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ABSTRACT

The late Proterozoic volcanic and sedimentary sequence in the Dordabis
area SWA/Namibia has been named the Dordabis Formation and subdivided, on
the basis of field, petrological and petrographic evidence, into the
Opdam and Bitterwater Members.

Relict phases including augite and minor plagioclase only occur in the
Bitterwater metalavas, as recrystallisation is complete in the Opdam
metalavas. The composition of the relict feldspars ranges from
labradorite in the ophitic basalts to oligoclase in the blastoporphyritic
metalavas. The feldspars in the Cpdam member are albitic in composition
(An content 0,0 to 1,7). Epidote compositions are typical of those
occurring in metabasic rocks. Samples with high-iron whole-rock
compositions are accompanied by high concentrations of Fe3* in

concomitant epidotes.

Sixty three sampleswere analysed using X-ray fluorescence spectrometry to
determine concentrations of major and 16 trace elements. Although
greenschist facies metamorphism, metasomatism and shearing have produced
scatter in the more mobile element concentrations, variation trends in
other elements closely resemble modelled Jlow-pressure fractional
crystallisation trends. The Dordabis metalavas are petrologically
classified as sub-alkaline, tholeiitic continental basalts. Low K/Rb
ratios and low ratios of less incompatible to more incompatible elements
probably reflect a source that has either been metasomatically enriched
or that has undergone 1little previous partial melting. Overlapping
whole-rock variation trends indicate that the generally more evolved
Opdam and primitive tholeiitic Bitterwater lavas are cogenetic.

A comparison of the Dordabis Formation with the Sinclair Sequence and the
Koras Group shows that their ages, petrology, petrography, associated
sedimentary suites and depositional environments are similar. It is
concluded that they may possibly be coeval equivalents.
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1. INTRODUCTION

1.1 General

The study area is situated in the Dordabis district approximately 90km
south-east of Windhoek, in South West Africa (SWA)/Namibia (Fig. 1). The
relief in the area is marked by isclated north-east trending ridges and
hills that consist of volcanic and sedimentary rocks. These rocks are
part of a late Proterozoic sequence that forms the southern margin of the

Damara Sequence in the Dordabis area (Fig. 1).
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The rock sequences investigated in this study form part of the Irumide
belt of volcanism and sedimentation, the exposures of which are generally
poor and isolated. This dissertation is primarily concerned with the
detailed geochemistry of the lavas in this area.

1.2 Regional Geotectonic Setting and Geological History

The structural framework of central and southern Africa is characterised
by a number of ancient cratonic provinces separated by generally younger
mobile belts (Fig. 1). The cratonic provinces consist of granitoid
gneisses and greenstone belts. The intervening mobile belts mark zones
of crustal weakness and sites of volcanic activity, sedimentation,

deformation and metamorphism.

In northern SWA/Namibia the Angola-Kasai craton {3500Ma, Cahen et al.,
1976) is covered mainly by younger Tertiary and Quaternary deposits. The
western and southern boundaries of this craton are defined by the Damara
metamorphic belt which is located along long-standing zones of crustal
weakness {Fig, 1). This north-east trending zone of weakness has been
very important in SWA/Namibian geological history, because in pre-Damaran
times it also controlled the Tlocation and eveolution of the Irumide

sequences.

The Irumide cycle of sporadic volcanism, sedimentation and granite
emplacement in SWA/Namibia, north-western Botswana and southern Malawi
occurred between 1400Ma and 900Ma ago (Mason, 15981). In SWA/Namibia the
activity was localised mainly in fault-bounded basins along the
north-east trending zone of weakness {see "Correlates" in Figure 1) and
also along the north to north-west trending zone of weakness containing
the Sinclair Sequence. Watters (1974) termed this volcano-plutonic belt
the Rehoboth Magmatic Arc, and suggested that it represents a pre-Damaran
arc complex above a subduction zone. Much debate exists about the
validity of this model. Martin and Porada (1977) have argued against the
plate tectonic model and instead they postulated a rift-related model.
It is now generally agreed that at least the early stages of the Irumide
cycle were ensialic ({Martin and Porada, 1977; Krd&ner, 1977; Mason,
1981; Tankard et al., 1982). Mason (1981} suggested that the Irumide
cycle marks a 1tong period of sporadic tectonic unrest with rifting,
associated wvolcanic activity and the development of restricted
intermontane yoked basins which accommodated thick, but Tocalised piles
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of clastic sediments, volcanic rocks and lacustrine deposits. The
volcanic sequence studied 1in this project was probably deposited in one
of these yoked basins.

The late Precambrian Damaran seguence was deposited on a foundation of
granitoid basement gneisses, granites and infoided supra-crustal
formations of pre-Irumide and Irumide age (Mason, 1981). The Pan-African
Damaran orogeny {550 + 100Ma) has affected these older rocks, especially
along the southern margin of the Damara Belt. Here metamorphism and
south-east directed thrusting have resulted in north-east trending folds,
and tectono-metamorphic overprinting of older rocks. The effects can be
seen in the Dordabis area, which is characterised by north-east trending
upright folds and faults, and greenschist facies metamorphism.

South of the Damara belt, Nama sediments were laid down on the stable
continental platform. Throughout the Phanerozoic this platform remained

stable but was covered by volcanic rocks and sediments of the Karoo
Supergroup and the Tertiary to Quaternary Kalahari beds.

1.3  Previous Geological Work in the Dordabis Area

The sediments and volcanics 1in the Dordabis area were first mapped,
described and named the Dordabis Series by Gevers {1934). He subdivided
this complex series into an Upper Group consisting of dense and compact,
well-bedded quartzites, feldspathic sandstones and massive conglomeratic
arkoses, and a Lower Group consisting of deep-red to chocolate-coloured
quartzites and sandstones, sedimentary breccias and conglomerates
{Table 1}). Gevers (op. cit.) further considered that the Lower Group of
the Dordabis Series had been intruded by numerous, mostly parallel sills
and Tenses of post-Nama pre-Karoo eruptive diabase.

Schalk (1961), on remapping this area, found that Gevers' (op. cit.)
Upper Group was equivalent to the Nosib Group of the Damara System, and
was separated from the Lower Group by a major unconformity. He therefore
renamed the Upper Group the Kamtsas Series of the Damara System, and the
Lower Group and other rocks not mapped by Gevers, the Dordabis System.
This redefined Dordabis System was further subdivided into the Opdam,
Skumok and Doornpoort Formations. Schalk's (op. cit.,) Opdam Formation
consists of quartzites with 1interbedded amygdaloidal mafic 1lavas,
breccias, slate, phyllite and a basal conglomerate. His Skumok Formation
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TABLE 1: A comparison of the stratigraphic columns for the Dordabis
area proposed by various authors.

Opdam Formation Bitterwater Member
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Rehaboth
SEQUERCE
Rehobath Sequence

Rehoboth
Sequence

lies unconformably on top of the Opdam Formation and consists mainly of
rhyolite, felsite, dignimbrite, quartz porphyry sills, quartzite, mafic
lava, slate and sedimentary breccias, whereas his Doornpoort Formation is
disconformably separated from the Skumok Formation and consists of
conglomerates, quartzites, slate and sedimentary breccias interbedded
with rhyolite flows near the base.

During 1972/73 Schalk (pers. comm.) surveyed the area around and further
to the west of Rehoboth and established the presence of another
succession, the Marienhof Formation. This formation contains abundant
basic and intermediate lavas which Schalk thought closely resembled those
of the Dordabis System. However, they are accompanied by an altogether
different sedimentary suite consisting of grey to white glassy quartzite,
very thick greyish phyllite, some conglomerate, rhyolitic porphyry and
pyroclastic rocks. Schalk believed that the lower portion of the Opdam
Formation belonged to the Marienhof Formation rather than to the Dordabis
System. On the 1:1 000 000 Geological Map of South West Africa/Namibia
(1980) and in S.A.C.S. (1980) the Opdam Formation is included in the
Marienhof Formation.

1.4  Aims of the Study

Previous geological work indicates that perception of the stratigraphy of
this area, and especially that of the Opdam Formation is confused. No
petrological work and little detailed petrography has previously been
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done on the lavas in this area. These factors led to the motivation of
this project, the aims of which can be summarised by the following points:

1) To characterise and classify the volcanic rocks of the Opdam
Formation around Dordabis using both petrography and precise
whole-rock major and trace element analyses.

2) To note chemical variations within the lavas and to account for
them,
3) To determine whether the volcanics under study correlate with any

other volcanics in the Rehoboth Magmatic Arc, specifically the
basic volcanics of the Barby Formation of the Sinclair Group.

1.5 Field Work

Field work was carried out during February and March 1983 with the aid of
1:36 000 aerial photographs on which the geology had been mapped by
K. Schalk between 1958 and 1960. Suitable representative sections
through the sequence were Jlocated, logged in detail and the Tavas
extensively sampled (Plan 1 and 2). This included both sampling
vertically through a flow and through a sequence of flows in order to
determine interflow and intraflow compositional variations. Flow
differentiation and contacts were difficult to discern in the field
because many flow features had been destroyed by metamorphism and/or
shearing. In certain areas, especially in the lower more sheared parts
of the sequence, many flows were too weathered to merit sampling. Of the
160 samples collected from the sequence, 63 were carefully selected for
detailed chemical analysis (see section 5.2.2).
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2. GENERAL STRATIGRAPHY OF THE DORDABIS FORMATION

2.1 Introduction

The history of stratigraphic subdivision of the rock sequence in the
Dordabis area has been discussed in the introduction and is summarised in
Table 1. Schalk's {1961} Opdam Formation has been subdivided into two
members based on petrological, petrographic and field evidence. As the
type section for one of these members is situated on the farm Opdam,
further confusion is minimised by renaming Schalk's f{op. cit.) Opdam
Formation the Dordabis Formation. The Dordabis Formation has been
subdivided into the Opdam and Bitterwater Members which are named after
the farms on which their type sections are located. Only brief
descriptions of the members are given in this section, as they are
discussed in depth in following chapters.

2.2 The Opdam Member

The Opdam Member comprises volcanic and clastic sedimentary rocks and is
unconformably separated from the underlying Marienhof Formation by a
major shear zone, Shearing is not confined to the base of the member and
is evident in a number of Tava flows. The more sheared lavas grade from
chlorite schists to phyllites and in some parts have been intruded by
younger quartz veins. The basal conglomerate, at the type section of
this member, on the farm Opdam is up to 30m thick and has an argillaceous
phyllitic to schistose matrix and strained pebbles, suggesting that it
also has been extensively sheared {Fig. 2). Exposed thicknesses of the
Opdam Member range from about 500m on the farms Ibenstein and Autabib to
a maximum thickness of 800 to 1000m on the farms Opdam and Dubis.

Overlying the basal conglomerate, basaltic lava flows and flow breccias
are interbedded with pink to brown quartzites which exhibit a sugary
appearance in places. The volcanic breccias usually occur above the lava
flows and often grade into the quartzite layers. Occasionally volcanic
breccias occur both above and below lava flows, This allows easier
recognition of contacts particularly between petrographically similar
flows. Schistose textures are common and mineral assemblages indicate
greenschist facies metamorphism. Although amygdales are still visible in
some flows, metamorphic recrystallisation of the basalts is complete.
The gquartzites are seldomly thicker than 5m, and their greater competence
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Quartz is the dominant mineral and makes up between 85% and 95% of the
rock. Most quartz grains consist of single crystals, generally with only
slightly strained extinction (Fig. 8A). Grain sizes usually vary from
0.1 to Imm, altnough in the sugary quartzites grain sizes range from 1 to
Zmm. Authigenic overgrowth and grain solution is common, and
occasionally sutured grains have formed in the more recrystallised parts
of the quartzites. Rounded zircen, and opaque ores, probably ilmenite
make yp 0 to 5% of the sediment. The matrix constitutes 5 to 15% of the
sediment and is generally very fine-grained, consisting mainly of quartz,
micas, clays, chloritoid and piedmontite. The matrix of certain
quartzites in the Opdam Member on the farm Ibenstein is rich in
piedmontite (Fig. 8B), imparting a pink colour to the rock especially on

weathered surfaces.
Syntaxial cement coats most quartz grains and many interstitial voids are
filled. Most grains are moderately to poorly sorted, generally rounded

and have medium sphericity.

3.3 The Dordabis Formaticn Yolcanic Breccias

The non-stratified unsorted breccias grade from volcanic clast-supported
breccias bordering the Tlava fiows into matrix-supported breccias
bordering the quartzites (Fig. 4). The clast-supported breccias are
bound together by welding of the fragment edges and minor quartzite
cement, while the matrix-supported breccias are bound together by a fine-

grained quartzitic groundmass (Fig. 8C).

o QUARTZITE
Matrix-gngogzgd F?bw breccia
FLOW BRECCIA
_Eolgggic_sjagE:suQEErted breccia

LAVA FLOW

—_—

Figure 4 (Contact relationships between the lava flows, flow breccias
and quartzites.

Parsons (1968) proposed a genetic classification of volcanic breccias
based on the process of fragmentation. The breccias 1in gquestion are
classified according to Parsons as frictional autoclastic volcanic
breccias of the flow breccia type, formed by autobrecciation of lavas.
This process invelves congealing of the outer surfaces of the uncenfined
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tess sheared lavas and usually contain epidote, quartz, calcite and
chlorite. Recrystallised veins transect a number of flows and consist
mainly of fine-grained, granoblastic-polygonal quartz and minor albite,
although coarser veins of granoblastic-polygonal calcite/magnesite also
occur. Epidote and albite porphyroblasts are common throughout this

member.

The schistose metalavas can be grouped into two main petrographic types
distinguished by the presence or absence of calcite. The calcite usually
occurs as 0,5 to 6,0mm poikiloblasts and porphyroblasts that are
preferentially weathered in the field to give a brown, pitted outer
surface. Rotation structures do occasionally occur, indicating rotation
of certain calcite porphyroblasts during growth (Fig. 8F). Subhedral to
euhedral flmenite porphyroblasts {Fig. 8G) are usually finer grained than
the calcite porphyroblasts and generally less than Tmm in size. These
porphyroblasts are usually set in a fine-grained matrix consisting of 20
to 40% chlorite, 5 to 25% albite, 5 to 20% muscovite, 5 to 15% calcite, 2
to 15% opaque ores and leucoxene, + actinolite, + quartz, + epidote,
+ sphene and + clinozoisite. Nematoblastic actinolite can occur in
substantial amounts in certain schists, as in sample IWJ149, where it
forms 20% of the metalava. The muscovite is usually decussate (Fig. 8G)
and was only recognised in lavas containing calcite.

The second petrographic type contains no calcite or muscovite. The
metalavas are usually also fine-grained and schistose in nature and
consist of 10 to 40% albite, 10 to 35% nematoblastic actinolite, 15 to
30% chlorite, 5 to 20% epidote and 3 to 17% opaque ores and leucoxene,

+ quartz, + sphene and + clinozoisite.

3.5 The Bitterwater Member Lavas

The Bitterwater Member Tlavas were studied and sampled on the farms
ibenstein, Autabib, Dordabis, Zeshoek, Grasvlakte and Bitterwater. The
metalavas are unsheared and usually phaneritic fine-grained, although a
number of medium-grained and aphanitic Tlavas also occur. Igneous
textures are usually preserved, the most recognisable being the
blastopoikilophitic and the feldspar blastoporphyritic  textures.
Recrystallisation 1is incomplete and relict pyroxenes and, to a lesser

extent, plagioclases are common.
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The metalavas can be grouped into three main petrographic types: the
small-feldspar blastoporphyritic type, the Tlarge-feldspar blasto-
porphyritic type and the blastophitic type.

The small-feldspar blastoporphyritic type is typically green-grey in
colour and is abundant, especially in the Tower half of this member. The
feldspar phenocrysts and, less frequently, smaller opaque oxide
phenocrysts (ilmenite} are usually set in an aphanitic groundmass. The
porphyritic character is well displayed on weathered surfaces, where pale
green to cream feldspar and dark rust-red opaque minerals contrast
strongly with a pale green-brown matrix. Plagioclase phenocrysts are
usually tabular, subhedral to anhedral and range in size from 0,5 to
4mm. Plagioclase phenocrysts, now largely altered to cryptocrystalline
saussurite {Fig. 8H), make up to 40% of the rock. The saussuritisation
is so extensive that it prevents the microscopic determination of the
feldspar composition. The groundmass usually consists of fine-grained to
aphanitic plagioclase, epidote, chlorite, Teucoxene, opaque minerals and
pyroxene, + actinolite, + quartz, + clinozoisite, + sphene and

+ calcite/magnesite.

The large-feldspar blastoporphyritic metalava (Fig. 7) occurs near the
top of the formation on the farm Grasvlakte. Saussuritised plagioclase
phenocrysts, set in a microcrystalline groundmass very similar to that of
the small-feldspar porphyritic type, make up about 50% of the rock (Fig.
81). These plagioclase phenocrysts are mostly subhedral, tabular and
range in size from 2 to 15mm, although the more lath-shaped phenocrysts
reach 25 or 30mm in size. The aphanitic groundmass consists of chlorite,
saussurite, epidote, ilmenite and leucoxene.

The fine-grained porphyritic rocks have undergone at Teast two stages of
crystallisation. Porphyritic extrusive lavas indicate that phenocrysts
have grown prior to, and at a much slower rate, presumably in
intratelluric magma chambers, than the matrix minerals. The fine-grained
matrices solidified as a result of rapid chilling during the final stages

of extrusion.

The blastophitic and blastopoikilophitic metalavas (Fig. 8J) contain pale
green anhedral pyroxene oikocrysts set in a purple-grey matrix. The
clinopyroxene oikocrysts are partiy altered to pale-green actinolite.
They range in size from 1 to 10mm and make up 20 to 50% of the metalava.






Figure 8

Typical dimmature sublitharenite, where slightly strained quartz
grains make up 90 to 95% of the sediment (crossed nicols).

Immature sublitharenite, where quartz grains are separated by a
matrix rich in piedmontite (P) (uncrossed nicols}.

Yolcanic breccia, where two monolithoiogic volcamic ciasts (Vol.
Clast) are separated by a fine-grained sedimentary matrix (crossed
nicols).

Fine-grained sedimentary matrix within the volcanic breccia. It

consists mainly of subangular quartz grains (uncrossed nicols).

Medium-grained Opdam Member metalava {sample IWJ6), rich in albite
(A} phenocrysts ranging in size from 1 to 3mm, epidote (£) and
opaque minerals (0) (crossed nicols}).

Rotated calcite porphyroblasts in a schistose metalava from the

Opdam Member {uncrossed nicols).
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4, MINERALOGY

4.1 Introduction

The Dordabis Formation metalavas bhave typical greenschist facies
metabasaltic mineral assemblages. Microprobe analyses of the metamorphic
phases albite and epidote, and of the relict ophitic pyroxene and minor
plagioclase phenocrysts occurring in the Bitterwater Member lavas are
presented in this chapter.

The electron microprobe does not allow routine determination of water and
the distinction between ferrous and ferric iron. Total idron 1is

2t for feldspars and pyroxenes and as Fed* for

calculated as Fe
epidotes. Constantly low oxide totals for hydrous minerals (e.g.

epidote) indicate the presence of water.
The symbols in Table 2 are used to identify the Dordabis Formation
samples on the various diagrams illustrating mineral compositions.

Analytical conditions are tabulated in Appendix 1.

Table 2 Symbols used to represent sampled lavas for which selected

microprobe analyses are presented

OPDAM MEMBER BITTERWATER MEMBER

B IW143 B IW72 ® IW77

@ IWJ156 Q© 1WJ89 v IWJ76

© Iwd7 R IwJ78 O IW75
@ IwJ1l/ v IWJ137
A W92 O 1IwWwJ139
O IWJ86 A TW140
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4.2 Pyroxenes

The general formula for the pyroxene group proposed by Cameron and Papike
(1981) is:
XY2206

where X represents Na, Ca, Mn2+, Fe2+, Mg and Li in the distorted
6-fold to 8-fold coordinated M, site; Y represents Mn2+, F92+, Mg,
Fe3+, Al, Cr and Ti in the octahedrai M1 site; and Z represents Si
and Al in the tetrahedral site. Other cations not mentioned above can
occur in trace amounts in pyroxenes.

The Dordabis Formation pyroxenes show a typical tholeiitic trend when
plotted on the pyroxene quadrilateral, with their iron content increasing
as their calcium content decreases (Fig. 9). The pyroxenes are typical
augites ranging 1in composition from 5635,0Mg4],7Fe10,5 to 5345’6
M949’3Fe17‘3. The iron content can vary by up to 6% within
individual coarser-grained pyroxene oikocrysts in samples IWJ76, [WJ77
and IwJ137, indicating that the grains are zoned (Fig. 9).

Mineral chemistry can reflect crystallisation conditions. IWJ75 was
collected in the upper margin and IWJ76 in the central portion of a 80m
thick lava flow. The atomic percentage iron in the pyroxene oikocrysts
vary from 13,07 to 15,36% in IWJ75 and from 10,88 to 18,58% in IWJ76 (see
Fig. 9). This indicates that the pyroxenes in IWJ76 are the more zoned
of the two samples and that it therefore presumably cooled at a slower
rate than IWJ75.

Some pyroxenes contain significant amounts of cations other than those
presented in the traditional quadrilateral. The cations analysed for,
and which substitute for Ca, Mg, Fe and Si include Ti, Al, Mn, Na and
Cr, Substituting cations' charges must balance. Cameron and Papike
(1981) showed that substituting cations obey the following charge balance

equation:
Vigdt 4 2virift < Na +1Va)

where R3+ is ivA] + ViFe3+ + ViCr3+. This indicates that substitution
couples include V1Al = Va1, Vipedt+ _ vay Vvigpd+ | dvpay vipidd | oivay
Na - YIa1, Na - YiFe3*, Na - Yicr3* and  2Na - YITi**. The cation mn?*

behaves similarly to, and hence substitutes readily for Fel* in
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pyroxenes, This is shown by the positive correlation between MnO and Fe0
content in Figure 10, Mg0/(Mg0 + FeO) (MMF) values decrease with
fractionation. Figures 11 and 12 show that with decreasing MMF ratios,
the TTO2 content of the pyroxenes increases and the Crp04 content
decreases. Cry0 and Ti0, have opposite fractionation trends
because  the  Y1Cr3T-TYA1  couple  substitute into  early-formed
pyroxenes at the expense of ViTi4+-21VA1. This can be explained by
the fact that the crystal field stabilisation energy of Cr is far greater
than that of Ti (Campbell and Borley, 1974}.

Cameron and Papike (1981) found that ViA] - 1.‘"m and VfT14+ - 1"’A] are
generally the most important substitution couples in pyroxenes. Figures
13 and 14, show that within certain samples the Na/Al and to a lesser
extent Ti/A1 ratios are constant, indicating that the Na-1YA1 and
V1.T1'£H—1-V;l'ﬂ substitution couples are probably important in the
Dordabis pyroxenes. The pyroxenes analysed fall into two groups of Na/Al
ratios (Fig. 13). The first larger group has ratios ranging between 1/8
and 1/4, while the second Cr-poor, Na-rich pyroxene group has a ratio of
about 5/8. Figure 14 shows that the majority of the pyroxenes have a
Ti/Al ratio less than 1/4, The augites from each sample tend to plot in
groups with similar Ti/Al ratios. This behaviour can be explained by
Gamble and Taylor's (1980) observation that titanium and aluminium
contents Jncrease with increasing cooling rate and decrease with
decreasing temperature at constant cooling rate. This relationship is
observed in an 80m thick lava flow in the Dordabis Formation, where the
pyroxenes from the presumably faster—cooling upper margin (sample IWJ75)
have a higher titanium and aluminium content than those from the
slower-cooling, coarse-grained centre of the flow (sample IWJ/6}.

Altered basalts, 1ike those in the Dordabis Formation, often contain
fresh clinopyroxene crystals set in an altered matrix. A number of
workers in this field have recognised significant chemical differences
between clinopyroxenes from basalts of different tectonic settings.
Although a better characterisation can be achieved using whole-rock
chemistry, this difference in pyroxene chemistry can supplement the
whole-rock data in constraining tectonic environments of eruption.

Kushiro (1960) and Le Bas (1962) demonstrated that the alkalinity of the
parent magma could be identified by wusing plots of A1203 versus
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510, in pyroxene. Le Bas {op. cit.} distinguished between non-alkaline,
alkaline and peralkaline magma types. Figure 15 indicates that the
Dordabis lavas fall in the non-alkatine field on the A1203 Versus
510, plot. Nisbet and Pearce (1977) found that tholeiitic ocean floor
basalts, tholeijitic within-plate basalts and volcanic arc basalts all
plot in this field. They used discriminant analysis on 329 microprobe
analyses of “augitic" clinopyroxene from four known tectonic
environments, and were able with varying degrees of success to
distinguish between them. Figure 16 shows that the Dordabis lavas fall
mainly in the ocean floor basalt and volcanic arc basalt field on the
Nisbet and Pearce {op. cit.) discriminant function diagram. However,
trace and major whole-rock chemistry, considered in a later section, has
indicated that the basalts are most probably continental tholeiitic
basalts. This inconsistency can be expected as Nisbet and Pearce (op.
cit.) found only 42,3%2 of within-plate tholeiitic basalts plot in the
correct field. It is of interest to note that the pyroxenes of the
within-plate Karoo tholeiitic basalts analysed by Mitchell (1980) plot in
the same field as the Dordabis lavas.

The above discussion indicates that pyroxene analyses can be confidently
used only to distinguish between alkali and tholeiitic magma types.
Schweitzer et al. {1979) have emphasised that tholeiitic pyroxenes are
generally TJower in Ti0,, MNa,0 and to a lesser extent Al,0; and
Fe,03, while they are higher in Cry03 and §i0, than alkalic
basaltic pyroxenes. By comparing the Dordabis Formation pyroxene
compositions with analyses of pyroxene from basalts of known alkaline and
tholeiitic affinities (analyses 17-1 & 11-1 in Table 3.1) it appears that
the Dordabis Formation basalts are tholeiitic in nature,
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TABLE 3.1 PYROXENE AWALYSES BY MICROPROBE

Bftterwater Member

I¥140a  IWJT40b  IWJT40c  IWIBSa  IWJBSD  IWJBI9c  INJBY9d IWJ137a  TWI37b THII37¢ THJ13%9a IWJ13%bh IWJ139¢ IW139d Twi72a HI72h W) 72¢ 17 2d

5102 51,40 51,05 51,96 50,95 51,20 51,81 52,70 51,63 51,65 52,72 52,01 52,00 51,95 52,43 52,13 51,54 52,56 50,62
T!OZ 0,74 0,70 o, N 0,60 0,62 0,63 0,51 a,82 0,63 0,65 0,56 0,45 0,47 0,59 0,%, 0,54 0,49 0,54
A1203 3,46 3,82 2,8 4,46 3,68 3,43 3,63 2,47 2,67 2,61 2,25 2,10 2,02 2,49 2,89 2,86 1,78 3,05
Fel 7,35 7,46 9.9 6,84 6,60 1,38 7,38 9,82 7,9 8,16 7,23 6,62 6,88 7,88 7,3 7.0 1,61 6,46
MnQ 0,20 0,21 0,28 0,20 0,20 0,20 0,20 0,28 0,25 0,25 0,18 0,17 0,18 0,23 0.21 0,21 0,22 0,20
Mg 15,42 15,67 16,67 15,29 15,85 15,91 16,43 15,10 15,53 16,03 15,24 15,82 15,81 15,92 16,70 16,14 16,62 16,81
Cal 20,77 20,21 17,45 20,45 21,10 20,84 20,15 19,28 20,53 19,87 21,08 21,25 20,76 20,71 18,83 19,57 19,08 18,97
Nazo 0,28 0,36 0,23 0,40 0N 0,30 0,52 0,27 0,23 0,21 0,96 0,25 0,23 0,28 0,32 0,29 0,24 1,09
Cra04 0,61 0,45 0,20 0,73 0,57 0,35 0,38 0,07 0,3 0,40 0,35 0,59 0,47 0,26 0,42 0,23 0,41 0,43
TOTAL 100,23 93,73 100,22 99,92 100,13 100,85 101,90 90,74 99,7 100,90 99,86 99,25 98,76 100,84 99,31 98,79 95,01 98,17
1
Recalculated as cations per G oxygens (Z = 2) )
w

) 1.898 1,893 1,919 1,88) 1,888 1,899 1,905 1,927 1,920 1,930 1,930 1,934 1,941 1,924 1,928 1,922 1,954 1,900 '
Al 0,112 0,117 0,081 C,119 0,112 0,101 0,095 0,073 0,080 0,070 0,070 0,066 0,059 0,076 0,072 0,078 0,046 0,100
T1 0,020 0,019 c,098 0,017 0,017 0,007 0,014 0,023 0,017 0,018 0,m5 0,013 0,03 0,016 0,014 0,018 0,013 0,015
Al 0,038 0,041 0,041 0,075 0,048 0,047 0,050 0,036 0,037 0,043 0,028 0,028 0,030 0,032 0,054 0,048 0,032 0,035
Fe 0,227 0,20 0,306 0,21 0,203 0,226 0,223 0,307 0,246 0,250 0,226 0,206 0,215 0,242 0,226 0,228 0,237 0,203
Mn 0,006 0,006 0,009 0,006 0,006 0,006 0,006 0,009 0,008 0,008 0,006 0,005 0,005 0,007 0,006 0,006 0,007 c,006
Mg 0,848 0,866 0,918 0,84} 0,871 0,870 0,887 0,839 0,860 0,875 0,843 0,876 0,879 0,872 0,919 0,895 0,918 0,938
Ca 0,821 0,803 0,690 0,809 0,83 0,818 0,780 0,77 0,818 0,779 0,839 0,847 0,83 0,816 0,746 0,782 0,760 0,763
Na 0,020 0,025 0,017 0,028 0,022 0,021 0,037 c,019 0,06 0,m5 0,068 0,017 0,015 0,020 0,022 0,021 0,017 0,079
Cr 0,018 0,013 0,006 0,021 0,016 0,010 0,109 0,002 0,009 0,611 0,010 0,017 0,014 0,007 6,012 0,006 0,012 p,012
X+ Y 2,008 2,015 2,006 2,008 2,017 2,016 2,007 2,006 2,009 1,998 2,034 2,008 2,002 2,012 1,999 2,004 1,996 2,049

At T Mg 44,72 45,57 47,94 45,21 45,64 45,44 46,93 43,79 44,70 45,97 44,24 45,43 45,64 45,17 48,61 46,98 47,95 49,26
Fe 11,97 12,17 15,99 11,33 10,65 1,81 11,0 15,99 12,78 13,12 11,76 10,67 n,z 12,52 11,94 11,96 12,35 10,65
Ca 43,0 42,26 36,06 43,45 43,N1 42,75 41,26 40,22 42,51 40,90 44,00 43,90 43,19 43,30 39,45 41,06 39,70 40,09



TABLE 3.1 {continued)

5102
T10z
A1203
FeD
Fe 203
Mn0
Mg0
Cad
Nazﬂ
Cl'203
TOTAL

81
Al

Ti

A
Fe2+
Fe3+
Hn

Mg

Ca

Na

Cr

X + Y

At 3 Mg 42 93

IWI75a IWJ750 IWJ75¢c  IW)7s5d IWJ75a IW76b MI76c  IWJ76d IWI76e  IWJ76F IWI76g IWS77a  IWI77d  IWJ77c IWJ92a IWJ92b  *17-1 *11-)
51,14 50,82 50,10 51,38 50,86 51,02 51,71 50,92 50,88 50,96 51,17 51,50 51,32 50,68 52,44 52,24 49,29 51,32
1,08 1,17 1,03 0,72 0,94 0,79 0,77 0,76 1,22 0,75 0,76 1,20 1,16 0,86 0,59 0,58 1,50 0,34
3,41 3,72 3,03 2,89 4,10 2,81 2,33 2,98 2,55 2.84 2,85 2,39 2,3 3,05 3,09 2,48 3,75 3,93
8,42 9,28 8,45 7,98 10,20 6,83 7,49 7,22 11,49 7,40 7,31 10,39 9,94 7,64 8,8 7,52 B,76 4,29
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 g,00 0,00 0,00 2,16 1,87
0,17 0.27 0,¢1 0,24 0,25 0,22 0,19 0,20 0,1 0,19 0,19 0,28 0,28 a,21 0,24 0,18 0,24 0N
14,93 14,12 14,87 15,35 13,89 15,31 15,36 15,40 14,75 15,80 15,93 14,70 14,67 15,63 16,16 16,31 13,21 17,97
21,06 20,28 20,65 20,10 18,74 22,30 22,10 21,68 18,75 21,32 21,49 20,44 20,717 21,75 19,37 20,24 20,62 19,19
0,42 0,54 0,35 0,14 1,53 0,25 0,15 0,26 0,33 0.1 0.2 ¢,30 0.3 0,28 0.48 0,17 0,30 0,14
0,41 0,15 0,50 0,14 0,02 0,97 0,44 0,84 0,02 0,63 0,63 0,08 0,09 0,72 0,21 0,37 0,02 0,63
101,00 100,35 99,23 99,48 100,53 100,43 100,53 100,26 100,30 100,20 100,53 101,37 100,84 100,87 100,76 100,08 99,85 99,79
Recalculated as cations per 6 oxygens (2 = 2)
1,885 1,889 1,884 1,914 1,891 1,888 1,911 1,888 1,903 1,889 1,890 1,904 1,906 1,873 1,921 1,926 1,854 1,876
0,115 0,1 0,116 0,086 0,109 0,112 0,089 0,12 0,097 0,1 0,110 0,096 0,094 0,127 0,079 0,074 0,146 0,124
0,029 0,033 0,029 0,020 0,026 0,022 0,021 0,021 0,034 0,021 0,021 0,036 0,032 0,024 0,016 0,006 0,042 0,009
0,033 0,052 0,018 0,040 0,070 0,01 0,003 0,018 0,015 0,013 0,013 0,008 0,007 0,006 0,054 0,034 0,020 0,046
0,260 0,289 0,265 0,249 0,317 0.211 0,232 0,224 0,359 0,229 0,226 0,321 0,309 0,236 0,250 0,232 0,276 0,13
0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,061 0,057
0,005 0,008 0,006 0,007 0,008 0,007 0,006 0,060 0,010 0,006 0,006 0,008 0,008 0,006 0,007 0,006 0,008 0,003
0,821 0,782 0,833 0,852 0,770 0,845 0,847 0,851 0,823 0,873 0,877 0,81 0,813 0,862 0,683 0,89 0,740 0,979
0,832 0,808 0,832 0,802 0,747 0,884 0,875 0,861 0,752 0,847 0,850 0,810 0,827 0,861 0,760 0,800 0,831 0,752
0,030 0,039 0,028 0,030 0,110 o,018 0,011 0,018 0,024 0,022 0,015 0,022 0,022 0,021 0,033 0,012 0,022 0,010
0,012 0,004 0,015 0,012 0,000 0,027 0,013 0,025 0,001 0,018 0,018 0,002 0,003 0,021 0,006 0,01 0,000 0,018
2,021 2,04 2,027 2,01 2,048 2,024 2,016 2,023 2,018 2,029 2,026 2,018 2,021 2,03 2,000 2,005 2,00 1,999
41,65 43,14 44,77 41,98 43,54 43,15 43,97 42,54 44,79 44,92 41,78 41,73 43,98 46,63 46,49
Fe 13,58 15,36 13,75 13,07 17,30 10,88 11,85 11,55 18,58 11,76 11,56 16,53 15,84 12,06 13,22 12,03
Ca 43,49 42,99 43,11 42,16 40,72 45,58 44,79 44,48 38,88 43,45 43,52 41,69 42,43 43,96 40,74 471,48
*17-1 Alkalic pyroxene (after Schweitzer et al., 1979}

111 Tholetitic pyroxere (after Schweitzer et al., 1979)

.-92.—
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4.3 Feldspars

The general formula for the feldspar group minerals proposed by Frye
(1981) is:
MT,0g

where M represents large cations K+, Nat and Ca* with trace amounts

4

of Ba’t, sr¥t,  mt, cst,  e?t,  Fe?t,  mg?*, M0t and
3+
!

rare earth elements, while the T sites represent small cations A and
si**  with trace amounts of Fe2+, Fe3+, po+ and  TiY" in
tetrahedral coordination. Feldspars are framework silicates and can be
divided into two solid solution series, the alkali feldspars where M
represents Na* and/or K* and the plagioclase feldspars where M

represents Na' and/or Cazf

The feldspars in the lavas of the Dordabis Formation fall into three
discrete groups, albjte, oligoclase and labradorite, on the ternary
diagram (Fig. 17). The feldspars from the Opdam Member (samples IWJ7 &

Figure 17 An-Ab-Or plots for Dordabis Formation feldspars.
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IW156) are albitic in composition and exhibit a remarkably restricted
chemical variation. These sodic plagioclases have an An content ranging
from 0,0 to 1,7 and hence have uniformly low Ca0 and KZO contents. The
feldspars in the Opdam basalts have degraded to albite, calcite and clay
minerals under greenschist facies metamorphic conditions.

In the Tess metamorphosed Bitterwater Member nearly all feldspars have
altered to saussurite. Sample IWJ/8 was collected from the
large-feldspar blastoporphyritic Tlava on the farm Grasvlakte. The
phenocrysts are highly altered to saussurite making microprobe analyses
difficult. Analyses on small relict parts of the phenocrysts indicate
that the feldspar was sodic oligoclase, although the presence of calcite,
epidote and apatite 1in the altered phenocrysts indicate that the
plagioclase may have originally had a higher anorthite content. The
ophitic lava flow, represented by sample IWJ76, contains small relict
labradorite 1laths which range in composition from An54 to A”66 and

which are regarded as primary.



TABLE 3.2 PLAGIOCLASE ANALYSES BY MICROPROBE

Opdam Member

Bitterwater Member

[recrystallfsed plagiocTase)

{Plagloclase chadacrysts 1n pyroxene afkocrysts)

I4)156a IWJ156b  IwJ1S6¢c INJ1S6d IW156e 1M7a Wa7b W7 IW76a THJ76b IW76c  IWJT76d IW)76e IWJ761
5102 69,46 69,62 68,64 68,30 68,22 69,86 68,04 69,90 54,5) 53,90 53,13 52,58 52,95 51,60
Aly0q 19,42 19,47 19,27 19,59 19,36 19,11 19,41 20,19 27,49 28,21 28,09 28,28 28,83 28,93
FeD 0,29 0,25 0,55 0,28 0,40 0,48 0,67 0,86 1,33 0,97 1,27 1,05 1,10 i,n
Ca0 0,8 0,29 0,19 0,29 0,24 0,13 0,37 1,44 11,24 11.88 12,31 12,05 12,66 13,25
Na,p 11,97 12,12 10,61 11,56 10,60 11,30 11,49 10,74 5,05 4,51 4,02 4,56 4,38 3,61
K20 0,08 0,11 0,11 0,00 0,07 0,04 _ 0,09 0,16 0,34 0,39 0,36 0,36 0,30 0,27
TOTAL 101,39 101,86 99,37 100,02 98,99 100,91 100,06 102,68 99,96 99,86 99,24 98,88 100,22 88,77
Recalculated as cations per 8 oxygens
Si 2,998 2,994 3,011 2,986 3,004 1,02 2,982 2,985 2,479 2,452 2,440 2,423 2,410 2,384
Al 0,988 0,987 0,996 1,009 1,005 0,974 1,003 1,016 1,474 1,511 1,518 1,536 1,546 1,578
Fe 0,00 0,009 0,020 0,010 0,015 0,017 0,025 0,03 0,05 0,037 0,049 0,040 0,042 0,043
Ca 0,008 0,013 0,009 0,014 0,016 0,006 o0,m7 0,052 0,548 0,579 0,505 0,595 0,517 0,656
Ha 1,002 Lm 0,902 0,980 0,905 0,947 0,976 0,83% 0,445 0,398 0,357 0,407 0,386 0,323
K 0,004 0,006 0,006 0,000 0,004 0,002 0,005 0,008 g,020 0,023 0,021 0,021 o,07 0,016
SUM 5,011 5,020 4,945 4,999 4,548 4,967 5,008 4,932 5,016 5,002 4,930 5,023 5,018 4,958
MoT% An 0,82 1,30 0,97 1,37 1,13 0,63 1,74 0,00 54,08 57,93 61,51 58,13 60,45 £5,91
Ab 98,75 98,11 98,36 98,63 97,84 85,14 97,75 98,97 43,97 39,80 36,35 39,81 37,85 32,49
or 0,43 0,58 0.57 0,00 0,43 0,23 g,50 1,03 1,98 2,26 2,14 2,07 1,7 2,70

Bitterwater Member

{Large plagiociase

phenocrysts}
1%J76g 1W)76h [Wa761 INJ78a  IWJ78&
54,47 54,78 57,75 62,46 62,00
28,34 27,70 26,68 21,61 21,51
1,02 1,02 1,09 0,14 0,57
12,64 12,27 11,06 2,84 1,87
4,32 4,57 4,83 8,33 6,65
0,32 0,40 0,48 0,26 1,03
11,10 100,74 101,89 95,66 96,63
2,450 2,473 2,561 2,863 2,842
1,503 1,474 1,394 1,168 1,162
0,038 0,039 0,040 0,005 0,022
0,609 0,583 0,525 0,139 0,092
0,317 0,400 0,415 0,074 0,858
0,018 0,023 0,027 0,05 0,060
4,996 5,002 4,963 4,931 5,036
60,66 58,38 54,29 15,58 3,10
37,52 358,35 42,90 82,72 B4,94
1,83 2,27 2.8 1,70 5,96

...62—
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4.4 Epidotes
The general formula for epidote group minerals, after Deer et al. {1962) is:
Xy Y3 Z3 {0,0H,F)3
Ca, Ce3*, Lad*, Y3, Th, Fe?t, mMn2t, mndt

A1, Fe3*, w3t Fe?t, mnlt, Ti
Si, Be

>
u

in which

1t

and the composition of the main members of the series is:

foisite } Ca, AT. AT,0.0H.Si,0; Si0,
Clinozoisite
. 3+ . .
Epidote Ca2Fe 321203é2H.S1207.S104
Piedmontite Cap(Mn~ ", Fe”’, A1)3 0.0H.5i04.510,
Allanite (Ca, Ce, La, ), (¥, Fe?*, Fe®*, A1)5 0.0H.51,0,.510,

Epidote-clinozoisite series minerals occur in a wide variety of Tow to
medium-grade metamorphosed rocks. Epidote is the most common mineral in
this series because of its greater stability range, both towards high and
low temperatures and because during metamorphism high oxygen fugacities
often exist, favouring the development of iron-rich epidote (Lliou,
1973). Liou (op. cit.) also found that epidotes become more aluminous
with decreasing oxygen fugacity. If oxygen fugacities change with time
an inverse relationship between iron and aluminium in epidote would be
expected. Aithough only four of the points on Figure 18 suggest the
presence of an inverse retationship between these elements, the author is
confident that further analyses would substantiate this postulation.

Epidote, minor clinozoisite and zoisite occur in the metalavas, while
piedmontite was recognised optically in the pink quartzites of the
Dordabis Formation. The high magnesium content of the epidote in sample
IWJ92 may be explained by the fact that it was sampled in a pyroxene-rich
flow. Kerrick (1970) and Liou ({1973) also recognised the strong
infiuence that bulk rock composition has on epidote composition when they
noted that epidotes in metabasic rocks have a higher Fe3*
epidotes in metasediments. Figure 19 illustrates how the iron content in

content than

the epidotes increases as the whole-rock iron content increases. To use
the iron content of the epidotes in the Dordabis Formation to determine
changes in metamorphic grade would be futilie. The small changes in iron
content that would occur within one metamorphic facies (greenschist)
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Figure 18 FepO3 wversus Al203 variation diagram for epidotes from
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Figure 19 Plot of Fep03 (whole-rock) versus Fep03 (epidote) for

the metalavas where Fey03 is total iron for both the
whole-rock and the epidote analyses

would be minimal compared to the strong influences that bulk rock
composition and oxygen fugacity have on epidote composition.

The number of ions was recalculated as cations per 25 oxygens, because
the water content of epidote was not calculated. Average totals for
oxygen-corrected microprobe analyses are about 98%. This indicates
approximately 2% water content, which is in accordance with epidote
analyses quoted by other authors (Deer et al., 1962 and Kerrick, 1970).



TABLE 3.3 EPIDDTE ANALYSES 8Y MICROPROBE

Opdam Member Bitterwater Member

IW143a  IWJ143b  INI143c  IWJ1S6a 1WJ156b IWJ166c IWJ1SEd IMJI17a  IWI117b IWd117c IW117d  [WJBGa  [WIB6b  IWJ77a
510, 37,77 37,87 37,90 37,39 37,03 37,50 36,54 37,43 38,21 37,82 37,43 34 37,4 37,712
Al,04 2a,n 21,97 24,66 20,46 20,32 21,63 20,45 22,03 21,87 22,26 22,04 22,00 21,98 22,48
Fe,0, 14,83 14,26 10,51 16,32 16,25 15,04 16,35 14,16 15,23 14,48 14,88 14,68 14,68 15,43
HnO 0,08 0,18 0,12 0,27 0,34 0,37 0,33 0,16 0,20 0,20 0,23 0,20 0,28 0,29
cal 23,54 23,04 23,79 23,44 23,19 23,59 23,33 24,16 23,71 23,72 23,95 23,58 23,52 23,18
TOTAL 97,93 97,32 96,98 97,88 97,13 98,13 97,00 97,94 99,22 98,48 98,51 97,87 97,87 99,27
Recalculated as cations per 25 oxygens
5 6,054 6,086 6,040 6,039 6,029 6,03 5,968 6,004 6,050 6,023 5,979 6,004 5,992 5,955
A 4,101 4,161 4,63 3,895 3,899 4,088 3,937 4,165 4,081 4,178 4,149 4,161 4,149 4,177
Fe 1,789 1,724 1,260 1,983 1,99 1,815 2,009 1,709 1,814 1,735 1,786 1,713 1,769 1,833
Mn 0,010 0,022 0,015 0,033 0,042 0,045 0,04 0,020 0,024 0,024 g,028 0,024 0,034 0,035
Ca 4,043 3,967 4,062 4,056 4,045 4,053 4,083 4,152 4,022 4,047 4,099 4,055 4,036 3,955
SUM 15,996 15,960 16,007 16,006 16,005 16,013 16,038 16,049 15,99 16,008 16,041 16,017 15,979 15,955
IW7a IHI7b IWd7c W7d  IW7e 77 IWd77c  IW78e  IwWJ78b  IWJ78  IW)92a  IWJ9Z
510, 37,56 37,26 37,59 37,68 38,06 38,14 37,54 37,60 8,63 37,33 37,78 37,53
1,0, 21,78 21,18 21,43 21,61 21,27 22,21 22,10 21,60 21,54 21,73 22,44 21,50
Fe,04 14,97 14,81 14,85 15,44 15,07 15,41 15,27 14,76 13,95 14,35 14,04 14,64
Mn0 0,35 0,32 0,21 0,34 0,30 0,28 0,21 0,21 0,24 0,22 0,47 0,45
Cal 23,50 23,22 23,42 23,69 23,12 23,96 24,04 24,00 23,82 23,79 23,52 23,40
TOTAL 98,16 96,79 97,50 97,18 97,82 100,00 99,16 98,17 98,18 97,42 98,30 97,5
Recalculated as catfons per 25 oxygens
Si 6,015 6,052 6,057 6,008 6,105 6,000 5,963 6,026 6,156 6,020 6,021 6,047
A 4N 4,054 4,070 4,062 4,021 4,118 4,138 4,080 4,046 4,130 4,215 4,083
Fe 1,804 1,810 1,800 1,853 1,819 1,824 1,825 1,780 1,673 1,741 1,690 1,774
Hn 0,043 0,040 0,025 0,041 0,037 0,034 0,025 0,026 0,029 0,027 0,057 0,055
Ca 4,032 4,08 4,043 4,048 3,974 4,038 4,09 4,120 4,067 4,1 4,016 4,039
et ar o mya 1€ qC& 16,0137 16,043 16,032 15,970 1£,030 15,998 15,998

_ZE-
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5. GEOCHEMISTRY OF THE LAVAS

5.1 Introduction

Whole-rock analyses for sixty three basic volcanic rocks from the
Dordabis Formation are presented in Table 5 and Appendix 3. These
include twenty samples from the Opdam Member and forty three samples from
the Bitterwater Member which are represented on the diagrams by closed
and open circles respectively. The analyses were performed using X-ray
fluorescence spectrometry. Details of analytical techniques are given in
Appendix 2 and sample Tocations are provided in Plans 1 and 2.

In geochemical studies of metamorphosed Tlavas it is essential to
differentiate between the effects of alteration, as opposed to primary
petrogenetic processes, on the compositional variation in a suite of
lavas. The following chapter therefore deals in detail with chemical

variation due to alteration.

5.2 Assessment of Alteration

5.2.1 General statement

Chemical alteration is regarded as any process that changes the original
chemical composition of a rock. Metamorphism is usually considered to be
isochemical, except with respect to volatile components such as H20 and
C02 (Winkler, 1979). However, element mobility is common in low grade
metabasic rocks (Floyd, 1976; Coish, 1977; Beswick and Soucie, 1978).
It is difficult to determine whether this alteration is due to
metamorphism because the rocks have often also been sheared,
metasomatised, weathered and have reacted with ground water,

Primary chemical varjations are present in 1lavas due to magmatic
differentiation, while secondary chemical variations due to alteration
can be superimposed on primary variations. [t is therefore essential to
distinguish between alteration and differentiation trends by determining
the mobility of the elements analysed, The Dordabis lavas have been
sheared, folded, metamorphosed to greenschist facies, uplifted, and
sub-aerially weathered. It is therefore possible that these metalavas
have been chemically altered. This section evaluates the degree of
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alteration with respect to volatile content, oxidation, and major and
trace element concentrations.

5.2.2 Sample selection for analytical work

Samples of lava flows were selected for analysis on the basis of their
appearance in handspecimen and after thin section examination.
Metabasalts containing abundant veins or stringers of silica, chlorite
and epidote were avoided. Alteration is not necessarily detectable in
thin section or handspecimen and can result 1in significant chemical

changes in the rock which need to be evaluated.

5.2.3 Volatile content

Volatile content was determined as loss on ignition (L.0.I.) by ashing
the samples at 1000°C for about eight hours. Over 80% of the L,0.I.
values range between 2% and 4%, although L.0.I. values up to 11,1% were
recorded for some samples {see Fig. 20).
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Figure 20 Frequency histogram illustrating the range in L.0.I. of the
Dordabis Formation Tavas
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During the ashing of metabasalts the samples lose weight, by releasing
volatiles (mainly H20+ and minor CO0,), but gain weight by oxidation
of Fe0 to Fe,05. L.0.1. is therefore a net weight difference and is
only a crude measure of the true volatile content. Although the L.0.I.
of the Dordabis metalavas is higher than that of unaltered continental
tholefiites, there is no way of knowing by how much the water content
jncreased during alteration. During greenschist facies metamorphism the
water content of basaltic lavas increases due to the the crystallisation
of hydrous minerals, such as chlorite, which contains 12% water, and
epidote which contains 2% water (Jolly, 1972). Miyashiro et al. (1969)
showed that weathering also increases the water content of basalts.
Unaltered continental tholeiites usually contain less than 1% volatiles,
but as the Dordabis lavas have been metamorphosed to greenschist facies,
it is understandable that samples have L.0.I. contents up to 11,1%.

There 1is some controversy as regards the use of water content of
metalavas as a criterion for progressive alteration (discussed in
5.2.5). The Dordabis metalavas show no marked element variation with
progressive hydration indicating that their volatile content is not
directly related to any secondary chemical variation. Based on this
uncertainty, geochemical analyses with higher volatile contents have not

been rejected.

5.2.4 Bulk Fe203/Fe0 ratio

An  estimate of the Fe203/Fe0 ratio is important, because it
influences the C.I.P.W. norm. As the Fe203 content of a rock is
tedious to measure using chemical techniques, and it is impossible to

know how closely the measured Fe,05/FeD 1in the rock reflects this
ratio in the magma, various indirect methods of calculating Fedt/Felt
are discussed in this section. Irvine and Baragar (1971) have suggested
that maximum %Fe 04 = %Ti0, + 1,5. Le Maitre (1976) suggests the
use of a mean rather than a maximum oxidation value for volcanic rocks to
be calculated by the formula:-

Fe0/(FeQ + Fe,04) = 0,93 - 0,0042510, - 0,022(Na,0 + K,0)

Le Maitre's {op. cit.) method used to calculate the ratio is rejected as

Na,0, K,0 and Si0, are thought to have been mobile in the Dordabis
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metalavas (see section 5.2.5). Although T1'02 is relatively immobile,
Botha (1980} has shown that Irvine and Baragar's (op. cit.} maximum
Fe203 value does not provide a close approximation of the primary
Fe203 value in epidote/clingzoisite-rich and chlorite-rich zones 1in
Witwatersrand triad metalavas. Since the Dordabis metalavas also contain
epidote-rich and chlorite-rich zones this method of determining
Fe,04/Fed ratios has also been rejected. Ferric/ferrous ratios can
be designated for various rock types. It is generally now accepted that
the Fe203/FeO ratio in tholeiitic basaltic magmas lies in the range
0,1 to 0,2 (Brooks, 1976). The norms of the Dordabis metalavas were
calculated using a value of 0,2 for this ratjo.

5.2.5 Indexing the mobility of trace and major elements

It is essential to index the mobility of trace and major elements in the
metalavas to determine whether geochemical trends are the result of
primary or secondary chemical variation.

To illustrate the effect shearing has on the chemical composition of a
rock, both highly sheared and unsheared parts of a single lava flow were
sampled on the farm Grasvlakte. The sheared sample, IWJ68, 1is a
1ime-green mylonite and exhibits a crude foliation which anastomoses
around scattered quartz porphyroblasts ranging in size from 1 to 3mm
(Fig. 8L). The unsheared sample, IWJ69, is a fine-grained, blastophitic,
dark purple-grey metabasalt.

Primary processes 1ike within-flow differentiation usually result in
limited variations in chemistry within a single lava flow. The larger
differences in the chemical compositions of samples IWJ68 and IWJ639 are
regarded as being the result of shearing.The most obvious difference
(Appendix 3) is the apparent absolute Toss of about 3,7% S1'O2 and the
5,8% gain in Ca0 in the mylonite. During shearing some 5102 is freed
from the main mineral phases and leached away or recrystallised as quartz
veins or as free quartz grains. Shearing has resulted in KZQ, Na o0
and Rb decreasing to close to zero while Sr and Cu have increased
dramatically 1in the mylonite. TiOZ, P50g, MnO, Ba, Y, Zr, Nb, In,
Ni, Sc, La, Ce and Nd contents have not been significantly affected by
the shearing. This example indicates that shearing can cause substantial
mobility of Si02, KEO’ NaZO, Ca0, Rb, Sr and Cu.

Zirconium has been shown to be relatively immobile during shearing (see
previous paragraph) and also during regional or ocean floor greenschist
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facies metamorphism of basaltic rocks (Cann, 1970; Pearce and Cann,
1971, Floyd, 1976; Coish, 1977). 1t 1is however also very sensitive to
igneous processes like fractional crystallisation or partial melting.
Thus in a suite of differentiated metabasalts immobile elements exhibit
rational variation trends, whereas mobile elements vary erratically when
plotted against Zr {Wood et al., 1976 and Coish, 1977). Figures 30A to J
and 31A to O show variations in major and trace element concentrations in
relation to Zr contents for the Dordabis metalavas, $i0,, KoO, Nap0,
Cad, Rb, Sr, Cu, Ba, Co and Sc show no systematic variation trends,
probably because they have been mobile. Mg0, A]203, total iron, In
and V have been mobile to a lesser extent and do not exhibit well-defined
trends. In contrast Ti0,, P>0g, Y, Nb, Cr, Ni, La, Ce and Nd show
well-defined variation trends and thus can be considered as fimmobile.
Pearce and Norry (1979) have explained the stability of Ti, Zr, Nb and Y
in terms of their high field strength (charge/radijus ratio). Coish
(1977) also found that Ti0,, PoOg, Y, Cr, Zr and Ni remain stable
during metamorphism. Floyd (1976) has compared the composition of
similar but progressively more altered (spilitised) greenstones. In
order to estimate the effect of secondary chemical variation he plotted
various elements against H20+, the latter being regarded as an index
of alteration. Floyd (op. cit.) found that although variable, Ca0, Sr,
K, Rb and Ba show a general decrease, while Nazo shows a wide scatter
and a small increase in basaltic rocks with progressive hydration. His
study also illustrated that Co, Cr, Ni, Li, Cu, Rb and Zn show no marked
variation with progressive hydration. The Dordabis metalavas show no
significant element variation when plotted against L.Q.I, although Ma,0
and 5102 exhibit an ill-defined negative correlation with L.0.I. (Figs.
21A & B).

Beswick and Soucie (1978) used a graphical procedure whereby chemical
data for a suite of metavolcanic rocks may be tested to detect and
correct for metasomatic modifications of individual sample compositions.
The assumptions initially made are that A1203 remains immobile during
alteration, and that the altered rocks initially had compositions which
would conform with well-defined trends shown to be present in relatively
unaltered post-Mesozoic suites. Their method involved plotting the
analytical data in terms of oxide molecular proportion ratjios in the form
log X/Z versus log Y/Z, where X, Y and Z are molecular proportions. On
such a plot 'X' metasomatism will cause an original composition to be
displaced parallel to the log X/Z axis, 'Y' metasomatism will cause
displacement parallel to the log Y/Z axes and 'Z' metasomatism will
displace the original composition along a 45° positively sloping line. A
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unique solution for a suite of metamorphosed lavas can only be obtained
by using a set of such diagrams. KZO is used as the ratiocing oxide Z,
because it largely remains in the liquid phase during early and middle
stages of fractionation, prior to the crystallisation of alkali feldspar.
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Figure 21A Plot of Nap0 versus L.0.I. for the Dordabis lavas
B Plot of §i0p versus L.0.I. for the Dordabis lavas (e Opdam
basaltsOBitterwater basalts).
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In applying this method to the Dordabis lavas it must be realised that
the Zr versus A1203 plot (Fig. 30C) indicates that A1203 may be
slightly mobile. If this is the case an initial assumption is not met.
It must also be recognised that the lavas used by Beswick and Soucie (op.
cit.) were oceanic basalts and hence differ compositionally from the
Dordabis suite which are shown to be continental tholeiites {see section
5.3). This method has therefore been used qualitatively to demonstrate
chemical alteration. The preceding discussion has shown that 5i0, is
much more mobile than Al,0; in the Dordabis metalavas. Figures 22A
and B illustrate that the Dordabis metalavas are $i05 and CaO-deficient
and perhaps slightly enriched in Al,05. This results in the average
Dordabis metalava plotting along the unaltered post-Mesozoic trend on the
Tog CaO/K,0 versus log Si0,/Ko0 graph (Fig. 22C). Low ratios in
Figure 22C and in Figure 22D plot off the post-Mesozoic trend on a line
with a 45° slope, indicating possible mobility of Kzo, The Dordabis
metalavas plot close to the post-Mesozoic trend on the Tlog SiOZ/Kzo
and Jog CaO/KZO versus log Fm/K,0 (Figures 22D & E}, indicating
possible Fm {sum of the molecular propaortions of total FeO, Mg0 and MnO)
depletion if the metalavas are depleted in S1‘02 and Ca0.

Figure 22(A to E) Plot of the logarithms of the major oxide molecular
proportion ratias (after Beswick and Soucie, 1978),
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Having used a number of approaches to discuss element mobility in the
Dordabis Formation metavolcanics, it is now possible to construct a table
classifying various elements in terms of their relative mebilities during

greenschist facies metamorphism (Table 4).

TABLE 4 Index of element mobility 1in the Dordabis Formation

metavolcanics
Mobile elements Partially mobile elements Immobile elements
Na,0 Ba $10, Zn Ti0, Nb
Cal Sr ' F9203 N5 7r
Co MnO Cr La
Sc Mg0 ¥ Ce
Nd

Alteration during greenschist facies metamorphism, shearing and
sub-aerial weathering does not seem to result in uniform enrichments or
depletions in any elements, {especially trace elements) but rather tends
to produce non-proportional variation in the concentrations of mobile
elements. Silica may be an exception to this rule. Beswick and Soucie's
(1978) graphical procedure indicates that the Dordabis Tlavas are
generally depleted in Si0,, which is possible considering the sheared
nature of many of the metalavas, especially in the Opdam Member.



TABLE &

MAJOR AND TRACE ELEMENT ANALYSES KORMALISED TO 100% FREE OF YOLATILES

Opdam Member

IW143  TWJI145  IWJ146  IWJ147  IWJ148  [WJ149  IWJI50  IWJIST  IWJ152  IWJ153  IWJZ W3 IWJ4 N5

510, 54,32 48,42 47,78 50,30 46,22 44,37 49,26 47,44 49,12 48,72 49,77 47,81 48,13 49,36
T40, 0,89 1,94 4,40 1,55 4,13 4,16 2,03 2,53 2,20 2,25 1,69 2,07 2,82 2,91
1,04 14,22 14,49 13,13 14,52 14,08 14,29 14,05 14,82 14,45 14,41 14,68 15,08 15,35 15,52
Fe,0, 10,99 13,79 18,11 12,88 18,07 19,07 15,60 17,19 15,20 15,88 11,75 15,02 15,69 14,98
MnO 0,18 0,20 0,20 0,20 0,27 0,24 0,20 0,24 0,19 0,20 0,16 0,21 0,17 0,23
MgD 7,08 7.54 5,41 6,96 4,99 5,50 6,97 5,74 5,96 5,08 7,75 6,48 6,60 8,43
Ca0 8,80 10,61 10,28 9,74 8,92 18,62 7,60 8,50 18,73 9,43 10,87 8,37 5,78 4,50
Na,0 3,15 2,60 0,00 3,58 0,41 0,35 3,29 2,31 2,66 2,81 2,42 3,05 4,63 3,70
K,0 0,30 0,29 0, 0,15 2,42 2,87 0,80 0,93 1,22 0,95 0,77 1,67 0,94 0,05
P,0s 0,07 0,12 0,57 0,13 0,49 0,52 0,20 0,30 0,28 0,32 0,12 0,24 0,29 0,30
TOTAL 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00
Ba 0 105 52 42 532 555 130 363 440 347 200 396 267 a

Rb 5,8 12,6 6,1 2,5 78,7 86,4 29,7 31,4 35,0 35,2 30,2 56,7 30,6 1,6
Sr 133 188 188 172 101 130 182 290 268 269 175 275 239 106

Y 18,8 28,4 67,9 29,8 67,8 67,6 3,8 48,6 41,5 40,9 24,3 36,1 3,9 46,1
Ir 52 82 359 95 328 325 122 212 183 183 81 155 174 209

Nb 2,1+ 4,1 3,0 6,2 26,2 25,5 7,4 13,5 14,5 14,0 71 9,3 13,3 15,7
In 99 133 179 123 192 207 154 189 153 139 110 131 139 228

Cu 177 102 414 142 an 453 160 160 121 173 92 73 126 187

Ni 101 108 135 m 157 166 154 151 159 156 141 179 187 137

Co 54 68 64 55 66 72 70 74 67 61 58 68 70 78
Cr 139 59 105 164 127 99 186 96 114 144 m 177 137 128

¥ 2 312 351 291 390 422 345 329 279 276 278 289 300 408
Sc 37 46 36 45 45 45 51 40 36 36 a1 37 36 47

La 1x g* 26 2* 26 24 5+ 18 18 14 7* 13 14 g+

Ce 21 28 102 35 132 99 28 78 67 67 23 65 29 38

Nd 12 23 n 22 79 75 25 46 a4 43 19 39 . 32

-

Concentrations below determination limits
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TABLE 5 (continued)

Opdam Member Bitterwater
Member

IWJE IWd7? IwJ8 IWJS 1¥J10 IWJ11 IWJt2 TWd13 IWJ14 1WJ15 IWJ16 w7 IWJ19 IWJ20
5102 49,38 49 15 51,82 51,29 51,37 47,62 47,1 48,06 47,98 46,685 48,36 49,28 48,60 47,92
Ti02 1,93 1,95 2,19 2,1 1,73 1,55 1,15 1,18 1,21 0,70 1,1 1,22 1,12 1,40
Al,04 17,23 17,72 14,22 13,84 14,89 16,02 15,46 17,34 16,64 16,78 17,40 16,51 16,89 16,28
Fe203 12,75 13,12 14 .46 16,70 12,89 16,92 16,711 11,21 12,10 10,72 11,14 11,15 11,30 11,03
Mn0 0,17 0,19 0,20 0,18 0,18 0,16 0,16 0,18 0,18 0,16 0,17 0,14 0,14 0,15
Mg0 4,05 3.4 5,29 6,38 7,58 6,45 7,30 8,02 7,63 11,24 7,88 7,45 8,34 9,05
Ca0 9,15 10,55 6,42 3,22 8,39 6,37 7,54 10,17 11,21 11,06 11,48 11,78 11,12 10,67
Ha20 4,40 3,05 4.82 5,117 2,61 4,18 3,81 3,1 2,50 1,87 2,15 1,94 2,19 2. n
KZO 0,70 0,25 0,34 0,22 0,21 0,56 0,66 0,62 0,43 0,24 0,23 0,42 0,22 0.1
P205 0,25 0,28 0,25 0,29 0,15 0,18 0,10 0,12 0,12 0,07 0,10 0,10 0,09 0,09
TOTAL 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00
Ba 214 92 147 103 70 208 218 m 187 124 63 155 77 146
Rb 21,8 7,9 1,9 6,5 4.6 19,7 21,4 15,4 2,9 5,7 5,6 9,9 6,6 22,3
Sr 228 447 164 B8 225 184 336 262 227 223 196 209 197 219
Y 32,8 34,1 47,5 43,8 23,2 3,3 22,9 20,6 21,9 13,7 18,6 18,6 19,9 20,4
Fig 143 146 183 195 86 106 64 67 69 35 56 53 63 60
Nb 10,6 11,4 12,7 15,7 6,3 8,3 F 2.1* K 2.1* 3,1 4,1 4,2 3,1
In 135 17 150 177 17 144 104 108 107 90 91 90 91 92
Cu 70 413 533 149 389 73 173 41 1m 22 106 a1 49 45
Ni 104 86 107 138 174 137 177 167 204 387 182 180 234 218
Co 55 47 56 69 60 62 55 58 65 72 57 54 63 57
Cr 58 52 87 116 225 2n 425 309 306 440 379 374 arz 327
Y 238 237 376 346 219 299 280 237 268 172 225 227 224 217
Sc 28 25 h2 49 29 38 4] 36 38 29 34 35 32 32
La 9 14 14 14 1 32 1* 3 4r 3= &* 3* T 3*
Ce 53 63 5 13 18 18 23 28 26 15 ne= 20 22 20
Nd 33 35 37 44 16 22 17 21 20 13 17 n 14 10

* . . . L.
Concentratiuns below determination limits
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TABLE § (continued)

Bitterwater Member

Mg 21 IWJ49 IWJ50 4351 IMJ52 1HJ53 M54 W56 W57 IWI58 IWJ59 IWJ60 IWJ61 14J62
§i0, 48,04 50,87 48,04 49,40 45,57 47,46 46,92 46,50 48,76 48,71 48,30 47,99 47,9 47,89
Ti0, 1,09 1,31 1,16 1,47 1,23 1,28 1,19 1,19 1,15 1,04 1,11 1,14 1,33 1,30
A1,0, 16,97 16,03 17,04 15,69 16,91 16,79 17,26 17,92 17,46 17,07 16,92 16,87 16,42 16,82
Fe,04 1,24 11,63 11,55 12,46 11,39 11,48 11,29 12,00 10,95 10,58 11,56 1,19 11,60 1,67
MnQ 0,14 0,18 0,15 0,20 0,17 0,16 0,17 0,16 0,16 0,15 0,15 0,16 0.16 0,19
Mg0 8,62 8,85 8,1 7,36 8,53 6,83 8,69 9,32 7,25 7,86 8,16 8,69 8,92 8,02
a0 9,80 6,40 10,82 9,09 12,47 11,86 11,80 8,07 9,55 10,42 9,29 10,32 9,35 9,99
Na,0 2,29 4,26 2,51 3,26 3,14 3,48 2,13 2,87 3,38 2,76 3,37 2,50 3,20 2,76
K,0 1,70 0,35 0,30 0,91 0,48 0,57 0,46 1,86 1,22 1,29 1,02 1,04 0,97 1,23
X 0,1 0,13 0,12 0,16 0,10 0,09 0,09 0,1 0,12 0,10 0,12 0,1 0,15 0,13

TOTAL 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

Ba 281 122 86 243 106 195 107 204 144 373 145 129 186 196
Rb 53,9 1,2 6,8 26,6 14,1 14,4 12,3 58,2 37,5 27,6 29,1 29.9 28,5 38,7
Sr 210 225 259 263 378 253 216 115 286 185 224 191 189 209
Y 20,7 24,2 20,9 24,9 20,8 19,6 18,7 21,2 19,6 18,4 18,7 17,5 23,9 21,8
Ir 64 76 64 90 57 57 60 68 59 52 57 57 81 69
Nb 30 4,2 2.+ 2,1+ 4,2 2,1=* 2,ix 2,i* 30 2,0* 2,1 4,1 4.2 5,2
in 91 118 109 107 103 90 104 116 93 92 90 86 104 107
Cu 45 40 29 45 26 79 34 24 39 26 25 28 26 28
Ni 234 154 183 147 2z8 178 177 246 140 184 236 233 220 172
Co 60 63 60 60 &6 58 60 69 54 59 61 61 65 62
Cr 213 354 340 283 404 n an 374 326 390 407 352 324 296
) 243 260 240 299 259 244 248 255 250 23 242 224 264 266
Sc 36 4 38 43 42 38 39 36 37 36 35 35 36 43
La 2% O B o Q* - ?i 4 B 2% 2% 1~ 4 1™
Ce 34 21 13 29 5% - 12% 14 - 17 17 21 29 19
Nd 18 18 15 24 35 - 14 15 23 12 13 1 22 18

* . . . PR
Concentrat ions below determination limits
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TABLE 5 (continued)

Bitterwater Member

IWJ64 1HJ89 14188 IWIB7 1WJ86 IWI85 IHJB4 IWJ83 IWJ82 IHJ79 AL IMJ69 IHJ70 IMJ71
810, 49,99 47,15 49,17 47,37 47,59 47,19 49,40 48,91 48,50 48,18 44,40 47,88 48,38 47,18
Ti0, 1,2 1,20 1,08 1,15 1,10 1,21 1,19 1,17 1,17 LN 1,13 1,15 1,09 1.1
A1,0, 15,13 17,1 16,47 17,29 17,49 17,50 17,35 17,17 7,78 17,07 17.28 16,57 16,71 17,25
Fe,0, 1,02 11,66 11,07 1,65 11,08 11,26 11,09 11,03 11,79 10,84 12,31 11,35 1,22 11,53
Mno 0,17 0,15 0,13 0,16 0,16 0,15 0,14 0,14 0,13 0,16 0,17 0,16 0,16 0,15
Mg0 8,32 8,89 8,50 8,72 8,50 8,74 7,53 7,44 9,27 8,17 7,47 9,16 8,65 8,44
a0 10,49 11,10 11,15 11,61 10,77 1,12 12,02 12,00 8,67 11,43 17,07 10,99 n,2s 1,73
Na,0 3,44 2,14 1.89 1,59 2,34 1,99 1,05 1,88 0,94 2,53 0,03 2,10 1,99 2,15
Ky0 0,22 0,47 0,34 0,33 0,88 0,73 0,13 0,13 1,22 0,41 0,02 0,52 0,44 0,35
P05 o, 0,12 0,12 8,13 o.n o1 0,12 0.1 0,17 o.M 0,12 0,12 0,11 0,12
TOTAL 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00
Ba 62 139 106 95 27 182 18 77 205 144 138 143 96 97
Ab 4,9 9,2 7.1 7,5 21,4 17,5 2, 5,6 40,3 10,0 2,1 13,7 8,5 9,7
sr 329 200 185 199 175 189 217 216 56 175 501 229 179 21
¥ 20,6 19,6 18,1 20,8 17,7 20,7 19,1 22,5 17,0 18,6 23,9 19,6 18,7 20,8
r 53 61 58 62 56 57 59 68 62 55 62 61 56 86
Nb 2,1 2,1* 3,2 4,2 3,1 21" 4,3 4,5 2,3% 2,1* 2,1% 4,1 Z,0* 5,2
In 104 g5 9 99 92 99 g5 83 102 95 100 96 99 96
Cu 29 59 34 112 30 30 53 25 253 34 926 47 51 30
Ni 164 243 231 243 200 192 164 184 163 168 337 345 228 232
Co 56 62 60 64 59 61 59 56 54 56 56 64 62 64
cr 387 340 324 342 357 396 407 346 374 310 359 302 314 327
¥ 216 24) 2N 238 240 244 249 249 272 236 276 220 230 248
Sc 47 35 36 35 37 38 34 42 44 36 38 3z kY| 37
La 3* 3* 1* Gw 1* 1" o* 4% 4+ 2+ 2+ 3* o 6*
Ce 20 19 18 16 14 15 34 18 13 21 22 23 17 21
Nd 14 17 14 10 12 13 28 14 14 18 21 20 13 19

&

Concentrations below determination limits

—gb_



TABLE 5 {continued}

Bitterwater Member

TW72 173 W74 W75 w76 W77 w78

510, 48,55 48,04 48,39 47,75 46,27 46,84 48,44
Tio, 1,06 2,90 2,53 1.6 1,42 1,51 1,22
A1,04 16,66 13,77 14,46 16,41 16,40 15,96 21,04
Fe,0, 10,97 16,12 16,08 12,08 12,28 12,71 9,19
Mn0 0,15 0,22 0,19 0,17 0,17 0,18 0,13
Mg0 8,61 5,82 5,48 8,04 8,54 18,93 4,85
€a0 11,60 9,15 9,04 10,88 12,42 11,19 10,36
Na,0 1,86 2,21 2,54 2,41 1,91 2,36 3,25
K,0 0,43 1,46 1,01 0,46 0,45 0,16 1,37
P,0¢ o,n 0,24 0,30 0,19 0,15 0,16 0,16

TOTAL 100,00 100,00 100,00 100,00 140,00 100,00 100,00

8a 107 398 298 133 199 67 352
Rb 11,2 40,9 30,6 10,4 13,1 3,4 38,2
sr 193 158 208 209 195 167 354
Y 18,6 50,1 48,0 27,7 23,7 26,0 21,9
r 60 213 198 103 82 96 86
Kb 2,1+ 17,4 13,3 7,2 5,2 5,2 6.3
n 96 162 153 3 103 174 9]
Cy 37 95 204 106 127 73 a7
Ni 279 130 143 233 249 238 109
Co 61 60 49 62 62 69 46
Cr 320 150 107 304 304 415 153
v 227 373 297 213 221 264 184
Sc 35 43 39 33 32 35 25
La 3% 21 18 10 - 10 *3
Ce 22 90 80 a2 22 27 n
Nd 19 54 49 32 19 - 1

*
Concentrations below determination limits

—Lnb.—
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5.3 Classification

In this chapter an attempt is made to classify the Dordabis Formation
lavas on the basis of chemical composition, as metamorphic
recrystallisation has precluded any petrographic classification. During
this century numerous chemical classifications of volcanic rocks using
major elements, normative mineralogy, trace elements and cation contents
have been proposed by various authors including Irvine and Baragar
(1971}, Winchester and Floyd {(1977) and Jensen (1976).

The elaborate major element and normative mineralogy classification
scheme of Irvine and Baragar (1971) involves the use of numerous diagrams
to classify volcanic rocks. Irvine and Baragar (op. cit.) distinguish
between alkaline and subalkaline volcanics by plotting alkalies against
silica. Although widely scattered, most of the Dordabis lavas plot in
the subalkaline field {Fig. 23A). Further classification by the plotting
of normative plagiociase against A1203 content (Fig. 23B) shows that
although most of the Dordabis 1lavas plot in the tholeiitic field, a

6
(o]
o}
o 4 ALKALINE
N
¥ L ]
-+
o .
™~
©
< 2
SUBALKALINE
0 O 4 hd 1 L
40 45 50 55

Si02

Figure 23A Alkalies versus silica diagram with dividing 11nes proposed by
Irvine and Baragar (1971) and Mac Donald (1968), (Plots in
weight percent)

60
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Figure 23B A]gOB versus normative plagioclase composition plot for
the Dordabis metalavas (after Irvine and Baragar, 1971).

number also plot in the calc-alkaline field. The extreme mobility of the
alkalies and to a lesser extent (a0 and Si0, mobility during
alteration, result 1in the Dordabis metalavas being only partially
successfully classified according to the Irvine and Baragar scheme. An
AFM plot of the Dordabis lavas (Fig. 24) shows a distinct iron enrichment
trend, which is characteristic of tholeiites.

A logical alternative classification would be to use immobile trace
elements with fractionation tendencies that parallel those of the
alkalies, Mg0, Fe0 and Ca0 and display characteristic patterns for

different volcanics.

Floyd and Winchester (1975) used plots of Nb/Y versus Zr/P205 {Fig.
25) to distinguish between oceanic tholeiites, continental tholeiities and
alkali basalts. Although there 1is good separation between the alkali
basaltic and tholeiitic fields, there is overlap between the oceanic and
continental tholeiitic fields resulting in no meaningful separation
between these two groups. The Dordabis lavas plot in the area of overlap
between continental and oceanic tholeiitic basalts on Figure 25 and along
the boundary between andesite/basalt field and sub-alkaline basalt field
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Figure 24 AFM diagram illustrating an iron enrichment trend in the
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Figure 25 Nb/Y versus Zr/Pp0g discrimination diagram where oceanic

alkali basalts are represented by fields enclosed by line
Ag, continental alkali basalts by Ay, oceanic tholeiitic
basalts by C, and continental tholeiitic basalts by (4
(after Floyd and Winchester, 1975)
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on the Winchester and Floyd's (1977) diagram (Fig. 26A). Winchester and
Floyd's {op. cit.) Zr/Ti0, versus Ce diagram (Fig, 26B) indicates that
the Dordabis Tavas are basalts rather than andesites. The classification
scheme of Davies et al. (1979) provides a clear distinction between
Archaean magnesian, tholeiitic and calc-alkaline suites. This
classification scheme uses immobile trace-elements and although it is
designed for altered Archaean volcanic rocks, it also provides a good
separation between Proterozoic mafic wvolcanic magma types. The Opdam
lavas all plot in the tholeiitic field, while most of the Bitterwater
lavas plot in the transitional area between the tholeiitic and magnesian
fields (Fig. 27).

Jensen (1976) proposed a cation plot as an alternative method for
classifying subalkaline wvolcanic rocks, using the less mobile major
elements A1203, FeO+Fe,04+Ti0, and Mg0. On the Jensen cation
plot (Fig. 28) arrows indicate komatiitic, tholeiitic and calc-alkalic
trends and lines separate rock types. Figure 28 shows the strong iron
enrichment trend exhibited by the Dordabis Tavas, especially the Opdam
member whose Fe0 + Fe,05 + Ti0, cation content increases from 23,3
to 36,7%. The O0Opdam Member Tlavas are mostly high-iron tholeiitic
basalts, although a few samples plot in the high-magnesium tholeiitic and
basalt fields. The Bitterwater Member lavas wusually plot in the
high-magnesium tholeiitic area, although a few more differentiated
samples plot in the high-iron tholeiitic area.

Chemical classification schemes 1ike that of Irvine and Baragar (1971}
using mobile oxides such as Na20, K,0, 510, and Ca0, and normative
mineralogy are only partially successful in classifying the altered
Dordabis metalavas. Alternative schemes using immobile trace elements
suggest that the Dordabis lavas are tholeiitic basalts, probably of a
continental affinity. A problem with these plots is that most of them
use incompatible element ratios that tend to reflect the ratios in the
mantle sources, which are known to be heterogeneous. Morrison (1978) has
therefore suggested that trace element djagrams should only be used to
identify magma types and their evolutionary trends, but not their
palaeotectonic environments.

Jensen's cation plot unsuccessfully distinguishes between high-iron
tholeijtic basalts, high-magnesium tholeiitic basalts and basalts,
because they all have similar HMg0 contents (see Fig. 28). Generally
classification schemes require basalts to have more than 8 to 10% MgO to
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TiO, x100(wt%)

Y+Zr(ppm) Cr(ppm)

Figure 27 Ti0z x 100 versus Y + Zr versus Cr discrimination plot based
on various Archaean suites from Australia (after Davies et al.,
1979)

be called high-magnesium basalts, which is not always the case in the
Jensen plot. However a number of the Bitterwater lavas do fall in the
magnesian field on the Davies et al, plot (Fig. 27). The AFM diagram
(Fig. 24) jllustrates the strong iron enrichment trend in the Dordabis
lavas, with the O0Opdam basalts generally having higher iron and lower
magnesium contents than the Bitterwater basalts.
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Figure 28 Jensen Cation Plot illustrating the tholeiitic trend in the
Dordabis metabasalts (after Jensen, 1976)
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5.4 Major Element Geochemistry

5.4.1 Introduction

Major element concentrations were determined in duplicate using X-ray
fluorescence spectrometry according to the techniques described in
Appendix 2. A1l diron is determined as Fe203 and major element data
is given in this section in the form of anhydrous values normalised to
100 percent. Original analyses including L.0.I, and norms are given in
Appendix 2.

5.4.2 Major element variations

The general major element compositional character of the Dordabis
volcanic suite is illustrated by the diopside-olivine-hypersthene-quartz-
nepheline normative diagram (Fig. 29). A1l tholeiites by definition must
contain normative hypersthene (Yoder and Tilley, 1962}, The nepheline
normative Dordabis metabasalts have probably been depleted in 51'02 or

enriched in alkalies during alteration.

Di

Ol Hy

Figure 29 Normative diopside-olivine-hypersthene-quartz-nepheline diagram
illustrating the composition of the Dordabis Tavas
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Major element chemical variation is quantitatively discussed with the aid
of Zr variation diagrams (Figs. 30A to J). Zr is chosen as the abscissa
in the variation diagrams {(Figs. 30 and 31) because it is immobile and
incompatible and it can be precisely determined by X-ray fluorescence
spectrometry. Zr concentration increases with differentiation in
basaltic systems. Major oxide variations with differentiation can
therefore readily be identified on Figures 30A to J.

Major oxides exhibiting coherent variation trends with Zr are the
immobile oxides Ti0p and P,0; (Figs. 30 B and J). Both oxides are
enriched during differentiation, with TiO2 varying from 0,9 to 4,2% in
the Opdam lavas and from about 0,7 to 2,9% in the Bitterwater lavas.

P205 concentrations vary in a similar manner from 0,07 to 0,57% in
the Opdam lavas and from 0,07 to 0,30% in the Bitterwater lavas.

A7203, Mg0 and Ca0 contents generally decrease (Figs. 30C, F and G},
while Mg0 and F9203 contents usually increase (Figs. 30F and D) with
differentiation. Al,03, Mg0 and Ca0 concentrations vary from about
18%, 13% and 4% in the more primitive lavas to about 13%, 3% and 12%
respectively in the more evolved lavas. Fe203 concentrations plot in
a well-defined trend on Figure 30D, with concentrations ranging from 10
to 19%. Mn0 contents are low and vary from 0,13% in the more primitive
basalts to 0,27% in the more differentiated samples. Because 5102 and
the alkalies (Na,0 and Ko0) were mobile (see section 5.2,5), no
systematic variation trends are evident in Figures 30A, H and I.

The Bitterwater basalts generally have higher A1203, Mg0 and Ca0
contents, and lower TiOZ, Feo,03 and P,0g contents than the
Opdam basalts. IWJ78, the large-feldspar phyric lava, plots off the
variation trend on most major element diagrams. This sample has higher
A1203 and lower Fe,03 and Mg0 concentrations than the other
metalavas and is therefore less basi¢c in composition than the average
Dordabis Formation lavas. Its compositional characteristics can be
accounted for by the presence of 1large quantitites of plagioclase
phenocrysts.

The Bordabis metalavas are basaltic in composition and it would therefore
be expected that plagioclase, pyroxene and olivine were probably
fractionating phases. These phases contain virtually no Zr and their
bulk compositions would therefore plot along the ordinate on the major
element diagrams (Figs. 30A to J).
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Variation diagrams of major elements showing reasonable coherence
illustrate the chemijcal evolution of the liquids that crystallised as the
Dordabis basalts. However, alteration and the presence of porphyritic
lavas has introduced scatter in some of these variation trends, making
quantitative modelling of differentiation trends impractical. Dashed
1ines on Figures 30A to J represent envelopes enclosing possible liquid
lines of descent for the Dordabis metabasalts.

The A1203 variation diagram (Fig. 3DC) indicates that an extract
containing 16 to 19% Al,05 is required to produce the observed trend
of decreasing A1203 with Zr. Relict feldspar phenocrysts analysed
from the Bitterwater basalts contain about 28% A1203 {see section
4.3). This suggests that the fractionating assemblage contained Tess
than 70% plagioclase, and probably included mafic phases, as is indicated
by the positive correlation of Fe,07 and negative correlation of Mg0
with progressive differentiation (Figs. 300 and F)}. Less than 70%
plagioclase in the fractionating assemblage cannot alone account for the
9 to 14% Ca0 required to generate the Ca0 trend observed in Figure 30G.
Another phase with more than 9 to 14% Ca0 must therefore also have been
fractionating.

This phase is probably clinopyroxene, which, in the Bitterwater Member,
contains 17 to 22% Ca0 (see section 4.2). These relict clinopyroxenes
also contain approximately 50 to 53% 8102, The relict plagioclase
phenocrysts analysed contain 53 to 58% 5102 (see section 4.3). The
$i0, variation diagram (Fig. 30A) indicates the extract contained
between 46% and 50% Si0,. Although alteration has probably caused
510, depletion (see section 5.2.5), this variatfon trend indicates that
olivine was possibly also an important fractionating phase. Fractional
crystallisation is discussed in more depth with the aid of trace element

data in section 5.5.

The Opdam metabasalts generally have higher concentrations of T102,
Feo03 and Py05, and lower concentrations of Al,03 and Ca0
compared to the Bitterwater metabasalts. This suggests that the Opdam
metalavas are generally more differentiated and hence compositionally
more evolved than the Bitterwater metalavas. Compositional overlap,
especially shown by strongly differentiated elements f{e.q. on5 and
Ti0,), is indicative of a co-genetic relationship between the two
members. This is further assessed with the aid of trace element data in

section 5.5,
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Major element variation diagrams (weight % oxides) using

Zr as the abscissa ( @ Opdam basalts, QBitterwater
basalts), Dashed lines enclose liquid lines of decent and
solid lines enclose modelled element behaviour during

fractional crystallisation,
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Figure 31(A-0} Trace element variation diagrams (in parts per million)
using Zr as the abscissa ( @®Opdam basalts, O

Bitterwater basalts) where L.L.D. represents the lower
limits of determination. Solid lines enclose modelled
trace element behaviour during fractional crystallisation.
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5.5 Trace Element Geochemistry

5.5.1 Introduction

Variations in sixteen trace elements are presented diagrammatically in
Figures 31A to 0, using Zr as an index of differentiation. Trace element
variation diagrams, interelement ratios and spidergrams are discussed in
this chapter to verify conclusions suggested by major element
compositions and to form a realistic differentiation model that accounts
for both major and trace element variation.

5.5.2 Theoretical background to trace element modelling

To account for the observed compositional wvariation in the suite of
Dordabis Formation lavas, several processes, namely alteration,
fractional crystallisation, melting of the upper mantle, mixing of magmas
and crustal contamination, need to be evaluated. The effects of
alteration and especially metamorphism on the chemistry of the lavas has
already been discussed in section 5.2. In trace element modelling it is
essential to be able to quantitatively measure the affinity of an element
for a crystal or a melt phase. It is assumed that trace elements obey
Henry's law for dilute solutions when partitioning between two phases in
a silicate solution, This leads to the relationship:

[X] crystal _

[X] liquid D
vwhere [X] is the concentration of the trace element X and KD is the
distribution or partition coefficient for a given crystal-liquid
equilibrium.

When modelling the evolution of a magmatic Tiquid it is necessary to
quantify its equilibrium with a number of mineral phases. The bulk
distribution coefficient (D) is used. It is calculated from the weight
proportions (W) of each mineral in the assemblage and can be represented
by the expression:

D = €1 Wi Kpj
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Equilibrium crystallisation and fractional crystallisation are two end
members which best describe crystallisation models. The former assumes
equilibrium between the whole of the crystallising solid and melt whereas
the latter assumes equilibrium between the surface of the crystallising
phases and the melt. For simplification, only fractional crystallisation
is considered, because most natural systems cool relatively rapidly and
hence only surface equilibrium exists. The equation for fractional
crystallisation, as given by Greenland {1970) is:

C'I/C.i = F[ (DS—1)

where F' dis the fraction of 1liquid remaining, Ci and C; are the
concentration of a given trace element in the initial melt and
differentiated 1iquid respectively. DS is the bulk distribution

coefficient for crystallising solids,

Batch melting and fractional melting are two end member models for
melting. Batch melting occurs when there is continuous equilibrium of
the Tiquid phése with the residual solid until the 1iquid is removed from
the solid. Fractional melting takes place when fractions of the melt are
continuously removed from the residual solid. Batch melting is usually
considered to be far more realistic than the physically unlikely
fractional melting. The equation for batch melting, as given by Shaw
(1970) is:

_ L
/o =5 FTem5)

where F is the weight fraction of the melt relative to the residual
parent, Co and C,y are initial trace element concentration of the
solid and 1iquid respectively and D, s the bulk distribution
coefficient of the residual solid.

A praoblem with trace element modelling is selecting a suitable set of
partition coefficients. The review of Irving (1978} and the work of Mysen
(1978) have shown how varying temperatures, pressures, crystal growth
rates, trace element diffusion, melt composition and structure effect
distribution coefficients. Distribution coefficients therefore change
continuously during fractionation. A set of partition coefficients
appropriate to the Dordabis lava variation trends was selected from
available 1iterature and is provided in Table 6.
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Table 6 Selected partition coefficients for trace elements in the
thoTeiitic basaltic assemblage
Olivine Clinopyroxene Plagioclase
Dry 0,025 (1) 0,35 (1) 0,045 (1)
Dy 0,01 (1) 0,5 (1) 0,03 (1)
Dz, 0,001 (1) 0,1 (1) 0,01 (1)
Dy 0,01 (1) 0,1 (1) 0,01 (1)
Dp 0,043 (2} 0,009 (2) 0,024 (2)
D71 1,80 (3) 0,5 (4) 0,13 (3)
D¢, 0,02 (3) 0,18 (4) 0,004 (3)
Dy 124,13 - 0,897 (5) 1,42-2,11 (6) 0,08 (7)
Mgl
Dey 1-7 (8) 0,5-2,0 (9) 0,03 (3)
Der 0,6 + 0,2 (10) 4,72-11,43 (6) 0 (1)
DV 0,05 (12) 0,06-3,4 (13) 0,05 (11)
D, 0,0021 (14) 0,084 (14) 0,2 (15)
Dee 0,0005 (16) 0,098 (16) 0,2 (16)
Dy 0,001 (16} 0,21 (16) 0,14 (16)
{1) Pearce and Norry (1979) (2} Anderson and Greenland (1969)
(3) Paster et al, (1973) (4) Bougault and Hekinjan (1974)
(5) Hart and Davis (1978) (6) Dale and Henderson {1972)
{7} Le Roex (1980) (8) Irving (1978)
{9) Lindstrom and Weill (1978} (10) Lindstrom {1976)
(11) Bender et al. (1984) (12) Duke (1976)
{13} Ringwood {1970) {14) Frey et al. (1974)
(15) Mann (1983) (16) Hanson (1980)

Crustal contamination is the bulk assimilation of crustal rocks by a
magma and in a magma chamber contamination is usually associated with
fractional crystallisation. DePaolo (1981) presented a general equation
describing a coupled assimilation-fractional crystallisation model:

dCm = My (Ca - Cpp) - Mc (D - 1) Cp

at My M

where Mm is the mass of the magma body, Ma is the rate of

assimilation of wallrock, MC is the rate at which fractionating phases
are separated from the magma, Cm is the concentration of the element in
the magma, C, is the concentration of the element in the assimilated
wallrock and D is the bulk partition coefficient.

5.5.3 Systematic description

The partition of elements between a melt and cumulus phases depends on
factors such as Jjonic radius, charge balance (Goldschmidt, 1954),
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electronegativity and crystal field stabilisation energy (CFSE)
(Williams, 1959). The CFSE of transition metals in a crystal site is of
particular importance in determining the way 1in which these ions
partition into various phases (Campbell and Borley, 1974).

A feature of the variation diagrams is that the partially mobile and
immobile element concentrations of the Opdam lavas exhibit a wide range
for incompatible elements, and a narrow range for compatible elements.
Conversely, most Bitterwater lavas exhibit a restricted range for
incompatible elements, but a wide range for compatible elements.

A, The mobile trace elements

The trace elements Ba, Sc, Co, Rb and Sr have been mobilised and
therefore display no systematic trends when plotted against Zr (Figs. 31A
to E). There is 1ittle difference in the concentrations of these
elements when data for the Bitterwater Member are compared with those for
more evolved Opdam Member. Within both members the ranges in concentration
are as follows: 18 to 555ppm Ba; 25 to 5Z2ppm Sc; 46 to 77ppm CLo; 2 to
86ppm Rb and 56 to 447ppm Sr.

Despite their lack of correlation with Zr, the elements Rb and Ba are
strongly correlated with K,0 (Fig. 3P and Q). The coherent behaviour
of these elements in magmatic processes is well known (Goldschmidt, 1954)
and data presented here indicates that this behaviour persists during
both greenschist facies metamorphism and alteration processes described
in section 5.2.5.

B. The partially mobile trace elements

(i)  Zinc (Zn)

Zinc has zero octahedral site preference energy (OSPE) (Burns, 1970) and
therefore discriminates against octahedral sites 1in ferromagnesian
silicates. Zn?*  substitutes into tetrahedral co-ordinated sites
(Burns, op. cit.} and therefore has high partition coefficients for
magnetite and certain other sulphide phases that can occur in basaltic
systems. The Zn content increases with differentiation in the Dordabis
lavas (Fig. 31F), and concentrations vary from 83 to 161ppm in the
Bitterwater Tavas and from 99 to 228ppm in the Opdam lavas.
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(i1) Copper (Cu)

Copper concentrations show a wide scatter in the Dordabis lavas, despite
which there is a suggestion of a positive correlation with Zr indicating
its incompatible nature (Fig. 31G). Copper has low partition
coefficients (Table 6) and 1is generally vrejected from common
fractionating phases (olivine, clinopyroxene and plagioclase) in basaltic
systems. Anomalous Cu concentrations are wusually associated with
malachite staining, which probably resulted from the oxidation of
sulphide minerals. Although these lavas were avoided during sampling,
enriched concentrations up to 926ppm in sample IWJ68 were encountered.
As these samples plot off any possible variation trend, they were
rejected for purposes of modelling. The Bitterwater Tlavas have Cu
concentrations ranging from 24 to 204ppm, while concentrations vary
between 73ppm and 533ppm in the more evolved Opdam lavas.

(iii) Nickel (Ni)

Nickel (N12+) preferentially enters early-crystallising olivine and
pyroxene and is therefore depleted in the residual Tiquid. It has high
OSPE and can be expected to have high partition coefficients {Campbell
and Borley, 1974) (see Table 6). Nickel is depleted in the Opdam basalts
(Fig. 31H)} which have concentrations between 86ppm and 187ppm Ni. The Nij
contents in some of the more evolved basalts tend to be anomously high,
indicating that sulphides may have been present in some of these
basalts. The primitive Bitterwater Member 1lavas have concentrations
ranging from 140 to 387ppm Ni. Sample IWJ78 has a high content of
plagioclase phenocrysts and therefore an anomously low concentration of
108ppm Ni,

{iv) Chromium (Cr)

Chromium (Cr3+) partitions strongly into early-fractionating pyroxenes
and is therefore rapidly depleted in the residual liquid. It has the
highest OSPE of any transition metal ion (Campbell and Borley, 1974).
This accounts for its high pyroxene partition coefficient which ranges
from 4,7 to 11,4, Chromium (Cr3*) has higher OSPE than Ni2* and is
therefore more depleted in the residual liquid.

Chromium concentrations in the primitive Bitterwater lavas are tightly
clustered between 300ppm and 400ppm, although the more fractionated lavas
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have as 1ittle as 107ppm. The more evolved Opdam lavas are generally
depleted in Cr, with concentrations varying between 52ppm and 321ppm

(Fig. 311).

(v)  Vanadium (V)

Vanadium is present in the trivalent state in most magmatic rocks. In
V3+ enters into Fe3+, Fe2+, Ti and Mn Tlattice
sites. It is mainly accommodated in clinopyroxene and rarely olivine, as
can be seen from its partition coefficients Tisted in Table 6. Burns
(1970} predicted that v3* jons will also be enriched in the distorted
octahedral sites 1in the epidote structure. Although a Tlarge range

basaltic systems

exists, the VY contents of the Dordabis lavas are positively correlated
with their Zr contents (Fig. 31J). The Bitterwater Tavas generally have
concentrations of between 210ppm and 280ppm vanadium. However,
concentrations as low as 172ppm and concentrations as high as 373ppm were
also measured in this member, Vanadium concentrations in the Opdam Tavas
are evenly spread between 220ppm and 422ppm.

C. The immobile trace elements

(i)  Niobium {(Nb), Yttrium (Y) and Zirconium {Zr)

Niobium, Y and Zr are elements with high field strength ({Pearce and
Norry, 1979). As a result they are usually immobile during alteration.
In common basaltic systems these three elements are incompatible, with Nb
and Zr having partition coefficients approaching zero. Zirconium and Nb
show extensive fractionation with a ten-fold enrichment in the Dordabis
lavas. Concentrations of Zr vary from 35ppm in the primitive Bitterwater
basalts to 359%pm in the more evolved Opdam basalts. Yttrium exhibits a
well-defined variation trend with five-fold enrichment. Niobium and Y
concentrations vary from a minimum of 2ppm and l4ppm respectively in the
Bitterwater Member, to a maximum of 31ppm and 68ppm respectively in the
Opdam Member (Figs. 31K and L}. The enrichment factor of Y is less than
that of Nb and Zr because of its higher partition coefficients for
clinopyroxene and plagioclase (Table &). As with the other incompatible
trace elements discussed, Nb, Y and Zr concentrations are lower in the
Bitterwater lavas than in the Opdam lavas.
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(ii) The rare earth elements (REE)

The rare earth elements are particularly useful in petrogenetic studies.
Lanthanum (La), Cerjum {Ce) and Neodymium (Nd) are geochemically very
similar and are trivalent under most geclogical conditions, although Ce
may be tetravalent under highly oxidising conditions (Hanson, 1980).
Lanthanum, Ce and Nd have the greatest abundance in minerals that accept
cations with a radius of about 1,0 Angstron. Partition coefficients
{Table 6) indicate that these elements are rejected by the common phases
crystalTlising from  basaltic  magmas (plagioclase, olivine and
clinopyroxene}. The lower Timits of determination for La and Ce are
8,1ppm and 12,5ppm respectively (see Appendix 2). In the more primitive
Bitterwater lavas most of the La concentrations, and two of the Ce
concentrations are below these 1limits. This 1is further discussed in
section 5.5.5, Within the Dordabis basalts the ranges in concentration
are as follows: O to 32ppm La; 11 to 131ppm Ce and 10 to 79ppm Nd
(Figs. 31M, N and 0).

0. Interelement ratios

Selected interelement ratios for the Opdam and Bitterwater metalavas are
listed in Table 7 and diagrammatically presented in Figure 32 (A to G).
They are interpreted together with trace element data in section 5.5.4.

The K/Rb ratios in the Dordabis basalts cover a wide range, their
distribution being skewed towards higher values. These ratios average

270 in the Opdam Tavas and 320 in the Bitterwater lavas (Fig. 32A}.

Incompatible element ratios of Y/Nb, Zr/Y and Zr/Nb are presented in
Figures 32B, C and 0. The ratios provide a reasonable separation between
the Opdam and Bitterwater lavas. Y/Nb ratios, discounting Nb values
below determination 1imits, range from 2,1 to 7,0 in the Dordabis
metalavas, with average values of about 3,5 and 5,5 in the Opdam and
Bitterwater Members respectively. Zr/Y ratios are generally higher in
the Opdam basalts (2,76 to 5,28) than in the Bitterwater basalts (2,25 to
4,13}, Zr/Nb ratios are similar for lavas from both members which have
values ranging from 11,4 to 20,0 in the Opdam basalts and from 12,2 to 22
in the Bitterwater basalts (ratios with Nb concentrations above
determination limits).
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TABLE 7 SELECTED INTERELEMENT RATIOS FOR THE DORDABIS METABASALTS

OPDAM MEMBER K Y Zr Zr N{ Cr Cr
RE Nb Y Nb Co vV N7
IWJ143 439 9,05« 2,76 25,0 1,87 0,63 1,38
IWJ145 192 6,93 2,89 20,0 1,59 0,19 0,54
IWJ146 150 2,19 5,28 11,6 2,10 0,30 0,78
IWJ147 498 4,82 3,18 15,3 2,02 0,56 1,49
IWJ148 256 2,58 4,84 12,5 2,34 0,33 0,81
IWJ149 276 2,65 4,80 12,7 2,31 0,23 0,59
IHJ150 224 4,29 3,83 16,4 2,20 0,54 1,21
IWJ151 246 3,62 4,36 15,8 2,06 0,19 0,64
IWJ152 290 2,86 4,40 12,6 2,36 0,41 0,72
WJ153 244 2,92 4,47 13,1 2,55 0,52 0,92
W2 222 3,43 3,33 11,4 2,44 1,12 2,21
IWJ3 144 3,89 4,29 16,7 2,64 0,61 0,99
IWJ4 256 2,92 4,47 13,1 2,69 0,46 0,73
IWJ5 260 2,93 4,52 13,3 1,77 0,31 0,93
IWJ6 166 3,10 4,36 13,5 1,88 0,25 0,56
IWJ7 262 3,00 4,27 12,8 1,85 0,22 0,60
IWJ8 238 3,75 3,84 14,4 1,91 0,23 0,81
INJ9 282 2,80 4,45 12,5 2,00 0,33 0,84
IWJ10 380 3,67 3,73 13,7 2,89 1,02 1,29
TWJ11 236 3,75 3,40 12,8 2,22 0,70 1,54

BITTERWATER MEMBER

IWJ12 234 11,00 2,77 30,5 3,21 1,52 2,40
IHJ13 334 10,00 3,25 32,5% 2,89 1,30 1,85
IWJ14 360 7,00 3,14 22,0 3,16 1,14 1,50
WJ15 350 6,50« 2,54 16,5% 5,40 2,56 1,14
IWJ16 340 6,00 3,00 18,0 3,20 1,69 2,08
W17 352 4,50 2,83 12,8 3,35 1,65 2,08
IWJ19 276 4,75 3,16 15,0 5,17 1,66 1,59
IWJ20 264 6,67 2,95 19,7 3,8 1,51 1,50
TWJ 21 262 6,67 3,10 20,7 3,90 1,53 1,59
IKJ49 260 5,75 3,13 18,0 2,43 1,36 2,30
IHJ50 366 10,00 3,05 30,56% 3,07 1,41 1,86

* Concentrations below lower 1imits of determination.
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TABLE 7 {continued)

K_ Y Ir
b ND Y

BITTERWATER
MEMBER
IWJ51 284 12,00 3,62
1WJ52 282 5,00 2,75
INJ53 328 9,50 2,90
W54 310 9,00 3,22
TWJ56 266 10,00+ 3,20
1WJ57 270 6,33 3,00
INJ58 388 9,00« 2,83
1459 290 9.00% 3,06
INJ60 288 4,25 3,24
IWJ61 282 5,75 3,39
IHJ 62 264 4,20 3,14
1WJ64 372 10,00* 2,55
IHJ89 414 9,50 3,11
INJ88 398 5,67 3,24
IWJ87 366 5,00 3,00
1WJ86 342 5,67 3,18
IWJ85 346 10,00 2,75
IWJ84 514 4,50 3,06
IHJ83 192 5,00 3,00
11J82 252 7,50 3,67
INJ79 340 9,00« 2,94
IWJ68 - 11,60 2,61
IWJ69 316 4,75 3,11
W70 430 9,004 3,00
INJ71 300 4,00 3,15
IHJ72 318 9,00 3,22
IHJ73 296 2,88 2,25
INJ74 274 3,62 4,13
INJ75 368 3,85 3,70
IWJ76 286 4,60 3,44
INJ77 390 5,00 3,68
IHJ78 298 3,50 3,91

43,5%
13,8
27,5%
29,0%
32,0%
19,0
25,5%
27,5%
13,8
19,5
13,2
25 ,5%
29,5%
18,3
15,0
18,0
27,5%
13,8
15,0
27,5%
26,5%
30,0%
14,7
27,0%
12,6
29,0%
12,2
14,9
14,3
15,8
18,4
13,7

2,45
3,48
3,09
2,95
3,57
2,62
3,11
3,85
3,85
3,41
2,75
2,95
3,92
3,68
3,78
3,37
3,14
2,86

3,28

3,00
3,02
6,00
5,39
3,65
3,60
4,58
2,15
2,92
3,79
4,02
3,47
2,36

* Concentrations below lower 1imits of determination.

0,95
1,56
1,52
1,49
1,47
1,31
1,69
1,68
1,57
1,23
1.1
1,79
1,41
1,41
1,41
1,49
1,63
1,64
1,39
1,38
1,31
1,30
1,37
1,37
1,32
1,41
0,48
0,36
1,43
1,38
1,57
0,84

1,92
1,78
2,08
2,09
1,52
2,32
2,12
1,73
1,51
1,48
1,73
2,37
1,40
1,41
1,41
1,79
2,07
2,49
1,88
2,29
1,84
1,07
0,87
1,38
1,41
1,15
1,16
0,75
1,30
1,22
1,74
1,8
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Ratios dinvolving trace elements of different compatibilities change
during differentiation. Ni/Co and Cr/V ratios are generally lower in the
more evolved Opdam basalts, which have values averaging about 2,2 and 0,4
respectively, than in the more primitive Bitterwater basalts, with
average values of about 3,5 and 1,5 respectively (Figs. 32E and F}. This
separation 1is not as well defined by the compatible element ratio,
Cr/Ni. The Opdam metalavas however generally have Tlower Cr/Ni ratios
(0,5 to 1,6) than the Bitterwater metalavas which show a wide variation

of values ranging from 0,75 to 2,48.

5.5.4 Petrogenesis of the Dordabis Formation lavas

In this section trace element variation data are used to construct the
best feasible model for the genesis of the Dordabis metalavas. Trace
element models including crustal contamination, magma mixing, source
heterogeneity, fractional crystallisation and partial melting are
evaluated before the applicable model 1is discussed in terms of the
quantitative trace element theory summarised in section 5.5.2.

If either a two-component magma mixing model, or a crustal contamination
model is used to describe the variation trends on Figures 30 and 31, the
two components mixing must have compositions that fall at either end of
the variation trends. One component clearly must have a composition
simjlar to that of the least evolved basalt (sample IWJ15). The other
component must have a more evolved composition with greater than
4,5% Ti0y, 19% Fe,05, 0,28% Mn0, 0,6% P,0g, 240ppm Zn, 430ppm V, 32ppm Nb,
70ppm Y, 25ppm Cu, 120ppm Ce and 80ppm Nd, and less than 14% A1203,
5% Mg0, 5% CaO, 100ppm Ni and 100ppm Cr. This is an improbable crustal
composition, and also an unlikely composition of a melt of the crust or a
melt of the mantle. Crustal contamination and magma mixing are therefore
unlikely to have caused the variation trends noted in the Dordabis Tavas.

Immobile trace element data for the primitive Bitterwater and the more
evolved Opdam 1lavas plot in well-defined overlapping variation trends
(Figs. 31K to 0) suggesting that these two members are cogenetically
related by partial melting of a common source or fractional
93ystallisation of a common parent magma. Limited degrees of fractional
crystallisation (up to 70%) result in extreme depletion of compatible
elements in Tlater 1liquids, but 1little varjation in incompatible
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element concentrations. Fractional «crystallisation also results in
parallel shifts of chondrite-normalised REE patterns for fractionated
cogenetic lava suites. On the other hand variable degrees of partial
melting may result in limited depletion of compatible elements in the
melt. In deep continental crust partial melting can enrich incompatible
elements (e.g. 1ight REE), relative to the more compatible elements in
the melt. This 1is because garnet and clinopyroxene are expected to be
important residual phases during small degrees of melting, resulting in
partition coefficients for heavy REE and Y approaching unity {Cox et al.,
1979). Direct partial melts of the mantle generally also have Mg#> 67
(Kesson, 1973).

The rapid depletion of the immobile elements Cr and Ni, the overall
parallel nature of the REE patterns and a Mg# generally Tless than &7
indicate that the Dordabis Tlavas are probably related mainly by
fractional crystallisation. Quantitative trace element models explained
in section 5.5.2 have been used to develop a model of fractional
crystallisation for the Dordabis lavas. A number of assumptions made in
modelling variation trends are discussed below.

Partition coefficients 1listed in Table & show that, in contrast to
olivine, pyroxenes accept more Cr than NMNi. The Cr/Ni ratio should
therefore decrease with increasing pyroxene-controlled fractionation and
increase with fractionation dominated by olivine. The generally 1low
Cr/Ni ratios in the Dordabis basalts, especially in the Opdam member,
indicate that pyroxene dominates the mafic component of the fractionating
assemblage.

The Dordabis lavas nave been altered {see section 5.2) making estimations
of primary mineral proportions difficult. Major element geochemistry
illustrates that fractionating minerals included substantial amounts of
plagioclase (=<70%}, clinopyroxene and olivine, while Cr/Ni ratios show
that pyroxenes dominated the mafic component of the fractionating
assemblage. However, exact proportions of fractionating phases are
required to model variation trends.

Biggar {1983) illustrated that to produce a tholeiitic daughter liguid by
fractional crystallisation of a mantle melt, augite, plagioclase and
olivine can only crystallise in the 1imited range of 30:50:15 to
20:60:20, For quantitative modelling purposes, the primary melt which
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resulted in the Dordabis lavas was assumed to have precipitated 30%
augite, 50% plagioclase and 15% olivine and to have contained 55ppm Zr.
Two 1imiting concentrations of other trace elements modelled were
estimated for this original melt. Bulk distribution coefficients were
calculated using selected partition coefficients listed in Table 6.
Variation trends are modelled and plotted as lines on Figures 30B and J

and on Figures 31F to 0.

The compatible elements, Ni and Cr, although spread over a fairly wide
range, fall reasonably within the 1imits of the modelled trace element
concentrations (Fig. 3'H to I). The dincompatible <immobile elements
Ti0,, Po0g, Nb and Y are progressively enriched in the more evolved
lavas of the Dordabis Formation. Concentrations of these elements plot
almost exclusively within the modelled envelopes on Figures 30B and J,
and Figures 31K and L). TiD, and P,05 behave essentially as trace
elements and have therefore been modetled as such. The slightly mobile
incompatible elements Zn, Cu, V, La, Ce and Nd, although spread over a
wider range, are progressively enriched in the more evolved lavas and
plot to varying degrees within the modelled envelopes (Figs. 31F, G, J,
M, N and 0). An exception is sample IKJ78 which plots outside modelled
envelopes on many diagrams, because of the large amounts of feldspar
phenocrysts present.

Ratios of incompatible, immobile trace elements should remain nearly
constant during fractional crystallisation 1in a basaltic system.
However, the more evolved Opdam basalts have lower Y/Nb and higher Zr/Y
ratios than the primitive Bitterwater basalts (Figs. 32B and C}. This
can be explained by the fact that Y is the least incompatible of the
common immobile, incompatible trace elements Y, Zr, Nb (see Table 6). A
slightly greater fractionation of ratios involving Y during fractional
crystallisation would therefore be expected. This can be seen by the
better separation of the Opdam lavas from the Bitterwater lavas on the
Y/Nb and Zr/Y diagrams {Fig. 32B and C), than on the Zr/Nb diagram (Fig.
32D).

K/Rb ratios higher than 400 (K/Rb ratio for chondritic meteorites
{Beswick, 1976)) are normally characteristic of basaltic rocks, with the
exception of continental tholeiites. There 1is controversy as to why



- 86 -

continental tholeiitic basalts have low K/Rb ratios (Compston et al.,
1968). It may reflect either conditions in the upper mantle or selective
contamination processes affecting the magma as it ascends through the K-
and Rb-rich environment in the continental crust . Spidergrams {section
5.5.6) indicate that in the Dordabis lavas, primordial normalised K and
Rb values are enriched relative to Sr, P and Nb values. This suggests
minor assimilation of granitic crust before the commencement of the
fractionation or a mantle source that has been metasomatically enriched
in K and/or Rb., It is therefore not possible to resolve the cause of the
low K/Rb ratios in the Dordabis lavas. However, the ratios of less
incompatible to more incompatible elements is low ({average Zr/Nb ratio
for the Opdam basalts is about 13). This probably reflects conditions in
the source material rather than crustal assimilation,

Low-pressure fractional crystallisation models can explain variations in
the trace element concentrations in the cogenetic Dordabis lavas. Before
any final conclusions can be made anomalous REE behaviour should be

examined.

5.5.5 Anomalous REE bhehaviour

An aspect of REE is that Y is assumed to behave coherently with
dysprosium (Dy) (Herrmann, 1978}. Chondrite-normalised Y and Dy
abundances should be similar in the Dordabis lavas. Even if these
abundances were to vary by a factor of two, the shape of th REE djagrams
(Figs. 33A to C) would not change. However a difference as large as this
wolild not be expected, and it can be assumed that heavy REE/chondrite
abundances are depleted with respect to 1light REE in the Dordabis
metalavas. The anomalously low La and Ce concentrations in some of the
lTavas must be accounted for. The problem arises of trying to establish
whether this depletion is a result of analytical errors, alteration, or
is a primary feature of the magmas.

In assessing analytical errors it is important to note that the technigue
used, X-ray fluorescence spectrometry (XRF), 1is not as precise in
determining REE concentrations as methods involving spark source mass
spectrometry, neutron activation and isotope dilution (Hanson, 1980}.
However, samples were analysed on two separate occasions to check the
authenticity of this anomalous REE behaviour. The two sets of analyses
showed good reproducibility with Tower limits of determination for the

Dordabis lavas averaging about 13ppm Ce, about 18ppm Nd and about 8ppm
La. For the Bitterwater lavas a few of the Ce determinations and 90% of
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the La determinations are below the Tower limits of determination. The
imprecise nature of the analytical method used may have caused slight
errors in the absolute concentrations of the REE determined, but it is
unlikely to have caused general depletions in La or Ce.

The mobility of 1ight REE (La, Ce and Nd} during alteration processes is
controversial. Frey et al. (1974), Hellman and Henderson (1977) and
Haskin et al. (1966) claimed that REE can be mobile during alteration
processes 1ike spilitisation, while other authors (0'Nions and Pankhurst,
1974) claimed that REE are relatively immobile during alteration
processes. The REE contents exhibit well defined correlation with the Zr
concentrations in the Dordabis lavas {Figs. 31 M, N and 0). As discussed
in section 5.2.5 mobilisation of an element has usually resulted in the
scattering of the plotted data points on such varfation diagrams.
Mobility of 1ight REE concentrations could explain the occasional large
deviations from trends on the REE versus Zr graphs, but the regularity of
the overall REE trends probably represents an original igneous pattern.
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Figure 33A Chondrite-normalised REE variation in the Opdam metabasalts
(Solid 1ines represent REE concentration 1imits)



- 88 -

100
50
s
o
5 |
ig 10
e
£
4
e 9

1 | 1 ]
La Ce Nd Y
REE

Figure 33B La-depleted chondrite-normalised REE  variation in the
Bitterwater  metabasalts {solid Tines represent REE

concentration Timits)

100 1
50
3
o
=
-g 10
O
o
£
Q
€ 5
| | L |
La Ce Nd Y

REE

Figure 33C La~ and Ce-depleted A chondrite-normalised REE variation in
the Bitterwater Metabasalts (solid Tines represent REE
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Chondrite-normalised 1ight REE depletion has been noted in a variety of
locations such as ocean-ridge basalts and island arc tholeiites (Jahn et
al., 1974), The more evolved Opdam Tlavas are however generally only
depleted in La (Fig. 33A). The Bitterwater lavas can be grouped into
those depleted only in La (Fig. 33B) and those depleted in both La and Ce
(Fig. 33C}. ATl three groups have light REE relatively enriched over Y,
and hence presumably enriched over heavy REE contents. Although unusual,
REE patterns similar to those of the Dordabis Tlavas, i.e. with
anomalously low Ce and La, have been noted by Jahn et al., (1980} in the
Kuhno continental tholeiitic basalts. The general parallel nature of the
REE patterns, ranging from the primitive to the more evolved lavas of the
Dordabis Formation dis consistent with a fractional crystallisation
model. La and Ce depletion has probably been inherited from the source
material because it cannot be adequately explained by analytical error,
alteration or fractionation. The problems discussed with the
interpretations of the 1imited REE data available for the Dordabis
volcanic rocks, make further discussion based on its quantitative nature
futile.

5.5.6 Spidergrams

Spidergrams have recently become popular amongst geochemists. They are
used to compare the compositions of groups of igneous rocks and to
recognise diagnostic chemical characteristics of igneous suites. The
abundances in the Dordabis lavas of the elements presented on the
spidergram {Fig. 34) have been normalised to the primordial mantle values
of Wood et al. (1979). Although alteration has caused considerable
scatter in the concentrations of some of the more mobile elements in the
Dordabis basalts, there is no evidence to suggest that there has been a
nett loss or gain in the concentrations of these elements. The average
composition of these Tlavas will therefore probably crudely represent
their original composition.

A basalt originating from a primordial mantle source undergoing extensive
melting would give a flat spidergram pattern, but if the melt fractions
were small the resulting spidergram would slope smoothly downwards from
Rb to Y, probably flattening between La and Ba {Thompson et al., 1983).
Despite peaks and troughs, primordial normalised abundances for the
Dordabis lavas generally decrease from Rb to Y, suggesting that they
resulted from a mantle that had undergone small degrees of melting. This
conclusion is only valid provided it is assumed that the mantle has
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Figure 34 Spidergrams derived from average trace element concentrations
of the Opdam and Bitterwater metalavas

primordial relative concentration of incompatible elements. Alternatively
this relative depletion may reflect the primary patterns of the source.
The QOpdam and Bitterwater metalavas have similar patterns with negative
anomalies at Nb, La and Sr and peaks at Nd and possibly Ce (Fig. 34).
Anomalfies can usually be ascribed to factors like source compositions,
partial melting, fractional crystallisation or contamination by crustal
materials. The negative anomaly at Sr probably resulted from fractional
crystallisation of plagioclase from these basalts. The Sr anomaly is
greater in the Opdam basalts than in the Bitterwater basalts, indicating
that the Opdam lavas probably underwent a greater degree of plagioclase
fractionation. This is in accordance with trace element data which
indicates that the Opdam Tlavas are more evolved, and have undergcne a
greater degree of Tlow-pressure fractional crystallisation than the
Bitterwater lavas (see section 5.5.4).

The negative ancmaly at Nb, especially 1in the primitive Bitterwater
basalts, is common to most continental flood basalts and arc basalts
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(Brigqueu et al., 1984). Geochemists do not know the reason for this
depletion, although Thompson et al. (1983) and Briqueu et al. (1984)
suggested that it is widely accepted that Nb is retained in a stable
phase in the mantle. In section 5.5.5 it was concluded that La
depletions were probably caused by a natural heterogeneity of the source
material of the Dordabis basalts, and not caused by analytical errors,

alteration or fractionation.

Norry and Fitton (1983) offered two possible explanations for the
enrichment of K and Rb relative to Sr, P and Nb, which is so common in
continental basalts. Firstly this enrichment could be due to
assimilation of granitic continental crust, since all granites tend to
have high values for the ratios K/Sr and Rb/Nb., Alternatively this
enrichment may have occurred if the basalt source (upper mantle) had been
metasomatically enriched in elements such as K and Rb., However, this was
discussed in section 5.5.4 where it was concluded that these enrichments
probably reflect conditions 1in the source material, rather than

assimilation.
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6. A COMPARISON BETWEEN THE DORDABIS FORMATION AND POSSIBLE EQUIVALENTS

6.1 Introduction

S.A.C.S. (1980) correlated the Sinclair Sequence with the Koras Group and
'possible equivalents' in the Rehoboth area (Fig. 35). Isotopic age
determination of igneous rocks from the three areas indicate that they
are broadly coeval. S.A.C.S., (1980) reported that several radiometric
age measurements of the Niickopf lavas in the Dordabijs-Rehoboth area range
between 1080Ma and 1232Ma. Krdner (1975) obtained an age of 1265 +10Ma
using a six-point Rb-Sr whole-rock isochron on lavas from the Barby
Formation of the Sinclair Sequence. A seven-point Rb-Sr whole-rock
isochron on lavas from the Lambrechtsdrif Formation of the Koras‘group
gave an age of 1176Ma (Krdoner et al., 1977). It is the aim in this
chapter to compare the Dordabis Formation rocks with possible equivalent
formations in the Sinclair Sequence and the Koras Group.
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Figure 35 Generalised §eo1ogica1 map i1iustrating the Koras Group, the
Sinclair Sequence and its equivalents ({after Sanderson-

Damstra, 1982).
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6.2 Comparison with the Sinclair Sequence

The Sinclair Sequence is located in southern SWA/Namibia (Fig. 35}. It
forms a major part of the presently expcsed Irumide zones of volcanism,
sedimentation and granite emplacement in SWA/Namibia. Both the Sinclair
Sequence and the formations in the Dordabis area form part of the
southern margin of the Damara Belt. Watters {1977) proposed that the
Sinclair Sequence resulted from three evolutionary cycles of deposition
(Fig. 36), each cycle consisting of basic and acid lavas interbedded with

immature guartzites and greywackes.

T AUBORUS FORMATION —Felspathic sandstone and conglomerate
o ROOIBERG GRANITE
Id CYULE— —Rhyobtic lava, plugs, domes, dikes and
GUPERAS FORMATION ash flow lquT, mﬂ'_and agglomerate
- —Busic Java and intrusives
r —Lithic sundstone and conglomerate -
NUBIB GRANITE
2nd CYCLE—
. ’ — Buasic lava and intrusjves, syenite, SINCLAIR
| BARBYFORMATION rhyoliue lava, ash flow tufT, tufTite, GROUP
— tulfand agplomerate
KUNJAS TORMATION —Arkose, grit, conglomerate and shale
AAAANAAAAN N S AN A
HAREMUB GRANITE
Ist CYCLE —

. ) ~ Rhyolitic Lava, ash flow wfT, agglom-
NAGATIS FORMATION ‘[ erate, husic lava, arkose, prit and

shile
(! Unexposed basic intrustves and extrusives?)

Figure 36 Geclogical succession and evolutionary cycles of the Sinclair
Group (after Watters, 1977)

The Barby Formation is overlain by the Guperas and Auborus Formations,
and the Dordabis Formation is overlain by the Doornpoort and Niickopf
Formations. S.A.C.S. (1980) correlated the Auborus and Guperas
Formations of the Sinclair Sequence with the Doornpoort and Nickopf
Formations occuring in the Dordabis area. If this assumption is accepted
it is possible that the Barby Formation could be correlated with the
Dordabis Formation (Table 8). A comprehensive comparison between the two
is therefore necessary.

Mapping and geochemical work is currently being carried out on the Barby
Formation by G. Brown of Natal University, but unfortunately no detailed
trace element geochemical data are presently available.
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Table 8 Possible correlates of the Sinclair Sequence in the Dordabis

area.
SINCLAIR SEQUENCE POSSIBLE CORRELATES
Aubures Formation Doornpoort Formation (S.A.C.S., 1980)
Guperas Formation Niickopf Formation (S.A.C.S., 1980)
Barby Formation Dordabis Formation

The Barby Formation consists of 8500m of interbedded sediments and
intrusive and extrusive igneous rock-units (S.A.C.S., 1980). Immature
extensively recrystallised greywackes and quartzites are
indistinguishable, especially nearer the top of the formation, from those
occurring in the Dordabis Formation. Near the base of the Barby
Formation conglomeratic layers similar to those occurring at the base of
the Opdam Member, are common {Brown, pers. comm. ).

The major proportion of the extrusive succession of the Barby Formation
is made up of basic lava, although felsic lava and ash-flow tuff
constitute between 20% and 45% of the total thickness of extrusive lavas,
and less than 5% of the total Barby Formation {Watters, 1974}. The
extrusive basic lavas are often plagioclase phyric in character (Watters,
op. cit.}. These volcanic rocks occur both as small- and large-feldspar
phyric lavas, petrographically very similar, but less metamorphosed than
those in the Bitterwater Member, Lavas which are petrographically
similar to the aphanitic, massive, basic volcanic rocks of the Barby
Formation are common in the Dordabis Formation. These aphanitic volcanic
rocks tend to be tholeiitic in character and usually occur in the top
2000m of the Barby Formation, while the feldspar-phyric lavas tend to be
calc-alkaline and occur mostly at the bottom of the formation,
interbedded with high-Ca rhyolites (Brown, pers. comm.). Brown (pers.
comm.} has not recognised any 'Dordabis-like' flow breccias or ophitic

lavas in the Barby Formation.

A spidergram (Fig. 37) compares Watters' (1974) average trace element
data for tholeiitic basalts from the Barby Formation with those of the
Bitterwater Member. Unfortunately Watters only analysed for six trace
elements, Ba, Rb, Sr, Zr, Y and Nb in the Barby tholeiites, of which
Ba, Rb and Sr could be mobile. The general pattern on the spidergram is
very similar to, and generally falls within the spectrum occupied by the
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Bitterwater lavas (Fig. 37), although the Barby tholeiites are slightly
enriched in Rb and K. The major element composition of the Barby
tholeiites also correlates well with that of the Dordabis Formation
{(Table 9). The spidergrams are similar, but unfortunately, because of
the Tack of detafled geochemical data for the Barby Formation, no further
conclusions can be drawn on the basis of chemistry. The lack of bimodal
basalt-rhyolite lavas and calc-alkaline basalts in the Dordabis Formation
detracts from the suggestion that it might be a direct correlate of the

Barby Formation.

Table 9 Average whole-rock composition of basic volcanics of the
Dordabis Formation {+ one standard deviation), the Sinclair
Sequence and the Koras Group

DORDABIS FORMATION PSINCLATR *
BIS FOR SEQUENCE KORAS GROUP
OPDAM BITTERWATER  [BARBY FORMATION LAMBRECHTS-| ROUXVILLE
MEMBER MEMBER THOLEIITES  |DRIF MEMBER |  MEMBER
Si0p 46,90 + 2,57| 46,04 + 1,30 49,17 54,23 50,79
Ti0p 2,24 % 0,84] 1,21 ¥0,36 1,05 1,08 2,09
Alo03 14,19 F 1,14| 16,12 ¥ 0,98 17,59 14,59 14,36
Fep03 14,35 F 1,98] 11,26 ¥ 1,40 11,29 10,50 13,64
Mn0 0,19 F 0,03] 0,15 F 0,02 0,19 0,13 0,14
Mg  5,93F 1,23 7,83 F 1,04 7,06 5,37 4,62
ca0 7,88 % 2,00/ 10,28 F 1,60 10,08 8,80 7,39
Nao0 2,84 % 1,38 2,35%0,76 2,19 2,20 2,87
K20 0,74 F 0,70 0,64 ¥ 0,43 1,25 1,19 1,24
P05 0,26 % 0,12| 0,12 F 0,04 0,13 0,14 0,59
Ba 204 +158  |156  + 83 218 - -
Rb 24 T 22 18 ¥ 14 62 53,2 34,1
S 194 ¥ 8 218 F 76 257 279 310
Zr 162 779 68 ¥ 32 70 144 296
Y 38 ¥13 21 ¥ 6 19 33 55
Nb 12,1 % 7,0 | 3,7 ¥ 2,9 2,5 10,6 22,1
Cr 131 F62 (324 T 64 - 127 212
v 296 ¥54 235 ¥ 3 - 237 281
Co 61,1 F 7 58 F 5 - 50 52
Ni 133 F 27  |200 ¥ 54 - 64 90
Cu 208 ¥138 78 TI35 - 84 32
Zn 144 ¥ 31 97 F15 - 85 11
sc 38 F 7 /T 4 . - :
la 13 F g 4 ¥ 4 17 49
Ce 56 ¥ 32 23 F16 - 45 112
Nd 37 F19 19 F 9 - 24 58

X After Watters (1974). Average of BW1415 and BWB11
* After Sanderson- Damstra (1982)
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6.3 Comparison with the Koras Group

The Koras Group is located in the northern Cape near the town of Upington
(Fig. 35). Sanderson-Damstra {1982} has proposed that the group consists
mainly of two cycles of bimodal basaltic-rhyolitic volcanic rocks
interbedded with immature conglomerates and lithic greywackes. The first
volcanic cycle commenced with the Lambrechtsdrif basaltic andesites,
followed by the Swartkopsleegte rhyodacites, while the second cycle
comprises the contemporaneous Rouxville basalts and the Swartkop and
Kenilworth rhyolites {(Sanderson-Damastra, op. cit.). The basic lavas in
the Lambrechtsdrif and Rouxville Members are subalkaline and tholeiitic
in character. VYolcanic breccias and interbedded metagreywackes, similar
to, but more immature than those in the Dordabis Formation, are common
both 1in the Lambrechtsdrif and Rouxville Members, Structural,
lithological and age similarities have resulted in correlation of the
Koras Group with the Sinclair Sequence by Du Toit {(1965), Grobler et al.
{1977), S.A.C.S. (1980) and Sanderon-Damastra (1982).
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Figure 37 Spidergram comparing the range in concentrations for
Bitterwater volcanics (shaded area), with - the average
concentrations for the Barby tholejites (D), the
Lambrechtsdrif basic volcanics {A) and the Rouxville basic
volcanics (&)



- 97 -

The Spidergram (Fig. 35) shows that the trace element patterns of the
Lambrechtsdrif Member are similar to those of the Bitterwater Member,
although absolute enrichments are generally higher in the former. The
Rouxville Member however has a convex-upward shape with relative
enrichments of Nb, La, Ce, Nd, P, Zr, Ti and Y compared to the downward
sloping Bitterwater and Lambrechtsdrif Members.

6.4 General Comparison

The Dordabis Formation has many factors in common with parts of the Koras
Group and Sinclair Sequence which are summarised by the following points.

1) Age measurements are similar for the three provinces and range from
1080 to 1265Ma.

2) The Dordabis Formation is petrographically and petrologically very
similar to the tholejitic Lambrechtsdrif Member of the Koras Group
and the tholeiitic upper part of the Barby Formation of the
Sinclair Sequence. However, Nb, La, Ce, Zr and Y are enriched in
the Lambrechtsdrif basalts compared to the Dordabis basalts. The
Dordabis metalavas exhibit a much more striking resemblance to the
Barby tholeiites.

3) The associated sedimentary suites in the three provinces are
similar.
4} The volcanics in the three provinces were primarily derived from

fissure-type eruptions.

5} Structural trends are similar in the Sinclair Sequence and the
Koras Group.

6) Bimodal basaltic and rhyolitic volcanics occur in both the Koras
Group and the Sinclair Sequence.

7) The Dordabis Formation and the Sinclair sequence form part of the
Irumide zone and are both situated on the southern margin of the
Damara Belt.

These similarities suggest that the Dordabis Formation, the Sinclair
Sequence and the Koras Group are possible coeval equivalents that formed
in similar fault-bounded locations.
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7. SUMMARY AND CONCLUSIONS

Petrography, petrology, field and age relationships have resulted in the
proposal of a revised geological succession in the Dordabis area. This
late-Proterozoic volcano-sedimentary succession is renamed the Dordabis
Formation and consists of the Opdam and Bitterwater Members. It forms
part of an Irumide zone of volcanism and sedimentation and is, together
with Sinclair Sequence, situated on the southern margin of the Damara
Sequence. The Tower Opdam Member consists of a basal conglomerate
overlain by interbedded immature sublitharenites, phyllites, flow
breccias and basic volcanics metamorphosed to typical greenschist facies
mineral assemblages. The overlying Bitterwater Member consists of
interbedded and generally thicker immature sublitharenites, flow breccias
and basic volcanics.  Although both the Bitterwater Member and the Opdam
Member have been metamorphosed to greenschist facies, recrystallisation
of the former is incomplete. This suggests that either dryer metamorphic
conditions, or lower pressures and temperatures prevailed in the
Bitterwater Member.

Shearing, metasomatism and metamorphism of the Dordabis Tlavas has
generally resulted in a scattering of the data points defining geochemical
“trends for certain elements. Evaluation of compositional data for the
lavas indicates that NaZO, K20, CabD, Ba, Rb, Sr, Co and Sc are
mobile; 5105, Al1,05, Fe,05, MnD, MgO, Zn, Cu, Ni, Cr and V are
partially mobile and T102, Po0c, Nb, Y, Zr, Lla, Ce and Nd are
relatively immobile during these processes.

The Dordabis Formation metalavas are geochemically classified as
sub-alkaline, tholejitic continental basalts. The Opdam Tlavas are
generally more evolved high-iron tholeiites, while the Bitterwater
basalts are invariably more primitive magnesium tholeiites., Major and
trace element variation trends for the Opdam metalavas overlap those for
the Bitterwater lavas, indicating that these two members are cogenetic.
Major and trace element variations in the Dordabis basic Tlavas are
consistent with modelled Tow-pressure fractional crystallisation trends
although the presence of feldspar phenocrysts, the mobilisation of
elements, the uncertainties in bulk distribution coefficients and the
uncertainties in the determination of original melt composition all place
Timitations on their quantitative use in trace element modelling. Light
REE enrichment, decreasing primordial normalised abundances from Rb to Y
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on the spidergrams and low K/Rb ratios can either be ascribed to crustal
contamination, or primary patterns in the source, or a mantle source with
primordial concentrations of incompatible elements that had undergone
little previous partial melting. However, low ratios of less
incompatible elements to more incompatible elements (average Zr/Nb ratio
for the Opdam basalts is about 13) probably reflect conditions in the
source material, vrather than assimilation, Clearly the initial
production of the primary basaltic magma was the result of a partial
melting process. This primary basaltic magma underwent further
modification en route to and nearer to the earth's surface by fractional
crystallisation of about 30:50:15 weight percent augite : plagioclase
olivine.

One of the features of the Dordabis Formation basalts is the occurrence
of alternating evolved and primitive lavas at the base of the seguence.
Such alternations have frequently been problematical to explain, but
recent research has resulted in a better understanding of the plumbing
systems of modern volcanoces. This feature of the Dordabis lavas can
possibly be explained by a model similar to that of the Socorro magma
body in New Mexico. Geophysical studies in the Rio Grande Rift near
Socorro indicate the presence of a molten, multilayered intrusive complex
at midcrustal depths (Brocher, 1987). If a similar complex existed in
the Dordabis area during Irumide times, 'separate layers' or sills of
cogenetic magma could have undergone different degrees of crystal
fractionation. Over a period of time the filter-pressed interstitial
liquids from these partially crystallised sills may have been tapped by
taphrogenic faults, resulting in the chemical variations now evident in
the Dordabis volcanic pile.

A comparison of the Dordabis Formation with the Sinclair Sequence and the
Koras Group indicates that they are possible coeval equivalents. However
the lack of geochemical data on the Sinclair Sequence and its 'so-called'
equivalents make detailed investigations of the correlations difficult.
A detailed study and correlation between all the rocks associated with
the Irumide cycle, and in particular the geochemistry of the related
jgneous rocks, would greatly enhance our understanding of Tlate
Proterozoic and hence Damaran cycles in central SWA/Namibia.
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APPENDICES

APPENDIX 1 : ELECTRON MICROPROBE ANALYSES

J

.2

.3

Microprobe analyses were carried out on selected pyroxenes, feldspars and

epidotes on a Cambridge Microscan V instrument.

coated with carbon to a maximum thickness of 25im.

Polished sections were
Ten second counts

were performed up to seven times for each element analysed. The data
were reduced using the H.V.E. Mark IV program which applies the Bence and
Albee (1968) correction and also corrects for dead-time counting Tosses.
Analytical conditions and standards employed are provided in Table A.

Table A Microprobe analytical conditions

ELEMENT ACCELERATING SPECIMEN COUNTER CRYSTAL STANDARD AY. STANDARD

POTENTIAL  CURRENT COUNTS

(per 10 secs]
3 20KV 30nA Flow RAP  Jadeite 27 844
Pyroxene Ti 20kY 30nA Flow LIF  Ilmenite 28 688
Al 20KV 30nA Flow RAP  Jadeite 15 159
Fe 20KV 30nA Flow LIF  St. J.Is. 01. 6 885
Mn 20kY 30nA Flow LIF Rhodonite 29 947
Mg 20KV 30nA Flow RAP St J.Is. D1. 15 904
Ca 20KV 30nA Flow LIF  Px.l 14 230
Na 20KV 30nA Flow RAP  Jadeite 1 259
Cr 20kV 30nA Fiow LIF Chromite 34 615

FLEMENT ACCELERATIRG SPECIMEN COUNTER CRYSTAL

STAMDARD AY. STANDARD

POTENTIAL CURRENT COUNTS

Mﬁ 51 20kV 30nA Flow KAP Px.1 36 379
Al 20kY 30nA Flow KAP Sp. (UCT) 35 872

Fe 20kY 30nA Fiow Quartz Ilm, 15 592

Ca 20kY 30nA Flow Quartz Px.] 12 874

Na 20kY 30nA Flow KAP Jadéite 987

K 20kv 30nA Flow Quartz Orth. (TA) 7 222

ELEMENT ACCELERATING SPECIMEN COUNTER CRYSTAL

STANDARD AV. STANOARD

POTENTIAL CURRENT COUNTS

Epidote Si 20kV 30nA Flow RAP St. J.Is 01 18 273
Al 20kY 30nA Fiow RAP Jadeite 15 470

Fe 20kY 30nA Flow RAP St. J.Is 01 6 843

Mn 20kY 30nA Flow LIF{220) Rhodonite 30 333

Ca 20kY 30nA Flow LIF(220) Px.) 14 583
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APPENDIX 2 : X-RAY FLUQORESCENCE SPECTROMETRY

Whole-rock analyses were carried out by XRF wavelength dispersive
techniques using a Phillips 1410 X-ray spectrometer. The major elements,
apart from sodium, were determined using duplicate fusion discs, prepared
according to the method of Norrish and Hutton (1969). A1l iron was
determined as F8203. Sodium and trace elements were determined on
pressed powder pellets. Mass absorption coefficients used in the
processing of trace element data were derived from major element data
using Heinrich's (1966) values.

Hzo' and loss on idgnition (LOI} were determined gravimetrically by
heating samples for eight hours at 110°C and 950°C respectively.
Standard departmental computer programs were used to process data.
Corrections were made for deadtime, background, instrumental drift,
spectral line interference and position factors. Details of analytical
conditions for major and trace element runs are given in Table B and
Tower 1imits of determination (LLD) and absolute errors for trace element
runs are provided in Table C. Working curves were calculated using the
international and in-house rock standards presented in Table D.
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Table B X-ray fluorescence analytical conditions
ELE-|EMISSIOM| TUBE | kV | mA| CRYSTAL | TIME |COUNTER COLLI- |SPECIMEN
MENT| LINE (SECS) MATOR
Si K. Cr | 55|40 PET 40 FLOW COARSE | FUSION DISC
Ti K. Cr |55(40]| LIF(200}) 10 FLOW  FINE FUSION DISC
Al Kn Cr {5540 PET 40 FLOW COARSE | FUSION DISC
Fe K. Cr |55 |40(LIF(200)] 20 FLOW FINE FUSION DISC
Mn K. Cr | 5540 | LIF(200) 20 FLOW COARSE | FUSION DISC
Mg K. Cr | 55|40 TLAP 100 FLOW FINE FUSION DISC
Ca Ky Cr | 6540} LIF(200)] 10 FLOW FINE FUSION DISC
Na K. Cr | 55|40 | TLAP 100 FLOW FINE POWDER PELLET
K Kn. Cr | 55|40 | LIF(200) 10 FLOW FINE FUSION DISC
P K« Cr | 55)40] Ge 20 FLOW COARSE | FUSION DISC
Ba LF Cr | 5540 | LIF(220)} 200 FLOW FINE POWDER PELLET
Rb Ko W 55 | 40 | LIF(220) 200 SCINT FINE POWDER PELLET
Sr Ka W 55|40 | LIF(220)| 200 SCINT FINE POWDER PELLET
Y Ku W 55 [ 40 | LIF{220)( 200 SCINT FINE POWDER PELLET
ir Ko W 55140 | LIF(220)| 200 SCINT FINE POWDER PELLET
Nb Ko W 55 | 40 | LIF(220)}| 200 SCINT FINE POWDER PELLET
In K Mo |55 140 |LIF(220){200 FLOW/ FINE POWDER PELLET
SCINT.
Cu Kx Mo | 55|40 |LIF(220) 200 FLOW/ FINE POWDER PELLET
SCINT.
Ni Ky Mo |55 {40 )LIF(220) 200 FLOW/ FINE POWDER PELLET
SCINT.
Co Ky W 55140 | LIF(220)] 200 FLOW FINE POWDER PELLET
Cr Ky W 55 {40 | LIF(220)] 200 FLOW FINE POWDER PELLET
¥ K 55 (40 | LIF(220)| 200 FLOW FINE POWDER PELLET
Sc K Cr |[55 |40 | LIF({200}( 200 FLOW FINE POWDER PELLET
La L, W 55 (40 | LIF{220)| 200 FLOW FINE POWDER PELLET
Ce Lp W 55| 40 | LIF (220} 200 FLOW FINE POWDER PELLET
Nd Ly W 55|40 LIF(220)| 200 FLOW FINE POWDER PELLET
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Table C Average lower limits of determination (L.L.D.) and errors of
determination for trace element analyses by X-ray fluorescence
spectrometry

ELEMENT L.L.D. (ppm) ABSOLUTE ERRORS {ppm)
Ba 13,0 4.8
Rb 2,4 0,8
Sr 2,3 1,1
Y 2,5 0,8
Zr 2,1 0,8
Nb 2,8 0,8
Zn 1,7 0,9
Cu 1,7 1,0
Ni 2,4 1,3
Co 2,6 0,7
Cr 2,6 1,1
Y 1,2 3,3
Sc 1,2 0,3
La 8,1 2,0
Ce 12,5 3,4
Nd 8,2 2,1

Table D International and in-house rock standards used

Major Elements:
Na:
Ba:

CAR-08, KRF-13, BCR-1, S-12

Rb, Sr, Nb, Zr, Y: CAR-08, KRF-13, S-09, S-12

Co,
Zn, Cu, Ni:
Sc:

La, Ce, Nd:

Cr, V:

BHVO, SDC-1, QLO-1, PCC-1, BCR-1
5-9, S-12, $-15

GSP-1, NIM-N, AGV-1, BCR-1
BCR-1, AGY-1, G-2

GSP-1, AGY-1, PCC-1, DTS-1, NIM-N, JG-1
BCR-T, G-2, GSP-1, AGV-1, NIM-N, PCC-1




APPENDIX 3 MAJOR ELEMENT ANALYSES (H,D™ AND L.0.I. INCLUDED) AND

C.I.P.W. WEIGHT PERCENT MORM

Opdam Member

1WI143 14J145 1HJ146 IWJ147  IW1I48  1WJ149  JWJ150

510, 52,22 47,20 45,97 48,72 42,30 40,05 46,50
Ti0, 0,85 1,89 4,23 1,50 3,78 3,76 1,92
A1,0, 13,67 14,13 12,64 14,06 12,89 12,30 13,26
Fe 0, 10,57 13,44 17,43 12,48 16,54 17,22 14,72
MnO 0,17 0,20 0,19 0,19 0,25 0,22 0,19
Mg0 6,80 7,35 5,2) 6,74 8,57 4,97 6,58
ca0 8,46 10,35 9,89 9,44 8,16 7,79 7,18
Na,0 3,03 2,54 0,00 3,47 0,37 0,31 3,10
K,0 0,29 0,28 0,11 0,15 2,21 2,59 0,75
P,0¢ 0,07 0,12 0,55 0,12 0,45 0,47 0,19
L.0.1. 2,20 2,60 3,63 3,3 7,56 8,72 4,68
Hy0" 0,20 0,17 0,44 0,94 0,27 0,26 0,12
TOTAL 98,51 100,25 99,30 100,15 99,38 100,25 99,20

C.I.P.HW. WEIGHT PERCENT NORM [F9203/FEO = 0,2}

Ap 0,17 0,28 1,31 0,29 1,06 N 0,45
I 1,64 3,64 8,14 2,88 7,27 7,23 3,69
or 1,70 1,65 0,63 0,86 13,07 15,33 4,45
Ab 25,59 2,48 0,00 29,33 3,14 2,65 26,26
An 22,87 26,32 34,17 22,38 26,97 26,14 20,04
C 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Mt 2,34 2,97 3,86 2,76 3,66 3,81 3,2
0iEn 4,29 5,48 2,13 5,25 1,89 1.7 2,97
0iFs 3,20 4,30 2,56 4,31 2,54 2,23 2,89
DiHo 7,78 10,12 4,72 9,87 . 4,42 3,93 5,98
HyEn 12,66 7,09 10,84 5,17 9,50 10,67 7,16
HyFs 9,44 5,56 13,03 4,24 12,76 13,92 6,97
0 3,72 0,00 13,50 0,00 3,96 0,22 0,00
Fo 0,00 4,03 0,00 4,47 0,00 0,00 4,39
Fa 0,00 3,48 0,00 4,05 0,00 0,00 4,70
He 0,00 0,00 0,00 0,00 0,00 0,00 0,00
TOTAL 95,4 96,40 94,89 95,84 90,22 88,94 93,21

Mo# 0,60 0,56 0,41 0,56 0,38 0,40 0,51

151 W52 W53 IW2 TW3 WJ4 W5 IWG 17
45,84 47,34 45,29 49,09 46,37 47,05 47,11 46,69 47,57
2,45 2,12 2,09 1,67 2,00 2,36 2,78 1,82 1,88
14,32 13,93 13,40 14,48 14,63 15,01 14,82 16,29 17,15
16,61 14,65 14,73 11,59 14,57 15,33 14,30 12,05 12,70
0,23 0,18 0,18 0,56 0,20 0,06 D0,22 0,16 0,18
5,55 5,75 4,72 7,65 6,28 6,45 8,05 3,83 3,62
" 8,21 8,41 8,77 10,72 8,02 5,65 4,30 8,65 10,2
2,23 2,56 2,61 2,39 2,95 4,53 3,53 4,16 2,95
0,90 1,18 0,88 0,76 1,62 0,92 0,05 0,66 0,24
0,29 0,27 0,30 0,2 0,24 0,29 0,23 0,23 0,27
2,90 2,42 6,62 2,45 2,54 2,69 3,9 4,4 3,64
0,24 0,18 0,18 0,20 0,98 0,3 0,16 0,17 0.15
99,77 98,97 99,76 101,28 99,7 100,56 99,60 99,14 100,57
0,69 0,65 0,71 0,27 0,5 0,68 0,69 0,55 0,64
4, 4,07 4,02 3,21 3,86 4,55 5,35 3,51 3,62
5,29 6,96 5,19 4,51 9,58 5,4 0,28 3,90 1,62
18,87 21,67 22,0 20,23 24,60 34,72 29,88 31,38 24,99
26,43 23,03 22,24 26,54 21,87 12,91 19,41 23,83 32,82
0,00 0,00 0,00 0,00 0,00 0,00 1,84 0,00 0,00
3,67 3,24 3,26 2,56 3,22 3,35 3,16 2,67 2,8
2,28 3,34 3,46 6,27 3,46 1,70 0,00 3,16 2,72
2,89 3,62 4,60 4,05 3,46 1,68 0,00 4,18 4,04
5,18 7,05 8,06 10,83 7,05 3,45 0,00 7,34 6,7
9,98 8,61 6,29 8,73 0,00 0,00 19,20 0,00 6,30
12,67 9,32 8,37 5,64 0,00 0,00 13,45 0,00 9,37
0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,32
1,10 1,65 1,41 2,84 BS54 10,07 0,60 4,48 0,00
1,54 1,97 2,07 2,02 9,40 N,00 0,46 6,54 0,00
0,00 0,00 0,00 0,00 0,21 1,95 0,00 2,07 0,00
95,30 95,21 91,79 97,70 95,82 96,52 94,32 93,60 9577
0,44 0,48 0,43 0,61 0,50 0,50 0,57 0,43 0,40
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APPENDIX 3 {continued)

Bitterwater
Opdam Hember Member
AT Twe o N Wz INJ13 Iwdid IW15 1WJ16 AR W19 1w 20 1Ha21 1wJ49 IQJSD IWJ57
SiO2 49,13 49,16 48,74 45,70 45,28 46,64 46,10 44,39 46,71 47 .59 46,50 46 87 46,38 48,36 45,97 47,59
Ti0, 2,07 2,60 1,64 1,48 1.1 1,14 1,67 0,66 1,07 1,82 1,07 1,37 1,05 1,24 1,11 1.41
Al,04 13,48 13,27 14,13 15,37 14,86 16,83 15,99 15,90 16,80 15,85 16,16 15,92 16,38 15,24 16,31 15,12
Fes04 13,1 16,00 12,24 16,24 16,06 10,88 1,62 10,15 10,76 10,77 10,81 10,79 10,85 11,06 11,05 12,00
MnQ 0,19 0,17 0,17 0,15 0,15 6,17 0,17 0,15 0,16 0,13 0,14 0,15 0,14 0,17 0,15 0,19
Mg0 5,02 6,12 7,19 6,19 7,02 7,78 7,33 10,94 7,61 7,18 7,98 8,85 8,13 8,41 7,95 7,08
a0 6,08 3,09 7,96 6,11 7,24 9,87 10,77 10,48 1,09 11,38 10,64 10,44 5,47 6,08 10,35 8,76
Nay0 4,57 4,96 2,47 4,01 3,67 3,02 2,40 1.77 2,07 1,88 2,09 2,65 2,2 4,05 2,40 3,14
K,0 0,32 0,21 0,20 0,54 0,63 0,60 0.4 0,23 0,23 0.40 0,21 0,64 1,65 0,34 0,28 0,88
Pa0¢ 0,24 0,28 0,15 0,17 0,10 0,12 o 0,06 0,09 0,10 0,08 0,09 0,10 0,12 0,12 0,15
L.0.1. 3,61 2,52 4,24 2,72 2,78 3,09 3,60 4,44 3,42 3,37 3,73 3,1 3,42 3,65 3,89 2,80
Hzo' 0,17 0,17 0,1 0,16 0,22 0,14 0,12 0,16 0,0 0,12 0,16 0,10 0,13 0,26 0,21 0,21
TOTAL 98,53 98,53 99,35 98,84 99,11 100,28 99,79 99,34 100,03 100,07 99,57 101,24 100,71} 98,97 59,78 99,37
C.I.P.W. WEIGHT PERCENT NORM (Fe203/Fe0 =0,2)
Ap 0,56 0,65 0,35 0,41 0,24 0,28 0,18 0,15 0,22 0,24 0,20 0,2t 0,24 0,28 0,27 0,36
n 3,99 5,00 3,16 2,86 2,13 2,19 2,27 1,27 2,06 2,27 2,05 2,63 2,03 2,39 2,14 2,72
or 1,89 1,25 1,18 3,17 3,73 3,55 2,39 1,37 1,33 2,37 1,24 4,10 9,73 1,99 1,67 5,19
Ab 38,64 41,92 20,93 32,64 27,07 23,94 20,32 14,99 17,55 15,89 17,72 21,87 18,66 34,24 20,29 26,54
An 15,33 13,35 26,87 22,35 22,24 30,59 31,61 34,75 35,88 33,90 34,09 29,51 29,93 22,41 32,89 24,57
C 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
Mt 3,03 3,54 2,N1 3,59 3,62 2.4 2,56 2,25 2,38 2,38 2,39 2,38 2,40 2,45 Z,45 2,67
DiEn 2,61 0,04 2,70 1,26 2,58 4,28 5,03 4,54 4,48 5,23 4,45 5,57 4,07 1,74 4,3 4,09
DiFs 2,87 0,04 1,99 1,58 2,79 2,72 3,63 2,02 2,89 3,51 2,75 2,97 2,42 1,03 2,73 3,10
0iWo 5,55 0,07 4,87 2,85 5,44 7,34 9,02 7,03 7,73 9,15 1,57 9,06 6,83 2,82 7,39 7,46
HyEn 6,44 9,94 15,22 0,00 0,00 0,00 3,64 4,53 8,58 1,71 9,49 0,00 0,00 5,78 4,99 2,63
HyFs 7,09 10,70 11,20 0,00 0,00 0,00 2,63 z2,0 5,54 7,85 5,86 0,00 0,00 3.4 3,16 1,99
q 0,00 0,00 2,74 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
Fa 2,42 3,69 0,00 9,93 10,44 10,59 6,62 12,75 4,14 0,69 4,16 1,55 11,69 9,4{ 7,36 7,67
Fa 2,93 4,39 0,00 13,79 12,41 7,40 5,27 6,25 2,94 0,51 2,83 6,79 7,67 6,12 5,13 6,41
Ne 0,00 0,00 0,00 0,70 2,14 0,87 0,00 0,00 0,00 0,00 0,00 0,30 0,0 0,00 0,00 0,00
TOTAL 93,36 84,57 93,91 95,13 94,83 96,16 95,75 93,91 95,72 95,70 94,79 96,95 55,67 94,16 54,79 95,42
Ma# 0,47 0,47 0,58 0,46 0,51 0,63 0,60 0,72 D,62 0,61 0,63 0,66 0,64 0,64 0,63 0,58
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APPENDIX 3 {continued)

Bitterwater Member

1We4  1we3 182 W79 W68  IWI69  IWJ70 W71 172 w73 W74 IMJ75  1WI76  IWI77 W78
510, 46,45 43,50 43,16 46,69 az,67 46,37 46,49 45,39 47,00 47,02 47,39 46,48 44,85 45,09 46,44
Ti0p 1,12 1,04 1,04 1,07 1,08 1,1 1,06 1,07 1,02 2,84 2,47 1,56 1,38 1,85 1,17
Al,04 6,31 1527 15,60 16,55 16,60 16,05 16,05 16,60 16,13 13,48 14,37 1597 1590 15,36 20,17
Fep03 10,42 9,81 10,41 10,51 11,83 11,00 10,78 11,09 0,62 1578 1575 11,76 11,90 12,24 8,81
MrO 0,13 0,12 0,1 0,15 0,16 0,15 0,15 0,14 0,14 0.21 0,19 0,16 0,16 0,17 0,13
Mg0 7,08 6,62 8,19 7.92 7,18 8,87 8,31 8,13 8,33 5,70 5,36 7,83 8,28 8,60 4,65
Cad 11,30 10,67 7,66 11,08 16,41 10,65 10,82 11,29 1,23 8,96 8,85 10,59 12,08 10,77 9,93
Na0 0,99 1,68 0.83 2,46 0,03 2,03 1,92 2,07 1,80 2,22 2,49 2,35 1,85 2,27 3,11
K0 0,12 0,12 1,08 0,40 0,02 0,50 0,42 0,33 0,42 1,43 0,99 0,05 0,43 0,15 1,32
Pols 0,11 0,10 0,10 o, 0,72 0,1 -0,M 0,11 0,11 0,24 0,29 0,19 0,15 0,16 0,15
L.0.1. 5,83 10,88 11,05 3,02 3,66 3,14 3,37 3,86 3,04 z.18 1,68 2.55 2,55 3,14 3,58
Ho0™ 0,17 0,17 0,30 0,21 0,24 0,18 0,18 0,17 0,16 0,15 0,13 0,12 0,16 0,17 0,12
TOTAL 100,03 99,98 99,62 100,26 100,00 100,36 99,66 100,24 100,00 100,99 99,75 100,00 99,65 99,5 99,58
C.1.P.W. WEIGHT PERCENT NORM (Fe,0;/Fe0 = 0,2)
Ap 0,26 0,24 0,24 0,25 0,28 0,27 0,25 0.26 0,2 0,57 0.69 0,44 0,36 0,37 0,35
n 2,15 2,01 1,99 2,06 2,03 2,14 2,02 2,056 1,97 5,46 4,76 3,01 2,65 2,80 2,24
or 0,70 0,70 6,37 2,33 0,12 2,95 2,49 1,97 2,49 8,44 5,83 2,63 2,5 0,91 7,79
Ab 8,34 14,18 7,05 20,78 0,25 17,9 18,21 17,50 15,22 18,82 21,05 19,84 15,63 19,19 21,94
An 39,73 33,80 35,90 32,96 45,1 33,19 33,96 35,02 34,69 22,58 24,57 3,74 33,82 31,29 37,17
¢ 0,00 0,00 0,00 0,00 0,00 0,00 0,00 000 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Mt 2,3 2,17 2,30 2,32 2,62 2,43 2,39 2,45 2,35 3,49 3,48 2,60 2,63 2,71 1,9
DiEn 3,75 4,42 0,36 5,27 8,12 4,77 4,72 4,95 5,08 3,96 3,26 4,73 6,06 5,15 2,47
Difs 2,48 2,95 0,21 3,18 6,17 2,69 2,80 3,09 2,96 4,42 3,98 3,08 3,88 3,25 2,03
Diko 6,52 7.7 0,60 8,90 14,83 7,89 7,93 8,46 8,48 8,48 7,28 8,18 10,42 8,82 4,65
HyEn 13,90 11,69 20,04 2,62 6,32 6,39 9,01 3,32 10,17 8,02 8,94 5,25 1,31 1.3 0,00
HyFs 9,20 7,81 11,56 1,58 4,81 3,60 5,35 2,07 5,93 8,94 10,92 3,42 0,84 2,09 0,00
Q 3,85 0,00 0,81 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 000 0,00 0,00
Fo 0,00 0,26 0,00 8,29 2,8 7,67 4,89 8,39 3,87 1,54 0,82 6,68 9,29 9,08 6,39
Fa 0,00 0,19 0,00 5,51 2,02 477 320 577 2,48 1,90 1,10 4,80 6,55 6,3 5,79
Ne 0,00 0,00 0,00 0,00 0,00 0,00 000 D00 0,00 0,00 0,00 0,00 0,00 0,00 2.38
TOTAL 93,18 88,13 87,42 96,07 95,04 95,94 9522 95,31 9594 96,61 96,68 96,39 95,98 95,27 95,16
Mok 0,61 0,61 0,65 0,64 0,59 0,65 0,64 0,63 0,65 0,46 0,44 0,61 0,62 0,62 0,55
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APPENDLX 3 (continued)

Bitterwater Member

IWl52 IWJ53 IWJ54 IWJS6 IWJ57 1WJ58 TWJ5% IWJEQ JUALY W62 IWJ64 JUALE] 14J88 W87 1486 1WJ85

510, 43,85 46,02 45,21 43,95 47,28 47,62 46,50 46,71 46,03 46,05 48,62 45,65 46,27 45,59 45,76 45,49
Ti0, 1,59 1,24 1,08 103 1,12 1,02 .07 1M 1,27 1,25 1,08 1,17 0,99 100 1,05 1,67
M 504 6,27 16,28 16,63 16,93 16,93 16,69 16,29 16,42 1577 16,77 14,68 16,57 1550 16,64 16,82 16,87
Fe,05 10,9 11,31 10,88 1,34 10,62 10,35 11,13 10,89 11,14 1,22 10,70 11,29 10,41 1,22 10,65 10,85
M0 0,06 0,6 0,6 0,15 0,16 0,15 04 0,6 0,36 0,8 0,16 0,15 0,13 015 016  0.15
Mgo 8,21 662 838 8,81 7,03 7,68 7,85 8,46  B57 7,71 8,07 8,61 8,10 B,40 8,17 8,42
Ca0 12,00 11,50 11,38 7,62 9,26 10,19 8,95 10,05 8,9 9,61 10,08 10,75 10,49 11,07 10,35 10,72
Na,0 3,03 3,38 2,06 2,7 3,28 2,70 3,25 2,44 3,08 2,65 3,34 2,07 1,78 1,53 2,25 1,92
K0 0,47 0,55 0,44 1,76 1,18 1,26 0,9 1,00 093 1,08 0,21 0,45 0,32 0,32 0,84 0,70
P205 0,0 0,09 0,08 0,10 0,12 0,J0 0,12 oM 0,15 013 0,0 0,12 0,11 0,72 0,0 0,1}
L.0.1. 3,28 3,30 3,08 3,95 2,88 1,56 2,1 3,21 3,08 2,88 2,56 3,03 3,46 342 3,30 3,56
H,0" 0,07 _ 0,3 0,15 _0,24 0,18 0,17 015 _ 0,8 0,2 0,8 0,18 0,18 2,11 05 0,19 0,17
TOTAL 99,68 100,40 99,60 98,69 100,03 59,47 99,33 100,73 99,38 99,22 99,80 100,04 99,67 99,82 99,65 100,13

C.1.P.W. WEIGHT PERCENT NORM {Fe,0,/FeQ = 0,2)

Ap 0,23 0,20 0,20 0,25 0,27 0,24 0,28 0,26 0,35 0,30 0,25 0,27 0,26 0,29 0,25 0,26
1 2,28 2,33 2,20 2.7 2,15 1,96 2,06 2,13 2,45 2,41 2,09 2,2 1,91 2,02 2,03 2,24
or 2,75 3,24 2,62 10,41 6,97 7.43 5,79 597 552 6,9 1,24 2,67 1,90 1,88 4,98 4,15
Ab 10,93 18,15 17,40 15,93 20,36 21,38 23,28 20,60 22,46 20,73 28,24 17,85 15,06 12,95 19,00 16,24
An 29.44 27,65 34,84 28,83 27,98 29,72 26,98 30,89 26,48 28,73 24,46 34,56 33,35 3,60 33,34 3536
¢ 0,00 ©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
Mt 2,42 2,46 2,41 2,5 3,44 2,29 2,46 2,21 2,46 2,48 2,37 2,50 2,30 2,48 2,36 2,40
Dikn 7,30 662 52 2,07 3,48 4,95 4,02 4,55 4,29 4,37 6,27 4,48 4,48 4,20 4,31 4,29
DiFs 4,33 4,99 3,08 1,22 3,62 3,05 2,61 2,67 2,49 2,85 3,78 2,66 2,63 2,56 2,57 2,49
Divo 12,1 12,05 879 3,47 7,19 8,42 6,94 7,61 7,36 7,5 10,59 7,52 7,50 7 1es 7,15
HyEn 0,00 000 1,47 0,00 0,00 0,00 p,00 074 000 0,00 1,70 4,08 13,2) 10,38 1,37 4,09
HyFs 0,00 0,00 0,87 0,00 0,00 0,00 0,00 0,43 0,00 000 1,03 2,42 7,1 6,33 082 2,37
0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 000 000 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Fo 9,22 6,92 9,92 13,92 9,85 9,94 10,89 11,06 11,95 10,41 8,51 9,04 1,74 4.44 10,28 8,83
Fa 6,11 5,75 6,44 899 11,34 6,74 7,78 7,04 71,64 7,50 566 5,92 1,13 2,99 6,75 5,65
Ne 7,06 565 0,00 3,80 4,01 0,78 2,26 0,00 1,93 083 0,00 0,00 0,00 0,00 0,00 0,00
TOTAL 95,34 96,07 95,49 93,58 100,65 96,90 95,36 96,45 95,18 95,25 96,19 95,91 93,26 95,33 95,29 95,52

Mg 0,64 0,58 0,64 0,64 0,51 0,63 0,62 0,64 0,64 0,62 0,64 0,64 0,65 0,64 0,64 0,64
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