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ABSTRACT

Nephelinite-basanite intrusions found on the Tsirub farm near Aus in southern Namibia are
described for the first time. Their petrography is very similar to each other with texture ranging
from porphyritic to microporphyritic where olivine is the dominant, and sometimes the only,
phenocryst/microphenocryst phase, and less commonly clinopyroxene; the groundmass consist of
clinopyroxene, olivine, Fe-Ti oxides and secondary generation amphibole. Rare felsic xenoliths
comprising alkali feldspar (orthoclase) and clinopyroxene (diopside and aegirine-augite) occur in
the two major intrusive bodies. Olivine phenocrysts/microphenocrysts are forsterite-rich (Foys-
92), whereas the clinopyroxenes are diopsides (Wo47.50Ens7.43Fso.12).  These rocks are all
nepheline normative (e.g. SiO; = 38.7— 41.6 wt.%), relatively primitive (Mg# = 0.61 — 0.66), and
can be classified as nephelinites and basanites; the Tsirub dyke shows the most primitive
composition (Mg# = 0.71). CaO content is high (10.9 -12.9 wt.%), TiO, content is moderate to
high (2.42 - 3.73 wt.%), whereas K,;O concentration is low (1.06 — 2.45 wt.%). On the basis of
major (e.g. P,0s) and trace element variations the Tsirub North plug can be divided in an outer
and inner intrusions (e.g. P,Os = 1.03 — 1.27 wt.% for outer intrusion and 2.25 — 2.47 wt.% for

inner intrusion).

Incompatible trace element contents are high with the Tsirub North (inner) plug showing the
greatest abundances (e.g. Nb = 239- 267, Zr = 435 — 469 ppm), whereas the Tsirub North (outer)
plug shows the least enrichment (e.g. Nb = 169 — 173, Zr = 395 - 449 ppm). La/Nb (0.34 - 0.61)
and Zr/Nb ratios (1.73 — 2.37) are low whereas Ce/Pb ratio is high (e.g. 25.1 — 59.3), the latter
suggesting insignificant amount of crustal contamination. Chondrite normalised REE patterns are
steep (La/Ybny ~ 32). Their primitive mantle normalised patterns are similar to each other
consisting of strong Nb-Ta anomalies, moderate negative Pb anomaly and a striking strong
negative K anomaly. Amphibole but not phlogopite is proposed to be the residual K-bearing
phase responsible for the observed negative K anomaly. Initial Sr and Nd isotope ratios,
calculated to an estimated age of 49 Ma, are similar (Tsirub dyke: ¥7Sr/%Sr; = 0.70341 and
SNd/MNd; = 0.51276, Tsirub North (outer) plug: '*Nd/"*Nd; = 0.51275 — 0.51278, Tsirub
South plug: ¥’Sr/*Sr; = 0.70342 — 0.70361 and "®Nd/'"**Nd; = 0.51277 - 0.51278) and are
restricted in ranges implying derivation from a common mantle source. An exception is the
Tsirub North (inner) plug which has slightly lower initial "INA/'*Nd ratios (0.512724 —

0.512732) suggesting a compositional distinct source. On the Nd-Sr correlation diagram, the
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Tsirub intrusions plot in the depleted field suggesting a source with a long-term depletion in

incompatible trace elements.

Fractional crystallization models do not support evolution of the entire Tsirub intrusions from a
common magma on the basis of combined compatible and incompatible trace element variations.
REE melting models indicate that the isotopically similar Tsirub intrusions may be related to each
other by variable degrees of partial melting of a common amphibole-bearing spinel lherzolite
(calculated assuming that the Tsirub dyke formed by 3% of partial melting). Quantitatively, these
intrusions are formed by low degrees of partial melting, with the Tsirub North (outer) plug being
formed by slightly higher degrees of partial melting (4-6%) relative to the Tsirub South plug (2-
3%). The higher incompatible trace element contents of the compositionally distinct Tsirub North
(inner) plug compared to the other Tsirub intrusions could indicate an origin by lower degrees of

partial melting or derivation from a more enriched source.

The thermal stability field of amphibole, and the inferred presence of amphibole in the source,
constrains the mantle source of the Tsirub intrusions to within the sub-continental lithospheric
mantle (SCLM) rather than the convecting asthenosphere or a rising mantle plume. The
contrasting isotope signature (requiring a source with long-term depletion in incompatible trace
elements) and incompatible trace element signature (requiring an enriched source) could be
explained by a recent metasomatic event. This event may be a result of fluids and/or small
degree melts, released from a rising mantle plume, that infiltrated and metasomatised the SCLM
and introduced amphibole. The ultimate cause of the melting that gave rise to the Tsirub rocks is
unclear. The absence of an exact age for the Tsirub intrusions precludes direct comparison to the
paleopositions of the Vema and Discovery plumes (the 49 Ma age of adjacent Dicker Willem
carbonatite suggest a possible relationship to the Vema plume). Alternatively, the hydrous nature
and subsequent thinning or uplift of the SCLM might have led to decompression melting of the
metasomatised SCLM in the presence of amphibole and within the spinel stability field.

iii



CHAPTER 1

INTRODUCTION

Continental alkaline rocks such as nephelinites, melilitites and basanites are relatively primitive
mantle-derived rocks. These rock types are particularly abundant in extensional settings (e.g.
Rhon area, Germany: Jung and Masberg, 1998; Jung and Hoernes, 2000) including the
intensively studied East African Rift (e.g. Furman, 1995; Bedini e al., 1997; Rogers ef al., 2000;
le Roex et al., 2001; MacDonald et al., 2001; Keller ef al., 2006). In southern Africa, alkaline
rocks have been reported from a number of isolated localities, including nephelinites (Spriggs,
1988) and phonolites (Lock and Marsh, 1981) from southern Namibia, basanite and tephrite plugs
from Erongo area, northwest Namibia (Trumbull ef al., 2003) and melilitites from Namaqualand,
South Africa (Rogers ef al., 1988 and 1992; Janney et al., 2002).

The petrogenesis of continental alkaline rocks has received a lot of debate over the years (e.g.
Rogers ef al., 1992; Wilson ef al., 1995; Franz et al., 1999; MacDonald et al., 2001; Janney et al.,
2002; Hoernle et al., 2006; Jung et al., 2006; Weinstein ef al., 2006) because these igneous rocks
can provide valuable information in understanding the evolution and composition of, and process
operating in, the Earth’s upper mantle beneath continental areas. The primary concern of these
studies has been to understand the location of mantle source regions of such rocks, whether they
are generated within the sub-continental lithospheric mantle (SCLM), within the convecting
asthenosphere, or whether they are products of direct melting of mantle plumes (e.g. White and
McKenzie, 1989; Wilson and Downes, 1991; Cebria and Lopez-Ruiz, 1995; Panter et al., 2000;
Weinstein, 2000; Spith et al., 2001; Shaw et al., 2003). Most continental rocks generated during
continental rifting and subsequent break up have been argued to have originated dominantly by
decompression melting of ascending asthenosphere or actively upwelling mantle plumes with no
or limited input from the SCLM (e.g. McKenzie and Bickle, 1988; White and McKenzie, 1989;
‘Latin et al., 1993). For example, Trumbull e al. (2003) have reported that Erongo basanite-
tephrite plugs from northwest Namibia forﬁled by decompression melting of the Tristan mantle
plume. These authors argued that the initial magmas, Etendeka tholeiites, generated in the Erongo
area are derived from partial melting within the lithosphere but with time extensive thinning of
the lithosphere allowed decompression melting of the underlying Tristan mantle plume, giving
rise to the Erongo basanite-tephrite plugs. Trumbull ef al. (2003) based their argument for a
1
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Fig. 2.1. Location of Tsirub intrusions in the Aus area (see appendix A for coordinates of individual
samples), this study, and other alkaline, and related, igneous complexes from southern Namibia. Numbers
outside the rectangles correspond to the complexes, 1 = Pomona, 2 = Granitiberg, 3 = Drachenfels 4 =
Klinghardt phonolite field, 5 = Dicker Willem carbonatite, 6 = Gross Brukkaros, 7 = Gibeon kimberlite-
carbonatite field. Numbers inside the rectangles corresponds to the age of the respective complexes. The
discontinuous curves labelled V and D represent paleopositions of the Vema and Discovery plumes,
respectively, in 10 Ma intervals (after Hartnady and le Roex, 1985; le Roex, 1986). The insert shows the
tracks of South Atlantic plumes. The map is adapted from Reid ef /. (1990).

2.2 Local geology

The first mention of post-Namaqua alkaline intrusives in the Aus region was by Jackson (1976)
who described small plugs and narrow discontinuous dykes distributed south and west of Dicker
Willem, including Tsirub (Fig. 2.2) and the neighbouring Diamond Area (Sperrgebiet). The
country rocks in the study area, Tsirub farm, include biotite schist, biotite gneiss, Kubub granite
gneiss, metaquartzite and Tsirub gneiss (Jackson, 1976). The biotite schists are generally grey
and petrographically comprise feldspar, quartz and biotite. These schists occur associated with
biotite gneisses in the northern part of Tsirub farm. The biotite gneisses are layered gneisses and

are common in the northern part of the Tsirub farm. Kubub granite gneisses occur mostly in the
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Fig. 2.3. Tsirub North plug intruding 4 yranine country rock, lookimg west:

central part of the Aus area. Within the Tsirub {farm. metaguartzites occur southeast of Tsirub
South plug and northeast of Tsirub dyvke, The Tsirub gneisses are common in the central part of

the [arm

The Tsirub intrusions lic on a roughly NNE-SSW lineament that could be projected towards
Dicker Willern. No independent radiometric ages have been determined lor these minor intrusives
and so their lemporal relationship with any of the recognised alkaline 1meous cvents. mentioned
previously, has yet to he established. The possible relationship between the Tsirub intrusions and
the ijolitic members of Dicker Willem carbonatite will be discussed in this study. Field pietures

of the Tsirub Nowth and South plugs are shown in Figs, 2.3 to 2.5,






CHAPTER 3

PEIROGRAPHY AND MINERAL CHEMISTRY

3.1 Introduction

Conunental alkahing voleanic rocks such as basaniie and nephelinite are usually clazsificd by their
bulk chemistry in the absence of coamse, easily recognizable minerals {e.g. Le Maitre, 2002).
Phenocryst phases are dominated by olivine and clinopyroxene, but the dominant groundmass

tends to he microcrystalline and therefore optically indeterminable.

Intrusions studicd include a dvke (Tsirub dvke) cropping out next o the Tsirub farmhouse and
two plugs, Tsitub North plug (intruding & granitic country rock) and Tsifub South plus, that occur
in the NE comer and southom boundary of the Tsirub farm, respectively. The Tsiruh North plug
ix further subdivided, on the basis of geochemistry as documented in Chapter 4, into an outer
zone {Tsirub North {outer) plug) and an inner zone {Tsirah North (inner) plug) (Fig. 3.1). Two
samples, AN-016 and AN-(HY, lvom the Tsirub North plug show geochemistry that is distinct
lrom baoth the Tsirub North (outer) plug and Tgirub North finner) plug, as discussed in the next
chapter, and for this reason these two samples-are treaied separately. All the individual samples
were examined for their pemography (presented in Appendix A) apd a summary of the
petrography of each intrusion is presented below. Selected minerals were analysed for their major
element compositions. The petrography tosether with nuneral chemistry will then be used to infer
the conditions of fractional crvstallization as to what minervals dominated the {ractional

crystallization process during the petrogenesis of these magmas.

3.2 Petrography

In the iweld, the Tsirub intrusions all display very dark oulerops with weathering surfaces (sec
Appendix A for co-ordinates of individual sampling sites). Rock surfaces are relatively smooth
ind rellect the aphanitic nature. cxeepl where occasional felsic xenoliths made up ol Ieldspar and
light and dark grcen clinopvroxene stud the relief, Froshly broken rock suripces are sub-
conchoidal and colours range from bluish to greenish dark gray (sec Fig. 2.5). The xenoliths tend

(o be paler coloured beeause ol thew coarser and more [Cldspathic nature.

9



Fig. 3.1. Tsirub North plug intruding granitic country rock. The dashed outlines represent the outer and
IMner ZOnes,

All samples had normal thin sections prepared, with the following systematic description based
on microscopy. Sample numbers of rocks are given in square brackets. Photomicrographs of
individual samples are presented in Appendix A and representative petrographic features are

shown in Figs, 3.2 w 3.12.

3.2.1 Tairub dvke

[AN-001]

‘The Tsirub dvke is sparscly porphynitic to microporphyritic with olivine and rare clinopyroxene
phenocrysts/microphenocrysts set i a very fine-grammed groundmass of clinopyroxene. olivine,
muinoy Fe-Ti oxides and scattered secondary pleochroic brown amphibole. Amphibole does not
appear o replace either olivine or clinopyroxene and is interpreted to have formed as result of
reaction hetween Tsirub rocks and deutoric fluids, Anhedral w rarely subhedral or cubedral
oltving  phenoervsts  (-10 wvol%, by wvisual cstimation) domimate over clinopyroxene
microphenoerysts (< 2 vol.%), and vary in length between 0.5 and 2.0 mm {Fig. 3.2a). Rare

clinopyroxene microphenocrvsts measure (1.5 - 1.5 mm in size and some show zoming,

10



Fig, 3.2, (a) AN-01: Anhedral olivine (ol) phenocryst with alleration rims and cracks. Field of view 15 2.5
mm across. Under planc polariscd hght. (h) AN-0#4: Euhedral olivipe phenoeryst {centre} in a fine
graincd groundmass of olivine, chnupyroscie and opague Fe-Ti oxides. Field of view s | mm across;
uider plane polarised Light,

3.2.2 Tsirub North (outer) plug

[AN-003, AN-004, AN-005, AN-006, AN-(12, AN-014 and AN-013]

The Tsirub North {outer) plug is microporphyntic te rarely porphyritic in texture. Ohvine 1s the
dominant, and sometimes the only. microphenocryst phase (2 - 5 vol.%) measuring (0.3 - 1.4 mm
in size, In terms of crystal habits, the majority of olivine microphenocrysts are anhedral, few are
subhedral and rarcly cuhedral {Fig. 3.2b). Olivine microphenocrysts are commonly rummed by, or
completely altered o, serpentine {(Fig. 3.3) and a few display compositional zomng with darker

rnms than cores (under crosscd polars).

Clinopyroxene oceurs in lesser proportions m the phenocryst assemblage (< 1 - 2.5 vol.%), but is
more abundant in the groundmass. Clinopyroxene mictophenocrysts are normally cream to light
brown, elongate (with tvpical length of ~lmm) and anhedral (Fig. 3.3), but rare subhedral and
cuhedral crystals were also observed (Fig. 3.4a). These are relatively low in volume (< 3 vol.%).
Nermal compositional zoning occurs in some euhedral phenocrysts (Fiz. 3.4a) with the exception
of few anhedral or subhedral crystals which display sector zoning. Chnopyroxenc
microphenocrysts often pccur in radiating clusters (Fig. 3.4b). The fine grained groundmass is
made up of (in order of increasing abundance) clinopyroxene, Fe-Ti oxides, olivine amd
secondary gencration brown sccondary amphibole. A single sample (AN-012) contains vesicles

constituting < 0.5% by volume.



Fig. 3.3, (a) AN-813; Olivine (ol) and clinopyroxene (cpx) microphenocrysts emboedded 1o a fine groined
groundmass of clinopyroxene. opaque Fe-Ti oxides, olivine, and sccondary amphibole. Note the enhedral
olivine microphenocryst (top left). Vield of view is 1.5 mm across; plane-polansald hght, () AN-013;
Serpentine mms and cracks on subhedral olivine microphenoerysts, Field of vicw 1s 1.8 mum across; under
planc-polarised light

Fig. 3.4, (a) ANV-003: Euhedral clinepyrosene microphenooryst showing compositions] zoning. Field of
view 15 (L8 mm across; crossed polars () AN=-083; Clusters of radiating anhedral elongate clinopyroxens
microphenocrysts. Field of view is 1.4 m across; wnder plane-polanised light,

Felsic xenolhiths (< 2 vol %) consisting of alkali feldspar and Light and dark green clinopyroxene
occur in this plug. Internal zonation is marked with light and dark green clinnpyroxenes confined

to the marging, with their pnismatic habits aligned towards the feldspar filling the centre.

3.2.3 Tsirub North {inner) plug

[AN-GO7, AN-QUTA, AN-GOB, AN-O09, AN-(HO. AN-0 1. AN-017 and AN-0]5]

The petrography of the inner zone of Tsirub North plug 15 characterised by a microporphyritic o
rarely porphyritic texture with olivine being the dominant, and somctimes the only,

microphenocryst phase. The majority of olivine microphenocrysts (0.3 - 1.5 mm in size and 1 - 3
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vol.%) are anhedral and few are subhedral or euhedral (Fig. 3.5). A few olivine microphenocrysts
show pettographic evidence ol zoning with darker rims than cores (Fig 3.3b), whereas a fow are
partially or completely replaced by sempentine. Clinopyroxene microphenocrysts (003 - 2.0 mm in
size and < 1 vol.%) are rare. with a lew displaying sector zoning (Fig 3.6a). Together with
clinopyroxene, Fe-Ti oxides, oliving and secondary brown amphibole (Fig, 3.6b) make up the

fine grmned groundmass.

A single spinel-beanng  ultramafic  xenolith comprising  abundant olivine, subordinate
chnopyroxenc and minor spinel oceurs in sample AN-017 (Fig, 3.7} Felsic xenoliths, similar to
the ones observed o the Tsirub North {outer) plug. but higher in abundance {~ 4 vol %) oceur in
this plug and are composed of feldspar and light and dark green clmopyroxenes. The constituent

teldspar crvstals show simple twinming Clinopyroxence crvstals are mostly conbimed (o the

margins and lew are poikilitically enclosed within the larger feldspars (Figs, 3.8 and 3.9).

Fig. 3.5, {a) AN-018: Tuhedral olivine microphenoervst showing compositional zoning. Field of view 15 2
mm across. (b} Under crossed polars,

. o A : N i
Fig. 3.6. {4} AN-008: Anhedral chiopyroxene phenocryst showing sector zoning, Field of view is 2.5 mm
across: under crvossed polam. (4} AN-G4: Secondary broswn amphibole (amph), serpentine (serp) and
opaque Te-T1 oxides that form pant of the groundmass sute. Field of sview i3 2.3 mm across; plane
polarised light,

15



vol.%s) arc anhedral and few are subhedral or cubedral (Fig 3.3). A few alivine microphenocrysts
show petrooraphic evidence of zoning with darker rims than cores (Fig. 3.5b), whereas a few are
partially or completely replaced by serpentine. Clinopyroxene microphenocrysts (0.3 - 2.0 mm in
size and < 1 vol %) are rare, with a few displaying sector zoning (Iig. 3.6a). Togoher with
clinopyroxene, Fe-Ti oxides, olivine and sceondary brown amphibole (Fig. 3.6b) make up the

fine grained groundmass.

A sinple  spingl-bearing  ultramafic  xenolith comprising abundant olivine, subordinate
clinopyroxene and minor spinel occurs in sample AN-017 (Fig. 3.7). Felsic xenoliths, similar to
the ones observed in the Tsirub North (outer) plug, but higher in abundance {(~ 4 vol %) oceur in
this plug and arc composed of leldspar and light and dark green clinopyroxenes, The constituent

feldspar crystals show simple twinming, Clinopyroxene erysials are mostly confined fo the

marains and few are poikilitically enclosed wathin the Larger feldspars (Figs. 3.8 and 3.9),

Fig. 3.5, (a) AN-818: Evhedral olivine microphenocryst showinye composiliony| soming. Field of view 15 2
mm across. thi Under crossed polars.

[}
i
e
L

Fig. 3.6. (a) AN-008: Anhodral clinopyroxene phienocryst showing sector zoming. ield of view is 2.5 mm
deross; under crossed polars. (a) AN-01F: Sccondiry brown amphibole (amph). serpenhoc (serp) and
opague I'c-'11 oxides that form pamt of the groundmass suite. Ficld of sicw 15 2.5 mm across; plane
pelarised light.

13



Fig. 3.7, (a) AN-07: Uliramafie senalith comprising ehyine (ol). clinopyroxene (e} and s spinel
{sp) fromn the Tsirub North (innerd plugz Note that the opadue spinel cryvstals fill the spaces between olivine
and clinopyroxene erystals, Field of view is 3.0 mim scross, (b) Under crossed polars.

Fig. 3.8. (a) AN-018: Telsic xenolith made up of alkali feldspar (M) asd chooparexene (cpx) Field of
view is 2.2 mm across. (b) Under crossed polars.

Fig. 3.9. {a) AN-#074: Clinopyroxenc crystals poikilineally enclosed wilthin o larger alkals feldspar. Tacld
of view is 2.0 mm acress (b) Under crossed polars,

In addition to showing similar petrography with the Tsirub North (inner) plug. samples AN-016
and AN-019 {rom the Tsirub North plug also consists of few euhedral ohivine nucrophenocrysts
(Fig 3.10).



Fig. 3.10. (a) ANAF6: Fohedral ohvine microphenoeryst (bottom left) set in 4 fine grained aroundmass
Mot the intensity of alicralion on olivine. Field of view is 2.0 min across. (h) Under crossed polars.

3.2.4 Tsirub South plug

[AN-021, AN-022, AN-023 and AN-024]

The Tsirub South plug is microporphyniic consisting ol olivine and rare clinopyroxene
microphenoerysts set in a fine grained groundmass. Olivine merophenocrysts, 0.3 — 1.1 mm n
diameter, constitute less than 1 vol %4 of the rock, arc mostly anhedral but a few are subhedral in
hatnt (Fig. 3.11) and zoned. Like in the sumples from the Tsirub North plug. some olivine
microphenocrysts are rimimed, or compleiely replaced, by serpentine while groundmass olivines

are usually completely pseudomorphosed.

Clinopyroxene (< 0.5 vol% and < lmum in lengih) is less abundant in the microphenocryst
assemblage but 18 more pronounced in the groundmass. The maerty of the microphenocrysts are
anhedral and elongate in shape (Fip. 3.124), but few exlubit subhedral crystal habits. A few
chinopyroxene microphenocrysts display normal compositional zoning with darker rims than
cores. Clinopyroxene, opague Fe-Ti oxides, olivine and secondary brown amphibele (Fig. 3.12b)
make up the proundmass. Minoer Lelsic xenoliths simnilar to those of the Tsirub North plug, but

smaller in size. occur in a lew samples.

In summary, the Tsirub infrusions are very similar 1n thewr petrography. The small difference
between these intrusions is the higher sbundance of lelsic xenoliths in the T'sirub North (inner)
plug and their absence 1n the Tsirub dyke. Another feature that distinguishes the Tsirub Notth
(inner} plug from the other Tsirub intrusions is the occurrence of o single ulramalic xenolith in

samplec AN-017.



Fig. 3.11. (a) AN-02{: Subhedrgl and anhedral olivine microphenoctysts m oa ne gramed roundmass of
cliopyraxene, olivine and opaque Fe-11 oxides. Field of view 1s 1.5 mon across: crossed polars. (b) 4%
025 Moderately altered subbedral olivine microphenocrysts. Field of view is 1.0 omu across, plane
palarised light.

Fig. 3.12. {a) AN-02/; Avhedral, clopgale elinopavsone misrophenoeryst and serpentine (serp). Field of
view 15 1.4 mum aeress, Piclure taken under crossed polars, {b) AN-823: Brown secondary amphibole and
upague Fo-'11 oxides form part of the matris assemblage, under plane-polatised light. Field of view is 2
TITL AUTEHS,

3.3 Mineral Chemistry

Electron microprobe analvses were conducted on selected primary mineral phases from sclected
sampies (Tsirab dyke: AN-OO1: Tsirub Nerth (mner) plug: AN-O03, AN-O05, AN-O13 and AN-
{H5; Tsirub North (inner) plug: AN-007. AN-007A, AN-G08 and AN-017: Tsirub South plug:
AN-021). Operating conditions for the electron microprobe are reported in Appendix B, section
B.l. Individual analyses are reported in Appendix . Tables €22 and C.3, and representative
analyses are given in ‘T'ables 3.1 to 3.5, Major element compositions of Fe-T1 oxides, ultramafic
xenolith phases (olivine. clinopyroxence and spinel) and {elsic xenolith phases (feldspar and

clinopyroxene) were also analysed.
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1.3.1 Olvang

Olivine analyses are reported in Table 3.1 and end-members are illustrated in Fig. 3,13,

The Tsirub dyke shows relatively primitive phenocryst oliving compeositions { Foge-gy) compared

to the Tsirub North plug aad Tsirub South plug, and has slightly more Mg-rich groundmass

olivines (Fogiu;) (Table 3.1; Fig. 3.134). NiO concentrations are high {e.g. N0 = (L34 — (.40

wt%) in both phenceryst and groundmass olivines, Ca0 concentration of olivine phenocryvst

cores (0009 - (111 wi.%) are low and are similar to that of the groundmass olivines (Table 3.1},

Following Roeder and Fmslie (1970), the partition coefficient for Fe-Mg exchange between

alivine and melt defined as K 7™ 35 030« (L03, This is illustrated in Fia. 3.14 where the most

magnesium-rich oliving phenocrysts or microphenoerysts cores from cach sample are plotied.

Olivine phenocryst cores from the Tsirub dyke have equilibrium compositions (Hig, 3.14).

(2] Tarub dyke
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Fig. 313, Composilion of obvine phenoerysiimicrophenoenyst and proundmass

I'sirub samplos,

olivine trom selected



Table 3.1. Representative olivine analyses (in wt.%) from selected Tsirub samples. Abbreviations: p = phenocryst or microphenocryst, gm = groundmass, Fo =
forsterite and Fs = fayalite, “-” = not detected. Total Fe reported as FeO*

Tsirub dyke Tsirub North (outer) plug
AN-001 AN-003 AN-005 AN-013
p(core) p{rim) p(core) p (rim) p gm gm gm p P gm p (core) p(rim) gm p (core) p(rim) gm
Si0, 14208 4215 4199 4173 4174 4154 4212 4165 4157 4156 4134 4118 4075 4131 4151 4143 4153
TiO, | - 0.01 003 000 001 001 001 000 007 004 004 003 005 003 004 005 0.04

AlO, 10.02 0.03 0.02 0.04 0.03 0.02 0.02 0.07 0.01 0.03 0.03 0.05 0.04 0.03 0.05 0.06 0.01
Cr,0,10.03 0.03 0.01 0.03 0.02 0.01 0.02 0.02 0.03 0.02 0.04 0.03 0.03 0.02 0.04 0.04 0.04
FeO [9.19 8.92 10.60 1078 9.78 11.34 886 9.25 1464 1437 1411 1381 1616 1653 1352 1432 1420
MnO 10.13 0.13 0.13 0.14 0.11 0.15 0.13 0.13 0.24 0.27 0.25 0.21 0.33 0.32 0.23 0.24 0.23
MgO 4766 47.87 4707 4650 4735 4637 4754 4757 14322 4345 4348 4393 4244 4155 4440 4352 4370
CaO J0.10 0.10 0.09 0.09 0.11 0.11 0.10 0.11 0.40 0.39 0.35 0.28 0.35 0.36 0.29 0.32 0.37
Ni0  10.39 0.37 0.35 0.35 0.39 0.34 0.40 0.38 0.15 0.17 0.15 0.17 0.15 0.14 0.18 0.15 0.14

Total (9959 99.60 10028 99.67 99.55 99.89 9920 99.18 {10032 10029 99.81 99.68 10031 10029 10026 100.13 100.26

Fo 90.3 90.5 88.8 88.5 89.6 88.0 90.5 90.2 84.0 84.4 84.6 85.0 824 81.7 85.4 844 84.6
Fa 9.8 9.5 11.2 11.5 104 12.1 9.5 9.8 16.0 15.6 154 15.0 17.6 18.2 14.6 15.6 15.4

Table 3.1. Continued.

Tsirub North (inner) plug Tsirub South plug
AN-007 AN-017 AN-021
p (core) p (rim} gm p P p P p

Si0, [41.40 4165 4149 4155 4217 40.03  39.85 4040
TiG, 10.03 0.03 0.03 0.03 0.01 0.02 0.04 0.01
ALO, 10.03 002 004 002 001 0.04 0.02 0.02
Cr)0,10.03 0.03 0.05 0.01 0.02 - 0.01 0.02
FeO ]14.54 1596 1389 1392 7.79 22.80 2296 2003
MnO 0.22 0306 026 020 o011 0.74 0.78 0.54
MgO 14348 4210 4378 4401 4872 3691 3746 4035
Ca0 {028 0.38 0.31 0.23 0.05 0.48 0.44 0.33
NiO 10.14 0.11 0.17 024 036 0.08 0.07 0.09

Total {100.15 100.58 100.00 10022 9924 101.10 10161 101.79

Fo 84.2 825 84.9 84.9 91.8 74.3 744 78.2
Fa 15.8 17.5 15.1 15.1 8.2 25.7 25.6 21.8
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A *  Tsirub dyke
- 0 Tsirub North (outer) plug
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Fig. 3.14. Variation of atomic Fe/Mg ratio of olivine phenocryst/microphenocryst cores with atomic
Fe/Mg ratio of their respective host rocks. Note that only the most magnesium-rich cores from each
analysed sample are shown as representative of the liquidus olivine. The solid and broken lines represent
the compositions of equilibrium liquidus olivine (Roeder and Emslie, 1970).

At Tsirub North, the analysed olivine microphenocrysts from the outer plug show similar
forsterite contents (Fogs-gs) to that of their respective groundmass olivines (Fogz-g4). The inner
plug, however, has olivine microphenocrysts extending to slightly higher Fo content (Fogs.gz)
content than their respective groundmass olivines (Fogs) (Table 3.1). Despite the optical zoning
observed in thin sections, fosterite content does not vary significantly between the
microphenocryst cores and rims in either the outer plug or the inner plug (e.g. outer plug: core =
Fogs and rim = Fogs; inner plug: core = Fogy4 and rim = Fog;) (Figs. 3.13b and c). NiO content of
olivine microphenocryst cores from the outer plug (NiO = 0.15 - 0.18 wt.%) is similar to those
from the inner plug (NiO = 0.14 - 0.24 wt.%). CaO concentration for olivine microphenocrysts \
(0.29 — 0.40 wt.%) from the outer plug overlap with their respective groundmass olivine but the
latter extend to slightly low CaO contents (0.35 — 0.37 wt.%); the same is true for those from the
inner plug in microphenocryst (CaQ = 0.23 — 0.28 wt.%) and groundmass olivine (Ca0 = 0.31
wt.%). Some of the analysed olivine microphenocrysts from the outer plug have compositions in
equilibrium with their host rocks (Kp ™ M8 = 0.30 — 33) whereas one olivine microphenocryst

from the inner plug is out of equilibrium (Kp *™¢= 0.16) (Fig. 3.14).

Only microphenocryst cores were analyzed in the Tsirub South plug because the groundmass
olivines are heavily altered to serpentine (Appendix A, Fig. A.13a). Olivine microphenocrysts
range in composition from Fos4 to Foss. In comparison to the Tsirub North plug, those from

Tsirub South plug are less Mg-rich (Table 3.1; Fig. 3.13d), have lower NiO content (0.07 — 0.09
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wit'lo) and slightly higher CaCt concentrutions (0.33 048 wi.%), Olivine microphenocryst has

compaosition put of equilibrium (Fige. 3.14).

3.3.2 Clinopyroxcoe

Clinopyroxene compositions arc reported i Table 3.2 and are elassified. based on Monmoto

(1988 1 Figs. 3.15 w0 3,15,

The Tuirub dvke has unzoned clinopyeoxene phenocrysts with CaQ-rich core compositions of
WosusgEnse i Fae s and fim compositions of Woualngg:Fse {Table 3.2: kg 3.15). Ti0;
concentrations are high {Ti0, — 2.27 — 2,77 wt.%) a feature common in clinopyroxencs ol sthea
undersaturated alkaline rocks (Aoki and Kushiro, 1968}, ALQO; contents vary between 4.24 and
T.38 wil.%. NaxO) content is moderate (NaxO = 036 - 0.67 wi%). Following Monmaoto { [988)

classification, the clinopyroxenes are diopsides (Fig, 3.15),

Wo Wo
diopsid i
&0/ g'?,pb'f \5[} )  Phenocryst cores
45 t  [hedenbergite % A5 ‘
|_tllD Phenocryst rims
augite
£ g0
G > 20
4,
3 5
En Fs
\- 24
cigsonte
(e - - 3
clhnoenstatite | clincferrosilie Bt
En 50 F=

Fig. 315 Composihon of clinopyroxens phenocryst (Ca-Myg-Fe) cores amd rims from Tsirub dyke.
€ lagsafication 1% accordime W Monmoto [1958),

At Tsirub North, chinopyroxene micraphenocryst cores from the outer plug {(WoyrsoEnsza:Fsioos)
and inner plug (WosrasEnygeaFsoe 2 ) ate similar in conmposition to thuse in the Tsirub dyke {Tuble
3.2). Microphenocryst cores show similar compaositions to that of rims (e g. outer plug. core: Ca0)
= 23.08 wi.% and nm; Cal) — 23,14 wi.%: lnner plug, core: Ca0) = 23,08 wi % and nm: Ca0 =

23,14 wi% ) The outer plug and the inner plug bave groundmass clinopyroxene composilions of
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Tahle 3.2, Bepresentaive chinepyroxend analvies (mowl %) From sclected Tsirub samples Abbreviglions:
1 = phenocryst, om = proundmass, =" = nol detecled) End-members gileuliied socording 1o Morimoteo of
al [T9RE],

_sienb dyke Tsirnh MWorth (ontery plug
A AR ANRS AP-HS ANH 3 MM

|2 [£occ) p lay), pfearch pirimy Jpizorcy pireml any b feorcy piein) ogm £ piignec] pirit
S 4023 dR04 A02R 4650 4R JR T 4528 4734 4 le 0 424 45005 4532 4AR1% 4305
T 227 Sl Zotk For 2.4 et sl 2oy 473 541 250 4140 204 31
Al (424 464 462 .38 449 415 4.0 434 793 SR 4.7 FNT 437 MG
E':r:t'}. k13 (.24 133 AR 11,04 1,02 k11l 1,25 LN (1,26 1L LA 1521 ki
Teld Ak 551 53 A8 HILF s .78 a7 P 754 TR h.Bh f 28 3
WMk ihAR LR ih LK LT 1511 1,11 ik 14 111 LA LLAR 1 1hLH 114K ik
MeCr 1439 1436 433 (2350 1420 14.14 1433 144r  [Z213 I ]85 133 424 14356 et
Ehmck: 2aGd 2T A GO I R AT Lok 22G2 20ES A5 P R ot M Pt
Mar |LhE (a0 336 AT A7 (03 {33 141 3 (5] 0,73 kA (.36 Tl
| S R - 1144 ki1 - (.11 14 - e 1k AL [HRYS] 02
Taral [DX43 Tkdd 141 4s9s  HEGY 1Y 1ondn Besn 21 BMHADE WET Yads Gdag [ LA}
s Lyt 9.1 k| 1.7 a4 10,7 il 1.3 125 132 124 10,4 144 141
En 413 b e 41.5 iK1 41.3 it G il 414 36,8 i B 4.1 404 422 154
Wa  |[HRT 454 4.4 503 4.4 1485 432 471 513 51 455 4.2 47.4 50,5
Mote: Wo (Ca:510y) — 1 Cai{MgrCatibe) where YFe = Foe'+Fe +Mn; En o MeESul) =

1005 Ma(Mg | Cal XFc): Ts (FeSih0g) — 100F LFe{Mg | Ca 1 XFa),

Tahle 3.2, Continued.

Woyr aabinzes:Fs) 102 and WossEnaes:lse 2, respectively.

Tsicub Morth linnech plus Tairul Sonth pluge
AN-OUT AT by RS AN-DLT A0
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Ly, |503 4 Gt 37 162 ] 1.54 5] L el 1A% | falk Lo 3,34 1.%2
AL, (223 126 355 102 [.24 4 S8 .23 fio | ® 4.4 (a1 4l 548 I A
Coaihy |(0,24 A0S | [h2% k(I 12 (5% AT .74 Y3 a2 (AL k2 G7
Fulr  [540 A0 5.54 581 Tk 220 (R A fn. 4 508 528 2] b T R
My (013 i J4t a7 33 2l 13 10 017 LR [ b 10 .13 ik 1H
Apty 152% 1307 1447 &40 48T 14500 15.3% 1348 156 14 1448 |48 1A2e 1507
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TiO); contents are high, with the cores
from the outer plug showing higher Ti(}; content (2.64 — 4.75 wt.%) than those from the inner
plug (Ti0), = 1.15 — 223 wt. %), Ti(): increases with decreasing MgO for both sets of samples
(Table 3.2). Khicrophenocrysts lrom the opuler plug and moer plug show a wade range ol ALCh

Ll



concentration {4.19 — 7.93 wt% for outer plug and 1.02 — 6.23 wit% for inner plug). Na,(}
concentrations are moderate and are not  distingmshable from  those of groundmass
clinopyroxenes (e.g. outer plug: NasO = {L36 wt% - (154 wi% for microphenocrysts and (.40

L75 wi% lor groundmass chinopyroxenes). Clinopyroxene compositions for microphenocryst
cores and nms and groundmass clinopyroxcnes are plotted n Figs 3,16 and 3.17 and are all

diopsidic {(Morimao, 1988),
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Fig, 316, Compositogs of clinepyrosene {Ca-Ma-Fe) microphetioorysl eores and nms, and proundiass
clinopsroxene from Tsitub Narth (outer) plug. Classfication is according to Morimoto (1988),

The Tsirub South plug has clinopvroxene microphenocryst core compositions of Woug 40Enze
13F55.92 (Table 3.2, simalar 10 those of the Tsirub North plug. TiO; (1.82 — 3.34 wt%). AlO;
{1.66— 548 wi.%) and NaxO ({146 — (.53 wt.%) concentrations (of the cores) are similar to those
of the Tsirub North plug and Tsirub dyke. Followmg Morimoto’s (1989) classitication these

clinopyvroxenes are also diopsides (Fige 3.18).
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Fig. 3.17. Compositions of clinopsyroxene (Ca-Mo-T'e) merophenocryst cores and rims, and eroundinass
clinopyroxene frons Taivub Worth (inner) plue. Classification I8 aceording to Morimato (19287,
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Fig. 3. 18. Composition of chipopyroxene (Ca-Me-Fe) microphenocryst cores from Tsirab Soah plug,
Classification is according to Morimoto (19585

3.3.3 Fe-Ti oxides

The analysed Fe-Ti axides prosented m Table 3.3 are lrom the Tsirub WNorth (inner) phug and arc
taken to be representative of Fe-Ti oxides from the I'sirub intrusions. Also repoarted in Table 3.3
i3 the Fe-Oh content estimated on the basis of stoichiometry assuming 32 oxygens and following
Draop (1987). The Fe-Ti oxides are tilanomagnelite in compaosition and consist of high total Fe()

(67,05 — 7026 wi %) and moderate 170: (20,90 — 22.57 wi.%%) contents. Calculared Feai();

and 0.22 — 0.73 wi.", respectively. The analvsed oxides contain a limited range of Mn(Q content

(1.00 — 114 wi.%),



Table 3.3. Representative Fe-Ti oxides analyses from the Tsirub Norh (inner) plug. Fe(¥® represents the
amed of tota) measured Te, FeOx caleulated according 1o Droop (1957) on the basis of stoichiometry
assuminge 32 oxveens. Abbreviation: ¢ = caleulated.

Fe-1i oxides
AT -7

Fald. (LA S 8 S L
rick. | 21z zieen 2352
AL, m2n k22 T4
LIRS i £ 014 kil LIRE]
Fel* (00 1 S 0 s B R
WInd{3 1.0} |2 L.14
Pl i R A LRI
il oz kil 1301
Tastal RHOZ  UGZe W6.01
Fo.0c | 2795 26545 23
Fell: | 4429 3376 4434

3.3 4 Ulramalic xenolith

The single mamtle xenolith found in sample AN-017 [rom the Tsirub North {inner) plug is a
werhlite, comprising olivine, clinopyroxene and mmor spinel, Analyscs of the constituent phases
are presented in Table 3.4 and their respective cad-members are shown in Fig. 3,19, Olivine is
relatively iron-rich {(Forq) with low NIO content (N1} - 0.10; Table 3.4}, CaO concentration
ranges between (115 and 0.20 wl.%. The clinopyroxenes are divpside {Wogp.agbng4abs)) and
have low Ti(): content (13,94 — 1 09 wi.%), raised AlO. (621 — 6,68 wi.%) and moderate Naa()
concentrations (0.80 - (1,89 wi.%). The spinel is a hereynite having high AlaOy (4889 — 5497
wi%) and Fe() contents (2481 < 31.90 wi.%) and moderate MeQ concentrations (13.04 — 13.97

wi."o). Crzf); content 1s low (1,65 421 wi%).

3.3.5 Felsic xenolith

Analyses of [eldspar and clinopyroxene making up the felsic xenoliths from the Tsirub North
{inner) plug are reported n Table 3.5 and the mincrals are classified in Fig. 3200 Fex(); content
of clinepyvroxenes presenied in Table 3.5 is calculated om the basis of 6 oxygens [ollowing Droop
{ F987). The analysed Leldspars arc alkali feldspars {AngAngs mpAbazs). A single teldspar lrom
sample AN-008 {OryaAbsy) shows anomalously high Na-( content of 7.21 wt.%. FeO and MgO

contents are low and arc 0.84 — 1.8 wit.% and 0.01 — (.03 wt.%. respectively.
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Table 3.4. Representative analvses of olivine, clinopyroxene and spinel that make up the ultramafic
xenalith hosted 10 sample AN-G17 from the Tsirub North (oner) plug. Abbreviations: p — phenocryst, gm
— proundmass. - 7 — not detected, and ¢ = calculated). Clinopyroxene end-members are caleulated
follonwing Mormoto (1988 Fet? copresents measured total Fe. Teay and Tel) concentrations of spinel

are caloulated on the basis of 32 oxyeens following Diroop (1987)

Oliving Clinnpyroxens Spinel
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Fig. 3.19. Composition of olivine and clinopmroxene (Ca-ba-Fe) thal make up the wltramatic xenolith
hosted by sample AN-NT frome Tsirah MNorth finner) pluse. Clinopyroxene classification is according 1o
horimoto {19881

The light green elinopyroxencs are variable in composition enriched in Cal) content (Woass 4 Enys.
s6Fsy 1) and have moderate to elevated Nay() concentrations [0.35 — 319 wt.%). Al:(0); content is
low (0.24 — 138 wt. %) (Table 3.5). These light green clinopyroxenes (excepting a single crystal)
are diopsides (Mormoto, 198%), The dark green clinopyroxenes are enriched in Fe() and have

high Na:0 content (7.33 - 1059 wi%) indicating a signilicanl aeginne component
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Table 3.5, Representative analyses of feldspar and clinopyrosene (in wt.%) that make up the felsic xenolith rom selected samples from the Tsirubh North

{inner) plug. Clinopyroxene etnd-members are afler Mortmioto ef af {1938). Feud, caleulated on the basis of f oxveens Tollowing Droop (1957), Symbal; ==
1o defected,
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Nuote: Teldspar end-members: An — AnfCaAlSih00) = W Ca{CatNa—K, ABNaAlSG0:) = 100 Na{Ca—Na+tK) and Or(kAlS0:) = 100 KICa+Na+HK).

Clinopyroxene end-tnembers {after Morimoto et af, 19881 Wo (Ca,SLOG) — LOD*Ca/(Me+Cat+EFe) where TFe = Fe' +Fe' ™M En (MmSi:0)

100 M e (Me+-CatiFe) Fs (MeSL00) = 100%F LreiMel Cal LFe) Clinopyvroxene end-members ciuleulated for sodic clinopyrosens: O (Wo. Em Fs) =

LO0F(CatMe+Fet )i MetCarFel +2Na), Jd (NaAlS04)/Ae (Na Fe'' Si,0,) = (aliFe’ ) 100*2Na)( Mg Ca +Fe'' 1 2Na).
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(QagyrfdsAes ), TiOa is clevated (3.21 = 4.77 wt. %) and A0 is very low (0.3 1 — 0.40 wt %;

Table 3,5), Calculated FeaO content {caleulated on the basis of 6 oxygens) is high (15.02 — 20,38

wt.%) (Table 3.5). According ta Morimoto (1988} classification these are acgivine-augites (Fig,

J.20)



CHAPTER 4

MAJOR ELEMENT GEOCHEMISTRY

4.1 Introdnction

A suite of 23 samples from Tsiub have been analysed lor major elememt oxides by X-ray
Nuorescence (XREF) technique as deseribed in Appendix B. section B.2. T should be noted that
the felsic xenoliths mentioned in the previous chapler were removed Iroim the samples before
analysis. This chapter presents the description of the major element senchemisiry lor the Tsirub
intrusions, The major elements were analysed m order 10 determine major clement variations
within esch Tsirub intrusion and 1o determine variations hetween the Tsirab inteusions. The major
glement geochemisiry, in conjunction with petrographic observations, wall then be used 1o make
micrences on the extent of fractional crystallization with parteular emphasis on the minerals

myvolved in the fractional crvstallization process during the differentiation ol the Tsirub magmes.

4.2 Major element gecochemistry

Results of the major ¢clement analyses are reported in T'able 4.1 and also shown on 2 total alkali-
sihica diagram n Fig. 4.1 (An analysis of the felsic country rock, Si0: = 68.8 wi.%, intruded by
the Tsirub North plag is presented in Appendix C}. ‘The data were recaleulsted on a volalile free
hasis before plotting Fig. 4.1, In caleulating the Mgi, reponed m Table 4.1, a value of 0.2 was
assumed for FeyOuFeO ratio (e le Roex e alf. 1990 Spath e af., 2001). Dare for
Schwarzeberg nephelinite (Spriggs. 19588) from southemn Numibia and Erongo basanites and
tephrites (Trumbull et af, 2003) from northwest Numibia are also plotied on Fig. 4.1 for

COMparison,

The Tsirub rocks are classified bused on Le Maire's (2002) total alkali silica diagram (Fig. 4.1)
and in conjunction with their CIPW norm values (n the case of Tsirob North (outer) plug). CIPW
norm values are reported in Appendix C. Table C.1. The Tsirub dyke, Tsirob Norib (inner) plug,
and Tsirub South plug all plet in the fmdite (= nephelinue) field. Samples AN-016 and AN-018

from the Tsirub North plug also plot as nephelinites. These two samiples are treated separately
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Table 4.1. Major (in wt.%) and trace (in ppm) element analyses for Tsirub samples. All Fe reported as
Fe,0; Mg# = atomic Mg/(Mg + Fe™*) calculated assuming Fe,0,/FeO = 0.2. *Analysed by XRF.

Tsirub dyke Tsirub North (outer) plug

AN-001 | AN-003 AN-004 AN-005 AN-006 AN-012 AN-013 AN-014 AN-015

Si0, 39.4 41.3 414 41.0 39.8 38.7 404 41.6 402
TiO, 2.83 345 333 3.39 4.68 4.81 3.42 3.23 3.44
ALO, 11.7 122 12.2 12.7 10.6 10.1 122 11.7 12.1
Fe,0, 11.6 11.8 1.7 12.0 13.9 14.0 11.8 1.3 11.7
MnO 0.20 0.19 0.18 0.19 0.17 0.16 0.18 0.18 0.19
MgO 12.0 9.43 9.22 9.63 9.47 9.25 9.37 8.70 9.40
Ca0 11.2 11.2 10.9 12.1 11.1 11.0 11.5 14.6 11.3
Na,O 448 4.38 5.30 4.19 3.84 2.94 4.69 2.16 4.62
K,0 1.86 142 1.11 1.67 3.89 1.26 1.06 0.64 1.42
P50 142 1.03 1.07 1.11 1.27 1.06 1.05 1.12 1.03
H,O- 0.37 0.31 0.31 0.28 0.17 0.96 0.31 0.40 0.21
LOI 2.07 234 224 2.14 0.42 5.07 3.23 3.74 3.33
Total 99.11 99.05 98.97 10037 9925 9924 9927 9936 98.9%
Mg# 0.71 0.65 0.65 0.65 0.61 0.61 0.65 0.64 0.65

ICP-MS:

Se 16.7 21.8 22.0 22.3 23.5 243 232 20.2 20.6
Ni 309 134 131 131 123 130 134 135 140
Cr 393 233 225 233 302 350 245 236 249
Co 44.6 422 41.8 42.0 51.9 53.7 429 433 44.1
A 183 243 224 247 288 226 251 252 252
Cu 391 53.6 395 50.9 69.6 67.1 51.1 53.2 549
Zn 84.9 86.6 87.4 853 93.0 102 87.0 88.3 88.0
Rb 57.8 85.5 64.2 62.6 1127 503 75.9 64.3 11
Sr 1260 909 917 1155 1059 1957 1004 965 921
Cs 1.14 1.11 1.22 1.06 1.06 2.08 1.15 0.97 1.21
Ba 934 1094 1101 1109 1559 1531 1062 1071 1084
Y 26.0 242 25.1 255 22.3 19.2 233 21.8 24.4
Zr 402 407 398 395 449 444 404 400 400
Nb* 201 171 173 17 170 152 169 170 169
Hf 8.85 9.53 9.25 9.23 11.1 11.2 9.59 9.34 9.19
Ta 13.9 123 122 i2.1 11.7 11.3 12.2 12.2 10.7
Pb 441 4.07 4.66 433 1.07 8.20 3.18 3.07 346
Th 103 9.05 9.06 8.78 7.66 5.80 8.03 7.40 8.20
U 2.88 1.93 1.92 1.95 1.89 1.85 1.47 1.48 1.62
La 85.2 58.6 60.2 61.0 67.0 51.8 59.4 583 59.2
Ce 167 117 117 120 148 116 117 115 116
Pr 18.8 132 13.0 13.1 17.5 139 13.0 12.7 12.0
Nd 70.4 505 50.1 50.6 67.8 54.6 499 48.6 473
Sm 10.8 8.44 8.38 8.44 10.3 8.73 8.53 8.19 7.84
Eun 3.27 2.59 2.63 2.61 3.02 2.50 2.59 2.53 2.61
Gd 8.80 7.27 7.38 7.40 8.10 6.60 7.10 6.92 6.98
Tb 1.14 0.99 1.00 1.01 1.02 0.87 0.98 0.94 0.93
Dy 5.64 5.12 5.22 5.24 4.94 4.21 4.98 482 4.77
Ho 1.02 0.95 0.99 1.60 0.89 0.76 0.94 0.91 0.86
Er 246 234 2.43 2.49 2.16 1.82 2.30 2.20 224
Tm 0.32 0.33 0.34 0.34 0.28 0.24 0.32 0.31 0.29
Yb 1.92 1.90 2.01 2.04 1.68 1.48 1.93 1.80 1.84
Lu 0.28 0.28 0.30 0.31 (.24 0.21 0.28 0.26 0.26
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Table 4.1. Continued.

$i0,
TiO,
ALO;
Fe,04
MnO
MgO
Ca0O
Na,O
K,O
P50s
H,0-
LOI
Total

Mg
ICP-MS:
Sc

Cr
Co

Zn

Rb
Sr
Cs

Zr
Nb*
Hf
Ta

cH g

La

Pr
Nd
Sm
Eu
Gd

Dy
Ho
Er
Tm

Lu

Tsirub North plug
Tsirub North (inner) pluag AN-016 and AN-019
AN-007 AN-007A AN-008 AN-009 AN-010 AN-011 AN-017 AN-018] AN-016 AN-019
39.9 389 39.8 40.3 387 39.6 39.3 39.6 395 40.1
2.56 2.51 2.42 2.42 247 2.52 2.51 2.48 373 2.99
124 11.8 11.8 12.1 12.4 11.9 11.8 12.1 11.3 12.8
11.8 11.6 114 114 11.6 11.6 11.6 11.6 12.8 12.1
0.22 6.21 0.21 0.21 0.20 0.21 0.21 0.21 0.18 0.19
9.25 9.54 893 9.22 9.34 9.51 8.93 8.97 948 9.89
12.6 12.8 12.5 12.7 12.6 12.9 12.4 12.5 11.5 11.8
4.94 4.19 5.06 5.39 4.91 4.45 4.95 5.01 4.83 5.22
2.18 1.86 1.51 1.45 2.12 1.97 2.68 2.00 1.87 1.84
2.25 247 243 2.37 2.30 2.46 2.43 2.25 1.54 1.81
043 0.51 0.32 0.22 0.34 0.35 0.35 0.16 0.18 0.10
2.32 2.76 2.56 1.76 3.05 2.37 242 2.27 2.34 1.76
100.83 99.06 9893 9955 100.08 9988 9970 9906 | 99.18 100.51
0.65 0.66 0.65 0.65 0.65 0.66 0.64 0.64 0.63 0.66
17.3 18.8 18.5 19.2 18.9 18.8 17.9 19.2 224 204
129 130 129 132 128 129 133 135 125 119
194 193 182 187 175 184 191 197 252 214
384 386 385 38.7 38.5 38.6 39.1 39.9 492 44.6
187 190 185 185 179 201 187 210 267 225
47.0 47.6 423 47.8 47.0 434 42.2 45.8 59.9 62.4
91.5 92.1 91.4 91.6 82.6 91.5 91.9 914 88.5 85.4
56.8 42.3 57.6 56.2 54.6 474 45.1 457 53.8 78.8
1879 1976 1935 1883 1842 1937 1932 1910 1347 1461
1.03 0.95 1.18 1.13 1.09 0.87 0.86 0.98 1.035 1.02
1353 1442 1311 1392 963 1199 1298 1472 1477 1365
37.8 38.0 37.1 36.5 36.6 373 394 41.0 272 29.4
469 451 444 440 450 454 435 445 402 375
267 245 246 239 247 251 251 250 184 184
9.32 9.01 8.84 8.76 8.79 9.13 8.72 9.02 9.37 7.88
14.9 14.1 13.6 13.3 13.8 14.1 12.8 13.6 104 9.69
6.58 4.39 344 4.11 6.83 7.23 3.50 5.62 4.60 5.96
18.7 17.7 18.3 18.1 18.6 18.3 17.5 17.7 10.6 13.0
3.93 3.80 3.96 4.07 3.06 4.05 4.03 4.10 3.20 3.05
148 147 147 146 150 148 145 145 92.8 105
278 278 280 277 283 281 27 271 186 198
31.6 31.6 315 30.9 319 31.8 29.7 29.6 203 20.6
114 113 113 111 114 114 111 110 78.4 77.4
15.8 16.1 15.9 15.6 16.0 16.2 15.3 154 11.3 11.2
4.63 4.60 4.62 4.46 4.50 4.60 4.55 4.57 3.37 3.36
12.2 11.9 12.0 11.7 12.0 12.1 11.7 11.8 8.66 8.61
1.57 1.57 1.55 1.53 1.53 1.57 146 1.48 1.06 1.11
7.70 7.63 7.57 7.54 7.41 7.62 7.37 7.50 537 5.62
1.41 1.40 1.40 1.38 1.36 1.39 1.33 1.36 0.96 1.00
3.45 3.42 3.37 3.31 3.32 3.39 3.36 3.49 2.38 2.53
0.48 0.47 047 0.47 0.46 0.47 0.44 0.47 0.31 0.33
283 2.83 2.80 2.78 2.73 277 2.74 2.84 1.92 2.07
0.42 0.42 0.42 0.42 0.41 0.41 0.38 0.40 0.26 0.29

30




Table 4.1. Continued.

$i0,
Tio,
ALO,
Fe,O,
MnO
MgO
CaO
Na,O
K,0
P,0;
H,0-
LOL
Total

Rb
Sr

Ba

Nb*
Hf
Ta

e

La

Pr
Nd
Sm
Eu
Gd

Dy

Er
Tm

Lu

Tsirub South plug
AN-021 AN-022 AN-023 AN-024
39.6 39.4 38.9
3.30 3.25 3.36
12.3 12.3 12.7
12.6 12.5 127
0.21 0.21 0.21
8.87 9.05 9.04
12.1 12.1 12.8
4.81 512 4.76
2.45 2.55 2.86
1.59 1.55 1.58
0.29 0.15 0.10
1.93 143 1.69
99.30 99.58  100.79
0.62 0.63 0.62
19.7 19.1 18.9
105 108 107
168 172 162
423 43.0 423
221 225 217
46.1 47.2 42.1
87.4 86.6 85.8
55.7 61.5 66.5
1359 1374 1383
1.32 0.86 1.07
1160 1223 1148
314 321 309
406 410 399
205 220 209
9.16 8.88 8.83
12.7 129 12.5
3.39 1.04 3.04
11.2 12.0 11.3
270 245 278
95.4 100 96.1
179 190 180
18.8 19.9 189
72.3 76.9 73.5
1t3 1.7 111
3.44 3.62 347
9.20 9.29 9.15
1.16 1.19 1.17
6.01 6.12 5.89
1.09 1.08 1.08
2.68 272 2.64
0.35 0.36 0.34
2.16 2.22 2.11
0.30 0.31 0.29

39.1
3.26
12.2
iz4
0.21
9.13
124
4.30
248
1.62

0.17

2.33
99.67

0.63

19.0
105
166
42.0
220
451
878

69.5
1455
1.20
t116

311
397
206
8.78
123
3.65
113
224

96.2
181
19.0
73.2
11.3
3.52
9.10
1.16
6.01
1.06
2.68
0.35
217
0.30
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W e O

from this point Jorward because they are ecochemically distimel, e.e. see Fig 4 2¢ and 5.2, lom
the outer and inner plug samples. The entire samples from Tsitub North (outer) plug (excepting
AN-014]) plol in the basamite/lephrite [eld. Sample AN-014 plots on the boundary between the
hasamite/tephrite leld and merobasall field owing o ats low wolal alkald content ol 2.80 wi %, To
wdentily 1l the Tsivub North (outer) plug sumples are basanites or (ephmies thenr nonmative olivine
values were used, According o Le Mare (2002, basamites have = 10 wi% nomative oliving
whoreas tephnites are defined by < 10 w.% normative olivine, Therelore, on the basis ol thor
high normative olivine valucs (10.2 - 14,6 wi%: Table C. 1, Appendix C) samples from the
Tsirub North (outer) plue are ¢lassified as basanites. All the Tsirub samples, except AN-012 and

AN-(14, have high normative nepheline values (18 — 24 wt."), Samples AN-012 (ne — 11 wt.%)
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and AN-O14 (ne = 7 wi.%) are anomalous, having significantly lower normative nepheline

values,

In comparison o the Schwarzeberg nephelinite, the Tsirub samples have higher total alkali
contents but comparable 5iCh content (Fig. 4.1). On the same diagram (Fig. 4.1} the Tsirub North
{nuter) plug plot within the hield defined by the Erongo busanites and tephrites (Trumbull et af.,
2003}, The Tsirub dyke, Tsirub North {immer) plug, sumples AN-016 and AN-019 and Tsirub
South plug will be referred to as nephelimiles whercas the Tsirub North (outer) plug will be

referred 1o as basaniles.

The vanations of sclocted major cloments with MzO content as an index of difterentiation are
shown in Fig. 4.2 where the date was recaleulated on a volatile free hasis hefore plotting, Mg(),
and not Si(r, was chosen as an index of differenctation hecause it is a much more sensitive
indicator of degree of evolution ot basaltic rocks compared to Sit)2(Fitton e al.. 1491, Data for
Schwarzeberg nephelinite (Spriggs. 1988) [rom southern Namibia is also plotted on Fig. 4.2 for

SOMpanso,

The Tsirub dyke shows the most primitive Mg() content {12.0 wt.%) and Mg# (0.71) (Mgs —
atomic Mgi{Mg - I/ EH}; assuming Fex():/17e0) = (1.2) among the Tsirab intrusions. Ti0s content 15
relatively high (2.83 wt.%). which is typical of nephelinites (Le Bas, 1987). Cald content of the
Tsirub dyke is high (11.2 w1.%) and 15 similar o that of the Tsirub North (outer) phug (Fig. 4.2¢).
P20 concentration (142 wi %) 18 moderate (Fig. 4.2g) whereas KO (186 wi%) conlent 1%

relatively low,

Al Taireb North, the outer plug (e.g. Me#t = 0.6] — 0.65) and the inner plug (Me® — 0.64 — (0.60)
shows hmited miernal varations in Mgif (Table 4.1)  Si(k concentration is low and it ranges
between 387 and 41.6 wt.% for the basamite semples and between 387 and 40.3 wt.% tor the
nephelimite samples. CaO is positively correlated wath Mg in both the outer plug and inner plug
(Ca0 = 12,4 — 12,9 wi.% and Mg — 8,93 — 9,54 wt.%) with the outer plug (Mg — 9.22 — 9.63
wi.%) extending to lower CaO content (109 — 12.1 wt%) (Fig. 4.2¢). Sample AN-014 from the
outer plug is displaced o relatively lower MaeQO content (570 wt%) and much higher €a0)
concentration (14.6 wt.%). The anomalous behaviour of this sample 15 also reflected in its
clevated LOT walue (3.74 wi%a) The inner plug is readily distinguishahle from the outer plug

(Ti0; — 323 apd 345 vt ¥ and P2O; = 1.03 — 1.27 wit %) by its relatively lower Ti0); content
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(242 — 236 wt%) and higher P.0Os concentration (2,25

concentrations are high and overlap between the two sets ol sumples (Al.O; =

247 wi%y. AlLD: and Fe.Oj

LI =127 wi%

and Fes(h = 11.7 — 12.0 w1.% for outer plug, ALG: = 11.7 - 12,7 wi.% and Fe:04s = 11.7 - 12.0

wi.le for inner plug) (I'ahle 4.1; Figs. 4.2¢ and d). Samples AN-006 and AN-012 from the outer

plug are displaced 1o relatively high TiOs and Fe:O; contents (AN-006; Ti0); — 4.68 wt.% and
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FeOs = 139 wi,%: AN-012: Ti0- = 4.58] wi.% and 14.0 wi.%) and lower Al:O; concentrations
(ALO; = 1006 wt % for AN-006 and L10L] wt% for AN-012). The anemalous behaviour of these
two samples is consistent with their greater abundance of much altered olivine micrephenocrysts
{see Appendix A) and elevated 1.0 value (5.07 wt ') ip the case of sample AN-012. Although
the inner plug (K.0 = 145 — 2.68 wiL%} lacks any correlation between Ka0) and Mg, the outer
plug with Ko0) — 0,64 — 1.67 wit' displays a scattgred positive correlation between Ko() and
Mg (Fig. 4.20). In addihen 1o showing apomalous TG, ALO; and Fe:(); concentrations, sample

AN-006 from the outer plug s also displaced 1o higher KO content (3.89 wi.%),

Samples AN-O16 and AN-019 from the Tspub North plug have Si0); and K0 contents (510 =
395 — 4001 wit % and K-O = .84 — 187 wt.%) similar to that of the Tsivub North (inner) plug
whereas their Cat} abundances (AN-O1G6: 1.5 wi% AN-019: 11.8 wr.% ) are sinilar to that of
the Tsirub North (outer) plug. P05 concentrations (1.54 — 1.81 wi.%3) for these two samples are

intermediate between the T'sirub Morth (vuter) plug and Tsirub North (inner) plug (Fig. 4.2g).

The Tsirub South plog shows a lmiled range in major clemenl composition and the lour
nephelinite samples form a eluster (2.2, MgO — ¥.87 — 9,13 wit.%;) (Fig. 4.2). Si0O: content (38.9 —
30.4 wt.%) and TiO: comtent (3.25 — 3.36 wi.®) of this plug arc similar 1o that of the Tsirub
North (inner) plug and Tsimeh Nerth (outer) plos, respectivelyv. Ca(d concentration is hish: a
feature characteristic of nephelinitic rocks (e.2. Le Bas, 1987). In comparison 1o the other Tsirub
inrusions the Tsirub South plug shows shightly higher FeOy contents (12,4 — 12.7 wt.%). ALOy

concentration 1s high (121 — 128 wt%) whereas the P50 content (1,535 — 1.62 wit,%) is similar to
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that of samples AN-016 and AN-019 from the Tsirub North plug (Fig. 4.2g). This plug shows
higher K,O concentration (2.45 — 2.86 wt.%) compared to other Tsirub intrusions.

In general terms, all the Tsirub intrusions, except the Tsirub dyke, show similar MgO content.
The Tsirub dyke has relatively primitive MgO abundances. The Tsirub North (outer) plug is
readily distinguished from the other Tsirub intrusions by its slightly higher SiO, content and
lower P,Os contents. The Tsirub North (inner) plug has relatively lower TiO; content relative to
the other Tsirub intrusions whereas the Tsirub South plug can be distinguished on the basis of its

slightly higher Fe,O3 and K»O concentrations.
In comparison to the Schwarzeberg nephelinite, the Tsirub nephelinites and basanites show lower

MgO (excepting the Tsirub dyke) and CaO concentrations but higher TiO,, ALO; and Fe,O4

concentrations (Fig. 4.2).
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CHAPTER 5

TRACE ELEMENT GEOCHEMISTRY

5.1. Introduction

The concentration of trace elements in rocks is controlled by their concentration in the source
region, by chemical fractionation during partial melting and by fractional crystallization during
ascent. Mantle derived magmas that have undergone limited fractional crystaliization yield rocks
with high concentration of compatible trace elements and such rocks are termed primary magmas
(Frey et al., 1978). Continental mafic alkaline rocks including nephelinites and basanites are
enriched in trace eclements particularly in the incompatible trace elements. Such high
concentrations of incompatible trace elements are frequently interpreted to be a result of low
degrees of partial melting or derivation from an enriched source (e.g. Erlank et al., 1982; Zhang

& O'Reilly, 1997; Cebria et al., 2000; Spith eral., 2001).

Since the concentration of incompatible trace elements is inversely proportional to the degrees of
partial melting (assuming no influence of residual phases that accommodate certain incompatible
elements such as Nb in rutile) such elements are useful in constraining the degrees of partial
melting. Incompatible trace elements that are somewhat compatible in certain minor mantle
phases are useful in constraining the nature of residual mineralogy at the time of partial melting,
Such elements include Nb compatible in phases such as rutile and ilmenite (Green, 1995). The
role of a minor residual phase can be recognized by the lack of correlation between an
incompatible trace element accommodated in a minor phase (assuming no influence of secondary
alteration which affects mobile incompatible trace elements) and other incompatible trace
elements of similar incompatibility. Rare earth elements (REE) in particular are useful in
discriminating between partial melting within the garnet stability field and spinel stability field
because the heavy REE such as Yb are compatible in garnet whereas the light REE are
incompatible in garnet. In contrast, both the light and heavy REE are equally incompatible in
spinel such that partial melting in the spinel stability field does not cause fractionation of the
heavy REE from the light REE as in gamnet stability field (e.g. Wilson, 1989; Ellam, 1992;
Pearce, 1996; Bernstein ef al., 2000; Siebel et al., 2000; Keller et al., 2006).
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The Tsirub samples have been analysed for trace element concentrations using inductively
coupled mass spectrometry (ICP-MS) technique following procedures documented in Appendix
B, section B.3. Results of these analyses are reported in Table 4.1. The Tsirub samples were
analysed in order to determine trace element variations within each Tsirub intrusion and to
determine trace element variations between the Tsirub intrusions. The trace element geochemistry
will then be used to evaluate petrogenetic processes such as partial melting and to make
inferences on source region characteristics such as the type of residual minerals at the time of
melt extraction. The REE elements in particular will be used in partial melting modelling in order
to quantify the degrees of partial melting that gave rise to the Tsirub intrusions and to determine
whether partial melting took place in the garnet stability field or the spinel stability field. The

latter four aspects are discussed in Chapter 7.

5.2 Compatible trace elements

The variation of selected compatible trace elements with MgQ in the Tsirub nephelinites and

basanites is shown in Fig. 5.1.

Ni and Cr concentrations of the Tsirub dyke (Ni = 309 ppm and Cr = 393 ppm) are similar to that
documented for primary magmas (Ni = 300 — 400 ppm, Frey et al., 1978). Co concentration is
moderate (44.6 ppm) whereas Sc content is low (16.7 ppm).

At Tsirub North, the outer plug is slightly more enriched in the compatible trace elements, except
for Ni, than the inner plug. Ni concentration overlap between the two sets of samples (outer plug:
Ni = 123 — 140 ppm and inner plug: Ni = 128 — 135 ppm) and it shows no correlation with MgO
(Fig. 5.1a). Like Ni, Co content in both the outer plug (Co = 41.8 — 44.1 ppm) and inner plug (Co
= 38.4 — 39.9 ppm) lack any correlation with MgO concentration. Cr content is moderate for both
the outer plug (225 — 249 ppm) and inner plug (175 — 197 ppm). Samples AN-006 and AN-012
from the outer plug are displaced to higher Cr and Co contents (AN-006: Cr = 302 ppm and Co =
51.9 ppm, AN-012: Cr = 350 ppm and Co = 53.7 ppm). The outer plug defines a small range of,
low, Sc content (20.2 — 24.3 ppm) and the same is true for the inner plug (17.3 — 19.2 ppm)
(Table 4.1; Fig. 5.1d).
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Fig. 5.1. Variation of selected compatible trace elements with MgO concentration (as an index of
differentiation) in Tsirub intrusions.

Samples AN-016 (Ni = 125 ppm and Co = 49.2 ppm) and AN-019 (Ni = 119 ppm and Co = 44.6
ppm) from the Tsirub North plug show comparable Ni content to, but higher Co concentration
than, the Tsirub North (outer) plug and Tsirub North (inner) plug. Their Cr, Sc and V contents are
more comparable to those of the Tsirub North (outer) plug but slightly higher than for the Tsirub
North (inner) plug (e.g. Sc = 20.4 - 22.4 ppm versus 20.2 — 24.3 ppm for Tsirub North (outer)
plug; Fig. 5.1).

The Tsirub South plug defines relatively restricted ranges in compatible trace elements (e.g. Ni,
Co, Sc). Ni (105 — 108 ppm) and Cr contents (162 — 172 ppm) do not show any correlation with
MgO and are slightly lower than for Tsirub North plug. Sc concentration (18.9 — 19.7 ppm) in
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this plug is low and is similar to the Tsirub North (inner) plug. Co contents vary between 42.0
and 43.0 ppm.

5.3 Incompatible trace elements

High field strength elements (HFSE) and large ion lithophile elements (LILE) data are presented
in Table 4.1 and shown on variation diagrams in Fig. 5.2. Data for Schwarzeberg nephelinite

(Spriggs, 1988) is also plotted on Fig. 5.2 for comparison.

The Tsirub dyke is enriched in HFSE most notably in Nb (194 ppm) and Zr (402 ppm). Th (10.3
ppm) and U contents (2.88 ppm) are moderate and low, respectively (Table 4.1; Fig. 5.2). Y and
Hf contents are 26.0 ppm and 8.85 ppm, respectively. In terms of the LILE, this dyke has slightly
lower Ba content (934 ppm) but shows similar Rb content (57.8 ppm) to the Tsirub North and
South plugs.

At Tsirub North, the outer plug and inner plug are variably enriched in HFSE with the most
enrichment in Nb and Zr a feature also observed in the Tsirub dyke (Table 4.1; Fig. 5.2). The
inner plug is much more enriched in the HFSE (e.g. Nb = 231 — 256 ppm) than the outer plug (Nb
= 145 — 168 ppm) for a given magnesium number, consistent with the higher alkali content of the
former. For example, samples AN-007 (Zr = 469 ppm, Nb = 256 ppm) and AN-009 (Zr = 440
ppm, Nb = 231 ppm) from the inner plug, show much higher Zr and Nb contents than samples
AN-004 (Zr = 398 ppm, Nb = 166 ppm) and AN-013 (Zr = 404 ppm, Nb = 164 ppm), from the
outer plug, despite showing the same magnesium number of 0.65 (Table 4.1). These two plugs
define tight clusters on a variation diagram of Nb versus La. The compositional ranges of Th and

U are narrow (e.g. Th= 7.66 — 9.06 ppm for outer plug and 17.5 — 18.7 ppm for inner plug).

LILE in Tsirub North magmas are not correlated with each other and they also do not show any
correlation with other incompatible trace elements with comparable degree of incompatibility
such as Nb (Fig. 5.2¢). For example, the outer plug and inner plug show a considerable scatter
between Rb and K (Fig. 5.2f) and between Rb and Ba (not shown). The outer plug displays a
wider range of Rb concentrations (50.3 — 85.5 ppm) that extends to higher values compared to the
narrow range depicted by the inner plug (Rb = 42.3 — 56.8 ppm).
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data {Spriges, 19588}, Symbols are 45 in Fig, 5.1,

La, Th and U concentrations ol samples AN-016 (Kb — 180 ppm and Th = 10.6 ppm1) and AN-

(19 (Nh — 185 ppm and Th = 13,0 ppimn} are similar to those of the Tsirub dyke and Tsirub South

plugz, Ba content or these two samples is high (1477 ppm and 1365 ppm).
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Like the Tsirub North plug, the Tsirub South plug also shows considerable HFSE enrichment.
The latter plug is characterized by restricted ranges of Nb (201 — 215ppm), Zr (397 — 410 ppm)
and Th concentrations (11.2 — 12.0 ppm). Both Nb and Th increase with increasing La
concentration (Table 4.1). On the variation diagrams of Nb versus Zr, Nb versus La and Th
versus La, the Tsirub South plug define a tight cluster. U concentration ranges between 2.24 and
2.78 ppm and is similar to that of Tsirub dyke. There is no correlation between LILE e.g. Rb
versus K (Fig. 5.2f) and Rb versus Ba (not shown). vFor example there is considerable scatter
between Rb (55.7 — 69.5 ppm) and K a feature also observed in the other Tsirub intrusions as

stated previously.
In comparison to the Schwarzeberg nephelinite, all the Tsirub samples show much higher Zr

content but lower U content (Fig. 5.2a and d). Nb and Th contents of the Tsirub dyke, samples
AN-016 and AN-019 and Tsirub South plug are similar to those of the Schwazeberg nephelinite.

5.3.1 Incompatible trace element ratios

Incompatible trace element ratios are reported in Table 5.1 and shown graphically in Fig. 5.3. It
should be noted that samples AN-006 and AN-012 for the Tsirub North (outer) plug are excluded
in calculating the average Ce/Pb ratio, reported in Table 5.1, of the Tsirub North (outer) plug
because of their anomalously high and low Ce/Pb ratios, respectively (see Table 4.1). Also AN-
022 from the Tsirub South plug is excluded in calculating the average Ce/Pb ratio of the Tsirub
South plug because it has anomalously high Ce/Pb ratio owing to its much lower Pb content (see
Table 4.1).

The Tsirub dyke shows La/Nb (0.42) and Zr/Nb (2.00) ratios similar to the Tsirub South plug.
Ba/Nb ratio is also comparable to the Tsirub South plug and the Tsirub North (inner) plug. Nb/U
and Ce/Pb ratios are 69.7 and 37.9, respectively (Table 5.1).

At Tsirub North, the outer plug and inner plug show variable incompatible trace elements ratios.
The outer plug has slightly higher Zr/Nb ratio (2.46 + 0.21) but slightly lower La/Nb ratio (0.35 +
0.02) than the inner plug (Zr/Nb = 1.80 + 0.04 and La/Nb = 0.59 + 0.02) (Fig. 5.3). Both display a
negative correlation between Zr/Nb ratio and Nb (Fig. 5.3b). The outer plug also shows a good
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Table 5.1. Incompatible trace element ratios and average incompatible trace element ratios for Tsirub
samples. Subscript y denotes chondrite normalised (values from Sun and McDonough, 1989).

Tsirub dyke Tsirub North (outer) plug

AN-001 [AN-003  AN-004  AN-005 AN-006 AN-012 AN-013 AN-014 AN-015 Average +s.d
Zr/Nb 2.00 2.38 2.30 2.31 2.63 292 2.39 2.36 237 246 = 0.21
Nb/Ta 144 13.9 14.1 14.1 14.6 134 13.9 139 15.8 142+ 0.74
La/Nb 042 0.34 0.35 0.36 0.39 0.34 035 0.34 0.35 035+ 0.02
Ba/Nb 4.65 6.41 6.36 6.50 9.14 10.1 6.29 6.32 6.41 7.19 = 1.51
Ce/Pb 379 28.9 251 27.7 138*%  14.1% 368 374 336 31.6 & 5.09
(La/Yb)y 319 22.1 21.5 214 28.6 251 22.1 232 231 234+ 243
(La/Smy 5.08 4.48 4.64 4.67 4.19 3.83 450 4.59 4.87 4.47 +.032

Tsirub North (inner) plug

AN-BO7 AN-00TA AN-008  AN-009 AN-010 AN-011 AN-017 AN-018 Average +s5.d
Zr/Nb 1.76 1.84 1.80 1.84 1.82 1.81 1.73 1.78 1.80 = 0.04
Nb/Ta 17.9 17.3 18.1 18.0 17.9 17.8 19.6 18.4 18.1 + 0.66
La/Nb 0.55 0.60 0.60 0.61 0.61 0.59 0.58 0.58 0.59 + 0.02
Ba/Nb 507 5.88 5.33 5.83 3.89 4.77 5.16 5.88 523 + 0.68
Ce/Pb 423 634 81.5 67.5 41.4 389 713 48.3 576 £ 159
La/Yb)y 374 37.3 37.8 375 394 383 38.0 367 378 + 0.75
(La/Sm}y 6.04 5.90 5.97 6.01 6.04 5.88 6.13 6.10 6.01 + 0.08

AN-016 and AN-019 Tsirub South plug

AN-016  AN-019 Average +s.d AN-021 AN-022 AN-023 AN-024 Average +s.d
Zr/Nb 2.19 2.04 211+ 0117 198 1.86 1.91 1.92 1.92 + 0.05
Nb/Ta 17.6 19.0 183 = 098 162 17.0 16.7 16.7 16.7 £ (.34
La/Nb 0.50 0.57 054 £ 0057 047 0.46 0.46 047 046 + 0.01
Ba/Nb 8.04 7.41 772 &£ 0441 5.65 5.55 5.48 541 553 + 0.10
Ce/Pb 40.5 332 368 £ 514 3530 183 593 496 539 + 490
(La/Yb)y 347 363 355+ 116} 317 325 326 31.8 32.1 = 046
(La/Sm)y 5.28 6.05 567 £ 0.54 ] 546 5.55 5.61 5.51 554 + 0.06

* Note that samples AN-006 and AN-012 from the Tsirub North (outer) plug are excluded in calculating
the average Ce/Pb because of their anomalously high and low Ce/Pb ratios, respectively. Also AN-022
from Tsirub South plug is excluded in calculating the average Ce/Pb because it has anomalously high
Ce/Pb ratio owing to its much lower Pb content (see Table 4.1).

positive correlation between Ta/La and Nb/La ratios (Fig. 5.3d). In addition to higher
HFSE/HFSE ratios, the outer plug has slightly higher Ba/Nb ratio (7.19 & 1.51) than the inner
plug (5.23 + 0.68) (Table 5.1; Fig. 5.3f). Samples AN-006 (Ba/Nb = 9.14) and AN-012 (Ba/Nb =
10.1) from the outer plug are displaced to relatively high Ba/Nb ratio due to their anomalously
high Ba contents. Nb/U and Ce/Pb ratios are high (e.g. Ce/Pb = 31.6 £ 5.09 for outer plug and
57.6 + 15.6 for inner plug) and are slightly higher than those of OIB (Nb/Uor = 47, Ce/Pbos =
25; Sun and McDonough, 1989).
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Fig. 5.3. Selected incompatible trace element ralios for 1 sivub samples, Symbaels are as in Fig 5.1,

Samples AN-016 (Ba'Nb = 8.04) and AN-019 {BaNb — T.41} have slightly higher Ba'Nb rnos
than the Tsirzb Norh (outer) plug and Tsirub North (inner) phlug. Ther La™Nb and Ze/Nb ratios
{La/Nh — (054 + 0.05 and #r'Nb = 2.11 = (111} are intermediate between thosce of the Tsirub

North touter) plug and 1'sirub North {inner) plug (Table 5.1; Fig. 5.3a and h)

Like the Tsirub dyke and samples AN-016 and AN-019, the Tsirubh South plug shows La/Nb ratio
(.46 L (0.01) intermediate between the Tsirub North (outer) plug and Tsirub North (inner) plug
(Fig. 5.3a). The I'sirub South plug has a lmited munge of Ba/Nb (5,41 — 5.65) and Ze/Nb ratios
(1.92 = (1.05). The mosl stoking geochemical features tor this plug are the constant 'Thil.a ((1.12)
and Th/Nb ratios ((0.06). NB/AT matio (72,8 89.8) and Co/Pb ratio (53.9 = 4.9} are high (Sup and
MeDonough. 1989).



Overall, all the Tsirub nephelinites and basanites are characterized by relatively moderate Ba/Nb
ratio, low La/Nb and Zr/Nb ratios (Table 5.1; Fig. 5.3). These define a narrow negative trend
between Zr/Nb ratio and Nb (Fig. 5.3b) and a positive trend between Ta/La and Nb/La (Fig.
5.3d). On the variation diagram of La/Nb versus Nb, the Tsirub samples fall on a positive trend
except the outstanding samples AN-016 and AN-019 that are offset from this trend i.e. have much
higher La/Nb ratio for a given Nb value.

5.3.2 Rare earth elements patterns

The chondrite normalised rare earth element (REE) patterns of the Tsirub intrusions are shown in
Fig. 5.4 and their La/Yby ratios (where y denotes chondrite normalised) are reported in Table 5.1.

In Fig. 5.4a, the average chondrite normalised REE abundances for each intrusion are plotted.

The Tsirub dyke shows steep chondrite REE patterns (La/Yby = 31.9; La as high as 359 times
chondrite and Yb = 11.3 times chondrite) with no Eu anomaly (Fig. 5.4b). At Tsirub North, the
outer plug and the inner plug show subparallel steep chondrite normalised REE patterns (Fig.
54c and d) where the latter shows steeper patterns (La/Yby = 37.8 £ 0.75) than the former
(La/Ybn = 23.4 + 2.43). The inner plug is enriched in La and Yb up to 633 and 16.7 times
chondrite, respectively, whereas the outer plug has La and Yb abundances up to 283 and 12.0
times chondrite, respectively. In addition, the inner plug also shows higher absolute light REE
concentrations than the outer plug for a given magnesium number. Samples AN-016 (La/Yby =
34.7) and AN-019 (La/Yby = 36.3) also show light REE enriched chondrite normalised REE
patterns (Fig. 5.4e), and samples from Tsirub South plug have La/Yby = 31.7 — 32.6 (Fig. 5.41),
" with La and Yb enrichment up to 424 and 13.1 times chondrite, respectively.

Overall, the Tsirub intrusions show steep subparallel chondrite normalised REE patterns with the

Tsirub North (inner) plug showing the highest chondrite normalised REE abundances whereas the
Tsirub North (outer) plug shows the lowest chondrite normalised REE abundances.
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Fig. 5.4. Chondrite normalized REE patterns of Tsirub samples. In (a), the average chondrite
normalised REE values of each compositional group are plotted. Chondrite normalising values
are taken from Sun and McDonough (1989).
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Fig. 5.4. Continued.

5.3.3 Primitive mantle normalised patterns

Incompatible trace elements in Tsirub samples are normalised to primitive mantle in Fig. 5.5
where the incompatible trace elements are arranged in order of decreasing incompatibility from

left to right. Primitive mantle normalising values are taken from Sun and McDonough (1989).

47



1000 ¢
r (d) Tsirub North (inner) plug
e 100 F
£ 3
j
[=}
£
8]
=
3
4 10
1 i i . i | 4 i i . i i . i " i
la Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1000 ¢
‘ () AN-016 and AN-019

i .
100 b x\

Rock/Chondrite
)4

10

1 L " . 2 | 5 L L 5
Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Lta Ce Pr Nd

1000 ¢
' s () Tsirub South plug
- P,
@
£ 100 | A\
] r
5 5 b~a_
JE =y
9 A\A\_
3] L.,
2 A\A\A-_
10 ‘ 0
1 i i i n i L s s i { : i 5 . i
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Fig. 5.4. Continued.

5.3.3 Primitive mantle normalised patterns

Incompatible trace elements in Tsirub samples are normalised to primitive mantle in Fig. 5.5
where the incompatible trace elements are arranged in order of decreasing incompatibility from

left to right. Primitive mantle normalising values are taken from Sun and McDonough (1989).
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taken from Sun and McDonough (1989).

The Tsirub samples are all enriched in incompatible trace elements relative to the primitive
mantle, with strong enrichment (100 — 200 times primitive mantle) in the most highly
incompatible trace elements (e.g. Ba, Th, Nb, Ta, La) relative to the less incompatible trace

elements (~ 5 times primitive mantle) (Fig. 5.5a). Nb and Ta concentrations are typically 300 —
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Fig. 5.5, Continued.

400 times primitive mantle. Overall, the primitive mantle normalised patterns for samples from
each locality are similar having relative depletion in K compared to Th, U, La (e.g. K/Th = 1500
for Tsirub dyke, 1278 + 369 for Tsirub North (outer) plug; 853 + 126 for Tsirub North (inner)
plug, 1323 + 206 for AN-016 and AN-019 and 1876 % 151 for Tsirub South plug), strong relative
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enrichment in Nb-Ta and Zr-Hf and relative enrichment in P. Pb is variably enriched to depleted
relative to the adjacent elements whereas the Tsirub North (inner) plug and Tsirub South plug
have small negative Pb anomalies. Sample AN-022 from the Tsirub South plug is anomalous in
showing a strong negative Pb anomaly relative to the other samples from the same plug (Fig.
5.5f). The entire samples of the Tsirub North (outer) plug, excepting AN-006 and AN-012, lack
any Pb anomaly (Fig. 5.5¢). One of these two anomalous samples, AN-012, has a positive Pb
anomaly that may be due to crustal contamination or secondary alteration given its high LOI
value (5.07 wt.%; Table 4.1). Another anomalous sample, from the Tsirub North (outer) plug, in
terms of Pb abundance is sample AN-006 showing a negative Pb anomaly. Ti is also variably
enriched to depleted relative to the adjacent elements whereas the Tsirub North (outer) plug
shows a small positive Ti anomaly (Fig. 5.5d) and the Tsirub North (inner) plug has a small

negative Ti anomaly.

Overall, the primitive mantle normalised patterns of the Tsirub samples are typical of

continentally emplaced alkaline rocks (e.g. Panter ef al., 2006).
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CHAPTER 6

ISOTOPE GEOCHEMISTRY

6.1 Introduction

Sr and Nd isotope ratios have been used in petrogenetic studies of alkaline rocks over the years as
geochemical tracers of the nature of mantle source (depleted versus enriched source). Isotope
ratios are good geochemical tracers of mantle sources compared to trace element ratios because
unlike trace elements, they are not affected by fractionation events such as fractional
crystallization and partial melting, nor are they affected by the nature of residual mineralogy of
the source and are therefore characteristic of the source from which a magma is derived. For
example La/Nb ratio, which is often used to discriminate between the lithospheric mantle and
asthenospheric mantle (DePaolo and Daley, 2000), is in part controlled by the nature of the
residual mineralogy because Nb is compatible in rutile (D"° =16 — 30, Ryerson and Watson,
1987) and ilmenite (Rollinson, 1993). Nb, which otherwise has similar incompatibility with La,
will therefore be fractionated from La if rutile or ilmenite is present in the mantle residue at the
time of partial melt extraction in which case the La/Nb ratio of the melt will not reflect that of the

source

Applications of Sr and Nd isotopes have been useful in distinguishing between sub-continental
lithospheric mantle (SCLM) and asthenospheric mantle sources for continental alkaline rocks
(e.g. Paslick et al., 1995; MacDonald, et al., 2001; Janney ef al., 2002; Hoernle et al., 2006). The
asthenospheric mantle consists of high **Nd/"**Nd and low ¥Sr/**Sr isotope ratios and therefore
plots in the depleted mantle quadrant on the Nd-Sr isotope correlation diagram (e.g. Altherr ef al.,
1990; Dosso et al., 1991; le Roex et al., 1992; Mahoney et al., 1992; Volker et al., 1993; Janney
et al., 2005; Nauret et al., 2006). Therefore rocks derived from the asthenospheric mantle can be
recognised on the basis of high Nd and low Sr isotope ratios. The Sr and Nd isotopic composition
of the SCLM has been determined by a number of authors using mantle xenoliths, hosted by
continental alkaline rocks, which are interpreted to represent direct samples of the SCLM (e.g.
Menzies and Wass, 1983; Stosch and Lugmair, 1986; Witt-Eickschen and Kramm, 1998; Witt-
Eickschen er al., 1998; Pearson and Nowell, 2002; Witt-Eickschen et al., 2003) therefore their
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isotope ratios reflect that of the SCLM. Pioneering isotopic studies (e.g. Menzies and Murthy,
1980b; Richardson et al., 1985; Hawkesworth et al., 1990a; Carlson and Irving, 1994; Fan et al.,
2000; Pearson and Nowell, 2002; Downes et al., 2003) on SCLM-derived xenoliths including
xenoliths from southern Africa (Menzies and Murthy, 1980b; Richardson et al., 1985,
Hawkesworth er al., 1990a) revealed that the SCLM (¥’Sr/*®Sr = 0.70223 — 0.70952 and
"NJ/M*Nd = 0.51216- 0.51289) is variable in terms of Sr and Nd isotopic compositions because

it plots in both the depleted field and enriched field on the Nd-Sr isotope correlation diagram.

Continental alkaline rocks have generally variable Sr and Nd isotopic compositions (e.g. Spriggs,
1988; Cebria and Lopez-Ruiz, 1995; Wilson et al., 1995; Spith et al., 2001; Janney et al., 2002;
Shaw et al., 2003; Keller er al., 2006). For example, Spith et al. (2001) reported a depleted Sr
and Nd isotopic signature for Chyulu Hills nephelinites and basanites, southern Kenya. Similarly,
Spriggs (1988) obtained low Sr isotope ratios (0.703728 — 0.703893) for Schwarzeberg
nephelinite from southern Namibia. In contrast, le Roex ef al. (2001) reported *Nd/'**Nd ratios
for alkali basalts and basanites from Kenya Rift valley as low as 0.51239, i.e. have no depleted

isotopic signature.

Since Rb, which decays to Sr by radioactive decay, is a mobile element the Rb-Sr system is
sensitive to alteration and thus the *’Sr/*®Sr ratio may be disturbed by alteration over time (Faure,
1986). The Rb-Sr system is also sensitive to crustal contamination because the continental crust is
enriched in Rb such that crustal contamination results in elevated *’Sr/*®Sr ratios (Davies et al., ’
1985; Paslick et al., 1995). It is therefore not easy to isolate the effects of alteration and crustal
contamination on Sr isotopic composition. Unlike the Rb-Sr system, the Sm-Nd system is not
affected by secondary alteration because Sm and Nd are immobile elements and therefore

3Nd/M™*Nd ratio is insensitive to crustal

"’Nd/"**Nd ratios remain unchanged by alteration. Also
contamination because the concentrations of Sm and Nd in the continental crust are not that
different to those in mafic magmas. Since isotope ratios are subject to changes in parent/daughter
ratios due to secondary factors such as alteration and crustal contamination. It is the initial ratio

that is of petrogenetic relevance and thus measured ratios need to be corrected for age.

Selected samples from each of the Tsirub intrusions have been analysed for Sr and Nd isotope
ratios by mass spectrometer following procedures presented in Appendix B, section B.4. The
¥7Sr/*Sr and "**Nd /***Nd ratios of selected Tsirub samples were analysed in order to characterize

their Sr and Nd isotope geochemistry and to document isotopic variations and similarities
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between the three Tsirub intrusions. The isotope geochemistry is used to evaluate whether the
composition of the Tsirub samples has been affected by alteration and crustal contamination, to
document if the Tsirub intrusions are derived from a common mantle source, and to infer the
nature and type of mantle from which the Tsirub rocks are derived i.e. whether they are produced
by partial melting within the SCLM or the asthenospheric mantle. The latter three aspects are
discussed in Chapter 7.

6.2 Sr and Nd isotopes

Results of Sr and Nd isofope analyses of selected Tsirub samples are reported in Table 6.1 and
illustrated on a Nd-Sr isotope correlation diagram in Fig. 6.1. Also plotted for comparison on Fig.
6.1 are the Sr and Nd isotopic compositions of continental alkaline rocks and related rocks from
southern Namibia and neighbouring South Africa (Spriggs, 1988; Davies ef al., 2001; Coe, 2004;
Nowell et al., 2004; Becker and le Roex, 2006) including Dicker Willem carbonatite (Cooper and
Reid, 1998) and Namaqualand melilitites (Janney et al., 2002). Isotope data of Erongo basanites
and tephrites from northwest Namibia (Trambull ef al., 2003) are also plotted on Fig. 6.1 for
comparison. Since the age of the Tsirub rocks has not yet been determined, the initial ¥'Sr/*°Sr
and "*Nd/***Nd ratios presented in Table 6.1 were calculated using the age of the spatially related
Dicker Willem carbonatite dated at 49 Ma (Reid et al., 1990) and equations 6.1 and 6.2,

respectively.
87Sr/%8r = (¥7Sr/%Sr); + RbASr(eM - 1) (6.1
NG /MNd = (PN /NG + Y Sm/ MNd(EM - 1) (6.2)

Where i = initial
A = decay constant (Rb-Sr: 1.42 x 10! yr'!; Sm-Nd: 6.54 x 1072 yr''y

t = age of rock (in million years)

Age correction to 49 Ma years leads to a correction of < 0.0001 for *'Sr/*Sr and < 0.00003 for
3N d /" Nd ratios. eng presented in Table 6.1 is a measure of the deviation of **Nd /"**Nd ratio
from a hypothetical chondritic uniform reservoir (CHUR) at time (?) and is calculated from
equation 6.3 (DePaolo and Wasserburg, 1976). The epsilon values for the Tsirub samples were
calculated in order to make inferences about the type of mantle source from which they are
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derived i.e. depleted versus enriched mantle. A positive epsilon Nd value indicates derivation
from a time-averaged depleted mantle source, whereas a negative epsilon Nd value point to an

enriched mantle source (DePaolo and Wasserburg, 1976).
ena= [(“*Nd/*Ndsampe, o/ (**Nd/*Ndcnug, 1) - 11 % 10° (6.3)

Table 6.1. Measured and initial whole rock Sr and Nd isotope data for selected Tsirub samples. Initial Sr
and Nd isotope ratios are calculated assuming an age of 49 Ma (Reid er al., 1990). Subscripts m =
measured, 1 = initial. Errors quoted for ¥3r/%Sr and "PNd/**Nd represent 26 .., On in-run statistics and
apply to the last quoted digits of the ratio.

Tsirab dyke Tsirub North plug Tsirub South plug
Tsirub North (outer) plug | Tsirub North (inner) plug | AN-016 and AN-019

AN-001 AN-004  AN-005 AN-009  AN-011 AN-§19 AN-021  AN-022
Rb(ppm) |57.8 64.2 62.6 56.2 47.4 78.8 557 61.5
Sr (ppm) 1260 917 1155 1883 1937 1461 1359 1374
Rb/Sr 0.05 0.07 0.05 0.03 0.02 0.05 0.04 0.04
YRrbAéSr  10.133 0.202 0.157 0.086 0.071 0.156 0.119 0.129
7SS, 10.703505 0.704039  0.704550 0.703512  0.703513 0.703455 0.703506 0.703695
26 error 16 18 25 22 24 24 9 54
Y58, 0.703412 0703898 0.704441 0.703452  0.703463 0.703346 0.703423  0.703605
Sm (ppm) |10.8 8.38 2.44 15.6 162 11.2 113 117
Nd (ppm)  |70.4 50.1 50.6 111 114 714 72.2 76.9
Sm/Nd 0.15 0.17 0.17 0.14 0.14 0.14 0.16 0.15
WSm/Nd 10.092 0.101 0.100 0.085 0.086 0.087 0.094 0.092
WING NG, 10.512786 0.512779 0.512814 0.512751 0.512759 0.512804 0.512805 0.512796
26 error 22 14 20 10 16 24 12 7
NG/ NG 10.512756 0.512747 0.512781 0.512724 0.512732 0.512776 0.512775 0.512767
(eNd), 2.88 2.76 3143 2.20 2.36 324 326 3.09
(eNd); 3.54 3.36 4.03 2.90 3.06 3.93 391 375

Parameters used: A for Rb-Sr = 1.42 x 10" yr' and for Sm-Nd = 6.54 x 10" yr';
"INA/M**Ndegur = 0.512638 and 'S/ **Ndeur = 0.1967

The Tsirub dyke (¥’Sr/*Sr; = 0.703412 and "*Nd/"**Nd; = 0.512756) plots within the depleted
mantle quadrant at 49 Ma (eng; = 3.54) suggesting a relatively recent enrichment event to explain
the high incompatible trace elements concentrations reported in Chapter 5. This explanation is
also suggested for all the other Tsirub samples because they all show the same characteristics.

This aspect is discussed further in Chapter 7.

Although the Tsirub North (outer) plug has similar initial Nd isotope ratios to the other Tsirub
intrusions, it shows a wide range of, and more radiogenic, initial ¥Sr/*Sr ratios (0.703898 —
0.704441), for a small variation in initial "*Nd/"**Nd (0.512747 — 0.512781). The fact that this
plug shows similar initial Nd isotope ratios (insensitive to alteration; Faure, 1986) to the other

Tsirub intrusions may suggest that the initial Sr isotope composition of this plug has been
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changed either by alteration (e.z. samples AN-006. AN-012 and AN-014) or crustal assimilation,
Secomdary alteration m the Tsirub North {outer) plug is evidenced by serpentine that partially or
completely replaces olivine, The effect of alteration and crustal contaminaton on the composition

ol the Tsirub rocks is discussed urther in the next chapter,
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On the Nd-Sr isotope correlation diagram, the Tsirub North (inner) plug plots in the depleted
mantle guardant (sng = 2.90 — 3.06) and they show narrow ranges of low initial *'Sr/*°Sr
(0.703452 — 0.703463) and ' Nd/"**Nd ratios (0.512724 — 0.512732) (Fig. 6.1).

Samples AN-016 and AN-019, from the Tsirub North plug, with *’Sr/**Sr; = 0.703346 and
M3NJ/M*Nd; = 0.512776, show similar initial Sr and Nd isotope ratios to the other Tsirub samples
and they plot in the depleted mantle quadrant (engi = 3.93) on the Nd-Sr isotope correlation

diagram.

The Tsirub South plug (*'Sr/**Sr; = 0.703423 — 0.703605 and '*Nd/'*Nd; = 0.512767 —
0.512775) plots in the depleted mantle field (engi = 3.75 — 3.91) on the Nd-Sr isotope correlation
diagram. \

In terms of inter-group variations, all the Tsirub intrusions excepting the Tsirub North (inner)
plug show similar initial ¥ Sr/**Sr and "*Nd/"**Nd ratios suggesting that the Tsirub dyke, Tsirub
North (outer) plug, samples AN-016 and AN-019 and Tsirub South plug are derived from a
common mantle source as discussed further in the next chapter. An exception to similar initial
3731/%Sr among the above groups (Tsirub dyke, Tsirub North (outer) plug, samples AN-016 and
AN-019 and Tsirub South plug) is the Tsirub North (outer) plug that is displaced to elevated
initial *’Sr/%Sr ratio as mentioned previously and attributed to alteration/crustal contamination.
Tsirub North (inner) plug shows slightly lower initial "*Nd/"**Nd relative to the other Tsirub
intrusions implying that this plug is derived from a distinct source and this is further illustrated in
Fig. 6.2 where the Tsirub intrusions are plotted on variation diagrams of initial *’Sr/**Sr and
M3Nd/"Nd versus 1/Sr and 1/Nd, respectively. If the two altered samples from the Tsirub North
(outer) plug, whose initial 8’Sr/*Sr ratio has been disturbed by alteration/crustal contamination,
are ignored there is a suggestion of a correlation between initial ¥ Sr/**Sr ratio and 1/Sr (Fig. 6.2a)
but most particularly between '*Nd/'**Nd and 1/Nd. In addition, on the variation diagram of
'3Nd/**Nd versus 1/Nd the Tsirub dyke, samples AN-016 and AN-019 and the Tsirub South
plug form a cluster whereas the Tsirub North (inner) plug occurs at much lower initial

'3Nd/*Nd ratio (Fig. 6.2b) further supporting a different source for the latter.

In comparison to other continental alkaline rocks and related rocks from southern Namibia and
neighbouring South Africa, the Tsirub intrusions (except the altered samples from the Tsirub

North (outer) plug) plot in the field defined by the Dicker Willem carbonatite (Cooper and Reid,
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1998) but have slightly lower initial "**Nd/"**Nd ratio and comparable initial *’Sr/*Sr to that of
the Namaqualand melilitites from ‘the Western Cape olivine melilitite province, South Africa
(Janney ef al., 2002) and southern African kimberlites (Spriggs, 1988; Davies et al., 2001; Coe,
2004; Nowell et al., 2004; Becker and le Roex, 2006), respectively. As a whole the Tsirub
intrusions have similar initial Nd isotope ratios, but slightly lower initial Sr isotope ratios, to that
of the Schwarzeberg nephelinite. When compared to the Erongo basanites and tephrites,
northwest Namibia (Trumbull e al., 2003) the Tsirub rocks are characterised by even much lower

initial Sr isotope ratios.

When compared in Fig. 6.1 to the field of the global ocean island basalts (OIB) (e.g. Cliff ez al.,
1991; le Roex et al., 1990; Spith et al., 1996; Class ef al., 1998; Thomas et al., 1999; Workman
et al., 2004) that sample deep seated mantle plumes, the Tsirub intrusions plot in the OIB field
suggesting that they carry a mantle plume signature. The role of a mantle plume in the generation
of the Tsirub intrusions is discussed in Chapter 7. As a whole, the initial '*Nd/'*Nd ratios of the
Tsirub intrusions are much lower than those of mid-ocean ridge basalts (MORB) (e.g. Zindler and
Hart, 1986 and references therein; Hegner and Pallister, 1989; Altherr et al., 1990; le Roex et al.,
1992; Schilling et al., 1992; Volker et al., 1993; Janney et al., 2005) that sample the
asthenospheric mantle (le Roux er al., 2002b).
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CHAPTER 7

PETROGENESIS

7.1 Introduction

The enrichment of incompatible trace elements in continental alkaline rocks has prompted
igneous petrologists as early as in the 1970s (e.g. Gast, 1968; Kay and Gast, 1973; Frey et al.
1978) to conduct experiments to investigate the origin of such enrichment. The experimental
work of Brey (1978); Olafsson and Eggler (1983); and Kushiro (1996) concluded that
incompatible trace element enrichment in such rocks is due to derivation from low degrees of
partial melting of a carbonated peridotite at high pressures, e.g. 20 -25 kbar for nephelinitic
magmas. The work of Frey et al. (1978); Sun and Hanson (1975) and Menzies and Murphy
(1980c) have proposed that a metasomatic event prior to low degrees of partial melting partially
contributes to the high incompatible elements in continental alkaline rocks. Studies of natural
continental alkaline rocks also reached similar conclusions and have attributed high
concentrations of incompatible trace elements to low degrees of partial melting (e.g. Simonetti et
al., 1998; Panter et al., 2000; MacDonald et al., 2001; Jung et al., 2006; Keller et al., 2006) of a
metasomatically enriched mantle source (Wass and Rogers, 1980; Hawkesworth et al., 1990b; le

Roex et al., 2001; Spath et al., 2001).

Although the location of the mantle source region of alkaline rocks has received a lot of debate
over the years (e.g. Wilson and Downes, 1991; Cebrid and Loépez-Ruiz, 1995; Wilson et al.,
1995; Weinstein, 2000; Spéth et al., 2001; Janney et al., 2002; Jung et al., 2006) this issue is still
poorly resolved. The common question is whether continental alkaline rocks are derived by
partial melting within the sub-continental lithospheric mantle (SCLM), within the asthenospheric
mantle, or by direct melting of a mantle plume. Various geochemical parameters that can
distinguish between these mantle sources have been put forward. Trumbull ef a/l. (2003) argued
that the Erongo basanite-tephrite plugs from northwest Namibia formed by direct melting of a
mantle plume, the Tristan plume. These authors argued that the initial magmas, Etendeka
tholeiites, generated in the Erongo area are derived from partial melting within the SCLM but
with time extensive thinning of the lithosphere allowed decompression melting of the underlying
and rising Tristan mantle plume, giving rise to the Erongo basanite-tephrite plugs. Trumbull ef al.

(2003) based their argument for a mantle plume origin on the basis that the Erongo basanite-
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tephrite plugs have Sr, Nd and Pb isotope ratios that closely resemble those of the Tristan plume
as sampled by basalts on Tristan da Cunha island. Authors in favour of an asthenospheric mantle
source (Jung and Masberg, 1998) argue that depleted Nd-Sr isotopic signatures are indicative of
an asthenospheric mantle source. In contrast, some workers argue that relative K depletion in
many primitive mafic alkaline magmas is characteristic of amphibole-bearing lithospheric mantle
sources (Wass and Rogers, 1980; Francis and Ludden, 1995; le Roex et al., 2001; Spith et al.,
2001; Weinstein et al., 2006). In addition, a plume signature in continental alkaline rocks (i.e.
with incompatible trace element signatures and isotope ratios that are similar to that of OIB) that
show a relative K depletion, has been attributed to involvement of a mantle plume in their
generation where a mantle plume serves only as a source of heat and as a source of incompatible
trace element-rich fluids that metasomatise, and introduce metasomatic amphibole into, the

overlying SCLM (e.g. Spéth et al., 2001)

Before discussing the petrogenesis of the Tsirub intrusions, the role of alteration and crustal
contamination in contributing to their observed elemental and isotopic composition is considered.
Thereafter, relationships between the Tsirub intrusions will be discussed as to whether they are
related to each other by variable degrees of fractional crystallization or partial melting. Degrees
of partial melting giving rise to the Tsirub rocks are quantified using quantitative forward
modelling of REE, with particular emphasis on constraints that can be placed on the modal
mineralogy (e.g. spinel lherzolite versus garnet Iﬁerzolite) of the mantle source region. The
physical location of the mantle source region, i.e. whether it is located within or below the

SCLM, will then be considered.

7.2 Role of alteration and crustal contamination

Before using geochemical data to make inferences on petrogenetic processes and source region
characteristics, the effects of alteration and crustal contamination on the composition of the
concerned rocks must first be evaluated. Secondary alteration can modify the concentration of
mobile elements such as Ba, Rb and K. The composition of continentally emplaced alkaline rocks
may be modified during crustal contamination whereby the concentration of elements that are
significantly enriched (e.g. Pb; Hofmann et al. 1986) or depleted (e.g. Nb, Ta; Green, 1995;

Weaver, 1991b) in the continental crust may increase or decrease, respectively. In this section the
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role of alteration and crustal contamination on the major and trace element and isotope

composition of the Tsirub samples is evaluated.

The effect of alteration on the major element composition of the Tsirub rocks can be inferred
from their volatile contents that are reported as LOI in Table 4.1. Elevated LOI values suggest
significant alteration. The majority of Tsirub samples show moderate LOI contents i.e. below
3.00 wt.%. Samples AN-012 (LOI = 5.07 wt.%) and AN-014 (LOI = 3.74 wt.%), from the Tsirub
North (outer) plug have more elevated LOI values and therefore these two samples may have
suffered significant alteration. In addition, one of these samples, AN-012, is anomalous in
showing a positive Pb anomaly as reported in Chapter 5. This positive Pb anomaly might be
caused either by alteration or crustal contamination (e.g. le Roex et al, 2001). The lack of
correlation between mobile incompatible trace elements and immobile incompatible trace
elements is often taken to indicate some degree of alkali element mobility during alteration
(Weinstein, 2000). Given their similar degrees of incompatibility, K, Rb, Ba and Nb (Spéth ef al.,
2001) are expected to show similar geochemical behaviour during partial melting but K, Rb, Ba
can be fractioned from Nb (and other immobile incompatible trace elements) during secondary
alteration due to their mobile nature. The effect of alteration on Tsirub samples is illustrated in
Fig. 7.1 where mobile incompatible trace elements (K, Rb) are plotted versus immobile
incompatible trace elements of similar incompatibility (e.g. Nb). The lack of correlation between
K, Rb and Zr or Nb suggests that K and Rb were mobilized during secondary processes. For
example, the size of the present-day negative K anomaly observed in the Tsirub rocks, as reported
in Chapter 5, could be smaller or larger than the initial anomaly prior to alteration. Petrographic
evidence for low temperature alteration in the Tsirub nephelinites and basanites is provided by

the presence of serpentine, which partially or completely replaces olivine (see Chapter 3).

Since alteration and crustal contamination can both result in elevated Sr isotope ratios (Dejonghe
et al., 1998; Harris ef al., 1999; MacDonald ef al., 2001; Kokfelt et al., 2006; Panter ef al., 2006)
it is sometimes difficult to separate the effect of the two processes. Therefore the wide range of
elevated initial Sr isotope ratios for a small variation in initial Nd isotope ratios in the Tsirub
North (outer) plug suggest that its Rb-Sr system has not remained closed, but was disturbed by
alteration or crustal contamination. From this point forward, samples that show extreme signs of
alteration (i.e. high LOI contents, highly altered olivine phenocrysts) such as AN-006, AN-012
and AN-014 (Table 4.1) are excluded from the quantitative geochemical modelling and

interpretations presented in this chapter.
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The presence of the lelsic xenoliths comprising alkali feldspar and chnopyroxene in some of the
Tsirub mtrusions including the Tsirub North {inner) plug, a5 reported in Chapter 3, indicate
interaction ol the parentul magmas with the continental crust shortly prior to eruption. However,
the absence of a positive Pb anomaly suggests that the amount of felsie continental crust
assimilated by the purental magmas was small (Panter er @f, 200, l¢ Roex ef af., 2001).
Additionally, the occurrence of an ultramatic xennlith in the Tsimb North (inner) phig suggesis
rapid ascend s rowre to the surface, and therefore limited time imteraction of the host magma

with the surrounding continental crust.

&1



7.3 Relationship between the Tsirub intrusions

The question addressed in this section is whether the observed variations in major and trace
element concentrations within the Tsirub intrusions is a result of variable degrees of fractional
crystallization of a common primitive magma or a consequence of variation in the degrees of
partial melting of a common source. Rocks that share a common mantle source are often
recognised on the basis of similar isotope ratios (e.g. Rogers et al., 1992; Franz et al., 1999;
Gibson et al., 2006), parallel chondrite normalised REE patterns (Zhang and O’Reilly, 1997;
Franz et al., 1999) and near identical incompatible trace elements ratios (le Roex ef al., 2001). On
the basis of their similar initial Sr and Nd isotope ratios, the Tsirub dyke, Tsirub North (outer)
plug, samples AN-016 and AN-019 and the Tsirub South plug are suggested to be derived from a
common mantle source and therefore their relationships will be evaluated. The Tsirub North
(inner) plug has lower initial Nd isotope ratios, but similar Sr isotope ratios to the other Tsirub
samples (see Chapter 6, Fig. 6.1), suggesting derivation from a distinct source and therefore this

plug will be treated separately.

7.3.1 Fractional crystallization

Fractional crystallization is one of the important petrogenetic processes that may significantly
change the composition of primitive magmas. This process results in a decrease of major element
oxides and compatible trace elements accommodated in the fractionating phases, accompanied by
a relative increase in the concentration of major element oxides (not accommodated in the
fractionating phases) and incompatible trace elements. Fractional crystallization of olivine results
in a decrease of MgO, Ni and Co concentrations (the latter two being compatible in olivine; Hart
and Davis, 1978; Cox et al., 1979) and the increase of other major oxides and incompatible trace
elements. In comparison, clinopyroxene fractional crystallization causes decrease in CaO and
MgO content (e.g. Zhi et al., 1990; Hoernle and Schmincke, 1993; Class et al., 1994; Spith et al.,
2000; le Roux et al., 2002a; Mattsson and Oskarsson, 2005) and increase in other major elements
oxides (e.g. Al;O3;) and incompatible trace elements contents. Therefore MgO and CaO
concentrations of a magma undergoing both olivine and clinopyroxene fractional crystallization
are expected to decrease with increasing degrees of fractional crystallization and its composition
progressively moves away that of a typical primary magma (Mg# = 0.68 - 0.75, Ni = 300 — 400
ppm; Sun and Hanson, 1975b; Frey ef al., 1978). Mg# below this range are frequently taken to
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indicate the effect of fractional crystallization (Jung and Masberg, 1998; Sayona et al., 2000;
Keller et al., 2006; Weinstein et al., 2006) whereas values greater than 0.75 indicate
accumulation of mafic phases such as olivine (e.g. Hart and Davis, 1978; Spéth ef al., 2000). The
Mg# of the Tsirub intrusions (Mg# = 0.61 — 0.66) falls slightly below the range widely accepted
for primary melts, consistent with effect of minor olivine and clinopyroxene fractional
crystallization. An exception is the Tsirub dyke (Mg# = 0.71 and Ni = 309 ppm) which shows a
typical primary magma composition. Minor, rather than extensive, amount of fractional
crystallization within each intrusion is supported by the limited variation of Mg# shown by the

analysed samples.

Since olivine and clinopyroxene are the only phenocryst/microphenocryst phases in the Tsirub
samples, the two critical oxides to consider are MgO and CaO. The depletion of CaO content
with degreasing MgO, reported in Chapter 4, provides evidence for clinopyroxene fractionation.
This argument is further strengthened by the positive correlation between CaO/AlLO; ratio and
MgO (not shown). Equally important, the dominance of olivine over clinopyroxene in the
phenocryst/microphenocryst assemblage suggests that olivine dominated the early fractional

crystallization history of the Tsirub intrusions.

To determine if the Tsirub dyke, Tsirub North (outer) plug and Tsirub South plug may be related
by variable degrees of olivine and clinopyroxene fractionation from a common primitive magma,
variation diagrams of Ni and selected incompatible trace elements (Nb, Th and Ce) versus MgO
as index of differentiation are plotted in Fig. 7.2. Since the Tsirub dyke has the most primitive
composition in terms of its Mg#, Ni and Cr contents it is assumed to be the parental magma. Also
shown in Fig, 7.2 are fractional crystallization trends of olivine alone and combined olivine plus
clinopyroxene in the ratio of 6:4. This ratio was chosen based on the dominance of olivine over
clinopyroxene in these rocks. MgO content calculated by continuously removing the composition
of the fractionating phases, olivine and clinopyroxene, from the Tsirub dyke and using the
equation MgO = [MgO(rock)*(1-F] — [MgO(mineral)*(F/100)]. The most primitive olivine (MgO
= 47.66 Wt.%) and clinopyroxene (MgO = 14.39 wt.%) phenocrysts were chosen as starting
compositions. Variation in Ni, Nb, Th and Ce concentration during fractional crystallization is
calculated using fractional crystallization equation of Gast (1968) and partition coefficients
(except for Ni) presented in Table 7.1. The partition coefficient for Ni in olivine was calculated
using the equation 124/MgO - 0.9 (Hart and Davis, 1978). Since the partition coefficient for Ni in

olivine changes with variations in MgO content, i.e. with degrees of fractionation, the partition
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coefficient for Ni was calculated for each degree of fractionation. For example, the Ni partition
coefficient for 8% olivine fractionation was calculated using MgO content calculated for 7%
fractionation. It is clear that the slopes of olivine and combined olivine and clinopyroxene
fractional crystallization trends are similar suggesting that the role of clinopyroxene during the
differentiation of the Tsirub dyke is minor. The calculated fractional crystallization trends also
indicate that the Tsirub North (outer) plug and the Tsirub South plug are not obviously related to
the Tsirub dyke by olivine plus clinopyroxene fractionation. Rather, it is suggested that each of
the Tsirub intrusions represent a distinct magma body that underwent independent minor olivine

and clinopyroxene fractional crystallization.
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Fig. 7.2. Plot of Ni, Nb, Th and Ce (in ppm) versus MgO (in wt.%). Also shown are the fractional
crystallization trends of olivine and combined olivine and clinopyroxene in the ratio 6:4. Variation in Ni
concentration during fractional crystallization is calculated using fractional crystallization equation of Gast
(1968). Partition coefficients for Ni in olivine and clinopyroxene used are 124/MgO - 0.9 and 2,
respectively (Spith ef al., 1996 and references therein). Incompatible trace element variation calculated as
for Ni using partition coefficients presented in Table 7.1. MgO content calculated by continuously
removing the composition of the fractionating phases from the Tsirub dyke. Symbols are as in Fig 7.1.
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7.3.2 Partial melting

As mentioned earlier, high concentration of incompatible trace elements in primitive alkaline
rocks is often argued to indicate origin by low degrees of partial melting (e.g. Erlank et a/., 1982;
Pearce, 1996; Bernstein et al., 2000; Cebria et al., 2000; MacDonald et al., 2001; Keller et al.,
2006) of a metasomatically enriched mantle source (e.g. Wass and Rogers, 1980; le Roex ef al.,
2001; Spith et al., 2001). Therefore, the relative degrees of partial melting for primitive lavas
may be inferred from the concentration of incompatible trace elements as carried out below for
the Tsirub intrusions. Thereafter, the degrees of partial melting giving rise to the Tsirub rocks are

quantified using REE modelling approach.

7.3.2.1 Relative degrees and depth of partial melting

The high concentrations of incompatible trace elements e.g. Nb, Zr in the Tsirub rocks (coupled
with their silica undersaturated nature) suggests that they are derived from relatively low degrees
of partial melting. Further evidence for origin by low degrees of partial melting is provided by
high La/Yby ratios (e.g. La/Ybn = 36.7 — 39.4 for Tsirub North (inner) plug). The high La/Yby
ratio may also suggests a role of residual garnet because garnet has higher partition coefficients
for heavy REE relative to the light REE (e.g. Wilson, 1989; Bemstein ef al., 2000; Kamber, 2000;
Siebel et al., 2000; Jung et al., 2006; Keller et al., 2006), or a strongly light REE enriched source.
The lower incompatible trace elements contents of the Tsirub North (outer) plug relative to the
other Tsirub intrusions (that appear to share a common mantle source) suggests that the former is

generated by comparatively higher degrees of partial melting than the latter.

According to Gast (1968) and Fiegenson et al. (1996) systematic variations in REE
concentrations for a set of cogenetic lavas can be used to constrain the degrees or conditions of
mantle partial melting using constrained forward modelling approach. A number of workers have
used this quantitative REE modelling approach in constraining the amount of degrees of partial
melting for similar mafic continental alkaline rocks (Jung and Masberg, 1998; le Roex et al.,
2001; Spith et al., 2001; Jung et al., 2006; Keller ef al., 2006). A similar approach is followed in
quantifying the amount of partial melting that produced the Tsirub intrusions where the Tsirub
dyke, the Tsirub North (outer) plug, samples AN-016 and AN-019, and the Tsirub South plug are

assumed to share a common mantle source (see section 7.3). On the basis of distinctively lower
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initial Nd isotope ratios, the Tsirub North (inner) plug is inferred to be from a compositionally
distinct source and it will therefore be treated separately. Before conducting partial melting
modelling on the Tsirub intrusions, the cause of the strong K anomaly on their primitive mantle
normalised patterns (see Fig. 5.5) is first evaluated to determine whether this anomaly is caused
by a residual mineral phase that should be included in the residual source mineralogy used in the

partial melting modelling.

7.3.2.2 Origin of K anomaly

It was reported in Chapter 5 that the Tsirub intrusions show a strong negative K anomaly on their
primitive mantle normalised patterns (see Fig. 5.5). This relative K depletion may be caused by
fractionation of a K-bearing mineral phase such as amphibole or phlogopite or it could be
inherited from their mantle source where a residual K-bearing phase was present at the time of
partial melting (e.g. Wilson and Downes, 1991; Haase and Devey, 1994; Class and Goldstein,
1997; Hart et al., 1997; Thomas et al., 1999; Furman, 2007). Both amphibole (DK = 1.36; Dalpé
and Baker, 1994) and phlogopite (DX = 3.67; LaTourrette ef al., 1995) are common minor K-
bearing phases in the upper mantle (Gast, 1968; Sun and Hanson, 1975b; Hanson and Langmuir,
1978) and their presence in the mantle residue at the time of melt extraction can significantly
fractionate K from other incompatible trace elements of (otherwise) similar incompatibility such
as Th, Nb and La. The common existence of amphibole and phlogopite in the upper mantle has
been confirmed by several authors who reported occurrences of these two minerals in mantle
xenoliths (e.g. Dawson et al., 1970; Mitchell, 1984; Dawson and Smith, 1988; Johnson ef al.,
1997; Grégoire et al., 2002 and 2003), including amphibole-bearing mantle xenoliths hosted in
Gibeon kimberlites, southern Namibia (Franz ef al., 1996b).

Fractionation of amphibole or phlogopite as a possible cause of the observed relative K depletion
is ruled out on the basis of absence of primary amphibole or phlogopite phenocrysts (or
microphenocrysts) and the lack of correlation between K and La (Fig. 7.3), suggesting that the
relative K depletion reflects conditions at the time of partial melting. Therefore a residual
amphibole or phlogopite at the time of melt extraction is responsible for the relative K depletion
in the Tsirub rocks. Numerous studies have attempted to identify geochemical parameters that
can distinguish residual phlogopite control from residual amphibole control (e.g. Clague and
Frey, 1982; Greenough, 1988; Adam ef al., 1993; Spith ef al., 2001). Following the work of
Greenough (1988) and Adam et al. (1993), phlogopite has a stronger affinity for Ba (D"* = 2.90)
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whereas amphibole has a low partition coefficient for Ba (D" = 0.5). Partial melting in the
presence of phlogopite will therefore yield partial melts with significantly lower Ba
concentrations relative to melts generated in the presence of amphibole where Ba will behave as
an incompatible element. For example, Rogers et al. (1988 and 1992) have argued for a residual
phlogopite as the cause of a negative K anomaly in the Namaqualand melilitites, South Africa, on
the basis of low Ba concentrations. Primitive mantle normalised ratios involving Ba and an
incompatible trace element, as a numerator, that is equally incompatible in both phlogopite and
amphibole such as Nb (DNb phlogopite = 0.14, DNbamphibo]e = (.2; McKenzie and O’Nions, 1991;
Adam et al., 1993) will therefore be much higher in partial melts generated in the presence of
phlogopite compared to melts generated in the presence of amphibole. For example the
Namaqualand melilitites that have been argued to have originated in the presence of phlogopite
have Nb/Bapy in the range of 1.59 — 4.42 (Rogers et al. 1992). The low primitive mantle
normalised Nb/Ba ratio (up to 2.0) in the Tsirub rocks (e.g. Nb/Bapy = 1.8 £ 0.03 for Tsirub
South plug) point to a residual amphibole.

Recent work by Spith et al. (2001) on primitive alkaline lavas from Chyulu Hills, southern
Kenya, concluded that partial melting in the presence of phlogopite produces melts with much
higher K content (K > 3000 ppm) compared to partial melting in the presence of amphibole (K <
3000 ppm). To further isolate residual amphibole from phlogopite, the approach of Spéth et al.
(2001) is employed by plotting the Tsirub data on a variation diagram of K versus La showing
fields of melts in equilibrium with residual phlogopite and amphibole (Fig. 7.3). Clearly, the
Tsirub data are consistent with residual amphibole rather than phlogopite. The proposed residual
amphibole is suggested to be of metasomatic origin (Class and Goldstein, 1997; Nielson and
Neller, 1987; Haase et al., 2004; Jung ef al., 2006; Furman, 2007) and this aspect is discussed in
more detail in section 7.5. On a similar note, Franz et al. (1996b) documented the occurrence of
amphibole in spinel-bearing mantle xenoliths hosted in Gibeon kimberlites from southern
Namibia, located a few kilometres from the Tsirub rocks, and this provide further support for the
inferred residual amphibole. A number of workers have also inferred amphibole as the residual
K-bearing hydrous mineral to account for strong relative K depletion in similar continental
alkaline rocks (e.g. Francis and Ludden, 1995; Jung and Masberg, 1998; le Roex et al., 2001;
Weinstein ef al., 2006) and alkaline rocks emplaced in oceanic settings (Spéth et al., 1996; Class
and Goldstein, 1997). In contrast, Rogers et al. (1988 and 1992) proposed a residual phlogopite in
the mantle source of Namaqualand melilitites from neighbouring South Africa, as documented

earlier.
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7.3.2.3 Constrains on the degrees of purticl mefiing

To guanuly the degrees of partial melting for the Tsirub intrusions ard w evaluate il the Tsirub
mntrusions {(except the Tsirub Narth {inner) plog) are related to a commen mantle source by
variable degrees ol partial melong, constrammed forward REE madellimg approach was follewed.
REE medelling was conducted using modal bareh melting equation of Shaw (1970) presented in
equation 7,1, partition cocilicients reported i Table 7.1 and starting and melt modes given in
Fable 7.2, The REE medelling was underiaken 1o test [or the presence of samet or spinel in the
source L depth of meliing, The composition of the predicted source 13 calculated from the
Psirub dyvke (AN-001) asstming 3% ol partal melting. Sample AN-GOT (Mgg = 0071, Ni = 309
ppm and Cr = 393 ppm) was chosen because it shows close-to-primary compositions in terms of

its Mg, Ni and Cr conlenls among the Tsirub intrusions as menlioned previously.

CLiCy = LF +D(1-F)] (7.1)

Where {1 = concentration of trace element in the meli
C..— concentration of trace clement n the source
F — degrees of partial melinyg

D = hulk partition coetficient calculated from the proportions of the phasces Iell in
the source at the ime ol mell separation
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Tahle 7.1. Partition censllivients used moparhal melting modelling, after Spiith er of. (2001) and references
therein, Abbreviattons: Ops = orhopyroxene, Cpx = clingparoxens, and Amph — amphibale,
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Table 7.2. Modal mineralogy used In consirained forward models, after Wass and Rogers (195800,
Grecncush (19%55) and Johnason e of, {(1990). Abbreviations: Opx — onthopyrosene. Upx = clinopyroxens,
am Amph — amphibole.

Crariel (5% heranlile Ciamnuet | 195) Thuneediie Spne] (2% Theneo b
Staenipn mode el mwde [Sacking mode Mel mode |[Sumoe mede . ME mode
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Results ol model melts caleuiated from a garnet-hearing source {comalning 5% garncl) are shown
in Fig. 7.4 together with the composition of the predicted source. T'he predicted garnet-bearing
source 15 enriched m the light REE relative to the heavy REE (e.g. La - 14 times chondrite and
¥b - 3 umes chondrite), 11 1s clear that moede]l melts caleulated from a spurce containing 5%
residual gamet closely resemble the observed REE compositions in Tsirub South plug and
sumples AN-016 and AN-0H9 from the I'sirub North plug, Quantitatively, the Tsirub South plug
and samples AN-0O16 and AN-019 from the I'sirub North plug could have formed by 2 - 3% of
partial melting of a similar source 10 that giving ris¢ to the Tsirub dvke. However. observed
heavy REE compositions in the Tsisub North {(outer) plug cannol be accounted for in this model
{Fig. 7.4a). Even a small amount of gamet {as low as [% garnet) cannot account lor the heavy

REE compositions in the Tsirub Nerth {ouier) plug,

Like garnet, spinel is a common upper mantle aluminous mineral and its role in the source of the

Tsirub lavas is evaluated by conducting forward REE partial melting modelling on spincl-beanng
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mineralogy using mineral-melt partition coefficients listed in Table 7.1 and starting and melt
modes presented in Table 7.2. The spinel-bearing hypothetical source is calculated from sample
AN-001 assuming 3% of partial melting. Results of model melts calculated from a spinel-bearing
source containing 2% spinel are displayed in Fig. 7.5. The predicted spinel-bearing source is light
REE enriched (~12 times chondrite) and has heavy REE abundances slightly higher than
chondritic (~1.5 times chondrite). It is clear that the observed range of light REE compositions in
the Tsirub intrusions correspond well to the shape of the REE patterns of model melts calculated
from an amphibole-bearing spinel lherzolite source containing 2% spinel and 5% amphibole.
Most importantly, the range in heavy REE abundances of the Tsirub intrusions is better accounted
for by melting in the spinel field. Considering Fig. 7.5, the model melts suggests that the Tsirub
South plug and samples AN-016 and AN-019 are generated by slightly lower degrees (2 - 3%) of
partial melting than the Tsirub North (outer) plug (4 - 6% partial melting), consistent with the
lower incompatible trace element contents of the latter. These conclusions are in line with the
work of Green (1970), Gast (1978) and Frey ef al. (1978) who have proposed degrees of melting

for alkaline rocks as low as 3-7%.

The degree of partial melting required to generate the Tsirub North (inner) plug, argued earlier to
be from a compositionally distinct source (see section 7.3), is difficult to model because it shows
a limited variation in the REE abundances. However, the higher incompatible trace elements
concentration of this plug could suggest either origin from a source more enriched in
incompatible trace elements relative to the source shared by the other Tsirub intrusions, or an

origin by relatively lower degrees of partial melting.

In summary, from the above quantitative modelling it is proposed that the Tsirub intrusions
(excepting the Tsirub North (inner) plug) appear to be related to each other by variable degrees of
partial melting of a common amphibole-bearing source located in the spinel stability field. In
comparison the Tsirub North (inner) plug is generated from a compositionally slightly distinct
mantle source, probably more enriched in incompatible trace elements than the source shared by

the other Tsirub intrusions.
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7.3.2.4 The effect of amphibole on incompatible trace element patterns

To illustrate whether the presence of 5% residual amphibole (see Table 7.2) can produce the
magnitude of relative K depletion comparable to that displayed by the Tsirub nephelinites and
basanites incompatible trace elements partial melt modelling of an amphibole-bearing spinel
lherzolite for an extended suite of trace elements, including K, has been undertaken. The
approach was similar to that described for the REE. However, K was treated as a stoichiometric
constituent of amphibole using the approach of Greenough (1988) which is based on the
assumptions that the entire amount of a given stoichiometric element is accommodated in a
single, minor, solid phase. The behaviour of that particular element during partial melting, where
the minor phase in which it is accommodated remains in the residue after melt extraction, is
therefore independent of the degrees of partial melting and the amount of the minor residual
phase present in the source, but is dependent on the proportion of the minor residual phase
entering the melt (Greenough, 1988). The concentration of K in amphibole during partial melting
can therefore be modelled using equation 7.2 that takes into account the concentration of the

major element in the minor phase and the proportion that the minor phase contributes to the melt.

CL=C,*P (7.2)

Where Cy = concentration of major element in melt
Cum = concentration of major element in minor phase

P = proportion of melt composed of minor phase (i.e. melt mode of minor mineral)

Results of the above modelling approach are shown in Fig. 7.6 where element abundances have
been normalised to primitive mantle values. The incompatible trace elements compositions,
except K, of the predicted spinel-bearing source (calculated from sample AN-001 assuming 3%
of partial melting) and model melts were calculated using equation 7.1. The primitive mantle
normalised K concentration for the predicted source was assumed to lie mid-way between Nb and
La (i.e. the source had no K anomaly), whereas K content for the model melts was calculated
assuming K as a stoichiometric component of amphibole containing 1.02 wt.% K,0O (Dawson and
Smith, 1973; Best, 1974; Zanetti ef al., 1996) and contributing 50% of the melt (Wass and
Rogers, 1980). It is clear from Fig. 7.6 that the calculated model melts closely resemble the

observed primitive mantle normalised patterns. The magnitude of the negative K anomaly in the
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model melts 15 also similar to the observed K anomaly. confirming the likely importance of

amphibole in the source of the Tsirub intrusions.
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The magnitude of a negative K anomaly in a melt can be measured by ratios involving K and
other incompatible trace elements with similar degree of incompatibility such as La or Th. During
partial melting in the presence of amphibole, which retains K, the concentrations of La and Th are
expected to decrease with increasing degrees of partial melting such that the K/La and K/Th
ratios are directly proportional to the degrees of partial melting. This aspect is illustrated in Fig,
7.7 where melting trends calculated for an amphibole-bearing spinel lherzolite (containing 5%
initial amphibole), with K/Nb and K/Th ratios similar to primitive mantle values, are shown. For
comparison purposes, the Tsirub North (inner) plug from a compositionally distinct source is also
plotted on Fig. 7.7. The Tsirub intrusions all fall along the calculated melting trend strengthening
the earlier argument for a residual amphibole. The Tsirub North (outer) plug with La and Th
contents lower than that of the other Tsirub intrusions generated by lower degrees of partial
melting e.g. Tsirub South plug, is slightly displaced to lower K/La and K/Th. Given the mobile
nature of K in a weathering environment, the displacement of this plug could be explained by
secondary alteration during which some of K was lost from this plug. Since the Tsirub North
(inner) plug, proposed earlier to be from a distinct source, falls on the calculated melting trend
this is taken to suggest that this plug is derived by lower degrees of partial melting of a distinct

source.

7.4 Mantle source region location

The mantle source region of continental alkaline rocks has received substantial debate over the
years as to whether such rocks are derived from the sub-continental lithospheric mantle (SCLM)
or from sub-lithospheric sources (convecting asthenospheric mantle or mantle plumes) (e.g.
White and McKenzie, 1989; Wilson et al., 1992; Cebria and Lopez-Ruiz, 1995; Simonetti and
Bell, 1995; Rogers, et al., 2000; Janney et al., 2002; Shaw et al., 2003; Jung et al., 2006).
Evidence put forward in favour of the asthenospheric mantle includes depleted Nd-Sr isotopic
signature (Jung and Masberg, 1998). In contrast, there is growing evidence that many
continentally emplaced alkaline rocks are derived from within the SCLM. Such evidence includes
relative K depletion argued to be indicative of residual amphibole in the mantle source (Dawson
and Smith, 1973; Best, 1974; Zanetti et al., 1996). Since amphibole is thermally unstable in either
the convecting asthenospheric mantle or mantle plumes (Class and Goldstein, 1997) the source of
continental alkaline rocks showing a relative K depletion is argued to be located within the
SCLM (Francis and Ludden, 1995; le Roex ef al., 2001; Spith ef al., 2001, Weinstein ef al.,
2006).
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Experimental studies of Olafsson and Eggler (1983) and Mengel and Green (1989) have
constrained the upper stability limit of pargasitic or kaersutitic amphibole to less than 30 kbar.
Class and Goldstein (1997) have compared the thermal stability field of pargasitic and kaersutitic
amphibole (~ 800 - 1100 °C) with typical asthenosphere (~ 1250 °C, McKenzie and Bickle, 1988)
and mantle plume (~ 1480 °C, McKenzie and Bickle, 1988) adiabats and concluded that both
pargasitic and kaersutitic amphibole are stable in the relatively cooler SCLM, but are unstable
under conditions characteristic of the convecting asthenospheric mantle or hotter mantle plume.
Considering earlier arguments around the evidence for a residual amphibole in the mantle source
region of the Tsirub nephelinites and basanites, it is suggested that their mantle source is located

within the SCLM as opposed to the convecting asthenospheric mantle or mantle plume.
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Holmann et al. (1986) have constraingd NbAT and Ce/Pb ratios of MORB and O1B sampled from
sub-lithospheric sources (convecting asthenospheric mantle or mantle plumces) 1o be 47 + 10 and
25 = 10, respecuvely, Figure 7.8 presents comparison of Nb'U and Ce/Pb ratios beoween sub-
lithospheric melts and Tsirub intrusions. For comparison purposes, the Dicker Willem carbonatitc
(Cooper and Reid, 1998) that is spatiaily related to the Tsivub intrusions is also ploued on Fig 7.8,
It is clear that the Tsirub rocks have slightly higher Nb/U and Ce/Pb ratios than sub-lithospheric
melts, suggesting that their source is geochemically distinet [rom that of’ the sub-lithospheric
mantle-derived MORB and OIB. Moreover, the 8r and Nd isotopie composition ol the SCLM

beneath southermn Alnca has been deternmned from ulmamalic xenoliths (Monzics and Murthy,

1980h; Kramers ¢t af., 1981; Richardson of al, 1985; Jones, 1987, Hawkesworth ef af., 1990a)
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uicluding xenoliths hosted in Gibeon kimberlites from souther Namibia (Jones, 1987, Davies of
af.. 2001), These isotope data are ¢comparcd to that of the Tsirub intrusions in Fig. 7.9. In
comparison to the SCIM (that plots in the depleted quadrant), the Tsirub rocks show slightly
lower initial Nd isotope ratios but similar Sr isotope ratios. ‘The fact that these rocks have much
lower initial Nd isotope ratios than those of MORRB (e.g. Altherr et af. 1990); le Roex et af.. 1992;
Volker et wf, 1993; Janncy et af. 2005) (Fie.?.9 sencrally aceepted 1w hayve sampled he
asthenosphere (. le Roux, ef al., 2002b) provvide lurther support lor an origin within the SCLM.
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In summary, it is argued that the mantle source regions of the Tsirub nephelinites and basanites
including the compositionally distinct Tsirub North (inner) plug is located within the SCLM
rather than the convecting asthenospheric mantle as suggested by their relative K depletion

requiring a residual amphibole, which is thermally unstable in the asthenosphere.

7.5 The cause of magmatism, evolution of source region and relationship to other local
alkaline volcanics

In this section, processes that initiated partial melting within the SCLM and evolution of the
mantle source region are discussed as well as the relationship of the Tsirub rocks to other local
continental alkaline volcanics such as Schwarzeberg nephelinite (Spriggs, 1988) and spatially

located Dicker Willem carbonatite (Cooper and Reid, 1998) from southern Namibia.

It has been proposed in the previous section that the source of the Tsirub rocks is located within
the SCLM. The question being addressed here is what triggered partial melting in the cooler
SCLM and not in the asthenosphere? As mentioned in Chapter 1, the Tsirub intrusions occur on a
broad NNE-SSW lineament, with other alkaline intrusives such as Schwarzeberg nephelinite and
Gibeon kimberlites, and magmatism along this lincament has been linked to the Vema and
Discovery hotspots (Duncan, 1981; Morgan, 1983; Hartnady and le Roex, 1985; le Roex, 1986).
The initial Sr and Nd isotope ratios of the Tsirub rocks are similar to those of OIB (e.g. Cliff et
al., 1991; Spith et al., 1996; Widom et al., 1997; Class et al., 1998; Thomas et al., 1999; Siebel
et al., 2000; Workman et al., 2004), see Chapter 6, suggesting that these rocks carry a
geochemical mantle plume signature thus arguing for the involvement of a mantle plume in their
generation. A number of authors have also reported a geochemical plume signature in alkaline
complexes from continental settings including the East African Rift (Stein and Hofmann, 1992; le
Roex et al., 2001; Spéth et al., 2001). Similarly, Class and Goldstein (1997), Class et al. (1998)
and Mattielli et al. (1999) documented a plume signature in alkaline volcanics emplaced on
oceanic islands. Contrasting models for the generation of continental alkaline rocks that bear a
plume signature have been put forward (Stein and Hofmann, 1992; le Roex et al., 2001; Spith et
al., 2001; Trumbull et al., 2003). Trumbull et al. (2003) argued that the Erongo basanite-tephrite
plugs from northwest Namibia formed by direct melting of a mantle plume, as stated previously.
In contrast, studies of continentally emplaced alkaline rocks by Stein and Hoffmann (1992), le
Roex et al. (2001) and Spéth er al. (2001) argued that such rocks with a plume signature showing
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a relative K depletion are not formed by direct partial melting of a mantle plume but rather
formed by partial melting within a metasomatised lithospheric mantle where a mantle plume
serves as a source of heat and/or a source of fluids that infiltrate into, and metasomatise, the

overlying lithospheric mantle.

Hartnady and le Roex (1985) and le Roex (1986) have established the tracks of the Vema and
Discovery hotspots (Fig. 7.10) which have been linked to some alkaline magmatism in southern
Namibia, as mentioned previously (e.g. Spriggs, 1988). For example, the 70 Ma kimberlite
magmatism at Gibeon in southern Namibia has been attributed to the Discovery plume (Spriggs,
1988). Discovery and Vema plume were beneath southern Namibia (i.e. Tsirub area) at 70 Ma
and 49 Ma, respectively (Hartnady and le Roex, 1985; le Roex, 1986). The model proposed for
the Tsirub intrusions involves fluids released from a rising mantle plume migrating into the
overlying dry SCLM. These fluids are proposed to have been responsible for mantle
metasomatism needed to explain the high incompatible trace elements observed in the Tsirub
rocks. The ultimate cause of the melting that gave rise to the Tsirub nephelinite/basanite
magmatism is unclear. The absence of an exact age for the Tsirub intrusions precludes direct
comparison to the paleopositions of the Vema and Discovery plumes (although the inferred age
of ~ 49 Ma suggest a possible relationship to the Vema plume). Alternatively, the hydrous nature
(i.e. amphibole-bearing) and subsequent thinning (possibly caused by a rising Vema plume) or
uplift of the SCLM might have led to decompression melting of the metasomatised SCLM in the
presence of amphibole and within the spinel stability field. Independent evidence for thinning, as
the ultimate case of melting, is not available because there is no published geophysical work from
the study area. However, thermobarometric work done by Franz et al. (1996b) on ultramafic
xenoliths from Gibeon kimberlites, southern Namibia obtained a geothermal gradient of 44
mW/m® for the lower lithosphere of southern Namibia (see Fig. 7.10 for location of Gibeon
kimberlites, marked “7”, relative to the study area), suggesting a thinner lithosphere than that

typical of the cratonic regions to the west.

In order to evaluate the relationship of the Tsirub rocks to other local and regional alkaline
volcanics i.e. Schwarzeberg nephelinite, (Spriggs, 1988) and spatially located rocks (Dicker
Willem carbonatite, Cooper and Reid, 1998), their incompatible trace element ratios (Fig. 7.11)
and Sr and Nd isotope ratios are compared. La/Nb ratio and Ba/Nb ratio of the Tsirub rocks are

similar to those of the Dicker Willem carbonatite and Schwarzeberg nephelinite, respectively. As
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reported in Chapter 6, the Tsirub intrusions show similar Nd isotope ratios to Dicker Willem
carbonatite and Schwarzeberg nephelinite (see Fig. 6.1). Given their similar initial Sr and Nd
isotope ratios and incompatible trace element ratios it is proposed that the Tsirub intrusions may

share a genetic relationship to Dicker Willem carbonatite and Schwarzeberg nephelinite.

82



CHAPTER 8

SUMMARY AND CONCLUSION

8.1 Introduction

The Tsirub alkaline intrusions from the Aus region, southern Namibia occur along a broad NNE-
SSW lincament of Cretaceous alkaline intrusions (Gross Brukkaros volcano, Klinghardt
phonolite field, Gibeon kimberlites) including the Dicker Willem carbonatite and Luderitz
alkaline province. Three separate intrusions are recognized; two major plugs (Tsirub North and
Tsirub South) and a spatially associated dyke (Tsirub dyke). In detail the Tsirub North plug can
be subdivided on the basis of geochemistry into an outer zone and inner zone. Following the
classification scheme of Le Maitre (2002), the Tsirub intrusions are largely nephelinites, an

exception being the Tsirub North (outer) plug which can be classified as basanite.

8.2 Petrography and mineral chemistry

The Tsirub intrusions show very similar petrography. They are porphyritic (Tsirub dyke) or
microporphyritic (Tsirub North (outer) plug, Tsirub North (inner) plug, and Tsirub South plug) in
texture in which phenocrysts/microphenocrysts of olivine and clinopyroxene are embedded in a
fine grained groundmass. Olivine is the dominant (micro) phenocryst phase whereas
clinopyroxene is common in the groundmass assemblage + Fe-Ti oxides * olivine + secondary
amphibole. Some olivine crystals are partially or completely altered to serpentine. The small
petrographic difference between the Tsirub intrusions is the occurrence of rare felsic xenoliths
(few mm wide) consisting of alkali feldspar (orthoclase) and clinopyroxene (diopside and
aegirine-augite) in the Tsirub North (outer) plug, Tsirub North (inner) plug and Tsirub South
plug, and their absence in the Tsirub dyke. Another feature of the Tsirub North (inner) plug is the

occurrence of a single ultramafic xenolith consisting of olivine, clinopyroxene and spinel

(hercynite).

Olivine phenocryst/microphenocryst cores in the Tsirub dyke are forsterite-rich (Fogg-9p), but

more iron-rich in the Tsirub South plug (Fo74.78). Those in the Tsirub North (inner) plug (Fogs.o2)
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extend to slightly higher fosterite contents relative to those in the Tsirub North (outer) plug (Fogs-
gs). Clinopyroxene phenocryst/microphenocryst cores are diopsidic in composition and
indistinguishable between the different intrusions (e.g. Tsirub dyke = Wo49.50En3g.41Fsg 12, Tsirub
North (outer) plug = Wo47.50En37.42Fs10.13 and Tsirub North (inner) plug = Wo47.45En41 44Fs0.12).
The groundmass Fe-Ti oxides (FeO = 67.05 — 70.34 wt.% and TiO; = 2045 — 22.57 wt.%) are

titanomagnetite in composition.

8.3 Bulk rock geochemistry

The Tsirub samples are nepheline normative and silica undersaturated rocks (e.g. SiO, = 38.7—
41.6 wt.%). The Tsirub dyke has a relatively primitive Mg# (0.71), whereas the other Tsirub
intrusions are less MgO-rich; Tsirub North (outer) plug (0.61 — 0.65), Tsirub North (inner) plug
(0.64 — 0.66), and Tsirub South plug (0.62 — 0.63). A positive correlation of CaO with MgO,
together with petrographic observations, is taken to suggest fractional crystallization of olivine
and clinopyroxene with olivine the major fractionating phase. TiO, contents are high (e.g. 3.25 —
3.36 wt.%) with the Tsirub North (inner) plug showing slightly lower concentrations (2.42 — 2.56
wt.%). Three compositional groups within the Tsirub North plug are readily distinguishable by
their P,Os concentration. The Tsirub North (inner) plug shows highest P,Os concentration (2.25 —
2.47 wt.%), samples AN-016 and AN-019 (1.54 — 1.81 wt.% P,0;) are intermediate, and the
Tsirub North (outer) plug has the lowest P,Os concentration (1.03 — 1.27 wt.%).

The concentrations of incompatible trace elements in the Tsirub rocks are high, with the Tsirub
North (inner) plug showing the greatest enrichment whereas the Tsirub North (outer) plug shows
the least enrichment. For example, the Tsirub North (inner) plug has Nb and Zr concentrations as
high as 256 ppm and 469 ppm, respectively, whereas the Tsirub North (outer) plug has Nb and Zr
concentrations of 168 and 449 ppm, respectively. Chondrite normalised rare earth element
patterns are steep (e.g. La/Ybyn ~ 32) suggesting influence of a residual garnet or a strongly light

RFE enriched source.

The Tsirub samples are characterized by low La/Nb (0.34 — 0.61) and Zr/Nb (1.73 — 2.37) ratios
and high Ce/Pb (25.1 — 59.3) and Nb/U ratios with the Tsirub North (inner) plug extending to
slightly higher Ce/Pb values (41.4 — 81.5). On primitive mantle normalised diagrams they show

similar incompatible trace elements patterns with strong positive Nb-Ta anomalies, moderate
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negative Pb anomaly and a strong negative K anomaly; the latter is attributed to a residual K-

bearing phase at the time of melt extraction.

As a whole the Tsirub intrusions plot in the depleted field on the Nd-Sr isotope correlation
diagram, implying a source with long-term depletion in incompatible trace elements. The Tsirub
dyke (¥’Sr/*Sr; = 0.703412 and 'PNd/'*Nd; = 0.512756), Tsirub North (outer) plug
(**Nd/"*Nd; = 0.512747 — 0.512781), Tsirub South plug (*’Sr/**Sr; = 0.703423 — 0.703605 and
"INA/ NG = 0.512767 — 0.512775) and samples AN-016 and AN-019 (¥Sr/**Sr; = 0.703346
and "¥Nd/"Nd; = 0.512776) have similar, and limited range of, initial **Nd/"**Nd ratios
(calculated at an assumed age of 49 Ma) and have similar initial ¥ Sr*®Sr ratios suggesting a
common mantle source. Elevated ®’Sr/*®Sr; ratios in the Tsirub North (outer) plug (0.703898 —
0.704441) are attributed to alteration or crustal contamination. In comparison, the Tsirub North
(inner) plug (¥’Sr/*®Sr; = 0.703452 — 0.703463) has slightly lower initial "*Nd/*Nd ratios
(0.512724 - 0.512732) relative to the other Tsirub intrusions, suggesting a compositionally
slightly distinct source.

8.4 Alteration and crustal contamination

The lack of correlation between mobile incompatible trace elements (K, Rb and Ba) and
immobile incompatible trace elements of similar degree of incompatibility (e.g. Nb, La) within
the Tsirub intrusions indicates that these rocks have suffered a certain degree of alteration during
which K, Rb and Ba were mobilised. Petrographic evidence for secondary alteration is provided

by the presence of serpentine which partially or completely replaces olivine.

The presence of felsic xenoliths in some samples indicates a certain degree of crustal assimilation
shortly before eruption. However, the amount of continental crust assimilated by the parental
magmas appears to be small because the Tsirub rocks have high Ce/Pb and Nb/U ratios and they

lack a positive Pb anomaly or negative Nb anomaly.
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8.5 Relationship between the Tsirub intrusions and the degrees of partial melting

Whereas each of the Tsirub intrusions shows limited compositional variations there are clear
differences between the intrusions. However, this latter variation does not conform to expected
result of crystal fractionation. It appears therefore, that the compositional difference between the

intrusions is not the result of magmatic evolution from a common parent magma.

Quantitative REE modelling relating the Tsirub dyke, Tsirub North (outer) plug, Tsirub South
plug and samples AN-016 and AN-019 to a common mantle source (calculated assuming that the
Tsirub dyke formed by 3% of partial melting) indicates that they could be related to each other
by variable degrees of partial melting from a common amphibole-bearing spinel lherzolite. Partial
melt models indicate that Tsirub North (outer) plug formed by slightly higher degrees of partial
melting (4 - 6%) relative to the Tsirub South plug (2 - 3 %) and samples AN-016 and AN-019 (2
- 3%). The apparent garnet signature observed in the Tsirub samples (i.e. high La/Yby) is
attributed to a strong light REE enrichment in the mantle source region, rather than to residual
garnet. The degrees of partial melting for the compositionally distinct Tsirub North (inner) plug
are difficult to model because it shows limited variation in REE elements. Nevertheless, higher
incompatible trace elements contents of this plug, and steeper REE patterns, relative to the other
Tsirub intrusions (that share a common mantle source) suggest derivation by lower degrees of

partial melting or from a more enriched source.

8.6 Location of mantle source and the cause of magmatism

The strong negative K anomaly on the primitive mantle normalised diagram is shown to have
originated as result of residual amphibole rather than phlogopite. The temperature stability limits
of amphibole constrain the mantle source of these rocks to within the sub-continental lithospheric
mantle (SCLM), rather than the convecting asthenosphere or a rising mantle plume. The
contrasting requirement of the incompatible trace elements which require an enriched mantle
source, and the isotope ratios which require a long-term depleted source, are explained as result
of a recent metasomatic event superimposed on a previously depleted mantle. This metasomatism
is attributed to rising fluids and/or small degree melts from either the Vema or Discovery plumes
that were located beneath this region prior to the inferred time of magmatism. The geodynamic
model envisaged in the generation of the Tsirub intrusions involved fluids and/or small degree

melts released from a rising mantle plume migrating into a dry SCLM. These fluids led to the
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formation of amphibole and lowering of the solidus temperature. The ultimate cause of the
melting that gave rise to the Tsirub nephelinite/basanite magmatism in unclear. The absence of an
exact age for the Tsirub intrusions precludes direct comparison to the paleopositions of the Vema
and Discovery plumes (although the inferred age of ~ 49 Ma suggest a possible relationship to the
Vema plume). Alternatively, the hydrous nature and subsequent thinning or uplift of the SCLM
might have led to decompression melting of the metasomatised SCLM in the presence of

amphibole and within the spinel stability field.
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APPENDIX A

PETROGRAPHIC DESCRIPTIONS

A.l Tsirub dyke

AN-OCH : Sparscly pomphyritic elivine nephelinic

This sample 15 a sparsely porphymtic to migropophyritic rock with olivine and  rare
climopyroxene phenocrysis/microphenocrysts set in a fme-grained groundmass. Anhedral 1o
rarely subhedral olivine phenocrysts/microphenocrysts are (05 - 2.0 mm in size, constitute — 10
vol.%p of the rock. Thin brown alteration rims surround most olivine crystals (Fig. A.1). Rare
clinopyroxene crystals (= 2 vol %), measure 0.3 -1.53 mm in size. Some crystals show simple to
complex zoning with darker rims than cores and many have sieve texture cores. The fine grained

eroundmass 1s made up of ohivine, clinopyroxene, minor Fe-Ti oxides and scattered plenchroic

brown secondary amphibole aggregates,

Fig A1 (a) AN-011: Anhedral obivine fol) phenceryst with mtenor allention eracks, Field of sviesw s 2.5
mim across. (b)Y Lnder crossed polars,

A2 Tsirub North (outer) plug

AN003 microporphyvritic basanite

This sample is a microporphyntic rock with microphenocrysts of olivine and clinopyroxene set in
a wvery fine grained croundmass, Anhedral 1o rarcly subhedml and cuhedml ohivine
microphenocrysts, 0.3 -1.4 mm i size, constitute =5 vol.% ol the rock. and many are rimmed by
serpentine alteration rims. Elongate, (0.3 - Tmm long, anhedral to rarely subhedral, clinopyroxene

microphenvcrysts constitute ~2 vol % of the rock and sometimes occur in radiating clusters (Fig.



A.2). Olivine, lath-shaped clinopyroxene, and minor opaque Fe-Ti oxides and secondary brown
amphibole make up the fine-grained groundmass. Felsic xenoliths comprising feldspar and green
euhedral and anhedral needle-shaped clinopyroxen (diopside and aegirine-augite). Clinopyroxene
crystals are mostly confined to the edges of the xenoliths and a few are poikilitically enclosed

within larger feldspar crystals

AN-004: microporphvritic basanite

This sample is a microporphyritic rock with olivine and rare brown clinopyroxene
microphenocrysts set in a fine grained groundmass. Olivine microphenocrysts (3.5 vol.%), are 0.3
-1.3 mm in size, majority are anhedral, few are subhedral and very few are euhedral. Many are
enclosed in thin brown alteration rims with few being completely altered to brown colour. Brown
elongate clinopyroxene microphenocrysts, 0.3 - 0.8 mm in size, form ~2 vol.% of the rock, these
are anhedral to rarely subhedral, and sometimes occur in clusters. A single sector zoned
clinopyroxene crystal occurs in this sample. Lath-like clinopyroxene dominates the groundmass,
with minor olivine, brown pleochroic secondary amphibole and black Fe-Ti oxides. Like in
sample AN-003, felsic xenoliths composed of alkali feldspar and clinopyroxene (diopside and

aegirine augite) occur in this sample (Fig. A.3a).

AN-005: microporphvritic basanite

This sample i1s a sparsely microporphyritic with olivine and rare brown clinopyroxene
microphenocrysts set in a very fine groundmass. Olivine phenocrysts, 0.3 - 0.8 mm in size,
constitute 4.5 vol.% of the rock, few are zoned with darker rims than cores. Most are anhedral,
minor subhedral and very few are euhedral, many have thin dark brown alteration veinlets or thin
alteration rims (Fig. A.3b). Few crystals show zoning with darker rims than cores. Anhedral
clinopyroxene (<1 vol.%) measure 0.3 - 0.7 mm in size, these are all anhedral and few are zoned
with darker rims than cores. Felsic xenoliths consisting of dominant feldspar and anhedral needle-
shaped and rarely subhedral clinopyroxene occur in this sample. The fine grained groundmass is

made up of clinopyroxene, olivine, minor secondary brown amphibole and Fe-Ti oxides.

AN-006: microporphvritic basanite

This sample is a microporphyritic rock in which olivine microphenocrysts are set in a very fine
grained groundmass. Anhedral to rarely subhedral olivine microphenocrysts, 0.3 — 0.8 mm in
size, form 1.5 vol.% of the rock, majority are rimmed by dark brown alteration rims and the

smaller ones are completely pseudomorphosed by serpentine (Fig. A.4a). Lath-like
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clinopyroxene, minor olivine, opaque Fe-Ti oxides and secondary amphibole constitute the fine
grained groundmass. Minor felsic xenoliths made up of alkali feldspar and clinopyroxene occur

in this sample.

AN-006B: vesicular microporphvritic basanite

This sample is a vesicular microporphyritic rock with olivine and minor brown clinopyroxene
microphenocrysts set in a very fine grained matrix. Olivine microphenocrysts, 2.5 vol.%, measure
0.3 - 0.5 mm in size, most are anhedral with occasional subhedral and euhedral crystals, and few
exhibit compositional zoning with darker rims than cores. They are enclosed in, mostly thin to
thick, brown alteration rims and few consist of brown alteration cracks. Elongate, 0.3 - 0.6 mm
long, anhedral clinopyroxene microphenocrysts (<0.5 vol.%) commonly show sector zoning.
Carbonate vesicles, 0.8 - 2.4 mm long, form 15 vol.% of the rock. The fine matrix is made up of
olivine and clinopyroxene in equal abundance, and black opaque Fe-Ti oxides. Minor, felsic

xenoliths were observed.

AN-012: vesicular microporphvritic basanite

This sample is vesicular microporphyritic rock in which altered olivine microphenocrysts (Fig.
A.4b) are set in a fine grained groundmass. Olivine microphenocrysts, 0.3 - 0.9 mm in size,
constitute 2 vol.% of the rock, these are mostly anhedral, and few are subhedral or euhedral. And
many are enclosed in thick brown alteration rims of serpentine. Carbonate vesicles constitute <
0.5 vol.% of the rock. Clinopyroxene is only present in the groundmass together with olivine and

few black Fe-Ti oxides.

AN-013: densely microporphyritic basanite

This sample is a microporphyritic rock in which olivine and brown clinopyroxene
microphenocrysts are embedded in a fine grained groundmass. Olivine microphenocrysts, 0.3 -
0.8 mm long, form approximately 3 vol.% of the rock, many are anhedral, few are subhedral and
very few are euhedral. Most are partially altered to, e.g. along cracks, or completely replaced by,
serpentine. Elongate clinopyroxene microphenocrysts, 2.5 vol.%, range between 0.3 - 0.7 mm in
length, they are mostly anhedral with few being subhedral or euhedral (Fig. A.5). The euhedral
clinopyroxene crystals show zoning with darker rims than cores. Lath-like clinopyroxene, 3
vol.% of the matrix, olivine, brown secondary amphibole and black Fe-Ti oxides make up the

fine grained groundmass.
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AN-014: densely microporphvritic basanite

This sample is a densely microporphyritic rock in which olivine and brown clinopyroxene are set
in a fine grained groundmass. Olivine microphenocrysts, 0.3 - 0.8 mm in size, make up 3.5 vol.%
of the rock, most are anhedral with few subhedral and very rarely euhedral ones and many are
rimmed by, and few are completely altered to, serpentine. Brown clinopyroxene
microphenocrysts, 0.4 - 1.3 mm, constitute 2.5 vol.% of the rock, many are anhedral and few are
subhedral in habits (Fig. A.6a). A single cluster of clinopyroxene microphenocrysts occur in this
sample. Minor felsic xenoliths comprising feldspar and clinopyroxene; some of the
clinopyroxenes are poikilitically enclosed. Lath-like clinopyroxene, minor olivine, brown

secondary amphibole and black Fe-Ti oxides make up the fine grained groundmass.

AN-014A: vesicular microporphyritic basanite

This sample is a vesicular microporphyritic highly altered rock in which rare olivine and brown
clinopyroxene are set in a fine grained matrix. Minor olivine microphenocrysts, < 1vol.%, range
between 0.2 - 0.8 mm in size, many are anhedral with few being subhedral or euhedral. These are
severely altered and most are rimmed by thick brown alteration rims. Rare clinopyroxene
microphenocrysts, < 0.5 vol.%, range between 0.3 and 0.8 mm in size, some from clusters
composed of at least four crystals. The fine grained matrix is made up of olivine and
clinopyroxene. A single felsic xenolith composed of feldspar hosting lath-shaped clinopyroxene
occurs in this sample. This sample is similar to AN-006B, but it has larger carbonate vesicles.
Like sample AN-006B, the vesicles are filled by carbonates, possibly calcite, with some crystals

showing simple twinning.

AN-015: microporphyritic basanite

This sample is a microporphyritic rock with olivine and minor brown clinopyroxene set in a fine
grained groundmass. Olivine microphenocrysts, 0.3 - 0.8 mm in size, make up 2.5 vol.% of the
rock, most are anhedral and few subhedral or euhedral, and few are rimmed by, or completely
altered to, serpentine. Brown clinopyroxene, < 1 vol.%, measure 0.3 - 1.0 mm in size, most are
anhedral, few are subhedral and very few are euhedral. Few subhedral crystals exhibit zoning
with darker rims than cores (Fig. A.6b). Felsic xenoliths composed of feldspar and clinopyroxene
(mostly needle shaped) occur in this sample. Lath-like clinopyroxene and minor olivine,
pleochroic brown secondary amphibole and black Fe-Ti oxides make up the fine grained

groundmass.

v



Fig. A2 {a) AN-003: Clusters of eloneate elinopyroxene {(cpx) microphenocrysts. Field of view is 1.4 mm
across. (b Under erossed polars.

£ 0 :

Fig. A3 (a) AN-004: Telsic xenoliths composed of chnopyroxene “needies"enclosed within feldspar
{fldy mder erossed pobars. Figkd of view 451 mm across, (b AN-003: Allered anhecral and subhedral
olivine muerophenoerysts, nole the single clongale clinopyroxene microphenocrysl {lop tefi). Ficld of view
15 | mm across, pieturc laken uader crossed polars.

Fig. A4 (a) AN-#06: Viry aliered anhedral olivine microphenoerysts enclosed in brown allertion nims.
Under plane polarized light Tield of view is 2.5 mm across. (b} AN-212: Very aliered olivine
microphenoerysls, e the subhedral olivine micophenoeryst in the centre. under plane polirized light,
Field of vicw 15 |2 mim across.



Fig. A5 (a) AN-013: Tuhedral and anbedrul olivine and clinopyrosene (light brown) microphenocrysts
embedded 10y [ne grained yroundmass of clinopyroxene, £ Fe-Ti oxides and secondary amphibole (dark
brown). Under plang polarized heght. Figld of view 15 1.5 nwn across, (h) Lnder crossed palars.

Fig. A6 (a) AN-014: Anhedral clinopyrosene microphenocrysts, note the oliving microphenocrysts that
are partially or completely altered to sreen serpencing. Under plang polarized hight Field of vicw is 1.8
mm across. (h) AN-015: Anhedral elongate clinopyroxene phenocryst. Under crossed polars, Field of view
1% |4 mum ueross,

A.3 Tsirub North {inner) plug

AN-O0T: sparsely micropophyritic nephelinite

This sample 15 a sparsely microporphyntie with olivine and rare brown clinopyroxene
mucraphenocrysts set in a fine gramed groundmass., Olivine is the demimant microphenocrvst
phase, It forms anbiedral to rarely subhedral 0.3 — 1.5 mum long crystals (1.5 vol.%); the majority
are parfially replaced along the crystal edges by, or completely altered to, serpentine (Fig. A 7a).
Minor erystals are enclosed in brown alteration nims. Anhedral clinopytoxene mictophenocrysts,
f1.3- 0.6 mm in size, constitule <05 vol.% of the rock.. The finc grained groundmass is mostly
madce up of clinopyroxene and minor olivine, opague Fe-Ti oxides and pleochroie secondary

amphibole. Felsic xenoliths compused of donmnant leldspar and clinopyroxene oceur in Lhis
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sample. Feldspar mostly occurs in the centre of the xenoliths whereas clinopyroxenes are
dominantly confined to the edges, most of those that occur in the centre are poikilitically enclosed

within larger feldspars.

AN-007A: very sparselv microporphvritic nephelinite

This sample is a very sparsely microporphyritic in which olivine and very minor brown
clinopyroxene microphenocrysts are set in a fine-grained groundmass. Anhedral olivine
microphenocrysts, 0.4 - 0.8 mm in size, constitute < 1 vol.% of the rock, few show zoning with
darker rims than cores and most are replaced by serpentine. Minor lath-shaped clinopyroxene
microphenocrysts, 0.4 - 0.8 mm in size, constitute << 0.5 vol.% of the rock (Fig. A.7b). The fine
grained groundmass is made up of abundant lath-like clinopyroxene, minor olivine and brown
secondary amphibole. Felsic xenoliths composed of dominant feldspar and light and dark
clinopyroxene occur in this sample. Feldspar mostly occurs in the centre of the xenoliths whereas
clinopyroxenes are dominantly confined to the edges, many of the few that occur in the centre are

poikilitically enclosed within larger feldspars.

AN-008: sparsely porphvritic nephelinite

This sample is similar to AN-007A and is sparsely microporphyritic in which olivine and rare
brown clinopyroxene microphenocrysts are set in a very fine grained groundmass. Anhedral to
rarely subhedral olivine microphenocrysts, 0.3 - 0.5 mm in size, form 1.5 vol.% of the rock, few
crystals are enclosed in thin serpentine rims or brown alteration rims. Some are zoned with darker
rims than cores. Brown clinopyroxene microphenocrysts, < 0.5 vol.%, measure 0.3 — 2.0 mm in
length, these are anhedral to rarely subhedral in habits and few display sector zoning (Fig. A.8a).
The fine grained groundmass consists of lath-like clinopyroxene, olivine, brown secondary
amphibole and Fe-Ti oxides. Clinopyroxene dominates the groundmass suite. Felsic xenoliths

comprising needle-shaped clinopyroxene together and alkali feldspar.

AN-009: microporphyritic nephelinite

This sample is a microporphyritic rock in which olivine and minor brown clinopyroxene
microphenocryts are set in a fine grained groundmass. Olivine microphenocrysts, 0.3 - 0.7 mm in
size, form 3 vol.% of the rock, most are anhedral with few being subhedral and some exhibit
zoning with darker rims than cores. Some crystals, mostly the smaller ones, are completely
replaced by serpentine. A single olivine microphenocryst, with a core of recrystallized

porphyroblast? occurs in this sample (Fig. A.8b). Anhedral to moderately subhedral, 0.3 - 0.7 mm
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long, clinopyroxene microphenocrysts constitute << 0.5 vol.% of the rock. Clinopyroxene,
olivine and, in equal abundance, and secondary amphibole make up the groundmass suite. This
sample has felsic xenoliths consisting of alkali feldspar and subhedral clinopyroxene. The centres
of the xenoliths are dominated by feldspar but their margins are largely occupied by made

clinopyroxenes.

AN-010: microporphyritic nephelinite

This sample is a microporphyritic rock with olivine and very minor clinopyroxene
microphenocrysts set in a fine grained groundmass. Olivine microphenocrysts, 0.3 - 0.7 mm long,
constitute 2.5 vol.% of the rock, many are anhedral with few subhedral ones, and the vast
majority are surrounded by thin to thick brown alteration rims (Fig. A.9a). A single zoned crystal
with a darker rim than core occurs in this sample. Very rare clinopyroxene microphenocrysts, 0.3
- 0.8 mm in length, make up < 0.5 vol.% of the rock, these are anhedral elongate crystals. The
fine grained groundmass is made up of olivine, clinopyroxene, opaque Fe-Ti oxides and
secondary amphibole. This sample has felsic xenoliths consisting of alkali feldspar and subhedral
clinopyroxene. The centres of the xenoliths are dominated by feldspar but their margins are

largely occupied by made clinopyroxenes.

AN-011: very sparsely microporphvritic nephelinite

This sample is a very sparsely microporphyritic rock with rare olivine and brown clinopyroxene
microphenocrysts set in a fine grained groundmass. Olivine microphenocrysts, 0.3 — 2.0 mm in
length, constitute < 1 vol.% of the rock, they are anhedral in habits and most are replaced, along
the crystal edges, by serpentine. Few crystals are zoned with darker rims than core. Clinopyroxene
microphenocrysts, 0.3 - 0.9 mm in length, make up << 0.5 vol.% of the rock and are anhedral,
except a single highly altered euhedral crystal. The fine grained groundmass is made up of lath-
like clinopyroxene, olivine, brown secondary amphibole (Fig. A.9b) and black Fe-Ti oxides. The
fine grained groundmass is made up of olivine, clinopyroxene, opaque Fe-Ti oxides and
secondary amphibole. This sample consists of felsic xenoliths consisting of alkali feldspar and

anhedral to rarely subhedral clinopyroxene.

AN-017: very sparselv microporphvritic nephelinite

This sample is a very sparsely microporphyritic rock with olivine phenocrysts set in a fine
grained groundmass. Olivine microphenocrysts, 0.3 - 0.6 mm in size, constitute 1 vol.% of the

rock, many are anhedral and few are subhedral, some display zoning with darker rims than cores.
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Most have “dissolved” grain boundaries and some are rimmed by serpentine (Fiz, A_10a). The (ine
grained proundmass 15 made up of ohivine, minor pleochroic brown secondary amphibole and
black Fe-Ti oxides. Felsic xenoliths composed of alkali feldspar and clinopyroxene occur

spattercd in this sample,

AN-0 R sparsely microporphynitic nephelinie

This swmple 18 a very sparscly microporphyritic rock in which olivine and very rare brown
clinopyroxene arc sct in a very fine grained groundmass. Olivine microphenocerysts, (0.3 - (09 mm,
make up 1.5 vol.% of the rock. majorily arc anhedral and few are subhedral or euhedral. Few are
coned with darker nimy than cores (Fig. A 10b). The smaller crystals are replaced by scrpentine.
Clinopyroxene microphenocrysts, (£3-1.0 mn. constitute <1 vol.% of the rock, many arc anhedral
in habit. Clinopyroxene, olivine, minor secondary amphibole and black Fe-Ti oxides censtinute
the groundmass. Felsic xenoliths, similar to the ones observed in other samples from the same

plug. consisting ol large, =»3mm in size. leldspar crystals and subhedral to cuhedral

clinopyroxenes oceur in this sample.

Fig. A.7 (a) AN-0017: Seatered anhedral olivine microphenoerysts enelosed in alteration rims. Under
plane polarized light Field of wview is 2.5 mm across. (b) AN-0074) Subhedral chinopyroxene
microphenocryst. Under crossed polars. Ficld of view is 2.5 mun across,
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Fig. A% (), AN-01: Altered olivine microphenoerysts enclosed m brown alteraton rims, Loder plane
polarized light, Field of view is 1.3 mun across. (b AN-0F1: Black opagoe Fe-Ti oxides and secondary
brown amphibole (amph) occur i the groundimass. Note the green secondury serpentine (serp). bottotn

comng {under erossed polurs), Freld o




Ad Samples AN-016 and AN-019

AN-016: sparsely micropomhsritic nephelinite

This sample is a very sparsely microporphyritic rock in which olivine microphenocrysts are set in
a fine grained groundmass, Olivine nucrophenoctysts. (1.3 - 1.3 mm in size, constitute 5 vol % of
the rock, these are anhedral to rarely subhedral, and few are enclosed in scrpentine rims or have
alteration cracks filled by serpentine (Fig. A.11). Very rare chnepyroxene mictophenocevsts, (13 -
L3 mm. arc very rarc and constitute < {15 vol®g of the rock and most are anhedral with few
being subhedral i habits. The fine grained groundmass is made up of olivine, clinopyroxene,
plevchroic brown secondary amphibole and black Fe-'11 oxides. [n comparison to the other Tsirub

samples, Fe-Ti oxides of this sample are relatively coarser,

AMN-019: very sparsely microporphyritic nephelinite

This sample is a very sparsely microporphyritic rock i which olivine and wvery minor
chinopyroxene microphenocrysts are set in a fine grained grovndmass. Olivine microphenoerysts,
{£3-1.4 mm in size. constitute 2.5 vol % of the rock, majerity are anhedral to rarely subhedral and
tew display moning with darker rims than cores. Most of the erystals consist of thin altcrauon
cracks vecupivd by serpentine. Very miner clinepyroxene crystals, <= {15 vol.%, measare 0.3 -
(.4 mm in s1z¢, most are subhedreal, few are anhedral and one single crystal is euhedral, A single
euhedral crystal 15 zoned with a darker rim than the core (Fig. A.12). The fine grained
groundmass 1s domnanily made up of clinopyroxene (6 vol %) and less dominant amphibole (3

vol %) and olivine (=1 vol.%) and moderate black Fe-Ti oxides. Fe-Ti oxides crystals are as

similar in size 10 those in sample AN-{}H 6.

Fig. A.11 (a) AN-06.; Anhedral olivine microphenocryst with interior alteration serpentine-filled ¢racks.
Ficld of view is 21 pun across. (b} Under crossed polars, Note the scattered datk brown secondary
amphibole within the groundmass,
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Fig. A2 {a} AN-019: EBuhedra] olivine phenceryst (hottom eight} and cubedral zoned chnopyroxens

microphenoeryst (top lett) embedded in a fine grained groundmass. Field of view is 1.3 mm weross, (b)
Under crossed polats.

A5 Tsirub South plug

AN-U21! sparscly tmeroporphynue nephelinile

This sample 1s a sparscly meroporphynine rock 1o which olivine and rare hrown clinopyroxene
micrnphenocrysts are et in a hine 1o medium grained groundmass. Olivine microphenocrysts, (0.3
- 0.8 mm in size, constitute < 1 vol.% of the rock, mosl are anhedral and few are subhedral. Few
crystals are cnclosed 1 thin brown alteration vims of cracks whereas smaller crystals are
completely replaced by serpentine. Minor clinopyroxene microphenocrysts, < (L5 vol %, measure
0.3 = 0.7 mmn, majonty are anhedral and 4 few show subhedral habits. A single microphenocryst
shows zoning with a davker tim than core. The fine grained groundmass is made up of & val %
4

lath-like clinopyroxene, 2 vol% pleochroic secondary brown amphibole and black Fe-Ti

cxides{ Fig. A 13a).

AN-022: vory sparsely micropmphyntic nephelinite

This sample is a very sparscly microporphynitic rock in which very rare olivine and hrown
climopyroxene  microphenocrysts are set in a very fine grained groundmass. Olivine
ruicrophenoerysts, (.3 - (K9 mim, constitute < (L5 vol % ol the rock, most are anhedral and few are
subhedral. Many are cnelosed 1 thick serpentme rims and few arve completely replaced by
serpentine {(Fie. A.123b). Anhedral (o rarely subhedrl clinopyroxene microphenocrysts, (L3 - 1]
mim, make up < 0.5 vol% of the rock and very few are zoned with dacker rims than cores, The
line yrammed groundmass is made up of lath-like clinopyroxenc, plecchroic brown sccondary

smphibole and black Fe-Ti oxides,

Al



AN-023: sparscly microporphyritic nephelinite

Ius sample 1s a sparsely microporphyritic rock in which olivine (micro} phenocrysts (Fig. A lda)
and very rare brown clinopyroxene microphenocrysis are scl in a fine gramned groundmass.
Olivine mucrophenoerysts, 0.3 - 1.1 num. constitute < 1.5 vol.% ol the rock, many arc anhedral
and very few are subhedral or euhedral in habits. Few are enclosed mn. or completely replaced by,
serpentine, A single ohivine mnerophenocryst shows zoning with a darker vim than the core. Very
rare clinopyroxene microphenocrysts. constitute < 1.5 vol.% of the rock and are all anhedral, The
fine grained groundmass is made of lath-hke clinopyroxene, pleochroic brown secondary

amphibole and black Fe-'T1 oxides (Fig. A_14b).

AN-024: spurscly microporphyritic nephelinite

This sample 1s a sparscly microporphyrine rock in which minor olivine and brown clhinopyroxence
microphenncrysts are set in ¢ fine prained groundmass, Olivine microphenocrysts, (1.3 - 0.6 mm,
make up < 0.5 vol.% of the rock, these are all anhedral and most are replaced, and few are
rimmed, by serpentine. Clinopyroxene microphenocrysts, 0.3 - (L7 mm m size, make up = 0.3
vol.% of the rock. many display anhedral habits, few are subhedral and a single crystal

cuhedral (Fiz, A.15). Few subhedral crystals exhibit zoning with darker nms than the cores. 'The
fine grained groundmass is made up of lath-like clinopyroxene and black Fe-Ti oxides, Minor

felsic xenoliths occur in this sample,

Hﬂl‘_[’le‘r‘lll]"lf: which rcpldmd some of the olivine mier nphenucr'»'sts Nl:m. ThL small clinopyroxene cr}ﬂtd]t
{brown) o the fine gruined groundmass, under srossed polars, Ficld of view is | .4 wmm aceoss (h) AYV-6220
Anhedral olivine (micro} phenocrysts partially or completely bowhpmie {under plane polarized light)
Ficld of view 1% 1.8 mm across,
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Fig. A1 (4) AN-023: Altered subhedral olivine microphenocryst, Under erossed polars, Field of view is
F.2 tnm across by AN-023: Sceondary brown atphibole and opague Fe-Ti oxides from pant of the
eroundimuss. Faeld of view s 1.0 min aeross.

Fig., A 15 (1) AN-024: Fuhedral clinopyrexene microphenocrysl embedded ma fing grained proundimass.
Unider plane pelanzed light, Field of view 151 .0 mm across. (b)) Under erossed mdars,

Table A.1, Coordinates of individual samples cellected during the smudy.

Tsiroh dyke:
AMN-0O0] B P e HE 02057 E
Tsirub Noeth (euter) plug:
AR-103 26709 |50 % NIa707 845 T
AMNAIN4 26565048 5 a7 842 E
AN-O0S 207649 |32 5 NIGHT. 82T B
ANk GG 0TS Ble0? 740 E
AN E EaR o' & Ba*07,763' E
AN-M3 26500322 Bl&a=07 8id' I
AN-N14 2h%H0.984" ¥ MIE" 7874 T
AM-II4A 2650 8 5 NIRMITHIT E
AMAILS 20708 9L % MafNiae? E
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Table A.1. Continued.

AN-007
AN-007A
AN-008
AN-009
AN-010
AN-011
AN-017
AN-018

AN-016
AN-019

AN-021
AN-022
AN-023
AN-024

Tsirub North (inner) plug:

26°69.097' S
26°69.097' 8§
26°69.093' §
26°69.086' S
26°69.063'S
26°68.997' S
26°68.816' S
26°68.661'S

AN-016 and AN-019:

26°68.864'S
26°68.524' S

Tsirub South plug:

26°80.777' S
26°80.727' S
26°80.611'S
26°81.075' S

016°07.715'E
016°07.715'E
016°07.685'E
016°07.635'E
016°07.759'E
016°07.697' E
016°07.681'E
016°07.820'E

016°07.820'E
016°07.853'E

016°13.109'E
016°13.065' E
016°13.067'E
016°13.300'E
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APPENDIX B

SAMPLE PREPARATION AND ANALYTICAL TECHNIQUES

B.1 Electron microprobe analyses

Mineral analyses were carried out on 30 um thick, polished thin sections in the Department of
Geological Sciences at the University of Cape Town (UCT) using a JEOL JXA-8100 electron
probe microanalyzer. Operating conditions were 15 kV accelerating voltage for all the minerals,
20 nA beam current and 10 seconds counting time per element. An exception is Ni with peak
counting time of 30 seconds. Olivine was analyzed at 25 kV accelerating voltage to ensure
excitation of Nig,. Analyses of the olivine and clinopyroxene standard are listed in Table B.1.

Lower limits of detection for major element oxides in clinopyroxene are listed in Table B.2.

Table B.1. Average major elements concentrations (in wt.%) and lo error of olivine standard (Ma havati)
and clinopyroxene standard (JJG1424-Cpx) obtained during the analyses of the Tsirub samples.

Abbreviations: n = number of analysis

Si0,
TiO,
AbLO,
Cr(
FeO
MnO
MgO
Ca0
NiO
Na,O
K,0

Olivine Clinopyroxene
n=_6 n=9
40.15 54.28
0.01 0.25
0.01 3.00
0.03 0.72
11.49 1.67
0.28 0.05
4791 16.29
0.02 21.84
0.01 -
- 1.49
- 0.01

Table B.2. Lower limits of detection (in wt.%) for major element oxides in clinopyroxene.

8i0,
Ti0,
ALO;
Cry 04
FeO
MnO
MgO
CaO
Na,O
K,0

LLD
n=10

0.010
0.012
0.008
0.013
0.014
0.015
0.013
0.006
0.010
0.004
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B.2 X-Ray Fluorescence Spectrometry (XRF)

XRF technique was used to analyze major elements and 11 trace elements concentrations (Nb, Zr,
Y, Sr, Rb, Zn, Cu, Ni, Co, Cr and V) using a Philips X’Unique wavelength dispersive
spectrometer at UCT. Major elements were determined by analysis of fusion disks and trace

elements were determined from pressed powder briquettes prepared as follows.

B.2.1 Preparation of Fusion Disks

Fusion disks were prepared for major element analyses as follows. Two grams of powdered
sample were placed into pre-weighed empty porcelain crucibles and then weighed. The samples
were then dried in an oven for 4 hours at 110°C and subsequently weighed to determine the
weight percentage of H,O™ present in each sample. In order to determine the weight percentage
lost on ignition (LOI) the samples were dried overnight between 850°C and 1000°C. Lastly, 0.7
grams of each sample were mixed with 6 grams of Li;B407-LiBO, flux. The prepared fusion
disks were then stored in dessicator before they were analysed by a Philips X’ Unique wavelength

dispersive spectrometer.

B.2.2 Preparation of Briguettes

Briquettes were prepared by pressing 5 grams of powdered sample and a backing of boric acid
(H;BO3) under 10-ton of pressure. The prepared briguettes were analyzed for selected trace
elements (Nb, Zr, Y, Sr, Rb, Zn, Cu, Ni, Co, Cr and V) by XRF-technique. These trace elements

were also analyzed by ICP-MS technique in order to compare the two techniques.

Analytical errors and detection limits for trace elements are similar to those reported by le Roex
and Dick (1981) and Willis (1999). Analytical errors and lower detection limits of the mafic
standard JB-1, analysed at UCT, by Willis (1999) are presented in Table B.3. For comparison,

recommended values from Govindaraju (1989) are also reported in Table B.3.
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Table B.3. Trace element data (in ppm) for reference standard JB-1 (Willis, 1999) together with analytical
errors and lower detection limits. 1o = lo error, LLD = lower limit of detection (in ppm). Recommended
values are from Govindaraju (1989).

uct lo LLD Recommended
A" 193 1.4 3.0 212
Cr 406 1.5 2.0 469
Co 37.0 0.9 2.3 38.7
Ni 139 0.7 1.0 139
Cu 55.0 0.5 1.1 56.3
Zn 84.0 0.4 0.9 83.0
Rb 39.0 0.2 0.6 41.0
Sr 444 0.3 0.5 435
Y 24.0 0.2 0.6 24.0
Zr 152 0.2 0.4 143
Nb 28.0 0.2 0.5 35.0
U 2.30 0.4 1.2 1.70

B.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

An ELAN 6000 Inductively Coupled Plasma Mass Spectrometer (ICP-MS) was used to
determine the trace element abundances of Tsirub samples in the Department of Geological

Sciences at UCT. Sample preparation for trace element analyses is outlined below.

B.3.1 Sample preparation

Approximately 50 milligrams of each sample were weighed out in beakers. Four millilitres of a
solution containing hydrofluoric acid (HF) and nitric acid (HNO3) in the ratio of 4Hf: 1 HNO;
was added to each sample. The beakers containing the samples were then sealed and placed on a
hotplate for 48 hours to allow the sample to digest, the lids of the beakers were then removed to
dry down the samples on the same hot plate. Two milliliters of concentrated HNO; were then
added to the samples and then dried down for about four hours. This step was repeated once. Four
millilitres of 5% HNO; acid solution which contains 10 ppb of In, Re, Bi and Rh as internal
standards were added. The samples were then kept in an ultrasonic bath for an hour to ensure
complete dissolution. One drop of HF acid was added, in order to keep Ta in solution, and then
about 50 grams of 5% HNOj; were added to each sample. The samples were further diluted with
5% HNO;5 acid solution (containing 10 ppb of In, Re, Bi and Rh as internal standards) by a factor
of 10.
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Table B.4. Average trace elements concentrations (in ppm) of total procedural blanks (TPB) run with the
Tsirub samples (n = number of analysis).

TPB TPB

n=9 n=9
Sc 0.0666 Nd 0.0016
v 0.0321 Sm 0.0004
Cr 0.0537 Eu 0.0002
Co 0.0048 Gd 0.0005
Ni 0.0448 Tb 0.0001
Cu 0.0634 Dy 0.0003
Rb 0.0031 Ho 0.0001
Sr 0.0377 Er 0.0002
Y 0.0015 Tm 0.0001
Zr 0.0491 Yb 0.0002
Nb 0.0163 Lu 0.0001
Cs 0.0012 Hf 0.0013
Ba 0.3388 Ta 0.0730
La 0.0020 Pb 0.2677
Ce 0.0040 Th 0.0005
Pr 0.0007 U 0.0002

Total procedural blanks (TPB) were run during each analysis; the average trace elements
concentrations of the TPB are shown in Table B.4. The international standard BHVO-1 was also
run during each analysis. The results for BHVO-1 and recommended values for this standard are
reported in Table B.4. Repeated analyses of BHVO-1 gave a precision of generally better than

3% relative for all trace elements Accuracy of the analyses can be quoted from Table B.S.

Most trace elements (except for example Nb) show a good comparison between values measured
by XRF and ICP-MS techniques (Fig. B.la). The Tsirub samples show slightly higher Ni
concentrations when analysed by ICP-MS compared to XRF. Nb concentrations obtained by XRF
technique are slightly higher than those obtained by ICP-MS technique. It should be noted that all
the trace element concentrations reported in the main text are those analyzed by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) except for Nb whose reported concentration is
that analysed by XRF technique.
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Table B.5. Average trace elements concentrations (in ppm) of the international standard BHVO-I
produced during trace elements analyses of Tsirub samples. Recommended values (Govindaraju, 1994)
are reported for comparison. %RSD = relative standard deviation and n = number of analysis.

AN-001 to AN-014 AN-014A to AN-024 Recommended
BHVO-1 %RSD BHVO-1 %RSD values for
n=3 n=4 BHVO-1
Sc¢ 29.0 373 29.7 1.75 318
\% 351 1.91 330 2.31 317
Cr 313 1.93 310 2.43 289
Co 42.8 1.17 449 1.66 45.0
Ni 116 1.14 128 1.71 121
Cu 134 1.75 133 1.71 136
Rb 8.96 1.69 9.52 1.94 11.0
Sr 406 1.19 419 1.30 403
Y 24.1 1.35 243 1.85 276
Zr 174 0.82 168 1.24 179
Nb 18.7 0.55 19.7 117 19.0
Cs 0.10 2.99 0.10 2.39 0.13
Ba 13t 0.97 131 1.42 139
La 152 1.94 15.2 117 15.8
Ce 358 1.20 36.0 1.24 39.0
Pr 5.29 1.17 5.00 1.33 5.70
Nd 24.4 0.80 234 1.45 252
Sm 5.57 1.17 5.20 3.02 6.20
Eu 1.91 1.52 1.93 0.98 2.06
Gd 5.94 1.86 572 (.69 6.40
Th (.88 1.01 0.82 1.58 0.96
Dy 490 1.1t 4.66 1.39 5.20
Ho 0.94 0.98 0.87 1.34 0.99
Er 2.31 0.68 2.19 1.26 2.40
Tm 0.31 1.23 0.28 1.54 0.33
Yh 1.80 033 1.72 1.01 202
Lu 0.26 0.90 0.24 1.73 0.29
Hf 3.83 0.93 3.65 0.65 4.38
Ta 1.54 3.57 1.15 0.54 1.23
Pb 2.13 1.42 2.38 0.82 2.60
Th 1.22 1.30 1.21 0.90 1.08
U 0.42 1.69 0.42 1.81 0.42
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Fig. B.1. (2) Ni and Co content analyzed by ICP-MS versus Ni and Co content analyzed by XRF. (b) Nb
content analyzed by ICP-MS versus Nb content analyzed by XRF.

B.4 Sr and Nd isotope analyses

Sr and Nd isotope analyses were carried out in the Department of Geological Sciences at UCT.

B.4.1 Sr isotope analysis

Four millilitres of a mixture of 4:1 HF/HNO; were added to 100mg of sample in a beaker. The
beaker containing the samples were then sealed and placed on a hotplate (~75°C) for 48 hours to

allow the samples to digest. The lids of the beakers were then removed in order to dry down the
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samples. Three millilitres of 6.2M HCL were added to each sample in order to remove HNO;
from the samples. The samples were then dried on a hot plate at 75°C (this step was repeated).
After drying, 2.5M HCL was added to each sample in order to make up 1 millilitre of sample
solution. The sample solutions were then centrifuged for 15 minutes in order to separate any
undissolved sample material so that no undissolved sample material is loaded onto the ion

exchange columns,

B.4.1.1 Sr separation using cation-exchange columns

Sr was separated from the other elements using standard cation exchange columns containing
Dowex AGS0WXS cation resin following the method of Hart and Brooks (1977). Sr separation
was achieved by loading 0.5 milliliters of sample solution onto primary cation exchange columns
from which Sr was eluted with 2.5M HCL. The collected solution containing Sr was then placed
on a hotplate in order to dry down the samples. The samples were pre-mixed with one drop of
HNOj; and one drop of H,PO3 before loading them, as nitrates, onto degassed single Ta filaments.
Analyses were undertaken using a VG Sector 54 seven-collector thermal ionization mass

spectrometer in the Department of Geological Sciences at UCT.

B.4.2 Nd isotope analysis

B.4.2.1 Nd separation using cation-exchange columns

REE elements including Nd were separated from the remaining residue, after Sr collection, by
adding 6 ml of 6.2M HCL. The collected REE sample solution was then dried, and the taken up
into solution by adding 0.25 ml of 0.25M HCL. The final REE solution (0.25 milliliters) was
loaded onto standard secondary cation exchange columns containing a resin composed of teflon

powder coated with HDEHP.

Nd was separated and eluted with 0.25M HCL following the method of Zindler (1980). The
samples were pre-mixed with 1pl of a 1:1 HCL/ H,PO; solution before loading them, as
chlorides, onto double filaments consisting of Ta side filaments and Re centre filaments; the

samples where loaded onto the Ta side filaments.
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B.4.3 Reproducibility of Sr (NBS 987) and Nd (La Jolla) standards

Analyses of Sr standard NBS 987 produced 8781/*%Sr ratio of 0.71023 + 23 (n = 1) that is similar
to the accepted value of 0.71025. To correct for mass fractionation effect the measured 87Sr/4Sr
and '"®Nd/"Nd were normalised t0*°Sr/**Sr = 0.1194 and "“*Nd/'**Nd = 0.7219, respectively.
Repeated measurements of La Jolla yielded average MINA/"Nd = 0.511809 + 21 (20, n = 3)
(Table B.6). Although no repeat analyses for the Sr standard were done the measured 87Sr/%Sr
value of NBS 987 obtained during this study is within error of the accepted value and therefore
the measured *’Sr/*®Sr values of Tsirub samples reported in Chapter 6 are taken to be

representative of these samples.

Table B.6 Average ratios for Sr and Nd standards and 2o errors. Errors quoted for ¥ St/**Sr values and
"*Nd/"*Nd represent 26mea 0N in-run statistics and apply to the last quoted digit of the analyzed ratio.
Abbreviations: n = number of analysis.

Standard Isotope ratio Average 20 error n
NBS 987  ¥78r/8sr 0.710212 23 1
LaJolla  '"PNd/'*Nd 0.511809 21 3
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APPENDIX C

CIPW NORMS AND MINERAL CHEMISTRY DATA

To enhance the readability of this thesis, only representative data are presented in the main text.

Additional data and entire mineral data for the Tsirub samples are presented in this section. The

additional data include calculated CIPW norms (Table C.1), calculated atomic proportions for

olivine and clinopyroxene (Tables C.2 — C.4), major and trace element data of the country rock

intruded by the Tsirub North plug (Table C.5).

Table C.1. Calculated CIPW norms for Tsirub samples. Abbreviations: or = orthoclase, ab = albite, an =
anorthite, ne = nepheline, lc = leucite, di = diopside, ol = olivine, il = ilmenite, hap = apatite.

Tsirub dyke Tsirub North (outer) plug
AN-001 AN-003  AN-004 AN-005 AN-006 AN-012 AN-013 AN-014 AN-018

or 0.00 8.65 6.78 5.09 0.00 7.89 6.49 3.92 7.8

ab 0.00 292 4.13 0.00 0.00 5.62 2.11 6.91 0.00

an 6.41 9.77 6.44 11.0 022 11.2 9.47 212 8.42

ne 211 19.2 229 19.6 17.8 11.3 212 6.56 22.0

I 8.86 0.00 0.00 3.87 182 0.00 0.00 0.00 0.75

di 29.2 32.8 34.1 342 304 316 342 377 346

ol 19.7 13.1 12.3 127 13.6 14.6 12.8 10.2 12.7

cs 1.43 0.00 0.00 0.00 2.81 0.00 0.00 0.00 0.00

cm 0.10 0.07 0.07 0.07 0.08 0.09 0.07 0.06 0.07

mt 4.26 4.34 4.30 4.29 4.90 5.46 4.42 4.27 4.40

il 5.54 6.76 6.52 6.54 8.98 9.69 6.74 6.40 6.80

hap 3.45 2.51 2.60 2.66 3.02 2.66 2.57 2.76 2.54

Table C.1. Continued.

Tsirub North (inner) plug AN-016 and AN-019
AN-007 AN-007A AN-008 AN-009 AN-010 AN-011 AN-017 AN-018 | AN-816 AN-019

or 0.00 1.07 7.28 4.19 0.00 1.26 0.00 0.00 2.06 0.00
ab 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
an 335 8.05 5.34 4.53 5.74 6.84 2.15 4.68 3.70 6.08
ne 23.0 20.0 24.0 253 232 20.9 233 23.6 22.8 242
le 10.3 8.13 1.53 3.58 10.1 8.36 12.7 9.53 7.3¢ 8.62
di 325 333 343 357 288 34.0 315 35.1 359 32.6
ol 135 143 126 12.2 15.2 13.6 13.5 12.4 12.5 . 141
cs 0.94 0.00 0.00 0.00 2.31 0.00 1.86 0.15 0.00 0.21
cm 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.07 0.05
mt 4.22 4.30 4.22 4.12 4.24 4.23 4.24 4.25 4.67 4.25
il 4.94 495 4.76 4.69 4.83 4.90 4.90 4.84 7.30 5.75
hap 5.39 6.04 5.94 5.71 5.60 5.95 5.90 5.47 3.75 4.31
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Table C.1. Continued.

Tsirub South plug
AN-021  AN-022 AN-023 AN-024
or 0.00 0.00 0.00 0.00
ab 0.00 0.00 0.00 0.00
an 4.70 3.20 4.95 6.96
ne 22.6 239 220 20.2
Ie 11.7 12.0 13.4 11.8
di 289 28.5 223 29.2
ol 14.1 142 16.1 143
cs 3.24 3.76 6.58 2.87
cm 0.05 0.05 0.04 0.05
mt 4.56 4.45 4.46 4.49
il 6.42 6.28 6.43 6.35
hap 3.84 3.71 3.77 3.92

Table C.2. Atomic proportions calculated for olivine analyses from Tsirub intrusions on the basis of 4
oxygens.

Tsirub dyke
AN-001
p(core) p{(rim) p{core) p(rim) p gm gm gm
Si0, | 42.08 42,15 4199 4173 41.74 4154 4212 4165
TiO, - 0.01 0.03 0.00 0.01 0.01 0.01 0.00

ALG,) 0.02 0.03 0.02 0.04 0.03 0.02 0.02 0.07
Cr,0;1 013 0.13 0.13 0.14 0.11 0.13 0.13 0.13
FeO 9.19 892 10.60 10.78 9.78 11.34 8.86 9.25
MnO | 010 0.10 0.09 0.09 0.11 0.11 0.10 0.11
MgO | 47.66 4787 4707 4650 4735 4637 4754 4757
Ca0 0.03 0.03 0.01 0.03 0.02 0.01 0.02 0.02
NiO 0.39 0.37 0.35 0.35 0.39 0.34 0.40 0.38

Total | 99.59 9960 10028 99.67 9955 9989 9920 99.18

Fo 90.3 90.5 88.8 88.5 89.6 88.00 90.5 90.2
Fa 9.3 9.5 11.2 115 10.4 12.10 9.5 98

Number of cations on the basis of 4 oxygens:

Si 1.030  1.030  1.027 1.028 1.025 1.024 1033 1025
Ti - 0.000 0.000 0000 0.000 0000 0000 0.000
Al 0.0600 0.001 0.000 0001 0001 0000 0000 0.002
Fe'” | 0188 0.182 0217 0222 0201 0234 0182 0.190
Mn 0.003 0.003 0.003 0003 0002 0.003 0003 0003
Mg 1739 1744 1716 1708 1734 1705 1738 1.745
Ca 0.003 0.003 0.002 0002 0003 0003 0003 0003
Cr 0.000 0.000 0.000 06000 0000 0000 0000 0.000
Ni 0.008 0.007 0.007 0007 0008 0007 0008 0.008
Sum {2970 2970 2973 2972 2974 2976 2966 2974
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Table C.2. Continued.

Tsirub North (outer) plug
AN-003 AN-005

P 2 P gm gm gm gm_|pfeore) plrim) p p p{core) p (rim)
Si0, | 4157 41356 41.58 41.41 41.53 4134 4150 4118 4075 3965 4081 41.42 40.68
TiO, 0.07 0.04 0.03 0.03 0.04 0.04 0.03 0.03 0.05 0.04 0.02 0.02 0.04
ALO; | 001 0.03 0.04 0.02 0.01 0.03 0.05 0.05 0.04 0.01 0.05 0.05 0.03
Cr,0,1 0.03 0.02 0.03 0.02 0.04 0.04 0.02 0.03 0.03 0.02 - 0.03 0.01
FeO 14.64 14.37 13.90 14.00 14.20 14.11 14.59 13.81 616 2217 17172 14.59 18.71
MnO | 0.24 0.27 0.23 0.24 0.23 0.25 0.26 0.21 0.33 0.57 0.34 0.25 0.40
MgO | 4322 4345 4399 43.75 4370 4348 4370 4393 4244 3782 4116 4294 40.10
Ca0 0.40 0.39 0.28 0.33 0.37 0.35 033 0.28 0.35 0.45 0.28 0.30 034
NiQO 0.15 0.17 0.18 0.17 0.14 0.15 0.14 0.17 0.15 0.08 0.14 0.16 0.11
Total | 10032 10029 10026 10029 10026 9981 10062 9968 10031 10082 100.53 99.76 100.41
Fo 84.0 84.4 §4.9 84.8 846 84.6 842 85.0 824 75.3 80.6 84.0 79.2
Fa 16.0 15.6 15.1 152 154 154 15.8 15.0 17.6 24.7 19.5 16.0 207

Number of cations on the basis of 4 oxygens:

Si 1.034 1.034 1.032 1.032 1.032 1.032 1.030 1.029  1.024 1.021 1.029 1.037 1.032
Ti 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001  0.001 0.001 0.000 0.000 0.001
Al 0.000  0.001 0.001 0.000 0.000  0.001 0.001 0.001  0.001 0.000  0.001 0.001 0.001
Fe?t 0.305 0.299 0.289 0.292 0.295 0295 0303 0288 0339 0477 0374 0.305 0.397
Mn 0.005 0.006 0.005 0.005 0.005 0.005 0005 0005 0007 0012 0007 0.005 0.008
Mg 1.604 1.612 1.628 1.625 1.620 1.619 1.617 1636  1.590 1452 1547 1.602 1.517
Ca 0.011 0.010 0.007 0.009 0010 0009 0009 0007 0010 001z 0008 0.008 0.009
Cr 0.000  0.000 0.001 0.000 0.001 0.001 0.000 0001  0.001 0.000 - 0.001 0.000
Ni 0.003 0.003 0.004 0.003 0.003 0.003 0003 0003 0003 0002 0003 0.003 0.002
Sum | 2.963 2.965 2.967 2.968 2967 2966 2968 2971 2975 2978 2970 2.963 2.967
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Table C.2. Continued.

Tsirub North (outer) plug

AN-005 AN-013
gm gm gm gm p(core) p(rim) p{core) p(rim) D gm gm gm

Si0, 40.96 41.23 41.31 41.50 41.35 41.19 41.51 41.43 41.55 4148  41.62 41.53
TiO, 0.05 0.03 0.03 0.06 0.04 0.02 0.04 0.05 0.02 0.04 0.09 0.05
ALO, 1 0.03 0.03 0.03 0.12 0.01 0.01 0.05 0.06 0.06 0.05 0.04 0.04
Cr,0;1 003 0.01 0.02 0.02 0.03 0.02 0.04 0.04 0.02 0.03 0.03 0.04
FeO 17.12 16.30 16.53 14.93 14.46 16.04 13.52 14.32 14.04 14.82 15.36 14.02
MnO 0.37 0.28 0.32 0.28 0.26 0.32 0.23 0.24 0.23 0.23 0.25 0.23
MgO | 41.66 42.30 41.55 43.09 43.57 2.1 4440 4352 4347 4357 4274 44.26
Ca0 0.32 0.34 0.36 0.33 0.37 0.50 0.29 0.32 0.32 0.32 0.31 0.32
NiO 0.15 0.16 0.14 0.21 0.13 0.11 0.18 0.15 0.16 0.15 0.16 0.17

Total | 10070 100.68 10029 10053 10023 10033 10026 10013 9987 10068 10059  100.67

Fo 81.3 82.2 817 83.7 84.3 82.4 85.4 84.4 84.7 84.0 83.2 84.9

Fa 18.7 17.8 18.2 16.3 15.7 17.6 14.6 15.6 153 16.0 16.8 15.1
Number of cations on the basis of 4 oxygens:

Si 1.029 1.031 1.037 1.033 1.030 1.033 1.029 1.032 1.036 1.030  1.036 1.028

Ti 0.001 0.001 0.001 0.001 0.001 0.000  0.001 0.001 0.000  0.001 0.002 0.001

Al 0.001 0.001 0.001 0.003 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001

Fe? 0.360 0.341 0.347 0.311 0.301 0.336 0.280 0298 0293 0308 0320 0.290
Mn 0.008 0.006 0.607 0.006 0.006 0.007 0.003 0.005 0.003 0.005  0.0035 0.005
Mg 1.560 1.577 1.556 1.599 1.618 1.574 1.641 1.616 1.616 1.612 1.586 1.633
Ca 0.009 0.009 0.010 0.009 0.010 0.014 0.008 0.009  0.008 0.009  0.008 0.009
Cr 0.001 0.000 0.000 0.060 0.001 0.600 0.001 0.001 0.000 0.001 0.001 0.001
Ni 0.003 0.003 0.003 0.004 0.003 0.002 0.004  0.003 0.003 0.003 0.003 0.003

Sum 2.970 2.968 2.961 2.965 2.969 2.967 2970 2966 2963 2968 2962 2.971
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Table C.2. Continued.

Tsirub North (inner) plug
AN-007 AN-017
B p{core} _ p(rim) p p gm gm gm D P P p
8i0, | 4187 4140 41.63 41.57 4176 4149 4140 4137 4096 4155 4217 40.30
TiO, 0.03 0.03 0.03 0.00 0.04 0.03 0.04 0.04 0.04 0.03 0.01 0.01
ALO,| 004 0.03 0.02 0.02 0.03 0.04 0.03 0.04 0.01 0.02 0.01 0.01
Cr,0;1 002 0.03 0.03 0.02 0.02 0.05 0.05 0.03 0.02 0.01 0.02 0.02
FeO 13.92 14.54 15.96 13.68 14.17 13.89 13.94 14.01 16.72 13.92 7.79 18.96
MnO | 027 0.22 0.30 0.21 0.22 0.26 0.23 0.25 0.36 0.20 0.11 0.50
MgO | 43.72 43.48 4210 44.26 43.82 4378 4393 4372 4191 4401 4872 40.50
CaO 0.31 0.28 0.38 0.30 0.32 0.31 0.32 0.33 0.29 0.23 0.05 0.26
NiO 0.16 0.14 0.11 0.18 0.15 0.17 0.17 0.17 0.16 0.24 0.36 0.18
Total | 100.34 100.15 10058 10025 10053 100.00 100.13 9996 10047 10022 99.24 100.74
Fo 84.9 842 82.5 852 84.7 84.9 84.9 84.7 81.7 84.9 91.8 79.2
Fa 15.2 15.8 17.5 14.8 154 15.1 15.1 152 18.3 15.1 82 20.8
Number of cations on the basis of 4 oxygens:
Si 1.038 1.032 1.040 1.031 1.035 1.033 1.029 1031 1.029 1.032  1.029 1.022
Ti 0.001 0.001 0.001 0.000 0.001 0.001 0.001  0.001  0.001 0.001  0.000 0.000
Al 0.001 0.001 0.000 0.001 0.001 0.001 0001 0001 0000 0000  0.000 0.000
Fe* 0.289 0303 0.333 0.284 0.294 0289 029 0292 0351 0289 0159 0.402
Mn 0.006  0.005 0.006 0.004 0.005 0.005 0005 0005 0008 0004 0002 0.011
Mg 1.616 1.616 1.567 1.637 1.619 1.625 1.630 1.625 1.570 1.630 1L.772 1.531
Ca 0.008  0.007 0.010 0.008 0.009 0008 0008 0.009 0008 0006 0001 0.007
Cr 0.000  0.001 0.001 0.000 0.000  0.001 0001  0.001 0000 0000 0.000 0.000
Ni 0.003 0.003 0.002 0.004 0.003 0.003 0.003  0.003 0003 0005 0007 0.004
Sum | 2.961 2.967 2.960 2.969 2.965 2966 2968 2967 2971 2968 2971 2.978
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Table C. 2. Continued.

Tsirub South plug
AN-021
p 14 p
Si0, | 40.03 3985 4040
TiO, | 0.02 0.04 0.01
ALO,1 0.04 0.02 0.02
Cr, Oy - 0.01 0.02
FeO | 22.80 2296  20.03
MnO | 074 0.78 0.54
MgO | 3691 3746  40.35
Ca0 0.48 0.44 0.33
NiO 0.08 0.07 0.09
Total | 101,10 101.61 101.79
Fo 74.3 74.4 78.2
Fa 257 25.6 21.8
Number of cations on the basis of 4 oxygens:

$i 1.030 1.021 1.019
Ti 0.000  0.001  0.000
Al 0.001  0.000 0.000
Fe" | 0491 0492 0422
Mn 0.016 0.017 0.011
Mg 1416 1432  1.517
Ca 0013 0012 0.009
Cr 0.000  0.000 0.000
Ni 0.002 0.001 0.002
Sum 2969 2977 2981
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Table C.3. Major element analysis and atomic proportions for Tsirub clinopyroxenes, calculated on the
basis of 6 oxygens.

Tsirub dyke

AN-001
p(core} p (rim) p p (core) p{rim)
Si0, 49.24 48.94 49.26 46.51 48.86
Ti0, 227 2.51 228 2.77 2.40
ALO, 1 424 4.64 4.62 7.38 4.49
Cr,0;1 013 0.24 0.20 0.09 0.24
FeO 6.08 351 5.53 6.80 5.67
MnO 0.08 0.09 0.08 0.07 0.11
MgO | 1439 14.36 14.32 12.56 14.29
Ca0 23.62 23.79 23.76 23.09 23.76
Na,O | 037 0.36 0.36 0.67 0.37
K,0 0.0t - 0.01 0.01 -

Total | 10043 10044  100.41 99.95 100.19
Wo 48.8 49.5 49.5 50.3 494

En 414 41.6 41.5 38.1 414
Fs 9.8 8.9 9.0 11.6 9.2
Si 1.844 1.831 1.841 1.772 1.834

AY | 0148 0162 0159 0228  0.157
AM | 0000 0000 0002 0034 0.000
Ti 0.064 0071 0064 0079  0.068
Fe | 0190 0172 0173 0217 0178
Mn 0.003 0003 0003 0002  0.003
Mg 0.803 0801 0798 0713 0.800
Ca 0.948 0954 0952 0943 0956
Na 0.027 0026 0026 0050  0.027
K 0.000 0000 0060 0000  0.000
Cr 0.004 0007 0006 0003 0007
Sum | 4030 4026 4024 4041 4030
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Table C.3. Continued.

Tsirub North (outer) plug
AN-003 AN-005
P p{core) p(rim) p(core) pfrim) gm gm gm | p{core) p{rimj p(core) p (rim)
Si0, | 4839 4876 4828 4575 4665 4763 4305 4734 4896 4889 4416 4241
TiO, | 2.83 277 2.61 4.00 3.65 2.88 519 2.89 2.52 2.51 4.75 5.31
ALO, | 427 4.19 4.80 7.07 6.01 4.95 8.19 4.84 4.13 424 7.93 9.12
Cr,0,] 020 0.02 0.10 0.34 0.37 0.32 0.27 0.25 0.20 0.21 0.01 0.26
FeO 6.46 6.52 6.78 6.50 6.50 642 7.36 6.87 5.81 6.01 7.52 7.54
MnO | 0.14 0.10 0.14 0.05 0.10 0.10 0.13 0.11 0.11 0.07 0.09 0.09
MgO | 1429 1414 1433 1302 1328 1428 1197 1443 1456 1455 1213 11.63
Ca0 | 2308 2337 2270 2330 2303 2321 2311 2272 2334 2346 2308 2314
Nz,0 | 035 0.46 0.35 0.53 0.66 0.43 0.59 0.41 0.37 0.38 0.54 0.51
K0 | 001 - 0.11 0.01 0.03 0.01 0.02 0.04 0.00 - - 0.01
Total | 100.03 10032 10020 10058 10027 10023 9987 9990 10000 10031 10021 10002
Wo 48.1 48.6 474 50.1 49.4 483 50.8 472 48.5 48.5 50.4 512
En 41.4 40.9 41.6 39.9 39.7 413 36.6 417 42.1 41.8 36.8 35.8
Fs 10.5 10.6 11.0 109 109 10.4 12.6 11.1 9.4 9.7 12.8 13.0
Number of cations on the basis of 6 oxygens
Si 1.824 1837 180 1735 1768 1798 1665 1795 1830  1.833 1695 1.643
AY 10150 0147 0169 0250 0212 0174 0295 0171 0145 0148 0284 0329
AM | 0000 0000 0000 0000 0000  0.000 0000 0000 0000 0000 0000  0.000
Ti 0.080 0078 0074 0114 0104 0082 0151 0082 0071 0071 0137 0.155
Fe?t | 0204 0205 0214 0206 0206 0203 0238 0218 018  0.188 0241 0.244
Mn 0005 0003 0005 0002 0003 0003 0004 0004 0003 0002 0003 0003
Mg 0.803 0792  (.805  0.736 0751 0804 0690 0816 0815 0813 0694 0672
Ca 0932 0941 0917 0947 0935 0939 0958 0923 0939 0943 0949 0961
Na 0.026 0033 0025 0039 0048 0031 0044 0030 0027 0027 0040 0033
K 0.001 - 0.005 0000 0001 0001 0001 0002 0000 - - 0.000
Cr 0006 0001 0003 0010 0011 0010 0008 0007 0006 0006 0000 0008
Sum | 4030 4033 4037 4040 4041 4044 4054 4049 4028 4032 4045 4054
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Table C.3. Continued.

Tsirub North (outer) plug
AN-005 AN-013 AN-015

pfcore) p(rim) pgm gm P p 4 D gm gm | pleore)  p(rim)
Si0o, 46.46 44.95 48.03 46.25 47.79 49.31 49.02 4766 4838 4832 4819 43.06
TiO, 3.57 4.08 2.90 3.52 2.90 2.40 2.36 3.15 2.90 2.78 2.64 5.10
ALO, | 5353 7.14 4.37 535 4.51 3.64 397 4.84 432 4.16 4.77 8.63
Cr,04 - 0.43 0.01 0.04 0.16 0.20 0.30 0.07 0.11 0.05 0.23 0.02
FeO 7.36 6.53 7.38 7.40 6.74 5.75 6.10 6.72 6.64 6.66 6.28 8.05
MnO | 0.09 0.05 0.16 0.12 0.18 0.09 0.10 0.18 0.14 0.09 0.09 0.11
MgO | 1329 12.80 13.29 13.75 14.34 14.81 14.90 14.31 14.21 14.20 14.56 11.39
Ca0 23.14 23.08 2297 23.05 2338 23.58 23.41 23.41 23.41 2329 2278 2290
Na,O | 0.43 0.50 0.75 0.45 0.35 0.37 0.37 0.41 0.30 0.40 0.36 0.71
K,0 0.00 0.02 0.02 0.01 - 0.00 0.00 - 0.01 0.00 0.09 0.02
Total | 99.87 99.59 99.87 99.95 10035 10015 10073 10075 10042 9996 9999 100.00
Wo 48.8 502 48.6 48.1 48.1 48.4 47.9 482 48.4 483 41.5 50.8
En 390 387 392 399 41.1 423 424 41.0 40.9 41.0 423 35.2
Fs 12.1 1.1 12.2 12.0 10.8 9.2 9.7 10.8 10.7 10.8 10.2 14.0

Number of cations on the basis of 6 oxygens:

Si 1.773 1.725 1.824 1.765 1.801 1.846 1.829 1.791 1.818 1.823 1.817 1.668
Al 0.197 0.255 0.155 0.190 0.102 008  0.08 0110 0102 0.098  0.168 0.312
ALY 0.000 0.000 0.000 0.000 0.000 0.000 0000 0000 0000  0.000 0.000 0.000
Ti 0.102 0.118 0.083 0.101 0.128 0.102 o111 0.137  0.122 0.118  0.075 0.149
3 0.235 0.210 0.234 0.236 0.212 0.180  0.190 0211 0209 0210  0.198 0.261
Mn 0.003 0.002 0.005 0.004 0.006 0.003 0.003 0006 0004 0003 0.003 0.004
Mg 0.756 0.732 0.752 0.782 0.806 0.827 0.829 0802 079 0799 0.819 0.658
Ca 0.946 0.949 0.934 0.942 0.944 0946 0936 0943 0.943 0942 0920 0.950
Na 0.032 0.037 0.055 0.033 0.025 0027 0027 0030 0022 0029 002 0.053
K 0.000 0.001 0.001 0.001 - 0.000 0.000 - 0.001 0.000  0.004 0.001
Cr - 0.013 0.000 0.001 0.005 0.006 0009 0.002  0.003 0.002  0.007 0.001
Sum 4.044 4.042 4.043 4.056 4.030 4.021 4024 4031 4020 4024 4037 4.056
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Table C.3. Continued.

Tsirub North (outer) plug
AN-015

p{core)  plrim) gm gm
Si0, | 4653 4394 5204 35286
TiO, | 3.14 4.85 1.57 1.23
ALO, L 6.12 7.76 1.59 0.94
Cr,0, 1 055 0.14 0.03 -
FeO 6.43 7.29 5.92 6.37
MnO | 0.07 0.09 0.20 0.18
MgO | 1365 1220 1509  15.00
CaQ | 23.19  23.18 2345 2277
Na,0 | 0.48 0.45 0.71 0.98
K,0 0.00 0.01 0.02 0.02
Total | 100.16 9991 10062 10035
Wo 49.1 50.6 47.8 46.8
En 40.2 37.0 42.8 42.9
Fs 10.6 12.4 9.4 10.2
Si 1766 1.692 1926  1.957
AY 1 0216 0279 0.054  0.043
AM 1 0000 0000  0.000  0.000
Ti 0.090  0.140 0044  0.026
Fe®! 0.204 0235  0.183  0.197
Mn 0.002  0.003 0006  0.006
Mg 0772 0700 0.833  0.828
Ca 0.943 0956 0930  0.903
Na 0.035  0.034 0051 0070
K 0.000  0.001  0.001  0.00!
Cr 0.016  0.004  0.001 -
Sum | 4.046 4.044 4029 4031
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Table C.3. Continued.
Tsirub North (inner) plug
AN-007

P 4 p gm gm gm

$i0, 49.68 4791 48.50 49.13 47.36 48.84
Ti0, 2.23 3.06 2.81 2.65 3.26 2.55
ALO,| 363 464 429 4.07 49 379
Cr,0,| 028 011 0.21 0.24 004 028
FeO 5.46 6.94 6.05 6.21 7.23 5.84
MnO 0.13 0.11 0.13 0.13 0.10 0.07
MgO 15.29 14.08 14.72 14.89 13.97 14.97
Ca0 23.56 23.52 23.48 23.30 23.20 2332
Na,O | 031 0.41 0.39 033 0.44 0.39
K,0 0.01 0.00 0.01 0.01 0.01 0.01

Total | 100.58 100.78  100.59 10096 100351  100.06

Wo 48.0 48.5 48.2 417 48.1 479

En 433 40.4 42.1 42.4 40.3 42.8
Fs 8.7 11.2 9.7 9.9 L7 9.4
Si 1.848 1.800 1.815 1.829 1.788 1.833

AT L0077 0107 0098 0092 0115 0.089
AY 1 0000 0000 0000 0000 0000 0.000
Ti 0102 0.3t 0121 0114 0139 0.107
Fe?” | 0170 0218 0189 0193 0228 0183
Mn 0.004 0003 0004 0004 0003  0.002
Mg 0.848 0785  0.821 0827 0786 0838
Ca 0939 0947 0942 0929 0938  0.938
Na 0022 0030 0028 0024 0032 0028
K 0.000 0000 0001 0000 0001  0.001
Cr 0008 0003 0006 0007 0001 0.008
Sum | 4019 4028 4025 4020 4032 402

Table C.5. Major (in wt.%) and trace (in ppm) element analyses of the country rock (AN-002) intruded by
Tsirub North plug. All Fe reported as Fe,O,. Mg# = atomic Mg/(Mg + Fe’) calculated assuming
Fe,04/FeQ = 0.2. *Analysed by XRF.

XRF: AN-002 ICP-MS: AN-002 AN-002
Si0,  68.8 Sc 2.03 Th 60.9
TiO, 047 Ni 7.54 U 1.08
ALO, 144 Cr 41.1 La 170
Fe,0,  2.69 Co 278 Ce 326
MnO  0.03 \% 26.6 Pr 34.2
MgO  0.68 Cu 12.5 Nd 107
Ca0 165 Zn 65.8 Sm 10.4
Na,0O  2.80 Rb 229 Eu 1.62
KO 662 Sr 203 Gd 4.18
P,0, 0.14 Ba 1474 Tb 0.35
H,0-  0.114 Y 3.21 Dy 1.03
Lol 076 Zr 61.8 Ho 0.14
Total  99.23 Nb* 12 Er 0.27
Hf 1.53 Tm 0.03
Mgt 037 Ta 0.47 Yb 0.14
Pb 42.1 Lu 0.02
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