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ABSTRACT

riit' volcaniclastic sediments and nephelinile lavas of the Mashikiri I'onnation, Lebombo Group, have been well documented in the
P;tfun region and in the Sahi region, Zimbabwe. The well-exptwed Sfcrion alonjj rhe Olifanrs Ki\er in the Kruger National Park
provides cogeni additional intomiation. The Shi.sbwayini Beds ar rhe base of tbe .sucfcssion represents volcaniclastic d ĵxisiLs on
tlu' Tsbipisc Sandstone Member of the Claren.'i Formation. The re.st of the Mashikiri formation in the Olifants River seclion is
ncpliL-linite in which nupbeline is accompanied by olivine, clinopyroxene, devitrified glass, katopborite and opaque oxides.
CliL-mkal mcxielling shows that the nephelinites were deri\'ed hy p;n1i;il melting of mantle peridotite enriched in inconipaiible trace
elements and by subsequent fracrion;ition of pyroxene and oli\ine. Cmsriil conramination did not play u signititLint role in derived
[iiiigma composition. The Olifants Kiver section defines a third source ot undersaturated parent magma distinct trom the twti sources
previously identified from outcrojys io ihe nonb by uilier authors.

Introduction
The break-up of Gondwana cotiimenced with silica-
undersaturated voicanicity (Cox et al.. 1967: Rhodes and
Krohn. 1972; Cox. 1978a; b; 1980; Eale.s et al.. 1984;
Wilson, 1989; Coffin and Eldholm, 1994; White and
McKenzie, 1995; Duncan el al., 1997). The monoclinal
.structure of the Lebombo provides an ideal profile
through the volcanic succession. In tbe Olifants River
section the basal sequence i.s represented by
nephelinitcs and volcaniclastics (Figure 1). Other
nephelinite outcrops occur in separated areas to the
north. In his excellent study of the nephelinites of
tbe Pafiiri and Sabi (Zimbabwe) regions. Bristow (1980)
correlates the rocks with those of the Olifants River
occurrence. Cleverly and Bristow (1979) proposed
tbe tertn Mashikiri Formation to collectively group the
Lindersaturated alkali rocks from the three different
outcrop regions. The aim of the present study is to
pro\'ide a coherent set of geochemical analyses and
pctrograpbic descriptions for the characterisation of the
Olifants River profile.

Regional Geology and Tectonic Setting
The Lebombo monocline is a major geological feature,
extending northwards trom Natal, South Africa over
75()kni throLigb Swaziland to Zimbabwe. The rocks
under discussion form part of the Lebombo Group
(Schutte, 1986) ot" the Mesozoic Karoo Supergroup. In
the stLidy area the volcanic rocks of the Lebombo Group
have extruded upon a relatively thin layer of Karo(j
sediments that i.s correlated with the Clarens Formation
of the Karoo basin (Schutte, 1986). At the western eclgc
of the monocline, the Mesozoic rocks rest mainly on
granitic basement of the Kaapvaal Craton (Bristow.
1980) and to tlie east, in Mozambique, the Lebombo
Group volcanics are overstepped by marine sediments

of Cretaceous age (Eales et al.. 1984), In the Kruger
National Park (KNP) the relevant basement comprises
several units. These are (i) in the south: Swazian rocks
of the Nelspruit Granite Suite (~3.2 Ga, Barton et al..
1986), tonalitic and trondhjemitie gneisses and
the Orpen Gneiss, (ii) in tlie north: Swazian rocks of the
Goudplaats Gneiss (>~3.5 Ga; Barton et al., 1986) and
the Makhutsv '̂i Gneiss (Jantsky, 1980). The Goudplaats
Gneiss contains xenoliths that are similar to the oldest
exposed rocks in the KNP, representing the Murchison
and Sutherland greenstone belts (Barton et ai. 1986).
The granitic basement rocks to the west of the study
area are intruded by small bodies of Timbavati Gabbro
dated at -1.45 Ga (Barton et ai, 1986).

Field Relations
Rocks of the Lebombo Group are expo.sed along a
50 km stretch ot" the Olifants River in South Africa. The
detailed field relations of the Mashikiri Formation along
the Olifants River section are shown in Figure 2.
All mappable units in the profile are represented by very
distinctive rocks (Table 1).

The kjwennost rocks of Kar<K) age in the .study area
are sandstones, correlated with the Tshipise Sandstone
Member of the Clarens Formation (Schutte. 1986;
Bristow and Venter, 1986). The sandstones are generally
massive, displaying dune cross-bedding and structures.
Carbonate nodules and concretions also occur and
tibitiuitous calcite veining has an average trend of
020. tron oxide staining and iron-manganese dendrites
are conspicuous on some surfaces.

A thin, locally-developed layer (~130cm; the
Shishwayini Beds. Table 1) of reworked volcanic
material (Figures 3 and 4) represents the lowermost
volcanic rocks. These volcaniclastics rest unconformably
upon the Clarens Formation.
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Figure 1. (_lo»l()giciil locality map allowing the di.stribuiion

lilt.- Krtijit-r Naiional Park (adaptt-d from Schutte. 1986). Dvt:
of (lie Mashikiri and rt'lated formarii)ii^ i\ ornaincnO alonji the ct-mral jxiri ol

dis of the traverse along part of the Olifanis River are .supplied in Figure 2.

The volcanicla.stics are macroscopically di.stinctive
(deep red-brown colour and conspicuous bedding
planes) with a variety of sedimentary structures. The
latter includes planar and trough cross-bedding, as well
as erosional channel features and de-watering
di.smptions (lower middle. Figure 3). The Shishwayini
Beds can be subdivided into five laterally persistent units
(Figure 5). The thickness and grain-size of individual
units are highly variable.

A thick sequence of black to dark grey nephelinite
lavas (~300m) overlies the volcaniclastics in the study
regitjn and has an average di|-> of 10° to the west.
The rocks possess a distinctive phenocnst assemblage
and texture with \'esicles and large amygdales filled by
quartz aiui calcite. The lower contact with the
voicaniclastics is irregular. Hxtrusion of the lava caused
disruption of the SLihjaccnl sediment (Figure i). A highly
brecciated 7.one that reaches a thickness of SOcm occurs

Table 1. Dutfrmined ihiLkncsHcs of the Lebombo Groufi in llic Olifant.s River stviion (slratigraphif Milxlivi.sion according to Cleverly and
tkistow, 1979).

Formation
Jozini

Sabi Kivcr

lA.'taba

Ma.shikiri

Clarens

Kaapvaal Basement

Beds

L-pper Olifants

Lower Olitants

Shishwayini

Thickness
4.2km
5,6kni

1.3km

-300111

-13()c-m

LJnconformity

Lin known

(.'nconformity

Best Age

|77±6 Ma(a)

178 Ma(b)

177±y Ma(b)

!7H .Ma (b)

-210 .M:i (c)

pre 52m Ma Id)

Lithologies
Khyolite ash-Hows with inicrbeddcd basalts

Low-Mg basalts

Wiyulite lava

Khvolitu lava

I'icro-ha salts

Nephelinites

Vole a noc la sties

Aeolian sandstone

Granitic gneiss

a) Allsopp c; hi Fitrli and Miller (19841 cl Htrilhorn C19H11 d) B;irT.)n c/«/. (1984)
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A

Figure 2. Geokigical Dutcrop map ot thtj Mashikiri Formation

fxp(),sed along the Olifant.s River. Thf regional geological context

i.s supplied in Figtire 1. The tiunihered localities are referred to in

the texl

Figure 4. Details ot" the conriici between the volcaniclastic

.sediments (Shishwayini Beds, pseudo-layered material in the

liottotn half of the photograph) at the base of the Mashikiri

Formation with overlying nephelinite bva tlows. The leucocratic

zone to the left of the pick end of tlie geological hammer

represents brecciation caused hy phreatic activity. Looking east.

locality 2. Figure 2.

Lit tilt' ba.sc of the lowest nephelinite flow. Large vesicles
{0,5mm to 2cni) are developed in this 7xmc. The
brecciated and incorporated sediments are interpreted to
indicate eaiption onto wet. itnconsolidated material,
with attendant phreatic activity.

In the basal nephelinite flow, amygdale.s gradually
become less upwards and vesicles snialler and more
spherical. Discernible flow-banding is present
immediately above the breccia zone in localised patches.
About 50ctn above the base of the first flow, large black
pyroxene and small olivine phenocryst.s appear.

Figure 3- Vulcaniclastic sedimenis at the l)ase ol the Mashikiri

Formation (Shishwayini Beds), Olifants River. Looking ea,st,

locality 1. Figure 2. lht- head o( the geiilugical hamdier is resting

on Clarens saml.sione.

However, it is only higher up in the sequence that the
characteristic texture bectmies conspicuous (pyroxene
clusters, up to 5ctn in diameter, acctJmpanied by
euhedral oli\ine). The exposed thickness of the
Mashikiri Formation in the study region is almost
doubled by numerous normal f;iiilts (Figure 2). The
displacement of each fault is of the order ol' a few
metres, with an average strike of 02S.

Petrography and Mineralogy
Oli\ine dn^l clinop\ro\ene phenocrv'sts are present in
nearly all o( the nephelinilc la\a flows. Cirain size varies
widely frotn de\'itrifietl hypohyaline (olivine phyrlc) to
holocrystalline porphyritic (pyro.\ene phenociysts).
Hhenocrysts of opacjue oxides are rare. The opticalK-
distinguishable grotmiltnass in fine-grained layas
C(jnsi,sts of pyroxene needles, tiepheline and opacjue
oxides. Large patches of brown devitrifled glass are
common, especially in flows at the base of the
succession. Coarser grained matrix comprises altered
ne[iheliiie, a colourless isotropic mitieral and clay
minerals. Rare patches of late cry.stallisation with
nepheline, anaicite and K-fe!dspar were first noted by
Bristow (1980).

Pyroxene in the nephelinites is highly variable in
terms of modal per cent (10 to 3S), crystal morphology
(euhedral to subliedral), ciystal size (O.Stnm to Hem) and
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UNIT HEIGHT (CM)

MashiKm
Nephelinite

Grey, brecciated and vesicular nephelinite
lava flow.

Lithology similar to D, but with local
trough bedding structures. Angular red
fragments seen towards the top
disrupting beds, probably volcanic
blocks. Variable thickness.

Similar trough features as units C, but
possess banding of coarse, dark bands of
units C lithology and finer, light bands of
more muddy material.

Poorly sorted unit of angular lithic fragments.
Disrupts the top of unit B, forming
channel-like structures.

Very well-bedded unit, Beds up to 3cm thick.
Bi-drectional cross-bedding seen throughout,
Beds are upward coarsening from fine
sediment to more ashy component.

Sharp break 50

« *

Massive or weakly bedded, with one local
layer of well-bedded sediment. Thickness
is variable, but unit is always present.

Unconformity

Clarens
Sandstone

Massive, off-white sandstone with large scale
dune structures.

Figure 5- Sirintiiral i.k'l:iil,-, <i1 IIIL- ^lii.sli\va\ ini HL-II.S oi tlit .Mashikiri Formation.

Figure 6. ClIonKTiiporpliyrilic lexturL' in nfplK'liniR' (nnif \\\i: Figure 7. Analytic data for augitic phenocrysi pyroxene in the

"birds-fddt" CIUSILT almvL- ii,i;hl ol' tht- coin). nepheiinite oi tiie .Mashikiri i'onnatinn. projcvtec! un ihe pyroxene

trapezium.
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Table 2, Mean pyroxene compositions and stnictunil formulae

(to 6 oxygen atoms) from the nephelinites of the Mashikiri

Formation.

2-cpx
Augite
36-cpx 238-cpj(

Jadeite
2-cpx

Table 3. Mean composition and structural formulae (to 23 oxygen

atoms) of sodic amphibote (magnesio-kataphorite) and kacrsutite

in the nephelinite of the Mashikiri Formation (classilied alter

Richard and Clarke, 1W7).

SiO2
TiO.

AljO,

Cr..O^

FeO

MnO

MgO

CaO

NajO

K.O

Total

Si

Al'̂

T-site

Ar'
Ti

Fe

Ng

Ca

Na

M1,M2

1-n

Fs

Wo

51.57
0,66

4.03

0.16

6.66

0,10

14-99

19-41

1.09

0.01

98.f>8

1.92

0,08

2.00

O.IQ

0,02

0.21

0.H3

0.77

o.oa
2.01

46

11

4.-5

50.90

0,79

iAS

0,06

6.73

0.10

13.«4

22.16

].i3

0.01

99.17

1.90

0.10

2.00

0.06

0.02

0.21

0.77

0.89

0,08

2,04

41

11

47

5U.21

0.90

3.69

0.04

6,99

0.10

13,54

22,49

1.04

0,01

99.01

1,89

0,11

2.00

0.05

0.03

0.22

0.76

0.91

0.05

2.04

40

12

48

•19.H1

0,00

28,79

0,01

0.06

0,02

0.01

0.23

20.48

0.01

99.42

1.75
0.25

2.oa
0.94

0.00

0.00

0.00

0.01

1.40

2,35

chemical composition (Table 2), Three generations of
clinopyroxene phenocrysts are represented by zoned
megacrysts, partially resorbed cores, and unzoned stnall
siibliedfal phenocr^'sts with no evidence of zotiin^ or
twinning. The megacrysts tend to form glomeropor-
phyriiic "birdsfbot" textures (Figure 6), frequently in
association with olivine. The colour ranges from black to
light brown. Complex concentric zoning. a.s well as
twinning is common in some of the largest crystals.
Chadacr>'sts of opaque oxides occur in peripheral zoties.

The large range in tiiineral chetiiistr>' is clearly
detiionstrated by representative pyroxene analyses
(Table 2, En4(,Wo.«̂ Esi2 to En.,f,Wo4iFS|| and jadeile) and
exhibits a trend of Mg-Ca variation (Eigure 7),
The resorbed eores have the tiiosi Mg rich, Ti-poor
compositions, with Fe increasing slightly towards
crystal margins, Micro-phenocrysts have the tn<.>st
Ca-rich compositions, similar to the rims of ihe
megacr>'sts,

Olivine (EOH? to Eo .̂,) in the nephelinile lavas tends
to be euhedral, but is commonly altered to iron oxide
and seipentine. Cr>'stLils range frotn n.4mtn to 3tnm in
size. The tiiodal content is about 5'M) but variability is
illustrated by one satnple that had \0%.

Subhedral nepheline is present in rare patches
(middle bottotn, Eigure 8) and the groundmass
nepheline is usually altered. Acicttlar apatite is
sometimes enclosed in pyroxene phenocrysts, i<are

A1.O3

FeO

MnO

MgO

CaO

K2O

Ci

F

Total

(Cl, V) 1 O

Total

Si

Al

Fe^+

IT
Al

Fe^+

Ti

Mg

Fe-̂ +

Mn

S C

Ca

Na

i H
Na

K

1 A

Cl

I'

2 t]ations

51.15

1,00

3,90

9.58

0.17

18.84

6.07

6J4
1.64

nd

nd

98.«9

nc

9«.89

7.17

0.65
0,19

8,00

0,00

0.72

0.11

3,94

0.21

0.02

5.00

0,91

1.09

2,00

0.69

0-29

0,98

0.00

0,00

15.98

1. Magnesio-

2. Kaersutile

k:itoph()rite (3 analyses)

(5 analv.st-'s)

42.40

4.55

11.14

10.21

0-26

13.27

9.97

3.54

0.90

0,05

0.17

96.46

0.08

96,38

6.30

1.̂ 0

0.00

8.00

0.25

0.07

0.51

2.94

1.20

0.03

5.1)0

1.59

0.41

2.00

0.61

0.17

0.78

0.01

O.OK

15,-̂ 8

atnphibole (pleochroic hottt yellow-green to pink)
occurs both as a |:)henocr\.sl phase and as an identifiable
gr()undtiia,ss mineral in coarser-grained rocks. Sodic
amphibole was previoitsly also noted in nephelinites
from the Pafuri legioti (Rogers, 192=i; Lotnbaard. 1952,
Bristow. 19H(); 1984). The stiiall amphibole phetn>crysLs
in the lower parts of the Oliiants Ki\"cr succession are
kaersutite to tnagnesio-kataphorite (Table 3>- The
groLindtnass atn]"}hibole is associated with altered
nepheline and rarely wilh biotite (altered to chlorite).
Zircon crystals are often included in pyroxene
tiiegaciysls.

The opatjue oxide phenociysts are ustially euhedral.
never exceeding 1mm in size (Figures H and 9).
Representative analyses are presented in Table 4,
1-xsoIution lamellae are discernible and compositional

SOUTH AFRICAN JOURNAL OF GEOLO(.Y
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Table 4. Represents live opaque oxide analy.ses from Mashikiri

I'ormalion nepht-linite.s. .Striictural formulae calculated to

1-i cations (FC ,sloichionKTric;illy calcubled usin^ the MINFILE

.software ot Afifi and E.ssene. 1988).

Figure 8. Coarse-grained nephelinite .showing clinoi-)yruxene

iiKuruphenoery.st (epx). euhedral nepheline (ne), anhedral

amphibole la I and euhetlnil ojxique oxides (black).

Figure 9- Nephelinite sliowing olivine phenocryst.s (ol) wilh

peripheral ri'aition rims consisting of serpentine, embayed

nepheline phenoerysts (ne) and pyroxene iaths in the yniundmass

that also contains euliedral opa(|Lie oxitte.s.

variation in iht- iiuignclitc uhospinel and ht-tnatite/
ilmfnitt' solid .solution .secies is iiniitcd.

Geochemistry
The whole rock major and trace element analyses were
determined b\' XRF iU tlie University of the Free State
(usinji the methotl of Norrish and Hiitton, 1969), and
REE analyses were dotie al the I iniversity of Cape Town
hy ICP-MS (Table S).

Major element variation and modelling
Major elements are plotted aĵ ain.st MgO tn Figure 10.
The sample amiy for the Olifants River section is more
exteasive (6 to 11%) than the data for the Pafuri region
(7 to 8.5"-<i) previously puliHshed by Bristow (1984), but
exhibits a similar restricted variation in major oxide
composition. The one sample analysed for the Olifant.s
River section by Bristow (KA16. 1984) is near the lower
end of the array. Contents ol' the alkalis, AljO^ and VzO-^,
are relati\ely high, while there is no discernible
correlation between CaO and MgO. The distribution
patterns suggest tractionation of MgO-rich phases (with

Si(.)2

TiOj

AbOs

Cr2O3

FeO,T)

MnO

MgO

CaO

ZnO

Total

Si

Ti

Al

Cr

Fe>

.Mn

Mg

Ca

/ n

1

0.96

28.23

0.31

0.96

67.12

0.83

0.03

0.52

0.14

99,10

0.28

fi.3O

O.Il

0.23

2.49

14.17

0.21

0,01
0.17

0.03

i^ni-titL' 2. Mauneliii- .

2

0.96

9.-+0

0.32

0.21

85.52

1.50

0.02

0.24

0.16

98.34

0.28

2.07

0.11

0.05

11.13
9.86

0.37

0.01

0.08

0.03

1 Maanetile

3
2.(A
3.86

0.76

0.96

88.78

0.85

0.22

0.31

0.05

9H.46

0.76

0.84

0.26

0.22

12.31

9.J9
0.21

0.09

0.10

0.01

mitior conlribLitions from SiOj, TiOj, FeiO^ and MnO;
Figure 10). Application of the methods of Cox et al.
(1979). supply the following possible fractionation
sequences: (i) cpx -• ti-mt (ii) cpx -. mt (iii) cpx -. ti-mt
+mt (iv) ol - . cpx -* ti-mt -. mt (v) ol -. cpx -»ti-nit (vi)
ol -• cpx -» mt. When the eigen vectors for all
nephelinites calculated by Le Maitre (1976) are used,
linear arrays are generated on binary' plots. The first
three eigen vectors collectively represent most of the
variance (eigen values: 52% + 20% -t- 14%). The array for
the Olifants River samples coincides with the near linear
trend for ol + cpx fractionation. differing from that of the
Pafuri region (Figure 11).

The variation can be explained by either nepheline
or cpx and/or olivine fractionation. According to the
crystallisation sequence model of Nathan and van Kirk
(1978) the least fractionated sample (sample 1, Table 5)
would sequentially yield ne-plag-mt-(leucite)-augite--ol-
hy at 1 atmosphere. Nepheline would, however, be an
early crystallising mineral only for magma representing
the whole rock chemistry including the phenoerysts.
When phenocrystal phases (olivine and pyroxene) are
removed, the crystallisation sequence from the
remaining melt would be p!ag-mt-ne-aug-(leucite) hy-ol.
This agrees with the observed matrix texture. The
variation in chemical composition of the Olifants River
sample suite can be explained by fractionation of cpx
and ol at high pressure.

Models of fractional cr>'stallisation of derived
nephelinite lava from a primitive parent are displayed in
Table 6. Evolved lava with the composition of sample 11
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Table 5. Chemical composition tif the Ma.shikiri Formation nephelinites occurring al

Majtir eiements in weigth per cenl and trace eiements in ppm (nd = not determined).
thf Olifanls RJVLT of ihc Xaiional Park.

Sample 1
SiO,

TiOi

AljO.t

FcjO,

MnO

MgO

CaO

N:ijO

K j O

PjOs

H>O-

1.O1

Total

Kli

lia

Sr

Zr

Nil

Cr

V

Sc

Ni

Co

Zn

Cu

Y

Cs

Th

u
Hf

Ga

Ph

Ta

La

Ce

Pr

\c i

Sm

l-ti

Gtl

T1-.

Dy

Ho

Er

Till

Yb

Lu

42.11

2.21

10..32

12.79

0.16

9.94

10.47

=;.12

1.40

0.7]

0.10

2.99

9H.33

47

10K9

1002

102

76

434
330

2T

ISO

54

109

181

19

2.04

1.75

0.40

3.37

15.00

10.10

3.49

21.54

37,08

4.32

17.08

3.62

1.20

3.1H

0.50

2.82

0.55

1.41

0.20

1.15

0.18

2

41.88

2.23
10.17

12.86

0. n
9.H6

10.66

5.13

1,44

0.71

0.11

2.98

98.20

51

1134

1025

103

77

448

338

20

179

52

110

180

19

nd

nd

nd

nd

nil

nd

nd

ntl

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

3
41.33

2.30

10.99

13.12

Q . n

9.18

9.89

5.HI

1.6U

0.78

11.18

3.00

98.25

63
995

1060

109

86

365

347

17

156

56

110

210

20

nd

nd

ntl

nd

ntl

nd

nd

nd

nd

nti

nd

nL\

ntl

ntl

nd

nd

nd

ntl

iitl

nd

nd

4

42.69

2.48

11.5)

13.05

0,17

9.03

10.25

5,.|2

1.50

o.yo
0.38

3.12

100.53

53

1026

1002

118

m
313

338

13

132

56

110

196

17

nd

nd

nd

ntl

nd

nd

nd

nd

nd

nd

ntl

ntl

ntl

ntl

nti

nd

nd

ntl

ntl

nd

nd

5

42.51

2,4^

11.55

U.18

8.~2

9.99

5.53

1.55

0.83

0.30

3.611

100.(6

59

1068

1051

115

68

2H3

372

18

126

5-t

113

193

19

ntl

nd

nd

ntl

ntl

ntl

nd

nd

ntl

ntl

nd

nd

ntl

nd

nd

nd

[id

nd

ntl

ntl

nd

6
42.50

2.46

11.85

13,37

U.18

8,16

y.88

5.SI

1.72

0.S8

0.40

3,28

100.19

55

1268

977

120

6S

220

313

16

106

58

I l4

125

20

ntl

nd

ntl

ntl

ntl

ntl

ntl

nd

nd

n^\

ntl

nd

ntl

ntl

nd

nd

nd

ntl

ntl

ntl

7

)2.fi3

2.7(,

12.5!

I 1,05

n,20

•'.53

9.2^

6,12

1.87

0.94

U.21

0,92

99.01

53

1277

1334

157

84

95

305

17

71

49

110

12"̂

26

nti

ntl

ntl

nd

nd

nd

nd

ntl

nd

ntl

ml

nd

ntl

nd

nti

nd

ntl

ntl

ntl

nd

nd

8

4l.~6

2.28

11.11

12.08

0.16

6.42

11.41

5.92

1.04

1.00

0,60

3.69

97,47

37

1417

1056

104

81

66

270

24

58

45

119

2(11

22

ntl

ntl

nd

ntl

nd

nd

ntl

ntl

ntl

ntl

nd

ntl

nd

ntl

ntl

ntl

ntl

ntl

11 d

nd

nd

9
42.41

2.31
11.75

13.55

0.18

(>..^7

9.97

5.93

1.76

11.89

11.30

3.65

99.07

59

1319

1164

96

84

7 ]

346

21

59

53

115

131

20

nd

ntl

ntl

ntl

nd

nti

ntl

nti

ntl

nti

nd

nd

nd

nd

nd

ntl

nti

nti

nd

nd

nd

10

41.70

2.2 1

11,81

13.6 I

0.18

6.2-

9.66

6.01

1.T5

0.83

0.48

.3.55

98.12

52

1626

946

104

76

67

265

15

60

51

121

1:̂ 2

20

nd

nti

ntl

nd

nd

nti

ntl

nti

ntl

nd

nd

nd

nd

nd

nd

nti

nti

nd

nd

nd

nd

11

41.37

2.38

! 1. lO

13.^0

0.19

6.00

9.66

4.49

1,95

0.72

0,62
4.07

')6.55

«9
12m
1547

78

84

63

423

14

67

56

123

i91

2]

6.43

1.93

0.34

3.26

19.00

8.50

3.90

23.75

40.06

4.52

17.69

3.72

1,24

3..35

0.52

3.05

0.60

1.62

0.23

1.42

12

41.08

2.36

11,25

13.53

0,18

5.96

9.69

6.24

l..^i

0.74

0.31

4.92

97.60

64

1443

1190

90

80

66

406

14

64

52

128

186

24

nd

nd

nd

nd

nd

nd

nti

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

KAI6
42.94

2.18

12.31
13.57

0.19

6.60

9,96

5.88

1.54

0.88

0.09

3.67

100.11

39
1329

1319

112

83

59

298

14

83

51

116

364

17

Mean
44.21

2.49

11.95

13.94

0.19

8.20

10.59

5.89

1.66
0.87

60

1312

1172

I l 4

82

219

356

19

111

56

121

184

22

AVI World

44.86

2.S''

11.45

14.52

0.19

7.51

10.20

5.H6

1.60

0.93

49

1365

1080

166

96

93

311

18

70

54

127

241

23

41.24

2.70

14.56

13.211

0.26

6.49

12.08

4.«7

3.51

1.09

,S:iinp!es I - 12 = nt.'w

inekidinji dara from the

.\ll mearus calculated to

analy.ses, sample KAI6 from Bri.stow (1984), Mean = mean from new analyses

Pufuri region (8 analyses). World = mean worlti nephelinite as caiciilated by Le

volatiie free.

, AVI = mean of Bristow (1984)

.Maitre (1976) iVom 176 analyses.
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Figure 11. An;il\,sfd .samples of nfpliflitiites from llif Mashikiri Formation, plotted along Ihe eljien vector axe.s for all nL-|i!ielinites

calculated hy Le Maitre (1976). The orij;inal axes repre.seni eij;en values o( 52'Mi, 2iW« and \4% respectively for the Lst. 2nd and .̂ rd eigen

veaor.s st) ihai a chrce dimensional dia^jram of the lirsl three vectors represents the major part of" the chemical variation. The diajjram shows

ihe positions ol' Ihe rock-forming minerals olivine (oil and Llinopyroxene (cpx) and the outlined area repa'sents ihe nephelinile analy.ses

from the Olifants River section (Table 5) as well as the I'afiiri and Salii regions (Bristow (19H4). In ihe enlarged inset.s ihe samples for the

Oliianis River seciion are disllngtiishable with a single asterisk for the sample given by Hristow (19H4).

can he explained by 12.S% fractional crystallisation of a
primitive liquid represented hy sample 1. The .separated
phases are clinopyroxene (50%), olivine (29"'<)) and
nepheline (21%). A hetter D^ value is produced, iftitano-
niagnetite is included in the model (12.5% crystallisation:
clinopyroxene 50%, olivine l6%, nepht'line 27% and
titano-magnetite 7% fractionation). The model of Bristow
(1984) for the Pafuri and Sahi regions provided
fractionation with \'er\' dominant clinopyroxene and
with olivine only a minor third constituent.

Trace elements
Trace elements are plotted against MgO in Figure 12.
The Nh/Ta peak (Figure 13) is similar to those of
oceanic and continental alkali hasalts. as well as
P-MORH. This Is unusual hecause continental flood
hasalts (CFH's) generally exhibit marked troughs,
commonly attributed to an enriched mantle (Wilson,
1989). The positive anomalies for Sr and F coLild ha\'e

heen inherited from the magma source or derived from
crustal contamination. The Ti peak may be attributed to
either enrichment in titano-magnetite or ilmenite, or
contamination with a Ti-enriched source. The negative
Th and Zr anomalies probably represent early
fractionation of zircon chadacrysts in pyroxene macro-
phenocrysts. Tlie flat overall REF pattern (Figure 14) is
similar to that of other CFB's, with LliEE enrichment
(Wilson, 1989). A model of REE distrihution as described
in Rollinson (1995) using 12.5% Rayleigh fractionation of
the mineral sequence determined above by major
element least squares show very little difference
between the measured and calculated samples (Table 7).

Discussion
The enrichment of incompatible minor and trace
elements could he due either to magma derivation from
an enriched source or to crustal contamination. Bristow
(1984) concluded for the Pafuri region that fractionation
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Table 6. Calculated least .squares model for average nephelinite

from the Mashikiri Formatitin. The calculation was done by aid of

ihe MIXER programme (Llniversity t)f Cape Town) modified aftt:r

tiie prtigramme of Wright and Dolierty 11970) using ihe melhod of

Cr>'an et at. (1969).

SiO,

TiOj

AI.O.,

F e C

MnO

MgO

CaO

NajO

K2O

-t'K82

2..̂ 6

10.9H

12.2s

0.17

10.58

11.li

5.45

1,49

0,76

45,75

2.63

12.60

13.62

0.21

6.&3

10.68

4,96

2.15

0.80

38,79

0.01

0.02

16.30

0.29

•14.21

0.26

0.09

0.01

0.01

51.'il

0.8S

3.84

6.99

0.10

13.49

22.11

1.17

0.01

0.01

0.9H

28.71

0.32

68.2s

0.85

0.31

0.53

0.01

0,01

0.01

Obs Calc-1 Diff-1 Calc-2 Diff-2

FeO*

MnO

C;iO

K.O

44.82

2,36

10.98

12.25

0.17

10.58

11.14

5.45

1.49

0.76

44.99

2.52

11.4±

12,18

0,18

10.58

11.09

5.17

1,53

0.36

-0.07

-0.16

-0.23

0.07

-0.01

0.00

0.06

0.28

-0.04

0.40

45,97

1.99

11.39
12.11

0.19

10.47

10.86

4.75

1.75

0.56

-0.46

O..37

-0.20

0.14

-0,02

0.11

0.29

0.70

-0.26

0,19

45.16

0,03

31.39

0.54

0.01

0.01

0,72

17,44

3.70

0.01

1 = Primitive nephelinite composition

2 = Evolved nephelinite composition

3 = Average olivine

4 = Average cpx (excluding restjrbed ttires)

5 = Average titano-niagnt'tite

6 = Average nepiieline

Sum of squares of tUfterence.s O..'i,Wi> 1.10%

Olivine 8.70% 8.60%

Cpx 27.70% 14.60%

Nepheline 14.70% 6.00%

Tl-magnelile 3.80%

Degree of crystallisation 12.50% 12.50'Mi

of cpx/ol took place at >30 kb. Thhs was probably also
the ca.sc for the Olifant.s River magma, but the chemical
variation of the product.s (Table 5) are more tightly
con.strained than those from occurrences to the north
(Pafuri rL'gion; Sabi region, Zimbabwe). Tlie Olifants
River sample suite also differs from the northern
occurrences by the lack of evidence for crustal
contamination, such as negative Nb/Ta anomalies.
Compositional variation of the magmas under
consideration was probably not influenced by crustal
contamination. Bristow's (1984) conclusion that there
may be two slightly different parental magmas coupled
to different source regions should now be expanded to

Table 7. Calculated REF distribution of [he Mashikiri nephelinites

of the Olifanls River section after 12.5% crystalli.saiion t)f

flinopyrt)xene (50%), olivine (29%) and nepheline (21%) from a

priinilive nielt (Sample 1, Taiile 5) acetjrding to liie method

de.striiietl by Rt>llins()n (1995) to yield an evoived lava (Sample 11.

Taiile 5). The data are normalised according to the values t)f

Nukamura (1974) whiie the panition coefficienis are from different

sources (ol = Fuijimaki and Tat.sum(Mt), 1984; cpx = .McKenzie and

O'Nions. 1991; ne = Larsen. 1979).

IN U N 12.50% 11 Calc

La

Ce

Fr

Nd

Sin

Fti

Gd

Til

Dy

Ht>

Er

Tm

Yii

68.74

45.01

40.50

28.47

18.72

16.36

12.10

11.17

8.63

8,25

6.58

7.00

S.49

78.59

S0.42

43.93

30.57

19.95

17,53

13.21

12.04

9.68

9,33

7.84

8.35

7,03

78.23

51.07

45.80

32.06

21.02

18.29

13.54

12.50

9.65

9.23

7.37

7.84

6.14

22.62

38.93

4.54

17.93

3,80

1.26

3.34

0.52

2.96

0.58

1.48

0.21

1.21

99.38

25.85

43.61

4.92

19.26

4.05

1.35

3.65

0.57

3.32

0.65

1.76

0.25

],55

110.79

25.74

44.18

=i.l3

20.20

4.27

1.41

3.74

0.59

3.31

0.65

1.66

0.24

1.35

112.44

three members. The Olifants River .section seems to be
the least contaminated and most alkalic representative of
the original partial melts from the mantle. Thompson
et al. (19H4) and Pearce (19^3) respectively use the
La/Nb and Th/'Yb ratios to provide a measure of cai.stal
contamination. In the case of die Mashikiri nephelinites,
the calcLilatcd ratios once again indicate negligible
contamination. The nephelinites plot in the Enriched
Mantle Source field of Pearce's Ta/Yb vs. Th/Yb
diagram, suggesting that they were derived from a single
fertile mantle source. A single mantle source component
provides an acceptable model (Figure 15). The Cr/Ni
ratio of the most primitive sample indicates that this
source had a peridotitic mineralogy. Garnet i.s almost
certainly present according to the REE data, along with
a phase responsible for reieasitig MKEE. such as
phlogopite.

Bristow etal. (1984) reports Sr isotope data for the
Mashikiri nephelinites, with ^ Sr/ '̂'Sr initial ratios for
the Sabi-Lebombo regitjn, ranging from 0.70510 to
0.70687. The one sample from the Olifants River Section
yielded an initial ratio of 0.70520. This variation is
attributed to derivation of the nephelinites from a source
displaying Sr heterogeneity (Bristow, 1980; 19H4),
confirming the identification of at least three source
regions mentioned above.

Frey et al. (1978) suggest that undersaturated
magmas can be produced from lherzolitic mantle by
small degrees of partial melting, if the source is first
enriched in incompatible elements. The early high-
pressure fractionation must have occurred after initial
melting and melt segregation, but prior to ascent of the
liquid. Ascetit tt) shallower crustul levels was constrained
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Figure 12. AnaKiital tiaia for the chemicaily anaiysetl nephelinite samples (Table 5l pknfed a.s M^O against trace elenient.s, St|viare

.sym!x)l.s represent the new analyses prt)\ided in Table 5. Triangles ure the samples analysed by I)ri.stow (1984) from tlie l'afuri regiuii;

the .-iin^le asterisk i.s the one .sample from the Olilants River .section given by Hristow (1984).
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Cr/Ni ratios of" liquids generated from garntt-peridotite and pyroxcnitc (after Leenuin, 197(1).

by the density of the magma and further iiscent occurred
only after a sufficient amount of early fractionation. The
ascent to shallow crustal levels must have been relatively
fa.st, as indicated by the closely spaced, multiple zoning
of pyroxenes that indicate growth in a nipidly changing
environment. This quick ascent caused second
generation pyroxenes to crystallise as new crystals and
overgrowths on first generation crystals. A t|uick ascent
could also explain the lack of crustal contamination.

The nephelinite liquid was the first magma of any
great volume in the Karoo volcanic event to penetrate
the cai.st. The crustal rocks are therefore likely to have
heen relatively cool. This would encourage the
development of a lining of solidified magma in transport
fissures. Subsequent rising liquid using the same
conduits would therefore be relatively isolated from the
CRistal rocks preventing contamination. Low-pressure
fractionation could have taken place in ponded magma,
accounting for the suite of lavas seen in outcrop, with
relatively Ee-rich ciinopyroxcne (the third generation of
pyroxenes), olivine and a Fe-Ti oxide in the matrix.
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