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The objects stayed firm but the opinions moved manyfold.

Goethe (1817): About the ktiOwledge of the Bohemian Orogen.
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history of the earth.

J.A. de tuc (1778); Phys. t:J.ndmoral letters about the mountelns..



ABSTRACT

The Gariep Belt is an arcuate north-south trending tectonic unit extending ;along the

western coast of southern Namibia and northwestern South Africa. It forms part of the

Pan-African Damara Oragert, which consists of a north-south trending coastal branch
(Kaoko and Gariep Belts) and an east-west trending inland branch. The Gariep Belt
is subdivided into an eastern parautochthonous passive continental margin on the
western edge of the Kalahari Craton, the Port Nolloth Zone, and a western

allochthonous ophiolitic terrane, the Marmora Superterrane, thrusted on the Port

Nolloth Zone.

The sedimentary evolution of the Gariep Belt was initiated with the depcsitlon of

sediments of the Rosh Pinah Formation into fluvial, alluvial and lacustrine depositional
systems, which are associated with bimodal volcanic activity and related Zn-Pb-Cu-Ag-

(+Ba) sulphide mineralization. The overlying mixed continental/shallow marine

deposits of the Gumchavib Formation are overlain by the carbonate dominated

Plckelhaube Formation, which was deposited in shallow marine to pelagic deposltional

settings. The Rosh Pinah, Gumchavib and lower Pickelhaube Formations are intruded

by basic volcanic sills of the "Gannakouriep dyke swarm", The conformably overlying
Obib Peak Formation was deposited into a fluvial/alluvial palaeoenvlronrnent, The

Numees Formation unconformably overlies the underlying stratigraphic units and

consists predominantly of glaCiomarine massive diamictites and occasionally
interbedded iron formations, which are occasionally interbedded with inttsrglacial
sediments and volcanics.

The regional structural pattern is characterized by three phases cf deformation. The
earliest deformational event, D1, comprises intrafolial small scale recumbent and

isoclinal F1 folds, a per .etratlve beddlnq-subparatel 81 cleavage and a preferred

elongation of boulders, pebbles, grains and minerals (11). Associated with D1 are
bedding-subparallel thrust faults. The 02 deformational phase is characterized by small

to large scale, north to northwest trending F2 folds with a generally easterly vergence,

which can change into a westerly direction due to backfolding. The F2 folds are

associated with a penetrative axial planar S2 cleavage. Thrusting continued during the
D2 deformational phase. The latest deformational event, D3, is characterized by small



to large scale open F3 folds with southerly to ~~outhwesterlytrending Told axes. The
metamorphic evolution of the Gariep Belt during the Damara Orogeny was associated

with barrovtan-type metamorphism with a geothermal gradient of about 20oC/km,
reaching greenschist to lower amphibolite facies metamorphism.

The sedimentological and structural features are explained in a tectono-sedimentery

model, which started witt) rift initiation during the c'eposit~onof Rosh Plnah Formation

lithologies along old tectonic weakness zones of Middle Proterozoic age at about

780Ma. Supercontinenta! breakup is documented by the initial transgression of

Gumchavib Formation sediments and the continuous trensgression of the Pickelhaube
Formation, which is related to thermal subsidence after the initiation of oceanic

spreading of the Adamastor Ocean. Renewed rifting and/or glacial outwash heralding'
the advance of the Numees glaciation and associated seale': :'changes may be
responsible for the sudden break in marine sedimentation duringthe deposition of the
Ohio Peak Formation. The Numees glaciation is probably contemporaneous with the

670Ma old Varangian glacial and the Rapitan glacial episodes and provides a minimum

age for the deposition of Gariep Group lithologies. Riftir' >.•md spreading was followed
by the closure of the Adamastor Ocean, associated with. a southeastward directed
subduction. of oceanic crust under the Kalahari Craton and was accompanied by

intense southeastward and subsequently eastward directed tectonic transport during

01 and D2. During D3, a late Sinistral movement developed along tre defined fault

zones in the late stages of the Adamastor 0rogen~'.Metamorphic ages from the Nama

and Vanrhynsdorp Gtoups indicate that th~ te~flOnicevolution of the Gariep Belt only

ceased at about 500Ma.
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CHAPTER 1
iJ,

INTRODUCTION

If

The Damara Orogen in Namibia and the north-western Ri(~htersveldis one of the best

preserved Late Proterozoic/Early Palaeozoic orogenic belts in the world. It comprises

an "inl?nd branch" and a "coastal branch" (Fig. 1.1). The coastal branch is subdivided

into the northern Kaoko Belt and the southern Gariep Beft, which has been linked with

the Saldanha Belt of the south-western Cape Province (CUfforJ, 1967; ?~OWI9at al.,

1984). Because of the remoteness and harshness of the area north and st~uthof the

Orange River, few detailed studies have been undertaken in the southern coastal

branch of the Damara Orogen.

KAJ...NiARt CRATON

if
1/
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.::\ , "./'.:., /········7~.:~~'t''ttg1i!)

..

Fig. 1.1 Position Of the coastal branch and inland branch of the Damare. Orogen.
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The major aim of this study is to gain understanding of the depositional history of the
1.\

\
Gariep Group and the tectonics which controlled it, as well as to understand the

collisional history of the Gariep Belt. It forms a contribution to our present understan-

ding of Late Precambrian/Early Palaeozoic tectonics and sedimentation.

1.1 GEOGRAPHICAL SETTING OF THE STUDY AREA

The study area is located immediately north of the Orange River near octa, emending

northwards to north of Rosh Pinah mining village and including the Obib Mountains

and the Jackalsberqe to the west of tn;:: Obib Mountains within the eastern part of

Diamond Area No.1 (Fig. 1.2). To the south the study area is bounded by the Orang3

River and to the north by latitude 27-45 S (Fig. 1.2).

The climate is arid, with average annual rainfall varying from 42 mm at Oranlemond,

to 75 mm at Bosh Pinah. The study area falls into the winter rainfall belt that extends

northwards from the Western Cape. The prevailing wind is a cool south wind blowing

obliquely off the sea" Temperatures during the winter season vary between be!owaOG

at night and 30aC during the day. Conditions during ihe summer months become

unbearable for field work, with temperatures rising to a maximum of about 50°C in the

shade.

The morphology of the region comprises the mountainous country along the

escarpment in the east of the study area, with a maximum elevation of 1647 m a.rn.s.l,

at Namuskluft trigonometrical beacon, the Obib Mountalns and the Jackalsberge in the

west of the study area (Fig. 1.2). Another type of morphology is the peneplain

conslstinq of fine alluvium and the pedeplain comprising coarse debris and
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Fig. 1.2: GoographicaJ setting of the study area.

conglomerate. Ihe area between the Obib Mountl:11nsand the Jackalsberge is
;'.,

covered by extensive sand dunes. The topographic relief shows up to 1600 m of

variation from the bed of the Orange River (.....40 rn amsl) to the top of Nam~skluft
):

trigonometrical beacon (1647 m arnsl].

The vegetation varies with elevation and distribution of precipitation along the

escarpment. The most common plants ere melkbos (Euphorbia gummifara), geelpen,

drledorlnq (Rhigozum trichotonurn), brakbos (Acacia giraffae), bushman's candle

(Sarcocaulum burmanni), and halfmens (Brachypodl,lm), the latter being most

conspicuous in the mountains and always directing its head towards the north.

Common trees are the witgatboom (Bo£lcia alb!trunca), the kokerboorn (Aloe
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dlchotoma), and the bastard ebony.

Wildlife, especially within the Diamond Area No.1, is most abundant, consisting of

gemsbok, springbok, klipspringer, duiker, wild donkey, mountain zebra, ostrich, brown

hyena, jackal, rooikat, baboon and blue vervet, the nNO latter being the main prey of

leopards, which can be found near th!9 C1rangeRiver.

1.2 PREVIOU~WORK

Little geological research has been undertaken so i7arin the Gariep Belt north of the

Orange River. The earliest survey of the Gariep Belt north of the Orange River was

carried out by German workers as part of a regional su:vey of the eastern Sperrgebiet

(Diamond Area No.1) south of LGderitz from 1912 to 1913, as summarized by McMillan

(1968). The first detailed geological account of the study area was made by Beetz

(1926), who concentrated on the Witputs area approx. 40 km north of Rosh Pinah.

Furthbr geological work within the Sperrgebiet was undertaken by Kaiser (1926) and

Knetsch (1037). Sohnge & De Villiers (1946) published a brief report on the geology

()f the eastern Sperrgebiet, irnmediately north of the Orange River. Martin (1965)

undertook some reconnaissance work in the Obib Mountains within the Sperrgebiet.

'The first comprehensive geolclgical mapping at a 1:100 000 scale was undertaken by

McMillan \1968) in the Witputs·Sendelingsdrif area during the course of doctoral thesis

research. Geological studies otthe Rosh Pinah Zn-Pb-Cu-Ag-deposit and its immediate

surroundings have been umlerteken by Page & Watson (1976), Watson (1980), Van

Vuuren (1986), de Kock (1987)1 Siegfried (1990), and Lick~old (1990). Daviels &

Coward (1982) undertook structural studies within Dlamono Area No.1. The



geochemistry of the Grootdarm volcanics was analysed by Smith & Hartnady (1984).

Hartnady at al, (1985) subdivided the Gariep Belt into the parauthcehtonous Port

Nolloth Assemblage in the east and the allochthonous Marmora Terrane in the west

of i:heGariep Belt. Joubert et at, (1986) complied a 1:250000 scale geological map and

report of the Alexander Bay Sheet (Sheet 2816).

The first geological account of the Gariep Belt in the Richtersveld dates back to the

last century (Alexander, 1838; Wyley, 1857; Dunn, 1872), Rcgers (1916) first es-

tablished a stratigraphic succession for the Gariep Belt south of the Oranqe River.

Geological mapping of the western Richtervald was undertaken by Sphnge & De

Villiers (1946) and 'De Villiers & Sohnge (1959). Furth6:r geological studies in th~

northern and western Richtersveld were undertaken by Range (1912), Van Biljon

(1939), Haughton (1961, 1963), Martin (i9Se), Kroner & Germs (1971), Joubert &

Kroner (1972), Kroner (1972, 1974, 1974a, 1975, 1977), Kr()ner & Rankama (1972),

Kroner & Welin (1973), Kroner & Jackson (1974), Kroner & Blignault (1976), Kroner

& Hawkesworth (1977), and Kroner et al. {1980}. Ritter (1978, 1980) and Theart (1980)

examined the Gariepwbasement contact relationships and metamorphic overprinting in

the eastern and southern (~ichterveld. Allsopp et al. (1979) undertook geochrohological

work on Gariep rocks and rocks of the Kuboos-Bremen line of intrusives and the

Richtersveld ar.d Bremen Igneous Complexes of southwestern Namibia and the

Richtersveld. The latest geological work on the structural evolution ~nd the strati-

graphic succession of the Gariep 8elt south of the Orahge River was undertaken by

Von Veh (1988) in the course of doctoral thesis research.
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1.3 OBJECTIVES OF STUDY

Previous studies of the Gariep Belt have concentrated mainly on regional mapping, the

structural development and stratigraphic rSiationshif)s (Sohnge & de Villiers, 1946; De

Villiers and Sohnge, 1959; McMillan, 1968; Hoffmann, 1972; Kroner, 1974; Von Veh,

1988). Little attention has been given to the pre-orogenic depositional and tectonic

hisl(ory and metamorphic development of the Gariep Belt and related rocks. The major

aims of this study are:

(i) to determine the pre-orogenic sedimentological evolution of the Gariep basin in the

study area and the effects of syn-sedimentary tectonism on deposition,

(in) to resolve the structural and metamorphic development lof the GariEip Belt,

(m) to determine strat~graph~t~relationships from the sedimentolgical land structural

analysls,

(iv) to construct a geodynamic model for the tectono-sedimentary evolution of the

Gariep Belt,

(v) to compare the geodynamic evolution of the Gariep Belt with events In the northern

coastal branch and the inlatld branch of the Damara sequence.

1.5 METHODSOF INVESTIGATION

Exceptionally good outcrop conditions occur in most parts of the Jacl<alsberge, Obib

Mountains and t~e Dreigratberg area and its northerly and easterly e)tl:ents (Fig. 1.2).

Outside these areas exposure is obscured by alluvium and sand cover.

Detailed geological mapping was undertaken along selected traverses. The geological
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map of the Witputs/Sendelingsdrif area compiled by McMman (1968) constituted a

helpfu! aid for this purpose. Important information of large scale structures and

stratigraphic boundaries has additionally been obtained from aerial photographs and

SPOT 2 imagery.

A large number of detailed profiles and sequences on a variety of scales was

measured along strike within the several thrust slices.

Since no detailed work on the sedimentology and the deposmonal palaeoenvironment

has been undertaken so far, lithotypes and sedimentary structures were documented

and a detailed facies analysis was carried out.

A large number of $,tructural data was collected in the field in order to understand the

structural evolution and associated corrpresslonal directioms.

Approximately 150 thin sections were studied in order to i\\fentify th~ mineralogical

composition of the metasediments and rnetavolcenlcs,

Selected samples from different stratigraphic horlzons from thr\'Jughout the study area

were studied by microprobe analysr'~ at the Mineralogy Institute of the University of

WOrzburg, Germany, during a res6-:';:"chleave as a help for the understanding of the

metamorphic evolution.
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CHAPTER 2

GE!OLOGICAl SElliNG

2.1 INTRODUCTION

The Gal. ,) Belt is an arcuate north-south trending tectonic unit extending along the

coast of Namibia and South Africa from immediately south-east of LOderitz in Namibia

to Kleinzee in South Africa, situated about 80 km south-east of Oranjemund, over a

distance of nearly 400 km with a maximum exposed width of about 80 km (Fig. 2.1).

l11e Gariep Belt is part of the southern coastal branch of the extensive Damara

Orogen, which links with the Saldanha Belt of the south-western Cape Province and

northwards with the coastal branch comprising the Kaokoveld of northern Namibia. It

forms part of the late Pf!t)terozoic/Early Palaeozoic Pan African system off orogenic

belts (Fig. 2.3; Clifford, 1967; Stowe at aI., 1984). Porada (1979) has suggested that

the western extension of the Damara Orogen ls represented by the R.ibeiraOrogen of

Blazil (Fi;g!.2.3), whil.:n is also supported by geochronological data of cordan at al.

(1990).

The Gariep Belt consists of an eastern, parautochthonous terrane, named the Port

Nolloth ~~one,developed as a passive continental margin on the western edge of the

K:alahalrj Craton and a western allochthonous ophiolitic terrane, the Marmora Terrane

(lion veh, 1988; Hartnady et aI., 1990), thrusted onto the Port Nollotl1 Zone along the

Schaka!lsberge thrust (Fig. 2.1). ROlCkswithin the Port Nolloth Zone are intensely folded

and thrusted throughout the Gari!ep Belt and rest with a marked unconformity on

lithologies of the Namaqua and Richtersveld Provinces (Kroner, 1975). Within the study
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Fig. 2.1: Simplified geological map of f);d 0ariep Belt (modified after Hartnady et
a/., 1990)

area, fieldwork has established the presence of various thrust slices, bounded by

northerly to northwesterly trending thrust faults in the western parts of the study area,

and an autochthonous unit in the eastern parts of the study area are present (Fig. 2.3;

see chapter 4). Uthologies of the Gariep Group are unconformably overlain by clastic

and carbonate sediments of the Late Proterozoic and Early Palaeozoic Nama Group

in the east, which were deposited into active foreland basins associated with the

Adamastor and Khomas Orogens, which were formed as a result of the closure of the

Adamastor Ocean and the Khomas Sea respectively (Germs & Gresse, 1991;



1'" Albeira Belt
4= Kaoko Belt
5 =Central Camara Belt
6=Gariep Selt
7=Saldanha Belt

Fig. 2.2: Pan African framework of Southern Africa and South America. (modified
after Porada, 1989)

Stanistreet at al., 1991).

Within the Gariep Belt a number of pre-, syn- and post-tectonic intrusions are present,

South of the study area, across the Orange River, a large batholith and two smaller

plutons of granite and leucogranite form part of the Richtersveld Igneous Suite. Both

south and north of the Orange River I the Gannakouriep dyke and sill swarm, with an

Rb-Sr mineral-isochron age of 717 + l: 11 Ma (Ransome & Heid in: Hartnady & Von

Veh, 1990) and up to 100 km wide, consisting of north- to northeast-trending mafic

and ultramafic sills and dykes (De Villiers & Sohnge, 1959; Middlernost, 1964;

McMillan, 1968: Kroner & Blignault, 1976; Reid, 1979) is intrusive into the basement

rocks and basal Gariep Group cover rocks south of the Orange River and into the
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Fig. 2.3: Position of the various thrust slices and the parautochthonous unit within
the study area.
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rocks of the Stinkfontein and lower Hilda Subgroups in southern Namibia. Syntectonic

stocks, dykes, and sills have been dscribed from the central and internal parts of the

Gariep Belt north and south of the Orange River by Kaiser (1926) and De ViIIlers &

Sohnge (1959). In the Richtersveld, two plutons, namely the Swartbank and Kuboos

Plutons, which form part of the NEwtrendingKuboos~Bremen line of intrusives, intrude

rocks of the Gariep Group (Van BHjon, 1939; Sohnge & De Viliiers, 1946). These

plutons are cut by an Early Phanerozoic set of aplite, porphyry granite and baste and

bostonite dykes (Kroner & Hawkesworth, 1977).

The metamorphism within the Port Nolloth Zone ranges from greenschist to Iqwer
f(

amphibolite facies, thus not affecting the sedimentary and volcanic struclLifi)s

r'ramatically.

2.2 PRE-GARIEPBASEMENT

The pre-aarlep basement consists of rocks of the Orange River Group and forms the

oldest lithostratigraphic unit in south-western Namibia and the Richtersveld Province

of South Africa (Fig. 2.4 and Table 2.1.). It was formerly called the "Kheis System", but

was later renamed in order to avoid an association with the Kheis sequence in the

eastern parts of the Namaqua Province (Blignault, 1974). The Orange River Group

comprises the lower volcanic De Hoop Subgroup, the middle sedimentary

Rosyntjieberg Formation, and the upper volcanic Haib Subgroup (Table 2.1; De Villiers

& Sohnge, 1959; Kroner & Blignault, :976; SACS, 1980). The entire Orange River

Group is intruded by rocks of the granitoid Vioolsdrif Igneous Suite. lhe rocks of both

the Orange Ri\ler Group anu the Vioo!sdrif Suite show the effects of low to medium

12



grade metamorphism (Kroner & BUgnault, 1976), and, acc~rding to Bertrand (1976}

and Ritter (1978), locally led to migmatization and

Table 2.1: Stratigraphic subdivision of the Orange River Group.

~

GROUP SUBGROUP

Haib Subgroup

Orange Ilt.....:rGroup Rosyntjieberg
(Kheis System) Subgroup

De Hoop Subgroup

anatexis of the Vioolsdrif granitoids.

Towards the margins of the Namaqua Province, a gradual increase in the grade of

metamorphism and deformation is encountered, together with penetratively foliated

Vioolsdrif Igneous Suite granitoids and Orange River Group metalavas. Rocks of the

Vioolsdrif Igneous SUite,which are found both in the Namaqua and Gariep Belts, beer

a strong structural imprint of both the Namaqua and "an-African episodes. Within the

study area and its immediate easterly vicinity, only rocks of the De Hoop SlJb~aroup

and the intrusive Vioolsdrif Igneous Suite are exposed.

2.2.1 DeHoopSubgroup

The rocks of the De Hoop Subgroup, immediately north of the Orange River, were first

described in detail by McMillan (1968). From the Orange River to about 3 km

13



southeast of Namuskluft Farmhouse (Fig. 2.4), the rocks of the De Hoop Subgroup

form th( . isement to the Gariep Group hthologies.

fJ.gsic Lavas

The westernmost portion of the De Hoop Subgroup consists of metamorphosed lavas

and intercalated agglomerates. OthelWise, no primary volcanic textures are present

within these green, strongly sheared, lineated, fine~grained chlorite epidote schists.

Intermediate to felsic agglomerate units are abundant throughout the sequence and

contain Iight·coloured, medium to large, subangular to subrounded clasts.

Occasionaily, granodiorite apophyses intrude the basic volcanic sequence sub-parallel

to the dominant foliation.

Phyllitic Schists

The basic lavas are overlain by an assemblage of silver-grey phyllitic schists. Textural

evidence suggests that these schists represent metamorphosed shales, greywackes

and grits with intercalated thin, persistent conglomerate bands, (Viljoen et at, 1986).

A younging direction to the east is indicated by normally graded beds. Quartz veins

are abundant and commonly occur as short, massive bodies, lying parallel to the

dominant foliation.

Intermediate volcanics

The uppermost stratigraphie unit of the De Hoop Subgroup comprises cblorfte-rlch

felsic scblsts.: termeolate volcanics are most abundant to me north of lorelei copper-

mine (Fig. 2.4), but also occur in thin slivers (Viljoen et aI., 1986). These rocks are

14



..1terpreted as metamorphosed intermediate pyroclasts and agglomerates Niljoen at

al., 1986). Occasionally) schist with an intermediate volcanic composition grades into

~, .ericite schists, which represent either altered intermediate volcanic schists or

a more felsic stratigraphic facies of the volcanic sequence (Viljoen et aI., 1986).

2.2.2 VioolsdrifIgneousSuite

The Vioolsdrif Igneq'!s Suite north of the Orange River is exposed east of Lorelei

copper-mine, at Namuskluft Farmhouse and at Namuskluft, where it is intrusive into

the De Hoop Subgroup. and at Trekpoort Farm approximately 25 km northwest of

Rosh Pinah. Within the Spp,rrgebiet it is exposed at the Obib waterhole and northwest

of Gumchavib Mountain (fig. 2.4). It comprises partly gneissic granite, grey to reds

containing dark greenish-black, irregularly shaped clusters of mica and ohlorlte, light
(

yellow-green specks of epidote, sericitic felspar and grey-whits unaltered feldspar.

North of Gumchavib Mountain (Fig. 2.4), the granite has been strongly sheared and

is usually gneissic ~,jlsplaying porphyroblasts of pmk feldspar with up to 1 cm in

length 1 as we!! as elongate lenticles of mica, chlorite, and occasional hornblende and

epidote. As in the Richtersve!d (De ViIHers& Sohnge, 1959), the granites In the study

area always contain two feldspars (plagioclase and K..feldspar), biotite and sericitizeCl

plagioclase. In addition, north of the Orange Riverl ~pi~Jjlv represents a common

constituent of the Vioolsdrif granites.

Leucoqrarnte and aplite dykes extensively intrude the granodiorites north of the ufClnge

River. A number of Iit-par-lit granite veins also intrude the volcanic rocks of the De

Hoop Subgroup.
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2.3 GARIEPGROUP

2.3.1 MarmoraTerrane

The Marmora Terrane is subdivided into three tectonostratigraphic units, namely: the

Schakalsberge Complex in the southeast and the Oran!emund and Chamais

Complexes in the northwest (Fig. 2.1; Hartf1ady et el., '1990). These fault-bounded

tectonostratigraphic units are significantly different in character, to the extent that they

may be regarded as subterranes or even separate accreted terranes within a

composite Marmora Superterrane.

The Schaka/sberge Complex has been subdivided into metabasic lavas of the

Grootderm Formation, which are capped by and interfinger with dolomites of the Gais

Formation (Hartnady et al., 1990).

The Grootderm Formation corr(;Jtises an up to 6 km thick pile of metabasic lavas,

including pillow lavas, pillow breccia, tuffs and lave-flows. The volcanics consist of

tholeiitic basalts, but in the upper sequences alkali basalts may occur (Smith &

Hartnady, 1984), whIch may be related to a series of vesicular alkali~gabbn;)ic dy\,<es,

acting as high level volcanic feeders during a post-shield stage of volcanic ac.tr\lity

(Hartnady et aI., 1990). Geochemical analysis of the Grootderm metabasalts (Smith &

Hartnady, 1984) indicate that the lavas were erupted in an ocean floor environment.

The absence of siliciclastic terriqeneous material within the Gais Formation suggests

an origin in an intraplate environment away from a cL'lntinentalmargin, possibly similar

to a Hawaiian-type sea channel-mount chain, a Walvis-type aselsmlc ridge, or an

Ontong Java-type oceanic plateau. Kroner (1974, 1975, 1979) also lnterpreted the

metabasalts as having originated as oceanic seapeaks or guyots, subsequently
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incorporated in a subduction complex. The -Gelis Formation comprises a pinkish

dolomite, including abundant cherty intercalations, fine laminations, stromatolite

bioherms which IlOcallycontain intertidal channels and oolitic dolomite (rig. 2.5), thus

indicating reef-~Irowth and deposition possibly capping the guyot or seapeak during

dwindling phases of Grootderm volcanism.

Fig. 2.5: Oolitic dolomite of the Gals Formation east of Roollepel, about 20 km
north-east of Oranjemund, Southern Namibia.

The Grootderm Formation was intruded as dykes and sills by the Rooil61pel bostonite

suite. Hartnady et al. (1990) maintain that the bostonites were emplaced late in the

history of the Grootderm volcanic pile, prior to the deposition of the overlying Gais

Formation. Detailed metamorphic studies in the Marmora Superterrane, undertaken by

Frimmef and Hartnady (1992), indicate a multiphase metamorphic history for this

superterrane. The first metamorphiC event, Mi, has been interpreted as a very low-

18



pressure hydrothermal oceanic metamorphism that affected the igneous protoliths at

up to amphibolite facies temperatures, The following M2 metamorphic event was syn-

tectonic and characterized by temperatures similar to those reached during M1 but

with higher pressures, indicating burial to 10 to 15 km. This event has been interpreted

as being related to a subduction process. A third metamorphic event, M3?was low

grade and of regional nature. These results indicate that subduction and subsequent

obduction have occured in the Gariep BE:.Ilt,although bluesd,ist facies metamorphism

has not been reached (Frimmel and Hartnady, 1992).

The Oranjemund Complex comprises metagreywacke rock-types varying from little

deformed cyclothemic turbiditic varieties to intensely transposed, poly-deformed mica"

schists, and locally minor intercalations of metavolcanic chlorite schists (Hartnady et

aI., 1990), as well as phyllites1 schists and minor quartzite, resembling the Holgat

Sequence of the Port Nolloth Zone (Von Veh, 1988).

The Chamais Complex was interpreted by Hartnady et al. (1990) as a heterogeneous

melange, consisting of various exotic blocks, 0.1~100 m in size, from different oceanic

environments in close proximity to each other. These blocks occur within a highly

tectonized metasedimentary sequence, incorporating interbedded chloritic, talcose,

quartzitic, quartzo~feldspathi(.\, dolomitic, graphltio and ferruginous schists, and

showiny evidence of a distint~t metamorphic history prior to that recorded by the

metasedimentary country rocks, which experienced a regional metamorphic event

under lower greenschist facies conditions, This latter metamorphic event is concordant

with metamorphism experienced by the Schakalsberge nappe and has, therefore, been

interpreted as a syntectonic rnetamorphlsm which occurred during Marmora Terrane

emplacement (Hartnady et al., 1990). Geochen;ical data from serpentenized
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metapyroxenites, metaperldotites, massive and layered metaqabbroa metadolerites

and metabasalts, which in places are amyg.9aloidal, delineate a tholeiitic trend

consistent with an oceanic origin (Frimmel & Hartnady, 1992),

The structural relationships within the Marmora Terrane were first described by Davies

& Coward (1982) and later by Hartnady et at, (1990). The most prominent structural

elements (haracterizing the Marmora T~rrane are major arcuate thrust faults,

juxtaposing the Oranjemund, Chameis, and Schakalsberg Complexes. The most

prominent thrust fault is the $chakalsberge thrust fault, which juxtaposes the Marmora

Bo

Fig. 2.6: Schematic NW-SE profile across the Marmora Terrane showing fabric
relationships between Schaka/sberge (Sb), Oranjemund (Or), and
Chameis (eh) thrust-shsets, overlying Bogenfels (Bo) and Hilda/Holgat
(Hi-Ho) foot-wall formations (see Fig. 2.1; after Hartnady at ei, 1990)

Terrane and the Port Nolloth Zone (Figs. 2.1 & 2.6). The thrust fault at the contact

bew'een the Chameis and Oranjemund Complexes dips in a south-easterly direction,

whereas the thrust faults at the contact between the Oranjemund and Schakalsberge

Complexes dips in a westerly to north-westerly direction (Hartnady at ai, 1990),

possibly representing a "pop up" structure of major dimensions (Fig. 2.6).

Three deformational phases were described by Hartnady at at. (1990) within the
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Mannora Terrane. Near the contact between the Oranjemund and Chameis Complexes
I

and at the Sct\Jkalsberge SOl9 thrust, the 01 deformation is characterized by an early

NW-dipping S1 cleavage, which is co-planar to the axial planes of minor 01 folds (F1;

Fig. 2.6). The 81 schistosities in both the Oranjemund and Schakalsberga Complexes

are-approximately co-planar to the F1 axiai planes within Bogenfets footwallliithologies

and are nearly coplanar with the Chameis thrust fault.

Near the contact between the Oranjemund and Chameis Oornplex, the 02

deformational phase is charaotenzed by a pentrative 52 schistosity, which trends in a

northerly direction with a south-easterly dip, transposing the S1 cleavage and minor

F1 folds. At the Schakalsberge sole thrust near Bogenfels, 02 folds (F2) are truncated

by the thrust fault in the hanging-wall of the 80genfel5 lithologies. In both the

Oran;3mund and Schakalsberge Complexes, minor F2 kink~bands locally affected the

co-planar 51 schistosities.

Hartnady at at (1990) described late-stage 03 backfolding with folds verging in a

north-westerly direction (F3; Fig. 2.6) for both the Chameis and Oranjemund

Complexes. Near the, contact of the Chameis and Oranlemund Complexes, the S2

schistosity was deformed by F3 fokls. At the Schakalsberge sole thrust near 80gen1e1s

(Fig. 2.6), F2 and possibly F3 folds were truncated by the thrust fault in the hanging-

wall of the Bogenfels lithologies. According to Hartnady et at (i990) structural

evidence shows that the Schakalsberge sale thrust in the north post-dates the late

juxtaposition of the Oranjemund over tho Chameis Complex by D3 baek-thrustlnq.

These thrust nappes or subterranes may have been originally juxtaposed in reverse

order during 01. In the south, the juxtaposition of the Oranjemund over the

Schakalsberge Complex could have taken place either before or after the D3
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approximately 7 km :.~outhof Bogenfe/f:J.

backthrusting event (Hartnady et aI., 1990}.

R,'3connaiissancemapping in the area immediately south of Bogenfels has shown,

that the earliest deformation phase (D1-80) is characterized by an intense bedding-

subparallel foliation, indicated by mineral and grain elongation, as well as growth or
mica. This foliation is associated with bedding~subparallel quartz-veinlets, which in

places display fish structures indicating shearing in a southerly to south~easterly

direction (Fig. 2.7). This foliation is sub~parallel to thrust faults (Di-Bo), "'hich are

indicated by quartz veins up to several metres thick, containing quartzftfeldspar

pegmatoids, mylonites, intense shearing and a strong D1-80 cleavage.

Small to large scale, open to isoclinal, and in places overturned folds «5 em to 100

m wavelength) have deformed 'ihis earliest bedding-subparallel foliation (D1; Fig. 2.7)

and are thus ascribed to a later D2 derormatlonal event. The 02 folds plunge

moderately in a southerly direction (Fig. 2.7). A weak axial planar cleavage, dipping in

a westerly direction and indicated by the elongation of minerals and grains, is

associated with the 02 deformational event. Stereonet data of structural elements from
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the Bogenfels area are shown in Figure 2.7.

2.3.2 Stratigraphyof the PortNoJlothZone

PreviQus stratigraphic subdivisions

Several efforts have been made to classify the stratigraphy of the Gariep Belt Attempts

were undertaxen by Rogers (1915, 1929), De Villiers & Sohnge (1959), Haughton

(1961, 1963), Martin (1965), McMillan, 1968; Kroner (1972; "1974); and Von \leh (198S;

Table 2.2). SACS (1980) subdivided the Gariep 8elt Into a "miogeosync!inal" facies

(central Richtersveld), and a lIeugeosynclina~1Ifacies (western Richtersveld and coast).

The miogeosynclinal facies was subdivided into the Stinkfontein Formation, constituting

the Lekkersink, Vredefontein and Kaigas Members, which are overlain by the Hilda

Suite and the Nurnees Suite. The eugeosynclinal facies consists of the Grootderm

"\

Suite, which is overlain by the Oranjemund and Holgat Suites (Table 2.2b). The Rosh

Pinah-Witputs area north of the Orange River was subdivided by McMillan (i968) into

the basal Kapok Forrnatlon, which is equivalent to the Rosh Plnah Formation, the Hilda

Series (Gariep System), and the overlying Numees Formation. SACS (1980) renamed

these stratigraphic units Rosh Pinah Formation, Hilda Suite and Numees Formation,

being confined to the "miogeosynclinal" facies (Table 2.2b). Diamond Area No.1 of the -

Sperrgebiet, which lies to the east of the Rosh Pinah-Witputs ersa, was also

subdivided into a "eugeosynclinal facies" (coastal region) and a "rrtiogeosynclinal

facies" (northeastern belt). The lIeu~leosynclinal facies" comprises the Grc'otderm and

the overlying Oranjemund Suites, whereas the IImiogeosynclinal facies" is made up by
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the Hilda Suite aad the over!Ylng Bogenfels Formation (SACS, 1980; Table 2.2).

Port Nolloth ZQoe-stratigraphy of the ngrthQwB$,tern RiQhtersveld

The latest stratigraphic studies in the north-western Richterveld were undertaken by

Von Veh (1988), who subdivided the Gariep Group into the Stintdomein, Hilda,

Numees, and Holget Sequences (T~ble 2.2b) . The Stinkfontein Sequence comprises

the Lekkersink, Vredefontein, and Gumchavib Formations, consisting of quartz

arenites, conglomerates, feldspathio g?it and arenite, as well as the diamictitic Kaigas

Formation. The Hilda Sequence incorporates the Pickelhaube Formation, consisting

of dolomitic limestone, the Wallekraal Formation, comprising conglomerate of weli

rounded boulders with dolomite boulders with sizes up to 10 rn, and the Oabie River

Formation, including dolomite with rare stromatolitic mats. The Numees Sequence was

'Subdivided by Von Veh (1988) into the basal Jakkalsberg Formation, incorporating an

int(erbedded sequence of magnetite-quartzite, ironwricl1 and iron-poor schist, arkose

and dlamlctlte, as well aslron formation with polymict dropstones. The Jakkalsberg

Formation is overlain by the Sendelingsdrif Formation, consisting predominantly of a

massive or very poorly bedded diamictite. The Holgat Sequence was described by

Von Veh (1988) as a sequence of interbedded arkoses, greywackes, schists, and

dolomitic limestone.

Port No/loth Zone·stratigraphy of southern Namibia

Results of the present work suggest, that the Port Nolloth Zone~stratigraphy north of

the Orange River consists of the Stinkfontein Subgroup, comprising the Rosh Pinah

Formation, a mixed clastic/volcanic rift phase, and the Gumchavib Formation, a mixed
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terriqenious/menne clastic phase, snd the Hilda Subgroup, oomprising the

?ickelhaube Formation, a planorm carbt3r~'ateand continental shelf clastic phase, the

Obib Peak Formation, a fluvial ~ '. and the Numees Formation, a mixed

glaciomarine/interglacial phase (Table 2.2b). The llHolgat Subgrqup" (Von Ven, 1988)

within the study area. was assigned to the Pickelhaube Formation, represantJng a

deepwater equivalent to the tatter (see chepter 3).

2.4 .'NTRUSIVE ROCKS

!n the north-westsrn Richtersveld, the Stinkfontein Subgroup is intruded by mafic dykes

of the Gannakouriep SuRs. In southern Namibia however) the Gann13kourjap Suite

occurs exclusively as sills interlayered with the Rosh Pinah Formetlon, Gumchavib

Formation and the lower Pickelhaube Formation (Fig. 2.4). The sill:;; all contain the

paragenesis green amphibole-plagiocla5e-epidote-chlorite~quartz-+ /- biotite, + 1-
calcite and in some cases, relics or pale brown magmatic pyroxene, rimmed by

hornblende and epidote, indicating the sub-volcanic origin of these sills. Accessory

minerals include tabular ilmenite, hematite and sphene.

In the Richtersveld Gariep Group lithologies are intruded by the Kuboo$-Bremen and

Garub Intrusives.

The Brei',';en Plutonic Complex (Fig. 2.8) forms a sheeted arcuate complex, as jf part -

of a multiphase ring structure (Alisopp,et al., 1979). 1.10 rocks comprise mostly alkali-

feldspar (+ /- qup"",) syenite « 7% hornblende, rlebecklte and iron oxide) and minor

alkall-fetdepar granite. The granite has a markedly variable quartz content and, in

places, is of quartz-syenite composition (AUsoppat a!., 197'9).
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The Kubo.os Plut~m (Fig. 2.8) consists of a medium-grained granite phase, cornprisin~~

a nearly equigranular reddish rock ponsis!ing of quartz, K-feldspar, plagl'~o,lase and

scattered flakes 0 I biotite in an allotriomorphic matrix and small phenocrysts of K-

feldspar (Allsopp at at, 1979). This granite phase is intruded by a coarse porphyritic

granite phase como 'ising euhed(al pinkish phenocrysts of zoned perthite up to 4 em

long, set in a mediurr 'n to coarse-grained matrix of andesine and quartz with minor K-

feldspar, accessory rr'inerals and rare reliCS of green hornblende, largely altered to

chlorite (Allsopp at at, 1979).

A zone of carbonate-bearlnq intrusives trending northeast from the Bremen Complex

links up with the area of the Garub carbonate-bearing sills (Fig. 2.8), which have a.

carbonatitic affinity (Schreuder, 1975).

The Garlep Group north of \~heOrange Piver is intruded by Kerco dolerite dykes (Fig.

1111
\,

I,_II'_~_
:I. 0\I0IIX lyotIiI, 0 10 ~ 30 010 110
3, Coorr.o~"'" ~pwl;;::;::looaoi
4. _-.... .. _ .... .,_

5, I'nid"""bII_U'~..~
7. c.n.o.__ -.a_

Fig. 2.8: Simplified geological rna). uf parts of the Richtel'sveld and southam
Namibia (modified atter AlISt'PP et al., 1979).
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2.4), trendirl£.' in a northerly direction from Dreigtatberg to north of Trekpoort Farm,

approximately 25 km north of Rosh Pinah.

2.5 RA.OIOMETRIC AGES OF THE GARn~p GROUP l~TRATIGR.APHY

Age relationships betweert the various tectono-stranqrapblc and stratigr::\phic units of

the Gariep Belt are not well constrained. All radiometric ages have been derived from

pre-, syn-, and post-tectono magmatic rocks, mostly granites and felsites of the Rosh

Pinah Formation. Mim~ral dates from metasedimentary rocks have not been obtained.

The Lekkersink granite, which .is intrusive into Stinkfl1ntein lithologies in the

Richtersveldi has been dated at 780 + /-10 Me (Pb-U zircon age), representing the

most likel'y age constraint for the initiation of !'ifting in th~l Gariep Belt. This age

constraint for the initiation of rifting is supported by the Rb-Sr mineral-isochron age of

717 + /-11 Ma, achieved from basic rocks of the Gannakou"iep dyke and sill swarm

in the Richtersveld (Ransome and Raid in: Hartnady and Von ''1eh, 1S90), which is

intrusive into the Stinkfont~~inSubgroup and the lower Pickelhaube Formation. A Ab-Sr

rnlneral-lsochron age of 719 + /-28 (Welke, in: De Villiers, 1968) obtained 'from the

felsites of the Rosh Pinah F\.~rmation probably also represents a primary age, rather

than the mlneral-errorohron age of 686 + /-32 Ma (Allsopp et al., 1979), obtained for

the Rosh Pinah telsltes.

The lower age for the Gariep Group is constrained from the alkaline grartitic members

of ~he Richtersveid Suite (Richterveld Complex and oider Bremen granite~, of Allsopp

et el., 1979), which ars unconformably overlain by the rocks of the Stlnkfontein

Subgroup. A maximum age for the initiatk:m of the geodynamie evolution of the Gariep



Belt is sustained from thsse these lithologies, which produced a U~Pb Ziroon age of

920 +1_ 10 Ma and a Rb"Sr whole-rock isochron age of 911 +/_ 39 Ma (Allsopp at

al., 1919), as well as an age of 920 +1ft 30 Me (Burger & Coertze, 1973). This would

however mean, that rifting took place over a time span uf 200 Ma, which is

geologically not viable. Allsopp et al, (1979) described the quartzite and lava xenolith$~
/'

(

resembling Stinkfontein lithologies of the Richterveld within the older RichtervEl~

intrusives and implied that the Stinkfontain must be older than 920 Ma. However,

because of the strong similarities between the Stinkfontein Subgroup and the Orange

River Group, this is very unlikely.

Alsopp et al, (19'79) noted two widespread resetting events within the Gariep Belt at

about 700 and 500 Ma! that have influenced Rb~Sr whole rock results. Additional

evidence for resetting was discovered by Welke et a!. (1979), yielding resetting ages

of about 480 Ma.

Other ages obtained for the IIGannakouriep dyke and sill swarm" have yielded

equivocal ages from '1200Ma to 200 Ma (40Ar/39Ar; Reid, 1977; 1979) and often fall

into the range of 500 to 550 Ma (543 +;.. 15 Ma, De Villiers, 1968; 542 +/- 4 M~!,

Onstott et al., 1986) and probably represent resetting ages corresponding with the

Pan-African metamorphic overprint.

If the correlation of the Numees diamictite with the widaspread Varangian Glacial

Episode in Europe (Harlalld, 1683; Hambrey & Harland, 1985) and the Rapitan Glacial

Episode of northwest Canada is correct, it was deposited at around 670 Ma.

A minimum aq'J for the Pan-African geodynamic evolution is Indicated by the

ernplscerner It of the granites, syenites, cerbonatites and dlatrernlo intrusives of the

multi-phase "Kuboos-8remen line" intrusives (Allsopp et al., 1979), which ~ti:trudethe
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rocks of the Gariep Group in the Richtersveld. The entire igneoLl~~!iQeamentappears

to be post-tectonic (Hartnady & Von Veh, 1990) and transects the Gariep structural

trends at a high angle. Hartnady & Von Veh (1990) suggest, that the U-Pb ages

ranging between 525 + Iw 60 Ma for the Kuboos pluton and 521 +;.. 12 Me for the

younger part of the Bremen complex (Allsopp et aI., 1979) therefore possibly establish

a minimum age for the Adamastor orogeny within the Gariep Belt.

Geochronological data from the Nama Group. which formed as peripheral foreland

basins in response to the advancing Khomas orogeny and the Adamastor orogeny

(Stanistreet et al., 1991), provides lmportrnt time constraints to determine a minimum

age for the Adamastor orogeny in the southern coastal branch of the Damara Orogen.

Geochronological data obtaimad from shales of the lowermost scnwarzrand Subgloup

(lower Nama Group), which was deposited into the Nama foreland basin, situated

marginal to the Adamastor or,')gl~nywithin the Gariep Belt, indicates a K/ Ar age of 536

+/_ 12 Ma (Horstmann, 1987). A~1esgained from white micas otthe Nama Group and

compiled by Miller and Grote (19t'S) yield ages ratlging from S47 to 443 Ma, which

were previously interpreted as cooling ages, but have been reinterpreted as

metamorphic ages by Stanistreet at al, (1991) because (.)f the striking Similarity with

40Ar139Ar metarrorphlo ages in the Vanrhyn(sdorp Group (552 to 476 Me with a

maximum at 496 Ma; Grasse at aI., 1988), Which represents the southern correlatlve

of the Nama Group in Namaqualand, South Africa. Geochrollological data obtained

from Nama Group· sediments in southern Namibia give K/ Ar ages between 530 and

500 Ma (Horstmann at sl., 1990), suggesting a low grade metamorphic alteration of

upper Nama Group sediments in southern Namibia. The 530 to 500 Ma ages may be

either indistinguishable from the 496 Ma peak metamorphism of Gresse at al. (1988)

31



within the limits of experimental error, or may indicate a time trangressive collision from

north to south during the final'stages of the .Q90dynamic evolution of the Gariep Belt

and the associated Nama foreland basins (Stanistreet at at, 1991).
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tHAPTER'3

SEDIMENTOLOGY

3.1 INTRODUCTION

No dstailed sedimentological studies have been carried out so far in the entire Gariep

Belt. In the Richtersveld area and southern Namibia (Fig. 2.8), research work has been

restricted mainly to stratigraphic and structural studies and investigations on the

geology of Rosh Pinah ore bodies and its immediate vicinity (see. section 1.2). One of

the aims of this thesis is, therefore, to present data from detailed measured vertical

S~tions at selected localities throughout the Rosh Pinah-Sendelingsdrif and some
II
),
I

a~jacent areas and to correlate these in order to develop a palaeoenvironmental

model. This allO\\ I a refinement of the stratigraphy of the GarieJ:i'Group of southern

Namibia and an insight into the tectonics which controlled its deposition. Sedimentary

snuetures of the Gariep Group lithologies within the study area Were affected by upper

greenschist/lower amphibolite facies metamorphism and are well preserved, Therefore,

the names of the interpreted precursor rocks will be used in this cnapter.

The scale of stratification thloknesses of Blatt, Middleton and Murray (1980) was,

a.pplied in thls work.

If

The positions of localities, referrerj to in tile following text, are pre,~ented in Figures 2.4

and 2.8,
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3.2 THEROSHPINAHFORMATION:RIFTSEDIMENTAT.•ONWITHIN A

FlUVIALLY /LACUSTRINE/FAN DELTA·[K)MINATED DepOSITIONAL

SYSTEM WITH VOLCANISM

Withir: the study area the Rosh Pinah Formation, which was fin'st defined by McMillan

(1968) as the Kapok Formation and later renamed Rosl~ Pinah Formation by SACS

(1980), consists of a maximum 2000 m thick clastic and volcanic uni~ at the base of

th€JStinkfontein Subgroup. Its stratigraphic relationship tel the other formac .',rlS in the

Port Nolloth Zone was the subject of much debate in the older Iitp"'''.Iture. Several

authors (De Vi!!iers & Sohnge, 1959; Kronerl 1974; Krom~rJ1975; SAt:S, 1980; Von

Yah, 1988) placed the Rosh Pinah Formation into the Hilda:Subgroup. Field evidence

within the study area, which is the type area of this formation shows, however, that the

Rosh Pinah Formation forms the lowermost stratigraphic unit of the Gariep Group

north of the Orange River.

Within the following subsections the lithologies and sedimentary strl~ctures of the rocks

within the Rosh Pinah Formation ate Q~scribed and interpl'eteltions of the dep;bsitional

systems and palaeoenvironments are made. Unfortunately access was denied to the

area ;1") the immediate vicinity of Rosh I')inah and Spitskop Farm further to the north

(IMCOR Zinc Ltd mine grant area). These are two key areas for the understanding of

the evolution of the RIl':)shPinal1 Formation and the early development of the Gariep

Belt in southern Namibia. Although no sedimentological and structural work was

possible within these areas, nevertheless, existing literature describing the geology of

these localities is summarized at the end of thIS chapter and put into context with the

geology of the investigated study areas.
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Massive conglomerate/sandstone/mudstone facies association: fan

deltas prograding into a lacustrine palaeoenvironment

Nine facies comprise this facie~ association (Fig. 3.1), namely: (1) massive matrix-

supported conglomerate (ems); (2) massive sandstone (Sms); (3) normally graded

sandstone (8ng); (4) inverse graded sandstone (Sig); (5) massive sandstone (Bms);

(6) finely interlaminated siltstone and mudstone (MfI); (7) wave-ripple cross-laminated

siltstone/fine sandstone (Swr); and (8) mudstone (Mm).

\ i

Fig. 3.1: Measured section through the Rosh Pinah Formation at locality 7, soutn-
east of Pfckelhaube (Fig. 204).
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(a) Description of lithologies

The grey to dark grey matrix of the matrix-supported massive conglomerate (Cms)

consists of medium to coarse grains of quartz, feldspar, and lithic grains including

micaschist, with a quartzitic, caicareous and sericitic cement. in handspecimen, the

sandstone grains vary from < 0,5 rnm to 2 mm and have an angular shape. The

conglomerate clasts consist of subangular to subrotmded clasts and boulders of vein

quartz, gneissic granit(3, granodiorite, quartzite, mloaschlst, phyllite, and brown

weathered dolomite. The average clast size ranges between 2 to 30 em, but within

some beds, large isolated dolomitic boulders (Fig. 3.2), up to 100 X 5 m in dimension,

are present.

The sandstones (Sms, 8ng, Sig), which are interbedded with the conglomerates (ems;

Figs. 3.:3 & 3.4), consist of quartz, plagioclase, muscovite, biotite, and rock fragments,

Fig. 3.2: Massive dolomite boulder within the ctJng/omerates of the Rosh Pi~ah
Formation at locality r, soutn-eest of Pickelhaube (Fig. 2.4).
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Fig. 3.3:

Fig. 3.4:

Massive conglomerate (ems) displaying normal and inverse grading in
beds with gradational contacts at locality 7, south-east of Picke!haube
(Fig. 2.4).

Sharp scour contact within mesetve conglomerate (Gms) at locality 7,
south.'east of Plckelhaube (Fog. 2.4).
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with accessory iron oxide. The sandstones vary from dark grey to dark brown and

reddish brown, depending on the amount of iron oxide. The size of the grains varies

in handspecimen from < 0,5 mm to 2 mm and they are often joined by granules and

pebbles of quartzite. The shape of the grains, granules and pebbles is subangular to

subraunded.

The wave-ripple cross-laminated sandstone and siltstone (Swr; Fig 3.5), which is

interlaminated with mudstone (Mfl, Mm) and interbedded with the

conglomerate/sandstone units (ems, Sms, Sng, Sig), consists of, in the order of th~!r

abundance, quartz, muscovite, biot)e and iron oxide. The matrix comprises

predominantly quartz and muscovite. The colour of the siltjsr ndstones (Swr) is light

brown to brown. The shape of the grains is angular to subangular.

The mineral composition of the blue-grey-silver to green-grey and dark-gray phyllitic

Fig. 3.5 Thickly laminated and ve"j thinly bedded wave-ripple cross-laminated
sand-/siltstone (SWr), inter/aminated with mudstone (MfI) at locality 7,
southeast of Picke/haube (Fig. 2.4); note penetrative $2 cleavage from
bottom left to top right.
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mudstones (Mm, Mfi), which are interlaminatedwith the fine sand- and siltstones (Sms,

Swr; Fig. 3.6)1 consists of quartz, muscovite and biotite, with a variable amount of

carbon, leading to its occasional dark grey colour, as wen as smalls, amounts of

chlorite and feld~par. Iron oxide and tourmaline occur in accessory amounts.

(t) Description of sedimentary facies

The massive conglomerates (Cms) anr.l sandstones (Sms, 8ngl Sig; Fig. 3.3) are' '-loth

bedded and unbedded and contain a variety of well-preserved sedimei1tar),s":·uctU.0S.

Bed thicknesses of the different sandstones or conglomerates within these units range

from several centimetres to 5 m (Fig. 3.1). The OV ..rail thicknessof the

conglomerate/sandstone cycles can vary between 5 to C, m (Fig ~.1j. Beds are often

structuretess, but commonly display sedimentary structures such as normal and

inverse grading in beds \WJ1 gradational contacts {Fig. 3.3}. Occasionally sharp scour

bases are also present (Fig. 3.4). A plane stratification within the massive

conglomerates (Cms) is manifested by the weak normal and inverse grading. The

sorting of thb massive conglomerate. and its rnatix (Cms) and the sandstones (Sms,

8ng, Sig; Figs. 3.3 & 3.4) is very poor.

The massive mudstones (Mm) display no sedimentary structures and usually have

sharp contacts with the interbedded/interlaminated conqtomerete/sandstone

lithologies. The overall thicknesses of the massive mudstone units vary between 5 to

40 m (Fig. 3.n.
The laminQ'!~dmudstones (MfI) are thinly plene-lamlnated (..: 1 mm to 3 mm; Fig. 3.6)

and are interlaminatedwith massive sandstones (Sms) at the contact to the over- and

underlying conglomerate/sandstone units. Towards the contacts with the
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Fig. 3.6:

Fig. 3.7:

i,'

Thinly laminated mutiston« (MfI) at the transition from sandstone to
mudstone lithologies at locality 7, south"east of Pickelha'lbe (Fig. 2.4);
note the penetrative beddlng.,subparallei f":1 cle8;~·~ge.

(}

Wav~ripple marks within the mudstones (Mf!) and sand-/siit.ltones (SWr)
of the Rosh Plnah Formation at locality 9 (Fig. 2.4).
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conglornerate/sandstorle units thickne~sas of thl? sandstone beds increase. Contacts

with the structureless massive mudstone (Mm) are gradational. In places, the contact

zone between the !Jtr.1glomerate/sandstOna lithologies (ems, Sng, Sig, Sms) and tl1e

mudstones includes wave-rlpple-cross-lemlneted sand- and siltstones (Swr) with fine

mudstone inclusions, interlaminated and interbedded with mudstones (Mm, Mfl; Figs.

S.S and 3.7).

The sandstone/siltetones (Swr) and mudstones (Mm, Mfl) are thid~!y laminated t!.J very

thinly bedded (1 to 8 em) and may consist ....!dark grey carbon-rich mud~:-:i.me(Mm;

Figs. 3.1 ailti 3.5).

(c) Contact relationships

In the transition zone between mudstone and sandstones a distinctive coarsE>'1ingand

thickening upwards and downwards of the sandstone and mudstone beds, is

displayed. The thicknesses of the transitionallones from conglomerate/sandstone

lithologies to massive mudstones very between 5 to 25 rn, but contacts can also be

sharp.

Up to five laige scale C0nglomerate/sandstone/mudstone cycles can be defined within

the Rosh Pinah Formation south-west of Rosh Pinah.

(d) Interpretation

Normal and inverse grading wH:hinthe massive conglomeratas (ems) and sandstones

(Sms, Sng, Sig), the presence of sand sheets, the subangular to subroundsd shape

of clasts, the immature composition of the sandstones and the conglomerate matrix,

the extraordinary large size of some dolomite boulders, as well as the presence of
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basement-derived clasts indicate a de,bris-flow-dominated environment, typlca! for

debris-flow-dominated fans. Similar petaeoenvlronmenta have been commonly'

identified in sedimentary rock strata throughout earth history, e.g in the Al'cheCii'l

(8uckl 1980; Kingsley, 1984; Stanistreet and McCarthy. 1991), Proterozoic (McGowen

and Groat, 1971; Middleton and Trljillo, 1984; Ruxton and Clemmey, 1986; Master,

1991) and Phanerozoic (Biuck, 1967; Steel and Aasnelm, 1978; Schultz; 1984;

Hayward, 1983; Wells, 1984; Derbyshire and Owen, 1990)'~Modem analogues ofthese

debris-flow-dominated fans are the Yallah fan delta in south-east Jamaica (,:Jescott and

Etheridge, 1980), the Gilgit Fans of the Karakoram·Mountains (Derbyshire and'Owen,

1990), and the Hanaupah Fan in the Death Valley region, USA (Bull, 1963; 1972;

Denny, 1965; Hooke, 1967). All of these fans are dominated by debris-flow deposits

interbedded with alluvial deposits, particulary those of shallow, br, Uded streams or

sheefflows. The abundance of more sandy or conglomeratic material within this facies

aS8oci~Uoninr.iicai'essheetflood processes during further distal or proxima! deposition

wr;wn such an environment.

The massive mudstones (Mm) and plana-laminated mudstones (Mf!) and, in places,

the highly carbonaceous composition of some mudstones (Mm), indicate deposition

within a quiescent subaqueous environment, in which clay particles could settle. The

absence of quartz arenites, often developed as a result of wave action in open coastal

marine settings, the immature nature of the Siltstones/fine sandstones and

interlaminated and interbedded sandstones (Swr, Sms), indicate that these sediments

formed as debris flows and fan deltas prograding into a lake body. Wave-ripple crass

lamination with mudstone inclusions within the fine sandstones/siltstones (Swr) and

the interlaminated and interbeddea mudstones (Mfl) indicate minor wave reworking
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along a shoreline above lacus1'~jnewave base.

Ancient analogues of fan deltas are represented by the Oligocene~Miocene

conglomerates of the Meteora monasteries region in Greece (Ori and Roveri, 1987),

which were deposited during fluctuations in the water level, which affected both the

subaerial and subaqueous facies of fan deltas, and the '"ertiary rift basins in the Sohal

region of northeastern China (Chen Channing, Huan Jiakuan at al., 1981; Chen

Chanming, Hoang Jiakuan et aI., 1982). Within the East-African intracontinental rift

system itself, which represents a modern example for environments dominated by

alluvial fans prograding as fan deltas into lacustrine environments, clastic sediment is

limited to material derived from neighbouring fault scarps and uplifted blocks within the

rift and transported through the few river channels that 110watong the rift. Therefore,

the dominant sediments &r~ those of alluvial fans and fan deltas prograding into laKes

(Mitchell and Reading, 1986).

3.2.2 Cqarse to fine clastics/carbonate 1~aclesaSlSoclatlon: proximal to

distal braid plains alluvial fan and lacustrine dep(.sitlo~al system

The folloViing facies were recognizei:f within this facies association: (1) massive, matrix",

supported conglomerate (ems); (2) massive arkosic sandstone (Sms); (3) normally

graded arkosic sandstone (5ng); (4) inver$e graded arkosic sandstones (Sig); (5)

tabular planar cross-bedded sandstone (Spc); (6) trough cross-bedded sandstone

(Stc); (7) ripple marked sandstone (Srm); (8) mudstone (Mm); (9) massivt=l. carbonate

(Lmd).
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(a) Description Of mhologies

The sandy matrix of the conglomerates (ems) and the sandstones and pebbly

sandstones (Sms, 8ng, Srm) overlying the basal conglomerate are medium to coarse

grained and consist of plaqloolase, quartz, muscovite, biotite, and chlorite, with

accessory titanite, zircon, and tourmaline. Clast sizes vart on average between 2 mm

and 5 cm and consist of subrounded white quartzite. The composition of the tabular

planar and trough cross-bedded quartzitic sandstones (Spc, Stc) is more mature,

containing a higher amount of quartz than the other sandstones within this facies

association.

The phyllitic mudstones (Mm) are general!: "liver-grey to green-grey and consist of

quartz, muscovite and biotite. They can also be dark grey to black due to an

enrichment of carbon. At locality 22, the mudstones are black and are associated with

Fig. 3.8: Black, graphite-rich mudstone (Mm) of the Rosh Pinah Formation
displaying sulphur efflorescence (locality 22; Fig. 2.4).
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Fig. 3.9: Graded beds within arkosio sandstones of the Rosh Pinah Formation In
the core of the Annisfontein Anticlinorium near locality 1, Immediately
north of the Orange River (Fig. 2.4).

a yeUow sulphur efrlorescence (Fig. 3.8).

The massive carbonates (lmd) are light Igreyto grey and dolomitic In composition.

(b) Description of sedimentary facies

The matrix-supported massive conglomerates (ems) contain sedimentary structures

in the form of upward fining and upward coarsening pebbly Dads, with units varying

in thickness between 15 cm and 10m. The matrix comprises medium to coarse and

pebbly sandstones. The subrounded pebbles and conqlomerate clasts comprise

mainly quartzite with average sizes ranging between 2 mm and 5 cm. The base of

these beds is usually a sharp Scour surface. some patches ot matrix supported

conglomerate (ems) arc recognized within the massive sandstone (Sms) units. The
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Fig. 3.10: Measured section through a portion of the Rosh Pinah' Formation in the
core of the Annisfontein Anticlinorium I:!t locality 1immedia.tely north of
the Orange River (Fig. 2.4).

Fig. 3.11: Unguoid out-of-phase ripple marks within sandstones of the Rosh Pina.h
Formation, about 2 km south of Gumchavib tfigonometrical beacon (Fig.
2.4).
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Fig. 3.12: Sinuous out-ot-phase ripple marks within sandstones of the Rosh iVnah
Formation, about 2 km south of Gumchavib trigonometricaJ beacon (Fig.
2.4j.

Fig, 3.1S.: Tabu/ar planar cross~bedded quarlzitic sandstone (Spc:) of the Rosh
Pinah Formation at locality 22, about 4 km south of Gumcnevit:
trigonometricaJ beacon (Fig. 2.4).
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Fig,3.14:

Fig. 3.15:

Sm.

~tc

300

51", •

SID:
$pi

Sm.

Spi
5pe
Sill

Measulted section through the Rosh PJ.nahFormation al/ocality 22r about
4 km s\outh of Gumchavib trigonometrfcal beacon (FiS1.2.4).

Measured section through parts of the RostJ Pinah Formation at
locality SIO,west of Gumchavib Mountain.
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Fig. 3.16: Trough cross-bedded qusrtzitlc sandstone (Sfc) of tne Rosh Pinen
Formation at locality 22, abOut 4 km south of ('3umchavib trlgonometrical
beacon (Fig. 2.4).

conglomerates and their matrix are p130rlyto moderately sorted.

The feldspathic sandstones (srns, Sng, Sig, Srm) within this facies association are

generally medium to coarse and poorly sorted. Normal grading is common within

pebbly arkosic sandstones (Sng) with bed thicknesses varying from 2 em to 2 m (Figs.

3.9 & 3.10). Asymmetricallinguoid and sinuous out-at-phase ripples are also present

(Figs. 3.11 & 3.12). Set thicknesses of graded coarse to medium sandstones of the

tabular planar cross-bedded sandstone (Spc) within the Rosh Pinah Formation vary

from 10 em to -50 cm (Figs. 3.13, 3.1A. & 3.15). The troughs of the trough cross-

bedded sandstones (51c; Fig. 3.16) vary from 10X 5 cm to 150X 50 em in wid~hand

height. Sc~rce palasocu .ent directions of the troughs and planar cross beds indicate

a westerly drainage. At localities 22 and 30 (Fig. 2.4) the massive sandstones (Sms)
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are poorly sorted with bed thicknesses varying from several centlmetrss to tens of

metres. The massive sandstones are interbedded with normal and inverse graded,

medium to pebbly sandstones (5ng, Sig) and tabular planar cross-bedded sandstones

(Spc). At these localities, bed thicknesses of the normal and inverse graded

sandstones (5n9, Sig) range from 5 to 10 em (Fig. a.15). Bed thicknesses of

interbedded mudstones (Mm) range between 5 em to over 20 m and display no

sedimentary structures.

The interbedded carbonates display no sedimentary structures. The contacts between

the carbonates (lmd) and sandstones are sharp.

(c) Interpretation

The low maturity of the medium to coarse and pebbly sandstones (Sms, Sng, Srm,

Spc, Stc) and mudstones (Mrn), and the presence,'Of graded beds together with ripple

marks, trough cross-bedding and tabular planar cross-bedding indicate a fluvial

environment, generated by a braided fluvial system representing both channel and

overbank sedimentation. More specifically, the massive and normally graded matrix

supported conglomerates (ems) represent the highest energy environment of

deposition and reflect the growth of longrtudinal bars at t,e base of braided channels.

The conglomerates (ems) form the cores of these bars, and tabular planar cross-

bedded feldspathic sandstones (Spc) may represent the migration of transverse bars

and megaripples (compare Smith, 1971; Boothroyd & Ashley, 1975; Mia!!J1978). Each

upward fining sequence reflects a single channel body,

The ccarser grained feldspathic massive sandstones (SOlS) probably represent sands

in which sedlrnentary structures were not preserved, with the mudstones (Mm)
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representing overbank deposits. The sedimentary associations suggest a braided

fluvial system such as recorded for the South S~Jkatchewan River and/or the Platte

River (Miall, 1978; Harms et at, 1982) for the deposition Clf this facies association. In

~:articular ~the paucity of conglomerates in this facies association suggests the

development, of a distal fluvial setting analogous to the South Saskatchewan and

Platte-type fl~vial sett~ngwith the continued influx of predominantly sand, rather than
I'

an alluvial faL~ setting, unconformably overlying the basement,

The massive (Sms) and normally and inverse graded sandstones (Sl}~,Sig) at

localities 22 and 30 (Figs. 3.14 & 3.15), which are interbedded with tabular planar

cross-bedded sandstones (Spc), probably represent debris flow deposits within a

stream dominated alluvial fan. These deposits either prograde into a lake body as a

fan de~:aOf represent the earliest marine transgressiOns,drowning recrystallized algal

mats (lrod) through clastic inpmtduring water level changes, which are either tectonic

(if lake body) or eustatic:'~Jfmarine transgref~sion) in origin.
\\

3.:2.3 Clastics/carbonate/bimodal volcanic facies association: fluvlally,

alluvial fan and lacustrine dominated depositional system with

voicanlsgn

The following facies occur within this facies association (Figs. 3.17 & 3.18): (1)

massive, arkosic sandstones (Sms); (2) normally graded arkosic sandstone (Sng); (3)

massive mudstone (Mm); (4) fine laminated mudstone (Mfl); (5) massive carbonate

(Lmd); (6) felsic volcanics (Va); and (7) massive sulphides (GaSu).
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(a) Description of lithologies

The sandstones (smo, Sng) are red ..brown to grey and consist of subangular to

subrounded grains of quartz) plagioclase and carbonate, as well as biotite, muscovite

and chlorite. The sandstones are medium to coarse and often pebbly with maximum

pebble diameters of 2 em, with pebbJes comprising subangular to subrounded

quartzite and 'plagioclase.

The mudstones (Mm, MfI) vary from silver-grey to grey-green and black and consist

of quartz, biotite and muscovite, anr ' 1inorchlorite and feldspar, associated with

Sm. (pobbly Ie>ms)

401''C''''''::::::::'n·· s_
!'.1m
Sm.

Mm

Fig. 3.17: Measured section through a portion of the Ro~;hPinah Formation in the
central part of the Rooikat thrust slice (Fig. 2.3).
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varying amounts of carbon, and can b~ described, depending on their relative

composition, as biotite-muscovite St':hists and be interpreted as carbonaceous or black
"v

muds originally.

The carbonates (Lmd) are dark grey, dolomitic in composition with a !high amount of

carbon, which causes its dark colour:.

The volcanics (Va) are wh;te-grey to light brown and light red and consist of

approximately 70% quartz and 30% feldspar with a potr.~"Iyritictexture (see section

3.2.5).

At locality 5 (Fig. 2.4), within the Rooiket thrust slice I(Fig. 2.3), a 40 em gossan (GoSu)

indicates the position of massive 5ulphide and is intt~rbeddedwith massive feldspathic

sandstone (Sms) and mudstone (Mm; bi9tite schist). The gossan is dark brown;

porous and spongy, and is asscoated witi~ Po-sulphide mlnerallzatlon within the
\;, \

Rooikat thrust slice. "The overlying sandstone at tne contact of the g~\ssan is white to

reddish and strongly ~ilicified.

(b) Description of sedimentary structures and facies

Sedimentary structures within the sandstones (sms, 8ng) range from massive

structureless (Sims)to nonnally graded beds of msdam to coarse pebbly sandstone.

Bed thicknesses range from 10 em to 70 cm (Fig. SI.17). The grain size within a graded

bed can vary from a maximum of 2 em within pebt~1ysandstones to flne sandstone or -

mudstone.

The mudstones (Mm) vary in bedthickrtess from SOem to 9 m. They are interbedded

with carbon-rich black carbonates (Lmd; Figs. ~'.17& 3.18).

No sedimentary structures are displayed within the carbonates (Lmd), which have
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Fig. 3.18: Measured section through a portion of the Rosh Pinah Formation in the
northern part of the Rooikat thrust slice (Fig, 2.3).

sharp contacts to the under- and overlying lithologies" Up to 2 m thick feldspathic

sandstone beds, as well as carbon-rich mudstones are interbedded within the

carbonate (Fig. 3.18). Overall thicknesses of these carbonates vary from 1 m to > 15

m.
The thicknesses of the volcano beds Ola) and sulphides rangl~from 40 em to 2 m and

pinch (jut !aterallywithin several tens to hundreds of metres. Thl? contact to the under-
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and overlying feldspathic sandstones is sharp.

The gossan (GoSu) is interlayered within an underlying massive mudstone (Mm) and

an overlying massive feldspathic sandstone (Sms). The contact to the DVGrlying

sandstone (Sms) is sharp. The amount of hematitic Fe-oxide within the underlying

mudstone appears to increase gradually towards the contact WIththe gossan (GaSu).

The overall thickness of the gossan (GoSu) does not exceed 40 em and the bed

pinches out laterally within tens of metres.

(c) Interpretation

The relatively large thickness of up to 5 m of the massive and laminated mudstone

units (Mm, Mfl) and the carbonaceous nature of the mudstones indicate a relatively

deep and quiescent depositional environment, in which fines could settle from

suspension (Jenkyns, i986).

The presence of barbonates, which are interbedded with the mudstones (Mm, MfI) and

sandstones (Sms, Sng), indicates a subaqueous deposition of the mudstones (Mm,

MfI), the carbonates (Lrnd) and the sandstones {Sms, Sng}. The immature composition

of the feldpathic sanustones ana the absence of quartz arenites, the latter often

indicative of marine beach processes operating in open marine settings, indic,.tes a

probably lacustrine envlrorment for the deposition of facies Mm, Mfl, Lmd, sms, and

Sng. The massive, structureless pebbly, medium to coarse sandston os (Sms) were

depositt.J as distal fan deltas into the lake body. The graded feldspathic sandstones

(Sng) and interbedded r' ,csiva sandstones (Sms) were deposited in a braided fluvial

system within sneam-domnated alluvial fans (Collinson, 1986), prograding into a lake

body as fan deltas. A modern analogue of stream-dominated fans, which have
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probabl~f contributed a great deal to the geological record (Collinson, 1986), is that of

the Kosi River, which emerges from the Himalayan foothills to develop a fan

prograding Into the Ganges Valley (Gole and Chitale, 1966),

The volcanics (Va) were deposited as distal acid volcanic flows into a shallow

lacustrine environment, interbedded with ailu~ai fan deposits.

The origin of the Fe-oxide might be subaqueous, volcanogenic vents near deep

reaching fracture and fault zones, associated with volcanic activity in a developing rift

system.

~1.2.4 Conglomerate facies association: a transgressive basal

conglomerate depositional system

This facies association consists only of a.matrix-supported conglomerate (ems).

(a) Description of lithologies

This facies association consists of a matrix-supported conglomerate comprising a light

brown, quartz-rich, feldspar and mica bearing, medium grained sandy matrix and is

monomictic, containing E~xclusiv6lyangular to subangular, strongly deformed granite

clasts with dierneters up tc 40 ern,

(b) Description 'of sedimentary s'~ructures

The conglomerate at the base of this facies association. overlying the granitic

basement unconlurmably, is 13pproximately3 m thick and matrixg~\'JPportedtdisplaying

no sedimentary features.
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(el Interpretation

The massive conglomerate (ems), overlying the granitic basement unconformably, is

interpreted as a *ransgressive basal conglomerate.

3.~.5 'rne geology of the Rosh PJnah aJ1dSpitzkop area (IMCOR Zinc Ltd.

Mlns Grant Area)

As access to the Rosh Plnah and Spitskop areas was denied by IMCOR Zinc Ltd., only

a summary of already existing literature dec:lling with the geology and aesoctsteo

stratabound Zn~Pb-Cu-sulph1de mineralization of these areas will be given in th~s

chapter. Geological studies of the areas were published by McMillan (1968), Page &

Watson (1976), Watson (1980), Van Vuuren (1986), Siegfried (1990), Siegfried and

Moore (1990) and Lickfold (1990), but 110 measured vertical sections have been

compiled.

The Rosh Pinah FOfl11lstion in these areas has been described as essentially consisting

of two members, a lower volcanic member and an upper member of mainly

sedimentary origin (McMiIlar., 1968, Page & Watson, 1968; Watson, 1980; Van Vuurer1,

1986, Siegfried, 1990).

The lower volccw(~member, described by McMillar, (1968) as the lower volcanic stage,

is restricted ~..J the areas north and north-west of Rosh Pinah and best developed at

Spitskop Farm, approximately 15 km north of Rosh Pinah, ihe upper sedimentary

member is confined to the area in the immediate vidnity of Rosh Pinah and north of

it.
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(a) The lower volcanic member of the Rosh Pinah Formation in the

Spitskop Farm area

The lower member of the Rosh Pinah Formation composes a basal conglomerate,

t .if'J!'lainby a succession of fels11:eand subordinate agglomerate with locally developed

beds of quartzite, phyllite, carbon-rich argillite and limestone (Page & Watson, 1976;

Watson, 1980). '"]thefelsite is often strongly sheared. Agglomeratic felsite occurs as

lenses in the,{~Is;tenear the base of the formation. Lenses of carbon-rich argillite and

limestone are interbedded with the \~elsiteoiluartzite, which is urttldrlain by volcanic

rocks, probably forms part of the overlying sedimentary member of the Rosh Plnah

Formation.

Watson .(1980) subdivided the felsites into t'NO major groups, massive telstte and

shearea fel~ite.

The massive felsites are characterlzed by Watson (1980) by the following 'features:

1) Equigranular felsite, which consists of qua1Z and feldspar of approximately the

same size (average 10 Xm) with .~,typical felsitic texture. Pyrite can be present

in places.

2) Porphyritic and glomeroporphyritic felsite, where quartz grains can become

larger in places and the rock takes a porphyritic and glomel'oporphyritic texture.

Phenocrysts are 1 ~2 mm across and consist mainly of quartz, perthlte,

orthoclase and albite, occurring as sporadic isolated grains in the matrix.

"he matrix can also be neteroqeneous in grain size, with larger grains of quartz

and feldspar (50 - 125 pm), that occur as clusters. The rock can contain a

reasonable amount of pyrite, subordinate dolomite crystals and occaslenal

mica ..
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3) Spheruliticfelsiteis characterized by the presence of smal: to large spherulites

(0,5 - 1 mm) and in places by the presence of quartz phenocrystes in a normal

felsistic matrix.

4) Amygda/oidal fe/sitecomprises the equigranular felsite with large, oval shaped

amygdales of quartz and dolomite.

S) Hypidiomorphic 'tetsite" does not display a typical telsttlc texture, but is

composed essentially of acicular grains of feldspar and roundish grains of

quartz, With pyrite as a common accessory.

6) Fe/sic tUffand agglomerate display spherical to angular particles of felsite, set

in a normal felsitic matrix.

The intensity of shearing within the sheared felsite can be highly variable. The

predominantly low intensity of shearing is characterized by the presence ot small

amounts of mica. Biotite and chlorite are developed in places in addition to common

sericite. Strongly sheared felsite is represented by quartz-mica schist, which can

enclose aligned lenses of normal felsite (Watson, 1980).

Chen lical analyses and mineral composition of the felsites are in accordance with

felsites and rhyolites (Watson, 1980).

(b) The upper volcano-sedimentary member of the Rosh Plnah Formation

within the "m~ne concession area" at Rosh Plnah

No measured verti~al sections of the upper sedimentary member of the Rosh Pinah

Formation, which was described by McMillan (1968) as the "upper volcano-clastic

stage of the Kapok FormathJn", have been published. It consists melinly of a well to

poorly sorted coarse to pebbly feldspathic sandstone, with sedimentary structures
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ranging from massive sandstone (Sms) to normal and inverse grading (8ng, Sig), as

well as occasional tabular planar cross-baddlnq (Spc). Inconsistent layers of black

argillite (Mm), chert, limestone (Lmd), quartz-muscovite schist (Mm), quartz-biotite

schist (Mm), biotite*a1biteschist (Mm) and amphibolite and felsite (Va) are interbedded

with the coarse and pebbly feldspathic sandstones (sms, Sng, Sig, Spc; Page &

Watson, 1976). In the immediate vicinity of Rosh Pinah the eastern part of the Rosh

Pin~h Formation is underlain by the lower volcanic member, whereas the western and

north-western areas consist of the upper sedimentary member including beds of~~il:;ic

lava and amphibolite sills.

The feldspathic sandstones (Sms, Sng, Sig, Spc) are light to dark grey. Schistose

feldspathic sandstone is commonly dolomite-bearing and has a brown weathered

surface. They are generally poorly sorted and contain well rounded to angular clasts

of granite, feldspar and quartz within a fine grained matrix of quartz and feldspar.

Muscovite and sericite is abundant in the schistose sandstones. Towards the north of

Rosh Pinah, biotite is, in places, a prominant constituent. Dolomite (",nnappear as a

major phase in calcareous sandstones and occurs as interlocking grains with quartz

and feldspar. Chemical analyses of some sandstones are, in places) enriched in

barium (Page and Watson, 1976; Watson, 1986).

The argillite is dark cotoured and appears as lenticular beds within the feldspathic

sandstones. At the mine workings it is associated with a similar looking, but harder

"microquartzite" (Pslge and Watson, 1976).

Discontinuous dolomitic carbonate beds (lmd) and small elongated bodies of

dolomitic carbonate (Lmd) occur within the felsites (Va) of the Rosh Pinah Formation.

They are grey and dark grey, generally fine grained and carbon ..rich. carbon-rtch
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dolomitic quartzite can be associated with these beds.

Sulphide-bearing dolomitic carbonate rocks, considered to be primary limestones

originally, are developed within the ore horizon of the ore-bodies.

Lenses of quartz-rnlca schist are present in places and are either related to shearing

along fault zones or they are of volcanic origin (Page and Watsong 1976; Watson,

1980).

Porphyritic felsite, which is restricted to the upper part of the upper sedimentary

member of the Rosh Pinah Formation, is similar in appearence to the porphyritic

felsite of the lower member of the Rosh Pinah Formation.

Dark coloured amphibolites are present as ctiscontinuous zones and small bodies in

feldspathic sandstone, and represent either altered basic lava or altered basic

intrusions (Page and Watson, 197'6; Watson, 19EIO).

Carbonate hosted Zn-Pb-Cu-sulphide mineralized bodies occur within the upper

volcano-sedimentary member of the Rosh Pinah Formation at Rosh Pinah and at the

Anglo American Skorpion Exploration Camp in Diamond Area No.1, about 20 km

north-west of Rosh Pinah. SedimentBIYstructures, such as ripple marks, are preserved

within the ~;tratiformmineralized Cl~'ebodies.

(c) (Correlation with facies associations of the study area

The poorly sorted coarse to pebbly feldspathic sendstones (Sms, 5ng, Sig, Spc) of the

upper volcano-sedimentary member wihthin the limine concession ersa" resemble the

mixed coarse to fine clastics/carbonate facies association (section 3.2.2) of the study

area and were probably deposited in a similar stream dominated alluvlal fan

deposlttcrtal system, prograding as a fan delta into a lake body and drowning
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recrystallized algal mats (Lmd). Occasional felsic volcanics (Va) of the upper volcano-

sedimentary member, which are interbedded with the sandstones (Sms, 5ng, Sig,

Spc), resemble the rocks which were deposited within a fluvially,

alluvial fan and lacustrine dominated deposltlons, system (section 3.2.3), associated

with volcanism recorded withb, the Rooikat thrust slice.

3.2.6 Regional distribution of the facies asscctatlene

The various facies associations described in the text in theprevious sections are

confined to several thrust slices, as shown in Fig. 3.19.

The most widespread facies association within the study area is the coarse to fine

elastics/carbonate facies association, described in section 3.2.2. It is confined to

several thrust slices, mainly to the Gumchavib thrust slice and parts of the Gemsbok

thrust slice, as shown in Fig. 3.19. The carbonates within this facies association are

only exposed within the Gomchavib thrust slice and the limine concession areal!within

the Rosh Pinah thrust slice. Within the Gumchavib thrust slice this faCies association

was recognized at Gumchavib Mountain, as well as approximately 1 km northeast of

locality 22 and 2 krn north of the Orange River within the western limb of the

Annisfontein anticlinorium (Fig..3.19).

The conglomerate/sandstone/mudstone facies association (sActiqn 3.2.1), which was

deposited in a fan delta/lacustrine dominated environmem, is exposed throy,ghout the

Gemsbok thrust slice and within several imbricate thrust sheets within the imbricate

zone in the eastern parts of the Dreigratberg thrust slice. It is also present at the little

outcrop approximately 1 km east of Rosh Pinah, indicating that this facies association
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5 km

Fig. 3.19: ,Regional distribution of the several facies aS$oclations developed
within the Rosh Pinah Formation; for position of thrust slices and
localitios, seo Figs. 2.3 & 2.4.

\\
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continues in a north-westerly direction into the beds of the Rosh Pinah Formation

within the Rosh Plnah Mountain, which host the Rosh Pinah Zrl-Pb-Cu-sulfide are

bodies themselves (Fig. 3.19).

The volceno-sedimentary facies association of the Rosh Pinah Formation is only

exposed within_"the Bcolkat thrust slice (Fig. 2.3), within the "IMCOR Zinc mine

concession area" and at Trekpoort Farm (Fig. 3.19).

Within the "mine concession area" the lower volcanic member, described by

McMillan (1968) as the lower volcanic stags, is restricted to the areas north and north-

west of Rosh Pinah and best developed at Spitskop Farm, approximately 10 km north

of Rosh Plnah. The upper sedimentary member is confined to the area in the

immediate vicinity of Rosh Pinah and north of it.

The transgressive conglomerate described in section 3.2.4 is exposed at Obib

waterhole and on Trekpaort Farm, where it overlies granitic basement. As the

thickness of this facies association does not exceed 10 m, it is not shown in Fig. 3.19.

3.2.7 V~rtlcalsedimentaryfaciesassociationvariations

The recognition of significant vertical facies variations within the Rosh Pinah !rormation

is rendered difficult by the fact that it is restricted to the several allochthonous tectonic

units which generally only consist of one facies association.

The most prominent vertical sedimentary facies association variations were desg'(ibed

by McMillan (1968), Page & Watson (1976), Van Vuuren (1986) and Siegfried (1990)

from the Rosh Pinah and Spitskop Farm areas, where a lower volcanic and an upper

mixed volcano-sedlrnentary member of the Rosh Pinah Formation is exposed. Within
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the upper volcano-sedimentary unit of the Rosh Pinah Formation, a grada~ional
\\

decrease of clast and grain sze, as well as an increase of the calcareous component

is present towards the top of the succession. At Rosh Pinah Mountain within the "mine

concession area", the conglomerate/sandstone/mudstone facies association {section

3.2.1~ which was deposited in a ian delta/lacustrine depositional system, is over- and

underlain by a several hundreds of metres thick sandstone/mudstone/carbonate

facies association of the vOlcano-sedimentary unit (McMillan, 1S68;Page & Watson,

1976; Van Vuuren, 1986; Siegfried, 1990), which was deposited in a similar alluvial

fan/lacustrine paiaeoenvironmer' .associatsd with bimodal volcanism.

Within the fan delta/lacustrine facies assoclatlcn itself (section 3.2.1) no vertical

variations are 'recorded.

Within the fluvially /alluvial fan/lacustrine deposited facies association (section 3.2.2),

and the VOlcano-sedimentary facies association (section 3.2.3), interbedded

carbonates, probably lacustrine in nature, become more abundant towards the top of

each succession. In the vclcano-sedlmentary facies association within the Rooikat

thrust slice) this increase of carbonate deposition is concomittant with the increase of

fa!sic volcanics. A distinct vertical facies variatioh is recorded at the gradational contact

of the Rosh Pinah and the overlying Gumchavib Formation, which records t~eearliest

marine transgression, which will be described in section 3.3.

3.2.8 lateral sedimentaryfaciesassociationvariations

The recognition or significant lateral facies variations within the Rosh Pinah Formation

is made difficult by the fact that most facies asacclatlcns are restricted to
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allochthonous tectonic units with a restricted lateral extension. The stron£, deformation,

caused by thrusting, the presence of imbricate thr!~ zones and intense fc:ding of the.
I'

rocks within the study area, also renders the reCognition of lat-eraffacies v=rlatlons

difficult.

A prominent lateral fac~esvariatloc "< 'described from within thel limine col !cession

area" within the Rosh Pit;~h and Spitzkop beds (page and Watson, 1~)76;Van Vuuren,

1986; Siegfried, 1990). The volcanic beds a~Spitzkop Farrn were described as lateral

faci&o equivalents of the volcano-sedimentary sediments further southeast towards

Rosh Pinah. According to Van Vuuren (11~86),the volcanic Spitzkop beds were

deposited near a volcanic centre sltuat~d at spltzkop Farm, whereas the mixed

volcano-sedlmentary beds and the sedimentary beds within the same tsctohle unit

were deposited in a more distal environment: further southeast. 'This observation is

supported by reconnaissance mapping at Trekpoort Farm approximately 25 km

northwest of Rosh Pinah, which showed a distict int "~se of felsic volcanics withj~ the

same tectonic unit, showing, thflt these volcanics are a lateral facies equivalent of the

Rosh Pinah Formation sediments further south. The

conglomerate/sandstone/mudstone facies associatton (section 3.2.1), whioh was

deposited in a fan delta/lacustrine depositional system, can be followed from a locality

approximately t km east of Rosh Pinah into the Rosh Pinah Mountain, where it

pinches out in a northerly direction (personal communications D. Alchin). At Trekpoort .

Farm, the fluvially jlacl:strine deposited facies association (section 3.2.2) and the

transgressive basal conglomerate facies association (section 3.2.4) of the Rosh Pinah

Formation are lateral facies association equivalents of the volcanic facias assoclatlon,

showing that all four facies associations recognized within the Rosh Pinah Fcrmal.lon
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were deposited concurrently and represent i8teral facies equivalents.

3.2.9 Pa~aeogeographicreconstruction

The b linance or continental sediments, the presence of bimodal volcanics within the

rocks of the Rosh Pinah Formation, the tectonic instability recorded by several cycles

within the fan delta/lacustrine facies association, and the fact, that this thick continental

sequence passes upwards into a marine sequence, !s typical for an intracominental

rift depositional system (Fig. 3.20). Palaeocurrent data of the Rosh Pinah Formation,

although scanty, lndioate sediment transport mainly in a westerly direction. This

indicates that the provenance area lay to the east of the present outcrop, being a

topographic high. The relative paucity of conglomerates, in the western parts of the

study area p' :ggests that these areas were an extensive sandy to pebbly braided river

system, flOwing from a source area in the east, whereas the area immediately west of

the topographic high was dominated by lacustrine sedimentation, associated with

prograd~ng fan deltas and bimodal volcanism (Fig. 3 ..20). A volcanic centre was

situated northwest of Rosh Pinah near Spitzkop Farm and at Trekpoort Farm.

Fan deltas, progradinp into lacustrine environments 1'1 the vicinity of the topographic

high near the listric, syns&dlmentary faults in the east of the study area east of Rosh

Pinar I ~tretching in a northerly direction along the reaotlvated Rosh Pinah thrust fault,

can OCCIJ.n over a great rangls of scales from a few tens (.,f metres to hundreds of

kilometres in radius (Collinson, 1986). This is indicated by the widespread fan

delta/lacustrine sediments along strike within the study area, which can be traced from

the Richtersveld to the area immediately southeast of Rosh Pinah.
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Fig. 3,20: Schematic reconstruction of the palaegeographic setting present
during the deposition of Rosh Pinah Formation rocks within tho
study area.

~
I

'The large thickness of the conglomerates of the fan delta deposits of the Rosh Plnah

Formation to the west of the Rosh Pinah thrust fault and the paucity of these

sediments to the east of it indicates synsedimentary faulting along the reactivated Rosh

Plnah thrust fault, as discussed in section 6.3.2. ThesEIsynsedimentary fault zones

were also used for the irnplacernent of the bimodal volcanics and mineralized brines,

which are associated with the Rosh Pinah Formation.

Widening of the lacustrine system as a result of tectonic.~subsidence caused the finer-
I

grained facies belts to transgress over the coarser-grained ones. Eventually,
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subsidence caused marine transgression from the Adamastor Ocean, as recorded by

the presence of the Gumchavib Formation (section 3.3), and the first extensive

siliciclastic and ptatform carbonate sediments of the overlying Pickelhaube Formation

(section 3.3).

Comparisons with other Oamara rift sequences in the inland branch and the northem

coastal branch are dealt with in section 6.1.

69



THE GUMCHAVIB FORMATION: OPENING OF THE

ADAMASTOR OCEAN

The Gumchavib Formation forms the upper part of 'the Stinkfontein Subgroup north of

a.3

the Orange River. It comprises several facies associations, representing a transition

between the Rosh Pinah Formation and the mainly carbonate Pickelhaube Formation.

3.3.1 Sandstone/muds~one/carbonate facies assectatrcn: mixed

contlnent&1 and marine carbonate depositional system

The following facies were recognized within this facies association (Figs. 3.21 & 3.22):

(1) massive sandstone (Sms); (2) normally graded sandstone (Sng); (3) macslve

mudstone (Mm); (4) massive carbonate (Lmd); and (5) parallellamina~ed carbonate

(Lfl).

(a) Description of lithologies

The medium to coarse and pebbly sandstones (Sms, 8ng) are dark grey to green-

grey. They consist of grains of quartz, feldspar, and minor biotite and muscovite. The

pebbles of the pebbly sandstones consist of white quartzite.

The mudstones (Mm) are green-grey consisting of quartz, biotite, muscovite and

chlorite, and appear only in the lowermost pebbly sandstones, which overly the

granitic basement unconformably. The sandstones (~ims, 5ng) are similar to those of

the Rosh Pinah Formation described in section 3.2.2.

Towards the top of the sequence (Fig. 3.22) the sandstones (SmB, 8ng) become more

calcareous in composition land consist of grains of quartz, feldspar, carbonate and
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Fig. 3.21: Measured section through parts of the Gumchavib Formation overlying
granitic basement at locality 29, approximately 5 km northwest of
Gumchavib II oumstn (Fig. 2.4).

minor muscovite and biotite,

The carbonates (trnd, Lfl) are light grey to blue-grey and consist of recrystallized

cherty dolomitic limestone.

(b) Description of sedimentary facies

Within the sandstones at the baas of this sequence (sms, Sng; Fig. 3.21), some

lenses of massive mudstone occur but do not exceed 50 cm in thickness.

8ed thicknesses of the overlying sandstones (Srns, Sng) vary from 1 rn to 35 m.
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Fig. 3.22: Measured section through parts of Gumchavib Formation at locality 17,
approximately 5 km WNW of Gumchavib Mountain (Fig. 2.4).

The sandstones grade from pebbly sandstone to coarse or medium sandstone (Fig.

3.21), often grading from up to 5 m thick massive pebbly sandstone to coarse or

medium sandstone with sharp contacts with the Ilext overlying graded sandstone O.ed.

Some massive sandstones (8ms) do not display any grading at all and can vary in

thickness from 1 m to 25 m (Fig. 3.21). Sorting of both the pebbly and the medium to

coarse grained sandstones is poor. The diameter of the pebbles generally does not

exceed 1 em, however, pebbles measuring 5 em diameter can occur at the base of

some beds.

The massive carbonates (Lmd) do not display any sedimentary structures. The

contacts between the carbonates with the under- and overlying sandstones are sharp.

Towards the top of the sequence (Fig. 3.22). fine parallel-laminated carbonate beds

(Lfl) occur occasionally within the massive carbonates (trnd; Fig. 3.22).
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The calcareous sandstones (8ng1 srns) are medium to coarse grained and are

generally normally graded from coarse to medium sandstone. They are interbedded

with carbonates (Lmd, Lfl) and medium grained structureless sandstones (Sms).

Contacts between the different sandstone beds and between sandstones and

carbonates are sharp,

(c) InterpretatIon

The mineralogy of the massive and normally graded feldspathic sandstones and

pebbly sandstones (5ms, 8ng) and mudstones (Mm) in the lower part of the sequence

(Fig. 3.21) and sedimentologlcat.structures, indicate a deposition within a fluvially

dominated environment, similar to that of the Rosh Pinah Formation. The graded

sandstones and graded pebbly sandstones grade into medium sandstones (8ng). The

mudstones (Mm) reveal sharp contacts to the overlying pebbly sandstones (8ms,

Sng). The sandstones (Sms, 8ng) and Mudstones (Mm) may have been deposited in

a braided fluvial system, representing both channel and overbank deposits, with the

pebbly sandstones being deposited in the most proximal environment of deposition,

reflecting the growth of longitudinal bars. Each upward fining sequence within the

massive, pebbly sandstones could reflect a single flood cycle. The calcareous

composition of the sandstones in the upper Gumchavib Formation (Fig. 3.22), as well

as the general lack of sedimentary structures (Sms) within some sandstones, and the

presence of normal grading (8ng), might represent braided fluvial reworking of some

of the interleaved limestones within stream-dominated fans (Collinson, 1986), Which

proqrade as fan deltas into a shallow marine environment.

The carbonates (Lmd) within this facies association probably represent recrystallized
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algal mats, generated during transgressional sea level changes, possibly eustatic in

nature, and drowned by clastic input during regressional periods. The laminated

carbonates (UI) represent storm generated carbonate, deposited near the zone of

maximum carbonate prcducnon.

The sedimentS within this'!facies association represent an interleaving of the underlying

Rosh Plnah Formation and the overlying Plckelhaube Formation during the

transgression of the Adamastor Ocean and the concomittant retreat of the shoreline.

3.3.2 Quartz arenite/mudstone facies association: foreshore and

shoreface depositional system

Five facies ~re developed within this facies association (Fig. 3.23): (1) massive quartz

arenite (Smq); (2) wave-ripple cross laminated quartz arenite (Swq); (3) planar cross-

bedded quartz arenite (Spq); (4) plane laminated quartz arenite (Splq); and (5)

massive mudstone (Mm).

(a) Description of lithologlies

The quartz arenites (Smq, SW4, Spq, Splq) are white to very light brown and consist

predominatly of medium, subangular to subrounded quartz grains, with a minor

amount of muscovite. The laminated sandstones contain black heavy mineral

concentrations, defining the lanf'linatlons.

The mudstones (Mm) are green-grey and consist of quartz, muscovite, biotite, and

chlorite.
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(b} Description of sedimentary facies

The quartzitic sandstones are well sorted and, except fOI.'!the structureless massive

quartz arenrte (Smq), display a variety of sedimentary features. Bed thicknesses aftha

quartz arenites vary from 10 em to approximately 5 m (Fig. 3.23).

The planar cross-laminated sandstones (Spq) vary in thickness from several

centimetres to 40 em. The angle of the laminae is fairly shallow and does often not

exceed 20 degrees (Fig. 3.24). These sandstones (Spq) often display intricately
,/f

interwoven cross-laminations, chevron structures and concave-upward lartlinae, which
\/

are suggestive of wave ripple lamination, as defined by De Raaf et al, (1977), which

give them the appearance of trough-cross laminated sandstones. These "troughs" vary

in dimension irorl1 1 X 0,2 cm to 20 X 5 cm (Fig. 3.24).

4

leo S<>t !'ituIM.b. formatl.n
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CUldchuib FJ'J'tn:atiGR

Fig. 3.:23: Measureld section through parts of the Gumchavib Formation at Obib
waterho/e (Fig. 2.4).
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Fig. 3.24: Wave-ripple cross laminated and low angle plane laminated quartz
arenitic sandstones at Obfb waterho/e (Fig. 2.4).

The plane-laminated sandstones (Splq), which are interbedded with the other quartz

arenitic sandstones (Sms, SWq, Spq), display parallel laminae with distances between

the laminae varying from 1 mm to 10 ern. Laminae can be undulating and are, in

places, topped by errosive sets. The parallel laminae can also grade into cross-

laminae.

The massive mudstones (Mm) do not display any sedimentary structures. They overlie

a transgressive basal conglomerate of the Rosh Pinah Formation and are interbedded

with massive quartz arenite (Smq) further up this sequence (Fig. 3.23). Towards the

top of the sequence '~hemassive mudstones (Mm) become more abundant, with

occasional interbedded massive quartz arenites (Smq) (Fig. 3.23).
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(c) Interpretation

Few environments are favourable for the formation, deposition and preservation of

quartz arenites. These conditions are present in marine environments, in particular

shorelines and shelf settings (De Raaf et aI., 1977; Elliot, 1986; Johnson and Baldwin,

1986).

The sedimentary structures within the quartzitic sandstones reflect a wide range of

energy conditions. Tidal effects could not be determined. The variety of sedimentary

structures within tl \e quartzitic sandstones (Splq, Spq; Swq) indicate that they were

formed under conditions of considerable wave activity, generated in temporary rough

weather, storm and post-storm conditions (De Raat at at, 1977; Reineck and Singh,

1975; Kumar and Sanders, 1976). A deposltlonal system within the foreshore

consisting largely of storm deposits is suggested for these facies, whereas products

of longer-lasting fair-weather conditions are found to compose only a mii I,..:r proportion.

The paranel-tammated and interbedded massive sandstones (Splq, Smq) were

deposited as suspension fall-out within the shoreface after whirling-up by waves in the

foreshore zone, indicating an environment of deposition well beyond wave base, where

the mudstone (Mm) was deposited, whilst only incidemta!catastrophic conditions such

as storms could bring in sands (De Raaf et al., "lS71). This assumption is also

strengthened by the absence of any sedimentary structures related to turbidites. The

absence of erosional structures in the mudstone-rleh low energy parts of this facies

association indicates, that winnowing of the sandstones from the mudstones was

inactive (De Raat et al., 1977).

Similar depositional conditions have been documented from the modern day Gulf of

Gaeta, Italy, by Reineck & Singh (1975), from the Late Ordovician Oslo Bt'sin by
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Fig. 3.25: Measured section through parts of the Gumchallib Formation at
locality 28, approximately 1 km northeast of Obib Peak (fig. 2.4).

stanistreet (1989). and from the Lower C~rboniferou$, County Cork, ireland (De Reef

et aI., 1977).

3.3.3 Interleavingof previous!ydefinedfacies~s8ociations

The two facies associations, which are developed in the Gumchavib Formation,

interlesve at several localities, as shown in Figs. 3.25 and 3.26. They were deposited

in a mixed continental/shallow marine depositional system recording a marine

transgression.
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3.3.4 Regionaldistribution

Gumchavib Forrnenon lithologies are any present in the west of the study area (Fig.

3.26). The mixed terrestrial/marine facies association (seotlon 3.3.1) occurs in the

southem parts of the Ostrich thrust slice (Fig. 203).The interleaved facies assocsdcas,

as described in section 3.3.3, are deve!o~d in the northern parts of the Ostrich thrust

slice northeast of Obib Peak. The foreshore/shoreface facies association (section

3.2.2) is present within the Obib thrust slice north of Obib Peak and around Otiib
i, '

waterhole (Fig. 3.26).

3.3.5 VerticalsedimentaryfaalesassociationvariatIons

The most prominent variations of depositional environments within the study area are,

rather StratigraphicsIn nature.

Within the mixed terrestrial/marine facies associations marine sediments, deposited

in a fo,esi1o\'t.jshareface and/or a ehaliow'carbonate platform depositional system,

become more abundant towards the top of the Gumchavib Formation (Figs. 3.21, 3.22~

3.25), grading into the carbonate dominated Pickelhaube Formation,

Within the foreshore/shoreface facies association, a vertical change from foreshore to

shoreface sedimentation is apparent (Fig. 3.23).

The vertical sedimentary facies association variations within the Gumchavib Formation

document a transgressive transition from the terrestrially dominated Rosh Pinah

Formation to the entirely marine Pickelhaube Fonration.
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Fig. 3.26: Regional distri;)ution of the several facies associations developed
within the Gumchavib Formation; for positIon of thrwst slices and
localities sea Fi~7s.2.3 & 2. ..t.
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Ii, II

3.3.,6, lateral sedimentaryfacies asso.ciation andstratif}raphicvarlatJorils

The only prominent lateral sedimentary facies association variation within the st~jdy

area is recorded along strike within the Ostrich thrust slice, N '..JI~ality28 (Fig. 2.4) in

tha northern parts of the Ostrich thrust slice, .continental sediments are interbedded

with bea(lh sediments .and platform cerbonates, whereas further soinh within this thrust

slice anel along strike!' the continental sediments interleave exclw3ively with carbonates,

3.3.7 Palaeogeographic reconstrruction

The lateral distribution of carbonates and beach deposits along the north- to

northwesHrending strike indicates a shoreline, which \f"as dominated by strmnatolitic

reef growth within a carbonate platform in the southern parts of the Ostrioh thrust slice

and foreshore to shoreface deposits in the northern parts around Obib waterhole (Fig.

2.4). Fluvial/alluvial fan sediments, prograding into the sea, drowned the marine

stromatolitic reefs in the south of the Ostrich thrust slice and are interbedded with

beach deposits and essoceted platform carbonates in the north of it. The ansa around

Obib watsrhole, situated within the Obib thrust sllee, was dominated entirely by a

transgressive foreshore tel shoreface depositional system, overlying a transgressive

basal conglomerate.

The relative abundance of carbonates towards the top of the (~urnchavib Formation

indicates the overall evolution of an entirely marine basin and the formation of a

carbonate platform and associated clastic carbonate and siliciclastic sedimentation.

Palaeocurrent measurements, though scanty, indicate a source area of continental

sediments in the east. The assurnptlon t'lf a north-south trending extension of the



, .JI
(~\

shoreline is only lndlcated by the distribution of the various fae:ies associations aldng

strike srnd perpendicular to it.

Widening of the contlnentat rift system, into which the nosh Plnah Porrnetlon

sediments and volcanics were deposited as a result of tectonlc subsidence, caused

the shallow marine sediments and carbonates to transgress over a continentally-

dominated environment. Thermal cooling of the African continental margin, related to

the CJpaningof th€1 Adamastor Ocean (Stapistreet et al., 19!~1)or proto-south Atlantic

O\.~~Jan(Porada, 1985), led to further transgression of the sea over continental

environments. The tectonic subsidence is recorded by the initial transgression and the

deposltton of the first shallow marine sediments, whereas the initiation of thermal

subsidence is documented by the ab...,~danceof marine\ sediments towards the top of

the Gumchavib Formation and the overlying Pickelhaube Formation,
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3.4 THE PICKELHAUSE·ftORMATION:CARBiONATEPLATFORMANrJ

CARBONATE SHElfF DEPOSITIONALSY!STEM

The sediments of th9 Pickelhc;luba Formation form the 'lowermost part of the Hilda

Subgroup. They consist mainly c)f carbonates and to a. lesser extent of carbonate-

dominated clastics and calcsirJicic:lastics.The Pickelhaube Formation reflects the first

appearance of exclusively marine sedimentation within the Gal'iep Group, Within the

study area, no "fundamental bre(ak" in the Port Nolloth Zone stratigraphy, as postolated

by Von Veh (i9Ba), is recorded by the rocks of the Pickelhaube Formation. This is

documented by various cycles involving mixed continental/marine sedimentation

during the deposition of the Gu.mchavib Formation, which gave way gradually to pure

marine sedimentation during the deposition of the Pickelhauba Formation.

3.4.1 Carbonate/carbonaceous clarbonatefac~esassociation: carbonate

shelf depositiona~ system

This facies association of the Pickelhaube Formation is the most widespread to be

exposed within the study area. It comprises the following facies: (1) plane laminated

carbonate (Lpl); (2) massive carbonate (Lmd); (3) graded carbonates (Lg); (4) small

scale channel-fill carbonate (Lc); carbonaceous carbonate (Lgi).

(a) Descrlpth)n of Uthologfes

Facies Lpl, Lmd, Lg, and U.~consist of a fine grained blue-grey dolomitic limestone,

consisting of calcite and dclornite with variable minor amounts « 5%) of carbon,

muscovte, biotite, quartz, and plagioclase. The carbonaceous carbonate (Lgi) is dark
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grey 'to black, containining variable amounts of carbon (10 to 70%) and haematitic iron

oxide « 5%). The oarbonates consist of medium to fine grained « 1 mm)

recrystallized dolomitic limestone.

(b) De,~cription of sedimentary facies

The massive carbonates (lrod) do not display any sedimentary structures, which may

be due to their r~latjvely high recrystallization.

The plane lamlnated carbonates (Lpl; Fig. 3.27) and the massive carbonates (Lmd)

form the bljlk of the Pickelhaube Formation. This formation consists mainly of laterally

continuous carbonate units, often asscclated with 2 to 10 cm thick graded calcareous

beds (Lg), and ir~soma rare casas small scale channels (-3D em width, 3 em height),

containing clastic: sandy carbonate (LC; Fig. 3.28), Slump structures occur occasionally

within the laminated carbonates (Fig. 3.27).

J
Fig. 3.27: L.aminated cC'cu::nate of the Pickeihaube Formation ebout 5 km

southwest of PicKelhaube Peak; note the slump structure in the .upper
right ptaxt of the photo,:;raph (Fig. 2.4; photo is rotated 90 degrees in an
anticlockwise direction).
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Fig. 3.28: Measured section through part of the Pickerhaube Formation, showing
graded beds of carbonate (Lg) at a locality about 7 km norttlwest of
Pickelhaube Peak (Fig. 2.4).

Carbonaceous carbonat~1(Lgi) beds, ~hterbeddedwith facies Lpl and Lg, are between

1 em and 5 m thick (Fig}.3.29).
\\

(0) Interpretation

The main difference between carbonate rocks and siliciclastics is, that the former are

~
\. -

deposited at or near their site of formation (James, 1984). A variety of chemical and

biochemical processes is responsible for the formation of carbonates! and thick

sequences can be deposited under favourable conditions. These conditions are

fundamental!y warm, clear waters with little terrigenous siliciclastic input erwin, 1965;

Bathurst, 1975; Wilson, 1975; James, 1984; Beukes, 1986; Serg, 1988; Grotzinger,
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Fig. 3.~!9: Measured sect/on through parts of thel Pickelhaube Formation at locl~/i.ty
3, about 2,5 km NNW of Obib waterhole (Fig. 2.4).

1990). Atthough volumetrically unimportant, carbonates can also form in temperate or

even arctic conditions (Rao, 1981a; 19S'1b; Rao and Green, 1982; Fairchild and

Hambrey, 1984; Fail·ohild et al., 1989).

The laminated and graded carbonates (Lpl, Lg), containing small-sca!E!channels (Lc),

were generated in a carbonate shelf environment, landwards or seawards away from

the "carbonate factory" by various types of currents, including storm-induced currents

and turbidity currents (James, 1984). Slump structures within the laminated carbonates
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indicate that these were also deposited within a slope setting. A relatively deep

carbonate shelf environment for the deposition of some carbonates (Lgi) is indicated

by the carbonaceous composition and relative iron-enrichment. The carbonaceous

composition and relative iron-enrichment may, however, also be indicative of the

presence of subaqueous volcanogenic brines within a shelf environment.

3.4.2 Carbonate/calcareous clastics facies association: shallow marine

8Ga and prograding distal fan deltas

This facies association forms part of the lower Pickelhaube Formation and comprises

the following facies: (1) massive cerbonate (Ll'nd); (2) calcareous quartZl1:icsandstone

(Seq); (3) normally graded calcareous sandstone (~:1g); (4) inverse graded calcareous

sandstone (Sig); massive mudstone (Mm); and (6) matrix supported conglomerate

(ems).

(a) Description of lithologies

The massive carbonates (Lmd) consist of a blue grey to grey dolomitic limestone, with

variable amounts of quartz (10 to 15%) and plagioclase « 15%). The calcareous

sandstones (Seq, 5ng, Sig) are light brown and consist of medium to coarse and

pebbly quartz, with a variable amount of carbonate (10 to 50%) and plagioclase

(< to%). The pebbles at the base of the sandstone beds consist of white quartzite with

diameters ranging from 0,2 to 1,5 cm. The mudstones (Mm) are green-f.lrey and

consist of quartz, carbonate, biotite, muscovite, and chlorite. The matrix supported
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Fig. 3.30: Measured section through pans of the lower Pickelhaube Formation at
locality 4, about 5 km southwest of Rosh Pinah (Fig. 2.4).

conglomerate (ems) comprises clasts with diameters of up to 80 em, conslstlnq of

reworked conglomerate, carbonate, quartzite, and mudstone, with a green-grey to

grey, pelitic matrix consisting of quartz, carbonate, biotite, muscovite, chlorite and

plagioclase.

(b) Description of sedimentary facies

The contacts between the carbonates (Lmd) and the calesiliciclasties (Seq, Sn9, Sig)

are generally gradational, with bed thicknesses varying from less than 5 em to 10 m

and varying calcareous composition (Fig. 3.30). At locality 4 (Fig. 2.4), a channel

measuring 20m in width and 5m in height has been documented which is erosive into
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the underlying massive carbonate (Lmd) and containing calcareous quartzltlc

sandstone (Seq).

100

Fig. 3.31: Measured section through parls of the Pickelhaube Formation at lOCality
17, about 5 km northwest of Gumchavib Mountain; sections are taken
along strike approximately 100 m apart (Fig. 2.4).
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The wen sorted calcareous sandstones dirQlay several sedimentary features, ranging

from structureless coarse to medium, massive sandstone (Seq) to normally and

inverse graded pebbly to medium sandstone (Sng, Sig). Bed thicknesses of the well

sorted massive sandstones (Seq) range between 2 em to 1 m, At locality 17~northwest

of Gumchavib Mountain (Fig. 2.4), the normally graded sandstones (Sng) generally

display sharp contacts to the underlying lithologies, gradational contacts are, however,

also common (Fig. 3.31). Bed thicknesses ot the normally and Inverse graded

sandstones (Sng, Sig) vary between 20 em to 3 m, grading into massive sandstone

(Scq; Fig. 3.31). A 3 m thick massive mudstone (Mm) is present w~thin the vertical

measured section at locality 17, underlying the carbonate (Lmd) with a sharp contact

(Fig. 3.31).

The conglomerate (ems) is poorly sorted and matrix-supported, displaying sharp

contacts with the under- and overlying lithologies. Clasts are subangular and of a

polymodal composition. The conglomerate bed (ems) can b9 traced for approximately

300 m along strike.

The carbonate (LmdJ and sandstone beds (sms, seq, Sng, Sig) pinch out laterally.

(c) Interpretation

The presence of massive carbonates (Lmd) and calcsiliciclastics (Scq), as well as the

highly calcareous composition of the sandstones, together with .~lhepreser-cs of

gradational contacts between these lithologies, implies a deposition within the zone of

siliciclastic influx near the zone of optimum carbonate production, indicating a shallow

marine shelf setting. Channels containing siliciclastic material (Seq) and conglomerates

with intrabasinal clasts (ems) and sharp erosional contacts II jdicate periodic influxes
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of these sediments, probably related to sealevel changes and possibly eustatic in

nature. These channels normally develop at a time of eustatic sea-level fall, when

channels can be eroded into the shelf, which allows a mixed siliciclastic and locally

eroded fill (ColUnson,1986). The normally and inverse graded sandstones (5ng, 8ig)

and some massive sandstones (Sms) were deposited as distal fan Ch.. I,~prograding
into a shallow marine environment (Collinson, 1986).

3.4.3 Carbonate/coaroe to fine clastics tacles association: mJxed

carbonate plaUorm/$:lope apron and deep basin depositional

system

This facies association, which is best developed at Dreigratberg in the east of the

study area Fig. 2.4), comprises the following facies: (1) interbeddad/interlaminated

graded sandstcne/rnartstone (8ng/Ma); (2) massive mudstone (Mm); (3)

carbonaceous mudstone (Mg); (4) normally grf\ded sandsto '(Sng); (5)

interlaminated carbonatejmarlstone (Lrnd/Ma); (6) massive carbonate (Lmd): {7}

stromatolitic carbonate (ls); (8) laminated carbonate (U); (9) pisolitic carbonate; (10)

carbonaceous carbonate (Lgi); (11) matrix-supported conglomerate (ems); (12).

carbonate conqlornen.a/carbonate breccia (CmsjLhr); and (13) g011san (GoSu). A

measured section through this facies association at Dreigratberg, where It i~...'best

developed, is shown in Figs. 3.32 and 3.33.

(a) Description of Uiholtfgies

The sandstone (Sng) of the interbedded and lntertamlnatsd graded
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Fig" 3.32: Measured section through parts of the Pickelhaube Formation at
Dreigratberg (Fig. 2.4).
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aandstcne/marlstcne (Sng/Ma; Fig. 3,,34) is a tine grained dark grey, brown

weathering calcareous quartz arElnite with minor amounts of feldspar, carbonate, and

mica « 5%). It is interbedded and inteilaminated wlth a grey-green calcareous quartz-

muscovite-biotite-chlorite SChlSt (Ma).

The carbonaceous mudstone (M~I) is black wtth an enrichment of hematftic iron oxide,

visible in handepeclmen by its brown weathering. The carbonaceous mudstone (Mg)

is associated with gassan (GaSu), consisting of brown weatherlng porous-spongy

hematite and ssscclated with a yellow sulphur efflorescence.

The interlaminatt~d carbonate/mc)ilstons (LInd/Ma) consists of a strongly recrystallized

pink dolomitic limestone and a grey~green calcareous qlJartz-muscov~;e-biotite-chlorite

schist (marlstone), overlain by III massive grey dolomitic carbonate (trnd), grading into

a laminated dolomitic carbonate (L1), which consists of light grey and grey lamtnae

(I

(Fig. 3.32). Th,=,gray laminae: are caused by the relative enrichment of biotite.

The breccia (Lbr) within tho matrix-supported carbonate conqlcrnerate/carbonate

breccia facies (Cms/Lb() at Dreigratberg consists of a calcareous, grs,' matrix with up

to 40 ern wide tabular caroonate clasts (Fig. 3.35). Along strike (oa. 5C:() m north), the
i'

thlckness increases frani 1 m to about a m and the clasts change their shape from

tabular to subangular tJ angular round clasts (Lbr). The con(Jlomerates within facies

Cms/Lbr cart be up to about 21)m thick (Fig. 3.32), consisting of a grey calcareous

rnatrlx and clasts and boulders with average diameters of 1') to 30 em and maximum

93

boulder diameters of 4 m, Claf3ts consist of doiomitic carbonate and coarse to pAbbiy

quartzitic sanestona, whereas the larg~ boulders consist solely of coarse quartzitlc

sandstone. At locallity 13A the clasts consist of grey doi(mlitic carbonate (Fig. 3.36)

and, although scanty, of pisc)litic carbonate (Lpi), resembling the pisolitit~ cerbonate at



50

lpl/Lg

lmd/ls

Fig. 3.33: A~'easure('i'section through parts of tho P~ickelltQllbe Formation at a
locality' ab~)ut 5 km north of Dreigratberg (f~ig. 2.4).

Fig. 3.34: Thickly to t.hinly laminated sandstone and mudstone (Sng/Mm) of tne
Pickelhaube Formation at Drelgratberg (Fig. 2.4); every single lam/natlon
oons/stt; of ,9. normal graded bed.
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Fig. 3.35: Tabular carbonate clasts within a calcareous matrix wimm the mixed
carbonate conglomerate/carbonate breccia (Cms/Lbr) of the
Pic:Jcelha.ubeFormation at Dreigratberg.

locality 138.

At Dreigratberg and approximately 5 km north of it (Fig. 2.4), within the same

stratigraphic horizon as the conqlornerate-carbonate breccia, a 20 m thick light grey

massive dolomitic carbonate bed disph'aying in places stromatolitic laminae (Ls) is

exposed, ImmediatfJlywest of Obib Peak,· a dark grey carbonaceous carbonate (Lgi)

is interbedded with a stromatolitic carbonate (Ls) displaying stromatolitic laminae (Fig.

3.37).

The pisolitic carbonate (Lpi) consists of a blue~grey dolomitic matrix with light grey

pisolith spheroids (Fig. 3.38). Angular rock fragments, consisting of brown weathering

dolmitic limestone, are present within the pisolite beds. The contact between the

sandstones, Which car: ~]rade into mudstone, with the cverlying coarser beds or

laminae are sharp (F!J. 3.04J.
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(b) Description ·of sedimentary facies

The interbedded and interlaminated eandstone/marlstone (5ng/Ma) is thinly bedded,

grading into thicl<ly to thinly laminated sandstone and marlstone towards the top.

The massive mudstones (Mm) and the carbonaceous mudstones (Mg) do not displa'y

any sedimentary structures. At Dreigratberg the carbonaceous mudstone (Lg)is

closely associated with a several metres thick gassan (GoSu; Fig. 3.32).

The interlaminated carbonates and marlstanes (Lmd/Ma) are thinly laminated.

The normally graded sandstones (Sng), overlying carti6nacsous mudstone (Mg), are

medium bedded and fine to coarse grained, with shrrp contacts to the overlying

graded beds.

The massive carbonates (Lmd) within this facies assoclatlon display no sedimentary

structures! however, approximately 5 km north of Dreigratberg and at Dreigratberg

Fig. 3.36: Massive oarbonate conglomera.te with carbonate clasts in a carbonate
matrix of the Plckelhaube Forma.tion at locaUty 13A, about 5 km south-
east of Namuskluft Farmhouse (Fig. 2.4).
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Fig. 3.37: Stromatolitic carbonate of the Pickelhaube Formation at a locality about
1km west of Obib Peak (Fig. 2.4).

Fig. 3.38: Pisoffiths and carbonate rock fragments within a carbonate meatx ,elt
locality 13A, about :3 km north of Dreigratberg (Fig. 2.4).
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itself, some columnar-layered and cumulate stromatolitic laminae with domal diameters

of about 40 em are exposed. ,A similar stromatolitic carbonate (Ls) with domal

diameters of about 5 em is exposed west of Obib Peak (Fig. 3.37).

The laminated carbonates (U) are thinly laminated.

The carbonate conqlomeratee/carbonate breccias (Cms/Lbr) are poorly sorted and

matrix-supported. with sharp contacts to the under- and overlying lithologies, pinching

out laterally after tens or hundreds of metres. The clasts within the breccias are u~ to

40 cm in diameter and often tabular (Fig. 3.35). At locality 13A, approximately 3 km

southeast. of Namuskluft Farmhouse, a 30 m thick succession of matrix supported

monomictic, poorly sorted carbonate conqlornerate (ems) with subangular dolomitic

carbonate clasts measuring up to 40 cm in diameter and averaging about 5 em,

hosted by d dolomitic calcareous matrix (Fig. 3.36), is interbedded with sharp contacts

with massive carbonate (lrnd), which displays no

sedimentary structures.

The total thickness o~the pis(.)Uticlimeston:e, which is best t1eveioped at locality 138,

varies between 30 anti 50 m. Pisoliths vary in diameter from 1mm tb 2 em and are

well rounded and round to ellipsoidal in shape, Internally, the piS,')liths have a

concentric, syrnmetno and continuous pattern of fine laminae (Fig. 3.38). 111e diameter

of the pisolith spheroids varies from 1 mm to 2 cm. 111eangular rock fragments within

the pisolitic carbonate (Lp) have diameters of up to 20 cm.

«(:) Interpretation

Stromatolites in carbonates are recorded throughout the geological record, but were

particularly abundant in the Late Proterozoic and became less important in the
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Phanerozoic (Awramik, 1984). Studies of stromatolites in modern envirOl,ments show

that they can form under a variety of conditione, ranging from tidal flats (e.g. Andros

Island, Monty, 1967; 1972) and foreshore environments (e.g. Shark Bay, Logan, 1961)

to subtidal envronruents (e.g. Shark Bay, Playford at aI., 1976; and in the Bahamas

(Gebelein, 1969; Dill et aI., 1986). In the Precambrian: stromatolites developed in

basinal to shallow subtidal to supratidal en\~ronments (Hoffmann, 1976), but achieved

their greatest diversity in the formation of reefs or buildups rruc~er, 1990). Biostroms,

laterally perSistent over many kilometres, shelf-edge ieefs cut through by "

channels, and bioherms surrounded by oolites have been described throughout the

geological record (Tucker, 1990). Within the study area, a carbonate platform setting

with shelf~edge reefs is suggested for the deposition of the stromatolitic carbonates

(Ls). The massive carbonates (Lmc:.l)may also represent recrystallized strornatollt'

carbonate.

Pisoliths (Lpl) can be generated by various mechanisms. They can form by

physicochemical preopitanon in shallow « 5m), wa,,te-agi'latedturbulent water (llIing,

1954; I'~ew.ell,Purdy and Imbrie, 1960'; Rusnak, 1960'; Loreau and Purser, 1913;

Bathurst, 1911; Fabr;tius, 1977; Land, Beh·ens and Frishman, '1979) and ere generally

round to ellipsoidal in shape (Tucker, 1990). Pisoliths can, however, also be produced

by biochemical algal-encrustation processes in relatively calm cl')ndition~,with sphatlCaJ

or less well-rounded shapes and diameters, which are normally about 5 mm or

smaller. Biochemically formed plsolithe show an asymmetric growth pattern due to

stationary growth (Tucker, 1990'). Ttie presence of rock fragments within the pisolitic

carbonate of the Pickelhaube Formation, their well-rounded and unflattened shape. the

relatively large diameters of up to 2 em, and the concentric and continuous ian'litlae
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indicate that they were formed by physicochemical precipitation in a higher energy

environment than the biochemically formed pisoliths. An environment, meeting the

conditions for the development of inorganic pisoliths can be found within carbonate

platform environments, similar to the present day Bahamas (rucker, 1990), where

wave action takes place.

The composition of the matrix of the massive conglomerates (ems) and the carbonate

conglomerates/carbonate breccias (Cms/lbr), their poor sorting and the absence of

any sedimentary structures, as well as the presence and the shape of the intrabasinal

clasts, suggests that these facies were deposited as mass gravity flows. The

carbonate breccias within facies Cms/Lbr are impressive examples of early

sedimentation of carbonate sediments on submarine slopes, which led to the

spectacular development of breccias through the secondary rriovement of the Iithified

or partially lith'rtledmaterial as mass gravity flows. Breccias made up of tabular clasts,

as the ones at Dreigratberg (Fig. 3.35), are especially characteristic (Collinson and

Thompson, 1992).

Mudstones, such as facies Mm and Mg, form by suspension settling of very fine

sediment under' quiescent or waning current conditions (Blatt et aI., 1980; Jenkyns,

1986). In marine environments muds may be brought in by rivers and redistributed bv

marine ~~rocessessuch as sediment gravity tlows, which originated from contlnentel

margins or platform edges and transport the sediment into the deep sea (Jenkyns,

1986), and are responsible for their deposition as nernl-pelaqlc to pelagic muds.

Subaqueous volcanoqenlovents, possibly along extensional fracture zones, are

responsible for the enrichment in carbon and iron oxide within the carbonaceous

mudstone (Mg) and the presence of gossan (GaSu) and associated sulphur

100



\.~J

efflorescence.

The interbedded/interlaminated graded sendstones/marlstones (5ng/Ma), the graded

sandstones (Sng), and the laminated carbonates (U) were deposited within turbidity

currents, representing respectively the AE, the A, and the B or 0 dM$ions of classical

Bouma sequences (Bouma, 1962). High to low ccncentratlon turbididty currents with

rapid settling seem to be the predominant depositional processes within these facias,

depending on the sandstone/mudstone ratios (Bouma, 1962; Waiker, 1976; 1978;

Stow and Bowen, 1980).

The carbonate conglomerate/carbonate breccia facies (Cms/Lbr) contains clasts,

which were generated in shallow marine environments and were later redeposited. The

phenomenon of shallow-water carbonates and other shallow marine sediments in

deep-water settings is common throughout the geological record and often associated

with platform margins and slope aprons. Examples of resedlrnented carbonates

deposited on slope aprons adjacent to carbonate platforms occur within the

Cambrian/Ordpvician Whipple Cave Formation and Lower House umeetone of eastern

Nevada (Cook. and Taylor, 1977), the Cambrian/Ordovician Hales Umestone in central

Nevada (Cook. and Taylor, 1977), and the middle Cambrian of the southern Rc;pky

Mountains (Mclln~ath, 197i7). Facies models for platform carbonate resedimentation

have been developed by Mullins and Neumann (1979) and Mullins (1983) from the

modern Bahamas slopes. Eight facies models for the slopes of the Bahamas platform

have been suggested, four of which are very relevant to ancient deep-water

resedimentation. For an open sea environment the "escarpment model" and the "base-

of-slope model" are significant. The escarpment model requires a steep (30 - 60

degr"~s), l1igh relief escarpment which is mainly a site of resedimentation. Rockfalls,
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slides, debris flows, modified grain flows and high density turbidity currents can be

expected.in this setting, with the sediments being supplied both from the shallow

marine platform edge and the slope itself. A narrow talus facies belt passes

oceanwards into hemipelagic muds and basinal turbidites (Thede divisions and thin

graded beds of a classical Bouma sequence within turbidites; Bouma, 1962). This

facies model shoula also be suitable for ancient platform margins, where a steep

slops, perhaps fault-bounded, existed.

A palaeoenvironment, similar to the "escarpment model" described above, is

suggested for the deposition of this facies aasoclatlon,

3.4.4 Regionaldistribution

The carbonates and calcsiliciciastics of the Pickelhaube formation are abundant within

the study area, being most conspicuous at Pickelhaube Peak (Fig. 24) within the

Pickelhaube thrust slice, the type locality of this formation.

The carbonate/carbonaceous carbonate facies association (section 3.4.1) is best

developed throughout the Pickelhaube thrust slice. and 3 km south and 7 krn south-

east of Obib Peak, as well as about 3 krn north of Obib waterhole. (Fig. 3.39). It Is also

developed approximately 3 km south-west of locality 1, north of the Orange River (Fig.

2.4), where it is more recrystallized than in other areas.

The carbonate/calcareous clastiC$facies association (secti(ln 3.4.2) is best developed

at locality 15, about 4 km northeast of Obib waterhole, as well as at locality 4,

approximately 4 km southwest of RoslhPinah (Fig. 2.4).

The carbonate/coarse to fine clastics facies association (section 3.4.3) is best

developed within the Dreigratberg syncline at Dreigratberg, as well as within some
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Fig. 3.39: Regional distribution of the several facies associations recognized within
the Pickelhaube Formation in the study area.; for position of thrust slices
and localities see Figs. 2.3 & 2.4).
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thrust sheets within the imbricate zone (Rosh Pinah thrust fault) east and southeast of

Namuskluit Farrohouse. Parts of this facies association bra also developed immediately

wf "I of Obib Peak, where stromatolitic carbonate is present (Fig. 3.39).

The pisolitic facies of this facies association is only exposed within the imbricate zone

(ROsh Pinah thrust fault; Fig 2.3) approximately 2 km northwest of the Orange Rjver

(Fig. 2.4). It is also present within the same imbricate zone, 2 km southeast of

Namuskluit Farmhouse,

3.4.5 Vertical sedin·lentary facies association variations

Within the Pickelhaube Formation itself, a distinct vertical facies as'')uclstion va)j~tjon

from shallow marine interbedded calcsiliciclastics and carbonates at the bottom of the

sequence to a calcareous shelf sedimentation towards the top is present, being best

developed within the Pickelhaube thrust slice.

Interbedded shallow marine platform carbonates and hem i-pelagic to pelitic muds

(section 3.4,3) are expose \ ~owards the top of the Pickelhaube Formation, where

carbonates of the Pickelhaube Formation are interbedded with terrestrial sediments of

the overlying Obib Peak Formation at Obib Peak, resembling the

sandstone/mudstone/carbonate facies association (section 3.3.i) ofthe Gumchavib

Formation.

3.4.6 Lateral s~!«imtantaryfacies association variations

No major lateral sedimentary facies association variations within the Pickelhaube

Formation were recognized within ;iach of the individual thrust slicE:ls.Prominent lateral

facies association variations are only apparent betweerI the various psrautocnthonous
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thrust slices, indicating that platform carbonate and associated slope and basin

sedimentation was active in the southern parts of the s1iudyarea, whereas shallow
II','

marine clastic carbonate deposition with per,odic influx of siliciclastics and assocleted

shelf sedimentation dominated in the northern parts of the study area. A similar trend

trom a sedimentation, which was initially dominated by a carbonate platform in the

southern parts of the study area and beach sedimentation in the northem parts of the

study area is also ~ecognizable within the unoerlying Gumchavib Formation.

Minor lateral fa~ies variations were ldentltled wlthlrrthe carbonate

conglomerate/carbonate breccia facies (Cms/Lbr) oftt,8 carbonate/coarse to finr~

clasticsfacies association (section S.4.S), which pinch out latetally and are substituted

by massive (Lmd) and stron:'atolitic carbonate (Ls).

3.4.7 PalaE:oenvironmentai reconstruction: synthesis and summary

Overall QalaeoenvirQnme'1t{{$/ setting

The sediments of the Pickelhaube Formation were deposited in a variety of

palaeoenvlronments; ranginH from shallow marine platform carbonates with periodic

siliciclastic input, to platform edge and assoclated slope apron sediments and hemi-

p'jlagic to pelagic carbonates and muds. The shelf was dominated by clastic

carbonate deposition, generated by storm-induced currents and/orturbidity currents.

Sealevel changes, possibly eustatic and/or of tectonic nature! due to reactivation of

synsedimentary thrusts, alo19 which iron-rich and sulphidic volcanogenlc brines

discharge, are recorded by the presence of various cydes within the carbonate/coarse

1(0 fine clastics facies association (section 3.4.3).
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Palasogeograahio r~Qll§tr1.1ctiQn

The vertical facie-s associations within the Pickelhaube Formation indicate that two

major depositional systems operated irnthe area as palt of a thermally cooled passive

oceanic rnarqin. A marine carbonate platform established itself gradually over the

terrestrially-dominated sediments of the Rosh Pinah Formation during the deposition

of the Gumchavib and lower Pickeihaube Form~~ons in me southern parts of tOIJ study

area. ine northern parts of the study area were dominated by shallow marine, clastic

carbonate deposition witt'r periodic !nflux of siliciclastics. 111eW1enge from a carbonate

platform in the south to a shallow marine snore, domlnstsd by calcslllciclastlc and

clastic carbonate sedimentation in the north 01 the ©'!udy area, is also documented

within the underlying Gumchavib Formation.

Scanty paleocurrent measurements indicate a t'Op'Ographichigh in the east of the stud~

area (Fig. 2.4), along which the shoreline established itself, probably with a north-

southerly trend.

The transgression recorded within the Pickelhaube Formation was related to the

'Opening of the Adamast'OrOcean (Henry et aI., 1988; Von Veh, 19P__,a;Stanistreet et al,

1991). The African continental margin began thermal subsidence during the spreading

ci 1he P£Imlastu Ocea'l, 1e....-:d1g 10 iJc:nsgesScn a tm sea rJ.Ia' 1he c:orJii1erJt'a err~.

The transgression is 1nltially recorded by tha presence of fan delta and siliciclastio

sediments, prograding into a shallow marine environment. These sediments are

interbedded with massive carbonates, which probably represent recrystallized

stromatolitic reefs. Carbonate production then established itself and eventually

domi~ated the deposition in the area. Influx of calcsiliciclastics contnued adjacent to

the areas of maximum carbonate production.
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Fan deltas and debris floW!i, prograding into a carbonate platform, platform stope, as -,

well as basinal sediments are exposed within the gradational contact of the upper

Pickelhaube Furmation and the tarrestriaily-dominated Obib Peak Formation. The Obib

Peak Forrnatton records the regression of the Adamastor Ocean during tnEtwaning

stages of the deposition of the g;t!ke!haube Formation and is described in the following

section. This transgression may be associated with renewed rifting and/or the

reactivation of synsedimentary faults, as indicated by the presence of gossans and

sulphides, which were precipitated along iron-rlch, carbonaceous and sUlph'ldic

volcanoqenic vents in the vicinity of carbonate ;>Iatform, slope apron and deep basin

environments.

, I

I'IJ
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3.5 THE aSia PEAK FORMknON~ REGRESSION OF THE ADAMASTOR

OCEAN AND ADVANCE OF FLUVIAL SEDIMENTATION

The rocks of the Obib Peak Formation, which form part of the Hilda Subgroup, overly

the carbonates of the Pickelhaube Formation with sharp and gradational contacts,

mark a signifdicant change in depositonal system controling the sedimentation ofthese

sediments. The Obib Peak Formation comprises only two main facies associations. ,

3.5.1 Sandstone/carbonate facies association: mixed continental and

marine depositional system

This facies associaticn has already been described in section 3.3.1. In the Obib Peak

Form'1tion it comprises the following three tacles: (1) massive quartzltic calcareous

sandstone (Sms); (2) massive carbonate (tmd); and (3) laminated carbonate (Lfl).

Mudstones are not present within this facies association.

3.5.2 Mixedcoarse to fine clastics facies association: fluvial braided plain

depositional system

This facies association is similar to the facies association described in section 3.2.1.

It does, however, not reveal facies spc, Stc, srm and lmd {Figs. 3.40 and 3.41).111e

conglomerates (ems) are matrix-supported and display sedimentary structures eluch
,
!

"
as normal grading and erosional channels (Fig. 3.42). At Obib Peak, the

conglomerates contain clasts of brown weathered dolomitic limestone, which are

absent at other localities.
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Fig. S.40:

Fig. 3.41:

Measured section through parts of the Obib Peak Formation at locality
3, about 3 km NNW of Obib waterho/e (Fig. 2.4); note the sharp contact
to the underlying Pickelll~ r,~ Formation.

Measured section through parts of the Obib Peak Formation at Obib
Peak (Fig. 2.4); note the gradational contact to the underlying
Pickelhaube FormaiUon.
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Fig. 3.42: Erosional channel of conglom3rates within arkosic sandstone of the Obib
Peak Formation at locality 15, approximately 3,5 km northwest of Obib
waterhole (Fig. 2.4).

3.5.3 Regionaldistribution

The Obib Peak Formation is only developed at three localities, as shown in Fig. 3.43!

namely at locality 3, approximately 3 km NNW of Obib waternole, at ioea!ity 15, about

3,5 km northwest of Obib waterhole, and at Obib Peak, the type locality of this

formation (Fig.2.4).
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Fig. 3.4'3: Regional distributon of the Obib Peak Formation within the study area;
for position of thrust slices and localities se Figs. 2.3 & 2.4.

1"11

"~~_·~ ••. c __ ~ ... ,'",,"," , _



3.5.4 'Verticaland iateral sec:ilmentarf facies assGclatlonvariations

Although outcrop of the Obib Peak Formation is very restricted within the study area

(Fig. 3.43), vertical facies association variations are apparent, where mixed

continental/marine sedimentation changes into 9xf.:fusivelyterrestrial sedimentation

towards the top of this formation. NNW of Obib wate;. jle fluvial sediments become

more proximal towards the top of the Obib Peak Formation.

At Obib Peak the conglomerates contain carbonate clasts, which are conspicuously

absent at outcrops further north. Another lateral facies association variation is .

documented by the contact relationships between the Pickelhaube Formation and the

Obib Peak Formation, which is gradational at Obib Peak and sharp at all other

localities.

3.5.5 Palaeoenvironmentaland palaeogeographic Interpretation

The sediments of the Obib Peak Formation document the transition from a shallow

marine to a continental environment. Far. deltas prograding into a shallow marine

environment, comprising stromatolitic ree\~ and siliciclastic influx in the vicinity of each

other, define the lower part of the Obib Peak Formation around Obib Peak. Fluvially

deposited cor,glol""''3rates, sandstones, and mudstones, the latter representing

overbank deposits, which define the upper parts of the Obib Peak Formation, reflect

a regression of the Adamastor Ocean, with d seaward moving shoreline. Carbonate

clasts within the terrestrial conglomerates indicate that Iithified carbonetes, probably

from a carbonate platform, were present within a provenance area east of Obib Peak,

where a topographic high was situated.
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The several depositional terrestrial/marine cycles recorded at the grada~,~r~-1~t~ntact
I ',\

\\
between the PirMelhaube and tfW Obib Peak Formations at Obib Pe:,;)k\W~t.p~lJbably

caused by pulses of tectonIc movement along synsedimentary faults. A tectpnic nature
II '

for the aotivity of tectonically induced relative sealevel changes at Obib Peak is

suggested by the conspicuous absence o~ cycles at the contact of the Pic,kelha~ae

and Obib Peak Formations throughout the (sst of the study ares. This is furthermore

suggested by the presence of the undenying carbonate/coarse to fine clastics facies

association (sectcm 3.3.4), which was deposited in the vicinity of synsedimentary

faults: which were active during the deposition of the underlying cartonate/coarse to

fine clastics facies association (section 3.4.3) of the upper Pickelhaube Formation.

Volcanog.~nic activity during the waning stages of the Pickelhaube Formation and the

drastic change from a marine to continental palaeoenvironment, ~ugg~sts that

renewed rifting might have bz,~nactive during upper Pickelhaube and Obib Peak

Formation times.
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3.6 THE NUMEES FORMATION: GLA #iuMARINE AND INTERGLACIAL

SEDIMENTATION

The Numees Formation within the study area, which unconformably overlies the rocks

at the Stinkfontein and Hilda Subgroups both in the Richterveld and southern Namibia,

was first descrfbed by Sohnge and De Villiers (1946), De Villiers & Sohnge (1959),

McMillan (1968), Hoffmann (1972), Kroner (1974; 1974a; 1975), Kroner and Germs

(1971) and Von Veh (1988). McMiII~n (1968) subdivided the Numees Formation into

a lower diamictite unit and an upper dolomitic unit. The other authors described the

presence of a diamicitic KaigSf) Formation, which forms part of the lower Stinkfontein

Subgrt)up, and a second diamictitic unit, the Numees Sequence, which is part of the

Hilda Subgroup. Von Veh (1988) subdivided the "Numees Sequence" into a basal

"Jackalsberg Formation" and an overlying "Sendelingsdrif Forrnanon" (Table 2.2b).

3.6.1 Diamictitefacies: glaciomarinesedimentation

A masslve diamictite (Dm; Figs. 3.44 & 3.45) forms the bulk of the Numees Formation1

with a total rtl,1Ximum thickness of approximately SOOm.

(a) Descriptionof lithologies

The matrix of the bulk of the diamictite (Dm) consists of light grey to blue-grey

mudstone, consisting under the microscope of grains of subangular muscovite, qUal1Z,

feldspar, and biotite, as well as iron oxide, in highly variable proportions. At

Dreigratberg, the lower 100 11', uf the Numees Formation consists of a brown

weathering diamictite, comprising a similar matrix to the light grey to blue-gray
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Fig. 3.44: Measured sections through parts of the Numees Formation at Trekpoort
Farm, approximately 25 km northwest of Rosh Pinan.

J
'
.

diamictite, except for a higher amount of iron oxide, causing the b~~wn colour, The

contact between the brown weathering and the light grey to blue grey diamictite (Fig.

3.46) is a normal sedimentary contact. The clasts are in sharp contact with the

enclosing matrix and comprise subrounded fragments of basement pegmatite,

leucogranite, gneiss, intrabasinal quartzite and brown weathering dolomitic
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Fig. 3.45: Massive diamictite of the Numees Formation showing poor sorting and
a variety of clasts at Drelgratberg (Fig. 2.4).

1
. ~,

::'\g. 3.46: Brown weathering and light Q'feyto blue-grey diamictite of the Numees
Formation 8 km north 01Drefgratberg (Fig. 2.4),
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earbonate (Fig. 3.47). Clast sizes range in diameter from small granules to large

boulders (10 m), but average 10 ~o20 cm. The clasts and boulders may appear in

clusters and comprise up to 50% of the whole rock.

(b) Description of sedimentary facies

The massive diamictite (Om) is matrix-supported with no discerreble bedding or other

sedimentary structures. Clasts are neneraily poorlY:sorted and clusters of clasts of a

Fig. 3.47: Carbonate clast within massive diamictite otNumees sortneuon
immediately north of Dreigratberg (Fig. 2.4); note alignment of clasts
along penetrative 81 foliation from bottom left to top right and 82
cleava!1e perpendicular to 51.
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particular lithology and/or clast size are p~'esentin places.

3.6.2 iron formation/pebbly sandstone f9cies association: dropstones in

a glaciomarine setting

This facies assodation is intarbedded wnh the diamictite (Dm). The iron fprmations are

between 10 and 20 m thlek and consist of the following facies: (1) banded ir(m
\,-,

formation with dropstones (ld), and (2} normaUy graded pebbl3f-~andstone with

dropstones (8ng).

(a) Description of lithologies

The iron formation (Id) oonslsts of interlartltqated dt'ik.!:.ifown magnetite-quartzite slnd

brown bands oonsisting of quartz, hematlts, chlorite, arnphlbcle and carbcnate,

containing errancs of granite showing sharp contacts with the surrounding matrix (Figs.

3.48 & 3.49).

At Trekpoort Farm, approximately 25 km northwest of Rosh Pinah, magnetite~rich

normally graded pebbly sandstones (5ng) are present, oontaining pebbles I;onsislting

of granite and quartzite with 1 em maximum clast diameters. Granitic drcpstones

oocasionally dierupt these graded beds (Fig. 3.49).

At Dreigratberg, the iron formation is underlain by a diamictite (Om) about 5 m thick
I)

with a 'mudstone ~natrixconsi$t~n~of flne grained c.'1loritioschist with largle muadovlte

and magnetite grains containing clasts of granite and quartzite.
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Fig. 3.48: Granitic dropstone erratic disruptJ'ng Jamim.ltions of the banded iron
formation within the Numees Formation at the western flank of
Dreigratberg (Fig; 2.4).

.,
\

Fig. 3.49: Ma.gnetite-rich graded pebbly sandstone with granitic dropstone 91Tatics
at Trekpoort Farm, approximately 25 km northwest of Ros/l Pinah (Fig.
2.4).
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(b) Description of sedimentary facies

The banded iron formations (Id) are fine laminated to very thinly bedded, with

dropstones disrupting these laminae (Fig. 3.48). The laminae and bed thicknesses

range between 0,1 and 10 mm. The gra.ins of the iron formations measure less than

o.Oimm.

The normally graded maqnetlte-rlch sandstone beds (Snq) are only present at

Trekpoort Farm and have average bed thicknesses of about 15 cm. The iron content

within the sandy beds can vary laterally. At the top of one graded sandstone bed

asymmetric ripples are present, measuring tip to 15 X 2 em, being overlain by another

graded bed containing dropstones within the upper fine grained part of the graded

bed.

Several beds of banded irni: formation are interbedded with massive diamictite of the

Nurrees Formation in the Richtersveld, pinching out after several tens and hundreds

of metres, as revealed by LANDSAT imagery (Newton and Boyle, 1989).

(0) Inter~retatlon of diamictite and Iron formation

Diamictite is the lithr.:iedproduct of diamict, a very poorly sorted mixture of mud, sand

and gravel (Flint et aI., 1960; Eyles and Miall, 1984), Matrix-supported diamictites (Om)

can form by a variety of processes and me by themselves not lndlcatlve of a

palaeoenvironmental setting. The most common ways of transport and deposition of

diamictite are (i) sediment gravity flow processes, in particular mud flows and debris

flows (:<uenenand ;gliorini; 1950; Bouma, 1962; Hampton, 1972; Carter, 1975; Lowe,

1979; 1982; Harms at aI., 1982; Vorren et al., 1988; 1991; Vogt at aI., 1993) and (ii)

direct glacial deposition (Eyles and Miall, 1984; Vorren et al., 1988; 1991). Large
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quantities of diamictite can be produced and deposited during glaciation. Studies on

modern glaciomarine depositional systems such as off the Antarctica coast (Anderson,

1983; Anderson et al, 1979; 1980; 1984; Kurtz and Anderson, 1979) and of the Bear

Island submarine fan in the Svalbard~BarentsSea (Vogt et aI., 1993) have shown that

the bulk of transport and deposition of sadlment occurs by sediment gravity flow

processes. Direct evidence of ice a~Mty such as ice rafting is rarely preserved within

the study area. Dropstones within the iron formations (Id), disrupting the laminae, are

clear evidence for glacial activity.

The origin of iron formation may be associated with volcanic activhy (Algoma type) or

be purely sedimentary in origin with no apparent volcanic affinities (Lak.eSuperior-type;

TrendaU and Morris, 1983). Iron formations within the Chuos Formation in the Southern

Margin Zone of the Damara OrotJen, which is correlatable with the Numees Formation

of the southern coastal branch of the study area, are associated with basic volcanism

(Brettkopf, 1986; Breitkopf Z. Maiden, 1987), BOhnet at (1992) described manqanese-

rich iron formations of the Chuos Formation in the Otjosondu area about 160 km

northwest of Windhoek, relating them to contlnental break-up and evolution of new

spreading ridges, with the main source of metals deriving from the resulting

hydrotherma! activity, with manganese and iron-rich ocean waters upwelling onto the

neighbouring shelf areas. Basic and felsic volcanism, associated with hydrothermal

exhalative iron-rich vents within a tectonic environment of rifting may be responsible

for the g~meration of the iron formations of the Numees Formation.

The graded beds and the ripple cross lamination within one of the magnetite-rich

sandstone bed (Sng) at Trekpoort Farm strongly resemble the lower 'WI and the upper

lie" division of a Bouma sequence (Bouma, 196;2;Walker, 1984). Even though other
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sedimentary processes can be accountable for the formation of gr'aded beds and

ripple cross laminae, the studied graded beds are interpreted as turbiditic in origin for

the following reasons:

(i) the lateral continw!ty of the relatively thin (5 to 10 em) graded beds over outcrop

widttv of several tens of metres;

(ii) the beds have flat bottoms and tops with no evidence for channelling (Walker,

1~84).

Assuming a submarine oceanic setting for the deposition of the iron formation within

the Numeee Formation, the interbedded diamictite must also nave been deposited

within a submarine envirorh .'!ent, with floating ice rafts dropping clasts into fine grained

marine sediments and iron formations, as suggested by Henry at at. (1986) for the

Chuos Formation in the Central Damara.

3.6.3 Congiumeralte/sandstone/mudstone facies association: gravity

mass flow within a marine setting

This facies association, is interbedded with the light grey to blue ..orey massive

diamictite of the Numees F~rmation,with a maximum thickness of about 600 m (Figs,

3.50 & 3.51). It consists onhe following faci! ...I: (1) normally graded matrlx-supportad

conglomerate (ems); (2) normally graded sandstone (Sng); (3) massive mudstone

(Mm).

(a) Description of lithologies

The groundmass of the conglomerate (ems) consists of silt and fine grained sand.
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Clasts vary in diameter from approximately 3 m to 2 mm, grading into sandstone (5ng)

and mudstone (Mm). The clasts consist of subangular boulders and clasts of granite,

quartzite, shale and brown weathered dolomitic lim(;stone. The muddy and fine to

coarse sanoy groundma~ss of the normally graded conglomerates (ems), as well as

the sandstones (Sng) and the mudstones (Mm), are r~1light grey to blue~grey and

em ml cs co .3art
lem

to 20 3Q 40 ~o em•m...

Fig. 3.50: Measured section through ttie graded beds of the
cong/omerate/sS!ndstone/mudstone facies essocteuon within the
Numees Formation, ebou; ~ km south-east of Namuskluft Farmhouse
(Fig.2.4).

consist of quartz, feldspar, bioti1:e and muscoelte. The grain size of the sandstones

varies from medium to fine, often grading into mudstone.
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Fig. 3.51: Graded beds of the conglomerate/sandstone/mudstone facies
association within the Numees Formation, about 2 I{m south-east of
Namusk!uft Farmhouse (Fig. 2.4).

(b) Description of sedimentary facies

The beds grade from conglomerate (ems) with boulders up to 3 m thick to sandstone

(8ng), and in some cases to mudstone (Mm; Figs. 3.51 & 3.52). 'The contacts between

the beds are sharp. The beds are consistent over outcrop width, piching out only after

tens of metres.

(c) Interpretation

The study of glaciomarine deposition under the Antarctic ice shelf (e.g. Anderson,

1983; Anderson et at; 1979; 1980; 1984; Kurtz and Anderson, 1979), the Bear Island

submarine fan in the svalbard-aarents Sea (Vogt et at., 1993) and thick dlsmlctlte
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sequences, which have been interpreted as glaciomarine deposits, such as the Late

Cenozoic Yakataga Formation in Alaska (Armentrout, 1983; Eyles and Eyles) 1983)

and the Cenozoic environments in the Barents Sea (Vorrsn at aI., 1988; 1991), show

that butld-ups Of sediment at the ice-line result in unstable slopes, where periodic

slumping can cause the deposition of mud flaws and debris flows. The build-ups of

sediment at the ice line comprised mud piles, which were water-rich, rapidly deposited

and rich in sand and sitt, and, therefore, were prime candidates for gravitational failure

(Vogt at al., 1993). occas.onally turbiditic currents are generated and move further

downslope to deposit as turbidites.

3.6.4 Ca..-bonatefacies association

Normally graded and laminated carbonates (Uj, as well as massive carbonates (Lm)

are interbedded with the diamictite (Dm), re:sembling the carbonates of the

Pickelhaube Formation, described in section 3.4,1, in terms of sedimentary structures.

(a) Description of lithologies

The carbonates (L1;Lm) consist of white and grey dolomitic carbonate with variable

minor amounts « 10%) of quartz.

(b) Description of sedimentary facies

The massive carbonates within this facies association display no sedimentary

structures.

Normal grading, with thlcknesses of graded beds varying from <1cm to about 10cm
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is present within some carbonates (U). Fine to medium laminations, consisting of white

and grey carbonate, are also present within these carbonates (L1).

The carbonates (Lm; LI) pinch out against the diamictite within tens and hundreds of

metres (Fig. 3.52).
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Fig. 3.52: Measured section through parts of the Numees Formation about 3 km
north of Dreigratberg (Fig. 2.4), dis,:.vaying interbedded carbonate and
diamictite.

(c) Interpretation

The carbonate beds are interpreted as a minor but distinct facies wH:hinthe diamictite.

Several possibilities for the deposition of the carbonates, interbedded with diamictites

have been suggested. The sharp contacts and the limited lateral extent of the

carbonates do not exclude the possibility that they were deposited as huge boulders

or as being huge rafts carried by gravity mass flow processes, since smaller carbonate
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clasts commonly occur in the diamictite. They may, however, also have been

generated as gravity flows, conslstmq of redeposited cold water carbonates (Rao,

1981a; 1981b; Fa:child and Hambrey, 1984;Walter and Bauld, 1983). The carbonates

may, however, also have developed during interglacial periods, as identified within the

ChuQS Formation of the central Damara (8Ghn et al., 1992),which forms the equivalent

of the Numees Formation.

Reworked carbonate deposits from the glacial Varangian Port Askaig Formation in

Scotland have been described by Spencer (1981). Other Varangian and Vendian

glacial deposits of northern Europe both sandwich and occur within giaciogenic,

diamictite beds (Spencer, 1981, 1985; Bjorlykke, 1985; Fairchild & Hambrey, 1984;

Nystuen, 1985). Walter & Bauld (1983) described an assocenon of evaporitic sulphate,

stromatolitic dolomite and glacial deposits from the Proterozoic of Australia and the

Cainozoic of Antarctica. The association of carbonates and glacial deposits is,

therefore, not unusual.

3.6.5 Coarse to fine clasttca/carbonatee/blmcdal volcanics tacies

association: Interglacial mixed continental/marine depositional

system

The following facies form part of this facies association: (t) matrix-supported

conglomerate (ems); (2) normally graded sandstone (Sng); (3) massive sandstone

(Sms); (4) plane-laminated sandstone (spl): (5) tabular planar cross-laminated

sandstone (Stp); (6) ripple-marked sandstone (Srm); (7) calcareous quartzltlc

sandstone (Seq); (8) massive mudstone (Mm); (9) plane laminated mudstone (Mpl);
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(10) cross-laminated mud- and siltstone (MSI); (11) massive carbonate (Lms); (12)

plane laminated carbonate (Lpl); (13) stromatolitic carbonate (Ls); (14) carbonate

breccia (Lbr); (15) carbonaceous carbonate (LgQ; (16) felsic volcanics (Va); (17) mafic

volcanics (Vm).

(a) Description of lithologies

The sandstones (Sms, SngJ Spl: Stp, srm, Stl) vary from dark-grey and blue..grey to

light brown and brown and consist predominantly of quartz (20-65o/~, mica (25-45%),

and feldspar (5-35%), and of lesser amounts of rock fragments (5-10%), iron-oxide

(0,5-5%) and calcite (0,5·~%)...The feldspar includes both plagioclase and microcline

up to 1,5 cm in length. FatciesScq conelsts of medium grained calcareous quartzitic

sandstone.

The mudstones (Mm, Mpl) are green-grey to grey and consist of chlclrite, muscovite,

quartz, feldspar and calclte,

The conglomerates (ems) have a matrix similar in composition to the sandstones and

contain pebbles and clasts of quartzite, vein quartz, micaceous quartzite, granite,

dolomite and felsite.

The carbonates (Lms, Lpl, Ls) vary from rusty brown to blue grey and are dolomitic

in composition. The presence of carbon in some of the carbonates (Lgi) changes the

colour to blue-black. The presenee of a dolomitic breccia (Lbr) within massive

carbonate, consisting of a mass of disoriented slabs of extrabasinal material, was

described by McMillan (1968) from the Narnuskluft: area.approximately 15 km east of

Rosh Pinah (Fig. 2.4).

Basic sills (Vrn) are interlayered with sandstones south of Namuskluft waterhole,
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consisting of green amphibole, plagioclase, epldoate, quartz, +/~b!otiteand '+/- calcite

with accessory ilmenite, hematite and sphene.

Felsic volcantcs (Va), interbedded with thIs facies association at Trekpoort Farm,

consist of grey to pink-grey quartz-feldspar porphyry.

(b) J)escriptfon of sedimentary facies

The conglomerates (Cms) are matrix-supported and are either structureless or

normally graded from conglomerate at the bottom to mudstone at the top of the beds.

Beds vary in thickness from 2 cm to 3 m. Clasts are subangular to suorounded and

average 5 cm in diameter, however, boulders with diameters of 1,5 m are also present.

Conglomerate beds pinch out laterally, often displaying erosive structures.

The sandstones are coarse to fine and generally struetureless (Sms), occasionally

displaying a variety of sedimentary structures, ranging from asymmetric ripples with

sinuous out-of-phase to linguoid shape (Sim) to tabular planar croes-beddlnq (Stp)

and normal grading (8ng). Erosive conglomeratic channels (ems) are developed within

some of the sandstone beds.

The conglomerates and sandstones are interbedded with siltstones and mudstones,

which are either massive (Mm) or display sedimentary structures, such a~ wave ripple-

laminations and plane laminations, with occasional dropstone erratics, disrupting the

laminations. These silt .. and mudstones are interbedded with carbonates and

structureless calcsiliciclastics (Scq).

Sedimentary structures within the carbonates are either absent (Lms) or include plane

laminations (Lpl) or stromatolitic laminations with domal diameters of about 5 em, The

carbonate breccias are poorly sorted. with clast diameters ot the tabular to subanguiar
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clasts and boulders varying from 2 mm to 50 em. Bed thicknesses of the carbonates

vary between 1 em and 15 m and contacts between the carbonates and the clastic

beds are sharp.

The mafic (Vm) and felsic (Va) volcanics are about 10 to 20 m thick and display sharp

ccatacts with the under- and overlying lithologies. No sedimentary or volcanic

structures are discernible within the volcanics (Vm, Va).

(c) Interpretation

The mainly massive, ripple-ri,t.lked and cross-bedded sandy (Sms, Srm, Spc) and

conglomeratic beds (ems), which form erosional channels in places, are interpreted

as fluvial deposits. Some of the massive sandstones (Sms) represent alluvial fans,

prograding into a shallow-marine environment.

Asymmetric ripple marks within some fine siltstones and sandstones (srm) may

represent wave ripple-cross lamination, indicating minor wave reworking above wave

base. The trough-cross laminated siltstones and mudstones (".481) possibly represent"

low energy wave activity and longshore currents gfmerated by storms and waves

within a shallow marine environment. The abundance of finely plane laminated siltstone

and mudstone (Mpi) indicates a lower shoreface environment. Dropstone erratics

disrupting the laminae of some mudstones are evidence of glacial activity derMng from

ice rafts. The highly calcareous composition of the quartzitic sandstones (Scq) and

interlaminated carbonates (lrns, Lpl, Ls) suggests a deposition within the zone of

siliCiclastic influx near the zone of optimum carbonate production, possibly indicating

a shallow marine shelf setting. The stromatolitic carbonate (Ls) suggests a shallow

marine depositional setting within a carbonate platform for the carbonates. The

I
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massive carbonates (LmS) may represent recrystallized stromatolit:"3 csrbonetes.

Carbonate breccias (Lbr) and some gradeq i;onglomerates (ems) may have been

deposited as gravity mass flows associated with platform margIns and ;cryope aprons

(see section 3.4.3).

The presence of carbonaceou, Jy carbonate, interbedded with felsi(;volcanics at

Trekpoort Farm, and ~hapresence of mafic volcanics interbedd~ with the continental

sediments at Namuskluft, as welt as the marked change from a purely marine to

continental and mixed shallow rnarme/ continental palaeoenvironment indicates

renewed rifting during the deposition ot.!the Numees Formation .
..'1

This facies association, which is interb~dded with massive diamictites and lnterbeddsd

iron formations, is interpreted as having been deposited during interglacial periods.

This may represent the first time that terrestrial interglacial sediments have been

recognized in the Damara Sequence.

3.6.6 Regionaldistribution

The diamictite within the study area is widespread. The best outcrops are found at

Dreigratberg and immediately north of it (Fig. 3.5S). The westernmost outcrop

exposin.g Numees diamictite is present 3,5 km south of Obib Peak. Approximately 10

km south of Gumchavib Mountain and west of the the COM road leading to

Oranjemund, Numees diamictite overlies carbonates of the Pickelhaube Formation.

Iron formation containing dropstones is present at the western flank of the

Dreigratberg syncline, next to the fence to Diamond area No. t. Dlarnlctlte, iron

formation and magnetite-rich ;graded sandstone of the Numees Formation are present

131



1+~--------------;I ...."

,======j::

Fig. 3.53: Regional distribution of the several facies associations of the Numees
Formation within the stur:fyarea; for position of thrust slices and localities
see Figs. 2.3 & 2.4.
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at Trekpoort Farm, approximately 25 km northwest of Rosh Plnah, as well as •.:t

Witputz Farm, approximately 40 km north of Rosh Pinan, It is undertalr, by the

interglacial clastics/carbonates/bimodal volcanics facies association, which is also well

developed at Namuskluft and in the nonhweste.. u Richtersveld, where it was attributeo

to the I'Kaigas Fcrrnatlon" (Von Veh, 1988). The carbonate beds within the diamictite

are only developed at one locality approximately 3 km north of Dreigratberg within the

western parts of the imbricate zone along the Rosh Pinah thrust fault. Numees

Formation lithologies are also present north and northeast of Rosh Plnah, within the

"IMCOR Zinc mine concession area",

3.6.7 Vertical and latera! facies association variations

The most prominent vertical facies association variations are displayed by the

alternation of glacial and interglacial deposits.

At Trekpoort Farm a vertical facies variation from continental to marine deposits is

evidence within the interglacial deposits.

Verticc.1facies association variations are exposed within the massive diamictite at the

Dreigratberg syncline, where iron oxide enriched brown diamictite, hosting the iron

formation and associated dropstones, is overlain by a light grey to blue-gwy diamictite

(Fig. 3.46), whioh hosts coarse to fine clastic beds. The carbonate beds are also

interbedded with the lighter coloured diamictite, placing them higher up in the internal

Numees Formation stratigraphy than the iron formations.

No significant lateral facies variations are exposed within the massive diamictite itself.

The iron fOi matlons within the diamictite are laterally not vety consistent and pinch (Jut
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within several hundreds of metres or several kilometres. The same accounts for the

conglomerate/sandstone/mudstone beds and the carbonates, whioh are interbedded

with the massive diamictite within the Numees Formation.

The' contact relationships of the Numees Formation with the underlying rocks are

unconformable. Within the study area, Numees Formation rooks overly basement

rocks and carbonates o'f the Pickelhaube Formation unconformably, whereas at

Trekpoort Farm, approximately 25 km northwest of Rosh Pinah, they overly the Rosh

Pinah Formation.

3.S.8 Palaeoenvironmentalreeenstruenon

The Numees Formation lithologies are interpreted as being deposited within a

predominantly glaciomarine environment within a passive margin environment (Fig.

3.54). The diamictites were generated within a shelf setting as debris flows which

formed from reworking of morainic sediment dumped at the lee-front by glaciers,

r---~r-------------------------------------------------'----~
w E

~--~~--~-----------------------------.~------------------~
Fig. 3.54: ModeJ proposed for the origin of the glaciomarine Numees Formation

sediments (modified after Henry st al., 1986).
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floating ice sheets and icebergs. The buildup of proximal sediment could have led to

gravite.tional instability of the sediment pile which enabled downslope reworking by

sediment gravity processes) as recorded by the presence IJT normally graded

conglomerates, sandstones, mudstones and graded carbonates, deposited as

submarine debris flows and turbidites.

Manganese-rich iron formations of the Chuos F!ormation in the Otlosondu area about

150 km northeast of Windhoek may be related to continental break-up and evolution

of new spreading ridges within the Khomas Sea, with the main source of metals

deriving from the resulting hydrothermal activity, with manganese and iron-rich ocean

waters upwelling onto the neighbouring shelf areas (Buhn et aI., 1992). A similar

setting, invCilving the creation of oceanic crust dllring the opening of the Adamastor

Ocean, may have been responsible for the generation of iron tormatons within elf the

Numees Formation. The generation of iron formation could, however, also be

associated with the generation of amphibolites and felsic volcanics and asseolated

hydrothermal exhalative precipitation during intr.:,mittent phases of volcanic a(~tivityas

a consequence of renewed rifting. A similar (Jrigin for the iron formation of ,he cnuos

Formation in the Southern Mar~JinZone of the inland branch of the Darnara Orogen

has been suggested by Breitkopf (1986) and Breitkopf and Maiden ('1986).

The presence of terrestrially deposited and interbedded shallow marine sediments and

platform carbonates, sandwiched between thick successions of massive diamictite, are

evidence for the existence of varlous inte\ glacial periods durli1g the deposition of the

Numees Formation. lnterqlaclal periods could account for the source of the

redeposited carbonate beds within the g£'~ciomarine diarnictite. The source rocks of

the cerbonates within the Numsles Formation diamictites could, however, also be cold
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water carbonates,

A model envisaging the deposition of glaciomarine Numees Formation lithologies is

presented in Fig. 3.54. :t

3.6.9 Discussion

Evidence from the study area in Southern Namibia and the Richtersveld shows, that

the "Kaigas Formation" and the "Numses Sequence", as subdivided by Von Veh

(1988), constitute one stratigraphic unit which has been duplicated by thrusting.

Von Veh (1988) lists the following reasons for :1 subdMsion into two stratigraphic units:

(1) Although both units have unconformable basal contacts, the "Kaigas Formation"

rests on basement rocks and Stinkfontein quartzites, whereas the tlNumees Sequence"

is everywhere underlain by Hilda sediments;

(2) the "Kaigas Formation" diamictite is interbedded with grit, arenite and phyllite,

whereas the "Numees Sequence" diamictite is largely unbedded and massive;

(3) the "Kaigas Formation" dit,imictite does not contain a near-basal iron formation or

ferrugeneous zone;

(4) Carbonate erratics are consplcuousy absent in the "Kaigas Formation", but present

in the IINumees Sequence".

(5) The overlying beds do not resemble each other.

Re!d evidence shows, that a subdMsi()n into two diamictitic units is not applicable. The

"Numsles Sequence" of Von Veh (19158) is therefore reclassified as a formation and

named Numees Formation in this work. The reasons for a reclassification as a
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formation are given!n the text below, in direct reply to the above listed argumenta4.ion

of Von Veh (1988).

To point (11:As the Numaes Formation overlies the underlying rocks unconformably,

it must be expected tl"lat it overlies both Stinkfontein and Hilda Subgroup IitholljgiE~s,

which is the case in Southern Namibia, and aiso in the Richterve!d, if the postulation

of onl.y one diamictitic unit is applicable.

To point (2): As described in section 3.6.3s the Numees Formation within the study

area is also interbedded with conqlomerates/sandstones/mudstones.

IQ..Q._Qjnt(3): The fact, that iron formations or ferrugineClus zones are ebsent 'Mthin the

IIKaigas Formation", does not necessarily prove the existence of two differrent

stratigraphic units, as the iron formations pinch out I:aterally as shown both within the

study area and within the correlatable ChLIOSFormation in the cariiral Damara (Henry,

1992; Henry et at, 1986) and the Kaoko Belt. nebrts, consisting of banded iron

Formation, Was recognized near Numees Prospect in the Richtersveld, where the

"Kaigas Formation" is best developed, proving thai: iron formations are present within

the UKaigas Formation".

n.'_.Qpint (4): Carbonate erratics, believed to be conspicuously absent within the Kaigas

Formation, were recognized at Numees Prospect in the Richterveld (personal

communications Dr. Sharad Master), which was mapped as "Kaigas Formation" by

Von Veh (1988).

To point (G): The beds, overlying the "Kaigas Formation" and "Numees sequence",

which do not resemble each other, have contacts to the underlying diamictites whIch

are exclusively tectonic in nature.
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Furthermore, the IIKaigas Formation", as defined by Von Veh (1988), is not known to

be intruded by the Gannakouriep dyke and sill swarm anywhere in the Gariep Belt,

adding further evidence that it postdated the Gannakouriep dyke and sill swarm and

is, therefore, younger than the Stinkfontein Subgroup and the lower Pickelhaube

Formaiion.

A subdivision into a lower "Jackalsberg Formation'" consisting of a basal iron formation

and ferrugineous zone, is not applicable, as this zone is over- and underlain by

massive diamictite within the study area and at Trekpoort Farm approximately 25 km

northwest of Rosh Pinah (Fig. 3.44), which is also revealed by LANDSAT image

interpretation in the Richtersveld (Newton and Boyle, 1989), where several horizons

of iron formations are present within the diamictite.

Some controversy has existed concerning the stratigraphic position of the coarse to

fine clastics/carbonate/bimodal volcanics facies association, in particular at

Namuskluft about 15 km east of Rosh Pinah. McMillan (1968) ascribed this volcano-

sedimentary facies association to the Numses Formation. He subdivided the Numees

Formation into a basal tillite, overlain by a greywacke and an arkosic stage,

representing this facies association, followed by an upper tillite stage and an upper

dolomite stage. Hoffmann (1972; 1989) suggested the presence of three distinct

stratigraphic units within this area, slubdividing the sequence exposed at Namuskluft

into a basal diamictitic Kaigas Formation and Stlnkfontein quartzltes, both being part

of the Stinkfontein "Group", and an upper diamictitic Numees Formation, which forms

part of the overlying Gariep Group. A. correlation of the stratigraphie sequence at
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Namuskluft with the Nama Group was suggested by Jasper at al. (1992/199~).New

field evidence and metamorphic studies (section 5) revealed however, that these beds

are part of the Numees Formation, as first suggested by McMillan (1968).

Reconnaissance mapping at Namuskluft waterhole about 15 km east of Rosh Pinah
\'

and previous mapping undertaken by McMillan (i968) and Hoffmann (1972) revealed

an approximately 1100 m thick succesion of interbedded conglomerates, quartzitic and

feidspathic sandstones, mudstones, carbonates, felsic volcanics and intrusive

amphibcUtes, which are sandwiched between two diamictite units. At Trekpoort Fsrm,

where this facies association only contains felsic volcanics, it is overlain by diami6'tlte

and interbedded iron formation. In the Richtersveld, several diamictite beds are

interbedded with beds consisting of clastics/carbonate facies associations (Von Veh,

1988), representing glacial/interglacial cycles.

Secause of the striking resemblance of the Numees Formation and the cnuos

Formatiofl of the Central .'""lmara and the Kaoko Belt in northern Namibia, both in

lithological appearance, preserved sedimentary structures, the depositional

environment and the underlying stratigraphic units, a correlation between these two

formations is proposed. Lithological similarities include the presence of massive

diamictite and interbedded iron formation and carbonates, as well as the presence of

mafic volcanics. The palaeoenvironmental se'-iing and the tectonic environment of the

Numees and Chuos Formations do also resemble each other strikingry~ including

alternating phases of glaciomarine and interglacial deposition and renew~ri d;tjl ig.
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CHAPTER 4

STRUCTURAL GEOLOGY

4.1 INTRODUCTION

Structural studies were undertaken within the study area, as well as reconalssance

mapping at Trekpoort Farm. approximately 25 km northwest ('1 Rosh Pinah, and at

Bogenfels in the northwestern parts of Diamond Area No.1 (Fig. 1.2), in order to

establish an overall deformation pattern to help constrain the tectonic setting of the

Gariep Belt in southern Namibia. The first structural analyses within the study area

were undertaken by McMillan (196B). Further structural work was later carried out by

Siegfried (1990) at Rosh Pinah Mine and around its immediate vicinity. This work

represents the first detailed structural analyses within the Obib Berge and the Rosh

Pinah-Dreigratberg area. Further detailed structural investigations wi~hin these areas

are currently being undertaken by Alchin (in prep.) in the COllrS9of an M.Sc. project

at the University of Stellenbosch.

Within the Ricl1tersveld, south of the present study area, the structural geology of the

Gariep Belt was described by Rogers (1916). Kroner (1974), and De Villiers and

Sohnge (1959). The first detailed structural analysis of the Gariep Belt south of the

Orange River was undertaken by Von Veh (1988). Rogers (1916) described, with only

minor detail, the structural complicatio 'Si associated with the area around Numees

Mine and other areas in the northwestern Richtersveld. DI3 ViUiersand Sohnge (1959)

described some major tectonic structures, neglecting the description of the minor
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ones, and interpreted the tet"\tonic evolution of the Gariep Belt in the Richtersveld as

a repetition of seven cycles of geosynclinal deposition, orogenesis and associated

magmatism along similar, parallel structural trends. Kroner (1974) recognized two main

tectonic domains: (1) an eastern "mloqeosynclinal" domain; and (2) a western

"eugeosynclinal" domain associated with compressional deformation. A "tectogen"

model of geosynclinal subsidence with associated gravity folding and a subsequent

compressional phase with associated tectonic deformation was suggested by Kroner

(1974). The occurrence of these gravity folds was questioned by Von Veh (1988) and

in this present study, as most of these features attributed by Kroner (1974) to a

"penecontemporaneous gravity deformation" deform an earlier fabric around their fold

hinges. Investigations to determine the kinematic history of the Gariep Belt have so far

only been undertaken in the Richtersveld (Von Veh, 1988). Von Veh (1988) carried out

structural analyses and proposed three kinematic phases for the Richtersveld: (1) a

transpressive or converqent wrenching phase, (2) a simple parallel wrenching phase
\

and (3) a transtensive or divergent wrenching phase.

In this work the term "toliatlon" is used to delineate generally planar surfaces of

structural origin. The term "penetrative cleavage" is used for fabrics which are

characterized by the preferred aliglnment (newly crystallized and/or reorientated) of

particular minerals (i.e. micas). The nomenclature of Fleuty (1964) is used for fold

shapes (i.e. open, ClOS6, tight). The terminology of Turner and Weiss (1963) was

applied to structural elements, i.e. 81 to Sn for planar, penetrative fabrics, Ln for linear

penetrative fabrics, and Fn for foldillg of fabrics. The relative age of consecutive fabric

generations is indicated by suffixes 1, 2, 3. Sedimentary bedding is referred to as So.

Identified deformA~io(lai f,JilaSeSare labelled 01 t 02, and 03.
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4.1.1 Deformationalevents

In the study area three phases of deformation. of which the first two are associated

with a conspicuous cleavage development, have been distinguished. The most
if

prominent structural featu(es, which form the structural grain of the study arer'" '~e

north-south- to northwest-southeast-striking, small to large scaie 02 folds with

northerly and southerly plunging fold axes and major northerly to northwesterly striking

thl ',;;._~aults (Fig. 2.4) With thrust planes dipping towards the west to VJSW. Within the

study area, the northerly continuation of the Annisfontein anticlinorium of the

RichtersveJd (Von Veh, 1988) is the most conspicuous fold structure, which occurs in

the vicinity of Gumchavib Mountain (Fig. 2.4). These folds deform around their hinge

line an earlier, bedding-subparallel fabric, some minor intrafolial isoclinal folds and

associated thrust fault planes. The earliest recognizad structural features characterize

the 01 phase of deformation phase. subsequently, the 01 and D2 deformational

structures were deformed by east-west- to northeast-southwest-trending small to large

scale folds, which are classified as representations of the 03 deformatkmal event.

The three recognized deformational/events, D1, 02 and 031 are denhed by the

following main structural characteristics, which are summarized in Table 4.1 and

described il1 more detail in section 4.3: (1) 01 by a bedding-subparallel ~~1cleavage,

intrafolial F1 folds, and an 1'1stretchIng lineation of grains, clasts, and boulders; (2) 02

by an axial planar cleavage (S2) and nonh-soinh- to northwest -southeast-trending F2

folds.; and (3) D3 by east-west- to southwest-northeast-trending F3 folds and a poorly

developed axial planar cleavage (S3).
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Taola 4.1: Structural elements associated with the deformational events
within the Gariap Belt, southern Namibia.

D1-deformation D2-deformat!on D3-deformation

Fold-shape recumbent, upright.to upright, open

intrafolial (F1) recumbent, open (F3)

to isoclinal (F2)

Fold~trend all degrees NtoNW WtoSW

Fold-size centimetre scale ::;.:entimetrescale centimetre to
"

(wavelength) to 2m to 5 km >3km

Fold-vergence southerly .commonly to the commonly no

east, vergence,

occasionally to occasionally to

the west the south

Foliation 8eddirlg- axial-planar (S2) axial-planar (S3)

subp.arallel (S1)

Lineation clast- and grain- Intersection Intersection

~Iongation (11) lineation of lineation of

51/82 (12) S1/S303}
-

Linea~ion-trend NNW and WSW NtoNW WtoSW

(after rotation to

horizontal)

Thrust-trend NtoNW NtoNW no thrustin,q
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4.2 TECTONOSTRAnGRAPHY

J::ieldevidence indicates the presence of major thrust faUlts within t~~~study area,

fJofinif1g the boundaries of several tectonosedimentary units and juxtaposing various

thrust slices. These thrust faults are associated with the D1 and D2 deformational

events and will be described in more detail in section 4.3. Each thrust fault is named

after adjacent geographic landmarks or, where these rJr13 absent, after indigenous

animals within the sfudy area. Tne recognition of thrust faults and time sequence of·

thrusting will Ii dealt with in detail in section 4.3.4.

Changes irJ fabric and fold morphology can .occur between the differerh,

parautochthonous thrust slices and the basement-noored sequence east of the Rosh

Pinah thrust fault (Figs. 2.3 & 2.4). The thru$t slices are parautochthonous, whereas

the basement-floored unit is autochthonous. The thrust slices are named after the floor

thrust fault of each thrust. slice. The structural units (Fig. 2.3) comprise: (1) th~

autoe, nhonous unit in the east of the study area, immediately east of the Rosh Pinah

thrust fault al1d the associated lmbrtcate thrust zone; and to the-west, the

parautcchtho.rous (2) DN:ligratberg thrust slice, (3) Plckelhaube thrust slice. (4)

Gumchavib thrust slice, (SJ'Rooikat thrust slice, (6) Ostrich thrust slicef (7) Obib thrust

Slice and (8) Gemsbok thrust slice.

The autochthonous and framework pareutochthonoue units within the study area will

be described briefl~~in this chapter. As most structural fabrics, associated with the

various deformati(Jnal phases, are well develo~6d throughout the study area, only the

main structural elements characterizing the different tectonic units, together with the

strBtigraphy~ will be portrayed.
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4.:2.1 ThealJtcchthonoU:$ unit

Unconformable sedimentary relatlonshlps are recognized between the basement and

carbonates of the Plckelhaubn Formation, over!ying granitic basement east of

Namuskluft Farmhouse (Fig. 2.4), as well as sediments of the Numees Formation,

overlying the basement uncons )i"mably north and NNE of Rosh Pinah (Fig. 2.4; Van

Vuuren, 1986). Numees FormaJion litho~'<jqiesalso overlie the basement at Namuskluft

waterhole, approximately 10 km northeast of Rosh Pinah (Fig. 1.2).

Structurally, the autoohthonoas unit is characterized by NNW-trending reverse 'f(\ults

and small scale to medium $~Ie open F2 folds « 50 m waveiength). Shear zones and

tr ~"'~ectof shearing can be observed in the fine-grained units (carbonates and

phyllite) at several places I lear the basement contact.

4.2.2 Parautochthonousurlets

The Dreigratberg thrvst §JJ!J§.

The Dreigratberg thrust sl'ice is locat!3d in the east of the study area, extending from

north of Octha along the. basement contact to about 4 km north of Namuskluft

Farmhouse (Fig. 2.4). To the east, this thrust slice is bound by an imbricate thrust

zone, which is situated immediately east of the basemeot, This imbricate thrust zone

forms the southerly continuation of the Rosh Pinah thru.i)t fault and defines the floor

thrust fault of the Dreigratber\'d thrust sllce. The western boundary of this t~rust slice

is defined by the Sendelingsdrif thrust iiault, Torming the roof thrust tau It of this thrust

slice. The floor and the roof thrust faultc link with Gt:l~ r Glther north of Namuskluft
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Farmhouse, restricting the northerly extension of the Dreigratberg thrust slice. West

of the Sendelingsdrif thrust fault, the vergence of F2 folds is gel.'lerally easterly,

whereas to the east of it the folds generally verge in a wvst.ilrly direction. In a southerly

direction, the Dreigratberg thrust slice extends into the Richterveld.

The Dreigratberg thrust sHce comprlses diamictite and iron formation of the NumeeSI

Formation, structura.lly overlain by a clastic/calcareous succession of the Pickelhaube

Formation. The northwest-tmnding Dreigratberg syncline forms the core of this thrust

slice, which also folds the t',1rusted contact between the Numee,s Formation and f;he

overlying Pickelhaube Formation lithologies (Figs. 2.4, 4.1 and 4.2C). The DreigrattJerg

syncline, whose fold limbs dip in an easterly direction and have a wavelength of at

least 3 krn, has a westerly vergence. The fOr: ,~"geplunges at a shallow angl19 in a

southerly direction, expl~lining the pinching-out of the Plckelhaube lithologies towards

the north. A prominent imbricate zone with st(~eply, generally west-dipping faults (65

to 89 degrees) is situated to the east of the Dreigratberg syncline. near the thrust

contact with the autochthonoLls unit (Figs. 2.4, 4.1, 4.2 and 4.3). Field evidence shows

that these thrust planes are overturned in the vicinity of the highly competent

basement and underwent a south-aoutheasterly-enc easterly-directed thrust

movement. The various thrust slices Vlfithinthis imbricate zone are each uniform in tt.\~ir

lithological cornposition comprising either sandstones and conglomerates of the Rosh

Pinah Formation, masslve carbonates of the Pickelhaube Formation, pisolitic

carbonates of the Pickelhaube Formation, or rnasslve diamictite of the Numees

Flormation. Towards the north, in an area ranging from southeast to northeast of

Namusklutt Farmhouse, the Dreigratberg thrust slice comprises massive diamictite of

the Numees Formation and carbonate and calcareous conglomerate of the
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Fig. 4.1: (Opposite page); A) Structural SW to NE cross-section D1-02 cutting
throogh parts of the Obib thrust slice south of Obib Peak in the SW, and
parts of the Ostrich, Roo/kat, Pickelhaube, Gennsbok, and Dreigratberg
thrust slices, as well as the parautochthonous zone in the) NE.
B) Structural SW to NE cross-section E1-E;!, cutting throu£lh the ..ostrioh
thrust slice approximately 8 km S of Gumchavib in the SWi and parts of
the Gumchavib, Gemsbok, and Drelgra!tbelg thrust slicBS, as well as the
parautochtonous zone in the NE.
Position of cross-sections Is shown in FI". 2..4.

Pickelhaube Formation. At the easternmost exposure the carbonates of the

Pickelhaube Formation have a thrusted contact with the autochthonous unit (Figs. 2.4

and 4.28). Towards the east an F2 synclinal box fold measuring about 100 m from one

fold limb to the other, with a steeply westerly dipping axial plane, folds the sediments

of the Pickelhaube Formation. East of this syncline the basement and the lithologies

dip towards the west. About 1,5 km northeast of Namuskluft Farmhouse, 5 m thick

granitic basement, overlain by F>ickelhaubecarbonate, is thrust over a thick succession

of similar Pickelhaube Iithologil9s, thus emphasizing the parautochthonous nature of

this thrust slice.

Structural cross sections (Figs. 4.1, 4.2 and 4.3) taken along the Dreigratberg thrust

slice (Fig. 2.4) show how the several imbricate thrust slices pinch out latera.lly.The only

continuous thrust fault within the imbricate thrust zone, which does not !:Iplay, is the

westernmost thrust fault, ju).taposing the Numees diamictite and the imbricate thrust

slices (Figs. 2.4, 4.1, 4.2 and 4.3). Stereonet prolections of structural data from the

Dreigratberg thrust slice are shown in Fig. 4.4, showing the random dispersion of L11..

related structural features, the nl'lrth to northwesterly trend of F2 folds. Stereonet data

in Fig. 4.4 also portray a generally westerly dip of S2 and 02 a'tial planes, as well as

an occasional dip of S2 and D2 axial planes towards the east, caused by backfolding.

F3 folds trend in a northeast-southwesterly direction with associated axial planes
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Structural :iW to NE cross-sections A) F5-F6; B) F3-F4; and C) F5~F6;
situated within the Imbr.lcate zone In the east of the Drelgratb.JrS1thrust
slice. Positions of cross-sections are shown in Fig. 2.4.
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Fig. 4.3: opposite page; Structural SW to NE cross-seotion H1"H2 situated within
the imbricate zone in the east of ths Dreigratberg thrust slice about 4 km
noftl'l of DrMgra.tberg. Positions of cross-section is shown in Fig. 2.4.

occaslonelly dipping gently towards the southwest.

A later, Phanerozoic tectonic phase, whIch has affected the area, is indicated by the

presence of two NNWwtrending dolerite dykes of Karoo age, which cut through the

sediments of the Numees Formation along the eastern limb of the Dreigratberg

syncline.
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Fig. 4.4: Stereonet projections of structural data for the Dreigratberg thrust slice.

The Rosh Plnah thrust §lice

The Rosh Pinah thrust slice is located about 5 km northwest of the Dreigratbsrg thrust

slice. The R()sh Pinah thrust fault farms the floor thrust fault of this thrust slice defining

the eastern boundary of this tectonostratigraphic unit, whereas the' Aus road thrust
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fault forms the roofJhrust fauf~and defines its western extensions (Figs. 2.3 and 2.4)0

The Rosh Pinah thwst slice extends from south of Rosh Pinah Mountain to northwest

of Spitskop Farm, which is situated approximatefy 15 km north of Rosh Pinah (Fig.

1.2). West of the Aus road fnrust fault, F2 folds generally verge in an easterly dir~\~on,
u

whereas east of it, the fold vergence is directed towards the west.

At Spitzkop Farm, the Rosh Pinah thrust sllce comprises a mixed succession of

volcanic and sedimentary rocks of the Rosh Pinah Formation (Page and Watson,

1976; Watson, 1980; Davies and Coward, 19E32; Van Vuuren, 1986; De Kock: 1987;

Siegfried, 199tJand Uckfold, 1991). In the Rosh Pinah area, the Rosh Pinah thrust slice

consists of a mixed conglomerate/arkosic sendetone/mudstone/cerbonate succession

and bimodal volcaniCSof the Rosh Pinah Formation associated with a massive Zn-Pb-

Cu-Ag-(+ Ba) sulphide mineralization. '. ~le contact between the basement and the

volcanics with the sediments of the Rosh Pinah Formation and the Numees Formation

north and northwest of Rosh Pinah is thrusted. In the Rosh Pinah area, large scale

northwest-trending open F2 backfolds are recognized with axial planes dippintl in a

north-easterly direction (Figs. 2.4 and 4.5). Southwest trending F3 folds (Fig. 4.6),

deforming €l,:lrlier structures, were described by Siegfried (1990). Thrust faults, trending

in a northwesterly direction with northel~terly dipping thrust planes, were recognized.

The northeasterly dip of the thrust fault planes is related to overturning of thrust faults

in the immediate viCinity of the highly competent basement. stereonet projections of

structural data from the Rosh Pinah thrust slice are shown in Fig. 4,(5, showing··a wide

dispersion of F2 fold axes from generally SSE to east withil'~ the.Flosh Pinah thrust

slics, as well as a random dispersion of SO/S1 at all bearings. F3 folds have a westerly

trend and only occasionally display a southerly vergence.
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Fig. 4.5: Structural profile G 1-G2 through parts of the Rosh Pinah thrust slice
(modified after Van vuuren, 1986). Position of cross-section is shown in
Fig. 2.4.
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Fig. 4.6: Stereonet projections of structural data for the Rosh Pinah thrust
slice.
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A later, phanerozoic tectonic phase, which has affected the area, is also indicated

within the Rosh Pinah thrust slice by the presence of a northwest-trendlnq Karoo

dolerite dyl<s, which links with the dolerite dykes in the Dreigratberg thrust sllce, cutting

throvgh rocks of the Rosh Pinah Formation at Rosh Pinah Mountain. This dolerite dyl{e

can be followed to Trekpoort Farm, situated approximately 25 km northwest of Rosh

Pinah (Fig~~.1.2 and 2.4).

The Pickelhaube thrust slice

The Aus Aload thrust fault, whiC:hchanges its trend from northwest in the area north

of Rosh Piinahto NNW south olf Rosh Pinah, separates the Rosh Pina" thrust slice to

the east from the Pickelhaube thrust slice to the west (Fig. 2.3), forming the floor thrust

fault and eastern boundary of this tectonostratigraphic unit. The Rooikat thrust fault

forms the roof thrust fault) which defines the western boundary of the Pickelhaube

thrust slice, linking with the Ostrich thrust fault further south (Fig. 2.3). Along the Aus

Road thrust fault the dip of axial planes of F2 folds changes dr~tically from a generally

easterly direction west of the thrust fault to a westerly direction east ot it.

Lithologically, the Pickelhaube thrust slice comprises calcareous quartzitic sandstones,

laminatl~d carbonates and graphitic black shale of the Pickelhaube Formatlon.

The Aus Road thrust fault links with the Sendelingsdrif thrust fault about 7 km north

of the Orange River, where it was delineated by Von Veh (1988) in the Richtersveld.

South of Rosh Pinah, the Pickelhaube thrust slice and the continuation of the

Gemsbok thrust slice are juxtaposed along northwest- to NNW~trending thrust faults

with steep westerly dipping fault planes, and in some cases overturned fault planes.

The most prominent fold structure is the northl'~rlycontinuation of the F2 Annisfontein



anticlinorium, delineated by Von Veh (1988) in the Richtersveld, which folds pre-

existing 01 fabrics and thrust planes. The F2 folds in this area trend NNW to northwest

and range from small to large scale (> 200 m). They are open end upright folds and

verge towards the east. Pickelhaube trigonometrical beacon (Fig. 2.4) is situated in the

centre of a conspicuous thrust slice, which consists of carbonates and calcareous

quartzitic sandstones of the Pickelhaube Formation and in turn is thrusted over
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Fig. 4.7: Stereonet projections of struC';turaldata for the Ptckefhaube thrust slice.

carbonates of the Pickelhaube Formation and conglomemtes and sandstones of the

Rosh Pinah Formation (Fig. 4.1A). North of Pickelhaube, at localities 9 and 19 (Fig.

2.4), carbonates of the Pickelhaube Formation are duplicated by steep easterly

dipping, overturned thrust faults, Stereonet proiAr.tions of structural data from the

Pickelhauhe thrust slice are shown in Fig. 4.7, showing the north-northeasterly to
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northwesterly trend of F2 folds and associated westerly to easterly dipping axial planes

and S2 cleavages. F3 fold trends range from west to sduthwest and associated 03

axial planes dip steeply in northerly and southerly directions.

The Gemsbok thrust slice,

The Gemsbok thrust slice can be traced from the Orange River in the south of the

study area to about 5 km southeast of Rosh Plnah in the north (Fig. 2.3). The Aus

road thrust fault and an associated conspicuous lrnbrlcate zone, as well as the

Sendelingsdrif thrust fault immediately north of the Orange River form the floor thrust

fault in the east of the Gem~bok thrust slice. The roof thrust fault in the north of this

thrust slice is defined by thrust faults, thrusting the Pickelhaube thrust slice over the

Gemsbok thrust slice (Figs. 2.3, 2.4 and 4.1A). The western boundary of the Gemsbok

thrust slice in the area south of Pickelhaube is marked by the Gurnchavib thrust fault,

which can be traced southwards into the Richtemveld, where it was delineated by Vu'i:

Veh (1988), and northwards to Gumchchavib ~ountain and s\,. .~1west of Pickelhaube

(Fig. 2.3 and 2.4).

Lithologically, the Gemsbok thrust slice consists of conglomerates, \~rkosic

sandstones, and mudstones of the Rosh Pinah Formation. Ai: locality 8, recumbent F2

folds with wa\rdlengths of 100 to 200 m and an easterlv vergence are present just east

of the imbricate thrust zone associated with the Aus road and the Sendelingsdrif thrust

faults. Within the different thrust sheets of this imbricate thrust zone, asymmetric folds,

climbing up steepening thrust faults and therefore changing their vergence from a

generally easterly to a westerly vergence, are present (Fig. 4.8). These folds are

referred to as "backfolds" in this study. Near locality 23, NNW of Gumchavib, two small
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thrust slices, the one comprising laminated carbonates of the Pickeihaube Formation

and the other consisting of diamk{'~eof the Numees Formation, are thrust over
,-

conglomerates, sandstones ~(_ ,"_..stones of the Rosh Pinah Formation. At locb-lity

7, large scale overturned to reeumaent isoclinal F2 folds with· wavelengths of over 100

m are situated immediately west of the imbricate thrust zone in the east of Pi0Kelhaube

trigonometrical beacon (Figs. 4.16 and 4.9). Large scale (>200 m) box folds are

developed about 2 km NNW of Pickelhflube and southwest of Pickelhaube smail scale

chevron folds and medium to large scale « 200 my folds were recognized. In the

vicinity of listric thrust faults, the F2 folds change their vergence from an easterly to a

westerly direction due to backfolding (Figs. 4.11. and 4.1 B).

Stereonet projections of structural data from tbe Gemsbok thrust slice are shown in

Fig. 4.10 and show a generally north-northwesteny trend of F2 folds and a westerly

and easterly vergence of associated D2 axial planes and 82 foliations. The trend of F3

~~
C_r--'"

Fig. 4.8: F2 backfolds witi1{n the tmtuicet« thrust zone immediately south of
Pickelhaube at locJJiity7 (Fig. 2.4), showing the change from an easterly
to a westerly vergence caused by backfolding.
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Fig. 4.9:

I

) Fig. 4.10:

l"arge scale isoclinal. overturned to recumbent F2 fold within the
iJ'nbricate thrust zone west of Pickelhaube, at locality 7, south of
Pickelhaube (Fig. 2.4).
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Stereonet project)ons of structrural data for tne Gemsoo,« thrust slice.
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folds ranges from ESE to southwest, with associated axial planes only occasionally

verging in a generally southerly direction. SO/S1 strikes on all bearings, due to the

later deformation by the 02 and 03 deformational events.

The r mchavlb thrust slice stretches from north of the Orange River to northwest of

Gumchavib Mountain, In the east it is bounded by the Gumchavib thrust fault. The root

thrust fault to the west of this thrust slice is defined by a northwest·,trending thrust fault,

which splays the (.)str1chthrust fault into the Gumcilavib thrust fault and the r-outherly

continuation of the Ostrich thrust fault about 3 km northwest of Gumchavib Mountain

(Figs. 2.3 and 2.4). The Gumchavib mrust sHce comprises a mixed succession of

conglomerates, sancstones, mudstones and isolated carbonate beds of the Rosh

Pinah Formation, as w~,nas carbonates and calcareous sandstones of the Pickeihaube

Formation. Immediately south of Gumchavib trigonometrical beacon carbonates and

ce'careous quartzite are 'interbedded within the Rosh Pinah Formation.

The most conspicuous structural teature within this thrust slice is the northwest-

trending continuation of the Annisfontein anticlinorium, which was delineated by Von

,
\
\
\

Veh (1988) in tile northwestern Richtersveld (Figs 2.4 and 4.1 B). West of the central

parts of the thrust slice, sediments of the Rosh Pinah Formation are juxtaposed to

each other along the a northwest-trending roof thrust fault of the Gumchavib thrust

sllce (Figs 2.3, 2.4 and 4.1 B).

Stereonet projections of structural data from the Gumchavib thrust slice are shown in

Fig. 4.11 and display a s~milarpattern of distribution of structural elements associated

with the 01, 02 and 03 deformational phases as within the Gemsbok thrust slice.
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The OstJ;I(ch tf~lY.stSlicf2,

The Ostril?h thrust slice changes its trend from northwest in the south to a northerly

trend north of the area situated about 3 krn northeast of Obib Peak. It can be ti'aced

from the Qrange River in the south of the study area to the area northeast of Obib

waterhole (Fig. 2.3). in the northern parts of the Ostrich thrust slice a northerly

trending thrust fault, named Ostrich thrust fault, juxtaposes the Ostrich and Rooikat

thrust slices, and dl.'ltines the floor thrust fault of this tentonic unit. About 3 km

southeast of Obib Peak, the Ostrich thrus'~fault contjnu(~s in a southeasterly direction,

where rt tnrl:lsts granitic basement over sandstones and conglomerates of the Rosh

Pin..•I'1 Formation (Fig. 2.4). The Ostrich thrust fault can be followed further to the

southeast. where it links with an lrnbrlcate thrust zone west of locality 1, imrr,ediately

north of the Orange River. The roof thrust fault in the west of this thrust sllce is
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delineated by the Obib thnist fault and the Obib dunes, which conceal the geology of

this thrust slice further south.

Lithologically the Ostrich thrust slice coslsts of a thick succession of conglomerates,

arkosic and quartzitic sandstones, mudstones and carbonates of the Rosh Pinah and

Gumchavib Formations, and carbonates, calcareous sandstones and conglomerates

of the Pickelhaube Formation. In the central parts of the thrust sHce, in a south-

westeriy direc.'l:ionpSi pendicular to strike, carbonates of the Pickelhaube Formation are

abundant. Several tens of metres thick basic sills of the Gannakouriep dyke and sill

swarm, which also underwen metamorphism of the upper greenschist facies, are

interbedded with the sediments of the Gumchavib Formation (F'ig. 2.4). A mixed

succession of arkosic sandstones, mudstones and carbonates unconformably overly

the granitic basement northwest of Gumchavib Mountain (Fig. 2.4). The granitic

basement structurally overlies sediments of the Rosh Pil1ClhFormation along a thrust

fault and thus emphasizes the parautochthcnous nature Clf this. thrust slips. The beds

within this thrust slic.~echange their strik~l from north in the northern parts of thELthrust

slice to northwest further south and dip in a westerly and southwesterly dlrectlon.

Minor small to medium scale F2 folds are present throughout the thrust slice. At

locality (S (Fig. 2.4) and south of it, a large scale (approximately 200 m wavelength),

isoclinal and overturned F2 fold is exposed (Fig. 4.12C), folding sediments of the~
\
\.

Gumchavib Formation.

The f.old hinges of the F2 f(.)lds plunge gently « 10 degrees) in various directions

due to the refolding (If the fold hinges by the 03 deformational event. Immediately

north of the Orange River the Ostrich thrust slice is characterized by an imbricate

thrust zone (Fig. 4.28). The thrust slices within this imbricate thrust zone consist of

159



NE
m
1000

~~~~~~~~~~~~~~~ __ ~SOO

C1 C2

sw NE
m
1000

~~"""",,....d"500

81 92

SW
1000

NE
[1000

V-r~~~~~~10~~~~~~~~~~~500
~ NUMEes FOR!I'ATION
t2ti'oBi;~W;TiON"
1553 PICKELHAuBe F"~RMATION
~ GUMCHA~BFOR~AnoN
~ nOSH PINAH f'OR1M110N
-......~~~~
E;:::J VlOOlSORIF IGNEt;I\JS SUITe
(;1m 010HOOP SUBGADI.\P (ORANGe P.I\I~R GROUP)

o

Ai
Skm~----------------~~

Fig. 4.'12: A) Structural SW to NE cross-sections A 1DA2 throu~Thparts of thf{JObib
and Pickelhaube thrust slices.
B) Structural SW to NE cross-section BlyB2 through parts ()f the Obib,
Ostrich, Rooikat, and Pickelhaube thrust slices.
C) Structural SW to NE cross-section C1-C2 through parts Olt the C.~blb,
Ostrich, Rooikat, Pickelhaube~ and Gemsbok thrust slices. Position of
oross-sections are shown in Fig. 2.4.

arkosic sendstones of the Rosh Pinah Formation, carbonates of the Pickelhaube

Formation, diamictite of the Numees Formation and carbonate of the Pickelhaube

Formation. The Numees Formation sediments, which overlie carbonates of the

Pickelhaube Formation, form the southernmost outcrop of Numees diamictite in

southern Namibia. Stereonet projections of structural data showing from the Ostrich
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'\.,..

thrust slice are shown in Fig. 4.13, displaying a northwesterly trend of F2 folds' snd

associated easterly verging axial planes. F3 folds, though scarce, show a

south .esterly trend and do not display any vergence, of associated axial planes.

The RQoikat thtiJ!$L§lice

The boundaries of the Rooikat thrust sHceare defined by the Rooikat thrlJst fault in the

east of this tectonic unit, which forms the floor thrust fault, juxtaposing the Rooikat and

Pickelhaube thrust slices, and by the Ostrich thrust slice in the west, delineating the

roof thrust fault of this tectono-stretlqrapnlc unit (Fig. 2.3).

The Rooikat thrust sllce comprises an approximately 1000 m thick succession of

arkosic sandstone, mudstone, (~arbonatest basic volcanics and minor acid volcanics

associated with mineralized gossans and collectively constitutes the Rosh Pinah

Formation. The Rosh Pinah Formation is duplicated by a NNW-trending thrust fault,
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Fig. 4.14: Stereonet projections of structural data for the Rooikat thrust slice.

which splays from the Ostrich thrust fault (Figs. 2.4 and 4.12C). Towards the top oi the

succession several limestone beds are interbedded with rr ' .osic sandstone. Up to

30 m thick amphibolite sills of the Gannak:ol.lriep dyl<e and sill SWE rrn have been

intruded into the sedit'l1ents of the Rosh Pinah Formation in the northern parts of the

Rooikat thrust slice (Fig. 2.4). Beddinll generally strikes NNW and dips to the west, but

is folded in the south of the Rcoikat thrust slice (Fig. 4.12C and 4.2A). Small to

medium scale {1 to 10 m), open asymmetric folds tr~mding NNW with axial planes

dipping to the WSW are observed In some places (Fig. 4.12C). Approximately i km

west of the Rooikat thrust fault, a large scale, tight and east-verqent F2 fold with a

wavelength of about 100 m is displayed (Fig. 4.12C). Stereonet projections of

structural.data from the nooikat tnrust slice are shown in Fig. 4.14. The scarce F2

folds trend iA a northerly direction and display a easterly vergence ..F3folds are

generally upright and occasionally south·tm'gl~,r' ~',ii~tl~t:~')trend of fold axes ranging
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from west to soutbwest, Bedding (SO) and bedding·subparallel S-j foliation.dip to west

to southwest (Fig. 4.14).

The Obib thrust slice

The floor thrust fault to the east of the Obib thrust slice is defined by the Obib thrust

fault, which strikes north immediately east of Obib Peak, and which changes f.s strike

to northwest about 6 km northeast of Obib waterhole where it links with the Ostrich

thrust fault.

Around Obib waterhole and towards Obib Peak, the Obib thrust slice comprises

interbedded quartzarenites and mudstones of the Gumchavib Formation, which are

thrust over carbonates of the Pickelhaube Formation along a northwest striking thrust

fault north of Obib waterhole. This thrust fault links with the Obib thrust fault about 4

km east of Obib waterhole. The Pickelhaube carbonates are overlain by arkosic

sandstones and conglomerates of tfle Obib Peak Formation. The westernmost grannie

outcrop near Obib waterhols is overlain by intensely sheared basal conglomerate of

the Rosh Pinah Formation and interbedded quartzarenites ~n:dmudstones of the

Gumchavib Fmmation in the' west. Towards the east, the contact of Rosh Plnah and

Gumchavib Formation beds and the grct~itic basement is intensely folded by isoclinal

overturned F2 folds vith wavelengths of several tens of metres. F2 folds with

wavelengths of up to 150 m change their easterly vergence to a westerly vergence due

to backfolding in the vicinity of a northwest-strlklnq thrust iault, situated about 2 km

northeast of Obib waterhole. This thrust fault juxtaposes the quartz arenites and

mudstones of the Gumchavib Formation and the carbona.tes of the Pickelhaube

Formation. At Obib Peak, arkosic sandstones and conglomerates of the Obib Peak
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Formation are thrusted over sandstones and mudstones of the Gumchavib Formation.

The westernmost Numees Formation diamictites crop out about 3 k!Yl south of Cbib

Peak, where they reveal thrusted contacts with carbonates of the Pickelhaube

Formation and arkosic sandetones of the Obib Peak Formatiun. Structural cross-

sections through parts of the ()bib thrust slice are presented in Figs. 4.1A , 4.12A,
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Fig. 4.15: Starecnet projections of structural data for the C~:bibthrust slice.

4.129 and 4.120. Stereonet projections of structural data from tt\.\~Ostrich thrust slice

are shown in Fig. 4.15, The trend of F2 fol\':Iaxes ranges from no~, to nortbwest, The

02 axial planes generally verge towards the east to northeast, but\can also verge in

the opposite directions due to backfolding. The trend of Fa folds withfi'\ this thrust slice

ranges from west to southwest and axial planes and the aesoclated axial planar

cleavage (S3) occasionally verge in a southerly direction. SO/S1 has been deformed

bV the 02 and 03 deformational events, as displayed by the distribution of the poles

to SO/S1.
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4.3 TIMESEQUENCEOFDEFORMATIONALEVENTS

Three phases of deformation, 01, 02, 03f have been identified within the study area.

The most conspicuous structural elements developed throughout are associated with

D2, whioh therefore serves as a stmctuial datum or benchmark. The relationships and

the occurrences of planar and linear elements and folds within the study area are

plotted on stereonets and described in the following sections. The deformation phases

are described in their deduced chronological order.

4.3.1 01 phaseof deformation

The most important feature associated with the earliest recognized 01 deformational

event are F1 folds, They are typically small scale (1 em to .2 m wavelength), recumbent

and isoclinal in form, and lntrafolla' with respect to the sedimentary bedding and a

beddlnq-subperauel cleavage. The F1 folds are best developed in the laminated

carbonates of the Pickelhaube Formation (Fig. 4.16).

A bedding-subp~'arallel.to -parallel 01 fabric (81), which is dispersed by subsequent

deformations to stlike on all bearings and dips variablyI has a highly variable strike and

dip (Fig. 4.t 7A) and is well-developed throughout the study area. In mica schist and

siltstones the S1 fabric is characterized by a penetrative slaty cleavage, associated

with the growth of mica, and is developed subparallel to parallel to bedding planes

(Fig. 4.18). In coarser sediments, the 01 deformation is characterized by the preferred

orientation and elongation of boulders, pebbles and grains, whose long axes plunge

by variable amounts, defining the L1 stretching lineation (Fig. 4.19). The preferred

orientation of clasts is best developed within ?onglornerate;3 of the Rosh Pinah

Formation (Fig. 4.20) and in pisolitic limestone of the Pickelhaube Fnrmation (Fig.
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Associated with the 0" deformational event are bedding-subparallel D1 thrust faults,

which are closely associated with F1 folds and the 51 foliation and cleavage. These

Fig. 4.16: lntretotte), southe~'!Y verging F1 .~~)Idswithin dolomitic carbonate at
locality 13A, approximately 5 km southeast of Namusklutt Farmhouse
(Fig. 2.4).
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Fig. 4.17: Stereonet projections of data associated with 01 throughout the study
area; A) poles to SO/51; 8) F1 fold axes; C) poles to F1 axial planes.
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Fig. 4.18: Bedding subparallel penetrative S1 cleavage devetopea within
mudstones of the Rosh Pinah Formation:south of Picks;,:j8,ube(Fig, 2.4).

Fig. 4.19: Rose diagram showing the main trend elongation of clasts of the Rosh
Pinah Formation and pisoiires of the Pickelhaube Formation from
throughout the study area during Q1.
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Fig. 4.20: Elongation of clasts of a Rosh Pinah Formation conglomerate assoc:ated
with D1 at locality 1381 approximatefy ~ #em north of Dreigratberg (Fig.
2.4). Flattening and stretching of clasts J.,k:daJlelto subparaiiel to bedding
and S1 cleavage. Note the cigar-like shape of clasts.

01 thrust faults preferably use contacts between lithologies with contrasting

competency, i.e. sandstones being thrust over mudstones or carbonates. Thrust faults

are qeal! with in more detail in section 4.3.4.

4.3.2 D2phaseof deformation

The most conspicuous features characterizing the 02 deformation are very small to

J
large scale folds, with fold axes trending at about 140 to 190 degret....1and plunging

moderately at various amounts in northerly and southerly directions (Fig. 4.21). Axial

planes generally dip in a westerly direction. The thrust planes 'if some thrust faults,
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which have a listric appearance, steepen in an easterly.directil'Jnto the point, that they

can even be overturned. F2 foldswith an originally easterly vergence, which occur

together with some of these staspened or overturned thrust faults, change their

vergence towards a westerly dlrectlon as they "cllmb up" the thrust planes and are

refer;-ed to as "backfolds", East of the Aus road thrust fault and the Sedelingsdrift

thrust fault (Fig. 2.3), F2 folds generally verge in a lM8sterly direction, v"i1ichis caused

by backfolding in the proximity of the basement and the presence of steep and

overturned thrust faults (Figs. 4.3, 4.5 and 4.8).

F2 folds vary in scale from small scale «5 em wavelength) to laffje structures with

wavelengths of up to about 5 km (Annisfontein antlcllnorlurn; Fig. 2.4). The F2 folds

which refold among others the earliest D1 thrust faults, display a variety of fold shapes.

Folds are symmetric to assy':Tlmetric,upright to recumbent and vary from open, tight,

to isoclinal in form. harmonic to disharmonic and may be polyclinal (box folds and

parasitic folds; Figs. 4.:e2 and 4.23), Small scale chevron folds are present at one

locality 10 about :2 km south of Pickelhaube (Fig. 2.4).
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Fig. 4.?"'i: Stereonet projections of data associated with D2 throughout th& area; A)
poles to SOI5"1; 8) F2 folel axes; C) poles to ;=2axiai planes.
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Fig. 4.22: Disharmonic F,2fold within arkosic sa.nd:r;;tonesof the Rosh Pinah
F/jrmation at Tf'(,~kpdortFarm (Fig. 1.2).

Fig. 4.23: Penetrative S2 axial planar c.~(eavagewitMn a nonnwest-trendtnq,
overturned .tight F2 fold neer tieberes, ebout 30 km NW of' the
Oranjemund rlOad(Fig. 1.2).
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Throughout the ~,\£dyarea an 52 axial plan'~ penetrative cleavage is developed within

pelitic rocks and an axial planar foliation within psammitic rocks (Figs. 4.23 and 4.24).

The 52 axial planar cleavage is defined by a penetrative slaty cleavage within

argillaceous units (Figs. 4.24 and 4.26) and by an axial planar fracture cleavage or a

preferred orientation of grains in arenites (Figs. 4.23, 4.24 and;4.25). The 82 axial

planar cleavage and associated axial plane strike at about 140 to 190 degrees and dip

fig. 4.24: Refraotfon of 82 cleaVflt1e eroutu: folded layers of of different
compet~!lcies within fo/o'edmudstone end sandstone of the Rosh Pinah
Formation 'at loca.lity 7, souti: of Pickelhaubf.~ (Fig. 2A); note the
charactetl$tlc ffatterlling of tne cleavage> in the pelitic layers and tne
hlgl1er an~1J'ebefw99tl cleavage and bedding in the psammitic layers.
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Fig. 4.25: S2 cranulation lineation 12.within phylliie of the Gumchavib Formation,
about 3 km northwest of Obib weterbot«; cremstetkm lineation 12Is
parallel to pencil and developed on tn« bedding plane.

I

j
Fig. 4.26: Axial planar 52 cleavage deforming Sc>-subparallelS1 cleavage within

mudstones of the Rosh Pinah Formation at locality 7, east of Pickelhaube
(Fig. 2.4).
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Fig. 4.27: D2 thrust fault at locality 1 (Fig. 2.4); note the fold limb of the F2 fold is
cut-off by thrust fault.

Fig. 4.28~ D2 thrust teutt immediately south of Ptcketneube Peak (Fig. 2.4),
carbonates of the PickelhaUbeFormation am thrust over sandstones and
conglomertaes of the Rosh Pinah Formation. Note the relatively
undeformed carbonate in the upper thrust stic« overlying folded
eandstones and conglomerates with a clearfy developed 82 axial planar
foliation beneath the thrust fault.
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with variable amounts in a westerly or easterly direction (Fig. 4.21A and B).

An S2 intersection crenulatlon cleavage, deforming the pre-existing 5'1 bedding-
,

subparallel cleavage, is present throughout the study area. The intersection cleavage

(S1/82), which defines the 12 crenulatlon lineation IFig. 4.25), plunges in various

directions with up to 20 degrees and trends at 140 to 190 degrees.

In places F2 fold limbs are cut-off by associated thrust faults at high angles (Fig. 4.27).

At Pickelhaube (Fig. 2.4) relatively undeformed carbonate of the Pickelhaube

Formation is thrust over sandstones and conglomerates of the Rosh Pineh Formation

(Fig. 4.28). The lithologies of the Rosh Pinuh Formation are folded and display a clear

axial planar 52 foliation, which is defined by the elongation of grains, pebbles and

clasts, Thrusting, associated with 02, will be described in more detail in seeton 4.3.4.

4.3.3 D3phaseof deformation

A D3 deformation pt,ase has been recognized throughout the study area. Stereonet

projections of data aS$yciated with this deformational phase are shown in Fig. 4.29,

displaying a trend of F3 t'qld axes ranging 1romWNW to southwest. F3 axial planes

generally show no vergen6~. They may, however, verge in a northerly and, more

commonly, in a southerly dire~ion.

The most conspicuous features '~.fthis phase ot deformation are open, upright small-

scale to large scale cross folds, referred to as F3 folds, ranging from small scale folds

(<5 em wavelength)., mainly develop~d in argillaceous rocks, to medium scale (Fig.

4.30) and large scale folds with wavelengths of several kilometres. Open, small scale

chevron-llke folds are also present (Fig. 4.S1).
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Fig. 4.29: Stereonet projections of data associated with D3 thrt)vghout the area; A)
F3 folcl axes (n=68); B) poles to F3 axial planes (n=45)_

Fig. 4.30: F3 open fold developed within carbonates of the Pickelhaube Formaifon
at locality 17 (Fig. 2.4).
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Fig. 4.31: F3 open chevron fold developed within carbonates of the Pickelhaube
Formation at locality 17 (Fig. 2.4) in the Ostrich thrust suo-.

, Fig. 4.32: Fold interference structure caused by a F3 fold deforming the fold hinge
of a F2 fold at Dreigratberg (Fig. 2.4).
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The F3 folds form fold interference structures due 1\Jrefolding of the pre-existing F2

folds (Fig. 4.32). The interference structure is dome-like In form and the superposition

of the F3 folds on F2 folds is responsible for the variable plunge directions of the F2

folds. An S3 crenulation cleavage, associated with the development of F3 folds, was

observed at locality ~bout 2 km northeast of Obib waterhole (Fig. 2.4), and couid only

be recognized where the 51 cleavage was overprinted by a weak axial planar S3

cleavage, defining the 13 intersection lireation. Except for the 53 crenulation cleavage,

no 03 associated foliation was recognized.

4.3.4 Recognitionof thrust faults and time sequence·ofthrus.~ing

Thrust fault~, associated withthe 01 and D2 deformational events, are amongst the
,

most important structural elements within the study area. Their recognition and the

understandinq of the time sequence of the acnvity of thase thrust faults is most

important for the understanding of the structural evolution and kinematic interpretation

of the Adamastor orogenesis in the Gariep Belt, as well as for the establishment of a

correct stratigraphy.

The major thrust fauits within the study area generally trend north-south to northwest-

southeast (Fig. 2.4) with thrust planes dipping in a westerly direction. Thrust planes are

in some cases steeply inclined toward!=;t"f) east as a result of intense compression in

the vicinity of the basement or within imbricate thrust zones, Thrust planes, formed

during 01, are in places refolded by the D2 deformational event, thus dipping with

variable angles in an easterly directl ..JO.

The thrust faults are marked by: (1) intrafolial Fi folds, shear zones, the presence of
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quartz veins and feldspar pegrns.toids in the vicinity of thrust fal.!tts; (2) mylonlts zont ~

(3) stratigraphic discordances associated with ramping; (4) a conspicuously developed

foliation within and in the vicinity of shear and thrust zones; (5} the presence of an

intense siliciflGation of sandstones; (6) the alteration of limestones to marbles; (7) the

occurrence of actinolite schist in association with amphibolite sills; (8) the presence ot

tight to isoclinal and recumbent F2 folds; and (9) the change of fold vergence from

east to west.

Fig. 4.33: D2 thrust fault cutting through the stratigraphy at a locality south of
Gumchavib trigonometrical beacon, probably caused by the failure of the
footwall ramp.

I The most common thrust faults generated during 01 are bedding parallel to

subparallel, often steepening with a westerly dip in an easterly direction taking the

shape of listric thrust faults. The listric thrust faults occasionally form ramps, which cut

17Q
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across the stratigraphy and may be caused by successive failure in the footwail (Fig.

4.33). Imbricate zones, present at various locations throughout the study area, may

be a subsequent result of the progressive failure of footwall ramps. Intrafolial F1 folds,

a bedding-subparallel S1 cleavage and the elongation of grains and clasts (11) are

associated with bedGing-parallel thrusting in the vicinity of thrust contacts. In the east

of the study area, within imbricate thrust zones and in the immediate vicinity of the

competent basement, the westerly dip of thrust planes steepens and can even be

steeply inclined towards the east (Figs. 4.1 and 4.2). Subsequently, after a maximum

amount of bedding~paralle!compression and the formation of duplexes, the rocks were

folded curing the D2 deformational event. 01 thrust planes, as shown within the

Dreigratberg syncline (Figs 4.1Band 4.2C). were folded around fold hinges during D2.

Folding and the development of a penetrative axial planar 82 cleavage and foliation is

intimately associated with thrusting during 02, with the thrust faults cl!.ting folded beds

at high angles (Fig. 4.27). Thrusting continued during the late stages of D2, as shown

at a locality immeaicitely south of Pickelhaube, where relatively undeformed sediments

are thrust over folded rocks, which also display a penetratve axial planar 82 foliation

(Fig. 4.28).

As demonstrated above, thrusting occurred from the early stages of 01, through the

main phases of D2 until the late stages of the D2 deformational event, showing that

01 and D2 took piace progressively.

4.4 KINEMATICINTERPRETATION

\iVil;:i)'~ the study area three l<inematic phases were identified from the analysis of finite

strain ellipsoids, slickensides, dip and strike directions of 01 and D2 thrust faults, the
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sensa of vergence of the F1, F2 and F3 folds, the trend of told hinges, their shape

along strike over long distances and the variations in strain eltlpsold shape from

prolate to oblate within the entire Gariep Belt. The two earliest kinematic phases took

place progressively. ·The earflest recogniZed kinematic phase is related to convergent,

southeast to SSE directed tectonic transport, which is related to the closure of the

Adamastor Ocean and the accretion of the Marmor:" ~IJJ:~rterraneand the Port Nolloth

Zone. The second kinematic phase is associated with eastward directed tectonic

transport during the 02 deformational phase. 'if :i took place during the collision of

proto-South America and the Kalahari C;-aton. The latest kinematic phase within the

study area is related to a sinistral strike-slip phase during the 03 deformational event.

4.4.1 Transpre~sivephase

The analyses of several structural features, which Jed to the recognition of an early

transpressional phase, are aS~("J~ia~tldwitn the 01 and D2 deformational events. Rigid

body analyses and finite strain analyses were carried out in order to define the first

kinematic phase of the tectonic evolution of the Gariep 8elt.

Finite strain analysis

Von Veh (1988) obtained a total amount of 89% shortening for the Gariep Belt in the

northwestern Richtersveld. Unfolding of F2 folds within the studl area with the help of

balanced cross-sections amounted to an approximate shortening of about 90%.

Because of the paucity of marker horizons within the Gariep Belt, it is not possible to

delineate the exact amount of displacement which took place along the thrust ~au!ts.
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Using the bow and arrow method of Elliott (197S) for the prominent Schakalsberge

thrust fault, which juxtaposes the Marmora Supert9'rrane and the Port Nol!oth Zone,

the displacement is more than 100 km in an easterly direction. Applying the rule of

Elliott and Johnson (1990), stath1gthat the displacement of a thrust fault is equal to

the length of the thrust fault multiplied by the 'ractor 0.07, a disr(acement of 16 km

results for the Schakalsberg thrust fault.

Within the Gariep Belt north of the Orange Rii;~t',X (Iong)-, Y (intermediate)-, and Z

(short)-axes of clasts and boulders of conglomer~:;t!;sof the Rosh Pinah Formation and

pisoliths of the Pickelhaube Forma.tionwere meassred. The plunge of the X-axes were

measured and rotated back into the horizontal. Figure 4.19 shows two main trends of

strain ellipsoids at two oblique angles. The main tn~nd ~;trikr?,sNNW, and the second

trend at WNW} showing that differential movement took Dlace. The main tectsnlc

transport component of the differential movement is towards the southeast to SSE,

whereas the minor component is airected towards the east. The XjY and Y/Z ratios

of the measured ellipsoids wero plotted on a Flinn diagram (Fig. 4.~94).Tnis diagram

shows the fietd of flattening and the field of constriction, assurnlnq that no volume

changes took place and that the measured objects were initially spherical. The plots

in '.'1g. 4.34 show that the measurements at localities 138 and 7 (Fig. 2.4) plot in both

tl1e flattening and the constrictional fields, i.e. averaging with plane strain. At locality

8 :Fig. 2.4), which lies further westsouthwest and perpendicular to strike, measurments

pbt in the constrictional field. A trend is recognizable, displaying a change from a

flattening strain field in the vicinity of the basement in the east to the constrle i50nal

strain field to the west of the study area away from the basement.
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Fig. 4.34: Flinn plott) of strain data from (A) locality 13B; (Bl/ocality 7; and (e)
locality 8 (localities are shown in Fig. 2.4).

Blgid b_odygnalysis.

The structural limits of the Gariep Belt outline an arcuate fnrm in relation to the present

coastline of southern Namibia and the northern Cape Provimle of South Africa (Fig.

2.1). In southern Namibia, the Gariep Beit and associated defoml8tion is restricted to

the area southwest of a line from LOderitz to Dreigratberg at the Orange River. South

of Uideritz and in the vicinity of Bogenfels the structural trend of the rrudn structural

elements such as thrust faults and F2 folds ranges from north-south to NNW..SSE. In

the Witputs-Dreigratberg area, which also includes the study area, the general trend

of thrust faults and F2 folds ranges from north-south to northwest-southeast, changing

to NNW immediately south of tne Orange River and swinging to northeast ..southwest

in the coastal outcrops from Cape Valtas to the mouth of the ~tolgat River further
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south (Von Veh, 1988). The arcuate shape of the,!Gariep Belt could not have

developed as a late b$nding event on a regional scale, as basement rocks southeast

of the arc provide no evidence for such bending strains (Davies and Coward, 1982).

The post-Gariep Kuboos and Swartbank plutons (Fig. 2.7) may be partially responsible

for a change 'in structural trends in their immediate vicinity as a result of diapiric

activity? however, it seems highly unlikely that they have caused ~he present arcuate

shape of the ernlre ~ar!ep Belt. Differential movement, detected within several thrust

sheets, 0211 only be partially liable for the concave form of the structural features within

the Gariep Belt. On th~ grounds of the bow and arrow method of Elliott (1@76) it has

therefore to be concluded, that an eastward directed tectonic transport during 02 was

mainly responsible for the concave form of the structural features within the Gariep Belt

and for the ereuate shape ("1the Gariep Belt as a whole.

ll.4.2 Strike..sllp phase

The latest tectonic event wrLi1ini.h~ study area is recorded by D3, which is responsible

for small to large scale t1ast-west to soutnwest-northeast trending open folds. A

sinistral strike-slip phase localized along existing. zones of weaknesses is responsible

for these structural features. Plane sinistrlal wrenching mf,l.Yhave continued until after

the deposition of the upper Schwarzrand Subgroup of the Nama Group, as indicated

by the presence of warping of Schwarzrand Subgroup lithologies, shown in a N-S

section through th, .Jama Group by Germs and ",,~resse(1991).
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4.4.3 Interpretation

The results of the finite strain analyses of 01 related strain ellipsoids show the

presence of differential movement with two main components during the 01

defonmational event (Fig. 4.19). The main tectonic transport was directed southeast to

SSE, associated with a second easterly c.~rectedcomponant. Extreme compression in

the vicinity of the basement, associated with the difference in ductility of the

compressed lithologies and the basement itself, is thought to be responsible for the

presence clf differentiall movement.

Subsequent eastward directed tectonic transport during the D2 deformational phase

is liable for the concave shape of tectonic features soch as the trend and vergence of

F.2folds, the trend and dip of the thrust faults throughout the Gariep Belt and for the

arcuate shape of the Gariap Belt as a whole.

The tectonic evolutlon of the Gariep Belt terminated with a sinistral strike-slip

movement along existing weakness zones, ceasing only after the deposition of the

Schwarzrand Subgroup of the Nama Group.

Strain ellipsoids in the Richtersveld have very variable shapes, ranging from strongly

deformed prolate ellipsoids in the northern parts of the Richtersveld to oblate ellipsoids

in the south, with the average strain ellipsoid trending NNW (Von Veh, 1988).

Considering the swing in structural trend and the presence of prolate and oblate

ellipsoids deformed during the D1 deformational phase in the area immediately north

of the Orange River the study area was situated in the traf1sition~i zone between the

frontal and the lateral edge of a southeast- to SSE- directed tectonic unit duriing the

D1 deformational event (Fig. 4.35). Davies and Coward (1982) recognized no effects

of Gariep deformation 'Nithin the granites of the Aurus Mountains approximately 60 km
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Fig. 4.35: Schematio -!iagram summarizing the stntctural variations and change of
strain ellipsoids during the earliest kinematic phase (D1) in the central
and southam parts of the Port Nolioth Zone (modified after Von ven,
1988).

northwest of Rosh Pinah and concluded that ti1e deformation associated vvith thrusting

dies out not only to' the north along the strike of the thrusts, but also to' the northwest,

Therefore, Davies and Coward (1982) suggested that the movement af thrusts

increases to' the south and southeast, giving rise to extensional flow in ths area

southeast of the Aurus Mountains (Fig. 1.2). Field evidence in the Bagenfels area and

the area immediately south of Luderitz shows, however, that early 01 related

southeast- to' SSE-directed thrusting, as well as eastward directed tectonic transport

during the 02 deformational event, did also take place in the narth-western parts of

the Sperrgeblet. Field evidence from the study area shows, that the dlrectlon of

tectonic movement in the Gariep Belt was not restricted towards the SSE:1 as

postulated by Von Veh (1988), but that it changed from SSE during 01 to east during

D2, and to sautherly directed strike~slip movement during 03.
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CHAPTER 5

Mi::TAMORPHISM

5.1 !NTfIDDUCTION

No detailed work has so far been undertaken to constrain the metamorphic evolution

of the Port Nolloth Zone of the Garif;), Belt. Studies on the metamorphic evolution of

the Gariep 8elt were first undertaken by De Villiers anti Sohnge (1959), who postulated

an older dynamic event, which gave rise to phyllites and chlorite-rich schlsts, and a

younger contact thermal event forming spotted slates and hornfelses. Kroner (1974;

1975) recognized only one Barrovian-type regional metamorphisms increasing from low

grades in the "miogeosynclinal shelf" in the eastern parts of the Gariep Belt (Port

Nolloth Zone) to intermediate grades in the "eugeosynciinal realmll (Marmora Terrane)

to the west of the S",hakalsberl:1e thrust fault (Fig. 2.1). "Granitizationll and

'feldspathlzatlon" are terms ftequently used in older literature (Martin, 1965; McMill.an,

1968). These phenomena have, however, been resolved by the recognition that many

of the "granitized" rocks represent tectonically emplaced granitic basement' (Joubert

and Kroner, 1972; Kroner, 1974a; Von Veh, 1988; Jasper, 1992/1993). Von Veh (1988)

recognized two metamorphic events for the Gariep Belt lithologies in the Richtersveld.

The M1 regional metamorphic event (;{i'oner, 1974) comprises greenschist facies

metamorphism with temperatures assumed to be consistently It)w across the Gariep

Belt, pC)ssiblynot exceeding -450 degrees C. Pressures during M1 ware assumed to

increase in a westerly direction, ranging between 6 and 7 kbar. The M1 rnetarnerphic

iSS



event is suggested to be related to the closure of the Adamastor Ocean and the

collision between the South American and the Kalaharl Cratons. The M2 contact

metamorphic event (Von Veh, 19B8) is related to the emplacement of the Kuboos

Pluton and occurred after the M1 metamorphic event.

Detailed metamorphic studies in the Marmota Superterrane to the west of the study

area (Fig. 2.1) were undertaken by Frimmel and Hartnady (1992) and indicated a

multiphase metamorphic history for this superterrane. The first metamorphic event, M1,

was interpreted as a very low-pressure hydrothermal oceanic metamorphism that

affected the igneous protoliths up to ar"'l"Ihibolitefacies temperatures. The suoseqoent

M2 metarnorphlsrn was syntectonic, being characterized by temperatures similar to

those reached during Mi ..but with higher pressures, indicating burial to 10 to 15 km.

This event is Interpreted as being related to a subduction process. A third

metamorphic event, M3, was, low grade and of regional nature. These results indicate

that subduction and subseque ~t obduction have occurred in the Gariep Belt, although

blueschist facies metamorphism has not been reached (Frimmel and Hartnady, 1992).

15.2 METHODS OF STUDY

lfhis work represents the first detalied studies of the metamorphic evolution of the Port

Nolloth Zone of the Gariep Belt (Fig. 2.1). Phase relations within the amphibolites and

metasediments and the p.T estimates for these rocks are discussed. Sedimentary

structures within the Gariep Group lithologies of the Port Nolloth Zone in southern

Namibia, although affected by upper greenschist to lower amphibolite facies

metamorphism, are still well preserved.
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5.2.1 Selection of samples

In order to investigate the metamorphic condWons throughout the study area, selected

sampling was undertaken. Geothermometry and geobarometry within this study is

based on th~ ...investigation of the critical mineral assemblages hornblende-plagioclase-

epidote-chlorite-quartz within amphibolites, plagioclase-microcline-biotite-phengite-

quartz wlthirt psammites, and garnet-chiorite-muscovite-piagiociase-illmenite-quartz
r

within petites. To determine the mineral content and the phase relations and to

estimate the metamorphic peak conditions, five amphibolites, three psammites and two

garnet-chlorite schists were investigated (fable 5.1). The amphibolite samples A1, A2

as well as the psammite gneiss sample 35 were taken from the Rosh Pinah Formation

in the northern part of the study area (Fig. 2.4). The garnet-chlorite schists P1 and P2,

as well as the psarnmite 235 originate from the Rosh Plnah Formation from the

southern part of the study area north of GUmchavib Mountain (Fig. 2.4). Psamrnlte

sample RP185 is part of the Obib Peak Formation near Obib Peak. The amphibolites

RP60 and A5 were taken from the lower Pickelhaube Formation (Fig. 2.4). Sample AN

originates from Namuskluft waterhole in the easternmost parts of the study area and

is part of the Numees Formation.

5.2.2 Minera~ chemistry analyses methods

Mineral analyses were performed using a CAMECA SX 50 microprobe with four

spectrometers at the University of WCirzburg, Germany. Instrument conditions were:

15 kV accsleranon potential, 10 nA specimen current and, depending on the measured

element, i(), 20 or 30 seconds counting time. The CAMECA standard set was used
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Table 5.1: Mineral assemblages of investigated samples.
~

Sample Formation Rock type Mineral

assemblages

AN Numees basic green amphibole,

volcanic plagioclase,

8171idote,chlorite,

A1 Rosh Pinah basic quam: ± biotite

volcanic ±caleite.

Accessories,are
A2 Rosh Pinah basic

tables of ilmenite, !
volcanic hematite and

- sphene.
A5 Lower basic

In sample RP60
PicRelhaube volcanic

relics of magmatic

RPeD Lower basic pyroxenes occur

Pick:elhaube volcanic
."

35 Rosh Pinah Psammite plagioclase,

rnlcrccline, white

mica, biotite,235 Rosh Plnah Psammite
quartz, minor

amounts of

RP185 Obll:l Peak Psammite retrogrsde chlorite

and opaques

.- ~ IP1 RQ,ehPinah I Pelite gamet, plagIoclase,

I chlorite, muscovite,

ilmenite, quartz,

P2 Rosh Pinah Pelite Accessory minerals

are opaques and

rare zircon
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for reference; correction procedures were carried out using the PAP program. The

Fa3 + IFe2 + -ranos in the E',naly~ed amphiboles were estimated by the method of

Papike et at (1'874), modified by Franz & H§ussinger (1990), assuming the Fe3+

content as the midpoint between the maximum and the minimum Fe3+ contents. The

Fe3+ !Fe2+-ratios in the analysed garnets and ilmenites were estimated using charge
-

balance criteria (Appendices 7 & 8).

5.3 PETROGRAPHY AND PHASE RELAT=ONS OF THE SELECTED SAMPLES

AmQ_hibolites: The distinctly foliated amphibolites are of volcanic origin, which is

indicated by magmatic relics in the form of pyroxene. They all display the paraqenesls

green amphibole-plagioclase-epidote-chlorite· quartz ±biotite ±calcite. Accessory

Pla\jioclase

X Epidote

+ Amphibole

o Plagioclase

t::. Pyroxene

, ,

'·'7 \ ~
I .: .. _. _--"-_. A___.:.:....-l~_" -=-~~., ~ F
~ Diopside

Figure 5.1: ACF diagram showing mineral compositions within the amphibolites.
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minerals include tabular ilmenite, hematite and sphene. In sample RP60, relics of

magmatic pyroxenes were detected. The pale brownish pyroxenes are strongly

ratrograded and rimmed by hornblende and epidote. The mine:ral compositions w!+..hin

the amphibolites are documented within the ACF diagram of Fig. 5.1.

Psemmltes: The psammites consist of the paragenesis plagiocfa§G-microcline-white

mica-blotlte-quartz and minor amounts of retrograde chlorite and opaques. The mineral

composlncns within the paragneisses are shown in the A'KF diagram in Fig. 5.2. The

psammites generally display a foliation, whtch is often disturbed by detrital fragments

and best developed in mlca-rloh layers.

Figure 5.2: A'KF diagram showing mineral compositions within the paragneisses.

:I
/

_I

Garnet-chlorite schist: The garnet-chlorite schists were derived from a Ca- and Mn-rich

x Musr.o'./ilp.

pelitic protolith. The garnets and the ilmenites in particular reveal high amounts of Mn.

191



The critical mineral assemblage is garnet~plagioclase-chlorite

-muscovite-ilmenite-quartz. Accessory minerals are opaques and rare zircon. Two

cleavages are clearly visible in the garnet-chlorite schists: the 51 cleavge is subparallel

to the compositional layering SO and the less penetrative 82 cleavage cuts 51 at an

angle of about 20°. The growth of the minerai phases can be well correlated with the

fabrics. Garnet as well as muscovite and chlorite schlstosltles define 51 and indicate

their growth during the D1 deformation. A static phase after S1 led to the growth of

idioblastic garnet rims and postdeformational mica and chlorite. The 52 foliation led

to a preferrec1 orientation of muscovite and chlorite. The growth of garnet also

continued during D2.

5.4 MINERAL CHEMISTRY

Pyroxenes:

Microprobe analyses of several grains of pyroxene from sample RPSO reveal high

diopside contents of 96-98 mol % (Appendix 1). Microprobe analyses reveal a weak

" Field of plots
of pyroxenes from
sample RPSO

o 10 20 30 40
MIlSiO, Mol. pe' ~ml.
Clinoensmile

10 80 00
FcSiOI

C'.illOferrosililc

Figure 5.3: Nomenclature of ClinCitJyroxenes in the system CaMgSi20(,-CaFeSi20fF
Mg;zSi206~Fe:fii206 (after Poldervaart & Hess, 1951).
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zonation within the pyroxene witI':l a slight increase of the jadeite component from 0.5-2

mol % and a decrease of diopsiqe from the core to the rim. The acmite component

is relatively constant at about 2 mol %. The high Ca-content of the diopsides (Fig. 5.3)

may be a product of plagioclase inclusions and the analytical error. The precursor

minerals of the dlopsldes at the time of emplacement were prbably augites.

Amghiboles: The amphiboles of the amphlbolltes are ail Oa-arnphlboies using the

classification of Leake (1978). A distinct zoning coud not be observed in any sample.

The blUish-green amphiboles from samples A2 and A5 mainly plot into the fields of

pargasitic and edenitic hornblende, whereas the brownish SI-poor amphiboles from

O-lSO

~
ROO 7.75 7-lSO 7.25 7. $I 8.75 1.1. I! 5 S.73 6.00- 1f1EMO~.mc

TflEMOUrE HORNBlEND!':
TSCHERMAKlTIC
HORNBLEN05 TSCHE~
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Figure 5.4: Leake (1978) amphibole nomenclature of calcic amphiboles: (Na + K)A
~ O.50p; Ti < 0.50; t=e3 :s A/vI.
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Figure 5.5: Leake (1978) amphibole nomenclature of calcic amphiboles: (Na + K)A
< 0.50; Ti < 0.50.
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sample RP60 are commonly ferroan p~~gasites (Fig. 5.4). Almost aL amphiboles from

sample A1 are (ferro-) tschermakites land (f~;i~('O-)tschermakitic homc.sndes (Fig. 5.5

and Appendix 2).

Plagiocfases: The plagiocl£'.Scts'coexisting with the amphiboles are albites and

oligoclases. Representative microprobe analyses of the plaqloclases are .listed in

Appendix 3. All plagioclases of sample A1 display An contents oL~.@-2Smol %,

Relir.;sof oligoclase (An17) are also pres'!nt in sarnple A2, which 'mainly contains albfil:e
Ii

(AnO>6)'This is probably due to retrograde processes. The amphlb~IEtelDA5! AN and

RP60 are all albite-bearing with An qbntents of 0-8 mol %. The plagioclases of the

garnet-chlorite schists are oligoclases and andeslnes with An-contents of 29-33 mol

'Yo.

Epidates: The plstaclte contents of the epido~~;,.:iare quite similar in all amphibolite

samples. They range fro~h 18-32 mol % and are virtually unzoned. Microprobe

analyses of the epidotes are listed in Appendix 4.

White micas: Microprobe analyses of the white micas from the gneisses show distinct

differences in the Si content. The highest Si contents were found in scrnple 35, where

they ranqe between 6.4 ana 6.62 p.f.u. The paragonite content of the micas varies

between 3 and 5 mol %. Compared to the micas of the other gneif)ses, the XFe is

relatively high, ranging between 0.45 and 0.57 (Fig. 5.6). The phengites in sample

RP185 reveal distinctly lower celadonite contents with Si ranging between 6.35 and S.5

i
i

p.f.u. and a paragonite component of 3-5.3 mol %. Even lower Si contents were found



in the micas of sample 235. They vary within a wide range from 6.15-6.43 p.f.u. and

reveal a paragonite content between 3.7-9 mol %. The lowest celadonite contents and

the highest paragonite contents are observed in muscovltes of the garnet ..chlorite

schist (sample Pi; Fig. 5.6). This is probably due to the absence of K~feldspar in the

rock. T~ I:) SI-contents of the micas range between 6,15 and 6.3 p.f .u., while the

paragonite component lies between 15 and 25 mol %. It is remarkable that there are

no significant chemical differences between micas which formed during the

0.6 r-------.---' ----
XFe 1*

~~
0.5 ..' ' ' ~ ;,; ·..··..· ·..· ·*· ·"..*..~·*"·..·.."i·..·..· · ·..,,·'...

****•••• •Owo 0" •
• • • e .r:l0.4 ·..· ·..·..···· · ·· · ,,·..·0· ,,·· 0· ·· , "" .

\00 Ef CD
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Si

• P1 0 235 * 35 + RP18G

Figure S.B: Diagram shOWing the Fe~SIcomposition of samples P1, 235, 35, RP 185.

development of 81 and 52. Selected microprobe analyses of white micas are listed

in Appendix 5.

Chlorites: Uke the muscovltes, the chlorites from the gamet-chlorite schist (sample P2)
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show a rather homogeneous chemistry. They are classified as rlpldolltes after Hey.

(1954); with slightly elevated MnO~ccntents of up to 0.9 wt.-%. Micoprobe analys~s are

listed in Appendix 6.

/Ilmenite: The iIImenites from the garnet·Chlorite schists are strongly altered to a

brownish mass of leucoxene. Unaltered iIlmenites are only preserved as inciusions in

the cor~ of ths garnets. These iIlmenites have extremely high Mn-contents with

pyrophanite components of up to 52 rnot-ss. The geikielith component never exceeds

0.1 mol %. Microprobe analyses are listed in 4 ppendlx 7.

Garnets: The garnets from the garnet-mica schists (samples Pi and P2) show no

zonation. Microprobe profiles parallel and perpendicular to the S1 foliation reveal a

rather homogeneous chemistry with Spess40_43 Gross11_15 A1rn40-42 PYP4-5' Ths same

applies to garnets which show a growth on the S;! schistosity planes. Microprobe

analyses of selected garnets are listed in Appendix 8.

5.5 METAMORPHICEVOLUTION

The! mineral parageneses of the basic volcanic rocks of the study area indicate P-T

conditions of the epidote amphibolite facies grading into the lower amphibolite facies.

Plyusnina (1982) calibrated a geothermorneter based on the reaction of

hornblende + epidote + H20 + CO2 < = = > plagioclase + chlorite -I- calcite +
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which can also be observed in the amphibolites from the Gariep Belt. A plot of

coexisting amphiboles and plagioclases from the basic volcanics within the study area

shows a great variability concerning pressures and temperatures (Fig. 5.7). The

amphibolite samples A1 and A2 from the Rosh Pinah Formation reveal elevated

pressures of 7"8 kbar. The temperatures range between 450 and 550°C. The relatively

low temperatures of sample A2 result from the strong retrograde overprint of the

plagioclases. Sample RP60 'from the lower Pickelhaube Formation shows a pressure

0.00 [450....L,. ....,_...,.
0.00

0.60

Cap1g

0.40

0.20 -

OA1

1.00
r&A2

2.00
QRPEiO \lAS

-
~AN

3.00
AIHbl

Figure 5.7: Plagioclase-hornblende thermobar~'metryafter Plyusnina (1982) showing
plot of coexisting amphiboles and pfagioo/ases from amphibolite
semptee; note the great variability t;)f pressurE~sand temperatures.

range between 7 and more than 8 kbar and temperatures between 450 and 500oe.
For this sample, an upper temperature iimit can be calculated using the retrograde

reaction of magmatic clinopyri:lXene and plagioclase to hornblende, clinozoi:site andi
~
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quartz. The divariant curve for the reaction

4 diopside + 10 plagioclase (An5o) + 4 H20 < == = >

hornblende + 6 ollnozolsite + 3 quartz

was calculated with the THERMOCALC program (Powell & Holland, 1988; see Fig.

5.8). Similar pressures and temperatures to sample RP60 can be estimated for sample

PH o/kb:ar
1

15 •

5 -

Chlorite +
K-Feldspar

10

Title

100 200 300 400 • 500 600 700

Figure 5.8: P-T diagram with "isoplethes" for Si-contents of phengites after Maszione
(1991); note great variability of pressures and temperatures of the
investigated samples.

A5 from the lower Pickelhaube Formation. The lowest P~Tconditions of about 2 kbar

and 450tlC are represented by sample A~ .pf the Nurnees Formation.

The preSSUrE!Sdetermined from some of the amphibolite samples can also be
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constrained using the Si contents of the micas in gneisses from the same units.

Application of the phengite geobarometer of Massonne (1991) }(ields the following

pressures: for samples A1, A2. and the coexisting gneiss sample 35 from the northern

Rosh Pinah Formation, pressures of up to 8 kbar were estimated, assuming a

temperature range of 5OO-550°C. Assuming pressure range of 7 to 8 kbar, the gneiss

sample RPia5 from the Obib Peak Formation indicates temperatures of 4S0-500oC

(Fig. 5.8).

The resulting facies fields of the metabasites are shown in Fig. 5.9 (after Laird & Albee,
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Figure 5.9: Facies fields of metabasites a.nd coexisting pelites after Laird & Albee
(1981).
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The parageneses of the garnet chlorite-schists Pi and P2 as well as the gneiss sample

235 allow a well constrained P~T estimate for the Rosh Plnah Formation in the

southern parts of the study area. The garnet~chlorite geothermometres of Dickenson

& Hewitt (1986) and Ghent et al. (1987) both indicate temperatures between 400 and

450°C (Appendix 9) assuming a pressure of 5 kbar. The garnet-muscovite

geothermometer of Hynes & Forest (1988) points to slightly higher ternperamres qf
r

450-50Qt.)C (Appendix 10). However, these results are maximum values because no

Fe3+-estlrnata was performed for the white micas. It is remarkable, that there are no

significant differences in the temperatures determined from syn-51, post 51 and

syn-sz micas, chlorltes and garnets. A pressure constraint is possible using the

phengites of the gneiss sample 235. For temperatures between 400 and 450°C,

pressures of up to 6 kbar can be deduced (Fig. 5.8).

CONCLUSIONS

The critical mineral assemblage in the amphibolltes from the northern Rosh Pinah

Formation is hornblende-plagioclase-epidote-chlorite-qual'tz, while the psammites

consist of plagioclase-microcline-biotite-phengite-quartz. Microprobe data shows, that

many of the plagioclases are albltes, These assemblages testify to the lower

amphibolite:.-facieswith peak metamorphic temperatures at 500-550 tIC and pressures

of more than 8 kbar. In the Obib Peak Formation, geothermometry and barometry

reveal P-T conditions of the epidote-amphibolite facies with temperatures of 450-500°C

and pressures of up to 7 kbar. In the southern Rosh Pinah Formation, a Mn~richpellte

with the mineral assemblaqe garnet-chlorite-muscovite-plagioclase-ilmt:mite-quartzwas
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detected. Geothermometry of this sample, as well as geobarometry of coexisting

psammites, point to P-T conditions of the greenschist facies at about 400-450oC and

4~6 kbar. In the Pickelhaube Formation, geothermometry and -barometry reveal a

pressure range between 7-8 kbar and temperatures between 450-500 degrees C.

Textural evidence shows that these P-T conditions were consistant during the 01 and

02 deformation. All these P-T estimates reveal a Barrovlan-type metamorphism with

a geothermal gradient CJf about 20oC/km. Very low pressures (about 2 kbar) were

recorded in an amphibolite of the Numees Formation with the mineral assemblage

actlncllte-alblte-epldote-chlorlte-quartz from the easternmost parts of the study area,

substantiating further field evidence for the fact that these sediments are pa.rt of the
\:

Numees Formation and not of the Rosh Pinah Formation as suggested by Ho~ann

(1989).
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CHAPTER 6

TECTONICS AND SEtllMENTATION OF THE SOUTHERN COASTAL BRANCH

OF THE DAMARA OROGEN (GAr.~EP BELT)

6.1 INTRODUCTION

One of the main aims of this study was to develop a more highly resolved geodynamic

madel for the evolution of the Gariep Belt, which forms the southern part of the coastal

branch of the Darnara Orogen. The understanding of the tectono-sedimentary

evolution of the Gariep f jt might be a valuable help for the development of

geodynamic models for other parts of the Damara Orogen.

In order to be able to understand the tectono-sedimentary evolution of the Gariep Beit,

it is important to 1001< throuqh the tectonic deformation and metamorphism, which

affected the rocks of the Gariep Group. The understanding of the tectonic deformation,

together with detailed sedimentological studies, has enabled the establishment of a

stratigraphy for the Ciariep Group, In terranes that have undergone substantial

extension, any geodynamic model must take into account the role of syn-sedimentary

fault systems.
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6.2 PREVIOUS GEODYNAMIC MODELS FOR THE EVOLUTION OF THE

SOUTHERN COASTAL BRANCH Of THE DAMARA OROGEN (GARIEP

BELT)

Several geodynamic models have been proposed for the evolution of the southern

coastal branch of the Darnara Orogen (Gariep Belt)

Previous workers related the development of the Gariep Belt to the growth and closure

of a Late Proterozoic ocean, which was tied in with the evolution of the inland branch

of the Damara Orogen (Kroner, 1974, 1975; Hartnady, 1978; tasch, 1983, 1983a;

Porada, 1983). In this regard, several authors (Martin & Porada, 1977; Porada, 1979,

1983; Martin, 1983; Miller, 1983) regarded the Gariep 8elt and the other parts of the

coastal branch of the Damara Orogen as recording the development of an ocean with

substantial width, while the inland branch of the Damara Orogen formed as an

aulacogen or failed rift, A weakness of these models is, that they are not based on

detailed work in the coastal branch of the Damara Orogen, but rather on inferred and

generalized relationships between the well-studied inland branch and the

reconnaissance picture we previously had of the coastal branch in general. In this

regard an understanding of the, Gariep Belt is crucial for the development of a

geodynamic model of the coastal branch of the Damara Orogen.

The first detailed geodynamic models for the evolution of the Gariep Belt were

presented by Martin (1965), McMillan (1968), and Kroner (1972), who d~scribed it as

a geosynclinal assemblage, comprising an eastern "miogeosynclinal" accumulation of

terriqenous clastic shelf sediments, cerbc nates, diamictites, and subordinate volcanic

rocks, flanked by a western "eugeosyncline" filled with volcanic rocks overlain by fine

t1errigenousclastics, which were subjected to higher degrees of deformation and mere

203



intense metamorphism. St itigraphically, the "eugeosyncline" comprised the

Grootderm, Holgat, and Oranjemund Formations" whereas the "miogeosyncline"

consisted of the Stinkfontein, Hildar and Numees Formations.

Kasch (1981, 1983) suggested that subduction of oceanic material along a coastal

extension of the inland branch of the Damara 8elt oontlnusc after the collision of the

Kalahari and Congo Cratons and proposed that the pre-aartep subduction complex

•••• t.
I

I~J CoW.i.,. If. Oil';•• lieU, ''''V'.
""o,,,"s,I.,, I_ D'M". Oi.,."

Fig. 6.1: Oroclinal bending model as suggested by Kasch (1983).

rotated relative to the inland branch of the Damara Belt prior to its collision in the

southern coastal branch (Fig. 6.1).

Davies and Coward (1982) firs~recognized the important role of large scale thrusting

within the Gariep Belt. They presented a model of differential movement in a thrust

regime for the origia1 of ti19 arcuate structures, which were possibly caused by
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Jocalzed spreading. of an abducted thick dense mass of basic volcanic rocks to the

southeast. Gravitational instabilities were held responsible for the collapse of the dense

mass. Associated spreading caused imbricate faulting in previously undeformed

sediments (Fig. 6.2).

Geochemical analyses of basalts of the Grootderm Formation, which are abducted

along the Schakalsberge thrust fault within the Marmora Superterrane (Hartnady et aL,

1985}, .i.cticate a tholeiitic affinity for most of the pile, but in the upper sequences of

(a)
NW SE

(b)
NW SE

__ ,_ ., Frontal Imbricate Zone-....

~

~~ /", ....)~~chOKa]Sb~rg Nappe ~~

~?: /.) ~ " --~~/' ---!::,_-
~ .2 - ---~-

/? - - Region Df Extensional flow

Fig. 6.2: Cross-sections showing the gravitational collapse model of Davies &
Coward (1982).

the Grootderm Formation, alkali basalts occur (Smith and Hartnady, 1884), Smith &

Hartnady (1984) and Hartnady et al. ('1985) interpreted a wlthln-plate ocean-floor

setting with strong, hot-spot or plume-type magmatic source affinities of the ophiolitic

Grootderm Formation of the "eugeosynclinal assemblage' in the west of the Gariep

Belt of southern Namibia. Hartnady et at (1985) described the metavolcanics of the

Grootderm thrust sheet as being created by an enriched magmatic source distant from

any nearby terrigenous sedimentary provenances. He concluded that it could be an

accreted upper part of an oceanic island-seamount chain, as suggested by Kroner
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(1g~-''''1or an aseismic ridge or small oceanic plateau.

The subsequent subdivision of the Gariep Belt into a western Marmora Terrane and

an eastern Port Nolloth Zone (Von Veh, 1988; Hartnady & Von Veh, 1990) is based

on the facies distinction of the "eugeosyncline" and the "miogeosyncline" described

by previous authors, and the recognition of a major tectonic discontinuity J the

Schakalsberge thrust fault, within the belt (Davies & Coward, 1982; Stowe et aI., 1984;

Hartnady et aI., 1985). Von Veh (1988) proposed that the Port Nolloth Zone evolved

as a rifted, Atlantic-type, passive continental margin on the western edge of the

Kalahari Craton. He concluded that the rifting stage with its associated alkaline acid

volcanics, tuffs, and agglomerates was followed by a sea-floor spreading stage when

the continental margin cooled and subsided as it moved away from a spreading

centre, followed by a period of tectonic instability associated with glacial activity. The

unconformably overlying Numees Formation diamictites and ferruginous sediments

were interpreted as having been deposited in a "continental slope" palaeo-environment.

Continuing subsidence is suggested to have caused the deposition of the overlying

Holgat sediments in a distal slope or basin environment, while the uplifted hinterland

was largely eroded away and shallow water Kuiseb and lower Schwarzrand clastics

and carbonates of the Nama Group transgressed onto the adjoining craton. Af'.

approaching orogenic front was incorporated in the distal parts of the depositional

basin (Von veh, 1988). Subsequent oceanic closure, which culminated in the collision

of the Port Nolloth Zone continental margin with a subduction zone (Hartnady & Von

Veh, iSS!'" and led to the accretion of the Marmora. Terrane as an allochthonous

block, was suggested to have predated the final closure of the inland branch of the

Damara Orogen (Von Veh, 1988). Von Veh (1988) proposed a southward migrating
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Fig..6.3: Schematic diagram showing the proposed southward migrating
subductionzone, responsible for the developmEmt vf ti7e arcuateshape of
the Gariep Belt (VonVeh, 1988).

subduction zore \1'; a direction roughly parallel to the western mSlrgin of the Kalahari

Craton (Fig. 8.3). Because the obducted Marmora Terrane had become sutured to the

Port Nolloth Zone, a major sinistral transform fault is proposed tel have developed in

an oft-shore position at or near the interface between the continental and oceanic

lithosphere (Fig. 6.3d). Von Veh (1988) concluded ~r.~1thE1 Pari-African evolution

terminated wlth the emplacement of the Kub09s-Bremen line air plutons prior to or

during the final ~tages of the closure of me inland branch O!f the Damara Orogen, This

model implies that the orogeny within the inland branch did not predate the orogeny

of the coastal branch of tile Damara Orogen.

The most recent model proposed for the geodynamic evolution of bath tl"le inland and
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the coastal branches of the elamara Orogen was proposed by Stanistreet et a!.. ('1991),

who described the baslnat-sedlmentary responses to the opening of the Adamastcr

Ocean along the coastal branch and the subsequent opening of the Khomus Sea in

the inland branch of the Damara Orogen. The model suggests that 1.'6 Khomas

Orogeny involved the subduction of hot young oceanic crust associated with a

relatively short residence time of the Khomas Sea, which can be dated at Jl.lstbefore

the Proterozoic-Oarnbrlan boundary, whereas, in contrast, the Adamastor Ocean had

a residence time of about 200 Me suggesting, th~Jrefore,that convergence! involved the

subduction of cooled oceanic crust and incorporation of exotic terranes (Marmo~a

Superterral' "In this model, the temporal separation of the Khomas and the

subsequent .famastor Orogenies is distinguished (Fig. 6.4). FIJrthermore, it is

proposed that the Nama Group sediments were deposited into peripheral foreland

basins, which developed adjacent to the approaching Khornas and Adamastor

oroqenic fronts.

Globall geodynamic models have bs;.n proposed by Dalziel (199i), Hoffman (1991)

Hartnady (1991) and Moores (1991). The evolution of the Adamastor Ocean and

Adarnastor Orogeny and their position in regard to a global geodynamic model, in

pardoular, was discussed by Dalziel (1991), Hartnady (1991) and Hoffman (1991), who

described the existence of a late Proterozoic supercontinent (pre-750 Ma), analogous

to pangaea, called Rodinia (McMenamin and McMenamin, 1990). The Late Proterozoic

fragmentation of Rodinia centred on Laurentia, followed by rapid fan-like collapse of

the present southern continents and the eventual consolidation of East and West

Gondwanaland, with a pole of rotation near the Weddell Sea (Hoffman, 1991; r~alzielr

1991), thus explaining the the dominance of wrench tectonics i" present west-east
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Fig. 6.4: Schematic diagram showing the cf(atonic motions during the closure and
collisional pnesee of the Khomas Sea and Adamastor Ocean (modified
after Stanistreetf~t et., 1991). KC,:;:Kalaha· raton; Co= Congo Craton;
SAC= South American Continent.

trending and sUbduction-accretion tectonics in north-south trending Pan-African mobile

belts (Hoffman, 1991). During fragmentation! rifts originating in the interior of the

Rodinia supercontinent became the external margins of Gondwanaland, while the

exterior margins became landlocked within the interior of Gondwanal,and (Hoffman,

1991), Hartnady (1991) also suggested that Laurentia was the centre (.)f the Rodinia

supercontinent, flanked by '!East proto-Gondwanaland" to the west of it, and "West

proto-Gondwanaland" t(1 the east of it In this model, the southern African block is

situated in a hinge position between "East proto-Gondwanaland" and "West proto-

Gondwanaland" (Fig. 6.5A). Rodinia was then turned "inside out" around the southern

African block, which also rotated in an anti-clockwise sense, giving rise to the o[.>ening

of the proto·P2lcific Ocean an('l concomitantly the Adamastor Ocean, which forms an
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arm of the new proto-Pacific Ocean. The inside out movement of "East proto-

Gondwanaland!l away from Laurentia in an anti-clockwise sense gave rise to the

convergence of !lEast proto-Gondwanaland" and 'West proto-Gondwaneland" and the

closure of the Mozambique Ocean, which subsequently resulted in their collision and

the formation of the Mozambique metamorphic belt (Hartnady, 1991; Fig. 6.58).

EPG

A

PPO

B

A) ~ (modified from Hoffman, 1991; and Hartt/ady, 1991): Fl.od/nia in Its pre-fGO Ma old com7gural!on with
Laurentia.
B) - (modified after Hartnady, 1991j: the 6S0-6GOMa aid configuratIon C'f Rodlnia after it has .bean tumetCi
inside out. EPG= East proto-Gondwanaland: WPG= We,stproto-Gondwanalar.d; L= Laurentia; B::: Baltioa:
SA= southem African block; G", Grenville belt; N= Namaqua belt; Lu» Luria t'6/t; S= Svsrdrupfjella bfl'!t;
V= Vijayan belt, E= Easl6m Gha'/s belt; R= Rayner belt; AO", AdamasiOr OcfJ311:MO= Moz;o...mbiqueOcean;
PPO", protp-Pauific Ocean: 10"" Iapetus Ocean.: M = Mozambique metamorphic b61/t; ANS", Arabian-NubIa....,
Shield.

210



/1 (( 'Ii

II II " ,',
"

';_',')';

II," .,

6.3 TECTONIC INVERSION WITHIN THE GARfEP BELT IN S(')UTHERN

''IAM.BIA

6.3.1 I.ocation 0" inverted faults

Within the study area an autochthonous area in the east has been diffelrentiated from

a parautochthonous area in the west (Fig. 2.4), which comprises a set of basement-

cored thrust slices. The major structural boundary between the two is the Rosh Pinah

fault, which can be followed over a total distance of about 85 km. it can be delineated

from an area situated about 40 km northwest of Rosh Pinah and about 'J 5 km

northwest of Trekpoort Farm southeastwards into the Richtersveld, where il: splays into

the Klipneus, the Grasvlakte and the Vandersterrberg faults (Von Veh, 1988).

In the northern part of the study area, the Rosh Pinah thrust slice and the

autochthonous unit to the east of it are juxaposed along the Rosh Pinah thrust fault.

In the southern parts of the study area the Dreigratberg thrust slice is juxtaposed with

the autochthonous assembledge to the east (Fig. 2.4).

0.3.2 tUratigraphic thic~ness variations along inverted faults

The untelescoplnq of thrust faults within the study area reveals considerable lateral

thickness variations of stratigraphic sequences. providing direct evidence for faulting

during the extensional phase of the evolution of the Gariep Belt.

The important structural boundary represented by the Rosh Pinah fault is coincident

with the major stratigraphic break which occurs in the study area. To the east of this

211



!f

fault, rocks of the Pickelhaube and Numees Formations urtcontormably overlie

basement rocks, to the west of it most of the entire sequence, comprising the Rosh

Pinah, Gumchavib and Pickelhaube Formations, unconformably overlie basement (Fig.

6.6).

Because more complete sequences are only preserved to the west of the Rosh Pinah

fault, it is obvious that the fault acted with a normal sense of throw with down-to-the-

west movement durinfJ the sedimentary history. Because this is t.he most major

stratigraphic break, it suggests that the Rosh Pinah fault was the master low angle fault

controlling extension in the study area (Fig. 6.7). It is not surprising that the thickest

and best developement of the lntracontlnental rift sequence represented by the Rosh

Pinah Formation is preserved just to the west of this major extensional structure.

6.3.3 Tectono-sedimentary history of the study area

Lateral variations in stratigraphic thickness along the Rosh Pinah thrust fault have

shown that it has an older history prior to the compressional phase, which affected the

sedimentation of almost the entire Gariep Belt. DLlring subsequent compression,

inversion took place alonq the extensional fault to produce an eastward directed low-

angle reverse falllt, presently exposed as the Rosh Pinah thrust fault zone.

The basin architecture within the Garlep fold and thrust belt has exerted a profound

influence on the contractional tectonics in the study area. The geometries of the

extensional faults controlled the level of detachment and apparent thrust fault

sequences. The example of the ~{jsh Pinah basin, situated west of the tnverted

extensional Rosh Pinah fault, demonstrates the extent to whic'1 the early basin
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architecture and characteristics of the associated syn-rift sediments and volcanics

shaped this section of the Gariep fold and thrust belt. The Rosh Pinah thrust fault

represents a most conspicuous inversion structure. A model that illustrates the

sequential contraction and inversion of the Rosh Pinah half-graben system is shown

in Fig. 6.B. Another key aspect for the recognition of inversion structures is the

identification ("f a syn-rift (or passive infill) sequence (Cooper et aI., 1989). The

sediments and volcerucs of the Rosh Pinah Formation represent syn-rift deposits and,

therefore, add further evidence for the possible presence of structural inversion. The

extensional thrust plane (Fig. 6.8a) is reactivated during the early stages of contraction

(Fig. 6.8b). During continued contraction lithological boundaries both alonq the

basement contact and within the synrift and post-rift cover sequences are used as

thrust planes during the 01 deformational phase (Fig. 6.8c). Further contraction along

the same thrust faL'lt planes leads to intense folding and associated thrusting during

the D2 deformational phase (Fig. 6.ad). Intense folding and imbrication of the half-

graben sediments is attributed to the space problem generated by shortening of the

half graben during inversion, In addition, high cut-off angles of faults suggest that

imbrication did not only take place during +~leD1 deformational event, but also during

and after folding (02). Duplex structures are a common feature within the inverted

Rosh Pinah half graben.

I
I
J

I

6.3.4 Inversion tectonics, within other fold and thrust belts

The basin architecture of several fold and thrust belts, as shown by the example of the

Kechika Trough in the western RI~ckyMountains of northern Canada (McClay at aL,
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Fig. 6.8: Schematic /TIIJde/ for the InVGrs;on of the Rosh Pinal! half gra.l)(mj (a) PlfTinversion geometly of the half grd1Jen with
deposition ct syn-rift sediments ,"J.ndvo/canlcs; (b) Initial inversion showing reacfivation of the Ii<~trlcnormal fault
which boumfs the ha" graben,' (c) Com'illued deformation with ramping and b~ddlng sub-paral/el thrusting along
the extensllmal listric fault plane (D1j; (cl) Subsequent falding and associat8d thrusting (D:2) along the reactivated
extensional fault plane.
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1989), can exert a distinct influence on the contracdona' tectonics. The reactivation of

extensional structures during compressional tectonlcs has been note.ri in various thrust

and fold belts, e.g. the Cordilleran Fold and Thrust Belt (Taylor and Stott, 1973;

Thompson et al., 1987; McClay et aLp1989). The recognition of fault inversion and

lateral asymmetries of thicknesses of stratigraphic sequences on either side of

reversed faults and the presence of syn-rift sediments and volcanics is therefore of

great importance as direct proof for extensional faulting.

6.4 TECTONICSAND SEDIMENTATION

The Darnara Orogen, of which the Gariep Belt forms part, is one of several orogenic

provinces collectively referred to as the Pan-African (Cahen et at., 1984). It has

traditionally been divided into an inland branch and a coastal Lranch, The coastal

branch consists of a northern coastal branch, the Kaoko Belt, and a southern coastal

branch, which extends southwards to the Gariep Belt. The coastal branch possibly

links in a northerly direction with the We~'tCongoiian Beft, and in a southerly direction

with the Saldanian Belt in the Cape Province of south Africa (Clifford, 1967; Stowe at

at, 1984). Because of good outcrop conditions within the Gariep Belt, the relatively low

metamorphic grade in its eastern parts (Port No!loth Zone), and the good preservation

of primary sedimentary structures, the Gariep Belt represents a crucial area in

I

I

I
interpreting the geodynamic evolution of the coastal branch of the Damara Orogen find

its relationship with the inland branch. The synthesis of conclusions from the detailed

sedimentological and structural studies within the study area helps to discriminate

between the various interpretations given for the geodynamic evolution of the Gariep
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Belt. The information gathered in 'mis study, together with information of previous work

undertaken by various authors throughout the Gariep Belt) is combined in a model

which involves the sedimentary-basinal responses to the opening of the Adamastor

Ocean, and the convergence and collision of the Kalahariand South American Cratons

associated with the accretion of several exotic terranes. The model proposed in this

work £l.ddsto the growing evidence, tha~ a supercontinent, analogous to Pangaea,

accreted during the Middle to Late Proterozoic (Bond et al., 1984; Dalziel, 1991;

Hartnady, i991; Hoffman, 1991; Moored, 1991; Piper, 1987). This supercontinent

subsequently fragmented during the Late Proterozoic/Early Palaeozoic, as testified

within southern Africa by early rifting and spreading both along the coastal and the

inland branches of the Damara Orogen. The subsequent Khomas and Adamastor

Orogenies were integral components of the processes which resulted in eventual

reassembly of the previously rltted- and spread-apart crustal fragments to produce

western Gondwanaland (Hoffman, 1991).

Several stages of development of the coastal branch have been proposed by

S~anistreet at al. (1991) in a model, which includes the geodynamic evolution of both

the inland and the coastal branches of the Gariep Belt, as well as the Nama foreland

basin. Detailed study of sedimentation, stratigraphy and structure of the Gariep Belt

within the study area supports the main features of the model presented by Stanistreet

et al, (1991) for the develoment of the southern coastal branch during its extensional

phase. Various stages of geodynamic evolution of the Gatlep Fold and Thrust Belt will

be presented in this section} adding to the understanding of the so far poorly

understood Gariep 8elt. Four stages of geodynamic development could be

distinguished: (i) rifti.19phase; Qi) supercontinental breakup: opening of the Adamastor
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Ocean; (iii) closure of the Adarnastor Ocean; (iV) continental collision.

6.4.1 Tectonic framework and evidence of rifting

The evolution of the Gariep Belt in sorzhern Namibia commenced with an initial rift

system, recorded by the deposition of immature fluvial and lacustrine sediments and

the emplacement of bimodal volcanics. The rift sediments and volcanics were

produced by activation of a linked fault system, which may have followed older'llnes

of tectonic weaknesses in the crust, controlled by the Middle Proterozoic Sinclair Belt

.(Sianistreet et aI., 1991), whichllhas oeen suggested to have developed in association

with oceanic closure and orogenesiS (H0911 , 1990).

6.4.2 Sedimentary response to lntracontlnental rifting
~
i The synrift sediments of the Rosh Pinah Formation were deposited in several fault-

controlled asymmetric extensional basins, North of the Orange River, the Rosh Pinah
/i

Formation forms the lowermost stratigraphic unit of the Stinkfontein Subgroup. The

sediments of the Rosh Pinah Formation were deposited within a continental

l
1

environment, associated with $ynNsedimentaryfaulting and bimodal volcanism. Coarse

conglomerates and sandstones, derived by sub-aerial erosion of uplifted fault blocks

and dominated hy large extra- and lesser intrabasina! clasts, poured westwards into

the Rosh Pinah trough, which was dornlnated by fluvial and lacustrine sedimentation
(

'.l

(Fig. 6.9a). The coarse conglomerates and sandstones WAre dE"-'l':ited as subaqueous
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Fig. 6.9: (Fig. 6.9a, band c on opposite page) Summary diagrams showing st(1ges during the
deposition of the sedimentary and volcanic rocks of the Gariep Group. (a) Deposition
of fWsh Pinah fluvial, lacustrine, and alluvial fan sedlmems assocIated with volcanism
during the rift stage. (b) First marine transgressions characterized by intew1ded distal
flLNialand shallow marine carbonates and beach d:-.~izs, lnd/c::atlngcontinued rifting.
(c) Marine transgression accompanied by influx of siliclclastl'c sediments and the
fo;mat!on of a carbonate platform, a carbonte !~heff, and deep sea deposition of the
Holgat beds ...."'ring Pickelhaube times, Indicating that the Ka1a::larl Craton and South
America separated, and sea floor spreading began In the Adamastor Ocean. (d)
Regression of marins sedlmente and deposition of continental sediments. (e)
DepOSition of mainly glaciomarine sedimem« during Numees glaciation, associated
with the development of a major uHconformlWprior to Nurnees sedimentation.
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fans and fan deltas, prograding into Jake bodies within the hall' grabens. Th9 debris

flow nature and the lack bf mud matrix and coarse average clast size of the

conglomerates indicates that they were deposited rapidly, associated with the marked

extension and rapid suosldence of the rift system as ~ series of half-graben and sub"

basins.

The various deposltlonal cycles, recorded witnln these sediments, were probably

triggered by pulses of synsedimentary faulting along the extensional fault systems. At

Spitskop and at Trekpoort Farms, which are s~uated in the east of the Gariep Belt, tt1e

volcanics were extruded as fissure eruptlons wQich were conducted along the major
\\
\',

syn-sedimentary fault zones. Several isolated v\~lcanic cones probably developed.
\.\

Basinal subsidence causing rapid erosion of the b~~ement rocks at the same time as
\\

the cvctlc volcanic eruptions were responsible~\for the complex stratigraphic
,\

relationship~~between the volcanics and the sediment~zy rocks" Simultaneous with the
'\\

pronounced volcanic activity in the north of the study ~rea, volcanlc activity appears
\

to be less intensive further south from Spitskop Farm to\xards Rosh Plnah.
\\

South of the Orange Rivt:1r,the Stinkfontein Subgroup cornpesee a considerably thicker
\\

succession of clastics of a more mature composition.

Continued rifting, which subsequently led to initiation of oceanic spreading of the

Adarnastor Ocean, is indicated by the transgression represented by the mixed

continental/shallow marine Gumchavib Formation, which records the earliest marine

transgressions (Fig. 6.9b).
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6.4.3 Dating of rifting and oceanic opening

The Lekkersing granite, which is intrusive into Stinkfontein lithologies in the

Richtersveld, has been dated at 780 +1~10Ma (Pb-U zircon age; Allsopp et aI., 1979),

representing the most likely age constraint for the initiation of rifting in the Gariep Belt.

This age constraint tor the initiation of rifting is supported by the Rb-Sr mineral-

lscchron age of 717 +1-1i Ma, achieved from basic volcanics of the Gannekouriep

dyke and sill swarm In the Richtersveld (Ransome and Reid in: Hartnady and Von Veh,

1990), which is intrusive into the Stinkfontein Subgroup and the lower Pickelhaube

Formation . .A. Rb-Sr rnineral-lsochron age of 719 + 1-28 (Welk,~, in: De Villlers, 1968)

obtained for the Rosh Pi!1ahFormation felsites probably also represents a primary age,

rather than the mineral-errorchron age of 686 + /-32 Ma (Allsopp at aI., 1\9i'fJ),

obtained for the Rosh Pinah felsites. The RichtersvelC;,.)omplex and the older 8reme~

granites, which are unconformably overlain by Stinkfontein lithologies, yielded ages of

ages of 920 +/- 10 Ma and 911 +I- 30 Me respectively (Allsopp et al., 1~l79).These

were suggested by Von V\~h(1988) and Hartnady and Von Veh (1990) as representing

the oldest possible age bracket for the initiation of rifting. If rifting did, however, initii'71tf:l

at around 900 Ma, then the period between initiation and cessation of rifting would

range at about 200 Ma, which is geologically not viable for continuous' riftin!;

processes assumed for the Gariep Belt rift system, If a duration of 200 Me was

postulated for rifting \ft/lthinthis rift sYF';:em,it would hava to have occurred in several

pulses separated hy tectonically quiescent periods, as described from the North Sea

(Sclater & Christie, 1980). There is, hovJever,no direct evidence to support this in the.

southern coastal branch of the Damara Orogen and these dates are more likely (0

represent ages of the Middle Proterozoic basement (Hoal, 1990).
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6.4.4 Oceanlc opening and thermal 'sU~idcnce

The Pickelhaube Formation, which conformably overlies the Gumchavib Formation,

records a continuous transgression, which was related to thermal subsidence after the

initiation of oceanic spreading of the Adamastor Ocean (Stanistree! et al., 1991.).The

absence of any apparent regional break-up unconformity s;eparating the rift deposits

from the post-rift deposits might indicate that rifting was unaccompanied by doming

(Miller, i987). A carbonate platform and carbonate shelf developed sediments ot the

Pickelhaube Formation (Fig. 6.9c).

6.4.5 Renewed rifting and/or glacial outwash? • the Obib Peak Formation

The Obib Peak Formation, which overlies the Pickelhaube Formation conformably

within the study area, reflects a marked change from the marine sedimentation of the

Plckelhaube Formation to. continental sedimentation (Fig. a.ed). The preservation of

Obib Peak Formation Jithologie~)west Of the Rosh Pinah fault and the absence of these

lithologies to the east of the fault suggests that syn-sedimentary faulting was clearly

operative durin~~Obib Peak Formation sedimentation.

varloua processes might be called on to account for this sudden break in marine

sedimentation:

(i) renewed rifting,

(ii) glacial outwash heralding the advance of the Numees glaciation and

assooi;:(1tsddropping sealevel changes 61nd

(iii) a c')mb!r'1;:.ijonof these two processes.
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6.4.6 Glaciation

The deposition of the Obib Peak Formation was followed by the Numees glaciation,

which is contemporaneous with the 670 Ma old Varangian glacial episode in Europe

and the Rapitan glacial episode in northwest Canada (Harland, 1983; Hambrey &

Harland, 1985).

The Numees Formation was deposited within a predominantly glaciomarine setting,

although the sedimentary record indicates interruption by several interglacial phases.

The diamictites were deposited on the 5r"')lf as a debris flow, which comprises

reworked sediments, dumped at the ice-front. Floating ice sheets and icebergs caused

dropstoneformatton (Fig. s.se). Interglaoial periods account for the redepositea

carbonate beds and the deposition of deltalc and fluvial sediments, which are

interbedded with the glacio-marine diamictites. Felsic volcanics and amphibolite sills,

which intruded into the interglacial sediments, suggest the possibility of renewed rifting

during the deposition of the Numees r;ormation, possibly associated with the opening

of the Khornas Sea (Henry at al., 1988). Iron formations within the gtaciamarine

diamictites of the Numees Formation may also be related to renewed/rifting and

associated spreading r!idges.

Because of the absence of sediments overlying the Numees Formation, in contrast

with the case in the inland branch, where the Karibib Formation carbonates overlie

Chuos Formation diamictites, the 670 Ma age serves only as a minimum age for the

end of deposition of Gariep Group lithologies.
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6.5 MINERALIZATION AND VOLCANISM IN THE WESTERN VICINITY OF

THE INVERTEDROSH PINAH FAULT

A thick pile of intermediate to felsic volcanics of the Rosh Pinah Formation has been

deposited within the Gariep 8elt in southern Namibia. The most prominent outcrops

of mainly felsic volcanics are situated at Spitskop Farm about 10 km northwest of Rosh

Pinah, and at Trekpoort Farm, about 25 km northwest of Rosh Pinah (Fig. 1.2). The

formation of carbonate- and shale-hosted synsedimentary, stratiform Zn-Pb..Cu-Ag~

(+ Ba)-sulphide mineralization (SEDEX) was assoclatsa with volcanism during the

deposition of the Rosh Pinah Formation. Several basemetal-sulphide deposits have

been discovered so far. The most prominent deposit is situated at Rosh Pinah

Mountain, where 11,5 tons of are have been mined since 1969, leaving about 11 tons

of proven are with about 6,5% Zn, 1,8% Pb and 0,1% Cu to be mined In the future

(personal communications R.P. Randell). An oxidized Zn-Pb-Cu-Ag-(+Ba)-sulphide

deposit at Skorpion exploration camp, situated within Diamond Area No.1;

apprexlrnatejy 17 km northwest of Rosh Pinah, revealed ore reserves of about 8,3

million tons at about 10,9% Zn. This deposit is, however, exceptionally deeply oxidized,

locally exceeding BOOm below surface (Corrans, 1983). Geochemical stream sampling

of watercourses draining volcano-sedimentary rock ridges at Trekpoort Farm revealed

strong geochemical anomalies, indicating the presence of a further major Zn-Pb-Cu-Ag

mineralization (personal communications J. Dean).

All these deposits, as well as the intermediate to felsic volcanics are situated in the

immediate western vicinity of the Rosh Pinah thrust fault.

The sulphide-mineralization is considered to have formed from metalliferrous brines

which ponded in local extensional basins during crustal extension during the rift stage.
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The acid to intermediate volcanics of the Rosh Plnah Formation also discharged along

these active growth taults.

The fact that the volcanics and the sulphide mineralization were all discharged in the

western vicinity of the Rosh Plnah thrust fault adds further indirect evidence to the

suggestion, that the Rosh Pinah thrust fault had an extensional history prior to its

inversion.

A minor sulphide mineraflzation and associated gossan was found on surface within

the Rooikat thrust slice. West of the Rooikat thrust fault and east of the Ostrich thrust

slice (Figs. 2.3 and 2.4), an approx. 1000 m thick succession of Rosh Pinah sediments

is interbedded wiChacid volcanics and minor Zn-Pb~sulphide mineralisation. The

absence of any volcanics east of the Rooikat thrust fault, the great thickness of the

•(()sh Pinah Formation within this thrust slice, as well as the fact that the Rooikat thrust

slice links in a southerly direction with the prominent Ostrich thrust fault, which thrusts

granitiC basement OV. a thin sequence of Rosh Pinah Formation sedrnents, suggests

the existence of a restricted extensional subbasin within the Rosh Pinah basin.

6.6 EFFECTS OF OCEAN!C CLOSURE AND CONTINENTAL COLLISION

Rifting and spreading was followed by the closure of the Adamastor Ocean! associated

with a northwestward directed subduction of oceanic crust under the Ka!ahari craton

(Fig. 6.4). Subduction was associated with the development of ter..'tonipmelan~es and

the accretion of three allochthonous exof/~ terranes, namely the Chamais,

Oranjemund, and Schakalsborge terranes, which form the Marmora Superterrane

(Hartnady let al., '1990). The Marmora Superterrane and the Port Nolloth Zone are
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juxtaposed along the Schakalsberg thrust fault (Fig. 2.1). Oceanic closure culminated

in the collision of the Port Nolloth Zone continental margin and the' accreted Marmora

Superterrane as an allochthonous tectonic block. The collision of the South American

Craton with the Port Nolloth Zone continental margin was associated with the

obduction of ophiclitic material on top of the Schakalsberge thrust fault The collisional

event was accompanied by intense southeastward and susequenttJ eastward directed

tectonic transport (01 and D2). resulting in intense folding and thrusting of Port r.,olloth

Zqne sediments and volcanios during the Adamastor Orogeny. Assoc'. j with the

Adamastor orogenic event is the development of a peripheral retroarc foreland basin

to the east, into which sediments of the Sohwarzrand and Fish' River Formations

Formations of the Nama Group were deposited (Stanistreet et aI., 1991). Folding and

thrusting, associated with the 02 deformational event, also affected N"" _.Group

sediments in the eastern parts of the Nama basin. AftElrthe collision of St -merlca

and the Kalahari Craton, a sinistral movement developed along the defined fault zones,
,"

deforming both Gariep and Nama Group sediments as far east as Vioolsdril,

approximately 50 km east of the easternmost Gariep Belt outcrop in the Richtersvefd.

The cotlls'onal event was accompanied by a Barrovian Type metamorphism with a

geothermal gradient of about 20 degrees C/km. The tectonic evolution of the Gariep

Belt continued with the emplacement OT the granitoids of the "Kuboos·l3remen-linell

(525 +;. 60 Ma; 521 + /- 12 Ma) and the younger part of the Bremen complex

intrusives (521 +/- 12 Ma; Allsopp et al., 1979) during the deposition of upper Nama

Group sediments. The Nama Group sediments were shed into a foreland basin,

marginal to the advancing Adamastor orogeny. Ages gained from Nama Group

sediments range from 547 to 443 Ma (compiled by MHldl' 2. Gn:;{G, ')923) and were
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reirfterpreted by Stanistreet et at (1991) as metamorphic ages. Similar metamorphic

ages from UTeVanrhynsdorp Group sediments, which represent the southern

correlanve OIf the Nama Group in Namaqualand, South Africa, range from 552 to 476

Ma with a peak at 496 Ma (Gresss et al., 1988) and also indicate that the Adamastor

orogeny 'within the Gariep Belt only ceased at about 500 Ma. Horstmann et al. (1990)

reported iK/Ar ages of upper Nama Group sediments from southern Narnibia, which

may be indistiguishable from the 496 Ma peak metamorphism of Gresse et al, (1988)

within the limits of experimental error. These ages may, however, also indicate that a

time tranqresslve co!!ision from north to south occurred during the final stages oIl the

geodynamic evolution of the Gariep Belt and the associated Nama foreland basins

(StanistreEit et at; 1991).

6.7 CORRELATION OF THE GARJ~P BELT WITH OTHER PARTS OF THE

CAMARA OROGEN

Various models have been proposed for the geQPynamic evolution of the Damara

Orogen. The latest model, proposed by Stanistreet et al, (1991), dffferentiates;between

the tectcnosedlrnentary evolution of the inland and the, coastal branches, proposing

that the extensional history of the coastal branch took plaee prior to that of the inland

branch. According to this model, the Khomas Sea closed prior to the closure of the

Adamastor Ocean. If this is the case, the temporal difference of geodynamic evolution

would mean that ~ direct stratigraphic and tectonic correlation of the inland and the

coastal branches is only applicable to a certain extent. On the other hand,

comparisons with other areas of the coastal branch would allow a test of whether the
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concept of an Adamastor Orogeny is valid.

6.7.1 Stratigraphic correlation of the Gariep Belt with other parts of the

CamaraOrogen

Correlation within the Gariep Group Zo®_

Correlations of stratigraphic units of the Bogenfels area with stratigraphic units of the

Gariep Be!t immediately north of the Orange River have so far not been attempted.

Reconnaissance mapping of the Bogenfels area in the north-western parts of the

Sperrgebiet and reconaissance work undertaken by Davies snd Coward (198~!)reveals

the presence of a banded dolomite overlain by massive blue-grey dolomite, referred

to as the lower and upper dolomite units of the Bogenfels Formation (Davies &

Coward, 1982). These dolomite units bear a striking resemblance to the dolomitic

carbonates of the Pickelhaube Formation in the study area. In the district of Pomona,

situated south of Bogenfels (Fig. 1.2), a discontinuous conglomerate unconformably

overlies granitic gneisses, augengneisses and schists assigned to the Namaqualand

Metamorphic Complex. The conglomerate forms the base of a sequence and is

followed by feldspathic grit, arkosss, thin interbanded yellow dolomites and massive,

cross-bedded sandstones and quartzites, which comprise the base of the 80genfel5

Formation (Davies & Coward, 1982). This "basal clastic member' of the Boqenfels

Formation resemb!ss the Gumchavib Formation in the area north of the Orange River,

both in lithological composition, and in terms of its interpreted depositional

palaeoenvironment.
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Reconnaissance mapping carried out in the area immediately south of LOderitzt

reveared the presence of a several tens of metres thick succession Qf interbedded

quartz-arenitic sandstones and interbedded dolomites, which was previously mapped

as basement (SWA/Namibia Geosurvey Map, 1982). This formation, which has not

been described previously, will be referred to as the Uideritz Formation and can be

correlated with the Gumchavib or the lowermost Pickelhaube Formation within the

study area, reflecting deposition within a shallow marine shelf environment.

The Diaz Point Formation (Greenman, 1966; Siegfried, 1992/1993) consists of a

sedimentary mixtite bordering the coastline of Namibia from LGderitz southwards to

Atlas Bay. Greenman (1966) first interpreted these metasediments, which are

conspicuously different from the gneissic basement ascribed to the Namaqua

Metamorphic Complex, as being part of the Gariep Group. Kroner and Jackson (1974)

reinterpreted the Diaz Point Formation as refoliated basement, but present consensus

is that they represent Gariep age lithologies that have been highly tectonized (SACS,

1980; SWA/Namibia Geosurvey Map, 1982; Siegfried, 1992/1993). Siegfriep

(1992/1993) correlates the Diaz Point Formation with the l\I.umees Formation of the

Gariep Group, because of the gross similarities in mineral and clast composition.

The latest attempt to correlate stratigraphic units throughout the Damara Belt was

undertaken by Hoffmann (1989). His correlation of the Gariep Group stt'atigraphy with

other parts of the Damara Sequence is mainly based on stratigraphic and structural

work presented by Von Veh (1988) for the Gariep Belt in the Richtersveld. The present

sec!imentological and structural investigations within the study area have, however,

revealed, that the stratigraphic subdivision of the Gariep Be!t, as proposed by Von Veh

(1988), has to be partly revised for southern Namibia (Table 2.2), as structural,
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repetition and lateral and vertical sedimentary facies variations in the structurally highly

complex Richtersveld have not always been recognized correctly. In southern Namibia,

the Rosh Pinah Formation forms the lowermost stratigraphic t'~it in the southern parts

of the Gariep Belt, overlying the basement unconformably at several localities. The

Wallekraal Formation, integrated by Von Veh (1988) into the Hilda Subgroup, forms

part of the Rosh Pin~h Formation. Stl'&'~igraphiccorrelations of the Gariep Group

lithologies within Diamond Area No.1 in southern Namibia are summarized in Table

6.1.

Table 6.1: Stratigraphic correlation of Gariep Group lithologies of southern Namibia.

"":" .. ''\\

Southern Diamond Bogenfels and Pomona areas Uideritz and Dia%Point areas
Area NO.1 (this work) (Davies & Coward, 1982) {this work; Siegfried, 1992/1993}_._
Numees Formation Oiaz Point Formation

Obib Peak Formation--
~~'ickelhaubeFormation "lower and upper dolomite

unit" of Bogenfeld Formation

Gumchavlb Formation "basal member" of Bogenfels U.ideritz Formation
Formation ::jRosh Pinah Formation

Correlation with the inland branch

The Kaigas, Jakkalsberg, and Numees Formations, described by Von Veh (1988) as

independent lithostratigraphic units, form one stratigraphic unit, defined here as the

Numees Formation. The Holgat Porrnation is a distal lateral facies equivalent of the

Pickelhaube Formation, and therefore underlies the Numees Formation
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stratigraphically. The absence of a lower diamictitic unit, the Ka:gas Formation (Von

Veh, 1988)) is of great importance for the correlation of stratigraphic units of the

Gariep Group with other parts of the Damara sequence, Hoffmann's (1989) attempt

to correlate the Gariep Group stratigraphy with other parts of the Camara Sequence

was based on the presence of two distinct diamictitic units, the lower Kaigas Formation

of the Stinkfontein Sungroup, and the upper Numees Formation. Hoffmann (1989) also

included the Rosh Pinah Formation in the Htlda, and not the lower Stinkfontein

Subgroup. The Stinkfontein Subgroup, comjJrising cross-bedded arkoses, feldspathic

quartzites, conglomerates, and minor intercalated acid to inte~m\";;'jiate volcanlcs, was
,

described by Hoffmann (1989) as "virtually identical to the, ,l\lt:l'libGrouil In thb southern

Damara Belt (inland branch) and elsewhere in the central and northern Damara 8sltn,

As the Rosh Pinah Formation forms the bull<of the Stinkfontein Subgroup in soumem

Namibia, a correlation of the Rosh Pinah Formation with the Nosib Group of the inland

branch, as well as the Nosib Group of the northern coastal branch of the Damara

Oragen, is appll, ':~le.

As the inclusion of the Wallekraal Formation (part of the Rosh Pinah Formation) into

the Hilda Subgroup is not correct, the striking resemblance between the Plckelhaube

and Dabie River Formatlons, described by Von Veh ("1988)from the Richtersveld, allow

their correlatton as a single stratigraphic unit, in a similar' fashion to the sequence

defined here north of the Orange River. This carbonate unit, referred here to as the

Pickelhaube t-.,rmation, also lncorporates the more distal "Holget. Formation", and was

correlated by Hoffmann (1989) with the Kudis and lower Vaalgras Subgroup and their

stratigraphic equlvaler.ts in the Naukluft Nappe Complex and foreland sequence,

respectively.
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Correlation with the northern coastafl ~lJQ/J.
1\

A striking similarity exists between tMa Rosh Pinah Formation of the Gariep Belt and

the Nosib Group in the northern coastal branch, both in lithology and

palaeoenvironmental setting (Table 6.2). The pelites and carbonrtes of the Omuhiva

Formation in the Kaokoveld, which were deposited. in a lacustrine depositional setting,

may also bf:l;correlatable with the Rosh Pinah Formation. which was deposited in a
I; ,

mixed fluvial/lacustrine depositional setting (fable 6.2). The Omuhiva Forma¥pn may,
\' ii

however, also form part of the GumChavib Formaton of tho Garlep Belt. The IOmuhiva

and O'JtUWD Formations of the Ugab Subgroup in the northern coastal branch (Kaoko

Belt) of the Damara Orogen (Henry et al. 1992/1993) were deposite, within a playa

lacustrine or land shallow marine er:lvironment and resemble the sediments of the

~..!mchavib Formation in the study area, which were deposited in a siITJpar

palaeoenvironment, representing the transition from a predominantly continental to a

marine etw~ronment. The overlying Okarondokavl, Otjorongwari, a.id Okovikuti

Formations, which compri~ce.sequence of pelites, psammites, diamictites and meta-

basaltic volcanics, interbedded with carbonate beds, were interpreted as being

deposited within a marine environment, including submarine turbiditt.: ran and debris

flow deposition (Henry et at, 1992/1993). A within-plate alkaline signature for the

basalts of the Okcvikuti Formation is indica ~ed by major and trace element plots ,

(Henry et aI., 1992/1993). The Okarondokavi and Otjonrongwar! Formations can

possibly be correlated with the deepsea Holget beds of the Plckelnaube Formation

(Table '0.2).
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Table 6.2: Lithostratigraphic correlation of the northern and southern coastal
branches of the Demere. Orogen.

,.- - ~ ~,I

I Southern coas!al branch Ulhologle. Northern coa.tall:l~.neh (Henry !It al.,
1992/1993)· --

Numees Formatlon Diamictite (Glacio-marin9) Chuos Formliltion--
Oblb Peak Formation Pelitcsjsllleicl,Jrl"ics/Ca,rbrmatcs! meta-basalts Qkovikuti Formation

(marine -> fluv;lJ(l) Otjorongwati rormation
Pickelhauf:)I~Formation OI!arcmdokavi Formation- - .
Gumchavib Formati(m Orthoquartzites (shallow math,s) Cutuwo formation =J~ Rooh ~ah Foon,":

-
Petites/carbonates (lacu,",tlne) Omuhiva F .. mation

Atkoses/conglom&rates (alluvial fan/fluvial) Nosib Group
_"_'fiUc<~

TQe Numees Formation of the Gariep Belt is correlated with the ChuQS Formation of

tho inland and the northern coastal branches of the Damara Oro~t:)n for several

reasons:

(1) both consist mainly of diamictites, which were deposited within a glacial

paiaeOt7i'1'v·!ror.mtiIIL ell iU ;,,~semb!eeach other lithologically;

(2) both were deposited withilJ similar palaeoenvironments during an extensive

glaciation;

(3) both include laterally inconsistent banded iron formations with dropstones

disrupting lamination;

(4) both contain int~~rbedded, laterally inconsistent carbonate beds; and

(5) both were deposited after the deposition of carbonate dominated shelf, and in

the case of the northern coastal branch, associated deep marine

environments.
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6.7.2 Correlation of tectonic events 01the Gariep Belt and other I)arts of the

Damara Omgen

Three progressive deformational events (D"1,02, D3), associated with ti'ia cic:st Ite- c)i

the Adamastor Ocean and associated collisi&h between proto-South America a(vj thf"

Congo and Kalahari Cratons, were recognized in this study in the southern coastal

branch (Gariep Belt).

Correlation within tl19 Gariep Zone

A structural pattern similar to that developed in the study area, is present in the

Richtersveld, where an early, bedding sub-parallel cleavage was folded around the fold

hinges of north- to nonhwest-trendlnq small to large scale (>4 km wavelength) folds

with a generally easterly vergence, changing to a westerly v;jrgence in the vicinity of

the ba=ement outcrop t.o the east. The latest deformational event also forms open

W9tit· •.0 southwest-trending folds (Von Veh, 1988). The intrusion of the Kuboos Pluton

generated a rsdiat fold trend of minor folds, which is not recognizable in southern

Namibia and is therefore only of minor importance (Von veh, 1988).

In the Bogenfels area, in the north-western p~,~01' the Sperrg~biet, the earliest

deformational event ls characterized by a bedding sub-parallel cleavage and foliation,

which was folded around fold hinges of north- to northwest-trending small to large

scale (up to several hundreds of metres) open to isoclinal folds with an easterly

vergence. These structural features reflect a similar tectonic history to that in the areas

adjacent to the Orange River. The warping of the 02 related folds may be related to

the presence of approximately west-east-trendlnq folds, simil~lr to the F3 folds in the

study area and the northwestern Richtersveid.
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Fig. 6.11: (opposite pahge) Structural E~Wcross-section across the Kaoko Belt,
Sesfontein area (from Miller" 1983).

Structural investigations undertaken by Siegfried (1992/199a) south of lGderitz

revealed that two deformational events are preserved. These are characterized b~'tl'j':;

presence of north-south trending thrust ,"'(ults, northwest-southeast trending normal

faults, and a dominant bedding parallel foliation striking at 240 degrees with a

•.orthwesterly dip of 16 degrees, associated with an intense mineral Iineatlon trending

at 15 degrees on a bearin~l of 330 degrees, which have been generated as the result

of continued unidirectiqnal compression from north-northwest. Siegfried (1992/1993)

correlates these structural features with the D1 deformational event of the Gariep Bait

at the Orange Fliver.A crenulation cleavage, trending 04 degree.s on a bearing ('\f 230

degrees is concordant with folds developed towards the end of 01 or during a less

well-developed D2 deformational event (Siegfried, 1992/1993), which correlates with

the D2 deformational event developed in the southern Sperrgebiet and the

Richtersveld.

Correlation with the northern coastal branci1

The northern coastal branch 01the Damara Orogen (Kaoko Bait) is subdivided into a

Western Kaoko i!one, a Central Kaoko Zone, and a Southern Kaoko Zone (Figs. 6.10

& 6.11); which ere all characterized by contrasting structural styles (Miller, 1983). In

the Western Kaoko Zone bedding and fold closures are rarely seen. However, a

strongly penetrative foliation with a N-S to NW-SE trend and a moderate westward dip

(Quj, 1970) is displayed. Several strlke-parauel shear zones (Guj, 1970; Miller, 1983)

mark the eastward transition into the domain of steep, narrow, wes1:erl~~inclined J
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basement cored antiforms (Gui, 1970), which straddle the Purros Uneam~!::lt(Figs. 6.10

& 6.11). A st,mng bedding parallel foliation is associated with tight to isaCli~al~~

within this domain of anticlines (Coward, 1983). The Central Kaoko Zone is bounded

by the Purros Lineament in 'the west t'~d the SesTonteinthrust in the east (Figs. 6.10

& 6.11). This zone i;., characterized by N-S trending folds and thrust faults, and NW

piunging lineations and axes of small-scale folds (Coward, 1983). The N~Strending

folds have an easterly vergence, which cr.:mges into a westerly direction in the vicinity

of th~ Sesfontein thrust fault in the east of the Central Kaclko Zone (Fig. 6.i1). These

structural features were ascribed to a D2 deformational event, caused by

southeastward directed thrusting (Coward, 1983). The change from a predominantly
\\

easterly to a westerly vergence near to the Sesfontein thrust fault cah be ascribed to
!:

backfolding near the Sesfoi1tein thrust fault (Coward, 1981). The latdst deformational

event in the Central Kaoko Zone is characterized by upright, southeast verging folds

with a SW-NE trend and large wavelengths (Coward, 1983), which were probably

gen(:lrated by a late sinistral movement along exlst~!'l~fault systems. The Eastern
\\

Kaoko Zone, which is situated east of the Sesfontein thrust fault (Figs. 6.10 & 6.11),

is, similar to the eastern parts of the Central Kaoko Zone, characterized by west-

vergent backfolding. Large wavelength, low amplitude folds with a ENE-WSW trend,

warp the earlier N-S trending structures.

Reconnaissance mapping in the Sesfontein-Hoanib River area in the northern coastal

branch (Kaoko Belt) by 1.G.Stanistreet, E.G. Charlesworth and the author showed the

presence of a pervasive bedding·sub-parallel fabric (01), which probably is caused by

SSE-directed tectonic transport. This D1 fabric is deformed by a prominent phase of

folding, which forms the main north-south structural grain and is polyphase in parts
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of the Kaokove!d (02 and D3). Small to large scale (> 1km) open, east-trending folds

(D4) interfere with folds of the previous deformational phases (t)1 to 03) to form dome

and basin structures.

Throughout the coastal branch of the Darnsra Orogen penetrative bedding parallel to

sub-parallel foliation and thrust faults (01 of this work), related to a SSE-directed

tectonic transport, are associated with the first deformational event North to NW

Table 6.3: Correlation of deformational evellts of the Gariep Belt (southern coastal
branch) and the Kaoko Belt (northern coastal branch) of the Dams.ra
Orogen.

_ __..;;.,_ :,=::>11:

03

i we· = .. '1

'I structur_al feat,_u_re_s --i_N_o_rt_h;...e_r_n_c_o_a.s_t...:.a~l_b....ra_n_e_"._"'__ 11'1
Western Kaoltove~d (Quj,
1970; Miller, '1583; Coward,
1983; this work)

Pervasive beddinq-sub- 01
parallel fabric: tectonic
transport to SSE

Southern
coastal branch
(this work)

L
Small to large scale (:> 1km)
open folds with easterky D4-
trend forming interference
structures with previous
deformation to form domes
and basins

02
progressive
03

11-----
01

02
Prominent phase of folding
forming main - N-S structural
grain: polyphase in parts of
the Kaokoveld

r--- ----..J-------·----+-----------II

- ==,============================~
trending folds with a generally easterly viergence (D2 of this work), associated with an

easte1rlydirected tectono transport, and cteforming the bedding parallel to sub-parallel

foliation, are developed throughOl.!t tile southern coastal branch (Gariep Belt) and

within the northern coastal branch (Kaoko Belt). The correlation of deformational
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events in the northern e,pd southehl coastal branches of the Damara Orogen is

summarized in Table 6.3.

The change of ver,gence from an easterly to a westerly direction in the eastern parts

of the respective belts is a feature observed both in the Gariep and Kaoko Belts. \,Nest

to sw trending folds (D3 of this work" related to sinistral tectonic movement along

older fauit ZCi1e8J were observed in the entire coastal branch of the Damara Orogeh.

The strikingly similar tectonichistory ll)1the southern and the northern coastal

branches appear to validate th~ concept of an Adamastor Orogeny along the entire

coastal branch after the closure of the Khomas Sea.
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APPENIDIX 1: Microprobe analyses of pyroxenes from sample RP60.
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APPENDIX 3: Microprobe analyses of p/agioc!ases ttom amphibolite
samples A 1, A5, AN, RP60 and gamet-chlorite schist
samples P2 and 285.
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0.000 (/ 0.000

0.l97
o.~i
0.010
il.OOO
0.798
0.004
5.003

,/ ..~
:t.993

'\0.998
/19.04
30.59
0.65%

IM9
19.94
0.37
0.00

62.84

23.30
0.00

4.66
0.00

0.13

0.00
8.17
0.07

99097

0.230
0.000
0.005
0.000
0.753
0.004
4,989

3.Q97
0.987

2l.51
78.Q7
1.&1%

23.32
16.26
CAl
0.00

62.82
23.16

0.00
4.78
0.03
0.10
0.06
8..77
0.06

99.~

2.786
1.211
0.000
0.227
0.001
0.004
0.001
0.754
0.004
4.987

3.997
O.986~
21.04
78.4~
2.02~

23.06
76.41
c0.31
lUG

1
I~1

66.6&
18.76
0.00
0.00
0.00
0.06
0.04
0.10
Is.o3

100.74

3,(}25

1.003
0.000
0.000
0.000
0.002
o.eor
0.009
0.873
4.914

55.9;)
18.68
0.12
0.00
0.05
0.41
0.04
0.14

14.98
100.41

65.95

18.56
om
0.01
0.02
0.03
0.07
0.14

14.99
9'-80

3.010 3.0:23 3.0W
1.005 1.001 0.997
),008 0.002 0.020

0.000 0.000 0.000
0.002 0.001 0.000
0.018 0.001 0.019
O.OO!, o.oei Q.OOI
O.Ol,~ 0.012 0.012
0.873 0.377 .",;1).816
4.929 '" 4.920 4.936

4.029
O.88~
0.00

1.04
0.111$
0,01

1.04
98.81
0.08

4.016 4.025
o.sss 0.8,1
0.01 0.00
1.40 1.41
(LOU; 0.05~
0.00 0.06
1.41 1.36

98.5i 98.44
0.08 0.15

4.007
0.890
-0.00
1.41-
M6$
0.06
1.36

98.44
0.15

65.11
18.30
0.30

0.01
0,00
0.49
0.07
0.14

14.8S
99.1.1

62.53
22.94
0,00
4.7S.
0.00
0.10

0.00
8.84

235.0000 235.0000 235.0000 235.0000 235.0000
Fl Fl Fl FI FI

1 :;), ;) 4 "5

67.08
18.89
0.02
0.00
0.02
0.08
O.W
0.15
1'~.71
~(ll.l0

3.027
1.005
0.001
0.000
0.001
0.003
0.002
0.013
0.850
4.902

(-,_

:_J

11.00

4.032
0.8(':"
0.0"
1.53
(I,(U%
0.00
1.54

98.26
6.20

;..; .
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Si02
A!2:J3
MgO

CoO
MnO
1'.0
!lan
NOllll')
(UI)

T~la~
Cllions
11
AI
Mg
Ca
Mil
1'"
n.
N..
K
Total

Si+Al
i~.+C.+
AN(SilAI)
AB(SifAI)
our.:
AN(NafC.
AB(NI/Ca
OR
CE

, AN 1'1 AN f'I AN 1'2
1 10

63.98
19.54
0.03
0.15
0.02
0.13
0.02
885
4.23

101.95

2.99'
I.QtH
0.002
0.001
0.001
i),OOS

0.000
0.74;
0.235
U92

3.998
0.987
0.05

76.16
0.67lt
0.7%

'15.49
23.75
0.114

69.39
19.89
0.01
0.16
0.00
0.06
0.02
11.21
0.09

lOO.8~

2.999
LOU
0.001
0.008
0.000
0.Oll2
0.000
0.939
0.005
4.967

4.012
0.952
1.27

93.17
0.49%
0.79

98.66
O"~2
0.04

AN F2 AN 1'2 AN F2 AN 1::3
2. 3 4

69.22
19.83
0.03
o.u
()'o3

(j.OS

0.00
11.46
0.06

1'111.81

2.995
1.011
0.002
0.006
0.001
0.002
0.000
0.961
0.003
4.982

4.006
0.971
1.11

,93.54
0.49%
0.62

~9.03
0.35
0.00

68.6S
!!o'.91
1.1.19
0.22
!Wf
0.t8
0.00
11.29
0.08

100.55

2.982
1.019
0.012
0.010
0.001
0.006
0.000
0.95J
0.004
4.986

4.001
0.965
1.90

91.66
0.8.1%
1.07

!i8.49
0.44
0.00

69.43
19.51
O.fll
0.20
0.02
0.09
0.05
11.51
CiO

101.~3

2.995
1.001
OXIOI
O.C09
0.0(11
\).003
0,001
0.964-
0.006
4.986

4.002
0.979
069

98.63
0.24%
0.93

911.40
!l.S8
0.09

69.11
20.17
0.(1()
0.:10
0.<14
0.22
0.00
11.64
0.10

101.50

2.97S
1.024
0.000
0.009
1).002
0.00&
0.000
O.9n
0.005
4.999

4.002
0.981
2.42

97.03
1.41%
0.95

98.50
Il.5S
0.00

4.001
0.977
..o.I!I
99.93
1.04%
11.85

98.89
0.26
0.00

1'21'1 F2 1'21'1 1'4 1'2 I'll'S1'21'1 1'6 P2 PI F7 l'iI'l1'8 t'2 F:l 1'10

stoz
""~03
MgO
CaO
MnO
1'00
noD
Na20
1<20
Totil
CAtio»~
Si
AI
Mg
C.
Mn
Fo
!Ill
Nft
K
'fot.1

SHill
Nn+C.+
AN(5i/A:j
AI!(Si/1I1)
Dirf.:
AN(N3ICI
AI!{Na/Cu
(ill
Cil

~3.43
23.49
0.00
S.07
0.02
O.OS
0.00
8.64
0.06

10(1.74

2.784
12iS
0,000
0.238
0.001
0.002
0,000
0.735
O.OOJ
4.978

3.999
omG
21.46
78.22
2.95%

24.41
7S.l?
1M2
0.00

60.64
24.92
0.00
6.54
0,0)

(J.26
'1.00
7.79
0.05

100.22

2.692
1.304
0.000
0.311
0.001
O,OJO
0.000
0.671
O.OOJ
4.~9Z

3.991

0.985
30.45
69.28
1.15%

31.59
68.13
0.211
0.00

61.93
25.47
0.00
6.6'1
(l.~1
(l.2S
0.09
6.;;0
0.02

WO.?.'i

2.716
1.317
0.000
0.313
0.000
0.009
0.(J0l
0.536
0.001
4.894

".Ola
0.852
30.!6
69.12
6.22%

36.78
62,90
0.13
0.18

61.00
25.07
0.05
6.00
0.00
0.24
O.Of)
7.43
0.24

100.03

2.706
1.310
0.003
(1.285
\1.000
0.009
O.l'tOO
0.6.19
,1.01·'
4.966

4.016
0.933
30.()~
68.44
0.32%

3Q.41
68.12
1.47
0.00

$9.97
25.16
o.oo
6.911
0.00
0.19
0.00
VII
0.04

99.75

2.676
l.323

'000
0.334
0.000
0.007
0.000
0.li41
0.001
4.984

4.000
0.977
32.:d
61.50
1.91%

34.A6
6S.5~
0.15
0.00

(j1).51

2~.71
0,00
6.118
0.('2
O.P
0.00
'1.79
0.05

99.9l

2.695
1.297
0.000
0.319
Q.OOI
0.006
0.000
0.673
0.003
4.9~4

3.99~
0.995
29.85
69.85
1.2Q~

32.05
67.65
0.30
0.00

60.19
25.51
0.00
7.35
0.00
0.14
O.Oii
7.58
0.05

lOIl.S;

~.662
1.330
0.000
0.348
0.000
0.005
0.001
0.650
0.003
4.999

3.992
I.OQl
33.12
66.50
1.65%

34.77
64.8S
0.28
0.10

ANFl ANFl Alii 1'3 AN FJ AN 1'4
a '9 10

AN 1'4 AN F4 AN F4
1 2. 36 7

69.55
19.62
0.00
O.IS

0.00
1).14
0.00
11.55
0.05

IOi.08

69.3·1
20.01
0.01
0.19
0.00
0.07
O.()()

11.55
0.06

10Uf

3.003
0.998
0.000
0.008
o.ooo
0.005
0.000
{lS66
0.003
4.983

2.989
UJl7
O.OIll
0.009
0.000
0.003
0.000
0.966
0.003
4.981

4.006
0.978
1.65

98.01
0.7.h
1.1.92
98,74
0.34
G.GO

69.12
19.64
0.00
0.18
0.00
0.04
0.00
iI.S7
OJl6

10(1.61

2.9'18
1.004
O.(){J()

O.O(;B
0.000
o.rJ02.
0.000
e.913
0.001
4.988

4.002
0.985
"39
','25
.~<ll';

U.8"
98.81
0.35
0.00

\"
').:h
0.00
0.00
0.02
1;'22
0.03

99.74

3.006
0.9%
0.000
0,Oi5
0.000
0.000
0.000
0.951
0.004
4.973

4.003
0.971
..(1.36
99.87
1.87lG
',SI

97.99
0.46
(1,04

6U1
19.44
D.N
0.26
0.0.1
0.04
0.01
1150
0.08

100.33

3.001
0.997
0.001
0.012
0.001
0.001
0.000
0.971
0.004
4.98S

3.998
0.987
..o.J2
99.88
1.57',
·1.14
98.31
0.44
0.01

66,49

19.33
0.00
0.31
O.O!}

0.09
0.00
!tAl
0.41

160.05

2.996
0.997
O.(JOIJ
O.OJ,4
01)00
0.IJ03
0.000
(,.969
'J.(l23
S.l1OZ

3.992
1.006
·0.34
98.0$
1.77%
1.4%

96.28
1.3n
C.OO

IilUl
J9.45
0.02
~,2'
.o.oJ
0.11
0.05
11.27
0.11

tOO.14

3.001
0.999
0.002
0.010
O.OOl
O.O!l4
0.00!
0.953
O.OO?
4.980

4.001
0.973
..o.OS
99.02
1.07%
I.ftl

'1.95
O.~S
0.9~

3.994
0.993
..1,02

100.33
2.21%
1.19

9l!.12
0.68
0.0:

69.09
1!>I.32
O,OZ
0.25
0.00
0.11
0.01
11.56
0.12

iOil.48

3.004
0.990
0.001
0.012
0.000
0':)04

0.000
0.914
1).C'I)7

4.S91

AN F4 AN F5
4 S

6a.97
19.41
9.01
0.17
0.00
0.04
0.01)

11.78
0.09

100.41

2.999
0.995
{t.lYJO
0.008
0.000
0.002
0.000
0.99.3
0.005
5.001

3.994
1.006
4).50

100.00
1.2M1i
11.78

93.73
11.49
(1.0(1

fN.ll
19.56
0.00
0.2J
0.Q2
0.13
0.05
11.40
0.09

too.70

:;.001
LOOO
0.000
0,011
0.001
e.eos
0.001
(l.9Sft
0.005
4.981

4.000
n.V1S
..o04
99.4:1
1.15%
!.Il

1I8.:18
0.51
0;1)9

ANfS
6

69.62
19.65
0.00
(l.Il!
1).00
() 17

0.03
11.49
O.OK

lot.ll

3.002
0.999
0.000
0.008
0.000
0.006
O.flOO
0.960
0.004
4.981

4.001
0.97J
·0.09
99.60
O.N%
0.S5

98.66
0.44
0,115

ANF5 AN F5
'1 S

611.15
19.41
0.02
O.2~
fUJI)
1,1.19
0.01
II.n
0.10

'00.111

2.995
LOO(l
(l.OOZ
0.012
0.(1)0
0.00i'
O.(lOQ
0.976
11.005

".996

3.994
0.993
·0.01
99.41
l.21%
1.:0

98.%5
0.53
0.01.

3.995
0.98'1
·0.75

100.22
1.50%
!J.15

9S.1l
0.36
1T.16

68.89
19.32
0.0.
0.16
0.00
0.17
0.C9
1I.5J
0.06

10{U6

68.61
19.52
0.00
0.2 ..
O.lll
O.IS
(,.011

1I.J2
0.09
99.94

3.002
0.993
0.002
0.007
O.()1.lO
0.005
0.002
0.974
0.004
4.990

2.'.191
!,O(lS
0.0i){1
0,011
0.001
O.IJOS
0.000
0.958
0.005
4.98:

4.002-
().9·i~
0.47

9~.99
0.66'.1',
1.IJ

98.33
0.54
a.1IO

_F2~n_F2~n~N_R~"~"~A~~~"_M
1 2 3 4 9 13 6 9 S 7 8

Si02
AI203
Mgt)

c.o
MnO
1'00
aso
Na20
K20
Total
Cation.
51
AI
Mg
C.
Mil
Fo
n.
Na
K
Total

AN(N.!C.
AB(NI/C.
OR.
CE
C,Fs

67.5.1"
19.53
Ii.02
0:1.0
0.00
0.23
0.00
1l.18
0.05

9S.76

".987
1.011
0.001
0.0()9
O.OIJO
O.ous
0000
0.959
0.003
4.985

0.91
98.71
11.31
0.00

0.010

68.18
19.33
0.00
0.18
0.00
0.00
0.00
11.04
0.04

98.81

3.005
1.006
0.000
O.OOS
0.000
0.011(1
1).000
0.943
0.001
4.965

0.89
98.88
G.l4
0.60

0.009

67.4.
1M2
(l.W
0.17
1>.01
0.07
0.00
11.58
0.03

98.76

2.986
l.OIl
0.000
0.008
0.000
0.003
0.000
0.994
0.(1{)2
5.005

0.19
99.01
11.19
0.00

0.008

68.49
19.7:1.
{J.OJ
0.12
1).00
0.03
O.O~
lI.39
0.01

99.89

2.992
1.01S
0.002
0.006
0.000
0.001
0.1101
OMS
0.004
4.985

0.58
98.94
0.41
11.01

lJ.ono

G8.n
19.40
0.00
0.09
0.04
0.04
0.Q2

11.22
0,04

99.15

3.003
1.005
0.000
0.004
O.OlH
0.001
0.000
0.956
0.002
4.914

0.44
99.33
0.20
0.03

0.004

67.52
19.65
0.00
0.13
0.00
0.13
0.06
11.40
0.03

98.92

2.93;t
1.023
0.000
0.006
0.(1)0

0.005
0.001
0.976
0.002
4.995

0.6Z
99.n
•• 15
0.11

0.006

6S.2J
19.42
(l.84
1.S1
0.04
1.96
0,04

UIAO
O.O~

99.56

1.907
1.020
0.055
0.075
0.001
0.07J
0.001
0.898
0.004
$.035

7.68
91.81
0.44
0.01
0.077

67.12
i~.83
0.01
0.17
0.00
0.11
0.00
JUG
0.(16

99.07

2.982
1.029
0.001
0.008
0.000
0.004
0.000
0.953
O.IJ!M
4.981

ll.ll5
98."
0.3'
0.0(1

0.008

1,'M7
19.71
,~,OO
t'.36
002
0,10
O.M)
11.2(\
0.0.1,

98.9~

2.979
I.OH
0000
0.017
0.001
0.llO4
0.000
0.9M
O.OOl
4,~91

1.'3
98.11
0.16
(1.00
0.011

68.53
19.62
0.02
0.30
0.02
0.05
0.04
11.38
0.0&

100.34

2.995
10OO
MOl
0,0(4
O.t'Ol
0.01.\2
(j,OOI
0.96(1
0.004
4.984

1.45
'8.05
0,.14
0.07

0.014

68.17
19.36
0.04
0.16
0.05
0.13
0.00
11.29
0.07
99.28

6ft.45
H'48
0.02
n.34
O.!N)
1].10
0.00
10.95
0.U6

99.41

2.99&
1.003
0.i103
0.001
O.OO~
0005
0.000
0.962
0.004
4.9[1.1

.l,·(OtIIl,! ~
. " I~'.\(UNli

0.016

~

~

~
!)
I.
J'

~ii
~

I
i
t

I
~

I)I'(~'
1).11114

OIN»'
0.931
O.OO~

4.963

0.16
98.114
0.40
0.00

0.003

1.67
97.95
0.311
0.00

0,017



APPENDIX 4: Microprobe analyses of the epidote samples A1, A2,
RP60.
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ADIIIysisAl F5 At F7 A.. '!17 Al F7
8.00 1.00 l,OO 3.00

Si02
-ri°2
I~03
CrZ03
Fez03
MgO
CaO
!VIllO
naO

NIizO
KlO
Sum

~'1'.18
0.()4

1.3.71
0.00
12.78
0.00

22.84
0.26
0.00
0.00
0.00
96.81

Cations
s 5.979
Ti 0.005
AI 4.494
c- 0.000

r·,,?r'r 1.546
Mg 0.000
C~ 3.936
Mn 0.0~6
Ih 0.000
Na Q.OOl
~ 0.000

';~ui~1:'.997
Xps 0.256

!l'!:;; ii.\'"'-I'lpalio.!l

Sl 5.979
"'!a \i) 0.021
Sw:n 6.000

AI{VI) 4.473
'l'i 0.005
c- 0.000

F~3+ 1.546
Sum 6.024

l\olg 0.000
Ca 3.936
Mn 0.036
nil 0.000
Na 0.001
K 0.000

Sum 3.973
Total: 15.997

31.00
0.05

23.49
0.04
13.81
0.00

22.51
0.13
0.00

0.01
0.00

97.04

;'~.21l
0.05
23.67
0.00
13.0S
0.00
22.60
0.08
0.04
0.00

0.00
96.80

5.949 !i.991
0.006 0.006
4.452 4.48~\
0.005 0.000
1.671 1.582
o.eoo 0.000

3.878 3.892
0.018 0.011
0.000 0.003
0.002 0.000
0.000 1).001
15.982 15.970
0.:273 1).261

5.949
,0.051
6.000

4.401
0.006
0.005
l.671
6.084

0.000
3.878
O.OlS
0.000
0.002
O.,){)()
3.8~)8
15.98~'.

5.991
0.009
6.000

4.476
0.006
0.000

1.582
6.064

0.000
3.892
0.011
0.003

0.000
0.001
3.906
15.970

37.1&
0.05
24.09
0.00
12.56
0.00
22.61
0.18

0.09
0.00
0.01
96.76

5.974
O.OC<6
4.561
0.000
1,518
0.000
3,891
0.024
0.006
;().OOO
1').002

15.982
0.250

5.974
0.01:6
6.CO!')

4.535
0.006
0.000
1.518
6.058

0.000
3.891
0.024
0.006
0.000
0.002
3.924
15.982

XPs 0.257 0.275 0.261 0:251
ACF

A: 43.40 43.40 43.40 43.40
C: 55.92 55.92 55.92 55.9/;
F: 0.68 0.68 0.68 0.68

AIUIly~isA2 FI A2 PI A2. Fl
1.00 2.00 3.00

SiOl
DOl

AIz°3
Cr,PS
FeZ03
MgO
CkO
MBO
BaO

NolzO
~O
Swu

36.79
0.13

23.23
0.00
13.05
0.00

23.09
0.38
0.00
0.04
0.01
96.71

Cation!
Si 5.946
Ti 0.015
AI 4.426
Cr 0.000

1<,,3+ 1.587
Mg 0.000
Ca 3.999
Mn 0.052
Ba 0.000

Na 0.012
K 0.002

Sum 16.040
Xps 0,264

Site f1(Xupatiou
Si 5.9405

Al(IV) 0.054
Sum 6.000

Al(VI)

Ti
Cr

l<'e3+
Sum

4.372
0.015
0.000
1.587
5.974

M~ 0.000
Ca 3.999
Mn 0.052

Ba 0.000
Na 0.Oi2
K 0.002

Sum 4.066
Total; Iii .(140

31.04
0.07

23.20
0.08

12.97
0.00

ss.u
0.33
0.00
0.04
O.Dl
~6.86

5.974
0.009
4.410
0.010
1.573
0.000
3.993
0.045
0.000
l).O14
0.002
16.029
0.2ti3

5.974
0.026
6.000

4.383
(\.009
0.010
1.573
5.975

0.000
3.993
0,04,)
0.000
0.014
0.002
4.054
16.029

37.49
0.13

23.25
0.05
12.95
0.00

22.97
0.24
0.00
0.01
0.02

97.vt

6.009 i
0.016 !

4.402 III0.006
}.565 I

~:: II
0.033 ,

Ii(
!I\

0.000
0.004

0.003
l.S.993
0.262

ADaly$isRP.60 F8 P.P60 F8
1.00 4.00

SiO.,..
Ti01
Alz°s
Cr103
Fe103
MaO
CaO
MnO
BaO

NazO
KzO
Sm

I Cations
Si

Ti
AI
f!1'

Fe3+
1\1g
Ca

M."
Ba

37.58
0.12
25.69
0.00
;,0.24
0,00

23.33
0.06
0.06
1).01

0.01

97.fJ9

Na
K

5.969
(}.Ol4
4.&08
0.000
1.224
0.000
3.970
0.008
0.003
0,002

39.35
0.06
24.96
0.03
B.9t
0.00

21.75
0,03

0.00
1.35
0.00
96.43

6.241
1').007
4.•665

0.003
1.(.163
0.000
3.696
0.004
0.000

0.416
0.000

16"094
0.186

Site «cupatlun
6.009 Sf 5.969' 6.241
0.1.)00 A1(IV) G.OJ1 0.000
6.009 Sum 6.000 6.241

4.402
0.016
0.006
1.565
5.989

0.000
3.954
0.033
0.000

0.004
0.003
3.995
15.993

XPs 0.266 0.264 0.262
ACr

A: 43.40 0.40 43.40
C; 55.92 55.92 55.92
F: 0.68 0.68 0.68

0.001
Sot 16.002

0.203Xps

Al(Vn 4.778
Ti 0.014

Cr 0.000
Fe3+ 1.224
Sum 1i.016

Mg 0.000
Ca 3.910
W.IIl 0.008
Ba 0.003
Na 0.002
K 0.001

Sum 3.986
Total; rs.ocz

4.665
0.007
0.003
1.063
5.738

0.000
3.696
0.004
0.000
0.416
0.000
'4.115
16.094

XPIl 0.204 0.1116
ACf

A: 43.40 43.40
C: 55.92 55.92
F: 0.68 0.63



APPENDIX 5: Microprobe analyses of white micas from samples 35,
235, RP185, P1.



Semple

SiOZ
Ti02
AI203
Cr203
MgO
CaO
MnO
FeO
BaO
Na2()
K20
H20
Total

Sj

Ti
AI
Cr
Mg
Cs

Mn
Pc
Ba
Na
K
Total

X(Fe)

Si
AI IV
retr.

AI VI

CI

Ti
Fe '2+=10
Mn
Mg
okta,

Da
ea
Na
K
interlayer

6.566
0.129
4.541
e.oot
0.466
0.000
0.000
0.445
0.006
0.067
1.6(17

13.91'1

6.566
1.434
8.000

3.823

0.001
0.129
O.44S
0.000
0.466
4.147

0.006 0.003
0.000 0.001
0.067 0.068
1.697 1.6411
1.770 1.720

35
PI
4

48.71
1.27

28.59
0.01
2.32
O.CO
0.00
3.~15
0.11
0.26
9.87
4.45

!.19.53

6.561
0.116
4.5li8
0.004
0.470
0.001
0.004
0.450
0.003
0.068
1.648

13.894

0.49

6.561
1.439
8.000

3.823

0.004
0.116
0.450
0.004
0.470
4.174

3S
PI
5

48.86
1.15

28.86
0.04
2.35
0.01
0.03
4.01
Q.06

0.26
9.62
4.41

99.71

6.479
0.123
4.729
0.002
0.397
0.000
0.r03
0.456
0.003
0.051
1.627

1;'.871

0.4!1

6.479
1.521
8.000

3.8:<3

O.OO:Z
0.123
0.456
0.003
0.397
4.1&9

0.003
Il.OOO
0.051
1.627
1.682

35
PI
6

48.21
1.22

29.85
0.02
1.98
0.00
0.03
4.06
0.06
0.20
9.49
4.46

99.58

6.603
0.139
4.455
0.004
0.498
0.001
0.003
0.446
0.007
0.058
1.687

13.901

0.53

6.603
1.397
8.000

3.8ll

0.004
0.139
0.446
0.003
0.498
4.148

0.007
0.001
0.058
1.6117
1.7S3

3$
P2
6

49.20
1.37

28.17
(1.03
2.49
0.01
0.03
3.98
0.14
0.22
9.85
4.47

99.96

6.648
0.122
4AS4
0.000
0.502
0.002
0.004
0.425
0.000
0.053
1.6040

IUSO

0.47

6.648
1.352
8.000

3.823

0.000
0.11.2
0.425
0.004
0.502
4.154

0.000
0.002
0.053
1.640
1.696

3S
P2
7

49.36
1.20

28.06
0.00
2.S\)
0.02
0.03
3.71
fJ.OI
0.20
9.55
4.4S

99.16

6.(118
O.U2
4.418
0.000
1).486
0.000
0.000
0.428
0,003
0.OS6
1.831

14.004

0.46

6.618
1.382
8.000

3.823
0.000
0.122
0.428
0.000
0.486
4.084

0.003
0.000
0.096
1.831
1.920

35
P2
a

48.93
1.20

27.78
0.00
2.41
0.00
0.00
3.79
0.06
0.33

10.61
·t43

9:i1.54

6.464
0.121
4:,OS
0.000
0.427
0.002
0.005
0.446
0.002
0.052
1.714

13.943

0.47

6.464
1.536
8.000

3.823

0.000
01.121
0.446
0.005
0.427
4.173

0.002 0.005
0002 0.000
0.052 0.063
1.714 1.1114
1.170 1.882

35
1'2'
9

<17.114
1.20

29.57
0.00
2.12
0.01
0.05
3.95
0.04
0.20
9.94
4.44

99.35

6.395
0.114
4.826
0.004
0.351
1).000
0.005
0.436
0.005
0.01\3
J.IIH

14.014

0.51

6.395
1.605
3.000

3.823

0.004
0.114
0.436
0.005
0.351
4.132

35
P2
10

41.05
1.12

30.13
0.04
1.73
0.00
0.05
3.84
0.09
0.24
10.46
4.41

99.16

6.410
0.108
4,821
0.003
0.340
0.000
0,000
0.~35
0.002
0.071
l.828

14.019

o.s5

6.410
1.590
8.0(0)

3.823

0.003
0.108
0.43.5
0,000
0.340
4.118

0.002
0.000
0.071
1.828
1.901

35
i>2
II

47.50
1.06

30.31
0.03
1.69
0.00
0.00
:3.85
0.04
0.27
10.62
4.44

99.83

6.426
0.1l7
4.794
0.000
0.377
0.000
0.000
0.413
0.003
0.(\72
1.775

1l.983

0.56

6.l.l6
1.5'14
8.000

3.823

0.000
0.117
0.418
0.000
0.377
~.133

0.003
0.000
0.012
1.775
1.851

35
1'3
1

41i.1I7
1.13

2967
0.00
l.85
0.00
0.00
3.65
0.06
0.27
10.IS
4.37

98.02

6.468
0.105
4.729
0.003
0.381
0.000
0.008
0.430
0.000
0.1l76
1.800

13.999

0.53

6.0163
1.S32
S.OOO

3.823

0.003
0.105
0.430
0.008
0.381
4.123

0.000
0.000
0.076
10800
l.876

35
pJ
2

~7.42
1.02

29.42
0.03
1.8'1
0.00
0.07
3.77
0.00
0.29

10.34
4.40

98.63

6.t;?1
0.115
4.359
O.OOtl
0.533
0.000
0.005
0.389
0.009
0.048
1.836

13.911

0.53

6.677
1.323
8.000

3.82.1

0.000
O.IlS
0.389
0.005
0.533
4.078

0.009 0,001
0.000 0,000
0.048 G.OS9
1.836 1.822
1.6\13 1.082

:~5
P3
3

49.03
1.12

27.16
0.00
2.62
0.00
0.04
3.42
0.17
0.18
10.57
4.40

9&72

6.563
0.114
4.550
0.002
0.464
0.000
(}.O13
0.401
(1.001
O.0,~9
1.822

13.987

G.42

6563
1.437
8.000

3.82::
0.002
0.114
0.401
0.013
0.464
4.106

3S
1'3

48.68
1.12

28.64
0.02
2.31
0.00
0,11
3.5S
0.03
0.22

10.59
".45

99.73

6.507
9.111)
4.607
0.000
0.451
0.000
0.000
0.436
0.000
0.070
1.1142

14.029

0.46

6.501
1.493
8.000

3.823

0.000
0.116
0.436
0.000
0.451
4.117

0.000
0.000
0.070
1.842
1.912

35
Pol
t

47.56
1.13

28.51
0.00
2.21
0.00
0.00
3.81
0.01
0.26
10.55
4.38

98.49

6.474
O.Utl
4.6~!I
O,OOl
0.42.1
0.000
0.002
0.449
0.001
0.078
J.842

14.042

0.49

6.474
1.526
8.000

3.823

0.001
0.114
0.449
0.002
0.42.1
4.121

0.001
0.000
0.078
1.842
1921

3S
1'4

47.7S
1.12

29.15
0.01
2.09
0.00
0.02
3,96
0.02
0.30

10.65
4.42

99.50

6.43&
o.ua
4.720
0.005
0,399
0.000
0.006
0.447
0.002
0.072
1.841
14.043

0.52

6.438
1.562
8.000

3.1!23

0.005
0.113
OA41
0.006
0.399
4.128

e.ooz
0.000
0.072
1.841
1.915

3S
P4
3

47.44
1.11

2~.SI
0.05
1.97
0.00
0.06
3.94
0.04
0.21
10.64
4.42

99.43

G.S03
0.106
4.649
0.002
0.437
0.008
0.004
0.419
0.005
0.073
1.788

13.995

0.53

6.503
1.497
8.000

3.823

0.002
0.106
0.419
0.004
0.437
4.122

0.005
D.OOS
').01';
1.788
1.874

35
P4

"
4S.05
1.04

29.15
0.02
2.17
O.OS
0.04
3.70
0.09
0.28
10.35
4.43
99.38

6.411
0.103
4.767
0.000
0.416
0.007
0.000
0.431
0.002
0.091
1.833
14.067

0.49

6.411
1.589
8.000

3.823
0.000
0.103
0.431
0.000
0.416
4.129

0.002
0.007
0.091
1.S38
L938

35
P5
5

46.78
1.00

29.51
0.00
2.04
0.05
0.00
3.76
0.04
0.34
10.52
4.38

98.41

6.561
O.tIS
4.622
0.000
0.429
0.001
0.005
0.431
0.003
0.068
1.625

13.860

0.51

6.561
1.439
8.000

),823

0.000
0.115
0.431
0.005
GA29
4.163

0.003 0.003
0.001 ... 0.000
0.068 0.069
1.625 1.849
1.~97 1.922

35
P6

48.68
1.13

29.10
0.00
2.13
0.01
0.04
3.S3
0.06
0.26
9.45
4.45

99.15

0.50

35
i'6
2

lS
P6
3

48,94
1.13

28.42
0.Q3
2.33
0.00
0.02
3.56
0.07
0.27
10.77
4.46

99.98

47.65
1.06

29.21
0.02
l.9S
0.00
O.OJ
3.SS
0.13
0.25
10.73
4.41

98.911

6.536
0.115
4.507
0.004
0.468
0.000
0.002
').401
0.003
0.069
1.849

14.003

6.487
0.108
4.688
0.002
0.395
0.000
0,004
0.404
0.001
0.065
1.1164

14.024

0046

6.586
1.414
8.000

6.481
1.513
8.000

3.82)

0.004
O.l1S

0.401
0.002
0.468
4.081

3.823
O.OOl
O.IOS
0.40.4
0.004
0.395
4.089

0.007
0.000
0.065
1.8M
1.936

Sum i.~.917 13.&94 13.871 13.901 13.850 14.004 13.943 14.014 14.019 13.983 13.999 13.9'11 13.987 14.019 14.042 14.043 13.995 14.067 13.860 14.003 14.024



Sample

stoz
Ti02
A(20)

Cr203

MgO
Ca()
MnO
F~O
BaD
No20
11:20
112(1

Tutal

Si
n
Al
Cr

Mg
Cll

lifo
Fe
Sa

N3

K

folal

'{(Fe)

ii
\1 IV

etr,

\1 VI

Cr

fi
Fe :!+=IO
\In

\1&
,kla,

B:I
::..
:-1"
l(

.nterlayer

Sum

\1.
,J.1

:e
,it:

':y
,il>

235.00

F2
1.00

48.61 48.28

0.22 0.17

33.60 33.84

0.04 Q.04

1.53 l.53

0.00 0.00

0.06 0.01

1.66 1.65
0.21 0.24
0.62 0.56

9.99 9.~8
4.57 4.56

JOI.1O JOO.87

6.375

0.021

5.194

0.004

0.298

0.000

0.007

0.182
0.011

0.158
1.671

13.920

6.375

1.625

8.000

3.823

0.004

0.02!
0.182

0.001
0.lQ8

4.080

0.011

0.000

0.158

1.611
1.839

13.920

2J5.0\J
F2

2.00

6.346

0.017

5.243

0.004

0.301

0.000

0.001

0.182
0.012

(1.143

1.674

13.922

0.38

6.346

1.654

8.000

3.823

0.004

0.011
0.132

Cl.OOi
0.301

4.093

0.1)0
8.63

18.73

72.63

8.55

64.08

'y + ce + Mu = 100

'y 9.36
:. 20.50

,Iu 70.1s

sum 100.00

_,.I

:e tot

:.2+
'.3+

)iagrruns

A'KF
A:
K:
F:

\~r{Ms)

A: 0.16

F: 0.38

M: 0.62

\FMlKt)

A:
F:

M:

0)82

0.098

O.tlB4

55.99

27.81

16.20

0.79

0.38

0.62

235.00
F2

3.00

48.66

0.25

33.36

0.00

1.49

0.01

0.04
1.47

0.25

0.47
10.10

4.~6
100.68

6.403

0.026

5.174

0.000

0.292

O.COI
0005

0.162
0.013

0.120

1.696

13.892

0.38

6.403

1.597

8.000

3.823

0.000
0.026

0.161

0.005

0.292

4.061

0.012

\).000
O.i43
1.674
1.829

13.922

0.00

7.87

17.29

74.84

9.15

65.69

9.93

18.77

7UO
100.00

0.182

0.0Ii2
I).H~

56.46

27.59

15.94

0.19

0.38

0.62

0.79

0.38
0.62

235.00
F2

4.00

47.85

0.50

33.64

0,01

1.40

0.0::
0.08

1.71

0.28

0.62

9.50

4.53
100.14

6.330

0.050

5.245

0.001
1).277

0.002

0.009

0.1&9
e.ors
0.158

1.603

13.878

0.36

6.330

1.670

8.000

3.8;!3

0.001
0.050
0.189
0,009

0.277

4.101

0.013

O.OO!
0.120

1.696

1.830

13.892

0.05
6.63

20.16

13.16

9.20

64.01

9.85

21.59

68.56

100.00

0.162
0.137

0.(125

56.23

28.39

15.38

0.09

0.36

0.64

0.79

0.36

0.;)4

235.00

F3
1.00

47.11

0.40

33.72

0.04

1.30
0.05

0.04

1.31
0.19

0.56

9.66

4.48
9~.g'i

6.305

0.040

5.320
0.004

0.25&
0.007

0.004

0.147
0.010

0.146

1.649

13.890

0.41

6.305

1.695

8.00G

3.823

0.004
o 040
0.147
O.OO~

0.258

4.079

0.015

0.002

0.158

1.60l
1.777

13.878

0.12
ass

16.48

74.43

11.97

62.58

13.15

18.11

68.74

l00.CO

0.189

0.103

0.086

57.72

26.54

15.74

0.32

0.41

0.59

0.80
0.41

0.59

235.00
103

2.00

62.60

0.01

18.30

0.00

O.O.S
0.08
0.01
1.17

0.05
0.27

14.41
4.58

Im.53

8,,8&

0.001
2.821

0.000
0.01l

0.01l

0.001
O.lZI!;
0,002

0.067

2.404

13.635

0.36

8.188

·0.188

8.000

3.823

0.000

0.001
0.128

0.001

0.011

3.150

0.010

0.007

0.146

1.649

l.811

13.890

0.37 0.44

8.11 .9.42
15.26 109.42

76.26 .0.44

10.26 -23.5!}

66.36 2359

11.17

16.61

72.22

100.00

0.147

0.087

0.061i

5&.83

27.51

13.66

0.32

0.36

0.64

0.82

0.36
0.64

235.00
F4

2.00

47.92

0.39

32,68

0.00

1.57

0.01

0.01

1.S7
0,07
0.54

9.84
4.49

9')'.07

6402

0.039

5.145

0.000

0.312

0.001

0.001

0.176
0.004

0.139

1.677

13.895

0.92

6.402

1.598

8.000

3.823

0.000

0.039
0.176
0.001

0.312

4.074

0.002

(1.011

0.067

2.404

2.485

13.6~5

·11.56

100.00

2!.56

100.00

0.128

2.11!;
-1.051

11.53

19.30

9.17

1.07
0.92

O.OS

0.60

0.92

o.oa

235.00
F4

3.00

72.31

;J.el
15.48

0.00

0.01
0.10
0.Q2

0.111
0.04

0.32

12.26

4.92
105.74

tUll3

C.002

2.223

0.000

0.001

0.013

0.002
0,028

0.002

0.074

1.905

13.064

0.36

8.813
,,1.813
8.000

3.823

o.oeo
0.002
0.028
0.002

0.001

3.069

0.004

0.001
0.139

1.671

1.821

!3.895

0.01 0.66

7.64 -40.63

20.08 140.63

72.21 -0.66

9.20 1.01

63.07 0.00

9.97

21.74

68.29

100.00

0.176

0.129
0.()47

55.65

28.03

16.32

0.10

0.36

0.64

0.78

0.36

0.64

235.00
F5

2.00
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0.66

0.71
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52.38

28.79

18.83

-0.25
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0.34
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M: 0.53

Al"M(K1)
A: 0.90
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0.012

0.011
0.284
1.44?

, 1.'156

48.14
0.34

35.47
O.OJ
0.92

0.34
0.10

1.01
0.13

108
8.31

4.60

100.46

6.282
0.(134
5.455
0.004
O.ns
0.04::-

0.011
o.no
0.006
0,272

1.384
13.783

0.43

0.99
16.3 ..
15.43
67.'1t,

13.69
~4.S6

50.15
_.-:U1
33.77
0.06
0.94

O.OR

O.OS
2.03
0.18
1.24
7.82

4.6';
WI.!';

6.494

0.020
5.m
O,(X16
0.182

0.011

0.005

o.zzu
0.009

0.310
1293

13.7:':(;

0.38

6.2g~

1.118
8.000

50.8S
0.24
32.35
0.02

0.76

0.Q2
0.00

1.17
0.11
1.27 1.43
IU7 ~52
,UR 4.64

99,StC'c 101.43,_.

6.6!i5

0.024

4.994
0.002

0.148

0.002
0.000
0.128
0.006
0.323
1.366
13.658

0.55 0.46

6.494 6.665
l.506 1.335
8.000 8.000

3.823
0.004
(l_034
f'~IO
/":011
0.1111
4.073

':::_4~=c3.823
0.006 0.002
0.020 0.024
0,210 0.128

0.005 O.CY.lO
0.182 O.i411

4.0S3 3.961

0.006

0.047
0.272

1.384
1'.710

13.783

2.18
15.97
14.09
67.16

17.21

52.13

!J.009
0.011
0.310
1.293
1.~23

13.706 13M3

(1.110

OU7

·0.027

65.71
23.93

10.35

0.69
0.38

0.62

O.iSS
0.38
062

0.70

19.21

~4.n
55.36

19.116

36.21

16.36

18.44
65.20

100.00

. :.1.511, 19.24
f,';K!-- . 30.60 41.12

b2.1$ 44.8i .19.6S
100.00 100.00 1(1)")0

'~j

47.99

0.32
36.66
0.05
0.64

0112
0.0.;

1.(10

0.14

<j

-:';;1if-C

17.03

13.23
69.6'1

10.12

59.62

lZ.19 9.30
15.94 n.sr
71.87 78.73

100.00 - lOO.OO",,_,

0.132 O.()96
0.112 O.W!)

0.020 ·0.003

0.61

0.42
()..511

0.86
0.42
0.S8

lI.087
0.1;",

..0.066

(l~.99

26.39
7.61

0.73 O.M
0.42 0.43

0.55 0.51

Ub_ O~
OA2 0.43
O~ on

13.819

O.Hi
17.56
12.52

69,77

11.94
57.98

0.137
Q,H)1

0.03&

M.!l9

24.97

10.95

0.13!
<i.IM

·il.035

6l.91

25.05
11.05

0.64
0.43
[157

0.87

0.43

0.57

O.2i.0 it OJlll
fJ.J"a "\9541
·0.113 .o~

"~"':::

62.16
22.114
14.40

r>:'-~-,
0.61 --~~t
0.55 n...;
O,4S Q.S4

0.83
0.55

0.45

6.209

0,032
5;589
O.Ofb
0.124
O.(lOJ
0.003

0.108
0.007
0.358

1.406
13.84~

0.47

6.2t}iJ

1.7r·1
8.OO()

3.823
0.005
0,032
0.108

o.om
IHZ4
4.070

0.006 a.(m
0,(102 0.003

0.323 0.358

UM /-, 1.406
1.697'__· 1.774

13.844

0.13

19.n.
33.26
41.49

0.16

20.?1I
to.47
69.09

t,;.56
32.07

It.!H

57.4~

'14.HI
131/{
n.f£
\I)(},OO

v.IOR,
(l.1I"
..(J.OOy

6l.1.7 .67.11
26_14 "24.66

10.58 8.24

0.75
0.41
009-,

0.87
oJili
0.54

'1.90
0.47
053

~I -

.~I,

Q ,Q;

n~' .--:;-~~--0----=~~~~-::::':::=~~~:::~-~~ :;::::::--.~~~-= ~~~~-~=-:::.::.=:::~-;:_-\'.,_--- ------- __::.::::=:~:::,__~:;~.'.~)::=:_.. __
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l,--- c.

Sample

Si02

noz
AI2UJ
('r203

MgO

CaO

MilO

I:~O

!laO

No20
1(20

H2U
Total

Si

Ti
AI
C'r
Mg
(,,,

Mn

FlO

Ila
N.
K
rotal

X(Fc)

Si

Al IV
tetr,

MVI

Cr
Ti
F.. 2+=lo

Mn
Mg
okta

u~
en
Na
K
inlorl.yec

Sum

!Ita
P.

Ce

Mu

i'y
Mil

Py + Ce + Mu = lOO
Py

C"
r~lu

S!Jm

Fe!ot
Fe 2 ...

FeJ+

lliagflllll';
A'Kl,'

A:

t'.

Al'"M(Ms)
A:
F:
hi;

AFM(KI)
A:

F:
M:

~~.

I;) --d

PI F3 I'J 1"3 Pi F3
84.(0{) 85.00 86.00

47.60 47.64 46.93
0.28

3S.4g
O.CO
0.7&

0.00
U.UO

1.09

0.18
1.32

8.89
4.56

6.254
0.028

5.495

0.000
0.152
O.GOO
0.000
0.120
0.009

0.336
1.490

13.884

6.254
1.746
8.00il

3.823

0.000
0.02&

0.120
0.000

;2

4.049

13.1184

(1).68
15.55
73.78

100.00

0.120
0.1.30

·0.010

23

0.34
35.48
0.05
0.83
0.02
0.00
0.")3
0.22
1.27
8.78

4.57
lOO.U

6.256
0.034

5.492

0.005
O.i62
0'()()3
0.000

0.102
non
0.324

1.410
13.859

0.44

6.256
1.744
II.QOO

3.823

;).005

0.034
0.102

0.000

0.162

4.050

0.009

0.000
0.336

1.490

1.835

l3.359

0.00
18.39
12,69
68.92

8.71

60.21

12.54

15.63

71.83
100.00

0.23

35.08

0.0&

0.68
0.51
0.08

1.14
0.11

1.73
7.38
4:51
9&.45

6.145

0.023
5.501

0.009
0.134

0.072

0.009

0.127

0.006
0.447

1.253

13.827

0.39

6.245
1.755
S.(!OO

3.823

0.009
.~,.Q23

0.127

0.009

0.134-
4.0-19

0.011
O.OO:!
0.324

1.470

1.80'1

!JJf72

13.821

0.15

18.04

12.111
69.00

Hl.27
SUS

PI F4
1.00

.41~9
. 0.33

34.84
0.00
0.'117
(l.54

0.03
1.10
0.18
1.10
11.'5
452.

99.05

13.tl13

0.49

PI F4
2.00

8.70

4.5~.
~i1Il.S5

6.272
0.033
5.445
0.000
0.173

0.076

o ,COl
0.122
0.010

0.284

6.154

0.026

5.619

0.000

0.12(1
onss
0.000
O.H2
0.012

0.351

1.4.S5
13S14

1.395

O.4t 0.46

6.27;! 6.154
1.728 . 1.846
8.000 !I.OOO

3.8:>3 3.823

0.000 0.000
0.033 0.026
0.122 ::U!2
0.003 (l.t,,)C
Q.173 (U~Y
4.047 4.041

PI F'l
3.00

46.94

0.26
36.37
0.00
0.66
(1.40
0.00
i.02

48.00

0.20
35.59

0,0;)

0.14
1i.1W
0.03
}'o1
0.16
1.28
8.5?
4.58

,00.31

().IlC6

0.447

1.253

1.1111

13,813

4.~8

25.24

12.25

58.43

14.99
47.51

0.010

0.076
0,284
1.396
1.766

13.914

4.34
16.15
13.59
65.92

16.00
54.26

Q.1J
!.3~

6.282
0.0:20
5.489

0.000

0.144
0.012

0.003
0.117

0.0038
0.326
1.431

i3.R32

6.2&2
1.71g
<tOO

3.823

0.000

0.020

0.117
!J.OOJ
0.14.4
4.055

0.012
0.056

0.3S1
1.455

1.813

11.832

3.00
18.85
7.61\

71).4'1

9.71

63.76

20.05 19.0& H.91//~;
15.39 16.2G /,,~ 17.27
63.56 /p',~§%r ~~.S7 61.83
l00.9Pc/ 100.00 100.00 100,00

0.102 0.117
0.128 0.135
..(J.027 ..(J.007

64.33
26.13

9.55

0.65

9.44
0.56

0.8G
0.44

0.56

64.93 67.95
25.82 22.39
"2) 9.65

0.67 0.77
0.3;; OA!I

0.61 {l.51

o.ss 0.89
0,39 0.49
0.61 0.51

&.122
0.132
-0.010

6.1.41

24.26
10.34

0.68
1).41
0.59

0.8';
0.41
0.59

0.112

0.050

0.062

0.117
o 158
-O.O4l

PI F4
4.00

48.09

0.22
35.85

0.00
0.9!
a.ok
0.03
1.J4.
0.22

8.8B

4.61

lO!.IO

6.255

0.021

5.498

0.000
(J.I77

O.OOl
0.001
0.124
0.011
0.288
1174

13.855

0.45

6.'256
1.744
8.000

3.823

0.000
O.O:lI
ii.i24
0.003
0.177

4.079

OJ')i)ji

0.012

(1.316
1.431

t.777

13.1(35

0.69

18.41
14.09

66.81

12.15

55.34

14.20 .
1'i.31
70.49
100.00

65.59
25.15
9.16

0.70

0.45

(l.55

0.89

0.45
0.55

65.29

15.29
8.42

0.72

0.46

0.s4

0.90

0.46

0.54

n

PI F4
5.00

r_!"f

49.37
0.24

34.49

0.06
J).,&5
O.~3
0.00
0.80
J};Z4
1.40

S.t!

4.59

99.91

f.4;1
0.024

5.312

0.006
(UOS
n. ,<
0.000
(l.OSS
0.012
0.354
1.369

13.727

9.41

6.451
l.S49
8.000

:un
0.006
{;Jj24

0.1111

0.001
0.2M
1.474
1..776

13.727

0.13
16..3j

12.81
70.74

11.89

58.99

17.43
2&.37

5420
100.00

0.124
0.101
0.023

0.08S
0.361
-0.280

64.22
25.35
10.43

0.64

0.41
0.59

0.37
0.41

0.59

PlFS
1.00

47.27
0.23

3.5.70

/~.®
0.72
(1.01

0.01
Y.na
0.17
1.21
SSe)

(1.55

99.~

G22it

0.02.1
5.544

0:000
(;.141
0.001
0.002
0.110
0.009
{).309

1.510

13.882

0.45

6.]~!I

1.172
8.000

O.OBS
0.000

0.103
l.989

3.%23

1).000

0.027
0.110

0.002
O.W
4{}5:;

0.m2
0.004
0.354

1.3t;9
1.739

13.88~

0.21
20.49
22.56

56.75

13.86
43.09

10.89

13.74
75.36

100.00

0.110
0.115
.:u.OO5

67.10

25.S9'
7.30

0,76

:>.45
&.55

0.:11
<lA5
0.55

PI F5
2.00

46.67
O:~J ;):11

-,,5.13 35.73

0.02 0.02

0.62 0.52
0.00 0.0\)
0.00 0.00
1.05 1.05
0.14 0.14
1.31 1.31

4.5i 4.51
99.02 99.02

0.199-
(1.021

5.594
0.002
0.123
0.000

0.000

0.116
0.(1)7

0.331
1.4??
13.3h2

0.'14

6.199
1.801
s.oco

0.01..'>9
0.001
0.309
1.51G.~.!
1.3!;}

13.882

0,07

!6.95

IIAt
n.S7

9.05
62.59

11.46

12.25
76.29
100.00

64.89

26.31
8.80

0.61
0.44
0.56

0.89
0.44

0.56

~

J.>l F5 PI F5
2.00 5.00

46..6?-· 48.60

~,..71 3~7i

5.l99
0.027
5 ..!ig4
0.002
0.123
0.000
o.eoo
0.116

0.007
0337
1.476

13.S112

0.49

6.199
UO!
11.000

3.823

0.002
0.027
0.116

0.000

3.823

0.002
0.021

il.1I6
(1.000
0.123
4.062

(l.m
4.062

0.0(17

0.000
0.337

!'416
U20

0.007
0.000
ti.3.!7
l.476
1.820

1~,8~~

0.00
18.61

9.97
71.43

9.33
62.10

1l.46
12.25
16,29
100.00

0.116

0.103
O.e13

65.92
25.73
8.3.5

0.71

0.49
o.s:

0.90

\1.49

O.SI

0.33
35,$'

0.03
0.78
0.03
0.00
1.32
9.12
0.98

4.61
100.82

6.3~g
_ 0.032
5.442

0.003
0.152
0.004
0.000
0.143
O.OM
0,247
i.408

13.755

0.49

5.318
1.682

1\.1lOO

13.755

0.00
18.61

9.97
71.43

9.33
62.10

20.25

18.66
61.08
!OO.OO

0.116
0.103
ON3

0.143

0.198
·0.054

65.92
:;!5,"3
8.35

0.7!

0.49
0.51

0.90
0.49
0.51

~ ,I ;liIi

c I
PI F5
6.00

Z.4?

48.69
0.34

34.49

O.OQ

0.83
0.05
0.01
~.26
0.20

0.%
8.16

4..56

-:

99.55

6,398

O.OJ;',
5.341

0.000
0.163
0.007

0.001
0.138

0.0\0
0.244
1.368

13.70S

y'

0.49 0.46

6.398

1.602
8.000

3.823

0.00;)

0.032
i}J4't

0.000
1}.151
4.090

.1.823
O.(1Cl'l

O.O.B
ti-iJg
0.001
0.163

4.075

{).006

0."'14
0.247
1.408
!.665

0.010

0.007

0.144

1.368
1.630

~

13.705
r"

c

024
14.89

15.119
68.99

0.44
15.08
19.90

64.51

17.24
5UI9

!9.31
45.64

22.81«,.
23.44 -
53.75
i:4:00

0.138
0.26&
-\}.BO

65.45
24.34
10.20

6~.38
24.00
10.62

0.67
0.49
0.51

0;67
0.45
(}.54

0.87

0.49
0.51

0.87
0.46
0.54

(,
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APPENDIX 6: Microprobe analyses of cntomes from sample P2.



Analysis P2
Fl
cl

SiOZ
TiOz
~03
MgO
CaO
MnO
FeO
NaZO
K20
Total:
Cations
51
Ti
AI
Mg
Ca
Mn
FeZ +
Na
K
Suwn
Site occup:ltion

s
A1(IV)

Sum

Al(Vl)

Ti
Mg
ea
Mil
l"e2+
Na
K

Swn
Tot:Jl:

A:
c:
F:

A(:'YIs):
A(KO:
F:
M:
Ol3gr:lms

TROGER (1982)

5.175
0.005
5.796
4.647
0.()'J6
0.142
4.132
0.009
0.007
19.930

5.175
2.825
8.000

2.971
0.005
4.647
0.016
0.142
4.132
0.009
0.007

n.930
19.930

24.49
0.14

75.38

P2
F'l
C2

24.61
0.03

23.39
14.81
0,07
0.80

23.50
0.02
0.03

81.28

5.265
0.005
5.950
4.263
0.034
0.1:28
4.028
0.101
0.051
19.836

11.836
19.836

0.24
0.25
0..17
0.5:1

P'.2
Fl
C4

24.56
0.03

23.55
13.34

0.15
0.71

22A7
0.26
0.21

85.26

5.150
0.012
5.932
4.681
0.019
0.115
3.932
0.039
0.006

19.894

5.265
2.735
!l.GOO

5.150
2.850
8.000

3.215

0.005
4.263
0.034
0.128
4.023
0.107
0.057

3.082
0.012
4.681
0,i)19

a! 125
3.'1:12
0.039
0.006

11.894
i9.894

26.03
0.29

73.67

2~.30
0.16

74.54

0.26
0.26
0.49

0.51

mol% al4 70.63 68.38 71.24
mol% (eli 47.07 48.5'i ,45.65

"'!

HEY (1957)
XFe
Si

0.47
5.t?

O.4Q
S.!6

P2
Fl
c5

24.37
0.07

23.81
14.85
0.08
0.70

22.24
0.10
0.Q2

86.l4

5.16\
0.006
~.828
4.710
0.007
0.1-'-3
4.049
0.027
0.000

19.932

5.161
2.839
8.000

2.989
0.006
4.710
0.007
0.14~
4.049
0.027
0.000

.H.93Z
19.932

24.65
0.06

75.29

Q.25
0.26
O.·Mi
0.54

1'2
Fl
C6

24.39
0.04

2337
14.93
0.03
0.80

2l.88
0.07
0.00
86.50

5,218
0.011
5.6!11
4.80S
o.on
0.1,12
4.0::8
0.0.)9
0.015
19.9~3

5.218 5.163
2.78::! 2.837
8.000 8.001.1

2.908
0.011
4.808
0.012
0.132
4.028
0.039
oms
n.953
19.1153

24.06
0.10

75.84

0.l5
0.25
0.46

0.54

n
FI
C7

24.52
0.07

22.70
15.16
0.05
0.13

22.64
0.10
0.05

86.02

.~.!63
0.012
5.897
4.546
0.032
0.131
4.058
0.073
G.OOO

19.912

11.912
19.912

0.24
0.24

0.46
0.54

1'2
FI
CS

24.73
0.08

23.96
14.60
0.14
0.74

23.14
O.IS
0.00

81.61

S.IS)
0.005
5.728
4.769
0.006
0.126
4.184
0.015

0.000
19.986

5.153
2.847
8.000

3.061
0.012
4.546
(.'.032
0.131
4.058
0.073
0.000

2.SS1
0.005
4.769
0.006
0.126
4.184
0.015
0.000

?2
FI
C9

23.96
0.03

22.59
14.87
0.02
0,69

23.26
0.04
0.00

85..l6

5.198
0.009
5.81,5
4.610
0.022
0.116
4.082
0.065
0,000
19.918

11.918
19.918

P2
FI
ClI

24.!6
0.06

22.93
14.37
0.(\9
0.64

22.69
0.16
0.00
85.10

S.135
0.004
5.881
4.646
0.014
0.120
4.099
0.024
0.000

19.929

5.198
1..802
8~;?OO

5.135
2.865
8.000

P2
PI
CI2

:,(4.15
0.03

23.49
14.66
0.06
0.61

23.05
0.06
0.00

86.11

5.128
0.008
5.813
4.533
0.013

0.152
4.282
0.0:22
0.002

1').964

2.952
0.008
4.533
0.013
0.152
4.282
0.022
0.002

1l.964
19.964

0.:25
0,15
0.47
0.53

P2
Fl
(;13

zs.sa
0.05

22.95
14.12
0.06
0.84
23.n
0.05
0.01

85.66

5.180
O.OO~
5.899
4.577
0.038
0.137
4.013
0.016
0.000
19.870

5.128
2.872
8.0(10

3079
0.009
4.577
0.038
0.137
4.013
0.016
0.000

11.870
19.870

24..18
0.11

75.41

0.24
0.25
0,49
0.51

~0.97 69,Sfj 10.91 71.17 70.001 71.61 71.79 70.50
':'U3 4559 017.16 46.7+ -1(;.96 46.87 48.58 46.71

0.46
~.15

0.46
5.16

11.986
19.986

r :

25.17' 23.97
o.:n 0.05
74.56 75.99

J.25 0.2+
0.26 0.:!4
0..17 0.47
0.53 0.53

0.47

U6
OA7

5.15

3.013
O.t}09
4.610
O.o:z2
0.H6
4.082
0.065
0.000

3.022
0:004
4.646
0.014
0.120
~.099
0.024
0.000

11.929
19.929

24.77
0.18

75.04

24.90
0.12

74.98

0.25
.0.25
0.47
0.53

I).·n
L!O

0.47
5.14

0.49
S.13

P2
FI
c14

24.56
0.06

23.74
14.56
0.17
0.71

22.75
0.04
0.00

86.65

S.158
0.008
5.809
4.827
0.011
0.121
3.988
0.018
0.00l

19.940

5.180
2810
8.000

H.940
19.940

25.18
0.32

74.50

0,25
0.:::6
0.-17
0.53

P2
Fl
CIS

24.64
0.05

23.55
15.47
0.05
0.68

22.78
0.04
0.01

81.26

5.1~p
0.014
5.717
4.855
0.004
0.131
4.002
0.021
0.008
19.952

5.158 5.190
2.842 2.810
8.000 8.000

2.966
0.008
4.827
0.011
0.121
3.988
0,018
0.002

1l.952
19.952

24.51
0.09

75.40

0.25

0.25
0.45
0.55

P2
Fl
C16

24.48
0.09

22.88
15.39
0.02
0.73

22.57
0.05
0.03

86.25

5.166
0.000
5.885

4.449
O.QIS
0.141
4.213
0.038
0.0011
19.915

2.907
0.014
4.865
0.004
(l.lll
1.002
0.021
0.0011

11.915
19.915

24.10
0.04
75.86

0.24
0.24
0.45
0.55

7l.0f 70:H 70.aS
45.24 45.11 ';8.64

0.41
5,18

OAS
5.16

0.45
5.1\)

P2
Fl
err

23.81
0.00

23.07
13.79
0.06
0.77

23.28
0.09
0.03

ll4.96

24.40
0.06

23.25
16.17
0.07
0.61

22.21
0.04
0.03

85.83

5.124
0.009
5.756
5.064
0.015
0.109
3.:)00
'0.011
0.008

:to.OIlI

5.166
2.834
8.000

5.124
2.87S
s.cco

3.051
0.000
4.449
0.015
0.141
4.213
0.Q38
O.OOS

2.830
0.009
5,054
o.ihs
0.109
3.!)(1()

0.017
0.008

12.001
20.1101

25.02 24.05
0.12 0,13
74.86 75.82

(1.25 (l.24
0.25 0.:24
0.~9 0.44
O.~/ 0.56

0.49
5.17

P2
PI
C18

5.111
0.016
5.194
4.938
0.009
0.114
.),,992

,0.000
0.004

19.978

1l.97:r
l!lS78

PZ
Fl
C19

24.29
0.10

23.36
15.74
0.04
0.64

22.68
0.00
0.02

86.87

5.682
0.0\)9
5.402
4.485
0.018
0.124
3.888
0.000
0.000

19.6iJ8

5.111
2.889
8.000

2.905
0.016
4.938
0.009
0.114
3.99l
0.000
il.OO4

3.084
0.009
4.485
0.018
0.124
3.888
0.000
0.000

P2
Fl
C20

27.91
0.06

~2.S2
108
(l.08
0.72

24.24
0,02

23.33
15.19
0.03
0.611

23.15
0.00
0.00
86.64

L

P2
Fl
e21

5.130
0.006
5.843
4.739
0.010
0.135
4.016
0.000
0.006

19.945

5.130
2.810
8.000

2.97:1
0;006
4.739
0.010
0.135
4.076
0.000
0.006

11.945
19.945

24.39
0.06

75.55

024
0.25
0.46
0.54

P2
FI
en

24.13
0.04

23.32
14.95
(l.05
0.75

22.92
0.00
0.02
86.17

5.247
0.000
5.780
4.764
0;010
0.110

3.944
O.OIl
0.005
19.811

11.871
19.811

2439
0.09
75.32

0.2$
0.25
0.46
0.54

71.91
43.5!

72.23 ~1.96 11.82 71.74 68,a:1
44.70 46.43 46.10 46.24 45.29

0..14
5.12

lUOB
19.608

1.4.1,4 "24.08
0.08 0.16

75.68 75.16

0.24 0.21
0.24 0.24
O.4S 0.45
0.55 0.54

O,4S
5.11

12.84
0.00
0.00

88.90

S.127
0.003
5.817
4,789
0.()Q7
0.123
4.096
0.000
0.000
19.962

'5.(i82
2.318
8.()OO

5.127
2.873
8.000

2.!N4
0.003
4.789
0.007
0.123
4.095
0.000
0.000 .

11.962
19.962

0..16
5.68

0.46
S.U

0.46
5.13

P2
Fl
C24

24.94
0.00

23.31
15.19
0.05
0.62

22.42
0.03
0.02
86.r

24.19
0.03

22.16
14.01
0.03
0.87

23.41
0.0$
0.02

85.82

5.182
0.005
5.846
4.474
0.017
0.157
4;194
0.022
0.004
19.903

:5.247
2.753
s.oar.

p;:
F!.

C2S

24.91
0.06

23.79
15.40
0.10

0.67
22'.52

5.179
0.009
5.830
4.715
0.023
0.119
3.916
0.090
0.003
~9.943

5.182 5.179
2.818, 2.821
8.000 8.00G

3.027
0.000
4.764
o.oto
0.110
3.944
0.011
O.OO~

3.029
0.005
4.474
0.017
0.157
4.194
0.022
0.004

11.903
19.903

24.66
0.Q9

75.25

0.25
0.25
0.45
0.55

0.45
5.25

1l.~'43
1!).943

24.1'14
0.15

75.01

;1.4.81
0.19

75.00

0.25
0.25
0...8
0.52

70.44
48,,)9

0.48
5.1~

M
Fl
C26

24.12
0.1}6

22.97
15.55
0.06

0.66
~2.':3

0.22
0.01

81.68

5.135
0.009

5.761
4.9.15
0.013
0.120
3.994
0.012
0.004
19.98.3

3.009
0.009
4.775
0.O~3
0.119
3.916
0.090
0.003

1l.9SZ
19.983

0.25
0.25
0.45
0.55

70.52 71.6:
45.05 44.n

P2
Fl
C27

0.03
0.02

85.~8

24.70
0.02

22.97
14.69
0.Q7
0.76

22.81
0.01
0.06

86.10

P'2
n
C3

24;00
0.10

23.28
15.15
0.04
0.70

22.88
0.00
0.00
86;:',

5.104
0.015
5.835
4.804
0.009
0.126
4.0'10
0.000
0.000
19.963

5.104
2.896
8.000

2.940
0;015
4.804

0.009
0,126
4.070
0.000
acoo

11.96.,
1'.963

24.46
0.07

75.46

:1.24
0.25
0.47
0.53

68.82 n..l9
46.55 45.86

0.47
.~,:.5

P2
F2
Col

5.159
0.{}21
5.843
4.712
Mil
(, ... <l
4.002
0.000
0.004

19.901

11.901
19.901

0.24
0.25
0.46
0.54

0,.16
5.10

P'2
F2
cS

24.24
0.13

23.30
14.85
0.05
0.S2

22.49
0.00
0.02
!I5.S9

24.59
0.03

23.12
14.15
0.07
0.69

23.34
0.02
0.00
86.01

1(.247 .
6'.004
5.753
4.654
(1.015
0.137
4.053
o.ooz
0.017
19.883

r; .35
2.865
8.000

5.241
2.753
8.000

5.240
0.005
5.1306
4.496
0.016
0.124
4.160
0.008
0.000
19.856

5.159
2.341
8.000

5.240
2.760
3.000

2.897
0.009
4,m
0.013
0.120
3.991
om::
o.oo·~

3.000
0.004
4.654
0,015
0.137
4.053
0.002
0.017

3.002.
0.021
4.'112
0.011
0.148
4.002
0.000
0.004

3.046
0.005
4.496
0.016
0.124
4.160
c.ocs
0.000

11.856
19.85G

11.883
19.883

24.1:1
O.1l

75.77

24.51
0.13

75.36

24.77
0.09

75.14

24.81
0.13

75,05

0.25
0.25
0.-16
0.54

71.001
45.9:

0.46
5.16

P2
F3

C2

5.089
0.00:
5.927
4.657
0.008
0.129
4.123
0.020
0.000
19.955

11.955
19,955

0.25
0:Z5
0.48
O.Sl

P2
F3

C3

23.72
0.01

23.43
14.56
0.03
0.71

22.98

0.05
0.00

85.49

23.98
0.07

23.14
14.87
0.06
0.78

22.S1
O.OS
0.02

85.S4

P2
F3
C4

24.05
1).05

2~"95
1'1.33
0.09
0.19

22.85
0.03
0.02

85.16

5.179
(.1.008
5.825
4.601

, 0.020
0.14$
4.115
0.012

0.004
19.909

11.909
19.90!f

0.:24
0.25
0.4(;

0.54

68,99
48.06

72.17 71.90 10.53
.!6.96 46.32 47.21

f,A8
5,14

.).124
0.011
5.828
4.735
0.014
0.141
4.086
'0.019
tl.005

19,,963

5.089
2.911
8.000

5.124
2.876
8.000

0.46
S.t2

P2
F3
C5

23.81
0.06

23.27
13.93
0.04
0.81

23.46
0.04
0.Q2

85.45

5.127
0.009
5.907
4.412
0.010

0.147
4.226
0.018
0.005
19.922

5.179
Z.821
8.000

5.127
2,~73
8.000

3.016
0.002
4.651
0.008

0.129
4.123
0.020

"000

2.£152
o.ou
4.735
0.014
0.141
4.086
0.019
0.005

11.963
19.963

.:1.004
o.oos
4.60)
0.Q21)

0.145
4.115
0.012
0.004

3.034
0.(';09
4.472
O.ot\)
0.14'1
4.2!6
(I.OIS
0;005

24.94
0.Q7

74.99

24.51
0.12
75.38

11.92:<
19.922

24.70
017

75.14

25.01
0.09
74.90

0.25
0.25
0.47
0.53

0.41
5.09

0.25
0.25
0.47
0.53

0.25
0.25
0.019
(,.51

71.8:!
48,58

0.017
S .IX

OA9
5.1J
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APPENDIX 7: Microprobe analyses of illmenites from samples P2~A2,
RP60, AN.



Sample

SiOZ
nos
AIm3
Crl03
Fel03
MgO
MnO

1'1:0
Tot:il:

CatiollS
I",ll

Ti

-'O;~?' ___ Al

zi>:

Cr
Fe3+
Mg

Mn
l'el+
XMg:

Site IlCCUpatil!O

A-Positioll:

Si
Ti
AI
Cr
Fe3~:

Total:

B-J'osition:

Mg

Mn
t'e2+

Tol:il;
A+ B:

P2

1'2
II
0.03 I

S:'U6
0.00
O.\){)

M4
c;b.Ol
22.45

24.42

99.31

0.002

1.991

(1.000

0.000

0.002

0.001
0.964

1.035
0.001

0.002

1.991
0.000

Q.OOC
O.llO2

2.000

F.ndmembers

11mi'm!: 51.17
1')'ro"I",:;';I: 48.211

(jeikielilb: 0.03

..i

A: 0.04
c. p."lO
1": 'rl:96

At: 0.31
K: 0.00
F: 100.00

A: -0.443
1": 0.999

1\1: 0.001

P2

F2

12
O.G')

53,06
0.00
0.00

0.00
0.02

21.16

23.92
98.76

O.Ol'"
2.024
0.000

0.000

0.000
o.oot
0.935

1.015

0.001

0.000

2.024
0.000

0.000

0.000
?;.02S

0.001

0.964

1.035

2.000

4.000

0.00

0.00

100.00

0.31

0.00

100.00

P2
F2

1.1
0.05

54.17

0.00

0.00

0.00

0.03
16.94

27.69

98.88

0.003

2.052

0.000

0.000

0.000

0,002

0.723

1.166

0.002

0.003

2.052

0.000

0,000

0.000

2.055

0.001

0.935
LO!5
1.951.
3.975

52.04
47.92

n.07

0.00

O.M
100.00

0.31

0.00

100.00

·0.443
0.999

0.001

-0.443

0.998

0.002

P2

F2
16

0:00

53.10

0.00

0.00

O.~
0.00

21.76
24.73

9'" 1

0.000

2.014

0.000
0.;)00
(fooo
0.000

0.929
1.043

0.000

o.occ
2. 014
0.000

0.000
0.000
2Jl!4

0.002

0.723

1.166

1.891

3.945

61.611
38.22

0.10

Q.!Y.i

0.00

100.00

v.lI
(1,00

100.00

-0.443

LOOO
0.000

l"i
F2

17
0.23

54.96

0.00

0.05

0.00

0.02
6.60

3.1.17

95.03

0.012

2.12S
0.000

0.002

0.000

0.002
0.283

1.4'!.i
0.001

0.012

2.128
0.000

0.002

0.000

2.142

0.000

0929
1.043

1.972

3.986

0.002

0.288
1.428
1.7l$
:>.S5j) •

52.S8
47.12

0.00

84.75
16.7~

O.W

0.00

0.00
100.00

0.:i1

0.00

100.00

-0.443

0.999

O.MI

1>2
F'Z
19

0.Q2
53.10
0.00

O.oI
9.00
0.03

23.35

23.24

99.76

O.OO!
2.010

0.000

0.001

0.000

0.002

..j}.M5
0.978

1J.002

P2
1'2

110

0.04
52.50

0.00

0.00

o.oe
0.00

23.38

22.94

98.86

G.002

2.0(07

0.000

C.Wl)

Q.OOO
0.000
1.006

0.975
0.000

0.001

2.010

0.000

0.001

0.000

2.n12

0.002
2.007

0.000

0.000

0.000
;'~.009

O.OOZ
0.995
0.978
1.976
3.988

49.52 49.20
50.38 so.so
0.10 0.00

0.00 0.00

0.00 0;00

100.00 100.00

O.li
0.00

100.00

0.31

0.00

100.00

-0.443

0.99&

0.002

-0.443

1.000

0.000

P2
F2,'

nx
0.1i

53.:;!!:
0.00

0.00

0.00
0.00
22.30
23.76

99.41

OL.05
2.019

{).ooo~
0.000

0.000

0.000

0.951

1.000
c.ooo

0.005

2.019

0.000

0.000

0.000

2.024

0.000

1.006

0.975
t981

3.991

51.27
48.73

0.00

0.00

0.00

100.00

0.31
0.00

100,00

-0.443

1.000

0.000

P2

1'2

I2X
0.04

53.02
0.01')
0.05

0.00
000
21.87
24.41

99.38

1'2

F2

OX
om

54.28
0.00

\!.O3
0.00
0.00
17.64

27.29
99.25

0.002 O.UOO

2.0:4 2.051
0.000 0.000
O.Q02 !. 0.001
0.000 c.w<>
G.OOO it.~'lO
0.9.35 0.750

:'031 1.146

0.000 0.000

0.000

0.951

1.000
1.951

3.976

0.00

0.00

100.00

0.3"
0.00

100.00

0.002

2.014
0,000

0.002

0.000

2.018

0.000

0935
1.031
1.966

3.YS3

52.49
47.57
0.00

0.00

0.00

100.00

0.31

0.00

100.00

-0.443

1.000

0.000

-0.443

1.000

0.000

1'2

F2

16X

0.00

53.1.5
0.00

0.00
0.00
0.00
19.97
25.80

99.52

0.000

2.033

0.000

0.000

0.000

0.000

0.850

1.085
0.000

0.000

2.0S1

0.000

0.001

0.000

2.052

0.000

0.750

1.146
1.897

3.949

60.43
39.57

O.W

0.00

0.00
lOO,'J{)

Q}!
0.00

100.00

P2

F2
I9X
O.ot

53.21
0.00

0.05

0.00
0.00

23.49
21.87

98.64

0.001

2.029

0.006

0.002

0.000

e.ooc
1.009

0.~27
0.000

0.000

2.033
0.000

0.000

0.000

2.033

0.001

2.029

0.000

0.002
0.000

2.033

0.000

0.850

1.085

1.935

3.%7

56.06
43_94

0.00

47.90
52. to
(l.00

0.00

0.00
100.00

0.31

0.00
100.00

-0.443

1.000
0.000

·0.443

1.000

0.000

1'2

1'2

lIOX
0.10

53.41

0.00

0.00

0.00
0.00

23.19
22.16

98.85

0.005

2.031

0.000

0.000

0.000

0.000

0.993
0.936

0.000

0.(}:)5

2.031

0.000

C.OOO
0.000

2.035

0.000

1.009
0.927

1.936

3.968

0.000

0.993

0.936
1.929

3.965

4R.54
!il.46
0.00

0.00

0.00

100.00

0.31

0.00

100.00

-0.443

1.000

0.000

S&J!!pie

soz
riot
AIm3
Cd03
Fe203
MgO
Jl.1nO

FeO
TOlal:

Cations

Si
Ti
AI
Cr
Fe3+
Mg
Mil
FeZt
X'\!g~

Sile OCCU)!st!on

A-Position:
Si
!i
AI
Cr
Fe3+

Total:
B-Posiliou:
Mg
Mn
Fe2+

Endmembers

Total:

A + B:

A2FI
Ft
5
0.00'

50.10

0.00

0.05
3.29
0.25
1.35

45.62

100.66

0.000

1.903

0.000

0.002

0.125

1'.019

0.058

1.927

0.010

;'; I1menit: 96.18
!'troplmnit: 2.89
G5kielith: 0.94

A: 3.03

C: 0.00

t': 96.97

At: 0.31
K: 0.00
F: 100.00

Al ·0.443
It: 0.990

M: 0.010

1\2

FI

6
0.(\3

49.35
0.00

0.00
3.54
0.;116
1.28

45.15

99.70

C.W2
1.893

0.000

0.000

0.136

0.027
O.0.S5

1.925
0.014

0.000

1.903

0.000

0.002

0.125

2.030

om9
0,,58

1.927

2.003

4.033

95.90
2.74

1.36

3.28
0.00

06.72

0.3!

0.00

100.00

·0.4~3

0.986
~1.1l14

2.82
V.26
1.24

4).33

99.10

0.002

US!f3
0.000
0.000

0.136

2.030

0.027
0.055

1.925

2.008

4.033

96.22
2.67

2.62
0.00

97.311

0.31
'1.()<}

10fl.00

·0.443

0.990

0.010

A2

FI
7
0.01

49.4~
0.00

0.00

RP60

F2
5
14.28
D.G2

0.86
0.04

.S7.70
0.09
0.03
0.00

73.01

O.MI
i.soa
0.000

0.000

O.iQ9
0.020

0.054

1.945
0.010

0.001

1.9()S

0.000

0.000
0.109

2.018

0.020

O.'J54
1.945

1..019
4.031

0.00
17.35
82.65

99.26

0.00

0.74

0.31

0.00

100.00

·0.443
o.ooo
l.OC,{)

R(>6~ AN
f2 F4
6·::::0 6

14.65 1.71
0.00 2.87

0.99 (I.O~
0.05 O.()()

57.41 9S.ti8
0.13 O.O!)
0.03 o.oa
O.CO 2.21

73.26 102.58

0.8il8
(l.001

0.064

0.002
2.729

0.009

0.002

0.000

1.000

0.898

0.001

0.064

0.002

2.729

3.694

0.009

0.002

0.000

0.010

3.704

0.012

0.001
_ 0.000

0.(Jt.:!
3.699

.~
"'1

~
~

r·
fr~

0.915

0.000

0.073
0.003

2.696
0.012

0,001

0.000

1.000

0.087
0110

0.005

O.OO\)
3.659
(1;000

0.001

0.094

0000

(UI
0.00

reo.co

-0.443
O.()(~)

1.000

0.915

0.000
1).073
0.003

2.696

3.686

0.087

0.110

0.005
0.000

3.669

3.871

1/

O.OOC
0.001

0.094
0.095
3.966 -,

0.00
HH7
89.43

98.64
1.36

0.00

99.07

0.00

0.93

95.116

O.lXI
4.94

0.31

o.on
[O().(lO

·0.443
l,(K)(l

0.000
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APPENDIX 8: Microprobe analyses of garnet from sample P2.
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Sample P2 F2

Si02
Ti02
,\'2°3
Cr2()3
Fe2()3
MgO

CaO
MilO

"eO
SIIII1

Cations
Si
Ti
AI
CT
Fe3+
l\Ig
ell
Mn
Ft2+

XFe
XMn

36.73
0.10
20.75
0.00
0.44
0.91
4.33
18.31
18.50

100.08

5.965
0.012
397Z
0.000
0.054

o.zn
0.754
2.SI&

2.513
0.92
0.48

Site occupation
Si 5.965
Fe3+ 0.035
Ai 0.000

(·I!{r. Z: 6.060

Ti
Ai
Cr
Fe3+

Oct. V:

Mg
Ca
MD
Fe1+

X·Pos:
Total:

EndmeJll!"ie"l
U~:
Ad:

.:

!li*
-j~
•• Ao....

o.ou
3.972

0.000
0.019
4.0M

0.221
0.".54
i.SIS
2.513
6.l)IlS
16.llil9

·(;r:

AI:
Sp:
1)':

A:
c:
F:

A':
K:
~':

A:
1':
!\1:

P21"2
2

36.14
0.12

20.27
0.00
0.68
0.94
4.24
18.29
17.8~
98.57

5.962
0.015
j.~41
O.O'JO
O.GJS
0.232
0.750
2.556
2.467
:;.91
0.49

5.962
O.O,)!
0.000
(i.jlll)

O.ot5
3.941
0.000
0.047
4.11M

0.232
0.750
2.556
2.467
6.005
16.00!f

0.00
0.7!r
1!.76
41.84
41.93
3.68

25.10
9AO

6S 50

25.12
(l.00

74.118

0.25
0.92
e.os

P2 1"2 P2 F2 P2 F2 P2 f2
3 4 5 (;

36.10
0.14

20.30
0.00
1.06
0.97
4.29
~.I2
18.20

99.19

5.930
0.018

3.930
0.000
{l.132
0.237
0.755
2.520
2.501
0.91
0.48

5.930
0,1)70
0.000

6.11CO

0.018
3.930
0.000
0.061
4.1)09

0.231
0.155

2.520

2.501
6.013

16.0;\2

0.01
1.56
lil.Il.;

4!'(lr,
42.56
3.87

25.11
9.35
65.54

15.11
0.00

14.1\8

G.!4
0.91
0.09

36.35
0.11
20.33
{I.00
0.9&
0.98

4.72
i7.39
111.54
99.45

5.945
G.021
3.91?-
O.OOG
0.12()
0.238

0.B27

2.409

1.535
0.91
0.46

5.945
0.055
0.000

6.000

0.021

3.919
0,000
0.066

4.006

O.23l'
0.827
2.409
2.535
,,'.008
16.014

0.00
1.97
W.59

41.58
41,91
3.95

25.24
9.39

65.31

25.28
0.00
74.12

O.2<i
0.91
0,09

3G.~2
0.2!
20.59
0.06
0.83
1.02
4.54

17.56

13.5i
99.45

5.909
0.026

3.969
0.008
0.lO3
0.248
0.796
2.434

2.5.13

0.91
0.47

5.909
0.091
0.000
6.000

0.026
3.969
0.003
o.on
4.Il1S

0.248
0.196
2.434
2.533
6.010
16.025

0.00
2.15
H.61

42.19
40.09
3.96

25.16

10.30
6·U4

25.18
0.00

14.82

0.24
0.91
0.09

35.23
0.17

20.40
000
0.11
0.96
4.50
17.58
18.48
99.04

5.948
0.02!
3.948
0.000
0.088
0.235
0.791
2.445
2..537
0.92
0.47

5.948
0.052

(/.000
6.000

0.021
3.948

0.000
0.037
4.005

0.235

0.791
2.445

:&.531
6.008
16.013

0.20
0.93
!2,29

42.06
40.41
4.11

25.~1)
<1.89
64.80

25.35

0.00
74.65

0.25
0.91
0.09

1"2 P2 'F2 P2 f2
1 R 9

36.69
0.11

20.56
0.01
0.48
0.97
4,89
1'/.26
111.56
99.51

5.979
0014
3.949
0.001
0.058
0.235
0.854
2.38Z
2.530
0.91

0.46

5.979
0.021
0.000
6.000

0.014
3.949

-).001

0.038
4.002

0.235
0.854
2.382
2.530

6.00l
1(;.003'

0.00
1.43
11.7J

42.23

40.70
3.91. /

25.14
9.85

65.00

~5.17
0.00

74.83

0.24

0.92
o.oa

36.40
0.16

20.50

0.00
0.22
0.97
4.50

17.45

18.411

98.G8

5.983
0.020
3.910
0.0(1()

0.027
0.238

0.793
2.428
2.540
0.91

0.47

$.983
0.017
0,000

6.000

0.020

3.970
0.000
0.010
4.000

0.238
0.793
2.418

2.540
6.1100
15.999

0.03
1.29

12,94

42.15

39.68

3,92

25.03
10.66

64.30

25.04

0.00
74.96

0.24
0.9!
0.09

36.27
0.15
20.21
0.00
0.69
0.99

4.51
17.35
18.44
98.73

5.968
0.019
3.930
0000
0.085
0.244
0.&')5

2.418
2.537
0.91
0.47 '

,.968
0.032

0.000
6.000

0.019

3.930
0.000
0.053
4.002

0.244
0.805
2.41&
2.53?'
5.003
16.0(16

0.00
0.74
12.4S

42.34

40.48
3.97

24.99
9.92
65.09

24.99
0.00

75.01

0.25

0.91
0.09

P2 F1 P2 F1 P2 F2. P2 F2
10 n 12 13

36.54
0.14

20.55

0,02

LOS
1.01
4.58
17.93
18.47

100.28

5.930
0.017
3.932
0.002
0.129
0.244

0.796
2.465
2.507

0.91
0.47

5.930
0.010
0.000
6.000

0.017

3.932

C.002

0.\)~9

4.010

0.244

0.796
2.465
2.507
6.01:!
16.0.h

0.00
1.111

11.62

42.26

40.27

4.06

25.06
11).05
64.89

2~.07
0.00
74.~3

0.201

0.91
0.09

36.60
0.12

20.66

0.06
0.69

1.01
4.76
17.61
18.45
99.95

5.947
0.015
3.956
0.007
0.084
0.244
0.828
2.424
2.508

0.91
0.47

5.947
G.OSJ
0.000
6.000

O.OIS
3.956
0.007
\1-032
4.010

2.:<~jg
o.!1t)4

16.014

0.05
1.90
1l•.H

41.68
40.98
4.06

25.25

9.90
64.85

25.211
0.00

74.72

0.24

0;91

O.O!)

36.53
0.13

20.47

0.00
0.32

0.98

5.'}.7
17.56
11.78
99.54

5.955
0.(116
3.934
0.000
0.100
0.237
o.nl
2.425

2.424
0.91

0.48

5.955

0.045
0.000
6.000

0.016

3.934

0.000
0.056
4.005

0.244-
0.82!!
2.424

0.237

0.921
2.425
1.4:.!4
6.{l07
I6.011

O.HI
1.15

J2.Il~

41.!J9
40.30

4.G6

25.18
10.32
64.50

25.21
0.00
14.79

0.25
0.91
009

36.84

0.12
20.72

O.O?
0.43
1.09
4.7!
17.77
18.28

99.98

5.913
Q.015
i.9uO
0.003
0.053
0.264-

0.818
2.440

2.4711
0.90
0.47

5.973
0.(127

0.000
6.000

P2 F2 P2 F2 P2 Fl
14 15 16

36.61
0.17

20.77

11.00
0.39

1.00
5.30
11.42
17.?4
99.58

5.955
0.021

l.9&1
0.0(1)
0.043
0.242

0.924
2.400
2.440

0.91
0.47

5.955

0.045
0.000
6.000

0.015 0.021
3.9~CI;::- 3.981
0.003 0.000
0.025 0.002
4.003 4.60·'

0.26 ..
C.S1';
2.440
2.478
6.001
16.004

0.01
1.78

1.1.56

40.34
40.36
3.95

25.14
n.ss
6,U8

2~.l6
o.cc

74.84

0.24

0.91
0.09

0.924

2.400
2.440

6.006
16.010

0.07
1.02

12.<19

41.21
40.64
4.40

25.06
10.22
64.73

25.06

0.00
74.94

0.21
0.90
1).10

36.73
0.24

20.51

0.00
0.60
0.96
5.16
17.34
18.27
99.80

5.969
0.029
3.921\
0,000
U.073
0.233
0.898
2.387

2.483

O.~l
0.47

5.969

0.031

0.000
6.000

1).02;.:
3.928
0.000
0.043
4.000

0.242 0.233
0.898
2.387
2.483
6.000
16.000

36.54

0.01t

20.63

O.ot
0.95
0.99
5.39
11.48
11.89
99.97

5.934
lU109
3.949
(',001
0.116
0240
0.938
2.40S~
2.430

0.91
0.47

0.00
L8!

!3.IO

41.38
39.78
,3.IlS

25.01
11.22
63.77

25.{1I

0.00
74.99

0.24

0.91
0.09

P2 F2 P2 F3 01 P2 F3 02 P2 f'3 OJ l'Z F3 04
17 1 1 I I

36.1$4

0.17
20.63
0.01
O.!I4
1.01
5.11
17.38
!lUI

100.28

5.934
0.021
3.937
0.001
O.IIS
0.249
0.897
2.385

2.480
0.91
0.41

5.934
0.066
0.000
6.(01)

5.934

0.066
0.000
6.000

36.111
0.14
20.72
0.00
0.45
1.01

5.24
1}.56

17.94
99.81

5.968
0.016
3.963
o.coo
0.054
0,245

0.911
20414
2.434

0.91
0.47

0.021
3.937
0.002

".049
4.00S

0.240
0.938
2.405
2.430

6.013
16.023

0.'249 0.245
0.897 G.9H
2.385 2.414

2.480 ~2,434
6.01(;:::::>6:004
16.1119 16.006

3.04

1.73
rJ.!!I

41.24
39.6,6
4.14

25.21

11.16
63.63

25.25
0.00

74.75

0.24
0.91
0.09

36.8i
0.10
20.49
(}.OO
tV)
1.09
4.80
17.611
18.13
99.73

5.985

O.Oll
:I.ns
0.000
0.071
(l.1.6~

0.837
2.434
1:.465
0.90
0.47

5.968
0.032
0.000
6.000

0.016
3.963
0.000
0.023
4.00%

Q.265
O.gH
2.434

2.465

6.001
11).001

0.00
0.98
:4.19
40.S
40.20

4.03

2S.Q.?
11.37
63.56

25.08
G.OO
14.92

0.25
0.91

0.09

<)

36.81

0.14

20.38

0.04

0040
1.04
5.16
P.50
11.61
99.07

6.010

0.017

3.923
(l.OOS
0.1l49
0.1.53
0.903
2.420
2.405
0.90
0.4&

5.9SS
om.')
0.000
ii.OOll

0.012
3.925
0.000
0.062
4.0110

0.00
1.87

12.07

41.08

40.56
4.42

2501
10.45
64.54'

25.01

0.00
74.99

0.24

0.90

0.10

36.89
0.08

'20.63
O.O~
0.41
1.01
5.11
17.42

n.is
99.75

0.00
0.57
'4.31
40.63

39.96

4.03

25.I!
11.52
63.36

25.14

0.00
14.86

0.25
0.91

0.09

0.009
3.949
0.001
0.051
4.010

0.04
1.50
H.W
~O.39
39.9&
3.99

25.26
11.66
63.07

25.31
0.00

14.69

0;24

0.91
0.09

5,99(1

0.010
3.941

O.OG6
(j.OSt)
0,1.45
0.81\9

2.396
2.465

0.91

0.47

6.010
0.000
0.000
6.010

5.990
0.010
o.ooo
6.000

0.017
3.923
0.005
0.049
3.993

0.010
3.947
0.006
0.040
4.003

0.253
0.903
2.410
2.40S

5.982
15.985

0.245
0.389
2.396
2.465
5.995
15.999

o.1t
1.64

13.45

40.15
40.41
4.23

0.16
1.24

13.56
41.0S
19.9{)
4 OR

24.92
11.34
63.74

25.00
11.12

63.87

24.91

0.00
15.09

2S.l1O
0.00

75.00

0.24
0.90
o.ro

0.24

0.91
0.09



{)

Sample

$i02
ri°2
,\1::.03
Cr203
j.·'}203
;'IIgO
CaD
:"1r.O
Ft'{)

S'mn
Cations

Si
n
AI
Cr
Fe:.l+

Mg
Ca
Mn
Fe2+
XFe
XMo

..24.00

Site occupatiun
: Si 5.978
Fe3+ 0.022
AI 0.000

'fel,.l: 6.000

n
AI
Cr
F,,3+

Oct. Y:

Mg
Ca
Mn
Fe2+

X-Pas:
Total:

[~udroElul!~rs
U,·:
Ad:
Gr:
AI:
Sp:
Py:

A:
c:
F:

A':
K:
f:

,\~

F:
:'1:

o.orn
3.939
Q.OOI
0.052
4.003

0.226
0.852
2.426
2.438
6.002
16.00'

-25.00 -26.00

36.-"1
0.08

20.37
C.Ol
0.60
0.92
4.85
17.89
17.77
98.93

fj

36.71
0.17

20.62
0.00
0.19
1.01
4.84
17.69
IS.21
99.74

.36.49
0.09

20.66
0.06
OA&
1.02
4.74
11.71
18.13
99.37

5.969 .5.958
O.CZI 0.010

3.952 3.975
0.000 0.008
0.060 0.059
0.245 0.149
0.844 0.830
2.437 2.448
2.47& 2.475
0.91 0.91
0.47 0.47

5.978
G.Ol()
3.939
0.001
0.074
0.226

2.485
2.438
0.92
0.48

5.969 5.958
0.031 0.042
0.000 i'j 0.000
6.000 6.001}

0.021
3.952
e.oro
0.029
4.002

0.245
0.844
2.431
2.4-:6
6.002
16.004

0.04
1.51i
12.64
40.60
41.41
3.76

25.05
10.64
64.30

25.06
0.00
74.94

0.24
0.9;!
0.08

o.oio
3.975
a.OOR
0.017
4.009

0.24]1
0.83(\1

'\
2.448\
2.4iSr.
6.002'
i6.011

0.00
1.24

J·f
41,1 ~
40.6v
4.09

0.19
6.67

J3.13
41.16
40.71
4.13

25.05
10.54
64.42

25.15
10.35
64.50

1.5.05
0.00
74.95

2!i.17
o.oo
74.83

0.24
0.9!
0.:>9

·27.00

36.40
0.12

20.51
0.00
0.65
1.03
4.82
17.77
17.90
99.22

5.955
0.015
3.955
0.001
O.ORO
0.252
0.844
2.46J
1..449
0.91
0.48

5.955
0.045
0.000
6.000

0.015
3.955
0.001
C.OlS
>f.005

0.252
0.844
2.453
2.449
6.007
16.012

0.01
1.25
12.80
40.76
ol1U!9
4.19

25.14
10.5!
64.34

25.16
(1.00
74.S4

0.25
0.91
(l.09

o

·28.00

5.956
0.016
3.887
0.000
0.145
0.260
0.849
2.463
2.434
0.90
0.48

5.956
0.044-
0.000
6.000

0.016
3.887
0.000

, 0.101
4.005

0.260
!I~849
lA.S3
2.434:
~.007·
16.1)11

25.13
1058
64.29

0.24
0.9!
0.09

·29.00

36.58
0.13

20.26
0.00
1.18
i.07
·t87
;. ,'86
17.83
99.83

36.62
0.15

lO.50
0.00
0.74

1.04
$.39
17.28
17.85
99.57

5.961
0.Ol8
3.933
0.000
0.091
0.253
0.9.39
2.383
2.430
n.N
(1.47

5.961
0.().;.9

c.o~/n
6.oJO

0.018
3.933
0.000
0.052
4.0;;;3

0.253
0.939
2.3113
2.430
6.005
16.009

0.00
2.93
11.20
40.53
41.00
4.~4

25.15
0.00
74.85

0;',;
0.90
'0.10

·30.00

5.965
0.018

3.932
O.OG-?
0.08~ .
0.244
0.839
2.·m
2.481
0.91
OAi

5.966
0.034
0.000
1i.000

0.018
3.932
0.000
~.OS2
4.003·

0.244
0.839
2.439
2.481
6.004
16.006

0.00
1.76
13.89
40.46
39.68
4.22

25.10
11.72
6· ..l9

25.11
0.00

14:&9

0.24
0.91
o.or;

·31.00

.6.55
()..15

:W.44
0.00
070
j.e>$)

4.80
17.601
J8.17
99.44

5.953
0.015
3.912
0.000
0.126
0.:251
0.896
2.436
2.424

" ).91
0.4l!

5.953
0.047
0.000
6.000

O.QlS
3.912
0.000
0.078
4.006

0.251
0,896

2.436
2.42,~,
Ii.OIlI>:
16.013

0.00
l.75

12.22
.11.32
40,6)

4.(;

25.07
!OA7
MAS

:'::.C3
0.00
14.92

0.24
0.91

O.n>

·32.00

36.19
O.i2
20.79
0.00
1.02
1.03
5.1i
17•.59
vt.i:
99.28

0.244
0.867
2.4.32
2.458
6.001
16.002

0.01
2.33
'~,58
4d:b4
40.55
4.18

25.15
11.16
63.68

25.18
0.00
74.81

0.24 0.24
om 0.91
0.C9\ 0.09

i'

·33.00 P.2GTP~ ·2.00
I

36.63
0.10

20.32
0.00
0.76
1.00
4.95
17.58
17.99
99.13

36.29
O.~2
20.52
0.01
0.4:1
1.08
·us
17.21
18.18
98.74

5.983
O.O1::!

3.912
0.000
0.093
C.244
0.86i
2.4n
2.458
0.91
0.47

5.958
0.014
3.970
0.002
0.051
0.264
0.853
2.393
2.496
0.90
0.46

5.98:;
0.017
Of/(,'.I
6.000

5.953
0.042
,9.000
Ii.OOO

0.012
3.911
0.(1()()

0.077
4.001

0.014
3.9 ....0
0.002
0.019
4.005

36.32
0.17

7.0;10
0.00
1.04
1.02
4.88
17.55
17.g8
98.96

5.964
0.021
3.890
0.000
0.128

"

36.48
0.16

,20.35
0.02
0.53
Q.96
4:76
17.41
18.33
99.0S

5.917
0.020

"3.931
0.003
0.071

0.249 0.235
i~&S8 ' 0.835
i:.442 2.417
2.455 2.512
0.91 u.91
0.47 0.47

5.964 5.971
0.036 0.023
0.000 0.000
6.000 6.001)

0.021
3.890
0.000
0.092
4.003

0.264 0.<49
0.853 0.858

0.020
3.931
0.003
0.048
4.002

0.235
0.835

:;',,393 2.442 2.411
2.496 2.455 2.512
6.006,,,:::, 6.004 5.998
16.011 t,,;t\01 16.000

----::.:;::_;_~":

0.00
2.22
12.22
40.96
4(l,53
4.07

25.02
10.83
64.15

25.13
10.63
64.24

25.02
0.00
74.98

0.05
0.84
13.36
41.54
39.8'?'
4.39

25.15
0.00
74.85

0.25
0.90
0.10

0.00
2.82
11.47
40.&(1
40.(\8
US

0.07
1.71

12.:10
41.84
40.26
3.92

25.01
10.70
64.22

25.01
10.44
64.55

~.Og

0,0(1

74.92

25.01
0.0.0
74.99

0.2~
0.91
0.09

-3.00

5.943
0.015
3.923
0.000
0.126
0.248
0.904
2.449
2.409
0.91
0.48

5.943
0.051
0.000
6.0(l(l

0.015
3.923
(WOO

0.069
4.007

0.248
0.904
2.449
2.409
6,,010
16.011

0.24
0.91
0.09

-4.00
.l

...5.00

36.52
0.13
20.46
000
1.05
1.02
5.19
17.77
11.71
99.1l2

36.56 36.64
0.10 0.16
20.00 20.45
O.Ql 0.00
0.94 0.98
1.07 i\1).99
4.37 r( 5.12.,
17.49.: 17.54
17.82 18.14
~,87 100.02

6.003
0.012
3.868
0.001
0;11':;
0.262
0.856
2.430
2.445
0.90
0.47

6.003
0.000
0.000
6.003

0.012
3.868
o.ooi
0.115
3.996

0.262
0.856

>2.430

5.993
15.993

0.00
2.10
12.95
40.09
40.74
4.13

25.20
11.25
63.55

24.94
JO.n
64.34

25.7.J
0.00
74.77

0.24
0.)1
0.09

2.44S

0.24(\
0.S91
2.413
2.463
6.008
10.013

0.03
3.19
11.09
{0.79
40~54
4.36

24.93
0.00
75.07

0.24
0.90
0.10

-6.00
1

36.53
o.u

20.44
0.03
1.38
1.06
4.89
17.86
18.12

100.41

5.951 5.921
1l.(I}9 0.014
3.915 3.905
0.000 0.004
0.120 0.169
0.;!41} 0.256
0.~91 {).8S0
2.413 2.452
2.463 , 2.456
0.91 0.91
0.47 0.47

5.9.51 5.921
0.049 0.019
0.000 0.000
6.000 6.000

0.019
3.915
(jiOOQ
f/'
0.071
4.005

0.014
3.905

O·ON
O.O{, i
4.013

0.256
0.85Q,!
2.4S~
2.456
6.013
16.025

O.(JiJ .. 0.09
I'

2.26 //2.58
12.51,;' U.53
41.00 40.81
40.17 41).73
4.00 4.26

-'1.00

0.239
0.845
2.451
2.462
5.991

15;(lO5

25.14
11.10
63.76

25.30 25.08
10.55 10.55
64.!4 ,',64.37

15.16
0.00

1<1.84

15.35 25.10
0.00 0.00
74.65 74.90

0.24
o.si
0.09

0.24
0.91
0.09

·8.00
1

36.63
0.1.5

20.49
0.03
0.69
0.99
4.84
n711
·',8.08
99.72

36.33
0.10
20.38
0.04
0,91
t.02
4.83
1"7.71
17.93
9!!>.25

5.)16,:
0.018
:~.931
0.010
0,085
0:~39
0.845
2.451
2.462
0.91
0.48

5.947
0.012
3.933
0.005
0.112
0.248
0.848
2.456
2.4: .)
0.91
0.48

\\

5.964
0.036
0.000
0.000

5.947
0.053
o.coo
6.000

o.ecs
3.931
C.OIO
0.049
4.908

0.012
3.933
0.005
0.059
4.009

0.248
0.C43
2.~5b
2.455
(\.007
16.016

0.24
1.67

12.38
40.95
40.77
3.98

1.79
1'.1.31
40.82
40.84
4.12

25.19
10.56

...r """)....,.,.'"

0.24
0.91
0.09

-9.00
1

36.49 ~6S1
0.10 0.12

20..1·:; 20A8
0.00 0.00
0.58 (1.69
1.05 (,\ 1.05
.~.89 4.95
11.~~ 17.66
17.95 1'7.88
99.02 99.32

5.975
0.012
3.942' \
0.000 ..

0.072
0.256
0.858
2.431

5.9'i6
a.024
0.000
6.000

om2
3.lf42
0.000
0.018
4.002

0.256
1).858
2431
2.4511
b.003
16.005

0.1l

0..00
14.78

0.24
0.91
0.09

-10.00

1

0.91
0.47

0.254
O.f~6
2.443
2.443
6,O{l6
16.009

0.01
1.<:9

12.80
40.~4
40.50
4.27

25.06
10.71
64.23

2501
0.00
74.93

0.24
0.91
0.09

-11.00. -12.00
1

5.963
0.014.
3.94i
0.000
0.084
0.254
0.866
2443
2.443
0.91
0.48

5.974
0.014
3.921
0.001
0.u93
0.25&
0.841
2.474
2.419
0.90

().4~i
i,'

I'

I!
5914
0.026
0.000
6.000

5.963
0.037·
0;000
6.000

i

0.01.
l.942
0.000
0.047
4.004

0.014
:>921
0.001
0067
4.0C'3

0.258,
0.841
2.474
2.429
(!i.U02
16.005

0.00
1.54

12.87
40.68
40.6')
4.~4

25.11
10.79
64.10

25.12
0.00
74.88

0.1.4
.0.91
0.09

::16.60
o.n

20.38
0.01
\l.7S
1.06
4.81
17.90
17.79
9'l.41

36.42
0.15

20.66
0.00
0.71
1.12
4.86
1'M2
18.25
9~.s8

5.Q35
0.018
3.968
0.000
0.087
0.271
0.849
2AlJ4
2.487
0.90
0.47

5.935
G.065
0.000
6.fiOO

0.01.8
3.968
0.000
0.Q22
4.E1l8

0.271
0.849
2.404
2.41(1
s.eiz

16"020

0.D2
2m
11.99
40.46
41.21
4.30

0.00
1.00

13.13
4137
39.99
451

25.06
10.50
64.44

25.22
F.>.56
64.22

25.07
0.00
74.93

25.25
0.00
74.75

0.24
0.90
0.10



Sample

Si02
n02
.<\1,2°3
Cr20)
Fe10:;
MgO
CnO
MilO
FeU
Sum

Cations
Si
Ti
Ai
Cr
1',3+

l\!g
C3
Mn
FcH

Site occupation
Si 5.947

Fe3+ 0.053

Al 0.000
Tetr, Z: 6.000

""

Ti
Al
Cr
F~3+

~ .1. Y:

Mg 0.259

Ca 'l.t26

Mn 2.466
Fe2+ 2.454

X.Po.s : 6.005
ToW: 16.014

'1.3.00

..
"Fe
X!.1.a

0.016
3.955
0.005

0.033
4.009

Enduieneers
U,·: 0.13
Ad: 1.22

Gr; 12.51
AI: 40.82
Sp: 41.02

l'y; 4.31"(/'~"". \
\

'\

!o A: 25.17

C: 10.29
F: 64.54

A':
K:
F:

A:
1':
!If:

-)4.0>3

1

36.49
0.13

20.59

0.04
0.70

1.07
4.73

17.86
18.0l

99.60

36.49
0.09

20.64

0.04
0.24

1.01

<.95

17.29
18.15

98.90

5.947
0.016

3.955

0.005

0.086

0.259

0.826

2.466
2.454

0.90

0.48

5.975

o.oir
3.984

0.005

0.029
0.247
0.86&

2.393

2.486

0.91

0.41

5.975
0.Q25

o.ooo
6.000

O.OH
3.984
0.()('5

0.005

4.005

0.247

0.868

.2398
2.436
6.000
16.005

0.13
0.38

14.07

41.38
39.92

4.11

25.01

10.85
64.09

25.20
0.00

7·UO

25.08

0.00
74.92

0.24

0.90

0.10

·IS 00

36.76

0.13
20.66

0.00

0.36

1.02

5.02

17.66

17.97

99.60

5.979

0.016

3.961
0.000

0.044

0.:!48
0.&76

2.433

2.444

0.91

0.47

5.979

0.021

0.000

6.000

0.016
3.961
O.()t, '
(j.O~j
4.00(1

0.248

0.876

2.433

2..01.44
r.OOl

16.00Z

0.01

0.99
13.60
40.72
40.54
4.14

25.02
10.94

64.04

zs.oz
0.00

74.98

0.25
0.91

0.09

·16.00
1

36.27

0.13
20.46
0.02
0.79
1.<i6
4.68
17.80

17.95
99.15

5.942

O.GlS
3.951

0.003

0.098

0.258

0.821

2.470
2.459

0.91

0.48

5.942

0.058

0.000

6.000

0.015

3.951

0.003

0.040

4.009

"'7,58
, oJ!2.1
2.470

~.~59
6.009

16.01.'1

0.25
0.91

0.09

-17.00

36.45

0.12

20.46

0.00

0.53

1.16

4.82

17.2.,
18.12
98.89

5.972.
0.014
3.950

0.000
0.065

0.283

0.846

'U.91
2,481

0.90

0.46

5.972.
0.D28

0.000
6.000

0.014 0.022
3.950 3.966
0.0l/0 0.005
U.0~8 '';,0.0!8

4.002 4.011

I,
0.Zg3

0.345
";."11
:t.48.i
6.003.
li.L006

0.07
1.37

12.27

40.90

41.0S

4.29

\).00
1.30

12.80

41.37

39.83

4.71

25.20
10.22

64.58

1506

10.56
64.37

25.23
0.00

74.77

25.07

0.00

74.9~

0.24

0.91

0.09

·IS.OO
1

o,zM
l).s<l:l
2.4~)()

2,,i~f2
6.0(1)

16.011(1
ji
"

0.24

0.90
0.10

-19.00

1

35.36
0.18

20.64

0.04

0.74

1.09
4.94

17.38

IS.20

99.55

5.9!'!

0.022

3.~66

0.005
0.<»'.1
0.264

0.863

2.400

2.482

6.90

0.47

5.928

0.072
0.000

6.000

5.974

0.02t

O.OO'J
li.nOt

0.258

0.82:

\\417
:2.503

6.001
16.1}04

0.11
d~1

13.314
41.26
39.'19
4.38

25.23
10.74
64.0;;

25.27
0.00

74.73

0.25

C.SO
0.10

·20.00
1

36.4S
0.13

20.44
0.01

0.50
1.06
4.69

17.41

18.26
98.94

36.53
0.1l

20.62
0.02

0.31
0.98

4.94

17.43
18.21

99.25

5.974
0.016

3.949

0.001

0.062

0.258

0.824

2.417
2.503

0.91
0.47

5.%7
0.026

3.969
0.003
O.Q3S
0.137
(••864

2.411

2.488
0.91

0.47

5.967

0.033

0.000

6.000

0.016

3.949
0.001

I' 036
... 002

0.026

',i.969
0.003

0.005

4.00)

0.237
0.861,
2.41t'

2.48S
6.000
16.002

0.04
1.30

12.4:1
41.69
40.26

4.29

25.05
10.29

64.67

2.~ O(i
n.;\!)

7.1.9~

0.24

0.91
0.09

·21.00

1

36.77

0.14

20.86

0.02
0.19
1.04

5.06

17.44

18.19
99.1\1

5.966
0.017
3.989
0.003

0.023

0.252
0.879

2.397

2.483

0.91

0.47

5.966

0.023
0.011
6.000

0.017
3.978

0( '.1
0.000
3,'}1l

C.2.~2
(1;:;79
~.397

.. ~.4li3

~J)Hl
16.0(l~

0.06

0.77
1M2
41.44

4016
3.-95

25.04

10.19

64.17

1S.04
0.00

74.\'6

0.25
0.91
0.09

36.47
o.n
20.46
0.00

0.89
l.Q~

5.14
17.34

18.06
99.50

5.949
0.1)13
3.934

0.000

0.110

0.2S1

0.899
2.l96

2.464

0.91
0.47

5.949

0.051
0.000

6.000

0.013
3.934

0.000
0.059
4.006

0.151.
O.I:N~.·
7.,:1~6
2.464
!).OIO

16.016

0.07
0.43

14.19

4h18

39.85

4.18

25.03

10.97

64.00

25.03
0.00

74.97

0.25

0.91
0.()9

·23.00

36.45
0.12

20.5$

0.02
0.57

1.07
4.76
17.52
18.17

9!t.23

5.959
0.\)14
~.960

-0.003

0.070

0.261

0.8:34
2.426

2.483
0.90
0.47

5.959
0.041

0.000

6.000

0.014

3.960

0.003

0.029

0.~1l1

0.334
2.426

2.483

6.005
16.010

0.00
1.79

13.16
41.01
30.81
4.17

:.s.18

lLl9
63.63

25.2.1
0.00

74.79

0.24

0.91

0.09

~Z4.00 . ·23.00

1

36.78 36.36

0.09 0.11

20.65 20.72

0.00 0.00

(1.07 0.77

.. 01 1.04
4.83 4.87
n.4S 17.82

18.18 18.01
99.10 99.n

6.006

O.OH
3.974

0.000
0.009
0.246

0.846
2.417

2.4~3

0.91
0.47

6.006
0.000

0.000

6.1)05

0.011
3.!r74

O.<JOO
0.009

3.994

0.246

0.846

2.417
2.483

M9t
15.991

0.07

1.08
12.81

4l.33

40,~1
4.34

25.13
10.40

64.47

25.15
0.00
7US

0.25

O.~O
0.10

5.923

0.014

3.9'79
0.000
0,095

0.253

0.8S0
2.459
2.454

0.91
0.48

5.<;23

'J.077
0.000

6.000

0.0;4
3.979

0.000
0.018

4.011

0.253

0.850

2.459

2.454

6.016
16.0Z6

0.00

0.49

13.62
41.44

40.35
4.10

0.00
0.79

13.34

40.80

40.81
4.20

24.95

10.59
64.46

25.29

10.55

64.15

24.94

000
1.$.()(·

25.34

0.00
74.66

0.25

0.91

0,09

(I

·25.C'{l

1

36.12
0.01

20.69

0.02

0.86
0.99

4.90
17.98

HU3
100.37

5.9~5
0.OC9
3.948
0.003

0.105

0.239
0.849

2.466

tASS
0.91

0.48

5.945

0.055

0.000

6.0(10

0.009

3.948

0.003
0.050

4.009

0.239
0.849

2.466

2.455

6.01)9
16.018

0.:!5
0.91
0.09

·26.00

1

36.71
0.13

20.59

om
0.58

Ll.:l
4.7'>'

17.63
18.1.4
99.70

5.970

0.015

3.946

O.OO~
0.07i
0.275

0.833

2.428

2.467

0.90

0.47

5.970

0.030

1).000

600nO

0.015

3.946

0.001

0.040

4.003

0.275
0.S33

2.4111
2.467

6.003
~6 •.0116

0.07
1.46

12.66
40.81.

41.00

3.98

25.22

10;57

54.21

25.25

0.00
74.75

0.24
0.91

0.09

·21.00

36.48
0.03

20.63

G.V9
0.96

1.05

5.04

17.59

13.04
99.91

0255
0.S77
2.422

2.453

6.GO;;
16.025

0.02

1.39
12.49

41.09

40.43

4.57

25.07
10.40
64.53

25.03

0.00
74.92

0.24

0.90
0.10

...28.00

36.30

0.12

20.74

0.00
0.42
1.08
4.9&

17.24
18.25

99.13

5.931

0.004
3.953
0.011

O.WI
0.255
0.877
2.422

2.453
0.9l
0.47

5.93i'

0.015
3.999

0.000
0.051

0.264
0.873,'
2.389

2.496
0.90
0.46

5.931

0.069

0.000

6.0I}0.

S.937
0.051

0.012

6.0aO

0.004

3.953

O.OH
0.049

4.016

0.015
3.98';
(i.OOO
0.(0)

4.00:.!

0.264

0.873

2.389
2.496

6.021
16.023

0.27
1.31

13.26
40.72

40.:!0
4.24

25.31

10.91

63.79

25.36
O.()(I

·;~.~4

0.24
0.91

0.09

.:2Q.()\)

36.1)
0.18

20.66

\l.W
0.32
1.05
s.oo
17.40

18.:':2

5.979

0.022

3.958
O.OOS
0.039

0.254

1).870

2.395

2.476

0.91
0.47

S.''''')
0021

0.000

6.01}0

0.022

3.958

O.OO~
e.oie
4.002

0.254

0.870

2.395'

2.476

5.996
lS,}l98

0.00

0.32
14.12

41.4~
39.67

4.38

25.17

10.84
63,99

~.5.20
0.00

74.80

0.25
0.90
0.10

·32.00
1

37.06

0.04

20.91
0.03

0.18

1.01
4.93

17.65.
1;1..39

100.21

5.988

0.005

3.985

0.004

0.021
0.24,)

0.854

2.416
2.486
0.91

0.47

!.)'88
0.012

0.000
6.000

0.0011
3.!lR :
O.On;"
e.OIG
4.003

0.21,,3

0.854
2.~6
2.486

5.999
16.002

0.12

1.00

13.50
41.25
39.90

4.23

25.00
10.119

64.12

::!S.r)O
e.oo
·ii.uO

0.25
0.91

0.09

·3J.00

36.68

0.11
20.61

0.00

0.43
1.07

4.90
17.010

18.25
99.45

5.977
0.014

J.958

0.000
0.052

0.259
0.855
2.401

2.487
0.;1
0.47

'J .{}77
0.023
0.000
6.000

0.259

0.855

2.401

2.487
6.00Z
16.004

o.n
0.36

13.115
41.40

40.23
4.05

25.03

10.67
64.30

25.Q4
0.00

74.96

0.25
0.91

0.09

·34.00
1

nOD
,'l,.t2
20.59
coo
0 ..17
I f)3
4.74

1'7.55
18.71'

100.26

5.987

0.015
3.978

0.000
0,020

0.248
0.871
2.402

2.528

0.91
0.46

\\

5.987
0.013

0.000
6.000

0.014
3.958
0.000
0."30
4.001

0.015

:;.978

0.000

0.007

4.000

0.248

0.821

2.402
2.528

6.000
15.999

0.00

1.09
13.15

41.43

40.00

4.32

.25.04
10.68

64.28

25.05

0.00

74.95

0.25

0.91
0.09

·35.00
1

36.65

0.13

20.69

1).00

'.:.59
1'.1)..
.. ,)n

-"'!. .. ..,.~

17,s
IS.r!
9!\7g'

5.9.55

0.015

3:~62

0;900
o.on
0.251

':>.911
2.378

2.468

0.91

0.47

5.955

0.045

0.000
6.000

0.015
3.962
0.000
O.txt!
4.005

0.251

0.911

2.378

2.4158
6.001
I6.0n

0.00
0.55

13.14

42.14

40.03
4.14

!i.00
1.06

14.10
41.09
39.5(;
4.1g

24.99
10.27

64.7~

25.14
11.35
63.51

24.99

0.00
15.01

25.16
0.00

74.84

0.09

0.25
0.91

().09



S'mple P2 f2 CiS P2 FI GR. -2.00

1 .1

S;02

11°2
AltO)
Cr.z°3
FeZOJ
Mj:()

CliO
!\I.tIO
FeO
SUlD

ClIUOIl$

~
n
AI
Cr
FpOl+

Mg
c.
M'l
z.-i+
XFe
X~1n

Site occupatlen
Si 5.948

Fe3+ 0.052
AI 0.000

Tetr. Z: 6.{){}()

n
AI
Cr
re3+

Oct. Y:

Mg
ell
Mn
F!l2+

X-Pos:
Total:

Endm~mhers
1)\,:

Ad:
Gr:
AI:
Sp:
Py:

A:
c:
f:

AI:

K:
f:

A:
F:
1If:

0.013
3.932

0.010
0.057

4.012

0.261

0.856

2.43~

2.450

6.002
',:tOl4

0.25

1.74

12.49

40.72
40.41

4.33

25.18

10.67

64.14

25 •.22
0.00

74.78

36.62

0.10
20.54

0.08

0.89

LOS
4.92

17.70

18.04

99.96

5.948

0.013

3.932

0.010

0.109

0.261

0.856

2.435
2.450

0.90

0.47

5.912

0.016
3.929

n·OOO
0.085
0.251
0.799

2.449

2.Sf)4
0.91

0.47

5.972

0.028

0.000

6.000

0.016

3.929

0.000

0.057
4.002

0.251
0,'199

2.449

2.504
6.{){}3
16.005

0.00

1.83

!l.4S

41.72
40.80

4.17

25.06

9.97

64.97

25.07
0.00

74.93

0.24

0.90
0.10

36.48

0.13
20.36

0.00

0.69

1.03

4.56
17.65

18.Z9
99.21

5.974

0.014
3.918

0.000
0.096

0.256

0.821

2.459

2,468

0.91

0.47

5.974

0.026

0.000

6.000

0.014
3.918

0.000

0.070

4.002

0.256
0.821

2.459

2.468

6.G03
16.005

0.01
2.10

11.57
41.10

40.96

4.26

25.06
10.24

64.70

25.07

0.00

74.93

0.24

0.91

0.09

-3.00

.36.64
0.12

20.39

0.00
0.78
1.05

4.70
17.81

18.10

99.58

5.949

0.051

0.000

6.000

0.0!7

3.923

0.006
0.063

4.009

0.156

0.892

2.429

2.427
6.004
16.013

0.15

1.99
12.86

40.36
40.40

4.25

25.16

11.12

63.72

25.19

0.00
14.81

0.24
0.91

0.09

0)4
0.90

'1
0.10

.5,.00

36.37
0.14

20.3.S

0.05

0.92

LOS
5.09

17.53

17.74

99,24

5.949
(l.01?

3.923

0.006
0.114
0.256
0.892

2.421

2.427

0.90
0.48

5.976

0.Ol9

3.910

0.000

0.096

0.265

0.879

2.413

'.445
0.90
0.47

5.976

0.024

0.000

6.000

0.019

3.910

0.000
0.072

4.001

0.265
0.879

2.413
2.445

6.001
X6.00l

0.00

2.27
12.38

40.74

40.20

4.42

25.03

io.ss
63.99

25.03

0.00

74.91

-6.00

36.21

0.15

20.14
i).CO{)

0.78

1.08

4.98

17.29

.7.75

98.43

36.5.5
0.15

"20.31

0.02
1.20
U)O

5.12

11.54
18.06
99.94

5.946
0.(154
il.OOO

6.000

0.019

3.893

0.002

0.092

4.001

0.:2.42
0.892

2.417

~.457

6.0{l1
16.014

O.ns
2.79

12.05

40.88

40.21

4.03

25.1t'
11.11
63.73

25.19
0.00

74.81

(\.24

0.90
0.10

~7.00 -8.00

5.946
0.019

3.85'3

0.002

0.147

0.892

2.411

2.457
0.91

0.47

0.018

3.942
0.000

0.046
4.007

0.253
0.357

2.429
2.471
6.010

16.016

0.24

0.91

0.09

36.36

0.14
20.47
0.00
0.84
1.04
4.90
17.55

18.07

9937

5.943
0.018

3.942

0.000
0.104

0.253

0.&57
2.429

2.4i:
0.91

0.47

5.943

0.057
0.000
6.000

5.970

0.030
0.000

6.000

0.007

3.932
a.COI
0.064
4.004

0.244

0.841

2.415
2.499

0.005
l<i.OO9

o.oil
1.60

12.66

41.11

4().42
4.:W

0.01
178

12.32

41.61

40.21

4.06

:!S.lS
10.67

64.14

25.10

10.56

64.33

25.:;:
0.00: ,

74.78

25.'1

0.00
74.8&

0.24

0.91

0.09

-9.00 -10.00 -11.00 -12.00 -13.00 -14.00 ·16.O<:t -17.00 -rs.oo .~~.OO ·20.00 -21.00 -'22.00 -23.00·~

36.65
0.06

2(l.48

0.00

0.77

1.01

4.85

J8.H
99.6~

5.970

0.001
3.932

0.001
0.094

O.Ut
0.847

2.415

2.499

0.91

0.47

5.933

1\024

3.956
0.001

0.095

0.264

0.919

2.390

2.437
(t90
0.47

5.933

0.067
O.OCO
6.Il()O

0.024
3.956
0.001
0.021'
·-I.(ICS

0.264

0.919

2.390

2.437

6,Ol()
16.018

O.Oot
1.2'1

14.02

41) 53
39.75

4.39

25.20

1l.44
63.35

15.24

0.00

74.16

0.24

0.91
OJ)9

36.29

0.19

20.53

0.01

0.77

LOS
5.25
17.26

17.82

99.19

5.974
0.026

0.000
6.000

0.014
3.934
0.000

0.0.;4
4.001

0.242

0.860

2.437

2.464

6.003
!6.0IlS

0.00

1.71
12.63
41.04

40.60

4.03

25.06

10.74
,64.20

25.07

0.00

74.93

0.24

0.90

0.10

36.67

0.11
20.4'9
0.00

0.66
1.00
4.93

17.66
18.08
99.58

5.974

0.014
3.934

0.000
0.080

0.242

0.860
2.437

2.464

0.91

0.47

5.955

n.045
0.000

6.000

0.013

3.956
0.005
0.034

4.008

0.263

0.850
2.438

2.453

6.004
16.012

25.15

10.60

64.25

:!S.lS
0.00

74.82.

0.14
0.91

0.09

36.58
O.W

20,62

0.04
0.65

1.08
4.88

rr.es
18.02

99.66

5.955
0.013

3.9.)6
0.006

0.079
0.263

C..8S0
2.438

1.453

0.90

0.41

S.942
0.0:.m

3.959

0.000

0.OS5
0.259

0.8;;1

2.424

2.475

0.91

0.47

5.941-
0.058

0.000
6.000

0.020

3.959

0.000

0.027

4.006

0.259

0.851

2.424

2.475
6.1l10
1,6.016

0.14

1.17

12.~7

40.80
40.55
4.37

0.00

1.18

12.98

41.19

40.33
4.32

25.18
10.59
64.23

25.20

0.00

74.80

0.25

0.90

0.10

3~.33
0.17

20.54
0.00

0.ti9

1.06
4.86
17.50
18.10
99.23

S.9S!l
0.015
3.938

0.001

0.092

0.248
0.866

2.469

2.423

0.91

0.48

5.959

0.041

0.000

6.0!lO

0.015
3.938

0.0<)1
0.051
4.005

0.248

0.866

2.469

2.423

6,006
16.011

0.03

1.64
12.73

40.33

41.09
4.13

25.12

10.80

64.03

is.14

0.00
74.86

0.25

o 9'
0.0')

36.44
0.12

:W.43
0.01

0.7$
1.02
4.94

17.82

17.71

99.24

5.981
0.015

3.957
(1.001
0.046

{l.253
0.871

2.434

2.44~

0.91

0.47

5.9$1

0.019
0.000
6.000

0.015

3.951
o nol
0.027

4.001

0.25"
0.371

2.434

2.443

6.000
16.001

0.04

1.07
13.44
40.70

40.55

4.2.1

25.(11 25.00
10.88 'II 10.59

,I

64.11

25.02

0.00
74.93

0.:::4
0.9\

0.09

36.48

0.12

20.48

0.01
0.37
i.04

4.96

17.52

17.81

98.79

5.992-

O.OOS

0.000
6.000

u.OO9
3.932

0.003

0.058

4.001

36.76

0.07

20.4'1
0.02
054

1.00

4.85

17.76

18.03

99.50

5.992
0.009

3.9j2

OJl(i3
0.066

0.242

0.847

2.451
2.458

0.91

0.48

5.934
0.013

3.965
0.000

0.097

0.241

0.868

::!.436
2.467

0.:11
0.47

5.934

0.065

0.000

6.000

0.01:.1
3.965

0.000
0.031

<I.OO!J

0.241. 0.241

0.847 0.868

2.451 2.436

2.4.ij\(' 2.467
S.991h 6.013
15.999 16.022

0,07

Ui6
12.45

40.95

40.114
4.04

64.41

25.00

0.00

75.00

0.25

0.91

0.09

0.00

1.10
13.34

41.03

40.51

4.01

25.25

10.80

63.96

25.29

0.00

7~.'11

0.2~

0.91

0.00

36.41

0.10

20.64
0.00
0.79

0.99

4.97

11.65
18.10

99.67

5.928
0.018

3.920
0.000

0.143

0.240

0.906

2.408

2.399

0,91

0.48

5.928
0.072
().OOO
6.000

o.er:
3.920
0.000
0.071

4.009

0.240

0.966
2.408

2.399

6.013

16.02%

0,00.

2.23
13.84

39.89

40.03
399

25.25
12.01

62.74

25.30

0.00

74.70

0.25
0.91
0.09

36.23
(US

20.32
,1).00

1.16
0.98

5.51

17.38

17.53
99.l6

6.002

O.ol8

3.882

0.00}

0.094

0.260

0.875

2.427

2.431

0.90
0.47

6.002

0.000

0.000

6.002

0.018

3.882

0.001

0.094
3.996

0.260

·0.87S

2.427

2.431

5.993
15,991

11.18
40.55
40A~
4.33

24.91

10.97

M.12

.21.90
0.00

75.10

0.24

0.91
1).09

36.48

1C.()l

(i'.01
0.76

1.06
4.97

17.41
17.67
98.52

5.966
0.034

0.000
6.000

0.016

3.924

0.000

0.062

4.0il3

0.267

0.823
2.~39

2.475

6.005
16.00&

0.03 0.00
1.96

11.75
41.2!

40.62

4.45

2.82

25.08

10.27
64.64

25.10
0.00

74.90

0.24

0.90

0.10

36.58

0.13
20.42

0.00
0.79

1.10
4.71
17.65
IS.14
99.52

5.966

0.016

3.924

0.000
0.096

0.267

0.823

2.439
2.475

0.90

J

5.992

0.003
0.000
6.000

0.025

3.907

o.oo«
0.066

3.991

0.241

0.976

2.3.14
2.394

5.')96
15.993

14.Q1
39.93
39·.71i
4.03

24.92

12.22
62.85

24.111
0.00

75.09

0.24

0.90

0.10

36.90

0.20

20.41

0.00

0.61

1.00

5.61
17.34

17.63
99.7()

5.992

0.025

3.907

0.000

0.014

0.241

0.976

2.384
2.394

Q.~!_
0 ..4'1'·

O~072

0.240
0.893

ZAn
2~437

5.957

0.043

0.000

6.1100

0.019

3.953

0.006
0.029

4.001

0.240
0.893

2.432

2431

15.001
16.008

0.00 0.15

1.21

1365

40.54

40.46

3.99

2.'27

25.11
11.14
63.75

2.5.:3

0.00
74.87

0.24
0.91
0.09

36.41
0.16

20.50

0.05

0.59
0.98

5.09
17.55

17.81

9?12

;16.76
0.10

20.51

0.00

0.34

1.04

S.M
17.61

.'7.80

99.21

5.957

0.019

3.953

0.006

;;.999

0.012

3.945

0.000

0.042

(J.2.~3
0.880
2.434
2.42!.'

0.91

0.48

0.91

0.48

5.999

O'.OOt
0.000

6.000

(I

0.012
3.945

0.000
0.041

3.998

0.253

O.lSIIO
2.434

2.429

:5.991
15.995

0.00

1.34
13.34

40.50

40.59

4.22

24.95

11.02

64.03

24.94
0.00

75.06

0.24

0.91

0.09

0.24

0.91

0.09
u

~
~'1~'","~
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APPENDIX ,1): Gemet-muscovlte geithermometers of Dickenson and

Hewitt (1986), Ghent ef 8/. (1987) and Hynes and Forest
(1988).



Granat: Chlorit:
P2 Fi P2

Profi11 Fl
-1.00 C8

P (kbar): 5.00 !i! (OC) :
OICKINSON & HEWITT (l.986): 411
GHENT et:.. al. (19B7): 413
Granat: Chlorit:

F2 Fl P2
Frofill Fl
-2.00 C9

P (kba:r.): 5.00 T (OC) :
OICKINSON & HElWlTT (1980) : 422
GHENT et al. (1987): 423
Granat: Chlorit:
P2 Fl P2

Profi1l Fl
-3.00 Cll

P (kbar): 5.00 T (OC) :
DICKINSON s !iEWITT (3.986): 425
GHENT et al..(1987): 426
Granat: I..,hlorit:
P2 Fl P2

Profill Fl
-5.00 C12

P (kbar): 5.00 T (OC) :
DICKINSON & HEWITT (1986): 451
GHENT et ale (1987): 449
Granat: Chlorit:
P2 Fl P2

" Proflll Fl
-6.00 C12, P (kba.r): 5.00 T (00) :

DICKINSON « HEWITT (1986): 426
"I GHENT et a.1. (1987): 426I
I

I Granat: Chlorit:I,

i P2 Fl P2
'I

Profill Fl
i -7.00 cl4
i ];I {kbar): 5.00 T (OC) :
I DICKINSON « HEWITT (1986): 402

,j ~HENT et ale (l987) : 405

~



Granat: Chlorit:
P2 Fl P2

Profill Fl
-8.00 C23

P (kbar): 5.00 T (OC):
DICKIi.4SON& HEWITT (1986): 391
GHENT at ale (1987): 395
Granat: Chlorit:
P2 Fl P2

Prof ill Fi
-9.00 C24

P (kbar): 5.00 T (OC):
DICKINSON & HEWITT (1986):: 449
GHENT at ale (1981): 447
Granat:. Chlorit:
P2 Fl P2

Profill FI
-10.00 C25

P (kbarj: 5.00 T (OC):
DICKINSON s l~EWITT (1986) : 390
GHENT at ale (1987): 394
Granat: Chlorit:
P2 F1 P2

Profil1 FI
-10.00 C26

P (kbar): 5.00 T (OC):
DICKINSON Ii HEWITT (1986): 387
GHENT et ale (1987): 392
Granat: Chlorit:
P2 1'1 PZ

profil1 FI
-11. 00 C27

P (kbar): 5.00 T ( ~(!) :
DICKINS~:N Ii HEWITT (1.98G): 426'
GHENT et ale (1987j: 427
Granat: Chlorit::
P2 Fl P2

Profi12 Fl
-1.00 CIS

p (kl:Iar) : 5.00 T (°0) :
DT.CKINSON & HEWITT (1986):: 399



Granat: Chlorit:
P2 1'"'1 P2

profi12 :F1
-2.00 C16

:P (kbar): 5.(J0 T ( 0c:> :
DICKINSON s HEWITT (1986): 413
GHENT at ala (1987): 415

Granat: Chlorit:
P2 F1 P2

Profi12 FI
",3.00 CI7

~ (kbar): 5.00 T (OC):
DICKl7;NSON& HEWITT (1986): 387
GHENlt et al. (1987): 392

Granat: Chlo'!;'it:
P2 FI P2

Profi12 Fl
-4.00 C18

P (kbar): 5.00 T (OC) :
DICK!NSO!i Ii HEWITT (1986): 407
G:E!ENT et ale (1987): 410

Granat: Cl"lorit:
i;

P2 Fl P2
Profi12 FI
-5.00 C19

P (kbar~: 5.00 T (<:Ie) :
DICKINSON & HEWITT (1986) : 402
GHENT at ale (1987): 405

Granat: Chlorit:
P2 1"1 P2

Profi12 PI

~

-6.00 C20
P (kbar): 5.00 T (OC):
DICKINSON Ii HEWITT (1986): 415

I
GHENT et ale (1987) : 417
Granat: Chlorit:

l P2 F1 P2
Profi12 Fl

J

-7.00 C21
P (kbar): 5.00 T (OC):
DICKINSON s HEWITT (1986): 399,



GHENT ,~t aL (1981):
Granat: Chlorit:
P2 Fl P2

Pr,::,fi12 FI
-8.00 CI

P (kbar): ".5 .00
DICKINSON & HEWITT (1986):
GHENT at al. (1997):

1/

Gran.-,t: Chlorit:
P2 FI P2

Profi12 Fl
-9.00 C2

P (kbar): 5.00
DICKINSON « HEWITT (1986):
GHENT at ale (1987):

Granat: Chlorit:
P2 Fl 1'2

Profi12 FI
-10.00 C4

P (k.bar): 5.00
DICKINSON « HEWI~T (1980):
GHENT et a1.(1 (1987).:

\\
Grallat:~ \\Ohlo:r:it:
P2 F1 P2',

profi12 PI
-11.00 C5

P (kbar): 5.00
DICKINSON «HEWITT (1986):
GHENT at aI..(1981):
Granat: Chlorit:

P2 Fl P2
Profi12 Fl
-,12.00 C6

P {kbar}: 5.00
DICKINSON «HEWITT (1986):
GHENT et ale (loS87}:

-"\
\

""vi03

T (OC):
417
418

"I

T ("C)~
440
439

T (OC):
410
412

'\\

T ("C):
421
422

T (OC):
421
422



Granat-Phengit-ThermQmetr~~ 'nach ltY.NESs FOij,ES1'('~~988):

Sl: Gr£l.nat:Phengit: (:;ranat:Phengit:Pl F3 Pl F3 Pl F3 Pi F3
1 85 2 84

P{~~) : 5. P(kbar}: 5
~"--t~C}>: 45s c T(°C): 484r;tgj'Ph): 61 mg(Ph): 56
Granat: Phengit: Granat: Phengit:Pl F3 P1.F3 Pl F3 P:1F3
27 ss-. 29 83-"',!'_P(kbar): ;;5 P{kbar}~ 5

T(OC): 497 T (OC) : 489mg(Ph): 53 mg(Ph): 53

Granat:
P1. F3
3

P(kbar):
'l'(OC):
mg(Ph):

Phengit:
P1.F2
4

5
456
63

Granat;\ Phengit~
P1. F3 ,~ Pl 1"2
26 2

P(kbar): 5
T(OC): 492
nlg(Ph): 54

S2: Gr~nat: Phengit: Granat~ Phengit: Granat: Phengit:Pl F3 Pl F3 Pl F3 Pl F4 PI 1"3 PI F4
\,', ··30 77 31 1. 32 3P{kbar)! 5 P(kbar}: 5 P(kbar): 5

T (?C) : 477 T «(lC) : 472 T (OC) : 489mg(Ph): .58 mg(Ph}: 59 mg(Ph): 55
Granat.: Phengit: Grana"c.:Phengit: Gl1anat: Pheneit~P1 F3 1'1.1"3 Pl 1"3 Pl F3 p,f 1"3 P1. 1"359 77 58 7~ ,,~'56 79p(l£bar): 5. P(kbar): 5 P(kbar): 5
T (bC) : 468 T( cCl : 485 T (CC) : 480mg(Ph): 58 mg(Ph): 57 mg(Ph): 57



Granat:
P1 ]'3

4
P(kbar):
T (CC) :
mg(Ph}..:
'4,·anat:
Pl F3
25

P(kbar):
T «Ie) :
mg (Ph) :

Granat:
Pl···F3
33

p(kbar):
T ((lC) :
mg(Fh):
Granat:
pl F3
54

P(kbar):
T (OC) :
mg(Ph):

Phengit:
Pl Fl
3

5
468
61

Phengit:
Pl. F3
35

5
459
61

Phengit:
Pl F4
4

5
477
59

Phengit:
Pl F3
80

5
464
62
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