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Front cover: View southwards from the southern locality of the predominantly volcanic Haiber Flats Formation, Awasib
Mountain terrain. This mountain rises some 500 m above the adjacent Namib sand sea (Quaternary in age) and
constitutes one of the westernmost outcrops of the Proterozoic Sinclair Sequence. The Quiver tree in the foreground is
rooted in scree from the cliff-like cooling unit of "thyolite porphyry” (high-silica crystal-lithic tuff). Gneisses, schists
and amphibolites of the underlying Kairab Complex form the ridges in the middle distance, while the mountains in the
far distance constitute part of the Konipberg Formation (deformed correlate of the Sinclair Sequence?) and the
Namagualand Metamorphic Complex. The Cretaceous Dikker Willem carbonatite is barely visible in the left
background.
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ABSTRACT

ABSTRACT

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 Compléasvhic
undergone three episodes of deformatiop@D). Within this complex, high-alumina pillow-bearing basalts
form part of a bimodal volcanic succession and yield an age. @60 Ma (Rb-Sr, Pb-Pb) with a |c¥&rFeSr
initial ratio (R) of 0.7027 = 1. While these basalts are characterised by the low contents of Ti, NiNiZr, Y,
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 underdefaation
and low-medium grade metamorphism. There is a close spatial and compositional associationtbetween
PHWDYROFDQLF VXFFHVVLRQ DQG7WH HWH REX QWH R Q GEW WXZ\HIHQH JUDREFEN.
swarm, pillow-bearing basalt, pyroclastic rhyolite and tonalite-trondhjemite resembles that of a dissdembe
ophiolite complex. Progressive intrusion of tonalite (Aunis Tonalite Gneiss; age 1271 + 62 Ma,/B29 +
WR JUDQLWH .KRUDVLE *UDQLWH Q$XWVI ROMARZFHVEVEM OYHQQ BUHHPN ]
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 firaeaniitK, 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 deformatje_jithe most intense phase,JDeing
associated with greenschist facies metamorphism. Late bimodal dyke swarms constitute thé grpireges
sion of magmatism in the AMT, but these dykes have been affected by the 07 phase of folchntrabt,
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 poorlastcteddiments
of the Urusib Formation. Clasts (granitic and volcanic) are locally derived and sedimentary fesjgess s
WKH LQWHUFDODWLRQ RI EUDLGHG VWWWDPKRRYZ WD S NFDIOWKL O/D RXXVAF E
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 localitidsegyrateof
which are dominated by rhyolites. Basaltic andesites are volumetrically important at an earlyustagées-
ites, dacites and rhyodacites are poorly represented. While porphyritic textures are charactgtigticafic
W\SHV S\URFODVWLF WH[WXUHYV DWUBWRVYWHBRWRRONVIHY W RIG Y R\RFOOQV
URFNV W\SLFDOO\ PDNH XS R WWKBPIOW ) FUDQEN VY RW PIDWLRE VE X | ¢ Wt
and compositionally similar to their counterparts in the HFF, but only occur in the eastern part of thad\MT
are not in contact with the latter. Eruptive rocks of the HFF therefore constitute the mosyveestarence
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 AmeriCaigdrhese distinctive com-
positional features include high abundances of K, Rb, LREE, Th and ‘h: (and sometimes Nb and Y), and low
DEXQGDQFHV RI WKH KLJK ¢HOG V®/ &HLQQ WK H QHKR Rl Q MW/H \H [ F5HS\W O1LBV |
$ W\SH FKDUDFWHULVWLFV ZKLFK DWHVERPERQWLE DEXMIVRIQ D ¢ WIRQH L B L
HFF basaltic andesite yields an age of 1086 + 44 Ma aofi(R7030+ 2 indicating derivation from a mantle
source region which is slightly depleted relative to “Bulk Earth”. However, a relativelyRigf“Pb ratio (u)
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 fo§0.R18 + 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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ABSTRACT

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 unffagimr el crystallisation,
YRODWLOH WUDQVIHU LQYROYLQJ ODWHKHUPRIW POIWDWLR Q@QXO L | DX)/E RRR V!
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 shevwspdtisl and
compositional associations with the volcanics, despite relative enrichment of the former in K, Rb, hREEND, Ni and
&U DW LQWHUPHGLDWH VLOLFD OHYHROQD O KID Q@JHSZBNHEWVXWWH LBERSRWIL
continental within-plate mantle lithosphere and continental crust at an active continental margityp@éwasib Granite
yields an errorchron age of 957 + 50 Ma and R “ ERWK IHDWXUHV EHLQJQARASIWILEG HD ¢
LQIHUUHG FUXVWDO VRXUFH 7KUWHOG6DIQWU X QMWWHXVR¥FMN 6 RUIWIHKHRMKPDHE )RUP
enite”) and Bushman Hill Quartz Diorite are broadly contemporaneous with the HIS, while the Cleilw&shaite Suite
represents the youngest pre-dyke plutonism. The change in composition from calc-alkaline to alkali-calcites$tingela
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 earbrisshgtarted
around 1460 Ma ago as a primitive oceanic arc or continental back-arc and ended as a netdtivelyrc or active continen-
tal margin about 1270 ,Ma ago. Continental collision (coinciding wjtrabd possibly 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 newalcontinent
PDUJLQ UHVXOWHG LQ ERWK FRP®WDWHVVSKQDOD SDEN ARMHAFIWR® WWQRVARVH
and felsic magmatism were related to the alternation of compressional and tensional regimes, overall dévetopede
part of three major pulses of sedimentation, magmatism and tectonic activity in the Simgi@inc&e During back-arc de-
velopment prior to 957 Ma old granite plutonism in the AMT, synchronous transcurrent movements rethétsticimg-up
and removal of part of the arc and accretionary complex. Extensional tectonics enabled the presethatiovolcano-
sedimentary successions and the intrusion of bimodal dyke swarms, provisionally dated at 844 + 35 0/20@% + 2).

Vi
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1. PREAMBLE

PART A: GENERAL INTRODUCTION

1. PREAMBLE taken since the mid-sixties (Fig. A.1). Studies abhdealt
mainly with the cover rocks and high-level intrussoof
1.1 LOCATION the Sinclair Sequence are those of Von Brunn (126id)

Watters (1974), while the neighbouring, largely erig-

The middle to late Proterozoic Awasib Mountain a&mr ing, Namaqualand Metamorphic Complex (NMC) has been
(AMT) is situated within the Namib Desert to theudo studied by Greenman (1966), Jackson (1976) and hcDa
west of Maltah6he and is bounded by latitudes 2%5@@d (1976, 1978). Details of earlier work carried autliese ar-
26°00’'S, and longitudes 15°00°'E and 16°00’E (Figl)A eas is contained in Range (1910, 1912), Beetz (110224),
The area is approximately 11 200 kin extent but out- Kaiser (1926) and Martin (1965).
crop is concentrated largely in the central-easpariion
and makes up a relatively small part of the totahaThe

topography of the study area is characterised gged in- 1.3 PRESENT STUDY
selbergs which rise steeply above sand- and saeered
plains. Although several reconnaissance studies have baen c

GXFWHG VLQFH WKH HDUO\ W IWWH HM W
detailed geological investigation of both earlygstecrust

. :m“:::mm'ﬁ RU *EDVHPHQW ' RI SRVVLEOHDUGE DI
L 27 ey This study lracea) crust (or “cover”) in the AMT (map - Appendix I).eBpite
T Tpe— WKH EURDG VFRSH RI WKLV \OM¥xG¥ FW I
) toaksan BATGH and are listed below.
Mallahghe B —— (i) To extend mapping from adjacent areas (Fig) Anfo
Fes Ve Brann #86T) the AMT and to attempt correlation between thesasr
£ Greenman 1966} (if) To provide and interpret data on the minevalfiole-
— Ea rock and isotope compositions of volcanic and assed
Llderitz g% Keetmonshoop W intrusive rocks in the early- and late-stage crofsthe
27 == soTswana 27 AMT.
T NAMIBLS (iii) To investigate possible petrogenetic modais the
T, derivation of eruptive rocks of the Haiber FlatgrRation
. = . (HFF), a formation that is lithogically similar tbe Barby
e SOUTH AFRICA #7 Formation of the Sinclair Sequence.
o (iv) To determine basement-cover relationships Ha t
.?' 'T"\ r:za' 2}' AMT and to attempt to use these relationships teesthe

current enigma of radiometrically older SinclairgBence
Fig. A.1: Locality map of regional geological studies undenaken rocks overlying an apparently younger metamorplaiseb

in southern Mamibia. ment.
(v) To evaluate the importance of the AMT in a mlode
1.2 PREVIOUS WORK for the crustal evolution of the Sinclair Sequeacel the

adjacent NMC.

Initial mapping of the AMT was carried out in 1969
geologists of Consolidated Diamond Mines, but thesps 1.4 ACKNOWLEDGEMENTS
UHPDLQ XQSXEOLVKHG ODUWLQRFN LGHQWL{HG VHYHUDO
types within the AMT which he correlated with liflbgic I would like to thank Roy McG. Miller, Director dhe
units of the Sinclair “Series” in the neighbouringgion. Geological Survey of Namibia, for arranging thiject
Amongst these were felsites of the Nagatis Formatied- and for introducing me to the Sinclair Sequencethia
dish Tumuab Granite and sediments of the KunjasnBer Helmeringhausen area. Karl Schalk acted as my mémto
tion. the Awasib Mountains and tried his best to instkpticism

Watters (1974), after completing a regional stuglyhie in me with regard to all geological observationsahhwere
east of the AMT, produced a generalised geologiegp of QRW EDVHG RQ ¢HOG HYLGHQRKKJIKRKQ
the Sinclair, Helmeringhausen and Awasib areashichv the Namib sand sea to the God-forsaken Uri Haueimab
he depicted the AMT as underlain almost entirelytiyy Hauchab inselbergs.
Sinclair Sequence. While this depiction was largegrob- In the Department of Geochemistry at Cape Towml a
orated by the reconnaissance work of Harrison (L9h@ indebted to my Ph.D. supervisors Dave Reid and Teny
South African Committee for Stratigraphy (SACS, QP8 lank for their energy in wading through bulky macnists,
has shown that a larger portion of the AMT is utaiar to Simon Milner for his patient demonstration of KRech-
by pre-Sinclair metamorphic basement than previoirsl nigques, to Marshall Otter and Dick Rickard for thieelp
dicated. in using the microprobe, to Andy Duncan and Davé Hi

Areas adjacent to the AMT have been subject torsévefor imparting a small part of their computer skHtSme,
major regional mapping projects which have beeneundand to Chris Harris for arranging a much needed rtita

1




PART A: GENERAL INTRODUCTION

interlude. 2. REGIONAL GEOLOGY
In gaining hands-on experience in the use of Rb-Sr and Pb-
Pb isotope techniques, | wish to thank all the personnel of the 2.1 REGIONAL SETTING

Geochronology Division of the National Physical Research
Laboratory, Pretoria. In particular Jock Harmer and BruceThe major tectonic provinces and subprovinces of southern
Eglington showed tolerance beyond the call of duty. Africa are illustrated in Fig. A.2 (after Harnadyal, 1985).

| also acknowledge useful discussions with Survey cdlhe situation of the AMT across the proposed boundary be-
leagues, particularly Karl Hoffmann, and the following petween the Rehoboth and Gordonia subprovin-ces is impor-
sons: Chris Hartnady, Tony Ewart, Bill Collins, lan Plimetant with regard to two problems:
Peter Floyd, Gavin Brown and Gregor Borg. (i) the actual position of this boundary, and

| am further grateful to Simon Cloete and Petite Baden<ii) the relationship between these subprovinces. Work on
horst of the Geological Survey for the employment of thetinis boundary has previously been restricted to the Excelsior-
draughting skHIS and Annatjie Maree of Hirt and Carter fdword Hill shear zone (e.g. Von Brunn, 1967; Blignailal,
her generous advice and help in the art of Desktop PublidB74; Jackson, 1976, Tankatal, 1982) and has not been
ing. | also owe a great debt of gratitude to my parents fextended to the northwest (Fig. A.4).
their constant encouragement, without which | might still beMetamorphic basement to the Sinclair Sequence has been
VXIITHULQJ WKH DIALFWLRQ RI SD U \$rouped both/ Witk @e Kheis Group (Von Brunn, 1967;

Lastly, 1 would like to point out that although this memBlignault et al, 1974) and the Namaqualand Metamorphic
RLU RYHUODSV VLJQL¢FDQWO\ ZLWHKmpléx BlEcKsorG19V5y Krther, DIV71) RvQile SATB (1980)

D LW KDV EHQH¢{¢WHG JUHDWO\S URSR WHKG VEHHSDHWMD WIHW LR XBRB JM RI WK
ments of Andrew Glikson, Brian Watters and Allan Wilson.Mooirivier Metamorphic Complex and Neuhof Formation.
With regard to the Sinclair Sequence (which includes the

.I.'!E!EEHWHWWBH
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Fig. A.2: Regional setting of the “Rehoboth Magmatic Are™ in the tectonic framework of southern Africa (afler
Hartmady er al., 1985). The situation of the Awasib Mountain terrain (AMT) is also illustrated relative to the
Rehoboth and Gordonia subprovinces,
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Fig. A.3: Asimplified Bouguer anomaly map compiled from data for the northern boundary of the Namaqua-Natal
Belt (after De Beer and Meyer, 1984) and southern Namibia (after Kleywegt, 1967).

late-stage crust of the AMT), the regional setting is seengravity stations between the Sinclair and Rehoboth areas
part of a curvilinear association of Irumide-age rocks (the s6RHY QRW DOORZ IRU D FRQ¢GHQW FK
called “Rehoboth Magmatic Arc”, Fig. A.2) which extends Aeromagnetic lineaments in the Sinclair and adjacent
from the Koras Group near Upington to the Goha Hills KMC have been interpreted from aeromagnetic contours
northern Botswana (Watters, 1974 and subsequent workefidpal, 1987) and show strong northwesterly and, to a lesser
The geotectonic setting of this association has been variouddgree, northeasterly trends (Fig. AA). These trends appear to
interpreted as an ancient active continental margin (Wattdys, related to faults (frequently transcurrent) which allow for
1974; Hoal, 1987), an aulacogen (Kréner, 1977), an intrad-LJQL¢ FDQW RIIVHWY RU EUDQFKLQJ F
ontinental rift similar to the East African rift (Mason, 1981Hill shear belt and its possible northwestward continuation
Borg, 1988) and a collision-related rift (Hoal, 1987). towards Hauchab as a complex fault zone. This “Excelsior-
Geophysical studies, on a regional scale, have providgéduchab Lineament” (EHL; Hoal, 1987) also has associated
useful information with regard to some of the major struwvith it several serpentinite and metagabbroid (including dior-
tures at the boundary of the Gordonia and Rehoboth sitb} bodies in a relationship similar to that of the better known
provinces, e.g. Bouguer gravity anomalies (Kleywegt, 196Vantalite Valley Shear Zone (e.g. Tanketdl, 1982).
SWA/Namibia Geological Map, 1980) and aeromagneticin the regional context, the AMT consists of both early-
lineaments (CDM Mineral Surveys, 1981). Gravity contour¥y WDJH FUXVW RI SRVVLEOH 10& Dl¢ Q!
(with dark-shaded highs) indicate a continuation of the linghich forms, together with the Konipberg Formation, the
RI DQRPDOLHY LGHQWL,HG E\ 'H %rhostWwebstélyodgitredde of the SirlairfS€qilience.
the margin of the Kaapvaal Craton (Fig. A.3). This feature is
important with regard to the northwestward continuation of
the proposeda. 1.3 Ga old active continental margin (after 2.2 LITHOSTRATIGRAPHY
De Beer and Meyer, 1984). Possible further extension of this
ancient margin into South America (Fig. D.3) provides an al-While individual units in early-stage crust of the AMT
ternative interpretation to the extrapolation of this line alorfigave been studied in some detail, the stratigraphic succes-
the younger Irumide belt (e.g. Borg, 1988). The paucity ¥ LRQ UHPDLQV XQFHUWDLQ DQG ZLOO

3
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Fig. A.4: Asimplified geological map of portion of the Rehoboth and Gordonia subprovinces indicating major structural trends inferred
from aeromagnetic data (EHL: Excelsior - Hauchab Lineament).

conjunction with the associated metamorphic and structulalQ WKH $07 7KLV FRPSDUDWLYH-WDEOH

history in Section 2.3 (Table A.3). A more comprehensiw&tions and not radiometric data, the latter having produced

breakdown of individual units forms part of the legend t6F RQALFWLQJ UHVXOWY VHH GLVFXVVLR

the 1:100 000 scale geological map of the AMT (Appendample of this dilemma is provided by the petrographic and

). This study is primarily concerned with the late-stage crugtochemical similarities between the Haiber Flats and Barby

in the AMT and its relationship to the type area of the SiRormations, yet Rb-Sr data indicate a differenceaofl00

clair Sequence as established by SACS (1980) and revibtalin their ages of extrusion.

by Hoal (1985). OD¢F WR LQWHUPHGLDWH LQWUXVLRQV
Table A.1 compares the stratigraphic successioninthetypeQ G 36 SHV % RQD 6\HQLWH ™ QRZW-BEXP SDL

area of the Sinclair Sequence with the succession obsersiee Suite” (Hoal, 1989b) and, where recognised in the AMT,

4



2. REGIONAL GEOLOGY

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

TYPE AREA OF THE SINCLAIR SEQUENCE AREA OF PRESENT INVESTIGATION
Formation Lithalogy Intrusion Formation Lithology Intrusion
Red quartzile, arkose,
AUBURES | osnglomerate, minor shale.
Mafic and felsic (dolerita, Dykes, sills and
gabbro, quanz parphyry, plugs,
Red, fine- to SONNTAG and Red, medium-grained
medium-grainad granite. GAMSBERG manzogranite to alkal CHOWACHASIE
GRANITES teldspar granite, GRANITE
Quartz porphyry lavas., Quartz porphyry Mafic and felsic. Dykes, sills and
intrusive, plugs.
Quartz porphyry
Cuartz porphyry lava, dykes,
GUPERAS | agglomerate, minor basic Basic stocks and | GUPERAS
fava. plugs.
Sandstons, siltstone, Basic dykas.
congiomerate, minor
orthoguartzite, shale.
Rad, fing- to MLUBIE and Red, very fine- to medium- AWASIE GRANITE
madium-grainad, ROOIKAM grained granite porphyry,
porphyritic granite. GRANITES
Cuartz diorite, tonalite and BUSHMAN HILL
diorite QUARTZ DIORITE
Monzonite, quarz HAISIB
monzonits, quarz syenite, INTAUSIVE
granadiorite, monzogranite SUITE
Gabbra, norita, picrite, SAFFIER Gabbra, norita, picrite, SAFFIER
angrthosile, monzonite INTRUSIVE anorthosie, troctolite, INTRUSIVE
diorite, syanite . SUITE monzanite, diorte, syenite SUITE
Sandstone, conglomerate, Achd welded ash-fiow i,
grit, wifaceous sandstons. HAIBER FLATS | volcaniclastics, lava. Basic to
Baﬁ:whmnmd?leiwa intarmediate lava, ash-fiow
and amhmmtﬂ minor and airfall tuff, Interbedded
BAREY acid lava; interbadded sandstone and conglomerala,
quarizite, conglomerate
and bands of felsic lava.
Acid lava, ignimbrite, tuff, BARBY Basic o intermadiate lava,
volcaniclastic sadiment,
airfall.
KUMJAS Arkosa, shala, grit, URUSIB Arkosa, grit, sandstone,
quartzite, conglomerate. conglomerate, quartz
arenite, shake.
Granits, granite parphyry. TUMUAB and -
KOTZERUS
GRAMITES,
OKARUS
GRANITE
PORPHYRY
Acid lavas and ignimibrites,
MAGATIS conglomerate, grit, arkose,

these intrusions have been mapped as such. The mutuatreeqghs which cut across the regional trend of typical Sin-
lationship between the Haisib Intrusive Suite, Bushman Hdlair-age basins.

4XDUW] 'LRULWH DQG 6DI¢HU , QWU Xiy The Authpes Roirhation i©QyBunger tHad e kate gpaB-
lished but these units are depicted as broadly contemporateemagmatism in the Sinclair Sequence, which represents the
ous. Table A.1 also indicates the post-Sinclair status of ttlesing off of the last volcano-sedimentary episode (Table

Aubures (previously “Auborus”) Formation on the followingA.2).
grounds: (iif) Correlation of the Aubures Formation with the Doorn-

(i) The Aubures Formation is hosted in fault-bounde® RRUW )RUPDWLRQ LQ WKH 5HKRERWK
5




PART A: GENERAL INTRODUCTION

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

terrain ( AMT).

Proposed Evolution of the Sinclalr Obsarved Evolution of the Sinclair | Proposed Evolution of late-stage
Sequence (Watters, 1974) Sequence (SACS, 1880; this study) crust In the AMT(this study)
Auborus sandsione, Posi-Sinclair (early Damara?)

'E Formation conglomearate

: Rogibarg granite (now Sonntag Granite) Sonntag/Gamsberg Granite and dyke Chowachasib Granite

S |swarms -E. |and dyke swarms
1)
Guparas rhyolific intrusives E Guperas rhyaiitic E
Farmation and extrusives Formation exirusives
basic lava basic lava
and inlrusives
sandsione,
Guparas sandstons, '

% Formation conglomerate | congiomerate

E Mubib/Rookam/Tumuab Granite o Mubib/Aooikam/Haramub Granite o Awasib Granite
| Spes Bona syenite © | Saffier Intrusive gabbro, norte, v | Saffier Intrusive Suite,

o |Sulte monzonite, dionite, D | Haisib Intrusive Suite,
E syenite E Bushman Hill Quartz Diarite.
Barby basic lava and Barby basic lava and Barby Formation and
Formation intrusives, ryoitic Formation rhyolific extrusives Haiber Flats Formation
exirusives
i ricose, grit Kunjas arkose, grit Urusib

'E o O e e Formation  shale Formation

]

= | Haremub/Kotzerus Granite Tumuab/Kotzenus Granite @
| Nagatis rhyolitic exfrusives %‘ Magatis rhyolitic extrusives ‘E‘
| Formation and minar basic ava, % |Formation and minar basic lava ]
| arkose, grit, shaly - arkose, gril, shale -

{*Unexposed basic intrusives and |
axtrusives) | i

of the post-Gamsberg Granite age of the latter. Hoffmaterminates the development of the Sinclair Sequence and ex-
(1989) considers the Doornpoort Formation to be of eadiudes the Aubures Formation.
Damaran age.

(iv) A palaeomagnetic age afa. 1000 Ma led Kréner 2.3 STRUCTURE AND METAMORPHISM
(1977) to suggest that the Aubures Formation was younger
than the Sinclair Sequence. Table A.3 compares the geologic history of the AMT with

ORVW Rl WKHVH SUREOHPV RI FR Uthat 6 Ehe/ neRyQbourkigh NNFCN(“@éhtidl ZoHeS)Ravd. Wid- R Q
of volcano-sedimentary successions of the Sinclair Sequenit®Be Sinclair-type supracrustals within the latter province.
in isolated basins which have developed both synchronotife type area of the Sinclair Sequence is excluded from this
ly and diachronously. Coupled to the episodic nature of ttable due to its relatively undeformed and unmetamorphosed
magmatism, contemporaneous faulting and vertical mowveture. The controversial Nam Shear Zone appears to have
ment, it is hardly surprising that the resultant stratigraphyaffected Sinclair-type lithologies (Watters, 1974), but Schalk
GLI¢FXOW WR XQUDYHO (pers. comm., 1985) regards this zone as part of the older

Watters (1974, 1976) viewed the Sinclair Sequence as hisieuhof Formation which suffered only minor reactivation in
ing evolved in three cycles, each cycle being initiated by tB@nclair times.
emplacement of basic magma and terminated by sedimerwithin the early-stage crust of the AMT, the Kairab Com-
tation. Table A.2 presents a reinterpretation of this cycligalex shows many similarities to the “pretectonic” Garub Se-
HYROXWLRQ ZKLFK LV PRUH FRP S Dint@dscibed\bil JacksOnGLI6).[TBeHbI@dstegibnal fab-
DUWL¢(FLDO ERXQGDULHV DUH QR Wic sYisifipeseht@ grdy \ghkissds aRd yRedis¥icloRraigmatilaQ G
places the evolution of the late-stage AMT predominantigyering which is inferred to be parallel to the lithologic
within the second cycle of activity. In this revised modelayering (g). The foliation sis the result of transposition or
each cycle is initiated by sedimentation, followed by volcaverprinting of so during the Dleformational event (Plate
no-sedimentary activity, and terminated by plutonism. Eaéhla). Tight, often overturned folds)fre typical of D), but
cycle represents an episode of both extension and vertib&lir orientation does not appear to have any regional con-
tectonics, with accompanying sedimentation and pulsess@dtency. A penetrative mineral lineation is usually present
PDJPDWLVP 7KH ¢QDO VWDJH RI S0ddésRatey Distir@tioN Betivedhksind sfolatier 18
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2. REGIONAL GEOLOGY

TABLE A.3: Comparison between geological histories of the Awasib Mountain terrain (AMT) and the adjacent Central
Zone of the Namaqualand Metamorphic Complex (NMC).

AMT(THISSTUDY) | CENTRAL ZONE OF THE NMC (TANKARD ET AL, 1962)
LITHOLOGIC UNIT STRUCTURAL & LITHOLOGIC UNIT STRUCTURAL &
METAMORPHIC FEATURES METAMORPHIC FEATURES
Faults ca.usl;g dyke offsets
and brittle d e n
{Aubures age?)
Dy Open folds and warps
Mafic and lelsic dykes. Uﬂlisntiurl of conjugals
I:h Craﬂulam folds,
kinkbands, crenulation
limaation, con uga'oa fractures
| (NW-SE & NE-SW).
| Retrograde metamaonphism.
Ds: Dexiral and sinisiral Dy: Dextral shearing (NW-5E)
shearing (NW-SE, NE-SW, Excelsior,
E-W), = -related folds, Tantalite Valley, Mam
stratching linsation, localised
thrusting. | {D4/D5) - McDaid {1978)
Gresnschist metamorphism |
Chowachasib Granite? Ds: folding, trands
NW-SE and £,
- ) Retrograde metamorphism.
Da4: Open folds (NW-SE), Da: n folding, trends
fraciure claavage, block titing, NW-SE, N-S, NE-SW.
taulting.
Mafic to felsic intrusions Granitoid batholiths Ds: Fabric in cover, tight E-W
Haisib and Saffier Intrusive (Glockenbarg Granite) foiding (McDaid, 1878).
uites, Bushman Hill Quartz
Diorite, Awasib Granitej.
Velcano-sedimantary Volcano-sedimentary
ﬁmﬂm {Urusib, Haiber Elimcpssluns': il
onipberg Forma
Barby Formations). i
Granitodd bathaliths D37: Regional fabric N-S 1o
{Tumuab and Kotzerus) WW-SE, isoclinal
to open folding, bocal refoliation,
Voleano-sedimentary Amphibalite matamarghism,
suCCessions
{Magatis Formaticn) 'H;Iu;ah?amﬂw by McDaid
Maisib Fiiver Igneous Suite '
Khorasib Granite, Da: Regional fabric (53} in Jakkalskop charnockite,
Aunis Tonalite Gneiss granitoid gneisses which alaskum baﬂﬂnlma Aus,
meb Complex gabbro, contain schist xenoliths bearing | Kubub, An Lﬂ
earlier fabric (s1/s2), ranitoid bathaliths {Kunguib,
Khnmﬁh Granite Gneiss (7) mineral lingation, schauchaib),
= ! gabbroids (Konip).
Dz: Close asymmaetnc folds in Dz Regional fabric, isoclinal to
layered gneiss and schists, tight . local refoliation.
Incal refoliation of 5 by 52, Ampht-ﬂlrtﬂ- metamarphism,
mlnaramamlun o mgtataxis,
Amphibolite metamorphism,
migmatisation.
Kairab Complex (basal D1: Regional fabric (s1) parallel | Garub Sequence volcano- Dy: Regional fabric, isociinal 1o
portion). Voleano-sedimentary  to trmnlohyunng (sa). sedimentary succassion with | tight tolding.
SWUCCesSIon. | Isoclinal {t1) in grey significant carbonate. Amphibokite metamorphism,
Intrusive en gneiss and Tﬂ Tsirub augen gneiss metatexis,
ullramahcaw.lqa (pratactonic). j rnanolllu metamorphism, pre-/past-D).
| magmatisation. ettalelberg serpentinite
| (pretectonic).

GLI(FXOW RQ D UHJLRQDO VFDOH ablé QeRetbpohent RRateDAVId). RvigtakadirRe@tay (& pa3-O O
observed (Plate A.1b). The deformational episodesnid O,  sibly amphibolitic) xenoliths may also show earlier fabrics
both appear to be characterised by high-grade metamorph@sphi2 GHVSLWH ADWWH QA QidedalQingdtioll S O D
(upper amphibolite facies) and associated metatexis. (I,) is occasionally developed. The extent of thispDase

The regional fabric ($typical of syn- to late-tectonicgran-R1 GHIRUPDWLRQ LV GLI(¢FXOW WR DVI
itoids in the AMT “basement” is widespread but shows vaittral shears may be the earliest manifestation of transcurrent
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PART A: GENERAL INTRODUCTION

A.la: Isoclinal £ folds defined by migmatite neosomes in gamet- A.lb: Regional 51 foliation in biotite-homblende gneiss which has
biotite gness of the Kamb Complex. Flattening and boudinage been refolinted in g namow gone (523 between the lens cap and
of the early lavering (s0) have resulied in the development of patchy neosome. Kairab Complex, 7 km west of Diar 11,

transposed lavering (s)). 6 km south of Piekniekkoppe, (Map -
Appendix 1),

Alld: Eastern limb of
upright fold in hithic
| arenite of the Urusib
Formation. Axial-
plane cleavage is
defined by pebbie flat-
tenng and Hustrales o
Righ angle 1o the more
moderately dipping
bedding planes, here
g | defined by heavy
: mineral concentra-
| tions, Core of Urasib
| wynelinorinm.

A.de: Migmansed bitite gneiss of the Kairnb Complex which has
been intruded by a dyke of Khorasib Granite Goeiss, Earher sy
and sp fabricy in the mipmatite are clearly cross-cut by the 53
foliation within the gramite gneiss. Comer boundary between
farnms Springbokviakte 166 and Kumbis 33,

ALLE: Dsoclinal S-roed
defined by “quartz
porphyry™ dyke in
sheared metaandesite
of the Haiber Flats
| Formation.  Inferred
| semse of movement 15
sinistral. Shear zone
T km southeast of

Haiber Hill.

A.le: Steeply-dipping to ovenumed western limb of Urusib syncli-
norium. Immediately wesi of thrust contact indicated on 11100
000 map (Appendix 1),




2. REGIONAL GEOLOGY

movements which culminated in the creation of @péart younger and possibly of post-Sinclair (Aubures @mish)
basins in late-stage (or “Sinclair-age”) crust.dratnove- age. The brittle nature of these faults is indidatg com-
ment (O,?) has occurred along these faults and resultednonly associated breccia, while quartz veining eéharac-
shear zones at several basin margins in the AMT. teristic feature. In the absence of stratigrapharkar ho-

The recognition of several phases of deformatiolate@- rizons, older faults can usually be distinguishesdhf their
VWDJH FUXVW RI WKH $07 FR QYW amjér tldounterperisoy the BE&n§cWre raShar theati-
from the generally accepted idea of minimal tiltingd cal sense of movement.
gentle folding in the Sinclair Sequence (e.g. Watté974;  The degree of deformation and associated metansrphi
.U|QHU ODVRQ + D U UH.W RVikhin the [Sthdla BEquence increases furthethio west
post-"Guperas Formation” deformational phases dbage and south of the Awasib Mountains. This is indiddtg the
a late phase of normal and reverse faulting irAM&. This intense shearing of the Urusib Formation at Haucadb
deformational sequence was revised and expandetbhly the medium to high-grade deformation and metamsmhi
(1985) and is now considered to comprise four raaple within the Konipberg Formation (correlated with tBarby
phases of deformation as well as a late phaseulfify )RUPDWLRQ E\ OF'DLG 7KH$L QAXH
(Hoal, 1989h). rican Damaran Orogeny on the NMC has been seveng al

The D, event recognised by McDaid (1978) in the Sirthe coast of Namibia (Kroner and Jackson, 1974) easl
clair-age Konipberg Formation appears to be rasudli¢co resulted in low angle thrusts to the east. Posafftcts of
the syn- to late-tectonic “basement” granitoidshe AMT. the Pan-African orogeny on the AMT must, therefdre,
7KH ¢UVW UHFRJQLVDEOH SKNWDtRkn@lRGMDWLRQ LQ ODWH
crust of the AMT affected all units except the Claalva-  The degree to which Pan-African metamorphism is evi
sib Granite Suite. This event (Dis represented by opendent in the AMT may be assessed by interpolatidwéen
northwest to north-northwest-trending foldg (fhich have illite crystallinity isolines and extrapolation dfie biotite
been intersected by an axial-plane cleavageP(ate A.1d) isograd established for Pan-African outcrops byehlitet
and display a mineral lineation )l These folds are bothal. (1977). Fig. A5 illustrates that the AMT lies ctot the
upright and more rarely overturned, while coaxiarps Hb _>130 isoline which suggests that the grade of meta-
of the limbs were observed in the synclinorium hoof morphism attributable to the Pan-African orogeng dot
Urusib waterhole (Plate A.Le). Associated with thisase exceed “very low grade” (i.e. Hb8 ZKLFK LV HTXL)Y
of deformation are widespread fracture cleavagehbdock
tilting, possibly as a result of sliding on listrar detach-
ment faults.

The following deformational event (]p probably fol-
lowed shortly after Dand is characterised by widesprea
shearing along,glanes of weakness. The conjugate she
couple represented by the northwest-trending Haftbeets
6KHDU =RQH +)6= ¢(UVW QDPHGDE
smaller north to northeast-trending shear zonbecsbuth-
east of Haiber Hill (map - Appendix I) may represBiedel
shears in response to overall dextral wrenchingiddehe
sense of movement in the shear zone southeastibéHa
Hill is sinistral (Plate A.1f), while sense of mawent in
the HFSZ is inferred to be dextral (Fig. A.4). Assaded
with this widespread shearing event are a numbeigbf,
often reclined, folds (f ORFDO WKUXVWYV
stretching lineation (). The latter indicates both strike-slip
and dip-slip movement. The presence of progradet®im
basaltic andesites of the Haiber Flats Formatiart(B.3) | ze-
UHAHFWV PHGLXP WR XSSHU JUF
phism.

A late phase of deformation (Dis suggested by crenu- Lilderitz
lation folding and kinking () of s shear planes and the
common occurrence of a crenulation lineatigh Conju-
gate fractures associated with @ther than D(cf. Hoal, :;ﬁ;:lfﬂcun

GH¢QH D SDWWHUQ ZKLFRWRVU £
of late- to post-tectonic basic and acid dyke svearRetro- E:ﬁ";;:uﬁ“‘:;
grade metamorphism in the form of widespread ditana
is probably associated with this episode of defdioma [:_]sum oreg
A subsequent phase of folding and warping gbout an il
east-northeast-trending axis has resulted in timelibg of _
both shear planes and thefald axial plane of the Urusib Fig- AS: Tllite crystallinity isolines and metamorphic isograds

= 25"

[

-

e e
-

synclinorium. for the Pan-African Orogeny in southern Namibia. Solid lines
Late-stage faults show a variable orientation doatcom- ;m ""m‘ et al. (1977); dashed lines interpolated or

monly parallel or transverse to basin margins, nerth-
west- or northeast-trending. North-trending fauttay be




PART A: GENERAL INTRODUCTION

to temperatures lower than 300- 360°C). Extrapolatibn clair Sequence (Tables A.1 and A.2).
the biotite isograd - is less easily achieved bas wssumed (vi) In comparison to the Sinclair Sequence, late-stage
to be sub-parallel to the Hpasolines. According to this in- AMT rocks are strongly deformed (four episodes of deforma-
terpretation, biotite-grade metamorphism during Ban- tion) and metamorphosed (greenschist facies) as a result of
$IULFDQ VKRXOG EH FRQ¢ QHG KREeVemrtdwiichprérdaidtiQhe HPahvAfrieaD drégeny and appear
and Uri Hauchab) and not recorded further eastiwitiie to be closely related to tectonic (and possibly also magmatic)
AMT proper or the Konipberg Formation. The preseate activity in the adjacent Central Zone of the NMC. Southwest
metamorphic biotite within the HFF basaltic andesiand of the AMT, the even more highly deformed and metamor-
Urusib Formation sediments suggests that the laiges phosed Konipberg Formation may lie close to a palaeomar-
AMT crust has undergone an episode of metamorphism gin of the Sinclair Sequence.
related to the Pan-African event. (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-
2.4 SUMMARY tion, formerly part of the Sinclair Sequence, post-dates this
late magmatism and therefore probably formed during early

(i) The middle to late Proterozoic Awasib Mounta@n- Pan-African rifting.
rain (AMT) comprises two major crustal componeritatt  The close spatial association of early- and late-stage crust
are correlated with the Namaqualand Metamorphic Coin the AMT provides an opportunity to solve the enigma of a
plex (NMC) and Sinclair Sequence respectively. radiometrically older Sinclair Sequence that stratigraphically

(i) The metamorphic Kairab Complex forms an imporeverlies a younger NMC “basement”, While the apparent lo-
tant constituent of the early-stage crust of theTARhd cation of the AMT across the boundary of the Rehoboth and
comprises a mixed gneiss and amphibolite terraiithi/. Gordonia tectonic subprovinces has an important bearing on
the Kairab Complex, a relatively well-preservedoasio- the palaeoenvironments of both early- and late-stage crust in
sedimentary succession bears a lithologic resernblam the AMT, conclusions arrived at for the AMT should provide
the Garub Sequence in the Central Zone of the NMC. general explanations for the evolution of the adjacent NMC

(iii) The post-Kairab Aunis and Khorasib granitee- and Sinclair Sequence. The more regional problem of a “Re-
su latg gneisses in the AMT appear to have counterpattsboth Magmatic Arc” incorporating Irumide-age rocks of
amongst the numerous granitoid batholiths in theQ\Wla- the AMT and Sinclair Sequence will not be addressed in any
ble A.3). detail in this memoir.

(iv) The early-stage crust has undergone at Idastet The early- and late-stage crust of the AMT are treated sep-
episodes of deformation, the earliest of thesedeimar- arately (in Parts B and C, respectively) with regard to those
acterised by amphibolite-grade metamorphism andmaig regional and petrological aspects which best provide a frame-
tisation. work for the discussion of the Proterozoic crustal evolution

(v) The late-stage crust of the AMT is charactaetiby of the AMT (in Part D). Taking into account the greater de-
trough-hosted volcano-sedimentary successions {frugree of deformation and metamorphism evident in the early-
Haiber Flats and Barby Formations) and a host gh-i stage crust of the AMT, a greater emphasis will be placed on
OHYHO LQWUXVLYH URFNV 6®X} WiHalateStagelctust] ik pa@aonlad & wolcahic succession of
Bushman Hill Quartz Diorite, and Awasib and Chowachthe HFF. It will be shown that data from the latter succession
sib Granites) which together bear a strong resemsbldo have an important bearing on the “orogenic versus anoro-
lithologies in the middle part, or second cycletloé Sin- genic” origin of the Sinclair Sequence.
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1. INTRODUCTION

PART B: EARLY-STAGE CRUST

1. INTRODUCTION 2.1.2 Undifferentiated basement

The term “basement” refers, in the broad sensthdse = Many of the lithologies which make up the undiffietie
lithologic units which underlie Sinclair-type rocks the ated part of the Kairab Complex fall into the “metonic”
AMT. However, the division between an older “basethe FDWHJRU\ GH;{QHG E\ -DFNVRQ VH S
and overlying “cover” is not rigorous in a regiorantext metamorphic rocks of diverse origin. Previouslyatiésed
in view of widespread overlap in radiometric agescord- lithologic units in the NMC which correspond to tsi
ingly, reference is made to an early- and lateestagist within this succession include the Garub Sequelayered
ZKLFK EHWWHU UHAHFWYV W KRU KU Robtitel Ynels® Magder Raf@@rgHdeigedtinite anatite
LQ WKH ARRU URFNV WR D GIFNXH B QGROHEQWeisa KThEsK uditd, aRhdughvregagnisedtcrop,
magmatic and tectonic activity in the Sinclair Seqee and have generally not been differentiated at the 10 000

parts of the adjacent NMC, respectively. In thispect, it is
important to determine whether the early-stagetdruthe

$07 VKRZV DI¢QLWY ZLWK WKH IDOWWR U

of an older craton (Kaapvaal Craton?).

scale of the regional geological map (Appendix ).

IRUPV LQVWHDG S
2.1.2.1 Garub Sequence

The main aims in Part B are to provide both datd an

discussion on the following aspects of the earagstcrust

of the AMT:

(i) Field character and petrography of the mostrpnent
rock types in order to establish the early lithasgraphy
of the AMT.

(i) Mineral chemistry of selected lithologic unitgth a
view to determining the nature of the precursord tre
degree and extent of subsequent metamorphism.

(iii) Whole-rock chemistry of a variety of rock tgp for
the purpose of geochemical characterisation andpaoim
son with modem and ancient analogues in the litegat

(iv) Geochronology of selected lithologic unitsarder to
determine both the age and source characteristittsese
units.

2. LITHOSTRATIGRAPHY

The aim of this section is to provide brief destidps
RI WKH GLVWULEXWLRQ
major lithologic units which form part of the eadyage
crust in the AMT. Limited detail is provided in tltase of
lithologic units which have been previously desedhn
areas adjacent to the AMT. Localities referredntthie text
are illustrated on the accompanying geological rffap
pendix I).

2.1 KAIRAB COMPLEX

2.1.1 Introduction

The pre-Sinclair basement in the AMT consists tzrge
variety of metamorphic rocks or “metamorphites”bafth

The Garub Sequence, as described by Jackson (976,

15-70), comprises fourteen different rock typesalihtan

EH GLIIHUHQWLDWHG LQ WKH YWKMHEH$
rock types can be recognised in the AMT, they canach

of the previously described compositional rangenffcal-
careous” to “magnesian” (Jackson, 1976, p. 15)efBie-
scriptions of the major Garub Sequence-type lithms

that occur in the AMT are given below.

(i) Granofels

Lenticular rafts of carbonate-free granofels octura
OD\HUHG PD¢F LQWUXVLRQ RH MKIHF KD
is situated on the farm Wolwedans in the northeaspart
of the AMT. The granofelses are characterised lark,
banded appearance which is the result of diopsatelay-
ers alternating with plagioclase-rich layers. Irdiéidn to
plagioclase and diopside, the granofelses are ceeatpof
opaque minerals and secondary chlorite, biotitédaip,
DFWLQROLWH DQG VSKHQH 7KRQ\Q@H J

¢ HO R IF WtiEDdxivrel i9 nbt QriisuEmHoY eURbpsDos ikasdnsén-

ated this far north in the AMT.

(i) Aluminous gneiss

/ID\HUHG JQHLVVHV ZKLFK UHAKBW DC
acter are restricted to a raft of muscovite-biesitaurolite
gneiss in Awasib Granite at Guinasib Mountain, tmdev-
eral outcrops of muscovite-biotite gneiss in thexmmity
of Haiber Hill which appear to contain needles ilirfBan-
ite. Although these lithologies are quite unlike tiypical
aluminous gneisses of the Garub Sequence, mahg dfif-
ferences in character may be attributed to the laneta-
morphic grade in the AMT basement.

igneous and sedimentary origin. While some lithadog (iii) Biotite and biotite-hornblende schist

units have identical counterparts in the NMC as pealpby

Biotite schists constitute the most common Garub Se

Jackson (1976) and McDaid (1976,1978), there eaistsa quence-type lithology in the AMT, but may diffeofn the
variety of associated metavolcanic and meta-intughits W\SH ORFDOLW\ LQ FRQWDLQXQYFR/ LJIC
which appear to be distinct from neighbouring “basat” vite. The remaining mineralogy is made up of platie
lithologies. Accordingly, a threefold division di¢ Kairab se, quartz, minor K-feldspar, occasional garnet aoih-
Complex into undifferentiated basement, a metavotca blende. Accessory phases include apatite, zircpherse
succession and a meta-intrusive suite was applied. and opaque minerals, but several of these mineggsar

to be secondary in origin. Epidote, like muscovite, is more

11



PART B: EARLY-STAGE CRUST

abundant than in the type locality and this mawpthébuted magnesian metamorphites, resembles the cummingtonit

to a lower metamorphic grade in the AMT. Hornblenusey

EH SUHVHQW LQ VXI¢{¢FLHQW
biotite amphibolite rather than a biotite-hornblersthist.
The distribution of biotite schists is widespreadijle horn-
blende-bearing schists are not as common and appbar
restricted to the southern part of the AMT. Togetligese
schists suggest derivation from a “semi-peliticdiolith.

(iv) Quartzofeldspathic metamorphites
Jackson (1976, p. 37) assigned to this categoyuailttz-

and chlorite schist association described by Jatk$876,

PIRXEDS2) HowvBvel] théHiitlereviRmiéialdgyLniefite ihde-

pendent description given below.

(a) Anthophyllite fels

This lithology occurs as pods, possibly dykes orddjy,
in the chlorite schist and is closely associatethuens-
es of serpentinite. Anthophyllite-gedrite makesalmost
60% of the rock with lesser amounts of tremolite%d and
chlorite (10%). Large laths of porphyroblastic ayhyl-

feldspar rocks of the Garub Sequence which confame OLWH PD\ GH¢{QH D VFKLVWR\WPHR QDEULF

PD¢F PLQHUDOV
quartzofeldspathic gneisses of arkosic charactevedisas
white pegmatoids and garnet-bearing granite-apliteish

,Q WKH $07 SALIQideDy\WWoHehR ! \ Tle @4 Xa@iHcWlorite are tyie

LQWHUJURZQ LQ ¢EURXYV DJIJUWVDWRYV W

the anthophyllite laths. The medium-grained and daeen

DUH WRJHWKHU DVVRFLDW H GERLON Kidrdaterrof YhE Krithoptiwlit® f@lssis DistiSdkie.

in the southern most part of the area.

(v) Quartzose metamorphites

Metaquartzite occurrences are rare, the only body g EURXY UHSODFHPHQW SURGXRHW HRI

(b) Chlorite schist
Chlorite is the major constituent but appears tonf@

WL

and prominence being a magnetite metaquartziteramutc LQWHUJURZWKYV GH¢{QH D FUHXDXODQWHG

situated 2.5 km west of the DiaR10 trigonometrhoadcon.
This metaquartzite exhibits a distinctive grey ed icolour

thophyllite laths have grown across this foliatiamd ap-
pear to have a preferred orientation orthogonahéolatter

and inequigranular texture. Magnetite makes up %1 WUHQG 7KHVH ¢QH JUDLQHGIRKPRGLWH

of the rock and is the only mineral of any promicere-
sides quartz. The magnetite metaquartzite ovegaaet-
biotite schist and schistose amphibolite of the ubaBe-
quence.

YL OD¢,F PHWDPRUSKLWHYV
“Metabasites” described in the area around Auskglat,
1976, p. 41-52) include granolites, amphibolites @ipi-
dote schists. Granulite facies granolites, whiehtgpically

by the retrogression of associated poikiloblastiephi-
bolites which are typically made up of tremoliteiaclite
(60%), plagioclase (20%) and chlorite (20%).

2.1.2.2 Magnettafelberg serpentinite
Several lenticular bodies of green serpentinitetha

southern most part of the AMT bear a strong resantd
to the Magnet tafelberg serpentinite described dkson

hypersthene-bearing, have not been recorded angwher (1976, p. 86-88). These bodies are small, genetalg
WKH $07 DQG WKLV PD\ UHAHFW®HONQ&BY0 K2 0B nG &hE dddb SsHddQand lensee i

morphic grade. This observation is borne out byrtréy
of diopside-bearing amphibolites in the AMT, sinmgch
amphibolites commonly occur in areas adjacent &mgjite
occurrences. A single outcrop of diopside-bearingplai-
bolite was noted 2 km to the northwest of the DiaRigo-
nometrical beacon. The more widespread diopsidedne-
phibolites in the AMT are characterised by sevézatures

host anthophyllite-tremolite-chlorite schist of tli&arub
Sequence. Antigorite is the predominant mineral fanchs

¢EURODPHOODU DJJUHIJDWHV\ZKQHK KDY

ly banded veins of chrysotile. Associated trailsopaque
minerals typically enhance this layering, while orimaths
of anthophyllite are randomly oriented. Numerousgular
and cross-cutting veins of white magnesite haveudted

which suggest a lower metamorphic grade than tbe-di along fractures and shears which post-date themagfo-

side-bearing amphibolites, viz. a green colour poittilob-
lastic nature of the hornblende, the presence iologg and
the subordinate nature of granoblastic polygoneiutes.
The range in mineralogy and texture of the diopdide
amphibolites differs little from that already debed by
Jackson (1976, p. 48-51), but many of the lowedegrar-
tho-amphibolites have been mapped separately asfar
metavolcanic succession or meta-intrusive suiteooks.
These ortho-amphibolites are described in someildata
the following section. Quartz-epidote-chlorite sthj or
so-called “epidote schists”, are better descrilneithé AMT
as epidote-rich biotite and hornblende schists winave
suf-fered retrograde metamorphism.

(vii) Magnesian metamorphites
Anthophyllite fels and chlorite schist occur togathn
the southern most part of the AMT. This associatidn

liation.

Scree cover has obscured the age relationship batwe

the serpentinites and their host, but the podtixire and
ultrabasic composition of the serpentinite bodieggests

WKDW WKH\ ZHUH HPSODFHGDIQV HBUMDU D P

stage in the history of the AMT.

2.1.2.3 Biotite gneiss

“Biotite gneiss” has been used as a “sack-termtha
AMT and incorporates various lithologies designategda-
rately by Jackson (1976) as “layered biotite grigfgsd.,
p. 71-73) and “biotite granite gneissbid., p. 95-97). Meg-
acrystic augen gneisses of granodioritic to toitaibm-
position have also been included in this categaygpie
WKHLU VXSHU,FLDO VLPLODWVLVD
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2. LITHOSTRATIGRAPHY

area around Aus. This correlation has not been made fortheLL + RUQEOHQGH LV QRW XQFRPPRQ
following reasons: toids.
(i) Tabular K-feldspar megacrysts in the biotite gneisseqiii) Garnet is very rare.
of the AMT are commonly a distinctive pink colour and the
rock more leucocratic in appearance than the Tsirub gneiss. 2.1.3 Metavolcanic succession
(i) Garnet, which is not an uncommon phase in the Tsirub
gneiss, has not been observed in the megacrystic gneissesMétavolcanics of basaltic and rhyolitic composition oc-
the AMT. cur both separately and together throughout the AMT, but
(i) The megacrystic gneisses of the AMT usually forrmetavolcanics of intermediate composition are rare. The
diffuse zones within larger outcrops of biotite gneiss and dragmentary, deformed and metamorphosed nature of these
GLI¢FXOW WR PDS DV VHSDUDWH Xwltana/outcrops precludes any rigorous stratigraphic analy-
2XWFURSV Rl 30D\HUHG ELRWLW HisJiphdver\ViogeHaHvith BuBardhelé&volaRichstcHedi-
southern part of the AMT. They differ from similar biotitements, these basalts and felsites form an extensive volcano-
gneisses of the Aus area in containing muscovite as a proseidimentary succession underlying the Sinclair Sequence
nent mineral and rarely any garnet. Layering is most coand not, as previously mapped by Watters (1974, Fig. 33), of
PRQO\ GH{QHG E\ YDU\LQJ SURSRUHWKR QN ORHIQEL PWHWHR WKW %BRBPH\ )RUPI
discordant quartzofeldspathic layers are clearly the resoilthe basalts bear a petrographic resemblance to metabasites
of migmatisation. Although intercalations of biotite schiswithin the Garub Sequence.
and amphibolite of the Garub Sequence with layered biotitefo the southwest of Chowachasib Mountain (map - Ap-
gneiss are not common, the continuous nature of the vpgndix I) there is an estimated thickness of 4000 m of plagi-
¢QH VFDOH OD\HULQJ VXJJHVWYV D oélese-phytit Qasalstinte edRaed witD honp iy riti, Occaskont V H
gneisses. DOO\ ARZ IROGHG UK\ROLWHV WIKIL Wb
More commonly biotite gneisses in the AMT have steeply-dipping succession porphyritic and amygdaloidal
“streaky” rather than a layered texture, and the widespredzabalts exhibit well-formed pillow structures (Plate B.1a),
occurrence of megacrystic augen is indicative of an igneausile the rhyolites are typically pyroclastic in character. The
rather than a sedimentary origin (cf. Vernon and Williamsplcanic succession has been intruded by coarse-grained Au-
1988). While Jackson (1976) refers to a group of lithologicalis Tonalite Gneiss and possibly also by layered metagabbro.
ly homogeneous biotite gneisses as “biotite granite gneisgéry similar eruptive rocks underlie the Urusib Formation
the biotite orthogneisses in the AMT differ in the followingedimentary succession in the central part of the AMT, but

aspects: felsites are intercalated here with plagioclase-phyric basalts
L /LWKRORJLFDO KHWHURJHQ H L Which_&fe il AbWiBushHpBlow-Qedbingy, Busthdd @dninentL Q
composition from tonalitic to granitic. outcrops of these metavolcanics form part of Bushman

§F  Dip of strafa
000 Sond cover
3] crowseness Gronte
BO00
Fi3 Gronite-cpite (Chowachasih Granite™)
E:] Bunis Tonolite Greiss
6000
[T wanc ayses
Matogobbro (massive and Tayeredl
4000
Eif] Metabaselt ipllows in upper fiows)
Matalalite Dowa ond osh-flow fuff]
2000
@

Fig. B.1: Horizontal and vertical sections through the Kairab Complex to the southwest of Chowachasib Mountain. The absence of
upper sedimentary and lower ultramafic units in this succession is atypical of modern ophiolites (Section 2.1.4), but may reflect
dismembering by tectonic emplacement and later intrusive activity.
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PART B: EARLY-STAGE CRUST

Hill and the mountainous region immediately to the southl.3.2 Metafelsite

of it.

2.1.3.1 Metabasalt

(i) Field character

Although deformation and recrystallisation of theshlts
have adversely affected the recognition of printatures
and the determination of way-up criteria, severgtmps

(i) Field character

The porphyritic and amygdaloidal nature of mangitek
is an indication of volcanic origin. Compositionathese
ARZV UDQJH IURP GDFLWH WRYWDKNRDLWHE
WLHV RIWHQ VKRZLQJ HYLGH@RRH RKNHFI
thickest succession of felsites is exposed to thahsvest
of Chowachasib Mountain where it reaches an estichat

have, nevertheless, preserved important palaeamamviir WKLFNQHVYV R P EXW LQGIWYIGX\DO
PHQWDO LQGLFDWRUV 5HODW LW KdiscoXtiQua s IdRét® tHeSpaAdRyZoi olRdtoP. R Z

recognition of both pillows and pillow-fragment boéas
(Plate B.l b). While pillow structures provide egitte
for subaqueous extrusion, either submarine or aabs-
trine, pillow-fragment breccias suggest that susfrue
sion took place on a steep slope or escarpmertig€Fand
Schmincke, 1984, p. 268). Alternatively, such brasmay
indicate high volatile pressures in the magma, withse-
guent fragmentation at shallow water depths (Glikgers.
comm., 1989).

7KH RFFXUUHQFH RI ARZ IRO ®\ RIQWMKBH
HIWHQW RI LQGLYLGXDO ARZWK®DWY WR
RI WKH IHOVLWHV ZHUH ODYDJ ARIZ&H 30D
VSUHDG IUDJPHQWDO WH[WXRHKARZAWQGLF
DOVR PDNH XS D VLIQL¢FDQW\SLRWQ R
3\URFODVWLF GHEULV DUH RGWHOQWRLI I
PHWDPRUSKLF UHFU\WWDOOLVD\WLRQ D
ERWK SXPLFH FODVWYV DQG FO\NRZDWO [UI
RI IHOVLWH DUH GLI,FXOW WRB BBNRYQL

5RZ WRSV DQG EDVHV DUH QRWI i@ Viia@ably GhstQad LeghthyBed covbriemise de-

ten only be inferred from the presence of volcastt
interbeds. Such interbeds may be characterised dgrla
carbonate-rich matrix which weathers negativelyween

formation.

OLJKW FRORXUHG PHWDIHOVLWH WD BatrdgMphy, QGLYLGXDO ARZ X

can usually only be traced for a limited extenetatly, a
distance of 2 km for a pillow-bearing basalt begep-
tional.

(ii) Petrography

Phenocrysts constitute an average of 10% (range2e)-2
of the rock and are made up predominantly of quattmi-
oclase and perthite. Poikiloblasts of biotite andiblende
may further indicate the original presence of faragne-
sian phenocrysts. Opaque minerals could also datesti
original phenocrysts, but their xenoblastic fornassocia-

Plagioclase phenocrysts, sometimes glomerocrystkemtion with biotite suggests a secondary origin.
up 32% of the rock on average (range 20-40%) ang maQuartz, in general, makes up over 35% of the rogkde

exceed 9 mm in length (plate B.1c). Despite wideagr
alteration and strain, plagioclase phenocrysts heare
tained subhedral to euhedral forms and calcic caitipos

(bytownite to anorthite). The patchy appearance faack

tured nature of many plagioclase crystals is attatd

to metamorphic recrystallisation and later altemnatio ag-
gregates of epidote, sericite, actinolite, albitel @arbon-
ate.

20-75%) and is a prominent constituent of the qaedieid-
spathic groundmass. Quartz phenocrysts averagar.m
size (maximum 4.0 mm) and are commonly highly st
and recrystallised, often forming polycrystallirggaegates
of amygdaloidal appearance.

Feldspars, both plagioclase and K-feldspar, cartstit
between 20 and 60% of the rock (average 50%). patds
phenocrysts are of similar size to quartz phendsrgsd

7KH RULJLQDO SUHVHQFH RI PD\}RgiSdaseQR Gedardiy YontinanGdvee, pexthiticietd-

to assess in view of the high proportion (nearl$63®f
poikiloblastic hornblende. The strongly pleochrgjellow-
brown to dark green) poikiloblasts of hornblendehaex-

spar. Feldspar phenocrysts are typically porphwsiat
and cloudy with alteration products of epidote, onyste,
carbonate, chlorite, biotite, quartz and opaque enails.

ceed 2 mm in size (average 0.3 mm) and contain inclusiddsginal twinning (Carlsbad and albite) and lowieél(RI
RI SODJLRFODVH DQG TXDUWWRU D WWRRQDPIAYiMId3¢ su@hest sodicompositiargely

of hornblende to carbonate, epidote and chloritgoisun-
common and is probably the result of retrogradetien,
but elsewhere hornblende, biotite and euhedraloépidp-
pear to be in equilibrium. Reddish-brown biotiteyntan-

(albite to oligoclase). Fragmentation of feldspaieipoc-
rysts has occurred in response to deformation esaltant
grains are usually strongly zoned or ex solvediatahsely
altered.

VWLWXWH D VLIQL¢{FDQW SBUWW RI| VWé&kiolazts Nvf Mue-gheBn to @één hornblende and

particularly where there is a high proportion afidsigreen
amphibole or actinolite.

brown biotite occur both separately and as intewtjns,
but are restricted to felsites in the central pdirthe area.

Amygdales, where present, make up 3-4% (maximuhihese poikiloblasts average 0.8 mm in size (maxin3udn

8%) of the rock, and are characterised by a roundetd
strained, appearance. Quartz and epidote are theaoa-
stituent minerals. The groundmass, although largely
placed by poikiloblastic hornblende, is made ugrsally
of plagioclase and biotite, with scattered altemaproducts
(epidote, carbonate, sericite, quartz, chlorite apdque
minerals).

mm) and may form equilibrium intergrowths with epié,
garnet and opaque minerals. An opaque mineral,gmgb
magnetite, forms idioblastic “phenocrysts” whicheeage
0.4 mm in size. A metamorphic origin is indicated the
latter by its occasional xenoblastic form and diskorium
undergrowth with biotite.
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2. LITHOSTRATIGRAPHY

B.1a: Pillow structures
% in a plagioclase-por-
| phyritic metabasalt
| flow in the Kairab
Camplex, 7 km south-
wesl of Chowachasib
Mountain, Down-
ward-facing pillow
cusps indicate that this
| flow unit is the right
way up.

B.1b: Pillow fragment breceia in Kairub Complex metabasall 10km
southeast of Awasih Fountain. This hrecoin suggests extrusion
of the basalt on a steep slope or as shallow water depths if volatile
pressures in the migma were high.

B.1e: Kairab Complex memabasall (BH 883) - 3 km north-west of
Satemskop. PPL.  Anhedrsl plagoclase phenocryvsts (porphyro-
clasts) set in a foliated “matmnx” of metsmorphic homblende.
[PPL = Plane Polarised Light]

B.le: Profusion of
country-rock xenoliths
{mainly Kaxirab Com-
[ plex orithoamphibo-
lite) in the Aunis
| Tomalite Gneiss which
suggesis magmatic
stoping during em-
placement. 5 km
northwest of Lirusib
| waterhole.

4
=
-

" -

B.ld: Irregular folds in Kairab Complex metafelsite which are at-
tributed 1o primary viscous Mlow rather than tecionic activity.
5 km southwest of Chowachasib Mountun

BT Early and late phases of the Khorasib Granite Goeiss: mafic
xenolith-bearing tomalite-grancdiorite gneiss has been imtreded by
sheet-like granite gneiss. Note the difference in onentation of the
pneissic fabrics (57 and s37), here inferred to indicate a protracted
history of emplescement. 6 km south of Awasib Fountain,

15



PART B: EARLY-STAGE CRUST

The JURXQGPDVYV LV W\A\SLFDOO\ D YiHR&trogrgpHy JUDLQHG
mm) intergrowth of quartz and feldspar (perhapgioslly 7KH PHWDJDEEURLGY DUH W\SQREGOO\ ¢
GHYLWUL¢{HG JODVV ZKLFK\MWXD\DandW@ysidianwikQoctasiehally didpleyihg weksgerved
DQG RFFDVLRQDOO\ H[KLELWWX EBHOgYitcVand dubdph@id. Eektyred Warriblende andntre
cular myrmekitic intergrowths resemble spherulitdsch lite-actinolite make up 35-60% of the rock (aver&éo).
suggest the presence of original volcanic glase.grbund- Hornblende, typically pleochroic from yellow-browio
mass mineralogy also comprises disseminated gemids dark green or blue-green, forms both small xendciclds
SADNHV" Rl ELRWLWH F K Q B&bitlioHlastic grainsK(&/er&Qe €ze 0.3 mm) angelafup
(< 7%), muscovite (1-7%) and epidote (< 5%). Verypon to 4.0 mm in size), often poikiloblastic, intergriwe with
amounts (< 1 %) of garnet, carbonate, apatite gradjoe tremolite-actinolite and less commonly biotite. Tdreginal
minerals are usually present in addition. alteration of primary pyroxene (augite?) to actiteofol-

7KH DQDVWRPRVLQJ IDEULF P\ EEDiowdd 16y hhro@¥dd S nmetarddipiidmOnvayRorovide a génera
ADNHV SDUWLFXODUO\ ELRW LW B W\eRohENBSihraiRe Waiagéness LoWhoRIende extmp
ZKLFK ERWK GH¢{QH DQG DFFHQQUW QihoseHodAiKds \(e.gDIblthwe st d EHowaGhdsib miain)
lar trails of quartz, feldspar and opaque minerstieaked where tremolite-actinolite has clearly overprintedrlier
RXW DQG ADWWHQHG TXDUW] 5 RBQrRAdda/ TWe difrD@iorDoPhdrGhRi@iéliy gatiguni-
ADWWHQHG SRLNLOREODVWYV RI E lfdiNanititel) hGvskaRypeee@ed qienithtiorbi®dral

to fractured augite was observed in noteworthy ame (-

2.1.4 Meta-intrusive suite 25%) at only two localities where it occurs bothiaslu-
sions in plagioclase and more skeletal remnan® rfim,
(i) Field character maximum 1.0 mm) in amphibole “poikiloblasts”.

Intrusive amphibolite and metafelsite bodies arammn- Biotite is also present in a minority of the sansplehere
ly associated with what appear to be their extrigiguiva- it makes up 7-15% of the rock and occurs as boshesil
lents in the metavolcanic succession. While theafettite [HQREODVWY DQG ADNHV DYHUQWHU PF
bodies are usually sheet-like in appearance arerdiftle growths with tremolite-actinolite. Biotite exhibitwide-
LQ WKHLU ¢HOG FKDUDFWHUXD/DS& GpieadaReidtian3dKahlotit® clbdiodsydf Radgse, and
scribed felsic metavolcanics, massive amphiboleids rims and trails of opaque granules.
display textures which clearly indicate plutoniepursors.  Plagioclase is usually present in roughly equalppre
These gabbroic rocks have been intruded by thesAlov tions to hornblende, making up 15-50% of the romke(-
nalite Gneiss, but the contact relationship betwherdatter D JH 6XEKHGUDO SODJLRFOBINGIWIUDL
and intrusive felsites is less certain. The conpmsal re- range in size (average 0.8 mm, maximum 3.5 mm) and
lationship between the Aunis Tonalite Gneiss antdigive are frequently indeterminate due to alteration palete,
IHOVLWHY 6HFWLRQ % L Q 6 D BDWSELity ¥nig Bdcas@nllyd EhRFt& HRibning (conmmho
larities to suggest the possibility of a genetiscasation. albite, but often combined with Carlsbad and/origiere)
Accordingly, this section will deal only with theagbroic and normal zoning, where preserved, indicate faidicic
rocks. compositions, viz. Afy to An,, (extinction angle determina-
Gabbro, diorite and minor peridotite crop out akcte tion). While the effects of deformation are not esgread
bodies which range in dimensions from a few metees in plagioclase, some grains do show clear evidefd&v-
several kilometres across. While these bodies nuay-c ing recrystallised to smaller, often polygonal, gr#ins.
monly be described as rafts within the younger Auro- 4XDUW] DQG . IHOGVSDU DUHUGUIHBXOYV
QDOLWH *QHLVV VHYHUDO REKWIRU RBaeHN 04-H0f\Vhé Fack.IAHEQaWO O (or@elrddrapie)ducts
suffered little physical or chemical transformatioy later include chlorite (< 12%), epidote (< 10%), sericgphene,
intrusive activity. In particular, the large gablor@utcrop carbonate and opaque minerals. The latter constitptto
situated southwest of Chowachasib Mountain occupi&% of the rock and are present as large skeletahgof
an important stratigraphic position with respectadja- both magnetite and ilmenite. Accessory apatitengraire
FHQW SLOORZHG EDVDOWY DQG Dtypitallyrpriératiel (O/azniinieng))dnd usually cange a
The association here is conceivably that of a disbered late phase.
RSKLROLWH LQ ZKLFK WKH ORZHWRNF RV WI XKOWHD R HOQW O WISEBQ HORIH SUF
sedimentary members are absent. Numerous dykes gatk aggregates of hornblende alternating withodiicu-
bodies of aplite, quartz porphyry and felsite havteuded ous, strained quartzofeldspathic layers.
the gabbroids.
The melanocratic appearance of the gabbroids miakes
GLI¢FXOW WR GLVWLQJXLVK EWRGDH HM VW DRQRUNISHONAHHEGNEREH VH
and the equally dark-coloured basalts. Consequeolly-
PHWULF HVWLPDWHY DUH GLKRBBPRQOWH W ¢charactér DQG WKHVH OLW
have commonly been grouped together on the map (ApMuch of the AMT is underlain by granitoid gneiss#s
pendix I). Several good exposures allow the redagniof tonalitic to granitic composition. Amongst the maonger-
cumulate layering in the gabbroids. Elsewhere aenmoot- mediate members is a distinctive unit of mediuncdarse-
tled appearance is prevalent due to aggregatedais™ of grained leucotonalite gneiss which has clearly uidéd
PD¢F PLQHUDOV ortho-amphibolites of the Kairab Complex. Althoutite
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2. LITHOSTRATIGRAPHY

Aunis Tonalite Gneiss crops out over a wide area,nbla-
jor part of this unit forms a single body which enlies
Urusib Formation sediments in the central portidriha
AMT (map - Appendix I). The shape of this plutoreitip-
soidal with a northwest-trending long axis and afiefired

inclusions in other minerals (particularly horntdef, and
occasionally as myrmekitic intergrowths. The valeéaba-
ture of quartz is due to the interaction of defotiora and
recrystallisation which has resulted in strain, ngiation
and blastesis.

outcrop area of almost 500 knXenolith-choked contacts Strongly pleochroic brown biotite makes up aroufd 8
with the country rock (Plate B.Le) indicate thatgmaatic (range 7 -1 0%) of the rock and occurs either aallsm
PP SRWYNLIDU .

stoping was an important mechanism during emplaceme3 ADNHV~

The Haiber Flats Shear Zone is situated along thstevn
margin of the Aunis Tonalite Gneiss and may represe-
mobilisation of an older country rock fracture winie/as
initially utilised by the tonalite. Irregular plutomargins
are the result of subsequent intrusive activity.

The Aunis Tonalite Gneiss is characterised by &fion
GH¢{¢QHG E\ TXDUW] ULFK OD\HHWD
which wrap around porphyroclasts of feldspar. Tleath-
ered surface is usually a buff, rusty-brown colevith

DYHUDJH VL]H
oblastic, xenoblasts (average size 1.5 mm). Hondde
where present, makes up approximately equal priopert
to biotite and shows strong pleochroism from ligéliow-
green to dark green or blue-green. Hornblende,Hikéte,
occurs as both small, sometimes subhedral, grairesgdge
size 0.3 mm) and large ragged poikiloblasts (up.Gomm
DQ@ize). BiotieLiwypically iRtBrgréwriPwit® hobiende in
large aggregates (up to 5 mm in size) which magligatly
elongated in the plane of the foliation.

WA\SLFDO ZHDWKHULQJ UHVLVWD Q\WACEBod/Whases Elud® Bphéne| Hhgake, zircbn, a

largely orthoamphibolite and biotite schist, arencaonly

lanite, muscovite, epidote and opaque minerals. mbst

ADWWHQHG LQ WKH SODQH RW &/\K HRliREkERIeRaQorDp@AUC Rl piddtel, serichtlorite

from centimetre to metre scale. In some casestteaky
and disaggregated nature of the xenoliths may éedabult
of magmatic corrosion and/or later deformation.

Apart from the spatial association between the Adio-
nalite Gneiss and metafelsites of the Kairab Comjiteere
are geochemical similarities between them whiclgssga
genetic association as well (Section BA).

(ii) Petrography

The Aunis Tonalite Gneiss is a rock of relativehifarm
appearance and mineralogy, but the non-uniformomesp
to deformational stress has resulted in heterogenésx-
tures.

Plagioclase typically forms anhedral to subhedrad- p

and carbonate.

2.3 KHORASIB GRANITE GNEISS

(i) Field character

This unit comprises a heterogeneous group of greynk
granitoid gneisses which range in composition fitomal-
ite to syenogranite. While it is clear that someha more
granitic members post -date the Aunis Tonalite Gneihe
age relationship between the latter and the butk@kho-
rasib Granite Gneiss remains obscure. It seemsapteb
that this unit covers a broad time span as inditatethe
variation in both intensity and orientation of theeissic

phyroclasts (average size 2.0 mm, maximum 7.0 mifabric (Plate B.1f).
which make up 35-50% of the rock (average 42%).l&vhi For the purpose of lithologic description, the Kisib

a xenoblastic nature is not common, plagioclasegmar
may be highly irregular and crenulate in form. kees
which indicate deformation include bent twin laraelland
mineral fragmentation (subgrains 0.3 mm in sizZ®g,latter
commonly giving rise to a “sieve” texture when atga-
nied by quartz blebs. Despite widespread alteratiopla-
gioclase, strong normal zoning (core Arrim An,) and
twinning (usually albite) maybe preserved.

K-feldspar (microcline and microperthite) rarelycerds
5% and may be entirely absent. K-feldspar usuallyns
small xenoblastic (average size 0.4 mm) intergrewtith
plagioclase which can be distinguished from théstaby
both microcline twinning and a relatively unalteagupear-
ance. Rims and patches of K-feldspar in plagioctagmear
to be the result of microclinisation or exsolution.

Granite Gneiss can be subdivided into the followaad-
egories:
(a) Tonalite to granodiorite gneiss
(b) Granite gneiss
(c) Foliated granite
7KHVH FRPSRVLWLRQDO FDWHIWUWLR YV
DSSO\ ULJRURXVO\ LQ WKH ¢GILOYG \DLER®R
into “gneisses” and “granites” was adopted on tlag ifAp-
pendix I). Within the “gneisses”, an age progressimm
tonalite to granite is generally, but not alwaysgt
All the different rock types within the Khorasib &ite
Gneiss appear to be randomly distributed throughioeit
area with little suggestion of a zoned batholitbémplex.
Individual plutons are commonly irregular in shalpet
tend to be better preserved than the earlier Allorslite

Quartz makes up 25-45% of the rock (average 37%) aBneiss due to fewer subsequent intrusions. Contaiths

typically forms a mortar texture in which largesstred por-
phyroclasts (average size 2.0 mm) are surroundeelby
tively strain-free and equidimensional sub graiasetage
size 0.2 mm). Aspect ratios of strained quartz fapigh,
while margins are usually highly irregular. A greécsfab-
ric is formed where quartz aggregates have segrdgato
anastomosing layers. Quartz also occurs as tinguiga
in cross-cutting trails and along grain boundarasssmall

country rock other than the Aunis Tonalite Gneissrare,
but a characteristic feature of the more gneissenivers
is the profusion of biotite schist and amphibok&noliths
ZKLFK DUH W\SLFDOO\ OHVV @ DWHKWH DG
the Aunis Tonalite Gneiss.
Despite similarities in appearance between thernmteli-
ate members of the Khorasib Granite Gneiss ané\tinés
Tonalite Gneiss, the latter may be distinguishedoetno-
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3. MINERAL CHEMISTRY AND MET AMORPHISM

graphic (a lower content of ferromagnesian minerafg) have further enabled a better understanding ofetry-

geochemical criteria (Section B.4). stage protoliths. Since textural evidence doesahotys
DOORZ WKH XQHTXLYRFDO LGWHDMORI\FD
(ii) Petrography compositional characteristics of phases are impoiteany

The petrography of the Khorasib Granite Gneississ ddiscussion of their original formation.
cussed in terms of the abovementioned compositicaial The following sections describe the mineral chengst

egories in Table B.1. of the common phases encountered in selected dighol
units. All EMP analyses are tabulated on the ac@ming
2.4 SUMMARY OLFUR¢FKH FDUG DQG GLVFXVVHG LQ {
(i) The Kairab Complex is made up of several litgit 3.1.2 Kairab metabasalt

units that can be directly correlated with compdaeri the
NMC, namely the Garub Sequence, “biotite gneissd an The assemblage plagioclase + hornblende + epidote +
Magnet tafelberg serpentinite. biotite is widespread in metabasaltic rocks of Kerab

(i) Apparently distinct from the NMC, a 6000 m ¢ki Complex as illustrated on an ACF diagram (Fig. B.2s
bimodal volcanic succession in the Kairab Compleme mentioned in the previous section, the Kairab meal
SULVHV IHOGVSDU SK\ULF E D\OLOWHBAFbeArR ZtvongR&lrdgkaphiressifdlaidR to Gaeta-
and hornblende * biotite poikiloblastic rhyolitefish are basites described from the Aus area by Jacksor6j18¢-
closely associated spatially, temporally and contwss cordingly, mineralogical comparisons will be madkew
ally with cumulate metagabbro and sheet-like médaée ever possible. All mineral analyses were derivezhfra
intrusions. Preserved features in this successioiude VLQJOH UHODWLYHO\ XQGHIR WRHGV D C
pillow structures and pillow breccias in the basalhd py- to the southwest of Chowachasib Mountain, the taroe
URFODVWLF WH[WXUHV DQG7RRHE WHRESERH ITD aNKBH BOK) Bedng ¥itthied approxétyat
ZLWK WKH SUHVHQFH RI D PD /D Q366 nVapbru PilloW Ktidicterid3Naie YnreIOpreservedhe
succession and associated intrusives are concgivefsle- HDVWHUQ SDUW RI WKH ARYDPSYSHPLD

sentatives of a dismembered ophiolite complex. 770.
(iiiy The post-Kairab Complex Aunis Tonalite Gneiss
forms a pluton with an inferred area of some 500 Wimich 3.1.3 Kairab metagabbro

is situated adjacent to a major shear zone in thie
JODWYV 1XPHURXV PD¢F [HQRO WX K VGaMRRdtabRditd3 IHa&r B ESDNeIDde SEveral intelesin-
gest magmatic stoping during emplacement. Thisigrian phibolites (Jackson, 1976, p. 46) which may be \ejant
shows a close spatial association with the metéfgl®f to metagabbros in the Kairab Complex. This sectiom-
the Kairab Complex. Biotite and hornblende conggitine pares analyses between the Kairab metagabbro atathane
PRVW LPSRUWDQW PD¢F SKDVHNM Zdthsiell a4 eitédid Khekd litHdlayiés add hetites”
RFODVH SRUSK\URFODVWYV GH ¢ QHinDhe/ Weidify QfJAUSQWHIlY the Fet@yBbbros freqtly
(iv) The Khorasib Granite Gneiss comprises tonaliteetain original igneous textures (e.g. ophiticyesal major
granodiorite gneiss, granite gneiss and granité,thhere phases such as hornblende exhibit a metamorphiaréex
is no systematic zonation to suggest a zoned h#tlwl The evidence for a retrograde metamorphic imprinthie
complex. While the “gneisses” are of uncertain agéh metagabbros is better developed than in the metdibas
regard to the Aunis Tonalite Gneiss, “granites”itgtly and takes the form of both chloritisation and epgidion.
SRVW GDWH WKH ODWWHU % KR WHVENmInsraVpitateGeBR bi@ Ditwtel D girA@gram
far and shows a progressive depletion from ton#digran- (Fig. B.2b) to facilitate comparison with the medahlts.
ite. Megacrystic feldspars are most common in theigses Accordingly, this diagram is not strictly applied meta-
where they occur as augen. morphic phases and also includes relict igneousqsha

3. MINERAL CHEMISTRY AND 3.1.4 Aunis Tonalite Gneiss
MET AMORPHISM
Despite the spatial association between the AuoralF

3.1 INTRODUCTION ite Gneiss and Kairab Complex, this granitoid appda
have preserved much of its primary mineralogy. gheis-
3.1.1 General sic character is the result of a deformational éveriud-

ing metamorphism) which could be late- or postdsixt
Mineral assemblages were selected from three titfiol with respect to the major event which affected moth
units in the early-stage crust of the AMT for efeat mi- the Kairab Complex. Assessment of the grade of meta
croprobe (EMP) analysis. These analyses have esxtenghism in the Aunis Tonalite Gneiss is importanthwiggard
Jackson’s (1976) database for metamorphic “basénoént to assessing the timing of its emplacement intoatvetalt
the NMC around Aus and provided new insight withpect and metagabbro. The major mineral assemblage, siedu
to the extent and grade of amphibolite facies metaimsm in detail in Section 2, may be summarised as fatow
in the region. Analyses of primary phases, whees@mved, plagioclase + quartz + biotitex hornblende+ K-felas
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PART B: EARLY-STAGE CRUST

KAIRAB COMPLEX
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FbBJ ACF diagrams illustrating mineral parageneses in metabasalts and metagabbros of the Kairab Complex. While largely relict
igneous phases are written in italics, retrograde phases are presented in parentheses.
A= Mzﬂg+F=zCh - (Ma20 + K30), C = Ca0 - 3.3P20s, F = FeO + MgO + MnO, mole%.
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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, to An,,. 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
o plagioclase phenocrysts are made up of complex intergrowths
of varying anorthite content in the range Ato An,.. Such
intergrowths may also span the range between Beggild (An
and An,) and Huttenlocher (Anand An ) intergrowths in

a region which is widely considered “homogeneous” (Gold-
smith, 1982). Braun and Miller (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

The range in anorthite content from Ato An,, is illustrat-  either a prograde or retrograde origin for the plagioclase
ed in Fig. B.3 and broadly corresponds to the epidote-homtergrowths. On the available evidence, the possibility that
blende or hornblende zones within the Garub metabasiteighly calcic plagioclase represents a relict phase cannot be
While the presence of epidote is more compatible with te&cluded.
former zone, the average anorthite content qf Alicates
a closer affmity to the higher grade hornblende zone (aver-
age An, after Jackson, 1976, p. 127). However, plagioclase
in sample BH 770 yields an average,Anomposition in ~ The average anorthite content of A@ An,) shows little
comparison to only An in sample BH 901. While the lat-variation and is close to the average value of, &h An,)
ter composition agrees well with Jackson’s value of M-  exhibited by the pillow-bearing metabasalt (Fig. B.3). Again,
termined for the epidote-hornblende zone, the more calsiech calcic compositions are typical of what Winkler (1976,
composition of Ag, is typical of metabasites which formp. 168) has termed “labradorite/bytownite-amphibolites”,
part of the granulite facies. Since petrographic observatiout the absence of metamorphic diopside allows for the pos-
precludes the latter possibility, it may be concluded that susihility that these calcic compositions are primary in origin.
high anorthite contents in the Kairab metabasalt repres&éhte presence of intergrowths of varying anorthite contents,
primary compositions. as seen in some of the metabasalts, was not observed in any

The mineral parageneses in the Kairab metabasalt suggéshe metagabbros. This observation is somewhat contrary
a metamorphic grade typical of the epidote amphibolite tar that of Grove (1977) who regards “Huttenlocher plagi-

Fig. B.3: Plagioclase compositions in metabasalt and metagabbro
from the Kairab Complex. An (Anorthite), Ab {Albite), Or
{Orthoclase). Field boundaries after Smith (1974).

3.2 PLAGIOCLASE

3.2.1 Kairab metabasalt

3.2.2 Kairab metagabbro
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3. MINERAL CHEMISTRY AND MET AMORPHISM

oclases” as useful indicators of a slower cooling history.dtes within the Kairab metabasalt may be described as calcic

is, however, possible that the plagioclases in the metagab{j@a + Na] ,Q RUGHU WR FKHPLFDO

demonstrate local disequilibrium and compositional variamphiboles, the scheme of Leake (1968) was followed (Fig.

tion on a submicroscopic scale. B.4). The advantage of this scheme is that it does not require
the determination of Peand Fé*, neither of which may be

3.2.3 Aunis Tonalite Gneiss obtained by using the EMP. Amphibole formulae have, in ad-
dition, been calculated on an anhydrous basis (23 oxygens)
Plagioclase is the predominant mineral phase and is ctegsuggested by Borg (1963).

acterised by strong normal zonation (Anore, An, rim) By comparison with hornblendes from the Garub metaba-

in the southern part of the pluton near Aunis waterhole, lsities in Fig. B.4, several features of interest are apparent:

more sodic compositions \(éf‘A”la) in the northern part. (i) Most of the analysed hornblendes display similar or

7KLY FRXOG UHAHFW WKH PRUH G LIowvitit)MgiMg L+DRY)HaBiof tha ¥eiHcdriteVpditd i tReJ W K

ern part of the pluton as indicated by its relative enrichmedarub metabasites.

in bulk-rock silica and alkalis and depletion in magnesium.(ii) A greater range in Si content is displayed by horn-

CIPW normative proportions reveal further that whereas thkendes from the Kairab metabasalt.

southern sample (BH 746) is tonalitic in composition, the(iii) Two compositional types are unique to the Kairab me-

QRUWKHUQ VDPSOH %+ KDV D tatkashi Vi) WB-Kagikgsite &nid \WektschBrhakite. W \
(Section 4). Both tschermakitic substitution (aluminium for silica) and

While the porphyroclastic nature and recrystallised texturedenitic substitution (alkali occupancy of the A-site) have
exhibited by plagioclase provide clear evidence of elevatidditionally been related to variations in metamorphic grade.
pressures and temperatures, the core compositions recoltfbide a decrease in tschermakitic substitution with increas-
are inferred to be primary in origin. More sodic compositiorisg metamorphic grade has been observed by several workers
may, like K-feldspar rims and patches, be the result of d€a-g. Leake, 1965; Binns, 1965; Jackson, 1976; Albat, 1984),

teric effects rather than metamorphism. RWKHU ZRUNHUV QG QR VXFK FRUUH(
gel, 1962; Bard, 1970). The compositions of amphiboles are
3.3 AMPHIBOLE SORWWHG DFFRUGLQJ WR WKH FODVVL
(1973) in Fig. B.5, which illustrates the overall similarity of
3.3.1 Kairab metabasalt hornblendes in the Kairab metabasalt to hornblendes of the

epidote-hornblende and hornblende zones (zones A and B,
The blue-green to green colour of amphibole in the metaspectively) in Garub metabasites. However, the lower Si
basalts is in agreement with both the paragenesis epidoteomtents of the former are distinctive and typical of low-pres-
quartz and the lower amphibolite facies grade inferred feure amphiboles according to Raase (1974).
these rocks from the anorthite content of plagioclase. Th&he very high values of Alin hornblendes of the Kairab
general amphibole formula may be written as follows (Hawaetabasalt (Fig. B.6) cannot be the result of high pressure

thorne, 1981): formation as advocated by Leake (1965), since this is incom-
patible with the low Si contents illustrated in Fig. B.5. High
A, ,B,C.D,O,,(OH,F.CI), AIV'is accordingly attributed to the high alumina bulk com-
where A=Na, K positions of these metabasalts.
B = Na, Li, Ca, Mn, F&, Mg The relationship between alkali enrichment in the A-site of
C = Mg, Fé', Mn, Al, Fe*,Ti hornblendes, or edenitic substitution, and increasing meta-
D =Sj, Al morphic grade has been well established by a number of

On the basis of their B group cation occupancy, all amphilerkers (e.g. Shido, 1958; Engel and Engel, 1962; Binns,

Co+ No+ K>25 Tramalile Ca+ Nog + K<2,5
_ 10 ' . . o LN ; T
© i 1 E ar gasite Mg-harnbiends
L Richierite A | Edenita | C ! & il & J e ¥ . L Tacharmaokile
& 1 Fe-pargasite| | pctinolite M .
=05 ——'—-—---——JI-— - ! T o —-- — e ]
- " - 4 G -hastingsit & A
o Fe-richlerita| B | Fe-edenile b = - ?‘I i Fe-octinolile; K Fe-horpblende | M 'i Fa=
= o | . H II H | Hastingsite | tschermokite

8,0 7.5 T0 6,5 6,0 8,0 7.8 7.0 6,5 6,0
Si
KEY

A Richteritic edenite BH 77O

B Fe-riehterill i v

c Al Are. achiis I Tremalitic hornblende » BH a0l } Melabosalt

Edenitic hornblenda J  Actinaltie harnblands

i] Ft—-du_n_lhl: hoernblende K Fe-actinolific hornblends * BH ?EE} Metagabbro

E Pargositic hornblands & BH 748

F Fe-pargosific homblende L Tschermaokitic hornblends Aunis

6 Mg-hostingsitic hornblende ™ Fe-tschermakitic hornblende 2 BH 7531 Toncliite Gnelss

H Hastingsitic hornblends 2 Garub metabosites

Fig. B4: Homblende compositions in Kairab metabasalt, Kairab metagabbro and Aunis Tonalite Gneiss plotted in terms of the
classification of Leake (1968). The field of homblendes from Garub metabasites is after Jackson (1976). All data were normalised
to 23 oxygens with all iron considered as Fe*.
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Tremolite-
Actinolite Co» Mo+ K x I‘ia
T z Ll 'DFlu:M-urllu -
ek I,6
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& BH TE2 melogobbvo
I 0.2 low pressure
Fig. B.5: Homblende compositions in metabasalt and metagabbro 1< Skb) -
from the Kairab Complex plotted according to the classifica- : v

tion of Miyashiro (1973). Metamorphic 2ones in the Garub
metahasites are after Jackson (1976), All data normalised to )
23 oxygens. si

Fig. B.6: Relanonship between 5i and A" contents in homblen-
des from Kairab metabasalt and metagabbro. Diagonal boun-
daries indicate high- and Imv\-ressure environments as well
a5 the maximum possible AT concentration in homblende,
1965). Jackson (1976, Fig. 32) has shown that despite a v Data sources as indicated. The field of homblendes from
variation in alkali content of hornblende within the differ Garub metabasites is after Jackson (1976).
ent metamorphic zones in the Aus area, there is a steady cii-
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 zor#ehde (e.g. Shido and Miyashiro, 1959) or disequilibrium
(mean = 0.432 £ 0.071) and zone B (mean = 0.517 + 0.1(Hgsemblages resulting from recrystallisation (e.g. Grapes,
The titanium content of hornblende has been reported 1§75; Grapes and Graham, 1978). However, according to
Engel and Engel (1962) and Binns (1965) to increase withird (1982), actinolite is typical of the greenschist facies
increasing metamorphic grade irrespective of the titaniwmnd this is borne out by the occasional overprinting of chlo-
content of the host rock. Raase (1974) also reported anrite by actinolite in the metagabbro.
crease from 0.08 to 0.29 ions per formula (on the basis oFig. B.5 illustrates that hornblendes in the metagabbro are
23 oxygens) from the greenschist-amphibolite transition ¢gmilar in composition to hornblendes from both the Kairab
the granulite facies. Jackson (1976, Fig. 33) showed tha¢tabasalt and the epidote-hornblende and hornblende zones
KRUQEOHQGHV RI JRQH $ KDYH D- VWith@ the BBr@h\W&@aba3iRg Hliké-Hd@Btdndgs\intiz me-
tion of Ti (mean = 0.056 + 0.027) than hornblendes of tiebasalt, however, hornblendes in the metagabbro have the
higher grade zones. The hornblendes of the Kairab metaloa+ contents of Al and Si typical of low-pressure amphi-
salt show even lower contents of Ti (mean = 0.038 + 0.01Bdles reported by several workers (e.g. Leake, 1965; Raase,
but it appears likely that biotite (up to 8% by volume) ha®74) and illustrated in Fig. B.6. A plot of total Al versus Ti
preferentially accommodated much of the Ti. Enrichment fafr all of the amphiboles in the metagabbro (Fig. B.7) reveals
Ti in hornblende may, therefore, not be solely dependenttbat while pale green actinolites display characteristically
metamorphic grade, despite coexistence with the Ti phdse contents of Al and Ti, green to brown hornblendes ex-
ilmenite. hibit relatively high Ti contents.
Hynes (1982) stated that “the clearest distinction between
3.3.2 Kairab metagabbro amphiboles from medium- and low-pressure terrains is on
the basis of Ti content”. The relatively high Ti contents in
The amphiboles analysed exhibit a range in colour frokRUQEOHQGHYV IURP WKH PHWDJDEEUR |
essentially colourless, through blue-green and green, to a tiigter pressure of formation in comparison with hornblendes
WLQFW EURZQLVK JUHHQ 7KHVH FbdhRieFfm&dd&sKIL(EiR B.F)VWHH& A rdtiDs@ary sig-
1.34) are similar in composition to the amphiboles ofthe KaQ L, FDQW O\ EHWZHHQ WKH GLIIHUHQW JL
rab metabasalt, but may be intergrown with, or overprint&dited in Fig. B.7, actinolites from the metagabbro display
by, amphiboles of actinolitic composition (Figs B.4 and B.5he lower Ti/Al ratios characteristic of the metabasaltic rocks.
Such intergrowths could represent equilibrium assemblade® possible that these actinolites represent a metamorphic
indicative of a miscibility gap between actinolite and hormverprint unrelated to earlier hornblendes of higher grade,
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Fig. B.T: Total Al vs. total Ti {cations per 23 oxygen anions) in tschermakite
amphiboles from Kairab metagabbro and metabasalt. The (T Compositional field of hornblandes from Koiroh Melobosalt
straight ilTl:{&n;ﬁ.H}'llCS. I'Qﬂ!_h.s furpru:pmcsufcml!pansm @BEP Compasitional fiskd of harnblendes from Koirch Melagabbro
only and emphasises the relatively high Ti contents in hom- a4 TG
blendes from the metagabbro, While brown hornblendes in s B 159} Aunis Tonoite Gneiss (hornblendes)

the latter are probably magmatic in origin, green homblendes

are nod as compositionally distinet from homblendes in the . . ) . )

metabasalt and may, therefore, be metamorphic in origin. Fig. B.8: Homblende compositions in the Aunis Tonalite Gneiss
plotted according to the classification scheme of Miyashiro
{1973). Compositional fields of homblendes (mainly pri-
mary?) from the Kairab metagabbro and metamorphic hormn-
blendes from the Kairab metabasalt are included for
comparison. All data normalised to 23 oxygens.

but still low-pressure, origin. Alternatively, the hornblende
in the metagabbro have retained their primary igneous cc
positions and the actinolites form part of the same, or a la
metamorphic event that resulted in hornblende formation  ga *
the metabasalts.

In support of a relict igneous origin for the hornblendes

0,44

¥

the metagabbro are their high contents of Ti and alkalis (Ni .2 mnmm
K =0.686 + 0.083) and low contents of Mn (0.024 + 0.00:

Metamorphic hornblendes with these compositional abt Diorite

dances are usually restricted to high-grade rocks, commo &+ " Tonalite * *

.
O Pyroaeniteq

in the granulite facies (e.g. Engel and Engel, 1962).
Bulk-rock composition and oxygen fugacity are factot
which may also play an important role in determining tf a

la : =ttt ) 0.5 Lo L5 2,0 2,4
compositions of amphiboles. Bulk-rock oxidation ratio A
(2Fe0,.100/[2F€g0, + FeO]mole% Reid, 1977) in the me- £722  Compoutional fiald of hornblendes from Kairab Metobosll
WDEDVDOW DUH VLIQL{;FDQWO\ OR DEEUF

Hornblendes from Kolrob Metogobbra

Hornblendes from Aunis Tonalile Gneiss

Hornblande averages from ignecus rocks of the Holb
lafter Reid, 1977

viz. 28.4 and 39.8 respectively, while whole-rock chemistrir
also show a marked difference, e.g. Ti/Al of 0.021 in met
basalt relative to 0.054 in metagabbro. These observati
DUH FRPSDWLEOH ZLWK WKRVH RI
systematic variation in Mg/Fe or Ti in amphiboles indepen Fig
ent of rock composition and oxygen fugacity.

or *

. B.9: Plot of AI" vs. Ti for homblendes from the Aunis
Tonalite Gneiss compared with primary homblendes in ig-
neous rocks of the Haib (after Reid, 1977) and homblendes
) ] ) (mainly primary?) from the Kairab metagabbro. The field
3.3.3 Aunis Tonalite Gneiss occupied by metamorphic homblendes in the Kairab metaba-
salt is also shown. All data normalised to 23 oxygens.
Bulk-rock compositional differences between the southe

and northern portions of the Aunis Tonalite Gneiss are also

UHAHFWHG LQ WKH KRUQEOHQGH FRPSRVLWLRQV )LJ % 8VLQJ
WKH FODVVL¢{FDWLRQ VFKHPH RI-FOL\DVKLUR LW FDQ EH IXU

ther seen that these hornblendes show a compositional otleg-Haib (Fig. B.9). Hornblendes of the Kairab metagabbro
lap with hornblendes from both metabasalt and metagablaich contain the highest Ti contents are typically brown-
in the Kairab Complex (Fig. B.8). Plutonic hornblende doeish-green to brown in colour compared with the more blu-
however, show a relative enrichment in Ti in comparisdgsh-green to green colour of hornblendes in the Aunis To-
with metamorphic hornblende from Kairab metabasalt (dealite Gneiss. The generally highet"Adnd lower (Na + K)
spite higher bulk-rock Ti in the latter) and Ti contents inontents of the latter could indicate that crystallisation took
hornblendes from the Aunis Tonalite Gneiss are similar jdace at lower temperatures than in the metagabbro. The high
those in several primary hornblendes in intrusive rocks froralues of A" are illustrated by comparison with average
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Fig. B.11: Biotite ¢ sitions from the Kairab salt and A Haornblende in Aunis Tonolite Gnelss
Aunis Tonalite Gneiss projected onto the “ideal biotite plane™

(Deer et al., 1966). Fields of metamorphic grade (after Gui- Fig. B.10: Plot of (Na + K) vs. Al"Y for homblendes from the
dotti, 1984) indicate that biotites from the Kairab metabasalt Kairab Complex (metabasalt and metagabbro) and Aunis
are largely compatible with amphibolite grade. Biotites from Tonalite Gneiss. The diagonal line defines the approximate
the Aunis Tonalite Goeiss form a distinct compositional field boundary between homblendes of metamorphic and igneous
which is inferred to be largely magmatic in origin. All data origin. All data normalised 1o 23 oxygens.

normalised to 22 oxygens.

values of hornblendes from the Haib intrusive rocks (after
Reid, 1977, Fig. 53) and the lower"Alalues reported for yet well established. The relatively high content of Ah
hornblendes from granitic rocks of the central Sierra Nevabliatites of the Kairab metabasalt may well be related to the
batholith (Dodgeet al, 1968). low Ti content, since Ti increase at the expense 6flds

While AIV' contents of hornblendes from the Aunis Tonabeen alluded to by Guidotti (1984). The occasional presence
ite Gneiss are similar to hornblendes in the Kairab Compl@f,reddish-brown biotite with “lamellae” of white mica in the
(Na + K) contents are generally higher than the metabasa#itabasalt may further suggest the following reaction pro-
but similar to the metagabbro (Fig. B.10). Together with t@sed by Miyashiro (1973):
high Ti contents, these compositional features suggest a pri- muscovite + Ca-amphibole = biotite + anorthite +
mary origin for most of the hornblende in the Aunis Tonal- quartz + HO
ite Gneiss. The single hornblende composition which plots
ZLWKLQ WKH 3PHWDPRUSKLF" ¢HOG LQ )LJ %04.2 AB\Tdhddits Gk QW D
xenocryst derived from the meta-basaltic country rock.

Biotite is always present in the Aunis Tonalite Gneiss and

3.4 BIOTITE coexists with hornblende in both samples analysed by EMP.
Although hornblende-biotite mineral pairs have not been
3.4.1 Kairab metabasalt analysed, Fe/(Fe + Mg) values for the two phases suggest

WKDW DW WKH RQH VLIJPD OHYHO RI FF
Biotite analyses obtained from the Kairab metabasalt quairs characterise the northern, more differentiated, part of
illustrated in Fig. B.11 in terms of the “ideal biotite plane’the pluton. Compositional characteristics of biotite are con-
AIV' contents and Mg/(Mg + Fe) ratios of these biotites fadlstent with a magmatic origin, although textural features are
in the range 0-1 and 0.3-1, respectively, which is regardeften ambiguous.
by Guidotti (1984) as characteristic of amphibolite-grade bi-The relatively high Al contents of primary hornblende are
otites. The mean Al content of 0.600 + 0.170 is, howeverDOVR UHAHFWHG E\ ELRWLWH FRPSRVLW
close to the maximum of 0.6 inferred by the same authorderophyllite-annite-phlogopite-eastonite quadrilateral (Fig.
be typical of biotites from amphibolites and sub-amphib&.11), especially when compared with biotite compositions of
lites. Sinclair-type granitoids (Section C.3). Biotite compositions
Titanium enrichment in biotite, like hornblende, has beelisplay lower Mg/(Mg + Fe) ratios compared with metamor-
correlated with prograde metamorphism (Engel and Engghic biotites in the Kairab metabasalt. Enrichment j®Ain
1960). Again the coexistence of biotite with ilmenite in thiiotite is further illustrated relative to the bulk-rock composi-
metabasalt has ensured that the former is saturated withtidh in Fig. B.12, with data points plotting close to the outer
A mean Ti content of 0.209 + 0.013 is within the range tifnit of the overall range reviewed by Speer (1984).
greenschist-grade metapelites and semi-pelites, but Guidotiith increased aluminium activity, biotite is commonly
DGPLWYV WKDW WKH VSHFL¢F ‘a&@mpahied! ByUalBrbindus Eningral§V4adish BdJdarigtRand
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Fig. B.13: Frequency diagram of epidote compositions from
Kairab metabasalt and metagabbro compared with epidote
compositions from metabasalts of different metamorphic
facies in the Yap Islands (Maruyama er al., 1983). The low
pistacite contents in epidotes of the Kairab Complex are most
compatible with amphibalite facies metamorphism.

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 historjis study) may, however, represent a later retrograde meta-
HJ GHIRUPDWLRQ DQG PHWDPRUMBKihM mprbtQG WKH LQAXHQFH RI
coexisting phases. The composition of biotite will itself be
affected by all of these factors. 3.5.2 Kairab metagabbro
3.5 EPIDOTE 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-
Several euhedral crystals of epidote were analysed in ord®k oxidation ratio of 39.8 (compared to 28.4 in the meta-
to determine whether this phase is compatible with lower abasalt) should result in a more iron-rich epidote according to
phibolite facies grade or represents a later retrograde ph@seper (1972). The use of epidote composition as an indica-
of metamorphism. While certain workers (e.g. Holdawaigr of metamorphic grade has, at least in this case, proved
1965; Maruyamaet al, 1983) have observed a decrease tn be unsatisfactory. Clearly a greater number of analyses is
the Fe content of epidote with an increasing grade of metequired to establish what factors control the composition of
morphism, other workers (e.g. Sethuraman and Moore, 19&Bidote in the metagabbro.
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$OWKRXJK SUHVHQW PDLQO\ DV VFDW
morphism. the groundmass, chlorite has, on occasion, been overprinted
The epidotes of the Kairab metabasalt show a compdsy-actinolite. Laird (1982) reported that actinolite is distinct-
tional range of pistacite from Psto Ps, , with a bulk-rock ly more Mg-rich than coexisting chlorite, but that hornblende
oxidation ratio of 28.4. Very similar pistacite contents iand chlorite have about the same Mg cationic content. Chlo-
epidotes from metabasalts of the Yap Islands in the westgte in the Kairab metagabbro has a Mg content of 5.73 +
3DFL¢F DUH VKRZ@t&\(19&YtX bb §jlcal 0.30, which is distinctly higher than the Mg content of both
of the amphibolite facies (Fig. B.13). In conclusion it canornblende (2.95 + 0.07) and actinolite (3.69 * 0.16). These
be stated that the compositions of well-formed epidote crgiscrepancies imply that the assemblage hornblende + actin-
tals are compatible with an origin in the lower amphibolitelite + chlorite is in disequilibrium and that it may represent
facies. More patchy aggregates of epidote (not analysedainarrested stage of read-justment to a higher, or lower, grade

3.5.1 Kairab metabasalt

3.6 CHLORITE

3.6.1 Kairab metagabbro
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Fig. B.l-l-_: Al-Mg-Fe plot of metamorphic chlorites in the Kairab metagabbro. Compositions are compared with metamorphic
chlorites from the Haast metabasites (dashed line after Cooper, 1972) and from the Haib basaltic andesites (after Reid,
1977). All data nommalised to 28 oxygens.

of metamorphism. This disequilibrium is consistent with hough enriched in AD, relative to the whole-rock composi-

primary origin for hornblende. WLRQV ELRWLWH FRPSRVLWLRQV SORW

An Al-Mg-Fe plot of chlorites in the metagabbro (Figbiotites reviewed by Speer (1984).
B.14) illustrates compositional similarities to biotite zone

chlorites in the Haast metabasites (Cooper, 1972). Upper 4. WHOLE-ROCK CHEMISTRY
greenschist facies metamorphic chlorites from the Haib
(Reid, 1977) are illustrated in Fig. B.14 for comparison. The 4.1 INTRODUCTION

widespread alteration of biotite to chlorite may provide sup-
port for a retrograde overprint in the metagabbro, possibliyWhole-rock analyses are presented on the accompanying
as a result of intrusive activity related to the emplacement6i FUR ¢ FKH FDUGV DQG LQ 7DEOH 9
Kairab Complex metafelsites and Aunis Tonalite Gneiss. of 190 samples from the AMT, 78 of which represent early-
stage crust. Sample localities are illustrated on a 1: 100 000
3.7 SUMMARY scale geological map (Appendix I). This section concentrates
on those suites for which Sr isotope and/or REE data have
(i) While metabasic rocks in the Kairab Complex showlzeen obtained, viz. Kairab metabasalt and Aunis Tonalite
metamorphic mineralogy similar to low-medium grade antneiss. Data from associated lithologic units provide an im-
phibolites in the Garub Sequence, the presence of relict glartant frame of reference for discussion of the tectonomag-
gioclase phenocrysts (high An contents) in metabasalt andtic evolution of the early-stage crust.

$SS

relict plagioclase and hornblende (high Ti and alkali con-$QDO\VHY DUH UHSRUWHG RQ -OLFUR¢F

tents) in metagabbro indicate preservation of the primgressed as F®,. However, an estimate of the,BgFeO ra-
mineralogy. tio is required in order to accurately calculate both the CIPW

(i) The amphibolite facies grade of metamorphism is besrm and Mg# (molecular MgO/[MgO + FeO]) values. Le
illustrated by the Kairab metabasalts which are characteridéditre (1976) proposed the calculation of an oxidation ratio
by low Si, Ti and alkali contents in hornblende!'Alontents (FeO/[FeO + F,]) based on multiple regression formulae
and Mg/(Mg + Fe) ratios of biotite in the range 0-1 and 0.3-fbr volcanic and plutonic rocks:
respectively, and epidotes in the rangg, Bs OX yotcanicy = 0-93 - 0.0042 SiQ- 0.022 (NgO + K,0)

(iii) A retrograde metamorphic imprint is represented by OX ..., = 0-88 - 0.0016 SiQ- 0.027 (NgO + K,0)
chlorite and actinolite growth in the Kairab metagabbro andThis method is favoured for the calculation of®#-€O ratios
may be related to the emplacement of younger granitoidsin early - and late-stage AMT rocks for the follogireasons:

(iv) Although porphyroclastic and recrystallised textures (a) The oxides used in the formulae are assumed to be
are widespread, the Aunis Tonalite Gneiss has preserlasgely unaffected by alteration (see following discussion).
much of its primary mineralogy and compositional changegb) The oxidation ratios are based on a statistical database
are inferred to be the result of deuteric effects rather thaefhnearly 26000 analyses which provide more realistic mean
metamorphism. values as opposed to the maximum valuesdfe TiO, +

(v) The primary nature of hornblende in the Aunis Tonal-5 wt. %) suggested by Irvine and Baragar (1971).
ite Gneiss is suggested by relatively high contents of Ti andc) Where titrimetric determinations have been carried out
alkalis, and high At relative to the ratio Mg/(Mg + Fe). Al- on FeO contents, these values compare favourably with those
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calculated by the method of Le Maitre (1976). VFDWWHU LV FRPSDWLEOH ZH W\WH UV R&PMH
Occasionally the stability of the major oxidesnsgues- depletion in these lavas. Accordingly, mobile elaisge.g.

tion and in these cases the use gfE#-€O ratios typical of LILE) must be used with caution in any geochemudak-

modem magma type equivalents is preferable. Mg#tesal VL, FDWLRQ +RZHYHU WKHVWWHBHMDRC

in particular are sensitive to the Bg/FeO ratio and the. no correction procedure was considered necessary.

selection of so-called “unerupted” ratios has besorted  In conclusion, nearly isochemical metamorphism ey

to in the calculation of these values (cf. Gill 819. assumed for the majority of eruptive rocks in thairkb
The degree of alteration in igneous rocks of theyea Complex provided that obviously sheared and altecetks

stage crust is discussed in the following sectind & of are avoided during sampling. If similar constraiais ap-

particular importance where comparisons are matkedam plied to associated meta-intrusive rocks in the&aiCom-

ancient and modem rock suites. Alteration is cagr®id plex, then an assumption of only limited mobility the

here to represent any process, generally post-tidason, major elements may be considered reasonable.

which has changed the original chemical compositbn

an igneous rock. While the effects of weatheringy rha 4.3 GEOCHEMICAL CHARACTERISATION

excluded to some extent by careful sample selecti@nin-

AXHQFH Rl VXFK SURFHVVHV DWPHWDPRUSK K3.P KRIRISCEpMWAD V R

tism may be more subtle and the effects less eagsdided

during sampling. 4.3.1.1 Metavolcanic succession

4.2 ASSESSMENT OF ALTERATION L &ODVVL{FDWLRQ
The metavolcanics of the Kairab Complex displayidew
The most severe alteration in the early-stage @iigie range in composition from “basalt” to “rhyolite” dhe to-
AMT probably occurs in metabasalts of the Kairabmzo tal alkali-silica (TAS) diagram (Fig. B.16) in wiicompo-
plex. The presence of pillows in these basaltiksosug- VLWLRQDO (HOGYV DUH GHt@ H®WRDFFRU
gests the possibility of both sub-aqueous weathjeaind The paucity of compositions in the “basaltic antisto
hydrothermal alteration caused by subvolcanic iggea- “dacite” range is noteworthy and illustrates thenbdal
trusions. However, the amphibolite grade of metghism nature of this succession (Table B.2). A limitefeef of
is too high to use LOI (volatile content) as a mea®f any post-consolidation processes such as alterationnaetd-
hydrous alteration, since prograde reactions tyfyicasult PRUSKLVP LV VXJIJHVWHG E\ WK GVYPL
LQ VLIQL,FDQW GHK\GUDWLRQ (according to Winchester and Floyd, 1977) illustchfor
Although some evidence for element mobility shooéd these lavas in immobile element ratio plots (e.gTiD,
expected in metabasic rocks (Floyd, 1976; Beswicl aversus SiQ Fig. B.30). These plots do, however, suggest
Soucie, 1978), alteration during metamorphism magg WKDW VRPH RI WKH EDVDOW LN DWR RNHV
rise to the redistribution of elements on the sczléhe tendencies, a characteristic which is not wellsiliated
sample rather than a complete change in elemeceotra- in Fig. B.16. This alkaline tendency is also notri@out
tions (Smith, 1968). The possibility of nearly ibeeical by the low TiQ concentrations, particularly when plotted
metamorphism may be considered in the case of the Kaioabthe widely used Zr/P, versus TiQ plot (Fig. B.17)
metabasalts in view of the large sample massek@i tak- LQ ZKLFK PDJPD W\SHV DUH GHY@®& G L
en. In order to test this possibility, the approatBeswick Winchester (1975).
and Soucie (1978) was used and is illustrated gn Bil5. In order to differentiate between the two subatkaie-
This approach compares major oxide molecular pitagror ries, tholeiitic and calc-alkaline, several criterinay be
ratios in metavolcanic rocks to the same raticssgentially used, viz. alkali contents, iron-enrichment, grouads
unaltered post-Mesozoic suites. The common dendorinamineralogy and normative mineralogy (Gill, 1981, 8).
in these ratios is O, which is retained in the liquid phaseSome of these criteria have been employed in tHe (FAg.
until late stages of fractionation prior to the stgtlisation B.16) and AFM (Fig. B.18) diagrams and provide good
of K-feldspar. evidence for the tholeiitic nature of the bulk bétmeta-
In general, deviations from unaltered trends in.Bg YROFDQLF VXFFHVVLRQ 7KHW3SEHDHQ
DUH QRW VLJQL¢{FDQW L QLWHUWMAN oRsevaral savijlds lhGheBeQli@gr&nisnay, iernvee
displacements. However, considerable displacensem-i attributed to enhanced concentrations of total leslkas a
dicated for three samples along a 45° positivebpislg result of alteration. By contrast, concentratiohghe “sta-
line as a result of their extremely low® contents. Potas- ble” oxide ALO, in the Kairab basalts are generally high
sium depletion may be the result of metamorphisthé@se when compared with typical tholeiitic series repdrby Ir-
samples, since mobility of both Sr and K has begorted vine and Baragar (1971). So-called high-aluminalagas
in low-grade basaltic rocks (Smith and Smith, 19268 RULJLQDOO\ GH¢{QHG E\ . XQRKDYLQS D
FRXOG WKHUHIRUH UHAHFWYH WSHIN gD arEOhDe & df A0 WeDdtralyhigkdr EhaR 17 per cent
in the case of the medium-grade Kairab metabasalts. and rarely as low as 16 per cent) than that ofthlogeiite
When compared with the metabasalts, metafelsitésein with the corresponding Si@nd total alkalis, and by lower
Kairab Complex plot closer to the origin and shawager alkali content than that of the alkali basalt, pded only
deviation from the unaltered trends in Fig. B .TBe data aphyric rocks are compared”.
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Fig. B.15: Logarithmic oxide molecular ratio plots for the Kairab metavolcanic succession cormpared with trends
for modern suites {after Beswick and Soucie, 1978). Fm = FeQ + MgO + MnD.

Using the abovementioned chemical characteristiéd; M phenocrysts and hence do not satisfy Kuno’s orlgtipu-
dlemost (1975) devised a plot of @I, versus alkali-index lation that only aphyric rocks be compared. Howgvee
([Na,0 + KOJ/[{ SiO, - 43} * 0.17]) in order to separateterm “high-alumina” basalt has been applied extezigi
high-alumina basalts from other more common sulbdalk to plagioclase-porphyritic lavas in the AleutiancABro-
basalts. This plot is illustrated in Fig. B.19, wié is used S K\ %WURSK\ DQG ODUWKU (W  * X\
to differentiate between basalts in the Kairab Clexp 1987; Myerset al, 1986), although the primary (and non-
The high-alumina basalts are typically rich in ptedase accumulative) nature of these lavas is the sulm&atuch
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Fig. B.17: Zr/Pz0s vs. TiOp plot illustrating the subalkaline
character of the Kairab metavolcanic succession. Magma
type divide and fields are from Floyd and Winchester (1975),

alkaline (SUBALK) and alkaline (ALK} fields are according
to Kuno (1968) and Irvine and Baragar (1971), respectively.
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Fig. B.18: AFM diagram showing compositional variation of the
Kairab metavolcanic succession. Boundary between tho-
leiitic and calc-alkaline fields is according to Irvine and
Baragar (1971).

Fig. B.19: Alumina vs. alkali index (A 1) diagram showing the
high-alumina to tholeiitic character of the Kairab metabasalts.
Boundary line and ficlds afier Middlemost {1973).

debate. (i) Comparison with modern volcanic suites

Kairab metafelsites are typically rhyolitic and form both The average compositions listed in Table B.2 are not ideal
a low-silica (71-75% Si¢) and high-silica (> 75% Sipp for comparative purposes since both boundary conditions
group. From Table B.2, comparison of these two groups i BQG VWDWLVWLFDO VLIJQL¢{FDQFH YDL
dicates that the high-silica group is characterised by loweported in the literature. Accordingly, Fig. B.20 better illus-
contents of all oxides except Siénd total alkalis. However, trates the averages and ranges of several diagnostic and rela-
total alkalis never reach levels out of the subalkaline afidely stable elements in the Kairab basalts as compared with
FDOF DONDOLQH ¢HOGV )LJV % B DafaGor¥modern®asaltsXanipitedbNackeddl (1982).
JDU +LJK ¢HOG VWUHQIWK HOKRNQWXUYMH6LQEREDWEWWRDW WKH VR
broadly similar in both rhyolite groups, but slightly highex =U DQG 1E LQ .DLUDE EDVDOWAMBLIIF
in the high-silica group, whereas light rare earth elememtsin aspects:

(LREE) are slightly lower in the latter group. (a) Element abundances occupy a relatively narrow range
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TABLE B.2: Average chemical compositions of metavolcanics in the Kairab Complex.

THOLENTE DEPLETED HIGH -AL ANDESITE DACITE RHYOLITE
THOLENTE BASALT
LOW-5i0z HIGH-5i02
(n=6) (n=2) (n=14) (n=1} {n=1) (n=4) (n=2}
mean  s.d. mean s.d. mean s.d. mean mean mean sd. mean sd
Si0z 47.98 61 48,60 86 48.49 1.51 58.62 64.78 7252 1.00 76.59 43
TiOz .38 04 33 . i) A3 BT 58 24 08 A7 .40
AlzOs 1530 64 17.48 A6 18.35 1.43 19.89 16.00 12.60 76 11.64 1.15
FezOs* 1211 1,04 941 2.37 12.35 1.21 6.71 8.08 5.33 s | 383 1.73
MnO 26 05 A6 03 24 .05 A3 .08 Rl 06 4 A3
Mg0 784 61 701 .7 437 119 1.18 1.56 47 a7 07 10
Cal 1414 1.53 13.51 .48 1263 1.43 10.08 4.2 an 1.04 2.68 1}
MazD 1.78 30 2.28 1.75 1.89 B4 2.38 362 4.29 25 304 169
K2 R 18 20 05 A8 19 A5 83 1.20 A2 1.99 ;]
Pa0s 1 03 02 01 A0 .03 8 A6 .08 .02 05 0z
M 6.4 27 1.8 5 7.2 1.9 4 4.7 5.1 21 6.5 51
Zr 38 12 12 5.0 a8 4.2 56 125 85 59 112 2.6
Y 12 18 7.9 A 8.4 3.2 25 ] a7 11 38 26
Sr 245 B3 212 40 264 47 3 251 150 5 136 g8
Rb 9.3 3.0 1.7 1.0 6.8 iz 1.0 30 24 6.8 35 23
Th 1.0 14 n.a. B §:] 2.7 2.6 2.0 1.0 1.4 1.3
Pk 13 4.8 n.a. 89 4.3 3.0 2.9 4.6 .6 6.8 6.1
Zn 88 A | 78 23 89 18 68 116 59 14 57 30
Cu 63 T2 113 150 B4 57 B4 5.6 38 35 1.9 20
Mi 110 68 50 18 18 12 4.8 2.5 1.5 8 14 1.2
Co 44 12 n.a. as 6.7 16 5.6 6.3 58 14 14
Cr 324 144 13 13 15 9.8 15 4.5 16
W M 46 299 66 376 48 173 23 B9 10.7 18 25
Ba 106 30 15 95 112 B0 aa 174 360 205 367 58
Sc 52 51 it 4 38 34 26 15 2.1 6.6
La 3B 22 1.4 6.6 1.3 11 10 1.4 8.z
Cea a1 n.a. 9.9 9.5 24 25 3.5 20
Nd 2.0 n.a. B.7 9.6 18 18 4.5 13
Cs 1.8 n.a. 16 1.4 a4 2.8 1.6 1.1
Mo# 60 2 64 3.0 45 8 29 N 16 12 & a8

Major oxide concentrations in wi.%; frace element concentrations in ppm

All Fe expressed as Fez03"

n.a. = not analysed; s.d. = standard deviation (1)

of values.

limit displayed by modem basalts.

favour within-plate settings such as ocean islands and con-
(b) Element concentrations are generally close to the lovtimental interiors. Abundances of Ti, Y and Zr are also low
relative to typical mid-ocean ridge basalts. Together with the
Although absolute abundances of these elements maythigeiitic character demonstrated in the previous section, it
subject to variation as a result of a variety of both open asdlear that the trace element abundances of the Kairab ba-
closed system magmatic and metamorphic processes, thedalis most closely resemble those of island-arc or back-arc

overall contents of Ti, Y, Zr and Nb in Kairab basaltsdo ndioleiites.
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Fig. B.20: Comparison of “immobile” elements in Kairab metabasalts with modem basalts and
Montauban metabasalis. Data ranges and averages (filled circles) compiled by MacLean et
al. (1982) for modemn and Montauban basalts.

The generally low abundances of the compatible elemerdd WK 025% FRQWLQHQWDO ARRG EDVI
Ni (mean = 46 ppm) and Cr (mean = 103 ppm) in the Kairabean islands. This ratio may also be used in altered rocks
basalts are also fairly typical of island-arc tholeiites (< Ince Ti and V behave coherently during alteration. Analyses
ppm for both according to Jake$ and Gill, 1970, and Jakdghe Kairab basalts show an average Ti/V ratio of about 6,
and White, 1972), although high values have been reported a range from less than 5 to around 20 (Fig. B.22). While
in the literature (Browret al, 1977). A plot of Y versus Ni Ti/V ratios of less than 10 are most characteristic of bon-
(Crawford and Keays, 1978) provides a useful means ofiilites, a wide range in Ti/V ratios in samples from a restricted
lustrating the contrasting abundances of HFSE and commg#tographical area may be diagnostic of a back-arc setting
LEOH HOHPHQWY LQ WKROHLLWHYV (3hewisVIR$2)RFHDQ ARRU DV RSSRVHG WHR
island arcs (Fig. B.21). The amphibolite facies grade of metamorphism typical of

Shervais (1982) has demonstrated that Ti/V ratios of vblasalts of the Kairab Complex does not, in general, appear
FDQLF URFNV UHAHFW WKH R[\JH Qtokay®distvpedihe imcompakitie édmeamdasivinessed by
are typically lowest in tholeiites from island arcs compardleir narrow compositional ranges. Although the evidence

[ T’V = 5
500 r
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Fig. B.21: Y vs. Ni diagram illustrating that the bulk of the data  Fig. B.22: Ti vs. V plot of Kairab basalts, showing trend lines of
for Kairab basalts plot within the low-K tholeiite (LKT) field. constant TV ratios = 5, 10 and 20 for reference (modified
Field boundary taken from Crawford and Keays (1978). from Shervais, 1982). See text for discussion.
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Fig. B.23: Comparison between the chondrite-normalised REE pattern for pillow-bearing high-alumina basalt in the Kairab Complex
(broken line) and REE distributions (shaded areas) from (a) continental tholeiites, (b) island-arc and back-arc tholeiites,
{c) & (d) transitional mid-ocean ridge segments.
Data compilations: (a) & (b) from Cullers and Graf (1984), (c) & (d) from Saunders (1984).

sol

FDWH WKDW WKH SUR¢{OH RI WKLV
group. The slightly positive Eu anomaly, as also shown
WKH ORZHU PDUJLQ RI WKH ¢(¢HOG - WL
QHQWDO WKROHLLWHY DQG LV QRV T e . o /IXJIIHVW
plagioclase accumulation. While slight LREE enrichment LaCe Nd Sm Gd Dy Er YbLu
not uncommon in transitional ridge segments, the pattel G To
displayed_ are distinctly different from th.at. of the _Kaira\ Fig. B.24: Comparison between the chondrite-normalised REE
basalt (Fig. B.23). The latter pattern is similar to high-al pattemn for pillow-bearing Kairab hasalt (broken line) and
mina Atka basalts in the Aleutian Arc (Myessal, 1986), pattems for the high-alumina Atka basalts from the Aleutian
although overall enrichment is not as great (Fig. B.24). Arc (after Myers er al., 1977).

Further trace element characterisation of the Kairab bast....
can be achieved by using MORB-normalised abundance pat-
terns (Pearce, 1982). Three sample groups were chosen f@a) Both tholeiitic and high-alumina basalts show features
display in Fig. B.25, viz. tholeiites, “depleted” tholeiites anth common with volcanic-arc magma types, viz. an enrich-
high-alumina basalts. Since MORB-normalised patterns anent in the elements Sr, K, Rb, Ba and Th, and a depletion in
WKRXJKW WR UHAHFW VRXUFH UH lheR@mErksiCe, P2 (Sid)L N, Wand WWH.QGHSHQGHQW
of magmatic processes such as fractional crystallisation an¢b) The slight enrichment in Nb and sometimes Sc and Cr
partial melting, the following observations can be made bythe tholeiitic and high-alumina basalts is, however, some-
comparison of patterns in Fig. B.25 with those typical ofwahat anomalous and resembles patterns displayed by transi-
range of modem sources (Pearce, 1982, 1983): tional volcanic-arc basalts.
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4. WHOLE-ROCK CHEMISTRY

eret al, 1987), and illustrate that the Kairab rhyolites most

—  Thaleiite [ n = & ] closely resemble the rhyolites of subduction-related suites.
o ‘Depleted” tholeite ( n = 2 ) This similarity is further borne out by the wide range in SiO
0 Mah-alumino basalt Ln =141 (7177 wt. %), relatively high concentrations of@®] + CaO

(mean > 14.33 wt. %) and low total alkalis (mean < 5.5 wt.
%) in the Kairab rhyolites.

Both low- and high-SiQ Kairab rhyolites show overall
chemical similarities to high-SiQoceanic 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-Gteanic
LT S R TP ET A SO S A A S T ST ST - island-arc rhyolites as opposed to rhyolites formed in conti-

St KReBaThTam Ce P 2r W Sm T ¥ Yo 8c Cr nental arcs and intracontinental rifts (Sylvesteal, 1987).

=

Rock/MORE

Fig. B.25: MORB-normalised minor and trace element variation

diagram for Kairab tholeiites, “depleted” thoieiites and high- (iif) Comparison with an.cient volcanic_sgites .
alumina basalts. Normalising abundances according to Pearce Many qf the gepchemmal _charactepsncs of the Ka.|ra_b
(1982, 1983). ~ basalts discussed in the previous section are notably similar

to Proterozoic amphibolites at Montauban-les-Mines in the
F :KLOH SDWWHUQV REWDLQH G Gteqilly RrolingdJo? Qe (Rlacl gdR &.S1982). Whis

largely similar, the “depleted” tholeiitic basalts are characemparison is particularly applicable since it involves rocks
terised by MORB-like abundances for several of the LIL elef similar origin and composition (pillow-bearing basalts),
PHQWY . B5E %D EXW VLJQL ¢ FDQwta@dipbio gtade. RQphibglite\factes)H ayel (Piot@rvedic),
P, Zr, Ti, and Y. The continuity of depletion in these elemerdsd tectonic situation (adjacent to broadly contempo-rane-
suggests that this is a primary feature. ous, relatively undeformed, rift-related volcanics). The geo-

Pyroclastic rhyolites, although volumetric ally subordinatghemical similarities are illustrated in Figs B.20 and B.28
to associated basalts, form an important part of the metavatd MacLearet al. (1982) conclude that the data for the
canic succession in the Kairab Complex. The compositiomaétabasalts and other amphibolites at Montauban are most
characteristics of both low- and high-silica rhyolites are besimpatible with tholeiitic volcanism in an island-arc envi-
illustrated in “spidergrams” (Fig. B.26) using the procedurenment. Cr and Ni contents are, however, relatively high
of Thompsonet al. (1984). These spidergrams incorporateompared with Kairab basalts and more typical of a back-arc
comparative data from rhyolites of both intra-continental rifenvironment.
and intra-arc regions of Cenozoic age (compiled by SylvestProterozoic amphibolites in the Bushmanland Group of

Intracontinental rif{-and hot spot- lele

m related rhyolites
&
a

Subdection-relaled continental
imtra-are rhyolias

Low-siica Kalrob rhyelite

High=silica Kairob rhyolife = o0
.
1000 Low-silica rhyoliles a
T
i© B
W a8
-
o @ 10
o o
= =
g [a]n] -E
s o 5
o =
= 5
E c | ’
-
[
2 E Y
b
CI]_J_J....J.. 9 ) i & % & & i 5 1 5 Lod
Boa Th Nb Lo S P Zr T Y ¥b Bo Th Mb Lo Sr P 2Zr Ti ¥ Yb
Btk K To Ce Nd Sm Hf Tb Tm B K To Ce Nd Sm Hf Th Tm

Fig. B.26: Chondnte-normalised minor gnd trace element variation diagrams for {a) average low-silica (70-75 wi.%), and (b)
average high-silica (>75 wt.%) Kairab rhyolites following the procedure of Thompson er al. {1984). Data compilations for
intracontinental and subduction-related rhyolites are from Sylvester er al. (1987).
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Fig. B.29: Mg# vs. Ni diagram comparing Kairab basalts with
Fig. B.27: Chondrite-normalised minor and trace element vari- Proterozoic Bushmanland basalts (after Reid et al., 1987).
ation diagram for high-silica (> 75 wi.%) Kairab rhyolites Modern and Archaean hasalt fields are from Gill (1979),

compared with high-silica oceanic island-arc rhyolites. Plot-
ting procedure and data compilation as for Fig. B.26.

a3 Blllowed metabasall - Montouban ) _ _
— Piilowed metobasoll = Kairob 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-
WW portant geotectonic implications. Situated some 700 km to
- the southeast of the AMT and along the eastern margin of
\"A‘\-\\—/ the NMC, massive amphibolites of the Boksputs sequence

(within the Areachap Group) chemically resemble low-K arc
tholeiites (Geringeet al, 1986). A more detailed discussion
RQ WKH UHJLRQDO VLIJQL¢{FDQFH RI WKL)\
, Ao e T 1 D.
‘Lq Ce Nd Sm Eu Gd Tb Dy Yb Lu The bimodal nature of the Kairab metavolcanics together
. . with the low-K tholeiitic character of many of the basalts bear
Fig. B.28: Comparison between chondrite-normalised REE Pﬁ:' similarities to several Archaean greenstone belts described
terns for the Kairab and Mosiaoben (afier MacLean €1 ¢ 0m the Canadian Shield, e.g. Michipicoten (Sylvester
1982) pillowed metabasaits. al., 1987) and the Huronian (Jolly, 1987). The compositional
characterisitics of the Kairab rhyolites compare favourably
ZLWK WKRVH RI WKH OLFKLSLFRWHQ UK\
similar patterns in chondrite-normalised spidergrams, the
the Namaqualand Metamorphic Complex have been studialer having been interpreted as subaerial to submarine arc
in detail by Reicet al. (1987). These workers show that theruptions. LILE and LREE contents of the calc-alkaline rhy-
Bushmanland amphibolites contain tholeiitic basalts whidhtites in the Huronian rift are, however, generally higher than
are enriched in Ni relative to modem basalts. When cothe Kairab rhyolites and are interpreted by Jolly (1987) to
pared with the Bushmanland basalts in a plot of Mg# (mleave been erupted in a developing continental rift zone. In
lecular MgO/[MgO + FeO] adjusted to wt. % ,BgFeO = both the Michipicoten and Huronian greenstones, the compo-
0.2) versus Ni (Fig. B.29), it is clear that the Kairab basak#ional characteristics of the rhyolites clearly depend on the
are generally characterised by considerably lower Ni camature of the crustal sources which have undergone partial
tents. While Gill (1979) regards relatively high Ni contentselting/anatexis.
as typical of Archaean tholeiites, the comparatively low Ni % LPRGDOLW\ DORQH GRHV QRW SURYLC
contents in the Kairab basalts are more typical of modencontinental rift setting and may be attributed to several
analogues, especially island-arc tholeiites. Rela-tively highuses:
Ni contents and high Mg# values in the Kairab basalts aréa) In ancient back-arc basins, bimodal volcanics may

generally restricted to those samples which are not charateHAHFW IHOVLF LQSXW IURP WKH DUF D¢
terised by high-alumina compositions and show in Fig. B.2Q@ondie, 1986).

Samgpla/Chondrile
=]
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Fig. B31: AFM diagram showing compositional variation of
B.30: ZrMi0z vs. Si02 di showing the similarities in intrusive rocks which make up the early- crust of the
agram 1]

compasition berween early-stage intrusive units and the Kai- AMT. The fields occupied by the Kairab metavolcanic suc-
rab metavolcanic succession. Rock group divisions are ac- cession are plotted for comparison.

cording to Winchester and Floyd (1977).

Kairab metogobbros:
A == BH TB2

o—a BH Tel
o--g BH T8I

(b)  Paucity of andesitic magma along an immatu o
oceanic island arc, e.g. Kermadec-Tonga arc, ongaim '
predominantly rhyolitic continental arc, e.g. Taumcan- / ]
ic zone, may result in bimodal volcanic successi(3d- : }P
vesteret al, 1987). 0 L 1l

(c) Liquidus surfaces have shallow slopes at shallc - | g~
depths (< 10 km), so that fractional crystallisatimay @%
give rise to bimodal magmas (Grove and Donnellyaxol \
1986). ¥ PRI S EEEP RN

(d)  Adual source such as concomitant partial meglti 5t ¥ Rb Bo ThTaMWbCe FZr Wf Sm Ti ¥ Yb S¢ Cr
in the mantle and in overlying crust (Glikson, pesmm.,
1989).

D Metabesalts

p
!

Rock/MORE

Fig. B.32: MORB-normalised minor and trace element variation
diagram for Kairab metagabbros compared with the envelope
4.3.1.2 Meta-intrusive suites of patierns obtained for associated metabasalts. Normalising
procedure according to Pearce (1982, 1983).
While not discussed in any detail here, selectejpnaand
trace element data of metagabbroic and metafeisitio-
sive rocks are presented in Figs B.30 and B.31rderoto
illustrate their relationship to associated meteanlcs in
the Kairab Complex. The plot of Zr/TiQersus SiQ(Fig.
B.30) indicates a close compositional associatietwben associated metavolcanics, certain compositionadgygre
the volcanics and later intrusive rocks. The re&li wide unique to the lavas, e.g. high-alumina basalt.
spread in Zr/TiQratios for the metagabbroids is possibly A more rigorous comparative treatment would bedwo-c
due to their wider regional distribution compareitwthe sider only those gabbros which are unequivocalépeist-
metabasalts. ed with eruptive rocks both spatially and, probatgynpo-
7KH ELPRGDOLW\ RI WKH PHW®D Y RN Pofzhtlaly df YreBtEsVimpdittbinddidréMhtabbros
the meta-intrusive suite in both Fig. B.30 and anrA&M  which are stratigraphically associated with thenhadumi-
diagram (Fig. B.31). The displacement of the matadsive na pillow-bearing basalts to the southwest of Chawaaib
rocks towards more MgO-rich compositions (and high&lountain (see Section B.2). MORB-normalised plats a
Mg# values) compared with the metavolcanics is abbp presented in Fig. B.32 for three of these gabbogether
the result of their cumulate origin rather thanigadive of with the envelope of patterns obtained for the hasaFig.
a more primitive nature. Substantial compositiomati- B.25. The most noteworthy feature here is that MQRE
ability exists within the suite of metagabbros (&pdix Il malised patterns for these gabbros indicate greatech-
- Table V), especially for the more mobile elemesiteh ment compared with associated basalts for all efésnex-
as the alkalis. Such variation is not uncommonrotéto- cept Nb, although some overlap does occur. Theserpa
zoic metagabbros from bimodal suites, e.g. Salalgbgps also most closely resemble those displayed by widearc
in central Colorado (Boardman and Condie, 1986)il&hpasalts (Pearce, 1982, 1983), a feature consigfigmtthe
broadly similar compositional variation is displayley the interpretation for the Kairab basalts in the prergisection.
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The implication of a more enriched source for tablgyos is intended to provide the necessary geochemical background

suggests either a separate source relative to the basalf®rdiurther discussions on the petrogenesis of late-stage suc-

a later period of metasomatism resulting in enrichment 8#8HVVLRQV VSHFL{FDOO\ WKH YRO FDQLT

the same source. Alternatively, enrichment may have been

produced by a smaller degree of partial melting of the same LL &ODVVL,FDWLRQ

source that produced the basalts. In view of the relativelyGenerally smooth trends obtained on Harker diagrams (not

high oxidation state of the gabbros, the higher LIL elememigesented here) suggest that subsolidus alteration is not sig-

may signify intra-plutonic fractionation or secondary addiQL ¢ FDQW IRU WKH JUDQLWRLG VXLWHV V

tion related to alteration and metamorphism (Glikson, perSUREDEO\ UHAHFW SULPDU\ LJQHRXV SUI

comm., 1989). XVH RI PDMRU DQG WUDFH HOHPHQWYV LC

The paucity of data available for the intrusive metafelsitgsanitoids is considered valid.

precludes any detailed discussion of their chemical characte®n a normative An-Ab-Or diagram (Fig. B.33), data for

The two samples taken show compositions similar to thabe Aunis Tonalite Gneiss plot predominantly in the tonal-

for “dacite” and “low-silica rhyolite” in Table B.2. PerhapsLWH (¢HOG RI %DUNHU ZLWK- VRPH R

of more importance, however, is the compositional similartit MHPLWH ¢(¢HOG :KLOH VDPSOHVW RI WKH

between the “low-silica” metafelsites and the Aunis Tonalt6 OH WKH JUDQRGLRULWH DQG JUDQLWH

Gneiss illustrated in Figs B.30 and B.31. A genetic relatiodUDQLWH VDPSOHYV SORW HQWLUHO\ ZLW

ship between intrusive metafelsite and Aunis Tonalite Gneisatter in an AFM diagram (Fig. B.31) infers a calc-alkaline

would suggest a much greater volume of felsic intrusive axtvaracter for most of the early-stage granitoids. Associated

tivity associated with the metavolcanic succession. gabbros of the Kairab Complex are, however, typically tho-
OHLLWLF LQ FKDUDFWHU DQG KHQFH GL
felsic granitoids. A normative Qz-Ab-Or diagram (Fig. B.33)

4.3.2 Early-stage granitoids suggests that only data for the Khorasib Granite Gneiss fol-
low a calc-alkaline trend, whereas data from the Aunis To-
(i) Introduction nalite Gneiss lie closer to a gabbro-trondhjemite trend (after

Selected major and trace element data are presented inBhaiker and Arth, 1976). Data for the gabbros may, however,
section for a range of predominantly felsic granitoids artié on either of these trends.
JQHLVVHV ZKLFK PDNH XS D VLIJQL:;RDQMGEHOR SRUHEL R Q VRN \WRKIE HHID LFA\D V VL ¢ |
stage crust. These granitoids may be broadly divided into the degree of alumina saturation (Shand, 1927; Chappell
Aunis Tonalite Gneiss and Khorasib Granite Gneiss, the laid White, 1974) which refers to the molecular proportion
ter comprising both gneiss and granite (Section B.2). Occd-Al,O, UHODWLYH WR WKH DONDOLV DQG
sional reference will be made to intrusive rocks in the Kair&billustrated in Fig. B.34, which shows that the early-stage
&RPSOH[ ZKLFK ZHUH EULHA\ GLYV FgtavitoldGare qredurkitan®/UnietdlurRnoNs @ Blightly pera-
WLRQ ,Q YLHZ RI WKH PDQ\ XQFHUwibou®) PetalliMinbd keHdemti@sare_|grgaly KestrigtebhQds
relationships of these “basement” granitoids, this section ville Khorasib Granite Gneiss, especially the younger granites.
attempt to establish geochemical parameters by which thes@eneral, however, the ratio A/CNKn6leculafo Al,O./
granitoids may be discriminated from each other as well @0 + NgO + K,0)) does not exceed 1.1 and is therefore
reveal any subtle relationships between them. In particulayitike the strongly peraluminous granites derived from “S-

a Aunis Tonolite
Gneiss
Khoroslh Granlte Grekss:

% Gneiss
% Gronite

Fields after Barker Gabbro-trondhjemite

trand
ia79l ) Calc-alkaline trend
h - 50
] * J-IH
Ak - E-3
# ’J,
' #
T
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P ¥
Gronite .
]
& |
ib)
=y LY a
or Ab 50 or
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Fig. B.33: Temary plots for early-stage pranitoids in the AMT. (a) Normative An-Ab-Or; (b) normative Qz-Ab-Or.
Chemical wends from Barker and Arth (1976).
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Alz04

Peraluminous

Cal Nu20 -+ H'zU

Fig. B.34: Molecular alumina-calcium-alkalis wermary diagram showing the metaluminows to slightly peralu-
minous character of early-stage intrusive units, Classification based on Shand (1927). Symbols as before.

type” sources (Chappell and White, 1974). Nevertheless, théatively high values of A/ICNK and a wide range in HFSE,
ratio A/ICNK (Shand Index) is a useful measure of alumintata for the Khorasib gneisses appear to be transitional be-
saturation and may be used further as a crude indicator ofttheen the two groups and may represent both calc-alkaline
“S-type” component involved in the derivation of anatectiand crustal-melt granitoids. While it is possible that the Kho-
granites. rasib gneisses contain some unrelated rock types, an alterna-
In addition to alumina saturation, enrichment in HFSfive explanation is that the chosen geochemical parameters
has been used by Peagteal. (1984) to infer the degree toare not able to achieve a meaningful separation of granitoids
which a given granite demonstrates a “within-plate” charagithin this suite. Accordingly, one may question the useful-
ter. However, only partial discrimination is achieved betweerss of discriminant plots which are based on the application
different early-stage granitoids by plotting the parametes§simple geochemical parameters (e.g. Peetred, 1984).
Nb + Y and A/CNK against each other (Fig. B.35). Samplesin general, geochemical discrimination between the Aunis
of the Aunis Tonalite Gneiss show low levels of HFSE anhnalite Gneiss and Khorasib Granite Gneiss (especially the
moderate levels of A/ICNK, both features typical of calc-alk&horasib granite) is easily achieved, e.g. Fig. B.36. How-
line granitoids. While data for the Khorasib granites exhititver, distinction between older gneiss and younger granite

L4 Crustal component
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Fig. B.35: (Nb+ Y vs. Shand Index (A/CNK) diagram showing compositional variation in the early-stage granitoids.
Symbols as before.
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Fig. B.36: Geochemical discrimination between early-stage granitoids using variation diagrams (a) Si0z2-Alz03, (b) Rb-Ba, (¢) TiO-Zr
and (d) Rb-Zr. Symbols as before.

within the latter suite is less easy to make. Gramemgu  (b) Poor correspondence between data for the Aunis Tonal-
stricto) gneisses within this suite are compositionally similat WH *QHLVY DQG WKH (¢HOG RI 3FDOF DO
WR WKH JUDQLWHY DQG PD\ WK-HU Kt) R éppraxiai® \clusteiDg\of gablrds o thy Wairap F
tion on the basis of fabric development is not a useful crt& RPSOH[ DW WKH ORZHU HQG RI-WKH ¢ H(
rion. Certain element ratios do, however, appear to supgdhs”, indicating that these basic rocks may form part of a
this criterion, e.g. Rb versus Zr (Fig. B.36d) which indicatdsmodal association with either the Aunis Tonalite Gneiss or
that the Rb/Zr ratio typically exceeds 0.6 in the granites, Wtiorasib Granite Gneiss in view of the general contempora-
rarely does in the gneisses. neity of these units.
The close spatial and compositional association between

(iif) Comparison with modern and ancient granite suitesthe Aunis Tonalite Gneiss and metavolcanic succession of

The suggested calc-alkaline and gabbro-trondhjemitiee Kairab Complex is noteworthy. In particular, it is con-
trends displayed by the early-stage granitoids in Fig. B.88ivable that these tonalities represent the end product of dif-
warrant further comparison with better studied and presenfedentiation within a possible ophiolite sequence southwest
intrusive suites reported in the literature. Rogers and Greeh-Chowachasib Mountain. In order to test this possibility,
berg (1981) used a diagram of log{MgO) versus SiQ data for the Aunis Tonalite Gneiss have been plotted on a
to obtain maximum separation of calc-alkaline and alkalisemilog diagram of SiQversus KO (Fig. B.38). Composi-
granite suites from a variety of suites of Pan-Africanto RWWLRQDO ¢HOGV DFFRUGLQJ WR &ROHPD
FHQW DJH 7KHVH (¢HOGV WRJHW KéktenzelyWow KO Kditewt i h@ GostRrapoviaktkthérital) U D
Nevada batholith and data for the early-stage AMT gramharacteristic of ophiolite sequences. Fig. B.38 shows sever-
toids, are illustrated in Fig. B.3? This diagram illustrates tlaéimportant features, viz. the similarity of the Aunis Tonalite
following features: Gneiss to “continental trondhjemites”, the good correlation

(a) A broad correspondence between data for the Khoras#tween “continental granophyres” and the Khorasib Granite
Granite Gneiss and the Sierra Nevada batholith trend, witaeiss and the wide range inXfor Kairab Complex gab-
gradual displacement of the former towards relatively hidinos. However, Coleman (1977) cautions against such com-
SiO, contents with increasing alkalinity. parisons in view of widespread low-grade metamorphism
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Hg._ll.&'?: Log (K20/MgO) vs. 5102 diagram showing the relationship between early-stage AMT
intrusions and fields of “calc-alkalic” and “alkali" batholiths for a variety of suites of
Pan-African to Recent age (after Rogers and Greenberg, 1981). Note the occurrence of the
Sierra Nevada batholith trend in both fields. Symbals as before.
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Fig. B.38: Semilog plot of 5i0; vs. K20 illustrating the compo-
sitional affinities of carly-stage AMT granitoids and Kairab
gabbros according to the classification scheme of Coleman -L5 " s - L |
{1977). Symbols as before. 50 60 70 80
Si0,
Fig. B.J!f: S._lli::a vs. calc-alkaline ratio plot for early-stage AMT
and possible metasomatism in ophiolites. granitoids and Kairab gabbros. Calc-alkaline (com-
The differentiation trends that give rise to oceanic pl. ~ Pressional) and alkali-caleic (extensional) fields are modified

giogranites are typically tholeiitic rather than calc-alkalin ~ from Brown (1982). Symbols as before.

(Coleman, 1977). By plotting SiCagainst the calc-alkali

ratio log(CaO/NzO + K,0) in Fig. B.39, trends for the early-

stage AMT granitoids may be compared with trends forbodDOL FDOFLF VXLWHY .DLUDE JDEEUR
modem magmatic arcs and intrusive suites (Brown, 198Bjg. B.39 and do not demonstrate any clear association with
From this illustration it appears that the Aunis Tonalitde felsic granitoids.

Gneiss is calcic rather than calc-alkaline, whereas data fofrhe general decrease in logarithmic calc-alkali ratios from

the Khorasib gneisses are predominantly calc-alkaline Buinis Tonalite Gneiss through Khorasib gneiss to Khorasib
DOVR SORW EHWZHHQ WKH FDOF DXUNDIQOMH PIDQ GJ 1D OHNMD LD AR OB QF LeVWHIORY
Samples of the Khorasib granite also tend to scatter betwesrsional regime (cf. Brown, 1982). Coupled with this in-
WKHVH ¢HOGV DQG LQGLFDWH V-R Ridad® lig [Qdakthimie Lcsickalkidll katid 3 ¥ géh&r&) Qeciz&se
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Fig. B.40: Ocean-ridge granite (ORG)-normalised trace element variation diagrams illustrating overlapping pattems between
(a) the Aunis Tonalite Gneiss and Kairab felsic volcanics, and (b) the Aunis Tonalite Gneiss and Kairab felsic intrusions,
Normalising procedure according to Pearce er al, (1984),

LQ VLOLFD IURP WKH $XQLV 7RQDGtongly reserifile/ those RbtanedH foP B/jpjiaal voloanke-arc
Khorasib gneisses, a trend which could suggest increasiignites (cf. Pearcet al, 1984). However, within the upper

arc maturity (Fig. B.39). The possibility, then, that the earlyange of values obtained for the Khorasib Granite Gneiss, it

stage granitoids may record a history of arc development asdmportant to note that Nb, Zr and Y levels may be close
subsequent intraplate extension is strongly dependent ontthéheir normalising values and together with the LILE en-
temporal relationships between these rock types. Intra-suithment already mentioned, such overall abundances may
YDULDWLRQ LV GLI¢(¢FXOW WR FRQ Vh capdidered KchataeteriskoOoE “orust-danifatgriQpatkerrs V- D U
lacking (see Section B .2) and so the above assertion nilisirlwall and Jones, 1983, Pealeteal, 1984).

remain somewhat speculative. The implication of these normalised abundance patterns is

Field relationships, regional considerations and geochetat there exists a variety of potential sources for the various
istry of metavolcanics in the Kairab Complex all appeartocBUDQLWRLGYV DQG WKDW ¢(¢HOG FODVVL(F
consistent with the existence of an active continental marggfOL¢,¢HG 7KH FRPSOH[LW\ RI WKH VLWXD
in pre-Sinclair times. Accordingly, the geochemistry of relaB.41 which attempts to discriminate between granitoids of
ed early-stage granitoids should lead to a similar conclusicgB.LITHUHQW WHFWRQLF DletQl. 9984)., HOGV
These granitoids and metavolcanics can best be compaibé large spread in values from VAG to WPG is particularly
by normalising their trace element abundances to the trawsl developed in the Khorasib Granite Gneiss, the Aunis
element composition of a hypothetical ocean-ridge granite
(ORG) according to the method of Peasteal, (1984).
These authors have calculated the trace element abundar
of ORG by assuming 75% Rayleigh fractional crystallisatiol
of a magma with the composition of a mid-ocean ridge bz
salt.

Fig. B.40 illustrates the overall compositional similarity
between the Aunis Tonalite Gneiss and felsic volcanic ar
intrusive rocks in the Kairab Complex. The relative deple Re
tion in K, Rb and Ba in one of the felsic intrusions (BH 784
is possibly the result of alteration. ORG-normalised patterr VAG
for the Khorasib Granite Gneiss are less useful for compar
tive purposes due to intra-suite compositional variation, ar
are not illustrated here. Despite the considerable spread
patterns for the Khorasib Granite Gneiss, correspondence 1L s wuuen v o o [ aaa, PR
poor between these patterns and those for Kairab Compl o S oo oo
felsites gensu lath

Nevertheless, most of the early-stage granitoids show c¢ Fig, B.41: (Y + Nb) vs. Rb discriminant diagram for early-stage
tain features in common, viz. eurichmentin K, Rb, Baand T AMT granitoids. Fields of syn-collision (Syn-COLG), vol-
relative to Nb, Zr and Y. Where these features are combine  canic-arc (VAG), within-plate (WPG) and ocean-ridge (ORG)
with low values of Y relative to ORG, the resultant pattern granites are from Pearce er al. (1984), Dashed lines link

similar granitoid rypes within the AMT. Symbols as before,

oo
Syn - COLG WPG

T T TTTT

il\

T T FTTT{m
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Fig. B.42: Plots of Nb and Y against Rb/Zr for early-stage AMT granitoids. Fields are modified from Brown er al. (1984).

Tonalite Gneiss showing relatively little scatter. Of interest 4.4 SUMMARY
here is the general increase in Rb from the Aunis Tonalite
Gneiss (33 ppm) through Khorasib gneiss (82-102 ppm) to 4.4.1 Kairab Complex

Khorasib granite (147 ppm). Pearetal. (1984) consider
such progressive enrichment in Rb to represent the selecti@ The Kairab Complex volcanic succession shows a range
introduction of Rb from the subduction zone into the mantie composition from basalt to rhyolite with a paucity of inter-
VRXUFH UHJLRQ :LWKLQ WKH 9%* pmEdRaG canWwosdich® VW WKH UHODWLYHO\
steep increase in Rb content may be due to the importance @f) While TAS and AFM diagrams indicate a tholeiitic af-
amphibole as a crystallising phase (Peatcal, 1984). The ¢ QLW\ IRU PXFK RI WKLV VXFFHVVLRQ
spread in Y + Nb values does, however, suggest that petroy¢K H EDVDOWYV VXJIJHVW WKDW WKHVH
netic modelling of granitoids of the Khorasib Granite Gneisather than demonstrating any alkaline tendencies as indi-
cannot be well constrained and this feature is consistent wittied by the slightly elevated contents of total alkalis. Con-
the involvement of con-tinental crust in their genesis. Supsideration of the AD, content relative to the alkali-index of
LPSRVHG DOWHUDWLRQ VXI¢ FLHQ WidieRokt Q76 F&vealE thatRid \nvajbrby@f hasafisK &sKe-
ODWLRQ DQG YRODWLOH AX[LQJ KIPY H OSO)RFELOCEIR ZDOKD UQ @ X HRZWG DUKHHK L
petrogenesis of these ancient granitoids and thereby contrilgiii) Low abundances of Ti, Y, Zr and Nb in Kairab ba-
uted to the data scatter. salts resemble those of modem island-arc or back-arc tholei-
The source heterogeneity implied by the compositionigds, although low abundances of Ni and Cr are more typical
variability of the early-stage granitoids is further illustratedf the former. The range in Ti/V ratio from < 5-20 for the
in plots of Rb/Zr against Nb and Y (Fig. B.42). Browh Kairab basalts and the only slightly LREE-enriched pattern
al. (1984) have used these parameters to illustrate trend¢laf/Yb = 1.7) for high-alumina basalt are, however, more
increasing arc maturity, but such trends are less evident hdiegnostic of a back-arc setting. High-alumina basalts from
due to data scatter. Nevertheless, Fig. B.42 does illustrathe Aleutian Arc (Myerst al, 1977) display REE patterns
general increase in Nb and Y with increasing Rb/Zr ratio andt unlike those of pillow-bearing Kairab basalt.
it is clear that the youngest “basement” granitoids, viz. theliv) MORB-normalised trace element patterns (Pearce,
Khorasib granites, display consistently higher Rb/Zr ratid982) reveal that both tholeiitic and high-alumina basalts in
than the older gneisses. Furthermore, there exists a geniaKairab Complex show features in common with volcan-
FRUUHVSRQGHQFH EHWZHHQ GDW x-agecth@@nd typés, Wakidly, 52X entishmeRt (hhe eléhtdnts
Gneiss and “primitive island arcs” as well as between ti8e, K, Rb, Ba and Th, and a depletion in the elements Ce, P,
Khorasib granite and “normal to mature island arcs” in Figr, Sm, Ti, Y and Yb. Slight enrichment in Nb and sometimes
% FRPSRVLWLRQDO ¢ HO&bal, POBAG L 3ch6d O W howeveiR @@e typical of patterns displayed
Samples, typically of Khorasib Granite Gneiss, show HF3fy transitional volcanic basalts. Volumetrically minor “de-
HQULFKPHQWY DW JLYHQ OHYHOV [Reted BhaidiiteZ KHow WMIFRBAlikd HbiktiEnsesViok K, Rb
source contribution from “within-plate” mantle lithosphereDQ G %D EXW VLJIJQL,{FDQW GHSOHWLRC
(cf. Brown et al, 1984). However, the superimposed con- (v) Ancient analogues for the Kairab metabasalts are found
tribution by the continental crust (enrichment and melting) Proterozoic amphibolites at Montauban-les-Mines in the
is a probable cause of scatter in these diagrams and tendsramville Province (Macleaat al, 1982). The latter differ
obscure an overall trend of increasing arc maturity from thetheir slightly higher contents of Cr and Ni but otherwise
Aunis Tonalite Gneiss to the Khorasib granite. show remarkable similarity for the HFSE and REE patterns
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and reinforce the idea that the Kairab basaltssatmluc-  (iii) Early-stage granitoids are typically metalumaus in
tion-related. WKH FODVVL,{FDWLRQ RI 6KDQd WKH D
(vi) In the regional context, the Kairab basaltewhan Khorasib granites show a peraluminous tendency.
overall compositional similarity to low-K arc thaikes (iv) Low levels of HFSE in the Aunis Tonalite Gngis
(amphibolites) of the Proterozoic Areachap Groupr{@g- are typical of calc-alkaline granitoids and contistsongly
eret al, 1986) situated 700 km to the southeast of the AMAiith the “within-plate” character demonstrated b¥$E
along the eastern margin of the NMC. enrichment in Khorasib granites. While the lattemynbe
(vii) Kairab metafelsites are typically rhyolitind are regarded as typical crustal melts, the associaterisges
represented by both low- and high-silica types. @ar are transitional between the two groups and reptdsath
son of both groups of rhyolites with Cenozoic agalkes calc-alkaline and crustal-melt granitoids.
VXJIJHVWV D EURDG FRPSRVLWR R QDH{D) Gebgh@mival datrwiKat\bix e Gveh Whorasibigne
lated suites, but good agreement for the elemebtsSX, and granite is best achieved using a Rb/Zr rati0.6f the
Nd, P, Ti, Y and Zr in the high-silica rhyolitesh& negative latter being characterised by values greater thesn t
Th anomalies are believed to be particularly chiaréstic (vi) The Aunis Tonalite Gneiss, despite its closeaia-
of high-silica oceanic island-arc rhyolites rathean conti- tion with the metavolcanic succession of the KaiGdm-
nental arcs or intracratonic rifts (Sylves&tral, 1987). plex, shows the higher K contents typical of continental
(viii) Ancient analogues of the Kairab rhyolitesearest trondhjemites rather than oceanic plagiogranitedd@an,
represented by the Archaean Michipicoten rhyoldgh- 1977). The Khorasib Granite Gneiss shows even highe
ARZ WXIIV el a.Y19srytHdlatter having beenK,O contents diagnostic of continental granophyresau
interpreted as subaerial to submarine arc eruptions broad correspondence to the calc-alkaline to alkaBierra
(ixX) The bimodal nature of the Kairab volcanic seec Nevada batholith trend on a diagram of logdMgO) ver-
sion may be a consequence of selective preserv@ion- sus SiQ (Rogers and Greenberg, 1981).
die, 1986), paucity of magma of intermediate conitpns (vii) Comparison of trends for the early-stage gi@ds
(Sylvesteret al, 1987), fractional crystallisation at shallowwith trends for modem magmatic arcs and intrusiviees
depth (Grove and Donnelly-Nolan, 1986), or a dwairse on a SiQ versus calc-alkali ratio diagram (Brown, 1982)
(Glikson, pers. comm., 1989). shows that the Aunis Tonalite Gneiss is calcic eatihan
(X) Metagabbros show compositional similaritiestite calc-alkaline whereas the Khorasib Granite Gneibsbits
Kairab basalts, but high-alumina compositions argue a calc-alkaline to alkali-calcic tendency. Notwitrsding
to the latter. More MgO-rich compositions in thebbeos the problems of correlation between the early-stgai-
UHAHFW WKHLU FXPXODWH RHYRQW @idsZ tke i@k fidi-aldld kb bilkali@aldichdks@dered to
elements (excluding Nb) in MORB-normalised plotgsu UHAHFW D KLVWRU\ RI DUF GHYQMOFRDSP H ¢
gests a more enriched source, or a smaller dednesrital plate extension.
melting of the same source, for the gabbros. (viii) LILE enrichment relative to HFSE is commow t
(xi) Metafelsite intrusions are poorly representeat most early-stage granitoids and resultant pattesns
show, along with their volcanic counterparts, a posi- ORG-normalised plots are typical of volcanic-arargr
tional similarity to Aunis Tonalite Gneiss on AFM(/TiIO, ites (Pearcet al, 1984). Where the HFSE Nb, Zr and Y
versus SiQ and ORG-normalised diagrams. Althouglare close to their normalising values in additias $hown
not studied in any detail, a genetic relationshgiween by several Khorasib granites), the patterns aresidened
metafelsite and Aunis Tonalite Gneiss would gredtly characteristic of “crust-dominated” patterns (Tiall and
crease the volume of felsic magmatism associatdutive Jones, 1983).

Kairab basalt. (ix) The tectonic discriminant diagram Y + Nb vessRb
(xii) Geochemical data for the Kairab gabbros da n¢pearceet al. FRQ¢UPV D YROFDQLF DUF

show any clear association with the Aunis Tonalit&ho- for the Aunis Tonalite Gneiss but shows a spreadaié

rasib Gneisses. for the Khorasib Granite Gneiss across the voleanicand
ZLWKLQ SODWH ¢HOGV $ JHXKURNOIRQFU

4.4.1 Early-stage granitoids nalite Gneiss via Khorasib gneiss to Khorasib geamay

UHAHFW WKH VHOHFWLYH L@®GXR&XRWLF
(i) Data for the Aunis Tonalite Gneiss show somertap zone into the mantle source region, but the spireddr Nb
LOQWR WKH WURQGKMHPLWH ¢ HGOL@®DvARSs B irgirativie DWofveEm&nofftiie @odtitedrcrust
gram (Barker, 1979), while the Khorasib Granite (Sgés in the genesis of the Khorasib Granite Gneiss.
FRQWDLQHG ZLWKLQ WKH JUDR® GWKHLHEBR+NnBon&nklaDy@dnvettls dil Rb{ Vie tht-
same diagram. ter further suggest a source contribution from imiplate
(i) Although a calc-alkaline character is inferifed these subcontinental lithosphere (Brovet al, 1984). An overall
granitoids on an AFM diagram, the Aunis Tonalitee®s trend of increasing arc maturity from Aunis Tornal@neiss
lies closer to a gabbro-trondhjemite trend on amradive to Khorasib granite is partly obscured by the ineohent
Qz-Ab-Or diagram. of continental crust.
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5. GEOCHRONOLOGY analytical uncertainty (Fig. B.44). Exclusion ofghdatum
has little effect on the age and &stimates. Again the R
5.1 INTRODUCTION estimate for the Aunis Tonalite Gneiss is low, di¢ation

that the source material of this granitoid had @Rbatio
Correlation of the early-stage crust in the AMTtwihe similar to a “Bulk Earth” or “Uniform Reservoir” nmile
NMC would infer an age range from middle to lat@Pr FRPSRVLWLRQ 7KLV SUHFOXGHKL®D VL
terozoic. Accordingly, isotopic measurements haeerb tory or “residence time” for this unit, and impligsat the
carried out on the Kairab Complex metabasalt (Rlv&@ HVWLPDWHG DJH UHAHFWV WRHDWGPH
Pb-Pb) and Aunis Tonalite Gneiss (Rb-Sr) in ordetdter- crystallisation of the Aunis Tonalite Gneiss.
mine both absolute ages and the duration of agtixithe

Proterozoic (see also Hoet al, 1986, 1989). A more de- 5.3 DISCUSSION
tailed discussion on the source characteristiggésented
in Part D. The age ota. 1460 Ma obtained for the Kairab Complex

A description of the chemical and analytical methodnetabasalt is considered to represent the timetofigon
and experimental uncertainties is presented in Agpell. Rl WKHVH ARZV LQ YLHZ Rl WKW DQGHH
Sample localities in the AMT are illustrated on:a@0000 Pb-Pb systems. A minimum age for the Kairab Complex

scale geological map (Appendix ). basement is provided by the age of 1271 + 62 Maioéd
for the Aunis Tonalite Gneiss, since this age issidered
5.2 ISOTOPE RESULTS to represent a primary crystallisation event. Tége co-

incides with a likely maximum age of 1300 Ma foetB,
Rb-Sr and Pb-Pb results are shown in Table B.3cenmd Namaqua event (Cahen and Snelling, 1984, p. 65)isand

conventional isochron diagrams in Fig. B.43. consistent with a previous correlation betweenKh@&ab
Complex and the NMC (Hoal, 1985).
5.2.1 Kairab Complex metabasalt Low R, values in both Kairab metabasalt and Aunis

Tonalite Gneiss imply juvenile additions of magmmant

The ten analysed samples of the Kairab Complex Metae mantle. This event may be compared with vokrani
EDVDOW GH¢{;QH DQ LVRFKURQ RG68d&ed at betwegeh\W/3K0 &r@ 1DAHVa (Barton and Burge
1461+ 169 Ma and an initi&ISrf°Sr ratio (R) of 0.70269 + 1983) along the eastern margin of the NMC near ghoin.
12. The separation of sample BH 774 from the mhister These workers have shown that tholeiitic metabgsdithe
Rl GDWD SRLQWYV LQ )LJ % FDRWH Bg@rihddtsdrl) @raupany talccalkaline volcanicks of
trol on the slope of the regression line. ConsetjyeRb the Jannelsepan Formation exhibjf Wlues which infer
separates were measured for four samples whiclvidin - mantle derivation, but /12 values indicative of iehed
the main sample cluster on the Rb-Sr isochron. ihket mantle or crustal recycling. Barton and Burger @)9®ir-
LQ )L % LOOXVWUDWHY WEDB W BEWKHIY H QAD P S 8 BIN WGHHE:, @VHK HD IL VY RIVWFRRSQL\W L
isochron (MSUM = 1.1) with an age of 1467 +201/-21% nental margin related to the convergence and sulesgq
and /1 = 9.87 + 0.14/-0.15. The /1 value is sligitmigher collision which characterises the Namaqua tectogjene
than the value of 9.74 preferred by Stacey and kram Similar conclusions may be drawn for the Kairab anet
(1975) for the second stage of their two-stage moftiBb basalt and Aunis Tonalite Gneiss, which suggess tthis
isotope evolution. The Restimate for this unit is low, anactive continental margin can be extended from @eg-
indication that the source material of this metaltdsad a perton in South Africa to the northern part of #dT, a
Rb/Sr ratio similar to, or slightly lower than, Bulk Earth” distance of nearly 850 km.

mantle composition. In the Rehoboth area to the northeast of the AMAIAR
et al. (1988) have reported Rb-Sr isochron ages of 1442 +
5.2.2 Aunis Tonalite Gneiss 32Ma (R 8§ IRU WKH $OEHUWD O0D¢F
1238 + 13 Ma (R 8 IRU WKH %LHVLHS

1LQH VDPSOHV RI WKH $XQLYV [7RRIte)\OdeeHQuQtH Didite GTHes® &beb andv@lues are
chron (MSUM = 1.3) with an age of 1271 + 62 Ma #@td broadly similar to those obtained for the Kairabtabasalt
of 0.7029 + 3. Sample BH 745 was excluded fromrtéhe and Aunis Tonalite Gneiss, respectively, and mayigle
gression as it appears slightly weathered in thatisn and evidence for the northeast ward extension of thisiemt
deviates from the isochron line by more than thirees the active margin.
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Lithology and  Rb (ppm) Sr (ppm) *"Rb/®Sr (atomic) *'SrPsr (atomic) 206204py,  207204py, 208204,

Sample number .

Kairab Complex Metabasalt

BH 770 2.01 307 0.0189 0.70297 + 2
BH 774 12.1 254 0.1372 0.70565 £ 1
BH 783 1.37 384 0.0103 0.70286 +1
BH 901 1.10 265 0.0120 0.70340 + 1
BH 902 0.89 290 0.0089 0.70280 + 1
BH 803 0.75 328 0.0067 0.70289 + 1
BH 904 7.92 395 0.0579 0.7040 +£1

BH 205 392 3 0.0362 0.70315 + 1
BH 906 2.30 274 0.0243 0.70323 £ 1
BH 307 5.38 360 0.0433 0.70337 £1
Aunis Tonalite Gnelss

BH 727 29.8 121 0.713 0.71609 + 1
BH 745 304 205 0.425 0.71131 £1
BH 746 25.3 214 0.342 0.70912 + 1
BH 747 1.9 227 0.254 0.70766 + 1
BH 748 25.9 183 0.388 0.70977 +1
BH 749 25.1 200 0.368 0.70851 +1
BH 750 25.4 208 0.353 0.70915 ¢ 1
BH 751 289 190 0.440 0.71082 + 1
BH 752 248 181 0.393 0.71015 £ 1
BH 753 18.7 210 0.271 0.70782 £+ 1

20.931
17.840

17.870

18.689

15.858
15.565

15.584

15.660

38.205
37.515

37.569

38.494

Rb-Sr: Quoted errors at 20 level; sample Sr ratios reproducible to 0.01%
Pb-Pb: Average errors listed in Appendix II; 206/204 and 207/204 reproducible to 0.09%
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1. INTRODUCTION

PART C: LATE-STAGE CRUST

1. INTRODUCTION (a) Arkoses of the Urusib Formation have been dedl
E\ JDEEURV Rl WKH 6DI¢HU ,QQ@G XD/G& Yt

Late-stage crustin the AMT is correlated with $ieclair jacent to the farm Gorrasis.
Sequence and comprises both “cover” rocks and keigbt  (b) Basal conglomerates of the Urusib Formationyonl
intrusions which are typically less deformed andan®r- overlie early-stage crust in the AMT.
phosed than lithologies in the early-stage crusgjrédater  Lithologic descriptions of the Urusib Formation gieen
emphasis is placed on the eruptive rocks of théeétdtlats in Harrison (1979) and Hoal (1985), and will notrepeat-
Formation (HFF) in view of their relatively well-pserved ed in detail here. Some discussion is, howeverrgion
nature and suitability for geochemical and petregien selected lithostratigraphic sections and on thevgmance
studies. Localities referred to in the text arasttated on and palaeoenvironment of this succession, sinceethave
the accompanying regional map (Appendix I). Whepe aa direct bearing on the setting of the overlyinghida Flats
plicable, the reader’s attention will be drawn itmitarities Formation;
between the units discussed and their counterprartise
Sinclair Sequence. (i) Field character

The main aims in Part C are to provide both dat an Sediments of the Urusib Formation unconformablyrove
discussions on the following aspects of the ladgstcrust lie, or are faulted against, metamorphic rockshaf Kai-
of the AMT: rab Complex, Aunis Tonalite Gneiss and Khorasibn@ea

(i) Field character and petrography of the majiwdiogic Gneiss (Plate A.Le). This sedimentary successiandde
units in order to establish the lithostratigraphyttee late- up predominantly of immature and poorly sorted titas
stage AMT and, where possible, the provenance ahd gocks which reach an estimated thickness of 24@Githin
aeoenvironment of the units in question. the Urusib synclinorium. Regional facies variatioae

(if) Mineral chemistry of selected lithologic untditha EHVW UHSUHVHQWHG E\ ¢YH WHROMIERH
view to determining igneous compositions as welltas which are described below and illustrated in Fidl:C
degree of metamorphism and/or alteration.

(iiiy Whole-rock chemistry of a variety of rock tgp, (a) Section southwest of DiaR10
including the Barby Formation of the Sinclair Seqgce, In the southeastern part of the AMT, the Urusibnkar
for the purpose of geochemical characterisatiogioreal tion is in tectonic contact with underlying basemgmeiss-
correlation, and comparison with modem and anc@at es and younger monzogranite of the Haisib IntruSivie.
logues in the literature. The basal part of this succession consists of piclybrec-

(iv) Petrogenesis of the HFF eruptive rocks in viefv cia which grades upwards into petromict congloneseatd
WKHLU UHODWLYHO\ ZHOO S DR VH Otygd-Bed@ed \iiidJUdtenideU Ll |&tier] @highFcamm
the evolution of the late-stage crust and the &@incbe- carries well-rounded quartz pebbles, attains aktidss
qguence. of approximately 1600 m before grading upwards tht®

(v) Geochronology of selected lithologic units,liding predominantly volcanic succession of the HaibetdHror-
the Barby Formation (type area), in order to deteenboth mation. The upper contact zone is obscured by ansvea

the age and source characteristics of these units. northwest-trending rhyolite dykes, but is arbitademar-
FDWHG E\ WKH ORZHU PRVW YRODADWY L
2. LITHOSTRATIGRAPHY Formation.
This section provides brief descriptions of thetrifisi- (b) Section southwest of Piekniekkoppe
WLRQ ¢(HOG FKDUDFWHU D QIGWXHRW Béd Bddis&ntary | siiédessidh DrivitRid) s€xtion fornes th
units which form part of the late-stage crust ia &MT. northwestward extension of the previous one aralretta
similar minimum thickness. In the basal part quaghbles
2.1 URUSIE FORMATION and lithic fragments (volcanic and granitic in carsftion)

GH¢QH D GRZQ GLS SHEEOH VWRBREWFK

The sedimentary Urusib Formation (now thought to ibles of basement gneisses are also present, buiaked
corporate the Tsaurab Formation; Hoal, 1985) has var- contact is a sedimentary unconformity rather tresatanic
iously correlated with the Kunjas Formation (Martl'®65; in nature as seen further south. Although thereocisvi-
SACS, 1980) and the Guperas Formation (Watters4;19dence of intercalated volcanics of the Haiber Fradema-
Harrison, 1979) in the Sinclair Sequence. Thesélpros tion in the upper part, plugs of intrusive andesii@y rep-
of correlation are the result of a lack of contiylietween resent feeders to such volcanics.
sediments in the AMT and those in the Sinclair @ege
W\SH DUHD WR WKH HDVW $MbVWYDW® B \(¢)HUauslb seetloc HQFH V XJJ
the Urusib Formation occupies a stratigraphic pmsitlos-  This section is the type locality of the Urusib fation
er to the Kunjas Formation than the Guperas Foaomati and will accordingly be described in more detadritthe
This evidence is based largely on the followingesla- other sections. The estimated thickness of 2408 mdde
tions: up of four informal members which are discussedwel
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2. LITHOSTRATIGRAPHY

Conglomerate member PD¢F YROFDQLFV ZKLOH FORPWV DLW HAN

This 700 to 800 m thick member is made up predontinaare almost entirely angular quartz. Trough anda&noss-
ly of grey to brown petromict conglomerate, peblitlgyic EHGGLQJ DUH ZHOO GHYHORSHGWQGQG >
arenite and subarkose. Clasts are typically quaittz sub- several of the beds. Overlying this lower portisraisuc-
ordinate feldspar, while lithic fragments are pnedteantly cession of grey to white quartzite which is in tawerlain
granitic and volcanic (mainly felsic in compositjoRlanar by an estimated thickness of 100 m of grey shdie.vierti-
and trough cross-bedding are widespread througtiosit cal continuity of this shale is interrupted by selesHIS
PHPEHU DOWKRXJK PRUH PDVVLYdirhaBtZDUG (QLQJ EHGV DUH
also developed, particularly at the base of theessgion.

(ii) Petrography
Siltstone member Petrographic study of the Urusib Formation is harmage
Although only 50 to 100 m thick, this member is remarkby widespread deformation, particularly shearindaté®
ably persistent laterally and is made up predontlgasf C.1a), and greenschist grade of metamorphism (Eldte).
dark grey siltstone and laminated quartz wacke.avjibut 9IROXPHWULF HVWLPDWHYV RIJFBEOWLLQ
important, grey carbonate (sandy limestone) andchett some cases due to the breakdown of feldspars awvetlgr
crop out on the western limb of the Urusib syndliam. of white micas. The variability in the nature arahposi-
6HGLPHQWDU\ VWUXFWXUHYV HVFDX® Hf t@el—t@dih@r\ts\rpl‘etluﬂdsI%l[DIé)ailéd(cH.iiBuslsére,
channels which have disrupted the laminations, \ggoobut the reader is referred to Harrison (1979, p323Bfor
casts which indicate a palaeocurrent direction froorth- petrographic descriptions of the major lithologies.
west to southeast, and ripple marks.
(iif) Provenance and palaeoenvironment
Pebbly sandstone member The predominance of granitic lithic fragments ireth
With a minimum thickness of 1200 m, this member-cobasal part of the Urusib Formation suggests a lprge-
sists primarily of grey to brown pebbly lithic aren lithic  nitic source for these arkosic sediments. Furtheemthe
and arkosic wacke, and subordinate petromict cangie syenogranitic nature of many of the fragments iatlis a
ate. The pebbly sandstone member contains simgldir s proximal source such as the Khorasib granite. Bhezes
mentary structures to the conglomerate memberdimit clasts of tonalite gneiss and metaquartzite maydree-
plays, in addition, characteristic slump structwaed ripple lated with the Aunis Tonalite Gneiss and Kairab @ten,
marks. Much of this member resembles cross-bedted | respectively.
arenite situated to the southwest of the DiaR1§otro- Higher up in the succession, but still within trearcser-
PHWULFDO EHDFRQ EXW SHEERMINra@dd cladtic BeQimehisV lihit Fiiddinents \todep ieth
stretching lineation in the core of the Urusib dime(Plate quartzofeldspathic clasts (volcanic or sedimentaryri-
C.1a). gin) as well as dark siltstones and shales. Whehealatter
are thought to represent intraformational rip-uasts, the
Shale member source of the volcanic and sedimentary fragmentsanes
Laminated dark grey carbonaceous shale occupies timeertain.
core of the Urusib synclinorium and may exceed B0 Despite obliteration of many primary sedimentamnust
thickness. An accurate estimate of the thicknesiasv- tures by shearing, Harrison (1979, p. 52-54) predoa
HYHU GLI{(FXOW WR PDNH L@ HTLXHpadd® dirg¢dinxedwvdnRent It nWdk lef the sucoassi
E\ PD¢F GANHVY DQG SRRU RXWFUR $e basis of the following observations:
(a) The widespread occurrence of petromict congteme
(d) Section southwest of Chowachasib Mountain ates, arkoses and lithic sandstones.
The sequence here has been intruded by the Chosibcha (b) Sedimentary structures such as planar and lroug
Granite and is unique in that there is no develognoé cross-bedding, ripple marks, parallel laminatiosspur
a basal conglomerate. A basal pink to white quarenite VXUIDFHV ORQJLWXGLQDO EDWYV DQG
member overlies metagabbro of the Kairab Complek an F 3RRU VRUWLQJ DQG D SUHGRPLQI
reaches an estimated thickness of 80 m. Pebblesasre quence.
and the quartz arenite displays a mature and weeiéd (d) Sheetlike deposits of sand and gravel.
nature. The overlying grey siltstone member magiata  (e) The absence of features indicative of low gratime-
thickness in excess of 200 m and laminated portemes andering streams, e.g. point-bar sequences.
similar to siltstones in the Urusib section. Thepempnost  (f) Graded cross-strata.
part of this succession is made up of grey to brditiic The above proposal is further supported by suctufea
arenite and subarkose which together constitutemamam  as pebble imbrication and rip-up clasts.

thickness of about 200 m. Harrison (1979, p. 56) further suggested that thi#t-“
stone member” was lacustrine in origin on the bak&uch
(e) Stellarine section features as parallel laminations, ripple marks araly

This section, only 200 m thick, is made up of uralsubedding, and the presence of a carbonate-chertiaiso
lower beds of dark grey conglomerate and greydiff@ind- which he regarded to be of playa lake origin. Hoerev
stone with occasional interbeds of grey shale. dlasts in the occurrence of quartz and lithic wacke in muthhas
the basal conglomerate are typically subangulaidelnd member indicates that clastic material must havenéa a
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signL, FDQW SURSRUWLRQ RI WKR WXHthBr@o@,RieGveralVdeiibsitibHab ahd) stvatdpic
proposed lake. Finely laminated grey carbonacebates similarity of the HFF to the Barby Formation maypport
PD\ VLPLODUO\ EH Rl ODF XV WH LTXHaHRMWdlatibrQbdwedn thdinA IH Fiy eRPeRt the ndbarea
cent conditions than the siltstones. of outcrop would be increased dramatically, sincattérs

From the above considerations, it is possible tmge (1974, p. 23) has estimated that the Barby Formaiiob-
nise two sedimentary cycles in the Urusib Formatidn ably covered an area in excess of 400006 km
WKH W\SH ORFDOLW\ 7KH ¢XS/OML IFVFRIHDZDY LQLWLDWHG E\
SUHGRPLQDQWO\ JUDQLWLF VRXVIHRARTMBNGSHDGLQJ WR UDSLG
deposition of coarse clastic material, and was iteated
by relatively stable crustal conditions resultimgai lacus- 7KH WRWDO WKLFNQHVV RI WBWH)) L\
WULQH HQYLURQPHQW ZLWK R FROduE RQB@nthXodd expos@esvand e disriptifecte
second cycle was initiated by uplift of a similaragitic of younger intrusions. Minimum thickness estimatasge
VRXUFH DUHD WR WKH ¢ UV\W FD RA® HwHE&rgund BARUK mDin @he Walithlbf YR AMT to alinos
imentary component, and was terminated by morelestaB000 m in the north. The latter estimate is, howgveorly
conditions resulting in the establishment of a iitneen- FRQVWUDLQHG E\ WKH DYDLOZH®H ¢(HO
vironment. represent a maximum thickness for the HFF. In &oldift

Parts of each cycle may be recognised in the sectibcV GLI,(FXOW WR DVVHVV WKKH SR\GWWEL (
southwest of Chowachasib Mountain, but only parthef tion in the HFF, since any step-faults, as obselinethe
JUVW F\FOH LV SUHVHUYHG IL'Q DN6K BarbyH-BWddtiBrnQby VErRBXUNMK(ZA6 T/ W 1R9), haeer
and Piekniekkoppe. The Stellarine section appeamscord obscured by pervasive fracture cleavage (Plate)C.1d
only part of the second cycle. While palaeocurmingc-
tions for the Urusib section suggest a source ¢onthrth- 2.2.1.3 Field relationships
west or west (Harrison, 1979, p. 31), similar date not
available for the other sections. However, theargi dis-  The basal contact of the HFF is best exposed isdhéh-
tribution of coarse-grained clastic rocks sugg#sis these ern part of the AMT where this predominantly volicasuc-
sections represent independent depocentres whiskedx cession overlies the Urusib Formation. Here thecupjost
contemporaneously with the Urusib basin. pebbly lithic arenites of the latter formation haween in-

It is concluded that the Urusib Formation is mageofi tensely intruded by rhyolite dykes and sHIS, thetaot be-
VHYHUDO IDXOW ERXQGHG W UR K JMWerzikesd sediohenss liidvihe 6w Bying IDRN bacep
broadly synchronous, periods of uplift and quieseen DW WKH ORZHU PRVW YROFDQ@RFPHKRZ 7
:KLOH EUDLGHG VWUHDPARZ |10QU Rhbt/AibiFramy hoXridkry WiktE WiR qt &vila@s jlassto
tive periods, associated lake deposits are thdtresmore GLVWLQJXLVK EHWZHHQ UK\RO/LWHOV +, 6

stable crustal conditions. ity of a disconformable relationship between thisge for-
mations in the southern most portion of the AMpastly
2.2 HAIBER FLATS FORMATION (HFF) borne out by the angular unconformity observedé&west
of Piekniekkoppe.
2.2.1 General description Widespread intrusions of the Haisib Intrusive Suitel
the younger Awasib Granite are closely associabedh
2.2.1.1 Distribution spatially and chronologically, with the HFF. Thasgru-

sions, particularly the former, are typically loedtalong

The Haiber Flats Formation volcano-sedimentary ssicc the margins of the troughs which host the HFF.
sion, hereafter referred to as the HFF, has iton@jtcrop
adjacent to the Haiber Flats in the central pathefAMT. 2.2.1.4 Volcanic types
Similar lithologic associations can be traced te south-
east of Awasib Mountain in what probably constituéglat-  The different volcanic types in the HFF are distive
eral continuation of this formation. Despite therdptive and can be grouped into two broad categories:
HITHFWV Rl GHIRUPDWLRQ DQG CPHWE) BaRALS KnidesRe avd ahQekite FAyrQxahe- and/or feld-
eral variations in the original nature and composibfthe VSDU SRUSK\ULWLF ODYDV DARKRAVLF OL
volcanics suggest that these rocks are the eruptovducts VWUDWL{HG WXI¢WHY DV GH¢{¢QHG E\ %
of several, possibly overlapping, volcanic centres. and volcaniclastics.

The HFF has an outcrop area of between 70 and 80 kn{b) Rhyolite and rhyodacite: quartz- and feldsparpy-
ZKLFK LV FRQ{QHG WR D VHUQHYHBIWQRUYEY BV WSWRFOOMWLE ARAVD YW U
troughs within the early-stage crust (map - Appenigi clastics.
However, the combination of extensive movement glon Although there is a virtual continuum in compogito
the margins of these troughs (Plate C.1 c) and spidsad from basaltic andesite to rhyolite, the intermesliatem-
intrusive activity suggests that the original oofriarea of bers (siliceous andesite-dacite-rhyodacite) areimetri-
the HFF may have been substantially greater thareghi- FDOO\ LQVLIQL,{FDQW :KLOHHWHKBUQDW:
mate given here. This contention is supported bypyro- OLHVW YROFDQLF DFWLYLW\ UWMKRNZLROIQ
clastic nature of many of the HFF volcanics as wasllitho- basaltic andesites and andesites are more volumitinaun
logically similar outcrops as far west as HaucHhailg.(A.4). rhyolites at this early stage. Rhyolites do, howewerease
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C.la: Steep south-
! west-dipping shear |
phines in pebbly lith-
ic arenite of the = =
Urusib Formation. € 1h: Urusib Formation grevwacke (BH 8710 PPL. Prominent bio-

Note sirerched clasis tite poikiloblast in centre-right of photomicrograph indicates
1o right of hammer, greenschist facies metamorphism. State Land southwest of Gor-
| Core of Urusib syn- Fasis,
{clinorivm; 2 km
| northeast of Urusib.

C.le: Sheared nonheast margm of faol trough at the “southern C.ld: Layenng-parallel fracture cleavage with a vertical 1o stecp

locality” of the HFF, Shear zone separates carly-stage crust on northeast dip in hyolite Tows and ash-Mow wif of the HFE. The
the left feorm HFF eruptive rocks on the right. Section about 300 m ash-flow wif (= 3 m thick} exhibits a more weathered and frac-
high and approximately 15 km south of Diar 10 bencon. tred appearance due o s less competent natre,  Southemn

locality of the HFF, (Map - Appendix 1,

C.le: Volcanic conglomerate made up largely of rounded clasts  CUE Globular rliyodacite (BH 512-type). Globules may be the result
denved from the underlying rhyolite lava. Lens cap for scale, of vapour separation, liquid immiscibility or devitrification,
Southern locality of the HFE. Southern locality of the HFE
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Fig. C.2: Lithostratigraphic sections of the different volcanic localities, or centres, of the Haiber Flats Formation (HFF),

in importance with time and the overall volumetric ratio of 2.2.2 Structure and metamorphism
rhyolite to andesitesensu latpranges from 3: 1 in the south
of the AMT to 4:1 in the north. As discussed in Section A2.3, the HFF has beerestédi]

Sediments are a relatively minor constituent of the HRFariously to tilting, folding, shearing and low-gie meta-
reaching a maximum development south of latitude 25°45%orphism. The intensity of deformation and gradeneta-
and constituting approximately 10% of the total thicknessiorphism vary considerably on a regional scale. awdi-
However, epiclastic rocks appear to be absent from the thiekt period of deformation is probably related t® fibrceful
est part of the formation at Awasib Mountain. intrusion of the Haisib Intrusive Suite. Plutonghif suite,
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Fig. C.3: Schematic horizontal sections of the different volcanic localities, or centres, of the Haiber Flats Formation (HFF).

metamorphism.

together with the Awasib Granite, resulted in tpeaming A later episode of more ductile deformation_ )X[pro-
and tilting of the overlying strata, commonly in @asterly duced cataclastic, protomylonitic and mylonitic textures.
GLUHFWLRQ &RQWDFW PHWDWRUBSKIIE assbickitedwith Ehig HhearingaFeXusudlly tight and re-
uate in the light of subsequent regional metamambhbut clined (Plate A. If). Mineral and stretching lineations are as-
may be indicated by the highest contents of graemtb bi- sociated with the ss foliation and display a highly variable
otite being associated with those andesites whiehmast plunge from subhorizontal to steeply down dip. The mineral
intensely intruded by the Haisib Intrusive Suite. assemblage albite + epidote + chlorite + sericite + quartz +

The large open folds jf observed in the Urusib Forma-actinolite + biotite + calcite associated with this widespread
WLRQ DUH GLI{FXOW WR GH WWIFEshdaghg \&vErt is\tirpicq dHhe gréenscBiR facies and indi-
as a result of subsequent shearing. However, ieansp cates a higher grade of metamorphism in volcanics of the
likely that the pervasive fracture cleavage, whicltom- HFF than in similar Sinclair Sequence rock types to the east
monly layering-parallel (Plate C.1d), is axial pamo such of the AMT.
folds and hence forms part of the Ehase of deformation. The layering-parallel shear planes were folded into north-
:LGHVSUHDG VHULFLWLYVDW L RQ REpQBs\#dd B et theadt-eDdiigkink bantdFalnd ¢rdmulations dur-
probably the result of accompanying as well as egbent ing a phase of deformation which occurred subsequent to the
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shearing, but was probably related to it. A well-developed ROORZ QRU VKRZ HYLGHQFH RIDKDYLQ

axial-plane cleavage and crenulation lineation a®oa-
ated with this Q phase of deformation.

The last major episode of deformation XBuffered by
the HFF resulted in large scale warping about a8t &=
east-northeast-trending axis. This folding is hibsstrated
in the southern part of the AMT by the northwar@mge in
the trend of fracture cleavage and shear planes frorth-
west to north (map - Appendix I).

2.2.3 Lithostratigraphy
2.2.3.1 Introduction

The lateral variability in the nature and compasitof the
HFF requires that description of this formationdased on
geographical as well as lithologic criteria. Acciogly, the
HFF has been divided into three localities whiclymarre-
spond to separate, but broadly contemporaneousanial
centres. Lithostratigraphic columns and schemaititisns
for these localities are illustrated in Figs C.21d&n3. The

pour-phase minerals. While similar in texture anthpo-
sition to the groundmass, these globules are distsmed
by their lighter colour and concentric shell stuwres. In
parts the globules have coalesced to form wavy faslde-
where they concentrate to form subcircular “nesgéthilar
features have been described in globular ignimistiteets
from Kenya (Hayet al, 1979), but their origin remains un-
explained.

Dark green basaltic andesite conformably overltes t
intercalated rhyolite and sediment, and varies fragi-
RFODVH SRUSKV\ULWLF DQG DPWIGIWRRLG
DSK\ULF DQG VSDUVHO\ DP\JGD/®RLGDO
HUDO FRQWLQXLW\ LV GLI;®GWQQYIWRFHW\
cover and the rugged terrain (Plate C.2a). Basaltes-
ites attain an estimated thickness of 500 m insthethern
portion, but the base is not exposed. While bouedaio
LQGLYLGXDO ARZV WHQG WR BFHWREMF XU
cleavage, the uppermost part of the basaltic atedesic-
cession exhibits a varying degree of brecciaticortiéns
Rl WKLV ARZ WRS EUHFFLD KIFYWXd W@ L

OHJHQGV WR WKHVH ¢JXUHV DPER @ poésibl aR-@ll DrQinLQIRUPDO PH
VXEGLYLVLRQ ZKLFK FDQ EH QJHRZLOerDisgSreddidiGrhyaited/ Krél peddd@inantly welde

ever, attempts to correlate these members betwestioss

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

VXJIJHVW WKDW ODWHUDO L QMGH DQ® BLIB JIPRF W BSYGIOR FRRU BMOLRFN R | DI

that lateral variations in thickness and compositice sig-
QL,FDQW

2.2.3.2 Southern locality

The earliest evidence of volcanic activity is ire tform

Schmid, 1981). Dark grey streaks within the ligktel-
oured groundmass are interpreted as collapsed pumic
fragments, and the overall texture may commonlydee
scribed as eutaxitic (Plate C.2c). Widespread fir@ctleav-
age, which is particularly well developed in thequlastic
layers, has facilitated severe weathering (Plalel\More

RI UHODWLYHO\ WKLQ UK\R MMWWWHG AireAitésin g-teBistam thifoliteQavad WhidhQire icadated

clastic sediments. The red to grey colour, porgltytex-
WXUH DQG RFFDVLRQDOO\ ARX\RD
lite lavas are features which are also common toarous

ZLWK WKH S\URFODVWLF KRULGRGV DU
RQB8GRFRKDVDFQIHWOR IH KK HE LW & VWBULNLQJ
$OWKRXJK ARZ ERXQGDULHV LDV/UHOGIIDIY F >

dykes and sHIS within the succession. However, [yebbWKDW LQGLYLGXDO ARZV RUséafUIROLQJ

lithic arenites which are intercalated with the olites
have clearly derived their volcanic clasts from ietiately

lato) range in thickness from less than a metre torséve
hundred metres.

XQGHUO\LQJ ARZV SODWH & GHARZJh BitkertelsiRIQrizénR @olaRIYrapkesent egol-
IROGV ZLWKLQ VRPH RI WKH AR WEQIB/MH Q LWKK RZKKILW K \Z NX BIJPID G H KBZR/N VHYF

WKHVH ARZV ZHUH RULJLQDOODWO

s Yarge) GBRlifg WhiRsShakzd JaHnralsdive \dppearamnde

UDUHO\ SUHVHUYHG SUREDE®V GbtypiolR fddnk WeatNerngnéSistadtOnaBimtdin creQsigi-

Clastic sediments are laterally discontinuous argysst

nally mapped as rhyolite porphyry (Haetlal, 1986), this

GHSRVLWLRQ E\ GHEULV ARZVORPGPEVDLGH X IWWHD P\D G&R RS R ZKL\WKN D O
HUDWHYV FRQWDLQ D YDULHW\ BU BeiDs\ai/aasily letogRisablé& pyreckastid member ¢ha

gneiss, quartzite, shale and rhyolite. Sedimerganctures
include planar and trough cross-bedding, pebblericab
tion and size grading. Although these HFF clagtiments
differ little in appearance from the underlying Witu For-
mation, there is a notable increase in the propomif vol-
canic clasts.

Within this zone of intercalated rhyolite and sedim

be followed for a distance of nearly 20 km alongkst
but which appears to thin towards the northweshil&r
outcrops of this unit occur in both the central awodthern
localities (Plate C.2e).

The coarsest agglomerates at the southern locaéte
recorded to the southeast of the mapped area imithe
ity of the Diar Il trigonometrical beacon. Here tks and

RFFDVLRQDO S\URFODVWLF AR D\D d&rihPcoh@aniReddee\15WK ih §izeE wWitWsomedsosl

erally continuous layers. Globular rhyodacites oéem-
ish-grey colour are often associated with the fatfdate
C.1f). The term “globular” is used non-geneticdilgre to
describe round to oval-shaped structures which gesgtly
in size from less than a millimetre to several oaatres.
These structures differ from the classic lithopleyske-
scribed by Ross and Smith (1961) in that they aiéhar

of up to I m in diameter, and such deposits areriefl to
be proximal to a volcanic centre. While anguldrititfrag-
PHQWYV RIWHQ SURYLGH RQH RIGWKR EH
a pyroclastic origin, vapour phase crystallisati@s pro-
duced light-coloured streaks which are not obsermdtie
lavas. “Exotic” lithic fragments, mostly comprisimgrlier
DQGHVLWH ARZV FRJQDWH RWLDEBL RU "
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2. LITHOSTRATIGRAPHY

C.2a: Miew southwards of the southem locality of the HFF showing
the interbeided and discontinuous nature of basaltic andesie
idark layers) and rhyolite (light layers) llows. This mountiin
mnge rises 350 m ahove the surrounding plains.

C.2c: Flow fold in fammé-texiured rhvolite. Dark streaks represent
collupsed pumice fragments which have panly coalesced to form
a cutaxitic layering, Stretching of these fragments may be the
result of rheomorphism. Souther locality of HFE. Coin for scale.

C.2e: Block { 0.7 m high) of thyolite porphyry carrying flanened lithic
fragments of phenocryst-rich rhyolite.  Fragments may be of
juvenile or cognate origin. Southem locality of HFF.

C.2h; Welded ash-flow mff comaining an abundance of lapilli-size
lithie frugments of rhyolitic compesition.  Grey matrix is por-
phiyritic ane carries dark fragments of flatened pumice. Southem
locality of HFFE. Coin for scale,

(.2d: Contorted flow banding in rhyolite lava. Continuous nature of
luyers of uniform thickness and absence of pyroclastic lextures
contrast markedly with C.2e. Northern locality of HEF. Lens cap
fior scale.

| S——

C.21: View eastwards of the central locahty of the HFF showing the
mtercaled noure of fower andesite (dark lavers) and upper
rhyolite (light portion). The lowennmost dark dome-shaped cutcrop
is made up of guarz monzonite of the younger Haisth Intrusive
Suite. Total height of the section is approximately 400 m.
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PART C: LATE-STAGE CRUST

dental origin), are not prominent in the pyroclastéposits. crystal-lithic layers in which mantled bedding (fel&C.3b)

5DUH VWUDWL{HG WXI¢WH WRQNR MUOWHE Igdd D aitehc® s rfalk apidin.

grained layers composed of both angular crystakir(in A 1200 m thick succession of basaltic andesitehat t

feldspar and quartz) and rhyolite fragments. Admies of northern locality is made up of a monotonous irdkxtion

epiclastic material are suggested by the pronounmedd- R1 ODYD ARZV IUDJPHQWDO VWRHFKW DQG

ing exhibited by several of the clasts. ODYD ARZV DUH W\SLFDOO\ SXEMRBIQH S
dinate plagioclase phenocrysts and amygdales. Adtho
2.2.3.3 Central locality fresh in appearance, a greenish tint to the dagi golour

Rl WKHVH ARZV LQGLFDWHYV PRIGSOIHDWH
%DVDOWLF DQGHVLWHYV LQFDXIHEIILD BLYKGBD @ RR ZD/UHDW L HRYRIWUWR P VHYH
restricted to the northern part of this localityema they P WKH ERXQGDULHV EHWZHHQDMRYY XV)
have been intensely intruded by plutons of the iddigru- by fragmental layers (Plate C.3c). The latter maypitmadly
sive Suite. Subsequent shearing has transforme¢ wian FODVVL{HG DV YROFDQLFODVMWKIEHBIQVR U
WKH RULJLQDO ARZV LQWR PHGR Q the/ gradidd) (HdthQndimisl LaviadViverSe and/ angylaoft
EXW SULPDU\ WH[WXUHV DUHRIUMMHWKHGE DUDRIE@ H QWKW ZAKOLE K VIDU/HV E R DARYF W
main shear zone. Plagioclase and a ferromagnesian mindegdosits. These layers are rarely more than a fetves
(replaced pyroxene and/or olivine) constitute wtead in thickness. However, in the uppermost part o$ thic-
SKHQRFU\WWV LQ WKHVH ARZV cession, andesitic volcanic breccia or agglometedtes on
Andesites within the main shear zone have presghgd a more acidic character due to the increased ptiopoof
original plagioclase-phyric character despite argjrfolia- felsic clasts.
tion. Biotite, together with epidote, now makes aigig- A zone of both rhyolitic and andesitic volcaniclastover-
QL{FDQW SURSRUWLRQ RI WKHB G QliBNhsInvwél dygldinekabchotizo®, bul thetan@jinature
JUHHQ FRORXU WR WKH URFN ZzZaHzaRI@s: Dépbsislisiobscurgd-iy Whediqy. Theanatas-
spread in the form of patches and veins and damiticpo- tics appear to be overlain by a massive outcromainly
VLWLRQV PD\ WKHUHIRUH QRWLBRy®tEhdmiphyridd bhshl@cVahtesi€) which occads
WKH DQGHVLWH ZLWK ARZ E DVX3H QAtXHMR Dé YWehr D& TheseVidssi@eCoeds dranin
is illustrated in Plate C.2f. The rhyolite-andesitsociation overlain by more plagioclase-porphyritic and amyigatial
occurs over several hundred metres in stratigrapeight basaltic andesites which have been subjected tnget
ZLWK UK\ROLWH PDGH XS OFRPH@Uearindremminiddert oWhé IdevitraBdtality. Thatact be-
dominant in the upper part. WZHHQ WKHVH PDVVLYH ARZ\RYWGXQIRU
While rhyolites §ensu latd closely resemble their south- This overall succession of predominantly andegsgnsu
ern locality counterparts, so-called rhyolite pomés are lato YROFDQLFV RQ WKH HDVWHHKQVADQN
less prominent. An apparently sub-circular intrasod mi- been tilted to the east by the intrusive Awasibr@eaand
crogranite porphyry, which forms part of the Awa&lban- probably also by rhyolite plugs (Fig. C.3 and Pl&t&d).
ite, bears a strong resemblance to the rhyolitpipaies. In the central northern part of this locality, thenite has
As a result of this similarity, and because of tiear verti- caused the updoming of a considerable thicknesaciof
FDO DWWLWXGH RI WKH UKWRO D W Hp@BABELQIckd. Wodt bf théskdyndcladlics amssive
the original shape of the granite pluton. Neveehs)avail- EHGV Rl DVK ARZ WXIlI DQG DDO®ARZH U D
able evidence suggests that the granite could septea their attitude to be ascertained. However, seveidely
subvolcanic pluton and may, therefore, demarcatestte VHSDUDWHG ARZV GR LQGLFDWKLRRVWZ

of an ancient volcanic centre. suggest an approximate thickness of rhyolgen§u latd
LQ H[FHVV RI P 7KLV HVWDPXWDWH V
2.2.3.4 Northern locality in the light of widespread intrusion by rhyoliteugk and

the Awasib Granite, together with the rugged natfréhe

6WUDWL{;HG UK\ROLWLF W XIH WAHKerRiR.FKdmdpownpawdf tHe EyNiEl vdkchn\ust-dates
cession (Plate C.3a) and are somewhat coarseregr#hian the andesitic phase. This is well illustrated bgteminated
WXI¢WHV GHVFULEHG IURP WKEXURAWRHWE WRIFD QKW F K, QREQMOCIFQYIR SUR|
units rarely exceed more than a few metres in tiesk. Al- canic fragments (Plate C.3e). The intrusive rhgofitugs
though a small degree of sedimentary reworking treaye represent a still later phase of acid volcanisra period of
WDNHQ SODFH WKHVH WXI ¢ WHMW Ziieddigerg€l REDEO\ RULJLQDOO\
RU DVK ARZ WXIIV DQG KHQHRHMVL @GVUABREM ldutorsp. Bf @drptiyrific Brie\Whasely amygital
early stage. Epiclastic material appears to beictstl to dal rhyodacite in the southern part of Awasib Maumtis
WKH XSSHU PRUH SRRUO\ ZHO/G H @EiffeteDtUnvappeRranide lmt\cempsitibp ¥om trabglar
WXIl¢WHY DUH RYHUODLQ E\ MAKALAMhRddadtel i@cdrdrd inYtReGEUENEX 1L IBcatity.
agglomerate which are characterised by abradedrand  The possibility of a volcanic centre being locatethin
tured rhyolite pyroclasts. the northern locality is suggested by several iedepnt

The earliest manifestation of basaltic andesitippgons lines of evidence:
LV PDUNHG E\ WKH RFFXUUH GRIR [RI(I)k¢ pgroséhice o Coak¥exgraiédHproxiintal aggratee
mately 100 m above the base of the succession (FR). deposits in the northern part of Awasib Mountain.
TKHVH WXI{WHYV DUH FKDUDFMRHU RViHS2vdEraAl ddmeg-@hidped WiyoReAplugshihidh doses-
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2. LITHOSTRATIGRAPHY

C.3a: Strdified rthyolitic wifite showing normal smd inverse grading.
Low-angle truncations suggest thit this deposit is the result of
ash-flow surge rather than air fall. Some sedimentary reworking
may, however, have taken place. Basal pant of section at northem
locality of HFF,

C.3¢: Fragmental and
multiply-graded layer
ol basaltic andesite
which occurs be-
tween flows of simi-
ot composition.
| Origin 1% uncenlain,
but may mepresent o
mixed pvroclastic-
epiclastic deposit.
Morthern locality of
HFF. Lens cap for
| scale.

[ C.3e Welded
rivyelitic ash-flow tff
| containing ahundant
| | dark fragments (cog-
| nate?) of basaltic an-
desite, The streaky
£ mature of these clasis
- | | Suggests that mixing
of the two magma
Types has occurred.
Northern locality of
HFF in the vicinity of
Mos Numabis.

C.3b: Planar fabric and mantled bedding indicate an air-fall origin for
the thin basaltic andesite layer, Adjacent layers are of similar
composition, but represent pyroclastic-flow deposits, Northem
locality of HFF. Lens cap for scale.

C.3d: View southwords of the nomthemn locality of the HFF showing
the carlier basaltic andesites {dark portion on lefi) in contact with
later rhyolites in the centml portion of the photo, Duark seree
within the latter is typically associasted with rhyolite porphyry
plugs. MNorheastern pant of Awasib Mountain - section approxi-
mately 500 m high.

C.A: HFF basaltic andesite (BH 6940) - northern locality. PPL
Phenocrysts of augite (pseudomerphed by actinolite ) and tabular
plagioclase in 4 pilolasitic groundmass. Tilanomagnetite is scat-
tered throughout the section as o groundmass phase and as large
“amoeboid” replacement products.
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PART C: LATE-STAGE CRUST

ly associated, spatially and temporally, with theaiftg
ARZV
(iii)y The subvolcanic Awasib Granite crops out owar

ly, these pseudomorphs exhibit outlines more irtdieaof
original hornblende. In view of the degree of aten, it is
GLI¢FXOW WR VXVWDLQ D Q\R/QNWH WK MRHC

area of approximately 30 Knand is intimately associateda primary phenocryst phase.

with the felsic phase of volcanism.

2.2.4 Petrography

2.2.4.1 Introduction

Phenocryst proportions show considerable regioast v
ation (Table C.1) in which plagioclase is dominardinly
in the southern locality and augite in the northkrcal-
ity. Olivine appears to have been the dominant pberst
in high-Mg basaltic andesite at the central logaliut the
degree of alteration and deformation here doesatiotv
easy distinction between pseudomorphs after pyr@xenl

SHWURJUDSKLF SURSHUWLHWXKRRIRh&@\ DOORZ WKH FODVVL¢FD

individual volcanic members in the HFF without racse
to whole-rock chemistry. Hence, rhyodacites caulis@n-
guished from both dacites and rhyolites by theierimedi-

Amygdales, although present, are only widespreatien
southern locality, but even here rarely exceed 16f%e
URFN ,Q GHIRUPHG ARZV DP\FWROHV KD

DWH SHWURJUDSKLF FKDUD FWH. Q@ HaRatithYaHdJredlst@butithUd form® taild Andtphes of

aphyric rocks it is usually necessary to resorttiemical

GLVVHPLQDWHG TXDUW] D WHWEKWMIX®RH GL

DQDO\WHYV LQ RUGHU WR DFFRDDWIMNRBF ®DNHAFWVWKHPHFRBGDU\WVVREEBL¢FD

tion scheme used is that of TAS (Total Alkalis verSilica)

sionally have a vein-like appearance and brecciggettire

which has been recommended by IUGS (Le Maitre, 198#&hich appears to be of secondary origin.

Le Baset al, 1986). With regard to metamorphosed rock
little difference was found between the rock grdipsions

s, The groundmass of basaltic andesites is typicailpto-
to microcrystalline and composed of a pilotaxiticttach-

UHFRPPHQGHG E\ WKH ODW W HW KRM/IEhteLgeowD \&f pREoCIASEKI B kbgBtige Guitbeudo-

schemes (e.g. Winchester and Floyd, 1978) emplotyiag
relatively immobile elements Ti, Zr, Nb and Y.

morphed pyroxene and interstitial K-feldspar. Thaudy
appearance of the groundmass is due to scatter@mguep

7RIHWKHU ZLWK WKH ¢HOG R UWWkht $eDor@dryidevals H/i@. epiddiey deRckdn@ite, bi-
QL:{FDQW GLITHUHQFHV LQ W RH) [3®@aUYdRekl © Briswn)RahdBFhEr&R V L W L

similar volcanics are in accordance with the existe of
three separate volcanic centres. The major vologitaps
which can be discussed petrographically are ag\iali

(i) Basaltic andesite

(i) Andesite and dacite

(iil) Rhyodacite

(iv) Rhyolite

7KH ¢UVW DQG ODVW JURXSV SRW

tant in the HFF and are represented at all of ifferdnt
localities. Accordingly, petrographic data is prese in
comparative form for these two groups in Tables &nil
C.2, but will also be discussed below along with pretrog-
raphy of the andesite-dacite and rhyodacite groups.

2.2.4.2 Basaltic andesite

Porphyritic textures are characteristic of all hiecali-

While alteration and recrystallisation are evidantir-

tually all basaltic andesites, eruptive rocks of ttentral

locality show the greatest degree of metamorphionsti-

tution. Hence porphyroblasts of carbonate (ofteoeisited

ZLWK JUHHQ ELRWLWH DQG RS GRDNHUH
* carbonate + opaque minerals) are particularly dealel-

oped at this locality. Bladed to subhedral tourmal{pink

kb bYuR-QreyMple dHudisPforms aPdreVcdmpoRerthese
aggregates. Although greenschists are typical@t#ntral

locality, evidence for deformation at the southand north-

ern localities is generally restricted to bendirigleavage

planes or fracturing of mineral phases. Howeveveak to
PRGHUDWH WHFWRQLF IDEULF RMKXHEH G
subparallel arrangement of ellipsoidal amygdalgselbn-

gate aggregates of intergrown biotite and actiaalhich

may be folded and strained, and by anastomosiilg t&
secondary minerals.

WLHVY RQO\ D VLQJOH DSK\ULBE MRZ KDYLQJ EHHQ REVHUYH

WKH VRXWKHUQ ORFDOLW\
altered and characterised by intergrowths of epidwotd
actinolite which make up 5-10% of the rock and doap-
resent replacement products of original phenocrydegi-
oclase and augite constitute easily recognised quirgst
phases in many basaltic andesites (Plate C.3fflpadth au-
gite is typically pseudomorphed by actinolite. Retores
of augite are, however, well preserved in the reariho-
cality (Plate C.4a) and their arrangement suggesgsnal
glomeroporphyritic texture in which individual citass dis-
play both twinning and zoning.

Pseudomorphous replacement products (actinolitgitdi
chlorite and magnetite) suggest that olivine countd a
major phenocryst in basaltic andesite at the ckatré pos-
sibly also the northern locality (Plate C.4b). Lessnmon-

VK\HU R Q.1\@/8 AndleditB Znd.ddcitt RZH Y H U

$QGHVLWLF DQG GDFLWLF ARZFHIUH EF
tral locality and differ little in appearance anetqography.
7KHVH LQWHUPHGLDWH ARZV BPWHFRN\SLF
(average 15% of the rock) with individual phenotsysav-
ing an average size of 0.7 mm (maximum size 4.5.riMa)
gioclase forms anhedral to subhedral porphyroclakish
may be granulated at their margins and show compéet
placement by albite or the assemblage epidote titdin
actinolite. Polysynthetic twinning is usually wdkveloped
in albite, but may be partly obscured by the atteraas-
semblage epidote + sericite + chlorite + biotitefd@ma-
tion has resulted in recrystallisation of sevemd$pars
into irregular subgrains with an accompanying exsoh
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PART C: LATE-STAGE CRUST

of quartz blebs.
Biotite, pleochroic from light yellow to brownistregn,

minerals, surrounded in turn by a quartzofeldsgashiell
and an outer rim of opaque granules.

IRUPV VPDOO ADNHV ZKLFK KOO5Y B UDHQHKArtd Khdhacs/stsate tydicsy RrgD @verage $i8
DOLJQHG VRPHWLPHV LQ FR QWA QR®BXrdur@er\&hd kesoer. Bvitlgn@d-HfoDstrainuiarig
foliation. Intergrowths of biotite with epidote gnales and is usually restricted to undulose extinction, altgb occa-
skeletal opaque minerals are widespread, but péatly sional recrystallisation has resulted in granoldgsolygo-
dense in the pressure shadows of plagioclase payphynal aggregates. Plagioclase forms tabular phenst(qav-
clasts. Together, biotite and epidote make up itesx of erage size 1.0 mm) and microphenocrysts (less@famm
one third of the rock volume. in size) which display both twinning (albite andriShad)
BELTXLWRXV VLOLFL¢FDWLRQ QW H8dsHongl i@pialEzB W d (ADcures) Dodspite widespread
growths in the groundmass and as veins. The groassliis saussuritisation. K-feldspar occurs as alteredveslike,
aphanitic and consists of strongly aligned plagisellaths, phenocrysts (average size 1.0 mm), but is a relgtimi-
ADNHV RI JUHHQ ELRWLWH D®RWddl &o@polert\in tRe rhiyodaciienglinodyBdxene bakay
sphene and opaque minerals. Granular-textured plagéoclasgite, forms anhedral to subhedral crystals (ae&esize
may be the result of comminution, while the subpa@ra 0.5 mm) which are typically altered, sometimes ristdy,

orientation of both plagioclase porphyroclasts trair re-
placement products further accentuates the mytofatric
in these andesites. The more biotite-rich rockalgghow
evidence for a crenulation cleavage in additiothesmain
mylonitic fabric.

2.2.4.4 Rhyodacite

(i) Southern locality rhyodacite
Unique to this rhyodacite are large ellipsoidaloiglles”

to the assemblage actinolite + green biotite + apagin-
erals.

The intergranular groundmass is an aphanitic under-

growth of the same phases as the phenocrysts htdins,
in addition, a high content of opaque and secondairy

erals. An opaque mineral, possibly magnetite, meach
microphenocryst size (up to 0.3 mm) but has a sdmgn
appearance. Occasional patchy areas of quartzabalgy
also secondary in origin. A trachytic texture haem pre-
served in portions of the rhyodacite.

(average 20 mm in length) which resemble much small

structures (less than 0.2 mm in size) that haven luke

scribed from ignimbrites in Kenya (Hast al, 1979). The

rhyodacite is typically aphyric and consists of &no- to
cryptocrystalline intergrowth of quartz and feldspeth
widespread secondary phases such as epidote, lyjeite,
chlorite, sphene and sericite. “Globules” are cosifjon-
ally and texturally similar to the “host” groundnsadoth
consist of allotriomorphic, inequigranular intergiths of
quartz and feldspar together with approximatelyadguo-
portions of the abovementioned secondary mine@itsh-
ules differ from the groundmass, however, in thofeing
characteristics:

2.2.4.5 Rhyolite

While rhyolitic volcanics are predominantly pyrostic
in origin, lavas may occasionally be recognisedh®jr ap-
parent lack of pyroclastic textures.

(i) Pyroclastic rhyolite

The term “pyroclastic rhyolite” is applied to lithcrys-
tal tuff of rhyolitic composition which is usualipade up
of easily recognisable phenocrysts (commonly K<pht,
plagioclase and quartz) and lithic fragmergensu latd.
The ratio of lithic to crystal components variesnr about

D $ ¢QHU JUDLQHG QDW XU HGZHHLOFEKIN lthe¢ dentralHdelily @hgolitdsHa200 in therthern

onstrated by the profusion of tiny epidote granules

(b) A more leucocratic appearance due to a relatbye-
tion in biotite and chlorite.

(c) Amore pronounced tabular shape of plagiooldsieh
is aligned parallel to the foliation.

The darker colour of many of the globule coresiated
to an increase in the content of epidote, whileoier rims
may also contain a particularly dense concentratiospi-
dote. The latter feature, together with an innerwihich is
essentially epidote-free, forms a distinct margihqut 0.2
mm wide) to these structures.

The presence of tabular plagioclase phenocrystrége

locality rhyolites, while the ratio in the southdotality is
about 1.0 (Table C.2).

Perthitic K-feldspar is always the dominant phegetr
but widespread albitisation (Plate C.4c) does nlotwwaa
reasonable estimate of the original K-feldspar/jgelgse
ratio. Primary plagioclase can usually be distisged from
secondary albite by its more altered nature angsyokhet-
ic (as opposed to “chessboard”) twinning. The freed na-
ture of many of the feldspar phenocrysts togeth#r such
features as undulose extinction, granulation amdystal-
lisation, clearly indicate that the rock has undergreater
strain than would be expected from pyroclastic peses

0.5 mm long) is suggested by pseudomorphs of gtaseb alone.

tic quartz + biotite.

(ii) Northern locality rhyodacite

A porphyritic nature is characteristic of this rloazite,
with phenocrysts of plagioclase, K-feldspar, quaatmd
clinopyroxene constituting approximately 10% of tbek.
The presence of amygdales is indicated by elongeggce-

Quartz phenocrysts are usually rounded and resprbed
sometimes with deep embayments, but occasionally ex

hibit bipyramidal outlines and a poikilitic natur&ngular
“chips” of quartz may represent pyrogenic crystatsch
fractured during eruption. In addition to the straglated
features expected from pyroclastic processes, zjydmé-
nocrysts exhibit widespread evidence of tectoniohea-

gates of quartz (up to 0.5 mm in size), actinditel opaque tion, e.g. well-developed mortar texture in rhysditof the
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PART C: LATE-STAGE CRUST

C.dn: HFF basaltic andesite (BH 690) - northem locality. PPL.
Close-up view of adjvining augite phenocrysts showing cledr core
of augite and & more wrbid replacement nim of actinolite set in
pilotaxitic groundmass, The secondury mugnetite patch on the
right is associated with biotite intergrowths,

C.de: HFF rhyolite porphyry (BH 611) - centml locality. XPL,
Recrysiallisation of guanz phesocrysts (lower left) has resulted
m iregulur margins and o domainol struciure; An albite peeudo-
morpi after K-feldspar (centre-right) shows charactenstic “chess-
board” twinming,

C.4e: HEF pyroclastic rhyolite (BH 188A) - central locality. XPL
Dark wavy bands and flanened fragments are interpreted ps
devitrified glass or juvenile clasts, Phenocrysts are Teldspar and
quartz. Folistion is panly tectonic in origin and some secondary
silicification hus taken place,

C.4b: HFF hasaltic mndesite (BH 687) - northem localiy, XPL.
Biatite-magnetite pseudomorph after oliving phenocryst, Mag-
netite-filled fractures in surrounding microphenocrysts are espe-
cially reminiscent of olivine, [XPL = Cross Polarised Light]

C.4d: HFF pyroclastic rhvolite (BH 53) - southern locality, PPL.
Slightly flattened lithic fragments are distinguished from the
quartzofeldspathic groundmass by their higher concentrations of
opague minerals. Phenocrysis of feldspar and quartz (lower left)
dre subordingte 1o lithic fragments

CAr HFF pyroclastic thyolive (BH 236) - nonthern locality, PPL.
Welded ash-fiow mff showing resorbed and angulur phenocrysts
and lithic fragments in a devitnfied groundmass. Compression
and stretching of original shards has resulted in a flow folintion
which is moulded around the phenocrysis and the lowermost lithic
friugment. The curved feature in the upper part of the photomicro-
graph is o spherulitic fragment of juvenile origin,

60



2. LITHOSTRATIGRAPHY

central locality. Where deformation has been sevqartz carbonate + muscovite together with anastomosiaistr
aggregates are typically streaked out in the ptdribe fo- R1 LQWHUJURZQ VHULFLWH ABNHWRQ
OLDWLRQ DQG UHVHPEOH OHWQMDLAR QDU PROCHW RW VRIG RIGHGIMUN L YFH HAQRN F\R F
cation. refer to the texture as blastomylonitic (Plate ¢.%bwing

Sparse aggregates of the secondary assemblageeopayR WKH LQWHQVLW\ RI GHIRUPW-WR QG
minerals = biotite £ chlorite + sericite + epidatay be tinguish lithic fragments from coarser-grained pat of
pseudomorphous after a ferromagnesian mineral pheeerystallised groundmass, disaggregated phenccaysd

ocryst. Brown biotite, magnetite and zircon occaglty OHQVRLG J]RQHV RI VLOLFL¢{FDWLRQ
reach phenocryst dimensions and possibly constjtute

mary phases. (i) Non-pyroclastic rhyolite

The groundmass is a micro- to cryptocrystallinearnd Phenocrysts make up 10-20% of the rock and comprise
growth of granular quartz and feldspar which isrged plagioclase predominantly with lesser, but impattdf:
with small opaque minerals. Lithic fragments canally be feldspar and quartz. Plagioclase, both albite JAand sub-
distinguished from the groundmass by their dartpaque ordinate oligoclase (Ag?), forms anhedral to subhedral
mineral-rich appearance (Plate C.4d). A primaryritab microphenocrysts and phenocrysts (average sizentn9
ZKHUH SUHVHQW LV XVXDOO! 8BE8RBB[GE EXPVKHHWDOLIBDPHRDKALRK RFFPVLRQ
gate groundmass phases and may be accentuatecttby sant resorption. Zoning is usually strong and balhite
features as trails of opaque minerals, subparalighment and pericline twins are commonly developed. Glorpere
of phenocrysts, elongate patches of more coarsghtat- phyritic aggregates of plagioclase, and more rakefgld-

OLQH JURXQGPDVV SKDVHV B8 GUIRMW Way QerivisleSpteddKTnE efkedts ®DOBfarmatitiere
PHQWY 3ODWH & H :KHUH VDWQIRsEdnQake pattiQuiailyDhaticyab|é thHblhgioclpkenoc-
has taken place, e.g. opaque mineral-rich and apagn- rysts, viz. bent twin lamellae, fracturing, quagtzsolution
HUDO SRRU OD\HUV WKH W HBWX P BH\disaAggle@aiod. Cldpdy iSté/iBrE ib flaioclase the
in origin. result of replacement by the secondary assemblgigete

7KH S\URFODVWLF QDWXUH RWW &s¢Ncke AdRIBrite + dartorbt¥eW LQGLFD
by an appreciable content of angular lithic fragteeand,  K-feldspar phenocrysts are present as both ortkeata-
less commonly, by the presence of collapsed pufmfegg FURSHUWKLWH DQG PLFURFOGX@HW BXW
PHQWYV RU 3;DPPp” DIWHU 5R WAL DHQ Bidédpiedd Kibitisation. KHettispar is mosthhedral in
aspect ratios (up to 30) of both lithic and pumice fragmerftem, fractured and less altered than plagioclase.
may give rise to a eutaxitic fabric, but it shollled noted  Phenocrysts of quartz, where present, are bothdexlin
WKDW VRPH RI WKH ADWW H Q@ MWH FIWRdRtIDRrEMdann fovii hveratyy X2 \W0ARmm). Aagu
stress. Although the appearance of lithic fragmematses outlines are less common, possibly as a resuliddéspread
considerably, one feature common to all is the ncoase- resorption.
grained and spherulitic nature of the groundmaksive “Poikiloblasts” of an opaque mineral (average diz&

WR WKH KRVW 7KH FRPELQH® HA UnhareRusualllyl alteraduoLsptireDet citaite any Ipesas-
WDOOLVDWLRQ DQG VLOLFL }§HDBWL&atedvWwh [BigePepi@oiteyrkits \(usthl . S\hunR
evidence of vitroclastic texture, or shard struefun the  The cloudy groundmass is either a cryptocrystalline
groundmass (Plate C.4f). intergrowth of granular quartz and feldspar, apyiroclas-

Lithic fragments are usually porphyritic, with aseenti- WLF UK\ROLWH RU LW H[KLERQVW H[®/ X!
cal phenocryst assemblage to the host, althoughithhl which is made up of sieve-like ellipsoids (averegiee
phenocrysts are typically larger. While it is clegaat in 0.5 mm) of quartzofeldspathic composition. The |@xis
some rhyolites the lithic fragments, particulatetlarger DOLIJQPHQW RI WKHVH HOOLSVRR\GV G
ones, have shielded their insets from stress, élseentire be primary in origin. However, elsewhere the aligminof
fragments have suffered considerable deformatioimdis secondary phases such as opaque minerals, epathboe,
FDWHG E\ VXFK IHDWXUHV DV HV\D&&MateeR Motité dridl arditg, @ @BIr& c@npatibith a
shadows adjacent to feldspar porphyroclasts, amdimal tectonic origin.
folds. Some lithic fragments are rimmed by intevgttos of
quartz and carbonate; this may suggest disequitibtbe-

tween “host” and “pyroclast” and possibly a cognatigin. 2.3 BARBY FORMATION
,Q JHQHUDO KRZHYHU LW EHWEZHHXOW WR GLVWLQJXLVK
clasts of juvenile and cognate origin. (i) Field character

The hybrid nature of tuffs in the northern part®afasib OD¢F ARZV RI WKH %DUE\ )R UPR\DKMLR G
Mountain (Plate C.5a) suggests that these tuffdteae- eastern part of the AMT (map - Appendix |) whereyh
sult of mixed pyroclastic eruptions. Although comsjiimn- have commonly been intruded by members, gabbrg-to s
DOO\ GLVWLQFW IURP WKH WBRWROLEQIFNVIHK RF/IWW KW K6HD IR Bl J)F, Q W U RN WYHH/ 65<H
andesitic) lithic fragments resemble compressedipgamnot exceed several hundred metres and are uncegain
clasts and could be cognate in origin. result of disruptive intrusive activity. While minatrati-

As in the case of the basaltic andesites, the @elotal- ¢HG WXI¢WHYV DUH IRXQG QHDNYWWKH |
ity rhyolites show the greatest degree of deforamaind at Gorrasis Mountain, evidence for intercalatedreedts
metamorphism. A mylonitic fabric is best expresssd and/or rhyolitic volcanic activity is generally lkking. The
alignment of recrystallised lensoid aggregatesudry + QDWXUH DQG PLQHUDORJ\ RI WKXJEHV
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PART C: LATE-STAGE CRUST

gest their correlation with the Barby Formation “hléis
andesite member” (after Watters,.1974, p. 34).

(ii) Petrography

Petrographic similarity to the Barby Formation “akis
andesite member” (as described by Watters, 19734435)
precludes any detailed discussion here. In sumnpdrg;
nocrysts constitute approximately 8% of the rock ane
made up predominantly of clinopyroxene and plagisel
in a pilotaxitic to trachytic groundmass. Zoisitather than
epidote, is widespread and forms patchy aggregatesth-
er with biotite and opaque minerals. The unusuédbye
brown colour and subhedral form of biotite appdarde
the result of hydrothermal alteration related terste intru-
sion. Strain-related features include occasionahgblas-
tic polygonal intergrowths’ of K-feldspar and quavthich
form rims to phenocrysts, particularly within pressshad-
ows. Lensoid zones which consist of quartz + zeisity
represent original amygdales, although these zalsesex-
hibit an “interstitial”, or secondary, appearance.

2.4 HAISIB INTRUSIVE SUITE (HIS)

(i) Field character

Plutons which make up the Haisib Intrusive SuitéS)H
range in composition from quartz monzonite to quant-
enite, with the possible inclusion of several bedi& more

(map - Appendix I). In the southern part of Awasbun-
tain, foliated quartz monzonite has been intrudedda-
tively undeformed Awasib Granite.
The HIS appears to occupy a similar stratigrapbgiton
WR JDEEURLF DQG V\HQLWLEY REXNVWH W
and a tentative correlation of volcanics of the HFith the
Barby Formation would certainly support this. Howev
the distinctive appearance and composition of goals
of the HIS advise against any premature correlatiothis
VXLWH ZLWK WKH 6DI¢HU ,QWUXVLYH 6X

(ii) Petrography
The main petrographic features of the HIS are summa
rised in Table C.3.
Despite the widespread occurrence of strain-relétad
tures such as fractures, bent twin lamellae andilose
extinction, the development of a moderate foliai®nela-
tively rare. However, in the proximity of shear esrthere
LV D VLIQL{FDQW FKDQJH LQWHKHVB&BEW X
average quartz monzonite. The major features tymta
such sheared rocks are as follows:
(a) Albitisation is often intense and may resulthe com-
plete replacement of K -feldspar.
(b) Feldspars constitute porphyroclasts in a giaed, re-
FU\WWWDOOLVHG DQG VLOLFL{HG 3JURXQ(
(c) Quartz is completely recrystallised to form #nsab-
grains and skeletal patches which are typicallyngéde,

JUDQRGLRULWLF WR PRQ]RJNXWNQRWighly Btiain@d, Wl inTekgkbwd toMlaNrLals oibbons”.

the suite indicates a close spatial associatioh thie¢ HFF.
Compositional differences between the plutons aaset
with the different volcanic “localities” or centrege not

G $ VWURQJ IROLDWLRQ LVOSUQPBHQMO\
and intergrowth of both biotite laths and elongateartz
and feldspar crystals.

V\VWHPDWLF RQ D UHJLRQD® VFBOHFWQG GR QRW WKHUHIRU

any batholithic zonation.
The area underlain by the HIS is only about 15 kmi®-

2.5 SAFFIER INTRUSIVE SUITE (SIS)

WDO EXW LV FOHDUO\ FRQ/;\QHEGWKRQWUXFWXUDO ZHDNQHVVH

or at the margins of, northwest-trending troughscivialso
host the HFF and, in part, the Urusib Formationlafee

SURSRUWLRQV RI WKH PDMRDUHRG MBIV SV , DIWIUKAMWL YWHK 18 XH, 8/ H

() Field character
OD¢F WR LOQWHUPHGLDWH SOXWRKGLF Ul
6,PSEB®H SU

FXOW WR HVWLPDWH GXH VHRO & @C\S¥ BdiykRormativb infbudive RIGY” dn@ “Ipes BB

ance. However, it is clear that while quartz montois the
dominant rock type at the northern and centralllbes,

granodiorite and monzogranite characterise thehsont
locality.

Usually grey to green in colour, granitoids of tH&S
typically contain an abundance of xenoliths whicivén
both subangular and diffuse outlines (Plate C.Bhg par-
tial assimilation of these xenoliths, although lbcauite
common, is not usually the cause of the blotchyeapgnce
of the granitoids. This hybrid character also oscwhere
xenoliths are uncorroded in appearance, a cleacdtidn
that the heterogeneous nature was derived priemigace-
ment. While a large proportion of these xenolithsénbeen
derived from the volcanics of the HFF, many graritel
amphibolite xenoliths can be related to early-stemyest in
the AMT.

Shearing has been widespread in the HIS and latgeal
displacements can sometimes be inferred. This ik ilve

enite” (Watters, 1974). The latter syenite was sghgntly
included in the Barby Formation by Watters (198ag do
compositional and isotopic similarities betweenstéwo
rock units. However, not only is the incorporatiohin-
trusive rocks in a formation contrary to the guide$ of
SACS (1980, p. 1-5), but the geographic localitygofat-
HVW DEXQGDQFH RI WKHVH SDNXKWRQLF |
Accordingly, it is proposed that plutonic rocks yimisly
regarded as “Barby Formation” and “Spes Bona Sgénit
QRZ EH LQFRUSRUDWHG LQWR " WKH 36DI¢
Comprehensive descriptions of intrusive units ifs th
suite have been presented by Watters (1974, p73@4td
will not be repeated here. Within the AMT, thesé@sioan
be grouped into two broad series:
(a) Gabbro-monzogabbro series
(b) Monzonite-syenite series
The peripheral arrangement of “monzonites” relativa
central body of syenite, as noted by Watters (19744),

lustrated at the southern locality by the trunacatibseveral is largely substantiated by this study. Howeveshibuld be
PD¢F G\NHV DW WKH VKHDUHG BR Xp3det thaE tHa\gradaid@amRi@é Bf conbadiscen the
of the HIS and adjacent sediments of the Urusilmfadion various textural and mineralogical types is indigatof a

62



2. LITHOSTRATIGRAPHY

"'*t: o ler

M i PR

C.5a: HFF hybnd ash-flow waff {BH 701 ) - nonthem locality, PPL.

Flatened and contorted lithic/pumice fragments (cognate basaltic
andesite?) set in o devitrified rhyolitic groundmass with the
phenocryst assemblage quarte, K-feldspar, plagioclase and horn-
blende.

CSc: Xenoliths of
HFF andesiie in
guariz monzonie of
the Hosib Intrusive
Suite. The xenoliths
show irregular and
fiffuse margins due o
partial assimilation by
the guartz monzonite,
& km southeast of

" Haiber Hill,

C.5e: View enstwards of Awasib Mountain (850 m above the plain)
showing the huge “whalebacks™ typical of the Chowachasib

Giranite Suite.  Coarse-grained granite of the

the more fractured outcrop of Awasib Granite,

lntter hos intruded

= - i

C.5h: HFF rhyvolite (BH 186} - centrul locality shear zone, PPL
Segregation of quanz- and mica-rich layers in folded Blastoimy-
lonite. Folds form part of the Ds deformational event.

C.5d: Awwasib Granite - microgranite porphysy (BH 678 XPL.
Phenocrysts of perthitic K-feldspar and quanz set in a recrysal-
lised groundmass consisting predominantly of the sume phases.
Mere blebs of quartz in Laer growth rims around K-feldspar.

C.51 Xenoliths of both early- and late-stage crust in coarse-grained
syenogranite of the Chowachasib Granite Suite.  The major
country-rock types visible here are cross-bedded lithic arenite of
the Urusib Formation (top left below hammer) and orthoamphi-
bolites of the Kairsb Complex (dark blocks). 3 km southwest of
Chowachasib Mountain beacon (2063 m).
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2. LITHOSTRATIGRAPHY

comagmatic origin. The “link” between the monzorste
enite and gabbro-monzogabbro series may be proded
dyke of monzonite porphyry in monzogabbro on Stated
adjacent to the farm Gorrasis. This porphyry redemia
much coarser-grained variety of the “large-feldspachy-
andesite” member of the Barby Formation.

Although widely distributed, members of the SIS jrie
marily concentrated in the eastern part of the ATo-

type locality, individual crystals tend to be lardaverage
2.5 mm, maximum 16 mm), more rarely euhedral (gener
ally subhedral, sometimes with highly irregular gias)
and may show a greater degree of deformation (wseul
extinction, severely bent twin lamellae, fracturiagd re-
crystallisation to form subgrains, patchy exsolatiof
quartz blebs). Similar features appear to be @sttito the
monzonite-syenite series within the type locality.

WDEOH H[FHSWLRQ WR WKLW %D\ WERGDyroXénd) @aibmibadty BuditeF i4 present in

situated to the southwest of Awasib Mountain witkfie
Namib sand sea (map - Appendix I). The associatfayab-
bronorite with troctolite in this intrusion is urue for the
AMT, but has been recorded amongst the so-calléatkb
ERGLHV™ RI WKH 10&
WKH .RQLS OD¢F &RPSOH[ DIWHV
situated approximately 60 km to the south. Consibler
uncertainty, therefore, surrounds the stratigrajpusition
R
pears to be an overlap in age between the SIS(@dfeage
range between 957 and 1190 Ma; Section C.5) andth@
QRULWRLGV “

amounts of 4 to 40% (average 19%) and is of sinfidem
(anhedral to subhedral) and size to the type Ipcadtiow-
ever, poikilitic “intercumulus” plates may reach ahu
larger dimensions (up to 20 mm) in the anorthogitd-

7KH Q H D WHLVEs Rind Wit Ring Hb R DsinfplE &G hatysynthetie)nbt

unEorbnhoB. AlteratiornzZt& acEinolite, while rarelyvathced,
is usually present to some degree along the crysaadins
where it may be associated with greenish-brownitiioln

WKLV OD\HUHG LQWUXVLK®MUG&L @@k casbsWviever Kchndpynoxebe hig been cahplet

replaced by aggregates of the assemblage actirotieo-
rite + opaque minerals + epidote *+ carbonate zitbiat

0 bt &), 1M78)U 6 W XHd&Blende which lend the rock a spotted appearamce

Cumulate layering is not uncommon in members of thand specimen.

SIS and is typically found in small layered intuss, e.g.
plutons on the farms Wolwedans and Springbokvladbel,
also on State Land adjacent to the farm GorrasesieN
theless, massive textures are widespread, pantiguhethe
coarser-grained syenites. Evidence for chillingiasfathe

Orthopyroxene (pleochroic pink hypersthene) makgs u
0-25% of the rock and forms crystals of similar ihamnd
size to augite. While hypersthene may form largiifiic
crystals (up to 14 mm in size), it occurs most camiy as
rims to olivine crystals or in clusters with augig&rain-re-

FRXQWU\ URFN LV UDUH D O WKLRFX Waté@ f@atlirddUrDHy etsBer Riyssalé \inkludetdras and

tures are more typical of the margins than theriote of
plutons.

bent ex solution lamellae, while the nature and pasition
of alteration products are similar to those of &igi

Awasib Granite has intruded gabbro of the SIS aaAw Olivine, where present, constitutes up to 9% of ribrek

sib Mountain, while various members of this suited in-
truded sediments of the Urusib Formation on StaiadL

and may form fairly large crystals (up to 4.5 m@jivine
LV FKDUDFWHULVHG E\ DQ DQXXHOGODBG

DGMDFHQW WR WKH IDUP *R WHU® D LMAGDINS Z2RICaC:|dai/coloRrZ WithR theekceptioroota-

Formation at Gorrasis Mountain. The only occurrente
picrite was found as a raft in Chowachasib Grasitieated
on the northern side of Gorrasis Mountain.

Basaltic andesite of the Barby Formation shows evig
of potassic metasomatism and reconstitution wheha$
been intruded by syenite at Gorrasis Mountain. Muma-
monly, however, contact metamorphic effects ar&rimted
to slight recrystallisation and the growth of lonade min-
eral assemblages. Syenite has itself been subj¢atsd-
vere shearing at its northern contact with the Clavasib
Granite at Gorrasis Mountain.

(i) Petrography

While detailed petrographic descriptions of indivéd
rock types are given in Watters (1974, p. 50-56¢, fol-
lowing descriptions are more general and compagaitiv
nature.

(a) Gabbro-monzogabbro series

sional plagioclase inclusions, olivine appears ¢oelarly-
formed. Alteration to serpentine is rarely prominen

K-feldspar, although commonly absent or preseny onl
accessory amounts, may constitute as much as 2a#e of
monzogabbros. The K-feldspar is usually perthiticrov
cline (fractured and slightly cloudy) and has ateistitial
or intergranular appearance. In addition to sonptace-
ment by myrmekite and perthite at its margins, Kispar
(perthite) has itself replaced plagioclase in part.

Biotite (< 5% of the rock) usually exhibits a disttive
red-brown pleochroism, more rarely greenish broamd
RFFXUV DV ERWK SULPDU\ L@ WADNMYDC
(average size 0.5 mm) and as part of secondamgnoteths
after clinopyroxene. Opaque minerals (< 4%) ocdtivee
in association with biotite or as small granulesnany of
the ferromagnesian phases. Both biotite and opatuer-
als are more widespread in monzogabbros than gabbro

Quartz, where present, rarely exceeds 2% of thg, roc
is typically interstitial and occasionally formsubcratic

This series includes gabbros (sometimes anortbpsitizones parallel to the primary layering.

gabbronorites, olivine gabbronorites and noriteseatial
constituents being plagioclase and clinopyroxenaiiiv
augite).

Plagioclase makes up 55-80% of the rock (averagg)64

and is not uncommonly of cumulus origin. While twiing,
zonation and habit of plagioclase differ littleagVe to the

Accessory phases include apatite (< 2% of the rack)
rare Zircon.

(b) Monzonite-syenite series
Monzonite corresponds to the “poikilitic medium-gred
porphyritic” type described by Watters (1974, p. 56)-ha
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PART C: LATE-STAGE CRUST

ing roughly equal proportions of plagioclase andgkdépar more tonalitic and dioritic rocks have also beeciuded.
(about 70% total feldspar). Both clinopyroxene- ategi- Stratigraphically these plutons can usually onlabsigned
oclase-phyric types are present, with olivine cibuhg a a “post-basement, pre-Chowachasib Granite” statos-

PRUH UDUH SKHQRFU\VW SKDQLWH¢ Qéved id Qrigle pludonefiqiari?y/ didrivé XeaiHo Nibis (map
grained than that observed in the type area, histrttay - Appendix I) contains volcanic xenoliths which ded to
be due, in part, to a more marginal situation. €ffect of the HFF and has itself been intruded by the Awé&simite.

SHULSKHUDO FKLOOLQJ DSSHDWU Y QMsRatlgaphid eguiv&leqCeWwfthe BusimBn Mill Qudi-

grained granular groundmass in outcrops withinciatral
part of the farm Gorrasis.

Coarse-grained grey syenite differs little fromeylpcal-
ity description for the “Spes Bona Syenite” (Wadtet974,
p. 55-56). However, towards the margins of the nsgien-
ite body, i.e. eastern Gorrasis and northwestenmndAger,

orite to the SIS seems likely, despite the petrolgi@asimi-
larity to some of the Guperas Formation “basicusives”
described by Watters (1974, p. 71-73).

The appearance of the quartz diorite is massivesand-
grained, although large amphiboles may be assatiait
later veins and apophyses of both Awasib and Chbasib

WKH VV\HQLWH LV ¢QHU JUDLQ HD® GraRite. MerePsHoh g@mite Btkusion Ndd Feemaggethe

may take on a “monzosyenitic” character. The presef

diorite tends to take on a hybrid and/or brecciatppear-

FRDUVH JUDLQHG TXDUW] VIHQHW RAf$IQROLWKY LQ ¢QHU JUD

enite indicates a complex marginal zone.

Fine-grained syenite contains a slightly higherpuore
tion of plagioclase than the coarse-grained typg, dth-
erwise both the nature and amount of the ferromsigne
phases are remarkably similar. The texture varims Seri-
ate to porphyritic (up to 30% K-feldspar phenocsysthe
groundmass typically containing subparallel latfidoth
K-feldspar and plagioclase (average size 1.0 mm@thRe
appears to rim and overprint well-twinned plagiseléaths.
Aggregates of the assemblage clinopyroxene + biatip-
atite + opaque minerals are fairly common and sndase
of clinopyroxene (diopsidic augite), the aggregatesy
represent recrystallisation into subgrains, althopgikil-
itic textures are also common. The distinctive bedwn
pleochroism and irregular form of biotite are mligle bi-
otite in the monzogabbro.

‘LWKLQ WKH ERUGHU
grained (average grain size 0.7 mm) olivine-beatmgn-
zosyenites” appears to be characterised by avelgthigh
plagioclase/K-feldspar ratio (about 0.2). The pneseof ol-
ivine in amounts exceeding 2% (up to 8%) may bgla-
tic of this group, but subsequent replacement efdlivine
renders this an unreliable criterion. Biotite manstitute
in excess of 5% of the rock. The texture is seti@f@orphy-
ritic, with phenocrysts comprising plagioclase, kilitic

(ii) Petrography

7TKH WH[WXUH LV ¢(QH
size 1.0 mm) and not uncommonly intergranular. iBlag
clase (average size 1.5 mm, maximum size 4.0 mm) co
stitutes 50-60% of the rock (average 57%). Widesgpre
zoning (normal to oscillatory with cores of An) and
twinning (albite mainly) of plagioclase laths arsually
preserved despite often pervasive alteration (éalhedn
the cores). In addition, plagioclase crystals hateined a
subhedral to euhedral habit and may form a loopalgked
network.

K-feldspar, where present (< 7%), occurs predontigan
as small interstitial grains of fractured microelimicrop-
erthite (average size 0.2 mm), but also forms guagdc
intergrowths with quartz. K-feldspar may either riange

IDFLHV RQ NplEgibcMadHdpaing/ ¢t commpleteliR XnSlofel smallerspml-

though poikilocrysts are rare.

Quartz is present as both large, strained, anhgdaahs
(average size 1.5 mm, maximum size 5.0 mm) andlemal
more strain-free, interstitial grains (average $iz2 mm).
These grains and aggregates together make up 20e80%
the quartz dioritessensu stricth) but < 7% of the diorites.
Exsolution blebs of quartz in plagioclase or K-fgddr are
rare.

WR PHGLXP JUL

clinopyroxene (diopsidic augite) and K-feldsparividle is Ferromagnesian minerals, which constitute up to 30%
not uncommonly rimmed by the assemblage clinopymtexe Rl WKH URFN RIWHQ VKRZ VRPQU{NBIQW
+ red-brown biotite + opaque minerals + apatiteisTas- amphibole (hornblende and/or hornblende-actinafiter-
semblage may form aggregates which have a granablagrowths), biotite and more rarely clinopyroxene oBn
polygonal form and often completely replace oliviie- hornblende, where present, occurs variously agsititial
gether with similar granular textures in K-feldspdrese crystals, skeletal and ragged poikilocrysts (U tmm in
aggregates appear to indicate extensive recrysdtithn in size) and prismatic or euhedral crystals. More dslby,
UHVSRQVH WR VWUDLQ :LWKL Q@ Y HHdweyep Hohbl&hdeQpteGehipoisim EsHronv light braskia
age grain size 0.3 mm), sheaf-like granophyricrgri@vths green to green. The appearance of hornblende sisgges
UHVHPEOH GHYLWUL¢FDW L RICE YWH HI@X\W&)Mati€ otigin ith idubisétUert atevatibdooun-
recrystallisation. dergrowth with, patchy light green or blue-greetiragtite.
Aggregates of alteration products associated witin-h
blende are typically made up of the assemblagaalie
* carbonate + epidote + sphene * chlorite. Inclusions in the

(i) Field character hornblende are primarily quartz, plagioclase andope

Although widely distributed, quartz diorite plutoase minerals.
primarily situated in the northeastern part of &MdT in %LRWLWH RFFXUV DV ERWK VXBKHGUD
the vicinity of the 1690 m high Bushman Hill. Therrn 0.2 mm) and much larger xenoblasts (average sizenin,
“quartz diorite”, as used here, is slightly misleay since maximum size 3.0 mm) which are strongly pleochfme

2.6 BUSHMAN HILL QUARTZ DIORITE
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2. LITHOSTRATIGRAPHY

light brown to dark brown but usually display timfsgreen. sib Mountain, it has itself been intruded at thmedocal-
Biotite makes up 8-15% of the rock (average 11%j, arity by coarse-grained Chowachasib Granite (Plage)XCIn
although always present, it may be strongly chiked (of- addition, volcanic xenoliths of the HFF are not aimenon
ten pseudomorphed by the assemblage chlorite H&pid in the Awasib Granite. Furthermore, this granite kieeply
opaque minerals + sphene). Secondary actinolitasiac- tilted sediments of the Urusib Formation on thetboest-
ally forms intimate intergrowths with biotite, sotibmes HUQ ADQN Rl *XLQDVLE ORXQWDLQ
cross-cutting, but is usually subordinate. Largeotdasts  Intrusive contacts are characteristically sharphwgitant
of biotite, where present, typically display a pliklastic, evidence of chilling, although broad (metre scale) mafgina
and occasionally kink-banded, nature. Aggregatdsaiite J]RQHV RI ¢QHU JUDLQHG QD WKAHYV WH U
SADNHV" DUH ZLGHVSUHDG D QWR P K p&tiow W Av@sib Xowhkaid.G h& effdcKof intian has
GLI¢FXOW\N IURP ELRWLWH VFKLV Woffeh@é&en hritd Yesulting in breccias at thataots and

Clinopyroxene, mostly augite, forms anhedral andtilisation of fractures in the country rock by abyses of
twinned phenocrysts (up to 15% of the rock) whick agranite. Rounded xenoliths are rare in the proxiroitin-
commonly glomerocrysts (aggregates up to 4 mmiae,si WUXVLYH FRQWDFWY DOWKRXIJRDRHFFD
individuals up to 2 mm). These phenocrysts typjcalow xenoliths does occur. However, hybridisation assult of
alteration along their margins to the assemblagie@ie + such assimilation (as described by Von Brunn, 196702-
biotite + chlorite + opaque minerals. “Groundmaasyite 107, and Watters, 1974, p. 59-60) is a rare feaiturtne
is widely pseudomorphed by actinolite. Awasib Granite.

$VVRFLDWHG ZLWK WKH PD¢F PLQAMEDHOrK the idéthdnical ¥ffe&s-blintRukidD, Ameasib
cessory phases, viz. sphene, apatite, zircon, &pidod Granite may be responsible for a limited degreeauitact
opaque minerals. These accessory minerals varydrdme- metamorphism. Evidence for this is restricted ®ghghtly
dral and skeletal secondary phases to euhedrabtsyand more altered appearance of the HFF volcanics whreh
inclusions. Sphene forms secondary rims to opaqgue mnow situated adjacent to outcrops of the AwasibnGea
erals, but also occurs as large (0.7 mm in sizbhadral 7KHVH HIIHFWV DUH KRZHYHWKEBLAOL FK
crystals. Secondary opaque minerals, usually staa#tr- of a more regional metamorphic imprint as welltesmore
age size 0.2 mm, maximum size 0.5 mm) and cudfiorim, SHUYDVLYH LQAXHQFH Rl WKHUKLQIKH U

may constitute as much as 5% of the rock. toids of the Haisib Intrusive Suite.
Many of the granites incorporated in the “AwasibaGr
2.7 AWASIB GRANITE ite” correspond to rocks which have been descrihyed/at-
ters (1974, p. 64-67) as “Nubib granite and gnei3$ie
(i) Field chnracter latter group is, however, very broad in its coveragd ap-

The Awasib Granite, like members of the HIS, igéy pears to incorporate both pre- and post-Sinclagu8ace
FRQ;{QHG WR WKH VDPH QRUW EFEH BAMoyies. A& dirngly, MeUldrnX I EsSiIlREGr&Xe re-
by volcanics of the HFF (map - Appendix I). Furtmere, tained for a group of distinctive micro granite ployries
the Awasib Granite closely resembles rhyolitssnsu latd in the AMT.
of the HFF in composition; a similar comparison bagn A gneissic texture is rarely developed in the Awasi
drawn between plutonic rocks of the Haisib IntresBuite Granite and there is not always an obvious spatiabcia-
and intermediate volcanics of the HFF. The liketiioof tion between strain-related features and knownrstazes.
this granite being subvolcanic in origin is furtfexplored Granular “recrystallisation” textures are commordgtrict-
in Sections C.4 and C.5. ed to the marginal portions of plutons and mayrdfoe,

The Awasib Granite underlies an area of approxitateowe some of their appearance to chilling rathen tthefor-
55 knt with its major exposure in the rugged, 1752 m higiation.

Awasib Mountain. The granite here is closely assec

ZLWK UK\ROLWHYV RI WKH +)) WVQ Q QuKPetbgraphy VRPH GLI¢FXO
distinguishing between rhyolite porphyry plugstoéatter ~ The different textural varieties within the Awasib Granit
formation and microgranite porphyry of the Awasiba@ do not differ markedly in their mineralogy and hatreere-
ite. A similar relationship can be seen west of Riekko- fore, been collectively described in Table C.3.

ppe, but in the southern most part of the AMT, oyps of  The following strain-related features are widesgréa
$ZDVLE *UDQLWH DUH YROXPHWR R HhANasib GaNte,Jarticylaly @ YW oxdity Qedr zones,
pared with their “host” volcanics. By contrast, th827 m but also on a more regional scale:

high Guinasib Mountain consists predominantly ofa&ib (a) A predominance of clear perthite and straineariy
Granite, apparently with no associated volcanics. over cloudy orthoclase perthite and unstrainedtquar

The Awasib Granite is reddish in colour and can tmos (b) Bent twin and ex solution lamellae in feldspars
commonly be termed a “microgranite porphyry” (plate (c¢) Fractures and marginal granulation in feldspsnd
C.5d). However, there are several different teXtueaie- quartz.
ties which may indicate different phases of intomsand  (d) Mortar texture in quartz.
can usually be allocated to one of three categpriesented  (e) Strong zoning and undulatory extinction in &gdrs.
in Table C.3. (f) Comminution of feldspars to form a seriate tewt

While the Awasib Granite shows evidence for havimg  (g) Protomylonitic textures illustrated by streakma
WUXGHG ERWK WKH +DLVLE DWG$EdubgtHddystals\aid Xails of igra@udialf mikerals.
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(h) A leucocratic appearance possibly due to the ceplatain have undergone deformation, recrystallisataomd
ment and removal of ferromagnesian minerals. even occasional assimilation. Since this is bytier larg-
est individual granite mass in the AMT, it can lssw@med
WKDW VXI¢FLHQW KHDW ZDV UHMRMDLQHC
2.8 CHOW ACHASIB GRANITE SUITE (CGS) the observed transformation of the country rocke Téla-
tively warm country rock was further able to accoouate
(i) Field character a greater number of granite apophyses here thas els
LWK WKH H[FHSWLRQ RI PD; RDBDMWeltlOVLF G\NHV WKH &K
chasib Granite Suite, hereafter termed the “Chowasith
Granite” or CGS, constitutes the youngest phasatofi- (ii) Petrography
sive activity within the AMT. Since the total outqr area  Mineral chemistry (Part C.3) suggests that the Claiw
does not exceed 120 Enindividual bodies can usually beasib Granite Suite comprises at least three disphtons.
classed as “stocks” (after Bates and Jackson, 19803 Petrographically, however, this distinction is redsily
largest stock is about 55 Rrim areal extent and forms themade and it is therefore best to describe thesetrmentol-
2063 m high Chowachasib Mountain. However, it is-colectively. Relative to the Awasib Granite, this gjta suite
ceivable that this stock links up below sand caviéh a 28 is characterised by its much coarser-grained ngaver-
km? outcrop at the 1690 m high Bushman Hill and a #nal age grain size of 4.0 mm) and widespread hypidigimiar
outcrop of only 2 krito the northwest (map - Appendix l).granular texture.
The projected form of this mass would be subcincalad  K-feldspar, both microcline and orthoclase mesdpet
underlie an area of approximately 450%imextent, there- constitutes 30-60% of the rock (average 44%) arabis-
by constituting a body of batholithic dimensionsn@ler monly of anhedral or subhedral form. The lattenfqure-
outcrops of the Chowachasib Granite are situatethén dominates in the more porphyritic granites, wherge K-
eastern part of the AMT on the farms Gorrasis atal-S feldspar phenocrysts may reach 26.0 mm in lengahisBad
larine, as well as a more prominent mass of abbutri¥ twinning and strong zoning are not unusual in Kiéglar
which forms the 1763 m high Satanskop Mountainthn and a poikilitic texture is occasionally develop@erthite
western part of the area, the largest body of ¢tgdmas an is of the patch and string type and cloudy in apapeee,
areal ex tent of about 12 Brwhere it underlies a consider-exsolved albite apparently in optical continuitytlwiess
able part of the 1752 m high Awasib Mountain. Thécoop cloudy, secondary albite rims. More rarely, secopdidbite
pattern indicates that individual plutons usuatyform to has completely pseudomorphed original K-feldspar.
a regional northwest trend. Plagioclase makes up 4-30% of the rock (average)23%
The Chowachasib Granite, as described above, forars consists of subhedral laths (up to 5.0 mmrgtlke and
an integral part of many of the highest and mogiged An ,in composition) and patchy replacement rims tchbot
mountains in the AMT. At a distance this graniten @i- K-feldspar and more calcic plagioclase. Saussatits is
WHQ EH LGHQWL¢;HG E\ KXJH RKPDKGualyntoh\advarikedrnkthié Privmdry plagioclase,Has
through exfoliation (Plate C.5e). The texture o tiranite rarely obscured the polysynthetic twinning. Normahing
is typically medium- to coarse-grained and hypidiophic and bent twin lamellae are fairly common featurearrSa-
granular, although coarsely porphyritic varieties wide- tanskop.
spread in the northwestern part of Bushman Hill.ilevh  Quartz typically forms large interstitial aggregateom-
most plutons are reddish in colour, granites inuiognity monly> 10.0 mm in size) or rounded crystals (up.mm
of Satanskop exhibit a whitish-grey colour whictpagrs in size) which together constitute 28% of the rackav-
to indicate a less potassic nature. These diffe@®rare erage. Quartz invariably exhibits undulose extmrtibut
clearly primary, since there is no evidence forrigibation may form incipient mortar texture where it has wgodae
by assimilation of basic material as described by Brunn greater strain. Small quartz blebs are fairly comritothe
(1967, p. 102-107) for the Rooikam Granite. marginal zones of K-feldspar and in the groundnodigsor-
Xenoliths are, in general, not common in the Chdwac phyritic granite. Quartz also forms part of intérat grano-
sib Granite except for the southwestern part ofi@ehasib phyric intergrowths with K-feldspar, but these ngi@wths
Mountain where the granite is characterised byreobk#h- are not as widespread as in the Awasib Granite.
choked zone adjacent to outcrops of the Urusib Btion Biotite is usually present and occurs as both grtewn
and Kairab Complex (Plate C.5f). The effects ofision ADNHV DQG ODUJHU EURZQ WR PPHHQ EL
by the Chowachasib Granite are mostly restrictetilttog in size). Kink bands and undulose extinction cdntgioc-
of the country-rock strata, although there are sepetac- casional features of the biotite, while chloritisatis usu-
ular examples of elevated rafts, e.g. sedimentiseobrusib ally present to some degree. Biotite is typicaliterstitial
Formation in the southern part of Chowachasib Maimt DQG PD\ EH SRLNLOLWLF LQ DBEISRHWUWR F
DQG PD¢(F ERGLHV RI WKH 6,8 WNRR@KIH VFRRPWRBDVY VD \RM RBAOLMW HG ZLBAK PD¢ F
Contacts with the country rock are mostly sharpthwisemblage opaque minerals + sphene + epidote Hapati
only occasional evidence of chilling and even m@ely zircon.
the assimilation of sedimentary xenoliths. As foe Awa- Hornblende only predominates over biotite in K-&gdr-
sib Granite, the effect of any contact metamorphsosu- rich granite at Bushman Hill and in the northernt jpéd the
DOO\ GLI{(FXOW WR UHFRJQLVHQWRBHRP HR UVIBDGELFHQRVIH\D &MD W RWHWLIHNVW WR F
granite in the southwestern portion of Chowachd&ilun- an average of 5% of the rock and are not uncommonls inte
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grRZQ LQ PD¢F DJJUHJIJDWHYV +RQQIgtE ih@ppéhrdnde frairHth® coviRerpaditsl id Siaclair,
brown in colour (sometimes with reddish-brown cpm@asd the medium-grained dykes (typically northeast tatmo
forms both prismatic crystals and poikilitic platgsto 3.5 northeast-trending) bear a distinct resemblancelyices
mm in size. Incipient alteration of hornblende tdorite is  within the Gannakouriep Suite to the south (Reiersp
a widespread feature. comm., 1986).

Clinopyroxene, probably augite, forms subhedral to

rounded crystals (average size 0.3 mm) in K-feldgpan-
ite on the farm Gorrasis, but its occurrence i wrd may
represent a xenocryst phase. Clinopyroxene, whscially
occurs in clusters, is typically rimmed, and partplaced,
by blue-green hornblende.

Accessory phases include sphene, allanite, apatite
zircon.

(i) Intermediate dykes

(a) Dykes of intermediate composition are restddtea
few occurrences of quartz monzonite within the Hiffel
even more rare quartz microdiorites.

(b) While intermediate dykes do not occur in swarms
trends of individual dykes are most commonly nomibrth-
east and east-southeast.

Marginal portions of the Chowachasib Granite tead t (c) Porphyritic textures are widespread in interiatd
EH UHODWLYHO\ ¢QH JUDLQH® R MikesDplagiodlasb hehg\he]rkbst confnon phenacryst

coarsely porphyritic. Strain-related features appear to
be more widespread in these marginal zones. Sathrés
include undulose extinction, fractures, bent twvamellae,
kink bands, granulation and disaggregation of graar-
gins, and trails of incipient comminution.

2.9 MAFIC AND FELSIC DYKES

(d) Xenoliths and xenocrysts are particularly comnio
quartz microdiorite dykes.

(iif) Acid dykes

(a) Acid dykes comprise a variety of rock typeg, vhy-
olite, micro granite, granite and granodiorite.

(b) Dyke swarms follow similar, but more variabiends
to the basic dykes, viz. north-northeast, eastraorthwest

The majority of dykes in the AMT resemble their neu to north-northwest.

terparts in the Sinclair Sequence type localityhwispect
to both trend and composition. Both individual dylend

dyke swarms are strikingly bimodal in compositiomda

detailed petrographic descriptions have been peuvidy
Von Brunn (1967, p. 125-138) and Watters (1974,3375,
p. 97-101). However, the latter author’s correlataf the
majority of both “basic” and “quartz porphyry” dykeavith
the “Guperas Formation” may be in need of revisfahe
“pre-dyke” Chowachasib Granite is younger than @e
peras Formation of the Sinclair Sequence.

Dyke swarms appear to have utilised a conjugatgura

(c) Where acid dykes intersect basic dykes, theyuau-
ally younger.

(d) Evidence for deformation and metamorphism indi-
cates that acid dykes, like the basic dykes, werpl&ced
late in the history of the AMT.

(e) Individual dykes may be traced for up to 12 &long
VWULNH DQG DUH XVXDOO\ VIWAMRIES LQ
banded rhyolite dykes on the farm Aandster doewsgeher,
dip at an angle of 40° to the east. Dyke widthagable, but
mostly between 1 and 20 m.

(f) “Swelling” of dykes along strike is a widespretea-

system which may be related to major shear movemnenture, especially in the central part of the AMT.

WKH $07 +RDO
AMT can be accommodated by a four-fold divisioroibta-
sic, intermediate, acid and alkaline compositions.

(i) Basic dykes

(a) Basic dykes comprise a range of rock types,gab-
bro, diorite, monzonite, dolerite, basalt and aitdes

(b) Dyke swarms follow two major trends, viz nordise
to north-northeast and east to east-southeast. \Meesic
dykes intersect, the former trend is later.

(c) Deformation in the basic dykes is restrictecbtza-
sional shearing ([?) and later warping (I

(d) The general lack of any metamorphic character,
cept in shear zones, suggests that these dykesddate in
the history of the AMT.

(e) Individual basic dykes can be traced for uf® tkm
along strike and are usually vertical or steeplypilg in
attitude. The width of dykes is highly variable t msually
between 1 and 30 m.

(f) The east-southeast-trending swarm of dykeshatvz-
chasib Mountain is characterised by a more modelipteo
the northeast and common “swelling” along strikeéidion
plug-like masses.

0D ¢ F DQGW KB (9 PFerpByriticirhyolite $HISLa@ considerably mooan-

PRQ WKDQ WKHLU PD¢F FRXQWHUSDUMW
(h) Acid dykes in the AMT have been mapped in adja-

cent areas as “granite porphyry”, “hybrid granomiyeind

“quartz porphyry” (Von Brunn, 1967, p. 26-28; Watie

1974, p. 97-101).

(iv) Alkaline dykes

A single east-southeast-trending dyke of porphyptio-
nolite crops out to the west of Awasib Fountain vehié has
cut across several north-northeast-trending gablykes.
While this dyke may represent a much younger pludse
intrusion (possibly Karoo?), it should be noted tha east-
southeast trend is the same as that of the mafic bigke
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 thelstage
stratigraphy in the AMT and occupies a stratigrapbd-

J :KLOH WKH ¢QHU JUDLQH G5 5IR Witk \sirilav torha DitheFKgjas Harmation imet Sin-
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clair Sequence. Trough-hosted sediments are mageedp desite) and composite dykes, though not widespraagh
dominantly of immature and poorly-sorted clastick® gest that magma mingling has occurred in the HFF.
WKDW JUDGH XSZDUGV LQWR IBUXS Nil)YBasaltR ZXdeRitesNVak Hhe+Barbp Gormatioromr
characterised by sedimentary features typical afided out in the eastern part of the AMT where they hheen
VWUHDPARZ IDQV :KLOH WK IS HUDL\WE¥L DG HGD PAWIDLEEUWRNG DY B \K\VHIQWLW H V
of uplift, associated lacustrine deposits (shakksilistone) 6 XLWH 6,6 7KHVH ARZV DUH \/RWSK\UL
DUH WKRXJKW WR UHAHFW PRUH VoWV Ddgiodase dnd \CMdpydoxe e dhid tharRo@risec
(i) The Haiber Flats Formation (HFF), despite ati-e pilotaxitic to trachytic groundmass.
mated thickness of between 3000 and 7000 m, hasal s
outcrop area (< 80kin FRQ¢;QHG WR WKUHH QRUWKZHVW WUHQG
ing linear troughs termed the southern, centralrarthern 2.10.2 Late-stage intrusive suites
localities. These localities, or volcanic centra charac-
terised by predominantly bimodal volcanic successia- (i) The Haisib Intrusive Suite (HIS) shows a clegm-
VDOWLF DQGHVLWH UK\ROLKAWR GD F MW DFEE XOW VIRFG B WIL\WRIQF 2L WK WIOH G )WPR QG
compositions are represented. Porphyritic and pgstic the sheared margins of the troughs that host ther.ldhe
WH[WXUHV DUH ZLGHVSUHDG W NV BuitaHR Ghronig Dolh\Wa it sXaDiiz dainpdsitionhefH|S
IHOVLF FRPSRVLWLRQV 0L QRW @& HBeRGiteMiadiaRel relativie BoWhie Joisaltivvaxidesdiyelite
YROFDQLFODVWLFV DUH DVVRFL D Wit Gefhbansiof thekF FhefaBRunhiance of xenalittise
(iif) Although subjected to the effects of four epdes HIS can be related to both the HFF and early-stagst.
of regional deformation and associated greensé¢aeés The HIS is older than the Awasib Granite and ocesi@
metamorphism, the HFF appears to have undergomg eaimmilar stratigraphic position to that of the SIS.
local tilting and possibly contact metamorphismaagsult (i) The SIS incorporates Watters’ (1974) previgusl
of the forceful intrusion of the HIS and Awasib Gite. mapped “Barby Formation intrusive units” and “Sesa
(iv) Evidence for the presence of volcanic cenaethe Syenite”. This suite comprises a gabbro-monzogakbib
different regional localities of the HFF includéstocalised PRQ]J]RQLWH VVHQLWH VHULHV BKWHRK DU
occurrence of coarse agglomerates (southern artdanor the eastern part of the AMT. A layered gabbronetribe-
localities), the presence of resurgent rhyolitiegg/domes tolite body in the western part of the AMT may shaw
(northern locality), the subvolcanic nature of migranite D1 QLW\ ZLWK WKH .RQLS OD¢F RBPSOH]
SRUSK\U\ FHQWUDO DQG QREMW KHXDWYR RariidsV Cunvlate DeltGregVdteHmost commo
LQ FRUUHODWLQJ ARZ XQLW 9 LBMHIWHthellgyevedreicks, while maiging! partidRsDoé fiutons
Y %DVDOWLF DQGHVLWH ARZSRBD WHKW\S))FDOK \W)\QHEDDUDLQHG DQG SRU
phyritic (5-20% phenocrysts), the phenocryst assagey (i) The Bushman Hill Quartz Diorite comprises dies,
(where preserved) usually comprising plagioclaBeppy- quartz diorites and tonalities of uncertain stnahic posi-
roxene (x olivine) and possibly titanomagnetiteaipilo- tion, but which bear a compositional similaritytte SIS.
taxitic to trachytic groundmass. Plagioclase isdbminant LY 7KH $ZDVLE *UDQLWH QRNHQOWEH +
SKHQRFU\WW LQ VRXWKHUQ QRPN WMeRARZNGugs)Xovcupiad MyXiEeRHBRE This trasi
FOLQRS\UR[HQH LQ QRUWKHU @ D®#Hd @dnWasidoRally simikat @ HheDrRyalites ofetiHFF
are only widespread in the southern locality, plastic tex- and its close spatial association with the latted aimi-
tures (including mantled bedding) appear to beictet to larity in texture to rhyolite porphyry suggest dgalcanic
the northern locality basaltic andesites. Andegitd dacite relationship. While clearly younger than the HISI&3IS,
ARZV DUH XQLTXH WR WKH F HQ W UReD\Wwash FSbadite \Was b&ek htuudedPOtie Chowagibh
WLRQ KDV WUDQVIRUPHG WK H\Q-D By, AtpWyiRintdudiveld@dEisKaretyivaharp, re-
plagioclase forms an easily recognisable phenockyst crystallisation textures at the margins may berdsailt of
biotite, clinopyroxene and titanomagnetite may bespnt chilling.
in addition. (v) The Chowachasib Granite Suite is made up of sev
(vi) Rhyodacites are rare in the HFF and occur @ b eral exposed stocks, some of which may be linkddvbe
globular ignimbrite (southern locality) and porpitigr the surface to form a single mass of batholithroetisions
ARZV LQ ZKLFK WKH SKHQRF UQGW S(BBAKA?) $nQHR hbihEr® paxt idf the T, Typically me-
TXDUW] DQG FOLQRS\UR[HQH LSK\®\Om-W EoaksB-grain@lUthis mozét @ K-feldspamite
porphyritic (10-35% phenocrysts of K-feldspar, gaand constitutes the latest phase of pre-dyke magmatighile
plagioclase) and comprise both welded crystaldithiffs generally devoid of xenoliths, the Chowachasib Gean
OLWKLF IUDJPHQWYV DQG AR@oes RaprE ldrGe efisYob sediment of the Urusibnia
SKHQRFU\VWYV 7TKLFN DVK ARZUWSWILIKQUD]IR,CEVSB!BSHDLDWI—R W\ SH F DUIDANHE L R
resent single cooling units made up of several pedd- clinopyroxene.
HQW ARZV S5K\ROLWLF DLU ZBIOG® & H®RBimoya dpke wardd) &pppad @ have utilised a
observed at the southern and northern localitigsilé\the conjugate fracture system (essentially northeadt east-
SUHVHQFH RI ¢DPPp LV QRW DX@\XN ¥ddiDedstxrandingl) teldteR @Lnagibival shear mevem
dence of vitro clastic texture has been destroyeddvitri- Compositionally these dykes are basic, intermediatéel
(FDWLRQ UHFU\WWDOOLVDWLRQ DaQdzlkaline. Nrettagnioipe leRe@ts are minimal, while-
(vii) Mixed pyroclastic eruptions (rhyolite-basaltian formation is restricted to occasional shearing latelphase
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warping. Swelling of basic and acid dykes alongketis  wumeR FLATS FORMATION 4

a common feature. A single east-southeast-trengliramo- Baosaltic andesite * qUu;h
lite dyke may represent a much younger phase ofsiun, -ondesite : ;:;1':“
possibly of Karoo age. + Biotite
+ White mica
+ Carbonate

3. MINERAL CHEMISTRY AND

METAMORPHISM Plogloclase
Epidole

3.1 INTRODUCTION Chiorite
3.1.1 General
C y Dlivine
Mineral assemblages were selected from a number Augite " Actinolite- F

lithologic units in the late-stage crust of the ANBF EMP FEAEOMN

analysis. Analyses of both primary and secondamseh Flg, CA: ACF dia iScstriieg priciary Igado0s (hodid lines)

have prowd_ed new !nS|ght v_\nth respect to the_ igreeand e mmmfpﬁmﬂhd fioea il asAcbliges I

metamorphic evolution of Sinclair-type rocks in T, desites™ of the Haiber Flats Formation.,

The following sections describe the mineral cher@stof

the common phases encountered in the selectedoliitc VL WLRQDO FDWHJRULHV RI PDJd®WHU ¢

units. All EMP analyses are tabulated on the ac@nyging mediate (Haisib Intrusive Suite) and felsic (AwaGitanite

OLFUR¢(FKH FDUG DQG GLVFXVVHG Q&G IKRZOBEKDVLE *UDQLWH 6RFWBDLW!
Although this study aims primarily at determinirgné- R1 WKH 6DI¢HU ,QWUXVLYH &0IZWH) GV C

ous compositions, metamorphic effects are wideshbaga this suite, although well represented in the easpent of

must be investigated in order to assess the dejraléera- the study area, will not be discussed here.

tion prior to geochemical study. Furthermore, metgrhic

phase compositions enable determination of theegd 3.2 FELDSPAR
metamorphism and allow comparison of late-stagestcru
with early-stage crust in the AMT and with the typea of 3.2.1 HFF and Barby Formation

the Sinclair Sequence.

Plagioclase phenocrysts vary in composition from la
3.1.2 Haiber Flats Formation (HFF) and Barby UDGRULWH RU DQGHVLQH LQ ZHDNO\

Formation the northern and southern localities to albite lagazlase
in their more strongly metamorphosed equivalentshat
(i) Basaltic andesite-andesite southern and central localities (Fig. C.5a). While ap-

,Q FRQWUDVW WR WKH P RéehsuDRL GarEntApRUEy oPc@ripbeiibnd/ il ¥he range-An,, may
of the HFF are better characterised by relict igrsgohases UHAHFW WKH H[LVWHQFH RIW\K MW LSADWO
due to less pervasive secondary effects. A singlapte VLIJQL ¢FDQW VWXG\ KDV EHHQSP®DGH
of basaltic andesite from the Barby Formation amfdrm gioclase is primary, the more sodic compositiorsbpbly
Gorrasis has been included for comparative purpddes representing varying degrees of response to mefayison,
PLQHUDO DVVHPEODJH LQ WK B QHHBH3sibly &4 R fuhclonroPdddotiated Wake? fugasityite is
sentially primary one to a wholly metamorphic asblme wholly metamorphic in origin and derived from tlldw-
typical of the greenschist facies. The variatiomiimeral ing reaction (Miyashiro, 1973):

parageneses is illustrated on an ACF diagram in &y plagioclase + ED = albite + epidote
The general absence of exsolution features in ptdase
(i) Rhyolite-rhyodacite has been reported by Grove (1977) to be charatiteaf

5K\ROLWLF ARZV RI WKH +)) KDY MIBiBHEdoMIWYIEahit Gcks Qrhvshbbservation eqs to
analytical detail compared with their andesitice@uparts. hold true for much of the HFF as well.
However, mutual interbedding and intercalation ®8jg Plagioclase compositions in the Barby Formation ba-
that conclusions arrived at for the latter showldhough saltic andesite are primary, but slightly more sottian
incomplete, hold true for the entire volcanic pEP ana- in the weakly metamorphosed HFF volcanics (Fig.bE.5
lytical work on the rhyolites was largely carriedtdo test Approximate correlations between anorthite contesits
petrographic observations and is considered unblietd- plagioclases and whole-rock CaO contents and Ca@Q/Na

morphism of the HFF” (Section 3.9). ratios in Fig. C.6 illustrate that bulk magma corsition
exerts a measure of control on the plagioclase ositipn.
3.1.3 Late-stage (“Sinclair-type”) granitoids Similar correlations have been reported by Ewa87 @) for

very calcic plagioclases in orogenic basalts andkeaites
The major intrusive suites which post-date thewsith DQG WKHVH FRPSRVLWLRQD OV IRQGEHD
of the HFF volcanics may be broadly grouped intmpo- tween igneous and metamorphic plagioclase compositions
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anorthile

bylownite
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lobradorite

K - alblte T—— e
[ S/ Mo-saniding ~ TV ——=—=== Or

« Southern locality Feldspar from
& Centrol locolity Haiber Flats Fm.
o MNorthern locality igndesite

(o} s Feldspor from Borby Fm. bos. ondesite

Fig. C.5: Plagioclase phenocryst compositions in (a) andesites (sersu lata) of the Haiber Flats Formation, and (b) basaltic andesite of
the Barby Formation. The more sodic compositions (albite-oligoclase) are secondary in origin.

in the HFF (Fig. C.6). when the most calcic plagioclase is considered feach of
IHOGVSDU LV D JURXQGPDV\W BKSEVErI pl@ong Eid.\CLV) FPIagiéclds® itie Alv&ranite
GLDWH ARZV DQG ZDV QRW D QD O\\sHypically more sodic (< Ap than in the late CGS (An
An, ), although the general tendency towards more sodic
3.2.2 HIS, Awasib and Chowachasib Granites compositions in the higher silica members of thigesis
QRW ZHOO GH¢{QHG
Despite widespread albitisation in these granitoitls K-feldspar is generally more abundant than plagiselin
is clear that original plagioclase in the HIS idatively the HIS and is present predominantly as microatmero-
anorthitic in comparison with plagioclase in theupger SHUWKLWH DQG PLFURFOLQHH Z KA WY HIL |,
Awasib Granite and Chowachasib Granite Suite (CGShese two phases represent the discrete phasesltyi
The decrease in anorthite content can be broadtgleded subsolvus granites, since much of the microclinedaec-
with an increase in the differentiation index (Dd¥pecially ondary appearance. Accordingly, it seems most likely that
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Fip. C.6: An contents of plagioclase phenocryst compositions in “andesites” of the HFF and Barby Formation plotied
against (a) whole-rock CaOy/NazO, and (b) whole-rock Ca0. Liquidus curve in (a) and compositional fields in (a) and
(b} are from (Ewart, 1976). Mote separation of primary (>An3s) and metamorphic (<Ans) plagioclase phases.
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Fig. C.7: Compositional variation of the most calcic plagioclases
as a function of Differentiation Index (D1) for different plutons
within the late-stage granitoid suites.

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 latp of the HFF. The general pyroxene formula may
be written as follows (Cameron and Papike, 1980):

XYZ,0,
where X = Na, Ca, M, F&*, Mg, Li
Y = Mn?, Fe*, Mg, Fé*, Al, Cr, Ti
Z =Si, Al

8VLQJ WKH VLPSOL¢{¢HG VI\VWHP RI S
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,

the granites of the HIS were originally hypersolvus but wevéhile orthopyroxenes in the Barby Formation are bronzites
subsequently subjected to an increase, jj, perhaps as a and emphasise the Mg-rich (Pncompositions regarded as
UHVXOW RI WKH LQAX[ RI ZDWHU typdaloi/oruenic) gyroxeRes byEwart (1982). Despite the

the hypersolvus granites were previously consolidated, tH#mited compositional variation exhibited by augites, there is
these authors suggest that the introduction of meteoric waeslight tendency towards Ca depletion and Fe enrichment
FRXOG FDXVH WKH VROLGXV WR G UWKS AKX F:OF\L H B sWHOR VW R DIJ @ DWHWD\W W D5®QI W
refusion. In the case of the HIS, the common proximity of The presence of non-quadrilateral components (e.g. Ti, Al,
VKHDU JRQHV PD\ PDUN WKH VLWH @r, Ré", NIiX, IN@) irsthevpaxene\straetie Rag Yeapureported

for the required introduction of J@ to increase p,.

by Lindsley (1983) to affect the activities of Wo, En and Fs

K-feldspar in the Awasib Granite is typically microperthitcomponents. The substitution of Krior F&* is illustrated

ic, but is also associated with plagioclase in occasional Rapgthe positive correlation between MnO and FeO content in
kivi texture (average: core Qrrim Ab,). K-feldspars in the Fig. C.9. However, pyroxenes of the HFF and Barby Forma-
CGS commonly contain a high proportion of exsolved albit®n occupy different parts of the diagram which illustrates
and are best termed “mesoperthites”. In general, the feldsghes the former are usually less MnO-rich for the same FeO
of the CGS are better preserved than their counterparts inapstent. Furthermore, relatively high Ti@bundances in
Awasib Granite, largely as a result of widespread albitisatidhf-F pyroxenes are associated with low ratios of MgO/(MgO
VLOLFL¢{¢FDWLRQ DQG UHFU\VWD O OtReDMWherely dugneglirgrh rapre\Wiffgrentated nature com-
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Fig. C.8: Pyroxene phenocryst compositions in “andesites” of the
HFF and Barby Formation according to the simplified nomen-
clature of Ross and Huebner (1979). Also plotied are com-
positions of actinolite psendomorphs after augite in the HFF,

pared with the Barby Formation.
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Fig, C.9: FeD vs. MnO diagram for pyroxene phenocrysts in
“andesites” of the HFF and Barby Formation.
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Fig. C.10: Plots illustrating (a) Ti-Al and (b) Na-Al substitution in pyroxenes of the HFF and Barby Formation.

Relative constancy of the inter element ratios TV/Ahd orogenic tholeiites”, and “alkali basalts and rethtocks”.
Na/AlV indicate that Ti-Al and Na-AV are important sub- Fig. C.11(a-c) illustrates the application of thegcrimi-
stitution couples in pyroxenes of the HFF and BaFloy- nant diagrams to clinopyroxenes of the HFF and B &idr-
mation (Fig. C.1 0). The Na/Klratio also separates themation. The inferred non-alkaline and orogenic ab@r of
clinopyroxenes into their respective formationsz. WFF these lavas agrees well with whole-rock composit{@®ction
(Na/AlvV = 1/4 - 1/2) and Barby Formation (NalAl§ C.4), but the discrimination between calc-alkakmel tholei-
Comparison with relict clinopyroxenes of the Bitteter LWLF DI(QLWLHYV LV LQFRQFOXVLYH
metalavas (correlated with the Barby Formation;liafihs-
Jones, 1984) shows an overall similarity in Ti/Alios. 3.3.2 Chowachasib Granite
However, Na/AV ratios are generally higher in the HFF,
and especially the Barby Formation, when comparigd w Rare “xenocrysts” of clinopyroxene occur in a “fiost
the Bitterwater clinopyroxenes (Na/Al= 1/4 - 1/8 most titanium-rich hornblende (2.82% Tjpin K-feldspar gran-
commonly). ite of the CGS. The average clinopyroxene comuositif
The studies of Kushiro (1960) and Le Bas (1962)ehaWO,, En,, Fs, is slightly more Fe-rich than is typical for
demonstrated that the compositions of clinopyrosersgy clinopyroxenes of the HFF or Barby Formation, Isubther-
according to the chemistry of their host lavas.i®elino- ZLVH VXI(FLHQWO\ VLPLODWP® WRORDY W KW
pyroxenes of both the HFF and Barby Formation db nef these formations.
generally contain the high Al and Ti contents tgbiof
alkalic parentage, but do exhibit a depletion ina@d Ti 3.4 AMPHIBOLE
displayed by many calc-alkaline lavas. Howevemabiy-
UR[HQHV IURP WKHVH IRUPDWLRYWISORW 3.4WHEE andvBathy Foihation
ODS EHWZHHQ YROFDQLF DUMWBRBGR¥HDQ ARRU EDVDOWYV LQ
criminant function diagram of Nisbet and Pearce7{@®  The alteration of clinopyroxene to pale green aimpkiis
Leterrieret al. (1982) attribute the inconclusive results obparticularly widespread in the HFF. The composiiaf the
tained using the latter diagram to the followingitiations: secondary amphiboles vary from actinolitic horntdketo trem-
(i) A small database of only 329 clinopyroxenes ROLWH LQ WHUPV RI /HDNH W DEGDVYV
(i) The use of mainly groundmass clinopyroxenes DOO IDOO ZLWKLQ WKH (HBGURIITDFWLQR(
(iii) The use of oxides such as T{MnO and NgO in scheme (Fig. C.13). Even where pyroxene has beapletely
concentrations which are often close to the degadiimit replaced, actinolite pseudomorph compositions wititin the

of the EMF. DXJLWH (¢HOG RI WKH S\UR[HQH TXDGULOI
(iv) The incorporation of all major basalt typesaisingle  The relatively low Ti/Al ratios (mean = 0.035 + 07A) of
diagram. secondary amphiboles in the HFF are not compatifite a

Leterrieret al. (1982) have devised three magmatic disew-pressure origin, but may resemble the atygmatpres-
FULPLQDQW GLDJUDPV EDVHG RQ sbhre@Dphilivleg @ported by Gragel L(£977) from me-
roxene analyses (706 from phenocrysts) selected fra- tabasites of the Hidaka Mountains. Hynes (1982pssigd
salts or basic andesites on the criterion that fitoor and that the absence of sphene as a phase bufferingi tten-
Tuttle’s (1960) differentiation index be lower th&a. The tent of amphibole in these metabasites may havangige to
elements used (Ti, Cr, Ca, Al and Na) are ableigorai- their low Ti contents. Sphene, although preseatsecondary
nate between three strongly contrasted magma tyies, phase in the HFF, may post-date the amphibolitisatif the

n oo

“orogenic basalts”, “tholeiites from distensive @s@r non- pyroxenes.
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Fig. C.11: Magmatic affinities of clinopyroxene phenocrysts in the HFF and Barby Formation according to the discrimination diagrams
of Leterrier e al. (1982). Each diagram shows the dividing line between, and outermost contours of, the fields distinguished.
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Fig. C.12: Amphibole compositions in HFF “andesite"” and post-HFF granitoids plotted in terms of the classification of Leake (1968).
All data normalised to 23 oxygens. Only homblendes from the Chowachasib Granite Suite are igneous in origin. Fields as in

Fig. B4,
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pared with 1.08 in syenogranite) may, as proposed by Wones

Tremole- & ” DQG *LOEHUW KDYH EHHQ LQAXHQF
» 2z ey . Na,0, AL,O, and SiQin the melt,

) : thhfm:iw
s 3.5 BIOTITE
%
x

3.5.1 HFF and Barby Formation

Actnokles

= o Edenite- Biotite analyses provide a means of distinguishing between

e "o Ferracedenll®  the different volcanic groups on the basis of the following
criteria:

65 (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-

Tschermikite- Porgasite- WUDWHG LQ )LJ & ZLWK FRPSDUDWLY
tschermakile Haslingalle Fig. 30) of upper greenschist-grade biotites from the Haib
basaltic andesite and igneous biotites of the Vioolsdrif di-
Fig. C.13: Amphibole compositions in HFF “andesite™ and post- orite.
HFF granitoids plotted according to the classification of (i) FeO* /MgO ratios, which appear to be unique to each

Miyashiro (1973). All data normalised to 23 oxygens. Note .y and may be correlated with the host -rock composition
separation into igneous hornblende and metamorphic actinol- (Fig. C.14)

He. SYTEhOU B IICAMS DTS 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
3.4.2 HIS, Awasib and Chowachasib Granites can be seen from Figs C.14 and C.15, there is no accompany-
LQJ FRPSRVLWLRQDO WUHQG ZKLFK FRQ
The few amphibole analyses available from a quartz S¥hile this observation is in contrast to studies which show
enite of the HIS indicate that the green amphibole presengystematic compositional variation in biotite as a function of
actinolitic hornblende and actinolite (Fig. C.12). While thicreasing or decreasing metamorphic grade (e.g. Engel and
actinolite is compositionally similar to the actinolite pseuddEngel, 1960; Miyashiro, 1953), other workers (e.g. Cooper,
morphs after augite in the HFF (Fig. C.13), actinolitic horr-972) have reported the absence of any such correlation.
blende is considerably more enriched in J1{@.91 %) and  While the composition of biotite probably depends on fac-
FRXOG WKHUHIRUH UHAHFW D U H Qdirdothet th&hhhfetdivoriBHitlgddd® (e.f.lhoStHdckscomposi-
p. 173). Such high Ti contents are generally more typicaltidn, composition of coexisting phases), the paragenesis of
DPSKLEROHV RI WKH 6DI¢HU , QW U Xhislpiade tHe W ipSlids téhiperatdiésidibsd foRHé Irhaxi-
suggest a relationship between the latter and the HIS.  mum of 400-450°C likely to be encountered in “regional
Amphiboles are extremely rare in the Awasib Granite anslirial metamorphism” (Winkler, 1976, p. 4).
ZKHUH SUHVHQW DSSHDU WR KDYH EHHQ LQKHULWHG IURP PD¢F
xenoliths. The dark green hornblendes in the CGS are, by
contrast, typically igneous in composition, as shown by their
high TiO, contents (mean 1.71 + 0.78 %).
Amphiboles in the CGS are largely Fe-hornblendes ¢ 1o

FRUGLQJ WR /HDNHTYV FODVVL __nud tan

hastingsitic hornblende only occurring in K-feldspar grani -

which contains no coexisting biotite (Fig. C.12). In gener: =% Z ’ ¢ 0,?

amphiboles are only common in the more alkaline granil g, o Tiper” o~

of the CGS, possibly as a result of enhanced stability ¢ SN H

to Na and Al (rather than Ca) substitution (cf. Wones a ' @ e

Gilbert, 1982). The tendency of these amphiboles towal

more edenitic and hastingsitic compositions is illustrated L )

Miyashiro’s (1973) scheme (Fig. C.13). °T 64 | o8 @ & 2o i
Amphiboles from K-feldspar granite of the CGS at Go il

UDVLV WHQG WR GLVSOD\ KLJKHU ::Z‘::I’.',’.".:-.f;“.“:':;;;‘?.':Z‘;',.ri““"""

6L FRQWHQWYV RI § FRPSDUHG- Z i : v\

_enogrzngle Elalt Bulsh(rjnan Hill. This rdelatlve |r0fn enrichme Fig. C.14: Plot of FeQ"/MgO vs. TiOs for biotiles of the HFF,
is probably largely due to increased oxygen fugacity, sin =~ =g b gormarion and post-HFF granitoids. All data nor-

some of the hornblendes in the K-feldspar granite displ  1aliced 10 22 oxygens. Reference fields are from Reid
UHODWLYHO\ ORZ 6L FRQWHQWV {1977). Symbols as before. IFW

an increase in silica activity in the crystallising magma. E
contrast, the relatively high Alcontents of these iron-en-
riched amphiboles (Al of 1.22 in K-feldspar granite com-
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Fig. C.15: Al-Mg-Fe plot of metamorphic biotites and chlorites from different volcanic localities, or centres, in the HFF. Comparative
fields from Reid (1977). Dashed line reflects change in chlorite composition in Haast metabasites with increasing metamorphic
grade (Cooper, 1972). Biotite data normalised to 22 oxygens, chlorite data to 28 oxygens.

3.5.2 HIS, Awasib and Chowachasib Granites

sation, as biotites do occasionally contain féontents of

The siderophyllite-annite-phlogopite-eastonite quadrilatp to 5.7%. Since the kinked appearance of large biotites in
eral illustrates the compositional groupings of biotites frothe HIS indicates a pretectonic nature, it is concluded that
both the HIS and younger granites (Fig. C.16). Positive ctiiese crystals were originally igneous in origin but have sub-
relations between compositions of biotite and their host rog&quently undergone greenschist metamorphism.

(e.g. wt.% AlO,) suggest that factors such as metamorphism|n order to further explore the possibility of a metamor-
coexisting phases and physical conditions of crystallisatiphic origin for at least some of the biotites analysed from the
KDYH QRW H[HUWHG DQ\ VLJQL ¢ F DHEWom@aitkons@ifbiotitRs@reveaatpared vtk theDHFF in

rock relationship (cf. Speer, 1984).

Fig. C.17. Despite the differences in bulk-rock composition

By comparison with metamorphic biotites of the HFFjetween the HIS and HFF, biotites of the former plot close
biotites of the HIS exhibit higher FeO * /MgO ratios, buto their counterparts in the latter. This implies that controls
similar TiO, contents (Fig. C.14). The relatively low TIO RWKHU WKDQ EXON URFN FRPSRVLWLR
contents in HIS biotites are probably the result of chloriti-position of these phases, e.g. metamorphism, oxygen fugac-

Sideraphyllite Eastonile
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[ Sofonskop plulan
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64| O awasie Mt pluten Suite
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L
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Annite Fhiagaopite
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Fig. C.16: Biotite compositions from the post-HFF granitoids
projecied onto the “ideal biotte plane”™ (Deer ef al., 1966).
All data normalised o 22 oxygens.

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 TiQ 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 Al
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 batbriFi
tent and Fe/(Fe + Mg) ratio with differentiatiordax (m)
in the CGS, i.e. from monzogranite at Satanskopy®-
nogranite at Awasib Mountain (Fig. C.18). Whilesthiend
may relate to differences in the temperature otadjisa-
tion, the range in m is very small and consequestigh
factors as oxygen and water fugacity may be momoim
tant. However, fractional crystallisation of smathounts
Rl PD¢F SKDVHV ZRXOG QRW JRRXBONEO \
produce the observed pattern due to the low abuesaof
Ti, Fe and Mg in the granites.
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Fig. C.18: Compositional variation of biotite in the Chowachasib
Granite Suite. Data normalised 1o 22 oxygens.

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-
VLWLRQV )LJ & UHAHFW WKHLU KLJK
SDUW EXW DUH VXI¢FLHQWO\ HIWUHPH
of metamorphism for the central locality. This suggestion is
VXSSRUWHG E\ ERWK (¢HOG DQG SHWURJ
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 localitiéghe

of biotite and sphene with the oxide minerals sufgpthe
latter suggestion. Secondary haematite and magr(ett-
phyroblasts) are also present, but more commorghiyh
altered (or metamorphosed) HFF andesites, Whitdgatre
usually close to 100% when Feand Fé' are calculated
assuming perfect stoichiometry, totals as low a% 35e
probably the result of alteration.

Although the variable proportion of exsolved ilmieni
does not allow accurate estimation of the origihaontent
in the oxide minerals, relatively homogeneous titaag-
netites of the Barby Formation contain a maximui, f
about 14% which corresponds to an approximate cempo
tion of Mt, Usp,, This composition compares favourably
with the average value of Ugpeported by Ewart (1982)
for Fe-Ti oxides in orogenic basalts, basaltic aitée and
andesites.

3.8.2 HIS, Awasib and Chowachasib Granites

Limited EMP analyses indicate that despite wideagre
oxidation and alteration to haematite + sphene larith,

R[LGH PLQHUDOV LQ WKHVH DUDRD MR L

HFF occur as replacement products of plagioclasgé dy magnetite and ilmenite. The original phase wadbpbly

ferromagnesian minerals, Epidote compositions may
related to a variety of different factors such askirock

Btanomagnetite which has now ex solved intersecta:
mellae of ilmenite. The latter is subordinate, #igr sug-

composition, oxygen fugacity and possibly metamaphgesting a low Usp content in the original phase.

grade.

Epidotes of the HFF show a compositional range from

Ps,,to Ps, which is more iron rich than the range of Ps

3.9 METAMORPHISM IN THE HFF

to Ps, , exhibited by epidotes of amphibolite-grade meta-

basalts from the Kairab Complex. Maruyastaal. (1983)
have also shown that more iron-rich epidotes teruharac-
terise lower grade assemblages in the metabasadtis of
the Yap Islands. However, the intermediate hosk-icmm-
positions in the HFF are typically more oxidised drence
suggest that oxygen fugacity could have playedngwor-
tant role in determining the iron content of thédepes (cf,
Liou, 1973). This suggestion is supported by tHatineely
high average bulk-rock oxidation ratio of 42.4 Ive tHFF
compared with only 28.4 in the Kairab metabasalt.

3.7.2 HIS
Epidote in the HIS is secondary in origin and vsuiie

composition from Pg, in quartz syenite to Ps-Ps, , in
guartz monzonite, the latter range agreeing weth e

EMP analyses of HFF rhyolites show that:

(i) Plagioclase is predominantly albite (A An, ), both
in primary and secondary phases. This observatipparts
widespread albitisation in these volcanics.

(i) Secondary white micas exhibit the higher K,&id
(Mg + Fe) contents typical of muscovite as oppaseatiar-
garite or paragonite (Guidotti, 1984).

LLL
to the scheme of Hey (1954), which indicates a nkare
rich character than their counterparts in the aitekes

(iv) Oxide minerals are largely secondary and mauef
magnetite, haematite and ilmenite.

The widespread occurrence of secondary albite, mus-
covite and chlorite in the rhyolites of the HFFeistirely
compatible with the greenschist-grade of metamarphi
deduced from the secondary mineral parageneséeg @i

range Pg - Ps . determined for epidotes of the HFF. Thelesites. This metamorphic event represents a ragion

bulk-rock oxidation ratios of the quartz monzondad
quartz syenite are similar, namely 54.7 and 52g4pec-
tively; hence oxygen fugacity may not be an impatrtzon-
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
made up of magnetite and ex solved ilmenite. Theok-

tion texture suggests the presence of an origioaldgene-
ous titanomagnetite phase, The common associatiom®

print which has not been recognised in Sinclairetypcks
to the east as indicated by the absence of thesiegmin-
eral parageneses in the sample of Barby Formatsaltic
andesite from eastern Gorrasis.

A variation in the degree of metamorphic recrysation
within the greenschist facies is evident between dif-
ferent volcanic localities, or centres, of the HWile it
may be possible to relate such variation to difiees in
the depth of burial, both the overall grade of meggphism
(which is close to the limit of so-called “regionurial
metamorphism”) and accompanying deformation suggest
that additional factors must be considered. Oneipdiy

is that the closely related Haisib Intrusive Suitay repre-
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PART C: LATE-STAGE CRUST

sent, in part, the subvolcanic magma chambers which havgii) In the HFF, the association of oxide mineralgh
SURYLGHG DGGLWLRQDO KHDWD P Riths Abblo@a/anty SoheDeFsugyksté Ehl the Rattpride

phic recrystallisation. A variation in the proximibf such
magma chambers to overlying volcanics would cleagly
sult in a variation in the degree of recrystaliisatwhich

could further be manifested on a regional scale avail-
ability of water may also play an important rolé. (&/in-

kler, 1976, p. 165).

phase was titanomagnetite. In Barby Formation liasal
andesite, titanomagnetite corresponds to a composiff

Mt Usp,, which compares favourably with the average

value of Usp, reported by Ewart (1982) for Fe-Ti oxides in
orogenic basaltic andesites.
(viii) EMP analyses show that HFF rhyolites arerelca

Such regional “contact metamorphism” does not, howerised by primary and secondary albite, secondargco-
ever, account for the accompanying deformation iamsl vite (as opposed to margarite and paragonite), gitio-
IXUWKHU VLIJQL,{FDQW WKDW RFRHP BE&Hdh¥magheteKhdemdite dndBimeqitéd/ U X
Suite display a similar degree of metamorphism defdr-
mation to that experienced by the HFF. A more regio
and dynamic event must, therefore, be looked torder
to explain the observed variation in response ézgschist
facies metamorphism in the HFF.

3.10.2 Late-stage intrusive suites

(i) A decrease in An content of plagioclase shoveoila
relation with increasing DI in the Haisib Intrusiuite
(HIS). Granites of the HIS were originally hyperaad, but
D VXEVROYXV DSSHDUDQFH PR RH DWW
water via proximal shear zones and the consequepred-
sion of the solidus. Plagioclase in the Awasib @eais typ-
ically sodic (An < 5), while K-feldspars are micenthitic
and more rarely rimmed by albite to form Rapakexttire.
Plagioclase in the Chowachasib Granite Suite (C@&®)
ies from An , and is less altered than counterparts in the

3.10 SUMMARY
3.10.1 Late-stage volcanic successions

(i) Plagioclase phenocrysts in basaltic andesifethe
HFF display both primary (labradorite-andesine) ard-
ondary (albite-oligoclase) compositions, the forrakow-
ing an approximate correlation with the bulk compos. Awasib Granite.

Plagioclase phenocrysts in the Barby Formationrarely (i) Actinolite in the HIS is similar in compositioto ac-
affected by metamorphism and display similar prinatinolite in the HFF, but actinolitic hornblende ébits high
compositions to the HFF. Ti contents more typical of a primary origin. Prim&orn-

(i) Relict augite phenocrysts in HFF basaltic asitks blendes in the CGS are only common in the moreliakka
differ from the Barby Formation by displaying lom&nO granites, possibly as a result of enhanced stalilite to
contents at a given FeO content, higher Ti abuneaoad Na and Al (rather than Ca) substitution. Iron elmment in
lower Na/AlV ratios. Depletion in Cr and Ti for clinopy-these hornblendes is attributed to oxygen fugasiitge a

roxenes from both formations is typical of a calkaéine
and orogenic character (Le Terrietr al, 1982). Bronzite
phenocrysts are unique to Barby Formation basaftaes-
ite and emphasise the Mg-rich compositions typyciilind
in orogenic pyroxenes (Ewart, 1982).

(iii) Actinolite pseudomorphs after augite are mosm-
mon in the HFF and show enrichment in Mg and Fe a
depletion in Ca relative to the primary phase.

(iv) Biotite compositions in the HFF are typicaliyeta-
morphic as shown by their similarity in terms of0Tiand
FeO*/MgO to compositions of the upper greensclastds
Haib basaltic andesites (Reid, 1977). By contrbgitite
compositions in the Barby Formation are typicaltinary
as shown by their high Ti contents.

(v) Metamorphic chlorite compositions in the HFFsah
tic andesites are typical of greenschists (e.gbHbaisaltic
andesite, Reid, 1977) and Mg enrichment in chlsrétethe

corresponding trend in silica enrichment is notewi.

(iii) Biotite compositions in the HIS exhibit sinait TiO,
contents to metamorphic biotites in the HFF, bughkr
FeO*/MgO ratios. Occasionally high contents of Ji@
biotites from the HIS suggest that the original gghavas
magmatic in origin and that subsequent changesrimpo-
siion were the result of metamorphism. Biotiteshe CGS
display compositional characteristics which enadis-
crimination between the different plutons, e.g. lai¥' at
Bushman Hill and low Mg/(Mg + Fe) at Awasib Mountai
With an increase in DI, biotites show a systemigticease
in Ti content and Fe/(Fe + Mg) as a result of fi@zl crys-
tallisation or oxygen/water fugacity.

(iv) Chlorite compositions in the HIS are generatipre
Fe-and less Mg-rich than their counterparts inHik& ba-
saltic andesites, while epidote compositions amglar to
the latter.

FHQWUDO ORFDOLW\ PD\ UHRHPWM \VDROEMPoSitdhs kfloddasiddalllinbpgrexenes ied-

morphism.

(vi) Epidote compositions of Ps, in the HFF are similar
to compositions of Bs,, in quartz monzonite of the HIS,
possibly in response to similar metamorphic condgi

spar granite of the CGS are similar to those obtain the
HFF or Barby Formation and suggest that theserdreri
ited phases.
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4. WHOLE-ROCK CHEMISTRY ing that about 20% Fe is unoxidised, the correti®dl is
found to be slightly higher than the calculated LOs$e of
4.1 INTRODUCTION the latter value does, however, enable a crude uneax

the volatile content which, in turn, allows an appmate

Whole-rock analyses are tabulated on the accompgnyassessment of alteration.
OLFUR¢(FKH FDUG GLVFXVVLRRWID® #BISdt @ Gredsyre, of higddatibn Yend minor carbomati
103 samples from the late-stage crust of the AMd@ @n in the case of the HFF), increases with an incréadey-
samples from the Barby Formation (Sinclair Sequéype drous minerals during greenschist facies metamenmplgup
area). This section places emphasis on the erupbicles to 3% HO; Jolly, 1972) and weathering (Miyashieo al,,
of the HFF and their associated intrusions, vie.#S and 1969). While Irvine and Baragar (1971) have consde
Awasib Granite. The volcanic rocks are of particutder- Precambrian greenstones with greater than 2.5@ Itb
est, since variation diagrams show reasonable eaber be unacceptably altered, Smith (1968, 1969) hasdaa
and may, therefore, approximate a liquid line-oéant.  favourable comparison between volcanics and tHisread

As explained in Section BA, the f&/FeO ratios for equivalents (recalculated on a water-free basigjnigaup
analyses have been estimated according to the chethoto 12% HO*. The implied lack of any direct relationship
Le Maitre (1976) for use in calculation of CIPW nwand between volatile content and alteration (especiallyreen-
Mg# (molecular MgO/[MgO +- FeQ]) values. Where reckschist facies volcanics) has been reported by atoekers,
are relatively altered and suggest oxidation, arefupted” e.g. Reid (1977), Williams-Jones (1984).
Fe,O,/FeO ratio has been estimated (e.g. 0.3 for aregsit Despite the latter considerations, it is clear fféign C.20

Gill, 1981). that the bulk of analyses from Sinclair-age rockstain
LOI values which are acceptably low according tane
4.2 ASSESSMENT OF ALTERATION and Baragar (1971). The implied lack of alteratioay

once again be tested using the approach of Besarnck
The low grade of metamorphism (greenschist faci&oucie (1978). Figs C.21a-¢ illustrate that datatie HFF
or lower) in late-stage crust of the AMT is unlikgb be volcanic suite are comparable to the unaltered &foaoic
isochemical with respect to the volatile compondif® trends used as references by these workers. Nelesth
and CQ. The histogram in Fig. C.20 illustrates the rang6 DWD VFDWWHU LV VXI¢FLHQW IWWRKWX
in “loss on ignition” (LOI) for lithologic units irthe late- UK\ROLWHYV H J VLOLFL ¢ FDWLHRSD H W\
stage crust. The LOI values used are minimum vadlwes possibly as a result of albitisation (Figs C.20kl &) and
to incomplete oxidation of Fe during the ashingsample SRWDVVLXP PHWDVRPDWLVP PIDJ F&
powders. However, a corrected LOI can only be dated lavas are generally less aberrant but do suggest sdica
if the actual FeO and E®, contents are known as well asand Ca depletion (Figs C.21d and e).
the amount of unoxidised Fe. By estimating®;eand FeO  While the approach of Beswick and Soucie (1978rtye
according to the method of Le Maitre (1976) anduass indicates some element mobility in the HFF eruptiveks,
this assessment is dependent on the referenceadatabed
by these workers. Compared with post-Mesozoic votca
suites, the rhyolites of the HFF exhibit low levefs€Ca and
high levels of silica and potassium. Such chematwdr-
acteristics may be considered primary if these litg
are the product of extreme fractionation or deriyesn
a crustal (A-type) source (see discussion in Secti8.2).
Accordingly, the alteration present in the HFF i
VXLWH LV QRW FRQVLGHUHGRWRUHH \
clude the employment of geochemical techniqueshesd
rocks. This view is supported by the “unalteredtuna of
the data when plotted in the ternary diagram MgGZa®/
Al ,0,-Si0,/100 (Daviset al, 1978) - Fig. C.22.

4.3 GEOCHEMICAL CHARACTERISATION
4.3.1 Late-stage (“Sinclair-type”) volcanics
&ODVVL¢{FDWLRAQ

Volcanic rocks of the Haiber Flats Formation (HFFg
discussed in this section, with comparative refeeehe-
ing made to compositionally similar extrusiveshie Barby
Formation. The former are volumetrically more intpot
in the AMT and represent the western most occuggnc
of Sinclair-age volcanism. The data for the HFFceol
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This trend is comparable to that of calc-alkalioé&anics
from the “southern” Barby Formation in the Sincl&e-
quence (after Brown and Wilson, 1986). The shodfwni
trend of some Barby Formation volcanics is, howgver
clearly much steeper than either of these trentls. HFF
WUHQG IDOOV ZLWKLQ WKH 3KLJK .7 ¢H
PRGL{HG IURP 3HFFHULOOR DQG 7D\¢
closely resembles orogenic volcanic suites fromvtiest-
ern zone of the western USA and the Mediterranegion
(see Section 4.3.1.4).

(i) Iron enrichment
The lack in iron enrichment for HFF eruptive rodks
illustrated in plots of FeO* versus MgO (Fig. C.2&ad
SiO, versus FeQ(FeO + MgO) (Fig. C.26b). These dia-
ics have been tabulated into eight of the twelventical grams show that data for the HFF lavas compareuiaiody
groupings advocated by Ewart (1979, 1982), viz.582- with both the calc-alkaline Cascade volcanics (Gelnael,
54-56, 56-58, 60-63, 63-66, 66-69, 69-73, and > BW@ 1964) and calc-alkaline “southern” Barby Formatiani-
(Table C.4). The distribution between these grogpiis canics (Brown and Wilson, 1986), and are clearbtidct
essentially bimodal (Fig. C.23) with a paucity aimgpo- from the tholeiitic Thingmuli trend (Carmichael, G4).
sitions in the intermediate compositional rang@eeglly The AFM trend (Fig. C.55; Section C.6) also comparell

58-66% SiQ. with calc-alkaline volcanic suites in general aaliisfwithin
WKH 3FDOF DONDOLQH™ ¢HOG RI ,UYLQ
(i) Alkali - silica variation The tendency for HFF rhyolites to plot within theot

The wide range of compositions displayed by volcani OHLLWLF ¢ HOG GHVLJQDWHGIHV XOW \R
of the HFF is illustrated in a total alkali -siligdot (Fig. extremely low MgO contents and does not necessiadly
& ZKHUH ¢HOGV DUH GH¢ @HaE DEdFiRMdicinderiY R /H %DV
(1986). This diagram emphasises the calc-alkalafeeq
Kuno, 1968) or sub-alkalic (after Irvine and Banad®71) (iiif) Alkali-lime index
nature of most of the volcanics, although seveaatgles A convenient method of illustrating Peacock’s (1pat
are clearly alkaline. A relatively potassium-ricature is kali-lime index is by plotting SiQversus log(CaO/N® +
indicated for an average trend of the HFF on a@l@&iO, K,0), e.g. Brown (1982). Fig. C.27 illustrates that HFF
versus K2 )LJ & &RPSDULVRQ ZLIwvi#s dfd tale-dlRalis AIIQTF DQG GH¢QH DQ |
trends (after Gill, 1970) illustrates a similargdobut con- WUHQG ZKLFK OLHV FORVH VIDRO N\VCK®L @ |
sistently higher KO contents for the average HFF trend. andesites” (after Brown, 1982).
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4.3.1.2 Major element variation (i) Systematic description

(i) Introduction (a) Titanium

Variation of major oxides with SiQis illustrated in  TiO, decreases consistently with increasing ,Si@ all
Fig. C.28 with lavas sampled from the southerntregén lavas of the HFF. However, southern locality basain-
and northern localities indicated separately orhddarker desites display relatively high TiGcontents which can-
diagram. Data points which coincide with averagendr not be easily explained by titanomagnetite accutiara
lines for some oxides are, however, aberrant ftveist Non-enrichment in E© * for the same samples is consist-
This may be due to the interplay of several facsush as ent with this observation and suggests that thé i@,
alteration, fractionation, phenocryst accumulatand re- contents are inherited from a parental magma unigukee
gional variation. In addition, Gill (1981, p. 102)tes that a southern locality. Spatially-related dacites angotites
certain “randomness” may be evident within a swfe from the southern locality do not, however, displa®,
samples from the same volcano or even the same ertpPRQWHQWYV VLIQL,{FDQWO\ GHIQBURIQW
tion. HFF lavas.
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(b) Aluminium (c) Iron

AlLO, shows a consistent decrease with increasing SiOFe,0,* decreases consistently with increasing SeQ-
IRU GDFLWHY DQG UK\ROLWHRU EXDvD/riaQsingle bagaNic3andepiigy saimple’ (BH 508N
tic andesites. The southern locality basaltic aitéesvhich the southern locality. This highly plagioclase-phyample
display TiQ, enrichment are also characterised by relativefso shows enrichment in &, and NgO, which may sug-
high ALO, contents. The abundance of plagioclase phengest dilution of ferromagnesian oxides by plagiselaccu-
rysts in these lavas suggests that the observ€l Ahrich- mulation. However, the absence of sympathetic Bnrent
ment may be the result of plagioclase accumulatitow- in CaO and depletion in MgO cannot be reconcilethwi
ever, this is not consistent with the absence ofmathetic a model of plagioclase accumulation. If the relefyviow
CaO enrichment. The relatively low &, (13.1 %) of sam- K,O content displayed by BH 509 is the result of eag,
SOH %+ IURP WKH FHQWUDW®\O R&ibtiaepussibiity wstsm@megeg*kenpent may have
more primitive nature (> 10% MgO). been similarly affected.
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to rhyolite than NzO, thereby resulting in an increase in
K,O/Na,O ratios with increasing SiO

(i) Manganese and phosphorus
MnO and PO, FRQWHQWYV ERWK H[KLELW VL.

ity with the aberrance of rhyolite sample BH 504nigepar-
ticularly pronounced. While both MnO and®® would be
enriched by the accumulation of manganiferous smadin
accompanying enrichment in CaO is not observedil&im
ly, accumulation of ilmenite cannot explain theiehment
in MnO in view of the average contents of®¢ and TiO,
displayed by BH 504. One possible reason for thatter
is that both Mn and P contents in rhyolites areseltm 0.1
% (1000 ppm) and may, therefore, be acting as dispe
trace elements.

4.3.1.3 Trace element variation

(i) Variation diagrams

A total of 21 trace elements are plotted again€l, $i
Fig. C.29. While 17 samples have been analyseolfiyr16
trace elements, REE analyses (apart from La, G Nat)
have been determined for a further 3 samples (Agigen
I1). The latter are presented in Section (ii).

Some degree of scatter is evident in virtuallyadlithe
variation diagrams, which is hardly surprising ddesing
that the HFF lavas have been subjected to botmgobést

(d) Magnesium metamorphism and deformation in thea. 1000 Ma his-

While the overall negative correlation of MgO w0, tory. Nevertheless, the database (n=41) is considsuf-
is well established, it is noted that four sampédbasal- ¢ FLHQW WR GH¢{QH DYHUDJH VBGUWR GV II
tic andesite from the central and northern loaaditnay be provide a means of characterising the magmaticutiool
FODVVL¢{¢HG DV 3KLJK 0J°" L H H#LO@fiesBRWRUGLQJ WR
1981, p. 110). Three of these samples are abexianBH Systematic description of the trace elements han be
692, 604 and 598, and may owe their elevated Mg@etds organised according to groups of elements whicplalys
to the accumulation of ferromagnesian minerals. @am VLPLODU FKHPLFDO DI¢QLWLHV FI *LOC
BH 692 from the northern locality shows relict ategiores
and enrichment in CaO as well as MgO, but no syheiat (a) K-group: Ba, Cs, Rb and Sr
enrichment in F@_*. These features may be explained by The elements of this group (except Ba and Cs) both
clinopyroxene accumulation in view of the relativéligh crease and decrease in concentration with incrg3i@..
MgO/FeO* ratio and CaO content of augite. While the erratic behaviour of Ba may be the restilal-

Samples BH 604 and 598 from the central locality ateration, the low levels of Cs present do not ieitrther
metamorphic in character and original ferromagresiam- comment. If K -metasomatism has taken place, thsgirce
erals are no longer preserved. However, clinopymexis of secondary biotite and K-feldspar suggest that might
unlikely to be the accumulated phase since only MgO expect a greater enrichment in Ba due to its igimlarity
enriched in these samples and not CaO. Orthopymaen to K (Mason, 1966, p. 134). While the generallythapn-
cumulation would, on the other hand, explain thfes¢éures tents of green biotite in basaltic andesite samplds500
due to its relatively high MgO/FeO * ratio and Id®aO and 501 appear to support this possibility, no obsipet-
content. The possible occurrence of pseudomorptes afographic differences can be used in the rhyoliteshar-
olivine in BH 598 suggests that olivine may alseédnbeen DFWHULVH KLJK DQG ORZ % DDWIRXG V
accumulated despite the oversaturated nature ofdtid.  and recrystallisation in the rhyolites do appeabéomore

commonly associated with low Ba contents, e.g. {sitjba
(e) Calcium and the alkalis rhyolites of the central locality.

CaO contents decrease fairly regularly with inciegs One indication that the Ba contents of several $esnp
SiO, and vary inversely with alkalis. The scatter ie - may be original is the much smaller degree of scatis-
kalis, especially N#, may be the result of mobility in re-played by the same samples on plots of boj@ knd Rb
sponse to alteration. Primary variation ifQKat a particular versus SiQ Erratic variation of Ba has been reported from
SiO, content has been reported for ejecta from singleax modem (unaltered) volcanics, especially acid mesoér
noes (e.g. Gorton, 1977) and is typically the resudliffer- calc-alkaline suites (Arculus, 1976; Gill, 1981)u$ con-
ent magma sources. In the HFF lava®©Klemonstratesa ¢ UPLQJ WKDW DOWHUDWLRQ DWH RIQRW
greater rate of increase in the passage from baaaliesite the HFF.
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Rb displays a gradual increase from basaltic arel¢S0 andesite in lavas of the northern locality. Théelatrend re-
ppm) to rhyolite (200 ppm) and closely resemblesvtaric AHFWYV DQ DSSUR[LPDWH LQY HUMH .FRU
ation pattern of KO. but similar trends described by Gunn (1974) areurdgd

Sr shows an overall decrease with increasing, Si®- by Gill (1981) as being anomalous and the resuinek-
spite a steep increase from basaltic andesiteviesiica SOLFDEOH 6U HQULFKPHQW G R®FUHDH/WH
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in concentration of Sr with increasing silica iglicative of enrichment in La, Ce and Nd. Such enrichment may be
advanced magmatic differentiation, typically theui of due to an accumulated accessory phase such asesphen

feldspar fractionation. zircon.

(b) LREE Group: La, Ce and Nd (c) Th-group: Th, U and Pb
Light REE exhibit similar increases with increasBig,, 7K H[KLELWV D VLIJQL¢(FDQW LQFUHD
the non-pyroclastic rhyolite BH 498 showing abnormavhile no obvious trend can be seen for either WPlor Th
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concentrations also increase from northern to soatlo-
calities, central locality abundances being typycatter-
mediate in value. U abundances are known to becegdhe
sensitive to crustal thickness (Dupetyal, 1976) implying
that crustal involvement may be responsible for Imofcthe
scatter shown by U (and possibly also Pb).

(d) HFSE-group: Zr, Nb and Y
Since these elements are characterised by higbsrafi
charge to ionic size, one would expect their cotregions

(j) Chalcophile Group: Cu, Zn and Mo

Cu, Zn and Mo all vary irregularly with increasiggO,
content, although there is a suggestion of a p@sitbrre-
lation between Mo and SjOThe occurrence of malachite
staining at the central locality suggests that Goenalisa-
tion is probably responsible for the relatively hiGu con-
tents obtained for samples of basaltic andesit® @&m)
and rhyolite (77 ppm) at this locality. Irregulaanation
of the chalcophile elements contrasts with thetinedly
coherent trends displayed by the compatible elesnantl

to increase with increasing Sj@ue to an incompatible may, therefore, suggest that the former do not e dis-

nature with regard to most common minerals. Thifis tribution to magmatic processes. Similar scattewshby

GHHG WKH FDVH DOWKRXJK \RRERRYSd@esw thatthpdrotiherhal phoEeQsasy posisidyna-

at high SiQ values. At least some of the Zr enrichment idriven, may be a common factor controlling theritisttion

the rhyolites may be the result of zircon accumotabnd RI WKHVH HOHPHQWYV 6LJQLZBRQMQA D

in this respect it is important to note that thghgst Zr es are also frequently Cu-Pb-Zn-Mo-Ag-Au metalldgen

abundance occurs in the same sample that alsaysspig- provinces (Gill, 1981, p. 137).

QL,FDQW HQULFKPHQW LQ /5(WHUWHYW+DEX GONVRFRIVLIQQ WKH +)) YRBOFDQLF

is the more Zr-rich nature of southern locality dlis an- sess in view of the low concentrations (close ® ltwer

desites, a group already distinguished by its iredft high limit of detection) and the paucity of publishedtalabut

concentrations of Ti, Al, and LREE. Both Nb and»hibit values for “andesites’sénsu latpin the southern and cen-

pronounced increases with increasing Siends being tral localities generally exceed the 0.5-2.5 ppmgeare-

particularly steep in the passage from dacite ¢gh4silica ported in the literature (Taylor and White, 196@yIbr et

rhyolite. al., 1969; Peccerillo and Taylor, 1976). Mo values tfoe
northern locality “andesites” typically fall withithe quot-

(e) Compatible Group: Ni, Co, Cr, V and Sc ed range for andesites.
All the compatible elements exhibit a pronounced de

crease with increasing SjONi, Co and Cr are particularly (i) REE

enriched in the high-Mg basaltic andesite BH 598 threre

is an approximate decrease in these elements Raltla (a) Description

andesites from the central, via the southern, éontbrthern ~ Chondrite-normalised REE patterns for eruptive sock

localities. The regional diversity in Ni for bagalandesites the HFF and Sinclair Sequence are presented inG=Rf)

LV GLI¢FXOW WR H[SODLQ LQ@V\Y EZHQ@hkdritieXalueésaften TayiQrardlBarDh, Q97he sta-

regard to the relative importance of differencesaurce bility of REE patterns in relatively unaltered reckHum-

compositions as opposed to differentiation proce$&all,
1981, p.135).

phris, 1984) permits their use in the charactensabf
different magma types represented in the HFF. Tineet

Co shows less variation compared with Ni, decrepsisamples analysed for the REE La, Ce, Nd, Sm, Eu;T6d

from 53 to 0 ppm between high-Mg basaltic andeaitd
rhyolite.

&U OLNH 1L
desites of the central locality (362-712 ppm) wloam-

pared with the southern (185-78 ppm) and north&80( La /Sm,

ppm) localities.

V decreases regularly with increasing 3i@ feature re-

garded by Gill (1981, p. 137) as typical of suidsich are
characterised by modest or no iron-enrichment. Cena-
ble variability in V (4-40 ppm) is evident in rhytas of the
HFF, and may be the result of slightly differentgnatite
contents, possibly due to variation in oxygen fuyad he
slight scatter shown by the major oxides Jedd FeO, *

Yb and Lu are discussed below.

VKRZV VLIQL¢FP ®W H Q UHiGhKWRyH & siticlaqdeBi® VBB G98)L

This pattern displays LREE enrichment (llau = 4.8;
DQG D
HREE (Th/Yb, = 1.1; YR /Lu, = 0.9). A slightly negative
Eu anomaly is present (Eu/Sm = 0.69; Eu/Eu * = Pa8Hl
HREE enrichment is 10 to 12 times chondritic.

Acid basaltic andesite (BH 690B)
The overall pattern is remarkably similar to that figh-
Mg basaltic andesite, but with overall REE enrichinee-
ing consistently higher by between 10 and 30%. Naisad

at high SiQ contents is not inconsistent with the latter obnter element ratios indicate LREE enrichment (La, =

VHUYDWLRQ VLQFH H[WUHPHOX KBNS WLWLRQADRW MGRB BYDRAUL.2 5 ((
been reported for V in magnetite from high-silitgalite Yb /Lu, = 1.0) and a slightly negative Eu anomaly (Eu/Sm
XQSXEOLVKHG FRBS10®8 BulHr O= ES5)(HAREE éhridh@ent is 12 5atiines

H J
Duncan).

Sc shows a regular decrease with increasing ¢t 25
to 0 ppm. Apparent bimodality (scatter?) in Sc alances
at high silica contents in the HFF may be a consege of
mineralogical control, e.g. magnetite in which Kéts Sc
VKRZ VLIQL,FDQW YDULDELOLW\

.G 8§

chondritic.

High-silica pyroclastic rhyolite (BH 669)
Although the ratios LdlLu, = 4.4 and Lg/Sm, = 2.8 for
this rhyolite are of a similar order to the andesiéensu

lato), overall REE enrichment is between 70 and 120%
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4. WHOLE-ROCK CHEMISTRY

KLIKHU 7KH +5(( SD VMY HUQ; YRYLU DWe sdlifect of a more detailed discussion in Sec@o6
= 1.0), while HREE enrichment is between 33 andi®®s 3HWURJHQHVLV RI WKH +)) P EHD Q
chondritic. The most pronounced feature of thidgratis discussed separately in sections (ii) and (iiipider to fa-
the large negative Eu anomaly (Eu/Sm = 0.21; Eu/Eu*cilitate their comparison with published data.
0.24).
(a) Major and trace element abundances
(b) Comparison of REE between lavas of the
Haiber Flats, Barby and Guperas Formations Major elements

Unpublished REE data from A. Kroner (made availablelow TiO, contents (typically < 1.0%) in the HFF are char-
by D.L. Reid, 1987) have been used to compare #BE Racteristic of volcanic rocks (especially basaltsl amdes-
abundances in lavas of the HFF with those of théyBand ites) erupted at convergent plate boundaries (Ghayd64;
Guperas Formations in the Sinclair Sequence. Thewo Gill, 1981).
ing important features are illustrated by Fig. C.30 - Overall variation in AJO, for most basaltic andesites and
- REE patterns for the HFF basaltic andesites géliyefall andesites is within the range of “arc tholeiited anogenic
within the envelope of patterns for compositionaigilar andesites” (Gill, 1981, p. 112).
extrusives in the Barby Formation. - K,O abundances compare favourably with values regorte
- A single pattern for Guperas Formation trachyaitée from high-K eruptives in active continental margwfsthe
displays a similar slope (LA.u, = 4.7) to patterns for the western USA and Mediterranean (Ewart, 1979,1982).
HFF and Barby Formation, but overall enrichmenREE, - High SiQ, and alkalis, combined with low MgO and CaO,
especially HREE, is more pronounced. in the HFF rhyolites resemble rhyolites of anoragdni-
- HFF rhyolite shows a REE pattern which differsirape modal associations or orogenic rhyolites of the tewss
and overall enrichment from the envelope of patiatis- USA (Ewart, 1979).
played by rhyolites in the northern part of the lBaFor-
mation. By comparison with HFF rhyolite, the lateve- Trace elements
lope is not as steep (L/&u, = 3.5 compared with 4.4) and- The absolute abundances of Rb (50 - 200 ppm salbe
has a less pronounced negative Eu anomaly (Eu/8M3= andesite to rhyolite) are typical of high-K caldaline vol-
FRPSDUHG ZLWK 6LJQL ¢ PODQUERNIC sHItKsHIVSdriie@ BRyUANES Hrid Q/hite (197 Eavart
Formation” rhyolites form part of a bimodal thot@isuite (1979, 1982).
which Brown and Wilson (1986) consider to displayne - The decrease in Sr in acid andesites of the akloizality
positional similarities to the younger Guperas Fation. s typical of high-K suites (Gill, 1981), while theverall

abundances of Sr in basaltic andesites and losasiindes-

4.3.1.4 Comparison of Haiber Flats Formation (HFF) ites are comparable with those reported from meditom

lavas with younger volcanic suites high-K suites.
- Absolute abundances of LREE and G, UDWLRV 8§
(i) The HFF volcanic suite in HFF andesitessénsu latp are similar to published val-

7KH GLIITHUHQW FKHPLFDO FK B ODNUeEftt High/islitey (MabuRdat, ROTHQG1I, 1981 ).
lavas in the HFF and the paucity of lavas of intediate - Despite some scatter, overall abundances of Bhgele-
FRPSRVLWLRQ WRJHWKHU VXJAHWWent¥ i@ WghE eve R fGrhigh-kvauiteD(VakeE amithS
differences in source derivation. While this aspeects 1970; Gill, 1981).
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PART C: LATE-STAGE CRUST

- Zr contents for the average trend are high (B0® ppm)
and comparable with values reported for high-K &aic
suites (Jake$ and White, 1972; Ewart, 1979, 1982).

- While Nb abundances (13-34 ppm) for HFF rhyolées
generally within the range of high-K suites elsereh@.g.
western belt of the western USA; Ewart, 1979), Mradanc-
es (33-131 ppm) for the same lavas are noticeailglyehn
than for typical “orogenic volcanic suites”. Abumdzs of
Nb (5-10 ppm) and Y (22-39 ppm) in the basalticesitk-
andesite range are, however, typical of high-K -cdkaline
volcanic suites reported by the same workers.

- Ni contents for basaltic andesites of the centtdB-354
ppm) and southern (71-132 ppm) localities are huigm-
pared with Ni contents of calc-alkaline lavas, enggh-K
suites (cf. JakeS and White, 1972). Excluding tigh{Mg
sample BH 598, the overall variation in Ni from akis
andesite to rhyolite (143 to 0 ppm) is not unlike varia-

tion reported for other calc-alkaline volcanic ssiof Pro-
terozoic age (e.g. 100 to O ppm in the Haib la\rsid,
1977).

- Average Co contents for the basaltic andesitessibel
range are generally less than 40 ppm and hencénviftb
range of “orogenic andesites” reported by seve@kers
(e.g. Gill, 1981, p. 136; Ewart, 1982).

- With the exception of the high-Mg basaltic antiesandes-
ites eensu latpdisplay Cr contents which compare favour-
ably with values reported for medium- to high-K asiles
(Gill, 1981, p. 101; Ewart, 1982). Cr contents @bppm)
for the HFF rhyolites are less depleted compareti Wi,
but resemble similar values reported by Ewart (3569
rhyolites from the Mediterranean region.

- V contents for basaltic andesites of the diffélenalities
GR QRW YDU\ VLIQL,{FDQWO\KLQ WKIEP
range of values reported for medium- to high-K eala-
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4. WHOLE-ROCK CHEMISTRY

line andesites (Gill, 1981). IURP WKH QRUWKHDVWHUQ 3DFL¢F
6F YDOXHV UDQJH IURP W RRIZ VS Fire ghauKiry ¢ RiUNH adDy dsFrelated to the asmoni-

falling within the range 40-10 ppm reported by GilB81, versal depletion of these elements with increaBihm the

p. 137) for basic-acid orogenic andesites. various orogenic subregions (Ewart, 1982). The HERd
$EVROXWH DEXQGDQFHV RI EKIXOBNMIiateisedH Hdh H@iaMVaibhdahces of i @r

WR DVVHVYV LQ YLHZ RI VLJQL DRIBQMN fredeivlE ithe) abEiEvicésRIMplkayé&d by lavakeof

are within the range of values reviewed for cakalihe western USA. The pattern of depletion in these el&s

“orogenic” suites (Ewart, 1979, 1982). with increasing DI is also similar to the westerS8A] but
differs in the less marked depletion of HFF lavikigh DI
(b) Trace element trends (_80). Vin the HFF lavas displays a pattern wittreasing

Fig. C.31 illustrates averaged trends (accordingde DI which is intermediate between the patterns displayed by
ble CA) of Differentiation Index (DI) versus theeetents lavas of western South America and the western USA.
Ba, Sr, Zr, Cr, Ni and V for the HFF compared watber- Rhyolites éensu strictp of the HFF generally display
aged trends for orogenic volcanic suites compile&wart abundances of the above elements which fall witbin,
(1982). Volcanic suites were selected from wesigmm- FORVH WR WKH ¢HOGV RI UWLRQWMW KHIVI
dean) South America, the western zone of westerA,USC.31). The major deviations are in the relative@ments
QRUWKHDVWHUQ 3DFL¢F VRX\GKWHIpMayet Gy BO FRF:f6r BaQS3 (¢ $ohhe Gektent) aGd
ranean region. Also illustrated are the approxintat@po- V. However, the use of average abundances in camgpil
VLWLRQDO ¢HOGV RFFXSLHG D)W KieRd3 avil thé/pridalite nkoRilGy X -G @up elensantder
olite associations which have been constructed fdata metamorphic conditions allow for the possibilityatithe
compiled by Ewart (1982) for volcanic centres i thSA, HFF rhyolites form part of an anorogenic bimodaasa-
Iceland, western Scotland and northern Irelandftfmon  WLRQ Rl YROFDQLFV 7KH GLSRVNXW/WRQ
Queensland (Australia) and Papua New Guinea. DO ¢HOGV WR GHWHUPLQH WK\R ®DW PN

The grouping of Ba, Sr and Zr is related to thedeary LQ JHQHUDO LV LOOXVWUDWHNG EH®GEG K
for these elements to follow K during geochemicadcp and high DI lavas of many orogenic volcanic suitest-
esses (Ewart, 1982). The HFF displays a genera¢@ase thermore, high-silica biotite rhyolites of the wast USA
in Ba from basaltic andesite to dacite followed dyle- display many of the chemical characteristics obihgs of
crease at higher DI which is similar to trends othbthe the bimodal associations (Ewart, 1979).
western USA and western South America while theale
abundances are closer to the latter. Sr in the $tiews a (c) Trace element abundance patterns
general decrease which again resembles the tremdefst-  While enrichment in K is well established for méstas
ern South America, while overall abundances ardl@irto  of the HFF, certain element abundances are moiieatyp
WKRVH RI WKH VRXWKZHVWH ULR Q DbfQaicralkalikeHa\Raf) &.0l BIGEVvEGH & 98R) \Wasw that
Sr at high DI is also typical of both the westerBAJand low-K, calc-alkaline, high-K and shoshonitic ser@supy
Mediterranean rhyolites. Zr exhibits an irregulacrease IDLUO\ GLVWLQFW (¢HOGV RQLMBWD.JUD
with increasing DI which is similar to the pattafisplayed In Fig. C.32a, these parameters illustrate thaa dat the
by the western USA at intermediate DI, but onlyréases HFF is predominantly high-K in character, with sosoat-
DW VLIQL¢{¢FDQWO\ KLJKHU 'H FXYHWRHAU RDGHDWQ +QWR WKH FD®ORIDOWDO
DQ DEXQGDQFH SHDN DW ', § WP Kbty of KEy o ivpHe@ neldts dUHNg Bl@ tdtibon may [beartly
ODWH VWDJH LQFUHDVH LQ ZUK\R DihVfdivie byQukingite RlerhéntETi and V, which Haeen
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PART C: LATE-STAGE CRUST

shown to be stable over a wide range of tempersitanel
water/rock ratios (Shervais, 1982). On a plot ofv@isus
V (Fig. C.32b), data for the HFF show consideraulatter
towards the origin (felsic lavas) but away from trégin

genesis of the Chilean basalts (Pearce, 1983).
Sample BH 598 merits special attention in thas itom-

positionally a high-Mg basaltic andesite which Fsa@ac-

terised by several features displayed by so-cédltyge-E

DQ DSSUR[LPDWH WUHQG ZLWK PRdEMg anhdeshkey’LiGi Qafe MageMPapua New Gaiine

PD¢,¢F ODYDV 7KLV UDWLR LV NR®
alkaline series eruptives reviewed by Shervais 2).98ut
may be attributed to magnetite fractionation.

LL +)) PD¢F ODYDV
For convenience three individual samples within e

Benkdd, WOBK)L UiK HAYb WK DQ WKk H

% + g
=U DQG < 2%RQLQLWHV’
and Frey (1982) and Bloomer and Hawkins (1987)¢ches-
acterised by lower TiQ
REE patterns, and less enrichment in LILE. Howeger;

8

=U 1E §
DQG D PDUNHG G¥IS Q\HRV L R
DV G&HRNHNG E\

ADWWHU DQG OHVV

¢F YROFDQLF VXFFHVVLRQ DUH KKRMH@@ | RQWGHY/ FHXOWHAHR@W YU D WLCRWV G RRYX J

Mg basaltic andesite (BH 598), acid basaltic artdg®H
690B) and andesite (BH 574).

(a) Trace element “spidergrams”
MORB-normalised patterns for these samples are co
pared with predominantly high-K and calc-alkaliresalts
from active continental margins in central Chileg wwest-
ern USA and Iran (Fig. C.33). Despite the overiatlirity
EHWZHHQ WKHVH SDWWHUQVWWHKH
lowing distinctive features:

VDPSOH %+
0.2 (< 0.4 in boninites).
The early eruption of high-Mg basaltic andesitethe

HJ 7L =U 8

< =U18Q ER

HFF and its subsequent deformation and metamorphism

are compatible with the timing and occurrence ghhivig
andesites in the Bonin Islands and Marianas TreHehe
these lavas have been associated with the eadygstaf
development of subduction zones or back-arc baghs
KRy apdNdor€ DR Camer@iSa DA79). Chemical
deviations in sample BH 598 from “typical boniniteduld

- A pronounced negative P anomaly which is below tlbe the result of a within-plate and/or crustal ciotion

range of most modem continental margin lavas aradsis
lower than MORB. This depletion may be the restifma-
tite fractionation.

- A pronounced negative Ti anomaly which is agasfoly
the range of the lavas under review, although tgindes-
ite from Iran does exhibit considerable depletisnweell.
The low Ti abundance is probably the result of neige
fractionation.

Not unexpectedly, the HFF basaltic andesitic toesittt
lavas show a more fractionated nature than thesaltia
counterparts from Phanerozoic active continentaigma.
Nevertheless, the overall patterns are similar lan@nal-
ogy indicate both a within-plate source contribatitigh
concentrations of Nb relative to Zr and Zr relativeY and
Yb) as well as a subduction component (selectivéckn

and may consequently provide indirect supporthiergimi-

ODULW\ EHWZHHQ WKH PD¢F UDVYRY RI W

active continental margins.

(b) REE patterns

Basaltic andesites of the HFF exhibit REE abundsnce

which fall within the range of “orogenic” andesites-
viewed by Cullers and Graf (1984), although indiad
patterns plot within the zone of overlap betweentic@ntal
andesites associated with subduction zones anadislec
andesites.

:KHQ FRPSDUHG ZLWK VSHFL¢F

YROFCLC

C.34a and b, the REE pattern of HFF acid basalic a

desite most closely resembles those patterns gisglay
the high-K San Pedro volcano in the north Chileaulds

ment in Sr, K, Rb, Ba, Th, Ce and Sm) as discussed (Thorpeet al, 1976). The less enriched nature of high-Mg

Pearce (1983). While the involvement of continetaist
cannot be excluded from a genetic model for theensdli-
ceous andesites, a “mantle” isotopic signaturet{&e€.6)
precludes crustal contamination for the basaltidesites.
A similar conclusion was reached with respect ®htro-

basaltic andesite is, however, more typical of medK
“orogenic” andesites from Ancud in central-southil€h
(Lopez-Escobaet al. 6LIQL;FDQWO\
and Ancud are situated along the Andean plate mangd
may be regarded as continental andesitic volcaasgsci-
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ated with a subduction zone. It is important toemdt only RUGHU WR IDFLOLWDWH W KHLWK FRRPZS D
the similarities of HFF “andesites” to more recar@dium- tuffs from selected Cenozoic terranes reviewed Ylyest-

to high-K “orogenic” andesites, but also their diffnces eret al.(1987). The Cenozoic rhyolites considered by these
when compared with REE patterns for both tholeigticd workers constitute two groups, viz. intracontinémifé or
calc-alkaline “anorogenic” andesites (Fig. C.34b) rewiéw hot spot-related rhyolites and subduction-relatedtioen-

by Gill (1981, p. 129). tal intra-arc rhyolites.
Using the procedure of Thompsen al. (1984), chon-
(iii) HFF felsic lavas drite-normalised patterns for HFF rhyolites are paned
with patterns for Cenozoic rhyolites in Fig. C.3%e fol-
(a) Trace element “spidergrams” lowing features are illustrated:

Averages are considered here for both low- (70-75% Both low- and high-silica rhyolites in the HFFhélit
SiO,) and high-silica (> 75% SiQrhyolites in the HFF in an overall chemical similarity to the intracontimarift- or
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PART C: LATE-STAGE CRUST

hot spot-related rhyolite suites. 'XI¢HOG DQG ORQ®/ &, $A8ZE) lwhil® VWD O
- Low-silica rhyolites in the HFF exhibit similais to sub- “orogenic” rhyolites owe their origins to both pattmelt-
duction-related rhyolites with regard to the eletseBa, ing, e.g. Inner Zone of Japan (Terakado and MaslL@i8),
Nb, Zr and Ti. and crystal fractionation, e.g. south Aegean vdlcarc
- High-silica rhyolites in the HFF exhibit similéigs to (Innocentiet al, 1981). Despite the overlapping nature of
subduction-related rhyolites with regard to thevedats Ba, several of these patterns, it is clear that the HigR-silica
Nb, Sr and P. rhyolite most closely resembles the pattern fohksdica
7TKH GLI¢FXOW\ LQ DSSO\LQJ WKIHRNite-FO Fhe DeD Zéni¢ DfUap&nNVTHerklagveich-
may be related to either the highly fractionatetureaof ment in HREE of the HFF is, however, distinct frqat-
the HFF rhyolites or the expected heterogeneitthése terns for both “orogenic” and “anorogenic” rhyofiten
rhyolites represent crustal melts. Subtle alteratitay be Fig. C.36, although a similar HREE enrichment haerb
an additional problem with respect to such elemantBa, reported for non-subduction related rhyolite frame tRio
Rb, Th and K. In general, however, the relatively lcon- Grande rift (Thompsoet al, 1984).

FHOQWUDWLRQV RI DOXPLQD SQRVFDLPH § IRU ORZ V
rhyolite and 12.2% for high-silica rhyolite) andghitotal
DONDOLV § IRU ORZ VLOIUF R LUKMRSumWaly DQ G IR

silica rhyolite) in the HFF rhyolites most closesemble  Despite moderate deformation and metamorphism, the

the major element compositions of rift- or hot spgiated major and trace element variation in volcanicshef HFF

rhyolites. displays the following primary characteristics:
6LIQL,;FDQWO\ WKHUH DUH Y HOD B @RVyidgiessirsiRddinpdditRiQi DD basklBc asitketo

ties between HFF rhyolites and the Awasib Grafiite lat- high-silica rhyolite, but with a paucity of compbtsns (<

ter (discussed in detail in Section 4.3.2) is d@git of so- 15%) in the range andesite to dacite.

called “A-type” (alkaline or anorogenic) magmasiesved E 7KH FKHPLFDO DI¢QLW\ RI IWKH +))

by Whalenret al.(1987). Since “A-type” chemistry hasbeenODUJHO\ FDOF DONDOLQH $PFHFIODVVLYy

applied almost exclusively to granites, cautionasessary dex), a high- K nature being indicated by the foilag

when applying this concept to rhyolites. Neverthsldt is features:

important to note that the HFF rhyolites displaywyafthe - K,2 HQULFKPHQW LQ WKH FODVVL¢{FDW

FKHPLFDO FKDUDFWHULVWLFY GH EMBWIB(1$76) V\SH JUDQLWHYV

by Whalenet al, 1987) and within-plate granites (as de- High abundances of Rb, LREE, Th, Zr and sometihies

¢ QHG E\ etdID19&4) These features are compatiblend Y. - High ratio of LgCeg, 8

with derivation of the rhyolites from crustal angdbsonti- - REE patterns, especially for the basaltic andssiivhich

nental lithospheric sources. are similar to high-K volcanic suites elsewhere.
(c) An “orogenic” character is suggested for theFH/el-
(b) REE patterns canic suite by a number of compositional featuves;

The REE pattern for HFF high-silica rhyolite is qoamed - Calc-alkaline to high- K character
with patterns for both subduction-related and ipiwee - TiO, depletion
rhyolites in Fig. C.36. “Anorogenic” rhyolites regmented - Low abundances of HFSE, except for Nb and Y i@ th
in this diagram are thought to have originated hytipl rhyolites
melting of continental crust, e.g. Kern Plateaug@aand

96



4. WHOLE-ROCK CHEMISTRY

- Eu/Eu* ratio> 0.75 in the basaltic andesites
- Distinctive REE patterns
From the above characteristics it can be concltitkicthe
andesitesgensu lato DUH 3SRURJHQLF"™ DV GH¢{¢QHG E\ UHFHQW
workers (e.g. Bailey, 1981; Gill, 1981; Ewart, 1982har-
acterisation of the rhyolites is less easily acbtwwing
to their fractionated nature and A -type featurdschv are
almost identical to the Awasib Granite (see sectidh?2).
The presence of both crustal and within-plate camepds
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 presanted
this section for the following four suites of insiue rocks,
all of which post-date volcanics of the Haiber El&Bbrma-
tion:

6DI¢HU ,QWUXVLYH 6XLWH 6,6
- Haisib Intrusive Suite (HIS)
- Awasib Granite
- Chowachasib Granite Suite (CGS)

Preliminary data for the Bushman Hill Quartz Dierih- kali-silica plot (Fig. C.37) which shows a steegnd for the
GLFDWH VLIJQL{FDQW VLPLGDUUD/WHRW®RGCWKH GBLEFBRQWGL VKDODBRYHE W
but will not be discussed in this study. Specitmion is, Granite and CGS. The latter trend also coincidgsag-
however, given to the HIS and Awasib Granite iwief PDWHO\ ZLWK WKH ¢HOG RI +pPONDYYD VY
their close spatial association with, and composil simi- for the less silica-rich compositions. These dieargirends

larity to, the eruptive rocks of the HFF. DUH SULPDULO\ GH¢{¢QHG E\ DOWBP®RIQQ L
¢UPHG E\ WKH *DOWHUDWLRQ@pldttolv LV W I
&ODVVL{FDWLRQ this ratio against SiQ(Fig. C.38).

On a normative An-Ab-Or diagram (Fig. C.39), grasit
Despite some scatter obtained on variation diagrafsensu latp of the Haisib, Awasib and Chowachasib suites
(only presented for the HIS and Awasib GranitegsRt.44 SORW LQ WKH JUDQLWH (HOG BDWDU
DQG & WKH ZLWKLQ VXLWHIWOBFRANRYMHRVMEBLHOGVWORWWLQJ LQ WKF
SUHFOXGH DQ\ VLIJQL¢{FDQW XX BVREMGuENationO(igH C.BOA) Lird@ate? kaHcalc-alkalin
major and trace elements is accordingly considénede character for most of the intrusive suites exceptes of the
MXVWL{HG LQ WKH FODVVL § AMHW L Ri@nmRerswkKthieVIHS.LRpowrU (X982)Yheis shxwn that AFM
Overall compositional variation is illustrated incgal al- variation may be used as a crude measure of anarityan
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that there exists a family of curves for arc magmwash
range from island-arc tholeiites to mature calcbiie se-
ries of continental margins. Sinclair-age intrusian the
AMT show AFM trends which closely resemble thedatt
in particular the Cascades-N.Chile-New Guinea tidns-
trated in Fig. C.40b. Features which support thislarity
include a high volume ratio of intrusive to extuesiigne-
ous rocks in the AMT, a high volume ratio of acidiad in-
termediate to basic members in both intrusive atidisive
suites in the AMT, and a close correspondence heiviee
¢HOG RI +)) ODYDVY DQG GDWDURQ WKH +,6 DQG $ZDVLE *
ite. Regression lines in a silica versus calc-alkatio plot
(Fig. C.41) illustrate that the HIS trend is “alkehlcic”
(i.e. %SIQT” DOWKRXJK GDWD GR RYHUODS VLJQL{FDQWO\
ZLWK WKH FDOF DONDOLQH ¢HOG PRGL¢{¢HG IURP %URZQ
The Awasib Granite data clusters around the loveat pf
WKH ¢HOG RFFXSLHG E\ WKH +\WROBFHW DV DQG DOVR DSSHDUV
RI 3DONDOL FDOFLF DI¢{QLKH # 6VDOAGG OLQH IRU ERWK W
Awasib Granite is, however, clearly “calc-alkaliSiO,
§ DOWKRXJK WKH VORSHWKDWOGIKWO\ VWHHSHU WKDQ
played by lavas of the HFF. The SIS trend is alearty
alkali-calcic (%SiQ § DQG VWHHSHU WKDQ WKH DIRUHPHQ
tioned trends, while data for the CGS scatters belwe
ORZHU SDUW RI WKH FDOF DONDOLQH ¢HOG
The degree of alumina saturation (Shand, 1927; Chap
pell and White, 1974) displayed by post-HFF grad&ds
somewhat less than that shown by granitoids whielkem
up the early-stage crust of the AMT. Fig. C.42dthates achieved between the different granitoid suitesiging the
that these younger granitoids are predominanthatogti- ratio A/CNK (molecular%Al,O./(CaO + NgO + K,0)) as
nous, with some peralkalinity demonstrated by theaA a measure of alumina saturation and plotting thismeter
sib Granite. The degree of peralkalinity is, howeweild against the enrichment in HFSE (Fig. C.43), WHile ¢on-
(agpaitic index = 1.06) and no undersaturated tpals siderable range in A/CNK for the SIS is considerede-
KDYH EHHQ LGHQWL¢{HG 5HDVEGDHFN GMWM BURIDED WRRHR PDWLRQDWHID Q.
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ment of the geochemical relationships between thesle
W\SHVY HVSHFLDOO\ VLQFH @QHOG-FOHDLU
and ambiguous.

(i) Major element variation

Harker diagrams are illustrated in Fig. C.44 fothbex-
trusive and intrusive suites and the following twat are
evident:

(a) The HIS-Awasib “suite” exhibits a smaller ranige
silica compared with the HFF lavas, viz. 57-78% S&®
opposed to 53-78% SjDbut is better represented in the
range of intermediate compositions.

(b) Smooth trends for the combined data are diguldy
all the major oxides except the alkalis, MnO an@.P

(c) Data scatter differs little between the HFFalitgs
DQG $ZDVLE *UDQLWH EXW WHKH-FK6 V!
ment in KO when compared with andesites, dacites and
rhyodacites of the HFF.

(iif) Trace element variation

Variation diagrams (Fig. C.45) are again usedltsifate
features displayed by selected trace element datatiu-
sive and extrusive suites. The trace elements ranaped,
DV LQ 6HFWLRQ DFFRU®G D@J QMR
ties.

(a) K-group
- Ba exhibits considerable scatter in all the suite
-RDb,likeK,2 LV VLIQL,FDQWO\ HQULFKHG
with HFF andesites, dacites and even many rhyolites
- Sr shows a regular decrease with an increaséda fom
intermediate to acid compositions.

(b) LREE Group
- La is enriched in the HIS relative to HFF andesiand
dacites, although it does display considerabletescat
- Ce shows less scatter than La, but is likewiséckad in
the HIS for the same silica range.

(c) Th-group
- Th is enriched in the HIS and to some extentAha-
sib Granite when compared with HFF volcanics ofilsim
WKH VLIQL¢FDQW HQULFKPHQW IL\@it¢a) Gontén® WKH $ZDVLE *UD
suggests a “within-plate” character (Peasteal, 1984).
This observation is supported by the occurrent¢behigh- (d) HFSE Group
est levels of HFSE in the most peralkaline samples. - Zr tends to be relatively enriched in the HISt dapleted
in the Awasib Granite.
4.3.2.3 Comparison of the HIS and Awasib Granitaw - Nb is also relatively enriched in the HIS, bubsis con-

the HFF volcanic suite siderable overlap between the Awasib Granite andr HF
rhyolites.
(i) Introduction - 'Y exhibits good agreement between much of the &H&

The close spatial and temporal association betwieen HFF andesites and dacites, although there is a&tmydo-
HIS, Awasib Granite and HFF volcanic suite has béen wards greater enrichment in the Awasib Granitetinedato
scribed in Section COIn addition, certain mineralogicalthe HFF rhyolites.
similarities have come to light in Section C.3, lghihe
current section has already made reference todh#o- (e) Compatible Group
sitional similarities which exist between thesekrsuites. - Ni tends to be enriched in the HIS and Awasib&ea
This section attempts to provide a more rigorousess- relative to HFF andesite-dacite and rhyolite, resipely.
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- Cr exhibits relative enrichment for the HIS only. The pattern for the Awasib Granite differs from tHEF
- V exhibits good agreement between intrusive axtdue rhyolite with respect to its steeper slope (lLai, = 5.4,
sive rocks of similar silica content. compared with 4.4 in the rhyolite), a steeper HRIaEern
(Tb/Lu, = 1.8, compared with 1.0 in the rhyolite) and a
(iv) REE patterns more pronounced negative Eu anomaly (Eu/Eu * = ,0.05

Chondrite-normalised REE patterns are present&igin compared with 0.24 in the rhyolite).
C.46 for samples of HFF rhyolite and Awasib Granite The different patterns displayed by HFF rhyolitedan
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4.3.2.4 Comparison of late-stage granitoids with
modern and ancient intrusive suites

In a silica versus calc-alkali ratio plot (Fig. @)4 the
HIS-Awasib trend exhibits a slope similar to thdttoe
Saudi Arabian Pan-African granitoids (Gass, 19bu}, is
GLVSODFHG WRZDUGV WKH ¢YHOGXRWHNO
PRGL{HG IURP %URZQ 7HIRQ LQWH
PD\ UHAHFW D FKDUDFWHU WRUDQWDWLR
line (compressional) and alkali-calcic (extensigrgiani-
toid suites discussed by Brown (1982). A similansi-
tional nature is indicated for the HIS-Awasib “&litn a
diagram of log(KO/MgO) versus Si¢(Fig. C.47) in which
¢HOGY KDYH EHHQ GUDZQ DFFEHGLIQJ W
(1981). This diagram illustrates the following feas:
(a) An approximate coincidence between data foHig
and the calc-alkaline part of the Sierra Nevadaddih
trend.
(b) A clustering of data for both the Awasib Granand
&*6 DERYH WKH PRVW VLOLFDHOTE&® FRP
of “alkali granites” and also above the alkalinetpe the
Sierra Nevada batholith trend.
(c) A divergent trend towards more potassic and &is
Awasib Granite are not consistent with a subvolcani- ca-rich compositions for the SIS.
gin for the latter, although the Eu/Eu* variatiomslyy be  The transition from the calc-alkaline HIS to motkaa
explained by different degrees of plagioclase fomettion. line Awasib Granite may be the result of magmatfted
However, a database of only two samples cannobbsid- entiation, a change in source characteristics,adraamge in
ered conclusive and some heterogeneity may, furtbes, tectonic regime. Compositions of associated voltsamif
be expected as a natural consequence of crustéingnel the HFF strongly suggest that they once formed pae
REE patterns for the A-type Mumbulla suite in s@atstern high-K suite of “orogenic” lavas, probably eruptdng an
Australia (Collinset al, 1982) are intermediate between thactive continental margin. The close spatial, terapand
Awasib Granite and HFF rhyolite patterns (Fig. §.#6- compositional association between the HIS-Awasibtes
plying that both granite and rhyolite are compa&tibith an and HFF lavas further suggests that their origiesavsimi-
A-type origin. The more pronounced negative Eu asomlar and that the geochemistry of the granitoidsusthoe-
lies in the late-stage AMT rocks (particularly therasib AHFW WKLV
*UDQLWH VXJJHVW WKDW VIWIORQFOIW IHOGVSDU IUDFWLRQD
taken place.
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DEOH HQULFKPHQW RI WKH PLB3Q B/FROMLY F
ity or a high degree of crustal contamination Réarceet
al. 7KH VLPLODULW\ RI WKH/IGD W I
Granite to within-plate granites of Skye and Nigeni Fig,
C.48 does not indicate an obvious petrogenesis;dnés
suggest the possibility of both an enriched mastlarce
and combined assimilation-fractionation processes.
The (Y + Nb) versus Rb diagram is not well suited t
the comparison of different granitoid suites duehte lim-
ited number of geochemical parameters. This shonitcg
can, to some extent, be overcome by the use of alwed
diagrams, in particular the ORG-normalised diagrams
ployed by Pearcet al. (1984), The method for calculating
trace element abundances in ORG (hypothetical cddge
granite) has been discussed in Section BA. The alised
pattern obtained for the full range of HIS samptegether
with their mean value is illustrated in Fig. C.43&e HIS
pattern is characterised by several features disdldy
volcanic-arc granites from central Chile, viz. ehrents
in K, Rb, Ba, Th and Ce relative to Nb, Zr and ¥daa
The tectonic discrimination of the HIS and Awasita low value of Y relative to the normalising compamit, Al-
ite in a plot of Y + Nb versus Rb (Fig. C.48) ilttetes that though the value of Zr is close to the normalisiatue, and
GDWD IRU WKHVH JUDQLWRLG VO G \kncke @ithivikhd ré&ye obv@tkin-piate grehite pats, the
respectively (Pearcet al, 1984). A trend from an “arc” to steep decline from Zr to Y is more typical of valoaarc
“within-plate” character is only indicated in pasince the granitoids. Enrichment in Zr may, however, be thsuit of
majority of data points for the HIS lie above swclrend. zircon accumulation.
The clustering of these data points along the ldweemd-  The normalised pattern for Awasib Granite (rangd an
DU\ RI WKH V\Q &2/* ¢ HOG L QIGR IH QridhyinOFid) 8.49D WdstydtbselyQréskerbles theadled
LQ 5E ZKLFK FOHDUO\ UHAHPWWH W KadstSIBrihBtyd withirQog pattdin Rafter Pemet al.,
Unfortunately, Rb is readily susceptible to altematproc- HI[HPSOL¢{¢HG E\ WKH 6DEDORMD FF
esses (Whaleet al, 1987) and so does not allow reliable) HDWXUHY LQ FRPPRQ LQFOXGHHQZHO
GLVFULPLQDWLRQ EHWZHHQ 9%*JD QeBmshit@h R2adrd Jiel&ive lo@b) and enrichtadn
C.48. Ce and Sm (only available for sample BH 668) retato
If, however, the relative enrichment in Rb for tHES is  adjacent elements. The low values of Nb and Zr laoey-
taken as a primary characteristic, then a likelygggenetic ever, more typical of within-plate granites asstadawith
pathway requires Rb enrichment of the mantle sintiba attenuated continental crust (e.g, Skaergaard aod),M
that suggested by Peareeal, (1984) for the granites of although the minimum values of these elements &®e a
Central Chile. Relatively high values of Rbin tHES com- ZLWKLQ WKH UDQJH RI YROFQW®IOR DAJKH
pared with the Chilean granites may be attributeddri- value of Y is close to or higher than the normalisvalue
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PART C: LATE-STAGE CRUST

and would be most unusual in a volcanic-arc gramiless crease in LREE and Y and a decrease in Ba, SrdPlan
the accumulation of an accessory phase such amzirad while Zr remains almost constant. However, if thelsang-
occurred. In addition, it should be noted that #veasib es in element abundances are the result of incrgasic
Granite is generally rich in silica and may consmgly PDWXULW\ WKHQ LW LV GLIE FR{ACYR WIR
represent a more highly fractionated granite tia@ngrani- worthy increases in the elements Rb, Th, U and S\ivell
toids in the database of Pearteal. (1984). as the ratios Nb/Rb and Nb/La (d. Broetal, 1984). The
The apparent transition from a volcanic-arc to with latter workers make use of plots of Rb/Zr againistadd Y
plate character recorded by the HIS and Awasib Branin order to discuss the effects of fractional cajl&gation
PD\ EH D UHAHFWLRQ RI| LQFUY HDN lagdsoDroecompogitiotdnViplutdriic” ragma typespie-
by Brownet al. (1984). These workers have used Wood&entation of these plots in Fig. C.51 illustratest data for
(1979) “primordial mantle” as a normalising valeeiltus- the HIS (total data set) overlaps with data fortowntal
trate element abundance trends with increasingratu- arcs in terms of both Nb and Y concentration ativeery
rity. The apparent advantages of this approach tharof Rb/Zr ratio, whereas data for the Awasib Granitev(land
Pearceet al.(1984) include a greater number of parametehggh-silica groups) only corresponds with contirarercs
used (18 elements as opposed to 12) and a moriakped in the plot of Nb versus Rb/Zr. The enrichment irdi¢-
application. Primordial mantle-normalised pattefmisav- played by the Awasib Granite occurs at a relatively Rb/
erage HIS and Awasib Granite in the Si@nge 66-75% Zr ratio and is clearly aberrant with respect te ttend of
are compared with granitoids from Mesozoic and @eiw increasing arc maturity. The tendency for Nb toréase
magmatic arcs (after Browet al, 1984) in Fig. C.50. at a given Rb/Zr ratio in the transition from HisAwasib
The pattern for the HIS resembles that of normailtieo Granite may, however, represent a trend inferréddiwate
nental arcs fairly closely despite slight deviaipuiz. en- the involvement of “within-plate” mantle lithospleeby
richment in Th, Zr and Y and depletion in Sr. Whil®adly Brown et al. (1984). In the case of the Awasib Granite it is
similar to the HIS, the pattern for low-silica AlasGran- possible that Y has acted as a more sensitiveatmiof a
ite differs in exhibiting certain similarities toature island within-plate source contribution than Nb, unlessiedorm
arcs, e.g. greater depletion in Ba, Sr, P and i gneater of selective crustal contamination is invoked.
enrichment in Y. Although the low-silica part ofetiwa- From the above discussion it is clear that the Awas
sib Granite does not exhibit the more extreme éments Granite demonstrates certain trace element chaistate
and depletions typical of peralkaline anorogenianites, regarded as diagnostic of so-called “A-type” (aialor
it should be noted that the bulk of the Awasib Ganot anorogenic) granites (Loiselle and Wones, 1979|ig0ét
illustrated in Fig. C.50) is high-silica (> 75% S)an char- al., 1982; Whaleret al, 1987). In Table C.5 the geochem-
acter. This high-silica group is generally chardstsl by istry of average Awasib Granite is compared witerages
JUHDWHU HQULFKPHQW LQ < R@GLARdEH S/iypee (graRitQdetivedH B stdimeniaro-
the elements Ba, Sr and Ti, all features which imdicate toliths; Chappell and White, 1974), felsic I-typgsanites
a “within-plate” character. However, these concatidns derived from igneous protoliths; Chappell and Whli@74)
may equally be the result of increasing arc maturity or simnd A-types (Whaleret al, 1987). This table illustrates
ply crystal fractionation. chemical characteristics for A-type granites whach also
While averages for the HIS and Awasib Granite dulte demonstrated by the Awasib Granite, viz. high Sia,0
to mask intra-suite variation, it is clear from F@©50 that + K,O, agpaitic index (A.l.), Fe/Mg, Y and LREE and low
a transition between these suites is accompanieghkip- CaO, Ba and Sr. Certain “immobile” elements suctZias
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DQG 1E GR QRW UHAHFW WKLV $ N OYEaCHRybe EffcBliMely Wilid2Qideniyingtipe
therefore, imply that the Awasib Granite is a hightac- granites from a variety of terranes in additiorttie well-
tionated I- or S-type. studied Lachlan Fold Belt of Australia. Applicatiohthese

Whalenet al. (1987) maintain that plots of Zr + Nb + CeSORWV WR WKH $ZDVLE *UDQEAMHDHGO
+Y versus the major element ratios FeO*/MgO angdk A-type characteristics (Fig. C.52a and b). Howedata
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PART C: LATE-STAGE CRUST

for the “I- to M-type” HIS were also plotted for mgparison 4.4 SUMMARY
and indicate that the major difference betweerHi® and
Awasib Granite in terms of these plots is in thganale- 4.4.1 Late-stage (“Sinclair-type”) volcanics

ment ratios and not the summation of trace elem@ris

is largely due to the enrichment in Zr and Ce ia HiS, () Volcanics of the HFF are bimodal with a paucitly

although it should be noted that while high Zr @ms$ may compositions in the range 58-66% Si@ calc-alkaline or

be the result of zircon accumulation, high Ce alaumegs sub-alkalic nature is shown on the TAS diagramlanBea-

are not unusual in volcanic-arc granites (cf. Ghitearce cock’s alkali-lime index, while a high-K nature eévident

et al, 1984). LQ WKH FODVVL{FDWLRQ Rl (EDUWF
The much greater outcrop area of the Awasib Granteristics, together with the lack of iron enrichrherompare

compared with the HIS suggests that the formeroistime favourably with the calc-alkaline “southern” Barbgrma-

product of advanced crystal fractionation nearra of tion volcanics (Brown and Wilson, 1986).

a single pluton. This suggestion is partly bornélmuthe (i) Variation diagrams illustrate regular trends imost

overlap of data between the HIS and Awasib Gramitea oxides and trace elements when plotted againstasili

plot of Zr + Ce + Y versus Rb/Ba ratio (Fig. C.52the While rhyolites show little compositional variatiom a re-

latter ratio is a useful index of fractionation,tliands to gional basis, basaltic andesites of the southerality are

show considerable variation within individual A-g/puites relatively enriched in TiQ Al,O,, LREE and Zr. MgO and

(Whalenet al, 1987). In Fig. C.52c, the similarity betweertcompatible element enrichment of several basatiiea-

data for the HIS-Awasib “suite” and the Topsailamjte ites may be the result of ferromagnesian mineraliaila-

suite of western Newfoundland is of more than paggi- tion. Scatter in the alkalis, particularly X8 is attributed

terest. The latter suite has been shown to rectnahaition to alteration, although variation in,& could be primary if

from orogenic M-type granite magmatism to volumisoudifferent magma sources are involved.

A-type magmatism in the Late Ordovician-Early Séuwr  (iii) Apart from Ba, there is an overall increaserf ba-

(Whalenet al, 1987). The transition from largely I-typesaltic andesite to rhyolite in the abundances abinpatible

+,6 RI DUF DI¢QLW\ WR $ W\S HQ SEEvEts) (hQUdivgHhR LI AMKHFSE) and a desgea

DI¢QLW\Y PD\ E\ DQDORJ\ ZLWIK HNV Kithe Rdnyddihl©alemeRrticovieentrBtidns. Ba cdateary

a change in the source of these granitoids fromtlmao VLJIJQL{;FDQWO\ LQ WKH UK\RO XVQXY XD C5 |

crust. in calc-alkaline suites (Arculus, 1976). Zircon aculla-
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tion may account for the marked enrichment in LRiid
Zr in one sample of rhyolite lava. While the regudte-

crease in V with increasing Sj@ typical of suites charac-

terised by moderate or no iron enrichment (Gill31p the
considerable variation in V in the rhyolites igifttited to a
variation in the magnetite content.

(iv) Chondrite-normalised REE patterns for basadtic

4.4.2 Late-stage (“Sinclair-type”) intrusive suites

(i) The HIS, Awasib and Chowachasib Granites show a
VLIQL,FDQWO\ VKDOORZHU WUMHQ@%6 VI
GLDJUDP WKDQ WKDW RI WKH¢{®BG 7KI
largely by alkalinity, a feature illustrated on @O, ver-
sus SiQ plot.

GHVLWHV VKRZ /5(( HQULFKPHQW (iA DhelateStage \g@rR&@ds re Da@ySy graniescept

slightly negative Eu anomalies (Eu/Eu * =0.85). TREE
pattern for a single high-silica rhyolite shows LREnN-

for a few granodiorites in the HIS, according te tiorma-
WLYH $Q $E 2U FODVVL¢{FDWLRQ RI %D

ULFKPHQW DQG D ADW +5(( VORGWLEXW $)0I MWL DUIRIPR @DIXUWKHH -EQD V"

andesite in the much higher overall enrichment kange
negative Eu anomaly (Eu/Eu * = 0.24). REE pattdors
the basaltic andesites compare favourably withetudshe
Barby Formation, but REE patterns for the rhycddite dis-
tinct from the “northern” Barby Formation.

trusives (except some members of the SIS) as dieddize,
typically mature series of continental margins.haligh
individually alkali-calcic on a silica versus cadtkali ratio
plot (Brown, 1982), the HIS and Awasib Granite shaw
combined calc-alkalic trend which is only slight{eeper

(v) Comparison of the HFF suite with younger voicanthan that of the HFF.

suites illustrates compositional similarities tgiK erup-
tives along active continental margins (e.g. westdBA
and Mediterranean; Ewart, 1979, 1982). These featim-
clude low (< 1.0%) TiQcontents, high abundances ofX
Rb, LREE, Th, Zr, and a high ratio of /&g, 8§

abundances of Nb and Y, and Eu/Eu* > 0.75 in trealiz
andesites. Anomalies are the high Ni abundanckasaltic
andesites and high Y abundances in rhyolites. Tteern®
REYLRXV DIl¢QLW\ RI

(iv) The late-stage intrusives are predominantlytatue
minous (Shand, 1927) with some peralkalinity shdwn
the Awasib Granite (agpaitic index=1.06). While ten-
siderable range in the Shand Index for the SI®sidered

/IRER UHAHFW WKH JDEEUR V\HIQH WH JIFR|

QL,FDQW HQULFKPHQW LQ +)6(UBRE@ <
ite suggests a within-plate character (Peatcad., 1984).
(v) Comparison between the HIS-Awasib “suite” and

WKH O D W W-HIBFE laVedonly §iRtiorRiialg ranhsFsh&wsRhat@heiacioim-

sociations since high-silica biotite rhyolites betwestern positions agree well but that the intermediate cositppns
USA display many of the same chemical char-actesistof the former are typically more enriched ina Rb, Th,

(Ewart, 1979).

(vi) MORB-normalised trace element patterns fordbas

tic andesite-andesite show a more fractionated gbuoer-
ally similar, appearance to patterns for high-K aadc-
alkaline basalts from active continental margin<Cinile,
western USA and Iran (Pearce, 1983). These pattegue
for contributions from both a within-plate (high Mélative
to Zr and Zr relative to Y and Yb) source and sudbidun
component (selective enrichment in Sr, K, Rb, Ba, Ce
and Sm).

YLL
as indicated by the ratios Ti/Zr < 100 and Y /Z0.4.

LREE, Zr, Nb, Ni and Cr.
(vi) REE patterns for the rhyolite and Awasib Gtardif-
fer in that the latter is considerably steeper disglays a
more pronounced negative Eu anomaly (Eu/Eu * =0.05)
7KLV GLVFUHSDQF\ PD\ UHAHFW KERNKI \
magmas both represent crustal melts, a feature atiohg
with the broadly similar REE patterns displayedthg A-
type Mumbulla suite in southeastern Australia ({Dsllet
al., 1982).
(vii) The HIS-Awasib trend on a diagram of log(®

+LJK 0J EDVDOWLF DQGYQLW§O)WKRE Bigrompages Ruowrably mith the trend for

the Sierra Nevada batholith (Rogers and Greenld&@j)

(viii) Chondrite-normalised REE patterns for baigalt although the former is more alkaline. While the @hoha-

andesites closely resemble those patterns displaydte

sib Granite occupies a similar position in thisgiaanm to the

high-K San Pedro and medium-K Ancud volcanoes alo#gvasib Granite, the SIS shows a divergent trendatola

the Andean plate margin (Chile), and are quitekenpat-
terns displayed by both tholeiitic and calc-alkalitanoro-
genic” andesites.

(ix) Chondrite-normalised element patterns for |@amd
high-silica rhyolites exhibit an overall similaritp Ceno-
zoic intracontinental rift- or hot spot-related dhiye suites

more potassic and less silica-rich compositionse HhHS-
Awasib trend may be the result of magmatic difféiegion,
a change in source, or a change in tectonic re@imeeeas-
ingly extensional).

(viii) A trend from an arc to within-plate charactn the
Y + Nb versus Rb diagram of Peareeal. (1984) is only

(Sylvesteret al, 1987). However, abundances of the eleéadicated in part, the aberrant nature of the HéE¢ due

ments Ba, Nb, Zr and Ti in low-silica rhyolites,daBa, Nb,
Srand P in high-silica rhyolites, are more typieb$ubduc-
tion-related rhyolites. While the chondrite-normsali REE
pattern for high-silica rhyolite most closely redges the
pattern for orogenic rhyolite from the Inner ZorfelJapan,
the relative enrichment in HREE is similar to argenic
rhyolite from the Rio Grande rift.

(X) The observed compositional heterogeneity anype
chemistry are indications that the HFF rhyolites largely
derived from a crustal source.

to its enrichment in Rb. Comparison with the gresibf
Central Chile suggests that this enrichment maghbere-
sult of variable enrichment of the mantle souragg-stage
AXLG DFWLYLW\ RU D KLJK GWMUREH 7KIH
compositional similarity between the Awasib Graried
within-plate granites of Skye and Nigeria suggéséspos-
sibility of an enriched mantle source and an adaiion-
fractional crystallisation process in its genesis.

(ix) ORG-normalised patterns for the HIS show saler
features displayed by volcanic-arc granites from Chile, viz.
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enrichments in LILE relative to HFSE and low Y itela gue for a change in source of these granitoids frantle-
to the normalising composition. Patterns for thea8ib dominated to crust.
Granite most closely resemble the “crust-dominateih-

in-plate pattern of the Sabaloka complex in Sud®eer(ce 5. GEOCHRONOLOGY
et al, 1984) with respect to a negative Ba anomaly,cerri
ment in Rb and Th relative to Nb, and enrichment€é 5.1 INTRODUCTION
and Sm relative to adjacent elements.
(x) Primordial mantle-normalised patterns (Broetral, While petrographic and geochemical data suggest

1984) for the HIS and Awasib Granite illustraterentd of the late-stage crust of the AMT is made up of roghkes
increasing arc maturity with greater depletion ia, Br, P which can be correlated with the Sinclair Sequeracgs
and Ti and greater enrichment in Y, but high-silgzanitic data from the latter is neither well constrained abun-
PDJPDV VKRZ VXI¢{¢FLHQW HQU LRK RdfQ.\Whe @lativélyQuadefdEmedHSIhElaV Bequendach
increasing Rb/Zr to suggest the involvement of saltie apparently overlies the NMC, has yielded ages,rdeted
nental within-plate mantle lithosphere. by a variety of radiometric techniques, that arthtsamilar
(xi) A -type characteristics of the Awasib granitelude to and older than ages determined for the NMC @aga
high levels of silica, alkalis, agpaitic index, Mgy, Y and reviewed in Caben and Snelling, 1984). In ordedeter-
LREE and low levels of CaO, Ba and Sr. Relativelw | mine absolute ages and the duration of magmatieitgct
Zr and Nb for the Awasib Granite suggest that thes@r- for the late-stage crust of the AMT, isotopic meagients
acteristics may be derived by extreme fractionatibhor were carried out on lithologic units from both tiglT and
S-type sources, although the comparatively low n@wf middle-Sinclair Barby Formation. The units analysezte
the HIS preclude it as a source. The transitiomftargely as follows:
, WA\SH +,6 Rl DUF DI¢QLW\ WRI$ZWWSH Heuber Vlats Fotiat@h: W H
LQ SODWH DIl¢QLW\ PD\ E\ DQDDRQ EdEltigvakdasite (RbF &, %Pl O V
suite of western Newfoundland (Whalenal, 1984), ar- - rhyolite (Rb-Sr)
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(if) Awasib Granite (Rb-Sr) by the intersection of secondary isochrons withgRiwth

(iii) Barby Formation trachyandesite (Rb-Sr, Pb-Pb)  curves which conform to the second stage of thedtage

While Rb-Sr work on the AMT lithologic units is dis Pb isotope evolution model of Stacey and Krame®3§).
cussed in detail in Hoadt al. (1986, 1989), it also forms Pb data for all suites analysed are compared in [Big
an integral part of this study. Whole-rock Pb-Phadfmr with both the latter model and the related resergowth
the HFF and “Barby Formation” typically show litteari- curves derived from the plumbotectonics model atiian
ation in Pb isotopic composition, hence resultingarge and Doe (1981).
uncertainties in the slopes of regression lines emke-  The application of isotope tracers in the studpairce
quently large uncertainties in the calculated agieshese characteristics is presented in Part D, while cleamand
instances the data are plotted relative to referdimes, analytical methods (and experimental uncertainties)
while the?3®U/?*“Pb ratio (u) of the source regions can uswgiven in Appendix n. Sample localities, except the
ally be accurately estimated by assuming that thePl® Barby Formation, are illustrated on the accompamyirap
GDWD HPXODWH VHFRQGDU\ IG\HRFXAREPAX 7 KH — YDOXHV DUH
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5.2 ISOTOPE RESULTS contains only minor secondary material (especialhen
compared with the rhyolites), consequently it idikety
Rb-Sr and Pb-Pb results are presented in Tablead6 that the large scatter is due entirely to seconddifcts.
the former also on conventional isochron diagrambig. The high apparent Rmay thus imply the involvement of
C.53 (a-d). Since Pb-Pb data on the late-stage bianxge pre-existing crustal material in the genesis of Aeasib
OLWWOH DJH VLIQL¢FDQFH L&EXYYRARNR. IRsUiRRNITattMs rrateifdlvdul G beraposition-
on source characteristics in Part D. ally variable and hence incomplete mixing of pdrieelt
fractions extracted from the crustal material wagilee rise
5.2.1 Haiber Flats Formation (HFF) basaltic andesit to R heterogeneity in the parent magma. If Awasib Geani
data is divided into two groups on the basis ofSRlyAtio,
(i) Whole-rock Rb-Sr data i.e. high ratios (samples BH 677, 678, 679, 680,688)
7KH HLJKW DQDO\WHG VDPSOHYV aadlgw@rdtiob (sarbptes BN H186YREBK BFBY twb- s
(MSUM = 0.8) with an age of 1086 + 44 Ma and Ro gfarallel errorchrons are apparent (Fig. C.53c).s€hgeld
0.70305 + 17 (Fig. C.53a). The lovy iRdicates a source re-age estimates of 896 + 72* Ma (high ratios) and 8980*
gion having slight time-integrated depletion in Bbfela- Ma (low ratios), with Restimates of 0.77 + 0.05* and 0.72

tive to a “Bulk Earth” mantle composition. + 0.02*%, respectively. It is plausible, then, tlsagtter in
this data set is attributable to variation ipaR the time of
(i) Whole-rock Pb-Pb data crystallisation. Incomplete mixing can produce mésling

JRXU RI WKH VDPSOHV XVHG RQLW&eéb b Bvheld-racWiZo®picGddtin@® systems (Juietaal,
chron (MSUM = 0.21) with an age of 563 +2196/-8828 1984) and the deduced age for the Awasib Granitst foel
and?®U/2%Pp (u) of 10.18 +0.36/-0.62 (Fig. D.2). Althoughviewed with caution.
this “age” and its large uncertainty are of litjeochrono-
ORJLFDO VLIQL{FDQFH WKHDGDWD SR L5Q2W \BathRFdfrRaQdrR ttaChysh&esite
Ma reference line. The high, jalue for the source region
is not easily reconciled with the low Rdicative of mantle  Ages reported for the Barby Formation in the typeaa
derivation. YDU\ VLIQL¢{FDQWO\ VHH GLWVROHD/ULBY
argued for rigorous sampling, preferably of an wdlial
5.2.2 HFF rhyolite OLWKRORJLF XQLW RU PHPEHUWRRI$EFRUGL
roxene-phyric trachyandesite was sampled alongGan25
7KHVH GDWD ZKLFK H[KLELWDWQ} HERUHADROMWDRD WWRHO HEG M L @WK D WHWGEL FR RV H
rorchron (MSUM = 7.0) with an age of 1038 = 74* lslad nometrical beacon on the farm Aubures. A descniptd
R, RI “ YL & E :KLOKH ADWQWRM ES-HWIURJW DSK\ RI WKLV ARZSLV JLYI
that both of these parameters are within errohogé de- 38-39). The choice of this lithology was motivatey the
duced for the basaltic andesite samples, the highuB- following considerations:
JHVWYV D VLIQL¢{FDQW FRPSRQHQMVRY RettiOnappity FaXevsWw197@; BYdwwH and Wilson,
of these rhyolites. A choice between these altéresitis 1986) indicates that these lavas occupy the stegifgc po-
precluded by the rather large (augmented) errortherR  sition of the Barby Formation, i.e. underlain byliseents
estimate. Sample scatter may be attributed to omeose of the Kunjas Formation on the farm Klein Haremurd a
of the following: (a) the samples are not of theneaage; overlain by lavas of the Guperas Formation on dmmnfAu-
(b) the samples have different;Ror (c) the samples did bures.
not remain closed systems to Rb and Sr. Fieldicglships  (b) Petrography and whole-rock geochemistry reveal
suggest that option (a) is unlikely, but the inargiion of mineralogical and compositional similarities betwehis
exotic lithic fragments in the rhyolites could pitdg ac- trachyandesite and basaltic andesite of the HFF.
count for differences in Rduring crystallisation of the la- (c) Previous isotopic work performed on the Barloy-F
YDV +RZHYHU DV WKH UK\RQLLWY HBat\wK e digoiskighy Sexctivn G.8)YhasMncorpdrai-
tion, the most likely explanation is option (ck.iloss of verse rocks of volcanic and plutonic origin. Wedtét982)
Rb and/or radiogenic Sr during post-crystallisatadtera- combined Rb-Sr data for a variety of rock typesgiag
tion, particularly during the formation of chloritnd epi- from basalt to syenite, while Kroner (1975, 197&parted
dote. Rb-Sr data from a bimodal basalt-rhyolite assooratin
which the rhyolites show chemical and petrologisiahi-
5.2.3 Awasib Granite larities to the younger Guperas Formation (Browd Wfil-
son, 1986).
7HQ VDPSOHV RI WKH $ZDVLE *)DQLWH DOVR H[KLELW VLJQ
cant scatter (MSUM = 15) and the apparent age @f95 (i) Whole-rock Rb-Sr data
50* Ma and R of 0.717 + 8* (Fig. C.53c) needs to be in- 7KH VHYHQ DQDO\VHG VDPSOHV GH¢QH
terpreted with caution. Sample BH 682 was excluiteih = 1.1) with an age of 844 + 35 Ma afi8rFSr initial ra-
the regression due to its albitised appearancéimdec- tio (R) of 0.70641 + 25 (Fig. C.53d). This age is conside
tion. Although not conclusive, the age estimatedssist- ably younger than expected and the relatively tiRgimay
HQW ZLWK ¢HOG HYLGHQFH W KID QWY#HHAHE B B/Q 6 W/ H MRAMWRXIQR) KR P R JHWQUW B W L R
HFF volcanics. The Awasib Granite is holocrystadliand However, this possibility is not supported by pgtaphic
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evidence which shows these rocks to be largelytere.
Occasional cross-cutting veins of carbonate do pdmut
have been carefully avoided during sampling.
Contamination, if represented by the mixing of th@
mogeneous sources, should result in a linear asfahe
data in a simple variation diagram. While the Rbisr-

chron in Fig. C.53d is compatible with this modék data
scatter in the 1/Sr versus Riagram (Fig. C.54) clearly

GRHV QRW GH¢QH D PL[LQJ OWRH LEWLOO ZLGHU GDWD VFDW

plots of 22°PbP*Ph versus’’SrfSr and?°®PbF*Pb versus

87SrfeSr is consistent with the absence of simple mixing.

Nevertheless, contamination of the magma by a beter

neous source such as the crust cannot be excliitiedis

partly borne out by the relatively high Ralue of 0.70641

ZKLFK LV LQIHUUHG WR UHARBWVIVQRRULJLQ LQ WKH ORZHU

crustal contamination subsequent to derivation feoman-
tle source. Assuming the age of 844 Ma to be pyntaen

the possibility must be entertained that this tyactdesite

is younger than the Barby Formation and represzictn-
formable intrusion or sill.

(if) Whole-rock Ph-Ph data

JRXU VDPSOHV RI WUDFK\DQGGBWLWH GH¢;¢QH DQ LVRFKURQ O

= 1.4) with an age of 1271 +836/-1154 Ma and p @06
+0.27/-0.33 (Fig. D.2). Despite the large uncettain the
calculated age, data points fall close to the 1d@0Orefer-
ence line and the calculated age is within errahefRb-Sr

tively, at 1190 Ma (i.e. differing by more than thealytical
uncertainty) implying that these rocks were derifiexin
a source of different Rcomposition than the bulk of the

age of 844 + 35 Ma. The, palue of approximately 10.1 isBarby Formation samples.

slightly lower than the value obtained for the HBE} is
more easily reconciled with the relatively highwlue, i.e.
both Rb-Sr and Pb-Pb data suggest the involvenfemtist
in the petrogenesis of the trachyandesite.

5.3 DISCUSSION

5.3.1 HFF volcanic succession

Independent support for the age of the Barby Fdonat
LV GLI¢FXOW WR REWDLQ DW R HYDH WD (
clearly intruded this formation paradoxically yietduch
older ages. These ages, which are largely based-Bh
zircon determinations (reviewed by Watters, 1988y re-
AHFW WKH H[LVWHQFH RI UWPOMFW DJLK
range 1250 to 1350 Ma. It is further suggestedttiege in-
herited zircons were derived from a source of simalge to
the early-stage crust in the AMT, e.g. the Kairaimplex

The age of the HFF volcanism is provided by the isor Aunis Tonalite Gneiss.

chron date of 1086 + 44 Ma for the basaltic anéesiDpen

While the estimate of 1190 Ma for the Barby Formiatis

VIVWHP EHKDYLRXU GXULQJ BBYK RSO yuRdeMhaR KoM GLODID pefeived Mybas +

given rise to errorchron systematics in the rhyolihem-
bers but the estimated age of 1038 = 74 Ma is coaipa
to that of the basaltic andesites. The crustaloof the
rhyolites and their interbedded relationship withFbasal-
tic andesites may indicate periodic shifts in seuregion
from mantle (x crustal component) to crust.
Correlation of the HFF with the Barby Formationtbé
Sinclair Sequence (Hoal, 1985) would appear toncer:
rect in view of the age of 1392 + 33 Ma inferred foe
latter by Watters (1982). However, Watters’ (19&&rby
Formation data were recalculated with the NPRLe&sgjion
program and found to yield an age estimate of 1238 *

OD ZKROH URFN 5E 6U LROIGHWYW\LIOL
the HFF and a direct time correlation between tliesaa-
WLRQV LV QRW MXVW bugheSts, Bdweve® D U L
that the basic volcanics of the Barby Formation bifdF
ZHUH ERWK PDQWOH GHULYHGWULEKR X
tion from older crust.

The volcano-sedimentary succession of the Korasigro
situated adjacent to the Wilgenhoutsdrif Group v&hpet-
rological and tectonic similarities to the HFF. Hower, the

OD DJH IRU EDVDOWLF DQXHWVDWM F
ly younger than the Rb-Sr age of 1176 + 9 MaqR).7061
*= 1) reported from basaltic andesite of the middteas

Ma and R of 0.7028 + 5* with an MSUM of 3.9 (apparentlorida Formation by Kroneet al. (1977). Better agree-

ly Watters, op. cit., inadvertently quoted one sigerrors
on his Fig. 3). Excluding the samples 1557 and 1@fich
deviate from the regression line by more than thiees
the uncertainty (in “X”), the remaining twelve dagtaints
yield an isochron estimate (MSUM = 0.9) of 1190+\38

ment is obtained with Van Niekerk and Burger’s (1p6-
Pb zircon age of 1080+70 Ma for the upper Korasrtgua
porphyry lavas. A syenite associated with the Kdsasup
has also yielded a Rb-Sr isochron age of 1076+ &2vith
an R of 0.7065 + 8 (Barton and Burger, 1983), theretwy p

and R value of 0.70298 + 27. The two deviant samplesding supportive evidence for an equivalence betwthe
1557 and 1565 had Ralues of 0.7045 and 0.7043, respeddFF and upper Koras Group lavas.
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While regional and geochronological consideratismg- and overlying acid eruptives of the Guperas Foromatin
gest a similar mode of origin for the HFF (and @bly the farm Ganaams (Watters, 1974). While there iavail-
much of the Sinclair Sequence) and the Koras Groigiher able radiometric data for the Guperas Formationait be
R, values in the latter argue for a different sowc@ossi- inferred that the age of this formation is oldeartttheca.
EO\ JUHDWHU FUXVW DQalu&(A. X030 BH1000KMa @sRrZaté for the overlying Aubures Fornmatio
of the re-interpreted Barby Formation age of 118B#Ma (palaeomagnetic data; Kroner, 1977). However, #la-r
(Hoalet al, 1989) provides additional evidence of regionadively young age calculated for the trachyandeisitgithin
variation in R between approximately 1200 and 1100 Maange of a suspected age of 900 Ma for the postuia
6LIQL{FDQWO\ WKLV YDULDWLRQ ®dxbkbbiriepfagic dyle sadonR rah®dtthl, 1982, p.
sub-continental mantle of southern Africa duringickair 273). These uncertainties, compounded by the sdattee
times. 3E 3E GDWD GR QRW DOORZ URQ BIFRQ

The estimated age of 1038 + 74* Ma for the HFF litg® the 844 Ma age.
is also within error of the U-Pb zircon age of 168870 Ma

obtained by Van Niekerk and Burger (1967) for tipper 5.4 SUMMARY
Koras quartz porphyry lavas, thereby lending supfmthe
overall similarity between these two formationsigBily L +)) EDVDOWLF DQGHVLWH GWKQHYV I

younger “feldspar porphyries” in the Goha Hills,tBeana, an age of 1086 + 44 Ma anq ®.70305 + 17) indicative
were extruded from a crustal source at 981 + 43(K&y of a source region characterised by Rb/Sr simddBulk
and Rundle, 1981) and appear to be consistentWatiers’ (DUWK™ PDQWOH 3E 3E GDWDE® YWKIR LC

(1974) concept of a “Rehoboth Magmatic Arc”. relatively high p of 10.18 (+.36/-.62) is not egsikecon-
ciled with the low R
5.3.2 Awasib Granite LL +)) UK\ROLWHV GH¢{QH D 5mEIJBU HUL

of 1038 + 74* Ma and Rof 0.718 + 15*. The age is within

W LV QRW SRVVLEOH WR F RQHG Ri@voiQhatfovthe bRsaltie BindéskeiwhIehbgiiR sug-
the Awasib Granite from the available data sincéemiari- JHVWY D FRPSRQHQW RI PHOWWW LWLJQ
ations in R are suggested, probably due to incomplete mithe genesis of the rhyolites.
ing of crust-derived partial melts. However, thécatated (iii) The ages of the HFF volcanics are within erod
age of 957 + 50* Ma is within error of the age foe HFF U-Pb zircon and Rb-Sr ages obtained for the uppea&
rhyolites and several independent lines of evideindgh Group lavas (Van Niekerk and Burger, 1967; Bartod a
R, ¢HOG UHODWLRQVKLSV DQG WRBWBJery1988) &hQ@ D@ |lesselP éxGeit,980\Ma sld/feld-
gest a close relationship (possibly subvolcanityveen the spar porphyries” in the Goha Hills, Botswana (Keyda
Awasib Granite and the HFF rhyolites. Somewhat yunRundle, 1981).
er ages of approximately 890 Ma have been recobyed (iv) A trachyandesite within the type area of tharl®/
Key and Rundle (1981) for magmatic activity subsagu Formation yielded a Rb-Sr isochron age of 844 Ma5kand
to “intracratonic rifting” in northwestern Botswan@hese R of 0.70641 + 25. Source mixing is not responsibtehe
ages are all younger than the 1100 Ma closing-bfthe data array and it appears likely that the ageimamy, but
Namaqua event determined by Barton and Burger (1983represents a post-Barby Formation event, e.g. tistcpa-

In their review of tectonothermal events in Afrid@a- tonic Gannakouriep basic dyke swarm intrudedaat900
ben and Snelling (1984, p. 434) identify an impotrtavent Ma (Tankardet al, 1982). Pb-Pb data correspond to the
in southwestern Africa at 950 + 50 Ma. This ageastly 1000 Ma reference line and, although poorly coiirsta,
GH¢{¢QHG E\ ODWH SUHVXPDE\VSRW¥Ege W Withv &QrLdf theS844 M® dgé. Whetigkly
the NMC and differs little from the preferred agetie high p value of 10.06 +.27/-.33 is consistent witie R
Awasib Granite. The age and A-type chemistry ofAlva- value, both being compatible with crustal involverne
sib Granite are further compatible with evidencevimted the petrogenesis of the trachyandesite.
by Eglingtonet al. RI VLIQL,FDQW YR QU Retdiciratich af/ piewous data for the Barbyrkra-
granitoids being intruded as recently as 860 Maiagbe tion (Watters, 1982) indicates a preferred agel®01Ma
NMC of south-central Natal. Together with extengiveta- and R of 0.70298+ 27, hence a direct time correlation with
morphic resetting of undeformed rocks of the Parteic the HFF is not supported.

Vioolsdrif batholith at between 950 and 920 Ma #Beid, (vi) The apparent age of 957 + 50* Ma angddR0.717
ZLGHVSUHDG PDJPDWLVPVWK WSt tikel /v@dib/Grahite i€WAthin error of tlage and
NMC and AMT provides evidence for a major tectoresth R, obtained for HFF rhyolite, thereby sustaining pees-

mal event on a regional scale. sibility of a subvolcanic relationship. Data scatteay be
the result of variation in Rat the time of crystallisation as
5.3.3 “Barby Formation” trachyandesite a result of the incomplete mixing of partial meiadtions
of the crust. The age a@fa. OD GH¢{¢QHV D ZLGHV:

The RDb-Sr age of 844 Ma for the “Barby Formatior@-t tectonothermal event which includes intrusion déd{ao
FK\DQGHVLWH LV GLI{FXOW WIROHR[@®IM2ttGhicHEydativéyinHeNMWC, AQ/pavnagsmatin
to a post-Barby intrusive phase, probably a silgjng by the NMC of south-central Natal and metamorphic ttesp
its conformable nature. The age is further consé@iby of the Vioolsdrif batholith in the Haib.
the apparent unconformity between this trachyamnelessil
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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 &ng
from basaltic andesite to rhyolite and are intedsetin
outcrop. Despite deformation and metamorphism, ethes
YROFDQLF URFNV GH¢{QH YDUIFDWOQRV@WUHQGY ZKLFK DUH VXI
regular to allow quantitative petrogenetic modgliThe
paucity of intermediate compositions (andesite jtdaand
UK\RGDFLWH VLIQL¢, FD&OWSElatibBl UHQFH LQ LQLWLDO
(R, values) between basaltic andesite and rhyoliteti@e
C.5) and relatively high erupted volume of rhyolite all
factors which argue against magmatic differentratiok-
ing these end members. However, the operationcofstal
fractionation process cannot be excluded for thiewong

reasons:
(i) The intermediate compositions lacking in the FHF BH 694  Basaltic andesite (lowest SJBA
may be represented by unerupted equivalents ikl&igib BH 690B Acid basaltic andesite ABA
Intrusive Suite (Section C.4). BH 574  Andesite A
(ii) The large uncertainty in the Ralues for the HFF rhyo- BH 660 Rhyodacite RD
lites (0.718 + 15) does not preclude the possibility that this BH 697  Rhyolite (low Ba) R1
ratio could be similar to that of the basaltic andesite (0.70305 BH 699  Rhyolite (high Ba) R2
+ 17; Fig. C.53) and that the rhyolites with loweydeuld The choice of several samples each of basalticsitede
have been derived from a basaltic andesite parent. DQG UK\ROLWH ZDV LQAXHQFHGYD\UERV

(iii) The high volumetric ratio of rhyolite to basa an- ability within these end member groups as wellnaslack
desite may only be apparent in view of the uncetites in of data for certain trace elements in the casenalyaes
lithostratigraphic correlation and the better preaton of performed by the Geological Survey of South Afrig,
rhyolites due to their more weathering-resistattirea The samples BH 694 and BH 697 (comparison of analytiash
RFFXUUHQFH RI ODUJH YROXP HV LRjivéhIn;Appendid RI). With tké kekteption of sample
important in view of the close temporal (and to sawtent 574, which comes from the central locality, all theove
compositional- Section C.4) association betweenldatier samples come from the vicinity of Awasib Mountaonr,

and the HFF basaltic andesites. northern locality. The choice of a single samplealdy
LV PRUH OLNHO\ WR H[FOXGEBJWARZ B R\
6.1.2 Petrogenetic models which belong to different volcanic centres. Majoddrace

element compositions of these samples are listéthiole
The petrogenetic processes evaluated in this stsgyps- C.7.

sible processes causing the compositional variation An attempt has been made to relate these compusitio
eruptive rocks of the HFF are as follows: (excluding MBA due to its aberrant position in Harldia-
(i) Closed system fractional crystallisation (FC) grams) to each other by assessing the followingestaf
(ii) Assimilation and fractional crystallisation FAC) magmatic differentiation for both FC and AFC proes
(iiiy Magma mixing (MM) although it is realised that more complicated soesare
(iv) Partial melting (PM) possible:
(i) Basaltic andesite (BA) - Acid basaltic andegidBA)
6.1.3 Whole-rock model compositions (i) Acid basaltic andesite (ABA) - Andesite (A)

(iif) Andesite (A) - Rhyodacite (RD)

$YHUDJH WUHQG OLQHV PD\ BAMHD YLLQVXRh¢dEakite WRDY HRByoN& (RU)KRR) G D
variation diagrams (Section C.4) and samples caseleet-  Various whole-rock compositions have been usedrin o
ed which lie consistently close to these lines. atheantage der to assess processes of assimilation. The icariat
of using actual whole-rock compositions is thatsthare, FRPSRVLWLRQ RI EDVHPHQW QOEDMKW O F
in many cases, complemented by mineral analysgh®f has been represented by the Aunis Tonalite Gneissalits
nocryst phases. volumetric importance, compositional similarity tmnali-

The following samples have been chosen as repi@seiies and granodiorites of the Khorasib Granite &uitnd
tives of magma compositions which may lie alongakec the availability of Rb-Sr isotope data. Other poncon-
alkaline liquid line of descent as illustrated mAFM dia- taminants considered include the HFF rhyolites BR énd
gram (Fig. C.55): BH 699, as well as average continental crust (Taglud

BH 598  High-Mg basaltic andesite MBA  McLennan, 1985).
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PART C: LATE-STAGE CRUST

Magma mixing, which may be viewed as a special caséVlineral abbreviations used in this study are ak¥ed:
of bulk assimilation, is considered between the emin- plagioclase glag), anorthite An), alkali feldspar K-spau),
bers basaltic andesite and rhyolite in an atterapyi¢ld sanidine $anid, olivine (ol), forsterite Fo), clinopyroxene
observed compositions of both andesite and rhytelaci  (cpX), orthopyroxenedqpx), hornblendel{bl), biotite piot),
Partial melting models address the bimodality efitfFF titanomagnetiter(t), apatite 4p), garnet gt), quartz Qtz),
volcanic suite by considering the petrogenesihefldasal- phlogopite phg and ilmenite i(m).
tic andesites and rhyolites separately. Sourcéseimantle
DQG FUXVW DUH FRQVLGHUHGAWRWR®D:,F DQ&UIMBYDVIOF FIRTPARVGLVWULEXWLR
respectively, and the putative source compositamaslist-

ed in Table C.7. 'LVWULEXWLRQ FRHI(¢FLHQWV DU&EfTV X!
listed in Appendix Il (Table VI). These values da@own
6.1.4 Model mineral compositions to vary as a function of bulk composition (Cetxal, 1979,

p. 335) and should, therefore, differ accordinght® com-

Microprobe analyses of phenocryst phases haveusszh positional range being evaluated. This study hésed
in all petrogenetic models where possible. Owinghte the most favourable Kd's reported in the literatioe
SDUWLFXODUO\ DOWHUHG Q® WR IVWaRrIpoFitibhaivrrges ®ikdh \cotiespondvrkast closely
the HFF, additional mineral analyses have been @reead the bulk compositions under consideration. Unfoatefy,
compositionally similar rocks in the Barby Formatj®.g. independent selection of the most suitable Kd aliog
olivine, andesine and titanomagnetite. In additianaly- individual stages of magmatic differentiation in F@d
ses are supplemented by mineral data, from calglintk AFC models has the drawback that the Kd's chosep ma
rocks where applicable, reported by Detal.(1966), Reid not show strong compositional dependence in theguges
(1977), Gill (1981), MacGregor (1979), Boyd and dlix from basaltic andesite to rhyolite. Neverthelesipdion
(1973) and Erlanket al. (1987). All these mineral composi-R1 WKH PRVW IDYRXUDEOH .GITWERWRDQ
tions are listed in Table C.8. range generally permits a more conclusive statertebe
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made with respect to the viability of a particutetroge- blages typical of more recent eruptive rocks of pamable

netic model for that compositional range. For ttdason bulk composition (Ewart, 1976, 1979, 1982; Gill,819

two sets of Kd’'s were considered for the relativielyge Pearce and Norry, 1979). Mineral control lines hplaged

range of values published for rhyodacitic to rhigolmag- a preliminary role in the selection of fractionatiphases,

mas. Kd values listed in Appendix m have been ctedpi EXW DUH GLI¢FXOW WR DSSOX WR PXO!
from both published work (Frest al, 1978; Hanson, 1978; The process of closed system fractional crystdibgais

Pearce and Norry, 1979; Le Roex, 1980; Henders®84;1 here considered to infer the continuous removéioidus

Nash and Crecraft, 1985) and an unpublished cotigila phases from the melt. The fractionating phasest tite-

by Ewart and Duncan (pers. comm., 1987). portions and the degree of fractional crystallmathave
been calculated using Le Maitre’s (1981) least segianix-

6.2 CLOSED SYSTEM FRACTIONAL ing approximation (GENMIX). These parameters, obtained
CRYSTALLISATION (FC) by choosing suitable combinations of major oxidesole-

rock and mineral compositions, may be further used

Bulk compositions chosen for modelling closed systepredict trace element concentrations in the dexiganelt
fractional crystallisation (FC) match samples wHielcon- assuming Rayleigh fractionation. The applicableatipns
sistently close to their average trend lines, heterpreted are described in Arth (1976).
to be liquid lines of descent, in variation diageamccord-
ingly, these samples are thought to be largelyfentdd by 6.2.1 Basaltic andesite to andesite (BA-A)
crystal accumulation (also see discussion in Seddal).
Fractionating mineral assemblages have been chasen The progression from basaltic andesite (BA) to aitde
cording to petrographic evidence where possiblé,this (A) has been investigated by considering threeestagz.
FKRLFH KDV EHHQ IXUWKHU L QGiX BAQABAG\BBEA & BAR FHe oBsarv@i\phenocryst as-
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semblage in basaltic andesite is plag + cpx + rotvéter,

from basaltic andesite to andesite is thereforesickemed

pseudomorphs and pseudomorphic aggregates supgestless feasible than that of a changing phase asagebbut

an additional ferromagnesian phase(s) was prepesiia-
bly olivine, or orthopyroxene and hornblende. Adiddnal
ferromagnesian phase is also required by consideraf
the observed assemblage in the context of minenatral
lines (Fig. C.56). Fractional crystallisation ofetlassem-
blage plag + cpx + mt indicates that the predomieaof
plagioclase required to produce thg@}SiO, (BA-ABA-
A) path would result in a greater depletion in Cid@n is

is included here for later comparison with AFC misde
Selected trace elements have been modelled fatége
es BA-ABA and ABA-A and the predicted results prasel
LQ 7TDEOHV & E DQG &
stage the predicted depletion in compatible elemént,
Co, V) is greater than observed, while the degfemdch-
ment predicted for K-group elements (K, Ba, Rb,mttSr)
is generally too high. However, since we are deglirith

W KHD @GV J

displayed by the CaO-Si®ath. metamorphosed rocks, more emphasis should be ptated
In addition, then, to the established assemblagg p WKH SUHGLFWLRQV RI UHODWIHQUIORKLP P
cpx + mt, the phases ol, opx and hbl need to bsidered. elements (HFSE) as advocated by Pearce and N&?d]1

7KH OLNHO\ IUDFWLRQDW L QB RIpMWwWReEso@hleHadreen@it begtwied w¢tual Rnd modediedistr

by using mineral control lines due largely to thaiation LV HYLGHQW IRU WKH ¢UVW MYWIRIGHY L Q JY |
in mineral compositions. Olivine is probably onlyepent
in the early stage of fractional crystallisationA®BA),
thereafter reacting with the increasingly silicehrliquid to
form orthopyroxene. Hornblende is probably absemindy
the onset of crystallisation (< 56% S)Gnd is generally
thought to be absent in view of petrographic evigerhe
most likely additional phases to be considered trere-
fore, olivine in the stage BA-ABA and orthopyroxeanghe
stage ABA-A. The presence of apatite as a fractinggor
accumulating phase) is a further possibility inwief the
variation in BO, from BA to A.

Tables C.9 to C.11 illustrate the best (i.e. lowesidu-
al sum of squares; Le Maitre, 1981) least squaremq
models for three possible stages of fractional tatlisa-
tion in the passage from basaltic andesite to atedés the
progression from BA to A via ABA, the change frorfrac-
tionating assemblage of plag + cpx + ol + mt (BAABo
plag + cpx + opx + mt + ap (ABA-A) is accompanigddn
increase in the degree of fractional crystallisafrom 26%
to 41 %. An even greater degree of fractional etjisation
(52%) is required if this progression is consideasd sin-
gle step (BA-A). The fractionating assemblage ptagpx
+ ol + mt + ap also indicates that olivine persaspite the
high silica content of the liquid. A single-stageokition

Nb, Y and Zr as well as in plots of Nb, Y and Ti@painst
Zr (Fig. C.57).

In the second stage (ABA-A), it is again evideratthoth
compatible (except V) and K-group elements can bt
satisfactorily accounted for by a model of fractibarystal-
lisation alone. HFSE (except Ti) generally dispeayich-
ments which are greater than predicted and mayesigg
crystal accumulation of an accessory phase (e@przj not
accounted for in this model.

6.2.2 Andesite to rhyodacite (A-RD)

$
for this stage owing to pervasive deformation amdamor-
phism of most andesites in the HFF. The assempkege+
biot + gtz + mt + cpx is observed in a few andesdethe
central locality and may be considered relevaiatip proc-
ess of fractional crystallisation. Hornblende, aiigh not
observed, is considered a likely additional phageims of
comparison with high-K andesites reported in tterditure
and in view of compositionally and texturally siarilhorn-
blende-phyric trachyandesites in the Barby Fornmatiche
appearance of apatite as a fractionating phadeeiprevi-
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ous stage (ABA-A) is also likely to persist in thsgage.
The chosen fractionatcing assemblage plag + cpiot+b
hbl + gtz + mt + ap is presented in Table C.12tdgether
with a least squares approximation for the majemaint
modelling.

While the low residual sum of squares (0.007) abpbly
due to the large number of phases in the chosemdsage,
the high degree of fractional crystallisation (49%dhought
to be likely in view of the highly phyric nature die an-

predicted. For the stage RD-R2, modelling of a tgmea
number of trace elements yields worse predictianstie
K-group elements, but slightly improved agreememt f
the compatible elements if the low levels of aburoda
are taken into account. The HFSE (except Y) shoveate
able agreement. However, examination of the rhyaldta
cloud (Fig. C.57) indicates a variation for mangreénts
which is far greater than that of the target saspleosen.
Taking this scatter into account suggests thatvération

GHVLWH ARZV 7UDFH HOHPHQW)PRGod GréattQde ac¢ddim@dfo&kby a FE models Téwture

C.57) reveals reasonable agreement for the K-gedap

is particularly well illustrated in plots which uge as an

ments (except Ba), LREE and HFSE, but poor agreeméardex of magmatic fractionation (Fig. C.57). Theiation

for most of the compatible elements. The latteriakgn
is largely the result of the high Kd’'s considerdcly in
W K H
tion of these elements due to high bulk D’s. Whéatted
DIJDLQVW =U
relatively immobile element, to alteration. Accordly, in

in immobile element ratios (e.g. Zr/Y, Zr/Nb) imgd by
the compositional variation of the rhyolites suggethat

IHUURPDJQHVLDQ SKDVHG H K RaHBtier Fadtdrn\oHvoceds,) @they EBrgfiattiongtallisa-

tion, was the dominant control.

LW LV GLI¢FROW WWWHIODDNVH WKH GHSOHWLRQ

6.2.4 Discussion

order to accommodate a FC model it appears negegsar

invoke the accumulation of an accessory phase fochw
has a high Kd, e.g. zircon. Alternatively, Kd vaduesed 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 stagp-
resents an attempt to account for the variabilitgomposi-
tion within the rhyolite group. The fractionatingsemblag-
es chosen are based only partly on petrography gwan
widespread recrystallisation in response to deftionand
metamorphism. However, by taking into account taeire
of the fractionating assemblage for the previoaget it is
possible to make only slight changes in order tostact
an assemblage which differs little from calc-alkalirhy-
odacite phenocryst assemblages reported in theatlite
(e.g. Ewart, 1979, Pearce and Norry, 1979).

The two FC processes investigated here argue ifghts|
ly different fractionating assemblages (d. Table$3Cand
C.14). The major changes relative to the previdcages(A-
RD) involve the loss of hornblende as a fractiamgatphase
in the stage RD-R1 as opposed to the loss of cjirop

If it is assumed that there is some latitude in riiedel
parameters chosen and allowance is made for tleetsff
of deformation and metamorphism, then it seemsoreas
able to suggest that closed system fractional alysdtion
could have operated in order to produce the conipasi
variation from basaltic andesite to andesite (aassibly
rhyodacite) in the HFF. However, continuation astproc-
ess to produce liquids of appropriate rhyolitic garsition
is not favoured by petrogenetic modelling. It fentlappears
likely that at least some other additional processst have
occurred in order to allow for the variation int@én immo-
bile elements, e.g. Zr and V, in the sequence BR.to

Consideration of the overall trend from basaltiden
site to rhyolite as a function of increasing Zr tan
illustrates several points by analogy with bothesleed and
modelled fractionation trends reported by PearceNorry
(1979):

L 7KH FKDQJH LQ FU\WWDOQRQRQJ P

roxene-dominated (basaltic andesite-andesite) tphém
ole + biotite-dominated (andesite-rhyodacite) ie tHhFF
UHAHFW \,JrLtBekrkelgm8, possibly as a result of the
increasing involvement of continental crust.

ene in the stage RD-R2, and the appearance of Kispa (ii) The compositional variation in the rhyolites terms

both RD-R1 and RD-R2. While both biotite and hoertule
compositions (Table C.8) exhibit an expected emnieht in
Ti in progressing from rhyodacite to rhyolite, thecrease
in Fe/Mg ratios in both phases is not easily exgdi The
relatively calcic plagioclase (Ap in the fractionating as-
semblages is questionable in such silica-rich dgquibut
adoption of more sodic plagioclase compositions mais
proved as effective in modelling the FC processil§vine
fractionating assemblage used in modelling theesRRD-
R1 resembles the petrography more closely, theutzkxd
56% of fractional crystallisation may be less retidi than
only 42910 fractional crystallisation calculated fioe stage
RD-R2.

Trace element modelling for these two stages isged
in Tables C.13 and C.14, and Fig. C.57. For thgesRD-
R1, acceptable predictions are obtained for bothréiip

of Zr and Y may be caused by a varying proportibain
con and hydrous phases in the fractionating assagabl
Variability in both Y and Zr has been variouslyréntited to
amphibole (Browret al, 1977) and biotite + zircon (Pearce
and Norry, 1979) in fractionating volcanic-arc ggit

(iii) The initial decrease in Ti with increasing Zmay
continue to decrease with decreasing Zr in rockeofe
acid composition. This trend is shown by severatiéam-
type arcs (e.g. Chile) and is attributed to incireg@smphi-
bole and biotite crystallisation by Pearce and Morr
(1979).

(iv) While an overall trend of increasing Nb wittcreas-
ing Zr is evident for the HFF, scatter within thyolites is

VLIQL,FDQW &RPSOH[ FOXVAWHWHUR KX S

Nb have been recorded for suites from Andean-type- m
gins and are again attributed to the importancanophi-

elements (except Th) and HFSE (except Zr). Comfeatitbole and biotite + zircon as crystallising phasg$karce
HOHPHQWY KRZHYHU VKRZ VLW® R2@QFNObOWIOT)OHVY GHSOHWLRQ
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Consideration, then, of both the overall and stagstage
evolution of the HFF volcanics suggests that clasedem
fractionational crystallisationsénsu strictp was unlikely
to have operated subsequent to the derivativediggech-
ing an andesitic composition. Therefore other pgenetic
models need to be evaluated.

6.3 ASSIMILATION-FRACTIONAL
CRYSTALLISATION (AFC)

of F, r and the residual sum of squares obtainedfe-
liminary assessment of the stages BA-A, A-RD, RDaRl
RD-R2 are given in Table C.15. Only data for therene-

alistic models are presented in Tables C.16 to C.21, while a

comparison between AFC and FC models is illustréoed
the stage BA-Ain Fig. C.58.

6.3.1 Basaltic andesite to andesite (BA-A).

Low initial R values (0.70305 + 17) for the composition-

The AFC model considers combined wall-rock assimilal range BA-ABA suggest that assimilation did hot@m-

tion and fractional crystallisation operating sitameously
in a magma chamber. Quantitative modelling of tteam

pany fractional crystallisation at this early stagkhough
no increase in Rwould be expected if the assimilant con-

HOHPHQWY KDV EHHQ FDUULHGR @sistegd of wdgénatichyBlRe@Lsintild® ageHGdwsktion of
of Le Maitre’s (1981) GENMIX program (Duncan, persthe stage ABA-A yields poor model predictions fdiraes-

comm., 1987) with selected whole-rock, mineral asd

similant compositions as input parameters. Leastisep
approximation of these parameters enables estimatbe

degree of fractional crystallisation (F) and thgarassimi-

lation rate / crystallisation rate (M1 = r). The trace ele-
ment composition of the derivative liquid may bécaoat-

ed by using estimates of these parameters in thatieqs

published by De Paolo (1981).

A wide choice of potential assimilant compositiomas
considered in order to take account of the lithaajver-
sity in the AMT (Table C.7). These assimilants uugd
representative compositions from the “basement’niéu
Tonalite Gneiss) and “cover” (HFF rhyolites R1 aRrd,;
HFF rhyodacite RD) as well as averages for the yppe-
er and bulk continental crust (Taylor and McLenrEg85).
Apart from the composition of the assimilant, itiear that
the overall composition of the fractionating asskmge

similants, often resulting in negative values ahd unreal-
istic amounts of fractional crystallisation. Accorgly, the
more general case of BA-A has been modelled udieg t
same basic parameters determined in the FC modelgT
C.9).

The most successful AFC models for this stage hidive
lised the HFF rhyolites as assimilants. Slightlyt&eresults
are yielded by the rhyolite sample R1, which inthsaan
AFC process involving moderate degrees of assitiora

U DQG
ter agreement for most major and trace elementsttizse
predicted by the FC process (Table C.16, Fig. C.68n-
sideration of average lower crust as the assim{lan©0.37;

) \LHOGV D SRRUHU PR ®MA ¥ M WRU

R1, but generally improved predictions for complatiéle-
ments (e.g. Ni and V) - Table C.17.
Relative to the predictions of a FC model, the ARGdel

ZLOO LQAXHQFH WKH YD O XHVRRIDEBEMKer )aieQ@addouidtid the) aEa\elementeotia-

assemblages utilised in AFC models are the santkeoas
determined for FC models, since these assemblapesa
basis in petrography and enable direct comparistween
FC and AFC models.

As will be shown, with the exception of the stageni
basaltic andesite to andesite (BA-A), consideratidna
wide variety of assimilants is generally not aldénprove
substantially on the predictions of pure FC modetdues

tions in andesitic derivative liquids. The compiusial var-
iation in the rhyolite group allows for consideralthtitude
in the model predictions, but is not able to ac¢danthe
relatively high levels of compatible elements irdesites.
A possible explanation is that admixtures of annaant

similar in composition to the lower or bulk crustve been
able to contaminate the magma with respect to sleh
ments as Ni, Co and V. Alternatively, some of theaga-
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tions may be due to changing physical conditiong, k&d 6.3.3 Rhyodacite to rhyolite (RD-R1; RD-R2)
Ni values for olivine decrease with higher temperat
while Kd V values for magnetite increase with iresiag $VVLPLODQWY ZKLFK EHVW ;W WDQ $3

P,,o @nd oxygen fugacity (Glikson, pers. comm., 1989). and bulk crust averages for RD-R1 and lower ank bulst

averages for RD-R2. In the stage RD-R1, using loulist

6.3.2 Andesite-rhyodacite (A-RD) as an assimilant requires moderate degrees of foath
WLRQDO FU\WWDOOLVDWLRQ §8 DQ

With the exception of the assimilant R1, all othesimi- but predicts trace element abundances which arergky
lations modelled (including R2) infer around 50%dtion- less acceptable than those obtained using aFC madel
DO FU\WWDOOLVDWLRQ DQG ORZ GHRWHIRBWERYVWDVSEHOMDW RRQ@QVKLYURRG&HO
for the stage A-RD. In other words, there is littlgfer- ment achieved in the compatible elements relativéhe
ence between the bulk of these models and the Fd€2imd=C model (cf. Tables C.13 and C.20). Using uppasftcas
for this stage. However, by using R1 as an assimpithe an assimilant in the same stage requires a nelgigddue
APC model indicates a low degree of fractional alfsa- RI U § WKHUHE\ LQGLFDWHRW LDY H&O
WLRQ 8§ DQG FRQVLGHUDE OHV b MiWddRrtaroiatgn. RQ U §
this large degree of assimilation, predicted tralmment  In the stage RD-R2, neither lower crust nor bulkstas-
abundances differ little from those obtained wieaetion- similants predict more acceptable trace elememaddnces
al crystallisation is dominant (cf. Tables C.18 a@d9). compared with FC models. However, once again ciie
Such lack of constraint does not allow for a deeisihoice QL ,FDQW HQULFKPHQW LQ WKHHYHPED
between models, but does suggest that the compasiti DQG 9 VKRZV JRRG PRGHO ¢(¢WW &Q ERW
variability of the rhyolites is capable of accoungtifor sub- and C.21).
stantial variation in the parameters F and r.

Consideration of the HFSE alone indicates thathibst 6.3.4 Discussion
PRGHO ¢W LV DFKLHYHG E\ XVLIXJ DYHUDJH ORZHU FUXVW D
similant. Compatible elements remain problematosyév- Considering the variety of assimilants used for AlRC
er, since small degrees of assimilation of the catibfe el- models tested, and the large degree of fractiayatallisa-
ement -rich lower crust are not able to enrichdegvative tion from andesite to rhyolite in the HFF, it iggested that
OLTXLG VXI¢FLHQWO\ DQG L @& PWDAECYhiddels \arenBt aDIR W satidfadtdlyHaccowntthis
well as the FC model. The less than predicted Nhdbnce overall variation. Furthermore, trace element mibaig!
is somewhat anomalous in this respect, but it igartant indicates that FC models are in general able ttebete-
WR EHDU LQ PLQG WKH YHU\ QRZ HEH$tQnELQAtIOI VI ardpedtet ety Of Rriedéements
2 ppm). (especially immobile elements) than are APC modete
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negligible assimilation implied may not explain ssgom-
patible element concentrations which appear toirecan
additional process or explanation.

The progression of a derivative liquid from a b&isan-
GHVLWLF 8 WR6D® GHVLW)cBm@sition

FRPSRVLWLRQDO YDULDWLR®Q WRWKIS W
duce by either FC or APC modelling.

6.4 MAGMA MIXING
6L2

may be more successfully modelled by assuming @b &%  The interbedded nature of basaltic andesite andlitby
opposed to a FC process. However, the better agmenin the HFF clearly allows for the possibility ohgdle mix-

obtained by APC modelling of the stage BA-A is deghe
ent on an assemblage which requires olivine toigteas a
liqguidus phase to a fairly siliceous bulk-rock carsftion.
While olivine phenocrysts have been observed inean

ing between these “magma” end members in ordeeto g

erate the intermediate compositions observed. Bed#er

in variation diagrams (Section C.4) is able to awowdate
da linear (i.e. mixing) relationship for most mapmd trace

ites containing 60% Si{at Paracutin, Mexico (Gill, 1981, elements. In addition, calculated mixing lines (gamir et

p.182), it is not clear whether or not these pheysis are
in equilibrium with their host rocks. Olivine stdiby in the
stage BA -A does, however, appear likely in viewkoakhi-
ro’s (1975) observation that the stability of ofieiis en-
hanced in high-K suites due to a decrease in thieitgoof
silica as a result of increased water and alkalieots.
While accepting the probable assimilation of rhieo
or rhyolitic crust in the passage from basaltic esitd to
andesite, Rvalues (0.70305 + 17 for basaltic andes
suggest that such assimilation operated largethenlater
stages, viz. acid basaltic andesite to andesitboAgh the

al. H[KLELW FORVH (WV WROWRWHRW
SiO, YHUVXV 0J 0J )H )L & 6LJIQ
ever, mixing cannot easily explain the non-lineand of
data in several variation diagrams, especially ¢hingolv-
ing relatively immobile elements, e.g. 8., Nb and Y. The
incorporation of intermediate compositional datnirthe

i+,6 GRHVY KRZHYHU ZLGHQ WHRKWHO& WWRD
allow for mixing in the case of Nb, but not,8L, or Y.

ite) Magma mixing is here considered to include both the
mixing of magmas (so-called hybridisation) and bwk
assimilation of crustal rocks, i.e. without accomygiag FC

contamination of andesite by a compatible element-eThe process has been modelled according to theragene

riched assimilant could explain the relatively higdmpat-
ible element abundances, it is important to notg toth
rhyodacitic and rhyolitic derivative liquids aretter ac-
commodated by FC models. As noted previously, tbad

mixing equation of Langmuiet al. (1978). The probability
of mixing between essentially contemporaneous magma
considered to be greater than any process invothi@gulk
assimilation of “cold” country rock, and feasibledemem-
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bers in this mixing process are suggested by thewing
lines of evidence in eruptive rocks of the HFF:

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 proporti
2:1 produces an andesite in which the trace elentardgen-
trations predicted again compare favourably withitalues
obtained by FC modelling for the comparable sta&A
A (cf. Tables C.11 and C.23). Concentrations ofdrale-
ments which are better predicted by the latter rhiodéude
Y, Co, V, Ba and LREE. Although not strictly comphle,
trace element abundances predicted by the AFC nfodel
the stage BA-A using R2 as assimilant (not preseheze)
are similar to slightly worse in the case of Nb, ISr, Co
and Ba than those obtained by the mixing of ABA &l
(Table C.23).

Reasonably good mixing models (especially with eesp
to the HFSE predictions) may also be obtained donlzina-
tions of basaltic andesite/acid basaltic ande&8#/ABA)
and rhyodacite (RD). These mixes are, however, givlyb

K\SRWKHWLFDO DQG GR QRWED 3HIDIBU W I

or petrographic evidence. Accordingly, these moddls

L ;HQROLWKVY SRVVLEO\ A DR B@Q bealissussed furtherfinl this Btvdy.0 W L
GHVLWH LQ S\URFODVWLF UK\ROLWH ARZV

(i) Xenocrysts of quartz together with pseudomargli
ter olivine in basaltic andesite.

(iii) Light coloured (more silica-rich) globules irhyo-
dacite.

(iv) Composite dykes consisting of cores of rhymkind
margins of dolerite.

6.4.2 Mixing to generate rhyodacite (RD)

Mixing of basaltic andesite (BA) and rhyolite (Rdjo-

GXFHV UK\RGDFLWH LQ ZKLFKDFFMBW HO

able, particularly when one considers relativelyniafbile

oxides such as Ti(QTables C.24 and C.25). Mixing of BA

6LQFH WKH G\NHV DUH FRQVR & @ UsaGRWRhE&Eapprokinate prepdrgow 10A predicase ele-

than the HFF volcanic succession, the end memibesen
for evaluation of the mixing process are basaltidesite/
acid basaltic andesite (BA/ ABA) and rhyolite (Brid R2).

ment values which are generally worse than in Bestage
$ 5
mixing model (cf. Tables C.12 and C.24).

7KH SURSRUWLRQV RI WKHVHWIQG \WPEipng afacid Basaltickangasite WABAY\and rhyol{fe2)

get compositions of andesite (A) and rhyodacite \RBre

in the approximate proportion 1:3 predicts tracemednt

¢UVW DSSUR[LPDWHG E\ XVLQRD @BppdweswhiciDaseHvbetRrrRgrEementhanrdticp

the major elements. The proportions thus estimatedhen
used in the general mixing equation to predictédrate-
ment abundances in the target compositions (Tablag
to C.25). Discussion below is largely restrictedraxe ele-
ments due to their greater variation, but it shdugdnoted
that major element predictions are invariably wotisan
previously discussed models.

6.4.1 Mixing to generate andesite (A)

Mixing of basaltic andesite (BA) and rhyolite (R) or-
der to produce andesite (A) enables direct compangth

tions of a FC model with respect to Rb, Co, V, 8¢ BREE
(cf. Tables C.12 and C.24). However, poor majomglet
agreement was again used to calculate the mixingagor
tions.

DQG SURYLGHV VXI¢FLHRWWKRWXQCG

3RRU PRGHO ¢WV QRW SUHVIQBIBHG Kt

for the mixing combinations of andesite (A) and otite
(R1/R2).

6.4.3 Discussion

ODJPD PL[LQJ LV GLI¢FXOW WEBRYDOXD

sitional variation (scatter) within end memberste HFF

the stage BA-A in both FC and AFC models. Mixing BAolcanic suite. While a non-linear relationship several

and R1 in the approximate proportion 2:1 yieldsaades-
itic mixture with trace element abundances whicimpare
favourably to those predicted by a FC model.

variation diagrams (e.g. AD,-SiO,, Y-SiO,) indicates that
VLPSOH PL[LQJ FRXOG QRW KDYH
samples, choice of other samples does allow theesm

Comparison of Table C.9 with C.22 shows that far tHo have taken place. The plot of Si@&rsus Mg/(Mg + Fe)

trace elements modelled, only Co and Ba conceatratian
be more successfully modelled by a FC processadtilsl,

(Fig. C.59) illustrates that a family of such migicurves
may exist in order to satisfy this process. Whéie gpe-

RFF X1

however, be noted that FC modelling over the smalléL¢F VDPSOHYV FKRVHQ IRU PRIGHHOLOLQJ

compositional range ABA-A predicts better agreenfent
Y, Ba, Th and all the compatible elements than does

ing (cf. Tables C.11 and C.22). Furthermore, thefegred
model for the stage BA-A is an AFC process (usidgaR
assimilant) which predicts better agreement fotradltrace

ent variation diagrams, it is evident that the pmipns of
mixing are not consistent between the plots. Thiseova-

WLRQ LV SDUWO\ UHAHFWH®&R L TWIOK KD\D L

obtained by least squares approximation of the malg-
ments.
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Several trace element abundances (e.g. Nb, Sndiesite intermediate compositions in volcanics of the HB&ch
may be more successfully modelled by mixing of bia&sa processes may have acted in conjunction with foaeti
andesitegensu latpand rhyolite than by such processes asystallisation and assimilation in producing tHeserved
fractional crystallisation and assimilation- fractal crys- liquid line(s) of descent.
tallisation. A similar observation is made for adances Choice of end members in the mixing process habeen
of certain trace elements (e.g. Co, V) in rhyodacithe rigorous largely due to the metamorphic characfethe
implication of these models is that although mixprgc- intermediate rocks, especially the andesites. Euntbre,
esses are not capable of producing completely ¢éisgretl the study suffers from the lack of such diagnostiitience
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as disequilibrium phenocryst assemblages and igottgta preeruption Fg, /FeO ratio of 0.3, which yields a mean
for the intermediate members. The likelihood ofemsive Mg-number of 62 + 5 for the basaltic andesites.ighér
mixing between basaltic andesite and rhyolite rtalet into  Fe,O,/FeO ratio of between 0.6 and 0.7 is determined by
account the inhibiting viscosity difference (cf.rier and using the method of Le Maitre (1976) and will leaadMg-
Campbell, 1986) between these liquids. Sakuyam84)19 numbers which are commonly greater than 67. Sugh hi
suggested that such mixing may occur if basic magirme  0J QXPEHUV SUREDEO\ UHAHF WORN HE D\
jected into an acidic magma chamber, thereby ergdtie tion and so Gill's (1981) recommended,&¢FeO ratio of
motive force for convection. Experimental work (Kdii 0.3 has been adopted.
and Sunagawa, 1985) has shown that basaltic aritcdad’he composition of BH 694 (BA), a “high-Mg andesite
magmas may be easily mixed. By analogy (i.e. sinvils 0J2 VDWLV{;HY QRQH RQWBH F
cosity contrast) basaltic andesite-rhyolite mixethie HFF peridotite-derived primary melt, viz. FeO*/MgO < NMg-
may have resulted in the occasional presence ofix@im number > 67, and Ni content > 100 ppm (Gill, 198255).
felsic globules in rhyodacite (cf. Section C.2). Nevertheless, consideration of all basaltic andesit the
Given the above evidence and the rather poor data cHFF indicates that several samples do satisfy thetaia,
straints, it is clear that magma mixinge@isu lath cannot but are unfortunately more intensely metamorpho3ée.
be excluded as a process in the petrogenesis ofiftte high-Mg basaltic andesite BH 598 (MBA) exhibits #ie
eruptive rocks. However, the binary mixing modedediin above properties of a primary melt and will therefde
this study are probably unrealistic in view of amgany- discussed along with BA.
ing fractional crystallisation and crystal dissadut (Gill, Moderately high Ni and Cr contents (see Section
1981). While Sparks (1983) maintains that the nmigjaf C.4.3.1.3) in many basaltic andesites imply théissantial
volcanic rocks show evidence of magma mixing, Sakug fractional crystallisation of olivine and pyroxehas not
LV PRUH VSHFL¢F LQ UHJDU Gdc@réd.PARKbEdD pRagiptlesé friadtionation is gesfed
tween highly contrasted compositions as one ofrtipor- by slightly negative Eu anomalies for both MBA &kiBlA,
tant characteristics of arc volcanic rocks. Sr abundances appear too high for this to have a@eajor
process, thereby inferring the susceptibility oftBaltera-
tion (Glikson, pers. comm., 1989).
6.5 PARTIAL MELTING (PM) The possibility of generating a primary partial thalba-
saltic andesitic composition from a mantle soureewves
7TKH GLI¢FXOW\ LQ UHODWLQREDWipiom theQeRpdnmend Work Qf B1yseld and Boe
of the HFF to each other by FC and AFC processeagly tcher (1975). These workers have shown that ovenatzd
suggests independent derivation of these magma tyfje andesitic magma can be produced by low degreeartiip
relative uniformity in composition of most basaltindes- melting of garnet lherzolite under vapour preseondi-
ites infers a broadly homogeneous source, whilectima- tions at pressures of up to 25 kb.
positional diversity of the rhyolites is more cortipke with A pyrolite source composition (Ringwood, 1979) was
a heterogeneous source composition. Emphasis avére chosen in order to approximate the degree of nteltex
ageR YDOXHV IRU WKH +)) HUXS W-L YgHirdd RoFg¥oduceadasallic @mtlese\ ntagma. Degree
SODQDWLRQ LQ PDQWOH DQ GG FItH)OwWltB@of 2R And E ¢4 Yor BR dndPNIBA FreBp@ctivelgre
magmas, respectively. However, magmas producedby palculated for KO on the assumption that all theKenters
tial melting undergo fractional crystallisation@ute to the the melt. These estimates are regarded as low auddw
VXUIDFH WKHUHE\ PDNLQJ EXVG L RypidROy\\esWt i naadiBds of indréalicaling (andersatu-
these processes. Partial melting models will besicamed rated) compositions than are observed. In viewrobable
for each end member of the HFF before considerihgtw mobility of K in the basaltic andesites, possibyaresult
LI DQ\ PRGL¢{¢FDWLRQ RI WHKH [RULGH EX&@AED R, Ondlt\fadtids @fHEtBadiG5% and 20%rew
GHULYH WKH REVHUYHG FRP¥RYV L Wddpt@d/inRHe WiddelligQ@Dboth@IA aXd_NEBA as [@rt

melts.
A model pyrolite source composition of 58% olivine,
6.5.1 Basaltic andesites 15% orthopyroxene, 14% clinopyroxene and 13% garnet

was determined by using the least squares appafd®iy-
an et al. (1969) to estimate the source mineralogy (Table
(i) Basaltic andesite as a primary magma C.26). Phase compositions used in this calculatieristed
Mantle-derivation of HFF basaltic andesiteifisu latp in Table C.8 and were obtained from peridotite Xithe
parental magmas is indicated by the loy(®70305 + 17). in kimberlite pipes from southern Africa (Boyd aNgon,
The primary nature of basaltic andesite may betguresd 1973; MacGregor, 1979; Erlandt al, 1987). Phlogopite
in view of Mg-numbers which are generally less tlan and ilmenite, although present in the pyrolite seuconsti-
TXLUHG YDOXHV RI = *LOOLQ HTYXWHRQWVPHOQWYFDQW SURSRWUWUWPRQY
OLEULXP ZLWK XSSHU PDQW O HWRKHLtieLreskdMum pRer the meltihg Yadde being carsid.
Fe/Mg Kd olivine/liquid = 0.3 (Roeder and Emsli®7D). These phases are not, therefore, included in ttetipe py-
However, calculated Mg-numbers depend on the chogetite source. One feature of the above calculatsothat
FeO, )H2 UDWLR D UDWLR NQRZQ VitRtilgas R&O V & MQQ gakhbrQhan tidibdiviziuatides
tion in andesites. Gill (1981) recommended adoptiba in an attempt to make allowance for the partitignaf Fe

131



PART C: LATE-STAGE CRUST

132



6. PETROGENESIS OF THE HAIBER FLATS FORMATION

and Mg between the melt and restite during melththe plagioclase. Alternatively, a basaltic magma pakta the
source mineral assemblage (Gzbal, 1984). HFF basaltic andesites must be assumed to be tbasad
Quantitative trace element modelling of partial timgl by relatively high abundances of MgO (>> 6.5 wt. &
has been carried out based on the model pyrolitgcso the compatible elements and low,@] (< 15 wt. %). Such
composition in Table C.26, while melt proportionre ap- basaltic magmas, although reported from primitisiand
proximations based on realistic melting modes (tkla arcs (Cox and Bell, 1972), appear to be absent froyst
pers. comm., 1989). The exclusion of olivine frdra melt- island arcs and active continental margins. Fraetfiarys-
ing mode is based on the assumption that this phéke tallisation of such anomalous magma using the askeya
QRW FRQWULEXWH VLJQL ¢ FDWQ WDRDWER oK tpx P-H® Wouldl @rébaiiK [pdliuce & deriv

sion merely complicates the calculation. Resulespented
in Table C.26 are based on Kd’s from Fegyal. (1978) and
Le Roex (1980), and have been calculated accotdirige
equilibrium partial melting equations of Shaw (1970 is
realised that more elegant models can be usechhtttie

tive liquid similar in composition to HFF basalaadesite.
The relatively high K-contents of HFF basaltic asites
further suggest that the parental magma was noinaapy
magma, since the latter would require a very logrde of
partial melting of an “enriched” pyrolite sourcethvionly

ranges in trace element variation do not warrachsap-
proaches. Trace element abundances in the pysditece
(Table C.7) are assumed to be chondritic, exced®band
Nb, and are based on data published by [Etegl. (1978) (iii) REE considerations
and from Erlank (pers. comm., 1989). As argued above, HFF basaltic andesites displaypoem
Trace element data presented in Table C.27 illtespaor  sitional features which suggest that no extensiaetiona-
agreement between observed (BA and MBA) and prediction of the assemblage plag + ol + cpx + mt hasioed in
abundances for between 5% and 20% melting of arfchdhe parental magma. Separation of considerably tless
dritic” pyrolite source. Incompatible elements déspin- 40% solids (the maximum considered by Gill, 1984) i
VXI¢FLHQW HQULFKPHQW LQ WK HH/BiHEf b el toidue@dtuirer Rl DhW Wweldd, espe-
PHQWYV 1L &R DUH LQVXI¢ MH Q WWBislIGimtBetabsdhee®f hapnblémdel af dfractioggthase,
but show reasonable agreement with MBA. While tatad have a major effect on the REE pattern. Since Rétiabe
do not allow for rejection of a pyrolite sourcegtprob- as incompatible elements, it is possible to baclctdate
ability of basaltic andesite (in particular BA) repenting a the mantle source composition in the absence oinaapy
primary liquid in equilibrium with a “chondritic’@mposi- magma. The results of these back-calculations naisgus-
tion seems small. 20% batch melting, are presented in Table C.28ifgi-Mg
Mantle enrichment has been invoked by numerous wothasaltic andesite and illustrated in a chondritevadised
ers in order to explain both observed and calcdlateun- plot (Fig. C.60). The similarity in REE patternstiveen
dances of primary partial melts (e.g. Frey al, 1978, MBA and ABA suggests that these magmas were derived
Boettcheret al, 1979; Menzies and Murthy, 1980; Erlankrom the same source, albeit by slightly differdagrees of
et al, 1987). An arbitrary value of 2.5 times chondrisc melting and accompanying fractional crystallisation
adopted for the enrichment of incompatible eleméimts  Chondrite-normalised REE patterns show that foruabo
cluding the volatile element Rb) in the pyrolitauste (see 10% partial melting (i.e. intermediate to the patteillus-
Frey et al, 1978). Trace element data for 5-20% meltingated in Fig. C.60), the mantle source is enricimedoth
of this “enriched” source is presented in Table?Cshow- LREE (3-5x) and HREE (2-7x) relative to chondrigloun-
ing that while predicted abundances are considetadtter dances. While LREE enrichment is of a similar ortdethat
than those for the same range of melting of a “dhitic” commonly quoted for enriched mantle in the literat(e.g.
source, most of the incompatible element abundaees Freyet al, 1978), the HREE enrichment (particularly Lu)
cept Nb and Y) are still too low. is noticeably higher. Despite assuming a greatetrim-
tion by garnet to the melt, the source remains aiously
(i) Basaltic andesite derived from a parental melt enriched in HREE relative to chondrites and maydat
The poor correspondence in composition between pitirat the amount of residual garnet is less thamrasd.
mary mantle (both “chondritic” and “enriched”) nelind Garnet must, however, be residual in order to accéar
HFF basaltic andesites suggests that the latterbeage- the relatively steep REE patterns displayed bybthsaltic
rived by fractional crystallisation of a parentadgma. The andesites in Fig. C.60.
GHULYDWLYH QDWXUH RI ED\RDDY\DLOABOMKIFE ALY/ RER abuGdaheeB X Chdhdrites diky

0.07 wt.% KO.

guantitatively in view of the wide choice of mogeram-
eters. Gill (1981) concluded that by far the masihmon
and extensive process of andesite derivation i$-49%
crystal fractionation of the phenocryst phases plagx/ol

fer by up to 20% (Nakamura, 1974), the REE enriafinoé
2-7x chondrites in the putative mantle source resabn-
siderably higher than concentration levels of fedicted
by other workers for the upper mantle (Gast, 196&y,

+ cpx + mt from basaltic magma. 1969; Frey and Green, 1974). This discrepancy snfileat
While abundances of compatible elements in basaftic WKH XSSHU PDQWOH EHORZ WKHG$07 P
desite (especially the high-Mg type) appear too high (Talidg processes resulting in strong enrichment anctitmaa-
C.7) to be the result of extensive pyroxene andrwire- tion of REE.
moval, the moderately high Sr contents and slightlgative ~ The above model is problematic in that the assu&x
Eu anomalies argue against the removal of largeuatsmf chondrite enrichment in incompatible elements s tela-
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tabasalt in the early-stage crust of the AMT. TKarab
Complex amphibolite has compositional charactexsstf
arc or back-arc tholeiite (Section C.4) and cowdaiv-
ably have been in an environment suitable for fiansa-
tion into eclogite. The REE pattern for pillowed talgasalt
from the Kairab Complex is presented in Fig. C.6d as
explained above, the incompatible REE can be medell
in the absence of a primary magma. Modelling 02006
batch melting of an eclogite source (62% clinopme,
38% garnet; Yoder and Tilley, 1962) with the REEngm-
sition of Kairab metabasalt is presented in Tah®29CGnd
Fig. C.61. Melting of eclogite results in LREE aldances
which show some overlap with basaltic andesite, gaut
WHUQV DUH VLIJQL¢;FDQWO\ QUIKH&EHQW |
pletion of HREE is predicted. Consequently meltafgan
eclogitic source is considered as unlikely to heagulted
in magmas of basaltic andesite composition. Glikgurs.
comm., 1989) further points out that such a modeuia
require subduction of large volumes of early AMTaltic
crust and production of basaltic andesite by > 78fbelt-
ing - a tectonically and petrogenetic ally unlikgdyocess

tive to the high REE enrichment (2-7x chondrite)rtRer- since liquids would segregate from residue upon hmuc

more, the concave-upward REE pattern of the caledlasmaller degrees of partial melting.

mantle source and | &b, ratio of 1.1 for 10% batch melt-

ing constitute unusual features for a mantle souftes (iv) Discussion

may imply the mixing of at least two distinct geeatical Despite poor constraints on the quantitative maugll

components (cf. Frey and Green, 1974), a posgildift carried out above, several important features eeneiith

(cFXOW WR HYDOXDWH LQ WKWV RIWxddpécttQ thélpdtrogeriedis KHthe BIFFbasaltiesites.

data and relatively poor model constraints. These are as follows:

An alternative source to the high-Mg basaltic andes (a) Basaltic andesites (including high-Mg types) aot
of the HFF is provided by the presence of pillowed- SULPDU\ PHOWY Rl XQPRGL¢HG S\UROLW
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(e) The high Ni and Co contents displayed by higyp-M
DQGHVLWH FRXOG UHAHFW DFRXPXO|
phases.

(f) REE compositions of high-Mg basaltic andesaad
acid basaltic andesite) produced by the proposedeirin
(d) require enrichment of a single mantle sourcaasi-
tion (LREE 3-5x chondrite, HREE 2-7x chondrite).

(g9) REE preclude the derivation of high-Mg basadtic
desite (and acid basaltic andesite) from an edtogdurce
with the REE composition of pillow-bearing amphiib@lin
the Kairab Complex.

6.5.2 Rhyolites

(i) General
The apparently large volume of rhyolites relativebia-
saltic andesites in the HFF argues against a geratition-
ship by fractional crystallisation since this preseshould
result in a felsic end-product which is volumethtiganuch
smaller than the basic magma, even if the proceashied
substantial crustal assimilation (Kleeman, 1965néiyan,
1972). Any melting model for the genesis of the HRio-
(b) Precursors to the basaltic andesites requaemipat- lites must, however, take into account their intiemand
ible element enrichment of the mantle source region interbedded relationship with volumetrically subosate
(c) Enrichment in the incompatible elements BaaSd basaltic andesites as well as the underlying centad
Rb suggests the involvement of continental cru$¢ature crust.
not easily reconciled with the low i the HFF basaltic ~Although the uncertainties in Roreclude any model
andesites. which relies solely on these data, it should beeddhat
(d) The proposed model of 10% melting of “enrichedthese ratios are in all probability different ifydiites and
pyrolite followed by a moderate degree (< 40%) mafcf basaltic andesites are regarded as cogenetic rintiites
tional crystallisation of the assemblage plag ++0dpx + having much higher Rvalues (0.718 + 15) compared to the
mt is similar to the model proposed by Gill (198d) the basaltic andesites (0.70305 + 17). Such high inititios
production of a calc-alkaline trend. cannot be explained by fractional crystallisatiéona, but
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are consistent with an origin by anatexis of olcentinen-
tal crust or by AFC with crust characterised by mhgher
R, values. Rb/Sr ratios in the rhyolites also appeargue
against fractional crystallisation as the domiranoicess in
their derivation, since much higher ratios are Ulguehib-
ited by extensive fractional crystallisation ofdepars in a
granite melt (McCarthy and Hasty, 1976).
The suggestion by Loiselle and Wones (1979) thtpe
magmas may be produced by fractional crystallisatiba
basaltic parent magma is not considered serioustg m
view of the lack of variety of felsic derivativeis ihe HFF
and the volumetric considerations discussed ab®tgpe
compositional characteristics of the HFF rhyoliteay, by
analogy with similar magma types in southeastersiralia
(e.g. Collinset al, 1982), suggest an origin by partial melt-
ing of an anhydrous or granulitic crustal souraerfrwhich
melt has previously been removed. The problem with
posed granulite terrains is that they rarely cdriidighly
refractory residues (Sheraton and Black, 1988)rethye
implying that it is the anhydrous character thatkes
granulites a suitable source for A-type magmash@ligh
Anderson (1983) has suggested a tonalitic to griamidid quartz. The residual rock is a granulite and tlimpgosi-
meta-igneous source as an alternative to granélitgpe tion may be approximated by using Taylor and Mclaaris
melts are essentially the result of the low Kd'4 . &fE and (1985) average for the lower crust. An origin fon@air-
HFSE in melts derived under anhydrous conditionk(G age felsic rocks by partial fusion of lower crustaterial
son, pers. comm., 1989). has been previously proposed (Watters, 1978),Hisiidea
S5HODWLYHO\ PD¢F , W\SH JU B @ H@WaA/Viottheed duhiaitRaxukl ¢stadRIt hidgdbedohat
about 25% melting of a dioritic lower crust (Commstand the maximum pressure of rhyolite generation is &lokb
Chappell, 1979), the water required for such mglpnob- (Fig. C.62) and thus somewhat shallow for an origithe
ably being provided by the breakdown of hydroussgisa lower most crust. Accordingly, the modelling exsecalso
such as biotite and amphibole,®tundersaturated meltstakes into account the possibility that the sowamposi-
generated in the crust may vary in composition ftomal- tion of the rhyolites may be closer to Taylor andLdn-
ite to granite (Wyllie, 1977), the more felsic comsfiions nan’s (1985) estimate for “bulk crust”.
being characteristic of lower pressures. While Qiedipand
White (1974) imply that this compositional rangeynexist (ii) Quantitative modelling
at relatively low temperatures (< 850°C), WylliQgl) in- Three assumptions are made in the quantitativesasse
IHUV WHPSHUDWXUHYV RI XS W KR P nfe&t ofpartial/idetting R thel ciref:¢, F
SRVLWLRQV HYHQ XQGHU UHOH£0NL Y(b)Ohe ek EdriRi>6dlid &sidug \are in equilibriuntilu
conditions. the melt separates, i.e. so-called “batch melti(@tiaw,
Although the presence of some water and volatildbé 1970).
HFF rhyolites is indicated by the occasional preseaf  (b) The source must contain quartz, K-feldspar piad
ELRWLWH DQG WKH ZLGHVSUHING \RgEIXSE 1o idrQeF td fRrin D#ltkof A& RgZaniicX coogition
PDJPD PXVW KDYH EHHQ VXI¢ FLWMR#OposKiehVef Danver OrggK aGdJ‘Buk\Crust” iRig.
ULVH WR D VKDOORZ OHYHOLUQWEBIJFWXVW DQG UHVXOW LQ

welding of the tuffs. The assumption of an essdgten-
hydrous nature of the rhyolites allows the représgm
of their normative compositions in the dry ternagstem
Qz-Ab-An (Fig. C.62). The rhyolite compositions (Rtd
R2) plot close to the 5 kb liquidus surface andhi@ prox-
imity of putative minimum melt. Although an incréag
Ab/An ratio will result in displacement of the cotie line
away from the Qz apex (Von Platen, 1965), thisatffeay

(c) K and Rb have been affected by magmatic presess

only and can be used to estimate, respectivelynthgi-
mum and minimum degrees of melt. This is achieved b
assuming complete incompatibility (not strictly ejuof

these elements such that D=0 andGg approaches 1/F,

ZKHUH " LV WKH EXON GLVMU4dBXWLRQ |

concentration of a trace element in the melt re¢atd its
concentration in the source, and F is the weigittion of

also be the result of post-eruptive processes,adbifisa- melt relative to the parent.

tion. Consideration of KO and Rb (see (c) above) suggests that
The inferred liquidus temperature of 1000-1100°CG aghe rhyolite compositions R1 and R2 can be genérhje

pears too high for high-silica rhyolites and mayggest 3-8% melting of a lower crustal source or 15-25%timg

that an anhydrous system is not strictly applicaBlellins of a bulk crustal source. Anatexis in the uppestis pre-

et al. (1982) suggest that such “minimum” or “near-minieluded by the high degrees (53-76%) of melt whichuld

mum” melts are I-type and may be controlled byrdease be required to generate rhyolitic compositions. @osi

of volatiles and the melting of plagioclase, K-fgbdr and tionally similar rhyolites in the Sinclair type aresuggest
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a large volume of felsic magma which, for the degref are commonly undersaturated igCP (< 0.1 %), thereby
melting considered above, imply derivation fromoairge indicating that crustal anatexis is only likelythre event of
4-33 times greater in size than the melt volumeauwr&®re- the source containing a negligible amount g P
gions of this size are unlikely to be homogenealth¢ugh  The melting modes determined for R1 and R2 are very
minimum melts may be similar) and hence supportues similar and have, therefore, been averaged fopthpose
RI FUXVWDO DYHUDJHV LQ P RGHQW® defeimibimywhi FestiteWnikhBrglody. @ he Vnsltmgdes
rock type. Furthermore, the apparent absence ofudita incorporate two simplifying procedures, viz. thelgidn of
facies rocks from the AMT basement (although undeg FeO* and MgO because of element partitioning byacer
granulites may be present) does not allow the eéofcan phases (see Section C.6.5.1) and the treatmelagibplase
existing lithology to be made in the case of lowasstal DV $E DQG $Q SULRU WR VXPPPRIGRQ L
melting. Restite compositions generated by melt removal atiey-

Different degrees of melting of a given source mate ing degrees of fusion of both lower and bulk crustarces
will result in a change in the proportions of tlesidual are presented in Table C.30. For the maximum dsgoée
phases and the parameter D will vary accordinghousl- melting of lower and bulk crust sources (8% and 2884
edge of the proportions of the source minerals @ik spectively), it is important to note that certaimapes are
contribution to the melt (so-called “melting modefables no longer present in the residue and can therefoteex-
WKH GHWHUPLQDWLRQ RI W KS$IH B HafsinyWwféctPh BéltthBe@Rridntl ®itdpd3itidthefmelt
degree of melting. The melting mode was calculéiteds- (Hanson, 1978). Furthermore, exhaustion of K-fetusp
ing the least squares approximation of Brgaral. (1969) quartz will require a higher temperature phaseett and a
and then subtracted from the source mineralogyietdy “non-minimum” melt must result (Collinst al, 1982). The
the restite mineralogy. The expression used toutatie the simplifying assumption has been made that this mélt
proportion of a given phase is as follows: be a “near-minimum” melt and approximately granitic

Restite = [Source - (F x Melt)]/(1 - F) composition. This is not critical here since madstds-sion

The normative compositions of lower and bulk crlustaefers to the “average” amount of melt in each caige 5%
sources are essentially the same as those useayyr T and 20% for the lower and bulk crust, respectively.
and McLennan (1985) and are based on the majoresxid 3SaDUWLWLRQ FRHI{FLHQWYV X\WHHIGDIUGH W
excluding RO,. The inference that B, is negligible in presented in Appendix Ill and have, where possibésn
amount is important from the point of view that maitive chosen from dacitic bulk compositions. The predidtace
apatite (and its potential effect on REE distribnji will element abundances for varying degrees of meltfrihe
be absent. If O, contents in the lower and bulk crust areower and bulk crust sources are compared with litgg
VXI¢FLHQWO\ KLJK WR UHVXXAW L QRMAKAHRID TabieUDM3W &nid Big.YMAED XaHand @wen
P,O, (Watson and Capobianco, 1981), thg® Psaturation W KH AH[LELOLW\ LQ FKRLFHWKID VW BR W
is expected for relatively low degrees of crustalting (< sources are acceptable for explaining the HFSE cdmuy
25%; Stern and Gottfried, 1986). However, HFF ritggl HY DOWKRXJK WKH PRGHO dWMWVW Ebi
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survive in the residue, their volatile contentsiddceenable
melting in vapour-absent conditions. However, wikie
exception of biotite, the high Kd's for REE in pide re-
sidual phases such as amphibole, garnet, apatignetite,
sphene and zircon will lead to even lower REE alneds
than those predicted by the melting of a normatesidue
and a much steeper than observed REE pattern. @Qse m
assume, therefore, that such REE-rich phases katésedy
soluble in A-type melts.

Melting of F- and Cl-rich amphiboles and biotit@sthe
residue would cause enrichment in highly chargdtbiea
and REE (Collinset al, 1982). The possibility that such
HQULFKPHQW LV WKH UHVXGW ®H OIDYWHI
support from such features as widespread enrichrment
many (though not all) rhyolites in the HFF with pest to
the elements K, Rb and Ba. Similar enrichment iradd
the REE may be attributed to stabilisation of thelsenents
by excess alkali cations (Colliret al, 1982) rather than a
) ULFK AXLG SKDVH

for melts of both source compositions is within thage of
values expected, while better agreement is dematestby  Although not undersaturated, the HFF rhyolites bithi
bulk crust for the remaining trace elements ex&pand a mean agpaitic index (molecular [a+ KOJ/AlO,)
Rb. REE predictions, although only testable agaastple R | WKHUHE\ GLVSOD\LQJD/WHRBPLHC(
BH 669 (a rhyolite which is compositionally similir R2), modate the above suggestions. The presence ofiocahs
GHPRQVWUDWH LQVXI¢{FLHQWHHRHBAKIRRH QW LQ MK HIXHR E QWY AHKUHEH V'
Eu (Fig. C.64). While bulk crust melting is betele to probably high. Although the HFF rhyolites demont&ra
match the abundances of the LREE, lower crust ngeltimany so-called A-type chemical characteristicss iper-
EHWWHU VDWLV {HV (X DQG WKH WEKE S VQEHHOW H D OV KK RIZHNNHU L PW VW R IV G\
PRGHOOLQJ GRHV QRW HQDEO D @herRKInG (drnar-petdikaling) middinds Mhieh sleow
between sources of average lower and bulk crusposin treme enrichment in highly charged cations (Sheraiod
tion. Black, 1988).
Back-calculation of REE abundances in BH 669 allows

(iif) Discussion the determination of the source composition assgrsiimi-

Discrepancies between observed and predicted élace lar degrees of melting and the same residual adsged
ment abundances in the rhyolites (Table C.31)tifie the used for lower and bulk crustal sources. The socooepo-
following important features: sitions determined, although broadly similar to Hfdsal-

(a) The higher than predicted Rb/Sr ratio is coniyiat tic andesites with respect to LREE abundances ¢ilpe
with the operation of fractional crystallisationfhugh for 3% melting of a lower crust mineralogy), showcah

much higher ratios are usually exhibited by extemdiac-
tionation of feldspars in a granitic melt (McCartlayd
Hasty, 1976).

greater enrichment in HREE. It is, therefore, uelykthat
the rhyolites were derived from a source similac@mpo-
sition to the basaltic andesites.

E $EXQGDQFHV IRU HOHPHQWWOX WHWIlK geoxsHemicalllcénsideda@dng &r®dguivocal nath

greater than unity (Sr, Ni, Co, V) are lower thaedicted
and their variable concentration in the rhyolitésosgly
supports a dominant fractional crystallisation s (cf.
Hanson, 1978).

(c) Feldspar-dominated fractional crystallisatisrcapa-
ble of explaining both general REE enrichment i tthyo-
lites and the large negative Eu anomaly. Metasamati
hydrothermal processes cannot be easily invokedptain

gard to a lower or bulk crustal composition of Swmirce
for the HFF rhyolites, additional constraints canused to
indicate the most likely source region. The degriemelt-
ing required in the lower crust may be too low (%€
to enable segregation and ascent of the melt aiccptd
Clemens and Vielzeuf (1987). Furthermore, if therse is
indeed the granulitic residue produced by 25% meglof
the lower crust (Compston and Chappell, 1979), ttien

REE (especially HREE) enrichment since these psmsessiliceous and alkaline HFF rhyolites must repredess

would be expected to disrupt regular igneous-typ& Rat-
terns and result in excessive enrichment in the EHFS

than 25% melting. If the HFF rhyolites were derivfeaim
a source at a depth of 18 to 25 km (5-7 kb), timea ¢onti-

Hanson (1978) has illustrated the very differenineo nental crust at least 30 km thick (Watters, 19%8,source
positional effects on the melt that result from Idegrees would be situated in the lower to middle part of tfrust.

of melting (F < 0.3) depending on whether K-feldspa
biotite are residual phases. Clemens and Vielz£887),
however, consider that biotite will react with guzaand
plagioclase on melting to form K-feldspar = orthopy

A deeper crustal source may well apply to more dayitic
FRPSRVLWLRQV ZKLFK LQGLFDWR
in Fig. C.62.

In conclusion it appears likely that the HFF rhiedi

ene * garnet + cordierite, in which event the roeihposi- were produced by + 20% fusion of a source of ineatim
WLRQ ZRXOG QRW EH VLJQL ¢ BPXQWaERdmnpladifioW $it@ated withinGhé Roxiéf thirdtlog con-
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tinental crust. While fractional crystallisation ynaesult 7KH FRPELQDWLRQ RI SDUWLD® RPROWL(
in the observed enrichment in many of the inconfpati the mantle wedge is able to explain two importaatdres

elements, including Y and Zr but excluding Nb, tigh RI WKH SHWURJHQHWLF PRGHGODFJ )L
REE abundances require an additional process aftenr counts for the introduction of accessory phaseswhave

PHQW SRVVLEO\ ODWH VWD JHR OB WD © 1AM TEgvoup elahie@syan@hknce kavun-

transfer. Such late-stage enrichment has probaddy Isu- dances of most of these elements in the HFF basgaltes-
perimposed on a process of feldspar-dominatedidraait ites. If, however, one assumes that these accepbases
crystallisation which would have resulted in ennent have low melting points and hence enter the mieén tit

of the incompatible elements, but depletion of FBd &r. becomes necessary to invoke a previous meltingodpis

The additional separation of biotite + orthopyrogdrom Secondly, the moderate degree of fractional criyséion

WKH PHOW ZRXOG KDYH FDXWHIGH VHb{Ia@timdryDnigh\teuides @ iHrddude Qadaliic sitéemay

ments Ni, Co and V (due to the high Kd’s) whileisssg be attributed to the more siliceous nature of wifomated

in the enrichment in REE. melts in the mantle wedge than elsewhere (Gill, 1981). The
R[LGLVLQJ QDWXUH RI WKLV DAGIGWU REXK
6.6 GENERAL DISCUSSION to the high pressure (Osborn, 1969, 1979), mahéursug-

gest the early stabilisation and fractionation cgmetite

6.6.1 Petrogenesis of the basaltic andesites atiesdes D QG WKHUHE\ FRQWULEXWH X\FK-HQIKD L ¢, F

ments as V, Ti, Cr and Ni.

While it is well established that orogenic andesigge  The existence of a 30-40 km thick crust prior topdion
QRW SULPDU\ PHOWYV RI VXE G XFO/DHtEe HEF Mdkanids s Mbicafed WyDi@ Wgh mesgphic
1981), the case for slab recycling is much be#&rf®Sr grade of the existing early-stage crust or basentieatela-
initial ratios (R values) are too low to accommodate &vely high Sr and Rb abundances within the HFFalias
major input from either suhducted sediment or cwnital andesites (Condie, 1973) and a relatively low Caftent
crust, despite Sr/Nd and Ba/La ratios (averages5odnd at 6% MgO (Plank and Langmuir, 1988). These featare
31, respectively) which are too high to be accomated important in view of the strong correlation betwexnstal
by slab-only derivation (Gill, 1981). As noted ire@ion thickness and the compositional characteristiasrofienic
C.5, however?3®U/2Pp ratios do indicate crustal involve-volcanic associations noted worldwide (Coulon ahdrpe,
ment in the genesis of basaltic andesites andihis also 1981). A thick crust will promote fractional cry8isation,
UHAHFW VHGLPHQW LQYROYHPH Q Wrrespective of whether AFC operates or not, inaaaitic

Both REE patterns and variable abundances of NiGQZo (parental?) liquid and hence explains the absehbasal-
and V in the HFF argue against any equilibrium lestw tic eruptive rocks from the AMT.
basaltic andesite and eclogite. Similarly, residzladopy- &UXVWDO LQAXHQFH LV VWURQHO\ VX.
roxene and garnet in eclogite have low Kd’s for HRghd success of AFC modelling for the progression froasd-
cannot explain the relatively low abundances iralimsan- tic andesite to andesite in the HFF. While sevehaE are
GHVLWHY $WWHPSWV WR PRGOW W khvdied\iR ¥ |aDag t& heleRikined Rvithonbking
“chondritic” or “enriched” mantle have also beemglely participation of the crust, low Ralues for the basaltic an-
unsuccessful. What seems certain, however, istllegapa- desites indicate that either crustal recycling @atie proc-
rental magma to the HFF basaltic andesites wawetbri ess) was dominant or that crustal interaction (icrwstal
from a relatively enriched mantle source. Whilets@n- environment) has been largely restricted to moeaitic
richment may be the result of interaction betweartial liquids. In this regard, it is interesting to note that aitdss
PHOWY DQG GHULYDWLYH ARIGGR Y ibbh WK dtednic WErdrQRarSateHisbtopidally fewéd
lying lithospheric mantle, a tempting explanatisrprovid- by subduction, but volatile and trace elements iregglab
HG E\ WKH VLWXDWLRQ RI WKG P DEsWID¢ (GIH ®8H. The Rlidatdn AsXHat the HFF,
subduction zone. where crust is present, both slab recycling andtaticon-

ODQWOH HQULFKPHQW PD\ KD YIHE @aiira@onial Bave takeDwaeeG DQG VO
dehydration would certainly provide a source of ooty In conclusion, the favoured process for the genefsike
water, but also incompatible elements, radiogesitopes compositional range basaltic andesite-andesitbenHFF
and SiQ VR FDOOHG ,56 AXLG R *L Oi©by partial njeft@of+man(le pyrolite (peridajtwhich
especially Nb, could be leached by CEHDULQJ AXKDBYV EXMHQ HQULFKHG E\ AXLG WILEHODWLR
ducted carbonate?) and then migrate into the owerly hydrous subducted slab, and subsequent fractiopsiad-
PDQWOH ZHGJH ,I WKLV HQY IQUR Q R@Qi@h\offHe Qaneral @eltGn\the kciustalleomiment the
radiogenic Sr (likely if carbonates are subduct#t®n the basaltic andesitic liquid underwent assimilatioaetional
low R, value of HFF basaltic andesite could not be useddrystallisation and mixing with cogenetic rhyolitand/or
preclude crustal recycling. Partial melts may atsgrate older crust) to produce an andesitic liquid.
upwards from the slab into the mantle wedge, algho@ill
(1981) considers the high-temperature parentalsoélba- 6.6.2 Petrogenesis of rhyolite and rhyodacite
sic andesites to require melting of both slab averlging
wedge. Fluid is a critical ingredient not only topide the  Several features mitigate against rhyodacites aya-r
means of enriching the mantle source, but espgdiaken- lites being derived by fractional crystallisatiohamdesite
able melting by depression of the solidus. in the HFF. These are the large volume of rhyoliticks,
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6. PETROGENESIS OF THE HAIBER FLATS FORMATION

assumed high Rvalues (0.718 + 15) and the compositional While fractional crystallisation within the rhyadtitsuite
heterogeneity which virtually precludes rigorousrpage- is seen as essential to producing much of the vbdageo-
netic modelling. All these features may, however,dx- chemical variation (e.g. low abundances of compaige-
plained by derivation of the rhyolites from old@ntinental ments), this process may not be the dominant cbi@harp
crust. In particular, a heterogeneous crustal oimplied FRPSRVLWLRQDO JUDGLHQWYVY BDWKLC
by the elemental and isotopic compositions of thlites chambers are thought to be the result of thermatgtéanal
is capable of producing a variety of minimum, neamni-  diffusion (McBirney, 1980; Hildreth, 1981), a mecism
mum and non-minimum melts which would account fowhich could explain such features as the nearlgetiold
considerable compositional variation in the enddpiat. variation in Nb in the range 73-78% SiGo although crus-
Fractional crystallisation does, however, appedvaiee op- tal anatexis is capable of explaining many of therall
erated in the genesis of the rhyolites as indicétgdela- features exhibited by the HFF rhyolites, in detaie must
tively high Rb/Sr ratios (cf. McCarthy and Hast@78), also consider the effects of fractional crystatisa, late-
low abundances of compatible elements and a laegan VWDJH UHVLGXDO AXLGV LQY® GRIMYL )
tive Eu anomaly. While the negative Eu anomaly rbay ble thermogravitational diffusion (Hildreth, 1981).
explained by major residual plagioclase in the seuthe
accompanying Sr and often extreme CaO depletiog. (F6.6.3 Petrogenesis of the HFF volcanic succession
C.64; Table C.7) suggest that fractional crystatlem was
probably still an important process. Furthermorkigh Kd Wyllie (1977) has shown experimentally that althlotor
for Eu in the source implies a low oxygen fuga¢irake nalitic (andesitic) melts can be derived by thetmglof wet
and Weill, 1975) which is probably not likely incaustal peridotite alone, these melts can not be generateies-
source. However, under oxidising conditions, afiaition of sures typical of the mantle below continental crukich
SODJLRFODVH ZLOO SUHIHUYKXQWODMA taHRderLoF 85 WiKitthickness. InQrdergenerate
to other REE and hence contribute to a negativariam- andesite directly from the mantle, one might spateuthat
DO\ )RZOHU DQG 'RLJ 6 LH Qdn:extBrQitvi@ envisodrReQt RsXr€kired in orderetduce
negative Eu anomalies in Proterozoic rhyolites &nfts pressure. In an intracontinental environment, sucistal
have previously been attributed entirely to a carabon thinning should enable primary basaltic andesitatsto
of sodium and potassium metasomatism (White and Magach the surface with minimal fractional cryssaltion,
tin, 1980). Metasomatic processes which may hafeetfd thereby preserving the low Ralues indicative of mantle
some of the rhyolites, e.g. the low-Ba types whiehd to derivation. However, this poses a problem with rdga
IDOO FORVH WR WKH 3D QR PHWQRXW\ tiemapd,difetentiate @ éhdesticwiduids \Wnd gewcical
5E %D 6U DUH DWWULEXW HGVWR GdFui@e\fal @ubtal hvdMen@ix.OrOa Aoxvergeargim,
hence be regarded as part of the magmatic system. these characteristics may be related, at leasaih o a

Cann (1970) has shown that relatively dry parti@lten source in the mantle wedge.
of felsic crust tend to rise to high crustal levétyen less  While major element compositions of arc basalteapjo
hydrous A-type melts (as represented by the HFBliteg favour a source in the mantle wedge (Plank and irarig
with their paucity of hydrous phases) should themefbe 1988), it is the trace element abundances whichleres-
able to reach the surface and erupt. Melting otmisal- sessment of the relative roles of subcontinentiabdphere
ly anhydrous felsic granulites requires high terapges (mantle wedge) and subduction zone (Pearce, 1983).
(Wyllie, 1977), thereby implying deep crustal leveihless erage” basaltic andesite of the HFF has been n@ethto
an additional source of heat is invoked. Experimmewbrk MORB in Fig. C.65 and illustrates that K-group ebsits
by the same worker indicates that such melts terzktal-
kaline and poor in silica especially in the preseat CQ-
ULFK AXLG 7KH VLOLFD ULRPKHYDRMDHDHJRLN WKH +)) UK\ROL
implies a different source (i.e. at a shalloweel¢wor some
process whereby silica could be enriched.

Experimental and modelling considerations suggdest t
the source of HFF rhyolites was probably in the atedo
lower crust, thereby inferring that additional heats need-
ed for melting. Two processes capable of inducirgtm
ing within the crust may be considered. Firstlygametic
basaltic andesite infers high liquidus temperatwbsch
would enable some melting of the crust if intrusiemd
ponding of the magma took place. Secondly, theasslef
pressure in an extensional regime (Section D.3)ldvas-
sist melting and reduce the viscosity of the miglis this
stress regime which Clemens and Vielzeuf (1987am@s
WKH PRVW FULWLFDO IDFWRXOMWIAPCHDHFLQJ WKH DVFHQW DQG
emplacement of a magma.
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and Ce may owe their enrichment almost entirelgt smb- sess in view of considerable compositional variatiathin
duction zone, while HFSE, Sm and Yb appear to biweleé the end members. Maintenance of constant propartdn
from metasomatised subcontinental lithosphere.Mdga- end members in mixing models is less easily achidoe
WLYH DQRPDOLHV GLVSOD\HG KE W ¥Hipo@a@ite7 conpareéd WihlAaddeyite ESdé some tedse

lithospheric composition and the effect of fractibarystal-
lisation in the crust. Enrichment in LILE is chatexgstic of
volcanic arcs such as central Chile (Section Ghough
similar enrichment is displayed by some intercoerial
Karoo basalts (Cox, 1983).

The ascent of basaltic andesitic melt would berdetz in
a compressional environment, thereby allowing luatbl-
ing and fractional crystallisation. The net resutiuld be
an increasing proportion of andesitic derivativgids and
probably a relatively small volume of erupted btsan-
desite and andesite compared with rhyolite erutean
extensional environment. In addition, such retaotaof
the magma at depth and raising of isotherms collddva
melting of the lower to middle crust and the praitue of
granitic (rhyolitic) minimum melts. Progressiontbé stress

ment abundances (Nb, Sr in andesite; Co, V in rhgitd)
are better predicted by magma mixing than FC or AEC
appears likely that magma mixing operated to sortent
in the petrogenesis of the HFF.

(v) 5-20% melting of “chondritic” and “enriched” py-
lite sources do not produce liquids with trace edatrcom-
positions similar to those of HFF basaltic andes(ieclud-
ing high-Mg types). Consequently the latter arakaty to
be primary mantle melts.

(vi) REE indicate that for 10% melting, the caldelh
mantle source for high-Mg basaltic andesite showsrau-
sual concave-upward REE pattern (2-7x chondritécbar
ment) that could imply the mixing of at least twistthct
geochemical components. REE further preclude thieale
tion of basaltic andesites from an eclogitic souxith the

regime towards a more tensional environment would ecomposition of pillow-bearing amphibolite in the iKab

able the rhyolitic melts to segregate and possilyend in
large volumes by magma fracturing, the most likescha-

Complex.
(vii) Basaltic andesites have probably been derilgd

nism of magma ascent according to Clemens and &liélz fractional crystallisation of a basaltic magma ilwiog
(1987). Fractional crystallisation of the risingsie melts moderate amounts of plagioclase, olivine, pyroxend
superimposed on compositional variation in the seurmagnetite as shown by the moderately high Ni, G @n

would account for much of the variation in compiositof
rhyodacitic, low- and high-silica rhyolites in th#-F.

6.7 SUMMARY

(i) Neither closed system fractional crystallisati-C)
nor assimilation-fractional crystallisation (AFC$ iable
to fully account for the compositional variatiorofin ba-
saltic andesite to rhyolite unless allowance is endar
considerable latitude in the model parameters. Hewen
view of the effects of deformation and possibletion,
it is conceivable that FC could account for theiation
from basaltic andesite to andesite (and possibjpahc-
ite).

contents and slightly negative Eu anomalies inféineer.

(viii) HFF rhyolites may have been produced by #@0
partial melting of a source of intermediate composi
(e.g. average lower or bulk crust; Taylor and Maham,
1985) situated within the lower third of a 30-40 kinick
continental crust.

(ix) Feldspar-dominated fractional crystallisatiorcrus-
tal melts is able to account for the incompatiblement
enrichment (excluding Nb) in rhyolites and depletio Eu
and Sr, but the high abundances of HREE requirackn
GLWLRQDO SURFHVV Rl HQUL RKRIBYW
involving volatile transfer. The depletion in NipGnd V
suggests the additional separation of biotite hapyrox-
ene from the melt.

(x) It is concluded that the HFF volcanic suite was

(i) Using immobile HFSE alone, the HFF demonstsatesrupted at a continental margin. Early basalticesitds

D FKDQJH LQ

IUDFWLRQDWLQJRADdisplag KW B Malies WRi¢h se@yesDtRaS tHare was only a

ene-dominated (basaltic andesite-andesite) to dmnjfhi limited input of subducted sediment or continemtaist at
+ biotite-dominated (andesite-rhyodacite) which egs this stage. Moderate fractional crystallisatioragfrimary
WR UHAHFW WKH LQFUHDVLQJFIUQXWRMIOprod kit QbasaRkid afde<gaN(rapably Watpad ba-

(Pearce and Norry, 1979).

(iii) AFC is considered as a viable process to aatdor
the variation from basaltic andesite to andesiteublys-
ing an assimilant with the composition of HFF rhtehnd
moderate degrees of assimilation (r=0.46) and ifraat
crystallisation (F=0.81). Admixtures of an assimtlaimi-
lar in composition to average lower crust are ablirther
improve compatible element predictions. Howevertha
progression from andesite to rhyolite, AFC is ueabl im-
prove substantially on the predictions of FC evarafwide
variety of assimilants. The broad compositionalatéon in

saltic magma) is compatible with the occurrencenofre
siliceous unfractionated melts in the mantle wetlgn
elsewhere. Enrichment of the mantle source ishaieid to
,56 AXLG *LOO
crustal environment the basaltic andesite underwéit
and mixing with cogenetic rhyolite (and/or oldeust) to
produce an andesitic liquid. The large volume gfothes,
their high R values and their compositional heterogeneity
all suggest that they have been derived by anatéxiet-
erogeneous continental crust. Melting took placa essult
of heat transfer by conduction in response to thedpg

+)) UK\ROLWHYV LV GLI¢FXOW RIR $) & DasRIE XEdineEdt tHd Mide lofthg &rust andelease

modelling.

of pressure with the development of intra-arc esitemal

(iv) Magma mixing between basaltic andesite andrhytectonics.
OLWH WR SURGXFH DQGHVLWABWQ®R BPYW UK\RGDFLWH LV GLI¢{F
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1. INTRODUCTION

PART D: SYNTHESIS

1. INTRODUCTION

The aim of Part D is to integrate the data presktint®arts
Band C into a model for the crustal evolution o HMT.
The nature and timing of the formation of earlyddate-
stage crust in the AMT are important to an undeiditeg of

(O'Nionset al, 1979). Also shown in Fig. D.1 is the oceanic
mantle evolution line, which represents a mantlese de-

pleted in Rb relative to “Bulk Earth”, and the sohtinen-

tal mantle source region for southern Africa (slthdeea,;
Erlanket al, 1980). Model ages may be derived by extrapo-
ODWLQJ WKH 6U LVRWRSLF YHFWORNH R

the regional relationship between the Sinclair ®ege and increase irf’Srf°Sr, or the time-integrated Rb/Sr ratio, with
the NMC. The popular concept of a metamorphic ba&sgmtime for each rock type) to the latter line. Assngiclosed
overlain by undeformed and unmetamorphosed sumacrsystem behaviour with respect to Rb and Sr, suctemo

tals is in need of revision in view of the contityuof crus-
tal development from the middle to late Proterozdio
detailed discussion is given on the geotectonidutiom

DJHVY UHAHFW WKH PD[LPXP DJKDD'W ZK
separated from its mantle source.
A very low Rb/Sr ratio for metabasalt in the Kai@bm-

of the early-stage crust, but the salient featarestreated plex does not allow extrapolation of the Sr-isotogevolu-
EULHA\ LQ RUGHU WR SURY L G R UNilbY QddtBrHd/ theDruantleUeDdRubion Rrig & Howevibe R

cussion of the controversial tectonic setting afciiir-age
magmatism.

2. ISOTOPIC EVOLUTION
2.1 STRONTIUM ISOTOPES

R, values for all the suites analysed in this stugyydot-
ted against their calculated Rb-Sr ages in a Stuéeo
diagram (Fig. D.1). A Sr-isotopic evolution linerftBulk
Earth” is drawn through BABI (basaltic achondritesb
initial ratio of 0.69898; Papanastassiou and Wamsgr
1969) and the present-day “Bulk Earth” average.@D85

value of 0.7027 is intermediate relative to thésed and

hence supports derivation from a mantle sourcerime-

diate values of 0.7029 and 0.7030 for the Aunisalit@

Gneiss and HFF basaltic andesite, respectivelgwlige ar-

gue for mantle derivation of their parental magmas.

The low R value for the Aunis Tonalite Gneiss also falls
ZLWKLQ WKH FRQ({GHQFH QIURAVWK S (
curve constructed by Peterman (1979) for Archaed®ré-

taceous tonalities and trondhjemites. While thiw IR,

value could conceivably be related to partial meltof an

older crustal source region characterised by loSRIatio,

this is probably not likely in view of the apparaiisence

Rl EDVHPHQW URFNV ZKLFK DUNKBIF

143



PART D: SYNTHESIS

large volume of the tonalite. The relatively lowy Walues

for a variety of rock types in both the early- datk-stage

crust of the AMT suggest juvenile additions to trest
from the mantle in the period 1460-1086 Ma.
Rb-Sr data for the HFF rhyolite and Awasib Graipitet

2.2 LEAD ISOTOPES

Pb data for all suites analysed are compared in[Fig

with both the two-stage Pb evolution model of Syace

and Kramers (1975) and the reservoir growth curdes

VLIQL,FDQWO\ DERYH WKH P D QWWived HranRtmeXpMhbRtectadicQuoiel biZajtman Sud

While the Sr-isotopic vectors exhibit steep tremdsich
are compatible with an interpretation of crustallting
or metamorphic resetting (Davies and Allsopp, 19716¢
large uncertainties inregression analyses (TablE) Do
not allow acceptable constraints to be placed oximam
model ages. In other words, the extrapolation efS$h-iso-
topic vectors to the mantle curves cannot be riliabed to

(1981). The latter authors invoke dynamic mixingwesen
the mantle and continental crust during orogeniesisder
to explain the p values inferred for the mantle dmaer
FUXVW

DQG WKH XSSHU FUXVW -
Data for the Kairab Complex metabasalt, whose pgaten

PDJPDV DUH LQIHUUHG WR EH BRE PDQW(

Pb isochron with a p value of approximately 9.87 tloe

estimate the age of pre-existing rocks or precsradiich source. This pvalue is only slightly higher than the p value
have been subjected to crustal reworking. Neveztizelthe of 9.74 for the second stage of the Pb evolutiomehof

YHU\ KLJK DYHUDJH 5E 6U UDWL R VSRdiefdtWKtamarys (UK 5RaQd_Wrtde approximatekk “B
F R MUCRGE ALty éviokativk Hg.® 12 Ulstf dded/thd Qisusoe | val-

DQG $ZDVLE *UDQLWH §
high Rb/Sr sources in a crustal protolith not malcter than

ue also conforms to the well-mixed orogene envirennof

WKH GHULYDWHYV WKHPVHOYHNW B EhIhan Ai@deQIO8W KH SHULRG
1000 and 1100 Ma (the approximate age of thesep@-ty Relatively high p12 values for both “Barby Formatio

magmas) occurs immediately after the Namaqua teatog WUDFK\DQGHVLWH §

esis which has been bracketed in the interval 1800100
Ma by Barton and Burger (1983).

DQG +))
data suggest partial to complete crustal derivatibithe
Pb. In the case of the trachyandesite, samplesplateen

The R value of 0.7064 for the “Barby Formation” tra-growth curves for the orogene and upper crustetheim-

chyandesite plots well above the mantle evolutioed but
within the shaded area designated by Erlahkl. (1980)
as subcontinental mantle in southern Africa. Thiggests
derivation from either subcontinental mantle oréwowrust.
If this trachyandesite is a post-tectonic sill,rthae rela-

plying derivation from a source more enriched ttzat of
the orogene. A high source U /pb ratio is not irgistent
with the origin in the lower crust or subcontindnteantle
inferred from Rb-Sr data (Fig. D.1). However, béisan-
desite samples of the HFF plot above the uppert cass

tively high R is compatible with emplacement into an alervoir growth curve and therefore suggest derivafrom

ready thickened crust.

a source with an even higher U /Pb ratio than thece
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of the “Barby Formation” trachyandesite. The uppristal
source indicated by Pb data for the HFF basaltieaite
is not compatible with the mantle source impliedRiy-Sr
data.

If more reliance is placed on the constraints pediby

several workers (Chase, 1981; Cohen and O’Nion82;19
OF.HQ]JLH PDLQWDLQ WKDWFKLJQL
ment, as indicated by some mid-ocean ridge basdtsyld

persist as a mantle heterogeneity for a minimuniQdo

0D WKLV YLHZ LV GLI¢{FXO\W WM OLKHF

the Rb-Sr data, then the high yalues indicated for the heterogeneities envisaged by Hawkeswetthl. (1984) in

sources of both “Barby Formation” trachyandesite HifrF

EDVDOWLF DQGHVLWH PD\
indicate the existence of a mantle source regidh aihigh
U/pb ratio. Ancient enriched reservoirs may, acoaydo
Anderson (1982b), require episodic or continuodifein-
tiation rather than simple two-stage growth. Suchaatle
reservoir clearly implies that the Zartman and Db@81)
model of Pb-isotope evolution may not be applicablthe
subcontinental mantle in southwestern Africa, atinlts
possibility in view of both mantle heterogeneitydatine
paucity of Pb data from southern Africa in the cdatpn
of their model.

a convecting upper mantle.

L ¥ R WP Rise OfHbiv iR Fallids @odnfie laxmamiedsource may be

LQFRUUHFW ZKHUH QRQ UDG XRIGIMQ W |
to act as a buffer and obscure the effects of rgikietween

crust and mantle (Armstrong, 1981). High Sr corgémthe

mantle will, therefore, result in a greater sengiiof any

magma source to Pb as opposed to Sr crustal camami
WLRQ $QGHUVRQ D 7KLV FDRYXW G
crustal recycling to have taken place undetecte®ibySr

data alone, a process which is substantiated byntbal-

ance between the rate of magma emplacement relative
crustal growth in both modem plate margins and erici

Anderson (1982a) has shown that mixing betweeneateplgreenstone belts (Dimroth, 1985). Nd isotopic daten
ed and enriched mantle reservoirs can result imerease southern Africa infer a high continental growtheradrior
in U/pb ratios relative to the primitive mantle tladecrease to 1400 Ma with < 10% of continental crust beingnied

in®SrPf6U UDWLRYV
Earth, the shallow mantle reservoir is enrichedatous
times by both the upward migration of melts anddsuts

,Q WKLV DXWKR Ufffpxh rhéntl® prérlrsdpsOaid photedsEs \ivi Lthe HEGD Ma

(Harriset al, 1987). While these data do not exclude crustal
growth after 1400 Ma, the implied predominance rfse

tion of oceanic crust and sediments. The appareméase tal recycling and reworking is consistent with thigh p
in p, values of the mantle source from early- to latgst values obtained for the HFF basaltic andesite &atlly”
FUXVW LQ WKH $07 FRXOG D Q\QRF WHiBHKyEWedte AsHhNG, theR Zhatue Yigiofl0.2 in

ing source enrichment with respect to “Bulk Eartihile

the case of the HFF basaltic andesite is an indicaif

145



PART D: SYNTHESIS

substantial crustal recycling, the most likely eomiment commodate both geological and geochemical featénes.
for such mixing would be at an active continentargin. anorogenic character for felsic magmatism in theclair
As shown in Section C.4, such an environment isngfly Sequence was, however, implied much earlier on @y V

supported by trace element data. Brunn (1967), who likened several of the high-legedn-
ites to the alkaline Younger Nigerian Granites.
3. GEOTECTONIC SETTING Central to the geochemical part of this controvésshe
K-rich nature of many rocks within the Barby Forioat a
3.1 BACKGROUND FULWHULRQ ZKLFK LV GLI¢ XSG DUWR BKXY/GIC

tectonic setting (Burke and Kidd, 1980). Detailtéutges of
The environment of formation for the NMC adjacemt tK-rich (but presumably not peralkaline) rocks dowever,
the Sinclair Sequence is poorly known, althoughkbad DSSHDU WR EH SHDUPDUNV’™ RILWZIR NESHF
et al. (1982) suggest that the Garub Sequence (includiogrding to Ryaret al.(1987), viz. subduction-related (above
pelites, carbonates and basic rocks) may form phr the deepest parts of a subducted slab or when @ssipn
back-arc basin. The correlation of basic volcanitghe is relaxed) and post-collisional (in fault-boundsabkins on
Garub Sequence and Kairab Complex with similar ro¢kickened continental crust). Plume-related agtivét an
types in the Areachap Group near Upington, .Sodtlcd additional possibility but usually attended by firesence
(Geringeret al, 1986), suggests that all of these succeRl YROXPLQRXY SHUDONDOLQWHUDRHANR/ D (
sions may have formed part of an active continemtigin magmatic migration.
approximately 850 km long. While earliest Sinclair -age magmatism appears o b
:DWWHUV ZDV ¢ UVW WHRTRMW@ERNE UG Wa Woinideittha® Fspiztetiodic “basefr(@ms
as part of a much larger active continental mavgiich he VW X G\ LW LV VLIJQL¢FDQW DWVKIR/Q W RH
designated the “Rehoboth Magmatic Arc”. This intetp- tectonic activity in the adjacent NMC occurcat 1000 Ma
tion has been refuted by subsequent workers (Krd®&i7; and hence overlap with this magmatism. The AMT,chhis
Mason, 1981; Brown and Wilson, 1986; Borg, 1988pwhsituated along the western margin of the Sinclamugnce,
consider a model of intracontinental rifting to teetac- clearly occupies a key area with regard to anytsmiuof
the “orogenic versus anorogenic” controversy.
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3. GEOTECTONIC SETTING

3.2 EARLY-TO LATE-STAGE CRUSTAL
EVOLUTION OF THE NMC

suggesting that Namaqua tectogenesis ended at #imiut
time (Cornellet al,, 1986).
De Beer and Meyer (1984) have attributed the younge

De Beer and Meyer (1984) have shown that the gravit100 Ma events in the NMC to activation of a neasth-

signature along the northern margin of the Namagat
Belt may be accommodated by a model of uplift aisded
with differential movement along a faulted trargitito the

dipping, Cordilleran-type subduction zone along the
Southern Cape Conductive Belt. Shearing at the dayn
between the Gordonia subprovince and Kaapvaal @rato

ROGHU .DDSYDDO &UDWRQ 7K MWKPhfeHr® tdhave Rep v ac¢ompb@idd [/ Luglift of skten

nal stages of development of an Andean mountairvidti

northward subduction of lithosphere below a conttak
margin. Available gravity, magnetic and geoelectridata
indicate the possible presence of oceanic crustelative-
ly shallow depth, thus inferring that the NMC didtriorm

intracratonically. This belt may continue in a fovesterly
direction into South America and join up with adliof 1300

high-grade regions (Hartnadst al, 1985). According to
Joubert (1981), thermal metamorphism in the NM Casit

HG WKH OD ROG VKHDULQJ BB\
at about 1000 Ma. This event was post-granulitefamet-
amorphism, probably coeval with and younger thaad

D,?), and clearly contemporaneous with magnetisnién t
Sinclair Sequence and Koras Group. Accompanyingreef

0D ROG PD¢F DQG XOWUDPD ¢ FQ @Wiatol pretaly AfettEk mdmivaH pa&td bf the AMid

scribed as part of the Ciriquiqui arc (Litherlagtdal,, 1985).
This arc is situated adjacent to the Amazonic Gratad is
thought to mark the limit of the San Ighacio Orogerhe
overall similarity to the NMC is heightened by thesence
of the spatially associated 1000 Ma Sunsas Orogemg.
reconstruction differs somewhat from that of Kat8g1)
in that it implies a continuation of the Namaquageny

Sinclair equivalents situated further west, e.@ Konip-
berg Formation (McDaid, 1978).

Evidence for a major tectonomagmatic everdaatl100-
1000 Ma in the NMC led Hartnadst al. (1985) to sug-
gest terrane juxtaposition along the Brakbos andrbloerg
shears, emplacement of late-tectonic granites haddr-
mation of the Koras Group “pull-apart” basins.

(sensu latp along the west rather than the east side of theBlignault et al. (1974) suggest that the basement to the

Amazonic Craton (Fig. D.3).
Similarities between the early-stage crust of tieTAand
the western margin of the Kheis Belt include anredance

Sinclair Sequence (Kumbis Complex; Watters, 193 $jirt
of the Kheis System, thereby allowing for the phb#ity
of continuity with the Kaapvaal Craton. While thatudy

Rl PD¢F VFKLVW DQG DPSKLERDRWIHER hoY &10r&sb is poBsibhility,Ltke positioraafraton

lapping age ranges, viz. 1485-1268 Ma (U-Pb modebka

ERXQGDU\ LV GLI¢FXOW WR AHRMHLE QVLK/

Barton and Burger, 1983) and 1460-1270 Ma (Rb-SF apossible juxtaposition of allochtonous terranes dnadfact

Pb-Pb isochron ages - Hoetl al, 1989; this study). Hart-

that geophysical signatures tend to record the mexsint

nadyet al. (1985) suggest that the Namaqua orogeny wasgent. Indications are that much of the early-stagst in

initiated by the collision of the 1300 Ma old Jalsepan
arc complex with a continent. This suggestion iastst-
ent with recent data on the volcano-sedimentaryp€dpn
Formation which indicate an active continental nrargy
island-arc setting ata. 1350 Ma (Cornelkt al, 1986).
Late-tectonic Namaqua granites (1200 -11 00 Majlape
in age with granulite facies metamorphism and grade
shearing, both dated e&. 1100 Ma (Hartnadgt al,, 1985).
The northwest-trending Gordonia subprovince watsailhy
a zone of convergent thrusting and folding, folloWy an
estimated minimum of 140 km dextral shearing, Brgk-

the AMT, and basement to the Sinclair Sequenckthis-
logically similar to the NMC.

The positioning of the Namaqua front northeasthw t
“Excelsior-Lord Hill Mylonite Belt” by Blignaultet al.
(1974) is questionable in view of Vajner’s (1974)sdrip-
tion of this front as a zone which could vary franmeta-
morphic transition to an oblique-slip fault, bueissentially
an interface between an older (> 2.5 Ga) and yaufig25s-
0.9 Ga) province. Amphibolites which occur on eithiele
of the Namaqua “front” are medium-grade and ther=fo
not compatible with Blignaulet al's (1974) concept of a

bos-Dagbreek-Straussburg line (Stowe, 1984). Elsesvhnorthern marginal zone. Similar medium-grade amghib

major thrusts have been turned on edge and resadizes
transcurrent shears, e.g. the Doornberg Line (lddstiet
al., 1985).

Jackson (1976) estimated the peak of amphibolittmeKRZHYHU D ZHOO GH¢QHG

morphism in the Gordonia subprovince to be at aB60fC
and 6 kb, with a maximum geothermal gradient of&&mMm.

Further south Clifforcet al. (1981) determined PT condi-

tions of 900°C and 6-7 kb for 1200 Ma granulited dated

lites also occur well within their designated “riatn low-
stage zone”.

The Excelsior-Lord Hill shear zone (Fig. AA) s,
IHDWQ@WH D
tectonostratigraphic terrane boundary for the foiig rea-
sons:

(a) Uplift of deep-level granulites immediately siowf
the shear zone suggest that this is a major crdgabn-

the main regional event (pat 1187 + 22 Ma (Rb-Sr whole-tinuity.

rock isochron). Associated hypersthene-bearingigines
are related to the granulite facies metamorphisthvaere
emplaced some 1100 Ma ago, while biotite-bearimgeja
sillimanite rocks yielded a K-Ar age ch. 950 Ma (Clif-
ford et al.

(b) A major metamorphic boundary is evident acrthes
Lord Hill mylonite belt near Narubis and is probali¢ss
obvious across the Excelsior shear due to a gedecatase
in metamorphic grade towards the northwest.

7KH ODWWHU DJH FR QF K)LThD $oQtheastvArti CowinuaX@® Oflthig/sheae zp-

and cooling. Ar-Ar data on hornblendes in the NM@ a pears to link up with anyone of several shear zondke
Marydale Group date cooling below 600°C at 1080 Maicinity of Upington, thereby forming a continuomsne of
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faulting and shearing which follows an approximiate of 3.3 GEOTECTONIC EVOLUTION OF LATE-STAGE

gravity highs along the margin of an ancient craton CRUST IN THE AMT AND THE TYPE AREA
(d) Northwestward extension of this shear zone ama OF THE SINCLAIR SEQUENCE

jor terrane boundary (the “EHL") was consideredHyal

(1987, 1989b) on the basis of aeromagnetic dateadmmd 3.3.1 A model of anorogenic rifting

RI PD¢F DQG XOWUDPD¢F LOWUXVLRQV )LJ $
On the basis of the above considerations, the stalye  The major evidence cited in favour of a rift-rethtsigin
. *D FUXVW LQ WKH $07 P D\SBDitheESHt) Segusice @ay g summarised asvisl
by an arc-continent (or arc-arc) collision simitarthe col-  (a) Volcano-sedimentary successions are undefoemed
lision of the Jannelsepan arc complex and KaapZaat unmetamorphosed (Kréner, 1977).
ton proposed by Hartnadt al. (1985). Younger Khorasib  (b) The cyclicity of Sinclair deposition is attritad to
granites (< 1.3 Ga) represent late- to post-tectamiru- repeated down sagging of intracratonic grabensgahaar-
sions but may incorporate collisional S-types ali.Wéis vertical fault margins (Kroner, 1977).
model (Fig. D.4) implies the operation of subdusctiat (c) Small yoked basins in the Sinclair Sequenceaagd-
least 100 Ma prior to the earliest magmatism inSheelair  ogous to those in the East African Rift (Mason, )98
Sequence and AMT. (d) Radiometric ages indicate a distinct lateralnyging
A younger tectonomagmatic event within the NMC ialong a linear trend marked by positive Bougueigya
marked by metamorphism and shearing at 1.1-1.0AGa. anomalies (Borg, 1988).
suggested by De Beer and Meyer (1984), this eveayt m (e) Continental red-bed sediments occur togethéh wi
be attributed to a new subduction zone along thettS8o bimodal volcanics and high-level granite intrusi¢Bsrg,
ern Cape Conductive Belt. Subduction of similaritign 1988).
and orientation could have affected the AMT andheelit ~ (f) Continental tholeiites predominate over calkadine
10& E\ FDXVLQJ VLIQL,FDQW X3 @®ldhwalkaki asaltR(BagKLdsg)[ FH O
Lord Hill shear zone and propagating shears wethiwi  (g) Compositional features of volcanics such a$ g/
the Rehoboth subprovince. The close temporal aatadp Y ratios of the calc-alkaline Barby Formation (Brmownd
association between this late tectonic event anghmatism Wilson, 1986) and peralkalinity of some rhyoliteo(g,
LQ WKH 6LQFODLU 6HTXHQFH/ D/QGQERAVH VWDJIH $07 FUXVW L
cant and will be discussed below.
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3. GEOTECTONIC SETTING

(h) Low ®’SrFeSr initial ratios of high-K and shoshonit-resemble the anorogenic associations describedwartE

ic volcanics are the product of fusion of an uppemtle
source rather than a source in subducted oceahiasti
phere (Kroner, 1977).

The debate as to whether or not plate tectonicsatea
in the middle to late Proterozoic (e.g. Kroner, 198ynes,
1987) will not form part of this discussion, padiarly
in view of the probability that such a mechanismeatly
operated in pre-Sinclair times. Late-stage crusbriy
undeformed and unaltered in the type area of thel&r

(1979; 1982). Particularly diagnostic of this asation is
the aphyric nature of the Sinclair basalts (Browd &\Vil-
son, 1986) and their enrichment in HFSE relativehe
calc-alkaline lavas.

Magma compositions in active continental margires-c
not, compared with island arcs, be easily distisged
from their counterparts in continental rift settsnddence
high ratios of Zr/Y for the calc-alkaline Barby Foation

YROFDQLFV PD\ UHAHFW D 3ZILMWKXW & U3

Sequence, an increasing degree of deformation atd-mnot unique to anorogenic settings. This is bornebguthe
morphism being observed towards the AMT or “palaaem equally high Zr/Y ratios evident in published arsdg of

gin”. Nevertheless, large parts of the cover areffe@cted
by any typical orogeny as a result of the naturdedbrma-
tion, i.e. vertical tectonics combined with strigés move-

volcanics from high-K orogenic suites (e.g. WestdiBA;
Ewart, 1982). The peralkaline rhyolites which B¢1§88)
compares with silicic rhyolites in Ethiopia showali indi-

PHQW DORQJ WKH IDXOWHG PH A RIHg¥WIRdh ard D\ @WabddiX1P%) ahd-very closenity

tectonics are better able to explain the greattiabée crus-
tal levels encountered in the province than a mofiek-
peated down sagging.

on average.
Low R, values are recorded in both high-K and more
calc-alkaline eruptive rocks in both the SinclaidaAMT.

Small yoked basins, where present, are probablydhe These ratios infer a mantle origin, but must beneded
sult of the uplift of basement blocks along craadts. Such ZLWK WKH KLJK FRQFHQWUDWHRKFMWR I
basins, although commonly a feature of continerifed, metasomatism of the source (Section C.6). Whilehsuc
DUH XQOLNHO\ WR EH FRQ¢ Q G DNMROBREK ehRraciefiktivd lird hbPuRidue toa Ragideltonic
of the Barby Formation appear to extend well beythral setting, it should be noted that the K enrichménip the
FRQ¢QHV RI WKHLU HUXSWLYRK FWE&MWItEManDeQW@ulEhavePh@dta Béaoldhort-teatune
“host” basins. or the high associated Rb/Sr would have resultedigh

$ OLQHDU WUHQG RI ODWHUD®OHW®WYa@&L.QJ GH;QHG E\ SRVLWL
Bouguer gravity anomalies is highly speculativesty, the  In summary, it is the occurrence of a great volume of
DJH GDWD FRPSLOHG E\ %R UJR XQ JheQic8iyH'erayer@rJ vaM&hicVocks together with repeated
ing” is poorly constrained and incorporates both-Bin- cycles of magmatism, major granitic plutonism, a composi-
clair and errorchron ages. Secondly, the entire ragge tional polarity away from and increasing degree of metamor-
is evident within a comparatively small region b&tSin- phism and deformation towards a palaeomargin, and the ab-
clair Sequence alone. Thirdly, the trend of positijravity VHQFH RI DQ\ VLIQL,FDQW YROXWH RI
anomalies is an extension of a linear trend of Qireslair militate most strongly against the formation of the Sinclair

age which extends from southern Namibia to Naté&l.(F Sequence and the late-stage AMT in a rift setting.

A.3). Fourthly, the link up of gravity anomaliestiveen

VRXWKHUQ DQG QRUWKHUQ 1DFWHLII LV GRB.WA Mbailongeta@dEodel]

data.

Red-bed sedimentation in the Sinclair Sequenceres a (i) Geotectonic features
AHFWLRQ Rl YHUWLFDO WH FQRQIHF WEE khhdeKdischstdd is) toaXyOsihitbGtolthat pesul

lift of crustal blocks and rapid deposition of imtuige de-
tritus into adjacent basins. Great thicknessesedfnsents
of local volcanic provenance are, however, alsoartgnt
in the Sinclair. Bimodal magmatic associations adrire
used as unequivocal evidence of “anorogenic” wmfti
reference to North Island in New Zealand, Hamil{p®88)
states that “Were this strongly bimodal magmatiseas
blage met in an ancient setting, it would be regdrty
most petrologists as evidence against a subdusttting
- yet, it is in fact forming in a magmatic arc”. gltlarge

by Watters (1974), but differs markedly in manypess,
particularly in terms of the linkage between conpena-
neous Sinclair magmatism and Namaqua tectonics.
portrayal of the Sinclair Sequence as part of aitinear
feature or extended rift at the margin of an arice@aton
does not form part of this discussion, but coriefet along
this “arc” are in need of revision.

The major objection to the formation of the Sinclae-
quence and late-stage AMT crust along an activéimemn-
tal margin is the apparent absence of a widespreagkny.

volume of granitegensu strictbmagmatism in the Sinclair Since isostatic uplift and erosion of thickenedstare nor-
DQG LWV RFFXUUHQFH ODWHGILQ. A Bh& KoriRé&ndéhbed/df BuliduEtion; aButthér objedtdhis

to reconcile with the progressive thinning of thiast in a
rift setting.

$OWKRXJK WKROHLLWLF DI¢ QQW\ WDepBditibi Wi EdicaBRsedir@eDt@ryV sicBeBsions  took

model is the remarkable preservation of high-lex@ler
close to the assumed site of convergence.

basalts gensu strictpin the Sinclair Sequence, this has tplace in a largely tensional environment which rbayex-

be seen in the context of the overall predominariczalc-
alkaline basaltic andesites (including andesites) the re-
striction of the basalts to a linear zone furthiesin the
palaeomargin. These basalts and their associatexdites

pected behind the accretionary wedge in an oveigiglate
provided that no collision is underway (Hamiltor888).
More typically, however, extension in a convergerargin
is associated with either back-arc spreading oaiatc rift-
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ing. While the bimodal and high-K nature of Sincleol-
canics is not incompatible with these settings,iraodlal
tholeiitic association is typically encounteredthast from
the margin and appears to be volumetrically sulvatei to
the calc-alkaline association.

arc?) adjacent to the Excelsior-Lord Hill shearezaiarrard
(1986) has estimated that fore-arc slivers occuahput
50% of modem subduction zones and that their tramsp
along strike-slip faults is expected as a normakeguence
of subduction, particularly under conditions of igbke

The most important features of the subduction-eelatconvergence, strong interplate coupling and a oential

model are summarised in Fig. D.5 and listed below:

(a) The dip of the subducting slab was shallowriteo to
account for the expression of lateral compressiorertical

overriding plate. While translational movement &aould
explain the disruption of any paired metamorphidt,be
the high geothermal gradient (particularly in theedam-
brian) would also militate against the preservatbiblue-

3LFH ARH” WHFWRQLFV DV GLVYVRINgHISS.IRU WKH /DUDPLGH 2
by Rodgers (1987). This analogy explains why “carive (f) Late- to post-collisional granite magmatismuiésd in

tional” compressional features are not more widesgr
as generally observed for “Chilean-type” marginydta,
1981). Central to this style of tectonics was thisation
of pre-existing structural weaknesses (northwesteing)
in the continental crust. The early developmentightan-
gle normal faults is not inconsistent with this rabdince

the voluminous granites which typically close dfétSin-
clair magmatic event. The post-kinematic styleropéace-
ment of the youngest 1- and A-type plutons in thrcl@ir
are typical of Pitcher’s (1983) late uplift stagkeomogen-
esis. Late-stage extensional tectonism may have [bely
responsible for the coalescence of crustal panielts and

WDQJHQWLDO VWUHVVHV DUB GWViR&ibtrisiohPoX RathulitHsCsirilar Ydd tbiewritdt daental

mations (Brunn, 1983).

(b) Subduction took place at an oblique angle &dbn-
tinental margin, thereby resulting in strike-slipvement
and the probable creation of pull-apart basins. [gVbar-
rard (1986) has estimated that two-thirds of modemive
continental margins have active strike-slip moti@ar the

silicic batholiths described by Hildreth (1981). lifipand
HURVLRQ ZHUH PDLQO\ FRQ ¢ @QHGE
the southwest of the Excelsior shear zone anciensions
to the northwest and southeast. This crustal break be
explained by a magmatic arc being the weakestqfaan
overriding plate as a result of higher thermal ggats, de-

DUF WKH DSSDUHQW FRQ ¢ QH PWHGHreRdedPlith@sphiric Witkhiesy Bu® o héathg acrctased

mentary successions in the Sinclair to basins éogous
to the graben-hosted stratovolcanoes of the Higdt&des
described by McBirney and White (1982).

crustal thickness due to plutonism (Jarrard, 1986).
The cyclical nature of the Sinclair sedimentatiard a
magmatism may be explained by pulsing of the subduc

F 6XEGXFWLRQ FRXOG KDYH E HidQADif R&RChBearQANnH#kS, efisodicphaseskuéresion

cient continental retreat to create a multi-rifvieanment

similar to that observed in Japan (Tamaki, 198%ha@ugh

not essential to the model, divergence betweebahk -arc
plate and fore-arc sliver would allow extensiondpdndent
of the dip of the subducting plate.

(d) Later steepening of the subducting slab caadedm
of back -arc spreading or foreland rifting to tajpkace
furthest from the continental margin. The bimodaléi-
itic association of volcanics in this back-arc wiasmed
contemporaneously with, or slightly earlier tham tmore
marginal high-K calc-alkaline HFF volcanics. A dnstt
zonal arrangement in the compositions of volcaoaks is
evident and implies subduction to the northease iore
central situation of apparently older calc-alkalarel shos-
honitic rocks of the Barby Formation appears twbglto
an earlier episode of magmatism. Such slab steegenay
be the result of cessation of subduction (Le Piciioeh An-
gelier, 1979) and would induce extension due theast-

and compression result from a changing roll-baclocre
ity combined with changes in the motion of the oiker
ing plate (Dewey, 1980). Periods of compressiotialhy
resulted in increased vertical uplift, strike-shippvement

DQG PDLQO\ VHGLPHQWDWLRQ KO YRC

been a feature of these compressive periods bugrakn
characterised the waning stages when reduced stness
bled ponding of the magmas at the base of the .cRest
laxation of lateral compression was responsiblenfiajor
crustal fusion and the production of mainly A-typgolites
and their batholithic equivalents. In subductiomes, the
source material (mantle or crust) is renewed sb tthere

is repetition of magma types during volcano-plutonic epi-
sodes (Bateman, 1983).

Isostatic uplift and subsequent erosion of magmetis
must be expected as a natural consequence of maguota
and thermal expansion. Preservation of high-legatures
in an ancient continental margin requires extensiopro-

VSKHULF ARZ 5DSLG WUDQVLWWRRBUR @ giedted FtdtiaN D@y Rpu&g. Nsiehd,

magmatism has been recorded in part of the Parcafri
7UDQV 6DKDUDQ EHOW
tension is attributed to the rise of asthenosphmaatle to
shallow depth beneath the continental lithosphéer eup-
ture of the cold plunging plate.

(e) Oblique collision between this active contirsémbar-
gin and a continent to the southeast took plaoaat100-

New Zealand; Adams and Ware, 1977). While differient

/L pJHRL W [Bo@n@&neéladdnFfdm non-extedd{ddadl volcano-seditaey

synclines in Chile (Levi and Aguirre, 1981), Siriclaasins
may show similar down warping as a result of matdast
E\ DLU
tions (cf. Wopmay orogen; Hildebrand and Bowring84).
The paucity of air-fall deposits in the Sinclairgsence

1000 Ma, resulting in major dextral transcurrent movemeeduld indicate enormous loss of ash which woulddniee

and uplift. This event deformed supracrustal Siince-
quence equivalents in the Konipberg (fore-arcanaeed
the accretionary complex, and uplifted granuliteso{ of

exceed magma input into the crust in order to akowsid-
ence due to this mechanism alone.
While strike-slip shearing and uplift appear torhere
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3. GEOTECTONIC SETTING

common towards the palaeomargin of the Sinclaietsi-
ing and subsidence are more widespread in thedfodel
This polarity is not unlike that observed in thecRkpMoun-
tains and Basin and Range of North America, featurest
recently explained as being compatible with thedsighion
of a spreading ridge (Wilson, 1988). Although attiee,
this possibility has not been pursued in view of theeabe
of distinctive geochemical features (see below).

(if) Geochemical and isotopic features

characteristic of the upper mantle which is shargdhe
SUHVXPDEO\ ROGHU FDOF DO NRDXOMWMKQ H
ern Barby Formation”. The latter, however, shovatigk
enrichment in Ba, K and Rb which is probably thsute
of subduction-related metasomatism of the uppertiman
This suggests that the subduction signature wasllgsto
mantle convection and no longer existed as a sathiae
acteristic for the younger tholeiitic lavas. Smgd{@986)
has inferred a similar relationship between Palamozalc-
alkaline and alkaline lavas in Scotland.

Shoshonites are typically found in volcanoes fasthe

Compositional characteristics of the late-stage AMffom the plate boundary or in areas of uplift feliag
crust are discussed in detail in Section C.4 alith the cessation of subduction, while boninites may beltmgn
geochemical features displayed by the HFF volcamiks early stage in subduction zone development (G882).
which are thought to be most characteristic of ldsig- The distribution of shoshonites in the Barby Foiioratis
tion-related source. The calc-alkaline nature &f basic FRQVLVWHQW ZLWK *LOOYV REARZURDW
WR LQWHUPHGLDWH SDUW RL ® ERBRFFHWILR @ | \Q LUHA HE WHKGEH H- )P RIWWV L
whole-rock and phenocryst (especially augite) cosipowesterly volcanic outcrops of the Sinclair. Theaditke af-
tions’ while rhyolites tend to show more alkalirequgh ¢ QLWLHV RI VRPH PDJPDV LQHWHKEB 60RQ!
not undersaturated) compositions. The large volwhe the context of observed compositional gradientmfoalc-

calc-alkaline rocks in the Sinclair Sequence islwetu-
mented (Watters, 1974) and important, despite dlok bf

andesite gensu strictp domination, with regard to Miya-

shiro’s (1974) contention that calc-alkaline eraps are
restricted almost exclusively to volcanic arcs.

Tectonic discrimination diagrams (e.g. Pearce aadnC
1973) have been avoided in this discussion in \aégrow-
ing evidence that such diagrams are indicationsooirce
characteristics rather than geotectonic settings (@rest-
vik, 1982; Duncan, 1987). In particular, Morrisot9{8)
has shown that based on immobile trace elementdamnen
es alone, tectonomagmatic discriminant diagrangbated
the volcanic products of a single tectonic envireninin
Skye (Scotland) to several different tectonic seti

alkaline to alkaline (and peralkaline) rocks in duttion-

related suites, e.g. Trans-Pecos province, TexaskéB,

1987). Available data (Watters, 1974; Kroner, ursiied)

further indicate that Sinclair “trachybasalts” dat wlisplay

the characteristically strong “positive” Nb-Ta aralyn of

typical alkaline basalts (Weaver and Tarney, 1982).
Considerable volumes of erupted and emplaced felsic

magmas show A-type chemical features compatiblé wit

crustal derivation. Heat was provided by the afrofama-

¢F PDJPDV DW WKH EDVH RI WQH WKRW

a large portion of the lower part of the crust waslten.

7KLV VXJIJHVWYV WKDW WKH PRWDH PD¢|

mas must have been affected by the crust and hdbtv

87SrfeSr initial ratios are the result of equilibration the

Bimodal volcanism recognised in modem arcs is appapper mantle with the lower crust, e.g. San Judnawic

ently restricted in space and time (Hildreth, 19844 vol-
canics from a large segment of an arc system ratebyv
bimodality (Condie, 1987). In the ancient rock netsuch

cHOG [/leS&®,00Q78). Such equilibration of magma
and crust is invoked by Ewart (1982) to explain high-K
signature of orogenic magmas, particularly thoseased

ELPRGDOLW\ FRXOG UHAHFW [E SR8y ddMiDentd mMQYEL DV WRZDUGV

arc successions, e.g. southwest USA (Condie, 198ith-
in the single well-studied HFF suite, incorporatiohthe
closely associated Haisib Intrusive Suite (unerdipteer-
mediate compositions of the HFF?) indicates thatdoial-
ity may not be a marked feature.

Calc-alkaline basaltic andesites of the HFF exhdrit
R, value consistent with derivation from the “Bulkrie
source inferred for modem island-arc extrusive soRox
et al, 1979, p.365). The more enriched source implied by

3E GDWD PD\ EH D FRQVHTXH@MHHF\RI V

While low #SrpeSr initial ratios in HFF basaltic andes<ling into the mantle source, a process more likelgccur

ites are compatible with a relationship to a sulidgomid-
ocean ridge, high K contents and low Tintents differ
from the compositions of tholeiitic andesites thioutp be
characteristic of mid-ocean ridge-continental margi-
teractions (Hurst, 1982). Basalts from the northeaint of

the “Barby Formation” have been analysed by Browd a
DQG VHYHUDO ARZWLQGLFDWH ORZDISCUSSION

:LOVRQ

at an active continental margin than within andotatonic
rift. The enriched mantle source could, howevepresent
a long-lived heterogeneity inherited from an earbgent
(cf. Hoal, 1987).

K.,0) and high TiQ (> 1.8 %) contents. These compositions
SUREDEO\ UHAHFW WKH L QA XHMUHIRthe debZtel D De ‘Qrbgdnid WSl QrivNd Gerdoter-

below a zone of tension in the foreland.

tonic setting for the Sinclair Sequence, the obsiobjec-

While several incompatible trace elements (Zr, ¥i) Z tion to the mobilist viewpoint is that too much gkt has

GLVSOD\ W\SLFDO ZLWKLQ SIOD W Bl e pldcEddn td QadchieRicalv/diRiGeton Lsighathrehw

lavas of the “northern Barby Formation”, it is metethy may have been inherited from a more ancient eudoal

that Nb abundances are typically low (< 13 ppm;viaro 6LIQL;FDQWO\ LW KDV ERMHDPWK
DQG :LOVRQ yLJ 7 K L VU P DaWgastApbr FoNth® €arly-Qdgel AMT crust appéarsave
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formed in a subduction setting itself. Thirlwall988) is Formation magmatism). This would require the sukidact
PRUH GH¢{¢QLWH LQ KLV FO D R WLKEISihHWR to\surviiél d&t leBdd 200 Md-d? fhantle eation.
deduce a relationship to active subduction. One possible way of shielding such metasomatisemtima
Metasomatism of the mantle by a subducting slaimms would be by its incorporation into the lithosphekieel of
sidered by Thirlwall (1988) to continue as longtlas slab the continent.
LY DYDLODEOH DQG WKLV VILJQ DM XARER #£dnQHe pkbbldhbEQsthRibg &mEntle “amdyh
period after subduction ceases. Age constrainteénSin- its non-renewable nature poses a major obstadleeiway
clair Sequence suggest that such metasomatisedlemasit explaining the repetition of orogenic magmatistithin
would have come into being prior t&. 1.3 Ga and was the Sinclair and late-stage AMT. A mantle plumezone
sampled continually from about 1.2 Ga (Barby Foiorat of mantle upwelling is required by the anorogeniade,
magmatism) to about 1.1 Ga (HFF and possibly Gugpeisut initial melting of this source will depletedtamatically
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in LILE- and incompatible elements. The expectedrse
depletion in subsequent magmas is, however, narebd
and this suggests that metasomatism must be ancanti
process. By contrast, active subduction offersratinaous
means of metasomatising the mantle. While so-calted
terminating transform volcanism is characterisedbyrce
enrichment in incompatible (alkalis) and refractarle-
ments (Mg, Ni, Cr) alone, more typical arc magnmastde
a slab-derived silicate melt as well (Gill, 1982).

4. SUMMARY

7KH PDLQ ¢QGLQJV RI WKLV VWXG\ DI
.. The AMT crust is made up of early- and late-stage

lithologies which are correlated with the Namaquodla
Metamorphic Complex (NMC) and Sinclair Sequence,
respectively.

.. The oldest part of the early-stage crust is represeby

the Kairab Complex which comprises a diverse group

7KH DERYH DUJXPHQWY DUH UMV Wadf Is¢hists] Gneldes, Whethkhudrite§ attRamphelsolit

of the Sinclair Sequence and late-stage crust @AM T.
Associated felsic rocks are typically A-type anditlcrus-
tal derivation indicates that they are not strigilyrt of a
calc-alkaline suite. However, it is important tadra dis-
tinction between rhyolites derived by fractionaystallisa-
WLRQ RI
which are not uncommon in active continental magginis
the nature of the pre-existing continental crust thill in-

These rocks have undergone three episodes of daform
tion (D,-D,), the earliest stages being associated with
migmatisation. Compositions of hornblende, bioditel

epidote within the amphibolites are compatible with
low-medium grade amphibolite facies metamorphism,

PD¢F PDJPDV LQ LVORQUGWHafextuiz Qlsd dxQldystl bByFOAruIFSadlence metabasi

in the NMC. High-alumina pillow-bearing basaltsror
part of a tholeiitic basalt-rhyolite volcanic suss®n

AXHQFH PRVW VWURQJO\ WK H CFLRPIS RMithVéxhidiGs VevRdorpasiionslinlhié \dasaltic esid

Accordingly, A-type magma compositions cannot bedus
in any tectonomagmatic sense. Nevertheless, théiedp
crustal source and similar age to interbedded hasah-
desites suggest periodic shifts in source regiomfmantle
(+ recycled crust) to crust.

The great diversity in magmatism in the Sinclainet

ite-dacite range. Basalts yield a primary ageaofL460
Ma (Rb-Sr, Pb-Pb) with a lowSrFeSr initial (R) of
0.7027 + 1 and are characterised by the low cositent
of Ti, Nb, Zr, Y, Ni and Cr typical of island-are back
-arc settings. Low- and high-silica pyroclastic ohies
display chondrite-normalised patterns (especiatiyas

RQO\ D UHAHFWLRQ RI VRXURX QW QRikg DioanoExlias) Ditck Bre MOKsistedtivith a sibd

crustal heterogeneity and thickness. The cycliealetbp-

tion-related environment.

PHQW RI WKLV UHJLRQ LV LQAXHEEH &Sy UnicRDidindds gEanityiKiBt@sive suiteshiit

but also by prevailing stress and the effect of/jies melt-
ing episodes in the crust. This situation is dertrady dif-
ferent from that of isolated non-arc andesites Whitay
occur well within a continental interior and aret rtvi-
ously related to subduction.

the early-stage crust are mostly younger than tae K
rab Complex and have undergongdaformation. The
primary igneous mineralogy is often well preserved
although gneissic textures suggest low-medium grade
metamorphism. There is a close spatial associ&toen

7KH DFWXDO VLWH RI VXEGXFRL R Qw&ek thE KaitaretaMaz&nlit Gucdéssten and kadih g

mation of the Sinclair Sequence (and probably also
Koras Group) is uncertain but any suture could hasen
rendered cryptic by major dextral shearing as ssiggeby

Harnadyet al. (1985). It is considered that this subduction

was, in effect, initiated by the earlier 1.3 Galis@n (cf.
Hamilton, 1988) and was situated either along tb@ km
long Tantalite Valley-Haalenberg Lineament (Ho&81T)
or to the southwest of this lineament along anresiten of

the zone designated as the Southern Cape CondiBgive ...

by De Beer and Meyer (1984).

The culmination of the late-stage magmatism wakethr
by an extensional phase during which there wasspicad
intrusion of late- to post-Sinclair dykes. Both BRband Pb-
Pb data for a trachyandesite sill indicate derorafrom an
enriched source, either in the subcontinental reastlow-
er crust. This source may have preserved its hgeewmity
from an earlier orogenic event but Pb data proendence
for reduced crustal recycling into the mantle ligkato ear-
lier basaltic andesite of the HFF. Cessation oftrmantle

broic and graniticgensu latprocks. Cumulate-textured
gabbros are compositionally similar to the basdits,

lack high-alumina types and show relatively enrithe
MORB-normalised trace element abundance patterns.
7KH DVVRFLDWLRQ EHWZHHQ JDEEU
pillow-bearing basalt, pyroclastic rhyolite and &ite-
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 theriia
Complex. The association between the Aunis Tonalite
*QHLVYV DQG .DLUDE JDEEUR PD\ IRO
gabbro-trondhjemite (or calcic) rather than cakaal

line trend. The generally younger Khorasib Granite
Gneiss consists of a tonalite-granite associatibichy
follows a calc-alkaline to alkali-calcic trend slani

to that of the Sierra Nevada batholith. The progres
sion from Aunis Tonalite Gneiss to Khorasib Granite

PL[LQJ UHODWHG WR VXEGXFWdRQ P B I HVY HAHHAMAYGD ENI2D¥- B)Qriagnté input

which is lower than the value for the HFF. This nfiather
be the result of a trend towards increasing exteraitec-
tonics prior to Pan-African rifting.

followed by an increasing contribution from subdent
nental within-plate mantle lithosphere and hetenege
ous crust. ORG-normalised patterns are typicalrof a
granites (i.e. enrichment in K, Rb, Ba and Th ie&ato
Nb, Zr and Y) and suggest that the change in grahit
compositions records a progression from a primitove
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mature (continental) arc or post-orogenic environine Barby Formation. Rhyolites, however, are fractieadat
.. The late-stage crust of the AMT is made up of both crustal melts and therefore exhibit the high abucda
volcano-sedimentary successions and high-leveliintr  of silica and alkalis and low MgO and CaO typicél o

sions. With the possible exception of the youngesi- suites unrelated to subduction. Such A-type charact
ites, these rocks have undergone three main egistfde  istics are further illustrated by the similarity cfion-
deformation (D), the most intense phase_ jDeing drite-normalised trace element patterns to patteoms

associated with greenschist facies metamorphiste La intracontinental rift- or hot spot-related rhyolgaites,
bimodal dyke swarms constitute the youngest expres- but the similarity of REE patterns to patterns tigpd
sion of magmatism in the AMT, but these dykes have by subduction-related suites suggests the pogyiloii
been affected by a late episode of folding)(D intra-arc extension in an active continental maggt
.. The oldest sediments in the late-stage crust arnete ting.

sented by the Urusib Formation and have been deposi.. HFF basaltic andesite yields an age of 1086 + 44 Ma
ed in fault-bounded troughs and pull-apart basinskv and R of 0.7030 + 2 indicating derivation from a man-
UHAHFW VHSDUDWH EXW EURIDGOtle S0u€E KediBnQuihiXh is SlightlyL eeplétedRrelati
uplift and quiescence. While periods of active fipli ~ to “Bulk Earth”. The errorchron age estimate of 803
KDYH UHVXOWHG LQ WKH IRUPDW ikRD MR I(RFf) @116 H G5*)VobtainedfBriarIZ/olite
fans (immature and poorly-sorted clastic rocks)yeno  porphyry from the HFF is within error of that deédc

stable crustal conditions were required for themfar for the basaltic andesite. The highfBr the rhyolite is
tion of associated lake deposits (shales and iless). consistent with the crustal origin inferred fromtype
There is an increase in the ratio of volcanic tangic characteristics. Petrogenetic modelling suggestd th
clasts with time. A maximum thickness of 2400 m was basaltic andesite (including high-Mg types) evolved
recorded at the type locality of the Urusib Formati from a mantle-derived basaltic parent by fractional

.. The predominantly volcanic Haiber Flats Formation crystallisation and subsequently underwent assimila
(HFF) overlies the Urusib Formation disconformably tion-fractional crystal-lisation and mixing withyublite
DQG LV FRQ{QHG WR WKH VDRN Q Rds Wiyl drust) W fdirh@uiziesel RhyOIReXdrac-
The volcanic succession has a minimum thickness of tionated, near-minimum partial melts of a basimter-
3000 m and the existence of at least three volcanic cen- mediate source in the lower to middle crust. Heas w
tres is suggested by regional compositional vaest supplied by cogenetic basaltic andesite. Compasitio
FKDQJHV LQ WKLFNQHVV RI ARZV vaibbRifyLii® theOrhynltdOrRay beUalribuiked tousce
and the presence of subvolcanic intrusions. The-eru heterogeneity, fractionational crystallisation, atile
tive rocks are typically porphyritic, commonly pyro WUDQVIHU ODWH VWDJH PDJRDWLF A.
clastic, and made up predominantly of basaltic ande tational diffusion. Rhyodacites appear to havenailar
ite-andesite and rhyodacite-rhyolite with volumetri  origin to the rhyolites, but possibly underwent som
ally minor andesite-dacite. The earliest volcaniese mixing with basic magma in addition.
largely basaltic andesites but the increasing velwih ... The post-HFF Haisib Intrusive Suite (HIS) and Aviasi
rhyolites eventually exceeded the former by a faofo Granite show close spatial and compositional associ
WKUHH 6WUDWL{HG WXI¢WHWWD B n¥ Rih RH2 Qaléabids Vdidpite ©2I@tide Er@idhine
rocks make up less than 10% of the HFF. Litholddjica in K, Rb, LREE, Th, Zr, Nb, Ni and Cr at intermedi-
VLPLODU EDVDOWLF DQGHVLYWHYV [n Gilidk Vg)SVNIRG-mdrmaliseH pédterisEdrdale-
mation crop out in the eastern part of the AMT, ang alkaline HIS show enrichments typical of volcanicsa
not in contact with the HFF. (e.g. Chile), while patterns for the slightly péwine

.. Metamorphic biotites in basaltic andesites of tHeFH Awasib Granite are typical of “crust-dominated” kit-
and the associated late-stage Haisib IntrusiveeSuit plate granites such as the Sabaloka Complex inrSuda
(monzonite to granite) are unrelated to the youger- 7KHVH FKDQJHV UHAHFW WKHKI@FUHD'
African orogeny and suggest a regional metamorphic SODWH LQAXHQFHV QRWHG IREB WKH +
temperature of 400-450°C. Compositions of reliet-pl Granite yields an errorchron age of 957+ 50* Ma and
gioclase, pyroxene and titanomagnetite phenocarsts R, 0f 0.717 + 8 *, both features being compatiblehwit

similar to their counterparts in orogenic basadticles- ¢HOG UHODWLRQVKLSY DQG WKH LQIH
ites. This is in agreement with the whole-rock cosip patterns do not, however, support a subvolcanic

tions of the HFF which indicate a strong similarity relationship between the HFF rhyolite and Awasib
calc-alkaline or high-K (not shoshonitic) volcasigtes Granite.

from active continental margins such as westerrtiNor... Other late-stage intrusive units include the gaiabro

America and Chile. These distinctive compositional WR V\HQLWLF 6DI¢HU ,QWUXVORYH 6XL
features include high abundances of K, Rb, LREE, Th Hill Quartz Diorite (which are broadly contemporane

and Zr (and sometimes Nb and Y), and low abundances ous with the HIS), and the young Chowachasib Geanit

of the HFSE (except Nb and Y in the rhyolites). For Suite. Original igneous mineral phases are better p

the basaltic andesites (including high-Mg type®thb served in those intrusive suites which are situated
MORB-normalised trace element and chondrite-nor- the east of the HIS and Awasib Granite. Togetlnesé

malised REE patterns support an active marginngetti  late-stage granitoids show a change in composition

and are similar to patterns obtained for andesitdéke from calc-alkaline to alkali-calcic, which is contjide
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with an overall increase in arc maturity.

tion (D, episode?) and granitoid emplacement in the NMC.

.. When compared with the type area of the Sinclair Se Magmatism in the Sinclair Sequence was initiatdeat
guence, the late-stage AMT shows a higher degreeasf early as 1.2 Ga and is related to the initiatbisub-
metamorphism and deformation. The development dfiction in response to continental collision. THdigque
the Sinclair Sequence took place in three majotesyc component and low angle of subduction enabled prase
the late-stage AMT being accommodated largely withtion of high-level volcano-sedimentary successiionisoth
the second cycle. Radiometric dating, however, gdacpull-apart and extensional basins. Correlation ketwthe
the AMT development closer to “late” Sinclair timesSinclair Sequence and Koras Group (South Africa)- su
Trachyandesite within the “Barby Formation” yieldedjests that this active margin may, like its predecessoBat 1.

a young isochron age of 844 + 35 Ma andR0.7064
+ 2. This age resembles that of the post-Sinatairly
Pan-African, Gannakouriep dyke swarm.

. Evolution of the AMT crust is considered to havketa

Ga, extend over a considerable distance (aboukiijGn

a northwest-trending direction. The HFF forms thesm
westerly outcrop of this subduction-related volsamiand
reveals a history of deformation and metamorphibkat t

place in two major tectonomagmatic events. Formatipre-dates the Pan-African orogeny. The broadly symc
of the early-stage crust started around 1460 Maasgonous tectonomagmatic activity in the Sinclair Sewae

a primitive arc (or back-arc) and ended as a redbti
mature arc or active continental margin about 12120
ago. Continental collision (coinciding with,Dn the

(including the AMT) and the adjacent Central Zorfighe
NMC may, in part, be related to activity at diffaterustal
levels. Termination of subduction and crustal stségiion

NMC) triggered renewed subduction with a differerdppear to have taken place ¢g. 0.9 Ga, not long before

polarity. This oblique subduction initiated bothnto
SUHVVLRQDO 3LFH ARH’
tonics at an active continental margin before 1RG0
(the preferred age of the Barby Formation). Alt¢iora

earliest Pan-African rifting.

D Q B-FW B @stan®ng xsues Satth&veStbeew addiéssadyin

detail by this study provide the following opporitigs for
future research:

of compression and tension resulted in calc-alkalin (i) A detailed structural and lithostratigraphiady of the

PD.,F DQG

IHOVLF PDJPDWLVP L ExcaldioHHauthab Lin€dn@ht aBd &€l @onesdaro

tholeiitic volcanism took place in a developing kac to fully assess the importance of this lineamena asajor
arc basin. Transcurrent movements resulted inngjicitectonostratigraphic terrane boundary between tloe- G
up and removal of part of the volcanic arc and eccrdonia and Rehoboth subprovinces.

tionary complex, but extensional tectonics enalbled

(i) A petrological and geochronological study dfet

preservation of thick volcano-sedimentary successio*basement” in the type area of the Sinclair Seqeettc
which now constitute the Sinclair Sequence. Thdwevo determine whether these underlying rocks are path®
tion of the late-stage crust of the AMT was termaaat NMC or an older craton (Kaapvaal Craton?).

by granite plutonism ata. 934 Ma. Post-tectonic dyke (iii) Quantitative modelling of the petrogenesis tbie

swarms utilised a conjugate fracture pattern wimety
be related to earlier dextral shearing.

5. CONCLUDING REMARKS

This study has dealt with a variety of volcano-geeli-
tary and intrusive lithologies in the AMT and hasgented
data on, and interpretation of, lithostratigrapiniineralog-
ical, whole-rock compositional and isotopic aspelithas
been shown that the early- and late-stage crusteAMT
can be correlated with the NMC and Sinclair Seqaeens-
spectively, and that the crust has evolved contipdieom
the middle to late Proterozoic.

Kairab Complex volcanic suite and associated imgis
rocks to provide a better understanding of the wah of
the early-stage crust of the AMT.

(iv) A comprehensive study (mapping, petrology and iso-
tope chemistry) of the proposed ophiolite complathin
the Kairab Complex.

(v) Geochronological and isotopic studies of undmied
and unmetamorphosed lithologies of the lower mast S
clair Sequence (Nagatis Formation and Naisib Rigae-
ous Suite) in order to better constrain the SimdlaMC
relationship and to determine the source charatiesiof
early-Sinclair magmatism.

(vi) A geochemical investigation of Sinclair Sequen
outliers at Hauchab and Konipberg, since theseroenoes

The extended historycé. 1.5-1.0 Ga) of subduction- may provide important information on volcanism ifoee-

related tectonomagmatic activity recorded by theTAM
important in the southern African context with redydo
the development of the regionally extensive Nam&mda

arc or along the volcanic front of an active coetital mar-
gin.
(vii) A regional geochemical study of the bimodakd

Metamorphic Complex and Sinclair Sequence. Thus cewarm in the AMT and Sinclair Sequence to determine
relation between the Kairab Complex, Garub Sequande whether this magmatism is part of late-Sinclairstalicon-

Areachap Group (South Africa) enables the reconstm

solidation or represents, instead, the earliestifestation

of an active continental margin e&. 1.3 Ga that extends of Pan-African magmatism.

some 800 km along the eastern margin of the NMCnaawl
demarcate the boundary between the latter anddam ota-
ton (possibly part of the Kaapvaal Craton). Comnttaécol-
lision is considered to have taken place betwsei.3 and
1.2 Ga in an event which is widely represented dfpina-

(viii) A lithostratigraphic, geochemical and geocho-
logical compilation of data on Irumide-age rockshe Re-

KRERWK DUHD ZLWK D YLHZ WQFHHIVRVIDE

the so-called “Rehoboth Magmatic Arc”.
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