-Or diagram. 

(iii) Early-stage granitoids are typically metaluminous in 

the classiication 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 crustal-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.

(vi) The Aunis Tonalite Gneiss, despite its close associa-

tion with the metavolcanic succession of the Kairab Com-

plex, shows the higher K
2
O contents typical of continental 

trondhjemites rather than oceanic plagiogranites (Coleman, 

1977). The Khorasib Granite Gneiss shows even higher 

K
2
O contents diagnostic of continental granophyres but a 

broad correspondence to the calc-alkaline to alkaline Sierra 

Nevada batholith trend on a diagram of log(K
2
O/MgO) ver-

sus SiO
2
 (Rogers and Greenberg, 1981).

(vii) Comparison of trends for the early-stage granitoids 

with trends for modem magmatic arcs and intrusive suites 

on a SiO
2
 versus calc-alkali ratio diagram (Brown, 1982) 

shows that the Aunis Tonalite Gneiss is 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 grani-

toids, the trend from calcic to alkali-calcic is considered to 

relect a history of arc development and subsequent intra-

plate extension.

(viii) LILE enrichment relative to HFSE is common to 

most early-stage granitoids and resultant patterns on 

ORG¬normalised plots are typical of volcanic-arc gran-

ites (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) conirms 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 ields. A general increase in Rb from Aunis To-

nalite Gneiss via Khorasib gneiss to Khorasib granite may 

relect 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 lat-

ter further suggest a source contribution from within-plate 

subcontinental lithosphere (Brown et al., 1984). An overall 

trend of 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 Pro-

terozoic. 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 deter-

mine both absolute ages and the duration of activity in the 

Proterozoic (see also Hoal et al., 1986, 1989). A more de-

tailed 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: 100000 

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 Kairab Complex metabasalt

The ten analysed samples of the Kairab Complex Meta-

basalt deine an isochron (MSUM = 2.48) with an age of 
1461± 169 Ma and an initial 87Sr/86Sr ratio (R

0
) of 0.70269 ± 

12. The separation of sample BH 774 from the main cluster 

of data points in Fig. B.43 clearly exerts a signiicant con-

trol 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 deine a Pb-Pb 
isochron (MSUM = 1.1) with an age of 1467 +201/¬215 Ma 

and /1 = 9.87 ± 0.14/-0.15. The /1 value is slightly higher 

than the value of 9.74 preferred by Stacey and Kramers 

(1975) for the second stage of their two-stage model of Pb 

isotope evolution. The R
0
 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 Aunis Tonalite Gneiss

Nine samples of the Aunis Tonalite Gneiss deine an iso-

chron (MSUM = 1.3) with an age of 1271 ± 62 Ma and R
0
 

of 0.7029 ± 3. Sample BH 745 was excluded from the re-

gression 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 R
0
 estimates. Again the R

0
 

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 signiicant crustal pre-his-

tory or “residence time” for this unit, and implies that the 

estimated age relects 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 lows 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 co-

incides with a likely maximum age of 1300 Ma for the D
2
 

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 R
0
 values in both Kairab metabasalt and Aunis 

Tonalite Gneiss imply juvenile additions 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 R
0
 values which infer 

mantle derivation, but /12 values indicative of enriched 

mantle or crustal recycling. Barton and Burger (1983) fur-

ther interpreted the isotopic data to relect an active conti-
nental margin related to the convergence and subsequent 

collision which characterises the Namaqua tectogenesis. 

Similar conclusions may be drawn for the Kairab meta-

basalt and Aunis Tonalite Gneiss, which suggests that this 

active continental margin can be extended from near Cop-

perton in South Africa to the northern part of the AMT, a 

distance of nearly 850 km.

In the Rehoboth area to the northeast of the AMT, Reid 

et al. (1988) have reported Rb-Sr isochron ages of 1442 ±  

32 Ma (R
0
 ≈ 0.7018) for the Alberta Maic Complex and 

1238 ± 13 Ma (R
0
 ≈ 0.7041) for the Biesiepoort Gran-

ite/Weener Quartz Diorite. These ages and R
0
 values are 

broadly similar to those obtained for the Kairab metabasalt 

and Aunis Tonalite Gneiss, respectively, and may provide 

evidence for the northeast ward extension of this ancient 

active margin.
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 1. INTRODUCTION

Late-stage crust in the AMT is correlated with the Sinclair 

Sequence and comprises 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 referred to in the text are illustrated on 

the accompanying regional map (Appendix I). Where ap-

plicable, the reader’s attention will be drawn to similarities 

between the units discussed 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 lithologic 

units in order to establish the lithostratigraphy of the late-

stage AMT and, where possible, the provenance and pal-

aeoenvironment of the units in question.

(ii) Mineral chemistry of selected lithologic 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 modem and ancient ana-

logues in the literature.

(iv) Petrogenesis of the HFF eruptive rocks in view of 

their relatively well-preserved nature arid signiicance in 
the evolution of the late-stage crust and the Sinclair Se-

quence.

(v) Geochronology of selected lithologic 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 distribu-

tion, ield character and petrography of the major lithologic 
units which form part of the late-stage crust in the AMT.

2.1 URUSIE FORMATION

The sedimentary Urusib Formation (now thought to in-

corporate the Tsaurab Formation; Hoal, 1985) has been var-

iously correlated with the Kunjas Formation (Martin, 1965; 

SACS, 1980) and the Guperas Formation (Watters, 1974; 

Harrison, 1979) in the Sinclair Sequence. These problems 

of correlation are the result of a lack of continuity between 

sediments in the AMT and those in the Sinclair Sequence 

type area to the east. Available ield evidence suggests that 
the Urusib Formation occupies a stratigraphic position clos-

er to the Kunjas Formation than the Guperas Formation. 

This evidence is based largely on the following observa-

tions: 

(a) Arkoses of the Urusib Formation have been intruded 

by gabbros of the Safier Intrusive Suite on State Land ad-

jacent to the farm Gorrasis.

(b) Basal conglomerates of the Urusib Formation only 

overlie early-stage crust in the AMT.

Lithologic descriptions of the Urusib Formation are given 

in Harrison (1979) and Hoal (1985), and will not be repeat-

ed in detail here. Some discussion is, however, given on 

selected lithostratigraphic sections and on the provenance 

and palaeoenvironment of this succession, since these have 

a direct bearing on the setting of the overlying Haiber Flats 

Formation;

(i) Field character

Sediments of the Urusib Formation unconformably over-

lie, or are faulted against, metamorphic rocks of the Kai-

rab Complex, Aunis Tonalite Gneiss and Khorasib Granite 

Gneiss (Plate A.Le). This sedimentary succession is made 

up predominantly of immature and poorly sorted clastic 

rocks which reach an estimated thickness of 2400 m within 

the Urusib synclinorium. Regional facies variations are 

best represented by ive selected lithostratigraphic sections 
which are described below and illustrated in Fig. C.1:

 (a) Section southwest of DiaR10

In the southeastern part of the AMT, the Urusib Forma-

tion is in tectonic contact with underlying basement gneiss-

es and younger monzogranite of the Haisib Intrusive Suite. 

The basal part of this succession consists of polymict brec-

cia which grades upwards into petromict conglomerate and 

cross-bedded lithic arenite. The latter, which commonly 

carries well-rounded quartz pebbles, attains a thickness 

of approximately 1600 m before grading upwards into the 

predominantly volcanic succession of the Haiber Flats For-

mation. The upper contact zone is obscured by a swarm of 

northwest-trending rhyolite dykes, but is arbitrarily demar-

cated by the lower most volcanic low of the Haiber Flats 
Formation.

 (b) Section southwest of Piekniekkoppe

The sedimentary succession in this section forms the 

northwestward extension of the previous one and attains a 

similar minimum thickness. In the basal part quartz pebbles 

and lithic fragments (volcanic and granitic in composition) 

deine a down-dip pebble-stretching lineation. Large cob-

bles of basement gneisses are also present, but the basal 

contact is a sedimentary unconformity rather than tectonic 

in nature as seen further south. Although there is no evi-

dence of intercalated volcanics of the Haiber Flats Forma-

tion in the upper part, plugs of intrusive andesite may rep-

resent feeders to such volcanics.

 (c) Urusib section

This section is the type locality of the Urusib Formation 

and will accordingly be described in more detail than the 

other sections. The estimated thickness of 2400 m is made 

up of four informal members which are discussed below.
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 Conglomerate member

This 700 to 800 m thick member is made up predominant-

ly of grey to brown petromict conglomerate, pebbly lithic 

arenite and subarkose. Clasts are typically quartz with sub-

ordinate feldspar, while lithic fragments are predominantly 

granitic and volcanic (mainly felsic in composition). Planar 

and trough cross-bedding are widespread throughout this 

member, although more massive upward-ining beds are 
also developed, particularly at the base of the succession.

 Siltstone member

Although only 50 to 100 m thick, this member is remark-

ably persistent laterally and is made up predominantly of 

dark grey siltstone and laminated quartz wacke. Minor, but 

important, grey carbonate (sandy limestone) and red chert 

crop out on the western limb of the Urusib synclinorium. 

Sedimentary structures include nearly vertical luid-escape 
channels which have disrupted the laminations, groove 

casts which indicate a palaeocurrent direction from north-

west to southeast, and ripple marks.

 Pebbly sandstone member

With a minimum thickness of 1200 m, this member con-

sists primarily of grey to brown pebbly lithic arenite, lithic 

and arkosic wacke, and subordinate petromict conglomer-

ate. The pebbly sandstone member contains similar sedi-

mentary structures to the conglomerate member, but dis-

plays, in addition, characteristic slump structures and ripple 

marks. Much of this member resembles cross-bedded lithic 

arenite situated to the southwest of the DiaR10 trigono-

metrical beacon, but pebbles deine an extremely strong 
stretching lineation in the core of the Urusib syncline (Plate 

C.1a).

 Shale member

Laminated dark grey carbonaceous shale occupies the 

core of the Urusib synclinorium and may exceed 300 m in 

thickness. An accurate estimate of the thickness is, how-

ever, dificult to make in view of disruption of the sequence 
by maic dykes and poor outcrop.

(d) Section southwest of Chowachasib Mountain

The sequence here has been intruded by the Chowachasib 

Granite and is unique in that there is no development of 

a basal conglomerate. A basal pink to white quartz arenite 

member overlies metagabbro of the Kairab Complex and 

reaches an estimated thickness of 80 m. Pebbles are rare 

and the quartz arenite displays a mature and well-sorted 

nature. The overlying grey siltstone member may attain a 

thickness in excess of 200 m and laminated portions are 

similar to siltstones in the Urusib section. The uppermost 

part of this succession is made up of grey to brown lithic 

arenite and subarkose which together constitute a minimum 

thickness of about 200 m.

(e) Stellarine section

This section, only 200 m thick, is made up of unusual 

lower beds of dark grey conglomerate and grey lithic sand-

stone with occasional interbeds of grey shale. The clasts in 

the basal conglomerate are typically subangular felsic and 

maic volcanics, while clasts in the overlying conglomerate 
are almost entirely angular quartz. Trough and planar cross-

bedding are well-developed and upward ining is evident in 
several of the beds. Overlying this lower portion is a suc-

cession of grey to white quartzite which is in turn overlain 

by an estimated thickness of 100 m of grey shale. The verti-

cal continuity of this shale is interrupted by several sHIS 

of rhyolite.

(ii) Petrography

Petrographic study of the Urusib Formation is hampered 

by widespread deformation, particularly shearing (Plate 

C.1a), and greenschist grade of metamorphism (Plate C.1b). 

Volumetric estimates of matrix are particularly dificult in 
some cases due to the breakdown of feldspars and growth 

of white micas. The variability in the nature and composi-

tion of the sediments precludes a detailed discussion here, 

but the reader is referred to Harrison (1979, p. 23-31) for 

petrographic descriptions of the major lithologies.

(iii) Provenance and palaeoenvironment

The predominance of granitic lithic fragments in the 

basal part of the Urusib Formation suggests a largely gra-

nitic source for these arkosic sediments. Furthermore, the 

syenogranitic nature of many of the fragments indicates a 

proximal source such as the Khorasib granite. Elsewhere 

clasts of tonalite gneiss and metaquartzite may be corre-

lated with the Aunis Tonalite Gneiss and Kairab Complex, 

respectively.

Higher up in the succession, but still within the coarser-

grained clastic sediments, lithic fragments comprise both 

quartzofeldspathic clasts (volcanic or sedimentary in ori-

gin) as well as dark siltstones and shales. Whereas the latter 

are thought to represent intraformational rip-up clasts, the 

source of the volcanic and sedimentary fragments remains 

uncertain.

Despite obliteration of many primary sedimentary struc-

tures by shearing, Harrison (1979, p. 52-54) proposed a 

braided stream environment for much of the succession on 

the basis of the following observations:

(a) The widespread occurrence of petromict conglomer-

ates, arkoses and lithic sandstones.

(b) Sedimentary structures such as planar and trough 

cross-bedding, ripple marks, parallel laminations, scour 

surfaces, longitudinal bars and channel ill sequences.
(c) Poor sorting and a predominantly upward-ining se-

quence.

(d) Sheetlike deposits of sand and gravel.

(e) The absence of features indicative of low gradient me-

andering streams, e.g. point-bar sequences.

(f) Graded cross-strata.

The above proposal is further supported by such features 

as pebble imbrication and rip-up clasts.

Harrison (1979, p. 56) further suggested that the “silt-

stone member” was lacustrine in origin on the basis of such 

features as parallel laminations, ripple marks and wavy 

bedding, and the presence of a carbonate-chert association 

which he regarded to be of playa lake origin. However, 

the occurrence of quartz and lithic wacke in much of this 

member indicates that clastic material must have formed a 
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signiicant proportion of the luvial load discharged into the 
proposed lake. Finely laminated grey carbonaceous shales 

may similarly be of lacustrine origin but relect more quies-

cent conditions than the siltstones.

From the above considerations, it is possible to recog-

nise two sedimentary cycles in the Urusib Formation at 

the type locality. The irst cycle was initiated by uplift of a 
predominantly granitic source area leading to rapid luvial 
deposition of coarse clastic material, and was terminated 

by relatively stable crustal conditions resulting in a lacus-

trine environment with occasional luvial discharges. The  
second cycle was initiated by uplift of a similar granitic 

source area to the irst cycle, but with a larger volcano-sed-

imentary component, and was terminated by more stable 

conditions resulting in the establishment of a lacustrine en-

vironment.

Parts of each cycle may be recognised in the section 

southwest of Chowachasib Mountain, but only part of the 

irst cycle is preserved in the sections southwest of DiaR10 
and Piekniekkoppe. The Stellarine section appears to record 

only part of the second cycle. While palaeocurrent direc-

tions for the Urusib section suggest a source to the north-

west or west (Harrison, 1979, p. 31), similar data are not 

available for the other sections. However, the regional dis-

tribution of coarse-grained clastic rocks suggests that these 

sections represent independent depocentres which existed 

contemporaneously with the Urusib basin.

It is concluded that the Urusib Formation is made up of 

several fault-bounded troughs which relect separate, but 
broadly synchronous, periods of uplift and quiescence. 

While braided streamlow fans relect such tectonically ac-

tive periods, associated lake deposits are the result of more 

stable crustal conditions.

2.2 HAIBER FLATS FORMATION (HFF)

2.2.1 General description

2.2.1.1 Distribution

The Haiber Flats Formation volcano-sedimentary succes-

sion, hereafter referred to as the HFF, has its major outcrop 

adjacent to the Haiber Flats in the central part of the AMT. 

Similar lithologic associations can be traced to the south-

east of Awasib Mountain in what probably constitutes a lat-

eral continuation of this formation. Despite the disruptive 

effects of deformation and metamorphism, signiicant lat-
eral variations in the original nature and composition of the 

volcanics suggest that these rocks are the eruptive products 

of several, possibly overlapping, volcanic centres.

The HFF has an outcrop area of between 70 and 80 km2 

which is conined to a series of northwest-trending linear 
troughs within the early-stage crust (map - Appendix I). 

However, the combination of extensive movement along 

the margins of these troughs (Plate C.1 c) and widespread 

intrusive activity suggests that the original outcrop area of 

the HFF may have been substantially greater than the esti-

mate given here. This contention is supported by the pyro-

clastic nature of many of the HFF volcanics as well as litho-

logically similar outcrops as far west as Hauchab (Fig. A.4). 

Furthermore, the overall compositional and stratigraphic 

similarity of the HFF to the Barby Formation may support 

a correlation between them. In this event the original area 

of outcrop would be increased dramatically, since Watters 

(1974, p. 23) has estimated that the Barby Formation prob-

ably covered an area in excess of 40000 km2.

2.2.1.2 Thickness

The total thickness of the HFF is dificult to estimate 
due to discontinuous exposures and the disruptive effect 

of younger intrusions. Minimum thickness estimates range 

from around 3000 m in the south of the AMT to almost 

7000 m in the north. The latter estimate is, however, poorly 

constrained by the available ield evidence and may well 
represent a maximum thickness for the HFF. In addition, it 

is dificult to assess the possibility of stratigraphic repeti-
tion in the HFF, since any step-faults, as observed in the 

Barby Formation by Von Brunn (1967, p. 139), have been 

obscured by pervasive fracture cleavage (Plate C.1d).

2.2.1.3 Field relationships

The basal contact of the HFF is best exposed in the south-

ern part of the AMT where this predominantly volcanic suc-

cession overlies the Urusib Formation. Here the uppermost 

pebbly lithic arenites of the latter formation have been in-

tensely intruded by rhyolite dykes and sHIS, the contact be-

tween these sediments and the overlying HFF being placed 

at the lower most volcanic low. This constitutes a some-

what arbitrary boundary since it is not always possible to 

distinguish between rhyolite sHIS and lows. The possibil-
ity of a disconformable relationship between these two for-

mations in the southern most portion of the AMT is partly 

borne out by the angular unconformity observed to the west 

of Piekniekkoppe.

Widespread intrusions of the Haisib Intrusive Suite and 

the younger Awasib Granite are closely associated, both 

spatially and chronologically, with the HFF. These intru-

sions, particularly the former, are typically located along 

the margins of the troughs which host the HFF.

2.2.1.4 Volcanic types

The different volcanic types in the HFF are distinctive 

and can be grouped into two broad categories:

(a) Basaltic andesite and andesite: pyroxene- and/or feld-

spar-porphyritic lavas, aphyric lavas, pyroclastic lows, 
stratiied tufites (as deined by Bates and Jackson, 1980) 
and volcaniclastics.

(b) Rhyolite and rhyodacite: quartz- and feldspar-porphy-

ritic lavas, pyroclastic lows, stratiied tufites and volcani-
clastics.

Although there is a virtual continuum in compositions 

from basaltic andesite to rhyolite, the intermediate mem-

bers (siliceous andesite-dacite-rhyodacite) are volumetri-

cally insigniicant. While the nature and type of the ear-
liest volcanic activity show signiicant regional variation, 
basaltic andesites and andesites are more voluminous than 

rhyolites at this early stage. Rhyolites do, however, increase 
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in importance with time and the overall volumetric ratio of 

rhyolite to andesite (sensu lato) ranges from 3: 1 in the south 

of the AMT to 4:1 in the north.

Sediments are a relatively minor constituent of the HFF, 

reaching a maximum development south of latitude 25°45’S 

and constituting approximately 10% of the total thickness. 

However, epiclastic rocks appear to be absent from the thick-

est part of the formation at Awasib Mountain.

2.2.2 Structure and metamorphism

As discussed in Section A2.3, the HFF has been subjected 

variously to tilting, folding, shearing and low-grade meta-

morphism. The intensity of deformation and grade of meta-

morphism vary considerably on a regional scale. The earli-

est period of deformation is probably related to the forceful 

intrusion of the Haisib Intrusive Suite. Plutons of this suite, 
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together with the Awasib Granite, resulted in the updoming 

and tilting of the overlying strata, commonly in an easterly 

direction. Contact metamorphic effects are dificult to eval-
uate in the light of subsequent regional metamorphism, but 

may be indicated by the highest contents of green-brown bi-

otite being associated with those andesites which are most 

intensely intruded by the Haisib Intrusive Suite.

The large open folds (f
4
) observed in the Urusib Forma-

tion, are dificult to detect in the younger HFF, possibly 
as a result of subsequent shearing. However, it appears 

likely that the pervasive fracture cleavage, which is com-

monly layering-parallel (Plate C.1d), is axial planar to such 

folds and hence forms part of the D
4
 phase of deformation. 

Widespread sericitisation and subordinate siliciication are 
probably the result of accompanying as well as subsequent 

metamorphism.

A later episode of more ductile deformation (D
5
) pro-

duced cataclastic, protomylonitic and mylonitic textures. 

Folds associated with this shearing are usually tight and re-

clined (Plate A. If). Mineral and stretching lineations are as-

sociated with the ss foliation and display a highly variable 

plunge from subhorizontal to steeply down dip. The mineral 

assemblage albite + epidote + chlorite + sericite + quartz ± 

actinolite ± biotite ± calcite associated with this widespread 

shearing event is typical of the greenschist facies and indi-

cates a higher grade of metamorphism in volcanics of the 

HFF than in similar Sinclair Sequence rock types to the east 

of the AMT.

The layering-parallel shear planes were folded into north-

west and northeast-trending kink bands and crenulations dur-

ing a phase of deformation which occurred subsequent to the 
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shearing, but was probably related to it. A well-developed 

axial-plane cleavage and crenulation lineation are associ-

ated with this D
6
 phase of deformation.

The last major episode of deformation (D
7
) suffered by 

the HFF resulted in large scale warping about an east to 

east-northeast-trending axis. This folding is best illustrated 

in the southern part of the AMT by the northward change in 

the trend of fracture cleavage and shear planes from north-

west to north (map - Appendix I).

2.2.3 Lithostratigraphy

2.2.3.1 Introduction

The lateral variability in the nature and composition of the 

HFF requires that description of this formation be based on 

geographical as well as lithologic criteria. Accordingly, the 

HFF has been divided into three localities which may corre-

spond to separate, but broadly contemporaneous, volcanic 

centres. Lithostratigraphic columns and schematic sections 

for these localities are illustrated in Figs C.2 and C.3. The 

legends to these igures are based on an informal member 
subdivision which can be readily applied in the ield. How-

ever, attempts to correlate these members between sections 

suggest that lateral interingering must have occurred and 
that lateral variations in thickness and composition are sig-

niicant.

2.2.3.2 Southern locality

The earliest evidence of volcanic activity is in the form 

of relatively thin rhyolite lows which are intercalated with 
clastic sediments. The red to grey colour, porphyritic tex-

ture and occasionally low-banded character of the rhyo-

lite lavas are features which are also common to numerous 

dykes and sHIS within the succession. However, pebbly 

lithic arenites which are intercalated with the rhyolites 

have clearly derived their volcanic clasts from immediately 

underlying lows (plate C.Le). In addition, contorted low 
folds within some of the low-banded rhyolites suggest that 
these lows were originally lavas. Flow-top breccias are 
rarely preserved, probably due to active luvial processes.

Clastic sediments are laterally discontinuous and suggest 

deposition by debris lows and braided streams. Conglom-

erates contain a variety of clasts, viz. maic schist, granite 
gneiss, quartzite, shale and rhyolite. Sedimentary structures 

include planar and trough cross-bedding, pebble imbrica-

tion and size grading. Although these HFF clastic sediments 

differ little in appearance from the underlying Urusib For-

mation, there is a notable increase in the proportion of vol-

canic clasts.

Within this zone of intercalated rhyolite and sediment, 

occasional pyroclastic lows form uniformly thin but lat-
erally continuous layers. Globular rhyodacites of green-

ish-grey colour are often associated with the latter (Plate 

C.1f). The term “globular” is used non-genetically here to 

describe round to oval-shaped structures which vary greatly 

in size from less than a millimetre to several centimetres. 

These structures differ from the classic lithophysae de-

scribed by Ross and Smith (1961) in that they are neither 

hollow nor show evidence of having been illed with va-

pour-phase minerals. While similar in texture and compo-

sition to the groundmass, these globules are distinguished 

by their lighter colour and concentric shell structures. In 

parts the globules have coalesced to form wavy bands, else-

where they concentrate to form subcircular “nests”. Similar 

features have been described in globular ignimbrite sheets 

from Kenya (Hay et al., 1979), but their origin remains un-

explained.

Dark green basaltic andesite conformably overlies the 

intercalated rhyolite and sediment, and varies from plagi-

oclase-porphyritic and amygdaloidal lows in the south to 
aphyric and sparsely amygdaloidal lows in the north. Lat-
eral continuity is dificult to establish due to faulting, scree 
cover and the rugged terrain (Plate C.2a). Basaltic andes-

ites attain an estimated thickness of 500 m in the southern 

portion, but the base is not exposed. While boundaries to 

individual lows tend to be obscured by pervasive fracture 
cleavage, the uppermost part of the basaltic andesite suc-

cession exhibits a varying degree of brecciation. Portions 

of this low-top breccia have been inilled by felsitic tufite 
of possible air-fall origin.

Overlying reddish rhyolites are predominantly welded 

crystal-lithic tuffs (plate C.2b) in which pyroclasts range 

in size from lapilli to blocks (after the classiication of 
Schmid, 1981). Dark grey streaks within the lighter-col-

oured groundmass are interpreted as collapsed pumice 

fragments, and the overall texture may commonly be de-

scribed as eutaxitic (Plate C.2c). Widespread fracture cleav-

age, which is particularly well developed in the pyroclastic 

layers, has facilitated severe weathering (Plate C.1d). More 

weathering-resistant rhyolite lavas which are intercalated 

with the pyroclastic horizons are typically low-banded 
and occasionally exhibit striking low folds (plate C.2d). 
Although low boundaries are dificult to locate, it is clear 
that individual lows, or cooling units, of rhyolite (sensu 

lato) range in thickness from less than a metre to several 

hundred metres.

The thicker felsic horizons probably represent single cool-

ing units which were made up of several independent lows. 
These large cooling units have a massive appearance and 

typically form weathering-resistant mountain crests. Origi-

nally mapped as rhyolite porphyry (Hoal et al., 1986), this 

massive unit is made up of crystal-rich ash-low tuff which 
forms an easily recognisable pyroclastic member that can 

be followed for a distance of nearly 20 km along strike, 

but which appears to thin towards the northwest. Similar 

outcrops of this unit occur in both the central and northern 

localities (Plate C.2e).

The coarsest agglomerates at the southern locality were 

recorded to the southeast of the mapped area in the vicin-

ity of the Diar II trigonometrical beacon. Here blocks and 

bombs commonly exceed 15 cm in size, with some boulders 

of up to I m in diameter, and such deposits are inferred to 

be proximal to a volcanic centre. While angular lithic frag-

ments often provide one of the best clues in the ield to 
a pyroclastic origin, vapour phase crystallisation has pro-

duced light-coloured streaks which are not observed in the 

lavas. “Exotic” lithic fragments, mostly comprising earlier 

andesite lows (cognate origin) or sedimentary clasts (acci-
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dental origin), are not prominent in the pyroclastic deposits. 

Rare stratiied tufite consists of alternating ine- to coarser-
grained layers composed of both angular crystals (mainly 

feldspar and quartz) and rhyolite fragments. Admixtures of 

epiclastic material are suggested by the pronounced round-

ing exhibited by several of the clasts.

2.2.3.3 Central locality

Basaltic andesites (including a high- Mg low) are largely 
restricted to the northern part of this locality where they 

have been intensely intruded by plutons of the Haisib Intru-

sive Suite. Subsequent shearing has transformed many of 

the original lows into mylonitic greenschists (Plate A.1f), 
but primary textures are preserved along the lanks of the 
main shear zone. Plagioclase and a ferromagnesian mineral 

(replaced pyroxene and/or olivine) constitute widespread 

phenocrysts in these lows.
Andesites within the main shear zone have preserved their 

original plagioclase-phyric character despite a strong folia-

tion. Biotite, together with epidote, now makes up a sig-

niicant proportion of the andesite and has imparted a dark 
green colour to the rock. Secondary siliciication is wide-

spread in the form of patches and veins and dacitic compo-

sitions may, therefore, not be primary. The interingering of 
the andesite with low-banded rhyolite and crystallithic tuff 
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-low tuffs, becoming 
dominant in the upper part.

While rhyolites (sensu lato) closely resemble their south-

ern locality counterparts, so-called rhyolite porphyries are 

less prominent. An apparently sub-circular intrusion of mi-

crogranite porphyry, which forms part of the Awasib Gran-

ite, bears a strong resemblance to the rhyolite porphyries. 

As a result of this similarity, and because of the near verti-

cal attitude of the rhyolite layers, it is dificult to ascertain 
the original shape of the granite pluton. Nevertheless, avail-

able 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

Stratiied rhyolitic tufites occur at the base of the suc-

cession (Plate C.3a) and are somewhat coarser-grained than 

tufites described from the southern locality. Individual 
units rarely exceed more than a few metres in thickness. Al-

though a small degree of sedimentary reworking may have 

taken place, these tufites were probably originally air-fall 
or ash-low tuffs and hence indicate rhyolitic activity at an 
early stage. Epiclastic material appears to be restricted to 

the upper, more poorly welded, parts of these tufites. The 
tufites are overlain by thicker beds of volcanic breccia or 
agglomerate which are characterised by abraded and frac-

tured rhyolite pyroclasts.

The earliest manifestation of basaltic andesitic eruptions 

is marked by the occurrence of stratiied tufites approxi-
mately 100 m above the base of the succession (Fig. C.2). 

These tufites are characterised by a ine stratiication 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 lows, fragmental rocks and stratiied tufites. The 
lava lows are typically pyroxene porphyritic with subor-
dinate plagioclase phenocrysts and amygdales. Although 

fresh in appearance, a greenish tint to the dark grey colour 

of these lows indicates moderate alteration. The thickness 
of individual lows varies from several metres to almost 140 
m, the boundaries between lows usually being demarcated 
by fragmental layers (Plate C.3c). The latter may be broadly 

classiied as volcaniclastic in origin, but commonly exhibit 
the grading (both normal and inverse) and angularity of 

lithic fragments which are characteristic of pyroclastic low 
deposits. These layers are rarely more than a few metres 

in thickness. However, in the uppermost part of this suc-

cession, 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 over-

lies this mixed agglomeratic horizon, but the original nature 

of these deposits is obscured by shearing. The volcaniclas-

tics appear to be overlain by a massive outcrop of mainly 

pyroxene-porphyritic basaltic andesite which occurs ad-

jacent 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 be-

tween these massive lows is, unfortunately, not exposed.
This overall succession of predominantly andesitic (sensu 

lato) volcanics on the eastern lank 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- low tuff and agglomerate which rarely allow 
their attitude to be ascertained. However, several widely 

separated lows do indicate eastward dips of 60-80°, which 
suggest an approximate thickness of rhyolite (sensu lato) 

in excess of 6000 m. This estimate is dificult 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 maic vol-
canic 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 amygdaloi-

dal 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 close-
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ly associated, spatially and temporally, with the rhyolite 

lows.
(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 classiication of 
individual volcanic members in the HFF without recourse 

to whole-rock chemistry. Hence, rhyodacites can be distin-

guished from both dacites and rhyolites by their intermedi-

ate petrographic character. However, in very ine-grained 
aphyric rocks it is usually necessary to resort to chemical 

analyses in order to accurately classify them. The classiica-

tion 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 classiication scheme and those 
schemes (e.g. Winchester and Floyd, 1978) employing the 

relatively immobile elements Ti, Zr, Nb and Y.

Together with the ield criteria discussed previously, sig-

niicant differences in the petrography of compositionally 
similar volcanics are in accordance with the existence of 

three separate volcanic centres. The major volcanic groups 

which can be discussed petrographically are as follows:

(i) Basaltic andesite

(ii) Andesite and dacite 

(iii) Rhyodacite

(iv) Rhyolite

The irst and last groups are volumetrically most impor-
tant 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 petrog-

raphy of the andesite-dacite and rhyodacite groups.

2.2.4.2 Basaltic andesite

Porphyritic textures are characteristic of all three locali-

ties, only a single aphyric low having been observed at 
the southern locality. The latter low is, however, strongly 
altered and characterised by intergrowths of epidote and 

actinolite which make up 5-10% of the rock and could rep-

resent replacement products of original phenocrysts. Plagi-

oclase and augite constitute easily recognised phenocryst 

phases in many basaltic andesites (Plate C.3f), although au-

gite is typically pseudomorphed by actinolite. Relict cores 

of augite are, however, well preserved in the northern lo-

cality (Plate C.4a) and their arrangement suggests original 

glomeroporphyritic texture in which individual crystals dis-

play 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 pos-

sibly also the northern locality (Plate C.4b). Less common-

ly, these pseudomorphs exhibit outlines more indicative of 

original hornblende. In view of the degree of alteration, it is 

dificult to sustain any suggestion that magnetite constitutes 
a primary phenocryst phase.

Phenocryst proportions show considerable regional vari-

ation (Table C.1) in which plagioclase is dominant mainly 

in the southern locality and augite in the northern local-

ity. Olivine appears to have been the dominant phenocryst 

in high-Mg basaltic andesite at the central 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 lows, amygdales have undergone recrys-

tallisation and redistribution to form trails and patches of 

disseminated quartz, a texture dificult to distinguish from 
the effects of secondary siliciication. These trails occa-

sionally 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 trach-

ytic intergrowth of plagioclase laths together with pseudo-

morphed pyroxene and interstitial K-feldspar. The cloudy 

appearance of the groundmass is due to scattered opaque 

and secondary minerals, viz. epidote, sericite, actinolite, bi-

otite (green to brown) and sphene.

While alteration and recrystallisation are evident in vir-

tually all basaltic andesites, eruptive rocks of the central 

locality show the greatest degree of metamorphic reconsti-

tution. Hence porphyroblasts of carbonate (often associated 

with green biotite) and maic aggregates (biotite ± epidote 
± carbonate ± opaque minerals) are particularly well devel-

oped 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 north-

ern localities is generally restricted to bending of cleavage 

planes or fracturing of mineral phases. However, a weak to 

moderate tectonic fabric may be deined variously by the 
subparallel arrangement of ellipsoidal amygdales, by elon-

gate aggregates of intergrown biotite and actinolite which 

may be folded and strained, and by anastomosing trails of 

secondary minerals.

2.2.4.3 Andesite and dacite

Andesitic and dacitic lows are best developed at the cen-

tral locality and differ little in appearance and petrography. 

These intermediate lows are typically plagioclase phyric 
(average 15% of the rock) with individual phenocrysts hav-

ing an average size of 0.7 mm (maximum size 4.5 mm). Pla-

gioclase forms anhedral to subhedral porphyroclasts which 

may be granulated at their margins and show complete re-

placement by albite or the assemblage epidote + biotite ± 

actinolite. Polysynthetic twinning is usually well developed 

in albite, but may be partly obscured by the alteration as-

semblage epidote + sericite + chlorite + biotite. Deforma-

tion has resulted in recrystallisation of several feldspars 

into irregular subgrains with an accompanying exsolution 
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of quartz blebs.

Biotite, pleochroic from light yellow to brownish green, 

forms small lakes which have a high aspect ratio and are 
aligned, sometimes in continuous layers, to deine a strong 
foliation. Intergrowths of biotite with epidote granules and 

skeletal opaque minerals are widespread, but particularly 

dense in the pressure shadows of plagioclase porphyro-

clasts. Together, biotite and epidote make up in excess of 

one third of the rock volume.

Ubiquitous siliciication is present both as patchy inter-
growths in the groundmass and as veins. The groundmass is 

aphanitic and consists of strongly aligned plagioclase laths, 

lakes 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 re-

placement products further accentuates the mylonitic 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 Rhyodacite

(i) 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 de-

scribed 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 composition-

ally and texturally similar to the “host” groundmass; both 

consist of allotriomorphic, inequigranular intergrowths of 

quartz and feldspar together with approximately equal pro-

portions of the abovementioned secondary minerals. Glob-

ules differ from the groundmass, however, in the following 

characteristics:

(a) A iner-grained nature which is especially well dem-

onstrated by the profusion of tiny epidote granules.

(b) A more leucocratic appearance due to a relative deple-

tion 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 epi-

dote. 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 granoblas-

tic quartz ± biotite.

(ii) 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 aggre-

gates 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 occa-

sional recrystallisation has resulted in granoblastic polygo-

nal aggregates. Plagioclase forms tabular pheno-crysts (av-

erage size 1.0 mm) and microphenocrysts (less than 0.5 mm 

in size) which display both twinning (albite and Carlsbad) 

and strong normal zoning (An
35

 cores), despite widespread 

saussuritisation. K-feldspar occurs as altered, sieve-like, 

phenocrysts (average size 1.0 mm), but is a relatively mi-

nor 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 min-

erals.

The intergranular groundmass is an aphanitic under-

growth of the same phases as the phenocrysts but contains, 

in addition, a high content of opaque and secondary min-

erals. 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 pre-

served in portions of the rhyodacite.

2.2.4.5 Rhyolite

While rhyolitic volcanics are predominantly pyroclastic 

in origin, lavas may occasionally be recognised by their ap-

parent lack of pyroclastic textures.

(i) Pyroclastic rhyolite

The term “pyroclastic rhyolite” is applied to lithic-crys-

tal tuff of rhyolitic composition which is usually made up 

of easily recognisable phenocrysts (commonly K-feldspar, 

plagioclase and quartz) and lithic fragments (sensu lato). 

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 polysynthet-

ic (as opposed to “chessboard”) twinning. The fractured na-

ture of many of the feldspar phenocrysts together with such 

features as undulose extinction, granulation and recrystal-

lisation, 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 ex-

hibit bipyramidal outlines and a poikilitic nature. Angular 

“chips” of quartz may represent pyrogenic crystals which 

fractured during eruption. In addition to the strain-related 

features expected from pyroclastic processes, quartz phe-

nocrysts exhibit widespread evidence of tectonic deforma-

tion, e.g. well-developed mortar texture in rhyolites of the 
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central locality. Where deformation has been severe, quartz 

aggregates are typically streaked out in the plane of the fo-

liation and resemble lenticular zones of secondary silicii-

cation.

Sparse aggregates of the secondary assemblage opaque 

minerals ± biotite ± chlorite ± sericite ± epidote may be 

pseudomorphous after a ferromagnesian mineral phen-

ocryst. Brown biotite, magnetite and zircon occasionally 

reach phenocryst dimensions and possibly constitute pri-

mary phases.

The groundmass is a micro- to cryptocrystalline under-

growth 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 deined by the alignment of elon-

gate groundmass phases and may be accentuated by such 

features as trails of opaque minerals, subparallel alignment 

of phenocrysts, elongate patches of more coarsely crystal-

line groundmass phases, and lattened lithic or pumice frag-

ments (Plate C.4e). Where signiicant mineral segregation 
has taken place, e.g. opaque mineral-rich and opaque min-

eral-poor layers, the texture is luidal and probably primary 
in origin.

The pyroclastic nature of these lows is best indicated 
by an appreciable content of angular lithic fragments and, 

less commonly, by the presence of collapsed pumice frag-

ments or “iammé” (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 lattening 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 devitriication, recrys-

tallisation and siliciication has completely destroyed any 
evidence of vitroclastic texture, or shard structure, in the 

groundmass (Plate C.4f).

Lithic fragments are usually porphyritic, with an identi-

cal 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 indi-

cated by such features as fractures, quartz-illed pressure 
shadows adjacent to feldspar porphyroclasts, and isoclinal 

folds. Some lithic fragments are rimmed by intergrowths of 

quartz and carbonate; this may suggest disequilibrium be-

tween “host” and “pyroclast” and possibly a cognate origin. 

In general, however, it is dificult to distinguish between 
clasts of juvenile and cognate origin.

The hybrid nature of tuffs in the northern part of Awasib 

Mountain (Plate C.5a) suggests that these tuffs are the re-

sult of mixed pyroclastic eruptions. Although composition-

ally distinct from the rhyolitic “host”, the maic (possibly 
andesitic) lithic fragments resemble compressed pumice 

clasts and could be cognate in origin.

As in the case of the basaltic andesites, the central local-

ity 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 anastomosing trails 

of intergrown sericite lakes. On occasion the degree of re-

crystallisation relative to comminution may be suficient to 
refer to the texture as blastomylonitic (Plate C.5b). Owing 

to the intensity of deformation, it is usually dificult to dis-

tinguish lithic fragments from coarser-grained patches of 

recrystallised groundmass, disaggregated phenocrysts and 

lensoid zones of siliciication.

(ii) Non-pyroclastic rhyolite

Phenocrysts make up 10-20% of the rock and comprise 

plagioclase predominantly with lesser, but important, K-

feldspar and quartz. Plagioclase, both albite (An
8
) and sub-

ordinate oligoclase (An
25

?), forms anhedral to subhedral 

microphenocrysts and phenocrysts (average size 0.9 mm, 

maximum size 5.0 mm) which occasionally show signii-

cant resorption. Zoning is usually strong and both albite 

and pericline twins are commonly developed. Glomeropor-

phyritic aggregates of plagioclase, and more rarely K-feld-

spar, may be widespread. The effects of deformation, where 

present, are particularly noticeable in plagioclase phenoc-

rysts, 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 mi-

croperthite and microcline, but recognition is dificult 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 004 mm). Angular 

outlines are less common, possibly as a result of widespread 

resorption.

“Poikiloblasts” of an opaque mineral (average size 0.3 

mm) are usually altered to sphene ± chlorite and may be as-

sociated with large epidote grains (up to 0.5 mm).

The cloudy groundmass is either a cryptocrystalline 

intergrowth of granular quartz and feldspar, as in pyroclas-

tic rhyolite, or it exhibits an unusual devitriication texture 
which is made up of sieve-like ellipsoids (average size 

0.5 mm) of quartzofeldspathic composition. The long axis 

alignment of these ellipsoids deines a fabric which may 
be primary in origin. However, elsewhere the alignment of 

secondary phases such as opaque minerals, epidote, chlo-

rite, green biotite and sericite, is more compatible with a 

tectonic origin.

2.3 BARBY FORMATION

(i) Field character

Maic lows 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 sy-

enite, of the Safier Intrusive Suite. Thickness estimates do 
not exceed several hundred metres and are uncertain as a 

result of disruptive intrusive activity. While minor strati-

ied tufites are found near the base of these maic lavas 
at Gorrasis Mountain, evidence for intercalated sediments 

and/or rhyolitic volcanic activity is generally lacking. The 

nature and mineralogy of the best exposed maic lows sug-
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gest 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, phe-

nocrysts 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 togeth-

er 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 intru-

sion. Strain-related features include occasional granoblas-

tic polygonal intergrowths’ of K-feldspar and quartz which 

form rims to phenocrysts, particularly within pressure shad-

ows. Lensoid zones which consist of quartz ± zoisite may 

represent original amygdales, although these zones also ex-

hibit an “interstitial”, or secondary, appearance.

2.4 HAISIB INTRUSIVE SUITE (HIS)

(i) Field character

Plutons which make up the Haisib Intrusive Suite (HIS) 

range in composition from quartz monzonite to quartz sy-

enite, with the possible inclusion of several bodies of more 

granodioritic to monzogranitic afinity. The distribution of 
the suite indicates a close spatial association 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, relect 
any batholithic zonation.

The area underlain by the HIS is only about 15 km2 in to-

tal, but is clearly conined to structural weaknesses within, 
or at the margins of, northwest-trending troughs which also 

host the HFF and, in part, the Urusib Formation. Relative 

proportions of the major rock types within the HIS are difi-

cult to estimate due to only slight variations in ield appear-
ance. 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 par-

tial assimilation 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 uncorroded in appearance, a clear indication 

that the heterogeneous nature was derived prior to emplace-

ment. While a large proportion of these xenoliths have been 

derived from the volcanics 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 il-

lustrated at the southern locality by the truncation of several 

maic 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 Moun-

tain, foliated quartz monzonite has been intruded by rela-

tively undeformed Awasib Granite.

The HIS appears to occupy a similar stratigraphic position 

to gabbroic and syenitic rocks of the Safier 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 Safier Intrusive Suite.

(ii) Petrography

The main petrographic features of the HIS are summa-

rised in Table C.3.

Despite the widespread occurrence of strain-related fea-

tures such as fractures, bent twin lamellae and undulose 

extinction, the development of a moderate foliation is rela-

tively rare. However, in the proximity of shear zones there 

is a signiicant change in the nature and composition of the 
average quartz monzonite. The major features typical of 

such sheared rocks are as follows:

(a) Albitisation is often intense and may result in the com-

plete replacement of K -feldspar.

(b) Feldspars constitute porphyroclasts in a granulated, re-

crystallised and siliciied “groundmass”.
(c) Quartz is completely recrystallised to form small sub-

grains and skeletal patches which are typically elongate, 

highly strained, and intergrown to form trails or “ribbons”. 

(d) A strong foliation is primarily deined by the alignment 
and intergrowth of both biotite laths and elongate quartz 

and feldspar crystals.

2.5 SAFFIER INTRUSIVE SUITE (SIS)

(i) Field character

Maic to intermediate plutonic rocks which belong to the 
Safier Intrusive Suite (SIS) have previously been mapped 
as “Barby Formation intrusive units” and “Spes Bona Sy-

enite” (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 in-

trusive rocks in a formation contrary to the guidelines of 

SACS (1980, p. 1-5), but the geographic locality of great-

est abundance of these plutonic rocks is the farm Safier. 
Accordingly, it is proposed that plutonic rocks previously 

regarded as “Barby Formation” and “Spes Bona Syenite” 

now be incorporated into the “Safier Intrusive Suite”.
Comprehensive 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 

62

PART C: LATE-STAGE CRUST



63

2. LITHOSTRATIGRAPHY



64

PART C: LATE-STAGE CRUST



comagmatic origin. The “link” between the monzonite-sy-

enite and gabbro-monzogabbro 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 trachy-

andesite” member of the Barby Formation.

Although widely distributed, members of the SIS are pri-

marily concentrated in the eastern part of the AMT. A no-

table exception to this pattern is a layered maic intrusion 
situated to the southwest of Awasib Mountain within the 

Namib sand sea (map - Appendix I). The association of gab-

bronorite with troctolite in this intrusion is unusual for the 

AMT, but has been recorded amongst the so-called “black 

bodies” of the NMC. The nearest of these maic bodies is 
the Konip Maic Complex (after McDaid, 1978) which is 
situated approximately 60 km to the south. Considerable 

uncertainty, therefore, surrounds the stratigraphic position 

of this layered intrusion. Signiicantly, however, there ap-

pears 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± 110 Ma after Stumpl 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. Never-

theless, massive textures are widespread, particularly in the 

coarser-grained syenites. Evidence for chilling against the 

country rock is rare, although ine-grained porphyritic tex-

tures are more typical of the margins than the interiors of 

plutons.

Awasib Granite has intruded gabbro of the SIS at Awa-

sib Mountain, while various members of this suite have in-

truded sediments of the Urusib Formation on State Land 

adjacent to the farm Gorrasis as well as lows 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 com-

monly, however, contact metamorphic effects are restricted 

to slight recrystallisation and the growth of low-grade min-

eral assemblages. Syenite has itself been subjected to se-

vere shearing at its northern contact with the Chowachasib 

Granite at Gorrasis Mountain.

(ii) Petrography

While detailed petrographic descriptions of individual 

rock types are given in Watters (1974, p. 50-56), the fol-

lowing descriptions are more general and comparative in 

nature.

 (a) Gabbro-monzogabbro series

This series includes gabbros (sometimes anorthositic), 

gabbronorites, olivine gabbronorites and norites; essential 

constituents being plagioclase and clinopyroxene (mainly 

augite).

Plagioclase makes up 55-80% of the rock (average 64%) 

and is not uncommonly of cumulus origin. While twinning, 

zonation and habit of plagioclase differ little relative to the 

type locality, individual crystals tend to be larger (average 

2.5 mm, maximum 16 mm), more rarely euhedral (gener-

ally subhedral, sometimes with highly irregular margins) 

and may show a greater degree of deformation (undulose 

extinction, severely bent twin lamellae, fracturing and re-

crystallisation to form subgrains, patchy exsolution of 

quartz blebs). Similar features appear to be restricted to the 

monzonite-syenite series within the type locality.

Clinopyroxene, predominantly augite, is present in 

amounts of 4 to 40% (average 19%) and is of similar form 

(anhedral to subhedral) and size to the type locality. How-

ever, poikilitic “intercumulus” plates may reach much 

larger dimensions (up to 20 mm) in the anorthositic gab-

bros and twinning (both simple and polysynthetic) is not 

uncommon. Alteration to actinolite, while rarely advanced, 

is usually present to some degree along the crystal margins 

where it may be associated with greenish-brown biotite. In 

some cases, however, clinopyroxene has been completely 

replaced by aggregates of the assemblage actinolite + chlo-

rite + opaque minerals + epidote ± carbonate ± biotite ± 

hornblende which lend the rock a spotted appearance in 

hand specimen.

Orthopyroxene (pleochroic pink hypersthene) makes up 

0-25% of the rock and forms crystals of similar habit and 

size to augite. While hypersthene may form large poikilitic 

crystals (up to 14 mm in size), it occurs most commonly as 

rims to olivine crystals or in clusters with augite. Strain-re-

lated features in hypersthene crystals include fractures and 

bent ex solution lamellae, while the nature and composition 

of alteration products are similar to those of augite.

Olivine, where present, constitutes up to 9% of the rock 

and may form fairly large crystals (up to 4.5 mm). Olivine 

is characterised by an anhedral form, opaque mineral-illed 
fractures and a clear colour. With the exception of occa-

sional plagioclase inclusions, olivine appears to be early-

formed. Alteration to serpentine is rarely prominent.

K-feldspar, although commonly absent or present only in 

accessory amounts, may constitute as much as 20% of the 

monzogabbros. The K-feldspar is usually perthitic micro-

cline (fractured and slightly cloudy) and has an interstitial 

or intergranular appearance. In addition to some replace-

ment by myrmekite and perthite at its margins, K-feldspar 

(perthite) has itself replaced plagioclase in part.

Biotite (< 5% of the rock) usually exhibits a distinctive 

red-brown pleochroism, more rarely greenish brown, and 

occurs as both primary intergranular or interstitial “lakes” 
(average size 0.5 mm) and as part of secondary intergrowths 

after clinopyroxene. Opaque minerals (< 4%) occur either 

in association with biotite or as small granules in many of 

the ferromagnesian phases. Both biotite and opaque miner-

als are more widespread in monzogabbros than gabbros.

Quartz, where present, rarely exceeds 2% of the rock, 

is typically interstitial and occasionally forms leucocratic 

zones parallel to the primary layering.

Accessory phases include apatite (< 2% of the rock) and 

rare Zircon.

 (b) Monzonite-syenite series

Monzonite corresponds to the “poikilitic medium-grained 

porphyritic” type described by Watters (1974, p. 56), hav-
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ing roughly equal proportions of plagioclase and K-feldspar 

(about 70% total feldspar). Both clinopyroxene- and plagi-

oclase-phyric types are present, with olivine constituting a 

more rare phenocryst phase. In general the texture is iner-
grained than that observed in the type area, but this may 

be due, in part, to a more marginal situation. The effect of 

peripheral chilling appears to have resulted in a very ine-
grained granular groundmass in outcrops within the central 

part of the farm Gorrasis.

Coarse-grained grey syenite differs little from type local-

ity description for the “Spes Bona Syenite” (Watters, 1974, 

p. 55-56). However, towards the margins of the main syen-

ite body, i.e. eastern Gorrasis and northwestern Aandster, 

the syenite is iner-grained, sometimes porphyritic, and 
may take on a “monzosyenitic” character. The presence of 

coarse-grained quartz syenite xenoliths in iner-grained sy-

enite indicates a complex marginal zone.

Fine-grained syenite contains a slightly higher propor-

tion of plagioclase than the coarse-grained type, but oth-

erwise both the nature and amount of the ferromagnesian 

phases are remarkably similar. The texture varies from seri-

ate to porphyritic (up to 30% K-feldspar phenocrysts), the 

groundmass typically containing subparallel laths of both 

K-feldspar and plagioclase (average size 1.0 mm). Perthite 

appears to rim and overprint well-twinned plagioclase laths. 

Aggregates of the assemblage clinopyroxene + biotite ± ap-

atite ± opaque minerals are fairly common and in the case 

of clinopyroxene (diopsidic augite), the aggregates may 

represent recrystallisation into subgrains, although poikil-

itic textures are also common. The distinctive red-brown 

pleochroism and irregular form of biotite are much like bi-

otite in the monzogabbro.

Within the border facies of the syenite, a group of ine-
grained (average grain size 0.7 mm) olivine-bearing “mon-

zosyenites” appears to be characterised by a relatively high 

plagioclase/K-feldspar ratio (about 0.2). The presence of ol-

ivine in amounts exceeding 2% (up to 8%) may be diagnos-

tic of this group, but subsequent replacement of the olivine 

renders this an unreliable criterion. Biotite may constitute 

in excess of 5% of the rock. The texture is seriate to porphy-

ritic, with phenocrysts comprising plagioclase, poikilitic 

clinopyroxene (diopsidic augite) and K-feldspar. Olivine is 

not uncommonly rimmed by the assemblage clinopyroxene 

± red-brown biotite ± opaque minerals ± apatite. This as-

semblage may form aggregates which have a granoblastic 

polygonal form and often completely replace olivine. To-

gether with similar granular textures in K-feldspar, these 

aggregates appear to indicate extensive recrystallisation in 

response to strain. Within very ine-grained members (aver-
age grain size 0.3 mm), sheaf-like granophyric intergrowths 

resemble devitriication textures, but are here attributed to 
recrystallisation.

2.6 BUSHMAN HILL QUARTZ DIORITE

(i) Field character

Although widely distributed, quartz diorite plutons are 

primarily situated in the northeastern 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 have also been included. 

Stratigraphically these plutons can usually only be assigned 

a “post-basement, pre-Chowachasib Granite” status. How-

ever, 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 Di-

orite to the SIS seems likely, despite the petrographic simi-

larity 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 amphiboles 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 appear-

ance.

(ii) Petrography

The texture is ine- to medium-grained (average grain  
size 1.0 mm) and not uncommonly intergranular. Plagio-

clase (average size 1.5 mm, maximum size 4.0 mm) con-

stitutes 50-60% of the rock (average 57%). Widespread  

zoning (normal to oscillatory with cores of An
45-50

) and 

twinning (albite mainly) of plagioclase laths are usually 

preserved despite often pervasive alteration (especially in 

the cores). In addition, plagioclase crystals have retained a 

subhedral to euhedral habit and may form a loosely-packed 

network.

K-feldspar, where present (< 7%), occurs predominantly 

as small interstitial grains of fractured microcline microp-

erthite (average size 0.2 mm), but also forms granophyric 

intergrowths with quartz. K-feldspar may either rim large 

plagioclase grains or completely enclose smaller ones, al-

though poikilocrysts are rare.

Quartz is present as both large, strained, anhedral grains 

(average size 1.5 mm, maximum size 5.0 mm) and smaller, 

more strain-free, interstitial grains (average size 0.2 mm). 

These grains and aggregates together make up 20-30% of 

the quartz diorites (sensu stricto), but < 7% of the diorites. 

Exsolution blebs of quartz in plagioclase or K-feldspar are 

rare.

Ferromagnesian minerals, which constitute up to 30% 

of the rock, often show signiicant alteration and comprise 
amphibole (hornblende and/or hornblende-actinolite inter-

growths), biotite and more rarely clinopyroxene. Brown 

hornblende, where present, occurs variously as interstitial 

crystals, skeletal and ragged poikilocrysts (up to 7 mm in 

size) and prismatic or euhedral crystals. More typically, 

however, hornblende pleochroism is from light brownish-

green to green. The appearance of hornblende suggests a 

late magmatic origin with subsequent alteration to, or un-

dergrowth with, patchy light green or blue-green actinolite. 

Aggregates of alteration products associated with horn-

blende are typically made up of the assemblage actinolite 

± carbonate ± epidote ± sphene ± chlorite. Inclusions in the 

hornblende are primarily quartz, plagioclase and opaque 

minerals.

Biotite occurs as both subhedral “lakes” (average size 
0.2 mm) and much larger xenoblasts (average size 1.4 mm, 

maximum size 3.0 mm) which are strongly pleochroic from 
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light brown to dark brown but usually display tints of green. 

Biotite makes up 8-15% of the rock (average 11%) and, 

although always present, it may be strongly chloritised (of-

ten pseudomorphed by the assemblage chlorite ± epidote ± 

opaque minerals ± sphene). Secondary actinolite occasion-

ally forms intimate intergrowths with biotite, sometimes 

cross-cutting, but is usually subordinate. Large xenoblasts 

of biotite, where present, typically display a poikiloblastic, 

and occasionally kink-banded, nature. Aggregates of biotite 

“lakes” are widespread and are distin-guished with some 
dificulty from biotite schist xenoliths.

Clinopyroxene, mostly augite, forms anhedral and 

twinned phenocrysts (up to 15% of the rock) which are 

commonly glomerocrysts (aggregates up to 4 mm in size, 

individuals up to 2 mm). These phenocrysts typically show 

alteration along their margins to the assemblage actinolite + 

biotite + chlorite + opaque minerals. “Groundmass” augite 

is widely pseudomorphed by actinolite.

Associated with the maic minerals are a number of ac-

cessory phases, viz. sphene, apatite, zircon, epidote and 

opaque minerals. These accessory minerals vary from anhe-

dral and skeletal secondary phases to euhedral crystals and 

inclusions. Sphene forms secondary rims to opaque min-

erals, but also occurs as large (0.7 mm in size) subhedral 

crystals. Secondary opaque minerals, usually small (aver-

age size 0.2 mm, maximum size 0.5 mm) and cubic in form, 

may constitute as much as 5% of the rock.

2.7 AWASIB GRANITE

(i) Field chnracter

The Awasib Granite, like members of the HIS, is largely 

conined to the same northwest-trending troughs occupied 
by volcanics of the HFF (map - Appendix I). Furthermore, 

the Awasib Granite closely resembles rhyolites (sensu lato) 

of the HFF in composition; a similar comparison has been 

drawn between plutonic rocks of the Haisib Intrusive Suite 

and intermediate 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 dificulty in 
distinguishing between rhyolite porphyry plugs of the latter 

formation and microgranite porphyry of the Awasib Gran-

ite. A similar relationship can be seen west of Piekniekko-

ppe, but in the southern most part of the AMT, outcrops of 

Awasib Granite are volumetrically insigniicant when com-

pared 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 varie-

ties which may 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 in-

truded both the Haisib and Safier Intrusive Suites at Awa-

sib Mountain, it has itself been intruded at the same local-

ity by coarse-grained Chowachasib Granite (Plate C.5e). In 

addition, volcanic xenoliths of the HFF are not uncommon 

in the Awasib Granite. Furthermore, this granite has steeply 

tilted sediments of the Urusib Formation on the southwest-

ern lank of Guinasib Mountain.
Intrusive contacts are characteristically sharp with scant 

evidence of chilling, although broad (metre scale) marginal 

zones of iner-grained nature were noted in the southwest-
ern 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 in-

trusive contacts, although occasional streaking out of maic 
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 Awasib 

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, dificult to evaluate in the light 
of a more regional metamorphic imprint as well as the more 

pervasive inluence of the higher temperature maic grani-
toids of the Haisib Intrusive Suite.

Many of the granites incorporated in the “Awasib Gran-

ite” correspond to rocks which have been described by Wat-

ters (1974, p. 64-67) as “Nubib granite and gneiss”. The 

latter group is, however, very broad in its coverage and ap-

pears to incorporate both pre- and post-Sinclair Sequence 

lithologies. Accordingly, the term “Awasib Granite” is re-

tained for a group of distinctive micro granite porphyries 

in the AMT.

A gneissic texture is rarely developed in the Awasib 

Granite and there is not always an obvious spatial associa-

tion between strain-related features and known shear zones. 

Granular “recrystallisation” textures are commonly restrict-

ed to the marginal portions of plutons and may, therefore, 

owe some of their appearance to chilling rather than defor-

mation.

(ii) Petrography

The different textural varieties within the Awasib Granite 

do not differ markedly in their mineralogy and have, there-

fore, been collectively described in Table C.3.

The following strain-related features are widespread in 

the Awasib Granite, particularly in proximity to shear zones, 

but also on a more regional scale:

(a) A predominance of clear perthite and strained quartz 

over cloudy orthoclase perthite and unstrained quartz.

(b) Bent twin and ex solution lamellae in feldspars.

(c) Fractures and marginal granulation in feldspars and 

quartz.

(d) Mortar texture in quartz.

(e) Strong zoning and undulatory extinction in feldspars. 

(f) Comminution of feldspars to form a seriate texture. 

(g) Protomylonitic textures illustrated by streaked-out 

quartz crystals and trails of granulated minerals.
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(h) A leucocratic appearance possibly due to the replace-

ment and removal of ferromagnesian minerals.

2.8 CHOW ACHASIB GRANITE SUITE (CGS)

(i) Field character

With the exception of maic and felsic dykes, the Chowa-

chasib Granite Suite, hereafter termed the “Chowachasib 

Granite” or CGS, constitutes the youngest phase of intru-

sive 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 con-

ceivable 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 northwest (map - Appendix I). 

The projected form of this mass would be subcircular and 

underlie an area of approximately 450 km2 in extent, there-

by 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 Stel-

larine, 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 ex tent of about 12 km2 where it underlies a consider-

able part of the 1752 m high Awasib Mountain. The outcrop 

pattern indicates that individual plutons usually conform to 

a regional northwest 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 of-

ten be identiied by huge “whale backs” 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 wide-

spread in the northwestern part of Bushman Hill. While 

most plutons are reddish in colour, granites in the vicinity 

of Satanskop exhibit 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 Chowacha-

sib Granite except for the southwestern 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.5f). The effects of intrusion 

by the Chowachasib Granite are mostly restricted to tilting 

of the country-rock strata, although there are some spectac-

ular examples of elevated rafts, e.g. sediments of the Urusib 

Formation in the southern part of Chowachasib Mountain, 

and maic bodies of the SIS to the southeast 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 Awa-

sib Granite, the effect of any contact metamorphism is usu-

ally dificult to recognise. However, sediments adjacent to 
granite in the southwestern portion of Chowachasib Moun-

tain have undergone deformation, recrystallisation and 

even occasional assimilation. Since this is by far the larg-

est individual granite mass in the AMT, it can be assumed 

that suficient heat was retained during emplacement for 
the observed transformation of the country rock. The rela-

tively warm country rock was further able to accommodate  

a greater number of granite apophyses here than else-

where.

(ii) Petrography

Mineral chemistry (Part C.3) suggests that the Chowach-

asib Granite Suite comprises at least three distinct plutons. 

Petrographically, however, this distinction is not easily 

made and it is therefore best to describe these members col-

lectively. Relative to the Awasib Granite, this granite suite 

is characterised by its much coarser-grained nature (aver-

age grain size of 4.0 mm) and widespread hypidiomorphic 

granular texture.

K-feldspar, both microcline and orthoclase mesoperthite, 

constitutes 30-60% of the rock (average 44%) and is com-

monly of anhedral or subhedral form. The latter form pre-

dominates in the more porphyritic granites, where large K-

feldspar phenocrysts may reach 26.0 mm in length. Carlsbad 

twinning and strong zoning are not unusual in K-feldspar 

and a poikilitic texture is occasionally developed. Perthite 

is of the patch and string type and cloudy in appearance, 

exsolved albite apparently in optical continuity with less 

cloudy, secondary albite rims. More rarely, secondary albite 

has completely pseudomorphed original K-feldspar.

Plagioclase makes up 4-30% of the rock (average 23%) 

and consists of subhedral laths (up to 5.0 mm in length and 

An
18

 in composition) and patchy replacement rims to both 

K-feldspar and more calcic plagioclase. Saussuritisation is 

usually more advanced in the primary plagioclase, but has 

rarely obscured the polysynthetic twinning. Normal zoning 

and bent twin lamellae are fairly common features near Sa-

tanskop.

Quartz typically forms large interstitial aggregates (com-

monly> 10.0 mm in size) or rounded crystals (up to 9.0 mm 

in size) which together constitute 28% of the rock on av-

erage. Quartz invariably exhibits undulose extinction, but 

may form incipient mortar texture where it has undergone 

greater strain. Small quartz blebs are fairly common in the 

marginal zones of K-feldspar and in the groundmass of por-

phyritic granite. Quartz also forms part of interstitial grano-

phyric intergrowths with K-feldspar, but these intergrowths 

are not as widespread as in the Awasib Granite.

Biotite is usually present and occurs as both intergrown 

lakes and larger brown to green-brown laths (up to 3.0 mm 
in size). Kink bands and undulose extinction constitute oc-

casional features of the biotite, while chloritisation is usu-

ally present to some degree. Biotite is typically interstitial 

and may be poikilitic in appearance. Small lakes of biotite 
are commonly associated with maic aggregates of the as-

semblage opaque minerals + sphene + epidote ± apatite ± 

zircon.

Hornblende only predominates over biotite in K-feldspar-

rich granite at Bushman Hill and in the northern part of the 

farm Gorrasis. Together these two maic minerals constitute 
an average of 5% of the rock and are not uncommonly inter-
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grown in maic aggregates. Hornblende is green to green-
brown in colour (sometimes with reddish-brown cores) and 

forms both prismatic crystals and poikilitic plates up to 3.5 

mm in size. Incipient alteration of hornblende to chlorite is 

a widespread feature.

Clinopyroxene, probably augite, forms subhedral to 

rounded crystals (average size 0.3 mm) in K-feldspar gran-

ite on the farm Gorrasis, but its occurrence is rare and may 

represent a xenocryst phase. Clinopyroxene, which usually 

occurs in clusters, is typically rimmed, and partly replaced, 

by blue-green hornblende.

Accessory phases include sphene, allanite, apatite and 

zircon.

Marginal portions of the Chowachasib Granite tend to 

be relatively ine-grained (average grain size 1.2 mm) or 
coarsely porphyritic. Strain-related features also appear to 

be more widespread in these marginal zones. Such features 

include undulose extinction, fractures, bent twin lamellae, 

kink bands, granulation and disaggregation of grain mar-

gins, and trails of incipient comminution.

2.9 MAFIC AND FELSIC DYKES

The majority of dykes in the AMT resemble their coun-

terparts 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 provided 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 Gu-

peras 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). Maic and felsic dykes within the 
AMT can be accommodated by a four-fold division into ba-

sic, intermediate, acid and alkaline compositions.

(i) Basic dykes

(a) Basic dykes comprise a range of rock types, viz. gab-

bro, diorite, monzonite, dolerite, basalt and andesite.

(b) Dyke swarms follow two major trends, viz northeast 

to north-northeast and east to east-southeast. Where basic 

dykes intersect, the former trend is later.

(c) Deformation in the basic dykes is restricted to occa-

sional shearing (D
5
?) and later warping (D

7
).

(d) The general lack of any metamorphic character, ex-

cept 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-southeast-trending swarm of dykes at Chowa-

chasib Mountain is characterised by a more moderate dip to 

the northeast and common “swelling” along strike to form 

plug-like masses.

(g) While the iner-grained porphyritic basic dykes differ 

little in appearance from their counterparts in the Sinclair, 

the medium-grained dykes (typically northeast to north-

northeast-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-southeast.

(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.

(iii) Acid dykes

(a) Acid dykes comprise a variety of rock types, viz. rhy-

olite, micro granite, granite and granodiorite.

(b) Dyke swarms follow similar, but more variable, trends 

to the basic dykes, viz. north-northeast, east and northwest 

to north-northwest.

(c) Where acid dykes intersect basic dykes, they are usu-

ally younger.

(d) Evidence for deformation and metamorphism indi-

cates 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 low-
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 fea-

ture, especially in the central part of the AMT.

(g) Porphyritic rhyolite sHIS are considerably more com-

mon than their maic counterparts.
(h) Acid dykes in the AMT have been mapped in adja-

cent 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-southeast-trending dyke of porphyritic pho-

nolite crops out to the west of Awasib Fountain where it has 

cut across several north-northeast-trending gabbro dykes. 

While this dyke may represent a much younger phase of 

intrusion (possibly Karoo?), it should be noted that the east-

southeast trend is the same as that of the major basic dyke 

swarm at Chowachasib Mountain.

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 po-

sition similar to that of the Kunjas Formation in the Sin-
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clair Sequence. Trough-hosted sediments are made up pre-

dominantly of immature and poorly-sorted clastic rocks 

that grade upwards into eruptive lows of the HFF and are 
characterised by sedimentary features typical of braided 

streamlow fans. While the latter are attributed to periods 
of uplift, associated lacustrine deposits (shale and siltstone) 

are thought to relect more stable crustal conditions.
(ii) The Haiber Flats Formation (HFF), despite an esti-

mated thickness of between 3000 and 7000 m, has a small 

outcrop area (< 80 km2) conined to three northwest-trend-

ing linear troughs termed the southern, central and northern 

localities. These localities, or volcanic centres, are charac-

terised by predominantly bimodal volcanic successions (ba-

saltic andesite:rhyolite ≈ 1:3-1:4) but andesitic-rhyodacitic 
compositions are represented. Porphyritic and pyroclastic 

textures are widespread in the lows, particularly in the more 
felsic compositions. Minor deposits of stratiied tufite and 
volcaniclastics are associated with these lows.

(iii) Although subjected to the effects of four episodes 

of regional deformation and associated 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 

localities), the presence of resurgent rhyolitic plugs/domes 

(northern locality), the subvolcanic nature of microgranite 

porphyry (central and northern localities), and the dificulty 
in correlating low units between the different localities.

(v) Basaltic andesite lows of the HFF are typically por-
phyritic (5-20% phenocrysts), the phenocryst assemblage 

(where preserved) usually comprising plagioclase, clinopy-

roxene (± olivine) and possibly titanomagnetite in a pilo-

taxitic to trachytic groundmass. Plagioclase is the dominant 

phenocryst in southern locality lows, but is subordinate to 
clinopyroxene in northern locality lows. While amygdales 
are only widespread in the southern locality, pyroclastic tex-

tures (including mantled bedding) appear to be restricted to 

the northern locality basaltic andesites. Andesite and dacite 

lows are unique to the central locality, where mylonitisa-

tion has transformed these lows into greenschists. Only 
plagioclase forms an easily recognisable phenocryst, but 

biotite, clinopyroxene and titanomagnetite may be present 

in addition.

(vi) Rhyodacites are rare in the HFF and occur as both 

globular ignimbrite (southern locality) and porphyritic 

lows in which the phenocrysts are plagioclase, K-feldspar, 
quartz and clinopyroxene. Rhyolite lows 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 low-banded lavas (10-20% 
phenocrysts). Thick ash-low tuff horizons appear to rep-

resent single cooling units made up of several independ-

ent lows. Rhyolitic air-fall deposits are rare and were only 
observed at the southern and northern localities. While the 

presence of iammé is not unusual in the rhyolites, any evi-
dence of vitro clastic texture has been destroyed by devitri-

ication, recrystallisation and siliciication.
(vii) Mixed pyroclastic eruptions (rhyolite-basaltic an 

desite) and composite dykes, though not widespread, sug-

gest 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 Safier Intrusive 
Suite (SIS). These lows are porphyritic (8% phenocrysts 
of plagioclase and clinopyroxene) and characterised by a 

pilotaxitic to trachytic groundmass.

2.10.2 Late-stage intrusive suites

(i) The Haisib Intrusive Suite (HIS) shows a close spa-

tial association with the HFF and is typically conined 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 conined to 
the eastern part of the AMT. A layered gabbronorite-troc-

tolite body in the western part of the AMT may show an 

afinity with the Konip Maic Complex (McDaid, 1978) or 
the NMC noritoids. Cumulate textures are most common 

in the layered rocks, while marginal portions of the plutons 

are typically iner grained and porphyritic.
(iii) The Bushman Hill Quartz Diorite comprises diorites, 

quartz diorites and tonalities of uncertain stratigraphic posi-

tion, but which bear a compositional similarity to the SIS.

(iv) The Awasib Granite, like the HIS, is largely conined 
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 simi-

larity in texture to rhyolite porphyry suggest a subvolcanic 

relationship. While clearly younger than the HIS and SIS, 

the Awasib Granite has been intruded by the Chowachasib 

Granite. Although intrusive contacts are typically sharp, re-

crystallisation textures at the margins may be the result of 

chilling.

(v) The Chowachasib Granite Suite is made up of sev-

eral 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 me-

dium-to coarse-grained, this monzo- to K-feldspar granite 

constitutes the latest phase of pre-dyke magmatism. While 

generally devoid of xenoliths, the Chowachasib Granite 

does carry large rafts of sediment of the Urusib Forma-

tion. Maic phases are typically biotite ± hornblende ± rare 
clinopyroxene.

(vi) Bimodal dyke swarms appear to have utilised a 

conjugate fracture system (essentially northeast and east-

southeast-trending) related to regional shear movement. 

Compositionally these dykes are basic, intermediate, acid 

and alkaline. Metamorphic effects are minimal, while de-

formation is restricted to occasional shearing and late phase 
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warping. Swelling of basic and acid dykes along strike is 

a common feature. A single east-southeast-trending phono-

lite 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 

lithologic 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 lithologic 

units. All EMP analyses are tabulated on the accompanying 

Microiche card and discussed in Appendix III.
Although this study aims primarily at determining igne-

ous compositions, metamorphic effects are widespread and 

must be investigated in order to assess the degree of altera-

tion prior to geochemical study. Furthermore, metamorphic 

phase compositions enable determination 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 Haiber Flats Formation (HFF) and Barby 

Formation

(i) Basaltic andesite-andesite

In contrast to the more acidic lows, andesites (sensu lato) 

of the HFF are better characterised 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 maic rocks varies from an es-

sentially primary one to a wholly metamorphic assemblage 

typical of the greenschist facies. The variation in mineral 

parageneses is illustrated on an ACF diagram in Fig. CA.

(ii) Rhyolite-rhyodacite

Rhyolitic lows 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, although 

incomplete, hold true for the entire volcanic pile. EMP ana-

lytical work on the rhyolites was largely carried out to test 

petrographic observations and is considered under “Meta-

morphism of the HFF” (Section 3.9).

3.1.3 Late-stage (“Sinclair-type”) granitoids

The major intrusive suites which post-date the extrusion 

of the HFF volcanics may be broadly grouped into compo-

sitional categories of maic (Safier Intrusive Suite), inter-
mediate (Haisib Intrusive Suite) and felsic (Awasib Granite 

and Chowachasib Granite Suite) afinities. The type locality 
of the Safier Intrusive Suite is not located in the AMT and 
this suite, although well represented in the eastern part of 

the study area, will not be discussed here.

3.2 FELDSPAR

3.2.1 HFF and Barby Formation

Plagioclase phenocrysts vary in composition from lab-

radorite or andesine in weakly metamorphosed lows of 
the northern and southern localities to albite or oligoclase 

in their more strongly metamorphosed equivalents at the 

southern and central localities (Fig. C.5a). While an ap-

parent paucity of compositions in the range An
3
-An

38
 may 

relect the existence of the peristerite gap, no statistically 
signiicant study has been made. Much of the calcic pla-

gioclase 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 follow-

ing reaction (Miyashiro, 1973):

plagioclase + H
2
O = 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.

Plagioclase compositions in the Barby Formation ba-

saltic 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/Na
2
O 

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 (1976) for 

very calcic plagioclases in orogenic basalts and andesites 

and these compositional ields allow a broad distinction be-

tween igneous and metamorphic plagioclase compositions 
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in the HFF (Fig. C.6).

K-feldspar is a groundmass phase in these maic-interme-

diate lows and was not analysed.

3.2.2 HIS, Awasib and Chowachasib 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 (< An
5
) than in the late CGS (An

5
-

An
20

), although the general tendency towards more sodic 

compositions in the higher silica members of this suite is 

not well deined.
K-feldspar is generally more abundant than plagioclase in 

the HIS and is present predominantly as microcline micro-

perthite and microcline. It is dificult to determine whether 
these two phases represent the discrete phases typical of 

subsolvus granites, since much of the microcline has a sec-

ondary appearance. Accordingly, it seems most likely that 
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the granites of the HIS were originally hypersolvus but were 

subsequently subjected to an increase in p
H2O

, perhaps as a 

result of the inlux 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 suficiently to initiate partial 
refusion. In the case of the HIS, the common proximity of 

shear zones may mark the sites of luid pathways necessary 
for the required introduction of H

2
O to increase p

H2O
.

K-feldspar in the Awasib Granite is typically microperthit-

ic, but is also associated with plagioclase in occasional Rapa-

kivi texture (average: core Or
97

, rim Ab
98

). K-feldspars in the 

CGS commonly contain a high proportion of exsolved albite 

and are best termed “mesoperthites”. In general, the feldspars 

of the CGS are better preserved than their counterparts in the 

Awasib Granite, largely as a result of widespread albitisation, 

siliciication and recrystallisation in the latter.

3.3 PYROXENE

3.3.1 HFF and Barby Formation

Relict clinopyroxene (augite) cores in actinolite pseudo-

morphs are petrographically distinct from metamorphic di-

opside in Kairab Complex amphibolites. Augite is often the 

only primary ferromagnesian phase preserved in andesites 

(sensu lato) of the HFF. The general pyroxene formula may 

be written as follows (Cameron and Papike, 1980):

XYZ
2
O

6

where X = Na, Ca, Mn2+, Fe2+, Mg, Li

 Y = Mn2+, Fe2+, Mg, Fe3+, Al, Cr, Ti

 Z = Si, Al

Using the simpliied 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 emphasise the Mg-rich (En
83

) compositions regarded as 

typical of “orogenic” pyroxenes by Ewart (1982). Despite the 

limited compositional variation exhibited by augites, there is 

a slight tendency towards Ca depletion and Fe enrichment 

which may relect magma crystallisation.
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 

components. The substitution of Mn2+ for Fe2+ is illustrated 

by the positive correlation between MnO and FeO content in 

Fig. C.9. However, pyroxenes of the HFF and Barby Forma-

tion occupy different parts of the diagram which illustrates 

that the former are usually less MnO-rich for the same FeO 

content. Furthermore, relatively high TiO
2
 abundances in 

HFF pyroxenes are associated with low ratios of MgO/(MgO 

+ FeO), thereby suggesting a more differentiated nature com-

pared with the Barby Formation.
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Relative constancy of the inter element ratios Ti/AlIV and 

Na/AlIV indicate that Ti-AlIV and Na-AlIV are important sub-

stitution couples in pyroxenes of the HFF and Barby For-

mation (Fig. C.1 0). The Na/AlIV ratio also separates the 

clinopyroxenes into their respective formations, viz. HFF 

(Na/AlIV = 1/4 - 1/2) and Barby Formation (Na/AlIV ≈ 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/AlIV ratios are generally higher in the HFF, 

and especially the Barby Formation, when compared with 

the Bitterwater clinopyroxenes (Na/AlIV = 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 clino-

pyroxenes 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, clinopy-

roxenes from these formations plot within the ield of over-
lap between volcanic-arc and ocean-loor basalts in the dis-

criminant function diagram of Nisbet and Pearce (1977). 

Leterrier et al. (1982) attribute the inconclusive results ob-

tained 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 TiO
2
, MnO and Na

2
O in 

concentrations which are often close to the detection limit 

of the EMF.

(iv) The incorporation of all major basalt types in a single 

diagram.

Leterrier et al. (1982) have devised three magmatic dis-

criminant diagrams based on a data ile of 1225 clinopy-

roxene analyses (706 from phenocrysts) selected from ba-

salts 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 discrimi-

nate 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 discrimi-

nant diagrams to clinopyroxenes of the HFF and Barby For-

mation. 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 tholei-

itic afinities is inconclusive.

3.3.2 Chowachasib Granite

Rare “xenocrysts” of clinopyroxene occur in a “host” of 

titanium-rich hornblende (2.82% TiO
2
) in K-feldspar gran-

ite of the CGS. The average clinopyroxene composition of 

WO
45.5

En
41.0

Fs
13.5

 is slightly more Fe-rich than is typical for 

clinopyroxenes of the HFF or Barby Formation, but is other-

wise suficiently 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 trem-

olite in terms of Leake’s (1968) classiication (Fig. C.12) and 
all fall within the ield of actinolites using Miyashiro’s (1973) 
scheme (Fig. C.13). Even where pyroxene has been completely 

replaced, actinolite pseudomorph compositions plot within the 

augite ield 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-pres-

sure amphiboles reported by Grapes et al. (1977) from me-

tabasites of the Hidaka Mountains. Hynes (1982) suggested 

that the absence of sphene as a phase buffering the Ti con-

tent 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.
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3.4.2 HIS, Awasib and Chowachasib Granites

The few amphibole analyses available from a quartz sy-

enite of the HIS indicate that the green amphibole present is 

actinolitic hornblende and actinolite (Fig. C.12). While the 

actinolite is compositionally similar to the actinolite pseudo-

morphs after augite in the HFF (Fig. C.13), actinolitic horn-

blende is considerably more enriched in TiO
2
 (1.91 %) and 

could, therefore, relect a relict igneous origin (cf. Reid, 1977, 
p. 173). Such high Ti contents are generally more typical of 

amphiboles of the Safier Intrusive Suite and may, therefore, 
suggest a relationship between the latter and the HIS.

Amphiboles are extremely rare in the Awasib Granite and, 

where present, appear to have been inherited from maic 
xenoliths. The dark green hornblendes in the CGS are, by 

contrast, typically igneous in composition, as shown by their 

high TiO
2
 contents (mean 1.71 ± 0.78 %).

Amphiboles in the CGS are largely Fe-hornblendes ac-

cording to Leake’s (1968) classiication 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 illustrated in 

Miyashiro’s (1973) scheme (Fig. C.13).

Amphiboles from K-feldspar granite of the CGS at Gor-

rasis tend to display higher Fe/(Fe + Mg) ratios (≥ 0.6) at 
Si contents of ≈ 7.0 compared with their counterparts in sy-

enogranite 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 contents (< 6.5) which clearly do not relect 
an increase in silica activity in the crystallising magma. By 

contrast, the relatively high AlIV contents of these iron-en-

riched amphiboles (AlIV of 1.22 in K-feldspar granite com-

pared with 1.08 in syenogranite) may, as proposed by Wones 

and Gilbert (1982), have been inluenced by the activities of 
Na

2
O, Al

2
O

3
 and SiO

2
 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 illus-

trated in Fig. C.14, with comparative ields (after Reid, 1977, 
Fig. 30) of upper greenschist-grade biotites from the Haib 

basaltic andesite and igneous biotites of the Vioolsdrif di-

orite.

(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 fur-

ther enables an inter-group discrimination between the dif-

ferent volcanic localities, or centres, of the HFF.

The grade of metamorphism in the HFF volcanics is proba-

bly lowest at the northern locality, slightly higher at the south-

ern locality and highest at the central locality. However, as 

can be seen from Figs C.14 and C.15, there is no accompany-

ing compositional trend which conirms 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 metamorphic 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 fac-

tors other than metamorphic grade (e.g. host-rock composi-

tion, composition of coexisting phases), the paragenesis of 

this phase in the HFF implies temperatures close to the maxi-

mum of 400-450°C likely to be encountered in “regional 

burial metamorphism” (Winkler, 1976, p. 4).
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3.5.2 HIS, Awasib and Chowachasib Granites

The siderophyllite-annite-phlogopite-eastonite quadrilat-

eral illustrates the compositional groupings of biotites from 

both the HIS and younger granites (Fig. C.16). Positive cor-

relations between compositions of biotite and their host rocks 

(e.g. wt.% Al
2
O

3
) suggest that factors such as metamorphism, 

coexisting phases and physical conditions of crystallisation 

have not exerted any signiicant inluence on the mineral-
rock relationship (cf. Speer, 1984).

By comparison with metamorphic biotites of the HFF, 

biotites of the HIS exhibit higher FeO * /MgO ratios, but 

similar TiO
2
 contents (Fig. C.14). The relatively low TiO

2
 

contents in HIS biotites are probably the result of chloriti¬

sation, as biotites do occasionally contain TiO
2
 contents of 

up to 5.7%. Since the kinked appearance of large biotites in 

the HIS indicates a pretectonic nature, it is concluded that 

these crystals were originally igneous in origin but have sub-

sequently undergone greenschist metamorphism.

In order to further explore the possibility of a metamor-

phic origin for at least some of the biotites analysed from the 

HIS, compositions of biotites are compared with the HFF in 

Fig. C.17. Despite the differences in bulk-rock composition 

between the HIS and HFF, biotites of the former plot close 

to their counterparts in the latter. This implies that controls 

other than bulk-rock composition have inluenced the com-

position of these phases, e.g. metamorphism, oxygen fugac-

ity and water fugacity. Contact metamorphism of the HFF on 

a regional scale by the HIS is considered unlikely in view of 

the metamorphosed nature of the HIS itself.

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 gen-

erally high TiO
2
 contents (mean 1.94 ± 0.36%) are consistent 

with a primary igneous character. Biotites tend to display dis-

tinct compositional characteristics for the different plutons in 

the CGS (Fig. C.16). Particularly distinctive are the low AlVI 

contents of biotites from the Bushman Hill syenogranite as 

well as low Mg/(Mg + Fe) ratios of biotites from syenogran-

ite at Awasib Mountain.

There appears to be a systematic increase in both Ti con-

tent and Fe/(Fe + Mg) ratio with differentiation index (m) 

in the CGS, i.e. from monzogranite at Satanskop to sye-

nogranite at Awasib Mountain (Fig. C.18). While this trend 

may relate to differences in the temperature of crystallisa-

tion, the range in m is very small and consequently such 

factors as oxygen and water fugacity may be more impor-

tant. However, fractional crystallisation of small amounts 

of maic 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.
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3.6 CHLORITE

3.6.1 HFF and Barby Formation

Chlorite analyses indicate compositions ranging from ripi-

dolite to sheridanite or clinochlore using Hey’s (1954) no-

menclature (Fig. C.19). The more Mg-rich chlorite compo-

sitions (Fig. C.15) relect their high-MgO andesite host in 
part, but are suficiently extreme to suggest a higher grade 
of metamorphism for the central locality. This suggestion is 

supported by both ield and petrographic observations. The 
central locality chlorites are colourless compared with their 

light green counterparts at the other localities.

Chlorites from the southern locality exhibit slightly high-

er Mg/Fe ratios relative to the host rock and are similar in 

composition to chlorites from the oligoclase zone, or up-

per 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).
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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 

Ps
27.2

 to Ps
30.5

 which is more iron rich than the range of Ps
23.5

 

to Ps
26.7

 exhibited by epidotes of amphibolite-grade meta-

basalts from the Kairab Complex. Maruyama et al. (1983) 

have also shown that more iron-rich epidotes tend to charac-

terise lower grade assemblages in the metabasaltic rocks of 

the Yap Islands. However, the intermediate host-rock com-

positions in the HFF are typically more oxidised and hence 

suggest that oxygen fugacity could have played an impor-

tant 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 Ps
22.3

 in quartz syenite to Ps
26.6

-Ps
28.3

 in 

quartz monzonite, the latter range agreeing well with the 

range Ps
27.2

- Ps
30.5

 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, respec-

tively; hence oxygen fugacity may not be an important con-

trol 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 ex solved ilmenite. This exsolu-

tion texture suggests the presence of an original homogene-

ous titanomagnetite phase, The common association of rims 

of biotite and sphene with the oxide minerals supports the 

latter suggestion. Secondary haematite and magnetite (por-

phyroblasts) are also present, but more common in highly 

altered (or metamorphosed) HFF andesites, 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 titanomag-

netites of the Barby Formation contain a maximum TiO
2
 of 

about 14% which corresponds to an approximate composi-

tion of Mt
60

Usp
40

, This composition compares favourably 

with the average value of Usp
38

 reported by Ewart (1982) 

for Fe-Ti oxides in orogenic basalts, basaltic andesites and 

andesites.

3.8.2 HIS, Awasib and Chowachasib Granites

Limited EMP analyses indicate that despite widespread 

oxidation and alteration to haematite ± sphene ± chlorite, 

oxide minerals in these granitoids can be identiied as main-

ly magnetite and ilmenite. The original phase was probably 

titanomagnetite which has now ex solved intersecting la-

mellae of ilmenite. The latter is subordinate, thereby sug-

gesting 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 (An
0.6

 ± An
0.2

), 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 mar-

garite or paragonite (Guidotti, 1984).

(iii) Chlorites are classiied 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, mus-

covite 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 an-

desites. This metamorphic event represents a regional im-

print which has not been recognised in Sinclair-type rocks 

to the east as indicated by the absence of the requisite min-

eral parageneses in the sample of Barby Formation basaltic 

andesite from eastern Gorrasis.

A variation in the degree of metamorphic recrystallisation 

within the greenschist facies is evident between the dif-

ferent 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 possibility 

is that the closely related Haisib Intrusive Suite may repre-
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sent, in part, the subvolcanic magma chambers which have 

provided additional heat and luids to facilitate metamor-
phic recrystallisation. A variation in the proximity of such 

magma chambers to overlying volcanics would clearly re-

sult in a variation in the degree of recrystallisation which 

could further be manifested on a regional scale. The avail-

ability of water may also play an important role (cf. Win-

kler, 1976, p. 165).

Such regional “contact metamorphism” does not, how-

ever, account for the accompanying deformation and it is 

further signiicant that members of the Haisib Intrusive 
Suite display a similar degree of metamorphism and defor-

mation 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 (labradorite-andesine) and sec-

ondary (albite-oligoclase) compositions, the former show-

ing an approximate 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/AlIV ratios. Depletion in Cr and Ti for clinopy-

roxenes 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 andes-

ite and emphasise the Mg-rich compositions typically found 

in orogenic pyroxenes (Ewart, 1982).

(iii) Actinolite pseudomorphs after augite are most com-

mon in the HFF and show enrichment in Mg and Fe and 

depletion in Ca relative to the primary phase.

(iv) Biotite compositions in the HFF are typically meta-

morphic as shown by their similarity in terms of TiO
2
 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 basal-

tic andesites are typical of greenschists (e.g. Haib basaltic 

andesite, Reid, 1977) and Mg enrichment in chlorites at the 

central locality may relect a locally higher grade of meta-

morphism.

(vi) Epidote compositions of Ps
27-30

 in the HFF are similar 

to compositions of Ps
27-28

 in quartz monzonite of the HIS, 

possibly in response to similar metamorphic conditions.

(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 

Mt
60

Usp
40

, which compares favourably with the average 

value of Usp
38

 reported by Ewart (1982) for Fe-Ti oxides in 

orogenic basaltic andesites.

(viii) EMP analyses show that HFF rhyolites are charac-

terised by primary and secondary albite, secondary musco-

vite (as opposed to margarite and paragonite), pycnochlo-

rite and magnetite, haematite and ilmenite.

3.10.2 Late-stage intrusive suites

(i) A decrease in An content of plagioclase shows a cor-

relation 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 inlux of 
water via proximal shear zones and the consequent depres-

sion of the solidus. Plagioclase in the Awasib Granite is typ-

ically 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) var-

ies from An
5-20

 and is less altered than counterparts in the 

Awasib Granite.

(ii) Actinolite in the HIS is similar in composition to ac-

tinolite in the HFF, but actinolitic hornblende exhibits high 

Ti contents more typical of a primary origin. Primary horn-

blendes in the CGS are only common in the more alkaline 

granites, possibly as a result of enhanced stability due to 

Na and AI (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 TiO
2
 

contents to metamorphic biotites in the HFF, but higher 

FeO*/MgO ratios. Occasionally high contents of TiO
2
 in 

biotites from the HIS suggest that the original phase was 

magmatic in origin and that subsequent changes in compo-

sition were the result of metamorphism. Biotites in the CGS 

display compositional characteristics which enable dis-

crimination between the different plutons, e.g. low AlVI 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 crys-

tallisation or oxygen/water fugacity.

(iv) Chlorite compositions in the HIS are generally more 

Fe-and less Mg-rich than their counterparts in the HFF ba-

saltic andesites, while epidote compositions are similar to 

the latter.

(v) Compositions of occasional clinopyroxenes in K-feld-

spar granite of the CGS are similar to those obtained in the 

HFF or Barby Formation and suggest that these are inher-

ited phases.
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4. WHOLE-ROCK CHEMISTRY

4.1 INTRODUCTION

Whole-rock analyses are tabulated on the accompanying 

Microiche card (discussion in Appendix III) 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 inter-

est, since variation diagrams show reasonable coherence 

and may, therefore, approximate a liquid line-of-descent.

As explained in Section BA, the Fe
2
O

3
/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 oxidation, an “unerupted” 

Fe
2
O

3
/FeO ratio has been estimated (e.g. 0.3 for andesites; 

Gill, 1981).

4.2 ASSESSMENT OF ALTERATION

The low grade of metamorphism (greenschist facies 

or lower) in late-stage crust of the AMT is unlikely to be 

isochemical with respect to the volatile components H
2
O 

and CO
2
. 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 Fe
2
O

3
 contents are known as well as 

the amount of unoxidised Fe. By estimating Fe
2
O

3
 and FeO 

according to the method of Le Maitre (1976) and assum-

ing 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 hy-

drous minerals during greenschist facies metamorphism (up 

to 3% H
2
O; Jolly, 1972) and weathering (Miyashiro et al., 

1969). While Irvine and Baragar (1971) have considered 

Precambrian greenstones with greater than 2.5% H
2
O+ to 

be unacceptably altered, Smith (1968, 1969) has found a 

favourable comparison between volcanics and their altered 

equivalents (recalculated on a water-free basis) having up 

to 12% H
2
O+. The implied lack of any direct relationship 

between volatile content and alteration (especially in green-

schist facies 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.21a-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 suficient to suggest some alteration of the 
rhyolites, e.g. siliciication (Figs C.21a 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 maic 
lavas are generally less aberrant but do suggest some silica 

and Ca depletion (Figs C.21d and e).

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 char-

acteristics 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 considered to be suficiently intense to pre-

clude the employment of geochemical techniques on these 

rocks. This view is supported by the “unaltered” nature of 

the data when plotted in the ternary diagram MgO/10-CaO/

Al
2
O

3
¬SiO

2
/100 (Davis et al., 1978) - Fig. C.22.

4.3 GEOCHEMICAL CHARACTERISATION

4.3.1 Late-stage (“Sinclair-type”) volcanics

4.3.1.1 Classiication

Volcanic rocks of the Haiber Flats Formation (HFF) are 

discussed in this section, with comparative reference be-

ing made to compositionally similar extrusives in the Barby 

Formation. The former are volumetrically more important 

in the AMT and represent the western most occurrences 

of Sinclair-age volcanism. The data for the HFF volcan-
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ics 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% SiO
2
 

(Table C.4). The distribution between these groupings is 

essentially bimodal (Fig. C.23) with a paucity of compo-

sitions in the intermediate compositional range, especially 

58-66% SiO
2
.

(i) Alkali - silica variation

The wide range of compositions displayed by volcanics 

of the HFF is illustrated in a total alkali -silica plot (Fig. 

C.24 ) where ields are deined 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. A relatively potassium-rich nature is 

indicated for an average trend of the HFF on a plot of SiO
2
 

versus K
2
O (Fig. C.25). Comparison with circum-Paciic 

trends (after Gill, 1970) illustrates a similar slope but con-

sistently higher K
2
O contents for the average HFF trend.

This trend is comparable to that of calc-alkaline volcanics 

from the “southern” Barby Formation in the Sinclair Se-

quence (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” ield of Ewart (1979, 1982), 
modiied from Peccerillo and Taylor (1976), and most 
closely resembles orogenic volcanic suites from the west-

ern zone of the western USA and the Mediterranean region 

(see Section 4.3.1.4).

(ii) Iron enrichment

The lack in iron enrichment for HFF eruptive rocks is 

illustrated in plots of FeO* versus MgO (Fig. C.26a) and 

SiO
2
 versus FeOT/(FeOT + MgO) (Fig. C.26b). These dia-

grams show that data for the HFF lavas compare favourably 

with both the calc-alkaline Cascade volcanics (Carmichael, 

1964) and calc-alkaline “southern” Barby Formation vol-

canics (Brown and Wilson, 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” ield of Irvine and Baragar (1971).
The tendency for HFF rhyolites to plot within the tho-

leiitic ield designated by Miyashiro (1974) is the result of 
extremely low MgO contents and does not necessarily indi-

cate iron enrichment.

(iii) Alkali-lime index

A convenient method of illustrating Peacock’s (1931) al-

kali-lime index is by plotting SiO
2
 versus log(CaO/Na

2
O + 

K
2
O), e.g. Brown (1982). Fig. C.27 illustrates that the HFF 

lavas are calc-alkalic (%SiO
2
 ≈ 57) and deine an average 

trend which lies close to the ield of “normal calc-alkaline 
andesites” (after Brown, 1982).
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4.3.1.2 Major element variation

(i) Introduction

Variation of major oxides with SiO
2
 is illustrated in  

Fig. C.28 with lavas sampled from the southern, central 

and northern localities indicated 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 several factors such as 

alteration, fractionation, phenocryst accumulation and re-

gional variation. In addition, Gill (1981, p. 102) notes that a  

certain “randomness” may be evident within a suite of  

samples from the same volcano or even the same erup-

tion.

(ii) Systematic description

 (a) Titanium

TiO
2
 decreases consistently with increasing SiO

2
 for all 

lavas of the HFF. However, southern locality basaltic an-

desites display relatively high TiO
2
 contents which can-

not be easily explained by titanomagnetite accumulation. 

Non-enrichment in Fe
2
O

3
* for the same samples is consist-

ent with this observation and suggests that the high TiO
2
 

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 TiO
2
 

contents signiicantly different from the average trend of 
HFF lavas.
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  (b) Aluminium

Al
2
O

3
 shows a consistent decrease with increasing SiO

2
 

for dacites and rhyolites, but signiicant “scatter” for basal-
tic andesites. The southern locality basaltic andesites which 

display TiO
2
 enrichment are also characterised by relatively 

high Al
2
O

3
 contents. The abundance of plagioclase phenoc-

rysts in these lavas suggests that the observed Al
2
O

3
 enrich-

ment may be the result of plagioclase accumulation. How-

ever, this is not consistent with the absence of sympathetic 

CaO enrichment. The relatively low Al
2
O

3
 (13.1 %) of sam-

ple BH 598 from the central locality probably relects its 
more primitive nature (> 10% MgO).

 (c) Iron

Fe
2
O

3
* decreases consistently with increasing SiO

2
 ex-

cept for a single basaltic andesite sample (BH 509) from 

the southern locality. This highly plagioclase-phyric sample 

also shows enrichment in Al
2
O

3
 and Na

2
O, which may sug-

gest dilution of ferromagnesian oxides by plagioclase accu-

mulation. 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 

K
2
O content displayed by BH 509 is the result of leaching, 

then the possibility exists that the Fe
2
O

3
 * content may have 

been similarly affected.
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 (d) Magnesium

While the overall negative correlation of MgO with SiO
2
 

is well established, it is noted that four samples of basal-

tic andesite from the central and northern localities may be 

classiied 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 Fe
2
O

3
*. 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 min-

erals 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 ac-

cumulation would, on the other hand, explain these features 

due to its relatively high MgO/FeO * ratio and low CaO 

content. The possible occurrence of pseudomorphs after 

olivine in BH 598 suggests that olivine may also have been 

accumulated despite the oversaturated nature of this lava.

 (e) Calcium and the alkalis

CaO contents decrease fairly regularly with increasing 

SiO
2
 and vary inversely with alkalis. The scatter in the al-

kalis, especially Na
2
O, may be the result of mobility in re-

sponse to alteration. Primary variation in K
2
O at a particular 

SiO
2
 content has been reported for ejecta from single volca-

noes (e.g. Gorton, 1977) and is typically the result of differ-

ent magma sources. In the HFF lavas K
2
O demonstrates a 

greater rate of increase in the passage from basaltic andesite 

to rhyolite than Na
2
O, thereby resulting in an increase in 

K
2
O/Na

2
O ratios with increasing SiO

2
.

 (j) Manganese and phosphorus

MnO and P
2
O

5
 contents both exhibit signiicant variabil-

ity with the aberrance of rhyolite sample BH 504 being par-

ticularly pronounced. While both MnO and P
2
O

5
 would be 

enriched by the accumulation of manganiferous apatite, an 

accompanying enrichment in CaO is not observed. Similar-

ly, accumulation of ilmenite cannot explain the enrichment 

in MnO in view of the average contents of Fe
2
O

3
* and TiO

2
 

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 SiO
2
 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 

metamorphism and deformation in their ca. 1000 Ma his-

tory. Nevertheless, the database (n=41) is considered suf-

icient to deine 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 afinities (cf. Gill, 1981).

 (a) K-group: Ba, Cs, Rb and Sr

The elements of this group (except Ba and Cs) both in-

crease and decrease in concentration with increasing SiO
2
. 

While the erratic behaviour of Ba may be the result of al-

teration, 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 con-

tents of green biotite in basaltic andesite samples BH 500 

and 501 appear to support this possibility, no obvious pet-

rographic differences can be used in the rhyolites to char-

acterise high- and low-Ba groups. However, siliciication 
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 dis-

played by the same samples on plots of both K
2
O and Rb 

versus SiO
2
. Erratic variation of Ba has been reported from 

modem (unaltered) volcanics, especially acid members of 

calc-alkaline suites (Arculus, 1976; Gill, 1981), thus con-

irming that alteration need not be invoked in the case of 
the HFF.
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Rb displays a gradual increase from basaltic andesite (50 

ppm) to rhyolite (200 ppm) and closely resembles the vari-

ation pattern of K
2
O.

Sr shows an overall decrease with increasing SiO
2
, de-

spite a steep increase from basaltic andesite to low-silica 

andesite in lavas of the northern locality. The latter trend re-

lects 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 inex-

plicable Sr enrichment. In general, the signiicant decrease 
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in concentration of Sr with increasing silica is indicative of 

advanced magmatic differentiation, typically the result of 

feldspar fractionation.

 (b) LREE Group: La, Ce and Nd

Light REE exhibit similar increases with increasing SiO
2
, 

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.

 (c) Th-group: Th, U and Pb

Th exhibits a signiicant increase with increasing SiO
2
, 

while no obvious trend can be seen for either U or Pb. Th 
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concentrations also increase from northern to southern lo-

calities, central locality abundances being typically inter-

mediate in value. U abundances are 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).

 (d) 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 SiO
2
 due to an incompatible 

nature with regard to most common minerals. This is in-

deed the case, although signiicant scatter tends to occur 
at high SiO

2
 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 sig-

niicant enrichment in LREE, viz. BH 498. Also of interest 
is the more Zr-rich nature of southern locality basaltic an-

desites, a group already distinguished by its relatively high 

concentrations of Ti, AI, and LREE. Both Nb and Y exhibit 

pronounced increases with increasing SiO
2
, trends being 

particularly steep in the passage from dacite to high-silica 

rhyolite.

 (e) Compatible Group: Ni, Co, Cr, V and Sc

All the compatible elements exhibit a pronounced de-

crease with increasing SiO
2
. 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 dificult to explain in view of current uncertainty with 
regard to the relative importance of differences in source 

compositions as opposed to differentiation processes (Gill, 

1981, p.135).

Co shows less variation compared with Ni, decreasing 

from 53 to 0 ppm between high-Mg basaltic andesite and 

rhyolite.

Cr, like Ni, shows signiicant enrichment in basaltic an-

desites of the central locality (362-712 ppm) when com-

pared with the southern (185-78 ppm) and northern (130 

ppm) localities.

V decreases regularly with increasing SiO
2
, a feature re-

garded by Gill (1981, p. 137) as typical of suites which are 

characterised by modest or no iron-enrichment. Considera-

ble 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 TiO
2
 and Fe

2
O

3
 * 

at high SiO
2
 contents is not inconsistent with the latter ob-

servation, since extremely high partition coeficients have 
been reported for V in magnetite from high-silica rhyolite 

(e.g. Kd ≈ 500; unpublished compilation by Ewart and 
Duncan).

Sc shows a regular decrease with increasing SiO
2
 from 25 

to 0 ppm. Apparent bimodality (scatter?) in Sc abundances 

at high silica contents in the HFF may be a consequence of 

mineralogical control, e.g. magnetite in which Kd’s for Sc 

show signiicant variability.

 (j) Chalcophile Group: Cu, Zn and Mo

Cu, Zn and Mo all vary irregularly with increasing SiO
2
 

content, although there is a suggestion of a positive corre-

lation between Mo and SiO
2
. The occurrence of malachite 

staining at the central locality suggests that Cu mineralisa-

tion is probably responsible for the relatively high Cu con-

tents 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 dis-

tribution 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. Signiicantly, andesite volcanic provinc-

es are also frequently Cu-Pb-Zn-Mo-Ag-Au metallogenic 

provinces (Gill, 1981, p. 137).

Mo abundances in the HFF volcanics are dificult to as-

sess in view of the low concentrations (close to the lower 

limit of detection) and the paucity of published data, but 

values for “andesites” (sensu lato) in the southern and cen-

tral localities generally exceed the 0.5-2.5 ppm range re-

ported 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 quot-

ed range for andesites.

(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 sta-

bility of REE patterns in relatively unaltered rocks (Hum-

phris, 1984) permits their use in the characterisation 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.

 High-Mg basaltic andesite (BH 598)

This pattern displays LREE enrichment (La
N
/Lu

N
 = 4.8; 

La
N
/Sm

N
 = 2.3) and a fairly lat, slightly concave, slope for 

HREE (Tb
N
/Yb

N
 = 1.1; Yb

N
/Lu

N
 = 0.9). A slightly negative 

Eu anomaly is present (Eu/Sm = 0.69; Eu/Eu * = 0.85) and 

HREE enrichment is 10 to 12 times chondritic.

 Acid basaltic andesite (BH 690B)

The overall pattern is remarkably similar to that for high-

Mg basaltic andesite, but with overall REE enrichment be-

ing consistently higher by between 10 and 30%. Normalised 

inter element ratios indicate LREE enrichment (La
N
/Lu

N
 = 

5.7; La
N
/Sm

N
 = 2.2), a lat slope for HREE (Tb

N
/Yb

N
 = 1.2; 

Yb
N
/Lu

N
 = 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 La
N
/Lu

N
 = 4.4 and La

N
/Sm

N
 = 2.8 for 

this rhyolite are of a similar order to the andesites (sensu 

lato), overall REE enrichment is between 70 and 120% 
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higher. The HREE pattern is lat (Tb
N
/Yb

N
 = 1.0; Yb

N
/Lu

N
 

= 1.0), while HREE enrichment is between 33 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. Kröner (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 follow-

ing important features are illustrated by Fig. C.30:

- REE patterns for the 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 (La
N
/Lu

N
 = 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 dis-

played by rhyolites in the northern part of the Barby For-

mation. By comparison with HFF rhyolite, the latter enve-

lope is not as steep (La
N
/Lu

N
 = 3.5 compared with 4.4) and 

has a less pronounced negative Eu anomaly (Eu/Sm = 0.43 

compared with 0.21). Signiicantly, these “northern Barby 
Formation” rhyolites form part of a bimodal tholeiitic suite 

which Brown and Wilson (1986) consider to display com-

positional similarities to the younger Guperas Formation.

4.3.1.4  Comparison of Haiber Flats Formation (HFF) 

 lavas with younger volcanic suites

(i) The HFF volcanic suite

The different chemical characteristics of maic and felsic 
lavas in the HFF and the paucity of lavas of intermediate 

composition together suggest that bimodality may relect 
differences in source derivation. While this aspect forms 

the subject of a more detailed discussion in Section C.6 

(Petrogenesis of the HFF), maic and felsic lavas will be 
discussed separately in sections (ii) and (iii) in order to fa-

cilitate their comparison with published data.

 (a) Major and trace element abundances

  Major elements

- Low TiO
2
 contents (typically < 1.0%) in the HFF are char-

acteristic of volcanic rocks (especially basalts and andes-

ites) erupted at convergent plate boundaries (Chayes, 1964; 

Gill, 1981).

- Overall variation in Al
2
O

3
 for most basaltic andesites and 

andesites is within the range of “arc tholeiites and orogenic 

andesites” (Gill, 1981, p. 112).

- K
2
O abundances compare favourably with values reported 

from high-K eruptives in active continental margins of the 

western USA and Mediterranean (Ewart, 1979,1982).

- High SiO
2
 and alkalis, combined with low MgO and CaO, 

in the HFF rhyolites resemble rhyolites of anorogenic bi-

modal 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 vol-

canic suites described by Jakeš 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 andes-

ites are comparable with those reported from medium- to 

high-K suites.

- Absolute abundances of LREE and La
N
/Ce

N
 ratios (≈ 1.3) 

in HFF andesites (sensu lato) are similar to published val-

ues for high-K suites (Masuda et al., 1975; Gill, 1981 ).

- Despite some scatter, overall abundances of Th-group ele-

ments are high, even for high-K suites (Jakeš and Smith, 

1970; Gill, 1981).
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- Zr contents for the average trend are high (100- 300 ppm) 

and comparable with values reported for high-K volcanic 

suites (Jakeš 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 abundanc-

es (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 com-

pared with Ni contents of calc-alkaline lavas, even high-K 

suites (cf. Jakeš and White, 1972). Excluding the high-Mg 

sample BH 598, the overall variation in Ni from basaltic  

andesite to rhyolite (143 to 0 ppm) is not unlike the varia-

tion reported for other calc-alkaline volcanic suites of Pro-

terozoic age (e.g. 100 to 0 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, andes-

ites (sensu lato) display Cr contents which compare favour-

ably with values reported for medium- to high-K andesites 

(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.

- V contents for basaltic andesites of the different localities 

do not vary signiicantly (159± 15 ppm) and fall within the 
range of values reported for medium- to high-K calc-alka-
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line andesites (Gill, 1981).

- Sc values range from 25 to a ppm, the more maic lows 
falling within the range 40-10 ppm reported by Gill (1981, 

p. 137) for basic-acid orogenic andesites.

- Absolute abundances of chalcophile elements are dificult 
to assess in view of signiicant scatter, but both Cu and Zn 
are within the range of values reviewed for calc-alkaline 

“orogenic” suites (Ewart, 1979, 1982).

 (b) Trace element trends

Fig. C.31 illustrates averaged trends (according to Ta-

ble CA) of Differentiation Index (DI) versus the elements 

Ba, Sr, Zr, Cr, Ni and V for the HFF compared with aver-

aged trends for orogenic volcanic suites compiled by Ewart 

(1982). Volcanic suites were selected from western (An-

dean) South America, the western zone of western USA, 

northeastern Paciic) southwestern Paciic and the Mediter-
ranean region. Also illustrated are the approximate compo-

sitional ields occupied by rhyolites of bimodal basalt-rhy-

olite 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 proc-

esses (Ewart, 1982). The HFF displays a general increase 

in Ba from basaltic andesite to dacite followed by a de-

crease 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 west-

ern South America, while overall abundances are similar to 

those of the southwestern Paciic. The marked depletion in 
Sr at high DI is also typical of both the western USA and 

Mediterranean 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 signiicantly 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 northeastern Paciic.
The grouping of Cr, Ni and V is related to the almost uni-

versal 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 ields 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 associa-

tion of volcanics. The dificulty in using these composition-

al ields to determine the magmatic association of rhyolites 
in general is illustrated by the overlap between these ields 
and high DI lavas of many orogenic volcanic suites. Fur-

thermore, 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 ields on a diagram of K/Rb ratio against K
2
O. 

In Fig. C.32a, these parameters illustrate that data for the 

HFF is predominantly high-K in character, with some scat-

ter of data into the calc-alkaline ield. The problem of sta-

bility of K-group elements during alteration may be partly 

overcome by using the elements Ti and V, which have been 
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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 
maic lavas. This ratio is somewhat higher than the calc-
alkaline series eruptives reviewed by Shervais (1982), but 

may be attributed to magnetite fractionation.

(ii) HFF maic lavas
For convenience three individual samples within the ma-

ic 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”

MORB-normalised patterns for these samples are com-

pared with predominantly high-K and calc-alkaline basalts 

from active continental margins in central Chile, the west-

ern USA and Iran (Fig. C.33). Despite the overall similarity 

between these patterns, the HFF maic lavas display the fol-
lowing distinctive features:

- A pronounced negative P anomaly which is below the 

range of most modem continental margin lavas and is also 

lower than MORB. This depletion may be the result of apa-

tite fractionation.

- A pronounced negative Ti anomaly which is again below 

the range of the lavas under review, although high-K andes-

ite from Iran does exhibit considerable depletion as well. 

The low Ti abundance is probably the result of magnetite 

fractionation.

Not unexpectedly, the HFF basaltic andesitic to andesitic 

lavas show a more fractionated nature than their basaltic 

counterparts from Phanerozoic active continental margins. 

Nevertheless, the overall patterns are similar and by anal-

ogy 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 enrich-

ment 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 sili-

ceous andesites, a “mantle” isotopic signature (Section C.6) 

precludes crustal contamination for the basaltic andesites. 

A similar conclusion was reached with respect to the petro-

genesis of the Chilean basalts (Pearce, 1983).

Sample BH 598 merits special attention in that it is com-

positionally a high-Mg basaltic andesite which is charac-

terised by several features displayed by so-called “type-E 

high-Mg andesites” from Cape Vogel, Papua New Guinea 

(Jenner, 1981), viz. La
N
/Yb

N
 ≈ 3-7 (BH 598 ≈ 5), Zr/Nb ≈ 

19 (BH 598 ≈ 22) and a marked depletion in Ti relative to 
Zr and Y. “Boninites”, as deined by Bailey (1981), Hickey 
and Frey (1982) and Bloomer and Hawkins (1987), are char-

acterised by lower TiO
2
 (< 0.6%), latter and less enriched 

REE patterns, and less enrichment in LILE. However, cer-

tain inter element ratios do suggest a boninitic afinity 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 simi-

larity between the maic lavas of the HFF and basalts from 
active continental margins.

 (b) REE patterns

Basaltic andesites of the HFF exhibit REE abundances 

which fall within the range of “orogenic” andesites re-

viewed 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 speciic volcanic suites in Fig. 
C.34a and b, the REE pattern of HFF acid basaltic an-

desite 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). Signiicantly, both San Pedro 
and Ancud are situated along the Andean plate margin and 

may be regarded as continental andesitic volcanoes associ-
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ated 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).

(iii) HFF felsic lavas

 (a) Trace element “spidergrams”

Averages are considered here for both low- (70-75% 

SiO
2
) and high-silica (> 75% SiO

2
) rhyolites in the HFF in 

order to facilitate their comparison with rhyolitic ash-low 
tuffs from selected Cenozoic terranes reviewed by Sylvest-

er et al. (1987). The Cenozoic rhyolites considered by these 

workers constitute two groups, viz. intracontinental rift- or 

hot spot-related rhyolites and subduction-related continen-

tal intra-arc rhyolites.

Using the procedure of Thompson et al. (1984), chon-

drite-normalised patterns for HFF rhyolites are compared 

with patterns for Cenozoic rhyolites in Fig. C.35. The fol-

lowing features are illustrated:

- Both low- and high-silica rhyolites in the HFF exhibit 

an overall chemical similarity to the intracontinental rift- or 
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hot spot-related rhyolite suites.

- Low-silica rhyolites in the HFF exhibit similarities to sub-

duction-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.

The dificulty 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. Subtle alteration may be 

an additional problem with respect to such elements as Ba, 

Rb, Th and K. In general, however, the relatively low con-

centrations 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.

Signiicantly there are very close compositional similari-
ties between HFF rhyolites and the Awasib Granite. The lat-

ter (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 applying 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 deined 
by Whalen et al., 1987) and within-plate granites (as de-

ined by Pearce et al., 1984). These features are compatible 

with derivation of the rhyolites from crustal and subconti-

nental lithospheric sources.

 (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 diagram are thought to have originated by partial 

melting of continental crust, e.g. Kern Plateau (Bacon and 

Dufield, 1981) and Monte Arci (Dostal et al., 1982), while 

“orogenic” rhyolites owe their origins to both partial melt-

ing, 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 enrich-

ment in HREE of the HFF is, however, distinct from pat-

terns 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 afinity of the HFF volcanic suite is 
largely calc-alkaline (AFM classiication, alkali-lime in-

dex), a high- K nature being indicated by the following 

features:

- K
2
O enrichment in the classiication of Peccerillo and 

Taylor (1976).

- High abundances of Rb, LREE, Th, Zr and sometimes Nb 

and Y. - High ratio of La
N
/Ce

N
 (≈ 1.3).

- REE patterns, especially for the basaltic andesites, which 

are similar to high-K volcanic suites elsewhere.

(c) An “orogenic” character is suggested for the HFF vol-

canic suite by a number of compositional features, viz.: 

- Calc-alkaline to high- K character

- TiO
2
 depletion

- Low abundances of HFSE, except for Nb and Y in the 

rhyolites
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- Eu/Eu* ratio> 0.75 in the basaltic andesites 

- Distinctive REE patterns

From the above characteristics it can be concluded that the 

andesites (sensu lato) are “orogenic” as deined by recent 
workers (e.g. Bailey, 1981; Gill, 1981; Ewart, 1982). Char-

acterisation 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 (“Sinclair-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 Forma-

tion:

- Safier Intrusive Suite (SIS) 
- Haisib Intrusive Suite (HIS) 

- Awasib Granite

- Chowachasib Granite Suite (CGS)

Preliminary data for the Bushman Hill Quartz Diorite in-

dicate signiicant similarities to the SIS (e.g. Ti/Zr ratios) 
but will not be discussed in this study. Special attention is, 

however, given to the HIS and Awasib Granite in view of 

their close spatial association with, and compositional simi-

larity to, the eruptive rocks of the HFF.

4.3.2.2 Classiication

Despite some scatter obtained on variation diagrams 

(only presented for the HIS and Awasib Granite - Figs C.44 

and C.45), the within-suite trends are suficiently regular to 
preclude any signiicant subsolidus alteration. The use of 
major and trace elements is accordingly considered to be 

justiied in the classiication of these intrusive suites.
Overall compositional variation is illustrated in a total al-

kali-silica plot (Fig. C.37) which shows a steep trend for the 

SIS and signiicantly shallower trend for the HIS, Awasib 
Granite and CGS. The latter trend also coincides approxi-

mately with the ield of HFF lavas, but is richer in alkalis 
for the less silica-rich compositions. These divergent trends 

are primarily deined by alkalinity, a feature which is con-

irmed by the “alteration-resistant” ratio Zr/TiO
2
 in a plot of 

this ratio against SiO
2
 (Fig. C.38).

On a normative An-Ab-Or diagram (Fig. C.39), granites 

(sensu lato) of the Haisib, Awasib and Chowachasib suites 

plot in the granite ield of Barker (1979) with a few data 
points of the HIS plotting in the granodiorite ield.

AFM variation (Fig. C.40a) indicates a calc-alkaline 

character for most of the intrusive suites except some of the 

members of the SIS. Brown (1982) has shown that AFM 

variation may be used as a crude measure of arc maturity in 

97

4. WHOLE-ROCK CHEMISTRY



that there exists a family of curves for arc magmas which 

range from island-arc tholeiites to mature calc-alkaline se-

ries of continental margins. Sinclair-age intrusions in the 

AMT show AFM trends which closely resemble the latter, 

in particular the Cascades-N.Chile-New Guinea trend illus-

trated in Fig. C.40b. Features which support this similarity 

include a high volume ratio of intrusive to extrusive igne-

ous rocks in the AMT, a high volume ratio of acidic and in-

termediate to basic members in both intrusive and extrusive 

suites in the AMT, and a close correspondence between the 

ield of HFF lavas and data for the HIS and Awasib Gran-

ite. Regression lines in a silica versus calc-alkali ratio plot 

(Fig. C.41) illustrate that the HIS trend is “alkali-calcic” 

(i.e. %SiO
2
’” 53), although data do overlap signiicantly 

with the calc-alkaline ield (modiied from Brown, 1982). 
The Awasib Granite data clusters around the lower part of 

the ield occupied by the HFF lavas and also appears to be 
of “alkali-calcic” afinity. A trend line for both the HIS and 
Awasib Granite is, however, clearly “calc-alkalic” (%SiO

2
 

≈ 58), although the slope is slightly steeper than that dis-

played by lavas of the HFF. The SIS trend is also clearly 

alkali-calcic (%SiO
2
 ≈ 54) and steeper than the aforemen-

tioned trends, while data for the CGS scatters below the 

lower part of the calc-alkaline ield.
The degree of alumina saturation (Shand, 1927; Chap-

pell and White, 1974) displayed by post-HFF granitoids is 

somewhat less than that shown by granitoids which make 

up the early-stage crust of the AMT. Fig. C.42 illustrates 

that these younger granitoids are predominantly metalumi-

nous, with some peralkalinity demonstrated by the Awa-

sib Granite. The degree of peralkalinity is, however, mild 

(agpaitic index = 1.06) and no undersaturated granitoids 

have been identiied. Reasonable discrimination may be 

achieved between the different granitoid suites by using the 

ratio A/CNK (molecular% Al
2
O

3
/(CaO + Na

2
O + K

2
O)) as 

a measure of alumina saturation and plotting this parameter 

against the enrichment in HFSE (Fig. C.43), While the con-

siderable range in A/CNK for the SIS is considered to re-

lect its broad compositional range from gabbro to syenite, 
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the signiicant enrichment in HFSE in the Awasib Granite 
suggests a “within-plate” character (Pearce et al., 1984). 

This observation is supported by the occurrence of the high-

est levels of HFSE in the most peralkaline samples.

4.3.2.3  Comparison of the HIS and Awasib Granite with 

 the HFF volcanic suite

(i) Introduction

The close spatial and temporal association between the 

HIS, Awasib Granite and HFF volcanic suite has been de-

scribed in Section CO
2
. In addition, certain mineralogical 

similarities have come to light in Section C.3, while the 

current section has already made reference to the compo-

sitional similarities which exist between these rock suites. 

This section attempts to provide a more rigorous assess-

ment of the geochemical relationships between these rock 

types, especially since ield relationships are often unclear 
and ambiguous.

(ii) Major element variation

Harker diagrams are illustrated in Fig. C.44 for both ex-

trusive and intrusive suites and the following features are 

evident:

(a) The HIS-Awasib “suite” exhibits a smaller range in 

silica compared with the HFF lavas, viz. 57-78% SiO
2
 as 

opposed to 53-78% SiO
2
, but is better represented in the 

range of intermediate compositions.

(b) Smooth trends for the combined data are displayed by 

all the major oxides except the alkalis, MnO and P
2
O

5
.

(c) Data scatter differs little between the HFF rhyolites 

and Awasib Granite, but the HIS shows signiicant enrich-

ment in K
2
O when compared with andesites, dacites and 

rhyodacites of the HFF.

(iii) Trace element variation

Variation diagrams (Fig. C.45) are again used to illustrate 

features displayed by selected trace element data for intru-

sive and extrusive suites. The trace elements are grouped, 

as in Section 4.3.1.3, according to similar chemical afini-
ties.

 (a) K-group

- Ba exhibits considerable scatter in all the suites.

- Rb, like K
2
O, is signiicantly enriched in the HIS compared 

with HFF andesites, dacites and even many rhyolites.

- Sr shows a regular decrease with an increase in silica from 

intermediate to acid compositions.

 (b) LREE Group

- La is enriched in the HIS relative to HFF andesites and 

dacites, although it does display considerable scatter.

- Ce shows less scatter than La, but is likewise enriched in 

the HIS for the same silica range.

 (c) Th-group

- Th is enriched in the HIS and to some extent the Awa-

sib Granite when compared with HFF volcanics of similar 

silica content.

 (d) HFSE Group

- Zr tends to be relatively enriched in the HIS, but depleted 

in the Awasib Granite.

- Nb is also relatively enriched in the HIS, but shows con-

siderable overlap between the Awasib Granite and HFF 

rhyolites.

- Y exhibits good agreement between much of the HIS and 

HFF andesites and dacites, although there is a tendency to-

wards greater enrichment in the Awasib Granite relative to 

the HFF rhyolites.

 (e) Compatible Group

- Ni tends to be enriched in the HIS and Awasib Granite 

relative to HFF andesite-dacite and rhyolite, respectively.
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- Cr exhibits relative enrichment for the HIS only.

- V exhibits good agreement between intrusive and extru-

sive rocks of similar silica content.

(iv) REE patterns

Chondrite-normalised REE patterns are presented in Fig. 

C.46 for samples of HFF rhyolite and Awasib Granite.

The pattern for the Awasib Granite differs from the HFF 

rhyolite with respect to its steeper slope (La
N
/Lu

N
 = 5.4, 

compared with 4.4 in the rhyolite), a steeper HREE pattern 

(Tb
N
/Lu

N
 = 1.8, compared with 1.0 in the rhyolite) and a 

more pronounced negative Eu anomaly (Eu/Eu * = 0.05, 

compared with 0.24 in the rhyolite).

The different patterns displayed by HFF rhyolite and 
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Awasib Granite are not consistent with a subvolcanic ori-

gin for the latter, although the Eu/Eu* variations may be 

explained by different degrees of plagioclase fractionation. 

However, a database of only two samples cannot be consid-

ered conclusive and some heterogeneity may, furthermore, 

be expected as a natural consequence of crustal melting. 

REE patterns for the A-type Mumbulla suite in southeastern 

Australia (Collins et al., 1982) are intermediate between the 

Awasib Granite and HFF rhyolite patterns (Fig. C.46) im-

plying that both granite and rhyolite are compatible with an 

A-type origin. The more pronounced negative Eu anoma-

lies in the late-stage AMT rocks (particularly the Awasib 

Granite) suggest that signiicant feldspar fractionation has 
taken place.

4.3.2.4  Comparison of late-stage granitoids with  

 modern and ancient intrusive suites

In a silica versus calc-alkali ratio plot (Fig. C.41), the 

HIS-Awasib trend exhibits a slope similar to that of the 

Saudi Arabian Pan-African granitoids (Gass, 1977), but is 

displaced towards the ield of calc-alkaline intrusive suites 
(modiied from Brown, 1982). This intermediate position 
may relect a character transitional between the calc-alka-

line (compressional) and alkali-calcic (extensional) grani-

toid suites discussed by Brown (1982). A similar transi-

tional nature is indicated for the HIS-Awasib “suite” in a 

diagram of log(K
2
O/MgO) versus SiO

2
 (Fig. C.47) in which 

ields have been drawn according to Rogers and Greenberg 
(1981). This diagram illustrates the following features:

(a) An approximate coincidence between data for the HIS 

and the calc-alkaline part of the Sierra Nevada batholith 

trend.

(b) A clustering of data for both the Awasib Granite and 

CGS above the most silica-rich compositions of the ield 
of “alkali granites” and also above the alkaline part of the 

Sierra Nevada batholith trend.

(c) A divergent trend towards more potassic and less sili-

ca-rich compositions for the SIS.

The transition from the calc-alkaline HIS to more alka-

line Awasib Granite may be the result of magmatic differ-

entiation, a change in source characteristics, or a change in 

tectonic regime. Compositions of associated volcanics of 

the HFF strongly suggest that they once formed part of a 

high-K suite of “orogenic” lavas, probably erupted along an 

active continental margin. The close spatial, temporal and 

compositional association between the HIS-Awasib “suite” 

and HFF lavas further suggests that their origins were simi-

lar and that the geochemistry of the granitoids should re-

lect this.
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The tectonic discrimination of the HIS and Awasib Gran-

ite in a plot of Y + Nb versus Rb (Fig. C.48) illustrates that 

data for these granitoids lie in the VAG and WPG ields, 
respectively (Pearce et al., 1984). A trend from an “arc” to 

“within-plate” character is only indicated in part, since the 

majority of data points for the HIS lie above such a trend. 

The clustering of these data points along the lower bound-

ary of the syn-COLG ield indicates a relative enrichment 
in Rb which clearly relects the potassic nature of the HIS, 
Unfortunately, Rb is readily susceptible to alteration proc-

esses (Whalen et al., 1987) and so does not allow reliable 

discrimination between VAG and syn-COLG ields in Fig. 
C.48.

If, however, the relative enrichment in Rb for the HIS is 

taken as a primary characteristic, then a likely petrogenetic 

pathway requires Rb enrichment of the mantle similar to 

that suggested by Pearce et al., (1984) for the granites of 

Central Chile. Relatively high values of Rb in the HIS com-

pared with the Chilean granites may be attributed to vari-

able enrichment of the mantle source, late-stage luid activ-

ity or a high degree of crustal contamination (cf. Pearce et 

al., 1984). The similarity of the data ield for the Awasib 
Granite to within-plate granites of Skye and Nigeria in Fig, 

C.48 does not indicate an obvious petrogenesis, but -does 

suggest the possibility of both an enriched mantle source 

and combined assimilation-fractionation processes.

The (Y + Nb) versus Rb diagram is not well suited to 

the comparison of different granitoid suites due to the lim-

ited number of geochemical parameters. This shortcoming 

can, to some extent, be overcome by the use of normalised 

diagrams, in particular the ORG-normalised diagrams em-

ployed by Pearce et al. (1984), The method for calculating 

trace element abundances in ORG (hypothetical ocean-ridge 

granite) has been discussed in Section BA. The normalised 

pattern obtained for the full range of HIS samples together 

with their mean value is illustrated in Fig. C.49a. The HIS 

pattern is characterised by several features displayed by 

volcanic-arc granites from central Chile, viz. enrichments 

in K, Rb, Ba, Th and Ce relative to Nb, Zr and Y, and a 

low value of Y relative to the normalising composition, Al-

though the value of Zr is close to the normalising value, and 

hence within the range of within-plate granite patterns, the 

steep decline from Zr to Y is more typical of volcanic-arc 

granitoids. Enrichment in Zr may, however, be the result of 

zircon accumulation.

The normalised pattern for Awasib Granite (range and 

mean) in Fig. C.49b most closely resembles the so-called 

“crust-dominated” within-plate pattern (after Pearce et al., 

1984) exempliied by the Sabaloka complex in the Sudan. 
Features in common include a well-deined Ba anomaly, en-

richment in Rb and Th relative to Nb, and enrichments in 

Ce and Sm (only available for sample BH 668) relative to 

adjacent elements. The low values of Nb and Zr are, how-

ever, more typical of within-plate granites associated with 

attenuated continental crust (e.g, Skaergaard and Mull), 

although the minimum values of these elements are also 

within the range of volcanic-arc granites. Signiicantly, the 
value of Y is close to or higher than the normalising value 
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and would be most unusual in a volcanic-arc granite unless 

the accumulation of an accessory phase such as zircon had 

occurred. In addition, it should be noted that the Awasib 

Granite is generally rich in silica and may consequently 

represent a more highly fractionated granite than the grani-

toids in the database of Pearce et al. (1984).

The apparent transition from a volcanic-arc to within-

plate character recorded by the HIS and Awasib Granite 

may be a relection of increasing arc maturity as envisaged 
by Brown et al. (1984). These workers have used Wood’s 

(1979) “primordial mantle” as a normalising value to illus-

trate element abundance trends with increasing arc matu-

rity. The apparent advantages of this approach over that of 

Pearce et al. (1984) include a greater number of parameters 

used (18 elements as opposed to 12) and a more specialised 

application. Primordial mantle-normalised patterns for av-

erage HIS and Awasib Granite in the SiO
2
 range 66-75% 

are compared with granitoids from Mesozoic and Cenozoic 

magmatic arcs (after Brown et al., 1984) in Fig. C.50.

The pattern for the HIS resembles that of normal conti-

nental arcs fairly closely despite slight deviations, viz. en-

richment in Th, Zr and Y and depletion in Sr. While broadly 

similar to the HIS, the pattern for low-silica Awasib Gran-

ite differs in exhibiting certain similarities to mature island 

arcs, e.g. greater depletion in Ba, Sr, P and Ti and greater 

enrichment in Y. Although the low-silica part of the Awa-

sib Granite does not exhibit the more extreme enrichments 

and depletions typical of peralkaline anorogenic granites, 

it should be noted that the bulk of the Awasib Granite (not 

illustrated in Fig. C.50) is high-silica (> 75% SiO
2
) in char-

acter. This high-silica group is generally characterised by 

greater enrichment in Y and more signiicant depletion in 
the elements Ba, Sr and Ti, all features which may indicate 

a “within-plate” character. However, these concentrations 

may equally be the result of increasing arc maturity or sim-

ply crystal fractionation.

While averages for the HIS and Awasib Granite do tend 

to mask intra-suite variation, it is clear from Fig. C.50 that 

a transition between these suites is accompanied by an in-

crease in LREE and Y and a decrease in Ba, Sr, P and Ti, 

while Zr remains almost constant. However, if these chang-

es in element abundances are the result of increasing arc 

maturity, then it is dificult to explain the absence of note-

worthy increases in the elements Rb, Th, U and Nb as well 

as the ratios Nb/Rb and Nb/La (d. Brown et al., 1984). The 

latter workers make use of plots of Rb/Zr against Nb and Y 

in order to discuss the effects of fractional crystallisation 

and source composition on “plutonic” magma types. Repre-

sentation of these plots in Fig. C.51 illustrates that data for 

the HIS (total data set) overlaps with data for continental 

arcs in terms of both Nb and Y concentration at a given 

Rb/Zr ratio, whereas data for the Awasib Granite (low- and 

high-silica groups) only corresponds with continental arcs 

in the plot of Nb versus Rb/Zr. The enrichment in Y dis-

played by the Awasib Granite occurs at a relatively low Rb/

Zr ratio and is clearly aberrant with respect to the trend of 

increasing arc maturity. The tendency for Nb to increase 

at a given Rb/Zr ratio in the transition from HIS to Awasib 

Granite may, however, represent a trend inferred to indicate 

the involvement of “within-plate” mantle lithosphere by 

Brown et al. (1984). In the case of the Awasib Granite it is 

possible that Y has acted as a more sensitive indicator of a 

within-plate source contribution than Nb, unless some form 

of selective crustal contamination is invoked.

From the above discussion it is clear that the Awasib 

Granite demonstrates certain trace element characteristics 

regarded as diagnostic of so-called “A-type” (alkaline or 

anorogenic) granites (Loiselle and Wones, 1979; Collins et 

al., 1982; Whalen et al., 1987). In Table C.5 the geochem-

istry of average Awasib Granite is compared with averages 

for felsic S-types (granites derived from sedimentary pro-

toliths; Chappell and White, 1974), felsic I-types (granites 

derived from igneous protoliths; Chappell and White, 1974) 

and A-types (Whalen et al., 1987). This table illustrates 

chemical characteristics for A-type granites which are also 

demonstrated by the Awasib Granite, viz. high SiO
2
, Na

2
O 

+ K
2
O, agpaitic index (A.I.), Fe/Mg, Y and LREE and low 

CaO, Ba and Sr. Certain “immobile” elements such as Zr 
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and Nb do not relect this A-type enrichment and may, 
therefore, imply that the Awasib Granite is a highly frac-

tionated I- or S-type.

Whalen et al. (1987) maintain that plots of Zr + Nb + Ce 

+ Y versus the major element ratios FeO*/MgO and (K
2
O + 

Na
2
O)/CaO may be effectively utilised in identifying A-type 

granites from a variety of terranes in addition to the well-

studied Lachlan Fold Belt of Australia. Application of these 

plots to the Awasib Granite illustrates fairly well-deined 
A-type characteristics (Fig. C.52a and b). However, data 
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for the “I- to M-type” HIS were also plotted for comparison 

and indicate that the major difference between the HIS and 

Awasib Granite in terms of these plots is in the major ele-

ment ratios and not the summation of trace elements. This 

is largely due to the enrichment in Zr and Ce in the HIS, 

although it should be noted that while high Zr contents may 

be the result of zircon accumulation, high Ce abundances 

are not unusual in volcanic-arc granites (cf. Chile; Pearce 

et al., 1984).

The much greater outcrop area of the Awasib Granite 

compared with the HIS suggests that the former is not the 

product of advanced crystal fractionation near the roof of 

a single pluton. This suggestion is partly borne out by the 

overlap of data between the HIS and Awasib Granite on a 

plot of Zr + Ce + Y versus Rb/Ba ratio (Fig. C.52c). The 

latter ratio is a useful index of fractionation, but tends to 

show considerable variation within individual A-type suites 

(Whalen et al., 1987). In Fig. C.52c, the similarity between 

data for the HIS-Awasib “suite” and the Topsails granite 

suite of western Newfoundland is of more than passing in-

terest. The latter suite has been shown to record a transition 

from orogenic M-type granite magmatism to voluminous 

A-type magmatism in the Late Ordovician-Early Silurian 

(Whalen et al., 1987). The transition from largely I-type 

HIS of arc afinity to A-type Awasib Granite of within-plate 
afinity may, by analogy with the Topsails suite, argue for 
a change in the source of these granitoids from mantle to 

crust.

4.4 SUMMARY

4.4.1 Late-stage (“Sinclair-type”) volcanics

(i) Volcanics of the HFF are bimodal with a paucity of 

compositions in the range 58-66% SiO
2
. A calc-alkaline or 

sub-alkalic nature is shown on the TAS diagram and by Pea-

cock’s alkali-lime index, while a high-K nature is evident 

in the classiication of Ewart (1979, 1982). These charac-

teristics, together with the lack of iron enrichment, compare 

favourably with the calc-alkaline “southern” Barby Forma-

tion volcanics (Brown and Wilson, 1986).

(ii) Variation diagrams illustrate regular trends for most 

oxides and trace elements when plotted against silica. 

While rhyolites show little compositional variation on a re-

gional basis, basaltic andesites of the southern locality are 

relatively enriched in TiO
2
, Al

2
O

3
, LREE and Zr. MgO and 

compatible element enrichment of several basaltic andes-

ites may be the result of ferromagnesian mineral accumula-

tion. Scatter in the alkalis, particularly Na
2
O, is attributed 

to alteration, although variation in K
2
O could be primary if 

different magma sources are involved.

(iii) Apart from Ba, there is an overall increase from ba-

saltic andesite to rhyolite in the abundances of incompatible 

elements (including the LILE and HFSE) and a decrease 

in the compatible element concentrations. Ba contents vary 

signiicantly in the rhyolites, a primary feature not unusual 
in calc-alkaline suites (Arculus, 1976). Zircon accumula-
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tion may account for the marked enrichment in LREE and 

Zr in one sample of rhyolite lava. While the regular de-

crease in V with increasing SiO
2
 is typical of suites charac-

terised by moderate or no iron enrichment (Gill, 1981), the 

considerable variation in V in the rhyolites is attributed to a 

variation in the magnetite content.

(iv) Chondrite-normalised REE patterns for basaltic an-

desites show LREE enrichment, lat HREE slopes and 
slightly negative Eu anomalies (Eu/Eu * =0.85). The REE 

pattern for a single high-silica rhyolite shows LREE en-

richment and a lat HREE slope, but differs from basaltic 
andesite in the much higher overall enrichment and large 

negative Eu anomaly (Eu/Eu * = 0.24). REE patterns for 

the basaltic andesites compare favourably with those of the 

Barby Formation, but REE patterns for the rhyolite are dis-

tinct from the “northern” Barby Formation.

(v) Comparison of the HFF suite with younger volcanic 

suites illustrates compositional similarities to high-K erup-

tives along active continental margins (e.g. western USA 

and Mediterranean; Ewart, 1979, 1982). These features in-

clude low (< 1.0%) TiO
2
 contents, high abundances of K

2
O, 

Rb, LREE, Th, Zr, and a high ratio of La
N
/Ce

N
 (≈ 1.3). Low 

abundances of Nb and Y, and Eu/Eu* > 0.75 in the basaltic 

andesites. Anomalies are the high Ni abundances in basaltic 

andesites and high Y abundances in rhyolites. There is no 

obvious afinity of the latter with anorogenic bimodal as-

sociations since high-silica biotite rhyolites of the western 

USA display many of the same chemical char-acteristics 

(Ewart, 1979).

(vi) MORB-normalised trace element patterns for basal-

tic andesite-andesite show a more fractionated, but gener-

ally similar, appearance to patterns for high-K and calc-

alkaline basalts from active continental margins in Chile, 

western USA and Iran (Pearce, 1983). These patterns argue 

for contributions from both a within-plate (high Nb relative 

to Zr and Zr relative to Y and Yb) source and subduction 

component (selective enrichment in Sr, K, Rb, Ba, Th, Ce 

and Sm).

(vii) High-Mg basaltic andesite shows a boninitic afinity 
as indicated by the ratios Ti/Zr < 100 and Y /Zr < 0.4.

(viii) Chondrite-normalised REE patterns for basaltic 

andesites closely resemble those patterns displayed by the 

high-K San Pedro and medium-K Ancud volcanoes along 

the Andean plate margin (Chile), and are quite unlike pat-

terns displayed by both tholeiitic and calc-alkaline “anoro-

genic” andesites.

(ix) Chondrite-normalised element patterns for low- and 

high-silica rhyolites exhibit an overall similarity to Ceno-

zoic intracontinental rift- or hot spot-related rhyolite suites 

(Sylvester et al., 1987). However, abundances of the ele-

ments Ba, Nb, Zr and Ti in low-silica rhyolites, and Ba, Nb, 

Sr and P in high-silica rhyolites, are more typical of subduc-

tion-related rhyolites. While the chondrite-normalised REE 

pattern for high-silica rhyolite most closely resembles the 

pattern for orogenic rhyolite from the Inner Zone of Japan, 

the relative enrichment in HREE is similar to anorogenic 

rhyolite from the Rio Grande rift.

(x) The observed compositional heterogeneity and A-type 

chemistry are indications that the HFF rhyolites are largely 

derived from a crustal source.

4.4.2 Late-stage (“Sinclair-type”) intrusive suites

(i) The HIS, Awasib and Chowachasib Granites show a 

signiicantly shallower trend (similar to the HFF) on a TAS 
diagram than that of the SIS. This divergence is deined 
largely by alkalinity, a feature illustrated on a Zr/TiO

2
 ver-

sus SiO
2
 plot.

(ii) The late-stage granitoids are largely granites, except 

for a few granodiorites in the HIS, according to the norma-

tive An-Ab-Or classiication of Barker (1979).
(iii) AFM variation further classiies most late-stage in-

trusives (except some members of the SIS) as calc-alkaline, 

typically mature series of continental margins. Although 

individually alkali-calcic on a silica versus calc-alkali ratio 

plot (Brown, 1982), the HIS and Awasib Granite show a 

combined calc-alkalic trend which is only slightly steeper 

than that of the HFF.

(iv) The late-stage intrusives are predominantly metalu-

minous (Shand, 1927) with some peralkalinity shown by 

the Awasib Granite (agpaitic index=1.06). While the con-

siderable range in the Shand Index for the SIS is considered 

to relect the gabbro-syenite compositional range, the sig-

niicant enrichment in HFSE (Nb + Y) in the Awasib Gran-

ite suggests a within-plate character (Pearce et al., 1984).

(v) Comparison between the HIS-Awasib “suite” and 

HFF lavas on variation diagrams shows that the acidic com-

positions agree well but that the intermediate compositions 

of the former are typically more enriched in K
2
O, Rb, Th, 

LREE, Zr, Nb, Ni and Cr.

(vi) REE patterns for the rhyolite and Awasib Granite dif-

fer in that the latter is considerably steeper and displays a 

more pronounced negative Eu anomaly (Eu/Eu * =0.05). 

This discrepancy may relect crustal heterogeneity if these 
magmas both represent crustal melts, a feature compatible 

with the broadly similar REE patterns displayed by the A-

type Mumbulla suite in southeastern Australia (Collins et 

al., 1982).

(vii) The HIS-Awasib trend on a diagram of log(K
2
O/

MgO) versus SiO
2
 compares favourably with the trend for 

the Sierra Nevada batholith (Rogers and Greenberg, 1981) 

although the former is more alkaline. While the Chowacha-

sib Granite occupies a similar position in this diagram to the 

Awasib Granite, the SIS shows a divergent trend towards 

more potassic and less silica-rich compositions. The HIS- 

Awasib trend may be the result of magmatic differentiation, 

a change in source, or a change in tectonic regime (increas-

ingly extensional).

(viii) A trend from an arc to within-plate character on the 

Y + Nb versus Rb diagram of Pearce et al. (1984) is only 

indicated in part, the aberrant nature of the HIS being due 

to its enrichment in Rb. Comparison with the granites of 

Central Chile suggests that this enrichment may be the re-

sult of variable enrichment of the mantle source, late-stage 

luid activity or a high degree of crustal contamination. The 
compositional similarity between the Awasib Granite and 

within-plate granites of Skye and Nigeria suggests the pos-

sibility of an enriched mantle source and an assimilation- 

fractional crystallisation process in its genesis.

(ix) ORG-normalised patterns for the HIS show several 

features displayed by volcanic-arc granites from Chile, viz. 
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enrichments in LILE relative to HFSE and low Y relative 

to the normalising composition. Patterns for the Awasib 

Granite most closely resemble the “crust-dominated” with-

in-plate pattern of the Sabaloka complex in Sudan (Pearce 

et al., 1984) with respect to a negative Ba anomaly, enrich-

ment in Rb and Th relative to Nb, and enrichments in Ce 

and Sm relative to adjacent elements.

(x) Primordial mantle-normalised patterns (Brown et al., 

1984) for the HIS and Awasib Granite illustrate a trend of 

increasing arc maturity with greater depletion in Ba, Sr, P 

and Ti and greater enrichment in Y, but high-silica granitic 

magmas show suficient enrichment in Y and Nb relative to 
increasing Rb/Zr to suggest the involvement of subconti-

nental within-plate mantle lithosphere.

(xi) A -type characteristics of the Awasib granite include 

high levels of silica, alkalis, agpaitic index, Fe/Mg, Y and 

LREE and low levels of CaO, Ba and Sr. Relatively low 

Zr and Nb for the Awasib Granite suggest that these char-

acteristics may be derived by extreme fractionation of I-or 

S-type sources, although the comparatively low volume of 

the HIS preclude it as a source. The transition from largely 

I-type HIS of arc afinity to A-type Awasib Granite of with-

in-plate afinity may, by analogy with the Topsails granite 
suite of western Newfoundland (Whalen et al., 1984), ar-

gue for a change in source of these granitoids from mantle-

dominated to crust.

5. GEOCHRONOLOGY

5.1 INTRODUCTION

While petrographic and geochemical data suggest that 

the late-stage crust of the AMT is made up of rock types 

which can be correlated with the Sinclair Sequence, age 

data from the latter is neither well constrained nor abun-

dant. The relatively undeformed Sinclair Sequence, which 

apparently overlies the NMC, has yielded ages, determined 

by a variety of radiometric techniques, that are both similar 

to and older than ages determined for the NMC (age data 

reviewed in Caben and Snelling, 1984). In order to deter-

mine absolute ages and the duration of magmatic activity 

for the late-stage crust of the AMT, isotopic measurements 

were carried out on lithologic units from both the AMT and 

middle-Sinclair Barby Formation. The units analysed were 

as follows:

(i) Haiber Flats Formation:

- basaltic andesite (Rb-Sr, Pb-Pb) 

- rhyolite (Rb-Sr)
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(ii) Awasib Granite (Rb-Sr)

(iii) Barby Formation trachyandesite (Rb-Sr, Pb-Pb)

While Rb-Sr work on the AMT lithologic units is dis-

cussed in detail in Hoal et al. (1986, 1989), it also forms 

an integral part of this study. Whole-rock Pb-Pb data for 

the HFF and “Barby Formation” typically show little vari-

ation in Pb isotopic composition, hence resulting in large 

uncertainties in the slopes of regression lines and conse-

quently large uncertainties in the calculated ages. In these 

instances the data are plotted relative to reference lines, 

while the 238U/204Pb ratio (µ) of the source regions can usu-

ally be accurately estimated by assuming that the Pb-Pb 

data emulate secondary isochrons. The µ values are deined 

by the intersection of secondary isochrons with Pb growth 

curves which conform to the second stage of the two-stage 

Pb isotope evolution model of Stacey and Kramers (1975). 

Pb data for all suites analysed are compared in Fig. D.2 

with both the latter model and the related reservoir growth 

curves derived from the plumbotectonics model of Zartman 

and Doe (1981).

The application of isotope tracers in the study of source 

characteristics is presented in Part D, while chemical and 

analytical methods (and experimental uncertainties) are 

given in Appendix n. Sample localities, except for the 

Barby Formation, are illustrated on the accompanying map 

(Appendix I).
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5.2 ISOTOPE RESULTS

Rb-Sr and Pb-Pb results are presented in Table C.6 and 

the former also on conventional isochron diagrams in Fig. 

C.53 (a-d). Since Pb-Pb data on the late-stage crust have 

little age signiicance, diagrams form part of the discussion 
on source characteristics in Part D.

5.2.1 Haiber Flats Formation (HFF) basaltic andesite

(i) Whole-rock Rb-Sr data

The eight analysed samples deine a precise isochron 
(MSUM = 0.8) with an age of 1086 ± 44 Ma and Ro of 

0.70305 ± 17 (Fig. C.53a). The low R
0
 indicates a source re-

gion having slight time-integrated depletion in Rb/Sr rela-

tive to a “Bulk Earth” mantle composition.

(ii) Whole-rock Pb-Pb data

Four of the samples used in the Rb-Sr study deine an iso-

chron (MSUM = 0.21) with an age of 563 +2196/-8820 Ma 

and 238U/204Pb (µ) of 10.18 +0.36/-0.62 (Fig. D.2). Although 

this “age” and its large uncertainty are of little geochrono-

logical signiicance, the data points do confonn to a 1000 
Ma reference line. The high µ

2
 value for the source region 

is not easily reconciled with the low R
0
 indicative of mantle 

derivation.

5.2.2 HFF rhyolite

These data, which exhibit signiicant scatter, deine an er-
rorchron (MSUM = 7.0) with an age of 1038 ± 74* Ma and 

R
0
 of 0.718 ± 15* (Fig. C.53b). While it may be signiicant 

that both of these parameters are within error of those de-

duced for the basaltic andesite samples, the high R
0
 sug-

gests a signiicant component of melted crust in the genesis 
of these rhyolites. A choice between these alternatives is 

precluded by the rather large (augmented) errors on the R
0
 

estimate. Sample scatter may be attributed to one or more 

of the following: (a) the samples are not of the same age; 

(b) the samples have different R
0
; or (c) the samples did 

not remain closed systems to Rb and Sr. Field relationships 

suggest that option (a) is unlikely, but the incorporation of 

exotic lithic fragments in the rhyolites could possibly ac-

count for differences in R
0
 during crystallisation of the la-

vas. However, as the rhyolites show extensive devitriica-

tion, the most likely explanation is option (c), i.e. loss of  

Rb and/or radiogenic Sr during post-crystallisation altera-

tion, particularly during the formation of chlorite and epi-

dote.

5.2.3 Awasib Granite

Ten samples of the Awasib Granite also exhibit signii-

cant scatter (MSUM = 15) and the apparent age of 957 ± 

50* Ma and R
0
 of 0.717 ± 8* (Fig. C.53c) needs to be in-

terpreted with caution. Sample BH 682 was excluded from 

the regression due to its albitised appearance in thin sec-

tion. Although not conclusive, the age estimate is consist-

ent with ield evidence, i.e. the granite is younger than the 
HFF volcanics. The Awasib Granite is holocrystalline and 

contains only minor secondary material (especially when 

compared with the rhyolites), consequently it is unlikely 

that the large scatter is due entirely to secondary effects. 

The high apparent R
0
 may thus imply the involvement of 

pre-existing crustal material in the genesis of the Awasib 

Granite. It is likely that this material would be composition-

ally variable and hence incomplete mixing of partial melt 

fractions extracted from the crustal material would give rise 

to R
0
 heterogeneity in the parent magma. If Awasib Granite 

data is divided into two groups on the basis of Rb/Sr ratio, 

i.e. high ratios (samples BH 677, 678, 679, 680,683,684) 

and low ratios (samples BH 618,619,681, 685), two sub-

parallel errorchrons are apparent (Fig. C.53c). These yield 

age estimates of 896 ± 72* Ma (high ratios) and 895 ± 180* 

Ma (low ratios), with R
0
 estimates of 0.77 ± 0.05* and 0.72 

± 0.02*, respectively. It is plausible, then, that scatter in 

this data set is attributable to variation in R
0
 at the time of 

crystallisation. Incomplete mixing can produce misleading 

ages in whole-rock isotopic dating systems (Juteau et al., 

1984) and the deduced age for the Awasib Granite must be 

viewed with caution.

5.2.4 “Barby Formation” trachyandesite

Ages reported for the Barby Formation in the type area 

vary signiicantly (see discussion; Section 5.3) and clearly 
argued for rigorous sampling, preferably of an individual 

lithologic unit or member. Accordingly, a single low of py-

roxene-phyric trachyandesite was sampled along a 250 m 

horizontal proile situated close to the Hahnenkamm trigo-

nometrical beacon on the farm Aubures. A description of 

the petrography of this low is given in Watters (1974, p. 
38-39). The choice of this lithology was motivated by the 

following considerations:

(a) Field mapping (Watters, 1974; Brown and Wilson, 

1986) indicates that these lavas occupy the stratigraphic po-

sition of the Barby Formation, i.e. underlain by sediments 

of the Kunjas Formation on the farm Klein Haremub and 

overlain by lavas of the Guperas Formation on the farm Au-

bures.

(b) Petrography and whole-rock geochemistry reveal 

mineralogical and compositional similarities between this 

trachyandesite and basaltic andesite of the HFF.

(c) Previous isotopic work performed on the Barby For-

mation (see discussion; Section 5.3) has incorporated di-

verse rocks of volcanic and plutonic origin. Watters (1982) 

combined Rb-Sr data for a variety of rock types ranging 

from basalt to syenite, while Kröner (1975, 1977) reported 

Rb-Sr data from a bimodal basalt-rhyolite association in 

which the rhyolites show chemical and petrological simi-

larities to the younger Guperas Formation (Brown and Wil-

son, 1986).

(i) Whole-rock Rb-Sr data

The seven analysed samples deine an isochron (MSUM
= 1.1) with an age of 844 ± 35 Ma and 87Sr/86Sr initial ra-

tio (R
0
) of 0.70641 ± 25 (Fig. C.53d). This age is consider-

ably younger than expected and the relatively high R
0
 may 

relect Sr-isotopic homogenisation in the trachyandesite. 
However, this possibility is not supported by petrographic 
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evidence which shows these rocks to be largely unaltered. 

Occasional cross-cutting veins of carbonate do occur, but 

have been carefully avoided during sampling.

Contamination, if represented by the mixing of two ho-

mogeneous sources, should result in a linear array of the 

data in a simple variation diagram. While the Rb-Sr iso-

chron in Fig. C.53d is compatible with this model, the data 

scatter in the 1/Sr versus R
0
 diagram (Fig. C.54) clearly 

does not deine a mixing line. Still wider data scatter in 
plots of 206Pb/204Pb versus 87Sr/86Sr and 208Pb/204Pb versus 
87Sr/86Sr is consistent with the absence of simple mixing. 

Nevertheless, contamination of the magma by a heteroge-

neous source such as the crust cannot be excluded. This is 

partly borne out by the relatively high R
0
 value of 0.70641 

which is inferred to relect an origin in the lower crust or 
crustal contamination subsequent to derivation from a man-

tle source. Assuming the age of 844 Ma to be primary, then 

the possibility must be entertained that this trachyandesite 

is younger than the Barby Formation and represents a con-

formable intrusion or sill.

(ii) Whole-rock Ph-Ph data

Four samples of trachyandesite deine an isochron (MSUM 
= 1.4) with an age of 1271 +836/-1154 Ma and µ of 10.06 

+0.27/-0.33 (Fig. D.2). Despite the large uncertainty in the 

calculated age, data points fall close to the 1000 Ma refer-

ence line and the calculated age is within error of the Rb-Sr 

age of 844 ± 35 Ma. The µ
2
 value of approximately 10.1 is 

slightly lower than the value obtained for the HFF, but is 

more easily reconciled with the relatively high R
0
 value, i.e. 

both Rb-Sr and Pb-Pb data suggest the involvement of crust 

in the petrogenesis of the trachyandesite.

5.3 DISCUSSION

5.3.1 HFF volcanic succession

The age of the HFF volcanism is provided by the iso-

chron date of 1086 ± 44 Ma for the basaltic andesites. Open 

system behaviour during devitriication and alteration has 
given rise to errorchron systematics in the rhyolitic mem-

bers but the estimated age of 1038 ± 74 Ma is comparable 

to that of the basaltic andesites. The crustal source of the 

rhyolites and their interbedded relationship with HFF basal-

tic andesites may indicate periodic shifts in source region 

from mantle (± crustal component) to crust.

Correlation of the HFF with the Barby Formation of the 

Sinclair Sequence (Hoal, 1985) would appear to be incor-

rect in view of the age of 1392 ± 33 Ma inferred for the 

latter by Watters (1982). However, Watters’ (1982) Barby 

Formation data were recalculated with the NPRL regression 

program and found to yield an age estimate of 1238 ± 71 * 

Ma and R
0
 of 0.7028 ± 5* with an MSUM of 3.9 (apparent-

ly Watters, op. cit., inadvertently quoted one sigma errors 

on his Fig. 3). Excluding the samples 1557 and 1565, which 

deviate from the regression line by more than three times 

the uncertainty (in “X”), the remaining twelve data points 

yield an isochron estimate (MSUM = 0.9) of 1190± 38 Ma 

and R
0
 value of 0.70298 ± 27. The two deviant samples 

1557 and 1565 had R
0
 values of 0.7045 and 0.7043, respec-

tively, at 1190 Ma (i.e. differing by more than the analytical 

uncertainty) implying that these rocks were derived from 

a source of different R
0
 composition than the bulk of the 

Barby Formation samples.

Independent support for the age of the Barby Formation 

is dificult to obtain as several granite bodies which have 
clearly intruded this formation paradoxically yield much 

older ages. These ages, which are largely based on U-Pb 

zircon determinations (reviewed by Watters, 1982), may re-

lect the existence of relict zircons in the approximate age 
range 1250 to 1350 Ma. It is further suggested that these in-

herited zircons were derived from a source of similar age to 

the early-stage crust in the AMT, e.g. the Kairab Complex 

or Aunis Tonalite Gneiss.

While the estimate of 1190 Ma for the Barby Formation is 

also younger than Kröner’s (1977) preferred age of 1264 ± 

23 Ma (whole-rock Rb-Sr), it is still signiicantly older than 
the HFF and a direct time correlation between these forma-

tions is not justiied. Similarity in R
0
 suggests, however, 

that the basic volcanics of the Barby Formation and HFF 

were both mantle-derived without any signiicant contribu-

tion from older crust.

The volcano-sedimentary succession of the Koras Group, 

situated adjacent to the Wilgenhoutsdrif Group, shows pet-

rological and tectonic similarities to the HFF. However, the 

1086 Ma age for basaltic andesite of the HFF is signiicant-
ly younger than the Rb-Sr age of 1176 ± 9 Ma (R

0
 of 0.7061 

± 1) reported from basaltic andesite of the middle-Koras 

Florida Formation by Kröner et al. (1977). Better agree-

ment is obtained with Van Niekerk and Burger’s (1967) U-

Pb zircon age of 1080±70 Ma for the upper Koras quartz 

porphyry lavas. A syenite associated with the Koras Group 

has also yielded a Rb-Sr isochron age of 1076± 52 Ma with 

an R
0
 of 0.7065 ± 8 (Barton and Burger, 1983), thereby pro-

viding supportive evidence for an equivalence between the 

HFF and upper Koras Group lavas.
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While regional and geochronological considerations sug-

gest a similar mode of origin for the HFF (and probably 

much of the Sinclair Sequence) and the Koras Group, higher 

R
0
 values in the latter argue for a different source or possi-

bly greater crustal inluence. The low R
0
 value (0.7030± 3) 

of the re-interpreted Barby Formation age of 1190 ± 38 Ma 

(Hoal et al., 1989) provides additional evidence of regional 

variation in R
0
 between approximately 1200 and 1100 Ma. 

Signiicantly, this variation may relect heterogeneity in the 
sub-continental mantle of southern Africa during Sinclair 

times.

The estimated age of 1038 ± 74* Ma for the HFF rhyolites 

is also within error of the U-Pb zircon age of 1080 ± 70 Ma 

obtained by Van Niekerk and Burger (1967) for the upper 

Koras quartz porphyry lavas, thereby lending support to the 

overall similarity between these two formations. Slightly 

younger “feldspar porphyries” in the Goha Hills, Botswana, 

were extruded from a crustal source at 981 ± 43 Ma (Key 

and Rundle, 1981) and appear to be consistent with Watters’ 

(1974) concept of a “Rehoboth Magmatic Arc”.

5.3.2 Awasib Granite

It is not possible to conidently estimate the true age of 
the Awasib Granite from the available data since wide vari-

ations in R
0
 are suggested, probably due to incomplete mix-

ing of crust-derived partial melts. However, the calculated 

age of 957 ± 50* Ma is within error of the age for the HFF 

rhyolites and several independent lines of evidence (high 

R
0
, ield relationships and compositional similarities) sug-

gest a close relationship (possibly subvolcanic) between the 

Awasib Granite and the HFF rhyolites. Somewhat young-

er ages of approximately 890 Ma have been recorded by 

Key and Rundle (1981) for magmatic activity subsequent 

to “intracratonic rifting” in northwestern Botswana. These 

ages are all younger than the 1100 Ma closing-off of the 

Namaqua event determined by Barton and Burger (1983).

In their review of tectonothermal events in Africa, Ca-

ben and Snelling (1984, p. 434) identify an important event 

in southwestern Africa at 950 ± 50 Ma. This age is partly 

deined by late, presumably post -tectonic, pegmatites in 
the NMC and differs little from the preferred age of the 

Awasib Granite. The age and A-type chemistry of the Awa-

sib Granite are further compatible with evidence provided 

by Eglington et al. (1986) of signiicant volumes of A-type 
granitoids being intruded as recently as 860 Ma ago in the 

NMC of south-central Natal. Together with extensive meta-

morphic resetting of undeformed rocks of the Proterozoic 

Vioolsdrif batholith at between 950 and 920 Ma ago (Reid, 

1982), widespread magmatism of A-type afinity in both the 
NMC and AMT provides evidence for a major tectonother-

mal event on a regional scale.

5.3.3 “Barby Formation” trachyandesite

The Rb-Sr age of 844 Ma for the “Barby Formation” tra-

chyandesite is dificult to explain unless this unit belongs 
to a post-Barby intrusive phase, probably a sill judging by 

its conformable nature. The age is further constrained by 

the apparent unconformity between this trachyandesite sill 

and overlying acid eruptives of the Guperas Formation on 

the farm Ganaams (Watters, 1974). While there is no avail-

able radiometric data for the Guperas Formation, it can be 

inferred that the age of this formation is older than the ca. 

1000 Ma estimate for the overlying Aubures Formation 

(palaeomagnetic data; Kröner, 1977). However, the rela-

tively young age calculated for the trachyandesite is within 

range of a suspected age of 900 Ma for the post-cratonic 

Gannakouriep basic dyke swarm (Tankard et al., 1982, p. 

273). These uncertainties, compounded by the scatter in the 

Pb-Pb data, do not allow for a conident interpretation of 
the 844 Ma age.

5.4 SUMMARY

(i) HFF basaltic andesite deines a Rb-Sr isochron with 
an age of 1086 ± 44 Ma and R

0
 (0.70305 ± 17) indicative 

of a source region characterised by Rb/Sr similar to “Bulk 

Earth” mantle. Pb-Pb data have no age signiicance and the 
relatively high µ of 10.18 (+.36/-.62) is not easily recon-

ciled with the low R
0
.

(ii) HFF rhyolites deine a Rb-Sr errorchron with an age 
of 1038 ± 74* Ma and R

0
 of 0.718 ± 15*. The age is within 

error of that for the basaltic andesite, while the high R
0
 sug-

gests a component of melted, signiicantly older, crust in 
the genesis of the rhyolites.

(iii) The ages of the HFF volcanics are within error of 

U-Pb zircon and Rb-Sr ages obtained for the upper Koras 

Group lavas (Van Niekerk and Burger, 1967; Barton and 

Burger, 1983) and, to a lesser extent, ca. 980 Ma old “feld-

spar porphyries” in the Goha Hills, Botswana (Key and 

Rundle, 1981).

(iv) A trachyandesite within the type area of the Barby 

Formation yielded a Rb-Sr isochron age of 844 ± 35 Ma and 

R
0
 of 0.70641 ± 25. Source mixing is not responsible for the 

data array and it appears likely that the age is primary, but 

represents a post-Barby Formation event, e.g. the postcra-

tonic Gannakouriep basic dyke swarm intruded at ca. 900 

Ma (Tankard et al., 1982). Pb-Pb data correspond to the 

1000 Ma reference line and, although poorly constrained, 

this age is within error of the 844 Ma age. The relatively 

high µ value of 10.06 +.27/-.33 is consistent with the R
0
 

value, both being compatible with crustal involvement in 

the petrogenesis of the trachyandesite.

(v) Recalculation of previous data for the Barby Forma-

tion (Watters, 1982) indicates a preferred age of 1190 Ma 

and R
0
 of 0.70298± 27, hence a direct time correlation with 

the HFF is not supported.

(vi) The apparent age of 957 ± 50* Ma and R
0
 of 0.717 

± 15* for the Awasib Granite is within error of the age and 

R
0
 obtained for HFF rhyolite, thereby sustaining the pos-

sibility of a subvolcanic relationship. Data scatter may be 

the result of variation in R
0
 at the time of crystallisation as 

a result of the incomplete mixing of partial melt fractions 

of the crust. The age of ca. 950 Ma deines a widespread 
tectonothermal event which includes intrusion of late- to 

post-tectonic pegmatites in the NMC, A-type magmatism in 

the NMC of south-central Natal and metamorphic resetting 

of the Vioolsdrif batholith in the Haib.
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6. PETROGENESIS OF THE HAIBER FLATS 

FORMATION VOLCANIC SUCCESSION

6.1 INTRODUCTION

6.1.1 General

Eruptive rocks of the HFF show a compositional range 

from basaltic andesite to rhyolite and are interbedded in 

outcrop. Despite deformation and metamorphism, these 

volcanic rocks deine variation trends which are suficiently 
regular to allow quantitative petrogenetic modelling. The 

paucity of intermediate compositions (andesite, dacite and 

rhyodacite), signiicant difference in initial 87Sr/86Sr ratios 

(R
0
 values) between basaltic andesite and rhyolite (Section 

C.5) and relatively high erupted volume of rhyolite are all 

factors which argue against magmatic differentiation link-

ing these end members. However, the operation of a crystal 

fractionation process cannot be excluded for the following 

reasons:

(i) The intermediate compositions lacking in the HFF 

may be represented by unerupted equivalents in the Haisib 

Intrusive Suite (Section C.4).

(ii) The large uncertainty in the R
0
 values for the HFF rhyo-

lites (0.718 ± 15) does not preclude the possibility that this 

ratio could be similar to that of the basaltic andesite (0.70305 

± 17; Fig. C.53) and that the rhyolites with lower R
0
 could 

have been derived from a basaltic andesite parent.

(iii) The high volumetric ratio of rhyolite to basaltic an-

desite may only be apparent in view of the uncertainties in 

lithostratigraphic correlation and the better preservation of 

rhyolites due to their more weathering-resistant nature. The 

occurrence of large volumes of maic magma in the SIS is 
important in view of the close temporal (and to some extent 

compositional- Section C.4) association between the latter 

and the HFF basaltic andesites.

6.1.2 Petrogenetic models

The petrogenetic processes evaluated in this study as pos-

sible processes causing the compositional variation in  

eruptive rocks of the HFF are as follows:

(i) Closed system fractional crystallisation (FC) 

(ii) Assimilation and fractional crystallisation (AFC) 

(iii) Magma mixing (MM)

(iv) Partial melting (PM)

6.1.3 Whole-rock model compositions

Average trend lines may be visually itted to the data in 
variation diagrams (Section C.4) and samples can be select-

ed which lie consistently close to these lines. The advantage 

of using actual whole-rock compositions is that these are, 

in many cases, complemented by mineral analyses of phe-

nocryst phases.

The following samples have been chosen as representa-

tives of magma compositions which may lie along a calc-

alkaline liquid line of descent as illustrated in an AFM dia-

gram (Fig. C.55):

 BH 598 High-Mg basaltic andesite MBA

 BH 694 Basaltic andesite (lowest SiO
2
)  BA

 BH 690B Acid basaltic andesite ABA

 BH 574 Andesite A

 BH 660 Rhyodacite RD

 BH 697 Rhyolite (low Ba) R1

 BH 699 Rhyolite (high Ba) R2

The choice of several samples each of basaltic andesite 

and rhyolite was inluenced by both the compositional vari-
ability within these end member groups as well as the lack 

of data for certain trace elements in the case of analyses 

performed by the Geological Survey of South Africa, viz. 

samples BH 694 and BH 697 (comparison of analytical data 

given in Appendix 11). With the exception of sample BH 

574, which comes from the central locality, all the above 

samples come from the vicinity of Awasib Mountain, or 

northern locality. The choice of a single sample locality 

is more likely to exclude the possibility of sampling lows 
which belong to different volcanic centres. Major and trace 

element compositions of these samples are listed in Table 

C.7.

An attempt has been made to relate these compositions 

(excluding MBA due to its aberrant position in Harker dia-

grams) to each other by assessing the following stages of 

magmatic differentiation for both FC and AFC processes, 

although it is realised that more complicated scenarios are  

possible:

(i) Basaltic andesite (BA) - Acid basaltic andesite (ABA) 

(ii) Acid basaltic andesite (ABA) - Andesite (A)

(iii) Andesite (A) - Rhyodacite (RD)

(iv) Rhyodacite (RD) - Rhyolite (R1)/(R2)

Various whole-rock compositions have been used in or-

der to assess processes of assimilation. The variation in 

composition of basement lithologies, although signiicant, 
has been represented by the Aunis Tonalite Gneiss due to its 

volumetric importance, compositional similarity to tonali-

ties and granodiorites of the Khorasib Granite Suite, and 

the availability of Rb-Sr isotope data. Other potential con-

taminants considered include the HFF rhyolites BH 697 and 

BH 699, as well as average continental crust (Taylor and 

McLennan, 1985).

113

6. PETROGENESIS OF THE HAIBER FLATS FORMATION



Magma mixing, which may be viewed as a special case 

of bulk assimilation, is considered between the end mem-

bers basaltic andesite and rhyolite in an attempt to yield 

observed compositions of both andesite and rhyodacite.

Partial melting models address the bimodality of the HFF 

volcanic suite by considering the petrogenesis of the basal-

tic andesites and rhyolites separately. Sources in the mantle 

and crust are considered for maic and felsic compositions, 
respectively, and the putative source compositions are list-

ed in Table C.7.

6.1.4 Model mineral compositions

Microprobe analyses of phenocryst phases have been used 

in all petrogenetic models where possible. Owing to the 

particularly altered nature of certain phases within lows of 
the HFF, additional mineral analyses have been used from 

compositionally similar rocks in the Barby Formation, e.g. 

olivine, andesine and titanomagnetite. In addition, analy-

ses are supplemented by mineral data, from calc-alkaline 

rocks where applicable, reported by Deer et al. (1966), Reid 

(1977), Gill (1981), MacGregor (1979), Boyd and Nixon 

(1973) and Erlank et al. (1987). All these mineral composi-

tions are listed in Table C.8.

Mineral abbreviations used in this study are as follows: 

plagioclase (plag), anorthite (An), alkali feldspar (K-spar), 

sanidine (sanid), olivine (ol), forsterite (Fo), clinopyroxene 

(cpx), orthopyroxene (opx), hornblende (hbl), biotite (biot), 

titanomagnetite (mt), apatite (ap), garnet (gt), quartz (qtz), 

phlogopite (phg) and ilmenite (ilm).

6.1.5 Crystal-liquid distribution coeficients

Distribution coeficients (Kd’s) used in this study are 
listed in Appendix III (Table VI). These values are known 

to vary as a function of bulk composition (Cox et al., 1979, 

p. 335) and should, therefore, differ according to the com-

positional range being evaluated. This study has utilised 

the most favourable Kd’s reported in the literature for 

compositional ranges which correspond most closely to 

the bulk compositions under consideration. Unfortunately, 

independent selection of the most suitable Kd values for 

individual stages of magmatic differentiation in FC and 

AFC models has the drawback that the Kd’s chosen may 

not show strong compositional dependence in the passage 

from basaltic andesite to rhyolite. Nevertheless, adoption 

of the most favourable Kd’s within a speciic compositional 
range generally permits a more conclusive statement to be 
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made with respect to the viability of a particular petroge-

netic model for that compositional range. For this reason 

two sets of Kd’s were considered for the relatively large 

range of values published for rhyodacitic to rhyolitic mag-

mas. Kd values listed in Appendix m have been compiled 

from both published work (Frey et al., 1978; Hanson, 1978; 

Pearce and Norry, 1979; Le Roex, 1980; Henderson, 1984; 

Nash and Crecraft, 1985) and an unpublished compilation 

by Ewart and Duncan (pers. comm., 1987).

6.2 CLOSED SYSTEM FRACTIONAL 

CRYSTALLISATION (FC)

Bulk compositions chosen for modelling closed system 

fractional crystallisation (FC) match samples which lie con-

sistently close to their average trend lines, here interpreted 

to be liquid lines of descent, in variation diagrams. Accord-

ingly, these samples are thought to be largely unaffected by 

crystal accumulation (also see discussion in Section C.4). 

Fractionating mineral assemblages have been chosen ac-

cording to petrographic evidence where possible, but this 

choice has been further inluenced by phenocryst assem-

blages typical of more recent eruptive rocks of comparable 

bulk composition (Ewart, 1976, 1979, 1982; Gill, 1981; 

Pearce and Norry, 1979). Mineral control lines have played 

a preliminary role in the selection of fractionating phases, 

but are dificult to apply to multi-phase assemblages.
The process of closed system fractional crystallisation is 

here considered to infer the continuous removal of liquidus 

phases from the melt. The fractionating phases, their pro-

portions and the degree of fractional crystallisation have 

been calculated using Le Maitre’s (1981) least squares mix-

ing approximation (GENMIX). These parameters, obtained 

by choosing suitable combinations of major oxides, whole-

rock and mineral compositions, may be further used to 

predict trace element concentrations in the derivative melt 

assuming Rayleigh fractionation. The applicable equations 

are described in Arth (1976).

6.2.1 Basaltic andesite to andesite (BA-A)

The progression from basaltic andesite (BA) to andesite 

(A) has been investigated by considering three stages, viz. 

BA-ABA, ABA-A and BA-A. The observed phenocryst as-
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semblage in basaltic andesite is plag + cpx + mt. However, 

pseudomorphs and pseudomorphic aggregates suggest that 

an additional ferromagnesian phase(s) was present, proba-

bly olivine, or orthopyroxene and hornblende. An additional 

ferromagnesian phase is also required by consideration of 

the observed assemblage in the context of mineral control 

lines (Fig. C.56). Fractional crystallisation of the assem-

blage plag + cpx + mt indicates that the predominance of 

plagioclase required to produce the Al
2
O

3
-SiO

2
 (BA-ABA-

A) path would result in a greater depletion in CaO than is 

displayed by the CaO-SiO
2
 path.

In addition, then, to the established assemblage plag + 

cpx + mt, the phases ol, opx and hbl need to be considered. 

The likely fractionating assemblage is dificult to constrain 
by using mineral control lines due largely to the variation 

in mineral compositions. Olivine is probably only present 

in the early stage of fractional crystallisation (BA-ABA), 

thereafter reacting with the increasingly silica-rich liquid to 

form orthopyroxene. Hornblende is probably absent during 

the onset of crystallisation (< 56% SiO
2
) and is generally 

thought to be absent in view of petrographic evidence. The 

most likely additional phases to be considered are, there-

fore, olivine in the stage BA-ABA and orthopyroxene in the 

stage ABA-A. The presence of apatite as a fractionating (or 

accumulating phase) is a further possibility in view of the 

variation in P
2
O

5
 from BA to A.

Tables C.9 to C.11 illustrate the best (i.e. lowest residu-

al sum of squares; Le Maitre, 1981) least squares mixing 

models for three possible stages of fractional crystallisa-

tion in the passage from basaltic andesite to andesite. In the 

progression from BA to A via ABA, the change from a frac-

tionating assemblage of plag + cpx + ol + mt (BA-ABA) to 

plag + cpx + opx + mt + ap (ABA-A) is accompanied by an 

increase in the degree of fractional crystallisation from 26% 

to 41 %. An even greater degree of fractional crystallisation 

(52%) is required if this progression is considered as a sin-

gle step (BA-A). The fractionating assemblage plag + cpx 

+ ol + mt + ap also indicates that olivine persists despite the 

high silica content of the liquid. A single-stage evolution 

from basaltic andesite to andesite is therefore considered 

less feasible than that of a changing phase assemblage, but 

is included here for later comparison with AFC models.

Selected trace elements have been modelled for the stag-

es BA-ABA and ABA-A and the predicted results presented 

in Tables C.10 (b) and C.11 (b), and Fig. C.57. In the irst 
stage the predicted depletion in compatible elements (Ni, 

Co, V) is greater than observed, while the degree of enrich-

ment predicted for K-group elements (K, Ba, Rb, but not Sr) 

is generally too high. However, since we are dealing with 

metamorphosed rocks, more emphasis should be placed on 

the predictions of relatively immobile high ield strength 
elements (HFSE) as advocated by Pearce and Norry (1979). 

Reasonable agreement between actual and modelled trends 

is evident for the irst stage in variation diagrams involving 
Nb, Y and Zr as well as in plots of Nb, Y and TiO

2
 against 

Zr (Fig. C.57).

In the second stage (ABA-A), it is again evident that both 

compatible (except V) and K-group elements can not be 

satisfactorily accounted for by a model of fractional crystal-

lisation alone. HFSE (except Ti) generally display enrich-

ments which are greater than predicted and may suggest 

crystal accumulation of an accessory phase (e.g. zircon) not 

accounted for in this model.

6.2.2 Andesite to rhyodacite (A-RD)

A fractionating assemblage was selected with dificulty 
for this stage owing to pervasive deformation and metamor-

phism of most andesites in the HFF. The assemblage plag + 

biot + qtz + mt ± cpx is observed in a few andesites at the 

central locality and may be considered relevant to any proc-

ess of fractional crystallisation. Hornblende, although not 

observed, is considered a likely additional phase in terms of 

comparison with high-K andesites reported in the literature 

and in view of compositionally and texturally similar horn-

blende-phyric trachyandesites in the Barby Formation. The 

appearance of apatite as a fractionating phase in the previ-
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ous stage (ABA-A) is also likely to persist in this stage. 

The chosen fractionatcing assemblage plag + cpx + biot + 

hbl + qtz + mt + ap is presented in Table C.12 (a) together 

with a least squares approximation for the major element 

modelling.

While the low residual sum of squares (0.007) is probably 

due to the large number of phases in the chosen assemblage, 

the high degree of fractional crystallisation (49%) is thought 

to be likely in view of the highly phyric nature of the an-

desite lows. Trace element modelling (Table C.12 (b); Fig. 
C.57) reveals reasonable agreement for the K-group ele-

ments (except Ba), LREE and HFSE, but poor agreement 

for most of the compatible elements. The latter deviation 

is largely the result of the high Kd’s considered likely in 

the ferromagnesian phases, which causes signiicant deple-

tion of these elements due to high bulk D’s. When plotted 

against Zr, it is dificult to relate the depletion of V, itself a 
relatively immobile element, to alteration. Accordingly, in 

order to accommodate a FC model it appears necessary to 

invoke the accumulation of an accessory phase for which V 

has a high Kd, e.g. zircon. Alternatively, Kd values used for 

V in the fractionating phases are too high.

6.2.3 Rhyodacite to rhyolite (RD-R1, RD-R2)

The choice of two target compositions for this stage rep-

resents an attempt to account for the variability in composi-

tion within the rhyolite group. The fractionating assemblag-

es chosen are based only partly on petrography owing to 

widespread recrystallisation in response to deformation and 

metamorphism. However, by taking into account the nature 

of the fractionating assemblage for the previous stage, it is 

possible to make only slight changes in order to construct 

an assemblage which differs little from calc-alkaline rhy-

odacite phenocryst assemblages reported in the literature 

(e.g. Ewart, 1979, Pearce and Norry, 1979).

The two FC processes investigated here argue for slight-

ly different fractionating assemblages (d. Tables C.13 and 

C.14). The major changes relative to the previous stage (A-

RD) involve the loss of hornblende as a fractionating phase 

in the stage RD-R1 as opposed to the loss of clinopyrox-

ene in the stage RD-R2, and the appearance of K-spar in 

both RD-R1 and RD-R2. While both biotite and hornblende 

compositions (Table C.8) exhibit an expected enrichment in 

Ti in progressing from rhyodacite to rhyolite, the decrease 

in Fe/Mg ratios in both phases is not easily explained. The 

relatively calcic plagioclase (An
49

) in the fractionating as-

semblages is questionable in such silica-rich liquids, but 

adoption of more sodic plagioclase compositions has not 

proved as effective in modelling the FC process. While the 

fractionating assemblage used in modelling the stage RD-

R1 resembles the petrography more closely, the calculated 

56% of fractional crystallisation may be less realistic than 

only 42910 fractional crystallisation calculated for the stage 

RD-R2.

Trace element modelling for these two stages is presented 

in Tables C.13 and C.14, and Fig. C.57. For the stage RD-

R1, acceptable predictions are obtained for both K-group 

elements (except Th) and HFSE (except Zr). Compatible 

elements, however, show signiicantly less depletion than 

predicted. For the stage RD-R2, modelling of a greater 

number of trace elements yields worse predictions for the 

K-group elements, but slightly improved agreement for 

the compatible elements if the low levels of abundance 

are taken into account. The HFSE (except Y) show accept-

able agreement. However, examination of the rhyolite data 

cloud (Fig. C.57) indicates a variation for many elements 

which is far greater than that of the target samples chosen. 

Taking this scatter into account suggests that the variation 

is too great to be accounted for by a FC model. This feature 

is particularly well illustrated in plots which use Zr as an 

index of magmatic fractionation (Fig. C.57). The variation 

in immobile element ratios (e.g. Zr/Y, Zr/Nb) implied by 

the compositional variation of the rhyolites suggests that 

another factor or process, rather than fractional crystallisa-

tion, was the dominant control.

6.2.4 Discussion

If it is assumed that there is some latitude in the model 

parameters chosen and allowance is made for the effects 

of deformation and metamorphism, then it seems reason-

able to suggest that closed system fractional crystallisation 

could have operated in order to produce the compositional 

variation from basaltic andesite to andesite (and possibly 

rhyodacite) in the HFF. However, continuation of this proc-

ess to produce liquids of appropriate rhyolitic composition 

is not favoured by petrogenetic modelling. It further appears 

likely that at least some other additional process must have 

occurred in order to allow for the variation in certain immo-

bile elements, e.g. Zr and V, in the sequence BA to R.

Consideration of the overall trend from basaltic ande- 

site to rhyolite as a function of increasing Zr content  

illustrates several points by analogy with both observed and 

modelled fractionation trends reported by Pearce and Norry 

(1979):

(i) The change in crystallising maic phases from clinopy-

roxene-dominated (basaltic andesite-andesite) to amphib-

ole ± biotite-dominated (andesite-rhyodacite) in the HFF 

relects higher p
H2O

 in the magma, possibly as a result of the 

increasing involvement of continental crust.

(ii) The compositional variation in the rhyolites in terms 

of Zr and Y may be caused by a varying proportion of zir-

con and hydrous phases in the fractionating assemblage. 

Variability in both Y and Zr has been variously attributed to 

amphibole (Brown et al., 1977) and biotite + zircon (Pearce 

and Norry, 1979) in fractionating volcanic-arc suites.

(iii) The initial decrease in Ti with increasing Zr may  

continue to decrease with decreasing Zr in rocks of more 

acid composition. This trend is shown by several Andean-

type arcs (e.g. Chile) and is attributed to increasing amphi- 

bole and biotite crystallisation by Pearce and Norry 

(1979).

(iv) While an overall trend of increasing Nb with increas-

ing Zr is evident for the HFF, scatter within the rhyolites is 

signiicant. Complex clusters of points on plots of Zr versus 
Nb have been recorded for suites from Andean-type mar-

gins and are again attributed to the importance of amphi-

bole and biotite + zircon as crystallising phases by Pearce 

and Norry (1979).
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Consideration, then, of both the overall and stage-by-stage 

evolution of the HFF volcanics suggests that closed system 

fractionational crystallisation (sensu stricto) was unlikely 

to have operated subsequent to the derivative liquid reach-

ing an andesitic composition. Therefore other petro-genetic 

models need to be evaluated.

6.3 ASSIMILATION-FRACTIONAL 

CRYSTALLISATION (AFC)

The AFC model considers combined wall-rock assimila-

tion and fractional crystallisation operating simultaneously 

in a magma chamber. Quantitative modelling of the major 

elements has been carried out using a modiied version 
of Le Maitre’s (1981) GENMIX program (Duncan, pers. 

comm., 1987) with selected whole-rock, mineral and as-

similant compositions as input parameters. Least squares 

approximation of these parameters enables estimates of the 

degree of fractional crystallisation (F) and the ratio assimi-

lation rate / crystallisation rate (M
a
/M

c
 = r). The trace ele-

ment composition of the derivative liquid may be calculat-

ed by using estimates of these parameters in the equations 

published by De Paolo (1981).

A wide choice of potential assimilant compositions was 

considered in order to take account of the lithologic diver-

sity in the AMT (Table C.7). These assimilants included 

representative compositions from the “basement” (Aunis 

Tonalite Gneiss) and “cover” (HFF rhyolites R1 and R2; 

HFF rhyodacite RD) as well as averages for the upper, low-

er and bulk continental crust (Taylor and McLennan, 1985). 

Apart from the composition of the assimilant, it is clear that 

the overall composition of the fractionating assemblage 

will inluence the values of both F and r. The fractionating 
assemblages utilised in AFC models are the same as those 

determined for FC models, since these assemblages have a 

basis in petrography and enable direct comparison between 

FC and AFC models.

As will be shown, with the exception of the stage from 

basaltic andesite to andesite (BA-A), consideration of a 

wide variety of assimilants is generally not able to improve 

substantially on the predictions of pure FC models. Values 

of F, r and the residual sum of squares obtained for pre-

liminary assessment of the stages BA-A, A-RD, RD-R1 and 

RD-R2 are given in Table C.15. Only data for the more re-

alistic models are presented in Tables C.16 to C.21, while a 

comparison between AFC and FC models is illustrated for 

the stage BA-A in Fig. C.58.

6.3.1 Basaltic andesite to andesite (BA-A).

Low initial R
0
 values (0.70305 ± 17) for the composition-

al range BA-ABA suggest that assimilation did not accom-

pany fractional crystallisation at this early stage, although 

no increase in R
0
 would be expected if the assimilant con-

sisted of cogenetic rhyolite of similar age. Consideration of 

the stage ABA-A yields poor model predictions for all as-

similants, often resulting in negative values of r and unreal-

istic amounts of fractional crystallisation. Accordingly, the  

more general case of BA-A has been modelled using the 

same basic parameters determined in the FC model (Table 

C.9).

The most successful AFC models for this stage have uti-

lised the HFF rhyolites as assimilants. Slightly better results 

are yielded by the rhyolite sample R1, which indicates an 

AFC process involving moderate degrees of assimi-lation 

(r = 0.46) and fractional crystallisation (≈ 19%) and bet-
ter agreement for most major and trace elements than those 

predicted by the FC process (Table C.16, Fig. C.58). Con-

sideration of average lower crust as the assimilant (r = 0.37; 

F = 0.58) yields a poorer model it for the HFSE relative to 
R1, but generally improved predictions for compatible ele-

ments (e.g. Ni and V) - Table C.17.

Relative to the predictions of a FC model, the AFC model 

is better able to account for the trace element concentra-

tions in andesitic derivative liquids. The compositional var-

iation in the rhyolite group allows for considerable latitude 

in the model predictions, but is not able to account for the 

relatively high levels of compatible elements in andesites. 

A possible explanation is that admixtures of an assimilant 

similar in composition to the lower or bulk crust have been 

able to contaminate the magma with respect to such ele-

ments as Ni, Co and V. Alternatively, some of these varia-
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tions may be due to changing physical conditions, e.g. Kd 

Ni values for olivine decrease with higher temperature, 

while Kd V values for magnetite increase with increasing 

p
H2O

 and oxygen fugacity (Glikson, pers. comm., 1989).

6.3.2 Andesite-rhyodacite (A-RD)

With the exception of the assimilant R1, all other assimi-

lations modelled (including R2) infer around 50% fraction-

al crystallisation and low degrees of assimilation (r ≈ 0.08) 
for the stage A-RD. In other words, there is little differ-

ence between the bulk of these models and the FC model 

for this stage. However, by using R1 as an assimilant, the 

APC model indicates a low degree of fractional crystallisa-

tion (≈ 7%) and considerable assimilation (r ≈ 0.8). Despite 
this large degree of assimilation, predicted trace element 

abundances differ little from those obtained where fraction-

al crystallisation is dominant (cf. Tables C.18 and C.19). 

Such lack of constraint does not allow for a decisive choice 

between models, but does suggest that the compositional 

variability of the rhyolites is capable of accounting for sub-

stantial variation in the parameters F and r.

Consideration of the HFSE alone indicates that the best 

model it is achieved by using average lower crust as an as-

similant. Compatible elements remain problematic, howev-

er, since small degrees of assimilation of the compatible el-

ement -rich lower crust are not able to enrich the derivative 

liquid suficiently and in most cases do not it the data as 
well as the FC model. The less than predicted Ni abundance 

is somewhat anomalous in this respect, but it is important 

to bear in mind the very low concentrations determined (≈ 
2 ppm).

6.3.3 Rhyodacite to rhyolite (RD-R1; RD-R2)

Assimilants which best it an APC model are the upper 
and bulk crust averages for RD-R1 and lower and bulk crust 

averages for RD-R2. In the stage RD-R1, using bulk crust 

as an assimilant requires moderate degrees of both frac-

tional crystallisation (≈ 44%) and assimilation (r ≈ 0.3), 
but predicts trace element abundances which are generally 

less acceptable than those obtained using aFC model. A 

noteworthy aspect of this model is the signiicant enrich-

ment achieved in the compatible elements relative to the 

FC model (cf. Tables C.13 and C.20). Using upper crust as 

an assimilant in the same stage requires a negligible value 

of r (≈ 0), thereby indicating a FC process with effectively 
no contamination.

In the stage RD-R2, neither lower crust nor bulk crust as-

similants predict more acceptable trace element abundances 

compared with FC models. However, once again quite sig-

niicant enrichment in the compatible elements is achieved 
and V shows good model its in both cases (cf. Tables C.14 
and C.21).

6.3.4 Discussion

Considering the variety of assimilants used for the APC 

models tested, and the large degree of fractional crystallisa-

tion from andesite to rhyolite in the HFF, it is suggested that 

AFC models are not able to satisfactorily account for this 

overall variation. Furthermore, trace element modelling 

indicates that FC models are in general able to better pre-

dict concentrations for a greater variety of trace elements 

(especially immobile elements) than are APC models. The 
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negligible assimilation implied may not explain some com-

patible element concentrations which appear to require an 

additional process or explanation.

The progression of a derivative liquid from a basaltic an-

desitic (≈ 54% SiO
2
) to andesitic (≈ 61 % SiO

2
) composition 

may be more successfully modelled by assuming an APC as 

opposed to a FC process. However, the better agreement 

obtained by APC modelling of the stage BA-A is depend-

ent on an assemblage which requires olivine to persist as a 

liquidus phase to a fairly siliceous bulk-rock composition. 

While olivine phenocrysts have been observed in andes-

ites containing 60% SiO
2
 at Paracutin, Mexico (Gill, 1981, 

p.182), it is not clear whether or not these phenocrysts are 

in equilibrium with their host rocks. Olivine stability in the 

stage BA -A does, however, appear likely in view of Kushi-

ro’s (1975) observation that the stability of olivine is en-

hanced in high-K suites due to a decrease in the activity of 

silica as a result of increased water and alkali contents.

While accepting the probable assimilation of rhyolite 

or rhyolitic crust in the passage from basaltic andesite to 

andesite, R
0
 values (0.70305 ± 17 for basaltic andesite) 

suggest that such assimilation operated largely in the later 

stages, viz. acid basaltic andesite to andesite. Although the 

contamination of andesite by a compatible element-en-

riched assimilant could explain the relatively high compat-

ible element abundances, it is important to note that both 

rhyodacitic and rhyolitic derivative liquids are better ac-

commodated by FC models. As noted previously, the broad 

compositional variation of the rhyolites is dificult to repro-

duce by either FC or APC modelling.

6.4 MAGMA MIXING

The interbedded nature of basaltic andesite and rhyolite 

in the HFF clearly allows for the possibility of simple mix-

ing between these “magma” end members in order to gen-

erate the intermediate compositions observed. Data scatter 

in variation diagrams (Section C.4) is able to accommodate 

a linear (i.e. mixing) relationship for most major and trace 

elements. In addition, calculated mixing lines (Langmuir et 

al., 1978) exhibit close its to the trend of data on a plot of 
SiO

2
 versus Mg/(Mg + Fe) - Fig. C.59. Signiicantly, how-

ever, mixing cannot easily explain the non-linear trend of 

data in several variation diagrams, especially those involv-

ing relatively immobile elements, e.g. Al
2
O

3
, Nb and Y. The 

incorporation of intermediate compositional data from the 

HIS does, however, widen the data “swathe” suficiently to 
allow for mixing in the case of Nb, but not Al

2
O

3
 or Y.

Magma mixing is here considered to include both the 

mixing of magmas (so-called hybridisation) and the bulk 

assimilation of crustal rocks, i.e. without accompanying FC 

The process has been modelled according to the general 

mixing equation of Langmuir et al. (1978). The probability 

of mixing between essentially contemporaneous magmas is 

considered to be greater than any process involving the bulk 

assimilation of “cold” country rock, and feasible end mem-
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bers in this mixing process are suggested by the following 

lines of evidence in eruptive rocks of the HFF:

(i) Xenoliths (possibly lattened pumice) of basaltic an-

desite in pyroclastic rhyolite lows.
(ii) Xenocrysts of quartz together with pseudomorphs af-

ter olivine in basaltic andesite.

(iii) Light coloured (more silica-rich) globules in rhyo-

dacite.

(iv) Composite dykes consisting of cores of rhyolite and 

margins of dolerite.

Since the dykes are considered to be signiicantly younger 
than the HFF volcanic succession, the end members chosen 

for evaluation of the mixing process are basaltic andesite/

acid basaltic andesite (BA/ ABA) and rhyolite (R I and R2). 

The proportions of these end members which best it the tar-
get compositions of andesite (A) and rhyodacite (RD) were 

irst approximated by using a least squares computation on 
the major elements. The proportions thus estimated are then 

used in the general mixing equation to predict trace ele-

ment abundances in the target compositions (Tables C.22 

to C.25). Discussion below is largely restricted to trace ele-

ments due to their greater variation, but it should be noted 

that major element predictions are invariably worse than 

previously discussed models.

6.4.1 Mixing to generate andesite (A)

Mixing of basaltic andesite (BA) and rhyolite (RI) in or-

der to produce andesite (A) enables direct comparison with 

the stage BA-A in both FC and AFC models. Mixing BA 

and R1 in the approximate proportion 2:1 yields an andes-

itic mixture with trace element abundances which compare 

favourably to those predicted by a FC model.

Comparison of Table C.9 with C.22 shows that for the 

trace elements modelled, only Co and Ba concentrations can 

be more successfully modelled by a FC process. It should, 

however, be noted that FC modelling over the smaller 

compositional range ABA-A predicts better agreement for 

Y, Ba, Th and all the compatible elements than does mix-

ing (cf. Tables C.11 and C.22). Furthermore, the preferred 

model for the stage BA-A is an AFC process (using R1 as 

assimilant) which predicts better agreement for all the trace 

elements except Nb, Sr, Rb and V when compared with 

mixing (cf. Tables C.16 and C.22).

A mixture of ABA and R2 in the approximate proportion 

2:1 produces an andesite in which the trace element concen-

trations predicted again compare favourably with the values 

obtained by FC modelling for the comparable stage ABA-

A (cf. Tables C.11 and C.23). Concentrations of trace ele-

ments which are better predicted by the latter model include 

Y, Co, V, Ba and LREE. Although not strictly comparable, 

trace element abundances predicted by the AFC model for 

the stage BA-A using R2 as assimilant (not presented here) 

are similar to slightly worse in the case of Nb, Sr, Ni, Co 

and Ba than those obtained by the mixing of ABA and R2 

(Table C.23).

Reasonably good mixing models (especially with respect 

to the HFSE predictions) may also be obtained for combina-

tions of basaltic andesite/acid basaltic andesite (BA/ABA) 

and rhyodacite (RD). These mixes are, however, probably 

hypothetical and do not appear to be substantiated by ield 
or petrographic evidence. Accordingly, these models will 

not be discussed further in this study.

6.4.2 Mixing to generate rhyodacite (RD)

Mixing of basaltic andesite (BA) and rhyolite (R1) pro-

duces rhyodacite in which major element its are not accept-
able, particularly when one considers relatively immobile 

oxides such as TiO
2
 (Tables C.24 and C.25). Mixing of BA 

and RI in the approximate proportion 1:4 predicts trace ele-

ment values which are generally worse than in the FC stage 

(A-RD) and provides suficient grounds for rejection of this 
mixing model (cf. Tables C.12 and C.24).

Mixing of acid basaltic andesite (ABA) and rhyolite (R2) 

in the approximate proportion 1:3 predicts trace element 

abundances which are in better agreement than the predic-

tions of a FC model with respect to Rb, Co, V, Sc and LREE 

(cf. Tables C.12 and C.24). However, poor major element 

agreement was again used to calculate the mixing propor-

tions.

Poor model its (not presented here) were also obtained 
for the mixing combinations of andesite (A) and rhyolite 

(R1/R2).

6.4.3 Discussion

Magma mixing is dificult to evaluate due to the compo-

sitional variation (scatter) within end members of the HFF 

volcanic suite. While a non-linear relationship in several 

variation diagrams (e.g. Al
2
O

3
-SiO

2
, Y-SiO

2
) indicates that 

simple mixing could not have occurred between speciic 
samples, choice of other samples does allow the process 

to have taken place. The plot of SiO
2
 versus Mg/(Mg + Fe) 

(Fig. C.59) illustrates that a family of such mixing curves 

may exist in order to satisfy this process. Where the spe-

ciic samples chosen for modelling are examined in differ-
ent variation diagrams, it is evident that the proportions of 

mixing are not consistent between the plots. This observa-

tion is partly relected in the larger residual sums of squares 
obtained by least squares approximation of the major ele-

ments.
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Several trace element abundances (e.g. Nb, Sr) in andesite 

may be more successfully modelled by mixing of basaltic 

andesite (sensu lato) and rhyolite than by such processes as 

fractional crystallisation and assimilation- fractional crys-

tallisation. A similar observation is made for abundances 

of certain trace elements (e.g. Co, V) in rhyodacite. The 

implication of these models is that although mixing proc-

esses are not capable of producing completely the desired 

intermediate compositions in volcanics of the HFF, such 

processes may have acted in conjunction with fractional 

crystallisation and assimilation in producing the observed 

liquid line(s) of descent.

Choice of end members in the mixing process has not been 

rigorous largely due to the metamorphic character of the 

intermediate rocks, especially the andesites. Furthermore, 

the study suffers from the lack of such diagnostic evidence 

129

6. PETROGENESIS OF THE HAIBER FLATS FORMATION



130

PART C: LATE-STAGE CRUST



as disequilibrium phenocryst assemblages and isotopic data 

for the intermediate members. The likelihood of extensive 

mixing between basaltic andesite and rhyolite must take into 

account the inhibiting viscosity difference (cf. Turner and 

Campbell, 1986) between these liquids. Sakuyama (1984) 

suggested that such mixing may occur if basic magma is in-

jected into an acidic magma chamber, thereby creating the 

motive force for convection. Experimental work (Kouchi 

and Sunagawa, 1985) has shown that basaltic and dacitic 

magmas may be easily mixed. By analogy (i.e. similar vis-

cosity contrast) basaltic andesite-rhyolite mixes in the HFF 

may have resulted in the occasional presence of unmixed 

felsic globules in rhyodacite (cf. Section C.2).

Given the above evidence and the rather poor data con-

straints, it is clear that magma mixing (sensu lato) cannot 

be excluded as a process in the petrogenesis of the HFF 

eruptive rocks. However, the binary mixing models used in 

this study are probably unrealistic in view of accompany-

ing fractional crystallisation and crystal dissolution (Gill, 

1981). While Sparks (1983) maintains that the majority of 

volcanic rocks show evidence of magma mixing, Sakuyama 

(1984) is more speciic in regarding magma mixing be-

tween highly contrasted compositions as one of the impor-

tant characteristics of arc volcanic rocks.

6.5 PARTIAL MELTING (PM)

The dificulty in relating basaltic andesites and rhyolites 
of the HFF to each other by FC and AFC processes strongly 

suggests independent derivation of these magma types. The 

relative uniformity in composition of most basaltic andes-

ites infers a broadly homogeneous source, while the com-

positional diversity of the rhyolites is more compatible with 

a heterogeneous source composition. Emphasis on the aver-

age R
0
 values for the HFF eruptive rocks inds a ready ex-

planation in mantle and crustal sources for maic and felsic 
magmas, respectively. However, magmas produced by par-

tial melting undergo fractional crystallisation en route to the 

surface, thereby making it dificult to separate discussion of 
these processes. Partial melting models will be considered 

for each end member of the HFF before considering what, 

if any, modiication of the initial melts is needed in order to 
derive the observed compositions of the inal liquids.

6.5.1 Basaltic andesites

(i) Basaltic andesite as a primary magma 

Mantle-derivation of HFF basaltic andesite (sensu lato) 

parental magmas is indicated by the low R
0
 (0.70305 ± 17). 

The primary nature of basaltic andesite may be questioned 

in view of Mg-numbers which are generally less than re-

quired values of ≥ 67 (Gill, 1981, p.110) for melts in equi-
librium with upper mantle olivines (Fo ≥ 87), given the 
Fe/Mg Kd olivine/liquid = 0.3 (Roeder and Emslie, 1970). 

However, calculated Mg-numbers depend on the chosen 

Fe
2
O

3
/FeO ratio, a ratio known to show signiicant varia-

tion in andesites. Gill (1981) recommended adoption of a 

preeruption Fe
2
O

3
/FeO ratio of 0.3, which yields a mean 

Mg-number of 62 ± 5 for the basaltic andesites. A higher 

Fe
2
O

3
/FeO ratio of between 0.6 and 0.7 is determined by 

using the method of Le Maitre (1976) and will lead to Mg-

numbers which are commonly greater than 67. Such high 

Mg-numbers probably relect oxidation as a result of altera-

tion and so Gill’s (1981) recommended Fe
2
O

3
/FeO ratio of 

0.3 has been adopted.

The composition of BH 694 (BA), a “high-Mg andesite” 

(MgO = 6.47%), satisies none of the criteria for being a 
peridotite-derived primary melt, viz. FeO*/MgO < 1, Mg-

number > 67, and Ni content > 100 ppm (Gill, 1981, p.255). 

Nevertheless, consideration of all basaltic andesites in the 

HFF indicates that several samples do satisfy these criteria, 

but are unfortunately more intensely metamorphosed. The 

high-Mg basaltic andesite BH 598 (MBA) exhibits all the 

above properties of a primary melt and will therefore be 

discussed along with BA.

Moderately high Ni and Cr contents (see Section 

C.4.3.1.3) in many basaltic andesites imply that substantial 

fractional crystallisation of olivine and pyroxene has not 

occurred. Although plagioclase fractionation is suggested 

by slightly negative Eu anomalies for both MBA and ABA, 

Sr abundances appear too high for this to have been a major 

process, thereby inferring the susceptibility of Eu to altera-

tion (Glikson, pers. comm., 1989).

The possibility of generating a primary partial melt of ba-

saltic andesitic composition from a mantle source derives 

support from the experimental work of Mysen and Boet-

tcher (1975). These workers have shown that oversaturated 

andesitic magma can be produced by low degrees of partial 

melting of garnet lherzolite under vapour present condi-

tions at pressures of up to 25 kb.

A pyrolite source composition (Ringwood, 1979) was 

chosen in order to approximate the degree of melting re-

quired to produce a basaltic andesite magma. Degrees of 

melting of 2% and 1 % for BA and MBA, respectively, were 

calculated for K
2
O on the assumption that all the K

2
O enters 

the melt. These estimates are regarded as low and would 

typically result in magmas of more alkaline (and undersatu-

rated) compositions than are observed. In view of probable 

mobility of K in the basaltic andesites, possibly as a result 

of alteration, melt factors of between 5% and 20% were 

adopted in the modelling of both BA and MBA as partial 

melts.

A model pyrolite source composition of 58% olivine, 

15% orthopyroxene, 14% clinopyroxene and 13% garnet 

was determined by using the least squares approach of Bry-

an et al. (1969) to estimate the source mineralogy (Table 

C.26). Phase compositions used in this calculation are listed 

in Table C.8 and were obtained from peridotite xenoliths 

in kimberlite pipes from southern Africa (Boyd and Nixon, 

1973; MacGregor, 1979; Erlank et al., 1987). Phlogopite 

and ilmenite, although present in the pyrolite source, consti-

tute insigniicant proportions which are unlikely to remain 
in the residuum over the melting range being considered. 

These phases are not, therefore, included in the putative py-

rolite source. One feature of the above calculation is that 

it utilises FeO * + MgO rather than the individual oxides 

in an attempt to make allowance for the partitioning of Fe 
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and Mg between the melt and restite during melting of the 

source mineral assemblage (Cox et al., 1984).

Quantitative trace element modelling of partial melting 

has been carried out based on the model pyrolite source 

composition in Table C.26, while melt proportions are ap-

proximations based on realistic melting modes (Erlank, 

pers. comm., 1989). The exclusion of olivine from the melt-

ing mode is based on the assumption that this phase will 

not contribute signiicantly to the melt and that its inclu-

sion merely complicates the calculation. Results presented 

in Table C.26 are based on Kd’s from Frey et al. (1978) and 

Le Roex (1980), and have been calculated according to the 

equilibrium partial melting equations of Shaw (1970). It is 

realised that more elegant models can be used but that the 

ranges in trace element variation do not warrant such ap-

proaches. Trace element abundances in the pyrolite source 

(Table C.7) are assumed to be chondritic, except for Rb and 

Nb, and are based on data published by Frey et al. (1978) 

and from Erlank (pers. comm., 1989).

Trace element data presented in Table C.27 illustrate poor 

agreement between observed (BA and MBA) and predicted 

abundances for between 5% and 20% melting of a “chon-

dritic” pyrolite source. Incompatible elements display in-

suficient enrichment in these melts, while compatible ele-

ments (Ni, Co) are insuficiently depleted in the case of BA, 
but show reasonable agreement with MBA. While the data 

do not allow for rejection of a pyrolite source, the prob-

ability of basaltic andesite (in particular BA) representing a 

primary liquid in equilibrium with a “chondritic” composi-

tion seems small.

Mantle enrichment has been invoked by numerous work-

ers in order to explain both observed and calculated abun-

dances of primary partial melts (e.g. Frey et al., 1978; 

Boettcher et al., 1979; Menzies and Murthy, 1980; Erlank 

et al., 1987). An arbitrary value of 2.5 times chondritic is 

adopted for the enrichment of incompatible elements (in-

cluding the volatile element Rb) in the pyrolite source (see 

Frey et al., 1978). Trace element data for 5-20% melting 

of this “enriched” source is presented in Table C.27, show-

ing that while predicted abundances are considerably better 

than those for the same range of melting of a “chondritic” 

source, most of the incompatible element abundances (ex-

cept Nb and Y) are still too low.

(ii) Basaltic andesite derived from a parental melt 

The poor correspondence in composition between pri-

mary mantle (both “chondritic” and “enriched”) melts and 

HFF basaltic andesites suggests that the latter may be de-

rived by fractional crystallisation of a parental magma. The 

derivative nature of basaltic andesite is dificult to evaluate 
quantitatively in view of the wide choice of model param-

eters. Gill (1981) concluded that by far the most common 

and extensive process of andesite derivation is by 5-40% 

crystal fractionation of the phenocryst phases plag + opx/ol 

+ cpx + mt from basaltic magma.

While abundances of compatible elements in basaltic an-

desite (especially the high-Mg type) appear too high (Table 

C.7) to be the result of extensive pyroxene and olivine re-

moval, the moderately high Sr contents and slightly negative 

Eu anomalies argue against the removal of large amounts of 

plagioclase. Alternatively, a basaltic magma parental to the 

HFF basaltic andesites must be assumed to be characterised 

by relatively high abundances of MgO (>> 6.5 wt. %) and 

the compatible elements and low Al
2
O

3
 (< 15 wt. %). Such 

basaltic magmas, although reported from primitive island 

arcs (Cox and Bell, 1972), appear to be absent from most 

island arcs and active continental margins. Fractional crys-

tallisation of such anomalous magma using the assemblage 

plag + ol + cpx + mt would probably produce a deriva-

tive liquid similar in composition to HFF basaltic andesite. 

The relatively high K-contents of HFF basaltic andesites 

further suggest that the parental magma was not a primary 

magma, since the latter would require a very low degree of 

partial melting of an “enriched” pyrolite source with only 

0.07 wt.% K
2
O.

(iii) REE considerations

As argued above, HFF basaltic andesites display compo-

sitional features which suggest that no extensive fractiona-

tion of the assemblage plag + ol + cpx + mt has occurred in 

the parental magma. Separation of considerably less than 

40% solids (the maximum considered by Gill, 1981) is, 

therefore, likely to have occurred and this would not, espe-

cially in the absence of hornblende as a fractionating phase, 

have a major effect on the REE pattern. Since REE behave 

as incompatible elements, it is possible to back -calculate 

the mantle source composition in the absence of a primary 

magma. The results of these back-calculations, assuming 5-

20% batch melting, are presented in Table C.28 for high-Mg 

basaltic andesite and illustrated in a chondrite-normalised 

plot (Fig. C.60). The similarity in REE patterns between 

MBA and ABA suggests that these magmas were derived 

from the same source, albeit by slightly different degrees of 

melting and accompanying fractional crystallisation.

Chondrite-normalised REE patterns show that for about 

10% partial melting (i.e. intermediate to the patterns illus-

trated in Fig. C.60), the mantle source is enriched in both 

LREE (3-5x) and HREE (2-7x) relative to chondritic abun-

dances. While LREE enrichment is of a similar order to that 

commonly quoted for enriched mantle in the literature (e.g. 

Frey et al., 1978), the HREE enrichment (particularly Lu) 

is noticeably higher. Despite assuming a greater contribu-

tion by garnet to the melt, the source remains anomalously 

enriched in HREE relative to chondrites and may indicate 

that the amount of residual garnet is less than assumed. 

Garnet must, however, be residual in order to account for 

the relatively steep REE patterns displayed by the basaltic 

andesites in Fig. C.60.

Although relative REE abundances in chondrites may dif-

fer by up to 20% (Nakamura, 1974), the REE enrichment of 

2-7x chondrites in the putative mantle source remains con-

siderably higher than concentration levels of 2-4x predicted 

by other workers for the upper mantle (Gast, 1968; Frey, 

1969; Frey and Green, 1974). This discrepancy infers that 

the upper mantle below the AMT may have been modiied 
by processes resulting in strong enrichment and fractiona-

tion of REE.

The above model is problematic in that the assumed 2.5x 

chondrite enrichment in incompatible elements is low rela-
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tive to the high REE enrichment (2-7x chondrite). Further-

more, the concave-upward REE pattern of the calculated 

mantle source and La
N
/Yb

N
 ratio of 1.1 for 10% batch melt-

ing constitute unusual features for a mantle source. This 

may imply the mixing of at least two distinct geochemical 

components (cf. Frey and Green, 1974), a possibility dif-

icult to evaluate in this study in view of the paucity of REE 
data and relatively poor model constraints.

An alternative source to the high-Mg basaltic andesite 

of the HFF is provided by the presence of pillowed me-

tabasalt in the early-stage crust of the AMT. This Kairab 

Complex amphibolite has compositional characteristics of 

arc or back-arc tholeiite (Section C.4) and could conceiv-

ably have been in an environment suitable for transforma-

tion into eclogite. The REE pattern for pillowed metabasalt 

from the Kairab Complex is presented in Fig. C.61 and as 

explained above, the incompatible REE can be modelled 

in the absence of a primary magma. Modelling of 10-20% 

batch melting of an eclogite source (62% clinopyroxene, 

38% garnet; Yoder and Tilley, 1962) with the REE compo-

sition of Kairab metabasalt is presented in Table C.29 and 

Fig. C.61. Melting of eclogite results in LREE abundances 

which show some overlap with basaltic andesite, but pat-

terns are signiicantly different and unacceptably high de-

pletion of HREE is predicted. Consequently melting of an 

eclogitic source is considered as unlikely to have resulted 

in magmas of basaltic andesite composition. Glikson (pers. 

comm., 1989) further points out that such a model would 

require subduction of large volumes of early AMT basaltic 

crust and production of basaltic andesite by > 70% remelt-

ing - a tectonically and petrogenetic ally unlikely process 

since liquids would segregate from residue upon much 

smaller degrees of partial melting.

(iv) Discussion

Despite poor constraints on the quantitative modelling 

carried out above, several important features emerge with 

respect to the petrogenesis of the HFF basaltic andesites. 

These are as follows:

(a) Basaltic andesites (including high-Mg types) are not 

primary melts of unmodiied pyrolite or eclogite.
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(b) Precursors to the basaltic andesites require incompat-

ible element enrichment of the mantle source region.

(c) Enrichment in the incompatible elements Ba, Sr and 

Rb suggests the involvement of continental crust, a feature 

not easily reconciled with the low R
0
 in the HFF basaltic 

andesites.

(d) The proposed model of 10% melting of “enriched” 

pyrolite followed by a moderate degree (< 40%) of frac-

tional crystallisation of the assemblage plag + 01 + cpx + 

mt is similar to the model proposed by Gill (1981) for the 

production of a calc-alkaline trend.

(e) The high Ni and Co contents displayed by high-Mg 

andesite could relect accumulation of ferromagnesian 
phases.

(f) REE compositions of high-Mg basaltic andesite (and 

acid basaltic andesite) produced by the proposed model in 

(d) require enrichment of a single mantle source composi-

tion (LREE 3-5x chondrite, HREE 2-7x chondrite).

(g) REE preclude the derivation of high-Mg basaltic an-

desite (and acid basaltic andesite) from an eclogitic source 

with the REE composition of pillow-bearing amphibolite in 

the Kairab Complex.

6.5.2 Rhyolites

(i) General

The apparently large volume of rhyolites relative to ba-

saltic andesites in the HFF argues against a genetic relation-

ship by fractional crystallisation since this process should 

result in a felsic end-product which is volumetrically much 

smaller than the basic magma, even if the process involved 

substantial crustal assimilation (Kleeman, 1965; Hyndman, 

1972). Any melting model for the genesis of the HFF rhyo-

lites must, however, take into account their intimate and 

interbedded relationship with volumetrically subordinate 

basaltic andesites as well as the underlying continental 

crust.

Although the uncertainties in R
0
 preclude any model 

which relies solely on these data, it should be noted that 

these ratios are in all probability different if rhyolites and 

basaltic andesites are regarded as cogenetic, with rhyolites 

having much higher R
0
 values (0.718 ± 15) compared to the 

basaltic andesites (0.70305 ± 17). Such high initial ratios 

cannot be explained by fractional crystallisation alone, but 
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are consistent with an origin by anatexis of older continen-

tal crust or by AFC with crust characterised by much higher 

R
0
 values. Rb/Sr ratios in the rhyolites also appear to argue 

against fractional crystallisation as the dominant process in 

their derivation, since much higher ratios are usually exhib-

ited by extensive fractional crystallisation of feldspars in a 

granite melt (McCarthy and Hasty, 1976).

The suggestion by Loiselle and Wones (1979) that A-type 

magmas may be produced by fractional crystallisation of a 

basaltic parent magma is not considered seriously here in 

view of the lack of variety of felsic derivatives in the HFF 

and the volumetric considerations discussed above. A-type 

compositional characteristics of the HFF rhyolites may, by 

analogy with similar magma types in southeastern Australia 

(e.g. Collins et al., 1982), suggest an origin by partial melt-

ing of an anhydrous or granulitic crustal source from which 

melt has previously been removed. The problem with ex-

posed granulite terrains is that they rarely consist of highly 

refractory residues (Sheraton and Black, 1988), thereby 

implying that it is the anhydrous character that makes 

granulites a suitable source for A-type magmas. Although 

Anderson (1983) has suggested a tonalitic to granodioritic 

meta-igneous source as an alternative to granulite, A-type 

melts are essentially the result of the low Kd’s of LILE and 

HFSE in melts derived under anhydrous conditions (Glik-

son, pers. comm., 1989).

Relatively maic I-type granites are thought to represent 
about 25% melting of a dioritic lower crust (Compston and 

Chappell, 1979), the water required for such melting prob-

ably being provided by the breakdown of hydrous phases 

such as biotite and amphibole. H
2
O-undersaturated melts 

generated in the crust may vary in composition from tonal-

ite to granite (Wyllie, 1977), the more felsic compositions 

being characteristic of lower pressures. While Chappell and 

White (1974) imply that this compositional range may exist 

at relatively low temperatures (< 850°C), Wyllie (1977) in-

fers temperatures of up to 1100°C for the more maic com-

positions even under relatively hydrous (≈ 2 wt. % H
2
O) 

conditions.

Although the presence of some water and volatiles in the 

HFF rhyolites is indicated by the occasional presence of 

biotite and the widespread occurrence of ash-low tuffs, the 
magma must have been suficiently hot and anhydrous to 
rise to a shallow level in the crust and result in signiicant 
welding of the tuffs. The assumption of an essentially an-

hydrous nature of the rhyolites allows the representation 

of their normative compositions in the dry ternary system  

Qz-Ab-An (Fig. C.62). The rhyolite compositions (R1 and 

R2) plot close to the 5 kb liquidus surface and in the prox-

imity of putative minimum melt. Although an increasing 

Ab/An ratio will result in displacement of the cotectic line 

away from the Qz apex (Von Platen, 1965), this effect may 

also be the result of post-eruptive processes, e.g. albitisa-

tion.

The inferred liquidus temperature of 1000-1100°C ap-

pears too high for high-silica rhyolites and may suggest 

that an anhydrous system is not strictly applicable. Collins 

et al. (1982) suggest that such “minimum” or “near-mini-

mum” melts are I-type and may be controlled by the release 

of volatiles and the melting of plagioclase, K-feldspar and 

quartz. The residual rock is a granulite and this composi-

tion may be approximated by using Taylor and McLennan’s 

(1985) average for the lower crust. An origin for Sinclair-

age felsic rocks by partial fusion of lower crustal material 

has been previously proposed (Watters, 1978), but this idea 

has not been quantitatively tested. It should be noted that 

the maximum pressure of rhyolite generation is about 7 kb 

(Fig. C.62) and thus somewhat shallow for an origin in the 

lower most crust. Accordingly, the modelling exercise also 

takes into account the possibility that the source composi-

tion of the rhyolites may be closer to Taylor and McLen-

nan’s (1985) estimate for “bulk crust”.

(ii) Quantitative modelling

Three assumptions are made in the quantitative assess-

ment of partial melting in the crust:

(a) The melt and solid residue are in equilibrium until 

the melt separates, i.e. so-called “batch melting” (Shaw, 

1970).

(b) The source must contain quartz, K-feldspar and pla-

gioclase in order to form melt of a “granitic” composition 

(see position of “Lower Crust” and “Bulk Crust” in Fig. 

C.62).

(c) K and Rb have been affected by magmatic processes 

only and can be used to estimate, respectively, the maxi-

mum and minimum degrees of melt. This is achieved by 

assuming complete incompatibility (not strictly true) of 

these elements such that D=0 and C
L
/C

O
 approaches 1/F, 

where D is the bulk distribution coeficient, C
L
/C

O
 is the 

concentration of a trace element in the melt relative to its 

concentration in the source, and F is the weight fraction of 

melt relative to the parent.

Consideration of K
2
O and Rb (see (c) above) suggests that 

the rhyolite compositions R1 and R2 can be generated by 

3-8% melting of a lower crustal source or 15-25% melting 

of a bulk crustal source. Anatexis in the upper crust is pre-

cluded by the high degrees (53-76%) of melt which would 

be required to generate rhyolitic compositions. Composi-

tionally similar rhyolites in the Sinclair type area suggest 
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a large volume of felsic magma which, for the degrees of 

melting considered above, imply derivation from a source 

4-33 times greater in size than the melt volume. Source re-

gions of this size are unlikely to be homogeneous (although 

minimum melts may be similar) and hence support the use 

of crustal averages in modelling rather than any speciic 
rock type. Furthermore, the apparent absence of granulite 

facies rocks from the AMT basement (although underlying 

granulites may be present) does not allow the choice of an 

existing lithology to be made in the case of lower crustal 

melting.

Different degrees of melting of a given source material 

will result in a change in the proportions of the residual 

phases and the parameter D will vary accordingly. Knowl-

edge of the proportions of the source minerals and their 

contribution to the melt (so-called “melting mode”) enables 

the determination of the restite mineralogy for a speciic 
degree of melting. The melting mode was calculated by us-

ing the least squares approximation of Bryan et al. (1969) 

and then subtracted from the source mineralogy to yield 

the restite mineralogy. The expression used to calculate the 

proportion of a given phase is as follows:

 Restite = [Source - (F x Melt)]/(1 - F)

The normative compositions of lower and bulk crustal 

sources are essentially the same as those used by Taylor 

and McLennan (1985) and are based on the major oxides 

excluding P
2
O

5
. The inference that P

2
O

5
 is negligible in 

amount is important from the point of view that normative 

apatite (and its potential effect on REE distribution) will 

be absent. If P
2
O

5
 contents in the lower and bulk crust are 

suficiently high to result in the saturation value of 0.14% 
P

2
O

5
 (Watson and Capobianco, 1981), then P

2
O

5
 saturation 

is expected for relatively low degrees of crustal melting (< 

25%; Stern and Gottfried, 1986). However, HFF rhyolites 

are commonly undersaturated in P
2
O

5
 (< 0.1 %), thereby 

indicating that crustal anatexis is only likely in the event of 

the source containing a negligible amount of P
2
O

5
.

The melting modes determined for R1 and R2 are very 

similar and have, therefore, been averaged for the purpose 

of determining the restite mineralogy. The melting modes 

incorporate two simplifying procedures, viz. the addition of 

FeO* and MgO because of element partitioning by certain 

phases (see Section C.6.5.1) and the treatment of plagioclase 

as Ab and An prior to summation in the inal melting mode. 
Restite compositions generated by melt removal after vary-

ing degrees of fusion of both lower and bulk crustal sources 

are presented in Table C.30. For the maximum degrees of 

melting of lower and bulk crust sources (8% and 25%, re-

spectively), it is important to note that certain phases are 

no longer present in the residue and can therefore not ex-

ert any effect on the trace element composition of the melt 

(Hanson, 1978). Furthermore, exhaustion of K-feldspar ± 

quartz will require a higher temperature phase to melt and a 

“non-minimum” melt must result (Collins et al., 1982). The 

simplifying assumption has been made that this melt will 

be a “near-minimum” melt and approximately granitic in 

composition. This is not critical here since most discus-sion 

refers to the “average” amount of melt in each case, viz. 5% 

and 20% for the lower and bulk crust, respectively.

Partition coeficients used in the modelling procedure are 
presented in Appendix III and have, where possible, been 

chosen from dacitic bulk compositions. The predicted trace 

element abundances for varying degrees of melting of the 

lower and bulk crust sources are compared with rhyolites 

R1 and R2 in Table C.31 and Fig. C.63 (a) and (b). Given 

the lexibility in choice of Kd’s, it can be stated that both 
sources are acceptable for explaining the HFSE abundanc-

es, although the model it is better for the lower crust. Ba 
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for melts of both source compositions is within the range of 

values expected, while better agreement is demonstrated by 

bulk crust for the remaining trace elements except Sr and 

Rb. REE predictions, although only testable against sample 

BH 669 (a rhyolite which is compositionally similar to R2), 

demonstrate insuficient enrichment in all elements except 
Eu (Fig. C.64). While bulk crust melting is better able to 

match the abundances of the LREE, lower crust melting 

better satisies Eu and the HREE. In general, however, the 
modelling does not enable a conident choice to be made 
between sources of average lower and bulk crust composi-

tion.

(iii) Discussion

Discrepancies between observed and predicted trace ele-

ment abundances in the rhyolites (Table C.31) illustrate the 

following important features:

(a) The higher than predicted Rb/Sr ratio is compatible 

with the operation of fractional crystallisation, although 

much higher ratios are usually exhibited by extensive frac-

tionation of feldspars in a granitic melt (McCarthy and 

Hasty, 1976).

(b) Abundances for elements with bulk D’s signiicantly 
greater than unity (Sr, Ni, Co, V) are lower than predicted 

and their variable concentration in the rhyolites strongly 

supports a dominant fractional crystallisation process (cf. 

Hanson, 1978).

(c) Feldspar-dominated fractional crystallisation is capa-

ble of explaining both general REE enrichment in the rhyo-

lites and the large negative Eu anomaly. Metasomatic or 

hydrothermal processes cannot be easily invoked to explain 

REE (especially HREE) enrichment since these processes 

would be expected to disrupt regular igneous-type REE pat-

terns and result in excessive enrichment in the HFSE.

Hanson (1978) has illustrated the very different com-

positional effects on the melt that result from low degrees 

of melting (F < 0.3) depending on whether K-feldspar or 

biotite are residual phases. Clemens and Vielzeuf (1987), 

however, consider that biotite will react with quartz and 

plagioclase on melting to form K-feldspar ± orthopyrox-

ene ± garnet ± cordierite, in which event the melt composi-

tion would not be signiicantly affected. If hydrous phases 

survive in the residue, their volatile contents should enable 

melting in vapour-absent conditions. However, with the 

exception of biotite, the high Kd’s for REE in possible re-

sidual phases such as amphibole, garnet, apatite, magnetite, 

sphene and zircon will lead to even lower REE abundances 

than those predicted by the melting of a normative residue 

and a much steeper than observed REE pattern. One must 

assume, therefore, that such REE-rich phases are relatively 

soluble in A-type melts.

Melting of F- and Cl-rich amphiboles and biotites in the 

residue would cause enrichment in highly charged cations 

and REE (Collins et al., 1982). The possibility that such 

enrichment is the result of late-stage residual luids derives 
support from such features as widespread enrichment in 

many (though not all) rhyolites in the HFF with respect to 

the elements K, Rb and Ba. Similar enrichment in Zr and 

the REE may be attributed to stabilisation of these elements 

by excess alkali cations (Collins et al., 1982) rather than a 

F-rich luid phase.
Although not undersaturated, the HFF rhyolites exhibit 

a mean agpaitic index (molecular [Na
2
O + K

2
O]/Al

2
O

3
) 

of 1.03, thereby displaying suficient alkalinity to accom-

modate the above suggestions. The presence of occasional 

luorite in the rhyolites suggests that F abundances were 
probably high. Although the HFF rhyolites demonstrate 

many so-called A-type chemical characteristics, it is per-

haps better to restrict this deinition in the strict sense to 
peralkaline (or near-peralkaline) magmas which show ex-

treme enrichment in highly charged cations (Sheraton and 

Black, 1988).

Back-calculation of REE abundances in BH 669 allows 

the determination of the source composition assuming simi-

lar degrees of melting and the same residual assemblages 

used for lower and bulk crustal sources. The source compo-

sitions determined, although broadly similar to HFF basal-

tic andesites with respect to LREE abundances (especially 

for 3% melting of a lower crust mineralogy), show much 

greater enrichment in HREE. It is, therefore, unlikely that 

the rhyolites were derived from a source similar in compo-

sition to the basaltic andesites.

While geochemical considerations are equivocal with re-

gard to a lower or bulk crustal composition of the source 

for the HFF rhyolites, additional constraints can be used to 

indicate the most likely source region. The degree of melt-

ing required in the lower crust may be too low (< 20%) 

to enable segregation and ascent of the melt according to 

Clemens and Vielzeuf (1987). Furthermore, if the source is 

indeed the granulitic residue produced by 25% melting of 

the lower crust (Compston and Chappell, 1979), then the 

siliceous and alkaline HFF rhyolites must represent less 

than 25% melting. If the HFF rhyolites were derived from 

a source at a depth of 18 to 25 km (5-7 kb), then in a conti-

nental crust at least 30 km thick (Watters, 1978), the source 

would be situated in the lower to middle part of the crust. 

A deeper crustal source may well apply to more rhyodacitic 

compositions which indicate a pressure of 8 kb (≈ 30 km) 
in Fig. C.62.

In conclusion it appears likely that the HFF rhyolites 

were produced by ± 20% fusion of a source of intermedi-

ate composition situated within the lower third of the con-
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tinental crust. While fractional crystallisation may result 

in the observed enrichment in many of the incompatible 

elements, including Y and Zr but excluding Nb, the high 

REE abundances require an additional process of enrich-

ment, possibly late-stage residual luids involving volatile 
transfer. Such late-stage enrichment has probably been su-

perimposed on a process of feldspar-dominated fractional 

crystallisation which would have resulted in enrichment 

of the incompatible elements, but depletion of Eu and Sr. 

The additional separation of biotite ± orthopyroxene from 

the melt would have caused signiicant depletion in the ele-

ments Ni, Co and V (due to the high Kd’s) while assisting 

in the enrichment in REE.

6.6 GENERAL DISCUSSION

6.6.1 Petrogenesis of the basaltic andesites and andesites

While it is well established that orogenic andesites are 

not primary melts of subducted ocean-loor basalt (Gill, 
1981), the case for slab recycling is much better. 87Sr/86Sr 

initial ratios (R
0
 values) are too low to accommodate a 

major input from either suhducted sediment or continental 

crust, despite Sr/Nd and Ba/La ratios (averages of 15 and 

31, respectively) which are too high to be accommodated 

by slab-only derivation (Gill, 1981). As noted in Section 

C.5, however, 238U/204Pb ratios do indicate crustal involve-

ment in the genesis of basaltic andesites and this may also 

relect sediment involvement.
Both REE patterns and variable abundances of Ni, Co, Cr 

and V in the HFF argue against any equilibrium between 

basaltic andesite and eclogite. Similarly, residual clinopy-

roxene and garnet in eclogite have low Kd’s for HFSE and 

cannot explain the relatively low abundances in basaltic an-

desites. Attempts to model these lows as primary melts of 
“chondritic” or “enriched” mantle have also been largely 

unsuccessful. What seems certain, however, is that the pa-

rental magma to the HFF basaltic andesites was derived 

from a relatively enriched mantle source. While such en-

richment may be the result of interaction between partial 

melts (and derivative luids) of the asthenosphere and over-
lying lithospheric mantle, a tempting explanation is provid-

ed by the situation of the mantle wedge above a luid-rich 
subduction zone.

Mantle enrichment may have been luid-related and slab 
dehydration would certainly provide a source of not only 

water, but also incompatible elements, radiogenic isotopes 

and SiO
2
 (so-called IRS luid of Gill, 1981). Even HFSE, 

especially Nb, could be leached by CO
2
-bearing luid (sub-

ducted carbonate?) and then migrate into the overlying 

mantle wedge. If this environment contained suficient non-
radiogenic Sr (likely if carbonates are subducted), then the 

low R
0
 value of HFF basaltic andesite could not be used to 

preclude crustal recycling. Partial melts may also migrate 

upwards from the slab into the mantle wedge, although Gill 

(1981) considers the high-temperature parental melts of ba-

sic andesites to require melting of both slab and overlying 

wedge. Fluid is a critical ingredient not only to provide the 

means of enriching the mantle source, but especially to en-

able melting by depression of the solidus.

The combination of partial melting and luid movement in 
the mantle wedge is able to explain two important features 

of the petrogenetic modelling. Firstly, the “IRS luid” ac-

counts for the introduction of accessory phases which have 

high Kd’s (> 1) for Ti-group elements and hence low abun-

dances of most of these elements in the HFF basaltic andes-

ites. If, however, one assumes that these accessory phases 

have low melting points and hence enter the melt, then it 

becomes necessary to invoke a previous melting episode. 

Secondly, the moderate degree of fractional crystallisation 

of a primary melt required to produce basaltic andesite may 

be attributed to the more siliceous nature of unfractionated 

melts in the mantle wedge than elsewhere (Gill, 1981). The 

oxidising nature of this luid-rich environment, in addition 
to the high pressure (Osborn, 1969, 1979), may further sug-

gest the early stabilisation and fractionation of magnetite 

and thereby contribute to signiicant depletion in such ele-

ments as V, Ti, Cr and Ni.

The existence of a 30-40 km thick crust prior to eruption 

of the HFF volcanics is indicated by the high metamorphic 

grade of the existing early-stage crust or basement, the rela-

tively high Sr and Rb abundances within the HFF basaltic 

andesites (Condie, 1973) and a relatively low CaO content 

at 6% MgO (Plank and Langmuir, 1988). These features are 

important in view of the strong correlation between crustal 

thickness and the compositional characteristics of orogenic 

volcanic associations noted worldwide (Coulon and Thorpe, 

1981). A thick crust will promote fractional crystallisation, 

irrespective of whether AFC operates or not, in a basaltic 

(parental?) liquid and hence explains the absence of basal-

tic eruptive rocks from the AMT.

Crustal inluence is strongly suggested by the relative 
success of AFC modelling for the progression from basal-

tic andesite to andesite in the HFF. While several LILE are 

too enriched in the lavas to be explained without invoking 

participation of the crust, low R
0
 values for the basaltic an-

desites indicate that either crustal recycling (a mantle proc-

ess) was dominant or that crustal interaction (in a crustal 

environment) has been largely restricted to more andesitic 

liquids. In this regard, it is interesting to note that andesites 

from the oceanic Marianas arc are isotopically unaffected 

by subduction, but volatile and trace elements require slab 

recycling (Gill, 1981). The implication is that in the HFF, 

where crust is present, both slab recycling and crustal con-

tamination may have taken place.

In conclusion, the favoured process for the genesis of the 

compositional range basaltic andesite-andesite in the HFF 

is by partial melting of mantle pyrolite (peridotite) which 

has been enriched by luid migration from below, possibly a 
hydrous subducted slab, and subsequent fractional crystal-

lisation of the parental melt. In the crustal environment the 

basaltic andesitic liquid underwent assimilation-fractional 

crystallisation and mixing with cogenetic rhyolite (and/or 

older crust) to produce an andesitic liquid.

6.6.2 Petrogenesis of rhyolite and rhyodacite

Several features mitigate against rhyodacites and rhyo-

lites being derived by fractional crystallisation of andesite 

in the HFF. These are the large volume of rhyolitic rocks, 
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assumed high R
0
 values (0.718 ± 15) and the compositional 

heterogeneity which virtually precludes rigorous petro-ge-

netic modelling. All these features may, however, be ex-

plained by derivation of the rhyolites from older continental 

crust. In particular, a heterogeneous crustal source implied 

by the elemental and isotopic compositions of the rhyolites 

is capable of producing a variety of minimum, near-mini-

mum and non-minimum melts which would account for 

considerable compositional variation in the end product.

Fractional crystallisation does, however, appear to have op-

erated in the genesis of the rhyolites as indicated by rela-

tively high Rb/Sr ratios (cf. McCarthy and Hasty, 1976), 

low abundances of compatible elements and a large nega-

tive Eu anomaly. While the negative Eu anomaly may be 

explained by major residual plagioclase in the source, the 

accompanying Sr and often extreme CaO depletion (Fig. 

C.64; Table C.7) suggest that fractional crystallisation was 

probably still an important process. Furthermore, a high Kd 

for Eu in the source implies a low oxygen fugacity (Drake 

and Weill, 1975) which is probably not likely in a crustal 

source. However, under oxidising conditions, albitisation of 

plagioclase will preferentially enrich the luid in Eu relative 
to other REE and hence contribute to a negative Eu anom-

aly (Fowler and Doig, 1983). Signiicantly, pronounced 
negative Eu anomalies in Proterozoic rhyolites and tuffs 

have previously been attributed entirely to a combination 

of sodium and potassium metasomatism (White and Mar-

tin, 1980). Metasomatic processes which may have affected 

some of the rhyolites, e.g. the low-Ba types which tend to 

fall close to the “anomalous granite” ield in the ternary plot 
Rb-Ba-Sr, are attributed to late-stage residual luids and can 
hence be regarded as part of the magmatic system.

Cann (1970) has shown that relatively dry partial melts 

of felsic crust tend to rise to high crustal levels. Even less 

hydrous A-type melts (as represented by the HFF rhyolites 

with their paucity of hydrous phases) should therefore be 

able to reach the surface and erupt. Melting of essential-

ly anhydrous felsic granulites requires high temperatures 

(Wyllie, 1977), thereby implying deep crustal levels unless 

an additional source of heat is invoked. Experimental work 

by the same worker indicates that such melts tend to be al-

kaline and poor in silica especially in the presence of CO
2
-

rich luid. The silica-rich nature of the HFF rhyolites clearly 
implies a different source (i.e. at a shallower level) or some 

process whereby silica could be enriched.

Experimental and modelling considerations suggest that 

the source of HFF rhyolites was probably in the middle to 

lower crust, thereby inferring that additional heat was need-

ed for melting. Two processes capable of inducing melt-

ing within the crust may be considered. Firstly, co-genetic 

basaltic andesite infers high liquidus temperatures which 

would enable some melting of the crust if intrusion and 

ponding of the magma took place. Secondly, the release of 

pressure in an extensional regime (Section D.3) would as-

sist melting and reduce the viscosity of the melt. It is this 

stress regime which Clemens and Vielzeuf (1987) regard as 

the most critical factor inluencing the ascent and ultimate 
emplacement of a magma.

While fractional crystallisation within the rhyolitic suite 

is seen as essential to producing much of the observed geo-

chemical variation (e.g. low abundances of compatible ele-

ments), this process may not be the dominant control. Sharp 

compositional gradients within stratiied felsic magma 
chambers are thought to be the result of thermogravitational 

diffusion (McBirney, 1980; Hildreth, 1981), a mechanism 

which could explain such features as the nearly three-fold 

variation in Nb in the range 73-78% SiO
2
. So although crus-

tal anatexis is capable of explaining many of the overall 

features exhibited by the HFF rhyolites, in detail one must 

also consider the effects of fractional crystallisation, late-

stage residual luids involving volatile transfer, and possi-
ble thermogravitational diffusion (Hildreth, 1981).

6.6.3 Petrogenesis of the HFF volcanic succession

Wyllie (1977) has shown experimentally that although to-

nalitic (andesitic) melts can be derived by the melting of wet 

peridotite alone, these melts can not be generated at pres-

sures typical of the mantle below continental crust which 

is in the order of 35 km in thickness. In order to generate 

andesite directly from the mantle, one might speculate that 

an extensional environment is required in order to reduce 

pressure. In an intracontinental environment, such crustal 

thinning should enable primary basaltic andesitic melts to 

reach the surface with minimal fractional crystallisation, 

thereby preserving the low R
0
 values indicative of mantle 

derivation. However, this poses a problem with regard to 

the more differentiated andesitic liquids and geochemical 

evidence for crustal involvement. In a convergent margin, 

these characteristics may be related, at least in part, to a 

source in the mantle wedge.

While major element compositions of arc basalts appear to 

favour a source in the mantle wedge (Plank and Langmuir, 

1988), it is the trace element abundances which enable as-

sessment of the relative roles of subcontinental lithosphere 

(mantle wedge) and subduction zone (Pearce, 1983). “Av-

erage” basaltic andesite of the HFF has been normalised to 

MORB in Fig. C.65 and illustrates that K-group elements 
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and Ce may owe their enrichment almost entirely to a sub-

duction zone, while HFSE, Sm and Yb appear to be derived 

from metasomatised subcontinental lithosphere. The nega-

tive anomalies displayed by P and Ti may relect both the 
lithospheric composition and the effect of fractional crystal-

lisation in the crust. Enrichment in LILE is characteristic of 

volcanic arcs such as central Chile (Section C.4), although 

similar enrichment is displayed by some intercontinental 

Karoo basalts (Cox, 1983).

The ascent of basaltic andesitic melt would be retarded in 

a compressional environment, thereby allowing both cool-

ing and fractional crystallisation. The net result would be 

an increasing proportion of andesitic derivative liquids and 

probably a relatively small volume of erupted basaltic an-

desite and andesite compared with rhyolite erupted in an 

extensional environment. In addition, such retardation of 

the magma at depth and raising of isotherms could allow 

melting of the lower to middle crust and the production of 

granitic (rhyolitic) minimum melts. Progression of the stress 

regime towards a more tensional environment would en-

able the rhyolitic melts to segregate and possibly ascend in 

large volumes by magma fracturing, the most likely mecha-

nism of magma ascent according to Clemens and Vielzeuf 

(1987). Fractional crystallisation of the rising felsic melts 

superimposed on compositional variation in the source 

would account for much of the variation in composition of 

rhyodacitic, low- and high-silica rhyolites in the HFF.

6.7 SUMMARY

(i) Neither closed system fractional crystallisation (FC) 

nor assimilation-fractional crystallisation (AFC) is able  

to fully account for the compositional variation from ba-

saltic andesite to rhyolite unless allowance is made for 

considerable latitude in the model parameters. However, in  

view of the effects of deformation and possible alteration, 

it is conceivable that FC could account for the variation  

from basaltic andesite to andesite (and possibly rhyodac-

ite).

(ii) Using immobile HFSE alone, the HFF demonstrates 

a change in fractionating maic phases from clinopyrox-

ene-dominated (basaltic andesite-andesite) to amphibole 

± biotite-dominated (andesite-rhyodacite) which appears 

to relect the increasing involvement of continental crust 
(Pearce and Norry, 1979).

(iii) AFC is considered as a viable process to account for 

the variation from basaltic andesite to andesite by utilis-

ing an assimilant with the composition of HFF rhyolite and 

moderate degrees of assimilation (r=0.46) and fractional 

crystallisation (F=0.81). Admixtures of an assimilant simi-

lar in composition to average lower crust are able to further 

improve compatible element predictions. However, in the 

progression from andesite to rhyolite, AFC is unable to im-

prove substantially on the predictions of FC even for a wide 

variety of assimilants. The broad compositional variation in 

HFF rhyolites is dificult to reproduce by either FC or AFC 
modelling.

(iv) Magma mixing between basaltic andesite and rhyo-

lite to produce andesite and/or rhyodacite is dificult to as-

sess in view of considerable compositional variation within 

the end members. Maintenance of constant proportions of 

end members in mixing models is less easily achieved for 

rhyodacite compared with andesite. Since some trace ele-

ment abundances (Nb, Sr in andesite; Co, V in rhyodacite) 

are better predicted by magma mixing than FC or AFC, it 

appears likely that magma mixing operated to some extent 

in the petrogenesis of the HFF.

(v) 5-20% melting of “chondritic” and “enriched” pyro-

lite sources do not produce liquids with trace element com-

positions similar to those of HFF basaltic andesites (includ-

ing high-Mg types). Consequently the latter are unlikely to 

be primary mantle melts.

(vi) REE indicate that for 10% melting, the calculated 

mantle source for high-Mg basaltic andesite shows an unu-

sual concave-upward REE pattern (2-7x chondrite enrich-

ment) that could imply the mixing of at least two distinct 

geochemical components. REE further preclude the deriva-

tion of basaltic andesites from an eclogitic source with the 

composition of pillow-bearing amphibolite in the Kairab 

Complex.

(vii) Basaltic andesites have probably been derived by 

fractional crystallisation of a basaltic magma involving 

moderate amounts of plagioclase, olivine, pyroxene and 

magnetite as shown by the moderately high Ni, Cr and Sr 

contents and slightly negative Eu anomalies in the former.

(viii) HFF rhyolites may have been produced by ± 20% 

partial melting of a source of intermediate composition 

(e.g. average lower or bulk crust; Taylor and McLennan, 

1985) situated within the lower third of a 30-40 km thick 

continental crust.

(ix) Feldspar-dominated fractional crystallisation in crus-

tal melts is able to account for the incompatible element 

enrichment (excluding Nb) in rhyolites and depletion in Eu 

and Sr, but the high abundances of HREE require an ad-

ditional process of enrichment, possibly late-stage luids 
involving volatile transfer. The depletion in Ni, Co and V 

suggests the additional separation of biotite ± orthopyrox-

ene from the melt.

(x) It is concluded that the HFF volcanic suite was 

erupted at a continental margin. Early basaltic andesites 

display low R
0
 values which suggest that there was only a 

limited input of subducted sediment or continental crust at 

this stage. Moderate fractional crystallisation of a primary 

melt to produce basaltic andesite (probably via parental ba-

saltic magma) is compatible with the occurrence of more 

siliceous unfractionated melts in the mantle wedge than 

elsewhere. Enrichment of the mantle source is attributed to 

IRS luid (Gill, 1981) from a hydrous subducted slab. In the 
crustal environment the basaltic andesite underwent AFC 

and mixing with cogenetic rhyolite (and/or older crust) to 

produce an andesitic liquid. The large volume of rhyolites, 

their high R
0
 values and their compositional heterogeneity 

all suggest that they have been derived by anatexis of het-

erogeneous continental crust. Melting took place as a result 

of heat transfer by conduction in response to the ponding 

of basaltic magma at the base of the crust and the release 

of pressure with the development of intra-arc extensional 

tectonics.
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1. INTRODUCTION

The aim of Part D is to integrate the data presented in Parts 

Band C into a model for the crustal evolution of the AMT. 

The nature and timing of the formation of early- and late-

stage crust in the AMT are important to an understanding of 

the regional relationship between the Sinclair Sequence and 

the NMC. The popular concept of a metamorphic basement 

overlain by undeformed and unmetamorphosed supracrus-

tals is in need of revision in view of the continuity of crus-

tal development from the middle to late Proterozoic. No 

detailed discussion is given on the geotectonic evolution 

of the early-stage crust, but the salient features are treated 

briely in order to provide the necessary framework for dis-

cussion of the controversial tectonic setting of Sinclair-age 

magmatism.

2. ISOTOPIC EVOLUTION

2.1 STRONTIUM ISOTOPES

R
0
 values for all the suites analysed in this study are plot-

ted against their calculated Rb-Sr ages in a Sr evolution 

diagram (Fig. D.1). A Sr-isotopic evolution line for “Bulk 

Earth” is drawn through BABI (basaltic achondrite best 

initial ratio of 0.69898; Papanastassiou and Wasserburg, 

1969) and the present-day “Bulk Earth” average of 0.7045 

(O’Nions et al., 1979). Also shown in Fig. D.1 is the oceanic 

mantle evolution line, which represents a mantle source de-

pleted in Rb relative to “Bulk Earth”, and the subcontinen-

tal mantle source region for southern Africa (shaded area; 

Erlank et al., 1980). Model ages may be derived by extrapo-

lating the Sr-isotopic vectors (deined by the average rate of 
increase in 87Sr/86Sr, or the time-integrated Rb/Sr ratio, with 

time for each rock type) to the latter line. Assuming closed 

system behaviour with respect to Rb and Sr, such model 

ages relect the maximum age at which a magma could have 
separated from its mantle source.

A very low Rb/Sr ratio for metabasalt in the Kairab Com-

plex does not allow extrapolation of the Sr-isotopic evolu-

tion vector to the mantle evolution lines. However, the R
0
 

value of 0.7027 is intermediate relative to these lines and 

hence supports derivation from a mantle source. Interme-

diate values of 0.7029 and 0.7030 for the Aunis Tonalite 

Gneiss and HFF basaltic andesite, respectively, likewise ar-

gue for mantle derivation of their parental magmas.

The low R
0
 value for the Aunis Tonalite Gneiss also falls 

within the 95% conidence limits placed on a mantle growth 
curve constructed by Peterman (1979) for Archaean to Cre-

taceous tonalities and trondhjemites. While this low R
0
 

value could conceivably be related to partial melting of an 

older crustal source region characterised by low Rb/Sr ratio, 

this is probably not likely in view of the apparent absence 

of basement rocks which are suficiently Rb-poor and the 
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large volume of the tonalite. The relatively low R
0
 values 

for a variety of rock types in both the early- and late-stage 

crust of the AMT suggest juvenile additions to the crust 

from the mantle in the period 1460-1086 Ma.

Rb-Sr data for the HFF rhyolite and Awasib Granite plot 

signiicantly above the mantle evolution lines in Fig. D.l. 
While the Sr-isotopic vectors exhibit steep trends which 

are compatible with an interpretation of crustal melting 

or metamorphic resetting (Davies and Allsopp, 1976), the 

large uncertainties inregression analyses (Table D.1) do 

not allow acceptable constraints to be placed on maximum 

model ages. In other words, the extrapolation of the Sr-iso-

topic vectors to the mantle curves cannot be reliably used to 

estimate the age of pre-existing rocks or precursors which 

have been subjected to crustal reworking. Nevertheless, the 

very high average Rb/Sr ratios of both HFF rhyolite (≈ 6.5) 
and Awasib Granite (≈ 13) could indicate derivation from 
high Rb/Sr sources in a crustal protolith not much older than 

the derivates themselves. Signiicantly, the period between 
1000 and 1100 Ma (the approximate age of these A-type 

magmas) occurs immediately after the Namaqua tectogen-

esis which has been bracketed in the interval 1300 to 1100 

Ma by Barton and Burger (1983).

The R
0
 value of 0.7064 for the “Barby Formation” tra-

chyandesite plots well above the mantle evolution lines but 

within the shaded area designated by Erlank et al. (1980) 

as subcontinental mantle in southern Africa. This suggests 

derivation from either subcontinental mantle or lower crust. 

If this trachyandesite is a post-tectonic sill, then the rela-

tively high R
0
 is compatible with emplacement into an al-

ready thickened crust.

2.2 LEAD ISOTOPES

Pb data for all suites analysed are compared in Fig. D.2 

with both the two-stage Pb evolution model of Stacey 

and Kramers (1975) and the reservoir growth curves de-

rived from the plumbotectonics model of Zartman and Doe 

(1981). The latter authors invoke dynamic mixing between 

the mantle and continental crust during orogenesis in order 

to explain the µ values inferred for the mantle and lower 

crust (< 9.7) and the upper crust (≥ 10.1).
Data for the Kairab Complex metabasalt, whose parental 

magmas are inferred to be of mantle origin, deine a Pb-
Pb isochron with a µ value of approximately 9.87 for the 

source. This µ
2
 value is only slightly higher than the µ value 

of 9.74 for the second stage of the Pb evolution model of 

Stacey and Kramers (1975) and hence approximates “Bulk 

Earth” evolution. Fig. D.2 illustrates that this source µ
2
 val-

ue also conforms to the well-mixed orogene environment of 

Zartman and Doe (1981).

Relatively high µ12 values for both “Barby Formation” 

trachyandesite (≈ 10.1) and HFF basaltic andesite (≈ 10.2) 
data suggest partial to complete crustal derivation of the 

Pb. In the case of the trachyandesite, samples plot between 

growth curves for the orogene and upper crust, thereby im-

plying derivation from a source more enriched than that of 

the orogene. A high source U /pb ratio is not inconsistent 

with the origin in the lower crust or subcontinental mantle 

inferred from Rb-Sr data (Fig. D.1). However, basaltic an-

desite samples of the HFF plot above the upper crust res-

ervoir growth curve and therefore suggest derivation from 

a source with an even higher U /Pb ratio than the source 
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of the “Barby Formation” trachyandesite. The upper crustal 

source indicated by Pb data for the HFF basaltic andesite 

is not compatible with the mantle source implied by Rb-Sr 

data.

If more reliance is placed on the constraints provided by 

the Rb-Sr data, then the high µ
2
 values indicated for the 

sources of both “Barby Formation” trachyandesite and HFF 

basaltic andesite may, instead of relecting crustal sources, 
indicate the existence of a mantle source region with a high 

U/pb ratio. Ancient enriched reservoirs may, according to 

Anderson (1982b), require episodic or continuous differen-

tiation rather than simple two-stage growth. Such a mantle 

reservoir clearly implies that the Zartman and Doe (1981) 

model of Pb-isotope evolution may not be applicable to the 

subcontinental mantle in southwestern Africa, a distinct 

possibility in view of both mantle heterogeneity and the 

paucity of Pb data from southern Africa in the compilation 

of their model.

Anderson (l982a) has shown that mixing between deplet-

ed and enriched mantle reservoirs can result in an increase 

in U/pb ratios relative to the primitive mantle, but a decrease 

in 87Sr/86Sr ratios. In this author’s “dynamically stratiied” 
Earth, the shallow mantle reservoir is enriched at various 

times by both the upward migration of melts and subduc-

tion of oceanic crust and sediments. The apparent increase 

in µ
2
 values of the mantle source from early- to late-stage 

crust in the AMT could also relect a trend towards increas-

ing source enrichment with respect to “Bulk Earth”. While 

several workers (Chase, 1981; Cohen and O’Nions, 1982; 

McKenzie, 1986) maintain that signiicant source enrich-

ment, as indicated by some mid-ocean ridge basalts, should 

persist as a mantle heterogeneity for a minimum of 1000 

Ma , this view is dificult to reconcile with the short-lived 
heterogeneities envisaged by Hawkesworth et al. (1984) in 

a convecting upper mantle.

The use of low R
0
 values to infer a mantle source may be 

incorrect where non-radiogenic Sr is suficiently abundant 
to act as a buffer and obscure the effects of mixing between 

crust and mantle (Armstrong, 1981). High Sr contents in the 

mantle will, therefore, result in a greater sensitivity of any 

magma source to Pb as opposed to Sr crustal contamina-

tion (Anderson, 1982a). This would allow for signiicant 
crustal recycling to have taken place undetected by Rb-Sr 

data alone, a process which is substantiated by the imbal-

ance between the rate of magma emplacement relative to 

crustal growth in both modem plate margins and ancient 

greenstone belts (Dimroth, 1985). Nd isotopic data from 

southern Africa infer a high continental growth rate prior 

to 1400 Ma with < 10% of continental crust being formed 

from mantle precursors and processes in the last 1000 Ma 

(Harris et al., 1987). While these data do not exclude crustal 

growth after 1400 Ma, the implied predominance of crus-

tal recycling and reworking is consistent with the high µ 

values obtained for the HFF basaltic andesite and “Barby” 

trachyandesite. Assuming, then, that the high µ
2
 of 10.2 in 

the case of the HFF basaltic andesite is an indication of 

145

2. ISOTOPIC EVOLUTION



substantial crustal recycling, the most likely environment 

for such mixing would be at an active continental margin. 

As shown in Section C.4, such an environment is strongly 

supported by trace element data.

3. GEOTECTONIC SETTING

3.1 BACKGROUND

The environment of formation for the NMC adjacent to 

the Sinclair Sequence is poorly known, although Tankard 

et al. (1982) suggest that the Garub Sequence (including 

pelites, carbonates and basic rocks) may form part of a 

back-arc basin. The correlation of basic volcanics in the 

Garub Sequence and Kairab Complex with similar rock 

types in the Areachap Group near Upington, .South Africa 

(Geringer et al., 1986), suggests that all of these succes-

sions may have formed part of an active continental margin 

approximately 850 km long.

Watters (1974) was irst to interpret the Sinclair Sequence 
as part of a much larger active continental margin which he 

designated the “Rehoboth Magmatic Arc”. This interpreta-

tion has been refuted by subsequent workers (Kröner, 1977; 

Mason, 1981; Brown and Wilson, 1986; Borg, 1988) who 

consider a model of intracontinental rifting to better ac-

commodate both geological and geochemical features. An 

anorogenic character for felsic magmatism in the Sinclair 

Sequence was, however, implied much earlier on by Von 

Brunn (1967), who likened several of the high-level gran-

ites to the alkaline Younger Nigerian Granites.

Central to the geochemical part of this controversy is the 

K-rich nature of many rocks within the Barby Formation, a 

criterion which is dificult to use as diagnostic of a particular 
tectonic setting (Burke and Kidd, 1980). Detailed studies of 

K-rich (but presumably not peralkaline) rocks do, however, 

appear to be “earmarks” of two speciic tectonic settings ac-

cording to Ryan et al. (1987), viz. subduction-related (above 

the deepest parts of a subducted slab or when compression 

is relaxed) and post-collisional (in fault-bounded basins on 

thickened continental crust). Plume-related activity is an 

additional possibility but usually attended by the presence 

of voluminous peralkaline rocks and an identiiable trace of 
magmatic migration.

While earliest Sinclair -age magmatism appears to be 

about 100 Ma younger than its pretectonic “basement” (this 

study), it is signiicant that the youngest manifestations of 
tectonic activity in the adjacent NMC occur at ca. 1000 Ma 

and hence overlap with this magmatism. The AMT, which is 

situated along the western margin of the Sinclair Sequence, 

clearly occupies a key area with regard to any solution of 

the “orogenic versus anorogenic” controversy.
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3.2 EARLY-TO LATE-STAGE CRUSTAL 

EVOLUTION OF THE NMC

De Beer and Meyer (1984) have shown that the gravity 

signature along the northern margin of the Namaqua-Natal 

Belt may be accommodated by a model of uplift associated 

with differential movement along a faulted transition to the 

older Kaapvaal Craton. This model is consistent with the i-

nal stages of development of an Andean mountain belt with 

northward subduction of lithosphere below a continental 

margin. Available gravity, magnetic and geoelectrical data 

indicate the possible presence of oceanic crust at a relative-

ly shallow depth, thus inferring that the NMC did not form 

intracratonically. This belt may continue in a northwesterly 

direction into South America and join up with a line of 1300 

Ma old maic and ultramaic intrusions which have been de-

scribed as part of the Ciriquiqui arc (Litherland et al., 1985). 

This arc is situated adjacent to the Amazonic Craton and is 

thought to mark the limit of the San Ignacio Orogeny. The 

overall similarity to the NMC is heightened by the presence 

of the spatially associated 1000 Ma Sunsas Orogeny. This 

reconstruction differs somewhat from that of Katz (1981) 

in that it implies a continuation of the Namaqua orogeny 

(sensu lato) along the west rather than the east side of the 

Amazonic Craton (Fig. D.3).

Similarities between the early-stage crust of the AMT and 

the western margin of the Kheis Belt include an abundance 

of maic schist and amphibolite of volcanic origin and over-
lapping age ranges, viz. 1485-1268 Ma (U-Pb model ages; 

Barton and Burger, 1983) and 1460-1270 Ma (Rb-Sr and 

Pb-Pb isochron ages - Hoal et al., 1989; this study). Hart-

nady et al. (1985) suggest that the Namaqua orogeny was 

initiated by the collision of the 1300 Ma old Jannelsepan 

arc complex with a continent. This suggestion is consist-

ent with recent data on the volcano-sedimentary Copperton 

Formation which indicate an active continental margin or 

island-arc setting at ca. 1350 Ma (Cornell et al., 1986).

Late-tectonic Namaqua granites (1200 -11 00 Ma) overlap 

in age with granulite facies metamorphism and retrograde 

shearing, both dated at ca. 1100 Ma (Hartnady et al., 1985). 

The northwest-trending Gordonia subprovince was initially 

a zone of convergent thrusting and folding, followed by an 

estimated minimum of 140 km dextral shearing, e.g. Brak-

bos-Dagbreek-Straussburg line (Stowe, 1984). Elsewhere 

major thrusts have been turned on edge and reactivated as 

transcurrent shears, e.g. the Doornberg Line (Hartnady et 

al., 1985).

Jackson (1976) estimated the peak of amphibolite meta-

morphism in the Gordonia subprovince to be at about 800°C 

and 6 kb, with a maximum geothermal gradient of 50°C/km. 

Further south Clifford et al. (1981) determined PT condi-

tions of 900°C and 6-7 kb for 1200 Ma granulites and dated 

the main regional event (D
2
) at 1187 ± 22 Ma (Rb-Sr whole-

rock isochron). Associated hypersthene-bearing intrusives 

are related to the granulite facies metamorphism and were 

emplaced some 1100 Ma ago, while biotite-bearing garnet-

sillimanite rocks yielded a K-Ar age of ca. 950 Ma (Clif-

ford et al., 1981). The latter age conceivably relects uplift 
and cooling. Ar-Ar data on hornblendes in the NMC and 

Marydale Group date cooling below 600°C at 1080 Ma, 

suggesting that Namaqua tectogenesis ended at about that 

time (Cornell et al., 1986).

De Beer and Meyer (1984) have attributed the younger 

1100 Ma events in the NMC to activation of a new, north-

dipping, Cordilleran-type subduction zone along the 

Southern Cape Conductive Belt. Shearing at the boundary 

between the Gordonia subprovince and Kaapvaal Craton 

appears to have been accompanied by uplift of extensive 

high-grade regions (Hartnady et al., 1985). According to 

Joubert (1981), thermal metamorphism in the NMC outlast-

ed the 1100 Ma old shearing and may be deined as an event 
at about 1000 Ma. This event was post-granulite facies met-

amorphism, probably coeval with and younger than D
3
 (and 

D
4
?), and clearly contemporaneous with magnetism in the 

Sinclair Sequence and Koras Group. Accompanying defor-

mation probably affected marginal parts of the AMT and 

Sinclair equivalents situated further west, e.g. the Konip-

berg Formation (McDaid, 1978).

Evidence for a major tectonomagmatic event at ca. 1100-

1000 Ma in the NMC led Hartnady et al. (1985) to sug-

gest terrane juxtaposition along the Brakbos and Doornberg 

shears, emplacement of late-tectonic granites and the for-

mation of the Koras Group “pull-apart” basins.

Blignault et al. (1974) suggest that the basement to the 

Sinclair Sequence (Kumbis Complex; Watters, 1974) is part 

of the Kheis System, thereby allowing for the possibility 

of continuity with the Kaapvaal Craton. While this study 

does not address this possibility, the position of a craton 

boundary is dificult to establish due to extensive cover, the 
possible juxtaposition of allochtonous terranes and the fact 

that geophysical signatures tend to record the most recent 

event. Indications are that much of the early-stage crust in 

the AMT, and basement to the Sinclair Sequence, is litho-

logically similar to the NMC.

The positioning of the Namaqua front northeast of the 

“Excelsior-Lord Hill Mylonite Belt” by Blignault et al. 

(1974) is questionable in view of Vajner’s (1974) descrip-

tion of this front as a zone which could vary from a meta-

morphic transition to an oblique-slip fault, but is essentially 

an interface between an older (> 2.5 Ga) and younger (1.25-

0.9 Ga) province. Amphibolites which occur on either side 

of the Namaqua “front” are medium-grade and therefore 

not compatible with Blignault et al.’s (1974) concept of a 

northern marginal zone. Similar medium-grade amphibo-

lites also occur well within their designated “northern low-

stage zone”.

The Excelsior-Lord Hill shear zone (Fig. AA) is,  

however, a well-deined feature and may be an important 
tectonostratigraphic terrane boundary for the following rea-

sons:

(a) Uplift of deep-level granulites immediately south of 

the shear zone suggest that this is a major crustal discon-

tinuity.

(b) A major metamorphic boundary is evident across the 

Lord Hill mylonite belt near Narubis and is probably less 

obvious across the Excelsior shear due to a general decrease 

in metamorphic grade towards the northwest.

(c) The southeastward continuation of this shear zone ap-

pears to link up with anyone of several shear zones in the 

vicinity of Upington, thereby forming a continuous zone of 
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faulting and shearing which follows an approximate line of 

gravity highs along the margin of an ancient craton.

(d) Northwestward extension of this shear zone as a ma-

jor terrane boundary (the “EHL”) was considered by Hoal 

(1987, 1989b) on the basis of aeromagnetic data and a line 

of maic and ultramaic intrusions (Fig. A.4).
On the basis of the above considerations, the early-stage 

(≥ 1.3 Ga) crust in the AMT may have been formed in part 
by an arc-continent (or arc-arc) collision similar to the col-

lision of the Jannelsepan arc complex and Kaapvaal Cra-

ton proposed by Hartnady et al. (1985). Younger Khorasib 

granites (< 1.3 Ga) represent late- to post-tectonic intru-

sions but may incorporate collisional S-types as well. This 

model (Fig. D.4) implies the operation of subduction at 

least 100 Ma prior to the earliest magmatism in the Sinclair 

Sequence and AMT.

A younger tectonomagmatic event within the NMC is 

marked by metamorphism and shearing at 1.1-1.0 Ga. As 

suggested by De Beer and Meyer (1984), this event may 

be attributed to a new subduction zone along the South-

ern Cape Conductive Belt. Subduction of similar timing 

and orientation could have affected the AMT and adjacent 

NMC by causing signiicant uplift south of the Excelsior-
Lord Hill shear zone and propagating shears well within 

the Rehoboth subprovince. The close temporal and spatial 

association between this late tectonic event and magmatism 

in the Sinclair Sequence and late-stage AMT crust is signii-

cant and will be discussed below.

3.3 GEOTECTONIC EVOLUTION OF LATE-STAGE

CRUST IN THE AMT AND THE TYPE AREA

OF THE SINCLAIR SEQUENCE

3.3.1 A model of anorogenic rifting

The major evidence cited in favour of a rift-related origin 

for the Sinclair Sequence may be summarised as follows:

(a) Volcano-sedimentary successions are undeformed and 

unmetamorphosed (Kröner, 1977).

(b) The cyclicity of Sinclair deposition is attributed to 

repeated down sagging of intracratonic grabens along near-

vertical fault margins (Kröner, 1977).

(c) Small yoked basins in the Sinclair Sequence are anal-

ogous to those in the East African Rift (Mason, 1981).

(d) Radiometric ages indicate a distinct lateral younging 

along a linear trend marked by positive Bouguer gravity 

anomalies (Borg, 1988).

(e) Continental red-bed sediments occur together with 

bimodal volcanics and high-level granite intrusions (Borg, 

1988).

(f) Continental tholeiites predominate over calc-alkaline 

and alkaline basalts (Borg, 1988).

(g) Compositional features of volcanics such as high Zr/

Y ratios of the calc-alkaline Barby Formation (Brown and 

Wilson, 1986) and peralkalinity of some rhyolites (Borg, 

1988).
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(h) Low 87Sr/86Sr initial ratios of high-K and shoshonit-

ic volcanics are the product of fusion of an upper mantle 

source rather than a source in subducted oceanic lithos-

phere (Kröner, 1977).

The debate as to whether or not plate tectonics operated 

in the middle to late Proterozoic (e.g. Kröner, 1981; Hynes, 

1987) will not form part of this discussion, particularly 

in view of the probability that such a mechanism already 

operated in pre-Sinclair times. Late-stage crust is only 

undeformed and unaltered in the type area of the Sinclair 

Sequence, an increasing degree of deformation and meta-

morphism being observed towards the AMT or “palaeomar-

gin”. Nevertheless, large parts of the cover are unaffected 

by any typical orogeny as a result of the nature of deforma-

tion, i.e. vertical tectonics combined with strike-slip move-

ment along the faulted margins of grabens. Such “ice-loe” 
tectonics are better able to explain the greatly variable crus-

tal levels encountered in the province than a model of re-

peated down sagging.

Small yoked basins, where present, are probably the re-

sult of the uplift of basement blocks along cross faults. Such 

basins, although commonly a feature of continental rifts, 

are unlikely to be conined to them. Furthermore, volcanics 
of the Barby Formation appear to extend well beyond the 

conines of their eruptive centres and, by implication, their 
“host” basins.

A linear trend of lateral younging deined by positive 
Bouguer gravity anomalies is highly speculative. Firstly, the 

age data compiled by Borg (1988) in deining this “young-

ing” is poorly constrained and incorporates both pre-Sin-

clair and errorchron ages. Secondly, the entire age range 

is evident within a comparatively small region of the Sin-

clair Sequence alone. Thirdly, the trend of positive gravity 

anomalies is an extension of a linear trend of pre-Sinclair 

age which extends from southern Namibia to Natal (Fig. 

A.3). Fourthly, the link up of gravity anomalies between 

southern and northern Namibia is not justiied by existing 
data.

Red-bed sedimentation in the Sinclair Sequence is a re-

lection of vertical tectonics which have resulted in the up-

lift of crustal blocks and rapid deposition of immature de-

tritus into adjacent basins. Great thicknesses of sediments 

of local volcanic provenance are, however, also important 

in the Sinclair. Bimodal magmatic associations cannot be 

used as unequivocal evidence of “anorogenic” rifting. In 

reference to North Island in New Zealand, Hamilton (1988) 

states that “Were this strongly bimodal magmatic assem-

blage met in an ancient setting, it would be regarded by 

most petrologists as evidence against a subduction setting 

- yet, it is in fact forming in a magmatic arc”. The large 

volume of granite (sensu stricto) magmatism in the Sinclair 

and its occurrence late in each magmatic cycle are dificult 
to reconcile with the progressive thinning of the crust in a 

rift setting.

Although tholeiitic afinities might be dominant amongst 
basalts (sensu stricto) in the Sinclair Sequence, this has to 

be seen in the context of the overall predominance of calc-

alkaline basaltic andesites (including andesites) and the re-

striction of the basalts to a linear zone furthest from the 

palaeomargin. These basalts and their associated rhyolites 

resemble the anorogenic associations described by Ewart 

(1979; 1982). Particularly diagnostic of this association is 

the aphyric nature of the Sinclair basalts (Brown and Wil-

son, 1986) and their enrichment in HFSE relative to the 

calc-alkaline lavas.

Magma compositions in active continental margins, can-

not, compared with island arcs, be easily distinguished 

from their counterparts in continental rift settings. Hence 

high ratios of Zr/Y for the calc-alkaline Barby Formation 

volcanics may relect a “within-plate” component, a feature 
not unique to anorogenic settings. This is borne out by the 

equally high Zr/Y ratios evident in published analyses of 

volcanics from high-K orogenic suites (e.g. Western USA; 

Ewart, 1982). The peralkaline rhyolites which Borg (1988) 

compares with silicic rhyolites in Ethiopia show alkali indi-

ces which are lower (by about 10%) and very close to unity 

on average.

Low R
0
 values are recorded in both high-K and more 

calc-alkaline eruptive rocks in both the Sinclair and AMT. 

These ratios infer a mantle origin, but must be reconciled 

with the high concentrations of LILE which partly relect 
metasomatism of the source (Section C.6). While such 

source characteristics are not unique to a particular tectonic 

setting, it should be noted that the K enrichment, if in the 

source mantle, would have had to be of short-term nature 

or the high associated Rb/Sr would have resulted in high 

R
0
 values.

In summary, it is the occurrence of a great volume of 

chemically “orogenic” volcanic rocks together with repeated 

cycles of magmatism, major granitic plutonism, a composi-

tional polarity away from and increasing degree of metamor-

phism and deformation towards a palaeomargin, and the ab-

sence of any signiicant volume of undersaturated rocks that 
militate most strongly against the formation of the Sinclair 

Sequence and the late-stage AMT in a rift setting.

3.3.2 A subduction-related model

(i) Geotectonic features

The model discussed is broadly similar to that proposed 

by Watters (1974), but differs markedly in many respects, 

particularly in terms of the linkage between contempora-

neous Sinclair magmatism and Namaqua tectonics. The 

portrayal of the Sinclair Sequence as part of a curvilinear 

feature or extended rift at the margin of an ancient craton 

does not form part of this discussion, but correlations along 

this “arc” are in need of revision.

The major objection to the formation of the Sinclair Se-

quence and late-stage AMT crust along an active continen-

tal margin is the apparent absence of a widespread orogeny. 

Since isostatic uplift and erosion of thickened crust are nor-

mal consequences of subduction, a further objection to this 

model is the remarkable preservation of high-level cover 

close to the assumed site of convergence.

Deposition of volcano-sedimentary successions took 

place in a largely tensional environment which may be ex-

pected behind the accretionary wedge in an overriding plate 

provided that no collision is underway (Hamilton, 1988). 

More typically, however, extension in a convergent margin 

is associated with either back-arc spreading or intra-arc rift-
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ing. While the bimodal and high-K nature of Sinclair vol-

canics is not incompatible with these settings, a bimodal 

tholeiitic association is typically encountered furthest from 

the margin and appears to be volumetrically subordinate to 

the calc-alkaline association.

The most important features of the subduction-related 

model are summarised in Fig. D.5 and listed below:

(a) The dip of the subducting slab was shallow in order to 

account for the expression of lateral compression in vertical 

“ice-loe” tectonics as discussed for the Laramide Orogeny 
by Rodgers (1987). This analogy explains why “conven-

tional” compressional features are not more widespread 

as generally observed for “Chilean-type” margins (Uyeda, 

1981). Central to this style of tectonics was the utilisation 

of pre-existing structural weaknesses (northwest-trending) 

in the continental crust. The early development of high-an-

gle normal faults is not inconsistent with this model since 

tangential stresses are irst accumulated by vertical defor-
mations (Brunn, 1983).

(b) Subduction took place at an oblique angle to the con-

tinental margin, thereby resulting in strike-slip movement 

and the probable creation of pull-apart basins. While Jar-

rard (1986) has estimated that two-thirds of modem active 

continental margins have active strike-slip motion near the 

arc, the apparent coninement of many of the volcano-sedi-
mentary successions in the Sinclair to basins is analogous 

to the graben-hosted stratovolcanoes of the High Cascades 

described by McBirney and White (1982).

(c) Subduction could have been accompanied by sufi-

cient continental retreat to create a multi-rift environment 

similar to that observed in Japan (Tamaki, 1985). Although 

not essential to the model, divergence between the back -arc 

plate and fore-arc sliver would allow extension independent 

of the dip of the subducting plate.

(d) Later steepening of the subducting slab caused a form 

of back -arc spreading or foreland rifting to take place 

furthest from the continental margin. The bimodal tholei-

itic association of volcanics in this back-arc was formed 

contemporaneously with, or slightly earlier than, the more 

marginal high-K calc-alkaline HFF volcanics. A distinct 

zonal arrangement in the compositions of volcanic rocks is 

evident and implies subduction to the northeast. The more 

central situation of apparently older calc-alkaline and shos-

honitic rocks of the Barby Formation appears to belong to 

an earlier episode of magmatism. Such slab steepening may 

be the result of cessation of subduction (Le Pichon and An-

gelier, 1979) and would induce extension due to astheno-

spheric low. Rapid transition from calc-alkaline to A-type 
magmatism has been recorded in part of the Pan-African 

Trans-Saharan belt (Liégeois and Black, 1987), where ex-

tension is attributed to the rise of asthenospheric mantle to 

shallow depth beneath the continental lithosphere after rup-

ture of the cold plunging plate.

(e) Oblique collision between this active continental mar-

gin and a continent to the southeast took place at ca. 1100-

1000 Ma, resulting in major dextral transcurrent movement 

and uplift. This event deformed supracrustal Sinclair Se-

quence equivalents in the Konipberg (fore-arc?), removed 

the accretionary complex, and uplifted granulites (root of 

arc?) adjacent to the Excelsior-Lord Hill shear zone. Jarrard 

(1986) has estimated that fore-arc slivers occur in about 

50% of modem subduction zones and that their transport 

along strike-slip faults is expected as a normal consequence 

of subduction, particularly under conditions of oblique 

convergence, strong interplate coupling and a continental 

overriding plate. While translational movement alone could 

explain the disruption of any paired metamorphic belt,  

the high geothermal gradient (particularly in the Precam-

brian) would also militate against the preservation of blue-

schists.

(f) Late- to post-collisional granite magmatism resulted in 

the voluminous granites which typically close off the Sin-

clair magmatic event. The post-kinematic style of emplace-

ment of the youngest 1- and A-type plutons in the Sinclair 

are typical of Pitcher’s (1983) late uplift stage of orogen-

esis. Late-stage extensional tectonism may have been partly 

responsible for the coalescence of crustal partial melts and 

the intrusion of batholiths similar to the intercontinental 

silicic batholiths described by Hildreth (1981). Uplift and 

erosion were mainly conined to that portion of the arc to 
the southwest of the Excelsior shear zone and its extensions 

to the northwest and southeast. This crustal break may be 

explained by a magmatic arc being the weakest part of an 

overriding plate as a result of higher thermal gradients, de-

creased lithospheric thickness due to heating and increased 

crustal thickness due to plutonism (Jarrard, 1986).

The cyclical nature of the Sinclair sedimentation and 

magmatism may be explained by pulsing of the subduc-

tion. As in the Chilean Andes, episodic phases of extension 

and compression result from a changing roll-back veloc-

ity combined with changes in the motion of the overrid-

ing plate (Dewey, 1980). Periods of compression initially 

resulted in increased vertical uplift, strike-slip movement 

and mainly sedimentation. Maic volcanism could also have 
been a feature of these compressive periods but generally 

characterised the waning stages when reduced stress ena-

bled ponding of the magmas at the base of the crust. Re-

laxation of lateral compression was responsible for major 

crustal fusion and the production of mainly A-type rhyolites 

and their batholithic equivalents. In subduction zones, the 

source material (mantle or crust) is renewed so that there 

is repetition of magma types during volcano-plutonic epi-

sodes (Bateman, 1983).

Isostatic uplift and subsequent erosion of magmatic arcs 

must be expected as a natural consequence of magma input 

and thermal expansion. Preservation of high-level features 

in an ancient continental margin requires extension to pro-

ceed at a greater rate than magma input (e.g. North Island, 

New Zealand; Adams and Ware, 1977). While different in 

form and origin from non-extensional volcano-sedimentary 

synclines in Chile (Levi and Aguirre, 1981), Sinclair basins 

may show similar down warping as a result of material lost 

by air fall associated with voluminous ash-low tuff erup-

tions (cf. Wopmay orogen; Hildebrand and Bowring, 1984). 

The paucity of air-fall deposits in the Sinclair Sequence 

could indicate enormous loss of ash which would need to 

exceed magma input into the crust in order to allow subsid-

ence due to this mechanism alone.

While strike-slip shearing and uplift appear to be more 
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common towards the palaeomargin of the Sinclair, stretch-

ing and subsidence are more widespread in the foreland. 

This polarity is not unlike that observed in the Rocky Moun-

tains and Basin and Range of North America, features most 

recently explained as being compatible with the subduction 

of a spreading ridge (Wilson, 1988). Although attractive, 

this possibility has not been pursued in view of the absence 

of distinctive geochemical features (see below).

(ii) Geochemical and isotopic features 

Compositional characteristics of the late-stage AMT 

crust are discussed in detail in Section C.4 along with the 

geochemical features displayed by the HFF volcanic rocks 

which are thought to be most characteristic of a subduc-

tion-related source. The calc-alkaline nature of the basic 

to intermediate part of the succession is relected in both 
whole-rock and phenocryst (especially augite) composi-

tions’ while rhyolites tend to show more alkaline (though 

not undersaturated) compositions. The large volume of 

calc-alkaline rocks in the Sinclair Sequence is well docu-

mented (Watters, 1974) and important, despite the lack of 

andesite (sensu stricto) domination, with regard to Miya-

shiro’s (1974) contention that calc-alkaline eruptions are 

restricted almost exclusively to volcanic arcs.

Tectonic discrimination diagrams (e.g. Pearce and Cann, 

1973) have been avoided in this discussion in view of grow-

ing evidence that such diagrams are indications of source 

characteristics rather than geotectonic settings (e.g. Prest-

vik, 1982; Duncan, 1987). In particular, Morrison (1978) 

has shown that based on immobile trace element abundanc-

es alone, tectonomagmatic discriminant diagrams attributed 

the volcanic products of a single tectonic environment in 

Skye (Scotland) to several different tectonic settings.

Bimodal volcanism recognised in modem arcs is appar-

ently restricted in space and time (Hildreth, 1981) and vol-

canics from a large segment of an arc system rarely show 

bimodality (Condie, 1987). In the ancient rock record, such 

bimodality could relect a preservation bias towards back-
arc successions, e.g. southwest USA (Condie, 1987). With-

in the single well-studied HFF suite, incorporation of the 

closely associated Haisib Intrusive Suite (unerupted inter-

mediate compositions of the HFF?) indicates that bimodal-

ity may not be a marked feature.

While low 87Sr/86Sr initial ratios in HFF basaltic andes-

ites are compatible with a relationship to a subducting mid-

ocean ridge, high K contents and low TiO
2
 contents differ 

from the compositions of tholeiitic andesites thought to be 

characteristic of mid-ocean ridge-continental margin in-

teractions (Hurst, 1982). Basalts from the northern part of 

the “Barby Formation” have been analysed by Brown and 

Wilson (1986) and several lows indicate low K (<0.5 wt.% 
K

2
O) and high TiO

2
 (> 1.8 %) contents. These compositions 

probably relect the inluence of upwelling asthenosphere 
below a zone of tension in the foreland.

While several incompatible trace elements (Zr, Y, Zn) 

display typical within-plate enrichment in tholeiitic maic 
lavas of the “northern Barby Formation”, it is noteworthy 

that Nb abundances are typically low (< 13 ppm; Brown 

and Wilson, 1986; Fig. 15). This may relect an inherent 

characteristic of the upper mantle which is shared by the 

presumably older calc-alkaline maic lavas of the “south-

ern Barby Formation”. The latter, however, show relative 

enrichment in Ba, K and Rb which is probably the result 

of subduction-related metasomatism of the upper mantle. 

This suggests that the subduction signature was lost due to 

mantle convection and no longer existed as a source char-

acteristic for the younger tholeiitic lavas. Smedley (1986) 

has inferred a similar relationship between Palaeozoic calc-

alkaline and alkaline lavas in Scotland.

Shoshonites are typically found in volcanoes farthest 

from the plate boundary or in areas of uplift following 

cessation of subduction, while boninites may belong to an 

early stage in subduction zone development (Gill, 1982). 

The distribution of shoshonites in the Barby Formation is 

consistent with Gill’s observation, while the single low of 
boninitic afinity in the HFF is situated amongst the most 
westerly volcanic outcrops of the Sinclair. The alkaline af-

inities of some magmas in the Sinclair should be viewed in 
the context of observed compositional gradients from calc-

alkaline to alkaline (and peralkaline) rocks in subduction-

related suites, e.g. Trans-Pecos province, Texas (Barker, 

1987). Available data (Watters, 1974; Kröner, unpublished) 

further indicate that Sinclair “trachybasalts” do not display 

the characteristically strong “positive” Nb-Ta anomaly of 

typical alkaline basalts (Weaver and Tarney, 1982).

Considerable volumes of erupted and emplaced felsic 

magmas show A-type chemical features compatible with 

crustal derivation. Heat was provided by the arrival of ma-

ic magmas at the base of the crust, thereby suggesting that 
a large portion of the lower part of the crust was molten. 

This suggests that the more maic “mantle-derived” mag-

mas must have been affected by the crust and that the low 
87Sr/86Sr initial ratios are the result of equilibration of the 

upper mantle with the lower crust, e.g. San Juan volcanic 

ield (Lipman et al., 1978). Such equilibration of magma 

and crust is invoked by Ewart (1982) to explain the high-K 

signature of orogenic magmas, particularly those situated 

along continental margins.

Calc-alkaline basaltic andesites of the HFF exhibit an 

R
0
 value consistent with derivation from the “Bulk Earth” 

source inferred for modem island-arc extrusive rocks (Cox 

et al., 1979, p.365). The more enriched source implied by 

Pb data may be a consequence of signiicant crustal recy-

cling into the mantle source, a process more likely to occur 

at an active continental margin than within an intracratonic 

rift. The enriched mantle source could, however, represent 

a long-lived heterogeneity inherited from an earlier event 

(cf. Hoal, 1987).

3.4 DISCUSSION

In the debate on the “orogenic versus anorogenic” geotec-

tonic setting for the Sinclair Sequence, the obvious objec-

tion to the mobilist viewpoint is that too much weight has 

been placed on a geochemical subduction signature which 

may have been inherited from a more ancient event (Hoal, 

1987). Signiicantly, it has been shown in this study that 
at least part of the early-stage AMT crust appears to have 
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formed in a subduction setting itself. Thirlwall (1988) is 

more deinite in his claim that it is chemically impossible to 
deduce a relationship to active subduction.

Metasomatism of the mantle by a subducting slab is con-

sidered by Thirlwall (1988) to continue as long as the slab 

is available and this signature will remain for a signiicant 
period after subduction ceases. Age constraints in the Sin-

clair Sequence suggest that such metasomatised mantle 

would have come into being prior to ca. 1.3 Ga and was 

sampled continually from about 1.2 Ga (Barby Formation 

magmatism) to about 1.1 Ga (HFF and possibly Guperas 

Formation magmatism). This would require the subduction 

signature to survive at least 200 Ma of mantle convection. 

One possible way of shielding such metasomatised mantle 

would be by its incorporation into the lithospheric keel of 

the continent.

Apart from the problem of sustaining a mantle “anomaly”, 

its non-renewable nature poses a major obstacle in the way 

of explaining the repetition of orogenic magmatism within 

the Sinclair and late-stage AMT. A mantle plume or zone 

of mantle upwelling is required by the anorogenic model, 

but initial melting of this source will deplete it dramatically 
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in LILE- and incompatible elements. The expected source 

depletion in subsequent magmas is, however, not observed 

and this suggests that metasomatism must be a continual 

process. By contrast, active subduction offers a continuous 

means of metasomatising the mantle. While so-called arc-

terminating transform volcanism is characterised by source 

enrichment in incompatible (alkalis) and refractory ele-

ments (Mg, Ni, Cr) alone, more typical arc magmas include 

a slab-derived silicate melt as well (Gill, 1982).

The above arguments are restricted to the maic rocks 
of the Sinclair Sequence and late-stage crust of the AMT. 

Associated felsic rocks are typically A-type and their crus-

tal derivation indicates that they are not strictly part of a 

calc-alkaline suite. However, it is important to draw a dis-

tinction between rhyolites derived by fractional crystallisa-

tion of maic magmas in island arcs and anatectic rhyolites 
which are not uncommon in active continental margins. It is 

the nature of the pre-existing continental crust that will in-

luence most strongly the compositions of these rhyolites. 
Accordingly, A-type magma compositions cannot be used 

in any tectonomagmatic sense. Nevertheless, the implied 

crustal source and similar age to interbedded basaltic an-

desites suggest periodic shifts in source region from mantle 

(± recycled crust) to crust.

The great diversity in magmatism in the Sinclair is not 

only a relection of source renewal, but also the result of 
crustal heterogeneity and thickness. The cyclical develop-

ment of this region is inluenced primarily by subduction, 
but also by prevailing stress and the effect of previous melt-

ing episodes in the crust. This situation is demonstrably dif-

ferent from that of isolated non-arc andesites which may 

occur well within a continental interior and are not obvi-

ously related to subduction.

The actual site of subduction which inluenced the for-
mation of the Sinclair Sequence (and probably also the 

Koras Group) is uncertain but any suture could have been 

rendered cryptic by major dextral shearing as suggested by 

Harnady et al. (1985). It is considered that this subduction 

was, in effect, initiated by the earlier 1.3 Ga collision (cf. 

Hamilton, 1988) and was situated either along the 700 km 

long Tantalite Valley-Haalenberg Lineament (Hoal, 1987) 

or to the southwest of this lineament along an extension of 

the zone designated as the Southern Cape Conductive Belt 

by De Beer and Meyer (1984).

The culmination of the late-stage magmatism was marked 

by an extensional phase during which there was widespread 

intrusion of late- to post-Sinclair dykes. Both Rb-Sr and Pb-

Pb data for a trachyandesite sill indicate derivation from an 

enriched source, either in the subcontinental mantle or low-

er crust. This source may have preserved its heterogeneity 

from an earlier orogenic event but Pb data provide evidence 

for reduced crustal recycling into the mantle relative to ear-

lier basaltic andesite of the HFF. Cessation of crust-mantle 

mixing related to subduction may be relected by a µ
2
 value 

which is lower than the value for the HFF. This may further 

be the result of a trend towards increasing extensional tec-

tonics prior to Pan-African rifting.

4. SUMMARY

The main indings of this study are summarised below.
	The AMT crust is made up of early- and late-stage 

lithologies which are correlated with the Namaqualand 

Metamorphic Complex (NMC) and Sinclair Sequence, 

respectively.

	The oldest part of the early-stage crust is represented by 

the Kairab Complex which comprises a diverse group 

of schists, gneisses, metaquartzites and amphibolites. 

These rocks have undergone three episodes of deforma-

tion (D
1
-D

3
), the earliest stages being associated with 

migmatisation. Compositions of hornblende, biotite and 

epidote within the amphibolites are compatible with 

low-medium grade amphibolite facies metamorphism, 

a feature also displayed by Garub Sequence metabasites 

in the NMC. High-alumina pillow-bearing basalts form 

part of a tholeiitic basalt-rhyolite volcanic succession 

which exhibits few compositions in the basaltic andes-

ite-dacite range. Basalts yield a primary age of ca. 1460 

Ma (Rb-Sr, Pb-Pb) with a low 87Sr/86Sr initial (R
0
) of 

0.7027 ± 1 and 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 pyroclastic rhyolites 

display chondrite-normalised patterns (especially nega-

tive Th anomalies) which are consistent with a subduc-

tion-related environment.

	Largely metaluminous granitoid intrusive suites within 

the early-stage crust are mostly younger than the Kai-

rab Complex and have undergone D
3
 deformation. The 

primary igneous mineralogy is often well preserved 

although gneissic textures suggest low-medium grade 

metamorphism. There is a close spatial association be-

tween the Kairab metavolcanic succession and both gab-

broic and granitic (sensu lato) rocks. Cumulate-textured 

gabbros are compositionally similar to the basalts, but 

lack high-alumina types and show relatively enriched 

MORB-normalised trace element abundance patterns. 

The association between gabbro, a maic dyke swarm, 
pillow-bearing basalt, pyroclastic rhyolite and tonalite-

trondhjemite southwest of Chowachasib Mountain re-

sembles that of a dismembered ophiolite complex.

	The Aunis Tonalite Gneiss (dated at 1270 ± 62 Ma; 

Rb-Sr) shows similar ORG-normalised trace element 

abundance patterns to low-silica rhyolite in the Kairab 

Complex. The association between the Aunis Tonalite 

Gneiss and Kairab gabbro may follow a poorly deined 
gabbro-trondhjemite (or calcic) rather than calc-alka-

line trend. The generally younger Khorasib Granite 

Gneiss consists of a tonalite-granite association which 

follows a calc-alkaline to alkali-calcic trend similar 

to that of the Sierra Nevada batholith. The progres-

sion from Aunis Tonalite Gneiss to Khorasib Granite 

Gneiss relects juvenile (R
0
 = 0.7029 ± 3) magma input 

followed by an increasing contribution from subconti-

nental within-plate mantle lithosphere and heterogene-

ous crust. ORG-normalised patterns 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 
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mature (continental) arc or post-orogenic environment.

	The late-stage crust of the AMT is made up of both 

volcano-sedimentary successions and high-level intru-

sions. With the possible exception of the youngest gran-

ites, these rocks have undergone three main episodes of 

deformation (D
4
-D

6
), the most intense phase (D

5
) being 

associated with greenschist facies metamorphism. Late 

bimodal dyke swarms constitute the youngest expres-

sion of magmatism in the AMT, but these dykes have 

been affected by a late episode of folding (D
7
).

	The oldest sediments in the late-stage crust are repre-

sented by the Urusib Formation and have been deposit-

ed in fault-bounded troughs and pull-apart basins which 

relect separate, but broadly synchronous, periods of 
uplift and quiescence. While periods of active uplift 

have resulted in the formation of braided streamlow 
fans (immature and poorly-sorted clastic rocks), more 

stable crustal conditions were required for the forma-

tion of associated lake deposits (shales and siltstones). 

There is an increase in the ratio of volcanic to granitic 

clasts with time. A maximum thickness of 2400 m was 

recorded at the type locality of the Urusib Formation.

	The predominantly volcanic Haiber Flats Formation 

(HFF) overlies the Urusib Formation disconformably 

and is conined to the same northwest-trending troughs. 
The volcanic succession has a minimum thickness of 

3000 m and the existence of at least three volcanic cen-

tres is suggested by regional compositional variations, 

changes in thickness of lows, proximal agglomerates 
and the presence of subvolcanic intrusions. The erup-

tive rocks are typically porphyritic, commonly pyro-

clastic, and made up predominantly of basaltic andes-

ite-andesite and rhyodacite-rhyolite with volumetric 

ally minor andesite-dacite. The earliest volcanics were 

largely basaltic andesites but the increasing volume of 

rhyolites eventually exceeded the former by a factor of 

three. Stratiied tufites and volcaniclastic and clastic 
rocks make up less than 10% of the HFF. Lithologically 

similar basaltic andesites and tufites of the Barby For-
mation crop out in the eastern part of the AMT, but are 

not in contact with the HFF.

	Metamorphic biotites in basaltic andesites of the HFF 

and the associated late-stage Haisib Intrusive Suite 

(monzonite to granite) are unrelated to the younger Pan-

African orogeny and suggest a regional metamorphic 

temperature of 400-450°C. Compositions of relict pla-

gioclase, pyroxene and titanomagnetite phenocrysts are 

similar to their counterparts in orogenic basaltic andes-

ites. This is in agreement with the whole-rock composi-

tions of the HFF which indicate 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 HFSE (except Nb and Y in the rhyolites). For 

the basaltic andesites (including high-Mg types), both 

MORB-normalised trace element and chondrite-nor-

malised REE patterns support an active margin setting 

and are similar to patterns obtained for andesites of the 

Barby Formation. Rhyolites, however, are fractionated 

crustal melts and therefore exhibit the high abundances 

of silica and alkalis and low MgO and CaO typical of 

suites unrelated to subduction. Such A-type character-

istics are further illustrated by the similarity of chon-

drite-normalised trace element patterns to patterns from 

intracontinental rift- or hot spot-related rhyolite suites, 

but the similarity of REE patterns to patterns displayed 

by subduction-related suites suggests the possibility of 

intra-arc extension in an active continental margin set-

ting.

	HFF basaltic andesite yields an age of 1086 ± 44 Ma 

and R
0
 of 0.7030 ± 2 indicating derivation from a man-

tle source region which is slightly depleted relative 

to “Bulk Earth”. The errorchron age estimate of 1038 

± 74* Ma (R
0
 of 0.718 ± 15*) obtained for a rhyolite 

porphyry from the HFF is within error of that deduced 

for the basaltic andesite. The high R
0
 for the rhyolite is 

consistent with the crustal origin inferred from A-type 

characteristics. Petrogenetic modelling suggests that 

basaltic andesite (including high-Mg types) evolved 

from a mantle-derived basaltic parent by fractional 

crystallisation and subsequently underwent assimila-

tion-fractional crystal-lisation and mixing with rhyolite 

(or rhyolitic crust) to form andesite. Rhyolites are frac-

tionated, near-minimum partial melts of a basic to inter-

mediate source in the lower to middle crust. Heat was 

supplied by cogenetic basaltic andesite. Compositional 

variability in the rhyolites may be attributed to source 

heterogeneity, fractionational crystallisation, volatile 

transfer (late-stage magmatic luids) and thermogravi-
tational diffusion. Rhyodacites appear to have a similar 

origin to the rhyolites, but possibly underwent some 

mixing with basic magma in addition.

	The post-HFF Haisib Intrusive Suite (HIS) and Awasib 

Granite show close spatial and compositional associa-

tions with the volcanics, despite relative enrichment  

in K, Rb, LREE, Th, Zr, Nb, Ni and Cr at intermedi-

ate silica levels. ORG-normalised patterns for the calc- 

alkaline HIS show enrichments typical of volcanic arcs 

(e.g. Chile), while patterns for the slightly peralkaline 

Awasib Granite are typical of “crust-dominated” within-

plate granites such as the Sabaloka Complex in Sudan. 

These changes relect the increasing crustal and within-
plate inluences noted for the HFF. The A-type Awasib 
Granite yields an errorchron age of 957± 50* Ma and 

R
0
 of 0.717 ± 8 *, both features being compatible with 

ield relationships and the inferred crustal source. REE  
patterns do not, however, support a subvolcanic  

relationship between the HFF rhyolite and Awasib 

Granite.

	Other late-stage intrusive units include the gabbroic 

to syenitic Safier Intrusive Suite (SIS) and Bushman 
Hill Quartz Diorite (which are broadly contemporane-

ous with the HIS), and the young Chowachasib Granite 

Suite. Original igneous mineral phases are better pre-

served in those intrusive suites which are situated to 

the east of the HIS and Awasib Granite. Together, these 

late-stage granitoids show a change in composition 

from calc-alkaline to alkali-calcic, which is compatible 
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with an overall increase in arc maturity.

	When compared with the type area of the Sinclair Se-

quence, the late-stage AMT shows a higher degree of 

metamorphism and deformation. The development of 

the Sinclair Sequence took place in three major cycles, 

the late-stage AMT being accommodated largely within 

the second cycle. Radiometric dating, however, places 

the AMT development closer to “late” Sinclair times. 

Trachyandesite within the “Barby Formation” yielded 

a young isochron age of 844 ± 35 Ma and R
0
 of 0.7064 

± 2. This age resembles that of the post-Sinclair, early 

Pan-African, Gannakouriep dyke swarm.

	Evolution of the AMT crust is considered to have taken 

place in two major tectonomagmatic events. Formation 

of the early-stage crust started around 1460 Ma ago as 

a primitive arc (or back-arc) and ended as a relatively 

mature arc or active continental margin about 1270 Ma 

ago. Continental collision (coinciding with D
2
 in the 

NMC) triggered renewed subduction with a different 

polarity. This oblique subduction initiated both com-

pressional (“ice-loe”) and tensional (pull-apart) tec-

tonics at an active continental margin before 1200 Ma 

(the preferred age of the Barby Formation). Alternation 

of compression and tension resulted in calc-alkaline 

maic and felsic magmatism in the arc, while bimodal 
tholeiitic volcanism took place in a developing back-

arc basin. Transcurrent movements resulted in slicing 

up and removal of part of the volcanic arc and accre-

tionary complex, but extensional tectonics enabled the 

preservation of thick volcano-sedimentary successions 

which now constitute the Sinclair Sequence. The evolu-

tion of the late-stage crust of the AMT was terminated 

by granite plutonism at ca. 934 Ma. Post-tectonic dyke 

swarms utilised a conjugate fracture pattern which may 

be related to earlier dextral shearing.

5. CONCLUDING REMARKS

This study has dealt with a variety of volcano-sedimen-

tary and intrusive lithologies in the AMT and has presented 

data on, and interpretation of, lithostratigraphic, mineralog-

ical, whole-rock compositional and isotopic aspects. It has 

been shown that the early- and late-stage crust in the AMT 

can be correlated with the NMC and Sinclair Sequence, re-

spectively, and that the crust has evolved continually from 

the middle to late Proterozoic.

The extended history (ca. 1.5-1.0 Ga) of subduction-

related tectonomagmatic activity recorded by the AMT is 

important in the southern African context with regard to 

the development of the regionally extensive Namaqualand 

Metamorphic Complex and Sinclair Sequence. Thus cor-

relation between the Kairab Complex, Garub Sequence and 

Areachap Group (South Africa) enables the reconstruction 

of an active continental margin at ca. 1.3 Ga that extends 

some 800 km along the eastern margin of the NMC and may 

demarcate the boundary between the latter and an older cra-

ton (possibly part of the Kaapvaal Craton). Continental col-

lision is considered to have taken place between ca. 1.3 and 

1.2 Ga in an event which is widely represented by deforma-

tion (D
2
 episode?) and granitoid emplacement in the NMC.

Magmatism in the Sinclair Sequence was initiated at least 

as early as 1.2 Ga and is related to the initiation of sub-

duction in response to continental collision. The oblique 

component and low angle of subduction enabled preserva-

tion of high-level volcano-sedimentary successions in both 

pull-apart and extensional basins. Correlation between the 

Sinclair Sequence and Koras Group (South Africa) sug-

gests that this active margin may, like its predecessor at 1.3 

Ga, extend over a considerable distance (about 770 km) in 

a northwest-trending direction. The HFF forms the most 

westerly outcrop of this subduction-related volcanism and 

reveals a history of deformation and metamorphism that 

pre-dates the Pan-African orogeny. The broadly synchro-

nous tectonomagmatic activity in the Sinclair Sequence 

(including the AMT) and the adjacent Central Zone of the 

NMC may, in part, be related to activity at different crustal 

levels. Termination of subduction and crustal stabilisation 

appear to have taken place by ca. 0.9 Ga, not long before 

earliest Pan-African rifting.

Outstanding issues that have not been addressed in any 

detail by this study provide the following opportunities for 

future research:

(i) A detailed structural and lithostratigraphic study of the 

Excelsior-Hauchab Lineament and adjacent zones in order 

to fully assess the importance of this lineament as a major 

tectonostratigraphic terrane boundary between the Gor-

donia and Rehoboth subprovinces.

(ii) A petrological and geochronological study of the 

“basement” in the type area of the Sinclair Sequence to 

determine whether these underlying rocks are part of the 

NMC or an older craton (Kaapvaal Craton?).

(iii) Quantitative modelling of the petrogenesis of the 

Kairab Complex volcanic suite and associated intrusive 

rocks to provide a better understanding of the evolution of 

the early-stage crust of the AMT.

(iv) A comprehensive study (mapping, petrology and iso-

tope chemistry) of the proposed ophiolite complex within 

the Kairab Complex.

(v) Geochronological and isotopic studies of undeformed 

and unmetamorphosed lithologies of the lower most Sin-

clair Sequence (Nagatis Formation and Naisib River Igne-

ous Suite) in order to better constrain the Sinclair-NMC 

relationship and to determine the source characteristics of 

early-Sinclair magmatism.

(vi) A geochemical investigation of Sinclair Sequence 

outliers at Hauchab and Konipberg, since these occurrences 

may provide important information on volcanism in a fore-

arc or along the volcanic front of an active continental mar-

gin.

(vii) A regional geochemical study of the bimodal dyke 

swarm in the AMT and Sinclair Sequence to determine 

whether this magmatism is part of late-Sinclair crustal con-

solidation or represents, instead, the earliest manifestation 

of Pan-African magmatism.

(viii) A lithostratigraphic, geochemical and geochrono-

logical compilation of data on Irumide-age rocks in the Re-

hoboth area with a view to establishing the signiicance of 
the so-called “Rehoboth Magmatic Arc”.
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