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Abstract

The Vioolsdrif Suite and Orange River Group repréggenetically related calcalkaline
plutonic and volcano-sedimentary assemblages addgiroterozoic age formed during
the Orange River orogeny. Together they occupyatfyest part of the Richtersveld
Subprovince — a unique tectono-stratigraphic tegafiRadiometric data indicate the
period of formation roughly between 2.0-1.73 Gée Subprovince has been vastly
eroded and isolated from its original tectonic enmiment by subsequent tectonic
processes, leaving a relatively small portion efdtiginal extent for investigation.
Previous studies have dealt with limited partshef subprovince and although informal
subdivisions of the Orange River Group and Vioafs8luite are generally in use, some
correlations and further subdivisions remained cowérsial. This study has two main
aims, viz., to propose formal subdivisions of the tinits and to investigate the
magmatic processes and original tectonic envirortroétheir formation. Geochemical
evidence is presented here to support the propssedivisions, which were previously

based entirely on field evidence. The subdivisiargely follow that of previous studies.

The Orange River Group is subdivided into the Haid De Hoop Subgroups.
Geochemical evidence show that these two subguitfpsin the magmatic processes
that led to their formation. The Haib Subgroupwha genetic gradational relationship
with the Vuurdood Subsuite, which is regarded asnants of the primary magmas. The
De Hoop Subgroup does not display this relationstith the Vuurdood Subsuite.

The Vioolsdrif Suite is subdivided into the Vuurdlo@oodhouse and Ramansdrif
Subsuites. Mafic-ultramafic bodies of the Vuurd8odbsuite are regarded as remnants
of the primary magmas. This is based on multirelat variation diagram patterns and
comparison to source magmas in modern island at3RB). Previous studies have
also shown that initial isotope ratios for the Vdaod Subsuite are similar to those of the
Goodhouse Subsuite and Orange River Group, reldliegh to a similar source. Dark
mineral cumulate material are contained in the mafitramafic bodies.



The Goodhouse Subsuite is subdivided into the Khasolonalite, Blockwerf Migmatite,
Xaminxaip River Granodiorite, Gaarseep Granodioatad Hoogoor Granite. The
Khoromus Tonalite is identified as the oldest wnihin the subsuite based on contact
relationships as well as radiometric data, whicmtouously render older ages for the
Khoromus Tonalite compared to the other units withie subsuite. Certain field and
petrological observations in this unit may be ipi&ted as products of magma mixing
processes. The Blockwerf Migmatite is distingudsihem the other units by its
migmatitic character and anomalous La/Yb ratiofie Tinit is identified as a possible
remnant volcanic centre. The Xaminxaip River Gdioote is interpreted as a
subvolcanic unit and is characterised by the dgualent of migmatite in places. This
migmatite is attributed to metamorphic conditiortgah locally reached high grade in
an orogenic geothermal regime. The Gaarseep Griamidel represents the main phase
of the Vioolsdrif Suite. Its compositional rangeludes all those represented by the
other units individually from gabbro through diajttonalite and granodiorite to granite.
Its development spans almost the entire evoluthéatory of the Richtersveld
Subprovince as a whole. The Hoogoor Granite itughed in the Goodhouse Subsuite

based on the geochemical variation patterns andlavie radiometric evidence.

The Ramansdrif Subsuite is subdivided into the Gisaand Sout Granites based on
grain size variation and petrological evidence.e®ubsuite could have been formed by
partial melting of the older plutonic phases of Yeolsdrif Suite. The deformation

associated with this partial melting event haslmetn identified.

Previous studies have related the evolution oRiovlitersveld Subprovince to modern
subduction zone magmatism similar to that of thée@n volcanic arc. This is largely
supported by the current study, however, a changeagmatic processes and the
tectonic environment can be observed in the geoda¢rariation patterns. Multi-
element diagrams show patterns typical of subdocmne magmatism for both the
Orange River Group and Vioolsdrif Suite. During tihitial stages, primary magmas,
now represented by the Vuurdood Subsuite, wergatkfrom a depleted mantle

reservoir. The first volcanic eruptions — thosehef Haib Subgroup — represent



fractional crystallization products off the primanyagmas. With progressive
development of the arc, newly formed crust wasicootisly recycled back into the
mantle and crustal partial melting led to a changenagmatic processes with magma
mixing and contamination becoming increasingly ingpat. Tectonic discrimination
diagrams suggest that the initial stages of thdnblth development may be compared to
a primitive continental arc, while the later stageay be be compared to a typical

continental arc.



Samevatting

Die Vioolsdrif Suite en Oranjerivier Groep verteayodig Palaeoproterosoiese
kalkalkaliese plutoniese en vulkanies-sedimentpezivolgings wat gevorm is tydens
die Oranjerivier orogenese. Tesame beslaan hudeyrbotste deel van die Richtersveld
Subprovinsie — ‘n unieke tektonies-stratigrafieseetin. Volgens radiometriese data was
die tydperk van ontwikkeling tussen ongeveer ZG-Ga. Die subprovinsie is grootliks
verweer en latere tektoniese prosesse het dit iaoatspronklike tektoniese terrein
geisoleer sodat ‘n relatiewe klein gedeelte virtbesring oorgebly het. Vorige studies
het slegs oor beperkte gedeeltes van die subpiewgefiandel. Alhoewel informele
onderverdelings van die Oranjerivier Groep en Vsablf Suite algemeen in gebruik is, is
sekere korrelasies en verdere onderverdelings nogréversieél. Die doel van die
huidige studie is veral tweérlei nl., om algemeamaarde onderverdelings van die
twee eenhede voor te stel en om die tektonies-nisg@arosesse waardeur hulle
ontwikkel het te ondersoek. Geochemiese data hierchangebied om die
onderverdeling, wat voorheen geheel en al op veldsetskappe berus het, te steun.
Die voorgestelde onderverdeling wyk nie noemensiigaf van dié in vorige studies

nie.

Die Oranjerivier Groep word onderverdeel in die Han De Hoop Subgroepe.
Geochemiese data dui daarop dat dié twee subgrdepeverskillende magmatiese
prosesse ontstaan het en dat die tektoniese terseaarin hulle ontstaan het nie

heeltemal dieselfde was nie.

Die Vioolsdrif Suite word onderverdeel in die Vuand, Goodhouse en Ramansdrif
Subsuites. Die mafies-ultramafiese liggame van/dierdood Subsuite word beskou as
oorblyfsels van die primére magmas en dit bevatkomkulate van donkerminerale. Die
Vuurdood Subsuite toon ‘n genetiese verwantskaplimétdaib Subgroep maar nie met
die De Hoop Subgroep nie. Die verwantskap tusseiwaurdood Subsuite en die Haib

Subgroep kan moontlik die gevolg van fraksionelg&lisasie wees.



Die Goodhouse Subsuite word onderverdeel in dieréthas Tonaliet, Blockwerf
Migmatiet, Xaminxaiprivier Granodioriet, Gaarseepa@odioriet en Hoogoor Graniet.
Die Khoromus Tonaliet word beskou as die oudstéedrin die subsuite op grond van
kontakverwantskappe sowel as radiometriese datar 3 veld- en petrografiese
getuienisse wat daarop dui dat magma vermenginggsse ‘n rol gespeel het in die
vorming van hierdie eenheid. Die Blockwerf Migreatvord van die ander eenhede
onderskei deur sy migmatitiese karakter en anorbal¥b verhoudings. Die eenheid
word geidentifiseer as ‘n moontlike vulkaankeébbdéel. Die Xaminxaiprivier
Granodioriet word geinterpreteer as ‘n subvulkaeiegnheid en word gekenmerk deur
die ontwikkeling van migmatiet op plekke. Hiengigmatiet word geinterpreteer as die
produk van lokale hoégraadse metamorfe toestandge@eeers het in die orogene
subduksieregime. Die Gaarseep Granodioriet isndieffase van ontwikkeling van die
Vioolsdrif Suite. Dit oorheers in volume en oondemet feitlik die hele
vormingsgeskiedenis van die Richtersveld Subpraviri3it bevat die volledige
samestellingsreeks wat in die ander plutoniese edamimdividueel verteenwoordig word
van gabbro deur dioriet, tonaliet en granodioriet graniet. Die Hoogoor Graniet word
in die Goodhouse Subsuite ingesluit op grond vatigemiese variasiepatrone en

beskikbare radiometriese data.

Die Ramansdrif Subsuite word onderverdeel in diadbfs en Sout Graniete op grond
van korrelgroottevariasies en petrologiese getuerdie subsuite is skynbaar gevorm
deur gedeeltelike insmelting van die ouer Goodh&@gesuite plutoniese eenhede. Die
vervormingsepsiode wat met hierdie gedeelteliken@lsng gepaard sou gaan, is nie

geidentifiseer nie.

Vorige studies vergelyk die ontwikkeling van diehrsveld Subprovinsie met tektonies-
magmatiese prosesse wat werksaam is in modernaanilké soos die Andesboog.
Hierdie vergelyking word grootliks deur die huidigiidie ondersteun maar ‘n
verandering in die magmatiese prosesse en diertgge omgewing gedurende die
ontwikkelingsgeskiedenis is waarneembaar in dielgemiese data. Multi-element

diagramme vertoon tipiese subduksiesone variasiepatvir beide die



Vi

Oranjeriviergroep en die Vioolsdrif Suite. Geduderdie aanvangstadium is primére
magmas gegenereer in die mantel, wat ‘n verarmdeestelling gehad het. Die
Vuurdood Subsuite verteenwoordig oorblyfsels vampdmére magmas. Die eerste
vulkaniese lawas — dié van die Haib Subgroep —pradukte van fraksionele
kristallisasie vanaf die primére magmas. Met dieglelike ontwikkeling van die
vulkaanboog is nuwe kors in groter-wordende volugeggoduseer. Hierdie kors is
voortdurend in die mantel herwin en gedeeltelilemalting het daartoe gelei dat
prosesse so0s magma vermenging en kontaminasiggb&kr geword het as fraksionele
kristallisasie in die bepaling van die magmasaniksgs. Tektoniese
diskriminasiediagramme dui daarop dat die aanvaadtms van die batoliet se
ontwikkeling moontlik plaasgevind het in ‘n priraitie kontinentale boog, terwyl die

latere stadiums in ‘n gewone kontinentale boog pigvind het.



1 INTRODUCTION

The Richtersveld Subprovince is largely occupiedh®gyVioolsdrif Suite and Orange
River Group. Together these two units record Rgieserozoic juvenile crust formation
processes. At the current level of erosion, theol&drif Suite (in particular the
Goodhouse Subsuite) volumetrically predominateh wie Orange River Group
occurring as rafts within the plutonic suite. Taem Vioolsdrif Batholith in the title is
meant to include the Orange River Group (with whidh genetically related), which is

not mentioned repeatedly.

1.1 MOTIVATION, AIMSAND LIMITATIONS

During 2002, the statutory mapping program of tleen@il for Geoscience came to
include the extreme northwestern parts of the aguiricluding the current study area.

At the time, there were still some unresolved cordrsies concerning the Orange River
Group and Vioolsdrif Suite and it was decided thatfield mapping should be
concentrated on some of these issues. The fadhiese two units are genetically related
and occupy a distinct tectonic subprovince has loewn recognized. The recognition of
individual units, their stratigraphic positions aheé formalization of nomenclature are
important aims of statutory mapping programs andsgent compilation in which the

two units are studied as a whole, are availabielividual studies were previously
concentrated on parts of it. The statutory propeesented the opportunity to accumulate
a large number of samples, field data and new whsens, so that a comprehensive
academic study became possible. Field mapping @red from 2002 to 2005 and
1:50 000 scale field maps were produced in consuftavith maps produced during
previous studies. Aerial photographs of 1:60 Otfleswere used in the field. The
statutory mapping of 1:50 000 scale is used to demp250 000 scale maps for
publishing.

Although Jouberet al (1986) included the Vioolsdrif Suite and OrangedR Group in a

single compilation, some important subdivisionsevadded in later studies. The



distinction between the Khoromus Tonalite and GagpGranodiorite was recognized
by Prinsloo (1987) and first published by Maraisal (2001). Although Ritter (1980)
recognized the Xaminxaip River Granodiorite, comérsies remained concerning the
unit’'s genesis and stratigraphic position (De ¥ii and S6hnge, 1959; Ritter, 1980;
Minnaaret al, 2011). New radiometric age data (U-Pb zircollByiICPMS) is
presented here as additional evidence as to @&sgsaphic position (see 2.4.2.2
Xaminxaip River Granodiorite). Controversy als@ns over the inclusion of the
Hoogoor Granite in the Vioolsdrif Suite (Strydanal, 1987; Moen and Toogood,
2007). This originates from the fact that the HomgGranite is pervasively overprinted
by Namaqua foliation and metamorphism, which hdsgeshted evidence and contact
relationships in the field. Colliston and Scho2A{6; Fig. 5) addressed the effects of
high strain deformation on the rocks of the Vioois8uite.

Field observations are the foundation of any gaoldgtudy, as will also become
apparent for this investigation. However, in igngterranes, geochemical and isotopic
studies have become indispensable additions fmiregrat meaningful conclusions as to
the evolutionary history and original tectonic sejtof the rock units. The recognition of
the results of processes such as fractional chygstédbn, magma mixing, wall rock
assimilation, homogenization in a magma chambetigbanelting, mantle wedge
metasomatism, and basaltic underplating, is vastlgd by these studies. Indeed, the
modeling of modern plate tectonic processes rékawily, in some cases entirely, on
geochemical and isotopic evidence.

The evolutionary history of the Richtersveld Sulwimoe also has consequences for the
understanding of the surrounding Namaqua Metamorpfrovince. Current theories
suggest that this tectono-metamorphic provincefaased by accretion of a number of
individual, previously separated, terranes of whigh Richtersveld Subprovince is one.
The terrane accretion model has gained wide acoepia recent literature but
controversies concerning the exact configuratiahterrane boundaries persist. This
study aims to make a positive contribution to tieght into the geological evolution of

the entire Namaqua Metamorphic Province.



The aims of the current study are:

a) To present acceptable subdivisions of the Or&iger Group and Vioolsdrif
Suite in South Africa. Geochemical data availdten the Namibian side for the two
units from previous studies were also includedliergeochemical investigation (see

Appendix 1: Analyses, sample localities, data trestdt and processing).

b) To recognize and study the igneous and tecfmmoicesses involved during the

formation of the Orange River Group and Vioolsétfite.

The study suffers from two limitations, viz., incplate sampling coverage and limited
isotopic analyses, which were the result of budgestraints. The Namibian portion of
the Richtersveld Subprovince (representing abolfibiiét) was not included in this
study. For the geochemical study, the analysé&af (1977) on the Namibian side in
the Haib area are included. However, due to tble ¢4 field data the subdivisions and
resulting map does not include the Namibian siadiometric age determinations were
obtained for only four samples (U-Pb by LA-ICPMSarcons). Two of these
determinations are owed to collaboration with calees at the University of

Gothenburg, Sweden (see 6. Acknowledgements).

1.2 LOCATION

The Richtersveld Subprovince is located in northem@sSouth Africa and southwestern
Namibia, straddling the Orange River from the Rectwteld eastwards into the

Bushmanland of South Africa (Figure 1.1).

For the most part it is a rugged, mountainous itesat in an arid climate with a very low
population density and sparse vegetation and arifealThe Orange River is the only
perennial river in the area. The natural sceredominated by outcrops, especially in
the Haib area (east of the Neint Nababeep plate&egess is relatively good with a well

developed network of field tracks, in places ordgessible by four-wheel drive vehicle.



The tarred road leading south from Vioolsdrif ithe Namaqualand interior is the main

access route and runs through the batholith type south of Vioolsdrif.

There are two important geographic features irstbdy area, which also represent
geological boundaries. In the Richtersveld, theyRgieberg mountain range includes
the highest mountain peaks in the area (Vandebsteyris the highest point at 1 400 m).
This mountain range forms an almost inaccessihléhgon boundary to the Richtersveld
National Park (Figure 1.2).

Rosyntjieberg

Figure 1.2: Part of the Rosyntjieberg mountairgeawhich represents the southern boundary of tblet&isveld

National Park. Photo taken in a southerly direcfrom Tatasberg in the eastern part of the park@50°E;
28.3251°S). Distance to horizon approximately &b Krhe highest mountain peak in this photo isespnted by
Rosyntjieberg (1 329 mamsl).

Stretching in an east-west direction, it was alseduby Ritter (1980) as a geological
division, including all the volcanic rocks of theabge River Group to the south thereof
in the Windvlakte Formation. Between the settlets@f Vioolsdrif and Eksteenfontein,

the Neint Nababeep Plateau represents the sediryesoizcession of the Nama Group



(Germs, 1972; Gresse and Germs, 1993) in the stxgdy It divides the Vioolsdrif
Batholith into two distinct parts namely the Haileato the east, and the Richtersveld
area to the west. This represents a historicalisigion, the basis of which will be

discussed in detail later (2.2 Current subdivision)

1.3 PREVIOUSWORK

The first comprehensive description of rocks of \#eolsdrif Batholith is to be found in
the survey mapping of Rogers (1916) in the Richtddsarea. In those early years, the
volcanic rocks of the current Orange River Groupensorrelated with similar rocks of
the “Kheis System” (Rogers, 1911) in the Upingtareska area (Gevegt al., 1937;
Gevers, 1941; Von Backstrém, 1953; De Villiers &tthnge,1959; Von Backstrom and
De Villiers, 1972). This correlation was largelgded on the similar stratigraphic
succession and the assumption that the “grey gogjeanite” (current Goodhouse
Subsuite) was part of the Archean magmatic cyble.Villiers and Burger (1967)
obtained an U-Pb zircon age of 1 850 Ma for theaaites, showing that they could not

belong to the Archean magmatic cycle.

Early in the nineteen-seventies, the Precambriae&eh Unit of the University of Cape
Town, started studies on the rocks in the currerttysarea. The radiometric age of De
Villiers and Burger (1967), along with the lackrajorous evidence for the correlation of
the rocks over the large distance between the &eld and the Upington-Prieska area,
inspired Blignault (1974) to propose a new subdwidor the volcanic pile in the
Richtersveld. He included them in the Orange R&eyup and distinguished between
the Haib Subgroup in the Haib area (to the eastefNeint Nababeep Plateau), which is
largely similar to the “Wilgenhout Drift Series” tiie “Kheis System”, and the De Hoop
Subgroup in the Richtersveld area (to the wesh®Neint Nababeep Plateau), which is
largely similar to the “Marydale Series” of the “Bis System”. The predominantly
quartzitic unit of the current Rosyntjieberg Forimatwas termed the Rosynebos
Formation. This was changed to the Rosyntjiebergn&tion by Kréner and Blignault
(1976) after the name of the mountain range. Bludn(1977) subdivided the Haib



Subgroup into the predominantly felsic Tsams, ardl@minantly mafic Nous,
Formations. Ritter (1980), on the basis of textditherences and the recognition of
protoliths for the metavolcanic rocks, subdivided De Hoop Subgroup into the Paradys
River, Abiekwa River, Klipneus, Kook River and KusiRiver Formations. He included
all the volcanic rocks of the Orange River Groupht® south of the Rosyntjieberg
mountain range in the Windvlakte Formation andestdhat the original textures in this

formation have been obliterated by deformation rmetamorphism.

Geverset al (1937) and Gevers (1941) regarded the rockseottinrent Vioolsdrif Suite
as a genetically related group; the latter auttleniified the more basic phases as the
oldest. Coetzee (1941) recognized the older agjeeo¥ioolsdrif Suite relative to the
Namagqualand gneisses and referred to it as thefiast granite”. De Villiers and
Sohnge (1959) mapped large areas of the “greysgicgyranite” (current Goodhouse
Subsuite) and regarded the type area to be sottoolsdrif. Von Backstrém and De
Villiers (1972) referred to the leucogranites of Nioolsdrif Suite (current Ramansdrif
Subsuite) in the unfoliated Richtersveld domaifirad granites”, and correlated them
with the “pink gneisses” in the foliated Namaquan@in to the east. De Villiers and
Burger (1967) proposed that the “grey gneissicitgabe renamed the “Vioolsdrif

Granite”.

Blignault (1977, p. 13) defined the current Vioalé&uite on the basis of spatial
association and evidence that the various compasitintrusive types constitute an
igneous rock series. The subdivisions of Blign&l®77) and Ritter (1980) were
accepted and formalized by SACS (1980). Stryeébiw. (1987) assigned this rock
association suite status and subdivided it intoviherdood, Goodhouse and Ramansdrif
Subsuites. Within the Goodhouse Subsuite, Mataad (2001) were the first to
recognise the distinction between the Khoromus@aarseep “Gneisses”. Minnagr

al. (2011) suggested a distinction between the GhaathSout Granites within the

Ramansdrif Subsuite.



Reid (1974, 1977, 1979, 1982, 1997) made a gredtibation to the understanding of
the magmatic evolution of the Vioolsdrif Batholdhd provided excellent radiometric
data (Rb-Sr and U-Pb) for the Haib area. Reid 4)@8tablished the chronological order
within the batholith, which is in accordance witradable field evidence. The eruption
of the Orange River volcanics (1 996+15 Ma) wakfeéd by the intrusion of the
Vuurdood Subsuite (<1 996 Ma) and then the intrusibthe Goodhouse Subsuite (1
900+30 Ma). After a 170 m.y. period of igneouseggience, the Ramansdrif Subsuite
was intruded around 1 730 Ma.

Reid (1977) geochemically identified the environtnainformation of the batholith as
that of an island arc. The study furthermore shibthat a model of fractional
crystallization can account for the magmatic evolubf most of the various igneous
rock types, although not for the batholith as a lehd he isotopic evidence presented in
the study indicated that the members of the Goos@ubsuite as well as that of the
Orange River Group are linked to the same paremsgima. A model of fractional
crystallization from a high-Mg basaltic magma untiher influence of high water
pressure, was proposed for the magmatic evolutidimeoVioolsdrif Suite. A similar

model but under low water pressure, is also app@tgpfor the Orange River Group.

Reid (1982) showed that the mafic-ultramafic bodiEthe Vuurdood Subsuite are also
linked to the same parental magma as the Goodtfuwsguite and Orange River Group
and that the bodies may represent cumulate mateittzih the early magmas. The study
furthermore suggested that the granites of the Radnd Subsuite were probably

derived by partial melting from the earlier tonaditand granodiorites.

Reid (1997) put forward strong evidence from Smidtdope ratios, that the Vioolsdrif
Batholith represents juvenile crust formation frarbulk earth-like mantle. He stated
that the isotope signatures excluded the possilofitecycling of older crust into the
Vioolsdrif Batholith source material. Nordin (2009n the other hand, considered the

source material to be that of a depleted mantledas Lu-Hf isotope evidence from a



single sample from the Haib Subgroup. A singleenited zircon age of 2.7 Ga also

suggested the presence of pre-existing Archean. crus

Various previous studies investigated the relahgmbetween the largely undeformed,
low metamorphic terrane which is the Vioolsdrif Balith type area, and the surrounding
Namaqua Metamorphic Province. On regional schéecontrast between these two
terranes is rather obvious. Gevetsal (1937) established, on field evidence, that the
“Namaqualand Granite and Gneiss” were younger Wiaat is currently termed the
Vioolsdrif Suite. Beukes (1973) and Blignaettal (1974) mapped the position of
isograds in southern Namibia, indicating the metauinic transition from the low-grade
Vioolsdrif Batholith type area, to the surroundimgdium-grade Namaqua Province.
Based on this, Beukes (1973) indicated the “Nama&gaat” as the boundary between
his Richtersveld and Namaqualand “Provinces” (sgarE 2.1). Kroner and Blignault
(1976) distinguished the two areas as two sep&gateno-stratigraphic terranes, each

with its own unique stratigraphic, structural andtamorphic imprints.

During the first half of the nineteen-eighties, Bieshmanland Project (University of the
Orange Free State) led to extensive field mappihghvincluded part of the current
study area. By this time, a tectonic model of@katcretion was suggested by all the
available evidence. The wedge-shaped terrane mxtbp the Vioolsdrif Suite and
Orange River Group (Richtersveld Subprovince) wéesrpreted as a terrane which was
thrusted upon the Namaqua Province, being preséroedthe Namaqua deformation
and metamorphism (Blignaudt al, 1983; Joubert, 1986; Van der Merwe, 1986). eRitt
(1980) did not agree with this model, claiming ttred differences in deformation,
metamorphism and age could be explained by diftexein crustal level. Blignaudt al
(1983), by field mapping, extended the Vioolsduits eastward from the type area
across Beukes’s (1973) Namaqua Front, into the lam&rovince as far as the vicinity
of Onseepkans (Colliston and Schoch, 2006; sead-Rd). They identified the Lower
Fish River thrust as the northern boundary whiee@noothoek thrust (Van der Merwe,
1986) was identified as the southern boundary fsg@e 2.1). The eastward extension

of the Vioolsdrif Suite was not accepted by Moed @oogood (2007), claiming that



their “Hoogoor Suite” could be distinguished frone tVioolsdrif Suite on the basis of
field evidence (this will be discussed in more detader 3.2.3.2.4 Hoogoor Granite).
This controversy was largely the result of the psive overprint of the Namaqua

deformation and metamorphism on the proposed Haogoite.

In a global context, following various studies sashthose by Stowet al. (1984),
Hartnadyet al (1985), Joubewrt al (1986) and Piper (2000), the Richtersveld
Subprovince is currently interpreted by most redeans to represent a Kheisian (2.0-1.73
Ga) tectono-stratigraphic terrane which is surr@dhalong tectonic boundaries by the
1.3-1.0 Ga Namaqua Metamorphic Province. Igneodcissrof the Vioolsdrif Suite and
Orange River Group occupy most of the Richters@idprovince and record a major
juvenile crust-formation event, while the Namaquavihce correlates with the global
Grenville and Kibaran orogenies of North America &entral Africa respectively. The

latter orogenies record the assembly of the supérent Rodinia.

On the evolutionary history of the Vioolsdrif Suaad Orange River Group, it has
always been generally agreed that the environnfdotmation was that of an island arc,
as evidenced by the calcalkaline bulk compositiah the stratigraphy. Ritter (1983)
compared it specifically to a Cordilleran-type sgjf such as typified by the modern
Andes. However, some controversy still prevailkeid (1977, 1997) propose the
igneous rocks of the Richtersveld Subprovince poagent a period of juvenile crust
formation from a bulk earth-model mantle in an asbere no crust existed before.
Nordin (2009), however (as noted before; p.8), wdence of a single relict Archean
zircon, as well as Lu-Hf model ages, claims thatvmus crust must have been present.
Noteworthy is the fact that no basement to the @edRiver Group has been identified as

yet. Miller (2008) suggests the volcanics mightdnbeen deposited on an ocean floor.

Isotopic and radiometric age data are availablefvarious previous studies including
Reid (1975, 1977, 1982, 1997), Allsoppal (1979), Barton (1983) and Kronet al.
(1983).
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The Vioolsdrif Batholith is host to numerous dep®sif economic important minerals. A
thorough investigation of the tungsten depositsi¢ivivere exploited in earlier days) has
been made by Bowles (1988). Some of the more giogmporphyry-type copper
deposits have been investigated (e.g., Minnitt 1979

14 THE RICHTERSVELD SUBPROVINCE IN GLOBAL CONTEXT

Various previous studies (e.g., Blignault, 1977idR&977; Ritter, 1980; Barton, 1983)
have identified the Vioolsdrif Batholith as a cdkedine batholith formed in a volcanic
arc environment. On the current globe, two tydesubduction-related arcs are
recognized, viz., the intra-ocean island arc (&grmadec, Tonga, Marianas, Izu-Bonin
and Kurile arcs) and the continental arc, wherepuecrust is subducted beneath
continental crust (e.g., Lesser Antilles, CascathesAndes arcs). A third orogenic arc —
the continent-continent collision arc (e.g., thendiayas) — represents an area where the
ocean separating the two continents has been gledtreubduction has ended and
tectonism is dominated by metamorphic processelngdo the production of S-type

dominated magmatism.

When the Richtersveld Subprovince is consideratsiregional setting within the
Namaqua Metamorphic Province, formation of the V&ddf Batholith itself coincides
with a global era of Late Archean-early Proterozwigst formation events around 2.0-1.9
Ga, while the Namaqua Metamorphic Province coirecidigh the Grenville orogeny
(1.3-1.0 Ga) during which the supercontinent Radumas assembled (Condie, 2005b).
According to Condiedp cit), it is recognized that continental crust wasadsepresent
on the globe by 4.0 Ga, probably even 4.4 Ga. ¢had indicate that crust formation
processes during the Archean were much more adatite northern hemisphere than in
the south (where the Vioolsdrif Batholith was fodpeIn North America, about five
provinces are recognized which were assembled gltiiensame time in which only a
part of the Vioolsdrif Batholith was developing9%-1.75 Ga). They include the Rae
and Hearne provinces (both Archean), the Trans-blugsovince (up to 500 km wide)

and the Penokean and Yavapai provinces (Congieijt). Suturing of the latter two
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provinces occurred at 1.90 and 1.75 Ga respect(@dndie, 2005b). It seems therefore
that much less older crust, if any, was presetiterstudy area compared to the northern
hemisphere, during the time of formation of the &/salrif Batholith. Reconstructions of
Rodinia also support this as the continental druite northern hemisphere already
occupied a much larger area than in the south;drdiar already dominated the crustal

configuration at that time.

Hamilton (1998) put forward strong evidence thatero plate tectonic processes
(rifting and subduction) could not have been aciivihe Archean, but that they were
operating by about 2.0 Ga, which is the time ofedrd the evolution of the Vioolsdrif
Batholith. Therefore, subduction-related tectaand magmatic theories would be
realistic to account for the development of thedlsdrif Batholith. According to
Miyashiro (1974) the main rocks in island arc sef$i are usually basalts and basaltic
andesites of the tholeiite series while those mtioental arc settings are andesites and
dacites of the tholeiite and calcalkaline seri€se main volcanic rocks in continental
margins are andesites, dacites and rhyolites ofdlwlkaline series and the proportion
of calcalkaline rocks among all the volcanic rotsds to increase with advancing
development of continental crust. Therefore, basethe absence of basaltic volcanic
rocks and the proportion of calcalkaline rocks etiween 60-95% (Miyashiro, 1974), the
bulk of the Vioolsdrif Batholith can be comparediiodern continental arcs such as
typified by the Andean arc, as suggested by prevatudies. This is as opposed to the
island arc settings where basaltic compositionsmapartant and the proportion of

calcalkaline rocks does not exceed 50% (commoriQ%,).

Reid (1997), however, concluded that Sm-Nd isotsoatures preclude the possibility
of incorporation of previously existing continentalist. Initial®’Sr/°Sr values from

Reid (1977) support this with values for all of ¥Meurdood Subsuite, the Orange River
Group and the Goodhouse Subsuite being low (~0.7@8)ues for the Ramansdrif
Subsuite does suggest crustal reworking (~0.788jd (1997) concluded that the best
interpretation of the isotopic signatures involgéght enrichment in radiogenic Pb and

Sr by subduction zone metasomatism of a mantle vedlty an undifferentiated bulk
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earth signature. He proposed that the evoluticgh@Vioolsdrif Batholith involved
juvenile crust formation from the mantle with sutpsent reworking of newly-formed

crust to produce felsic magmatism.

The Vioolsdrif Batholith provides evidence on tvwogortant issues relating to
Proterozoic tectonic and magmatic processes. l\giteere is the question of whether
pre-existing crust was present in the study area fw the development of the batholith.
No evidence of such pre-existing crust and basetoaht Orange River Group has as
yet been identified in the field. A single inhedtzircon age of 2.7 Ga in a lava sample
from the Haib Subgroup (Nordin, 2009) currently fisghe only testimony to the
possibility of Archean crust in the study area. -Sthisotope signatures, however,

strongly argue against the presence of pre-existiagt in the area (Reid, 1997).

Secondly, the Vioolsdrif Batholith provides evideras to the tectonic and magmatic
processes which were active during a time wherénth’s crust-formation processes
apparently changed dramatically. Various lineswaéflence show a distinction between
the Archean processes which produced mainly TT@kjd) magmas, and modern
processes which produce mainly calcalkaline magritdgse changes, in global context,

approximately spans the evolutionary history of¥aolsdrif Batholith.



13

2. FIELD DESCRIPTIONS

A map of the Vioolsdrif Suite and Orange River Grvom South Africa, with the
subdivisions as motivated for in this study, isgered in a folder at the back of this
thesis. Comprehensive field descriptions are giaerevious studies and recent reviews
of such descriptions can be found in Moen and Todd@007), Miller (2008) and
Minnaaret al (2011). Only observations which are considesteMant to the current
study (including those from previous work and frtima current study), will be discussed

here.

2.1 EXTENT, SHAPE AND FORM

Consensus has not been reached concerning thedy@asdf the Vioolsdrif Batholith.
Although most current researchers agree that tthelith is tectonically bounded within
the Richtersveld Subprovince between the Lower Rister thrust in the north (Namibia)
and Groothoek thrust in the south (RSA), obsermatioom various studies suggest that
it might in fact extend into the Namaqua Provinddis is not, however, a major concern
of the present study. The extent of the bathdirtbluding the Orange River Group)

according to most current literature, is presemegigure 2.1.

The type area of the batholith is defined as thaively undeformed and low-
metamorphic-grade part of the batholith. Alongbleendaries of the batholith, it has
been subjected to deformation and metamorphismeoNamaqua orogeny, the foliation
varying from weak to intense. The batholith isrsunded to the north, east and south by
the Namaqua Metamorphic Province in which the r@skspervasively overprinted by

intense, predominantly east-west trending foliaaod medium-grade metamorphism.

The batholith type area can be referred to in tectterms as the Vioolsdrif Terrane of
the Richtersveld Subprovince (after Joulstral,1986). It is delineated to the east by the
Namaqua Front of Beukes (1973) who defined thisidaty as a tectonic transition and

described it as “well defined north of Goodhouselil®coming vague eastward”. At
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Ramansdrif 135 it is said to be tentative by VanMerwe and Botha (1989). North of
the Orange River it corresponds to the sillimamtesograd, as such representing a
metamorphic transition. Blignault (1977) definedimilar line further towards the
northwest in the Ais-ais area, marking the positidrere the generally non-penetrative
fabric of his “Richtersveld Domain” becomes regiloaad penetrative, and called it the
Southern Front. This represents the western extein$ Beukes’s Namaqua Front. Both
these authors stated that these lines merely rmargdsition where the intensity of
foliation changes markedly, and do not represerdare boundaries. In Namibia,
Blignault included the “grey gneisses” to the naththe Southern Front in the Vioolsdrif
Suite, correlating it with the rocks of the Goodkewsubsuite. Moen and Toogood
(2007) omitted all indications of a sharp boundagyween the unfoliated Vioolsdrif and
foliated Namaqua rocks in the Goodhouse areangt#tiat the transition is entirely

gradational.

The Lower Fish River thrust (Blignaidt al, 1983) and Groothoek thrust (Van der
Merwe, 1986) were identified during the Bushmanl&ndject (1981-1986; see 1.3
Previous work). They represent the northern amth&on boundary of the Vioolsdrif
Batholith respectively. To the west, the bathalitloverlain by the Gariep Supergroup
(780-520 Ma; Von Veh, 1993). To the east, the @roek thrust combines with the
Onseepkans thrust (Moen and Toogood, 2007), whkithe extension of the Lower Fish
River thrust (Namibia) in South Africa. As suchetRichtersveld Subprovince (after
Joubert 1986) is enclosed within these boundatie#s eastern parts, the Richtersveld
Subprovince includes rock groups other than thelgrrif Batholith, however, this
study is only concerned with the batholith and thexinly the type area. The only unit
which is investigated beyond the type area, idHbegoor Granite (Hoogoor Suite of
Moen and Toogood, 2007). Contributing to solving tontroversy regarding its
inclusion or non-inclusion in the Vioolsdrif Suitwas one of the initial aims of this

study.

The Vioolsdrif Batholith (in the current tectoniamework) covers an area of

approximately 220 km in length and with an averagéh of 110 km. Evidence show
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that most of the original batholith has been erod@lignault (1977) proposed that the
current level of erosion (in the Haib area) repnés¢he root zone of the Orange River
Group at a depth of 6-10 km. This interpretat®based on the recognition of features
indicating a position in the transitional epizonesozone of the crust (after Buddington,
1959).

2.2 DISTINCTION BETWEEN THE HAIB AND RICHTERSVELD AREAS

In the batholith type area, the Orange River Grisugeparated into two parts by an area
of no outcrop (the Nein Nababeep plateau) withDbeHoop Subgroup occurring to the
west thereof, and the Haib Subgroup to the easis distinction is a historical one and is
primarily based on the fact that the Haib Subgrisupverwhelmingly volcanic in
composition, while the De Hoop Subgroup is reldyivech in interlayered
metasedimentary rock types, the Rosyntjieberg Foomaepresenting an unique, rather
thick and mature (arenitic), metasedimentary uitiivw the subgroup. During early
regional mapping programs, the current Orange RBreup was correlated with the
“Kheis System” of Rogers (1911) in the UpingtoneBka area (e.g., Rogers, 1916; De
Villiers and S6hnge, 1959; Von Backstrom and Ddi&fs, 1972). In this three-fold
subdivision, most of the current Haib Subgroup mésdes the “Wilgenhout Drift Series”,
most of the De Hoop Subgroup the “Marydale Sersgat most of the Rosyntjieberg
Formation the “Kaaien Series”, of the Kheis SystaBtignault (1974) did not support
this correlation over such a large distance anddliced the Orange River Group as a
separate unit from the Kheis System. Howeverjsrstbdivision he retained the

distinction between the Haib and De Hoop Subgroups.

The possible correlation of the Haib and De Hoopdsoups has been considered by a
number of previous investigators (e.g., Minnitt729Ritter, 1980). Reid (1979) stated
that this possible correlation cannot be ruledayupetrological grounds. Minnaer al
(2011) considered the available evidence at the #inmd came to the conclusion that there

is enough evidence to retain the subdivision. Thighlighted the most important
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differences between the two areas, not only ifdrenge River Group but also in the

Vioolsdrif Suite, as follow:

a) The Pan African deformation is absent in thebHaea, while it is pervasively
developed in the Richtersveld. This suggeststtieaboundary between the two areas

(currently concealed by the Nama Group) may repites@ important tectonic feature.

b) A large proportion of sedimentary rocks (greykeggaconglomerate and quartzite)
are interbedded in the volcanics in the Richtedbaeta but are relatively scarce in the
Haib area.

C) The absence of a thick, relatively mature, quigctunit (Rosyntjieberg

Formation) overlying the volcanic pile in the Haitea.

d) The Haib Subgroup is on average much more niadic the De Hoop Subgroup.

e) The Goodhouse Subsuite has an overall more fedgure in the Richtersveld
than in the Haib area. Both the Vuurdood Subsanté Khoromus Tonalite (the two most

mafic units in the Vioolsdrif Suite) are absenthe Richtersveld.

2.3 ORANGE RIVER GROUP

The stratigraphic sequence within the Orange RBreup has been a matter of
controversy but this comes as no surprise if tiggakeof deformation and
dismemberment of the unit, largely due to the sitya of the plutonic suite, is taken into
account. The uncertain relationship between the Biad De Hoop Subgroups, the
deformed contact relationships within the De Hoap@oup, and the isolated
occurrences of individual fragments are the mampaating factors in deciphering the

stratigraphic sequence.
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Within the Haib Subgroup, Blignault (1977) foundiagle location where he considered
that the relationship between the Tsams (under)yang Nous Formations could be
established with certainty. This stratigraphicisstee within the Haib Subgroup is
substantiated by the Rb-Sr radiometric age restifeid (1977), which show the Tsams
Formation to be 2 020+70 Ma (dacites-rhyolites) grelNous Formation 1 970+70 Ma

(basaltic andesites-andesites).

Within the De Hoop Subgroup, Ritter (1980) baseddtnatigraphic sequence on a model
of deposition from a common volcanic centre sitdatethe northeast of the

Richtersveld, and the recognition of proximal arstal facies. He considered the
Rosyntjieberg Formation to be interlayered betwtherunderlying rocks to the north
thereof and the overlying Windvlakte Formation.isT¢ontradicts De Villiers and

Sohnge (1959), who considered it to occur betwbemnhderlying Haib and overlying

De Hoop Subgroups. Blignault (1977), again, thaulat the Rosyntjieberg Formation
overlies all the volcanic rocks, forming the toptteé succession along a discordant
contact. Minnaaet al (2011) is in agreement with Blignaudt( cit) but consider the

contact to be gradational (over a few meters).

Radiometric data for the De Hoop Subgroup is vemtéd with available results
including only one sample from the volcanic Para@iser Formation and one from the
guartzitic Rosyntjieberg Formation. Both these glasare from the current study and
single zircon U-Pb ages were determined by LA-ICR® analyses are included in
Appendix 2). The volcanic (dacite) sample rendene@ge of 1 883+7.4 Ma, which is
notably younger than the ages of Reid (1977) ferHaib Subgroup. The quartzite
sample rendered detrital zircon ages which sugperinferred stratigraphic position of
the formation, overlying the volcanic pile. Thebability distribution curve of 42
analyses shows a major peak between 1 850-1 80fitiaingle grains showing ages of
1 760 Ma, 1 920 Ma and 2 050 Ma. This also cordienVioolsdrif Batholith

provenance to the formation.
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Although deformation has rendered primary textaliéfgcult to recognize and even
obliterated in some areas, it is possible to ideatiprotolith for the rocks in almost the

whole of the group. Aphanitic lavase very fine- to fine-grained and often the mater

cannot be discerned under the microscope. Howeverall the grain size of the
volcanic rocks in the Orange River Group is suct the individual minerals can be
discerned under the microscope (if not pervasia#iBred, which is often the case). The

feldspar porphyroblasts of porphyritic lavaammonly exhibit a milky white or greenish

colour owing to alteration. The quartz porphyreidaare mostly rounded but may be

subhedral. Some andesitic lawhsplay quartz-containing vesicles, such as thosee

Nous and Klipneus Formations.

Figure 2.2: Foliated leucocratic tuff (Pan Africdeformation) of the Paradys River Formation. limea 16.9883°E;
28.2912°S.

Tuffs are recognized by the presence of rock fragmenédlar than 2 cm in the matrix
(e.g., Figure 2.2). Rock fragments, glass shamdspamice fragments occur along with
phenocrysts and are elongated and flattened pa@atee foliation. _Agglomeratesre
recognized by the presence of fragments larger2han in the matrix (e.g., Figure 2.3).

These fragments vary greatly in size, commonly betw1-20 cm but they grade into
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millimeter sizes at the one end and rare sizep abunalf a meter have been encountered.
They comprise mostly lava and chert and are intgri@cally derived, correlating with

the rocks of the same or at least associated, famnsa Agglomerates are rather
abundant throughout the Orange River Group andcedpein certain parts, e.g., in the

Klipneus Formation in the Richtersveld NationalkPand the Windvlakte Formation in

its northeastern parts.

Figure 2.3: Foliated leucocratic agglomerate (R&ican deformation) from the Windvlakte Formatiaast of
Eksteenfontein (17.2817°E; 28.7383°S). Large fraigi:i comprise lava and chert.

2.3.1 Haib Subgroup

The stratigraphy of the Haib Subgroup may be sunz@admas in Table 1.
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Table 1: Subdivision and descriptions of the Haiillbgroup.

Formation Description

Nous Melanocratic volcanics (aphanitic lava, velsiclava, tuff, volcanic
breccia).

Tsams Leucocratic to mesocratic aphanitic and poypiv lava.

2.3.1.1 Tsams Formation

In volume, the Tsams Formation is subordinate édNbus Formation and predominantly
leucocratic. Thyolite is the predominating compiosl. Minor melanocratic lenses and
discontinuous layers occur sporadically. Aphanéi@, quartz-porphyry and tuff

predominates while volcanic breccia has been desgfrom a number of localities.

Rare interlayered quartzites have been reported fne@ formation (Minnaaet al.,

2011). At one locality in the course of the Oem&aver, where the track from Nous
enters the river, leucocratic volcanics of the Ts&ormation are overlain by a thin
(approximately 1 m thick) layer of quartzite whistpersistent over a distance of
approximately 1 km. The contact relationship sdgtional, with interlayered quartzite
lenses making their appearance in the felsic laaa the contact and becoming
increasingly abundant upward towards the contBestward, the Tsams Formation
undergoes facies changes with metasedimentary bmdaming more abundant untill
they predominate over the volcanic rocks in thenfation (Colliston and Schoch, 1996;
Moen and Toogood, 2007).

At a point approximately 2,5 km northeast of Ghaaimshe west of the track leading
from Ghaams to Kamgab, the leucocratic volcanicgain spherical leucocratic nodules
(Figure 2.4). These nodules comprise mainly qu&Heldspar and muscovite with
accessory plagioclase. Biotite and ore are thle damstituents and are concentrated in

the centre of the nodules. The nodules are oragee? x 3 x 7 cm in diameter. In the
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same vicinity these nodules may also occur in dinen fof veins approximately 5 cm wide

and 50 cm long.

Figure 2.4: Leucocratic nodules in leucocraticcaoics of the Tsams Formation east of Ghaams. tiooca
17.933083°E, 28.978832°S.

2.3.1.2 Nous Formation

The Nous Formation dominates the Haib Subgroufs dverwhelmingly melanocratic
with interlayered leucocratic lavas which are caaspus in outcrop from a distance.
Aphanitic lava and tuff are the most common rogesy/while vesicular lava and

volcanic breccia also occur. Agglomerate and vatcaonglomerate (lava containing
pebbles of dacite) have been described and abtestvorking in the formation (Figure
2.5). Xenoliths of older volcanics are quite conmiothe Nous lavas. Xenoliths of
granitoids (tonalite, granodiorite and granite) evalso found in melanocratic Nous lavas
at one locality (Figure 2.6). No radiometric age lbeen obtained for these xenoliths but
they present rare evidence of pre-existing crusthvis older than the lava in which they
are contained. They may also represent reworkedriabof earlier phases of the

Vioolsdrif Suite (not Archean crust).
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Figure 2.5: Conglomerate from the Nous Formatioprising a matrix of melanocratic metalava (ampliibdiotite
schist) containing rounded fragments of dacitegfion: 17.9822°E; 28.8344°S).

B

vl
Figure 2.6: Well rounded xenoliths of granitoidsmelanocratic Nous lava at a hill south of Vioois(lL7.6859°E;
28.823°S).

The occurrence of locally developed linear, crag$ieg veins (Figure 2.7) is a common

phenomenon in the melanocratic aphanitic lavah®Nous Formation. These veins
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vary in thickness but are usually not thicker tbamm. They can be densely
concentrated and cut each other in all directioftsey could have been caused by
contraction during cooling in a particularly homageus aphanitic lava. Another
characteristic feature of the mafic lavas of thaidlBormation (although not occurring

frequently), is the occurrence of quartz vesidieses and veinlets.

Figure 2.7: Linear cross-cutting veins in melaaticrlava of the Nous Formation east of the Noulg&siger.
Location: 17.7476°E; -28.8043°S.

A speckled appearance is often induced in the roetatic volcanics, especially the
tuffs, by the clustering of dark minerals in agges which are on average 5 mm in
diameter. Where such aggregates are weatheretheutck is left with a pitted surface.
Growth of secondary minerals also often leads tmarease in the grain size to medium-

grained.

The Nous Formation is often highly foliated, thedeompetent lavas often being altered

to schist. This foliation is near-vertical and Weaing patterns such as flaggy, bladed,
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columnar, rod-shaped or needle-shaped, are chaséictef the formation in highly
deformed areas such as in the vicinity of Noustall®d layering, on average 5 mm thick,
can be discerned in places and represents a pritoaryexture. Interlayering and

interfingering between lava and tuff can be obs@ecertain localities (Figure 2.8).

Figure 2.8: Interfingering relationship betweewaldfine-grained) and tuff in the Nous Formatiomm&haams, Nous
area. Location: 18.000179°E; 28.954834°S.

2.3.2 DeHoop Subgroup

The Richtersveld area (between the Neint Nababked® and the Gariep Supergroup)
is pervasively overprinted by roughly north-soutimtling, low metamorphic-grade Pan
African (720-550 Ma) foliation (see Figures 2.1 &n§l).
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Figure 2.9: North-south trending Pan-African fabatimprinted on rocks of the Vioolsdrif Batholithithin the Devil's
Castle shear zone (Ritter 1980), east of EksteggifanLooking south from 17.3111°E; 28.7923°S lidmn is
indicated with red trend lines.

In the Richtersveld National Park, north of the Rageberg mountain range, the De
Hoop Subgroup consists of two distinct successioas,in the northeast along the
Orange River, and in the southwest underlying tbsyRtjieberg Formation. These two
entities are nowhere in contact with each otherthatefore age relationships are
difficult to establish. Ritter (1980) considerdein to form the limbs of a regional
anticline of which the core is occupied by gram#oof the Vioolsdrif Suite. According
to Ritter Op cit), the northeastern succession represents a adntodcanism which was
active throughout its development, while the soutlsiccession can be seen as a
recipient of sediments derived from this volcamicdne. Based on this interpretation,
the Abiekwa River, Kook River and Kuams River Fotioas are interpreted as distal
facies in which volcanic rocks predominate, while Paradys River and Klipneus
Formations are interpreted as proximal facies irctvh relatively large proportion of

reworked material occur.
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Due to the fact that the Windvlakte Formation isvhere in contact with the other
volcanic units of the De Hoop Subgroup, being saedrfrom them by the Rosyntjieberg

Formation, it is not possible to determine itstggraphic position within the subgroup.

The stratigraphy of the De Hoop Subgroup may bensanzed as in Table 2.

Table 2: Subdivision and descriptions of the Depi§ubgroup.

Formation Description

Rosyntjieberg Massive and feldspathic quartzitdwiterlayered metapelite and
black, iron-rich quartzite and overlying conglonteraDiscontinuous

conglomerate bed at the base.

Kuams River Melanocratic and mesocratic aphanitet @orphyrytic lava with
interlayered leucocratic lava and metasedimentar{gu

conglomerate).

Kook River Mesocratic and melanocratic quartz-fpadsporphyry.

Klipneus Mesocratic and melanocratic tuff, lava agglomerate with

interlayered metasediments (conglomerate, quartiert)

Abiekwa River Leucocratic, mesocratic and melanticrelded tuff and lava with

interlayered metasediments in places.

Paradys River Leucocratic, mesocratic and minoanwratic tuff.

Windvlakte Undifferentiated leucocratic, mesocratntl melanocratic volcanics

partly recrystallized with primary textures oftebliterated.

2.3.2.1 Windvlakte Formation

This formation is extensively intruded by the gtais of the Vioolsdrif Suite which led
to its dismemberment into isolated occurrencese rbleks are highly deformed and

recrystallized and primary textures are difficolrécognize or have been obliterated.
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The Windvlakte Formation is a heterogeneous umitmasing undifferentiated
leucocratic, mesocratic and melanocratic volcameks with interlayered
metasedimentary rocks. There is a compositioredagion in the formation from
southwest to northeast with leucocratic volcaniesipminating in the areas to the south
of Eksteenfontein, mesocratic volcanics predommggiin the central parts of the outcrop
area, and melanocratic volcanics predominatingenareas bordering the Orange River.
Porphyrytic lava, agglomerate and agglomeraticgtgdlominate in localities where

original textures can be identified.

Contact relationships among the volcanic rockfiegnformation are sharp in places and
gradational in others. Lenses and discontinuogex$aof the one occur in the other.
Contacts between the volcanics and the XaminxarngmReranite are mostly gradational,
locally over narrow (> 0.5 m) zones. Sharp comstbetween these two rock types have
been observed but are rare and not convincingtysivte (not cross-cutting). Contacts
between the volcanics and the Gaarseep granitgd® Ino doubt that the latter are
intrusive (sharp, cross-cutting contacts and aboingkenoliths of volcanics in the

granites). [The Xaminxaip River Granite is alstuded by Gaarseep granitoids.]

The presence of metasedimentary rock types asedaiath the felsic volcanic unit in
the area between Jenkinskop and Eksteenfontesnggested by several occurrences of
sillimanite in the rocks. In this highly sheared/eonment the rocks are schistose and
the occurrence of quartz-sericite-sillimanite sthimnts to an originally sedimantary
assemblage. It is however, also possible thas¢hest represents an original acid
volcanic. In areas immediately to the west andelom the contact with the Gariep
Supergroup, the schist commonly contains chldndenblende and haematite, pointing

to a volcanic origin. Sillimanite is especiallyeptiful at Jenkinskop itself.

Porphyritic felsic lava was found in a number adgas in the Windvlakte Formation.
Approximately 8 km south of Eksteenfontein, theal@ecurs within a strongly foliated
zone (Figure 2.10). The foliation trends N-S aseiated to Pan-African deformation.

The quartz porphyroblasts are milky white, elondatarallel to the foliation and are on
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average 5 mm in diameter (long axes). The folleéinastomises around the

porphyroblasts.

Figure 2.10: Foliated felsic porphyritic lava apgmately 8 km south of Eksteenfontein. Locatidi:25894°E,
28.901451°S.

The geographically northeastern part of the foramtclosest to the Orange River, is
especially rich in agglomerate (see figure 2.3)isTagglomerate zone can be traced
along strike up to an area just south of the R¢igja®rg Formation, where extensive
development of the Xaminxaip River Granodioritarigrates its extension along strike.
To the north of the Rosyntjieberg mountain range,agglomerates of the Klipneus
Formation are situated along strike of these, ssigggthat the Klipneus Formation may
represent the continuation of at least part oMhedvlakte Formation, north of the

Rosyntjieberg mountain range.
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2.3.2.2 Paradys River Formation

The basement of the Paradys River Formation habeeot identified. It is intruded by
the Vioolsdrif Suite and overlain by the Rosyntgedp Formation. The contact with the
overlying Rosyntjieberg Formation is mostly obsclbg deformation but can, in some
places, be observed to be gradational (see 2.Rd&syntjieberg Formation). Along strike
to the northwest, the Rosyntjieberg Formation paschbut and the Paradys River

Formation is overlain by the Abiekwa River Formatithe contact being gradational.

Figure 2.11: Intensely foliated leucocratic pomhig dacite of the Paradys River Formation atftiat of the
Rosyntjieberg mountain range, Richtersveld Natidteak. Lenses of the overlying Rosyntjieberg Faiomaquartzite
occur in the dacite. Location: 17.0617°E; 28.3475

The largest part of the Paradys River Formationgrises leucocratic volcanic rocks,
mostly tuff (see Figure 2.2), while lava and aggtoate occur interlayered. Along strike
to the southeast, the rocks become mesocratic ahilee foot of Rosyntjieberg, minor
melanocratic volcanics occur in the formation.efrge northwest-trending foliation is
developed throughout the Paradys River Formatiagu(E 2.11). This is thought to be

the result of sinistral shear associated with Pait@n deformation, during which the
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overlying quartzite unit acted as a more compaiaititrelative to the underlying

volcanic unit.

A dacite sample which was dated during this studgnfthe Paradys River Formation
rendered an U-Pb zircon age (LA-ICPMS) of 1 883#Mal(Appendix 2).

2.3.2.3 Abiekwa River Formation

The Abiekwa River Formation was the main locusntfusion by the Vioolsdrif
granitoids in the Richtersveld National Park. Moty was most of the formation
engulfed by the granites, but the intrusion alagsed thinning and uplifting of the
supracrustal succession on both sides of the im&dmdy, to compensate for the lack of

space.

In the northern parts of the Richtersveld Natidpatk, the Abiekwa River Formation is
overlain by both the Kook River Formation and KugRiger Formation, the boundary
represented by a thrust with the Abiekwa River Fadram overriding the latter two
formations. In the eastern parts of the park Abhiekwa River Formation grades

upwards into the Kuams River Formation.

The Abiekwa River Formation comprises approximaggyal volumes of mesocratic
and leucocratic volcanics, mostly represented Hyand interlayered lava.
Agglomerates are also fairly common and compridec#lly derived material (Figure
2.12).
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Figure 2.12: Agglomeratic leucocratic porphyrytiea of the Abiekwa River Formation, Richtersveldtignal Park.
Location: 17.1081°E; 28.2239°S.

2.3.2.4 Klipneus Formation

The Klipneus Formation occurs along strike with Begadys River Formation but is
separated from it on lithological grounds, a progninshear zone between the two being
interpreted as an important tectonic boundary Kiwaggarug shear, Ritter 1980). It is
nowhere in contact with the other volcanic unitsibis thought to be associated with the
Kook and Kuams River Formations because of itsgredantly melanocratic character.
It contains interlayered meso- and leucocratic saakd is the most heterogeneous unit of
the Orange River Group comprising mainly tuff, Ifwecluding vesicular lava) and
agglomerate but also sedimentary rock types sucbraglomerate and chert. Well
developed agglomerate can be observed along thddndhe eastern part of the
Richtersveld National Park north of the Oudinnidiiper course. Here the contact
between the steeply foliated Orange River Groupthedveakly deformed, near-

horizontal Karoo Supergroup, can also be observigife 2.13).
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Figure 2.13: Contact (largely concealed by talhetpveen foliated (Pan-African foliation) schisttbé Klipneus
Formation and undeformed strata of the Karoo Supapg Richtersveld National Park. Location: 17399
28.3467°S.
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Figure 2.14: Contact between mesocratic (bottard)raelanocratic quartz-feldspar porphyry of the K&iver
Formation in the Richtersveld National Park. Thateats is not well defined in the photo but folkothe horizontal
joint. Location: 17.2599°E; 28.2420°S.
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2.3.2.5 Kook River Formation

The upper contact of the Kook River Formation witl overlying Kuams River
Formation is gradational. The Kook River Formatoomsists entirely of quartz-feldspar
porphyry, the lower part being mesocratic and tgeu part melanocratic. The contrast
between these two compositional varieties is cangpis and the contact is sharp (Figure
2.14). The contrast can be observed from the lesting down the course of the Kook
River immediately to the west of De Hoop in thetlR&sveld National Park. In hand

specimen, the phenocrysts are represented by lagloglase and quartz.

2.3.2.6 Kuams River Formation

The Kuams River Formation consists predominantlgaphyritic lava, but contains

intercalated tuff layers. Mafic enclaves are sgmally contained in the lava (Figure
2.15).

Figure 2.15: Mafic enclave in porphyrytic melaratar lava of the Kuams River Formation north of Beop,
Richtersveld National Park. Location: 17.1848°;1%531°S.
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Two types of enclaves were recognized, viz. xensldf other lava, and restites
composed of dark minerals. The lavas are predantijnenelanocratic, with subordinate
interlayered leucocratic units. Epiclastic metasetts are present in places in the form
of quartzite, cross-bedded biotite-muscovite gnamssconglomerate. To the northeast,
the unit is intruded by granitoids of the VioolddBuite. Xenoliths (of various sizes) of

the Kuams River Formation occur within the plutoargts of the Vioolsdrif Suite.

2.3.2.7 Rosyntjieberg Formation

The Rosyntjieberg Formation is a quartzite-domidateit that gives rise to the
Rosyntjieberg mountain range. The formation gréytlains out along strike in a
northwesterly direction. Duplication in the fornaet due to isoclinal folding and

thrusting is apparent where the formation is athitskest.

The contact relationship with the underlying volicgpile is, for the most part, sharp,
giving the impression that the metasediments avénk volcanics unconformably.
However, this sharp contact relationship resutismfPan African deformation, which led
to displacement between the volcanic and quartaitits. In places, the original contact
relationship is preserved and can be observed gpduational with lenses and
discontinuous layers of quartzite becoming moratgid in the underlying volcanics
until the quartzite predominate, which in turn @ns lenses of the underlying volcanics
(Figure 2.16). These lenses of volcanic rocks adly disappear completely higher up

in the succession.

In Paradyskloof in the Richtersveld National Pamkiusive contact relationships can be
observed between the Quartzites of the RosyntjgeBbermation and granites of the

Gaarseep Granodiorite unit (Figure 2.17).
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Figure 2.16: Interlayered quartzite in intenselyated, leucocratic porphyrytic lava of the Pamajver Formation
near the base of the Rosyntjieberg Formation (ita¢igraphic bottom-to-top in the photo is fromhigo left, location:
17.0618°E; 28.3471°S, Rosyntjiewater, Richtersitional Park).

Figure 2.17: Xenolith of Rosyntjieberg quartzitegranite of the Goodhouse Subsuite (Gaarseep Gi@ite) in
Paradyskloof, Richtersveld National Park (17.0242&3141°S). Length of measuring-stick in thetphs 50 cm.
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The bulk of the formation comprises quartzite, Wagyin composition between brown
feldspathic and white, fine- to very fine-graine@ratic quartzite, with the latter

predominating. A variety of sedimentary structuaes preserved in the unit including
cross- and parallel bedding, ball-and-pillow stanes (Figure 2.18), and ripple marks.

Figure 2.18: Parallel- and cross-bedding as veebial-and-pillow structures in the Rosyntjiebeagmation,
Richtersveld National Park (17.0052°E; 28.3284%3gad of hammer on cross-bedding.

At the base of the formation, a conglomeratic lagesporadically developed. A
persistent argillaceous unit approximately 50 rokldccurs interlayered in the quartzitic
sequence and can be traced along the entire sfrike formation (Figure 2.19). Seen
from the north, the unit forms a conspicuous darloared band within the white
guartzites. On close inspection it is seen todrg tieterogeneous, being dominated by
black, iron-rich quartzite and further comprisingtapelite, mudstone, siltstone and
arkose. At the summit of Oemsberg and the surnogratea, a quartzitic conglomerate
constitutes the top of the Rosyntjieberg Formatidhe matrix as well as the pebbles are
quartzitic. Both the bottom and top conglomeragdsbcomprise only locally derived

pebbles.
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Figure 2.19: Dark-weathering argillaceous unitrribe base of the Rosyntjieberg Formation, RickdtsNational
Park. Location: 17.0647°E; 28.3936°S.

Detrital zircon ages (U-Pb by LA-ICPMS) from onergde of quartzite from the
Rosyntjieberg Formation rendered a probabilityribstion curve with a major peak
between 1 850-1 800 Ma and single grains showieg afj1 760 Ma, 1 920 Ma and 2
050 Ma (n=42; see Appendix 2)

24 VIOOLSDRIF SUITE

Contrary to the Orange River Group, the Viools&uite shows little deformation in the
batholith type area. Clear contact relationshipsiag the various units of the Vioolsdrif
Suite, as well as between the suite and the val@moup, are common within the type

area, with the exception of the Vuurdood Subsuite.

Compositional references in the names of the (Kieromus “Tonalite”, Gaarseep
“Granodiorite”, Xaminxaip River “Granodiorite” arfdoogoor “Granite”), are based on
that unit’s average composition as indicated orctiemical classification diagram of De
le Rocheet al (1980; see Figure 4.2).
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The stratigraphy of the Vioolsdrif Suite may be suanized as in Table 3.

Table 3: Subdivision and description of the ViaiESuite.

Subsuite Unit Description
Sout Granite Medium- to coarse-grained leucocratic
Ramansdrif granite.
Ghaams Granite Fine- to medium-grained leucocgrtaite.
Hoogoor Granite Light-brown weathering floiated rgtaids
(granite, granodiorite, tonalite).
Gaarseep Granodiorite  Homogeneous brown-weatheroagse-
grained granitic and mafic intrusives
(granodiorite, granite, tonalite, diorite,
gabbro).
Goodhouse Blockwerf Migmatite Heterogeneous migmatitic madiod granitic
plutonic rocks (diorite, tonalite,
granodiorite).
Xaminxaip River Orange-brown weathering, even-grained
Granodiorite (medium-grained) granodiorite.
Khoromus Tonalite Dark-brown to black weatheringeyg
medium-grained granitic and mafic intrusives
(tonalite, granodiorite, diorite, gabbro).
Vuurdood Mafic-ultramafic bodies of limited extent.
Composites of gabbro, pyroxenite, peridotite,

minor troctolite.

2.4.1 Vuurdood Subsuite

The Vuurdood Subsuite is mainly developed in théotdaea to the south of Vioolsdrif

and is conspicuously absent in both the Richtedsaeta and within the Hoogoor
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Granite. Mafic-ultramafic bodies which are presearthe Richtersveld area to the east
and southeast of Eksteenfontein (De Villiers andrfg@, 1959; Middlemost, 1965;
Minnaaretal., 2011) is not included in the Vuurdood Subsh#&eause field evidence
suggest that they were emplaced during post-Vioiblsohes (reliable radiometric dating
is needed to confirm this). But even if they doretate with the Vuurdood Subsuite,
then they are still volumetrically vastly inferitr those in the Haib area. In the Hoogoor
Granite, sporadic bodies of amphibolite are encenadtwhich may represent
metamorphosed bodies of the Vuurdood Subsuitedaihaeven if that is the case, they

cannot volumetrically be compared to those in théltarea.

The Vuurdood Subsuite comprises composite bodmgaming various proportions of
gabbro, amphibolite, peridotite and pyroxenite.idR&977) distinguished troctolite in
the Swartkop body. The bodies vary in size angeshanging from about 100 m to
about 2 km across and are invariably enclosed witie Goodhouse Subsuite. Contact
relationships between the bodies and the rockseoGoodhouse Subsuite are either
obscured due to shearing, or covered by talus fahg has previously led to some
controversy as to the nature of these bodies. Segwded them as earlier phases of the
Vioolsdrif Suite (e.qg., Blignault, 1977), some asnulate material within the Goodhouse
Subsuite (e.g., Reid, 1982), while others regatteth as intrusive bodies in the
Goodhouse Subsuite (e.g., Beukes, 1973). Radianagfe determinations and isotopic
studies by Reid (1977, 1982) have established lzby@asonable doubt that they are
among the oldest in the batholith (overlappingge aith the early volcanics) and that
they originate from similar parent magmas as ble¢hQrange River Group and
Goodhouse Subsuite. During the current study, Késaf gabbro, closely resembling
those of the Vuurdood Subsuite, were found in Goadh Subsuite granites (Figure
2.20).
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Figure 2.20: Xenoliths of gabbro, probably frore ¥uurdood Subsuite, in granitoids of the Khororosalite at a
locality southeast of Vioolsdrif (17.9411°E; 28.843).
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Figure 2.21: Gabbro of the Vuurdood Subsuitelatality southeast of Vioolsdrif (17.9431°E; 28.833).

The bodies of the Vuurdood Subsuite are melanacaati the gabbros often show a
speckled surface appearance with white (averagmpfeddspar porphyroblasts in the

melanocratic matrix (Figure 2.21). Original roektures are invariably destroyed by the
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growth of large secondary minerals, leading to asiva texture and the production of
boulder-sized rubble. Zoning was recognized dutiiregcurrent mapping in some of the
bodies where the ultramafic rocks (pyroxenite aaddotite) form a marginal zone
around a central core of gabbro. The contact twien and core is gradational.
Ultramafic compositions also occur within the cahtggabbroic part, probably as

cumulates.

2.4.2 Goodhouse Subsuite

The Goodhouse Subsuite is volumetrically dominarnhe Vioolsdrif Suite. The
Gaarseep Granodiorite unit can be considered téytiie suite and its type area is along
the national Namibian-South African highway soutivmolsdrif (see map). The
subsuite as a whole comprises a range of compesittom gabbro, diorite, tonalite and
granodiorite to monzo- and syenogranite. Howefeen, units can be distinguished

within the subsuite within which mineralogical agebchemical variation is limited.

The exact proportions of tonalite, granodiorite gnahite within the subsuite is difficult
to determine as they resemble each other closeheifield in physical character.
Diorite and gabbro show a gradation, making thefficdit to distinguish from each
other but can, however, be distinguished from tfami¢pids fairly easily by an overall
darker weathering colour. They represent about @D#be total volume within the

Goodhouse Subsuite.

In the Haib area, contacts between the Goodhoussuiea and Orange River Group are
sharp and cross-cutting with numerous xenolithheflatter contained in the former
(Figure 2.22). In the Richtersveld area, the odsthetween these two units are typically

concordant, with xenoliths of the volcanics stbluadant in the intrusives.
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Figure 2.22: Typical contact relationship betwdenvolcanics of the Orange River Group and grédstof the
Vioolsdrif Suite in the Haib area as seen at aligcsoutheast of Vioolsdrif (17.9617°E; 28.8850°S)

Figure 2.23: Heterogeneous enclave swarm in tler¢thus Tonalite at a locality in the Oernoep Ris@urse,
southeast of Vioolsdrif (17.9457°E; 28.9339°S).e¥leonsit of xenoliths of the Orange River Groud alder phases
of the Vioolsdrif Suite as well as dark mineral alates.
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A characteristic feature of the Goodhouse Subssiitee widespread occurrence of dark
mafic enclaves in the granitoids. These enclavesfvarious types and include
xenoliths of the Orange River Group and restitesunnulates of dark minerals which
formed within the unconsolidated magmas. Theram@ enclaves that were deformed,
occurring as flattened and elongated dark minenadutates, the origin of which is
uncertain. In places, enclave swarms, some honeagsrand some heterogeneous (e.g.,
Figure 2.23), occur. The xenoliths of Orange Ri@eoup volcanics are the most
abundant. They vary in shape from angular to redrahd in size from a few

millimeters to tens of meters or even hundreds etiens in diameter. A detailed

investigation of the enclaves was not done for $hisly.

2.4.2.1 Khoromus Tonalite

The Khoromus Tonalite is the oldest unit within keodhouse Subsuite, as can be
deduced from contact relationships, and is extehsieveloped only in the Haib area.
In the field, the Khoromus Tonalite can be distiisped from the Gaarseep Granodiorite
from a distance by an overall darker weatheringwothat can be recognised even on
aerial photographs. A characteristic feature lainalscape built by the Khoromus
Tonalite, is the presence of conspicuous hills eddpy black-weathering bodies with

dark debris along the slopes (Figure 2.24).

This is in contrast with the areas underlain byGeep Granodiorite, which display
homogeneous brown colours (Figure 2.35). Contastisden the Khoromus Tonalite and
Gaarseep Granodiorite are sharp and cross-cutithgcenoliths of the former occurring
in the latter (Figure 2.25).
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Figure 2.24: Typical view over an area underlairtie Khoromus Tonalite unit. Locality near theugaseb River
course (17.9619°E; 28.8649°S). Direction of viewd the east.
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Figure 2.25: Xenoliths of Khoromus Tonalite (dark\Gaarseep Granodiorite (17.9253°E; 28.9191°S).
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Figure 2.26: Typical Khoromus Tonalite granitaiddutcrop. Course of the Oernoep River, southafagioolsdrif
(17.9417°E; 28.9286°S). The well-rounded xenolghsbably represent mafic volcanic rocks of ther@mRiver
Group.

In outcrop, granitoids of the Khoromus Tonalite ggically medium-grained with a
speckled grey colour (Figure 2.26). The speckiedae to aggregates (average 5 mm)
of dark minerals (biotite and hornblende). Suciragates may be up to 2 cm across and
are sometimes weathered out, leaving a pitted cirf&eldspar phenocrysts, on average

5 mm in diameter, are often discernible in outcrop.

The black-weathering rocks which are so conspicti@us a distance (see Figure 2.24),
occur as numerous isolated patches of a few mieteesiths of meters across. The black
weathering is due to a coat of desert varnish ersthiface of the rocks. They typically
produce a metallic clang when hit with a hammelne Tresh rock is blue-grey and
medium-grained, while grey quartz and green pldgsmcrystals can be discerned. Dark
minerals (biotite and hornblende) sometimes alsse&a speckled appearance to this
melanocratic rock. Contacts between these blactveeing rocks and the brown-
weathering varieties are gradational over a fewensgtFigure 2.27). Leucocratic
varieties of the Khoromus Tonalite rocks also odmutrare scarce and limited in extent.

The unit is predominantignedium-grained but coarse-grained variations ocgine
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presence of mafic enclaves is a characteristitfeaif both the Khoromus Tonalite and

the Gaarseep Granodiorite.

Figure 2.27: Gradational contact relationship leetvmelanocratic and mesocratic varieties withénkthoromus
Tonalite at a locality north of Ghaams. Locatih8:0008°E; 28.8936°S.

The rocks of the Khoromus Tonalite unit commonlspify textures in outcrop which
may be interpreted as products of magma mixingatudies like, e.g., Perugigtial.
2002; Perugini and Poli 2004). These include bagndind “streaky” textures (Figure
2.28), which conform with descriptions of “filamémind “globular” regions in rocks

which have been shown to represent products of raagixing.
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Figure 2.28: Banding and “streaky” textures cominalisplayed in the Khoromus Tonalite unit whichynize
interpreted as “filament” (leucocratic areas) agtbbular” (melanocratic areas) areas as defind®emginiet al.
(2002) and interpreted as the result of chaotidmgixlynamics during magma mixing processes. Sasthef
Vioolsdrif (17.9253°E; 28.9191°S).

2.4.2.2 Xaminxaip River Granodiorite

The Xaminxaip River Granodiorite is best developethe area to the east of
Eksteenfontein and is named after a dry river betiat area (see map). It was first
mapped as an independent unit by Ritter (1980), nsfered to it as “even-grained
granodiorite”. Minnaaet al (2011) named it the Xaminxaip River Granodiorite.
Unfortunately this name is uncommon in the Engléstguage but was chosen for
reference purposes on published maps. Being atddseea, such references are few
and far between on the relevant maps. The nammiiXaip” should be pronounced
“kaminkaip” (refer to the international phonetiphabet) as it originates from a Nama
word in which a clicking sound (with the tongueyeplaced by “x” (after De Villiers and
Sohnge, 1959). As there is no such clicking saarile English alphabet, “k” is the

closest to it.
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U-Pb zircon (LA-ICPMS) ages were obtained for a glenfrom the unit (see Appendix
2). A crystallization age of 1 892.5+4.8 Ma iswsmilar to that of the Gaarseep
granitoids as determined by Reid (1977) in the Haéa. It is chronologically placed
older than the Gaarseep Granodiorite since corgéationships attest to it being intruded

by the Gaarseep Granodiorite (Figure 2.29). Inesoases, the relationship is unclear

with the contact being gradational, however, therpretation is supported by previous
studies of De Villiers and Séhnge (1959) and Ri({t®80), who came to the same

conclusion.

Figure 2.29: Xenolith of Xaminxaip River Granodierin granite of the Gaarseep Granodiorite (1764&0
28.8035°S).

The Xaminxaip River Granodiorite is spatially agatex with the volcanic rocks of the
Windvlakte Formation. Contact relationships betvtee two units are mostly
gradational and it is often possible to identifyoamic textures, such as tuffaceous
fragments, in the granitoids (Figure 2.30). Ri{tE980) considered the Xaminxaip River
Granodiorite to represent a subvolcanic unit betwbe Vioolsdrif Suite and the

overlying volcanics.
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Figure 2.30: One of the textures often found & Xaminxaip River Granodiorite unit which is integfed to represent
an original volcanic character (mesocratic tufttiis case) from the Windvlakte Formation after ystallization
(location: 17.3203°E; 28.7466°S, east of Eksteetefan

The Xaminxaip River Granodiorite as a whole is vieoynogeneous in composition and
grain size (medium-grained, average 1 mm) althotrghsitions to fine- and coarse-
grained varieties do occur. It displays a charastte grey colour and weathers light-
brown. Xenoliths of Orange River Group volcanissagll as other types of enclaves
occur in places, although much less frequent thaha Khoromus Tonalite and Gaarseep
Granodiorite.

The development of metamorphic banding, plastiomhedtion and, locally, fully
developed migmatite (Figure 2.31), may be consttleraracteristic of the Xaminxaip
River Granodiorite. De Villiers and S6hnge (1968hsidered the migmatite to be a
direct result of the intrusion of the Gaarseep @darrite into the Xaminxaip River
Granodiorite (thus, by contact metamorphism). eritL 980) regarded the migmatite in
Helskloof to the east of Eksteenfontein, as a pcodtimetamorphism at a deeper crustal

level. Contacts between the migmatite and the lyemeous granodiorite within the unit
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are entirely gradational. Areas of migmatite depetent are commonly a few metres in

extent.

Figure 2.31: Migmatite developed in the Xaminxgiger Granodiorite at Helskloof, east of Eksteeméam
(17.4398°E; 28.8037°S).

2.4.2.3 Blockwerf Migmatite

The Blockwerf Migmatite was originally termed théoBkwerf Migmatite Complex by
Ritter (1980). It is situated on the bank of theu@e Riverin the northeastern part of the
Richtersveld National Park in South Africa. Itrides the Kuams River Formation and
is itself intruded by the Gaarseep Granodioritbesk relationships are indicated by
cross-cutting contacts between the migmatites ad>aarseep Granodiorite (Figure
2.32), xenoliths of the Kuams River Formation vaica found within the granitoids of
the Blockwerf Migmatite, and xenoliths of the Bloadrf Migmatite in the granitoids of

the Gaarseep Granodiorite.
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Figure 2.32: Contact between granodiorite of tleGeep Granodiorite unit (top) and migmatite efBlockwerf
Migmatite at Blockwerf, Richtersveld National Parkocation: 17.1221°E; 28.0798°S.

Figure 2.33: Migmatite of the Blockwerf Migmatit&e migmatitic character is owed to a large nunamet high
concentration of mafic enclaves in the intrudingrgtoids. Location: 17.1525°E; 28.1074°S.

The migmatitic character of the Blockwerf Migmatisea direct result of the large
number and high concentration of mafic enclaveabénintruding granitoids. In other

words the mafic enclaves (which vary in size areldansely and randomly distributed)
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cause a deformation of the granitoid’s matrix inlsa way that the impression of plastic
deformation is created, which is being termed migm#Figure 2.33). The majority of
the enclaves closely resemble the volcanic rockke@Kuams River Formation, while

others are represented by cumulates of mafic nisera

Two phases of migmatite can be distinguished witi@rBlockwerf Migmatite, based on
how well the migmatitic character is developed (@his directly related to the density of
enclaves in the granitic matrix). The first phaseepresented by those parts where the
density of mafic enclaves is high and the mignatharacter is well developed. In this
phase, the dark mineral contents is also high la@djtanitoids are melanocratic. The
second phase is represented by those parts in Wiedtensity of enclaves are low and
the granotoids are not migmatitic. This phaseéhsver dark mineral contents and is
mesocratic. This relative difference in compositietween the two phases can also be
observed on a TAS classification diagram (Figui€®44.2.7 Blockwerf Migmatite). The
two phases may be referred to as phase 1 and pi{asen Figure 4.19). Thereis a

complete gradation between the two phases.

There is a large variation in the sizes of the @red from a few centimetres to bodies of
about 3 km in length and 1 km wide. Patches afiggabccurring within such large
bodies, are melanocratic. For the most part, thiioes of the Blockwerf Migmatite are
coarse-grained (average 4 mm) and the dark mineaatse a speckled appearance in the
fresh rock. In phase 1, the matrix is often fimahged. Gradational contact relationships
between the enclaves and the granitoid matrix aspH, suggest that the granitoid may
be a hybrid rock (i.e., formed by the completeragation of the country rock which it
intruded; Figure 2.34).

The intruding granites of the Gaarseep Granodiargecharacterised by homogeneity in
all of composition, grain size and weathering cololn these characteristics they closely
resemble phase 2 of the Blockwerf Migmatite whbeeednclave densities are low. The
Gaarseep granitoids have, compared to the grasigdithe Blockwerf Migmatite, much

fewer enclaves and their concentration is veryilothe unit. They are evenly
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distributed, well-rounded and their sizes are evarying only between 2 —5 cm. In
addition to the enclave types found in the Blockvivtigmatite, the Gaarseep granitoids
also contain xenoliths of the Blockwerf Migmatitself. The composition of the
Gaarseep granitoids do not seem to be influencetdeogngulfment of the migmatites,

nor by the engulfment of the Kuams River volcarffosm observations elsewhere).

=

Figure 2.34: Hybrid rock of the Blockwerf Migmatit Location: 17.1373°E; -28.1002°S. Blockwerftiirsveld

National Park.

2.4.2.4 Gaarseep Granodiorite

The Gaarseep Granodiorite has by far the most sixeedistribution in the Vioolsdrif
Suite and is very homogeneous. It is coarse-giaane invariably exhibits a brown
weathering colour and a woolsack weathering pattéigure 2.35). The type area for the
unit has historically been considered to be tha aoeith of Vioolsdrif (see map). The
occurrence of mafic enclaves is a characteristitufe, as for the Khoromus unit. These
enclaves are relatively homogeneous in size angeshoeing mostly very well rounded
and on average 5 cm in diameter. In the fringasacé the batholith, where the Gaarseep

Granodiorite is overprinted by Namaqua foliatiarge (up to 3 cm) idiomorphic
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secondary hornblende crystals are commonly devdlopthe granotoids (see Figure
3.9).

Figure 2.35: Typical view over an area underlairtie Gaarseep Granodiorite. Dark-weathering optof the
Khoromus Tonalite are visible in the backgrounacdlity near the Oudanisiep River course (17.961288649°S).
Direction of view is to the south.

Based on field evidence and contact relationslitiggan be said that the timespan of
development of the Gaarseep Granodiorite unit apsrthat of the entire Vioolsdrif
Batholith,from the earliest phases overlapping whth Orange River Group, through to
the final stages, even as young as Ramansdrif 8abs<enoliths of it are found in some
of the earliest volcanics (see 2.3.1.2 Nous Foonatiand it can be observed to intrude
all of the Orange River Group, Khoromus TonalitejiXnxaip River Granodiorite,
Blockwerf Migmatite and Rosyntjieberg Formatiorg tatter of which render some of
the youngest radiometric ages in the batholith Bs8&.7 Rosyntjieberg Formation).
Contact relationships with the Hoogoor Granite daudt be established in the field. The
Gaarseep Granodiorite is on average more feldiearRichtersveld than in the Haib area.
In the southern parts of the Richtersveld Natidtak, the granites commonly display

green and pink alteration of the feldspars in agcr
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A sample from the Gaarseep Granodiorite in the tersield, which is found to intrude
the Rosyntjieberg Formation, rendered U-Pb zir¢cgkICPMS) ages of 1896+12 Ma
(see Appendix 2). This age is problematic bec#@usentradicts the field evidence.
According to contact relationships it should beryger than all of the Paradys River
Formation (1 883+7 Ma), Rosyntjieberg Formation 88D-1 850 Ma), and Xaminxaip
River Granodiorite (1 89215 Ma). Given the relatiwwide time span of development of
the Gaarseep Granodiorite, it is possible thattoang outcrop was sampled for the age
determination. According to field mapping, the géaris from the same pluton that
intrudes the Rosyntjieberg Formation (see maploefdp. However, the sample is not
from the actual locality where the two units arerfd in contact (Paradyskloof,

Richtersveld National Park).

2.4.2.5 Hoogoor Granite

The Hoogoor Granite is located within the areasosunding the batholith type area
where it is pervasively overprinted by foliationdametamorphism of the 1.3-1.0 Ga
Namaqua orogeny (Figure 2.36), which has led tetiigeration of original textures and
contact relationships.

This has been the cause of controversies regatiéngorrelation of the unit with the
Vioolsdrif Suite (Gaarseep Granodiorite). Bligrtaatlal (1983) extended the Vioolsdrif
Suite through field mapping out of its relativelydeformed type area eastward up to the
vicinity of Onseepkans, thus correlating what rened the Hoogoor Granite in this

study, with the Gaarseep Granodiorite. Followimg,tStrydonet al (1987) included

the unit in the Goodhouse Subsuite. However,dbiselation was not followed by Moen
and Toogood (2007) who, in agreement with Von Baoks (1953), distinguished the
unit separately as the Hoogoor Suite. They bassedubdivision on the following field
evidence:
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Figure 2.36: Intense foliation associated withtfanaqua (1.3-1.0 Ga) orogeny, which is attaingulaces within the
Hoogoor Granite unit. Location: 18.5039°E; 28.9236

a) the overall more felsic nature of the Hoogoaaur@e compared to the Gaarseep
Granodiorite in the Haib area,

b) the general absence of the Vuurdood Subsuiteeratifamafic bodies, which is
typically associated with the Goodhouse Subsuiitsitype area,

c) the common association of the Hoogoor Granitd wietasedimentary rocks, as
opposed to the Goodhouse Subsuite's general assoaigth metavolcanic rocks,

d) the virtual absence of mafic enclaves in the g¢mw Granite, which is considered

characteristic of the Goodhouse Subsuite.

Moen and Toogood (2007) furthermore report fieldlemce which suggest that parts of
the Hoogoor Granite actually belong with the medasentary supracrustal units. Such
evidence include gradational contacts with metéggekhnd quartzites, horizontal facies
changes and the occurrence of abundant sillimanitee gneiss in places. Colliston and
Schoch (2006), on the other hand, demonstratedrtaay of the textural differences
between the Gaarseep Granodiorite and Hoogoor 8ramay be accounted for by

differences in strain intensity between the OraRger orogeny and Namaqua orogeny,
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thereby maintaining the correlation between the @wits. This correlation is supported
by a U-Pb zircon (SHRIMP) age of 1 890 Ma, whichegorted by Moen and Toogood
(2007; pers. comm. R. Armstrong). This age agnesbwith the intermediate members

of the Gaarseep Granodiorite unit, as well as thighXaminxaip River Granodiorite.

The fact that the Gaarseep Granodiorite and HooGoanite are time equivalents does
not necessarily imply that they are geneticallatedl. This study investigates the
geochemical relationship between them. Some of¢oehemical characteristics,
especially those involving trace and rare eartmelds, are regarded to reflect primary
igneous processes. Moen and Toogood (2007) swghisther investigations into the
age relationship between the Hoogoor Granite aadrttasedimentary units which are
typically associated with them, especially the Gurad~ormation of Strydorat al

(1987). Indeed, in the eastern extension of thieamd in Namibia, it becomes part of
much more complicated correlation issues invohangimber of supracrustal units.

Such investigations are not within the scope ofciimeent study.

In outcrop, the Hoogoor Granite displays light-broweathering colours. The Namaqua
foliation is pervasively developed, varying in insgty, and the rocks display a
granoblastic texture with a relatively wide vargetiin grain size. Moen and Toogood
(2007) recognized an association between coarseegh&>4 mm) varieties and the
development of an augen texture. The augen maypingosed of alkali feldspar or

intergrowths of quartz and feldspar.

2.4.3 Ramansdrif Subsuite

The Ramansdrif Subsuite includes the leucocratitresmbers of the suite. It is found
intrusive into the Gaarseep Granodiorite (FiguB¥Pand represents the final stage of

the batholith evolution (Reid 1977).

The granites of the Ramansdrif Subsuite weathkghit-brown colours, similar to other

units in the Namaqua Metamorphic Province whichcamamonly referred to as "pink
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gneisses”. Two distinct grain size variations ardistinguished in outcrop and Minnaar
etal. (2011) proposed the subdivision of the unib itite Ghaams (fine- to medium-
grained) and Sout (medium- to coarse-grained) Gsnnamed after wells in the study

area (see map). Contacts with the rocks of thedBmase Subsuite are sharp and

discordant.

Figure 2.37: Intrusive relationship between thatSaranite and Gaarseep Granodiorite at a locstdittheast of
Vioolsdrif (17.9419°E; 28.8878°S).

2.4.3.1 Ghaams Granite

The Ghaams Granite is fine- to medium-grained amdroonly displays a gneissic
texture. In the southern part of the Haib are&iwithe foliated fringe areas of the
batholith, the Ghaams Granite’s characteristicdetatic nature contrasts sharply with
the granodioritic rocks of the Goodhouse Subsiitguie 2.38). Also in these foliated
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areas, the gneiss is exceptionally rich in museasitd commonly associated with the

development of pegmatite and greissen.

Figure 2.38: Conatact between the leucocratic @kaaranite (right) and mesocratic granitoids of @mdhouse
Subsuite in the southern, foliated parts of théadléh south of Ghaams (17.8850°E; 28.9659°S).e@ion of view is
to the east.

Figure 2.39: Leucocratic nodules and lenses irGih@ams granite at a localtion south of Ghaamsatian:
17.9227°E; -28.9647°S.
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Occurrences of leucocratic nodules, lenses anawliswous veins is a characteristic
feature in certain parts of the Ghaams Graniteu{iei@.39). They comprise quartz, K-
feldspar, subordinate plagioclase and muscovitke kittite and opaque minerals being
concentrated along the centres. They are singl#rdse described for the Tsams
Formation and are thought to originate during degtron and metamorphism through

migration of felsic melts which originate by partmelting of the granites.

2.4.3.2 Sout Granite

The Sout Granite is medium- to coarse-grained,dexatic and typically void of dark
minerals. The K-feldspar typically displays a risticalteration (Figure 2.40). Very
coarse-grained varieties are also found. It comynerathers to a woolsack weathering

pattern.

Figure 2.40: Reddish alteration of K-feldspar daise-grained Sout Granite at a locality south arnigab.
Location: 18.0154°E; -28.8657°S.
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3. PETROGRAPHY

31 ORANGE RIVER GROUP

Within the Orange River Group, the matrix of aptianavas are sometimes too fine-
grained to recognize individual minerals underrtieroscope. Commonly however,
even though fine-grained, the matrices of the CeaRiyer Group volcanics lend itself to
microscopic investigation. The porphyrytic lavasstly contain both quartz and feldspar
phenocrysts. The latter phenocrysts are typi@llyedral to subhedral and the degree of
alteration varies from entirely altered to unalte¢e.g., Figure 3.1). Alteration of the
feldspars may be related to metamorphism duringdtfaemge River Orogeny or to the
presence of fluids during the late stages of clyzation of the volcanics. Sericite,

soussurite and epidote are common alteration ptedeading to the formation of a

cloudy mass within the crystals.

Figure 3.1: Thin section of leucocratic porphyeytiva of the Tsams Formation showing a fine-gmimatrix and

euhedral, relatively unaltered plagioclase phersisrylocation of sample: 17.6632°E; 28.8044°S.
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Figure 3.2: Thin section of quartz-feldspar pomyhyf the Kook River Formation showing porphyrotiéasomprising
quartz aggregate (flattened along the foliatiorg analtered, subhedral feldspar. Location of sanfpf.1771°E;
28.1833°S.

The quartz porphyroblasts are rounded to subheditay may also be comprised of
aggregates and may be flattened along the foligéisiis commonly seen in the Paradys
River Formation, which was greatly affected by Rdémcan deformation (Figure 3.2).
Tuffs throughout the Orange River Group contaigrinants of very fine-grained lava

and chert.

The dark mineral constituents in the Orange Riveru@ include hornblende, biotite,
chlorite, epidote and opaque minerals and muscoeiters as an additional phase.
Sphene occurs in accessory amounts. The propatidark minerals in the rock varies
depending on the composition. The basaltic aneesit the Nous Formation are
dominated by plagioclase in which the alterationesbetween completely altered to
unaltered. Hornblende, biotite and epidote areptiedominating dark minerals. Epidote
occur mostly as alteration products but may alpoesent primary crystals. Andesites
throughout the Orange River Group also contain lblerde but to a lesser extent than in

the Nous basaltic andesites. Muscovite becomagdisant phase in the andesites. The
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dark mineral contents is low in the dacites. Htenbe is still present as a minor phase.
Rhyolites do not contain hornblende while muscomsta common phase. Hornblende,
biotite and muscovite may occur either as primdrgges or alteration products, while

chlorite and epidote are alteration products thhawd.

Regarding the metamorphic grade, the greenschissf@onditions inferred for the
Orange River Group and Vuurdood Subsuite in varpresious studies (e.g., Beukes,
1973; Blignault, 1977; Reid, 1977) is confirmedtbg mineral assemblages studied. The
green amphibole actinolite is a common constitespecially in the Vuurdood Subsuite
and both hornblende and biotite display well-dedipieochroism. The rocks of the Haib
Subgroup are commonly altered to schist in aredsgbf strain deformation. In thin
section, the foliation in these schists is defibgalark minerals orientated in a parallel
array and varying in proportion in accordance i composition. Hornblende often
occurs as large, secondary crystals overgrowingtiineary phases. A speckled
appearance in hand-specimen may be caused eitlgarbynineral aggregates or large,
poikilitic hornblende or biotite flakes. In the B®wop Subgroup, foliation related to the
Pan African orogeny is pervasively present and nspaschistose texture in the rocks.

Mainly the Paradys River Formation has been subgett intense strain.

Two generations of feldspar are present. One géinarcomprises unaltered crystals
while the other comprises cloudy, altered crystdlse degree of alteration within the
latter generation varies among individual crysfelg., Figure 3.3). This is mainly true
for the Windvlakte and Abiekwa River Formationsttbof which were intensely
subjected to recrystallization, as seen in thelfids such, alteration of the first feldspar
generation in these rocks could possibly be relatedetamorphism during which fluids

were liberated.
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Figure 3.3: Thin section of dacite from the Wirakte Formation. Two generations of feldspar cadisénguished
namely an altered and unaltered phase. Locatisample: 17.3549°E; 28.9432°S.

3.2 VIOOLSDRIF SUITE

3.2.1 Vuurdood Subsuite

In the Vuurdood Subsuite, only remnants of theinalgminerals can be recognized in
the altered phases. In some cases, the rock iidyestinaltered (e.g., Figure 3.4). The
gabbros comprise plagioclase, orthopyroxene, clirmgene, olivine and hornblende.
Biotite, muscovite, chlorite, epidote, zoisite, amhque minerals occur in varying
amounts. Actinolite is a common alteration produbtle K-feldspar, quartz, apatite and
allanite represent accessory phases. The peddatitd pyroxenites are commonly
highly altered to serpentinite. Orthopyroxene @rgthene), olivine, phlogopite and
opaque minerals comprise the other constituerdasidition to serpentine. The
amphibolites consist of actinolite, hornblende anbordinate epidote. Limited
occurrences of troctolite at Swartberg compriseimé and plagioclase as major

components and clinopyroxene and hornblende agdinlte constituents.
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Figure 3.4: Thin section of olivine gabbro frone tiuurdood Subsuite showing relatively unalterederalogy
comprising plagioclase, hornblende, clinopyroxene alivine. Location of sample: 18.1197°E; 28.9U86

In the Vuurdood Subsuite as a whole, green ampaibahstitutes the major phase — an
estimated 41%. It is difficult to determine how chwf this amphibole is primary. REE
patterns with positive Eu anomalies in some sampliéise Vuurdood Subsuite (Figure
4.12), suggest that a substantial amount may lbeapyi since positive Eu anomalies are
commonly thought to indicate large-scale amphilb@etionation or amphibole retention
in the source (Rollinson, 1993). However, theratien process from pyroxene to
amphibole is very commonly observed (almost through suggesting that a large
proportion of the amphibole represents alteratimupcts from pyroxene. The alteration
is thought to be related to greenschist facies metghic conditions. This is based on
the fact that the Vuurdood Subsuite and OrangerR3veup are of similar age and as
such, probably underwent the same deformationahatdmorphic processes.

Greenschist facies metamorphism is common in tlea @ River Group.
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3.2.2 Goodhouse Subsuite

In the Goodhouse Subsuite, alteration of the feldsparies between completely altered
and unaltered. In partly altered crystals, alteratnay be concentrated along the rim or
in the centre. Epidote and sericite are commaratibn products of the feldspars.
Epidote alteration may be associated with a clandgs or may occur as single flakes
which are distributed randomly throughout the fplitscrystal. In situations where the
plagioclase composition could be estimated by theh#-Levy method (using the
extinction angle), an andesine composition predail®ne occurrence revealed an

oligoclase composition (Hoogoor Granite).

The dark mineral contents in the Goodhouse Subsestmbles that of the Orange River
Group. Biotite is found both as alteration prodeichmphibole and as a primary phase.
Amphibole often occurs as a primary and secondaag@. Most commonly, the
amphibole crystals will display a poikilitic chatac (Figure 3.5). Such phases can be
identified as secondary in some samples wherdatisd in contact with the primary

phase. The primary phase is altered to biotitedm@$ not show a poikilitic character.

Figure 3.5: Typical poikilitic character of prinyalhornblende in granitoids of the Khoromus Tonalitecation of
sample: 17.9259°E; 28.9200°S.
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Epidote most commonly represents an alterationymtoaof feldspar but also occurs as a
primary phase in the form of idiomorphic matrix stals. It is also often seen to develop
in the centre of biotite flakes. Muscovite toomnsst commonly associated with
alteration but also occur as primary crystals. o@itd is an alteration product throughout,
either of hornblende or biotite. Ortho- and cligapxene are limited to the mafic

endmembers in which they occur in accessory amounts

Estimated modal persentages in the Goodhouse Selasaias follow (number of

samples studied in brackets):

Unit Qtz | Fsp| Bt| Hbl| Ep| Chl Ttn Op Ms$ Cpx Opx A
Khoromus Tonalite (61) 33 | 38 | 13 3 7 2 2 2 | acc| acc | acc
Xaminxaip River Granodiorite (21)) 34 | 49 5 5 3 |acc| 1 2

Gaarseep Granodiorite (106) 29 | 39 | 12 8 1 2 1 2 acc
Hoogoor Granite (28) 37 | 38 | 11 4 3 1 2 2 | acc 2

In the Khoromus Tonalite, contacts between sceddflilament” and “globular” areas as
identified in the field (see Figure 2.28), are widfined in thin section (Figure 3.6). The
“filament area” is represented by a relatively seaflelsic matrix, the feldspar being
generally unaltered and the dark mineral content I&he “globular area” is represented
by a mafic matrix, rich in dark minerals and highlyered feldspar. These textures may
be interpreted as possible products of magma mpingesses (Perugiat al, 2002).
They may however, also represent products of pangdting during migmatite-forming

processes.
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Figure 3.6: Thin section of granite from the Khoigs Tonalite showing a well-defined contact betwaenafic (top
of photo) and a felsic matrix (the contact transélge scale bar at approximately 1.35 mm). Thesenatrices may
be interpreted as “globular” and “filament” areaspectively in terms of magma mixing models (Perigfi al.,, 2002).
Location of sample: 17.9260°E; 28.9187°S.

Figure 3.7: Thin section showing a normally zopkhioclase crystal in granite from the Khoromusdlde.
Location of sample: 17.9260°E; 28.9187°S.
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Another observation speaking in favour of magmaimgiyrocesses in the Khoromus

Tonalite, is the frequent occurrence of zoned fed<€rystals (Figure 3.7).

This zonation is found to be both normal and resgrsAlthough less common, zoned
hornblende crystals can also be found in the Khoofronalite. Zoned crystals may
also be explained in terms of normal fractionaktailization processes during which
they were in disequilibrium with the melt when therystallized. However, zoned
crystals were not noted for any of the other unitke Gaarseep Granodiorite, with
which the Khoromus Tonalite is closely associalecks any evidence of magma mixing
processes, both in the field and in thin sectibtore detailed studies are needed to

confirm a magma mixing model for the Khoromus Tdeal

In the coarse-grained granitoids of the Gaarse@pd@gliorite, coarse, unaltered

microcline crystals often contain inclusions oferghhases such as altered feldspar,

quartz and dark minerals (Figure 3.8).
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Figure 3.8: Thin section of Gaarseep Granodiati@ving inclusions of well rounded, pervasivelystd feldspar
and quartz within an euhedral and relatively umattemicrocline phenocryst. Location of sample01%2°E;
29.0294°S.
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Figure 3.9: Thin section showing euhedral, unattesecondary hornblende containing inclusions afjap minerals
and altered primary dark minerals, overgrowingghimary, altered mineralogy in the Gaarseep Graorddi
Location of sample: 17.9664°E; 28.9919°S.

The altered feldspar generation may occur int@#yitin the form of pods, veins and
stringers, or disseminated within a matrix of ueatl feldspar and quartz. In areas
affected by the Namaqua deformation, hornblendebéotide often also occur as two
generations, the second being due to metamorplactef These second generation
crystals are occasionally seen in contact witholder altered phases and may contain
inclusions of them, attesting to their secondatymrea(Figure 3.9). Both the hornblende

and biotite are orientated in a preferred orieatatimparting a foliation on the rock.

The Hoogoor Granite is entirely overprinted by Ngoefoliation. The typical Hoogoor
Granite has a common granitic composition with sealkali feldspar and a low dark
mineral content. Microcline dominates the alkaldspar compositions but orthoclase
also occur. Plagioclase also forms part of thdteread matrix. Hornblende and biotite
represent the dark mineral constituents and areélyridsomorphic, unaltered and

strongly pleochroic.
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The degree of metamorphism of the minerals in thegdor Granite increases from west
to east. In the western parts around Goodhouggnalramphibole-rich rocks may be
altered to actinolite-epidote gneiss, after grebissdacies metamorphism. The feldspars
are extremely altered and the original charactesigtan be recognized only in rare cases.
Hornblende is associated with alteration and fietkalong the foliation (Figure 3.10).

In places, the rock is porphyroblastic with thegiyroblasts consisting of quartz
aggregates which also encloses certain altereddatdnasses. Further to the east,
altered feldspars are rarely observed and theisogtminated by coarse, unaltered and
undeformed alkali feldspar, Here, altered feldggeases occur only as small, rounded
inclusions in the coarse and porphyrytic, unaltediédli feldspars, or as interstitial

stringers.
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Figure 3.10: Thin section of foliated Hoogoor Gtramlisplaying pervasively altered feldspar, quagteen amphibole
altered to epidote in places and biotite, fromvitestern part of the unit. Location of sample: 88 B’E; 28.9235°S.

3.3.3 RAMANSDRIF SUBSUITE

In the Ramansdrif Subsuite, estimated modal cortipasiare as follow:
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a) Ghaams Granite: (24 samples studied) quart%, #ddspar - 38%, muscovite -
9%, biotite - 5%, chlorite - 1%, epidote - 1%, opagninerals - 1%. The muscovite
contents is exceptionally high in the southerngerareas of the batholith where the rocks
are affected by the Namaqua foliation. Also irstheouthern fringe areas, the gneiss

occasionally contain leucosome nodules with gadegtloped in their cores.

b) Sout Granite: (12 samples studied) quartz - Si#ali feldspar - 39%,

plagioclase - 5%, muscovite - 2%, biotite - 1% ocité - 1%, opaque minerals - 2%.

Figure 3.11: Thin section of Ghaams Granite &ifoliation caused by the linear distribution aftfened pervasively
altered feldspar and biotite occurring interstiji@mong undeformed and unaltered feldspar andtzjuaocation of
sample: 17.9573°E; 28.9947°S.

Muscovite is a common constituent in the Ramang&irifsuite, mostly associated with
sericite as alteration products of the feldsp&tewever, secondary muscovite also occur
as unaltered, idiomorphic flakes. The Ghaams Grasiconfined to the areas affected
by the Namaqua foliation and here, idiomorphic secgeneration biotite flakes typically
display strong pleochroism varying between lighivian and dark-green. The foliation in

the Ghaams Granite in these areas is impartediéytated biotite and/or muscovite. It
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may also be the result of pervasively altered fedsnd biotite being aligned and
flattened in parallel layers, occurring interstltilamong the unaltered second phase
(Figure 3.11). Based on petrographic correlatiafighe occurrences of the Ramansdrif
Subsuite which are located within the Hoogoor Geraorrelate with the Ghaams

Granite.

In the Sout Granite, the feldspars are predomigpamathrse- to very coarse-grained,
unaltered and void of inclusions. Where limitetdition do occur, sericite is almost
exclusively the alteration product. A finer-grainmatrix is typically developed
interstitially among the coarse phenocrysts. Titisrstitial matrix occur in the form of
pods and veins. As in the case of the phenocrystanterstitial feldspars do not show
any appreciable alteration or deformation (e.ggufe 3.12). It is interpreted to represent

the late stages in a normal crystallization history

t -
; ‘
.

Figure 3.12: Thin section of Sout Granite showting alkali feldspar phenocrysts with interstitiald-grained matrix

occurring in the form of a vein. location of saepl7.8901°E; 28.8774°S.
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Figure 3.13: Thin section showing first phaserati€feldspar and dark minerals being deformed albagnargins of a

second phase feldspar in granodiorite of the XaaimRiver unit. Location of sample: 17.4437°E;72817°S.

Two generations of coarse feldspar may thereforedegnized in the Vioolsdrif
Batholith namely phenocrysts (magmatic in origindl @orphyroblasts (metamorphic in
origin). In porphyrytic samples of the Sout Graninterstitial feldspars are nowhere
found to be deformed along the rims of the phergispattesting to a magmatic origin
(Figure 3.12). Evidence attesting to feldspartblesis is found where the interstitial
matrix is seen to be deformed along the rims afdghr porphyroblasts, e.g. as in Figure
3.13. In such cases, minerals in the deformedixnaisy sometimes be seen to be

broken or cracked.

Exsolution textures are very rarely observed arig on small scale, in feldspars of the

Goodhouse Subsuite as well as the Ghaams Graaie, Figure 3.14).
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Figure 3.14: Thin section showing rare myrmekitgeloped along the edge of a quartz crystal in ldoo@ranite.
Location of sample: 18.5467°E; 28.8793°S.

Figure 3.15: Thin section showing perthite whisltommonly developed in the Sout Granite in itetgpea south of
Nous. Location of sample: 17.8785°E; 28.8703°S.
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However, these textures are very common in thespaldof the Sout Granite. In the Sout
Granite type area around Nous, as well as in tbbtBisveld National Park to the east of
Sendelingsdrif, perthite represents the prevaiirgplution type (Figure 3.15). In the
occurrences in the Haib area to the east of Kammgedmlution is less well developed,
appearing only in the larger phenocrysts. The pbessts at this locality are notably

unaltered.
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4. GEOCHEMISTRY

4.1 GEOCHEMICAL VARIATIONS

A number of classification and variation diagramk e presented here for the
Vioolsdrif Batholith with two aims in mind:

a) To geochemically compare the various units énlgatholith with each other.

b) To identify the tectonic environment and asdecianagmatic processes.

Some of the evidence presented here have alreathydresented in previous studies.
However, a repeat of such evidence is justifiethenlight of significant additional data
as well as some advances in classification syssamee the last published previous
study. Furthermore, no previous study presenigebahemical comparison of the

various units based on the current subdivision.

4.1.1 Classification diagrams

A diversity of classification systems for igneowosks are in use, reflecting the fact that

they may be produced by a variety of processesvariaty of tectonic settings.

The total alkalis-silica (TAS) diagram is one oé tmost useful variation diagrams and
has been shown by Cexal. (1979) to present a sound theoretical basithier
classification of volcanic rocks. The current vensof the diagram was constructed by
Le Maitreetal. (1989) from a large database of volcanic rodkgure 4.1 shows the

Orange River Group plotted on this diagram.
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Figure 4.1: The two subgroups of the Orange R&mup on the total alkali-silica diagram of Le Maiet al (1989).
Alkaline-subalkaline boundary is that of of Irvinad Baragar (1971).

The boundary dividing the alkaline from the subbliie(tholeiite) series after Irvine and
Baragar (1971) is also shown. The Orange Riveufrepresents a well defined
subalkaline series. The average composition isititavith Si0,>63%. Deviations into
high alkali contents may be caused either by pyrfeldspar phenocrysts or later
feldspar blasthesis (as suggested in thin sectigmgh lead to a high feldspar:quartz
ratio in the rock. Deviations into low-alkali asemay be caused by alkali depletion
during metamorphism. A distinction can be obsetvetiveen the Haib and De Hoop
Subgroups in that the latter subgroup has no etpntzaompositions to the basaltic
andesites of the former.
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Figure 4.2: The Vioolsdrif Suite on the classifioa diagram of De la Roclet al. (1980). R1 =[4Si— 11(Na + K) —
2(Fe + Ti)]; R2 = Al + 2Mg + 6Ca.

The R1-R2 classification diagram of De la Roehal (1980) is used here (Figure 4.2) to
distinguish between the individual units within Meolsdrif Suite. The names of these
units are based on their average compositionshoAtih the diagram has the
disadvantage that the data range plots in a smeal@f the diagram, it incorporates the
more commonly used granite nomenclature. Furthexmibtakes into account all the
more abundant major elements and depicts the mariat SiG as well as the changes in
Fe/(Fe+Mg) ratio and plagioclase composition.

The Khoromus Tonalite and Gaarseep Granodiorite kadmembers sharing the gabbro

field with the Vuurdood Subsuite, thus coincidinghathe basaltic andesites of the Haib
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Subgroup. In the Gaarseep Granodiorite, thesecraafimembers are all from the Haib

area.

The sample from the Blockwerf Migmatite which plaighe syenodiorite field is
porphyrytic and seen in thin section to be hightgrad. This suggests that its anomalous
plot is the result of alkali loss during metamogwhi The Xaminxaip River Granodiorite
may be distinguished on the diagram based omitiseld compositional variation within
the granodiorite field. Although the Khoromus Thiteeand Gaarseep Granodiorite
largely overlap, the two units can be distinguisbedheir average compositions. The
Gaarseep Granodiorite also extends across the eotinpositional range defined by the
two units, while the Khoromus Tonalite does noeexitinto the granite field. The
Gaarseep Granodiorite in the Richtersveld arealmeajistinguished from that in the
Haib area based on the fact that it shows a dtstinarrower and more felsic range,
being almost limited to the granodiorite field. eETHoogoor Granite can be distinguished
from the Gaarseep Granodiorite being more limitedamposition, as well as more
felsic.

Although the Ramansdrif Subsuite overlaps withfdigic endmembers of both the
Gaarseep and Hoogoor units, it does define a disiverage composition. The Ghaams
and Sout Granites both occupy the range monzogragénogranite-alkali granite.
However, the Ghaams Granite average compositishifted to the right along the R1
axis, compared to the Sout Granite. This can bibatted to the higher dark mineral
contents of the Ghaams Granite (see 3. Petrogralglagling to elevated Fe and Ti

contents.

Norm calculations have been executed on all théadla samples from the Vioolsdrif
Batholith. In Figure 4.3, the Vioolsdrif Suite a@dange River Group are plotted on the
classification diagrams of Streckeisen (1976) fatgnic and volcanic rocks. This
classification scheme is currently the most widedgd for igneous rocks. The
calcalkaline trend is clearly defined for both asbkages.
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(1976) for volcanic rocks.
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4.1.2 Harker diagrams

Figure 4.4 shows Harker diagrams for selected at¢sria the Vioolsdrif Batholith. For

the La/Yb ratio, chondrite normalized values aBeynton (1984) are used.

On Harker diagrams, the trend of an igneous rodk suill typically follow what Bowen
(1928) defined as the “liquid line of descent”, alincan be directly related to the
fractional crystallization process. However, othergmatic processes, specifically
partial melting, will produce the same trend. Nuoos studies show that only rarely will
a suite of volcanic rocks, showing a progressivenabal change, erupt as a time
sequence (Rollinson, 1993). This is also trughHerOrange River Group in which the
oldest volcanics have felsic compositions (the Ts&ormation; Reid, 1977). Therefore,
Harker diagrams do not go a long way in distingumghmagmatic processes. They are
however, useful in comparing geochemical variatiam®ng the various units within the
same igneous suite. They are also useful in iy@mgi the influence of metamorphism
and alteration.

Ramansdrif Subsuite
Goodhouse Subsuite -
Vuurdood Subsuite
De Hoop Subgroup
Haib Subgroup

certit

40 50 60 70 80 90
Si0,

Figure 4.4: Harker diagrams for selected elemiantise Vioolsdrif Batholith.
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Metamorphic alteration in the Hoogoor Granite id&oexpected given the pervasive
overprint of the Namaqua orogeny. The elemen@,WNa0O, Pb and Rb all show a
linear increase from mafic to felsic and relativeigh values are to be expected in the
felsic Hoogoor granites. However, some sampldhisfunit show significant depletion

in these elements. This can be ascribed to elemebiiity during metamorphism since
these elements are classified as incompatible meleéiments (e.g., Rollinson, 1993).
The depletion in Rb and Pb specifically, has ingdlans for age determinations by the
Rb-Sr and U-Th-Pb systems. However, for the puemdshe current study, the

deviation of these samples from the average tremadt considered a major factor. When
correlation among units is considered, multi-elen@d REE patterns carry more weight
as evidence since an array of elements are usedltirelement diagrams and not single

ones, and the REE are notoriously resistant taémite from metamorphism.

Alteration is also evident in the Windvlakte andiéditwa River Formations of the De
Hoop Subgroup, which is in accordance with field getrological evidence suggesting
large-scale recrystallization in these formatioAsaumber of samples from these two
formations are depleted in,® and Rb, both of which are classified as mob#engnts
(e.g., Rollinson, 1993). The rest of the De Hoapdoup coincide closely with the
average trend.
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The Vuurdood Subsuite is unique in its mafic-ultedicn composition and represents a
clearly defined group at the mafic end of the trendhll the diagrams. Despite this, it
displays a definite association with the rest efltatholith, always falling on the
extension of the trend defined by the rest of ththdlith. For some elements, the trend
defined by the rest of the batholith continuesdnheinto the Vuurdood Subsuite, e.g.,
MgO, KO, Rb and Pb. For others, (e.g.2@4, Cr and Sr), the trend defined by the rest
of the batholith widens and curves at the mafic ®mds to coincide with the field
defined by the Vuurdood Subsuite. The Sr diagresplalys this especially well.

Within the Goodhouse Subsuite (in all of the diaggan Figure 4.4), there is a broad
overlap between the Khoromus Tonalite, Gaarseepddiarite and Hoogoor Granite.
The Gaarseep Granodiorite extends across the éptdeccupied by these three units
while the Khoromus Tonalite is concentrated atrttadic end and the Hoogoor Granite at
the felsic end. The latter two units do not overldhe Xaminxaip River Granodiorite is
distinguished by its limited variation, which coides with equivalent compositions in
the Gaarseep Granodiorite. (Although the XaminXiiger Granodiorite samples are
few, they do represent the entire compositionageanithin the unit, based on field
evidence.) The Blockwerf Migmatite is distinguighen the Harker diagram (Figure 4.4)
for the La/Yb ratio, on which it shows values abtive average trend. This elevated

La/Yb ratios is the single most characteristic ¢pmmaical feature of this unit.

The Ramansdrif Subsuite coincides with the felssabers of the Goodhouse Subsuite
in Figure 4.4 (in all the elements) and trends inithe two subsuites are similar for
individual elements. Within the Ramansdrif Subsuihe Ghaams Granite is on average

slightly less felsic than the Sout granite.

The Harker diagram (Figure 4.4) for the La/Yb rdtighlights three distinguishing
features in the Vioolsdrif Batholith when compargepchemical variations among the

units:
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a) It distinguishes the three subsuites of the Midaf Suite. The Vuurdood
Subsuite does not show a linear trend, while tledifor the Ramansdrif Subsuite is
steeply positive. In the Goodhouse Subsuite,rdredtis flat-lying linear (if the
anomalous samples of the Blockwerf Migmatite isoigl) with a moderate positive

slope.

b) It shows a good correlation between the Goodh&ubsuite and the Orange
River Group, suggesting that they share similarmret@c processes during their
evolution, which are not shared by the Vuurdood Rathansdrif Subsuites. Note that
only the De Hoop Subgroup is represented on tlaigrdim for the Orange River Group,

as no REE analyses are available for the Haib Swipgr

C) It distinguishes the Blockwerf Migmatite in gtevated La/Yb ratios compared to
the rest of the batholith.

There is a notable association between the Vuur@adduite and the Haib Subgroup in
the elements AD; and Cr (also for TiQ P,Os and Ni, which are not shown). At the
mafic end, the trend for the Haib Subgroup deviftas the main trend defined by the
other units, curving into lower values of the Vuood Subsuite. This association is not
displayed by the De Hoop Subgroup, nor by the Goadl Subsuite, both of which
continue linearly into the higher values of the Yaod Subsuite. On all the other
diagrams, the Haib Subgroup also represents, éomibst part, the range of values
intermediate between the Vuurdood Subsuite andesteof the batholith, between which
there is typically a notable gap. The De Hoop 3oig displays a striking association
with the Goodhouse Subsuite throughout.

The association between the Vuurdood Subsuite ailol ubgroup as described above,
can be shown to be a genetic one, and not influebgeéater metamorphic or alteration
processes. The fact that both Cr and Ni follows thend supports a primary origin since
both these elements are highly compatible and inlm@.g., Rollinson, 1993).

Furthermore, deviations from the average trendgbdr and lower values for the Haib
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Subgroup in a wide range of elements (18,03, CaO, KO, MgO, BOs, Cr, Ni, Rb,
Sr, V and Zn), are distributed evenly and not cotregéed below the average trend. If
these deviations were caused by alteration, thentayould fall below the average
trend, as is the case for the Hoogoor Granite bedtindvlakte and Abiekwa River

Formations.

4.1.3 Eigenvectorsand eigenvalues

Le Maitre (1976) used eigenvectors and eigenvalestudy in more detail the
geochemical variability within diferent igneous kagpes. Eigenvectors represent the
comparison of straight lines in a multidimensiosgéce in the direction of maximum
variation. Most commonly, the first two or thragenvalues represent between 80-90%
of the chemical variation within a rock and as sutis possible to construct a two
dimensional projection representative of the maxmuariation. In Figure 4.5(a), the
Vioolsdrif Batholith is plotted along eigenvectaviich were calculated for all igneous
rocks (Le Maitre, 1976). On this diagram, the ¢éwectors represent 92.1% of the total
chemical variation in the rocks. No clear distiogtcan be made between the units.
Since the average composition of the Vioolsdrifi&dith is granodioritic, eigenvectors
calculated for this composition may be able toritisinate among the various units.
This is shown in Figure 4.5(b) with the accumulatetigenvalue representing 90.3% of
the chemical variation in the rocks. Again, ndidiion can be made among any of the

units.
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Figure 4.5(a): The Vioolsdrif Batholith plottecbal eigenvectors calculated for all igneous rotlesNaitre, 1976).
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The fact that the eigen diagrams do not distingaislong the various units of the
batholith means that field evidence must be reghagethe most important indicator for
subdividing the batholith into its composite unif&he reason why the geochemical
composition of similar rock types among the variangs of the batholith coincide so
closely, must be related to primary igneous praegssince variation diagrams (in
agreement with field evidence) show that metamarpiobilization of the elements did
not play a very sigificant role. The gradatioredlhtionship between the Vuurdood
Subsuite and Haib Subgroup as displayed on Harkgrains is also evident on the eigen
diagrams. This indicates that this relationshipdeed the result of chemical properties
and is not due to projections.

4.1.4 Multi-element diagrams

Multi-element diagrams compare trace element vanatin rocks relative to a standard.
Since trace element fractionation is more sensttia@ major elements, and since it is
primarily controlled by magmatic processes, mukireent diagrams are useful to
provide evidence on the nature of these proceasesell as in the correlation among

various rock units.

In this study, a chondrite model with normalizirejues of Thompson (1982) is used. A
selection of incompatible trace elements are agdrigpm left to right in order of
decreasing mobility (LILE to the left, HFSE to thght).

For evidence on the magmatic processes involvéakeifiormation of the Vioolsdrif
Batholith, as well as for initial correlation amotigg main units, multi-element diagrams
are constructed for average concentrations of elesme the Orange River Group and the

three subsuites of the Vioolsdrif Suite (Figure)4.6
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Figure 4.6: Comparison of the multi-element vaoiatpatterns for the three subsuites of the Viadissuite and the

Orange River Group, including REE.

The Vioolsdrif Batholith as a whole displays chaesistics which are considered distinct

of the subduction zone environment. They incluaefollowing:

a) High LILE:HFSE ratios (decoupling of the LILEoin the HFSE). This is
considered to be the result of metasomatism imthietle wedge by hydrothermal fluids
originating from the dehydration of the subductiagaltic slab which underlies it (e.qg.,
Pearce and Parkinson, 1993; Pearce and Peate,18@5eet al, 2007). These fluids
also act as a flux which promotes melting in thentleawedge, leading to the extraction
of the LILE to be carried upward and concentratethe evolving overlying crust. Dry
peridotite solidus is too high for melting to tgdace in the mantle wedge. The high
LILE:HFSE ratios of arc magmas show that water gkagignificant role in arc
magmatism. This subduction of volatile componéntgsrovide fluxing materials for the
melting of the overlying material, is what distingjoes convergent plate boundaries from

all other tectonic settings (Wyllie, 1983).
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b) Prominent troughs of especially Nb and Ta busthedten also Ti, Zr and Hf.
This is a characteristic feature of modern arcawics and is often referred to as “the
subduction component” (e.g., Condie, 2005b; Castd006). The mechanism of how it
is acquired is still unclear as it implies deconglof these elements from the LILE and
REE. Depletion of Nb and Ta is thought to be cdusethe retention of rutile in the

source.

The patterns in Figure 4.6 for average valuesenGbodhouse Subsuite and Orange
River Group correlate very well. Patterns for theirdood and Ramansdrif Subsuites
are each unique. Troughs at Zr in the VuurdoodRauthansdrif Subsuites are not
developed in the Goodhouse Subsuite, nor the Oriaingg Group. The Vuurdood
Subsuite is furthermore distinguished by smalli@f B troughs.

For more detailed comparison of trace element tiaria among the various units of the
batholith, individual rock compositions have todmmsidered. Due to limited ICPMS
analyses (specifically insufficient REE data foe thrange River Group), the REE, Hf
and Th are omitted from the diagrams that folldvigure 4.7 shows multi-element
diagrams for average trace element concentratiotieei various rock types within the
various units of the Vioolsdrif Suite. Also shoare the variations in the series from

mafic to felsic (gabbro-diorite-tonalite-granodtergranite) in the Goodhouse Subsuite.

For the Vuurdood Subsuite, patterns for the ultf@awacks and gabbronorites are also
shown, however, gabbro is the only rock type wihiealent compositions in the rest of
the batholith. The patterns of the individual rdgges in the Vuurdood Subsuite are
variable both in total concentrations and in shagdewever, it is important to note that
this subsuite, like the other units, displays ladl tharacteristics of the subduction zone
environment. This implies that it was formed bg ame processes as the other units.

The lowest concentrations of both Nb and Zr aredbim the Vuurdood Subsuite.

The pattern of gabbro in the Vuurdood Subsuite da¢sorrelate with the gabbros in the
Khoromus Tonalite and the Gaarseep Granodioritah Bie LILE and Nb
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concentrations increase systematically from therdood Subsuite to the Khoromus
Tonalite to the Gaarseep Granodiorite. The HFStB@Khoromus Tonalite and
Gaarseep Granodiorite are very similar. Sincegtisbroic composition is shared by the
three units, the increase in LILE concentrationsoad be attributed to fractional
crystallization. It may be a function of progregsimetasomatism in the mantle wedge.
This is in agreement with their relative ages, dasing from the Vuurdood Subsuite to
the Khoromus Tonalite to the Gaarseep GranodioBiath Nb and Zr show a sudden
large increase between the Vuurdood Subsuite antivit units of the Goodhouse
Subsuite. While Nb still displays a trough in trebbros of the latter subsuite, Zr does
not. This implies the fusion of zircon and parfigdion of rutile during the formation of
the Goodhouse Subsuite, which was not the casedltité formation of the Vuurdood
Subsuite. This must be the result of an increagesion temperatures and a possible
explanation would be that the zone where meltirmuccabove the subducting slab,
increased in depth possibly due to an increadeeithickness of the overlying

continental crust.
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Figure 4.7: Multi-element diagrams for averageosmtrations in the various rock types and unithefVioolsdrif
Suite.
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Figure 4.7: (Continue).
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Within the Goodhouse Subsuite, a good degree oéledion is displayed when the

various rock types are compared. Diorites occuhénKhoromus Tonalite, Blockwerf

Migmatite and Gaarseep Granodiorite and their pagtét very closely. Tonalites occur

in the Khoromus Tonalite, Blockwerf Migmatite, Geeep Granodiorite and Hoogoor

Granite and again their patterns also correlaté Wéie fact that the Blockwerf

Migmatite is not distinguished from the other uritsthese multi-element diagrams

where the REE are not considered, is noteworthhan@liorites occur in the Khoromus

Tonalite, Xaminxaip River Granodiorite, Blockwerfig¢hatite, Gaarseep Granodiorite

and Hoogoor Granite, their patterns being almadistmguishable. Granites occur in the

Gaarseep Granodiorite, Hoogoor Granite and Ramidusdrsuite. Their patterns show
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some variation in Sr, P and Ti, however, theralgé variation among the patterns in
each unit individually (not shown) and thereforatiation in their average patterns is to
be expected. The variations do not distinguishdadrtize units as unique among the
others. When the Gaarseep Granodiorite is coreidadependently, no distinction can
be made in any of the rock types between the HaibRichtersveld areas. The variation
pattern in the series from mafic to felsic (gabbiorite-tonalite-granodiorite-granite) in
the Goodhouse Subsuite shows systematic increaskefnand Nb concentrations and
systematic decrease in Sr, P and Ti concentratidtighese are inaccordance with

variations on Harker diagrams and in accordancle aviractional crystallization model.

Figure 4.8 shows multi-element diagrams for avetesy@ element concentrations in the
various rock types within the various units of @enge River Group. Also shown is the
variation in the series from mafic to felsic (baisehndesite-andesite-dacite-rhyolite).

Anomalous samples were omitted from the calculatiotmnese average trends.

1000 1000

100 100

Samplefchondrite
|
Sample/chondrite

Andesites
——=%3—— Kuams River Formation (n=1)
—K—— Abiekwa River Formation (n=1)
———— Paradys River Formation (n=1)
Basaltic andesites ——+P—— Windvlakte Formation (n=1)

———— Nous Formation (n=12) ——%&—— Nous Formation (”:15)
——4—— Tsams Formation (n=4) . ——4—— Tsams Formation (n=6)
1 T T T T T T T T ] ‘ ‘ ! ! ! ! ! ! !

Ba Ro K No S P Zx i v Ba  Rb K N & P2 T Y

Figure 4.8: Multi-element diagrams for averageosarations in the various rock types and unitthefOrange River

Group.
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Figure 4.8: (Continue).

The basaltic andesites in the Tsams Formation stutably lower LILE concentrations
than those in the Nous Formation. Andesites oAthiekwa River Formation show on
average lower LILE values than those of the otbemétions, which in turn show good
correlation. Based on field and petrographic evigeas well as evidence from Harker
diagrams, lower LILE contents of the Abiekwa Ri¥@rmation can be attributed to
element mobility during metamorphism. The dacua#eqrns of all the formations
coincide very well. The Rb and K concentrationthia pattern for the Windvlakte
Formation andesite are anomalous compared to simités in the rest of the Orange
River Group. However, this pattern representsvamage which was calculated off only

one sample which may not be representative. AthAbiekwa River Formation, all
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the evidence points to element mobility during meggohism as the cause of the low Rb
and K values. The average patterns for daciterlaywlite in the Windvlakte Formation
are not anomalous in relation to the other unliserefore there is no reason to believe

that the anomalous pattern in the single andeaitgke is related to magmatic processes.

As in the Goodhouses Subsuite, there is a systeinatiease in LILE concentrations and
an associated decrease in Sr, P and Ti, in thati@rifrom mafic to felsic. Again this is
in agreement with variations on Harker diagramsraag be related to a fractional

crystallization process.

In Figure 4.9, the Vioolsdrif Suite and Orange Ri@&oup are compared through
average multi-element diagrams.
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Figure 4.9: A comparison of the multi-element afidn patterns between rock types of the Viools8uite and

Orange River Group.
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Figure 4.9: (Continue)

For the Vuurdood Subsuite, only the pattern forbgatis shown as it is the only rock
type in the subsuite which is comparable to theakthe batholith. It displays the
largest Nb trough in the batholith while it is atbe only one which displays a Zr trough.
The pattern for the basaltic andesites of the ISaibgroup is distinct in its LILE and Nb
concentrations and falls between that of the VuoddBubsuite and the gabbros of the
Goodhouse Subsuite. In most of the HFSE (except €)incides very closely with the
gabbros of the Goodhouse Subsuite. Since thetlzagatliesite composition is
comparable to that of gabbro, the increasing LIbHE Blb trend from the Vuurdood
Subsuite to the De Hoop Subgroup to the Goodhoubsusie, cannot be attributed to
fractional crystallization. Again (as previouslygtulated for a similar pattern between
the Vuurdood Subsuite, Khoromus tonalite and Gaar§&ranodiorite) it may be the
function of progressing metasomatism in the mam#dge with progressing subduction.
However, according to radiometric data, the Haibd®aup is either contemporaneous
with the Vuurdood Subsuite, or predates it. Anpthessible explanation of the elevated
LILE and Nb concentrations in the Haib Subgroup parad to the Vuurdood Subsuite,
is contamination of the Haib magmas with these el@mas they rise to surface. But if
this was the only mechanism leading to the higlawes, then the Haib Subgroup’s
values should also be higher than that of the Goosk Subsuite, which is not the case.

As such, the two processes probably both playedea r
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There is no equivalent composition to the Haib 3abg's basaltic andesites in the De
Hoop Subgroup. For the other rock types, the patior diorites in the plutonic suite
and andesites in the volcanic group coincide clpské granodiorites and dacites

correspond as well as the granites and rhyolites.

415 REE patterns

A limited number of REE analyses were done for@nange River Group during this
study and none are available from previous studi@sthose that were done during this
study, all are for the De Hoop Subgroup. TherefaneREE investigation of the volcanic
group extended only as far as the constructioma@herage pattern (Figure 4.10), which,

as such, is representative only of the De Hoop Ruwlpgy

Like multi-element diagrams, REE patterns are usefthe correlation among various
rock units of the same suite, since their fractimmais even more sensitive than the other
trace elements, and also primarily controlled bygmatic processes. They are especially
useful in testing the process of fractional crygtation because theoretically, their
behaviour during this process can be accuratelyigtel, based on their distribution
coefficients (e.g., Rollinson, 1993). Accordingstach predictions, both the size of the
Eu-anomaly and the La/Yb ratio, should increashérange from mafic to felsic in a
rock unit which is the product of this process égithe mineral composition of the
Vioolsdrif Batholith).

Figure 4.10 shows REE patterns of average condemtsan the Orange River Group
and the three subsuites of the Vioolsdrif Suitée Blockwerf Migmatite is shown here
independantly as its slope is different in relatiorthe rest of the batholith to such an
extent that it distorts the pattern for the Goodteo8ubsuite if it is included in it.
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Figure 4.10: Patterns for average REE abundandéeithree subsuites of the Vioolsdrif Suite arel®range River

There is very good correlation between the pattefitise De Hoop Subgroup and
Goodhouse Subsuite, while the Vuurdood and Raméirg&aasuites each defines a
distinct pattern. Although the Vuurdood Subsuitgrn has lower overall
concentrations than those of the Goodhouse Sukmuit®©range River Group, its shape
is nearly parallel to these two units. This spaakavour of a similar source for the
three units. The pattern for the average RamdrSdbsuite shows lower overall
concentrations and a flatter slope than that of3bedhouse Subsuite. This would not
have been the case if the Ramansdrif Subsuitesepted the final stages of

crystallization in a continuous fractional crystedtion process for the suite as a whole.

The pattern for the Vuurdood Subsuite in Figuré4hows a negative Tb anomaly. In
mafic melts, the MREE are controlled by amphibaid alinopyroxene with their
distribution coefficients the highest in hornbler{dey., Rollinson, 1993). Therefore, the
development of negative Th anomalies in the VuuddSobsuite may be regarded to

indicate an amphibolitic source composition. WREE patterns for the different rock
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types in the Vuurdood Subsuite are considered (Egd.11 and 4.12), it can be seen that

the Tb anomalies are characteristic of the ultraasratks and not of the gabbro. This

may indicate that some of the ultramafic samplesasent cumulates of amphibolite and

pyroxene.

For a more detailed investigation of the Viools@ifite, REE patterns for average

concentrations in the various rock types withinthgous units of the suite are shown in

Figure 4.11. Due to insufficient REE data for @enge River Group, the unit is

excluded from these investigations.
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Figure 4.11: Patterns for average REE concentraifinthe various rock types within the varioustsiof the

Vioolsdrif Batholith. Chondrite normalized valueSBoynton (1984).



101

1000000

——>—— Granite, Hoogoor Granite (n=10)
—"—— Granite, Gaarseep Granodiorite in the Richtersveld (n=1)
——&—— Granite, Gaarseep Granodiorite in the Haib area (n=2)

100000

Samplefchondrite

10000

1000 T T T T T T T T T T T T
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Ef Tm Yb Lu

Figure 4.11: (Continue).

Within the Vuurdood Subsuite, the ultramafic robleve much lower overall
concentrations than the gabbro, but similar slepedpt the Tb anomaly). The gabbro in
the Vuurdood Subsuite shows good correlation wi#t in the Gaarseep Granodiorite,

both in slope and overall concentrations.

The Blockwerf Migmatite is distinguished in its gper slope (higher La/Yb ratios)
compared to similar compositions in other unitsor@e patterns in the Khoromus
Tonalite and Gaarseep Granodiorite show good @iioel. Patterns for tonalite among
the various units show variation mainly in the HR&acentrations, while the LREE
concentrations show better correlation. Pattesngfanodiorite among the various units
in which it occurs, show very good correlation eptae pattern for the Khoromus
Tonalite, which shows higher overall concentratio@anite patterns for the Gaarseep
Granodiorite and Hoogoor Granite show very goodeatation, while the granites of the
Ramansdrif Subsuite can be distinguished by aflatbpe. The Gaarseep Granodiorite
occurs in both the Haib and Richtersveld areasan@diorites of this unit from the two
areas cannot be distinguished in the REE pattaerhsithe patterns for granite, there is a

distinction with those in the Richtersveld showlagier overall concentrations than
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those in the Haib area. However, this patterrf @ndy one sample and may not be

representative.

In Figure 4.12, the variation in REE patterns feerage concentrations is shown for the
range from mafic to felsic compositions, in unitsieh comprise a compositional series.
These units include the Vuurdood Subsuite (ultraergdibbronorite-gabbro), Khoromus
Tonalite (diorite-tonalite-granodiorite), Blockwdyfigmatite (diorite-tonalite-
granodiorite), Gaarseep Granodiorite in the Ha@adgabbro-diorite-tonalite-
granodiorite-granite), Gaarseep Granodiorite inRiehtersveld (tonalite-granodiorite-

granite) and the Hoogoor Granite (tonalite-granotiegranite).
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Figure 4.12: Variation of REE patterns within thvéts of the Vioolsdrif Batholith. Chondrite norfizng values after
Boynton (1984).
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Figure 4.12: (Continue).
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For the Vuurdood Subsuite, the patterns of indigldhamples are shown because of the

large degree of variation displayed. Patternsvefage concentrations would not be

representative, especially of the ultramafic rocksthe ultramafic samples, patterns

show variation in overall concentration, slope &l as the extent of the Th anomaly.

The patterns for gabbronorite are more consisteskoipe. There is a gradual decrease in

the size of the Tb anomaly with increasing overaticentrations. The single gabbro

sample shows the highest overall concentrations motTb anomaly. As such, the

influence of fractional crystallization can be rgo@ed in the range from gabbronorite to

gabbro. However, among the ultramafic samplevdnbility in the patterns suggest

the influence of alternative or additional process€&he suggestion made earlier that

some of these samples may represent cumulate alatesupported by this observation,

as there is no systematic process involved indhadtion of cumulates.

Within the Khoromus Tonalite there is a graduat@ase in overall concentrations. The

Eu anomaly in the granodiorite is larger than ia diorite and tonalite, however, no clear

systematic increase in the size of the anomalijssedhable from diorite to tonalite to

granodiorite. These observations do not supporodel of fractional crystallization as a

single process in the development of the Khoromusalite.



104

Patterns for the Blockwerf Migmatite (individualngples) are characterized by variation
in overall concentration, slope and the Eu-anomé&lye granodiorite samples shows a
large positive Eu anomaly, which is commonly atiténl to hornblende fractionation
(e.g., Rollinson, 1993). The large degree of vammin all the aspects of the patterns

rules out fractional crystallization as the dominarocess in the formation of this unit.

A distinction is made between the Gaarseep Granitelio the Haib and Richtersveld
areas. Within the Gaarseep Granodiorite in thélde@a, no systematic trend can be
observed. The gabbros and diorites show flatieglglopes than the more felsic rocks,
with the gabbros having lower overall concentragitian the diorites. There is a sudden
and large increase in slope between the dioritdd@malites with the latter showing the
steepest slope of all the rocks in this unit. €hera decrease in the slope from tonalite to
granodiorite and granite, the latter two pattemis@ding almost exactly. The Eu-
anomaly systematically increases in size from mafielsic compositions. Most of

these observations also speaks against a singlel mbflactional crystallization for the

development of the Gaarseep Granodiorite in thé Hdeaa.

The Gaarseep Granodiorite in the Richtersveld disdays an increase in slope from
mafic to felsic compositions, along with a graduakease in the size of the Eu anomaly.
The increase in slope, however, is not the redwdtroore rapid increase in LREE
concentrations compared to HREE concentrationssull, it does not support a model
of fractional crystallization for its developmerithe increase in slope from mafic to
felsic compositions is contrary to the trends ia @aarseep Granodiorite in the Haib
area. But again, the single granite sample fraarRichtersveld may not be

representative.

Patterns in the Hoogoor Granite show a systematiease in slope as well as the size of
the Eu anomaly from mafic to felsic compositiofiiis speaks in favour of a fractional

crystallization model for the development of thétun
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As such, within the Goodhouse Subsuite, when idd&i units are considered, the
evidence presented suggest that various magmategses may have been involved
during its evolution. Except for the Hoogoor Gtanthe influence of contamination

processes in addition to fractional crystallizatisnndicated.

4.2 MAGMATIC PROCESSES

421 Vuurdood Subsuitein relation to therest of the batholith

Due to unclear contact relationships in the fighe, exact nature of the Vuurdood
Subsuite and its relationship with the rest oftihtholith, has been controversial among
previous investigators. Possibilities as to itsuraincluded remnants of the mantle
sources, xenoliths of earlier plutonic phases, dataunaterial in the primary magmas,
and later intrusions in the Goodhouse Subsuiteprésent, enough evidence have
amassed to rule out the possibility that the VuaddSubsuite (i.e., the bodies occurring

in the Haib area) may represent post-Goodhousgsiotrs.

Radiometric data (Reid, 1977, 1982) show that thardood Subsuite is the oldest unit
in the Vioolsdrif Suite and overlaps in age witke Arange River Group. Initial isotope
data (Reid, 1982) show that the Vuurdood Substiéeessimilar parental sources with
the Goodhouse Subsuite and Orange River Groupti-®lament diagrams indicate that
the Vuurdood Subsuite experienced similar magnmtcesses as the Goodhouse
Subsuite and Orange River Group in having simisdtgons (Figures 4.6, 4.7, 4.9). REE
patterns support the initial isotope data in showimat the Vuurdood Subsuite share
similar sources with the Goodhouse Subsuite, dimeie slopes are nearly parallel.
Overall REE concentrations in gabbros (the onlknype which the two units have in
common) also closely coincide (Figure 4.12). Alktevidence taken into account, it
would be realistic to postulate that the Vuurdootbstiite may represent remnant bodies

of the primary source magmas.
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The REE patterns also suggest that the procesaational crystallization can be
recognized as one of the magmatic processes wtashaative during the evolution of

the Vuurdood Subsuite, but that other factors rhase played a role in producing the
observed variations among the trends. Based olathe negative Tb anomalies and
large variation in slopes of some of the ultramaémples, these samples may represent

cumulates of amphibole and pyroxene.

Evidence from Harker diagrams (4.1.3 Harker diagijesnggest a genetic link between
the Vuurdood Subsuite and Haib Subgroup which iohserved between the Vuurdood
Subsuite and the De Hoop Subgroup, nor the Goo@hBubsuite. A progressive
increase in LILE concentrations from the Vuurdoath&uite, through the Haib
Subgroup, to the Goodhouse Subsuite in rocks dfasicomposition, is observed on
multi-element diagrams (4.1.4 Multi-element diagsafigure 4.9). Increases in LILE
concentrations in subduction zone magmatism is comyrattributed to metasomatic
processes in the mantle wedge (e.g., Pearce akoh&ar, 1993). This suggests that the
observed systematic increases in LILE concentratinay be the result of progressing
metasomatic processes from the formation of thé Sabgroup to that of the De Hoop

Subgroup and Goodhouse Subsuite, from a commonddodrlike source.

The Jensen cation plot (Jensen, 1976) is a cleasdn scheme for subalkaline rocks. It
has the advantage that it distinguishes tholemid komatiitic rocks from basalts and

calcalkaline rocks. In Figure 4.13, the Vioolsddtholith is plotted on this diagram.
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Figure 4.13: The Vioolsdrif Batholith on the Jemsation plot (Jensen 1976).

Most of the Vuurdood Subsuite samples show resemoblto high-Mg tholeiite basalt.
These are the primary magmas which are producetdern volcanic arcs from a
MORB-like source (e.g., Condie, 2005b). Some efulramafic samples plot in the
komatiite field with a space separating them frowa dther samples of the subsuite. This
plot in the komatiite field is related to elevatdd contents and may be explained in
terms of cumulate material which is rich in pyrogeand olivine. While the other units

of the batholith are clearly parted from the Vuwdd&ubsuite on this diagram, the Haib

Subgroup represents a continuous range towardsuinelood Subsuite.

Evidence can furthermore be provided that the mégmeocesses which were active
during the formation of the Haib Subgroup, diffefezin those which were active during
the formation of the De Hoop Subgroup and Goodh&@udmsuite. Kostitsyset al (2007)
used diagrams of compatible vs. incompatible tedements to study the crystallization
history of an igneous rock unit. If two igneouskainits originate from the same source,

the distribution of any two elements within themlwepend on the distribution
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coefficient of the elements and the magmatic preegshat were active during their

formation.

Figure 4.14 shows a plot of Rb vs. Cr (compatildeincompatible element) for rocks of
similar composition in the Vioolsdrif Batholith. h&se include gabbros, diorites and
basaltic andesites, which can be shown on both-gleinent and REE diagrams to

overlap closely in composition.

—+ Mafic compaositions of the Goodhouse Subsuite (gabbros and diorites)
Fs Vuurdood Subsuite
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Figures 4.14: Variations of Rb vs. Cr in maficksof the Vioolsdrif Batholith (gabbros, dioritescabasaltic

andesites).

The Vuurdood Subsuite and Haib Subgroup are ageddiaa single linear trend, while

the Goodhouse Subsuite defines a linear trend whiohiented at an angle to the former.
(There are no equivalent rock compositions in teeHoop Subgroup.) Since these units
in Figure 4.14 originated from a similar sourcei(R&977; 1982), it can be assumed that

the magmatic processes which led to the formatiadheotwo trends, differed. As such,
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the Vuurdood Subsuite and Haib Subgroup are gextigtimked, while the Goodhouse
Subsuite is not genetically linked to the Vuurd@ubsuite. All classification and
variation diagrams show a close association betwe=Goodhouse Subsuite and the De
Hoop Subgroup. Therefore, it can be assumedliedDe Hoop Subgroup is also not

genetically linked to the Vuurdood Subsuite.

The use of compatible vs. incompatible elementrdiag can be extended to include all
the rock compositions in the batholith. Kostitgtral (2007) showed that rocks
produced by fractional crystallization from a commparent, must display linear trends
on logarithmic variation diagrams of compatible meompatible elements. The
variation of Rb vs. Cr among the various rock typed within various units of the
Vioolsdrif Batholith, is displayed on logarithmigagrams in Figure 4.15.

Within the Haib Subgroup, there is a transitionesieed from the basaltic andesites to the
rest of the compositions. The trend of the basaltidesites is steep and positive and
coincides with that of the Vuurdood Subsuite. réidgs into the trend for andesites,
which is flat-lying and negative, and continuegény into those for the dacites and
rhyolites. Since Rb is a highly mobile elemeng single values on the diagram which

plot below the average trends, are considered théeesult of later metamorphism.

None of the Goodhouse Subsuite, nor the De Hoogrdup trends show a linear
association with the Vuurdood Subsuite, such asathidne Haib basaltic andesites.
Compositions in the Goodhouse Subsuite which operith the Vuurdood Subsuite
coincide with the negative trend defined by thé ofshe rock types. The trends of
individual rock types within the Goodhouse Subsare curved, as is the combined trend
from mafic to felsic. This curved nature distingjugs it from the linear trend defined by
the Haib Subgroup. The De Hoop Subgroup also éefalinear trend as does the Haib
Subgroup, however, the trend for the De Hoop Sulpgie slightly positive, which
distinguishes it from the slightly negative Haibb8toup trend.
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Figure 4.15: Variations in Cr vs. Rb for the vasaunits of the Vioolsdrif Batholith.

The linear trends in the Haib and De Hoop Subgrauggest that fractional
crystallization played the dominant role in the elepment of the volcanic rocks. The
curved trends in the Goodhouse Subsuite, howeuggest major influence from
alternative processes in the development of thepic suite. Through major and trace
element modeling, Reid (1977) found that a sim@etfonal crystallization model could
not account for the production of the whole contiasi range from diorite through

tonalite and granodiorite to granite in the Goodie8ubsuite. Reiay cit, p. 278)
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proposed that models of contamination and magmamiay explain some of these
discrepancies. Von Backstrom and De Villiers (197.20), as well as Beukes (1973, p.
68) noticed an influence on the composition ofdhemnitoids through processes of
contamination. During field work for the curretuidy, it was often noticed that the
granotoids have a more mafic composition in thénitie of mafic and ultramafic bodies.
This is attributed to processes of magma mixingesthe contacts were found to be
gradational and since the granitoids and the naadtcultramafic bodies are so closely

related in time.

4.2.2 Vuurdood Subsuite asremnants of the primary magmas

The features displayed by the Vuurdood Subsuiteolti-element diagrams (Figure 4.6)
are typical of subduction zone magmatism (e.g.rdeeand Parkinson, 1993). In Figure
4.16, the Vuurdood Subsuite is compared to simdeks in modern volcanic arcs. Also

shown is the pattern for MORB and the modeled deglenantle.

Modern island arc volcanics originate from MORBasBd on the fact that the pattern of
the Vuurdood Subsuite closely parallels that of eradsland arc volcanics, it can be
assumed that the processes which led to their ttwmavere similar. The concentration
of Ba, K, La, Ce and Sr in the Vuurdood Subsuitéhiermore closely match their
concentrations in modern arc volcanics. AccordmBearce and Parkinson (1993), these
are elements which originate in the mantle soutsetd metasomatic processes.
Therefore, it can also be assumed that the sotitte &'uurdood Subsuite was similar to
that of modern arc volcanics. Pearce and Parki(moit) furthermore considered the
concentrations of Nb, Zr, Ti, Y and the HREE, tpresent that in the source before
subduction started. Based on these assumptiguattean can be projected for the mantle

source from which the Vuurdood Subsuite origindtedicated on Figure 4.16).
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Figure 4.16: Multi-element diagrams of averageigalfor the Vuurdood Subsuite compared to thatafem

volcanic arcs (including the Kermadec, Tonga, Mag Izu-Bonin, Kurile, Lesser Antilles, Cascades @entral
Volcanic Zone of the Andes arcs) and MORB (valueBeaarce, 1983). Values for the volcanic arcs wabtained

from the internet georoc database (http:/georoctmpainz.gwdg.de/georgc/ Chondrite normalizing values are from
Thompson (1982).

The modeled depleted mantle in Figure 4.16 reptedbat of the mantle residue after
continental crust extraction around 2 Ga (Patché®&9). This time coincides with the
onset of formation of the Vioolsdrif Batholith. &ldifference in overall concentrations
between the modeled depleted mantle and the pediscturce of the Vioolsdrif
Batholith, indicates that the Vioolsdrif Batholidid not originate from the model
depleted mantle, but from a mantle which was higheverall concentrations. Various
previous studies point out the fact that the maistlet continuously being depleted
through time (e.g., Polat al, 2011). This is again shown in Figure 4.16 foththe
Vioolsdrif Batholith source as well as MORB. Onaynn which such elevated
concentrations can be achieved, is through thecliagyof continental crust into the

mantle (e.g., Griffiret al, 2009). This speaks in favour of pre-existingstin the study
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area before the evolution of the Vioolsdrif Bathuli If this is indeed the case, this pre-
existing crust must have been completely recydeuate no trace of it is currently found.
However, recycling of pre-existing crust contraglittie Sm-Nd isotope evidence
presented by Reid (1997). Another way in whichdlgnent concentrations in the
mantle can be elevated, is through continuoustedization from the asthenosphere
(Griffin et al, 2009). However, since the time of onset ofdhelution of the Vioolsdrif
Batholith coincides with the time the depleted neantas formed (2 Ga), this mechanism
cannot be invoked for the Vioolsdrif Batholith.

Nordin’s (2009) model gy ages suggest that crust formation in the areadrstarted

at 2 300 Ma, which favours the presence of pretiegisrust. This was supported by the
presence of a single inherited zircon of about@ M@, indicating the presence of
Archean material. dyur ages from the same study do not allow time forfoheation of
pre-existing crust, however, some of these agesegative, which suggest that this
model is not applicable. Reid (1997), howevergagiwith the latter model, especially
based on the initial isotope signatures, which Ipceethe possibility of incorporation of
pre-existing crust. He suggested a juvenile gpustlucing episode at around 2 000 Ma
from a bulk earth mantle, followed by the rapidy@dmg of young crust that generated

granitic and rhyolitic components.

The deeper troughs at Nb, P and Zr and the lowleesaf Ti, Y and Yb in the

Vuurdood pattern compared to that of modern arggyest either that the processes
which create these troughs were more efficienh@&Rroterozoic than they are today, or
that they were different processes all togethennddern arcs, they are associated with
metasomatism of the mantle wedge by dehydratidgheoSubducting slab and there are
currently no alternative models. The mechanismwbigh the pre-Vioolsdrif mantle
became enriched relative to the model depletedImanhot resolved here if the presence
and complete recycling of pre-existing continewtaist is denied. Most of the evidence

presented here support this theory.
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4.2.3 Radiometric evidencereviewed

Reid (1977) determined initi8lSrP°Sr ratios for the Vuurdood Subsuite (0.7031), Nous
Formation (0.7035), Tsams Formation (0.7028), Khars Tonalite (0.7029) and
Gaarseep Granodiorite (0.7030). This means tlea¥/tlhurdood Subsuite, Orange River

Group and Goodhouse Subsuite originate from a airadurce.

The available radiometric data for the Richters\aler is not sufficient to indicate the
chronological order for all the units in the Viodig Batholith. In the Haib area, the
whole rock Rb-Sr results of Reid (1977) are in adance with field evidence. It shows
the dacite-rhyolite compositions of the Tsams Fdaionato be 2 020+70 Ma and the
basaltic andesite-andesite compositions of the Noushation to be 1 970+70 Ma. This
means that the felsic volcanics in the Haib Subgrane not only older than their mafic
counterparts, but that they are indeed the oldest the rocks in the batholith, including
the Vuurdood Subsuite. This is another piece afence arguing for the presence of
pre-existing crust in the area (which was compjetetycled) as felsic magma simply

cannot be produced as a primary melt from a maotece (e.g., Leake, 1983).

Although the study of Reid (1977) did not recogrtize current subdivision of the
Goodhouse Subsuite, his sample localities and sadgscriptions offer reliable
indications as to which of the current units thelobg to. Gabbros and diorites
(chemical classification) from the Khoromus Toraliéndered an age of 1 975 Ma+55
Ma. Of the remaining thirty samples representhrgtonalites, granodiorites and granites
in the Goodhouse Subsuite, 28 are from the GaafSempodiorite. The tonalites dated
at 1 965+80 Ma, the granodiorites at 1 925+45 Ma the adamellites at 1 800+40 Ma.
As such, there is a clear relationship betweerchinenological sequence and the
compositional range within the Goodhouse Subsnitee Haib area, the units becoming
progressively younger from mafic to felsic. Howe\as stated before, the study
concluded through major and trace element modethagfractional crystallization

cannot account for the formation of the entireesefrom diorite to adamellite.
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A single age determination on the Xaminxaip Rivear@@diorite (U-Pb zircon by LA-
ICPMS; Appendix 2) of 1 892+4.8 Ma coincides witimgar compositions in the
Gaarseep Granodiorite. Field evidence indicatettteaGaarseep Granodiorite intrude
the Xaminxaip River Granodiorite. An age of abb@®90 Ma (SHRIMP U-Pb zircon) is
reported by Moen and Toogood (2007) for the Hoo@&@nite which is also more or

less similar in age to the granodiorites in thessiitle.

In the Richtersveld, the Paradys River Formatios been dated at 1 883+7.4 Ma (U-Pb
zircon by LA-ICPMS; Appendix 2). This age is sifycantly younger than any of the
ages obtained by Reid (1977) for the Haib Subgrothpe Rosyntjieberg Formation
rendered detrital zircon ages which indicate a Y&diof Batholith provenance with one
as young as 1 760 Ma (Appendix 2). The latteraggees well with the crystallization
age of the Ramansdrif Subsuite and no deformaétated to this age has been
identified. Therefore, metamorphic overprint ig adikely explanation to the 1 760 Ma
detrital zircon age. Rather it is thought to reffline presence of Ramansdrif-age rocks in
the Rosyntjieberg Formation provenance. The faattthe Rosyntjieberg Formation is
intruded by granites of the Gaarseep Granodicsie @.3.2.7 Rosyntjieberg Formation),
suggests that the Gaarseep Granodiorte in thedRssteid may be significantly younger
than that in the Haib area. However, a U-Pb ziaga (LA-ICPMS) of 1896+12 Ma for
this granite (Appendix 2) coincides with the agbtamed by Reid (1977) for those in the
Haib area and also predates most of the detritsd agthe Rosyntjieberg Formation. As
stated before, it is possible that the sample whiak taken for dating was taken from the
wrong outcrop. Even though the map suggeststtimfrom the same pluton that
intrudes the quartzites, it is not from the actaaation where the two units are found in

contact (Paradyskloof, Richtersveld National Pade map).
4.2.4 Uniquesignatures of the subduction environment
In the subduction zone environment, the elementsTidbZr, Hf, Ti, Y and the REE in

calcalkaline basalts, are derived almost entinedynfthe mantle wedge while Rb, Ba, Th

and K are among those which include a significamticbution from the subducting slab
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(Pearce and Parkinson, 1993). Therefore, a ratib as Ba/Nb would indicate the
involvement of hydrothermal fluid from the subduagtislab, while a ratio such as La/Nb
would indicate the involvement of arc-like procesgeg., Kay, 2005; Kay and
Mpodozis, 2002). Furthermore, the influence ofghbducting slab can be divided into
two processes, i.e., the influence of hydrotherftoad and the influence of melt
generated through the partial melting of the sthls fepresents the adakitic component).
These two processes can be distinguished fromaheh on a plot of Ba/Nb (fluid
component) vs. Sr/Y (melt component) (e.g., Keiual, 2009).

Figure 4.17 shows the Vioolsdrif Suite plotted ogiggram of Ba/Nb vs. La/Nb (the
Orange River Group is not included due to lack afalhalyses), as well as both the
Vioolsdrif Suite and Orange River Group on a diagi Ba/Nb vs. Sr/Y. The positive
linear trend on both diagrams suggest that thethrecesses envisaged to be operating
in subduction zones (fluid-induced metasomatisnitingeof a subducting slab and
processes leading to the production of a “subdoa@nponent” on multi-element
diagrams), are applicable to the Vioolsdrif BattioliThe fact that values for the various
units overlap suggests that these processes wire daring the entire evolutionary
history of the batholith and that they remainedstant throughout its evolutionary

history.
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Figure 4.17: Plots of (a) Ba/Nb vs. La/Nb (baseday, 2005 and Kay and Mpdozis, 2002) for the V§ddf Suite,
and (b) Ba/Nb vs. Sr/Y (based on Katral, 2009) for both the Vioolsdrif Suite and OrangeeR Group.
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The temperature in the mantle wedge in a subdueboe tectonic setting is most likely
controlled by heat exchange with the cooler subdgdalab (Pearce and Parkinson,
1993). Temperature control in the source regidhdetermine which mineral
assemblages will fuse, as such controlling theiligion of specific elements between
the source and the magma. The elements Nb anc Ansong those which Pearce and
Parkinson @p cit) considered to originate almost entirely from thantle wedge in the
subduction zone environment. They are also both ighly incompatible elements and
their fractionation from each other is dependankoendegrees of melting since, with
higher degrees of melting, the distinction betwtem is progressively smoothed out
(Pearce and Parkinsoop cit). In Figure 4.18, these two elements are pladginst

each other for various units in the Vioolsdrif Balith.
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Figure 4.18: Zr-Nb variations in the various umifghe Vioolsdrif Batholith.
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Variation within the Haib Subgroup follows a posggilinear trend while, in the rest of

the batholith, there is no systematic relationstfs.such, these two elements behaved as
a unity during the development of the Haib Subgrduyt became decoupled from each
other during the rest of the batholith’s developtngdoncentrations for the rest of the

batholith cluster around the maximum values atthinghe Haib Subgroup.

4.25 Origin of the Blockwerf Migmatite

The two phases within the Blockwerf Migmatite, dernitified in the field (2.4.2.3
Blockwerf Migmatite), is also clearly distinguished the total alkali-silica classification
diagram (Figure 4.19). Phase 1 (high concentraifanafic enclaves and well
developed migmatitic character) is on average mwfc than phase 2 (low
concentration of mafic enclaves and granitic textuiPhase 2 is also compositionally

similar to the granitoids of the Gaarseep Grana@iovhich intrudes it.
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Figure 4.19: Plots of the Blockwerf Migmatite, @Gseep Granodiorite which intrudes it and Kuams RRk@mation

volcanics which are intruded by it, on a TAS clisation diagram.
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REE patterns for the Blockwerf Migmatite have bd@&tussed earlier (4.1.5 REE
patterns; Figure 4.12). The large variations &rtbverall concentrations, slopes and Eu-
anomalies rule out fractional crystallization as tominant magmatic process in the
development of the unit. Figure 4.20 shows the REfEerns for the Gaarseep
Granodiorite and Kuams River Formation volcanicscwlare found in contact with the

Blockwerf Migmatite.
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Figure 4.20: Chondrite-normalized REE patterngtierGaarseep Granodiorite (a) and Kuams River &tom (b)
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which are associated with the Blockwerf Migmati{&reen = granodiorite/dacite, blue = andesite)

The Gaarseep Granodiorite rocks which intrude tloel8verf Migmatite have the same
composition (granodiorite), however, show rathegeéavariations in concentrations,
slope and the size of the Eu anomaly. One of teasgles also shows an elevated
La/Yb ratio (Figure 4.20a), the single most impnttieature which distinguishes the
Blockwerf Migmatite geochemically. The volcanidslee Kuams River Formation show
a systematic increase in slope in the range frotesite to dacite, suggesting a fractional

crystallization model for their development.

Multi-element diagrams in which the REE are notrespnted, do not distinguish the

Blockwerf Migmatite from the rest of the bathol{#h1.4 Multi-element diagrams, Figure
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4.7). The fact that immobile trace elements sicBa Nb, Ti, Zr and Hf do not
distinguish the Blockwerf Migmatite migmatitic rackrom the rest of the batholith,
illustrates that the processes leading to theieliggment were similar, i.e., subduction-
related. The steep slopes (high La/Yb ratiospdarariations in overall concentrations
and the presence of positive Eu anomalies in tbel@erf Migmatite REE patterns,
distinguish them from the other batholith rockie$e features suggest that the
Blockwerf Migmatite owes its characteristic nattwgrimary differences in the source
(which is hornblende-dominated), and not to latagmatic processes which acted
during its evolution. It can therefore be conclddeat the mafic enclaves to which the
Blockwerf Migmatite owes its characteristic natwegresents xenoliths of its source,
and not of the volcanics which it intrudes. Thakng with field evidence indicating the
presence of hybrid rocks, suggests a magma mixoaghfor the origin of the

Blockwerf Migmatite.

Note that many of the rock types in the BlockwerfjMatite are adakitic in nature,
bearing evidence as to the origin of adakite an@ T the Vioolsdrif Batholith (see

4.3.4 TTG and adakite in the Richtersveld Subproe). The single most distinguishing
feature of the Blockwerf Migmatite is the elevatedYb ratios. According to Haschke
et al. (2006), REE fractionation is an indicator ashte tlepth of magma generation. The
La/Yb, La/Sm as well as Sm/YDb ratios relate torttentle domain in which melting

occurs with the following serving as a rough guide:

a) depths of 30-35 km; source dominated by gablmaigpositions (clinopyroxene-
bearing); La/Yb<20, La/Sm<4, Sm/Yb<3,

b) depths of approximately 40 km; amphibolitic smyrLa/Yb>20-30, La/Sm>4,
Sm/Yb=3-5 (indicate MREE retention by amphibole),

C) depths>45-50 km; eclogite (garnet-bearing) ssure/Yb>30, Sm/Yb>5
(indicate HREE retention by garnet).

In Figure 4.21, values of the La/Yb ratio are coméal across the batholith and a cross

section is constructed to show the anomalous drilsthkness underlying the Blockwerf
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Migmatite during its development, relative to tlestrof the batholith. The crustal
thickness during the development of the VioolsBatholith is also compared with that

of higher La/Yb ratios. The typical modern Andean has crustal thicknesses within the
eclogite zone (up to 70 km crustal thickness)s therefore clear that the Vioolsdrif

Batholith developed on and in a relatively thingtrabove the subduction zone.
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Figure 4.21(a): Distribution of La/Yb values irodies, tonalites, granodiorites, andesites andetaeacross the
Vioolsdrif Batholith. To minimize the effects afactional crystallization, samples of similar corsjion were used
(tonalite-granodiorite for the Vioolsdrif Suite adécites for the Orange River Group). An intergolamethod of
kriging was used as executed by the ArcGIS softwarneputer program.
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(b): A cross section to show inferred crustalkhiesses.

The Blockwerf Migmatite represents a more or lessutar REE fractionation anomaly

in the batholith. This suggests the Blockwerf Magite as being representative of a
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volcanic centre and supports the theory of Ritt&80), envisaging a volcanic centre in
the northeast of the Richtersveld area. The thicigeof the crust underneath the unit

may be explained by a process of mafic underplating

If the Blockwerf Migmatite does represent a volcarentre, any volcanics which
originated from it will also bear the high La/YRtimasignature. Figure 4.22 shows a plot
of the La/Yb ratios vs. La for migmatites from tineit, the Gaarseep granodiorites

associated with it, and all the Orange River Grsamples for which REE analyses are

available.
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Figure 4.22: La vs. La/Yb for the Blockwerf Mignitat the Gaarseep Granodiorite which intrudesdt alhthe

samples from the De Hoop Subgroup for which REByaea are available.

None of the samples from the Orange River Groupwfach REE analyses are
available, match the high La/Yb values displayedhgyBlockwerf Migmatite. This

means that, if the Blockwerf Migmatite does indeggresent a volcanic centre, it was
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not the source for any of the volcanic formationgently preserved within the batholith.
However, the current REE analyses which are aVaif@o the Orange River Group are
not sufficient to be considered representativédnefgroup as a whole. Also apparent
from Figure 4.22, is the fact that the granodisritem the Gaarseep Granodiorite,
although not included in the Blockwerf Migmatitedaciearly intrusive into it, display
some of the highest La/Yb ratios. This is to bpeeted if the theory of mafic

underplating is accepted and they were generateekahe same area.

4.2.6 Ramansdrif Subsuite

Geochemically, the granites of the Ramansdrif Sidsorrelate closely with the

granites of the Goodhouse Subsuite, as well aghgjadites of the Orange River Group,

on Harker diagrams for all elements analysed (Eigure 4.4) as well as multi-element
diagrams (Figure 4.7). However, REE patterns st@aRamansdrif Subsuite granites to
be lower in overall concentrations than the granitethe Goodhouse Subsuite, as well as
its slope being flatter (Figure 4.11). This prelda the possibility that the Ramansdrif
Subsuite represents the final stage of the ViodlSdiite in a continuous fractional

crystallization process.

The Ramansdrif Subsuite postdates the Goodhousaieiby approximately 170 m.y.
and initial®’Sr/°Sr ratios for the Ramansdrif Subsuite (Reid, 1%Tifjgests an origin
through melting of pre-existing crust. The closerelation of the Ramansdrif Subsuite
granites with the granites of the Goodhouse Subsuitvariation diagrams as mentioned
above, suggests that the Ramansdrif granites ¢@mve been derived through partial
melting of the granodiorites and tonalites of th@o@house Subsuite. This was also
suggested by Reid (1977) after major and traceaiemodelling. Cornekt al (2007)
mentioned that the Ramansdrif Subsuite might agtnak be genetically linked to the
Goodhouse Subsuite but rather represents a magewvatit of its own, limited in extent

and producing only felsic magmatism.
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43 THE ORIGINAL TECTONIC ENVIRONMENT

The original extent of the Vioolsdrif Batholith m®t known and subsequent deformation
processes further obliterated much of the physeamlence related to the original tectonic
environment. In modern convergent plate margims nost distinctive feature is the
magmatic arc — a linearly orientated feature, palrtd the subduction trench and
associated with eruptive volcanic centers. Otharacteristic features include turbiditic
trench deposits, accretionary wedge deposits aghdstic fore- and backarc
assemblages. In the Vioolsdrif Batholith, mosthefse features, which are located at
surface, have been eroded. The only significasitsntary unit is the Rosyntjieberg
Formation, which was interpreted by Ritter (1989aamarine deposit, indicating a
marine ingression towards the end of the volcaypatec He also inferred the presence of
a volcanic centre in the northwest of the Richteldarea, based on the distribution of
the volcanic deposits. This is supported by theetu study in the recognition of the
Blockwerf Migmatite as a possible volcanic cen# (7 Blockwerf Migmatite).

However, the current configuration of these featunerelation to their original settings is

difficult, if not impossible, to assess, due toseduent deformation.

In Figure 4.23, the Vioolsdrif Batholith is geomeally compared to Mesozoic-Tertiary
batholiths in the Andean and North American arcs.

Based on a comparison with the Mesozoic-Tertiatiiddahs, the preserved part of the
Vioolsdrif Batholith represents but a fraction bétoriginal one. Individual plutons in
the Mesozoic-Tertiary batholiths have various daéions but collectively and on a
regional scale, the batholiths’ axes are paradl¢hé subduction trench. It is not possible

to determine the arc axis of the Vioolsdrif Batholon physical evidence.
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Radiometric data indicate the Mesozoic-Tertiaryhbhths to have developed in a time
span of up to 200 m.y. (e.g. the Coast Range h#thailChile; Paradat al., 1999).

Some developed in as little as about 50 m.y. {eegldaho batholith; Kingt al., 2007).
The preserved Vioolsdrif Batholith retains evidentabout 270 Ma if the Ramansdrif
Subsuite is included. Note however, that the wpen with which the Ramansdrif
Subsuite postdates the main intrusion (Goodhoubsusie; 170 m.y.), is sufficient for an
entire batholith to form. Still however, the prass part of the Vioolsdrif Batholith
retains evidence on a major span of its evolutiphéastory.

There are currently no alternative theories to ¢tfiaodern-day subduction processes
that can explain the tectono-magmatic evolutiothefVioolsdrif Batholith. Referring to
the modern configuration Polat al (2011) state that, fundamentally, continentastru
cannot grow, supercontinents cannot form, and @ngaot generate melts over millions
of years without subduction, collision, subductajrwater, and slab dehydration or
melting. Currently, convergent plate margins aesdnly tectonic settings where
magmatic processes produce granitic bodies of bttivcextent and widespread felsic

and andesitic magmas can only be produced in a f@atonic regime (Condie, 2005b).

Based on various studies (e.g., Patchett, 1989;ilkern1998; Condie, 2005a; Castillo,
2006), it seems likely that the tectonic crust-forgnprocesses which operated on the
earth during geological time, underwent dramat@&ngjes during the Late Archean-Early
Proterozoic. The formation of the Vioolsdrif Balitio coincides with the late stages of
this period. Studies show that about half of therent crust on the earth was produced
during the Archean and that it had a TTG compasiRatchett, 1989; Condie, 2005a,;
Castillo, 2006). Modern crust-forming processexlpce precious little crust of that
composition and also much less volumes of crusicoAding to Hamilton (1998),
evidence of modern plate tectonic processes, ssioh\daous continental truncations,

rifted margin assemblages and sutures, are onbgrézed from about 2.0 Ga.

Frostet al (2001) introduced the modified alkali-lime ind@ALI) as NaO+K,0-CaO

and delineated the fields occupied by the most comgranite types of the world. In
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Figure 4.24, the Vioolsdrif Batholith units are fpé&ml on this diagram showing the fields
for Mesozoic Cordilleran batholiths, Archean tohalgneisses and peraluminous

leucogranites
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Figure 4.24: Units of the Vioolsdrif Batholith pled on the Si@vs. MALI diagram of Froset al (2001) with the
fields for Mesozoic Cordilleran batholiths (brokere), Archean tonalitic gneisses (dotted surfao®) peraluminous

leucogranites (grated surface) indicated.

The Vioolsdrif Batholith coincides well with theefd defined for Mesozoic Cordilleran
batholiths. The Ramansdrif Subsuite plots in lbéhfield defined for Mesozoic
Cordilleran batholiths and peraluminous leucogemit

The amount of iron enrichment relative to magnesi@imnes two distinct rock suites and
Miyashiro (1974) showed that these two suites coeldistinguished on a plot of
FeO/(FeO+MgO) vs. Si© The former ratio is commonly referred to asfeenumber
and numerous workers have shown that this ploeefitimber vs. Si@distinguishes

between granites from two different tectonic sgtin.e., anorogenic and arc-related
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(Petroet al, 1979; Anderson, 1983; Maniar and Piccoli, 198@st and Lindsley, 1991;
Frost and Frost 1997). Frastal (2001) defined these fields and added those for
Archean TTG and peraluminous gneisses, on a FeldO)T)+MgO vs. Si@diagram.
In Figure 4.25, the Vioolsdrif Batholith units grtted on this diagram.
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Figure 4.25: The Vioolsdrif Batholith plotted dmetSiQ vs. Fe-number diagram of Frastal (2001).

Again, the Vioolsdrif Batholith shows a close attfjnto the field for Cordilleran
batholiths. The Ramansdrif Subsuite is not disiyressociated with any of the fields.

There is a rather wide variety of discriminatioagliams available on which data is
compared with the fields defined by modern tect@meironments. These diagrams
seldom provide unequivocal confirmation of a forrremtonic environment and at best
they can be used to suggest an affiliation forieesas a whole, and not for single
samples (Rollinson, 1993). For the current sttigly,Vioolsdrif Batholith has been

plotted on a variety of discrimination diagramsluating Ti-Zr-Y, Ti vs. Zr (normal
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scale), Tivs. Zr (log scale) and Ti-Zr-Sr of Peaand Cann (1973), Zr/Y vs. Zr of
Pearce and Norry (1979), Cr vs. Y of Pearce (1982Y, vs. Zr of Pearce (1983), Ti©
MnO-P,0Os of Mullen (1983) for basaltic compositions, and Wb Y and Rb vs. Y+Nb of
Pearceet al. (1984) for granitic compositions. All these diags identify a volcanic arc
setting for the whole of the batholith. Figure@shows only two of these discrimination

diagrams as examples for basaltic and granitic ositipns in the batholith.
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Figure 4.26: The units of the Vioolsdrif Batholflotted on the Ti-Zr-Sr discrimination diagramRéarce and Cann
(1973) for basaltic rocks and the Rb-Y+Nb discriation diagram of Peare al. (1984) for granitic rocks.
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The Vuurdood Subsuite is identified as originatimgn island arc environment,
confirming its genetic relationship with the re$tle suite (e.g., Figure 4.26). This
island arc origin for the Vuurdood Subsuite is @onéd and better illustrated by the log-
transformed immobile trace element diagram of Agtaat al (2008), which
distinguishes it more clearly from MORB and basatiginating in other tectonic

settings (Figure 4.27).
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Figure 4.27: The Vuurdood Subsuite on a DF1-DEgttansformed immobile trace element tectonic disicration
diagram of Agrawaét al (2008). [DF1 = 0.3518 * Log(La/Th) + 0.6013 *¢§(&m/Th) - 1.3450 * Log(Yb/Th) +
2.1056 * Log(Nb/Th) - 5.4763; and DF2 = -0.3050dd(La/Th) - 1.1801 * Log(Sm/Th) + 1.6189 * Log(Y i)+
1.2260 * Log(Nb/Th) - 0.9944].

Ross and Bédard (2009) also defined fields fordiital and calcalkaline basalts with the
transitional field between them, on a diagram o¥ZrY. In Figure 4.28, the Vuurdood

Subsuite is plotted, coinciding with the transitibfield.
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Figure 4.28: The Vuurdood Subsuite on a Y-Zr distration diagram (after Ross and Bédard, 2009).
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Figure 4.29: Plots of the various units of the &fsalrif Batholith on a Nb vs. Rb/Zr diagram indicgt arc maturity

after Brownet al (1984).
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Miyashiro (1974) showed that most arc systems kavelder outer, and younger inner
arc which is coupled with an increase in arc matwth the gradual development of
overlying continental crust. According to Browhal (1984), the maturity of a volcanic
arc may be exhibited in the Nb contents and Rld#or Figure 4.29 shows a plot of the

various units of the Vioolsdrif Batholith on a Nb.\Rb/Zr diagram.

The Vuurdood Subsuite plots mostly in the field pomitive island and continental arcs.
The Haib Subgroup shows a transition from thigifiato the field for normal continental
arcs while the De Hoop Subgroup, along with moshefGoodhouse Subsuite, plots
entirely in the latter field. This is in agreemevith earlier evidence showing a
gradational genetic relationship between the Vuoddsubsuite and Haib Subgroup. It
suggests a gradual development of the batholith fxgrimitive island arc to a normal
continental arc starting with the Vuurdood Subsuheough the Haib Subgroup to the

rest of the batholith. The largest part of thehbhth formed in the latter environment.

Certain lines of evidence strongly argue againstcmparison of the Vioolsdrif
Batholith with modern tectonic environments. Madeguivalents (e.g., the Andean
arc), demand the presence of a thick overlyinginental crust. This is the only way in
which the average felsic composition and calcafieatiharacter can be accounted for in
terms of modern theories. A survey of modern sagbda arcs (Miyashiro, 1974) shows
that the ratio of tholeiite:calcalkaline rocks ibatholith relates to crustal thickness with
0% calcalkaline rocks indicating crustal thicknesskbetween 12-15 km, 10% of 15 km,
50% of 18-30 km and 60-95% of 30-70 km. The abserdbasaltic volcanics and a
basement to the Orange River Group in the Viodi&®htholith may be explained in
terms of deep erosion. However, the prevailingt@ithickness during its development
may be inferred from the La/Yb ratios (Hascletel, 2006). This was considered
during the investigation of the Blockwerf Migmat{# 2.5 Blockwerf Migmatite) and
Figure 4.21 shows that only a small part of thig hatches such crustal thicknesses as is
observed for modern arcs. In the Andean arc, artisitknesses vary between 30-70
km, the thickest being in the Central Volcanic Zofide volcanic rocks also show

abundant evidence of crustal contamination. Ndenwie of crustal contamination can
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be found in the Orange River Group with all elerserdrrelating well with the
concentrations in their intrusive counterpartserifiore it can be inferred that the major
part of the batholith developed in a tectonic teeraf which the crustal thickness cannot

be compared to modern equivalents.

If the La/Yb ratios are considered in relation ¢@ano indication can be found of a
gradually thickening overlying crust. La/Yb ratiosthe Orange River Group (the oldest
among the units) are between 15-20, while thaténybungest granites (from the
Gaarseep in the Richtersveld area, intruding theyRgeberg Formation) resembles that
of the oldest units. La/Yb ratios in the KhoronTumalite (the oldest unit in the
Goodhouse Subsuite) are more or less similar toofithe youngest granites in the

Gaarseep (Richtersveld area).

4.4 TTG AND ADAKITE IN THE RICHTERSVELD SUBPROVINCE

The recognition (or non-recognition) of a tonalitendhjemite-granodiorite (TTG) rock
association and adakites in granitic batholithsheme an important topic especially
since the work of Barker (1979). TTG suites dortertae earth’s Archean crust and
their geochemical similarities to modern adakitas been taken by many as an
indication that similar tectonomagmatic processafi¢ modern ones have been active
throughout earth’s history (Drummond and Defan@Martin, 1999; Martiret al,
2005; Van Tonder and Mouri, 2010). According tm@ie (2005a), the fact that similar
types of granitoids are recorded from the eartiegts, suggest that similar processes of
their origin to the present ones were already djmeral on the early earth (the oldest
accretionary orogens recorded date back to 4.B&nh@&a namely the Acasta and
Amitsoq TTG gneisses in northwest Canada and Gaadhl As such, Archean

processes have been studied at the hand of thtisg an the earth today.

Modern adakite was first identified by Kay (1978)rh the Adak Island in the western
section of the Aleutian arc volcanic chain andtdéren was defined by Defant and

Drummond (1990) who showed that their geochemilcatacter suggested an origin by
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partial melting of hydrated mafic source rocks eiminhg garnet. Many observations
favour the derivation of adakitic magmas from dmnelting of the subducting oceanic
slab in volcanic arc tectonic settings. Howevéhaugh the original definition of
adakite referred specifically to rock generateanftbe melting of slab basalt, later
studies have shown that adakite magma may be peddodectonic settings which are
unrelated to subduction in both arc and non-artnggst (Castillo, 2006). Furthermore,
while Archean TTG is compositionally similar to nevd adakite, it is not so to modern
TTG and according to Condie (2005a), studies hhweevs that TTG and adakite are not

the same and have different origins.

Nowhere on earth today are adakitic magmas beiodueed in volumes comparable to
those in the Archean. For the generation of saaiel volumes of TTG as found in the
Archean crust, slab melting is not the most effecthechanism, unless a higher
geothermal gradient acted in the Archean (Casfil®6). In the Archean, higher mantle
geotherms may have resulted in subducting slalehirggapartial melting temperatures at
shallower dephts before dehydration rendered tieisfusible (Richard and Kerrich,
2007). Alternative models for the generation dadkitic magma include fractional
crystallization of basaltic melts (Arth and Hansdf75), partial melting of mantle rocks
(Moorbath, 1975) and partial melting of pre-exigtionalites (Johnson and Wyllie,
1988). Kayet al (1999) proposed a model of crustal thickeninthenCentral Volcanic
Zone of the Andes and melting of the lower crusgxplain the origin of TTG magmas in
that area. Richard and Kerrich (2007) state tegtddakitic geochemical signatures,
such as low Y and Yb concentrations and high Sn¥ laa/Yb ratios, can be generated in
normal asthenosphere-derived tholeiitic to caldalkaarc magmas by common upper
plate crustal interaction and crystal fractionafgwacesses and do not require slab
melting. Common upper plate magmatic processds asienelting-assimilation-storage-
homogenization (MASH) and assimilation-fractionaystallization (AFC) affecting
normal arc magmas can be demonstrated to explaidistinctive compositions of most

adakite-like arc rocks.
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The Archean crust (presently representing appraeind 5% of the total continental
crust) is dominated by tonalites and trondhjem(i@s-K granitoids) which are
characterized by sharply stoping REE patterns atofig the presence of garnet in the
source residual phase (Sobolev, 1991). DurindatteeArchean, TTG compositions
started to change (Rollinson, 2005) and by abduGa, K-rich granites and
granodiorites started to appear and the crust becaamly granodioritic (Sobolev,
1991). This, according to Sm/Nd isotope evidero@cided with a major period of
continental crust formation (about 60% of the pnéseilk). During post-Proterozoic
times, the earth’s granitoids have become moreaaartt richer in K (representing
approximately 25% of the current total continewtaist). The genesis of the Vioolsdrif
Batholith therefore coincides with the era whichdwed relatively shortly after the
change of the earth’s crust bulk composition frofGfdominated towards K-rich,
granodioritic-dominated. On the modern earth,al&ldine magmatism such as that
represented by the Vioolsdrif Batholith, is typicéicontinental margin subduction
tectonism of which the Andean chain representsyihe area. Adakite magmatism is
currently volumetrically minor compared to normegjtoids (as opposed to the

Archean), not only worldwide but also in the lotiak where they occur (Castillo, 2006).

Archean TTG are typified by high ha (>4%) and low KO (<3%). The CaO of
Archean TGG is also lower than Cordilleran TTG whoauses their modified alkali lime
index (MALI; Frostetal., 2001) to be higher. As such, theBass. KO and KO vs.
MALI classification diagrams of Frost al. (op cit) can distinguish Archean TTG suites
and Mesozoic Cordilleran batholiths. In Figureéd0dand 4.31, the Goodhouse Subsuite

and Orange River Group are plotted on these diagram
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Figure 4.30: A NgO vs. KO plot for the Orange River Group and Goodhouses@its after Froset al (2001).
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On both diagrams, the Vioolsdrif Batholith rock®®sha closer affinity with Mesozoic
Cordilleran batholiths than with Archean TTG. Nbtewvever that the Vioolsdrif
Batholith does not coincide entirely with the fieldfined by the Cordilleran batholiths
on either of the two diagrams. Especially the@laontent of the Vioolsdrif Batholith is

on average lower than that of the Cordilleran bigti

In recent years, TTG suites have been further sidet following the recognition of
sanukitoid (a high-Mg, -Ni and -Cr type TTG; Smékiand Champion, 2000) as well as
the Closepet-type granite, the latter differingrireanukitoid in having higherJR:NgO
ratios and being relatively enriched in Ti, Nb aivdVan Tonder and Mouri, 2010). As
such, the MgO, Mg#, Cr, Ni and,® contents distinguish sanukitoid and Closepet-type
granite from TTG (Matrtiret al, 2005). Sanukitoids are also strongly enricimedREE,
Ba, Sr and P (Rollinson, 2005).

Recognizing TTG and adakite in a granitic bathafithly be a matter of chance since, in
the field, their physical appearance much resemétsal granitoids. Their distinction is
entirely based on their unique geochemical progertiThe sampling distribution on the
Vioolsdrif Batholith for the current study is thdugo include all the compositional
variations. Unfortunately, the lack of REE anab/f® the Haib Subgroup represents a
significant limitation to the study since the La/¥ddio is a critical factor in the
recognition of adakitic rocks. This ratio bearstba single most distinguishing
characteristic of adakitic rocks namely a depletioRIREE, indicating the involvement

of garnet and/or amphibole in the source. Higle@itents and Sr/Y ratios are the second
prerequisite for distinguishing adakitic magmas, fibtrmer indicating the presence of
plagioclase in the melt and/or its absence in thece, the latter again referring to the
presence of garnet and/or amphibole in the soumce ¥ behaves similar to the REE in
its compatibility. The behavior of plagioclase nago be displayed in the absence of an
Eu anomaly. Early Archean TTG typically do notwst@ negative Eu anomaly in their
REE patterns while post-2.5 Ga TTG do (Condie, 2005 he behavior of the HREE, Y
and Sr therefore represent the most unique chaistts distinguishing adakitic magmas

from normal granitoids and the two almost univdysased diagnostic tools to identify



139

adakite are the Sr/Y vs. Y and La/Yb vs. La diagggd@astillo, 2006). Most adakitic
rocks also have relatively high &); contents, indicating high-pressure melting of

garnet-containing source rocks (eclogite) or amgplitdn

The presence of a primitive component (high MgOahlil Cr) in sanukitoids indicates
the involvement of a peridotitic mantle in the gextion of the melt. Since the absence
of such features suggests that the peridotitic lmavédge was not involved in the
generation of the magmas, the conclusion may h&rdtldat normal TTG magmas
originate from melting in the lower crust above thantle wedge, while sanukitoid
magmas originate from melting in the subductingy flaneath the mantle wedge. This
model demands the presence of a thick continentat éor the generation of normal
TTG magmas (high La/Yb ratios indicates meltinghe amphibole-garnet stability parts
of the mantle). Characteristics such as depletiodb, Ta and Ti are also very common
to adakites worldwide, however, in the light ofdies showing that adakites are not
limited to subduction zone settings, these canaatdmsidered prerequisites for
identifying adakites in a particular suite. Aftamsideration of parameters set in Defant
and Kepezhinskas (2001), Condie (2005a), Rollir{2005) and Castillo (2006), the
following criteria were selected for recognitionasfakitic and TTG rocks in the
Vioolsdrif Batholith:

a) SiQ > 56 wt%

b) Al,O3 > 15 wt% at 70% Si@©
C) Sr > 300 ppm

d) Y <20 ppm

e) SrlY > 20

f) Yb < 1.9 ppm

0) La/Yb > 20

These parameters require derivation by hydrousgbanelting of mafic rocks
(garnetiferous or amphibolite) at high pressurbe Ta/Yb and Sr/Y ratios considered to

typify adakite and TTG differ significantly in litature between >40 and >20. A ratio of
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>40 applies strictly to adakite and early ArchediT while that of >20 also takes into

consideration post-2.5 Ga and later calcalkalinesuwhich also have overall lower

Al,O3 values. Condie (2005a) states that Archean highif& and adakites both have

steep REE patterns while most post-Archean TTGrlgelo the calcalkaline suite and

often show a fractional crystallization sequenceeding from diorite (or gabbro) to

granite. These rocks typically have very low Lafébios and exhibit a large range of Yb

values. These observations are applicable to ibelddrif Batholith.

From an inspection of the analyses for the Vioaldltholith, a number of samples can
be identified as adakitic. They are listed in Eadbl

Table 4: A list of samples from the Vioolsdrif Batith which have adakitic compositions.

Nr. Unit Rock SiO, | AlOs Sr Y Yb Sr/Y | LalYb | AlOs
type (Wt%) | (Wt%) | (ppm) | (ppm) | (ppm) at
SiOz:
70%

CHM95 | Blockwerf Migmatitic 64.89 | 15.38 468 16 1.6 29.26  32.86 13.1
Migmatite tonalite

CHM100 | Blockwerf Migmatitic 62.61 17.77 446 8 0.8 55.7% 56.43 14.1
Migmatite tonalite

CHM101 | Gaarseep Granodiorite 67.50| 15.69 309 12 1.2 25.75 784 §4.4
Granodiorite
(intruding the
Blockwerf
Migmatite)

CHM166 | Gaarseep Tonalite 64.30| 16.34 556 16 16 3415 26.89 13.7
Granodiorite

CHM56 | Xaminxaip Granodiorite 69.75| 14.96 387 12 15 32.25 23[11 844.
River
Granodiorite

CHM76 | Xaminxaip Granodiorite 70.49| 14.44 338 13 15 26 22.81 14.6
River
granodiorite

CHM192 | Gaarseep Granodiorite 70.42| 14.68 402 12 1.2 33pb 3032 a4.
Granodiorite

CHM78 | Gaarseep Granodiorite 69.86| 14.57 349 10 1.7 349 2421 a4.%
Granodiorite

CHM98 | Blockwerf Granodiorite 63.87| 16.08 535 20 15 26.75 8309 243.
Migmatite

In accordance with the batholith’s calcalkalineunat AbO; contents are relatively low

as are the La/Yb ratios. A number of samples whiokely comply to the set parameters

were excluded from this list (some only because #aakitic nature could not be

confirmed by available REE analyses) but the saspl&@able 4 are sufficient to

indicate the overall representation of adakitikroypes in the Vioolsdrif Batholith as a
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whole. Volume-wise they represent but a smalltfoacof the batholith. They do not
represent a single magmatic event and do not shiwusive contact relationships with
their host rocks. Rather, they represent compositivarieties within the calcalkaline
granitoids. The Blockwerf Migmatite is clearly tiigguished as a unique unit, containing
a high concentration of adakitic rocks. Howevet, &ven this unit is entirely adakitic in
composition. The only samples from the batholitiwbich the La/Yb ratios comply to

the >40 value characteristic of type-adakites fiama this unit.

When the adakitic rocks of the Vioolsdrif Batholéle plotted on the kg vs. La/Yhn

and Y vs. Sr/Y diagrams (Castillo, 2006), only & feonsistently from the Blockwerf
Migmatite) comply with type examples (Figure 4.32hese figures primarily indicate
the absence of garnet in the source for most sampbsvever, an amphibolitic source
may be deduced. The relatively low Sr/Y ratiogHarmore indicate the influence of
plagioclase fractionation during the batholith’®kxion, leading to low Sr values, and is
again related to its calcalkaline character.
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Figure 4.32: Adakitic rocks of the Vioolsdrif Balith plotted on the Yf, vs. La/Yhy, (a) and Y vs. Sr/Y (b) diagrams
of Castillo (2006).

While the composition of adakites does corresporitiat of Archean TTG, they do not
correspond to modern TTG. Post-2.5 Ga TGG haveehig,O:NgO ratios than
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Archean TTG and the two can be distinguished olotagh KO vs. NaO (Figure 4.30).
According to Castillo (2006), they may also beidmiished on a plot of CaO+Ma vs.

Sr (Figure 4.33). On both these diagrams, the ayd Batholith shows similarities to
modern TTG suites.
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Figure 4.33: Plots of Vioolsdrif adakitic rocks arCaO+NgO vs. Sr diagram after Castillo (2006).

The presence or absence of a primitive componmaplying the involvement of
peridotitic mantle in the generation of the magnmaay be displayed on a variety of
diagrams taking into account variations in MgON#), TiO,, Cr and Ni. Figure
4.34(a) shows the adakitic rocks of the Viools@aitholith on a diagram of SyQs.

Mg# according to which normal TTG magmas are cared products of melting in the
lower crust, while adakitic magmas are considereduycts of melting of a subducting
slab (Condie, 2005a). Figure 4.34(b) shows theMulrif Batholith adakitic rocks

plotted on a diagram of Cr vs. Ni, which indicaties presence of a primitive component.
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Figure 4.34: The Vioolsdrif Batholith adakitic tacplotted on diagrams of Sj@s. Mg# (a) and Cr vs. Ni (b). Both

diagrams are after Condie (2005a).
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Some conclusions can be drawn from the study camgethe recognition of adakitic
and TTG rocks in the Vioolsdrif Batholith.

a) The fact that adakitic rocks in the batholittd dot intrude as unique intrusive
events (showing intrusive contact relationshipswiuntry rock) but merely represent
compositional varieties within the calcalkalinemjtaids, strongly argues in favour of a
magma mixing model involving the mixing of primaaglakitic magmas with non-
adakitic magmas. This is supported by the infemagma mixing model for the
development of the Blockwerf Migmatite (4.2.5 Blaekf Migmatite), in which the
adakitic rocks occur most frequently.

b) High La/YDb ratios are commonly related to akhiwerlying crust (Planck and
Langmuir, 1988; Mantle and Collins, 2008) as hankemply shown for the Andean
margin (Kayet al, 1999, Hashcket al, 2002, Hildreth and Moorbath, 1988). La/Yb
ratios for the Vioolsdrif Suite suggest that theletion of the batholith was not
associated with a thick overlying crust. Therefoihe anomalously high La/Yb ratios
(compared to the rest of the batholith) for thedBleerf Migmatite imply a very uneven
crustal base for the batholith. This can be a@ddw a process such as mafic

underplating.

C) If modern adakite and Archean TTG share singi&retic processes then, if
anything, it shows that processes of crust formaticthe Archean cannot be compared
to those on the modern earth. In the Archean thesmesses produced vast volumes of
magmas while on the modern earth, they producévelalittle. The fact that the
changing bulk composition in the earth’s crust fréoifG in the Archean to granodiorite-
granitic after 2.5 Ga coincided with a major peradctontinental crust formation, surely
cannot be considered coincidental. It implies méad rather abrupt) changes in crust
formation processes from the Archean to preseat.tte early Archean, processes
involving large-scale melting of deeper parts @ thantle (not necessarily involving any
overlying crust) are implied. The fact that Archéa G on average have higher contents
of fluid-mobile elements like Ba, K and Rb than kitkes (Condie, 2005a), attests to
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higher rates of metasomatism in the upper mantigiware today commonly thought to

be active in the mantle wedge overlying the sulidggtlate.
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5. CONCLUSIONS

51 SUBDIVISIONS

The proposed subdivision of the Vioolsdrif Batholim South Africa and within the
currently accepted boundaries is shown on the mtpdack of this thesis. It largely
follows the subdivisions from previous studies.eThajor and trace element evidence
presented in this study, along with isotope andbradtric evidence from previous
studies, indicate that the whole batholith formemhf a common source during the

Orange River orogeny which started around 2.0 Ga.

This study presents geochemical evidence for thdigision of the Orange River Group
into the Haib and De Hoop Subgroups, a subdivigsibith was previously based entirely
on field evidence. It has been shown that the Saibgroup shows a genetic relationship
with the Vuurdood Subsuite, the latter of which nb&yinterpreted as remnants of the
primary, mantle-derived magmas. The De Hoop Suligdoes not show this genetic

relationship with the Vuurdood Subsuite.

Since the two subgroups of the Orange River Gragoiy two distinct geographical
areas — the Haib and Richtersveld areas, sepdataa area of no outcrop (cover by
younger strata) — the implication of this subdiersis that the two geographical areas
may represent two significantly different partglod batholith. In the Haib area, not only
the Haib Subgroup but also the Goodhouse Subssiib®, average more mafic than the
Richtersveld part of the batholith. Both the Vuawd Subsuite and Khoromus Tonalite,
the most mafic members of the Vioolsdrif Suite, lareted to the Haib area and do not
occur in the Richtersveld. The Vuurdood Subsumi@rises mafic-ultramafic bodies,
which can be expected to be limited to the lowetspaf the crust, since such magmas
would not be able to rise to higher crustal ledletsugh normal magmatic processes, due
to their high densities. The Haib Subgroup comstairntually no interlayered
metasediments. In the Haib area, contact reldtipadhetween the volcanic group and

the plutonic suite suggest intrusion at the rooiezof the volcanic pile. In the
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Richtersveld, on the other hand, intrusive relatiops between the volcanics and the
plutonic rocks are mostly concordant. The De H8apgroup contains a relatively high
proportion of interlayered metasediments and theyRffieberg Formation represents a
rather thick, mature metasedimentary unit, oveg¥tme volcanics. The Kook River
Formation, an entirely porphyrytic unit, and thenXaxaip River Granodiorite have both
been considered to represent subvolcanic unitsefRit980). These observations
suggest that the Richtersveld may represent anramich the upper part of the
batholith has been preserved, while the Haib agpeesents a deeper crustal part of the
batholith. Furthermore, tectonic environment diearation diagrams suggest that the
Haib Subgroup was formed in a primitive arc envin@mt, while the De Hoop Subgroup
was formed in a normal continental arc environmdiritis suggests that the Haib area
represent the initial stages, while the Richtedbegba represents the later stages, in the

batholith's evolution.

The subdivision of the De Hoop Subgroup accordinthé scheme of Ritter (1980) may
be controversial since it is largely based on arhenvisaging development from a
volcanic centre in the northeast of the Richteigvdlhis study identifies the Blockwerf
Migmatite as a possible volcanic centre. Howemene of the volcanic rocks of the De
Hoop Subgroup which were analyzed for REE in thislg bears the unique La/Yb
signatures of the Blockwerf Migmatite. This meé#mest the De Hoop Subgroup as it is
currently exposed, probably did not originate fritmis unit. However, the geochemical
variations within the subgroup presented in thislgtdo not motivate for any alternative

subdivision scheme.

Based on its clear association with the rest obttt@olith on variation diagrams, the
Vuurdood Subsuite is considered here as remnarbegfrimary source magmas. Multi-
element diagrams show that this subsuite was sghjec the same magmatic processes
as the rest of the batholith while initial isotaggnatures and REE patterns show that it
shares a similar source. Some of the ultramatiksan the subsuite are considered to
represent cumulate material which formed in shalbowstal magma chambers during

fractional crystallization.
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The Goodhouse Subsuite is subdivided into foursunithe Khoromus Tonalite, based on
contact relationships and radiometric evidencthesoldest unit in the subsuite. It is the
most mafic unit in the subsuite and shows limiteabgtion from the Vuurdood Subsuite
on classification and variation diagrams. Field aetrographic evidence of possible

magma mixing processes are to be found in this unit

The Xaminxaip River Granodiorite also shows intvasielationships with the Gaarseep
Granodiorite, showing the latter to be intrusivithe former. The Xaminxaip River
Granodiorite and Khoromus Tonalite are not founddntact with each other but a single
zircon age for the Xaminxaip River Granodiorite wlat to be of similar age as the
Gaarseep Granodiorite. Therefore, the XaminxaygRGranodiorite is placed
chronologically between the Khoromus Tonalite arelGaarseep Granodiorite. The
Xaminxaip River Granodiorite is thought to reprdsesubvolcanic unit, in agreement
with Ritter (1980).

The development of migmatite in places in the Xawip River Granodiorite can be
explained in terms of locally existing high gradetamorphic conditions in shallower
parts of the crust during orogenic processes (ssritbed by Mehnert, 1968), together
with the simultaneous intrusion of the Gaarseem@deorite on regional scale (in
agreement with De villiers and S6hnge, 1959). Adicw to Mehnertdp cit), much
evidence suggest that migmatites, as currently segbat surface, did not form at the
base of the crust or at depths of 15-20 km, asldhmiassumed from experimental data
if a normal geothermal gradient of 30-40°C/km istotated. Rather it has to be assumed
that the metamorphic conditions necessary for theitial melting was dragged upwards
into relatively shallow depths by orogenic process€&he geothermal gradient may reach
5-150°C/km in orogenic belts, whereby all the maigvhic zones can occur side by side
within a rather small area, including those of jg&dr complete melting, at about 4-10

km depths.
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The Gaarseep Granodiorite is the main phase afutrently exposed Vioolsdrif

Batholith and spans the entire compositional raegeesented by the other units (except
the ultramafic rocks of the Vuurdood Subsuite) af as their geographical distribution.
It is the only unit which occur in both the HaibdaRichtersveld areas but is on average

more mafic in the Haib area than in the Richteidvel

The Hoogoor Granite is the only unit considerethia study which is located outside the
batholith type area and bears the pervasive fohand metamorphism of the Namaqua
orogeny. lIts inclusion in the batholith may indeechain controversial but based on the
available radiometric and geochemical evidendas,agbnsidered here as part of the
Goodhouse Subsuite. All of its major and tracenelat variations coincide with similar
compositions in the rest of the batholith. Curyeatailable radiometric data supports its
contemporaneous development with the granodiant&s of the Gaarseep Granodiorite
(~1.89 Ga; Moen and Toogood, 2007).

The Ramansdrif Subsuite postdates the main innusjoabout 300 m.y. (e.g., Cornetl
al., 2007). Itis regarded here as the product dfgdarustal melting of the older phases
of the Vioolsdrif Batholith during the final stagekthe Orange River orogeny. Within
the Ramansdrif Subsuite, the further subdivisida the Ghaams and Sout Granites can
be justified on three criteria: texturally the S@ranite is consistently coarser grained
than the Ghaams Granite; petrographically the Soahite is microcline-dominated with
abundant exsolution textures while the Ghaams & anprthoclase-dominated with
only minor development of exsolution textures; demically the Ghaams Granite is on
average less felsic than the Sout Granite. Petpbgerally and geochemically all the
occurrences of the Ramansdrif Subsuite which ara&éal within the Hoogoor Granite,

can be correlated with the Ghaams granite.

5.2 MAGMATIC PROCESSES AND TECTONIC ENVIRONMENT

All the evidence relate the Vioolsdrif Batholithhmdern continental margin subduction

zone tectonic settings. The initial stages ofléselopment, represented by the
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Vuurdood Subsuite and part of the Haib Subgroupy, lb@acomparable to a primitive
continental arc setting. The absence of basaltigpositions in the volcanic succession
argue against an intra-ocean island arc settirigerelis also no evidence to be found that
any of the volcanic units were deposited under waltefact, the characteristics of the
volcanic rocks call for deposition on a continemtaist. The bulk chemical composition
of the batholith furthermore demands the presefem overlying continental crust, in
terms of modern tectono-magmatic theories. Le&R83), among others, states that
granite liquids cannot be derived as primary metts either mantle peridotite or
subducted oceanic crust. Atherton and Tarney (L9t&®e that, over the past few years,
evidence have amassed for mixed mantle-crust oidgimany granitic rocks. In the

Vioolsdrif Batholith, the earliest phases have thigocompositions.

In the Vioolsdrif Batholith, no evidence can beridwf pre-existing crust and isotope
data argue against it. Modern continental margicanic arcs are underlain by thick
continental crust and the volcanic rocks show ode@itence of crustal contamination.
For the Vioolsdrif Batholith, La/Yb ratios indicatieat the crustal thickness during its
development cannot be compared to modern exangdespt in a few samples of the
Blockwerf Migmatite. The Orange River Group albows no evidence of crustal
contamination in relation to the Vioolsdrif Suit&his may be interpreted as further
evidence that tectonomagmatic processes duringritteean-Proterozoic transition
period, may not be comparable to modern exampléss is supported by studies like
that of Hamilton (1998) as well as various studiealing with TTG and adakite. With
the onset of formation at about 2.0 Ga, the Vioal®hatholith falls within a geological
time era when crust formation processes are camside have been similar to those
observed today (e.g., Hamiltaop cit). However, the above observations call for the
need of alternative theories to those based omumifarianism to explain crust

formation processes in the Archean and Proterozoic.

A thin continental crust must have been presettierarea where the Vioolsdrif Batholith
developed. Overall low La/Yb ratios bear evideti the crust could not have been
thicker than 20 km (except under the Blockwerf Magite). The fact that the Vioolsdrif
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Batholith does not show isotope signatures sugggstipre-existing crust may be
explained by two factors. Firstly, the fact that trust was thin means that only a small
volume of it was recycled. Secondly, the pre-@xgstrust must have been a primary
crust which did not undergo previous recycling eges, so that its isotope ratios were
not significantly raised. The age of this pre-#@rig crust might have been 2.7 Ga, as
indicated by a single inherited zircon (Nordin, @D0Furthermore, it was noted before
that the Vioolsdrif Batholith does not coincide fieetly with fields defined for Mesozoic
(Cordilleran) batholiths on the Na vs. KO and MALI vs. KO diagrams of Frost al
(2001; Figures 4.30 and 4.31). This may alsoedlathe fact that the crust associated
with the development of the Vioolsdrif Batholith svenuch thinner than that associated

with the development of the Mesozoic-Tertiary béths.

In the light of all the evidence, the following éwtionary model is suggested for the

Vioolsdrif Batholith and summarized in Figure 5.1:

Stage 1 (Figure 5.1a): Initial dehydration andiphmelting processes in the subduction
zone ced vertical heat flow and accumulation oftratthe base of the original crust.
This led to limited crustal melting, producing felsnagmas which rose through the

overlying crust and erupted at surface. Theseemeesented by the Tsams Formation.

Stage 2 (Figure 5.1b): At this stage, the mantis WMORB-like in composition but with
lower overall trace element concentrations thamtbdern MORB. In the mantle
wedge, olivine-tholeiitic magmas were produced astipl melting’ in accordance with
modern subduction zone processes (e.g., Condi®p200 hese magmas rose to shallow
magma chambers (3-6 km depth) where they underfrngtional crystallization to
produce tholeiitic and more evolved magmas. Tipbseses are represented by the
Vuurdood Subsuite. During the residence time efrttagmas in the magma chambers
and fractional crystallization, cumulates compigspyroxene and olivine were also
formed. With progressive subduction, volcanisnmdpreinated and the Haib Subgroup
was deposited at surface. Within the crust, tfe fihases of the plutonic suite were

formed.
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First lavas
(felsic; Tsams Formation)

Sea level

Figure 5.1(a): Initial stages of the evolutiortled Vioolsdrif Suite. Vertical heat transfer andith-up of
magma at the base of the crust produce limiteitfelegmas which erupt at surface through vents and
fissures, forming the Tsams Formation.

)
. 7
Early volcanic and < / -

sedimentary deposits J Active volcanism
(Haib Subgroup)

Sea level

Figure 5.1(b): Early stages (primitive arc enviment). Formation of intra-crustal magma chambads a
early plutons; eruption of basaltic-andesitic I§Maus Formation) produced by fractional crystatii@a in
the magma chambers; limited deposition of sedimgmsizata at surface.
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Figure 5.1(c): Late stages (nhormal arc environjneBktensive partial melting in the mantle lead to
basaltic underplating in parts along the arc aXise rest of the crust remain relatively thin doe t
continuous reworking by subduction. Early magmancbers and plutons crystallize within the crust
(Vuurdood Subsuite and early stages of the Goo@dhBubsuite). Remnants of the original crust may be
preserved while the rest of the crust is completelyorked into younger, more felsic crust. Parnalting
of the crust results in magma mixing processes &@twnantle and crustal melts. Younger plutonsiéer
older units, including the root zone of the oldefcanic units. At surface, more felsic lavas and
sedimentary deposits are formed (De Hoop Subgroup).

Blockwerf

Nama Group Migmatite

Haib area Richtersveld area

Figure 5.1(d): Post-Orange River orogeny. Tectaiformation, probably the initial stages of tte P

African orogeny, produces a normal fault betweenHilib and Richtersveld areas, juxtapositioning a
deeper part of the crust along a surface to nedaeripart. Subsequent erosion and the deposifitre
Nama Group lead to the concealment of the boundary.

Stage 3 (Figure 5.1c): Partial melting and reeyghf newly formed crust became
increasingly important and eventually predominapedducing mainly felsic magmas.
During these later stages, magma mixing and coni@ion played a key role in the

determination of final magma compositions. TheHa®p Subgroup is the surface
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representative of these stages. The various ohitee Goodhouse Subsuite were

produced at different stages throughout this elahary history.

Stage 4 (Figure 5.1d): After closure of the OraRgeer orogeny, probably during the
initial stages of the Pan-african orogeny, the Ridveld area was thrown down relative
to the Haib area along a normal fault. This reglit the juxtapositioning of a deeper
part of the crust (exposed in the Haib area) tortase to near-surface part of the crust
(exposed in the Richtersveld). Subsequent erasioithe deposition of the Nama Group

followed, concealing the Post-Orange River norraaltf

The progressive development of a calcalkaline eat@m more primitive magmas in
modern arcs, relates to the thickness of the owverlgrust with the magmas becoming
progressively more potassic as well as alkalic,yafn@m the arc towards the continent
(e.g., Miyashiro, 1974). For the Vioolsdrif Bathb] the remnant trend of an arc axis
could not be established during the current studgwever, there is an increase in the
calcalkaline nature and,R contents from the Vuurdood Subsuite, throughttag
Subgroup to the rest of the batholith. This featfrmodern continental arcs is often
attributed to an increase in thickness of the guagl crust, but may be related to any
process leading to the enrichment gKincluding fractional crystallization, magma
mixing with more felsic magmas, assimilation of toental crust, or the metasomatic
process in the mantle wedge. It may also be lat¢he source composition. At least a
portion of this variation is likely to be contrilma by a mantle-derived component
because it is also observed in island arc lavaeyavh continental contribution is lacking
(Dickenson, 1975).

No progressive increase in crustal thickening falder to younger units in the
Vioolsdrif Batholith can be observed in the La/Mtios, as can be for the Andean arc
(e.g., Haschket al, 2006). This attests to continuous recycling@ivly formed crust
throughout its development. The model of recycbhthe same material during the

evolution of the batholith is also supported by la¢ure of fragments in agglomerates,
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pebbles in conglomerates and xenoliths in lavagraditoids, which resemble material
from the same batholith throughout (e.g., Figur&s 2.5 and 2.6).

The nature of the Ramansdrif Subsuite has not bettled. Initial isotope ratios indicate
that it is the product of partial melting of corgital crust (Reid, 1977). The fact that its
geochemical variation patterns coincide closellie Vioolsdrif Batholith, as well as
its close spatial association with thise batholitiplies that the Goodhouse Subsuite
acted as the source for the Ramansdrif Subsuitenasag Radiometric ages indicate it to
be post-Goodhouse Subsuite but there is no stal@uidence of a major orogenic event
at this time. On classification diagrams of Fretsal (2001), the Ramansdrif Subsuite
shows similarity to both peraluminous leucogranged cordilleran batholiths (Figures
4.26 and 4.27). On the discrimination diagramsgfanites of Pearcet al (1984), it

plots mostly in the field for volcanic arc granif@sgure 4.28). The latter observation
speaks in favour of the idea that the RamansdhESite was derived from the
Goodhouse Subsuite, which has been shown to hayieaied in that environment. The
peraluminous leucogranites of Frestal (2001), tend to be associated with
overthickened orogens and are usually produceariayl slegrees of melting that is
typically ascribed to a stage of crustal rebounitheut any direct mantle contribution.
La/Yb ratios argue against the Vioolsdrif Batholithing associated with an
overthickened orogen. It is therefore suggestatttte Ramansdrif Subsuite represents
an event during which the Vioolsdrif Batholith umgent partial melting to produce

felsic magmas. The orogenic event leading toghrsial melting has not been identified.

53 THE RICHTERSVELD SUBPROVINCE IN ITSREGIONAL SETTING

There is currently general consensus that the Naankttamorphic Province comprises
a number of unique tectono-stratigraphic terraneghwvere amalgamated during the
1.3-1.0 Ga Namaqua orogeny (e.g., Steival, 1984; Joubert, 1986; Thomeisal,

1994), although the exact configuration and idesgtfon of the terrane boundaries is still
controversial (e.g., Collistoet al, 1992; Cornell and Pettersson, 2007). In thetotdc

framework, the Vioolsdrif Batholith is consideredrepresent a relict Eburnian province
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surrounded by the Kibaran Namaqua mobile belt, dedrbetween two tectonic
boundaries, viz., the Lower Fish River and Grookhiheusts (e.g., Blignau#t al,
1983).

Based on the tectono-magmatic model for the Viadi&atholith presented above, it is
tempting to envisage the regional tectonic evolutbthe area in terms of a tectonic
model in which two continents, separated by an mcapproach and eventually collide.
In this model, the Vioolsdrif Batholith represettte subduction stage during closing of
the ocean, while the Namaqua Metamorphic Proviapeesents the collisional stage.
However, such a model is contradicted by the agebgaween the end of the Orange
River orogeny (1.73 Ga, Ramansdrif Subsuite) aedtiset of the Namaqua orogeny
(1.3 Ga, Little Namaqualand Suite). Furthermdne,Ramansdrif magmatic event might
be considered unrelated to the Vioolsdrif magmagasith Cornelet al (2007) in fact
suggest that the Ramansdrif leucogranites be exdlérdm the Vioolsdrif Suite. This
would indicate an even older age for the end oQQhenge River orogeny and would be
indicated by the youngest ages of the Goodhoussugebwhich is currently around 1.8
Ga (e.g., Reid, 1977).

The inability to identify Archean continental crstsociated with the Vioolsdrif

Batholith and a basement to the Orange River Gnogy, suggest the complete recycling
of such crust during the Orange River orogeny.ré&hily, the only evidence of such
components in the Vioolsdrif Batholith is in a dmgnherited zircon core of 2.7 Ga
(Nordin, 2009). Other inherited zircon cores ttedzoincide with the earlier stages of
the batholith (U-Pb, LA-ICPMS ages of 1.9 and 2®ithe Xaminxaip River
Granodiorite; see Appendix 2). At a number of ldies, xenoliths are found in the
volcanics of the Orange River Group but none of¢heave as yet been dated. Based on
evidence indicating rapid recycling of newly formadterial throughout the batholith,
these xenoliths most likely represent recycled nedtef earlier phases. Reid (1977)
dated a xenolith of granodiorite at 1.73 Ma bus #huggests resetting during the
Ramansdrif magmatic event.
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If current models for the tectonic setting of the®sdrif Batholith is accepted then there
is no point in searching for basement to the OrdRiger Group outside the Richtersveld
Subprovince, since all evidence related to thedddithwould be bounded between the
Lower Fish River and Groothoek thrusts. If it & accepted, a number of units may
qualify for such a position. The model of terraeretion currently reigns popular and
alternative models are few. However, much evidentst to suggest that the Vioolsdrif
Batholith might not be isolated from the Namaquaavierphic Province by the
proposed terrane boundaries. Ward (1977) desdtigdsoundary with the
“Bushmanland Subprovince” as fault bounded in gaut,“elsewhere the Vioolsdrif
igneous assemblage both rests on and intrudeseliggeisses characteristic of the
south” (i.e., the Gladkop Suite, which extendsaasbuth as Springbok in
Namagqualand). Maraget al (2001) and Minnaagt al (2011) also present evidence that
the Gladkop Suite is intruded by the Vioolsdrif tBuiRadiometric ages of 1.8 Ga for the
Gladkop Suite also contradicts the idea that tloltersveld Subprovince is unique in its
early-Proterozoic age. Isotopic data and mode$ agew extensive reworking of
Vioolsdrif-age crust in the rest of the Namaquavifrce during the Namaqua orogeny
(e.g., Barton, 1983; Reid, 1981).

Furthermore, it seems likely that the Orange R&&Byup grades from a volcanic-
dominated unit in its type area, to a sedimentanyridated unit eastwards. In the east,
the pervasive foliation and metamorphism of the Baoa orogeny have rendered
correlation among stratigraphic units controversi#l various studies imply the possible
correlation of the Orange River Group with Namailetamorphic Province supracrustal
units. Moen and Toogood (2007) considered the @xdiver and Droéboom Groups
lateral equivalents, while possible correlationsdeen the Orange River and
Bushmanland Groups are suggested in all of Cafli§i890), Agenbacht (2007),
Bertrand (1975) and Moen and Toogood (2007). linfghese findings, the Steinkopf
Gneiss of the Gladkop Suite is implied as basentetite Orange River Group. In
Bushmanland, the “Achap Gneiss” has been consideesdasement to the Bushmanland
Group by Moore (1977) and Watkeys (1986). Bali@al (2007) also state that

combined earlier works have suggested that the dathnd “Hoogoor” Gneisses (the
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latter does not refer to the Hoogoor Granite) ddercthan the Bushmanland Group and
acted as the basement and provenance to the metasésland source of the
mineralization (at Black Mountain and Gamsberg mjndRadiometric data contradicts
the idea of a correlation between the Orange RimdrBushmanland Groups with the
inferred ages of deposition for Bushmanland forortiranging between 1.5-1.2 Ga
(e.g., Bailieet al, 2007). However, the 2.0 Ga ages for the Hallg&up are
representative of the early stages of Orange Fdveup evolution. Inferred depositional
ages of post-1.76 Ga for the Rosyntjieberg metasaulis, imply that Orange River
Group deposition continued even after Ramansdrgmaism, suggesting a possible
continuation into Bushmanland deposition, whichcpdes the Namaqua orogeny.
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Figure 1.1: Location of the study area. The extent of the batholith is shown on a topographic background (DEM) of the study area,
which includes only the South African part of the batholith.
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Figure 2.1: Extent of the Vioolsdrif Suite and Orange River Group
as displayed in most current literature.

Insert: Tectonic subdivision of the Namaqua Metamorphic Province according to
various previous investigators.

1 - Vioolsdrif Terrane (Joubert, 1986)

2 - Pella Terrane (Joubert, 1986)

3 - Aus Terrane (Joubert, 1986)

4 - Bushmanland Terrane (Comell and Petterson, 2007)

5 - Areachap Terrane (Cornell and Petterson, 2007)

6 - Kaaien Terrane (Cornell and Petterson, 2007)

7 - Kheis Terrane (Cornell and Petterson, 2007)



APPENDIX 1

ANALYSES, SAMPLE LOCALITIES, DATA TREATMENT AND PROCESSING



1. DATA PROCESSING

Sample classification was done using the totalliatiiica (TAS) diagram of Le Maitret
al. (1989) for the volcanic rocks, and the R1-R2 chagof De La Rochet al (1980) for
the plutonic rocks. In the thesis, data from R&#@{77) and Ritter (1980) are also used
and data as to their localities, descriptions aralyses are to be found in those studies.
Samples collected during the current study weréyaed at the laboratory of the Council
for Geoscience in Silverton. REE were analysetdBMS (results in ppb) while all

other elements were analysed by XRF (results in)ppm

All results were recalculated to 100% volatile &rgdO; free. Wherever Cr is used in

this study, the total ppm values from trace elenagriyses are used. Total iron contents
received from the laboratory were calculated to Be@® FeO; following the equations

of Le Maitre (1976), i.e.:

Ox = 0.93 — 0.0042SiD- 0.022(NaO + K;0) for volcanic rocks
Ox = 0.88 — 0.0016SiD>- 0.027(NaO + K;0) for plutonic rocks
Then

Ox = FeO/FgOsT
Thus

FeO = Ox(Fg0sT)
And

FeOs = FeOsT — FeO

2. ANALYSESAND SAMPLE LOCALITIES

The analyses and localities of samples collectethi current study are given in the next

table. A sample locality map is provided.

! Le Maitre, R.W. 1976. Some problems of the prigjes of chemical data into mineralogical
classifications. Contributions to Mineralogy areti®logy, 56, 181-189.



Abreviations:

UNIT

VD = Vuurdood Subsuite

KH = Khoromus Tonalite

BW = Blockwerf migmatite Complex

XX = Xaminxaip River Granodiorite

GSh = Gaarseep Granodiorite in the Haib area
GSr = Gaarseep granodiorite in the Richtersveld
GSr(bw) = Gaarseep granodiorite in the Richtersugldiding the Blockwerf migmatite
Complex

HO = Hoogoor Granite

GH = Ghaams Granite

ST = Sout Granite

NO = Nous Formation

WYV = Windvlakte Formation

PR = Paradys River Formation

AR = Abiekwa River Formation

KR = Kook River Formation

KU = Kuams River Formation

ROCK TYPE

PY = Pyroxenite

OI-G = Olivine gabbro
G = Gabbro

GN = Gabbro norite
D = Diorite

SD = Syenodiorite

T = Tonalite

QzMO = Quartz monzonite
GD = Granodiorite
MGR = Monzogranite



SGR = Syenogranite
AGR = Alkali granite
BA = Basaltic andesite
A = Andesite

TA = Trachyandesite
D = Dacite

RH = Rhyolite

Legend to localities map (Figure 1)

Legend

SOUT GRANITE, Granite

GHAAMS GRAMITE. Granite

HOQGDOR GRANITE, Granite

HOOGOOR GRANITE. Granodiorite

HOOQGOOR GRAMITE. Tonalite

GAARSEEP GRANODIORITE, Granite
GAARSEEF GRANODICRITE, Granodiorite
GAARSEEP GRANQDIORITE, Tonalite
GAARSEER GRAMODIORITE, Diorite

GAARSEEP GRANODIORITE, Gabbro
KAMINKGAIP RIWVER GRANODIORITE, Granodiorite
BLOCKWERF MIGMATITE COMPLEX . Granodiorite
BLOCKWERF MIGMATITE COMPLEX , Tonalite
BLOCKWERF MIGMATITE COMPLEX . Diorite

a4 2l LT LT 1 B,

KHOROMUS TOMALITE, Granodiarite

KHOROMUS TOMALITE, Tonalite
KHOROMUS TOMALITE, Diorite
KHOROMUS TOMALITE, Gabbro
VUURDOOD SUBSUITE. Gabbronarite

=
=
@

OOOHENPFHrroeec®CO00

VUURDOOD SUBSUITE, Gabbro
VUURDOOD SUBSUITE. Ultramafic rocks
KUAMS RIVER FORMATION, Rhyolite
KUAMS RIVER FORMATIOMN. Dacite
KUAMS RIVER FORMATIOM, Andesite
KOOK RIVER FORMATION, Dacite
ABIEKWA RIVER FORMATION. Rhyolite
ABIEKWWA RIVER FORMATION, Andesite
PARADYS RIVER FORMATION. Rhyolite
PARADYS RIVER FORMATION, Dacite
PARADYS RIVER FORMATION. Andesite
VANDVLAKTE FORMATION , Rhyolite
WINDVLAKTE FORMATION, Dacite
WINDVLAKTE FORMATION, Andesite
NOUS FORMATION, Rhyolite

NOUS FORMATION, Andesite

NOUS FORMATION, Basaltic andeste
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Figure 1: Sample localities.
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CHM 5 143 144 10 107 24 108 19 110 112 154 109 Rkl g 4 123 1 3 i 124

LONG | 17.94330 | 18.01460 | 18.01460 | 17.94290 | 17 94860 | 17.92030 | 17.95044 1771440 | 17.94760 | 1775100 | 18.09000 | 17.94810 | 17 74600 | 17.96710 | 17.99350 1800412 1800940  17.99510 17.97000  18.00410
LAT |-28.88460 -28.86910 -28 86910 -28.88430 -28.85030 -28.91230 -28.85000 -28.95980 -28.86560 -28.89310 -28.98080 -28 86300 -28.89230 -28.99090 -28.92020 -28.91540 -28.91680 -28.91560 -28.85630 -28.91540
UNIT | 'vb | WD | WD | VB | VWD | WD | VD | VWD | WD | VD | VD | WD | WD | Ki | KH | KH KH | KH = KH | KH
ROCKTYPE| PY | PY | PY | Bk | GG | @G | B | & | & | &6 | & | GN | GN | & | D | D R - N - SR R 5
Si0z 49.02 51.80 49.83 47.98 419 4310 47.93 49.92 48.67 48.55 4715 50.51 50.72 51.30 60.38 59.61 61.71 6146 66.39 62.01
TiOz 0.37 0.37 0.35 024 045 0.74 112 0.97 0.35 027 0.38 044 049 0.94 0.74 0.7 0.70 071 0.50 0.58
Al:0z 6.88 4.95 5.90 17.72 18.54 16.34 16.41 15.50 10.38 16.54 16.86 13.97 16.13 18.08 17.63 17.43 17.12 17.39 16.51 17.74
Fea04(T) 11.36 8.45 7.95 7.86 7.48 10.82 12.56 11.81 10.18 6.60 8.78 9.25 5.48 978 596 5.68 567 5.58 288 4.23
MnO | 02 | 017 | 046 | 013 | OM | 015 | 014 | Q20 | 019 | 042 | 043 | 017 | 015 | 015 | 011 | 011 o011 011 | 007 | 008
MgO | 1916 | 1543 | 1379 | 954 | 746 | 759 | 605 718 | 1624 = 1107 | 1322 | 1063 | 89 | 515 = 245 = 23 225 | 224 | 083 | 149
Ca0 | 1017 | 1601 | 1616 | 121% | 1258 | 921 | 977 | B5E | 1061 | 1348 | 944 | 946 | 1148 | 884 | 611 | 632 554 | 568 | 384 | 574
NazO 1.30 0.63 0.81 184 1.94 225 243 164 131 1.61 207 224 2.28 1.78 291 3.00 292 285 348 3.00
Kz0 0.64 042 032 0.61 115 158 1.38 144 056 0.26 0.48 1.38 0.38 1.68 287 315 3N 3.08 433 33
P30z 009 002 008 006 008 012 012 040 008 003 007 007 007 047 025 023 023 024 010 017
Crz03 016 0.09 0.04 0.02 0.02 0.02 0.01 0.04 018 013 0.01 0.07 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00
LOI 0.79 1.36 1.51 184 202 1.97 1.68 197 0.81 114 117 163 0.42 1.86 0.70 0.90 0.69 0.83 0.52 1.12
TOTAL | 10013 | 9972 | 9989 | 100.04 | 9975 | 9991 | 09966 | 9964 | 9955 | 9980 | 9977 | 9982 | 9960 | 10025 | 10012 | 9945 100.03 | 10017 | 9945 | 9947
H:0 0.05 021 017 012 0.09 0.08 0.16 0.02 01 013 012 015 014 0.08 0.10 0.07 0.07 010 0.08 0.05
Ba | 24200 | 6500 | 6700 | 16200 | 20900 | 39800 | 34500 31100 | 19200 | 5900 | 16200 | 32000 | 149.00 | 463.00 | ©21.00 90100 89200 | 87500  1164.00 @ 1014.00
Ce <10 | 1400 1700 <10 | 2100 | 1200 | 3400 3400 | 1000 | <10 | <10 | 1600 = <10 | 3700 | 6300 5200 68.00 | 6200 | 6300 | 4800
Co | 8300 | 5400 | 5300 = 5400 | 3700 | 4400 | 4200 = 3500 | G400 | 4000 | 5900 | 4500 | 4000 | 2500 @ 18.00 9.60 1500 800 | <5 | 620
Cr | 84600 | 76500 | 34300 | 16200 | 21600 | 13000 | 9100 | 24400 | 199100 | 151400 | 8600 | 78200 | 26000 | 10100 | 2100 | 2200 2200 | 2100 | 1500 | 19.00
Cu | 3200 | 2000 | 590 | 2400 | 7400 | 24200 | 25500 13600 | 5700 | 4400 | 5500 | 12800 | 100.00 | 130.00 | 7000 | 5700 8100 | 5500 | 2600 | 36.00
Hf | <5 | =3 | <3 | %5 | =<3 | <5 | 300 | <5 | =23 | =3 | =¥ | €3 | =¥ | <5 | BO00 | 450 700 | 600 | 500 | 540
Nb <2 | 320 240 <2 | 220 | <2 | 300 <2 | 170 | 710 | 310 | 250 | 110 | <2 | 400 | 1000 500 | 500 | 3300 | 1200
Ni | 42000 @ 13400 12100 13600 10100 10000 & 5600 8600 | 42500 | 26500 @ 59200 | 22700 173.00 4500 = 1200 = 1400 1200 1100 0 <5 920
Pb | <5 | 230 | 260 | 500 | 700 | BOO | B6O | 900 | G20 | 310 | 240 | 79 | 260 | 1100 | 18.00 | 17.00 2100 | 1900 | 2700 | 2200
Rb | 2100 | 1100 | 760 | 2300 | 6400 | 9300 | 6800 | 6400 | 2100 | 1100 | 1700 | 6100 | 1300 | 13700 | 11600 | 12800 13400 @ 14200 | 16200 | 137.00
Sr | 189.00 | 109.00 = 23700 64000 | 68700 & 40800 | 47900 & 36600 | 28900 | 207.00 | 27500 | 35100 | 29400 46900 55800 | 53700 52500 52800 | 42800 | 504.00
Th | <5 | <3 | <3 | «5 | 3400 | <5 | «3 | <5 | «3 | «3 | <3 | <3 | =<3 | <« | 800 | 1100 1000 | 900 | 1400 | 1300
u <3 =2 <2 <3 2.00 <3 <2 <3 <2 <2 <2 <2 2.30 =3 <3 4.10 =3 =3 7.00 440
\ 138.00 | 167.00 | 159.00 91.00 15200 | 28300 | 42200 25100 | 13000 | 12200 92.00 178.00 | 15100 | 22600 | 111.00 98.00 102.00 | 103.00 42.00 66.00
¥ 11.00 10.00 10.00 6.00 9.40 11.00 12.00 17.00 10.00 7.40 9.00 11.00 14.00 16.00 21.00 21.00 21.00 21.00 21.00 20.00
Zn 69.00 50.00 49.00 48.00 46.00 72.00 77.00 105.00 66.00 37.00 55.00 62.00 55.00 87.00 64.00 65.00 63.00 62.00 38.00 54.00
Ir 46.00 30.00 24.00 32.00 29.00 54.00 43.00 43.00 = 32.00 10.00 29.00 34.00 32.00 65.00 138.00 | 14100 148.00 | 150.00 | 192.00 | 148.00
La 9133 6619 5459 6583 5430 12493 13163 23066 6579 1708 6759 8893 4819 35173 43075 41787
Ce 19590 15223 12399 13308 17673 26498 27164 47594 14254 3512 13599 17871 10630 70606 86360 81591
Pr 2754 2192 1880 1758 2416 3447 3699 5962 1977 591 1784 2513 1528 8802 10594 9965
Nd 12235 10232 9343 7295 10605 14754 15694 24412 8609 2606 7419 10647 7311 34336 39535 38894
Sm 2879 24562 2571 1618 2378 3080 3259 4837 2000 802 1507 2312 2008 6218 6996 6850
Eu T4 709 747 550 804 915 1014 1320 581 363 534 760 674 1565 1655 1718
Gd 2578 2410 2346 1374 2077 2689 2874 4146 1732 983 1603 2031 2043 5140 5661 5751
Th 262 369 362 131 206 287 360 553 143 125 215 21 273 31 850 848
Dy 2484 2482 2615 1312 2090 2508 2768 3564 1866 1408 1740 2146 2777 4462 4784 4979
Ho 472 491 500 243 391 511 528 726 369 308 374 433 560 541 965 960
Er 1367 1287 1376 726 1106 1399 1468 1979 1074 938 1102 1252 1673 2434 2798 2738
Tm 180 178 188 1086 151 191 213 278 152 133 161 182 231 344 393 392
Yb 1302 1241 1323 718 1120 1438 1558 2095 1121 946 1159 1323 1725 2544 2893 2777



[CHM [ 425 | 126 | 127 | 128 | 129 | a0 | 131 | 132 | 133 | 134 | 145 | 148 | 49 | 2 | 1 | 13 9% | 93 | 9w | @

LONG [18.00871 | 18.01308 | 17.94223 | 17.92787 17.92790 17.02749 17.92750  17.96730 | 17.96730  17.96930 | 18.00130  18.01810 18.02800 17.99240 17.70430 17.96960 17 12180  17.08380  17.08990 | 17.09530
LAT |-23.91586 -28.91905|-28.93036 -28.91873 -28.91870 -28.92152 -28 92150 -28.86150 -28.86150 -26.85920 -28.87670 -28.90780 -28.92370 -26.90670 -26 93920 -28.85870 -28.07670 -28.03560 -28 04080 -28.04630
UNIT | KH | KH | KA | KH | KH | KH | KH | KH | KH | KH | K4 | KH | KH | KH | KH | KH BW | BW | BW | BW
RoggyPE| 1 | a1 | o | 3 [ =7 | =#& | & [ & [ & [ & | =7 | 7 [ T | wp | ep | ©b D | =8 | T | ¥
S0z 6335 6104 508 6284 | 6211 | 6239 | 6267 6295 6263 6279 6605 6478 | 6256 | G675 | G614 | 7027 G073 | 5542 | 6201 | 6489
Ti0; 0.51 0.58 0.69 0.69 0.70 0.72 072 0.60 0.61 0.61 0.69 0.70 077 0.67 0.50 0.35 0.64 0.67 0.63 045
AlOa 1771 | 1777 | 1606 1630 | 1653 1643 | 1634 1678 1691 | 1598 | 1524 | 1555 | 1586 1528 1453 1505 1600 1970 | 1660 | 1538
Fe;04(T) 351 412 | 41T | 474 489 5.01 488 443 466 | 457 | 425 450 5.62 403 5.08 225 617 6.05 5.40 413
MnO | 007 | 008 | 009 002 | 003 009 | 009 009 | 010 009 008 008 | 010 | 008 | 010 | 006 012 | 010 | 003 007
MgO | 122 | 153 | 120 | 189 | 181 | 189 | 18 | 185 | 189 165 | 143 | 166 | 220 | 110 | 281 | 0&9 317 | 322 | 260 | 226
ca0 | 523 | 558 | 434 | 508 | 491 | 538 | 528 | 504 | 504 | 523 | 389 | 449 | 514 | 342 | 380 | 222 555 | 492 | 369 | 378
Na;O 349 3.09 29 276 285 265 3.07 3.19 3.02 3.01 343 3.50 3.58 307 | 27 336 354 6.94 3.40 3.70
K0 341 387 392 372 366 362 364 387 343 345 3.93 358 325 425 367 465 271 1.96 3.60 3T
P20= 014 017 0.19 0.22 0.23 0.24 0.23 0.18 0.19 0.20 0.21 0.24 0.28 0.18 012 0.07 0.21 0.24 0.34 017
Cr0s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Lol | 06s | 101 | o076 134 142 094 078 | 0% | 121 | 084 | 067 | 08 | 060 105 092 0863 08s | 107 | 121 | 107
TOTAL | 9334 | 9942 | 9944 | 9947 | 9925 | 9937 9952 | 9936 9948 | 9941 9994 9997 | 9985 | 9988 10020 9951 9969 | 10029 9963 9968
H:0 0.08 011 020 0.05 010 013 0.06 021 012 010 018 018 014 014 014 016 014 0.08 012 010
Ba | 95400 | 1028.00 | 109500 402500 101400 7087.00 | 106300 103200 | 1011.00 99000 | 1053.00 986.00 = 880.00 105300 71600 & 1162.00 888.00 & 36400 @ 74100 | 996.00
ice | 5100 | 5300 | 6500 6200 | 5300 4900 5300 5600 @ 5300 5800 7000 6500 | 5200 7900 @ 6400 6800 4300 9300 2600 97.00
Co 430 £.80 4380 8.70 8.40 7.50 7.70 6.30 7.60 7.20 1000 | 1100 | 1500 600 5.00 170 1200 2000 | 1000 | 800
cr | 1300 | 1400 | 940 | 3100 | 3700 3300 3400 | 1600 | 1800 1900 3600 3200 | 6200 = 900 | 8000 = 720 5300 8400 3900 5100
Cu | 2700 | 4000 | 4500  §200 | 5200 4500 | 4800 | 4000 | 3800 4000 | 5700 6100 | 3600 | 4400 | 5400 1300 1400 <& | 3000 | 12.00
HF | «3 | a3 | 430 | 4950 | 420 400 | 520 | 330 | 430 310 | 310 | 320 | 380 | 600 | <5 | 440 < | 700 | < | <
Nb | 1200 | 1100 | 1200 | 1200 | 1200 1200 | 1100 | 1100 | 1100 1100 | 1200 | 1300 | 1000 | 1100 | 700 | 1300 1000 1200 | 1800 | 10.00
Ni | 740 | 890 | 660 | 1400 | 1600 1700 | 1600 | 950 | 1000 1100 | 1000 | 1300 | 2100 | <5 | 27.00 | 480 2500 4000 | 1500 | 27.00
Pb | 2200 | 2100 | 2000 2000 1700 1900 | 1700 | 2000 | 1900 | 1500 | 2000 & 2000 1600 2700 2400 2400 1800 | 2100 @ 2200 | 2500
Rb 162.00 | 162.00 | 15400 | 14300 14100 | 13000 13400 14700 | 13500 13600 | 157.00 | 14300 | 14800 18300 16100 17700 9800 | 7300 | 173.00 | 12000
S0 | 506.00 | 51100 | 37100 39400 @ 44200 417.00 @ 40300 | 45000 | 47300 @ 45500 @ 35800 37500 40800 33800 26300 28600 53400 @ 41700 36300 & 46800
Th 1400 | 1200 | 1100 | 1200 | 1200 | 780 570 1200 | 1200 1200 980 1700 660 | 1900 | 1200 | 1400 <5 2200 | 500 | 1900
u 5.50 450 2.90 410 410 270 260 400 410 4.00 <2 420 <2 3.00 <3 390 <2 600 | 300 | 300
v | B500 | 6200 | 6700 8600 | 9300 9200 | 9300 | 7400 | 8000 7400 | 8300 9000 | 117.00 | 6500 | 9200 | 2400 13500 10800 | 9300 | 78.00
Y | 2100 | 2200 | 2400 | 2500 | 2400 2300 | 2300 | 2200 | 2200 2200 | 2500 | 2600 | 2300 | 3200 | 2600 A 2600 1800 2200 | 27.00 | 16.00
n | 4500 | 5200 | 4900 | 5600 | 5700 @ 5600 | 5400 | 5500 | 5800 5400 | 5300 | 5600 | 6200 | 4800 | 5100 | 3200 6800 6800 | 6100 | 4800
Zr | 15100 | 15400 | 18600 17500 17200 16500 16400 | 16400 | 16300 & 159.00 | 18600 177.00 16400 20100 13300 19200 13500 @ 17200 7500 11000
La 36745 | 43951 | 40617 | 46749 | 37641 | 39350 | 42070 | 51285 | 44781 | 46562 | 48705 | 45999 | 35679 38244 | 45494 | 25682 | 61539 | 15050 | 58475
Ce | 72233 | B6974 | 80702 91253 | 74921 77051 | B1916 | 99612 | 87826 | 89739 | 95019 | 92139 | 69912 | | 75206 | 89856 54989 | 119860 31866 | 110363
Pr 8874 | 10850 | 10023 | 11488 | 9397 | 9527 | 10088 | 11883 | 10613 | 10898 | 11630 | 11235 | 8847 9085 | 10968 6477 | 12296 | 3709 | 11508
Nd 33871 | 41788 | 30229 | 44800 36987 | 37706 | 39900 | 45753 | 40507 | 41673 | 43971 | 42760 | 34707 34450 | 40381 | 27298 | 45373 | 15545 | 41068
Sm | 6101 | 7841 | 7174 | 8250 | 6646 | 6847 | 7331 | 8030 | 7222 | 7278 | 7880 | 7663 | 6293 | | 6437 | 7054 | 4948 | 7318 | 3804 | 5832
Eu | 1850 | 4777 | 4766 | 1962 | 1681 | 1836 | 1938 | 1997 | 1814 | 1a32 | 1869 | 782 | 16&1 | | 1336 | 1445 1422 | 1621 | 1208 | 1616
Gd 4986 | 6078 | 5836 | 6917 | 6673 | 56986 | 6390 | 6589 | 6009 | 6304 | 66B3 | b6E2E | 5434 5559 | 5941 4789 | 7000 | 4216 | 5720
Tb 701 830 866 1067 837 889 931 1005 891 906 1001 934 795 738 871 638 850 840 632
Dy 4250 | 6282 | 6093 | 5957 | 6057 | 5120 | 5341 5597 | 5121 | 5147 | 5678 | 6463 | 4603 4782 | 8172 3418 | 4370 | 5630 | 318
Ho 848 1044 981 1184 968 996 1045 | 1068 966 997 1095 | 1079 891 964 991 664 813 1102 598
Er 2445 | 3020 | 2785 | 3328 | 2747 | 2835 | 2933 | 3442 | 2854 | 2811 | 3250 | 307 2436 2731 2827 1957 | 2366 | 2998 | 1730
Tm 338 415 378 470 387 401 426 447 418 401 465 453 385 389 430 268 343 330 249
Yb 2544 | 3073 | 2917 | 3626 | 2896 | 2885 | 3036 | 3255 | 3063 | 2983 | 3281 | 3276 | 2655 2945 | 3084 1931 | 2325 | 1905 | 1688



lchm [ 100 [ 102 | 92 | 98 | 46 | 5 | 62 | 76 | 8&2 | 156 | 153 | 80 | 157 | 66 | 45 | 166 12 | 13 | 1 | 18

LONG | 17.13360 | 17 10550 | 17.14920 | 17 12700 | 17.43890 | 17.39600 | 17.44320 1720110 | 17.44330 | 17.38160 | 18.03080 | 17.63310 | 158.10960 | 17.24830 | 17 36080 | 18.27310 17.92280 1770710 17.70880  17.66770
LAT |-28.09710 -28.06130 -28.11100 -28.08410 -28.80950 -28.76190 -28.79070 -28.25220 -28.60030 -28.78510 -29.02890 -28 97680 -28.96470 -28 56450 -28.95590 -28.94290 -28.59840 -28.91320 -28.93950 -28.96000
UNIT | BW | BW | BW | BW | XX | XX | XX | ¥ | X | XX | GSh | GSh | GSh | GS8h | GSh | GSh GSh | GSh | GSh | GSh
ROCKTYPE r | T | 6B | & | 6 | 6 | 6B | 6B | GB | GB | & | D | D | & | T | 7T Gb | Gb | GD | GD
Si0z 62.61 66.43 67.90 63.87 71.90 69.75 65.73 7049 72.51 71.80 54.75 59.83 59.80 51.90 61.37 64.30 67.88 B67.65 7342 B85.77
TiOz 0.56 0.35 0.32 0.56 0.37 0.37 0.53 0.36 029 0.28 077 097 0.64 1.97 1.01 0.55 047 0.53 022 0.71
Alz02 17.77 15.84 15.96 16.05 14.12 14.96 15.50 14.44 13.33 14.16 17.06 16.95 15.90 16.73 16.23 16.34 14.99 14.58 13.46 14.87
Fez04(T) 4.07 3.58 3.06 721 234 295 4.1% 282 2.56 2.55 816 6.62 7.36 10.90 6.50 522 354 4.02 222 4.91
MnO | b0y | 008 | 006 003 | 004 | 006 | 0712 007 | 0OF | 005 | 045 | 013 | 012 | 017 | 012 | 009 007 | 008 | 005 | 008
MgO | 137 | 15 | t04 | 146 | 0¥3 | 102 | 160 | 098 | 092 | 083 | 511 | 25 | 379 | 246 | 247 | 2.03 13 | 132 | 065 | A7
Ca0 | 419 | 329 | 29 | 360 | 180 | 329 | 367 241 | 241 | 252 | 803 | 555 | 645 | 516 | 523 | 4386 289 | 29 | 19 | 365
Na;0 431 41 3.80 437 1.61 315 3.86 v 153 315 217 319 2.94 510 159 315 360 320 348 299
K0 282 382 3.98 1.69 529 345 257 4.25 4.49 3.75 1.72 269 212 291 338 2.72 431 451 3.96 4.09
P20z 014 013 015 0.05 0.06 011 016 010 007 010 0.37 032 0.20 0.60 0.31 0.19 017 018 0.06 0.23
Crz0a 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
LOI | 10z | 083 | 066 | 0% | 103 | 0B85 | 13 | 102 | 089 | 113 | 102 | 118 | 081 | 156 | 14 | 078 054 | 073 | 042 | 095
TOTAL | 9932 | 10008 | 9989 | 9957 | 9930 | 9997 | 9926 | 10012 | 9907 | 10031 | 9992 | 9996 | 10011 | 9946 | 9966 | 100.22 9984 | 9981 | 9991 | 100.03
Hz0 013 013 009 017 006 010 014 004 013 014 014 017 040 010 007 019 008 009 015 01
Ba | 706.00 | 983.00 | 1127.00 36500 | 1033.00 = 910.00 | 479.00 1310.00 | 609.00 & 795.00 | 43800 | 108300 42600  1168.00 1323.00 1399.00 811.00 83200 70200 | 1109.00
Ce | B500 4100 = 1900 21000 @ 9000 | 3600 | 4600 6000 | G100 | 6400 = 4500 | 7300 5900 13300 6000 7000 5500 | 7500 | 4500 | 64.00
Co 5.00 <5 <5 11.00 .00 <5 <5 11.00 <5 6.80 26.00 9.00 22.00 23.00 12.00 14.00 =5 .00 <5 9.00
Cr | 800 | 2200 = <5 | 6200 | 1700 | 1500 | 1100 = 1400 | 1800 | 1700 | 18700 | 8700 = 4600 = 1400 | 5000 & 1800 3900 | 3500 | 1000 | 78.00
Cu | <5 | '« | '« | 600 | 2300 | 5100 | 10800 9800 | 900 | 7700 | 10500 | 8500 | 5200 | 1300 | 8400 | 10000 6500 | 6800 | 16800 @ 8200
Hf <5 | =<5 | <5 | 1400 600 | 500 | <5 | <5 = <5 | <3 | 360 | <5 | <3 | 1300 = 500 | <3 <5 | 0«5 | <5 | <5
b | 1100 | 800 | 800 | 600 | 900 | 900 | 2300 900 | 1000 | 970 | 580 | 2400 | 1100 | 3300 | 1300 | 810 1000 | 700 | 500 | B6.00
Ni =5 14.00 =5 27.00 10.00 6.00 5.00 6.00 5.00 640 | 59.00 29.00 30.00 11.00 23.00 14.00 14.00 12.00 6.00 17.00
Pb 16.00 21.00 19.00 35.00 34.00 22.00 16.00 19.00 28.00 3500 | 12.00 23.00 9.50 14.00 22.00 12.00 26.00 27.00 32.00 23.00
Rb 102.00 | 135.00 | 118.00 67.00 159.00 | 126.00 | 165.00 & 12400 | 153.00 | 151.00 71.00 119.00 84.00 85.00 128.00 95.00 179.00 = 20400 | 167.00 | 164.00
St 44600 | 47100 | 41000 | 53500 @ 22500 38700 36800 | 33800 | 17900 37900 | 53800 47500 | 44700 | 34800 | 46500 55600 30000 29200 = 27800 | 34300
Th 3100 600 <5 5700 27 00 7.00 7.00 7.00 18 00 11.00 480 10.00 320 800 10.00 690 13.00 14 00 11.00 800
u <2 2.00 2.00 <2 4.00 =2 <2 3.00 5.00 260 230 4.00 =2 =2 3.00 =2 <3 <3 <3 =3
v 58.00 61.00 41.00 90.00 33.00 54.00 81.00 47.00 40.00 4500 | 18700 | 13600 | 163.00 | 10200 | 12200 11200 79.00 69.00 33.00 95.00
i .00 21.00 12.00 20.00 34.00 12.00 21.00 13.00 10.00 15.00 17.00 25.00 23.00 72.00 25.00 16.00 20.00 19.00 16.00 18.00
In 45.00 39.00 32.00 53.00 20.00 47.00 59.00 47.00 27.00 47.00 80.00 81.00 72.00 138.00 77.00 68.00 33.00 43.00 28.00 53.00
Ir 108.00 81.00 79.00 | 42500 | 21800 @ 14000 | 12500 @ 151.00 81.00 125.00 | 70.00 165.00 | 102.00 | 600.00 @ 189.00  136.00 156.00 | 151.00 54.00 175.00
La 46724 26606 12812 | 125556 | 69812 35129 35539 34373 32979 29233 26199 41143 25433 65142 44375 44804 33772 51206 28109 48947
Ce B3655 55003 23856 | 219964 | 132131 | 69500 70749 66427 | 66009 58315 | 52241 84199 58366 | 140632 = BBGTY 83604 67439 93286 51382 94104
Pr 8206 6452 2527 21376 15854 8612 8787 7589 7560 7020 6691 10942 7997 19270 11277 9771 7953 10184 6179 11180
MNd 29869 26604 9162 75451 56367 33293 33564 27764 26941 26058 27561 43153 32510 81531 45028 36800 29452 34403 22303 42293
Sm 4070 5461 1666 10249 9953 5781 6321 4542 4148 4524 5261 8093 6072 16691 5086 6135 5262 5261 4183 7408
Eu 1426 1521 1178 2079 1596 1303 1060 1019 921 994 1633 2109 1232 4438 2029 1425 1134 1184 797 1863
Gd 3965 8217 1551 10189 8366 4647 5093 3554 3197 3605 4676 6580 5184 15051 6998 5000 4426 4597 3476 6183
Th 399 761 256 1023 1316 586 803 41 284 448 678 1040 799 2839 987 606 573 541 401 894
Dy 1753 4613 1787 4368 7251 3398 4750 2622 2188 2798 4133 5830 4428 14993 5595 3344 3716 3736 3027 5141
Ho 316 909 385 772 1478 615 845 518 408 533 776 1161 883 2989 1089 621 732 759 598 1016
Er 882 2689 1253 1780 4407 1531 2349 1467 1188 1609 2237 3248 2514 8730 2985 1677 2223 2373 1793 2847
Tm 120 379 166 213 608 204 308 210 182 253 328 450 373 1199 41 227 307 359 264 383
Yb 628 2451 1028 1511 4705 1520 2280 1541 1444 1902 2286 3221 2636 8761 3163 1666 2317 2794 2031 2815



[CHM | 28 | 78 | 150 | 152 | 155 | 158 | 159 | 161 | 162 | 163 | 164 | 167 | 168 | 189 | 190 | 191 192 | 196 | 25 | 148

LONG [17.92860 | 17.84600 | 18.00630 | 18.01520 17.69660 18.19590 | 1819960  18.23910 | 18.23460 | 18.20040 | 18 15060  18.31730 18.31630 18.33400 18.31830 18.20850 18.27940  18.54850 1800540 17.99710
LAT |-23.96940 -28.91070 -28.96940 -29.02940 -28 84560 -29.01990 -29.01670 -28.96600 -28.94350 -26.92200 -28.91050 -28 93220 -28.92010 -26.90390 -26 93150 -28.94410 -28.95130 -28.87920 -28 94450 -28.89630
UNIT | Gsh | Gsh | GSh | GSh | Gsh | Gsh | GSh | GSh | GSh | Gsh | GSh | GSh | GSh | Gsh | GSh | GSh  GSh | GSh | GSh | GSh
ROCKTYPE 6D | GO0 GO 6D GO G0 | 6O | Gb GO | GO GO | GO GO | GO | GO | GO GO | GD | MGR | MGR
S0z 7163 6986 6614 | 7030 | 6876 6716 6671 6698 7464 7401 6912 | TAE6 | 7052 | 6967 7398 | 7076 7042 | 6929 | 7247 7457
Ti0; 0.25 0.34 0.48 0.3 0.37 048 043 051 022 0.19 0.56 0.23 0.36 0.44 0.23 0.30 0.33 048 0.40 0.18
AlOa 1420 | 1457 | 1457 | 1372 1422 | 1460 | 1497 | 1463 | 1339 | 1381 | 1401 | 1341 | 461 | 1437 | 1347 | 1451 1468 | 1448 | 1395 1282
Fe;04(T) 265 302 466 344 375 467 | 451 498 187 | 200 462 197 3.68 3.63 209 294 31 3.63 255 191
MnO | 006 | 010 | 008 007 | 007 008 | 009 010 | 004 003 007 006 | 007 | 008 | 006 008 006 | 007 | 005 00§
MgO | 080 | 108 | 245 | 141 | 170 | 236 | 220 | 241 | 048 | 052 | 111 | 081 | 127 | 128 05 | 104 112 | 125 | 044 | 036
ca0 | 243 | 319 | 375 250 | 300 362 | 380 | 405 | 193 194 | 303 | 178 | 308 | 293 | 175 | 280 325 | 284 | 164 | 1BE
Na;O 367 176 | 285 301 271 220 247 237 317 | 259 297 | 268 291 312 | 200 221 257 3.10 335 286
K0 384 3.99 422 392 435 420 3.89 316 | 423 514 387 | 450 336 381 493 422 330 414 | 479 5.03
P20= 0.09 0.09 0.13 0.09 0.10 0.13 012 012 0.06 0.07 0.21 0.08 0.13 0.15 0.07 01 012 015 0.07 0.05
Cr0s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Lol | 03 | 102 | 100 073 0% 106 100 | 088 | 032 | 025 | 077 | 087 | 074 085 049 0862 049 | 037 | 033 | 035
TOTAL | 9370 | 9899 10004 | 9990 | 9998 | 10088 10017 10019 | 10036 | 10025 10034 | 10034 10094 10031 9963 9960 9945 9950 10012 | 100.08
H:0 0.08 019 018 013 014 035 027 007 026 0.3 026 0.09 015 035 0.06 0.10 0.08 0.06 0.06 019
Ba | 767.00 | 119900 | 82500 57300 74600 69500 | 747.00 | 69600 | 108400 148100 | 120200 112500 89400 92900  1000.00 77000 109800 699.00 | 1148.00 | 740.00
ice | 5800 | 6300 | 5600 6200 | 5800 5600 @ 5800 | 5100 | 6200 5900 4100 7800 | 5000 @ 4300 6300 6100 6600 11000 13100  79.00
Co <5 8.00 1400 | 960 1300 | 1600 | 1500 @ 1500 450 510 1000 | 480 1000 | 1000 = 360 6.30 7.20 8.40 <5 540
cr | 1500 | 1400 | 4500 3100 | 4400 6200 @ 4600 | 5900 | 1300 1300 2300 1600 | 1200 & 2000 | 560 | BE0 1400 1600 6200 2100
Cu | 900 | 2500 | 3500 1200 | 4000 2700 | 9600 | 5400 | 2000 | 1400 | 4300 790 | 8300 16100 2600 & 3500 6400 400 | <5 | B0
HF | 900 | 600 | 440 | <3 | 340 350 | <3 | <3 | 430 380 | 390 410 | <3 | <3 | <3 | 380 <3 | 820 | 1300 | 390
Nb | {000 | 4400 | 1100 | 1100 | 1100 1100 | 1100 | {100 | 920 &30 | 830 | 1100 | 89 | 8B0 | 930 | 1100 710 1300 | 1300 | 11.00
Ni | 900 | 800 | 2400 | 1500 | 2100 2700 | 2500 | 2500 | 380 | 520 | G860 | 460 | 870 | 710 | 510 | 760 680 | 1100 | 500 | 680
Pb | 2900 | 2500 | 2300 3100 2300 2000 1900 | 1800 | 2600 | 3100 | 2200 2600 1800 2300 3100 2900 2200 | 2500 @ 3000 & 3600
Rb 162.00 | 142.00 | 20600 | 18300 20800 | 21500 207.00 15100 | 14000 186.00 | 150.00 | 18500 | 13800 14600 190.00 19300 12000 | 18500 | 178.00 | 22400
S0 | 391.00 | 34900 | 31200 25000 28400 33600 32200 28200 | 26100 @ 28800 | 31100 23500 37900 41300 23400 25800 40200 @ 26200 26100 @ 173.00
Th 1100 | 1300 | 1900 2100 1800 | 1200 | 1700 | 700 960 | 1600 | 630 | 1400 | 810 930 | 1100 | 1500 1000 | 2500 | 2200 | 2600
u <3 7.00 440 7.10 5.30 510 | 470 <2 <2 <2 310 290 <2 270 <2 3.90 <2 360 <3 410
v | 3400 | 4700 | 9500 5500 | 7900 40500 | 9600 | 8900 | 2900 3000 | 7600 2700 | 7700 | 7300 | 1500 | 4500 4300 4900 & 2300 2500
Y | 1400 | 1000 | 2100 | 1700 | 1300 1900 | 20.00 | 2200 | 2000 1100 | 1500 | 2000 | 1300 | 1300 | 17.00 | 2200 1200 2400 | 2900 | 18.00
n | 4200 | 3700 | 5100 | 3900 | 4400 5100 | 5600 | 6200 | 2500 2500 | 6600 | 3800 | 4900 | 5300 | 3100 | 4500 4500 3800 | 5000 | 29.00
Zr | 11200 | 159.00 | 12400  106.00 11300 12400 11100 | 13000 | 147.00 | 14900 | 18400 16300 11100 10600 14300 14700 16700 @ 17400 24000 11500
La 33717 | 42392 | 45056 | 42808 | 41922 | 33343 | 33352 | 28726 | 48787 | 39101 | 28033 | 43695 | 27753 | 24448 | 38746 | 37375 37294 | 60207 51035
Ce | 66386 | BOG62 | 88864 | 78119 | 79895 64164 | 65545 | 67303 | O7561 | 78486 | 53277 | BAT75 | 53975 | 49234 | 80006 | 79253 71375 | 121300 | | 98141
Pr 7812 | 9321 | 10526 | 9026 | 9368 | 7779 | 7880 | 7031 | 11766 9583 | 6640 | 9926 | 6460 | 6070 | @477 | 8677 7521 | 12399 11024
Nd 29125 | 32033 | 39159 | 31708 33862 | 29284 | 29993 | 27053 | 44080 | 35352 | 26232 | 36565 | 24630 | 23730 | 32486 | 33437 28913 | 45104 38136
Sm | 5153 | 5037 | 6827 | 4976 | 5728 | 5200 | 5752 | 5348 | B8040 | 5788 | 4715 | 6284 | 4268 | 4318 | 5485 | 6466 4408 | 7165 | | 6009
Eu | f016 | 1203 | 1372 | 982 | 1167 | 1126 | 1114 | 1238 | 1566 | 1335 | 1307 | 1234 | 980 | 1040 | 1344 | 1187 1264 | 1294 | | om0z
Gd 3385 | 3990 | 5975 | 4168 | 4982 | 4851 | 4685 | 4845 | 6848 | 4512 | 3930 | 4990 | 3866 | 3426 4991 B460 4203 | 6799 4998
Tb 486 415 887 573 675 628 639 779 1086 | 510 535 625 430 449 678 982 507 396 637
Dy 3235 | 2683 | 5090 | 3329 | 4088 | 3793 | 4093 | 4475 | 6163 | 2485 | 3260 | 3459 | 2625 | 2711 | 3496 | 5082 | 2461 | 4982 3500
Ho 629 499 1052 644 806 746 785 867 1275 435 616 698 503 530 654 918 464 1000 630
Er 1838 | 1427 | 3219 | 1909 | 2299 | 2109 | 2286 | 2516 | 3647 | 1154 | 1706 | 1938 | 1495 | 1363 | 1790 | 2270 1241 2906 1871
Tm 265 212 509 296 352 309 343 389 550 176 240 291 206 207 274 317 184 482 277
Yb 2052 | 1751 | 4003 | 2253 | 2618 | 2459 | 2417 | 2528 | 3989 | 1373 | 1904 | 2187 | 1608 | 1535 | 1950 | 2049 1230 | 3117 1917



[CHM | 447 | 205 | 44 | 218 | 64 | 74 | 41 [ 213 [ 37 | 89 | 9o | 9 | 101 | 13 | 138 | 13 140 | 202 | 203 | 204

LONG | 18.01880 | 17.36120 | 17.26560 | 16.97473 | 17.24690 | 1710560 | 17.02630 1723258 | 17.34710 | 17.04390 | 17.12250 | 17.12970 | 17 11840 | 16.92410 | 17.04340 | 17.09240 1712790 | 16.99890 16.99500 | 16.99060
LAT |-28.80220 -28.95810 -28.83080 -28.13970 -28.56840 -28.26260 -28.17070 -28.54349 -28.93230 -28.27560 -28.07950 -28.08740 -28.07540 -28.116810 -28.266810 -28.30640 -28.28080 -28.28390 -28.27930 -28.28500
UNIT | G&h | GSr | GSr | GS | GSr | GSr | GSr | GSr | GSr | GSr | GSrbw) | GSrfbw) | GSr | GSr | GSr | GSr GSr | GSr | GSr | GSr
ROCKTYPE MGR | T | T | T | T | T | T | @m0 | G | GO | GO | GD | GO | GO | GD | GD Gb | Gb | GD | GD
Si0z 75.04 62.64 62.19 63.62 61.47 64.93 £3.35 61.77 64.50 £65.99 69.69 66.07 67.50 7044 71.04 67.47 67.70 66.82 B7.21 67.49
TiOz 010 0.88 0.89 0.61 0.66 0.69 0.57 0.84 0.82 0.65 041 0.61 0.45 0.35 041 0.58 048 0.45 045 041
Alz02 13.26 15.46 16.34 16.26 15.55 15.37 16.25 16.69 15.62 14.67 14.77 15.19 15.69 14.15 13.87 1452 14.82 14.47 1412 14.44
Fez04(T) 1.23 578 5.98 5.58 6.75 4.93 4.94 6.10 540 447 302 4.00 ar 3.20 275 4.45 427 4.56 4.40 434
MnO , bo4 | 010 | ONT®  0O11 | 012 | 0O | 0710  00% | 0710 | 008 | 003 | 0O6 | 003 | 007 | 007 | 009 008 | 003 | 007 | 009
MgO | 034 | 2400 | 245 | 224 | 284 | t84 | 1¥5 | 228 | 59 | 458 | 07 | ®A7 | 083 | 165 | 098 | 149 146 | 202 | 199 | 185
Ca0 | 150 | 453 | 507 | 487 | 577 | 400 | 475 | 330 | 428 | 344 | 176 | 28 | 217 | 279 | 238 | 369 351 | 420 | 366 | 377
Na;0 330 319 1.74 274 1.24 3.08 415 471 254 3133 1.76 328 1.71 342 337 3.62 3z 2.58 241 237
K0 485 323 335 2.89 310 4.03 285 315 3.71 411 6.48 5.03 6.49 399 418 3.15 359 361 3.96 398
P20z 0.05 0.26 0.29 018 015 0.23 018 0.27 024 019 0.09 017 011 014 011 0.20 015 013 013 013
Crz0a 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LOI | b4 | 143 | 125 | 121 | 1567 | 102 | 073 | 108 | 103 | 085 | 055 | 0&7 | 067 | 067 | 09 | 097 091 | 116 | 167 | 142
TOTAL | 10019 | 9953 | 9936 | 10031 | 9921 | 10018 | 9969 | 10029 | 9985 | 9937 | 9934 | 9929 | 9902 | 10026 | 10012 | 10022 10022 @ 10008 | 100.08 | 100.27
Hz0 018 008 006 020 010 002 019 025 010 006 01 006 010 024 025 023 022 0 06 006 007
Ba | 730,00 | 117400 132900 99200 | 73700 & 1263.00  816.00 | 1969.00 | 122500 | 1036.00 1304.00 = 1686.00 = 1618.00 = 984.00 & 875.00 | 1091.00 99200 766.00 | 896.00 | 924.00
Ce | 5900 | 3800 | 5700 4300 | 5500 | 6200 | 5000 = 2500 | G800 | 7800 | 17600 | 13400 15600 @ 6200 | 6200 5400 64.00 | 5100 | 5200 | 4900
Co 410 14.00 14.00 16.00 21.00 10.00 12.00 20.00 =5 8.00 6.00 6.00 <5 5.80 7.60 12.00 11.00 15.00 14.00 13.00
Cr | 1700 | 4900 @ 4400 = 2800 3900 | 3100 | 1900 5600 | 4600 | 2000 | 1000 | 1500 = 1100 = 1700 | 2700 & 37.00 18.00 | 3200 | 4200 | 26.00
Cu | 2100 | 7100 | 7700 | 2400 | 10300 | 4400 | 2700 13700 | 4600 | 3500 | 2900 | 4400 | 4500 | 2300 | 780 | 1100 2900 | 2400 | 14700 | 18.00
Hf | =3 | 360 | <5 | 490 | <« | <5 | 300 | 760 | <5 | BO0 | BOD | 1400 | 900 | <3 | 360 | 310 320 | 350 | 410 | 450
b | 810 | 1100 | 1100 | 89 | 1000 | 1000 | 980 1000 | 1300 | 1400 | 1200 | 1300 | 1000 | 990 | 1100 | 1200 1100 | 1100 | 1000 | B60
Ni | 380 | 2300 | 1900 | 1200 | 3100 | 2000 | 770 | 2700 | 2000 | 1400 | 600 | BOO | 600 | 720 | 1100 | 1600 10,00 | 1700 | 1700 | 1300
Pb | 3500 | 1900 | 2000 1300 | 2200 | 2400 | 1400 2100 | 2300 | 2000 | 2000 | 2700 = 2200 = 1600 | 2100 1900 1400 | 2000 | 2400 | 1500
Rb 195.00 = 127.00 | 12000 | 110.00 | 13200 | 148.00  106.00 | 11400 | 147.00 | 13300 | 19500 | 169.00 16800 | 187.00 & 163.00 | 108.00 14400 156.00 | 172.00 | 161.00
\8r | 206.00 | 45600 38500 | 43200 | 33300 33600 | 44700 29700 | 37500 | 28200 | 25300 | 32000 | 30900 34500 20900 @ 32600 33100 33600 | 30500 | 326.00
Th 16.00 7.30 7.00 650 12.00 900 910 620 10 00 17.00 16.00 10.00 12.00 11.00 13.00 13.00 14.00 15.00 14 00 13.00
u =2 270 <2 | 270 3.00 4.00 2.80 2 | =3 5.00 2.00 2.00 3.00 2.80 <2 250 360 370 3.90 280
v | 1000 | 11100 10700 9900 | 12900 & 8900 | 8100 11900 | 9600 | 76.00 | 4200 | 6300 4800 5600 | 4100 = 9300 7400 | 9400 | 8800 @ 8400
i | 1700 | 2100 | 2400 | 1900 | 2000 | 1900 | 2100 = 2400 | 3200 | 2700 | 2500 | 3200 | 1200 | 1400 | 2100 | 2200 19.00 | 1900 | 2000 | 16.00
In | 2000 | 6800 | 6900 | 6400 | 7900 | 6500 | GB0OO0O = 6300 | G900 | 4400 | 2500 | 4500 | 2900 | 4000 | 4100 | 6000 4500 = 4700 | 5700 | 3900
Ir | 70.00 | 168.00  173.00 | 13200 | 12000 177.00 | 14900 @ 27500 | 20700 | 18200 | 306.00 | 41100 | 30500 13800 15700 | 18400 13300 11200 | 14300 | 106.00
La 39156 26059 43687 | 20230 33678 38506 37348 30107 46529 86175 60154 97761 33029 53347 53268 44103 31457 | 26306 31975
Ce | 77260 | 53825 | 88657 | 42580 | 67422 | T4751 | 74069 | 61668 | | 93903 | 171987 | 138305 | 189620 = 65806 & 99218 | 105695  B2035 | 61731 | 54635 | 64821
Pr 9135 7110 11303 5405 8262 9038 9137 8241 11514 18094 16267 18494 7114 177 12551 9392 7522 6957 6876
MNd 33451 28374 45765 | 21250 31611 34515 35794 33447 43929 64728 63895 63466 25045 42654 46870 33371 27800 26835 24779
Sm | 6234 | 5650 | 8739 | 3914 | 5829 | G157 | 6426 | 6332 | | 7759 | 9785 | 10456 | 7872 | 4019 | 7387 | 7953 5509 | 4931 | 5001 | 4110
Eu | 1108 | 1665 | 2977 | 105% | 1269 | 1520 | 1547 | 1863 | | 1436 | 1810 | 2082 | 1906 | 923 | 1384 | 1687 1145 | 1108 | 1003 | 1003
Gd 5075 4837 7162 3407 4784 5029 5394 5509 6101 9445 9732 7315 3422 6352 6631 4621 4192 4083 3688
Th 687 836 1116 696 672 31 171 860 943 1070 179 719 408 926 974 611 770 764 708
Dy 3696 4214 6207 2812 4234 4334 4494 4665 5329 5397 6063 2891 2495 5574 5491 3580 3486 3547 2919
Ho 686 811 1180 552 832 887 857 875 1087 978 1142 502 495 1063 1060 708 692 688 570
Er 1981 2234 3256 1588 2491 2438 2532 2324 3118 2631 3179 1349 1459 3089 3084 2091 2053 1954 1704
Tm 312 349 419 257 346 338 373 363 426 363 435 187 214 438 453 303 348 322 273
Yb 2408 2355 3135 1637 2567 2526 2742 2273 3281 2331 2938 1247 1677 3245 3359 2353 2237 2016 1837



[CHM | 214 | 216 | 219 | 220 | 137 | A7 | 80 | 209 | 73 | 174 | 177 | 1va | 181 | 182 | 187 | 1% 197 | 206 | 208 | 170

LONG [17.24848 | 16.03747 17.13988 17.22077 16.95070 18.50390  18.57360 1872450 | 18.46710 1851230 | 18.52040 | 18.54670 18.50770 18.59990 18.64510 18.51300 19.00010  18.72000 1870160 | 1844470
LAT |-23 55896 -28.11473 -28.33985 -28 36600 -28 12170 -28.92360 -28 58430 -28.85350 -28.90830 -26.93980 -28.89420 -28 67930 -28.87940 -26.57480 -28 57380 -28.93970 -28.92810 -28.94520 -28 85040 -28 93600
UNIT | GSr | GSr | GSr | GSr | GSr | HO | HO | HO | HO | HO | HO | HO | HO | HO | HO | Ho HO | HO | HO | HO
ROCKTYPE 6D | GO | GD  GD  MGR T | T | T | & | 6 G | 6 GO | GO | GO | GO GO | GD | GD | MGR
S0z 6819 7123 6919 7040 | 7351 | 6380 | 6434 G481 6808 7023 7115 | 7391 | 7173 | G6G52 | 7200 6940 7602 7158 6715 | 70.18
Ti0; 049 0.26 0.52 044 0.20 0.94 0.60 0.64 0.61 0.37 0.33 0.35 0.37 0.54 0.28 0.38 0.3 0.37 0.44 0.27
AlOa 1522 | 1434 | 1423 | 1405 | 1325 1578 | 1497 | 1543 | 1422 | 1447 | 1441 | 1332 | 1427 1506 1399 1492 133 1405 | 1490 1578
Fe;04(T) 399 | 295 3.58 363 2.04 5.86 57T 5.13 441 341 2712 243 287 5.01 235 359 108 289 437 183
MnO | 008 | 007 | 007 0O 005 011 | 013 | 009 | 008 | 007 | 004 | 005 006 010 006 | 007 005 | 007 | 008 003
MgO | 181 | 103 | 127 | 114 | 056 | 229 | 311 | 204 | 131 | 127 | 144 | o070 | 111 | 216 | o082 | 1 037 | 110 | 185 | 048
ca0 | 387 | 285 | 293 | 285 | 178 | 408 | 434 | 443 | 315 | 310 | 264 | 180 | 241 | 380 242 | 204 173 | 233 | 408 | 136
Na;O 217 281 285 278 343 357 | 283 3.19 408 3.19 282 322 297 3.08 298 255 271 327 3.33 33
K0 283 411 421 | 4 486 | 228 250 3.90 3.86 345 438 407 393 3.05 445 382 3.68 431 3.23 644
P20= 016 012 016 016 0.06 0.37 0.19 0.26 0.21 0.13 0.13 0.10 011 0.15 0.10 01 0.06 011 0.19 0.08
Cr0s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Lol | 118 | o074 | 053 065 | 045 113 | 113 | 023 | 016 | 05 | 037 | 041 052 056 032 057 027 | 033 | 041 026
TOTAL | 10038 | 10060 9959 | 10039 = 9993 | 10020 9998 10016 10013 | 10024 10009 | 10041 10035 10002 10037 9968 9965 | 10042 10000 | 10019
H:0 015 027 024 021 0.20 012 007 0.06 026 0.05 026 008 007 042 013 01 0.04 010 0.06 033
Ba | 1239.00 | 84300 | 89500 B0600 | 61400 56500 | 119600  1239.00  977.00 88800 | 84100 | 73200 | 92100 89200 | 114100 72200 779.00 86400 = 99800 & 106400
ice | 5600 | 5800 | 5000 7300 | 5500 5900 @ 5200 | 7400 | 6800 7400 9100 9500 | 8900 @ 5800 @ 10200 7600 4700 8500 6600 79.00
Co 1300 | 7.90 11.00 | 880 570 | 1500 | 1800 @ 1300 | 930 9.30 8.40 6.70 740 | 1400 | 660 1000 170 790 | 1100 @ 470
cr | 4400 | 830 | 5400 4700 = 1200 4400 @ 6600 | 4100 | 2300 | 3700 | 1600 | 19.00 = 2400 2300 3100 2200 1000 | 3100 4500 | 9.80
Cu | 12500 | 2400 | 3800 4300 @ 1300 2300 @ 5000 | €800 | 2700 340 | 75300 <2 | <3 | 360 | 400 | 13400 <2 | 6100 | 980 | 690
HF | 400 | 330 | 450 | 320 | <3 | 380 | <3 | 400 | 430 460 | <3 | 440 | <3 | 320 | 340 | 440 590 | 350 | 330 | 390
Nb | 8B40 | 870 | 1400 | 1300 | 1100 1300 | 800 | 1100 | 1100 1100 | 1200 1400 | 99 | 900 | 4300 1000 910 1200 | 810 | 14.00
Ni | 1100 | 670 | 1700 | 1500 | 470 | 2100 | 2800 | 1800 | 990 | 1000 | 870 | 760 | 1100 | 1300 830 | 1200 260 | 1100 | 1400 | 570
Pb | 1900 | 1900 | 2600 2500 @ 2400 1600 | 2100 | 2000 | 2100 | 2200 | 2500 2300 2200 1600 2100 2800 1300 | 2000 1700 | 27.00
Rb 10500 | 163.00 | 157.00 | 17800 21500 | 177.00 10400 13200 | 13000 16400 | 181.00 | 18100 | 17100  137.00 16300 18800 137.00 | 20000 | 110.00 | 274.00
S0 | 36400 | 33700 | 26500 23900 22100 31300 | 55700 48000 | 27500 @ 32800 | 27100 21300 26800 35300 34500 30400 11500 @ 26200 @ 50000 | 247.00
Th 670 | 1500 | 1000 @ 1400 | 1900 460 9,80 1200 | 1700 1700 2200 2500 | 1900 | 1100 @ 2300 | 1700 1400 | 1900 @ 1200 @ 3200
u 240 420 3.30 400 440 2.10 260 | 280 340 270 <2 5.10 2.20 270 280 2.30 2.00 3.20 <2 370
v | B7TO00 | 5200 | 7300 | 7300 | 2900 11400 | 13700 @ 9700 | 6900 6600 | 4800 & 3700 | 4700 | 10300 | 3300 | 6600 1200 4600 | 7900 | 2500
Y | 1600 | 1300 | 2300 | 2100 | 1200 2200 | 1400 | 2000 | 2000 1900 | 1800 | 2200 | 1700 | 1700 | 2900 | 1700 2000 2400 | 1400 | 2000
n | 5600 | 3600 | 5300 | 5000 | 2300 | 7700 | 9500 | 6700 | 4800 3700 | 2600 | 3300 | 3500 | 5300 | 3600 | 3800 1100 3700 | 4600 | 14.00
Zr | 13800 | 119.00 | 16200 14900 = 9500 19400 11400 | 16200 | 17400 @ 13400 | 13000 14100 13400 12100 14900 13300 166.00 & 13200 13600 19700
La 29225 | 27918 | 32990 | 38506 | 36044 | 34529 | 26759 | 39699 | 44913 | 38008 | 47850 | 48320 | 49261 | 3031 | 51928 | 40445 39475 | 34995 | 23189 | 546AD
Ce | 57940 | 53512 | 66744 | 71814 | 61330 66459 | 53521 | 78816 | 80839 73518 | 92675 | 91054 | 88022 | 58122 | 92846 | 84210 77804 | 63193 | 49644 | 9917
Pr 7463 | 6153 | 8004 | 8532 | GBAT | G084 | G494 | 0972 | 9484 | 8730 | 10248 | 10143 | 9940 | 6917 | 10274 | 8937 8023 | 8624 | 5824 | 10797
Nd 29133 | 21853 | 29866 | 30825 22620 | 31758 | 24829 | 37693 | 33336 | 32067 | 40494 | 34268 | 34670 26265 | 35579 | 33700 29479 | 32157 | 21935 | 37104
Sm | 5387 | 3671 | 5009 | 5147 | 3286 | 5724 | 4285 | 6B50 | 5444 | 5688 | 6961 | 5636 | 6170 | 4489 | 5978 | 5754 4817 | 5631 | 3941 | 5618
Eu | 1296 | g6 | 1086 | 1181 | 668 1555 | 1089 | 1583 | 1359 | 1096 | 1168 | 899 | 1095 | 1071 | 1063 | 1283 1106 1093 | 8i2 | 1007
Gd 4430 | 3135 | 4314 | 4305 | 2800 5308 | 3550 | 5389 | 4817 | 4613 | 5391 | 4835 | 4553 | 3778 | 5480 | 5246 4773 | 4843 | 3084 | 4642
Tb 772 681 757 784 315 707 496 820 615 594 679 604 566 652 846 598 732 805 668 581
Dy 3819 | 2455 | 3649 | 3585 | 2036 | 4342 | 2776 | 4348 | 3678 | 3678 | 3738 | 3837 | 3286 | 3216 5381 3676 4295 | 4293 | 2337 | 3483
Ho 661 482 710 710 404 841 547 829 ™ 730 701 784 672 641 1133 692 901 811 443 724
Er 1785 | 1362 | 2084 | 2178 | 1299 | 2315 | 1514 | 2342 | 2120 | 2082 | 1796 | 2427 | 1872 | 1B48 | 334 | 1823 2664 | 2612 | 1274 | 2199
Tm 280 233 336 342 211 312 227 379 328 321 259 376 267 278 528 257 409 415 207 329
Yb 1805 | 1638 | 2272 | 2431 1643 | 2199 | 1555 | 2418 | 2387 | 2423 | 1796 2851 1991 | 2037 | 3752 | 1696 2948 | 2823 | 1377 | 2601



[CHM [ 171 [ 172 | 179 | 183 | 188 | 183 | 193 | 194 | 207 | 160 | 165 | 49 | &4 | 151 | 186 | 178 184 | 185 | &0 | 27

LONG | 18.44620 | 18.44760 | 18.55200 | 16.60570 | 18.61670 | 18.63210 1845050 1844520 | 18.68520  15.19960 | 18.29950 | 17.40390 1739950 18.00140 1863850 1851770 1860940 18.61480 17.40880 16.95914
LAT |-28.93410 -28.93540 -28 88340 -28.88080 -28.89230 -28.89750 -28.92920 -28.94280 -28.65620 -29.01870 -28.94400 -28 91680 -28.92320 -28 98830 -28.87950 -28.89670 -28.86170 -28.85860 -28.91310 -28.12543
UNIT | HO | HO | HO | HO | HO | HO | HO | HO | HO | GH | GH | GH | GH | GH | GH | GH GH | GH | GH | 8T
ROCKTYPE, MGR | MGR | MGR | MGR | MGR | MGR | MGR | MGR | MGR | MGR | MGR | SGR | SGR | SGR | SGR | SGR AGR | AGR | AGR | MGR
Si0z 71.36 71.16 73.09 76.04 71.25 711 77.52 73.98 77.99 75.52 75.35 73.96 73.16 76.27 78.67 78.49 78.41 78.95 75.05 76.64
TiOz 0.50 0.44 0.37 0.30 0.39 023 014 018 015 012 016 0.09 018 0.05 0.06 0.1 014 010 010 0.07
Alz02 13.92 14.47 13.45 12.57 1411 11.74 12.03 13.57 11.83 13.83 13.19 14.13 13.79 13.31 11.90 1177 11.87 11.50 1369 12.87
Fez04(T) 307 2.65 288 195 372 148 1.15 1.60 1.15 1.40 1.57 0.90 1.73 075 0.60 079 1.15 079 0.94 1.20
MnO , 006 | 005 | 005 004 | O0CO7 | 004 002 004 | 0OO4 = O0O7 | 004 | 0710 | 003 | 004 001 = 001 001 001 | 003 | 003
MgO | 073 | o068 | 075 | 051 | 129 | 045 | 041 | 034 | 029 | 049 | 037 | 049 | 034 | 009 | 001 | 0.02 0056 | 004 | 021 | 035
Ca0 | 199 | 182 | 473 | 110 | 08 | 09% | 412 | 166 | 143 | 105 | 171 | 047 | 058 | 073 | 07¥3 | 0.71 025 | 037 | 023 | 123
Na;0 342 315 349 241 104 251 2845 280 327 238 278 364 362 s 225 233 238 243 354 291
K0 473 531 432 528 5.09 463 4.20 5.07 343 461 481 5.03 457 479 598 592 584 576 544 4.90
P20z 015 013 011 0.06 01z 0.05 0.03 0.05 0.05 014 0.05 019 013 019 0.01 0.01 0.05 0.01 0.05 0.05
Crz0a 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LOI 031 | 03 | 03 | 017 | 035 | 067 | 017 027 | 007 | 066 | 045 | 084 | 120 | 061 | 017 | 026 031 | 036 | 057 | 036
TOTAL | 100.23 | 100.20 | 10062 | 10041 | 10024 = 9990 | 9967 | 9955 | 9975 | 10028 | 10048 | 9954 | 9935 | 10024 10035 | 10041 10046 = 10036 | 9986 | 100.61
Hz0 026 009 004 026 008 007 004 031 008 011 034 016 009 020 008 009 016 004 010 018
Ba | 1073.00 | 122400 781.00 = 626.00 | 95500 | 340.00 | 589.00 109500 | 766.00 | 411.00 | 80600 | 83.00 | 48100 15700 24900 @ 53.00 91500 | 6400 | 42500 & 401.00
Ce | 11500 | 13300 @ 9000 = 8200 | 5300 | 7100 | 4600 6800 | 5000 | 2700 | 3900 | <5 | 8300 @ <10 | 1400 5700 3400 | 4100 | 1300 | 5300
Co 610 6.10 710 4.30 .00 4.50 1.80 280 250 470 4.80 <5 5.00 230 1.90 250 290 220 6.00 3.30
Cr | 1600 | 1500 | 2200 1600 | 2700 | 1500 | <3 =~ 350 | 1300 = 1500 | 1200 | 5500 | 1600 | 1400 = 770 850 960 | 1100 | 3300 = 2400
Cu | 3900 | 7300 | 340 | 1600 | 670 | 220 | 4500 = <2 | 3300 | 3200 | 2100 | 900 | 800 | 580 | 10100 | 13000 3800 | 240 | 1900 | 21.00
Hf | by0 | 480 | 520 | <3 | 450 | 350 | 360 | 300 @ 2«3 | <3 | 310 | <5 | <5 | <3 | 2«3 | <3 <3 | =3 | = | <3
b | 1900 | 1800 | 1500 | 1100 | 1600 | 1400 | 1100 = 4200 | 1100 | 920 | 1300 | 2400 | 1400 | 1400 | 310 | 1000 1500 | 1300 | 6.00 | 11.00
Ni | 650 | 670 | 8B40 | 490 | 1200 | 520 | 410 | 350 | <=2 | B30 | 400 | <5 | <5 | 290 | =2 | 230 250 | 220 | =5 | 330
Pb | 2100 | 2500 | 2200 | 3000 | 680 | 2600 | 1200 = 2700 | 1700 | 3600 | 3300 | 3100 | 4700 | 4000 | 3000 | 3500 2900 | 2400 | 3600 | 3500 |
Rb 22500 | 21100 | 201.00 = 21100 & 15200 | 219.00 @ 160.00 | 22100 @ 12400 22700 | 208.00 353.00 @ 23900 | 313.00 18100 = 21800 19800 27100 | 26100 | 201.00
\8r | 22600 | 22700 | 22000 | 14700 | 11600 | 9800 | 14100 19400 | 15200 | 12900 | 21600 | 3600 | 13600 | 5700 | 13100 6800 9400 | 2700 | 12000 | 129.00
Th 23.00 21.00 27 00 2200 16.00 3100 18.00 13.00 17 00 950 2500 600 51.00 630 18 00 24 00 14.00 38 00 12 00 14.00
u 460 3.30 4.50 240 4.20 5.60 240 3.70 =2 <2 4.20 4.00 5.00 4.00 =2 <2 460 3.90 4.00 230
v | 3900 | 3500 | 4400 2100 | 5000 | 1700 | 2900 2000 | 1200 & 2000 | 2000 | 1000 | 1900 | 300 | 450 | 440 1500 | 480 | 1700 | 2100
i | 2900 | 3100 | 2300 | 2100 | 1400 | 2300 | 1400 = 1800 | 1200 | 2400 | 28500 | 1600 | 2900 | 1700 | 210 | 9.90 13.00 | 10000 | 1200 | 10.00
In | 4300 | 4200 | 3600 | 2500 | 3800 | 2300 | 1000 = 1800 | 1200 | 3500 | 2600 | 1400 | 2400 | 1800 | 6710 | 7.00 1300 | 620 | 1100 | 14.00
Ir | 24100 | 25400 | 143.00 14200 | 15000 | 10200 | 118.00 15300 | 8300 | 6200 | 10400 | 2700 | 150.00 = 4000 | 5800 | 7000 8400 6500 | 6600 | 7100
La 62121 73875 43506 | 4471 42171 46945 45040 56730 33985 23087 | 21564 8156 58739 7869 14641 27679 30376 25242 16775 29313
Ce | 125285 | 137169 | 85793 | B5826 | 82791 | 88283 | 91083 | 116352 | 74929 | 44641 | 44060 | 16869 | 108193 | 16178 | 22401 | 549396 52971 | 43375 | 34751 | 66338
Pr 14654 15818 10029 9941 9459 10091 9428 11916 6653 5090 5626 2126 11480 1897 2586 6324 5685 4372 4094 5814
MNd 52604 55526 35047 34854 33175 34859 33844 41488 21894 18224 22609 7610 37814 6770 7828 22202 19195 13501 15109 19056
Sm | B%51 | B9B4 | 5772 | 6247 | 5084 | 6031 | 5735 | 6219 | 3533 | 3903 | 5145 | 2394 | 6797 | 1799 | 920 | 3899 3108 | 2043 | 3103 | 2906
Eu | 1528 | 7393 | ‘885 | 953 | {015 | ‘750 | 889 | 1091 | ‘BB | 869 | ‘91 | 332 | 859 | 376 | 325 | 489 696 | 344 | 577 | 540
Gd 7195 7337 4863 5047 4393 5221 5317 5878 2959 3585 4747 2393 5845 1868 870 3082 2684 1914 2437 2520
Th 972 962 672 792 699 808 670 767 648 660 832 461 874 434 54 385 385 319 239 631
Dy 5639 5713 4188 4410 3052 4863 3444 3934 2203 5039 5327 4017 5414 3313 368 2184 2359 1822 2250 2094
Ho 1123 1144 864 830 589 983 648 751 440 1088 1078 815 1035 663 67 410 492 387 444 431
Er 3046 3267 2609 2148 1680 2948 1789 2029 1290 3458 3036 2582 3115 2102 209 1024 1434 1240 1214 1375
Tm 465 474 395 299 269 449 269 295 216 579 430 421 426 348 34 144 244 213 198 249
Yb 3412 3468 3012 1918 1915 3286 1926 2079 1373 4528 2629 3440 3240 2656 308 980 1877 1577 1402 1670



lchm [ & | 8 | 7 | & | 14z | 2z | s | 20 | 22 | 21 | 32 | e | 43 | 215 | 3 | 41 8 | 3 | w | &

LONG [17.89010 | 17.05440 | 17.87850 | 17.92720 18.01540 17.79210  17.78280  17.91820 | 17.91140 | 17.91300 | 17.64020 | 17.25330 17.34720 17.34493 17.35490 17.40080 17.37190  17.36670  17.34780 | 17.06140
LAT |-23.87740 -28.20800 -28.87030 -26.87520 -28.86570 -26.86240 -28 52240 -28.83390 -28.84820 -26.84100 -28.81620 -28 55060 -28.75400 26 75550 -28 94320 -28.86010 -28.86330 -28.90680 -28 89600 -28.33570
UNIT [ sT | sT | sT | ST | ST | NO | NO | MO | NO | NO | NO | WV | WV | WV | Wv | WV wWv | WV | WV | PR
ROCKTYPE SGR | SGR | AGR = AGR AGR  BA | BA | A | A | TA | RH A | TA | TA D | D D | RH | RH | TA
S0z 7624 | 7761 7646 7704 | 7787 | 5511 | 8208  E741 | 6240 5097 6982 | 6130 | 5558 | 6383 | 6888 6613 6760 7091 7465 | 6040
Ti0; 0.19 0.18 0.15 01 0.13 0.76 0.69 0.73 0.65 0.75 0.65 046 114 0.40 0.66 0.76 0.62 0.40 0.32 0.64
AlOa 1249 | 1189 | 1235 1189 1184 1584 | 1410 1736 1501 | 1528 | 1452 | 1955 | 1929 1670 1443 1547 1546 1419 | 1295 | 1635
Fe;04(T) 149 1.26 127 127 0.68 9.23 9.50 751 6.1 599 33 235 5.10 6.37 321 444 314 286 173 6.01
MnO | 005 | 005 | 005 002 002 015 015 | D012 | 010 | 009 | 009 | 005 017 | 019 008 | 007 007 | 006 006 | 010
MgO | 014 | 02 | o042 | 012 | 00 570 | 762 | 333 | 362 | 204 | 079 | 023 | 153 | 041 | 065 | 168 083 | 045 | 028 | 241
ca0 | 063 | 077 | 044 034 | 046 836 | 790 | 6542 | 497 | 426 | 268 | B26 | 302 | 221 | 289 | 389 339 | 214 | 107 | 451
Na;O 314 185 375 3.07 3.3 224 | 228 3.23 296 | 462 332 5.39 5.65 5.29 232 147 315 3.00 314 337
K0 546 504 5.40 5.91 557 174 166 218 3.02 335 488 082 429 3.03 532 338 436 478 545 3u
P20= 0.02 0.02 0.01 0.01 0.02 0.20 0.20 0.24 0.21 0.35 014 0.08 0.39 01 012 0.26 015 0.09 0.04 018
Cr0s 0.00 0.00 0.00 0.00 0.00 0.02 0.04 0.00 0.02 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Lol | 020 | 031 | o016 015 | 008 o074 167 | 167 | 091 | 280 | 045 | 125 | 308 217 080 | 220 113 | 083 | 057 | 200
TOTAL | 10005 | 9899 10016 | 9994 | 10027 | 9988 9877 9995 10005 | 9950 10011 | 9978 | 10020 | 10071 9933 | 9945 10000 @ 9971 10027 | 9932
H:0 0.09 0.08 013 014 019 0.07 015 002 0.05 0.04 015 0.09 002 024 011 012 0.05 0.05 0.08 011
Ba | 49900 | 26300 | 36000 19200 @ 217.00 567.00 | 90000 | 937.00 | 771.00 | 102400 | 68300 & 55600  1191.00  317.00 116300 128000 113400 877.00 | 1019.00 | 955.00
ice | 11600 | 5100 | 6600 5900 | 6000 4600 6300 5300 | 5100 7300 2800 9500 | 26900 27100 @ 8600 6800 6100 9600 11100 56.00
Co 5.00 <5 <5 <5 180 | 2400 1900 1900 | 2100 | 1200 | 39.00 <5 <5 3.90 <5 11.00 <5 <5 <5 7.00
cr | <5 | 700 | 700 | 600 | 1600 8300 | 19700 @ 3500 | 13800 2600 25500 17800 | 500 | <3 | 1600 4100 3100 2300 1500 2200
Cu | {300 | 8O0 | 2200 2100 | 370 | 6800 | 5600 | 700 | 3000 19700 @ 1200 @ <5 | <5 | 730 | <5 | 4400 3700 <& | 500 | 63.00
HF | 800 | <5 | <& | <5 | <3 | <5 | 900 | 600 | <5 | 600 | 7.00 | 1000 | 1400 | 2100 | <& | 60O 500 | <5 | <5 | <
Nb | 1400 | 5500 | 1400 | 300 | 560 | 700 | 1000 | =2 | 500 | 900 | 400 | 1800 | 19600 | 19700 | 1300 | 1100 1300 1200 | 17.00 | 1100
Ni | =5 | <5 | <5 | =5 | <7 | 3300 | 4000 | 800 | 4200 | <5 | 7300 <5 | <5 | 320 | <& | 1400 <6 | 1000 | <5 | 1300
Pb | 3500 | 4900 | 4000 3400 2900 1300 1700 | 1600 | 1800 | 1700 | 1100 | 1400 1200 1100 2900 = 2000 2800 | 3100 @ 4000 @ 2000
Rb 24500 | 20900 | 27500 | 21000 17800 @ 6100 11400 = 8000 | 12400 | 11600 | 5300 | 2500 @ 15400 9000 16200 12800 15600 & 19800 @ 24300 | 152.00
S0 | 6900 | 6800 | 5200 3800  37.00 44900 @ 36500 62500 | 34700 @ 44500 | 387.00 71900 60400 13100 32000 33100 33700 @ 22900  150.00 @ 386.00
Th | 2200 | 2700 | 2300 1500 | 1300  BO0 | 1000 | <6 | 600 | 900 | <5 | 2900 | 1900 | 2100 | 1200 1200 1400 1800 3100 | 1000
u | 400 | 800 | 300 <3 | <2 <3 | < | <3 | <3 | <3 | <3 | 600 | 400 | 350 <3 | <2 400 400 | 300 | 300
v | {000 | 1400 | 1000 | 900 | 530 20100 | 13400 | 18300 | 14300 | 18000 | 18200 | 4500 = 1500 <3 | 3800 | 8700 4600 | 4000 | 1900 | 122.00
Y | 3700 | 1700 | 2700 | 700 | 1100 1800 | 2100 | 1700 | 1900 2000 | 1500 | 3700 | 3100 | 6900 | 2500 2300 2900 3300 1900 | 19.00
n | 3100 | 4100 | 2300 | 1000 | 2200 @ 8300 | 7300 | 7200 | 5500 6100 | 8400 <5 | 9800 | 16200 | 5400 | 5200 4500 4500 | 37.00 | 73.00
Zr | 14000 | 8600 | 10900 9000 = 9100  119.00 16100 | 13600 | 158.00 | 18200 | 10300 17400 64900 111100 24900 20200 21900 @ 17600 @ 20200 14100
La 35105 | 17427 | 25520 | 40493 148187

Ce 69516 | 66915 | 60461 69354 291868

Pr 7331 | 6223 | 5828 | 7646 36631

Nd 23599 | 23631 | 20819 | 24851 134495

Sm 3737 | 5408 3590 | 3182 22546

Eu 434 586 498 841 2208

Gd 3078 | 4587 | 2750 | 2782 17920

Tb 350 763 153 304 1729

Dy 2865 | 5148 | 1788 | 2111 14963

Ho 627 1026 327 435 2715

Er 2106 | 3098 995 1386 7673

Tm 353 466 156 211 1215

Yb 3018 3513 | 1319 | 1486 7395



lchm [ 198 | 199 [ 200 | 90 | 201 | & | 72 | &8 | 8 | 71 | 8 | 81 | 8 | 8 | 8 | 86 05 | 103 | 104 | 106

LONG [17.06170 | 17.06170 | 17.06170  17.03830 17.06180 17.30010 1721830  17.28010 | 17.27190 | 17.21820 | 17.10230 | 1716550 17.16250 17.13190 1714350 1718480 17.03270 | 17.04540  17.03830 | 17.02590
LAT |-23.34710 -28.34730 -28.34750 -26.30300 -28.34830 -26.33730 -26 30630 -28.32680 -28.32850 -26.30440 -28.13240 -28 17670 -28.17220 -26.18080 -28 17710 -26.16310 -28.09320 -28.08220 -28 08930 -28.10430
UNIT | PR | PR | PR _ PR | PR AR | AR | AR | AR | AR | AR | KR | KR | KR | KR | KU KU | KU | KU | KU
ROCKTYPE D | D | D | RH | RH | A | A | RH | RH | RH | RH | TA | TA | TA | D | A A | D | RH | RH
S0z 6932 68O 6921 7605 | 6930 6319 | 6008 7604 7141 7652 7448 6611 | B5OF | 6681 | 6351 | 6247 6201 6342 7140 7624
Ti0; 0.40 0.33 0.40 0.15 043 0.62 0.73 0.16 0.37 0.15 0.26 046 046 047 0.62 0.75 0.63 0.60 0.37 0.21
AlOa 1567 | 1567 | 1542 | 1293 | 1483 1537 | 1652 1342 1403 1280 | 1320 | 1618 | 1649 1641 1520 1571 1537 1516 | 1463 | 1326
Fe;04(T) 292 274 317 114 287 576 7.00 1.08 211 1.24 153 289 312 294 534 6.79 6.16 5.25 224 1.28
MnO | 006 | 003 | 011 004 | 007 011 | 01 | D017 | 004 | 003 | 009 008 007 008 010 | 0 010 | 008 | 006 009
MgO | 0B | 068 | 05 | 018 | 071 | 281 | 2984 | 033 | 067 015 | 030 | 103 | 073 | 107 | 286 | 202 286 | 25 | 089 | 030
ca0 | 248 | 281 | 303 021 | 212 | 4% | 568 | 033 | 145 024 | 092 | 370 | 388 | 357 | 443 | 530 506 | 491 | 173 | 081
Na;O 3.0 316 332 3.93 225 148 3.22 364 372 375 3.68 343 3.55 312 337 175 182 3.65 480 3.09
K0 459 416 401 439 594 3.89 1.9 357 | 486 531 467 | 448 419 482 339 290 338 263 263 488
P20= 015 012 0.19 0.02 0.16 0.15 016 0.05 0.06 0.02 0.05 01 012 01 014 0.18 016 0.19 0.07 0.04
Cr0s 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Lol | 131 | 161 | 109 047 | 118 121 | 45 | 087 | 105 023 | 066 073 | 104 086 | 098 065 189 | 116 | 123 | 085
TOTAL | 10059 | 10024 10062 | 9943 | 9991 | 9950 9985 9977 | 9948 | 10044 9993 | 9918 9961 | 10007 9983 9952 9944 | 9959 9976 | 10076
H:0 0.08 0.08 0.07 0.08 0.08 0.09 0.08 002 0.04 0.08 010 012 007 0.04 0.08 0.08 014 015 013 014
Ba | 1156.00 | 118200 | 1053.00 5B6.00 148200 83400 @ 65700 | 19100 | 1167.00 9400 | 85500 | 1069.00 111400 14500 607.00 89800 87300 @ 879.00 | 102400 | 737.00
ice | 6000 | 6300 | 6600 5700 | 6100 6400 2900 500 | 8900 5900 6700 6900 | 7900 8600 & 67.00 5500 5200 4800 6900 5000
Co 510 510 6.30 <5 500 | 1900 @ 2000 @ 1000 | 7.00 500 <5 6.00 5.00 500 | 1400 | 1400 1200 | 17.00 @ 7.00 <5
cr | BE0 | 690 | 910 <5 | 810 20400 6200 7200 | 2400 3900 @ <5 | 700 800 800 5600 3600 2800 @ 2400 <& | <&
Cu | 680 | 470 | B00 | <5 | 550 | 9000 | 6100 | 1000 | 50100 = 500 | 500 | 1300 1300 1800 7100 1100 5100 @ 8500 @ 1400 | <&
HF | 320 | 440 | B00 <5 | 570 <5 | <5 | = | GO0 <5 | 5O0 GO0 | 6OO | <5 | <5 | =& <€ | 700 | 700 | <8
Nb | 1200 | 1200 | 1100 | 1600 | 1200 1100 | 800 | 2600 | 1400 1700 | 17.00 | 5200 | 1200 | 1500 | 1100 | 1000 800 900 | 1400 | 16.00
Ni | 320 | 290 | 350 | <5 | 870 | 2900 2100 < | <5 | <5 | <& | 600 | 500 <5 | 2700 | 1600 2000 | 2200 <5 | <&
Pb | 1600 | 1300 | 1700 2600 1700 2500 @ 1200 | 4400 | 2600 | 2100 | 2500 2600 2800 3600 2700 1800 1800 | 1900 @ 1800 | 3300
Rb 221.00 | 20700 | 187.00 | 17800 23900 15900 6400 | 16700 | 11300 | 26900 | 15500 | 177.00 15300 18100 14600 9700 12500 @ 7900 10000 | 195.00
S0 | 37200 | 32000 | 44200 9200 28000 337.00 37300 9300 | 16400 @ 2800 | 15300 38600 42000 36200 32900 37600 37900 @ 55500 @ 19500 | 149.00
Th | 1400 | 1500 | 1300 1700 | 1500 1500 | 600 | 1100 | 2800 2200 | 1500 | 1600 | 1700 | 1600 | 1500 900 1300 1300 | 2100 | 1400
u | 420 | 640 | 400 | 500 | 480 200 | 200 | 600 | 600 600 | 500 | 8O0 | 400 | 500 | 500 200 300 | 400 | 600 | 400
v | 3800 | 3400 | 4100 1500 | 4100 11300 | 14100 @ 1600 | 3800 1100 | 1600 & 4600 | 4900 | 4800 | 10800 13800 12800 11000 2900 | 13.00
Y | {900 | 1900 | 1900 | 3200 | 2000 2100 | 2000 | 3100 | 2100 2700 | 3200 2200 | 2100 | 2300 | 2100 1800 1800 1500 | 2500 | 37.00
n | 4000 | 3500 | 4500 1800 | 3300 6400 | 7200 | 3000 | 4300 1500 | 2900 A 4600 | 3800 | 6500 | 7000 | 7500 6600 6000 | 3600 | 29.00
Zr | 199.00 | 20100 | 20300 8200 19500 16400 11800 6100 | 20400 10600 | 117.00 16200 159.00 16100 15800 15800 16300 | 15300 @ 24000 11100
La 37445 | 40563 | 36924 39170 32358 | 36536 | 36094 | 29685 | 23977 31991 | 32853 | 49651 | 2234
Ce | 73306 | 78967 | 73061 | | 81216 | _ _ _ _ _ | 71986 | 80945 | 79909 | 66682 | 54549 73212 | 74159 | 102006 60052
Pr | Ba7a | 95l | gBd1 | | 93mg | _ _ _ _ _ | 6905 | 7783 | 7EES | 6332 | 5391 7084 | 7047 | 10757 | G018
Nd | 33804 | 34965 | 33208 | | 38390 | _ _ _ _ _ | 28621 | 32225 | 31157 | 26586 | 23397 30052 | 29189 | 40910 24469
Sm | B%01 | e072 | 573 | |63t | _ _ _ _ _ | 4988 | 5622 | 5541 | 4818 | 4446 5424 | £097 | 6843 | 5295
Eu | 1485 | 1480 | 1459 | | 1570 | _ _ _ _ _ | 1480 | 1638 | 1533 | 1190 | 1313 1495 | 1409 | 1664 | 132
Gd 4634 | 4734 | 4651 5045 4873 | 5376 | 5100 | 4840 | 4353 6257 | 4623 | 7055 | 5751
Tb 775 785 785 807 625 644 | 663 583 576 671 586 885 906
Dy 3710 | 3770 | 3663 3850 3437 | 3730 | 3753 | 3433 | 3432 4020 | 3277 | 4967 | 6736
Ho 638 764 688 761 654 684 718 641 666 757 619 961 1190
Er 2087 | 2105 | 1993 2208 1825 | 1952 | 2044 | 1902 | 1920 2188 | 1779 | 2783 | 3605
Tm 330 369 330 358 256 275 281 267 269 295 252 418 525
Yb 2211 | 2368 | 2203 2323 1872 | 2049 | 2059 | 1940 | 1961 2212 | 1839 | 2879 | 3661



APPENDIX 2

NEW GEOCHRON DATA



DHM-15:
Granite (Gaarseep Granodiarite)
16.999°E; 28.284°S

[ ] Gaarseep Granodiorite
[ ] Xaminxaip River Granodiorite
[~ Rosyntjieberg Formation
Paradys River Formation

L M A S _
HM-581: Quartzite (Rosyntjieberg Formation)
17.060°E; 26.344°5

DHM-22: Dacite (Paradys River Formation)
17.062°E; 28.347°3

Kaminxaip River Granodiorite
17.440°E; 28.803°5




Ratios Ages
Sample | Uippm)  Pb(ppm) PP 45 UPbARUL 40 TReARU 4o o PPo™pb 46 PR we PR 46
n3642-2 363 154]  0.11199] 0.50] 5.33519 .09 0.3485] 0.95 0.83768 1831.9 9.0 1874.5] 93] 19132 16.0
n3642-5 186 78| 011083 129 436462 161 02854 096 059479 1814 6 233 17067 134 16184 137
n3642-8 208 95| 011344 047 531179 1.07 0339 096 089577 1855.2 36 18703 92 18843 156
n3642-9 200 83| 011482 050 542490 113 0.3427 101 0.69380 18771 91 18808 97 18994 16.6
n3642-11 491 220 011557 038 549672 112 0.3450| 1.05 094111 1838.8 6.8 19001 96 19105 174
n3642-27 117 48| 011177 095 529292 141 03435 104 073827 1528 4 171 1867.7 121 19033 17.2
n3642-29 202 90| 011178 058 525074 113 03407 097 085482 1828 & 106 186089 97 18900 159
n3642-30 an 158 011027 045 496646 1.06  0.3266 096  0.90617] 1803.9 8.1 18136 90 18221 15.2
n3642-35 267 129] 010984 049 506653 120 03342 110 091190 1798 4 90 18304 103 18585 177
n3642-36 322 41| 0.11289) 0.38) 517169 110 03323 1.04  0.93905 1846 4 6.9 18480/ 94) 1849.3] 16.7
n3642-38 262 120| 011185 048 516264 107 03384 096 089241 1826 5 87 18465 92| 18643 155
n3642-39 363 101| 010826 312 335599 138 02248 131 038741 1770.4 559 14942 268 13073 15.5
n3642-41 325 126| 010732 081 390963 140 02642 114 081464 1764 4 147 18157 114 15114 153
ni642-48 296 142 011122 0.68) 5.05577 118 0.3297 0.95  0.81465 1819.4 12.3] 18287 10.0)  1836.9 153
n3642-67 1M 52| 0.11093 086 505571 135 03305 105 0.77491 1814.7 165 18287 116 18410 16.8
n3642-65 ] 37| 041232 1.21| 5.07118 174 03275 124 0.71541 1837.2 218 18113 148 18261 19.8
n3642-77 269 134 011302 048 514338 1.09 03301 098 089915 1848.5 86 18433 93 18387 157
n3642-78 92 45| 012693 065 678687 116 03876 095 082946 2056.6 114 20840 103 21119 174
n3642-T6 458 215]  0.11338 046 512469 106 03278 096 090240 18543 83 18402 91 18278 153
n3642-84 39 18| 011358 136 530729 168 03389 098 058461 1867 4 244 18700 146 18814 161
n3642-90 430 181] 011452 0.52) 516357 113 0.3270) 100  0.58529 18723 94 18466 96 18239 15.9
n3642-103 197 85| 011245 059 503603 118 03248 096 081406 1839.4 124 18254 101 18132 152
n3642-97 kil 176]  0.11196] 040 544457 1.09  0.3527 102 093178 18314 72 18919 94 19475 171
n3642-100 275 151 011098 045 534578 106 03493 096 090570 1815 6 81 18762 31 193114 160
n3642-110 81 38)  0.11299) 1.06| 541226 145 03474 099 0.68018 1848.1 19.1]  1886.8 12.5] 192232 16.4
n3642-95 2562 132| 011484 069 524215 118 03311 096 081283 18774 123 18595 10.1) 18435 15.4
n3642-107 1490 560  0.10767 0.27 4.62382 1.03 03118 099 096359 17604 50 17543 26 17493 152
n3642-114 99 44| 011176 0.76 535387 126 03474 093 079163 1628.2 138 18775 107 19224 16.4
n3642-113 242 113] 011185 062 504075 114 03274 096 083901 18265 112 18262 97 18259 153
n3642-128 270 125 011334 045 535036 1.06 03424 0.96 090669 18536 80 18769 91 18981 158
n3642-133 730 308| 011233 031 513435 101 03315 096 095055 1837 5 56 18418 86 18456 154
n3642-140 707 348 0.11756 0.25 569602 1.06 03514 1.04 0.97289 1919.4 44 15308 32| 19413 174
n3642-143 84 37| 011608 074 549791 121 03435 096 078937 1896 8 133 19003 105 19035 158
n3642-1 306 79| 0.10599) 3.80) 2.78664 403 01907 1.06 026226 17316 69.7) 13520 306 11251 10.9
n36424 744 222| 010782 054 379063 112 02887 098 087632 1767 8 98 15908 90 146738 129
n3642-5 1229 144 009821 7.39 130603 745 0.0964 120  0.15985 1590 4 132.0 3484 440 5935 63
n3642-147 a1 24| 011108 201 524043 228 03421 108 047394 1817.2 360 18592 196 1897.0 17.8
n3642-107 2112 672|  0.10506 0.24] 3.84717 1.01 02656 098 097139 1715.3 43 16027 81 15184 132
n3642-102 448 162|  0.11004 068 432178 119 0.2849 098 082282 1800.0 123 16975 99 16158 14.1
n3642-44 115 51| 010996 087 481028 126 03173 091 072057 1798 8 158 17867 106 17764 141
n3642-54 285 126| 011185 076 478028 136 0.3100 113 053088 1829.7 137 17814 115 17405 17.3
n3642-80 1819 365] 008900 548 176502 560 01438 109 019505 1404 1 1016 10327 369 866 3 39
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HM-581: Quartzite; Rosyntjieberg Formation




Ratios Ages
SPOT_NAME | U(ppm} Pbippm) |*7Pbf%Pb  +2s  *Pb/A 196 P%pwPu| 425 o TPl #2s PPoPRUl 495 YPpiA®Pb| 425 | Conc %
Zircon_Sample-163] 244 84 0116 0002 548 014 0343 | 0007 078 1898 23 1903 34 1893 30 101
Zircon_Sample-164. 264 90 0.114 0004 | 539 0.36 0342 | 0.020 0.86 1884 58 1897 96 1869 62 101
Zircon_Sample-165, 248 i 0115 0.004 4.94 0.23 0313 | 0011 0.75 1810 40 1764 55 1874 56 94
Zircon_Sample-166, 223 73 0.116 0.003 5.21 0.26 0327 | 0.014 0.86 1356 42 1824 68 1889 45 97
Zircon_Sample-167| 523 161 0114 0003 482 019 0307 | 0008 070 1783 33 1728 42 1859 50 93
Zircon_Sample-168| 255 86 0115 0004 535 032 0338 | 0017 084 1876 51 1879 81 1873 58 100
Zircon_Sample-169] 297 98 0115 0.004 522 023 0330 | 0010 069 1855 37 1839 48 1874 57 98
Zircon_Sample-170] 151 47 0.115 0.004 5.00 0.33 0315 | 0.018 0.88 1820 55 1763 89 1885 55 94
Zircon_Sample-171) 146 48 0115 | 0002 517 0.20 0327 | 0011 0.85 1847 32 1823 51 1875 36 97
Zircon_Sample-172] 148 49 0115 0003 | 525 017 0331 | 0007 0.67 1861 28 1845 35 1879 44 98
Zircon_Sample-176. 170 53 0.116 0.003 4.99 0.21 0312 | 0.011 0.86 1817 36 1750 56 1895 39 92
Zircon_Sample-177| 165 54 0116 0004 523 027 0327 | 0012 075 1857 44 1824 61 1896 61 96
Zircon_Sample-178] 200 68 0116 0003 544 028 0333 | 0015 087 1890 45 1880 74 1902 46 99
Zircon_Sample-179| 136 44 0114 0003 511 027 0325 | 0015 090 1839 44 1814 74 1866 41 97
Zircon_Sample-180] 120 38 0117 0.003 5.08 022 0316 | 0.011 0.82 1834 36 1771 54 1905 44 93
Zircon_Sample-181) 284 93 0.115 0.002 515 0.24 0326 | 0.0 0.91 1844 39 1817 67 1875 34 97
Zircon_Sample-182, 347 116 0114 0.004 5.29 0.30 0336 | 0.016 0.83 1868 49 1868 8 1867 58 100
Zircon_Sample-183] 176 58 0.116 0.003 | 522 0.22 0326 | 0.011 0.84 1356 35 1820 55 1897 41 96
Zircon_Sample-184| 233 76 0116 0.003 525 025 0328 | 0013 085 1861 40 1828 63 1899 45 96
Zircon_Sample-185| 314 106 0115 0002 529 020 0333 | 0010 083 1868 32 1852 50 1886 37 98
Zircon_Sample-192] 193 54 0115 0003 521 019 0329 | 0008 068 1854 32 1836 4 1876 49 98
Zircon_Sample-193] 230 7 0.116 0.003 537 0.22 0336 | 0.009 0.68 1880 34 1866 44 1895 53 98
Zircon_Sample-194| 339 106 0.115 0.003 5.00 0.28 0314 | 0.015 0.89 1819 47 1762 76 1884 45 94
Zircon_Sample-195| 196 63 0.116 0.004 510 0.35 0320 | 0.020 0.89 1836 59 1788 97 1890 57 9%
Zircon_Sample-196| 496 149 0.114 0.004 471 0.26 0.300 | 0.013 0.50 1769 46 1693 66 1859 60 9
Zircon_Sample-197| 249 8 0114 0002 494 012 0314 | 0008 066 1808 21 1759 25 1866 34 94
Zircon_Sample-198| 234 75 0116 0002 507 023 0318 | 0013 093 1831 39 1780 66 1888 3 94
Zircon_Sample-199] 204 68 0115 0003 528 028 0332 | 0016 087 1866 16 1849 76 1885 47 98
Zircon_Sample-200, 366 118 0115 0.003 5.10 0.21 0322 | 0011 0.81 1836 35 1800 52 1877 43 96
Zircon_Sample201, 258 82 0.113 0.002 4.93 0.26 0316 | 0.016 0.94 1807 45 1769 7 1851 34 96
Zircon_Sample-205, 300 98 0.115 0.003 5.19 0.24 0327 | 0.012 0.79 1851 39 1823 58 1882 51 97
Zircon_Sample-206, 146 48 0.116 0.005 527 0.35 0329 | 0.017 0.50 1364 57 1835 34 1898 72 97
Zircon_Sample-207| 266 87 0115 0002 523 013 0328 | 0007 081 1857 21 1830 33 1887 2 97
Zircon_Sample-208] 185 57 0117 0003 496 018 0309 | 0009 0380 1812 30 1734 43 1903 39 91
Zircon_Sample-209, 368 118 0115 0002 507 029 0320 | 0017 094 1831 19 17688 84 1881 35 9
Zircon_Sample210, 301 103 0.116 0.003 5.46 0.33 0342 | 0.019 0.93 1895 52 1898 92 1891 40 100
Zircon_Sample211, 367 115 0115 0.003 4.97 0.28 0313 | 0016 0.91 1815 43 1766 79 1883 41 93
Zircon_Sample212] 355 120 0.115 0.002 5.36 0.29 0338 | 0017 0.92 1879 47 1875 82 1883 38 100
Zircon_Sample-213] 261 80 0.115 0.003 4.85 0.31 0.306 | 0.019 0.94 1794 55 1722 92 1878 41 92
Zircon_Sample214, 211 67 0115 0003 508 024 0318 | 0012 077 1827 40 1779 57 1882 54 95
Zircon_Sample-218| 248 83 0116 0.005 531 032 0333 | 0015 074 1870 52 1851 72 1892 74 98
Zircon_Sample-219] 210 70 0114 0002 527 023 0335 | 0014 095 1864 37 1862 67 1866 25 100
Zircon_Sample220] 154 48 0114 0.002 472 0.18 0299 | 0.010 0.85 1771 31 1687 47 1871 36 90
Zircon_Sample221, 609 201 0.113 0.003 5.13 0.21 0330 | 0.010 0.76 1841 34 1836 48 1846 49 99
Zircon_Sample-222 296 72 0113 0.002 379 0.37 0243 | 0023 0.98 1591 78 1400 120 1855 kK] 75
Zircon_Sample-223 430 130 0114 0.004 474 022 0302 | 0011 078 1774 40 1699 53 1864 56 91
Zircon_Sample-224| 253 85 0115 0004 532 029 0337 | 0015 082 1872 46 1872 72 1872 56 100
Zircon_Sample-225| 359 119 0114 0003 520 029 0331 | 0016 087 1853 47 1843 77 1864 49 99
Zircon_Sample-226| 229 79 0115 0002 547 028 0345 | 0016 093 1895 44 1911 79 1879 34 102
Zircon_Sample-227| 325 102 0.115 0.002 495 0.21 0313 | 0.012 0.90 1811 36 1764 58 1877 34 93
Zircon_Sample231) 509 172 0113 0.004 5.27 .27 0338 | 0.013 0.76 1863 44 1880 63 1845 61 102
Zircon_Sample232 228 70 0.116 0.002 4.88 0.32 0306 | 0.019 0.95 1799 55 1721 94 1891 36 91
Zircon_Sample-233| 302 102 0115 0003 534 030 0337 | 0016 036 1876 49 1870 79 1882 52 99
Zircon_Sample-234| 155 50 0116 0004 511 034 0319 | 0019 0389 1837 57 1785 93 1896 55 94
Zircon_Sample-235, 414 145 0116 0003 561 027 0351 | 0014 085 1917 41 1940 67 1893 46 103
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DHM-22: Dacite; Paradys River Formation




| Ratios Ages Concord.
Analysis U [ppm] | Pb [ppm] [*"Pb®¥u| 20 #@pp¥ul 20 the  [*ppA®ph| 20 [¥TPpARU 20 *pnARU| 20 FTphpp| 20 %
Zircon_Sample_007 41 82 5.44 021 0.340 0.008 0.63 0.116 0.002 1890 75 1887 41 1894 27 100
Zircon_Sample_008 | 139 48 548 025 0.342 0.003 060 0.116 0002 1897 85 1897 44 1897 32 100
Zircon_Sample 009 204 70 5.53 0.23 0.344 0.009 0.62 0.117 0.002 1905 78 1905 42 1906 29 100
Zircon_Sample_010 140 48 550 025 0343 0.009 060 0.116 0.002 1301 86 1901 45 1900 32 100
Zircon_Sample 011| 1758 55 5.14 027 0.315 0.010 0.58 0.119 0.003 1843 ar 1763 47 1935 38 91
Zircon_Sample_012 163 52 544 023 0340 0.009 061 0116 0-002 1892 82 1889 43 1895 30 100
Zircon_Sample 013 148 51 5.52 0.30 0.342 0.011 0585 0.117 0.003 1903 103 1898 51 1909 38 99
Zircon_Sample_014 207 72 564 031 0345 00N 0.57 0116 0.003 1307 107 1912 53 1300 4 101
Zircon_Sample_015 235 &0 543 022 0.339 0.009 0.62 0.116 0.002 1889 i 1883 41 1596 i 99
Zircon_Sample_016 281 il 408 018 0253 0.007 060 0117 0002 1650 74 1455 35 1309 32 76
Zircon_Sample 020| 235 67 458 0.20 0.285 0.007 0.61 0.116 0.002 1746 75 1618 o 1902 A 85
Zircon_Sample_021 223 67 479 020 0300 0.008 061 0.116 0002 1783 78 1690 38 1894 30 89
Zircon_Sample 022 262 83 5.08 0.21 0.319 0.008 0.62 0.116 0.002 1833 75 1783 39 1890 29 94
Zircon_Sample_023| 216 60 4.47 0.20 0.277 0.007 0.60 0117 0.002 1726 78 1575 38 1914 32 82
Zircon_Sample_024 863 138 255 0.10 0.160 0.004 0.62 0.116 0.002 1286 52 955 22 1893 28 50
Zircon_Sample_025| 277 EX| 5.23 022 0.329 0.008 0.61 0.115 0.002 1858 7 1833 40 1886 28 97
Zircon_Sample 026 179 58 499 022 0311 0.008 060 0.116 0.002 1817 81 1746 4 1300 32 92
Zircon_Sample_027 | 447 133 467 0.19 0.297 0.007 0.62 0.114 0.002 1762 70 1674 36 1863 28 90
Zircon_Sample 028 263 " 426 0.19 0269 0.007 060 0115 0.002 1685 74 1535 36 1877 3 82
Zircon_Sample_029 179 61 546 027 0.342 0.010 0.58 0.116 0.002 1694 93 1894 47 1895 35 100
Zircon_Sample_033 | 252 80 504 022 0320 0.008 060 0114 0.002 1826 79 1788 40 1870 3 96
Zircon_Sample_034 | 448 108 382 0.16 0.240 0.006 0.60 0.116 0.002 1597 67 1384 31 1891 30 73
Zircon_Sample_035 247 82 531 023 0332 0.009 060 0.116 0.002 1870 82 1848 42 1895 3N 91
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U \Pb i ratios Ages
sample [ppr] [pprm] “PbA¥Pb 1% 2TPhiF*U 1% 2EPh/FE 1% rho bi*=Ph | 26% PR 2% PRy 26% concord.
25_01DHM-2_10-25-50 106, 34| 0.116160 0.65 5496117 117 0.34316 0.97 0.53 1398 23 1900 20 1302 100
26_02DHM-2_10-25-50 71 23| 0116690 065 5600556 129 034809 111 086 1906, 24 1916 2 1925 a7 101
29_03DHM-2_10-35-50 136 42| 0115916 063 5433229 119 034308 1.00 0385 1894 23 1398 21 1901 33 100
30_04DHM-2_10-35-50 366 17| 0115958 064 5560673 1.04 034780 0.82 079 1895 23 1910 18 1924 27 102
33_050HM-2_10-35-50 363 116 0115207 063 5511168 1.07 034695 0.87 0.81 1883 23 1902 19 1920 29 102
34_0B0HM-2_10-25-50 864, 21| 0.116127 0.66 4.210905 134 0.26299 117 0.87 1897 24 1676 22 1505 3 79
35_070HM-2_10-25-50 160 51| 0116413 064 5594824 113 0.34856 0.93 0.82 1902 23 19715 20 1928 3 101
38_08DHM2 10-25-50 121 38| 0115694 0.65 5431748 123 0.34051 1.0 0.85 1891 23 1390 21 1389 34 100
39_09DHM-2_10-25-50 202 63| 0115506 064 5356971 116 033637 097 0.84 1338 23 1878 20 1869 32 39
40_10DHM-2_10-25-50 428/ 134 0115475 048 5388731 106 033845 0.95 089 1387 17 1383 18 1879 3 100
45_11DHM-2_10-35-50 124 40| 0115435 049 5533551 099 034767 086 0387 1887 13 1906 17 1923 29 102
46_12DHM-2_10-26-50 199 63| 0115550 056 5411619 120 033967 1.06 0388 1888 20 1887 21 1885 3 100
48_13DHM-2_10-35-50 167 54| 0115594 0.48 5.574667 111 034977 1.00 0.90 1889 17 1912 19 1933 33 102
49 14DHM-2_10-35°50 137 43| 0.115832 0.48 5.582846 118 0.34956 1.08 091 1893 17 1913 21 1933 6 102
50_150HM-2_10-15-50 878 185 0132988 179 4.036090 345 022011 294 0.85 2138 62 1641 57 1282 69 60
54_16DHM-2_10-35-50 111 35| 0115746 049 5552026 118 034789 1.07 091 1892 13 1909 20 1925 36 102
55_17DHM-2_10-25-50 779 264| 0127519 048 6395141 110 036373 0.99 090 2064 17 2032 19 2000 M 97
56_18DHM-2_10-20-50 108 34| 0116083 054 5532822 113 034574 099 038 1895 20 1908 20 1914 33 101
58_19DHM-2_10-25-50 368 113| 0124664 049 6169604 114 035893 103 090 2024 17 2000 20 1977, 35 98
59_200HM-2_10-25-50 562, 137 0.111669 0.51 4.244874 1.23 0.27570 1.12 091 1827 19 1683 20 1570 K| 86
60 210HM-2 10-25-50 163 51 0116035 048 5.532349 120 0.34580 1.10 0.92 1896 17 1906 21 1914 36 101
data-point error ellipses are 2o
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DHM-2: Granodiorite, Xaminxaip River Granodiorite




