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Abstract

This project involved the study of the Layered Marker Sequence of interbedded melanocratie and
leucocratic rocks that OCCUli'Sin the Main ZOI,1e of the Eastern Limb of the Bushveld Complex, The
main aim was to develop a model for the formation of the observed layering. To achieve this a
wide range of data has been gathered. In the field the layered package can be followed for a
considered distance along strike. Individual layers however tend to terminate along strike. Layer
contacts are sharp and there is a distinct lack of grading within layers. Modal variations between
layers caused primarily by a change in the relative proportion of'plagioclase, ate pronounced,
whilst the ratio of clinopyroxene to orthopyroxene remains reasonably constant. The rock types!
making up the sequence exhibit a planar fabric defined by the bedding parallel orientation ofthtf
tabular plagioclase crystals. These 'crystals also appear orientated within this plane. Mineral
compositions vary between layers and can be ascribed to trapped liquid shift effects. Whole rock
p~ochemistry varies strongly between rock types. The variation in the concentrations of the more
compatible elements can be explained by modal variation. The trends shown. by the incompatible
elements indicate the importance of the trapped liquid shift effects within these rocks. From these
lines of evidence, the Layered Marker Sequence under discussion cannot be explained by models
such as in situ crystallization, rhythmic nucleation, magma injection, pressure fluctuations, or the

~ mass transfer of material due to differences in grain surface energies. The evidence collected may
best be explained by a physical separation of phases out of a density current flowing into the
chamber after detachment ofthe boundary layer from the sidewalls of the chamber.
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1 Introductlon

The Bushveld Complex formed 2060ma ago (Walraven Cit al., 1990). The complex formed by
the intrusion of a significant volume of magma into approximately 9km of lithic and volcanic
deposits of the Transvaal Sequence on the Kaapvaal Craton (Button, 1976). The intruded magma
may have filled an array of conical shaped magma chambers that then merged 1(1 ),:orm the northern,

Figure 1.1 Geological map showing the lateral distribution of the Bushveld Igneous Complex rod:!; •

eastern and western compartments (Sharpe and Snyman, 1980). The rocks overlying the complex
and the complex itself have since then been extensively eroded. Even so the complex still outcrops
over an area of 12200 km2 (SACS, 1980) with a maximum diameter of ...450km (Fig. 1.1).

The complex has ultramafic, mafic and felsic components. The marker under discussion comes
from the Main Zone of the mafic portion of the complex. This zone has traditionally been
subdivided into a number of subzones (von Gruenewaldt, 1973; Molyneux, 1974). Sub ~eA
consists of gabbronoritic rocks, pyroxenite, spotted and mottled anorthosites. The top of this
subzone is defined by the "upper mottled anorthosite" marker which consists of 200m of poikilitio
anorthosite. leucogabbro and gabbro. Subzone B consists of gabbronoritic rock and represents
some of the most differentiated rock within the zone. There are very few markers within this
subzone. The top of this subzone is defined by the Pyroxenite Marker (von Gruenewaldt, 1970).
It is within this subzone that the layered marker under discussion occurs (Fig. 1.2), Subzone C



consists of gabbronoritic rock, pyroxerrte and poikilitie anorthosite. The top of this subzone is
defined by either the first appearance of eumulus magnetite, defined by a conspicuous magnetite
anorthosite some 30m below the lowest magnetite layer (Molyneux, 1974) or at the so-called
Main Magnetite Layer (Wmemse~ 1969). The former is more logical.

The Main Zone has been studied in less detail than the other zones due to its raostly
homogenous nature and relatively few marker horizons. One horizon that does occur is the
Pyroxenite Marker. This occurs in both the eastern and western compartments. It is made up of
one or a series of'pyroxenites (von Gruenewaldt, 1973; Molyneux) 1974; Klemm et al.; 1'985ana
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Figure 1.2 Stratigraphic position of the.Layered Marker Sequence within tile Main Zoue of the J3l1shvdd
Complex.
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Cawthorn et at, 1991) and has been attributed to the injection of Less differentiated magma due
to mineralogical and geochemical breaks across it. Sr-isotopic systematics conclusively prove that
the magmas that produced the rocks above the Pyroxenite Marker and those below are not the
same (Hamilton, 1977). However the interpretation of the chronology of events; that lead to the
stratigraphic package is debated. Sharpe (1981 & 1985) argued in favour of the residual magma,
after crystallizing the Critical Zone cumulates, being jacked up by the magma that formed the
subzones A and B of the ~11ainZone and which subsequently mixed with the residual magma above
it to produce the Pyroxenite Marker sequence, the cumulates of subzone C and those higher up
in the sequence. Others (Cawthorn elt al., 1991) argue that the magmas that produced the Critical,
Main and Upper Zones were separate magmas generated and emplaced successively.

Immediately below the Pyroxenite Marker occurs an interlayered sequence crt'
melagabbronoritergabbronorite and leucogabbronorite/anorthoslte. It was first identified by
Molyneux (1974), who photographed it and traced it laterally in his mapping of a portion of the
Fastern Limb. but did not offer any explanation of how such layering may have occurred. The
layering within the layered marker under discussion differs from the well-known mono-mineralic
layers of'chromite (Critical Zone), magnetite (Upper Zone). pyroxenite and anorthosite (Critical
Zone) that occur elsewnere in the Bushveld succession, in that they contain variable proportions
of plagioclase and two pyroxenes.

Modal layering is a commonly seen feature of many layering intrusions. The layering under
discussion appears similar to the "intermittent layering" of the Skaergaard intrusion as documented
byMcBimey and Noyes (1979) and Conrad and Naslund (1989). The gabbroic zone of the Lilloise
intrusion of East Greenland, which is approximately 2000m thick, is also strongly layered with
modal layering dominating. Layers varying in size from centimetres to metres thick. However, as
in the case of the layering under discussion, grading is never conspicuous (Brown, Chambers and
Becker, 1987). The Fongen ..Hvllingen layered mafic complex of Norway is also dominated by
modally layered, mainly gabbroic and dioritic rocks (Wilson et al., 1987). Individual modal layers
are isomodal or density graded and vary from inch scale to layers of over a metre thick. In addition
marker horizons are not well dey,..~loped as layers are often not traceable over distances of more

than 10's of metres. The layering also occasionally displays features associated with sedimentary
rocks. These include trough structures, angular discordances, load-casts and slumps. Mathison and
Booth (1990) described macro rhythmic layering (involving interlayered zones of
melagabbronorite, 1 to 10m thick, and leucogabbronorite, 5 to 10m thick) in the Windimurra

gabbroid complex of West em Australia. These layers appear very similar to those under discussion
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here except for their thicknesses.

Several. vastly different, models have been developed tl~·~';plain the modal layering seen in
many layered complexes, The layered marker, ofthe £;,.;,1 "e~d complex, is a good example of
modal layering and the extensive development of the marker within the Eastern Limb of the
complex affords the opportunity to study variations inchemistry and mode both vertically and over
great distances laterally. Therefore modal, petrofabric, compositional and geochemical data has
been collected from four profiles across the layered sequence and will be used to evaluate
mechanisms of layeringand to develop a model for the formation of the layered marker sequence
under discussion.



2. The Layered Marker Sequence

The layered marker has been followed continuously for 17km along strike (Fig.2.2). It can be
traced further southward (Fig. 2.1). from Madibaneng to the Steelpoort road (profile C)
(Molyneux, 1974; D. Harney, pers. comm., Pillay, 1990). Further south thorough mapping failed
to pick up this marker (von Gruenewaldt, 1973). However, exposure in this area is not as good
as in the north and outcrops are often inaccessible. In and around Roossenekal small layered
outcrops have been found by the author in the footwall to the Pyroxenite Marker. In addition
Anglo American Prospecting Services intersected a starkly banded succession in a borehole on the

o •
ROes ENEI<AL

Figure 2.1 Locality map showing the approximate positions of'the sample profiles
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farm Mapochsgronde, just northeast of Roossenekal (locality D, Fig 2.1). Boreholes :troln the
poorly exposed western Bushveld have not intersected this sequence (Mitchell, 1985; Cawthorn
~ aI. 1990). Therefore the marker sequence would appear to be intermittently developed ever a
significant strike distance (}80km) in the Eastern Limb of the complex.

This marker was sampled at localities A...D (Fig. 2.1 & 2.2). A detailed description of the
layered marker sequence at each of these locallties as well as of the footwall and hangingWaU

<.

lithologies is presented below.

~
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Fig. 2.2 Distribution of the layered
marker in a portion of the
eastern limb of the Bushveld
Complex.



2.1 ProfileA (Fig. 2.3)

Profile A is on the fann Quartz Hill, within Sekhukbuneland.Here the layered marker sequence
outcrops at the foot of a range oflow hills. As a result the exposure of the basal portion of the
sequence in this area is not complete. The footwall is gabbronoritic, The layered sequence is
approximately 12m thick (Fig.2.3) and dips to the west at a shallow angle. Forty-four layers are
exposed. The leucocratic layers varying in thickness from 4 to 61 em and the mafic layers from 1
to 26 em. The average layer thicknesses are 24 and 7 em for leucocratic and melanocratic layers
respectively. Towards the base the mafic layers are gabbronoritic to mela-gabbronoritic, whilst
towards the top they are considerablythinner and of feldspathic pyroxenite. The leucocratic layers
towards the top are more leucocratic than towards the base. The direct hangingwall to the layered

$7 - HaN

gabbronorite

'OlN

lii:f:
1I11.b)l'N
1tMN

leuconorite
H7N
pyroxenite

I
/o

·26 H2N

losll Qr eXPQSUfa
-46 H1N

·101

Figure 2.3 Stratigraphic column for profile A on the farm Quartz Hill. To the light of the column is listed the
samples collected at their appropriate stratigraphic positions. H=hnnsingwaU; F=footwall;
M:;:::melanocrntic; L::::leucocrotic; t=top of layer; m=middled of layer; b=bottom of layer. N refers to
profile A,
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succession is laminated leucocratic gabbronorite. The rock appears laminated due to the layering
parallel orientation of the plagioclase laths. The plagioclase laths, lying with their flat tabular sides
parallel to the layering, often define an anorthositic, one crystal thick, layer overlain by a similarly
thin layer containing the pyroxene and some plagioclase. This gives an almost pin-striped
appearance to the rocks which is a characteristic of both footwall and hangingwall lithologies,
Approximately 8 metres above the marker is a well defined pyroxenite layer. This is followed by
60m ofunifonn gabbronorite. The pyroxenites ofthe Pyroxenite Marker (as defined by Molyneux,
1974) were not precisely located. However pyroxenite rubble was found in the vicinity. A thick
spotted Ieuconoritic package, with large (O.Scm) orthopyroxene crystals set in an anorthcsitic
matrix, was noted. This is overlain by gabbronorite. The different lithological types were sampled,
the samples being listed on the aocorr-ranying figure at their appropriate stratigraphic positions
(Fig. 2.3).

2.2 Locality B

This locality is 12km to the south of A (Fig. 2.2) and occurs just south of the farm Zwemkloof
In this area the outcrops are typically near the top of'the range of hills and therefore the complete
succession is frequently well exposed (Fig. 2.4.). The footwall is of uniform gabbronorite. The
layered marker sequence itself is approximately 10 metres thick and consists of about fifty-two
layers. The average thickness of leu co era tic and mane layers is 24 and 9 em respectively. The
mafic layers range from 1 to 43 em and the leucocratic layers vary from 7 to 116 em thick. Ten
metres above the layered sequence is a thick (lm) pyroxenite. This is overlain by 66m of uniform
gabbronoritic material. 'Ihis is in turn overlain by a thin pyroxenite layer. Above this layer is a thin
spotted leuconoritic unit with large orthopyroxene crystals in an anorthositic matrix. This rock is
very distinctive and can be correlated between the profiles. A thick (2m) pyroxenite is exposed
above this leucocratic unit. The leuconorite then persists as a 20m thick succession above which
another pyroxenite layer (lm thick) is exposed. This is overlain by uniform medium grained
gabbronorite. Molyneux (1974) described the Pyroxenite Marker in this area as a 60 m thick
package consisting of2 pyroxenites subdivided by gabbroic rock. The 2m thick pyroxenite noted
in the current study appears correlatable to the basal pyroxenite of the Pyroxenite Marker as
defined by Molyneux (1974). The top pyroxenite noted by Molyneux (60m above the basal one)
was not encountered.



Figure 2.4

gabbronorite
H12$
pyroxenite

Ieuconorite
H11S
H10S
H9S

25LS
~~~
24MS
23(t.m.b)LS

23bMS
22(t,b)LS
22bMS

1SLS
19(t,Il'l,b)(6,10,22,27,33,36)MS
18L.S

3tr!ltigmphiccolumn forprofileB. The samples are listed to the right of the column at their appropriate
sttntigmphicpositions. Sample nomenclature is as per Fig. 2.3. S refers to the profile B. The numbers
for sample \9MS refer to the distances along strike, measured from the southernmost limit of the
outcrop, from where th-:: samples have been taken.
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2.3 Locality C

The thickest section measured is exposed in a stream bed at locality C. This is .....4.5 km to the
south of locality B. 190 layers are exposed with a cumulative thickness of 20 m. The average layer
thicknesses are 13 em for mafic layers and 9 em for leucocratic layers. The mafic layers range in
thickness from 2 to 56 em and the leucocratic layers from 0.5 to 32 em (Fig. 2.5). The basal
contact to uniform gabbronorite is exposed. but the upper contact is hidden.

This locality has been documented by Pillay (1990), and her results are included in this study
to allow for a discussion into the lateral variability of the sequence.

2.4 Locality D

Closer to Roossenekal the marker appears quite different. In this area surface exposure is
generally poor! however small layered outcrops have been found. A borehole intersection of the
Layered Marker, in this area, has been logged (Fig. 2.6). TIns intersection, though not complete
due to the intrusion of a dyke, consists of a 3m succession consisting of ninety-two layers. The
leucocratic layers arc typically anorthositic and less than 0.5 em thick and the mafic layers are
predominantly of'feldspathic pyroxenite. Due to the fact that core was available for logging, the
hangingwall lithologies could also be studied in great detail. There is a wide variety of lithological
types. Ihe Pyroxenite Marker sequence is similar to that which occurs ill the north but thinner.
The marker appears to be made up of two thick orthopyroxenites subdivided by the same "
leuconoritic rock type identified in the north.

2.5 LQcality E

This locality is a 40 m wide and 15 m high vertical exposure of the Layered Marker sequence
...,3 km south of locality B. It was studied as an example of a down dip orientated outcrop. 39
mafic layers are exposed here (Fig. 2 I The leucocratic layers range from 5 to 60 em thick and
mafic layers from 5 to 50 em.
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Figure 2.5 Stratigraphic column for profile C. TIle exposure of the hangingwall and Ieotwall lithologies is poor. For
this reason only the layered marker sequence was sampled.
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Laminated gabbronorite

Stratigraphic column for the Layered Marker Sequence exposed at locality E.
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2.6.2 Lateral continuity of'layers

Locality B is a large pavement exposure in which individual layers can be traced continuously
for 50m along strike. This outcrop slopes to the east at an angle of between 18..30°. Very few
other outcrops, that have 100% outcrop over 10'8 of metres, have been located. Although there
are many outcrops and these afford the opportunity to trace the layered marker over considerable
distances, individual layers can rarely be traced for more than 10 metres due to the size of
individual outcrops. It is also difficult to correlate individual layers between exposures. This
pavement was therefore mapt-~d in detail to determine how continuous the individual layers are
along strike. From this work (Fig. 2.8) it was discovered that individual mafic layers terminate
frequently. In this outcrop alone, 88% of the mafic layers terminate at least once within the limits
of the outcrop. Mafic layers also occasionally split. Individual layers range from one to ten's of
metres long. This outcrop is domed and much of the irregular and wavy nature of individual layers
011 the map (Fig. 2.8) is the product of uneven topography. However although the layers appear
to be planar for the most part, they terminate by wedging out either up Of down (Fig, 2.9). This
is well illustrated in the Plate 2.2. These photographs show a feature that appears to be quite
common, whereby when a rnelanocratic layer terminates by wedging out towards its base, it is
draped by a consistently thick leucocratic layer and in tum by a mafic layer that wedges out
towards its top contact (as is t!iagrammatically illustrated in Fig. 2.9). Another intriguing feature
of this outcrop is that the cumulative thickness of me lanocra tic layers varies along strike. Right
at the base of the sequence in the northeastern comer of the outcrop the melanocratic layers are
wispy and irregular. TIns feature is common towards the base of the sequence. A similar feature
is shown in Plate 2.3.

Figure 2.9 Schematic diagram showing typical layer termination morphology.
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'Illest) two photographs SIlO\\'the types of layer terminations the morphology of which is illustrated in
Fig. 2.9. 'ntis tYre of layer morphology is common and could indicate channel development.
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At locality E the accessible portion of the outcrop was mapped (Fig.2.l0). From this mapping
it can be seen that the mafic layers also terminate in the dip direction. In addition the morphology
of the layers is similar to that seen at B, with melanocratic layers wedging towards their lower
contacts and being overlain by a melanocratic layer that pinches towards its top contact in the up
dip direction. In addition there are numerous anorthositic layers defining both the lower and upper
contacts of certain leucogabbronoritic layers This feature has also been observed in samples
collected from profiles A and B. However, in outcrop weathering usually obscures this feature.
The mafic layers terminate equally frequently along strike and in the down dip orientation. Plate
2.3 shows a three dimensional view of the basal portion of the layered sequence close to locality
B. The two vertical outcrops meet at an angle of close to 90°. Note that Every rnelanocratic layer
vades significantly in its thickness across the field of view. Note also the irregularly terminations
of the gabbronoritic lens towards the bottom of the field of view.

Photograph or two vertical rook fhces thut meet at ~.9()'. It illustrates the fact that the mafic layers
terminate both along strike and down dip. Note also the wispy nature of the lowermost melanocratic
layer.
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2.6.3 Variation in layer thickness

On tracing a single layer along strike (Fig. 2.8 and 2.10) it is apparent that the layer thicknesses
vary considerably. It is therefore not surprising that there is no apparent correlation between
melanocratic and Ieucocratic layer thicknesses as diagrammatically illustrated in Fig. 2.11.
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2.6.4 Poikilitic anorthosite bodies

Another rock type encountered frequently, when mapping the distribution of the Layered,
Marker Sequence, was "poikilitic anorthosite". This rock type is characterized by large dark
patches surrounded by white cloudy plagioclase. The dark patches themselves are however not
significantly enriched in pyroxene. The patches are often irregular. The pyroxene phase within
these patches is dominantly clinopyroxene and many of'these grains are in optical continuity within
each patch. The grains are also frequently highly altered to hornblende, on their rims, and biotite
within their cores.

The rock type often truncates the layering in a number of ways:

The mottled outcrops usually occur within the layered interval as rounded to oblate bodies
that could be indicative of a transgressive pipe type body (Fig. 2.8). This rock type also
occurs within leucocratic layers towards the top of'the layered sequence and periodically
cuts upwards through the melanocratic layers (plate 2.4).

In other cases the layering is completely obliterated by this rock type. In some cases the
layering fades out into mottles, as seen in plate 2.5, whereas elsewhere a well defined
mottled front is evident across which the layering disappears only to reappear, just as
abruptly, tens of metres along strike or down dip.

These field observations show the ways in which the poikilitic anorthositio rock type disturbs
the layering and suggest that these are a replacement phenomenon. The leucocratio layers are most
often mottled However there are leucocratic layers towards the base of the layered sequence that
are not altered in this way and therefore it is believed that this alteration did not have any part to
play in the primary development of these layers. As they are not relevant to this study they are not
dicussed further, although their origin is enigmatic and warrants further attention.

Although the layering is normally undisturbed, other than by the mottled anorthosite
replacement fronts, there are outcrops that display highly disturbed structures as is shown in plate
2.6. In this outcrop the layering. towards the base of'the sequence, is highly disturbed; with rafts
of mafic material haphazardly orientated. However towards the top of the sequence mafic layers
drape undisturbed over the chaotic lower portion of the Layered Marker Sequence). This might
reflect infrequent slumping within the chamber at the time the layering was forming,
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ChIlutical1y dlsturbed luyering seen ,lust south Qflooality E. Note that towards the top of the l!equex~ce
the mafio layers pass undisturbed over the disturbed and brookenlayers.



The Layered Marker Sequence was sampled at three localities in the eastern limb of the
complex (localities A, B and D).The marker had previously been sampled at locality C (Pillay,
1990). Three of the localities (A~C)are well exposed and the layered marker can be traced
between them (Molyneux, 1974). To the south of locality C the layered marker was not located
in previous thor, ighmapping of the area (von Gruenewaldt, 1971). In addition the outcrop is not
as good as in the north and outcrops are often htaccessi"le. As a result it was decided to focus the
study on the three northern localities which cover approximately 45km of strike.

The layered marker at A and B was sampled in detail vertically and laterally. Several layers
from the top, middle and bottom of the marker were sampled. In addition, the footwall lithologies
down to 100m below the Pyroxenite Marker and the hangingwall up to and including the
Pyroxenite Marker were also sampled. The footwall and banglngwall lithologies are very poorly
exposed in the vicinity of locality C and were therefore not sampled.

3. Techniques and sample preparation

Samples from profile A have been labelled with the suffix "N" and those from profile B "S",
Footwall sample labels are prefixed with the letter "F" and hanglngwall samples with "H". The
layers from the layered marker have been numbered from the base of the sequence. Therefore the
first melanocratic layer has been labelled IIIMIt. The next layer is leucocratlc and has been labelled
"IL'I, This pairing of melanocratic and leucocratlc layers has no genetic connotations. Some layers
were sampled several times and these samples are distinguished with the letters T (for top of
layer), M (for middle) and B (for base), Where samples have been collected along strike within a
single layer, these have been labelled with h dumber attached, e.g. 17TM(16), with reference to
the distance along strike, in metres, from where the sample was taken relative to a point of
reference. Samples were, where possible, marked in the field so that their orientations could be
recorded.

Thin sections were cut for selected sample." For the samples from the layered marker an
attempt was made to cut these sections parallel and perpendicular to the strong bedding parallel
fabric that exists 'withinthese rocks. However, in certain cases it proved difficult to get orientated
material. Prom these thin sections, the modal abundance of individual minerals was measured by
means of point counting. From the orientated sections, a 250m diameter field of view was
projected onto a wall using a slide projector fitted with a special thin section projection
attachment. The long and short axes of all well-formed (rectangular) plagioclase laths were then
measured as well as the orientations of the long axes with respect to the dip direction. From this



information grain size and orientation data were determined, In addition the specific gravity of
each sample was determined. '<.4 a Jolly Balance (Fig.3.1).

Table 3.1 List of samples studied for profiles A. B and C
:::=:====;:::::.;:=:<., =============.:
Sample. from
profi!eA

Height (m) w.r.t. tho vroxenite Sample from
Marker profile B

IIANGlNGWALL SAMPLES

Height (m) w.r.t, th~
Pyroxenite Marker

HI2S
HllS
HIOS
H9S
H8S
H7S
H6S
HSS
HJS

SAMPLES FROM THE LAYERED MAR:KERSEQlJENCE

H8NHm
H6N
H4N
H3N
H2N
BIN

+57.00
0.00

-28.00
..59.50
-60.04
-65.00
-68.00

+20.00
+1.00
0.00
-1.00

-22,00
-65,00
"()6.0(}
-67,76
..74.83

20LN
20MN
19LN
19MN
18LN
18MN
lIMN
lOLN
10MN
9LN
9MN
8LN
aMN
7LN
6MN
5LN
SMN
4LN
4MN
3LN
3MN
2LNA
2LNB
2MN

-68.85
-68.92
-69.10
-69.14
-69.20
-69.66
..71.56
-71.65
..71.78
-71.90
..72,37
..72.46
-72.71
-72.76
..73.13
-'73.33
..73.42
-73.55
..73.70
",75.90
~76.0S
..76.20
~77.30
..77.49

FOOTWALl,., SAMPLES

25LS
2:MS
24LS
24MS
23L8
23MS
22L8
22MS
19L5
19TMS
19MMS
1913M8

..76,70
-76.76
~77.0()
..77.08
..77.40
..77.58
..78.00
..78.20
-78.80
..78.92-
..19.00
..79.10
·79.30
..82.21
..82.27
~S2.34
..82.42
..82.82
#83.06
",83.48
·83.65
..83.65
..84.87

lSLS
6L8
6MS
5LS
41.5
4MS
31.5
3MS
2LS
21.5
lLS

FIN
F2N

..79.81 FIS ..86.01
..101.00 F2S -114.00____ ~~~_.~_fl~_ •. ~~ ~~_

Samples were then prepared for magnetic separation. All samples were crushed into chips using



a jtlW crusher. Clean and non-weathered chips were selected and placed in a tungsten steel sieb.
A portion of selected samples was pulverized to a fine powder for whole rock analysis. A further
portion of all the samples was then crushed to extract a certain grain size. The pulverized samples
were then sieved using two brass sieves (2.5 ~,d 3.254» and a collector. The 2.5 to 3.254>(0.177
to 0.10Smm) fraction was retained whilst the coarse fraction was recrushed, If sufficient coarser
material remained this was re ..crushed and sieved.

Samples were cleaned repetitively with water to remove all the dust clinging to the individual
grains. The dust content of each sample is considerable and may clog the separator if not removed.

Figure J.1 Sketch of a Jolly balance used to measure the specific amvity of samples (after Klein ~tDb 1985).



34

3.1 Magnetic separation

The highly magnetic fraction was removed from the samples with a magnet. A Frantz
isodynamic separator was then used to separate the silicateminerals. This machine was set up with
an inclination of 1t;0 and (I. slope of 25°. The machine was partially dismantled and cleaned
thoroughly with acetone before each sample was sent through.

3.1.1 Plagioclase separation

Plagioclase is non-magnetic and can be very efficiently separated. To do this, the current
through the coil was set on O.9A. The pyroxenes were then extracted as the magnetic fraction and
placed in well labelled plastic bottles for further separation. The plagioclase separates were then
fed through the separator a second time at a higher current setting. After this stage the plagioclase
separates proved to be more than 99% pure.

3.1.2 Pyroxene separation

The two pyroxene phases present, orthopyroxene/pigeonite and clinopyroxene, can be
efficiently separated using a magnetic separator.

3.1.2.1 Orthopyroxene

The pyroxene concentrate was sent through the separator at a current setting of O.SA. The
orthopyroxene rich separate was extracted as the magnetic fraction. After this first step the
orthopyroxene/pigeonite fraction was generally better than 85% pure. These samples were sent
through again at 0.375~0.4A Tins eftectively halved the separate. The magnetic fraction extracted
after this stage was generally more than 99% pure low-calcium pyroxene. Very few separates
contained some magnetic feldspar, magnetic by virtue of included magnetite, which proved very
difficult to separate. These can be identified chemically, by anomalously high Ti02 (>0.30%)
and/or Al103 (>1.2%).

3.1.2.2 Clinopyroxene

After sending the samples through the magnetic separator at O.SA, the clinopyroxene separates
were generally more than 85% pure. These separates were sent through the separator at a current
setting of between 0.525 and O.SSA At this setting the separates were halved and the non-
magnetic fractions were generally better than 97% pure clinopyroxene. These were then sent
through the magnetic separator at an elevated current setting to get rid of' any plagioclase bearing
composite grains still included.



3.2 X..ray Fluorescence Spectrometry

Fusion discs were prepared for each separate and for selected whole rock samples. These were
then analysed by X-ray fluorescence spectrometry. Plagioclase and selected pyroxene separates
were run in duplicate to determine analytical precision. Samples from profile C had already been
analysed (pillay. 1990). A small set of samples from this study were re-analysed to check analytical
precision before the two data sets were combined. A new set of calibration standards was prepared
to cover the range of oxide abundances expected (refer to appendix 1 for caiibration data).
Selected plagioclase separates were taken and crushed to a fine powder with a pestle and mortar.
This powder was used to make pressed briquettes, which were run on the Phillips 1400 XMray
Spectrometer to determine the abundance of Sr, Rb and Ba. However after the thorough
separation there was not sufficient sample, for most pyroxene separates, to ensure infinite
thickness in a pressed briquette. In addition the sieving method may cause contamination of the
samples with certain compatible traces. As a result of these two considerations it was decided not
to analyse the pyroxenes, tor trace elements, by X.R.F.

3.3 Instrumental Neutron Activation Analysis (I.N.A.A.)

Selected separates were then taken and cleaned in a 10% solution of He I, weighed into glass
vials, that had previouslybeen cleaned and labelled.A variety of standards were also weighed into
vials. A tantalum monitor was weighed and wrapped around each vial. These vials were then
placed in cadmium tins and sent for Instrumental Neutron Activation Analysis. This involved the
irradiation of these samples for 3 d!lYson the poolside in the reactor chamber. They were then
allowed 4 days to cool, after which time the samples were placed in a chamber. The radiation
emanating from them was measured, by a low energy planar detector and a high energy coaxial
detector, for 1 hour per sample. After 11 days the second count was undertaken. On this occasion
they were counted for 2 hours per sample. After 30 days each sample was recounted for 4 hours.

3.4 Mass Spectrometry

In order to determine the Rb and Sr isotope systematics of these rocks, selected plagioclase
separates were crushed to a fine powder. Rb and Sr concentrations were determined by isotope
dilution mass spectrometry, x.R..r. and IN.A.A. Initially it was hoped thai. X.R.F. analysis of'Rb
and Sr would prove good enough. However even with significant work done to improve the
X.RF. accuracy and precision (refer to appendix 2), it was not possible to improve t~teconfidence
intervals to within O.8ppm for Rh and 16ppm for Sr. These levels of uncertai~\ty introduce



significant uncertainty in the calculated initial 87Srfl6Sr isotopic ratio. Therefore subsequent
samples were analysed by isotope dilution. Those not analysed by I.D. were analysed for Rb by
I.N.AA, which proved more precise than by X.RF. The 87Sri86Sr ratio was determined on spiked
and unspiked samples. Approximately SOmg of the sample powder was dissolved in open beakers
with a mixture on-IF andHN03• Most of these samples were dissolved with 87Rb (20/30mg) and
84Sr (10/20mg) spikes. The samples were then dried and redissolved in Hel, dried again and taken
up in 1.5 111J of2.59M HCI and centrifuged. Elution on a 20 em cation exchange column was
carried out using the 2.59 M HCI, and only the Sf fraction was collected, dried and converted to
nitrate using 12M HN03• Total method blanks were 48pg for Sr and 97pg for Rb. These were
110t significant with respect to the sample concentrations, and were Ignored. Sr was loaded onto
single outgassed 1a filaments with H3P04 for determination of Sr isotopic composition and
concentration. Unseparated Rb was loaded directly from the centrifuge tube as a chloride onto
outgassed double Ta filaments. Both VG ..354 and VG Ml\'I ..30 mass spectrometers were used to
determine the Sr isotopic composition and the MM~30 was used to analyse for Rb, The method
described has been taken from Eales.e.t ru... (1990).

3.5 Electron Microprobe

The abundance of'pyroxene phases within some of'the samples was very low and the separation
of these was complicated by magnetite clinging to individual grains and affecting their magnetic
properties. Therefore selected mineral grains, from these samples, were analysed by means of a
Cameca SXSO electron microprobe of the Anglo American Research Laboratories. Each grain
selected was analysed three times on a traverse from the boundary to the centre of the grain. A
number of grains of each pyroxene phase was analysed in each thin section. However it was found
that the compositional variation was not large and therefore it was not necessary to analyse a large
number of pyroxene grains in each sample. Pyroxenes from selected mafic samples were also
probed to determine if there was any systematic difference between pyroxenes within the different
rock types and also as an analytical comparison with the X.R.F. analyses of these samples.
Plagioclase was also analysed by microprobe to determine the extent of zonation within this
mineral and to compare the results with those obtained by X.R.F.



4. Petrography

The petrography of samples from the Main Zone within the eastern limb has been documented
in detail by von Gruenewaldt (1970, 1971 and 1973), von Gruenewaldt and Weber ..diefenbach
(1977), Molyneux (1974), Marais (1977) and Klemm .etal. (1985).

The mineralogy of these rocks is dominated by low-calcium pyroxene, clinopyroxene and
plagioclase. Although these rocks are dominated by only three main phases, there are mineralogical
variations that are worth noting.

Within the Main Zone the low-calcium pyroxene can be either primary orthopyroxene or
inverted pigeonite. This later mineral is distinctive in that it has abundant exsolution lamellae of
clinopyroxene (von Gruenewaldt, 1970). The height within the Main Zone at which the transition
from primary orthopyroxene to pigeonite occurs changes from profile to profile (von Gruenewaldt,
1973; Molyneux, 1974). Von Gruenewaldt (1970) documented that these two minerals coexist for
several hundred metres until the low..calcium pyroxene reaches a Mg:Fe ratio of6S:35. Pigeonite
is then the dominant low..calcium pyroxene phase, along with clinopyroxene and plagioclase, up
to the Pyroxenite Marker at which level the pigeonite abruptly disappears and is replaced by

• oxides.
I±lJ oliviner:~]pigeonite & opx
~ clinopyroxene
LJplagioclase

Figure 4.1

100%..-cE =... . -0
VOLUME %

Modal distribution of minerals in a portion of t1le Main Zone (after Molynell'C, 1914). The two
arrows define the approximate stratigraphic Interval studied in this project.
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orthopyroxene,

4.1 l\tlineralogy

The plagioclase is euhedral to subhedral and is cumulus in all but the ultramafic samples.
Interstitial plagioclase occurs in a few of the ultramafic layers towards the top of the sequence
(Fig. 4.3). Even where it is the dominant phase, considerable overgrowth or recrystallization has
produced fairly irregular grain boundaries (Fig. 4.2). The laths are typically 3mm long and 1.5mm
wide.

The low..calcium pyroxene is easily identified due to its pink/green pleochroism, poor cleavage,
sub-parallel extinction angle and often low birefringence. The low-calcium pyroxene may show
extensive granular, blebby (plate 4.1) and fine scale exsolution lamellae of clinopyroxene (plate
4.2) indicating inversion from pigeonite (von Gruenewaldt, 1970). The blebby type of exsolution
is normally randomly orientated when comparing one grain with another. "J:he fine scale
exsolutions however, generally exhibit the same orientation in several grains over a area of up to
two centimetres. Over this area the low-calcium pyroxene grains display a common extinction
position. This feature has been well documented (von Gruenewaldt, 1970). Other grains display
limited exsolution (plate 4.3). While this may be a function of grain orientation, these are
considered to be primary orthopyroxene. Both pyroxenes are collectively referred to as low-
calcium pyroxene. In most samples they are granular. The grain size is however often difficult to
determine due to the uniform extinction shown by numerous grains over an area. Within the
anorthositic layers at the top of the sequence this mineral becomes highly irregular (plate 4.4).

The clinopyroxene displays strong cleavage, inclined extinction, non-pleochrolam, is green in
colour and often displays high interference colours. It displays abundant exsolution lamellae, is
most frequently irregular and varies in size from <lmm to smm. Near the base of the studied
sequence these grains are more robust. Overgrowth frequently produces an irregular outline. T:t

the mafic layers these crystals often partially enclose the low-calcium pyroxene grains. Towards
the top, in the anorthositic layers, they become very irregular (plate 4.5) to skeletal.

The accessory phases present include magnetite, which often occurs as minute euhedral crystals
on grain boundaries, biotite and hornblende. These last two mineral occur most frequently within
the replacement anorthositic bodies.
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plagioclase
low-calcium pyroxene
clinopyroxene
hole in the slide

O.5rnm

~J"";o;,_ .. ,...---~----'-'----t

4-3

t-- . •• ~__ .'__._" , ~_.

Sketch of a thin section from a leucocratic sample towards the top of the layered marker.
sequence. Note the irregular plagioclase outlines but distinctive laU1 shapes, Note also the
infilling nature of the pyt'Oxene phases.
(insert) Sketch ofa portion ofa thin section taken from a melanoeratic layer towards the top of
the sequence. The ",idUl of the field of view is approximately 41lUU. Note the large granular
pyroxene grains and Irregular interstitial plagioclase cryst1tS.

Figure 4.2

Figul'c4.3



Large inverted pigeonite grain with coarse. exsolution lamellae. seen under normal snd crossed
points. Lower photograph rotated through. 90Q

• Field of view= 4nun.



Typical inverted pigeonite grain, with partial rim of biotite, seen under normal and crossed polars,
Note Ute two well developed orientations of ex solution texture, Field of view= 4mm.



Plate 4.3

,v',
·iI·

Top: large orthopyroxene grain frOnl a melanocratic layer near the top oftllc layered marker;
Bottom.: Same grain SCl.'1l. under cross polars. Note the distinct luck of exsolution,
(field of view= 4mm)
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clinopyroxene

inverted
pigecmite

myrmekitic
texture in

plagioclase

opaques

Top; irregular grain of low-calcium pyroxene from a leucocratic sample.
B()ttom:sketc~i of a field of view showing the irregular and often interstitial character of the
orthopyroxene and clinopyroxene grains within the bighly leucocratic samples.
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(top) Irregular clinopyroxene grain seen under crossed polars, This if; the typical character of
clinopyroxene in the anorthositio layers. Field of view 4nnn wide.
(bottom) Anhedral clinopyroxene grain from a replacement anorthositic body, showing replacement
by biotite and rimming by green amphbole.
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4.1.1 Modal abundances

The modal abundances of the major -nineralshave been determined bymeans of point counting.
A single thin section was taken and 500-1000 points identified within it. The modal data for
profiles A, Band C arc listed in appendix 3. The data from profile C has been taken from Pillay
(1990). 1n some grains of low-calcium pyroxene it is not always possible to distinguish
orthopyroxene from inverted pigeonite due to optical orientation and therefore the lack of
significant exsolution, Hence there could be errors in tne relative proportions of these two
pyroxene phases.

Figure 4.4 to 4.6 illustr=e the modal variations for selected samples from profiles A-C. It is
apparent that the mafic layers vary from gabbronorite to melagabbronorltic and that the more
melanocratic layers generally occur towards the top of the sequence. In a similar way the
Ieucocratic layers tend towards anorthosites towards the top of the sequence. However certain of
the mafic layers studied proved to be very leucocratic in thin section. This is an error as the
specific gravity measurements suggest that these samples are more mafic. This error may be due
to the fact that the plagioclase laths tend to orientate themselves so that their tabular faces lie
within the plane of the layering. The thin sections were cut within this plane and represent a very
limited view of the rock both in terms of area and in particular depth. The plagioclase grains are
also of reasonably large size and therefore there are relatively few plagioclase grains w'thin the
thin section, whereas within a vertically orientated thin section there would be significantly more
plagioclase crystals represented due to the fact that their crystal faces represented would have a
smaller cross-sectional area. Therefore it is feasible that if the plane, that is represented in the thin
section, happened to contain a concentration of plagioclase crystals due to the lamination of the
rock, that rock would appear very leucocratic within that thin section. Therefore vertically
orientated thin sections are probably more representative of the true mode of the rock type.

Figure 4.7 shows the variations in abundance of plagioclase, low-calcium pyroxene and
clinopyroxene within selected samples from profiles A-C as determined by point counting. From
this diagram it is clear that the ratio of pyroxene phases remains remarkably constant. The
hangingwall samples deviate from this trend in that some of'the samples contain significantly more
low-calcium pyroxene. This trend of enrichment oflow-calium pyroxene within the assemblage
towards the Pyroxenite marker is also shown itt work done by von Gruenwaldt (1973).
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Figure 4.6
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Variation in modal abaundances t(\r selected samples from profile C. Modal data is as
deternuned by Pillay (1990).
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Three samples from the layered marker also display a remarkable enrichment in low-calcium
pyroxene, These samples do however appear to be very mafic as shown by their high specific
gravities.

Since the low-calcium pyroxene: clinopyroxene ratio remains relatively constant the specific
gravity of the samples may provide a more accurate idea of the mode of each sample. 20 to 60
grams of sample weighed represents 1000..2000 grains whereas a single thin section typically
contains fewer than a thousand grains. Certain ofthe samples were analysed numerous times in

plagiocla$e

Figlu·c4.7 Variation inmodal rumndances for samples from profiles A,E and C. Solid symbols ref~r to those
samples classified.as mafic in the field, whilst tIte empty symbols refel' to the leucocratic samples.
Hand F refer to hangingwall and footwall samples. The arrows indicate the inferred modal
abundances as determined from specific gravity measurements,



order to determine how good the correlation between specific gravity and mode is, to calculate
a calibration curve and to determine the analytical precision of the method. The specific gravity
measurements are listed in Table 4.1.

'fable 4.1
Specific gravity measurements for selected samples. Thin section off..c:utsand rock chips were used to

determine the samples SGs-- - - -- ,...-.~

Sample Thin section Thin section Rock chips
~ .....
I1MN 3.19 3.16 3.26

10LN 2.84 2.83 2.88

lOMN 3.19 3.2 3.21

9LN 2.80 2.81 2.~"
9MN 3.30 3.25 3.25
SLN 2.84 2.84 2.84

SMN 3.15 3.16 3.11
7LN 2.87 2.86 2.87

6MN 3.21 3.21 3.19

5NL 2.89 2.88 2.84

4LN 2.82 2.83 2.85
4MN 3.18 :>.18 3.16

3LN 2.79 Z:fil 2,.86
3MN 3.04 3.06 3.10

2LNb 2.82 2.83 2.83
2LNa 2.83 2.84 2.84
2MN 3.11 3.11 3.03

18LN 2.80 :2.80 2.79

18MN 3.27 3.29 3.23

BIN 2.93 2.92 2.91

H2N 2.99 2.99 2.9S

H3N 3.39 3.39 3.42

H4N 3.01 3.01 3.01
23L8 2.94 2.93 2.81

23MS 3.13 3.12 3.19
4MS 3.18 3. 18 3.06

FIS 2.96 2.94 2.79

...,.... _11-
With this data and modal data, as determined by point counting, a calibration curve has been

derived (shown graphically in Fig. 4.8).



Tl~ cGl.<ationfor this calibration curve is y' -O.00602x+3.370849. The correlation ecetficient
(R2) is 0.89. The confidence interval (20), as calculated from the pooled standard deviation of the
duplicates, is 0.02 interms of the S.G. This represents 3.}% uncertainty in the calculated volume
percent of plagioclase.

From this correlation the plagioclase content of all samples weighed has been determined. The
variation in the plagioclase content determined in this way is shown in figures 4.9 ..4.11 for profiles
A, B and E. These graphs show the sharp contrast in the modes between the two layer types and
that there is a progressive increase in modal contrast towards the top of the sequence.

The equation for the least squares regression line through these calibration
points is ~.::9-,Q.Q§"Q2.~±:3.3.~IQ~.4~.From this equation the density of

plagioclase can be calculated as 2.74 and the average pyroxene at 3.34.

100

80 .

20 •

o

Specific Gravity

Figure~.8 Ct.Ubrationcurve ft)fthe analysis of plagioclase 'Volume% from speicific gravity measurements,
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Plagioclase abunda.nce as calculated from specifio gravity measurements of samples taken from
profile B.
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Figlll'C 4.10 Plagioclase abundance as calculated from specific gt'tl.vitymeasurements of samples taken from
profile A.
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Samples collected along strike (In)

2.75 (100% plag.)
2.76 (100% plag)
2.76 (100% plag.)
2.77 (100% plag.)

4.1.2 Vertical and lateral variatioru in mode within a layer

Several layers were sampled more than once. The specific gravity of these samples was
measured. From these few measurements (table 4.2) it would appear that there is no significant
grading within these layers.

Table 4.2
Specific gravity and plagioclase modal variations within single layers. The error in the plagioclase modes is

....3%
:: .. 44 £ .::: i it ;p~; kp t1 ;:;iiil: ; ==

22LS(11)
22LS(22)
22LS(30)
22LS(37)

Samples collected vertically from within a single layer

3.12 (42%piag.)
3.15 (37% plag.)

19mMS
19bMS

StLS
5mLS

2.88 (82% plag.)
2.88 (82% plag.)

4tMS
4mMS
4bMS

3.06 (52% plag.)
3.07 (50% plag.)
3.05 (530/0ptag.)

18tLN
18bLN

2.79 (96% pIng,)
2.73 (98% plag.)

lOtMN
lObl'v:tN

3.26 (13% plag
3.11 (33% piag,)

28tLN
28NbL

2.82 (91% plag.)
2.84 (88% plag.)

30tLN
30bLN

•

2.87 (83% plug.)
2.86 (85% plag.)



5. Petrofabrlc of plagioclase grains

The rocks studied all display a fabric parallel to the layering which can be clearly seen in the
field. It is defined by the plagioclase laths. Figure S.IA is a sketch map of a portion of a vertically-
orientated thin section. This figure shows the planar orientation of the majority of plagioclase
laths. This is well illustrated by the rose diagram which reflects the orientation of the well-formed
plagioclase laths. Whether the plagioclase laths are aligned within this plane is important to
ascertain as it may indicate the significance of current activity within the chamber at the time the
layers were forming. In order to study this aspect seventeen thin sections, orientated parallel to
the plane of bedding, have been taken from selected samples and studied in tenus of:

1.. the orientation of the plagioclase laths;

2- the average grain size and length to breadth ratio of plagioclase grains.

Plagioclase grains were considered exclusively as the orthopyroxenes tend to form oikocrysts
and it is often difficult to determine where the grain boundaries of the original grain were. The
clinopyroxenes, on the other hand, rarely exhibit euhedral shapes, they are commonly highly
irregular to skeletal, Hence elongation directions are Impossible to determine. The plagioclase
grains, by contrast, display good lath shape and it is therefore easy to assign a long and short axis
to them. The lengths of'the long and short axes have been measured. as well as the orientation of
their long axes.

5.1 Orientation

Figure S.IB is a sketch map of a portion of one of the thin section studied. This thin section
was orientated parallel to the plane of layering. As can be seen from this diagram there is a distinct
alignment of plagioclase laths within the section. This is further illustrated by the rose diagram
which shows that a significant proportion of the laths are orientated parallel to the dip direction.

Based on the aspect ratio (length.breath), these grains have been divided into two categories.
Those that have a length to breadth ratio of greater than 2, i.e. distinctly elongate grains (more
elongate than grain X, Fig. S.IB) and those that have a ratio of between I and 2, I.e, the equant
crystals (grain .Fig. S.IS has an aspect ratio of close to unity), It is possible that the equant
shape is due to the cut effect and that these grains may be elongate in the third dimension but are
lying at a significant angle to the plane of layering. However, in view of the strong fabric
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parallel to layering this is probably not a common e ;ct. The reason for subdividing the grains in

Sketch of a portion of a vertically orientated thin sectior, from a leucocratie layer. Note
the well developed horizontal fabric. This is welt illustrated by the attached rose
diagram,
Sketcll of a portion of a thin section that was cut parallel to the plane of layering. Tills
shows Ute linear habit of plagioclase within this plane, This lmeation is clearly shown
by the attached rose diagram.
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this way is that the elongate grains are more likely to be phvstcally aligned if their deposition is
controlled by magmatic currents. Figure 5.2 displays rose diagrams for a number of samples from
profile A

Some display no fabric (e.g. 9LN). It would appear that where fabrics are developed within
these samples, they tend to he either parallel tc or perpendicular to the direction of dip. For the
leucocratic samples the stron" linear fabric tends to sub-parallel the dip direction (e.g, 5LN). In
addition the samples taken from the top of these layers tend to show the better fabrics. Some of
the melanocratic samples also display a linear flbric sub-parallel to the dip. However some
rnelanocratic samples display a fabric that is sub-perpendicular to the dip direction. Usually the
equant grains display a similar but poorer fabric than the elongate crystals do.

TableS.l
Grain size data from the allal;v.sis of selected orientated thin sections.-- --

Sample %plag" Position grain size calculated from Ute 30 largest
grains------ ......._._

21LN 95 TOP 3.80
20LN 89 TOP 4.00
20MN 17 TOP 2.15
19LN 98 BASE 3.20
18LN 91 BASE 3.07
lRMN 45 TOP 3.00
9LN 97 BASE 3.40
9MN 42 TOP 3.30
8I.N 78 BASE 3.60
7LN 92 TOP 3.08
6MN 31 BASE 2.40
5LN 70 TOP 3.50
4MN 23 BASE 2.37
3LN 89 TOP 3.20
3MN 43 'lOP 2.80
2L1'1'I1 77 TOP 3.08
2MN 43 TOP 3.24

5.2 Grain size

In addition to considering the alignment of plagioclase grains the lengths of as many laths as
possible were measured from each thin section. This data is listed in table 5.1 and is graphically
illustrated in Figure 5.3. The grains were measured from afield of view projected onto a wall. This
field of view represented a 20mwide circular area of the thin section. It is probably not statistically.
valid to plot averages or all grains measured as in some cases very much fewer grains were
measured than in others. For this reason the averages from the thirty largest grains in each sample
have been considered and are plotted in Fig. 5.3.



Figure 5.2
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Rose diagrams showing the orientation of plagioclase laths in numerous samples from profile
A. The left column of rose diagrams refers to the elongate grains (aspect ratio >2). The right
column refers to the equant grains. 'Top" and 'base" refers to the position from where the
sample was taken within a layer. Tl.. ,.umbers to the top left of each rose diagram refer to the
number of well-fonued plagioclase laths measured from each thin section. Solid and open
s'lading refe; to meJal'.ocratic ann leueocratic samples respectively.
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Figure 5.3 Plot of the average plagioclase grain size, calculated from the 30 largest grains measured from
a single thin section per sample, plotted against the volume % plagioclase (detCl1nined from point
counting using the same thin sections),



6. Plagioclase compositions

6.1 Intrcduenen

Whole rock chemistryis variable due to the changing mineral assemblages and relative modal
abundances (as will be shown later). Mineral compositions are, by contrast, more sensitive
indicators of changes that may have occurred within the magma chamber.

Plagioclase compositions from the Main Zone of the eastern limb have been studied by von
Gruenewaldt (1973),Molyneux (1974), Marais (1977) andKlemm~t.a.l. (1985). Molyneux:(1974)
measured the plagioclasecompositions for numerous specimens of Bushveld rocks in the northern
portion of the eastern limb. from his study it can be seen that the plagioclase compositions, in
general, show a normal differentiation trend within the subzone B of the Main Zone (Fig.6.1).
Close to the PyroxeniteMarker the trend reverses. At the level of the Pyroxenite Marker there is
a strong reversal in plagioclase composition.

Marais (1977) studiedthe variation of plagioclase composition in four profiles over more than
80krn of strike within the eastern limb (Fig.6.2). This work again showed the marked reversal in
mineral compositions across the Pyroxenite Marker. However, in all these profiles the reversal
begins very slowly ....ZOOm below the marker.

Figure (j,1 Variation in the compesition ofplagioclase through
subzone 13 and a portion of subzone C (after
M:olyneux, 1974), 'Ihe two line styles refer to 1.\':0
diff<;rem )rofil¢s in the eastern Bushveld.

%Anorthite
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Klemm ~.al.. (1985) undertook a detailed mapping program in the area between Laersdrift and

THORNHILLPROFILE STEELPOORT
PROFILE

ROOSENEKAL TONTELDOOS
PROFII_!: PROFIL.E
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I % ANORTHITE
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RUSTIlNilURO LAYllRllO
SUln'.

o 100
IdIiQ tg

sCile locality map

Figtlre 6.2 Variation in plagioclase composition across the Pyroxenite Marker along four profiles ill the
eastern limb of the Bushveld Complex (after Marais. 1977),
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Roosaenekal, With data collected from this study together WIth that compiled by von Gruenewaldt
(1973) and Molyneux (1974), Klemm and his co-workers constructed anorth-south ..trending cross
section showing vertical and lateral compositional changes. This work confirmed that there is a
noticeable reversal of plagioclase composition some way below the Pyroxenite Marker in this area.
From their profiles these authors also showed that the plagioclase became more evolved at the
level of the Pyroxenite Marker to the south.

6.2 Analysis of plagioclase compositional variation in three profiles within
Sekhukhuneland

Most previous work on samples from this area have made use of optical methods and norms
in determining the mineral composition of plagioclase. Marais (1977) analysed a few separates as
a means of checking the optical measurements. Although these are useful approachs, it is
preferable to use a chemical analytical technique to accurately determine their compositions.
Recent work on plagioclase from the Upper Zm"""of the Bushveld Complex has revealed that the
core compositions within a single sample may vary as much as 9 mole % anorthite {Harney ~ ,ill.,
1990) and that individual cores may exhibit internal variations in composition of between 3 to 6
mole % anorthite. To get an accurate and reliable estimate of the plagioclase composition within
each sample would requite that an enormous number of plagioclase grains be probed. It was
therefore decided to use mineral separates. In this way each analysis represents an average
composition for thousands of crystals.

Tables 6.2a, 6.3a and 6.4a list the average of two geochemical analyses of the plagioclase
separates from samples taken from profiles A, Band C. The results of a nonnative calculation
undertaken on each sample are given in tables 6.2b, 6.3b and 6.4b.

6.2.1 Determination of the anorthite content of plagioclase

The An content of plagioclase is conventionally determined by the atomic ratio Ca/(Ca+Na)
from an analysis. The Al and Si contents vary in a systematic way with changing An content, but
rarely are the abundances of these elements compared with expected values to act as a check on
the determined plagioclase composition, Furthermore, the error in the actual analysis, and this
effect on the plagioclase composition, is not often reported. In this study several methods of
calculating the An content are investigated and the precision and confidence in these values
documented statistically.



To determine the analytical precision achieved in the analysis of these separates, all samples
were run induplicate. A few of these duplicate analyses are presented, for comparative purposes,
in the Table 6. L From such results the pooled standard deviation was calculated for each variable.
The errors have been calculated from the duplicate analyses. For analyses that are time consuming
it is often impractical to run a single sample a considerable number of times to reliably measure
the standard dev' 'ion for the population. However precision data from a series of samples
accumulated over a specific period can be pooled to provide a reliable estimate of the standard
deviation of the population (these values are listed in Table 6.5 and the method used to derive
them is outlined in Appendix 4).

Analytical precision

I~

Table 6.1
Duplicate major element analyses of selected plagioclase separates from profile B.

SiOz AlP.1 F~OJ MgQ CaO Nap KzO Total

H7S 52.43 29.39 0.38 0.22 12.32 4.17 0.32 99.26
H7S 53.37 29.27 0.34 0.13 12.23 4.08 0.33 99.82
23LS 53.48 29.04 0.31 0.13 12.07 4.18 0.38 99.61
23LS 53.70 28.85 0.42 0.15 12.14 4.20 0.38 99.93
23MS 55.77 26.77 0.62 0.21 11.21 3.95 0.31 98.98
23MS 56.68 26.96 0.51 0.16 11.24 4.05 0.30 100.1
3MS 52.76 29.34 0.48 0.14 12.27 4.18 0.31 99.53
3M8 52.63 29.34 0.44 0.10 12.24 4.17 0.32 99.29
2L8 52.33 28.84 0.40 0.64 12.12 4.12 0.33 98.82
2LS 52.37 28.86 0.40 0.92 12.03 4.04 0.33 99.01
2L8 52.31 29.00 0.38 0.63 12.09 4.17 0.34 98.97
2L8 53.06 29.09 0.39 0.16 12.12 4.30 0.33 99.49
F1S 53.30 28.89 0.47 0.13 12.13 4.07 0.35 99.40
F2S 53.42 28.85 0.52 0.18 12.15 4.19 0.36 99.72

The uncertaintiesfor CaO and N~O are 0.10 and 0.13% respectively. An ideal plagioclase,
with the composition AnSQ' contains 10.37% CaO and 5.73% N~O. Therefore the two worst
combinations of errors ill CaO and N~O determinations would lead to calculated An contents of
49.2 and 50.8%, an uncertainty of 1.6%. When dealing with a short vertical interval within a
layered intrusion, it is possible that a real trend could be masked by such a relatively large
uncertainty. The question is whether there are other ways of estimating the An content which yield
smaller errors or where additional cross checks on analytical precision can be made.
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Table 6.2a
Average plagioclase analyses for samples from profile A

sio, AJ103 FczO" MgO CAO Nal0 K10 Totals

bangjngwaU samples
HSN 50.18 30.45 0.44 0.26 14.04- 3.20 0.27 98.88
lI7N 51.49 30.19 0.50 0.20 13.42 3.25 0.31 99.42
H6N 52.92 29.01 0.42 0.17 12.37 3.72 U.34 99.00
H4N 52.53 29.24 0.28 0.12 12.35 4.05 0.30 98.90
H3N 54.61 28.08 0.37 0.34 11.37 459 0.36 99.15
H2N 52.71 29.29 0.41 0.18 12.38 3.95 0.32 99.27
BIN 53.28 29.31 0.38 0.24 12.28 4.18 0.29 99.97
samples from tbe layered sequence
20LN 52.95 28.88 0.46 0.78 12.25 4.05 0.35 99.75
20:MN 53.36 29.18 0.39 0.26 12.15 4.06 0.33 99.75
19LN 53.38 28.96 0.47 0.46 12.17 4.07 0.39 99.94
l?MN 54.34 27.92 0.47 0.25 11.70 3.98 0.32 99.05
lSLN 52.94 2895 0.'7 0.57 12.22 4.08 0.37 99.57
18MN 53.35 23.99 (1.50 0.14 11.97 4.32 0.33 99.65
lHvlN 53.03 29.39 0.43 0.21 12.23 4.22 0.34 99.89
lOLN 53.13 29.01 O.4! 0.45 12.23 4.14 0.35 99,76
10MN 52.48 29.21 0.42 0.27 12.18 4.22 0.35 99.16
9LN 53.15 29.20 0.49 0.25 12.06 4.07 0.36 99.63
9MN 52.62 29.18 0.55 0.40 12.19 4.32 0.36 99.67
8LN 53.43 29.17 0.44 0.41 12.11 4.29 0.36 100.26
8MN 52.88 29.13 0.37 0.23 12.25 4.22 0.33 99.44
7LN 52.73 29.20 0.40 0.17 12.22 4.18 0.34 99.28
6MN :52.90 29.19 0.41 0.19 12.18 4.19 e.ss 99.43
5I.N 53.27 29.05 0.35 0.16 12.10 4.24 0.36 99.56
5MN 53.46 29.13 0.43 0.37 12.23, 4.22 0.35 100.24
4LN 52.97 29.00 0.35 0.24 12.03 4.24 0.35 99.23
4MN 52.69 28.96 0.35 0.35 12.14 4.09 0.34 98.96
3LN 52.90 29.18 0.36 0.12 12.26 4.31 0.31 99.46
3MN 53.31 29.26 0.37 0.15 12.24 4.26 0.31 99.93
2LNA 53.30 29.04 0.32 0.09 12.17 4.29 0.33 99.60
2LNB 53.17 28.97 0.43 0.09 12.12 4.15 0.35 99.31
2MN 53.40 29.23 0.38 0.09 12.25 4.16 0.32 99.87
foo~'ullsaDBples
F1N 52.98 28.90 0.43 0.23 12.18 4.08 0.33 99.16
F2N 52.76 29.01 0.33 0.12 12.25 4.12 0.33 98.94

~ .. - 1.7r ... '~



Tab!e6.2b
Results of a CIPW normalizetion of plagioclase analyses for samples from profile A

- -~-~~ ..-,-_....
Sample QIL C 0 AD AN NE :01 WO BY
bangingwall samples
H8N 0.43 0 1.6 27.07 67.93 0 1.34 0 1.1.03
H7N 2.34 0.11 1.83 27.5 66.58 0 0 0 0.5
H6N 3.22 0.03 2.01 31.47 61.37 0 0 0 0.42
H4N 1.3 0 177 34.21 60.73 0 0.42 0 0.1
H3N 1.9~1 0 2.13 38.84 54.96 0 1.13 0 0.32
H2N 1.75 0 1.89 33.42 61.25 0 0.13 0 0.39
H1N 1.3 0 1.71 35.37 60.37 0 0.44 0 0.4
samples from the layered marker sequence
20LN 0.89 0 2.07 34.27 59.6 0 0.92 0 1.52
20MN 2.06 0.06 1.95 34.35 60.28 0 0 0 0.65
19LN 1.61 0- 2.31 34.44 59.61 0 0.6 0 0.87
19MN 4.66 0 1.89 33.67 57.38 0 0.52 0 0.38
18LN 0.98 0- 2.19 34.52 59.6 0 0.8 0 1.05
18MN 1.24 0 1.95 36.55 58.75 0 0.5 0 0.12
llMN 0.75 0 2.01 35.1 60.26 0 0.33 0 0.37
lOLN 1.07 0 2.07 35.03 59.55 0 0.88 0 0.71
10MN 0.24 0 2.07 35.7 59.14 0 0 ..54 0 0.42
9LN 1.88 0.19 2.13 34.44 59.83 0 0 0 0.62
9MN -0.37 0 2.13 36.19 59.1& 0.2 1.01 0 0
8LN 0.71 0 2.13 36.3 59.28 0 0.62 0 0.13
8MN 0.73 0 1.95 35.7 59.58 0 0.93 0 0.14
7LN 0.83 0 2.01 35.37 59.92 0 0.55 0 0.17
6MN 0.94 0 2.07 35.45 59.82 0 0.48 0 0.25
5LN 1.24 0 2..13 35.87 59.18 0 0.66 0 0.09
51v1N 1.06 0 2.07 35.7 59.52 0 0.9 0 0.5
4LN 0.96 0 2.07 35.87 59.07 0 0.48 0 0.38
4MN US 0 2.01 34.61 59.67 0 0.44 0 0.67
3LN 0.51 0 1.83 36.47 59.37 0 0.64 0.26 0
3MN 1.09 0 1.83 36.04 59.81 0 0.71 0 0.04
2LNA 1.16 o 1.95 36.3 59.02 0 0.48 0.31 0
2LNB 1.74 0 2.07 35.11 59.39 0 0.48 0.05 0
2:MN 1.73 0 1.89 35.2 60.15 0 0.48 0 0
footwall samples
FiN 1.72 0 1.95 34.52 59.58 0 0.66 0 0.27
F2N 1.33 0 1.95 34.86 59.7 0 0.64 0.1 0

QIL QUARTZ CONTENT (+VE); OLIVINE CON'tENT (-VB)
C CORUNDUM
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AB ALBITE
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Table6.3b
Results of a CIPW normalization of plagioclase analyses for samples from profile B

....... d .... .-:m==; .;; . II; Pm;; ; Ii_ .... ;;!;S .;m; jj *;;;;;=

SampRe QfL C 0 A AN NE Dl WO BY
laangingwaU samples
HI2S 1.45 0.01 1.48 25.55 70.15 0 0 0 0,7
HllB 1.77 0.38 1.89 32.57 62.61 0 0 0 0
HlOS 2.31 0 1.71 36.55 56.9 0 0.86 0 0.23
H9S 2.26 0.55 2.13 31.31 62.71 0 0 0 0.32
H8S 4.14 1.2 1.24- 26.23 66.28 0 0 0 0.17
li7S 1.12 () 1.95 34.94 60.53 0 0.31 0 0,3
H6S 4.06 0 2.72 36.89 53.76 0 1.06 0 0.36
HSS 1.04 0 1.89 35.96 59.74 0 0.54 0.25 0
HIS 1.42 0 1.89 3604 59.37 0 0.59 0.12 0
samples from the layered marker sequence
25.LS 2.6 0.13 2.31 33.59 59.29 0 0 0 0.42
25MS 0.66 0 2.01 37.23 58.82. 0 0.67 0 0.06
24LS 1.91- 0 2.48 34.86 59.3 0 0.23 0 0.29

~. 24MS 0.87 0 2.07 36.04 59.01 0 0.8 0 0.03
23LS ].82 0 2.25 35.45 59.07 0 0.75 0.02 0
23MS 7.7 0 1.83 33.84 54.46 0 0.98 0 0.02
22LS 1.13 0 2.07 35.37 58.91 0 0.84 0 0.93
22MS 0.6 0 1.95 37.31 58.94 0 0.64 0.28 0
19L5 1.14 0 2.01 34,69 59.35 0 0.73 0 1.01
ML 1.5 0 3.19 35.11 57.28 0 0.56 0 0.66
19T 1.36 0 1.83 34.27 60.81 0 0.25 0 0.09
19M 2.09 0 1.95 34.52 61.19 0 0.38 0 0.17
19B 1.39 0 1.83 34.86 60.08 0 0.58 0 0.13
18LS 0.97 0 2.96 34.77 58.5 0 0.46 0 1.91
6LS 1.76 0.02 2.07 34.52 60.23 0 0 0 0.27
6MS 0.99 0 1.95 36.38 59.35 0 0.91 0.15 0
SLS 1.47 0 2.13 36.3 58.93 0 0.7 0.13 0
4LS 1.29 0 2.13 35.62 59.72 0 0.48 0.01 0
4MS 1.1& 0 1.83 35.Q3 60.4 0 0.52 0 0,01
3LS 0.7 0 2.01 36.38 58.94 0 0.7 0.23 0
3MS 0.81 0 1.89 35.37 60.36 0 0.36 0 0.13
2LS 0.41 0 1.95 34.52 59.44 0 0.38 0 1.76
2LS 0.36 0 2.01 35.87 59.24 0 0.66 0 0.69
lLS 1.09 0 2.07 35.79 59.44 0 0.43 0.14 0
footvvallsa~pIcs
FIS 0.71 1.92
F2S 1.79 2.07
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Table 6.4 a

Average plagioclase analyses for samples from profile C

sto, AlzOJ Fe103 MgO CaO NazO K10 Totals

76L 53.25 29.45 0.73 0,51 12.17 4.63 0.36 101.17
76M 52.79 29.35 0.71 0.48 12.15 4.57 0.38 100.50
38L 52.86 29.04 0.60 0.36 12.01 4.51 0.45 99.90
38M 53.24 29.20 0.65 0.41 12.32 4.2.7 0.34 100.48
23M 53.22 29.49 0.77 0.48 12.33 4.13 0.37 100.86
16L 52.91 28.84 0.80 0.46 12.28 4.24 0.37 99.91
16M 53.07 29.07 0.71 0.56 12.36 4.71 0.39 100.99
7P 53.47 29.12 0.82 0.57 12.15 4.24 0.36 100.79
2P 52.96 29.44 0.60 0.41 12.11 4.51 0.33 100.45

I
Table6.4b

Results ora CJl>Wnormalization of plagioclase analyses for samples from profile C
---------------------------------------------------------------

zz ...= = ;=r;-.z== =; .mr;;; UO:: ;nG;;;;

Sample QfL C 0 A AN NE Dl WO BY
76L -0.42 0 2.13 36.3 58.52 1.56 1.45 0 0
76M -0.38 0 2.25 35.51 58.46 1.71 1.42 0 0
38L -0.15 0 2.66 36,2 57.67 1.06 1.49 0 0
38M 0.44 0 2.01 36J3 59.51 0 1.25 0 0.44
23M 0.71 0 2.19 34.94 60.84 0 0.26 0 1.08
16L 0.34 0 2.19 35.87 58.58 0 1.83 0 0.3
16M 0 0 2.31 35.02 57.04 2.62 3.01 0.18 0
7P 0.74 0 2.13 3~).87 59.37 I) 0.71 0 1.09
2P -0.47 0 1.95 36.65 59.1::4 0.82 0.75 0 0
1 -0.2 0 0 0 0 0.28 0.09 0 0
2 -0.43 0 0 0 0 0.58 0.08 0 ()

tcUUAll'WDI .... --...... .~... ;MIiIMII .. ....- - ~. -- 1..... __ - .....
Tnble6.S

errors calculated from the duplicate analysis ef plagioclase samples
.-.---.;;;; :_

cbemical analysis

sio, Al!03 FcZ03 MgO CaO N~O K10 Total
20' 0.58 0.23 0.11 0.26 0.10 0.13 0.02 0.70

on nermative calculation
OIL C 0 A AN NE D1 WO BY

20 0.97 1.08 0.77 0.74

.........



Calculation of%An

There are a number of ways in which the anorthite content of the plagioclase could be
calculated. The conventional way is based on the Ca/Ca+Na ratio. An alternative would be the
calculation ofa C.I.P.W. norm. This gives an estimate of what proportion of an, ab and or may
be present in the sample analysed. However as can be seen from table 6.5 there is an element of
uncertainty associated with each oxide analysed f0T and this adds up to a reasonably large
uncertainty (-1 %An) for the An value calculated in this way. A number of other minerals also
appear in the norm., and their significance should be considered. The most abundant additional
phase is that of quartz. This mineral was not identified in the microscopic work, However other
authors have identified quartz in similar samples (von Gruenewaldt, 19'71). It is also not
unreasonable that some quartz may have crystallized as a trapped component. In magnetically
separating the plagioclase, any quartz that is present in the specimen would separate into the non-

magnetic "plagioclase" fraction. The highest normative quartz contents are linsamples from the
mafic layers, where the proportion of plagioclase is low. Most of the samples contain very low
abundances of quartz and this indicates that the modal quartz content is actually extremely small.
Furthermore ifa ratio of elements is used to determine anorthite content the presence of normative
quartz will have no effect. The other phases listed in a C.I.P.W. norm are hypersthene and
clinopyroxene, Hypersthene content may be due to opx being present in the separate. The presence
of cpx in the norm. shows that either there is some cpx in the separate or that there is insufficient
Al203 in the analysis.

Use of oxide abundances in calculating the anorthite content of the pla,gi()clasj~

Each major oxide present in plagioclase can also be used tc calculate the anorthite content of
the mineral. As the plagioclase evolves from anorthite to albite, SIO the major element
concentrations within the mineral changes. Ifwe assume ideal stoichiometry, then the following
formulae describe how the major elements vary as a function of anorthite content:

An (CaO)==0.00005 x3+O.OIO.01315 x2+4.67699 x+0.00002 1

wll'].;r:;;) An(CaO) is the anorthite content calculated from the wt% ofeaO in the analysis and x is
the wt% of CaO in the analysis.

An (Na20)=-O.00025 x3+O.04644 x2-8.97869 x+lOO.00017 2

An(N~O) is the anorthite content calculated from the wt% ofN~O in the analysis.



Tabl~6.6
Modelled oxide abundances within plagioclase of a specific anorthite composition and the calculated

composition based on these values.

An(Al203) is the anorthite content calculated the Al'103 abundances.

An (Si02)=-0.000021 x3+O.012569 x2-S.121S16 x+299.461252 ............•. 4

where An(Si02) is the anorthite content calculated from the Si02 abundance.

These formulae have been determined by least squares approximation using model data. 1'0
demonstrate the accuracy of these mathematical expressions, the modelled abundances have been
used to calculate the anorthite content from which they were originally calculated. These results
are presented in table 6.6.

%An sto, All(SiOz) AIlO) An(Al103) I CaO An(CaO) Na{) An(Nap)

100 43.2 99.98 36.65 100.02 20.16 100.04 0.00 100.00
90 45.62 89.98 35.02 90.03 18.25 90.04 1.12 90.00
80 48.07 79.98 33.37 80.03 16.31 80.00 2.25 80.04
70 50,55 69.97 31.70 70.02 14.36 70.02 3.40 70.02
60 53.05 60.00 30.01 60.02 12.36 60.01 4.56 60.05
50 55.59 49.99 28.30 50.01 10.38 50.02 5.73 5013

The composition of plagioclase separates as calculated from major element abundances are
listed in the tables 6.7, 6.8 and 6.9. These values have been calculated from:

1 the Ca:Ca+Na ratio i.e. the conventional method;

2 the actual abundance of CaO in the analysis (as per equation 1);

3 the abundance of CaO in the analysis normalized to 100%;

(this is au attempt to compensate for the fact that the analyses rarely add up to 100%)

4 the abundance ofNazO (as per equation 2);

5 the abundance ofNazO but with the analysis normalized to 100%;

6 the Al203 abundance (as per equation 3);

7 the AlZ03 abundance but with the analysis normalized to 100%;

8 the Si02 abundance (as per equation 4);

9 the Si02 abundance but with the analysis normalized to 100%;
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10 using a CIPW normative calculation.

In addition K20 has been excluded as KAlSi30S from the analysis prior to making these
calculations. Similarly the free quartz, as calculated in the C.I.P.W. normalization program, has
also been excluded. The analysis was recalculated back to the original total after removal of these
components.

....._'MlS

Table 6.7
% An in plagioclase calculated from oxide abundances (with free quartz and ~O excluded) for samples

from profile C.

An(l) An(2) An(3) An(4) An(5) An(6) An(7) An(8) An(9) An(lO)

76L 59.3 60.4 60.3 58,6 58.7 58.2 58.3 60.3 60.4 59.5 An(l)=CaICa+Na
76M 59.5 60.7 60.2 59.0 59,5 57.6 58.1 62.1 62,6 59.9 Au(2);=:;f(CaO)
38L 59.6 60.5 59.8 59.4 60.1 56.1 56.7 62.1 62.8 59.1 An(3)=f(CaOtr)
38M 61.5 61.6 61.2 61.6 62.0 57.4 57.7 61.0 61.4 60.9 An(4)~f(l..razO)
23M 62.3 61.9 61.6 62.7 63.0 59.6 59.9 61.7 62.0 62.1 All(5)=f(NazOm
16L 61.6 62.0 61.1 61.8 62.7 .55.1 55.9 62.2 63.1 60.6 All(6)=f(A1203)

16M 59.2 61.6 61A 57.8 58.1 56.0 56.2 61.0 61.3 59.4 An(7)=f(Al203tr)
7P 61.3 61.0 60.6 61.7 62.2 57.4 57.8 60.7 61.1 60.9 A11(8)::f(Si02)
2P 59.8 60.3 59.9 59.7 60.1 58.0 58.4 61.3 61.7 59.9 An(9)'""f(SiO/T)

An(lO}""nonn. calc.
avera~e deviation from An(l) (the conventional method) based on aUvalues (tables 6.1-6.9)

0.8 0.7 0.6 0.7 4.6 0.6 4.2 0.7 2.3

precision based on the duplicate analyses fot' sampleS from profile A and B
20 0.7 0.6 0.5 0.9 1.2 2.3 2.0 1.B 2.2 1.0

In the conventional calculation of the An content (i.e. using the relationship Ca/Ca+Na) there
are potential analytical errors in the analysis ofCa and Na, This could influence the accuracy of
the determined An content, whereas when CaD or any other element is used exclusively in these
calculations there is only the potential error in one elements abundance and so this method is
potentially more precise.

Between An70 and Anso (the range investigated here) the CaO content ranges from 1436 to
10.38 or 0.2% CaO per 1 mole An. As the precision for CaO is -0.10 wt%, the precision in the
An content calculated using equation 1 is -0.6% An. A similar calculation for the other three
elements gives 0.115% N~O, 0.17% Al203 and 0.25% Si02 per 1 mole An. Therefore the
potential precision using Si02 should be greater than when CaO is used. However the prescence.
of quartz in the mineral separate renders this element unreliable. Thus the method using CaO is
considered to be potentially the most precise. These theoretical considerations are borne outin a

statistical analysis of the precision of each method (Table 6.7). From these results it appears that
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the method employing CaO abundance does provide the most precise result. Using the Al203
abundance on the other hand gives a significantly and systematically lower anorthite content than
expected based on CaO and Na20 abundances. Si02 produces the reverse. On the basis of these
anomalies ratios involving these elements have not been used to determine the anorthite content
of the separates. The normal method of calculating the anorthite content is using the ratio
Ca/Ca+Na (An(1». Comparison between this and other methods shows that, those methods using
CaO and Na20 abundances provide similar resul.s, Those employing Si02 and A1203 abundance
are inaccurate.

Table 6.8
% An in plagioclase calculated from oxide abundances (with free quartz and I<20 excluded) for samples

from profile A.
..... r 8TH ;f;; ;u.. iii .;4 ............. :;; ,;;:;; '*11;&"';;;;. ; a·;;iii;ii;J.,l j-

An(t) An(2) Au(3) An(4) An(5) An(6) An(7) An(8) An(9) An(lO)
bangingwaU samples

H8N 70.8 69.9 71.2 71.2 72.5 64.6 65.8 73.2 74.6 70.3
l:l7N 69.6 68.1 69.1 70.1 71.1 66.5 67.S 71.6 72.6 695
l:l6N 64.8 63.3 64.4 65.6 66.7 61.0 6.2.0 67.4 68.5 64.8
H4N 62.S 61.9 62.8 63.4 64.4 59.0 59.9 65.4 66.4 62.5
H3N 57.8 57.3 51.8 58.2 58.8 .53.1 53.7 58.1 58.7 57.2ruN 63.4 62.4 63.2 64.0 64.9 60.2 61.0 6.5.6 66.5 63.2
BIN 61.9 61.4 61.8 62.2 62.~1 59.3 59.6 62.3 62.7 61.7

samples frolU the layered marker sequence
20LN 62.6 61.2 62.2 63.4 64.4 56.3 57.1 63.0 64.1 62.2
20MN 62.4 61.3 62.0 63.0 63.6 60.0 60.5 63.5 64.1 62.3
19LN 62.4 61.4 62.1 62.9 63.6 58.0 58.6 62.7 63.4 62.0
19MN 61.9 60.5 61.6 62.7 63.9 56.6 57.6 63.9 65.1 61.6
18LN 62.4 61.2 62.1 63.0 64.0 56.9 57.7 63.2 64.2 61.9
18MN 60.5 59.9 60.5 60.9 61.6 57.3 58.0 61.9 62.6 60~2
llMN 61.6 61.0 61.5 62.0 62.5 59.1 59.5 62.4 63.0 61.4
10LN 62.1 61.2 61.9 62.5 63.3 57.3 58.0 62.6 63.3 61.6
10MN 61,5 60.5 61.5 62.1 63.1 57.3 58.3 64.0 65.0 61.2
QLN 62.1 60.8 61.6 62.8 63.6 59.9 60.6 64.0 648 62.!
9MN 61.0 60.4 61.3 61.3 62.1 56.1 57.5 62.S 63.7 60.S
8LN 61.0 60.& 61.0 61.2 61.6 58.2 58.5 61.2 61.7 60.5
8MN 61.7 61.0 61.8 62.0 62.8 57.4 58.2 63.0 63.7 61.2
7LN 61.8 61.0 61.8 62.3 63.1 58.0 58.8 63.7 64.6 61.5
6MN 61.7 60.9 61.6 62.1 62.9 58.1 58.9 63.3 64.0 61.4
SLN 61.2 60.7 61.3 61.5 62.2 57.9 58.4 62.3 62.9 60.9
5MN 61.6 61.2 61.6 61.8 62.2 58.0 58.3 61.2 616 6U
4LN 61.1 60.1 61.0 61.7 02.5 57.1 57.9 63.0 63.9 60.8
4:MN 62.2 60.8 61.9 63.0 64.1 57.2 58.3 64.6 65.8 61.9
3LN 61.1 60.9 61.5 61.3 61.9 57.2 57.8 62.4 63.1 60.S
3MN 61.4 61.1 61.5 61.5 61.9 58.6 59.0 61.7 62.1 61.0
2LNA 61.1 60.9 61.4 61.2 61.8 57.5 58.0 62.0 62.6 60.5
2LNB 61.8 61.0 61.8 62.2 63.0 58.2 59.0 63.6 64.5 61.5
2MN 62.0 61.6 62.0 62.2 62.6 59.6 60.0 62.6 63.0 61.7

footwall samples
FIN 62.3 61.3 62.3 62.9 63.8 57.6 5g.~ 64.3 65.3 61.~
F2N 62.2 61.4 62.4 62.6 63.6 57.7 58.6 64.5 65.5 61.2._
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-------------------------------------------------------------Table 6.9
% Anorthite in plagioclase calculated from oxide abundances (with free quartz and K20 excluded) for

samples from profile B

An{l) An (2) An(3) Au (4) An(5) An(6) An(7) An(S) An(9) An(lO)

hangingwnJl samples
H12S 72.1 71.0 71.7 72.5 73.2 69.3 70.0 73.0 73.7 72.1
HIlS 64.4 63.5 64.0 64.9 65.4 64.3 64.8 66.6 67.1 64.4
HIOS 60.0 58.9 60.0 60.6 61.7 54.7 55.6 62.1 63.2 59.S
H9S 65.4 64.1 64 66.0 66.6 65.4 66.0 67.6 68.2 65.4
HSS 70.4 68.6 69.1 71.2 71.8 73.2 73.8 73.7 74.3 70.4
H7S 62.2 61.4 62.1 62.6 63.3 59.3 59,9 63.6 64.3 62.1
H6S 58.5 57.5 58.4 59.1 60.1 52.6 53.4 59.6 60.6 57.9
HSS 61.5 61.4 61.8 61.6 62.1 58.5 58.9 62.1 62.5 61.0
HIS 61.3 61.1 61.5 61.4 61.9 58.3 58.7 61.8 62.2 60.9

samples from the layered marker sequence
25LS 62.5 60.9 62.0 63.4 64.6 58.9 60.1 65.8 67.1 62.4
25MS 60.2 59.9 60.3 60.4 60.9 5'1.4 51.9 60.9 61.3 59.9

I; 24L8 61.7 60.8 61.5 62.2 63.0 58.7 59.4 63.2 63.9 61.6~
24MS 61.1 60.4 61.3 61.5 62.4 57.0 57.S 63.0 63.9 60.7
23LS 61.5 61.1 61.6 61.7 62.3 58.2 58.7 62.1 62.6 61.1
23MS 60.8 59.8 60.7 61.4 62.4 55.0 55.8 61.5 62.S 60.3
22LS 61.6 60.5 61.4 62.2 63.0 56.4 57.2 62.2 63.0 61.1
22MS 60.4 60.6 60.8 60.4 60.6 57.6 57.8 60.3 60.6 59.8
19L8 62.2 60.8 61.9 62.9 64.0 56.S 57.5 63.5 64.6 61.8
MLPL 60.9 59.4 60.7 61.9 63.2 55.2 56.4 63.8 65.2 60.6
19Th1S 62.7 61.7 62.6 63.3 64.2 59.3 60.2 65.2 66.2 62.6
19MMS 62.7 62.7 62.7 62.7 62.7 62.7 62.7 62.7 62.7 62.6
19BMS 62.5 62.0 62.5 62.7 63.2 59.4 59.9 63.1 63.6 61.9
18LS 61.6 60.0 60.9 62.5 63.4 56.1 56.9 61.6 62.4 61.5
6LS 62.2 61.2 62.0 62.8 63.6 59.6 60.3 64.4 65.2 62.2
6MS 61.2 61.3 61.6 61.2 61.5 58.1 58.4 61.0 61.3 60.6
5L5 61.0 60.9 61.2 61.0 61.4 58.2 58.S 61.0 61.3 60.5
4LS 61.5 61.0 61.6 61.8 62.3 58.8 59.3 62.6 63.1 61.2
4MS 62.2 61.5 62.2 62.6 63.3 59.0 59.6 63.9 64.6 61.9
3LS 61.1 60.7 61.4 61.3 62.0 56.9 57.6 62.5 63.3 60.5
3MS 61.9 61.1 61.8 62.4 63,1 58.8 59.5 63J~ 64.6 61.7
2LS 62.1 59.9 61.4 63.3 64.S 55.2 56.5 64.5 66.1 61.9
2LS 61.3 60.1 6Ll 61.9 62.9 56.4 57.3 63.2 64.2 60.9
lLS 61.4 60.9 61.6 61.7 62.4 58.0 58.7 63.0 63.7 61.0

footwall samples
FIS 61.6 61.3 61.7 61.7 62.2 58.4 53.8 62.4 62.9 61.1
F2S 61.9 61.3 62.(1 62.3 63.0 57.9 58.6 63.2 63.9 61.5--

6.2.2 Vertic~l varlatiou ln plagioclase composition

From the duplicate analyses it can be seen that those methods employing CaO, in the calculation
of the anorthite content (An(2) and An(3»), are most precise (refer Table 6.7). In addition the
method employing the actual CaO content is probably more accurate than that employing the CaO
content normalized against the total as the accuracy of the values calculated is dependant only on
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the accuracy in the analysis for eaO. Therefore in all future discussion the anorthite content
quoted has been calculatedusing equation 1 and the actual CaO content analysed (An(2». Figure
6.3 shows the overall variation inplagioclase composition for profiles A and B over the interval
of stratigraphy considered. The sample that occurs 20m below the Pyroxenite Marker in profile
B is regarded as an outlier sample. This sample may represent a sill of more mafic material that
was intruded at the time the new magma, which funned the cumulates above the Pyroxenite
Marker, was being injected.There is a subtle reversal it1plagioclase composition from the base of
the Iayert.'.dmarker to the Pyroxenite Marker (this trend is shown by the arrows in Fig. 6.3), The
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Figure 6.3 Variation in plagioclase ~ompositions (An(2» across the Layered Marker up to and including the
Pyroxenite Marker.
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samples above the Pyroxenite marker contain more primitive plagioclase. In profile B the thick
(2m) basal pyroxenite marker was also sampled. This is the pyroxene layer that was first identified
as the base of the Pyroxenite Marker. This sample together with other pyroxenites analysed
contains more evolved plagioclase than expected when compared to neighbouring samples. This
reflects the proportion of intercumulus plagioclase present within these samples. However, the
samples from directly below and above contain plagioclase that are more primitive than that from
some distance below the Pyroxenite Marker. Twenty metres above this layer the plagioclase
composition is significantly more primitive.

6.2.3 Vertical variation of plagioclase composition through the layered marker

The variation in plagioclase composition through the layered marker is extremely limited and
lies almost entirelywithin the limits of analytical precision (Fig.6.4). However repetitive sampling
of a single layer shows that these results may be more precise than these errors suggest. Three
samples, run in duplicate, from the top, middle and bottom of a single layer (19M; profile B)
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Figure 6.4 Variation in %An (An(2)} for samples from the Layered :Marker. Filled symbols refer to the mafic
samples, open to the leucocrauc samples. The horizontal line through each data point represents the
20 eror calculatedfor these analyses. The dashed lines refer to Uteaverage composition of the direct
hangingwall and footwall samples.
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showed a variation in anorthite of 0.2%. This layer was also sampled at 5 sites, equally spaced
~V""" 40m1 and the maximum variation in plagioclase composition for these samples was 1.3 %

; northite,

From Figure 6.4 and data presented in the preceding Tables, it would appear that towards the
base of the sequence, the pbgioclase from the mafic layers is more anorthite rich compared to that
from the leucoesatic layers. Towards the top this trend is reversed. The dashed lines drawn on
figure 6.4 delineate the average comp 'sitton of the direct footwall and hangingwall samples.

6.2.4 Microprobe analysis of selected pk

Selected plagioclase grains have been a;,,;!:, . . ~oprobe to study the extent of zonation

On a larger scale there is no significant r:hnn.;i' u1 the range of cumulus plagioclase composition
between the three profiles considered 6,4).

and to compare with the XRF analyses oft", . mine) ,;~ l)~'p< . '1. Representative analyses are listed
in the Table 6.10 and 6.11. In each case analyses are 4' '~rr;nore to rim.

- e'w ........ ....... nm -...., . .......... ". ..... , .......". ... • n ••

Table 6.10
Microprobe analyses and compositions (%An) of selected plagioclase grains froi.. samples of the layered

marker sequence marker at locality 13
....__......_.._ .._ c· ==
Sar.lel(! SiOI A1a<!1 FelOI M~O CaO NalO l\aO Tol"ls AntI) An(2l An~'n ·t\ni6l An!8~
2S1,s'CON 52,S 29.5 0.4 0.0 12.$ 4.2 0.3 99.4 62.4 61.7 62.4 62.S 62.1
2SLS SZ.~-I 2M 0.4 0.0 12.6 4.1 0.3 99.2 63.1 62.1 62.9 637 63.1
251,S·rim 49.2 31.4 0.4 0.0 14.7 s.o 0.1 98.8 73.1 72.4 73.7 733 73.0
23LS-CON $2.5 29.2 0.4 0.0 12.4 4.2 0.3 99.1 62.2 61A 62.3 62.6 6;15
23LS S~.O 28.9 0.4 0.0 12.3 4.3 0.3 99.3 61.1 60.7 61.4 61.4 62.1
231.S·rim 51.0 30.4 O.S 0.0 13.5 3.5 0.2 99.2 68.2 66.7 67.6 68.9 69.8
221,s,'coN 52.8 29.1 0.4 0.0 12.2 4.3 0.4 99.0 61.1 60.2 61.0 61.6 62.4
221,s 52.7 29.3 0.4 0.0 12.3 4.3 0.4 99.4 61.3 61.0 61.6 61.4 62.0
22I.S·rim 53.0 29.1 0.6 0.0 12.2 4.3 0.3 99.$ 61.0 61).3 61.0 61.S 62.2
19L5,cUN 53.4 28.7 0.4 0.0 12.1 4.5 0.3 99.4 59.7 59.7 60.3 59.S 60.4
19L5 53.2 28.9 0.4 0.0 12.0 4.4 0.3 99.3 60.0 59.3 60.0 60.S 61.2
!9LS.rim 50.3 ::0.5 0.4 0.0 14.3 3.3 {I.2 99.0 7tl.4 70.4 71.4 70.4 71.4
l8LS-core 52.5 29.2 0.4 0.0 12.5 4.'2 0.3 99.0 62.0 61.5 62.4 62.3 (i,U
18lS 53.2 28.7 0.3 0.0 11.9 4.6 0.2 98.9 58.8 58.2 59.1 59.1 59.9
18LS·rim 50.2 30.6 0.4 0.0 14.3 3.3 0.2 99.0 70.8 '103 71.3 71.0 '72.1

Table6.U
microprobe analyses and compositions of selected plagioclase grains from locality A.

§~I!!lelc SiO~ A1l?J FCIOa MilO Cao N~() KIO Totals An(l) An(2) ~J4t An,6> An(8)
20LN,cON ~2.6 29.:: 0.4 0.0 12.3 4.4 0.3 99.2 60.S 60.7 61.5 60,S 59.7
20LN 52.! 28.!: 0.4 0.0 12.1 4.S 0.3 99.0 59.8 59.7 60.6 59.9 59.2
20LN·rim 51.1 30.:: 0.3 0.0 13.6 3.8 0.2 !J9.3 66.5 67.0 67.8 66.3 65.8
20MN-coNS2.1 29.4 0.3 0.0 12.7 4.2 0.3 98.9 62.7 62.6 63.5 62.7 63.6
20MN 52.6 29.4 0.4 0.0 12.4 4.2 0.4 99.4 62.3 61.7 62.3 62.6 63.2
20MN·rinl 53.4 2!).1 0.2 0.0 12.0 4.4 0.3 99.6 60.1 SM S!.l.8 60.4 60.9
(\~ithplagioclase)
20MN·ritl\ !f2,' 29.4 0.4 0.0 12.7 4.1 (1.:1 99.3 63.3 6'2.S 63.2 63.7 64.3
(with e,vr<'",ctlol
20M'" "ilreS3.0 2!).3 0.3 0.0 12.~ 4.2 0.3 99.4 61.S 60.3 60.9 62.2 62.8
20M~·ntlt 53.1 29,0 •• .9.3 O,iI 12.2 •• 4.3 0.3 99.2 61.2 ..§OA iiI.; 1 (,1.7 62.4
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Table 6.11
microprobe analyses and compositions of selected plagioclase grains from locality A.
= ::; . - = .== ---
52.2 29.0 05 0.0 12.5 4.1 0.3 98.6 62.S 61.7 63.0 63.0 62.4
52.0 29.1 0.4 0.0 12.6 4.2 0.3 98.~ 62.5 62.1 63.4 62.7 62.1
SO.1 30.5 0.4 0.0 14.0 3.4 0.2 98.6 69.7 69.2 70.5 69.9 69.S
53.9 28.S 0.4 0.0 11.S 4.8 0.3 99.3 56.2 55.7 56.4 56.6 51.2
53.8 28.6 0.3 0.0 B.3 4.9 0.3 99.2 57.1 56.7 57.4 5'/.3 57.9
52.7 29.2 0.4 0.0 12.4 4.4 0.3 99.3 60.7 61.1 61.8 110.4 59.7
517 29.S 0.3 0.0 12.9 4.0 0.1 98.8 64.1 63.9 6S.0 64.3 63.7
51.1 :30.3 0.3 0.0 13.7 3.8 0.2 99.S 66.9 €7.6 68.3 66.5 66.0-- illLi :a:i:ea .....

=
19LN·core
19LN
19i.N·rirn
19MN-cor~
19MN·rim
18LN rOTe
m.N
18LN·rirn

......

....,wif. ··it.i ••

6.2.5 Comparison between microprobe and X.R.F. analyses

There is in general a very good agreement between the results obtained) on cores, by electron
microprobe and X.R.F. analyses (Fig.6.S). In additio» ..l~ecomposition of crystals, both within a
single thin section and between samples, is simiia•.. 'the range in composition is however
significantly larger than the analytical precision calculated for the analysis of plagioclase separates
(reflected in the symbol size [Fig.6.S]). The plagioclase analysed from leucocratic samples all
exhibit anorthite-enriched rims. Plagioclase crystals analysed from. two mafic samples however,
did not appear to show reversed zonation.

55
25LS

23LS

22LS

19L5

18LS

20L.N

:z
:E
(';)
N

19LN

19MN

18LN 1

%anorthlte65 75
+-----·-----=~~4--4-----------(~

o

-+-- X.R.F
• Core

A midway

orlm

o

1I1t~ 0
Figure 6.5 Comparison ofplagioclase compositions as determined from XRF and microprobe analyses (An(2».



1500 phase change from opx
to pigeonite for the
northern profile (on Ojate
249KS)

base of subzone B

7. Pyroxene

7.1 Introduction

Pyroxenes.from the Main Zone, in the eastern limb of the complex. have been studied by von
Gruenewaldt (1970,1971 and 1973), Molyneux (1974), Marais (1977) and Klemm et at. (1985).
Molyneux mapped and sampled in the northern portion of the eastern limb and provided the

r--- height in metres with respect to the Merensky Reef

t ..

2000 l-----l'Ir~!____-...........f phase change fram opx to
pigeonite for the southern
profile (on
Moolmelslestonteln)

60 70 80 % enstatite

Figure 7.1 Variation in the composition of orthopyroxene, measured microscopically, across the Pyroxenite
Marker (from Molyneux, 1974).

regional setting for this study, Figure 7.1 shows the variation in low-calcium pyroxene
composition for two profiles, through subzone B and a portion of subzone C, in this area.

Several hundred metres below the Pyroxenite Marker there is a distinct change in the
compositionai trend. This can be related to the phase change from orthopyroxene to pigeonite,
This phase change and the related change in mg-number, on the farm Mooimeisiesfontein
(Molyneux, 1974) (whichisjust north ofthe farm Steelpoortpark), occurs several hundred metres
higher in the sequence than further to the north on the farm Djate 249 KS. Above this phase
change, the composition of the orthopyroxene remains more or less constant. Closer to the
Pyroxenite Marker there is a reversal in the normal fractionation trend. The gradient of this



reversal becomes steeper across the Pyroxenite Marker.
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Marais (l977) studied the changing pyroxene compositions, across the Pyroxenite Marker,
along four profiles, over more than SOlan, in the eastern limb. Figure 7.2 shows the variation in
orthopyroxene composition from her study. The line graphs refer to those results obtained by
optical methods. Chemical analysis of separates were also undertaken (Marais, 1977). The mg-

rheight In metreo w.r.t. the PyrOXenite M~rker
Thornhill steelpecrt Park Roossenekal TOllteldoos

-200

-300

60 70 50 60 70 60 10 60 70% Enstatite

Figure 7.2 Variation in orthopyroxene composition across the Pyroxenite Marker (Om). The numbers next to
each curve refer to compositions determined by X.RF. analysis of separates (Diagram modified after
Marais, 1977).

numbers for these samples (100xMglMg+Fe) have been plotted on the graph as labels at the
appropriate stratigraphic positions.

The Thornhill profile (close to profile B) shows similar trends to the profiles presented by
Molyneux (1974). With normal fractionation up to '"'150m below the P.M., at which point there
is a reversal in the normal compositional trend. At the level of the Pyroxenite Marker there is a
distinct reversal ill mineral composition. In the Steelpoortpark area (close to profile C) there is a
sharp reversal significantly below the Pyroxenite Marker and the Marker is defined by still more
mafic compositions. Above this level the pyroxene compositions appear to revert back to what
they were below the marker. TIns profile is at variance with that presented by Molyneux (1974).
For the Roossenekal profile there is a strong reversal significantly below the Pyroxenite Marker.
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From this point there is a progressive reversal in pyroxene composition. The trend shown by
pyroxenes along a profile near Tonteldoos appears similar to that from the Thornhill profile,
except that the compositions are different and the reversal begins very close to the Pyroxenite
Marker. From the studies of Marais (1977) and Klemm et at. (1985) it would appear that the
composition of the pyroxene phases is more or less constant along strike and only starts to change
significantly and progressively south of'Roossenekal, where there appears to be a Fe-enrichment.
Marais (1977) ascribed this change to a lateral temperature gradient during crystallization, whilst
Klemm et al. (1985) suggested that this change may be due to differing degrees of mixing as the
new magma plumed into the chamber and migrated away from its point of entry.

7.2 Analysis of pyroxene from three profiles in the eastern limb

Both clinopyroxene and orthopyroxene compositions have been determined for samples from
3 profiles covering 45km of strike. In certain layers there is a very small proportion of pyroxene
present. In such cases it proved difficult to separate the phases effectively and yield a sufficient
weight of separate to analyse by X.RF. techniques. In these cases microprobe analyses have been
undertaken. Other samples were also selected for microprobe work so that pyroxene composition
as determined from X.R.F. analysis could be compared. The pyroxene analyses are listed in tables
7.1a, 7.1b, 7.2a and 7.2b. Analytical errors have been calculated from precision in the analysis of
the calibration standards (Appendix 4). A few duplicate samples were also ron as a check
(Table 7.3). Data for profile C is taken from Pillay (1990). Two samples, from that study were re-
analysed as between run analytical checks.

'fable 7.1a
Analysis of orthopyroxene separates from profiles A.

I ~~l.~I~T~io~:~~M~t~Oj~~~h~O~[~=~M~nO~~~M~·~~O~_C=a~O~_T~o=tru~
ban (ingwall samples------~----~r_------~~--~F*~-=~~--~r_----~----_T------USN 53.23 0.29 0.87 17.93 \).35 25.09 1.6 99.39

H7N 52.64 0.24 0.81 21.06 0.38 22.78 1.62 99.57
H6~~ r-5~2~.1~1~~O~.3~2~~~0~.8~6__ +-~21~.3~6~-+~O.~~~~~2~1~.8~4~~2~.~18~·~~9~9.~16~
H3N 52.25 0.28 0.60 21.65 0.45 22.56 1.46 99.28
;;;1II;,;;;2N;..;,. t--5..;.1......6.....7 -i_O .....7_9_+-_1 ......1....2 __ +-2 ....1..;..3...7_t-..;.;0 •....;42 """I-..;.2....0 .....0,;;..0--t__;2;,;..0;..,;4_-+-__;;..;;98.63
lfIIN 52.98 0.29 1.18 21.53 0.44 21.01 2.83 100.3

samples from the layered mllrker sequence

0.26 22.62 0.45

_20__M;,;oN...._-t-_5_2..;..6_9-t_0_.2_4 +-_0__.7_2_+--2,~.79 0.47 21.19
19MN 52.71 0.26 0.75 22.10 0.45 21.43

1.80
1.82

99.13

100.!._
99.56

18MN 52.12 0.23 0.73 22.83 0.46 21.02 1.70 99.16

10LN 51.91
llMN 52.07 0.26 0.79 22.86 0.46 21.00

1.19 19.63 2.99
1.63 99.12



CaO Total

Table 7.1a
Analysis Of orthopyroxene separates from profiles A.

.
10MN 52.04 0.24 0.78 22.46 0.44 21.24 1.77 99.03
9MN 51.80 0.24 0.79 22.33 0.45 21.29 1.79 98.75
8LN 51.66 0.28 1.30 22.73 0.44 19.42 3.20 99.07
8MN 52.10 0.26 0.86 22.72 0.46 20.39 2.36 99.19-7LN 51.61 0.26 1.10 22.H6 0.45 19.45 2.87 98.66
6MN 52.38 0.25 0.73 22.76 0.44 21.39 1.62 99.62
5LN 52.09 0.27 1.03 23.07 0.44- 19.61 2.17 99.34
5MN 51.97 0.27 0.94 22.@L.. 0.45 20.51 2.52 99.42
4LN 52.03 0.27 1.04 22.71 0.44 20.12 2.27 98.93
4MN 52.01 0.27 0.72 22.47 0.45 21.40 1.48 98.86
JLN 51.72 0.26 0.98 22.82 0.44 20.37 2.36 99.02
3MN 52.50 0.27 0.73 21.93 0.43 21.46 1.81 99.11
2LNB 52.48 0.27 0.91 21.98 0.43 20.96 2.22 99.30
2LNA 52.54 0.25 0.82 22.71 0.43 20.34 2.54 99.68
2MN 52.13 0.23 0.67 22.59 0.46 21.57 1.42 99.12

Table 7.1b
Analysis of orthopyroxene separates from profiles B.

banl:In~an samples
HUS 52.54 0.27 1.01 17.80 0.37 24.93 1.66 98.63
BUS 53.25 0.23 0.96 20.20 0.44 22.43 2.20 99.78
IIl0S 52.95 0.23 0.63 20.45 0.00 22.62 1.70 99.03 -H8S 53.33 0.15 0.85 20.00 0.43 22.71 2.33 100.90
1I7S 52.74 0.24 0.72 21.97 0.47 21.S7 1.61 99.66
B6S 52.79 0.25 0.68 21.16 0.46 22.31 1.58 99.~
H5S 52.14 0.29 1.02 22.52 0.45 2025 2.84 99.68
HIS 50.90 0.28 1.54 24.26 0.46 17.78 3.74 99.02-samples from t e layered marker sequence
25MS 52.04 0.22 0.94 22.43 0.46 20.50 2.25 98.91
24MS 52.06 0.23 0.70 22.48 0.45 21.35 1.71 99.03
23MS 52.86 0.24 0.81 22.77 0.48 20.99 2.02 100.20-
22MS 51.51 0.26 0.92 22.94 0.49 20.63 1.97 98.76 -19tMS 52.43 0.26 0,91 2:),.17 0.47 20.81 2.26 99.36
19mMS 52.54 0.23 0.75 22.71 0.49 21.04 1.89 99.69 _.
19bMS 52.01 0.26 0.87 22.47 0.46 20.64 2.40 99.17
6LS 51048 0.27 1.26 23.07 0.44 19.94 2.56 99.60 ~
6MS 52.15 0.27 1.76 22.84 0.46 20.32 2.03 99.88
5LS 51.61 0.28 1.36 23.05 0.44 19.71 2.75 99.26 -.U.s 51.99 0.27 1.17 22.82 0.45 19.97 2.42 99.16

h



Sa~ple rSiO~ . I TiOt I AI:03 I~ FeO i. MoO ] MgO
h II

CaO=TTotal

-------------------------------------~-. ---------------------Table 7.tb
Analysis cf orthopyroxene separates from profiles B.

-
4MS 52.37 0.26 0.75 22.35 0.48 21.05 2.01 99.29
3LS 51.77 0.26 1.04 22.97 0.47 20.30 2.48 99.36
3MS 52.00 0.27 0.88 22.76 0.46 21.04 2.15 99.61
2LS 51.99 0.28 1.21 22.61 ·1).45 20.39 2.27 99.32
!IS 51.65 0.28 1.11 22.59 0.43 20.15 2.62 98.88

Table 7.2tl
Analysis of clinopyroxene separates from profiles A.

an mgwa samPleS -
USN 51.47 0.48 1.80 8.21 0.21 15.42 20.37 99.94
H7N 52.23 0.36 2.51 8.59 0.21 14.20 20.66 99.04
B6N 52.16 0.41 1 tf.S 9.92 0.25 14.59 20.29 99.26....................
H4N 51.91 0.39 1.37 9.73 0.24 14.42 20.49 98.72
H3N 52.70 0.38 1.15 9.48 0.23 14.98 20.66 99.91
!!!_N 52.04 0.40 1.61 10.55 0.24 14.63 19.75 99.51
BIN 52.28 0.36 2.66 9.12 0.21 13.82 21.06 100.01

samples rom the ayered marker sequence
20MN 51.90 0.38 1.30 10.55 0.25 14.33 20.10 98.97
19MN 52.67 0.38 1.22 10.24 0.25 14.73 20.10 99.73
18MN 52.49 0.35 1.31 9.96 0.24 14.36 20.68 99.61
l1MN 51.94 0.35 1.39 9.73 0.24 14.25 21.18 99.28
10LN 51.97 0.35 2.46 10.19 0.23 13.34 20.57 99.49
10MN 52.88 0.34 1.35 10.01 0.24 14.60 20.63 100.60
9MN 52.01 0.36 1.30 10.18 0.26 14.56 20.35 99.26
8LN 50.90 0.39 2.58 10.43 0.26 13.25 20.26 98.60.
~ 51.70 0.37 1.51 10.11 0.25 14.09 20.88 99.19
7LN 51.88 0.34 2.94 10.07 0.22 13.13 .20.51 99.53
6MN 51.66 0.38 1.37 10.21 0.25 14.51 20.37 99.01
5LN 51.27 0.35 2.25 10.78 0.26 13.43 20.03 98.80
5MN 51.59 0.37 1.65 10.44 0.25 14.07 20.18 98.S9
4LN 51.45 0.35 2.02 10.18 0.25 13.37 20.58 98.56
4MN 51.79 0,37 1.27 10.01 0.25 14.38 20.57 98.87
3LN 51.42 0.38 !}5 10.33 0.24 13.73 20.67 98.77
3MN 52.42 0.38 1.26 9.75 0.24 14.31 21.05 99.59
2LNB 51.50 0.36 1.65 10.46 0.24 13.62 20.70 98.81
2LNA 51.84 0.39 1.79 10.16 0.26 13.74 20.38 98.94
2MN 52.43 0.40 1.32 10.46 0.25 14.43 20.49 100.l0

f

samplesfrom tbe footwall
-Fl_-rs:-. ----: r·-S-2.2-slr-_-0-.3-'81r--==:.IL4:.:.::r41 -= 10.Qi[:--.._,:;:,:.:O.2~61....1 --..!1=4.3~91....1_:-:::::~.::.:.:Q.6!::::.51..,..1..........::.99.70



:'.;;111 ;int,rw Sant~]es
H12S 52.32 0.44 2.19 7.80 0.21 15.60 20.58 99.46
HUS 52.00 0.36 1.58 8.89 0.22 14.54 20.92 98.92
BIOS 52.73 0033 1.23 9.03 0.00 14.90 20.74 99.58
HSS 52.14- 0.24 2.11 7.77 0.20 14.59 21.32 99.36~ ..•

H7S 51.47 0.37 1.26 10.39 0.27 14.93 19,91 98.76
H6S 51.95 0.38 1.22, 10.31 0.28 15.25 19.54 99.06
H5S 51.55 0.40 1.80 10.73 0.25 13.93 20.55 99.45
IUS 51.74 0.36 3.03 11.44 0.25 12.54 20.02 99.81~

Table 7.2a
Analysis of clinopyroxene separates from profiles A.

Table 7.2b
Analysis of clinopyroxene separates from profiles B.

samples. rom t e ayere mat er sequence
25MS 52.59 0,34 1.68 9.78 0.24 14.18 21.07 100.20
24MS 52.u7 0.38 1.40 10.88 0.25 14.74 19.56 100.10
23MS 52.35 0.38 1.28 10.31 0.26 14.38 20.52 99:16
22MS 52.44 0.37 1.36 10.26 0.26 14.26 20.84 100.00,..__
19tMS(22m) 52,)3 0.37 1.79 9.97 0.24 14.14 20.98 99.90
19mMS(22m' 51.69 0.36 1.30 10.29 0.26 14.40 20.58 99.05
19bMS(22m) 51.68 0.35 1.29 10.49 0.25 14.25 20.64 99.17
6LS 51.15 0.41 2.60 11.64 0.26 13.87 19.05 99.27
6MS 51.36 0.:39 1.54 10.12 0.25 14.04 20.89 98.82
5LS 51.29 0.36 2~64 10.33 0.23 13.12 20.35 98.79
4I"S 51.38 0.39 1.92 10.56 0.2.3 13.60 20.47 98.89

~ 51.62 0.38 1.39 10.05 0.24 14.14 20.85 98.97'-.3LS .52.30 0.36 2.15 10.19 0.25 13.57 20.95 100.10
3MS 52.31 0.40 1.57 10.74 0.26 14.40 20.20 100.10
2LS 52.40 0.38 2.07 10.21 0.25 13.66 20.95 100.30
lLS 51.85 0.38 1.85 10.61 0.26 13.92 20.54 99.70

f h I d k

100.30~~--_.~~----~----~~--~~--~~--~~--~~-~



7.2.1 Pyroxene compositions

"

---w ~ ~ -- __ ~_

Table 7.3
Analysis of analytical errors. The 1,,1errors quoted have been calculated from the precision in the analysis of
the calibration standards (as very few duplicates were analysed). the replicates analysed vary within the

limits of the calculated errors ~

orthonvrexene ana1~~l!es clinenvrnxeae analvses -
- SiO. AI,O~ FeO M20 CaO SiO. AI.O. FeO Ml!O CaO

20__._.'0. 0.5 0.3 0.3 0.2 0.1 20 0.5 0.3 0.2 0.2 0.1

en lea e analyses
1 52.11 0.93 22.64 20.37 2.83 1 52.53 1.91 9.82 14.24 20.90

2 52.14 1.02 22.52 20.25 2.84- 2 52.34 1.91 - 9.82 14.02 20.85

J 51.92 1.91 9.85 14.16 20.2§_~

0...1 0.02 0.06 0.08 0.08 0.01 (1n-1 0.31 0.00 0.02 O.Ii 0.06.,..

R r t

The cationic proportions of Ca2+, Mg 2+ and Fe 2+ have been calculated from the oxide
abundances> from which the mg-nurnber (lOOxMglMg+Fe) has been calculated for each sample.
All Fe has been taken as FeG for these calculations. These results are listed in tables 7.5, 7.6 and
7.7. Analytical errors (Table 7.4) have been calculated taking into account the errors determined
for the major element analysis (Table 7.3).

- - I -
orthopyroxene analyses clinopyroxene analYlles

Cal+ Mgl+ F~l+ Mg~number Ca2+ Mg2+ }'e2+' Mg..number-
20 0.2 0.3 0.1 0.2 20 0.3 0.04 0.3 0.3

l'able 7.4
Analytical error in the calculation of moxene compositions.

Compositions determined by P.PilIay (1990)
-1-6M---",-,_3-._6~~-5_9-._3:[-.3-7 1-"""', -6-1.5......-]1-38--M~..,...1-42·-.2_,1-· 1.-1.-2 ......1-16-.6-. "-1 :'-"-1.3--=-=

. ..-
16M 3.5 59.7 36.S 61.8 38M 43.1 40.1 16.8 70.5

S 0,1 0.4 0.3 0.3 0.9 1.1 0.2 O.S

Compositions determined after re-analysis of separates



- sampl es rom t te ayere mar er seuuence
20MN 3.6 59.4 37.0 61.6 41.4 41.1 17.6 70.1
19MN 3.7 60.3 36.0 62.6 41.2 41.9 16.9 71.2-18MN 3.4 59~3 37.3 61.4 42.5 41.0 16.5 71.3
llMN 3.3 I 59.3 37.4 61.4 43.4 40.6 16.1 71.6
10LN 6.2 56.3 37.5 60.0 43.4 39.2 17.4 69.3 .
10MN 3.6 59.8 36.6 62.1 42.1 41.4 16.5 71.5..
9MN 3.6 60.0 36.4 62.2 41.7 41.5 16.9 71.1_--
8LN 6.6 55.7 37:J 59.7 43.0 3!U 17.9 68.6
8MN 4.8 57.9 37.3 60.8 42.9 40.3 16.8 70.6
7LN 6.0 56.0 38.1 59,5 43.8 39.0 17.3 69.3_
6MN 3.3 59.9 36.S 61.9 41.7 41.4 16.9 71.0
5LN 5.7 56.1 38.2 59.S 42.2 39.4 18.4 68.2
§_MN 5.1 S7.L_ _17.0 61.0 41.9 40.6 17.5 69.9
4LN 4.7 57.7_ 37.6 60.5 43.4 39.2 17.4 69.3
4MN 3.0 60.3 36.7 62.2 42.3 41.1 16.6 71.2
3LN 4.8 57.8 I 37.4 60.7 43.0 39.7 17.3 69.6-3MN 3.7 60.6 35.S 62.9 43.1 40.8 ltU 71.1
2LNB 4.5 59.4 11.0 62.3 43.1 39.4 17.6 69.2
2LNA 5.2 57.7 37.2 60.S -12.7 40.1 17.2 69.9-------2MN 2.9 60.5 36.7 62.3 41.8 41.0 17.3 70.4

I f I I d k

Table 7.5
Cationic proportions of ell.Mg, Fe and mg-number for Iow-calcium and clinopyroxene separates from profile

A.

low-calcium pyroxcne clinom rosene
Sample Ca~+ I Mtf+ I Fe2+ I Mg" Cal+ I Mg2+ Fe1+ I Mg"
-- ..-~=. Lumber number

an pngwal samples.......... ----
HSN 3.1 68.6 28.3 70,g 42.:3 44.3 13.4 76.8
1I7N 3.2 63.1 33.7 65.2 43.6 41.7 14.7 74.0
H6N 4.4 61.1 34.6 t9 41.7 41.8 16.5 71.7
H4N 4.2 60." 35.3 (;3.1 42.2 41.4 16.3 71.7
H3N 2.9 62.4 34.7 M.3 42.0 42.4 15.6 73.2
H2N 4.3 59.2 36.5 61.8 40.6 41.9 17.5 70.5~
H1N 5.7 59.2 35.1 62.8 44.2 40.4 15.5 72.3-

h n
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samples from the layered marker sequence
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- ............
Table 7.6

Cationic proportions of Ca, Mg, Fe and mg-number for low-calcium and clinopyroxene separates from profile
B.

Sample Mg.. Caz+
number------~----~------._----~hangingwaU sampl~s

I
I

~

mzs 3.3 68A 28.3 70.8 42.4 44.7 13.0 77.5........,_
HUS 3.4 0.4 33.2 65.7 43.3 41.9 14.9 73.8---- .....
BIOS 4.4 62.8 32.8 65.7 42.5 42.S 15.0 74.0
H8S 4.7 63.1 3g_ 66.2 44.5 42.4 13.1 76.3
H7S 3.2 61.2 35.6 63.2 406 42.3 17.1 71.2
BGS 3.2 62.5 34.3 64.5 39.8 43.2 17.0 71.8
!ISS 5.7 57.4 36.9 60.9 42.2 39.9 17.8 69.1

~.

HIS 7.8 51.6 40.6 55.9 41..9 37.4 19.7 65.4....... -.~ -"'r"'~

25MS 4.6 58.4 37.0 43.3 40.5 16.2 71.4
24MS 35 60.0 36.5 62.2 40.1 42.0 18.0 70.0
23MS 4.d__ 58.9 37.0 61.4 42.0 40.9 17.1 70.6"' ...... ..ill

22MS 4.0 58.4 37.6 60.8 42~ 40.5 16.9 70.5-19tMS 4.6 59,0 36.4 61.8 43.1 40.4 16.5 7.1.0
19mMS 3.8 59.2 37.0 61.5 42.1 40.9 17.0 70.7
19i1JMS 4.9 58.4 36.8 61.4 42.2 40.5 17.3 70.0
6LS 5.3 56.8 38.0 59.9 39.9 40.4 19.7 67.3
6MS 4.2 58.1 37.8 60.6 43.0 40.2 16.8 70.5
5LS 5.6 56.3 ~:1 59.7 43.3 39.0 17.7 68.8
4LS 5.0 57.2 37.8_ 60.2 42.7 39.S 17.8 69.0-4MS 4.1 59.4 36.5 61.9 42.9 40.4 16.7 70.S
3LS 5.1 51.4 37.6 60.4 43.6 39.3 17.1 69.6 -3MS 4.3 58.9 36.8 61.5 41.3 41.0 17.8 69.S
2LS 4.6 58.1 37.3 60.9 43.5 39.4 17.1 69.7- -lLS 5.4 57.4 3'7.2 60.7 42.4 39.9 17.7 69.3

footwall samples

~

~
~,, I

, I
I

I
I
I



Table 1.7
Cationic proportions of Ca, Mg. Fe and mg-number for low-calcium and clinopyroxene separates from profile

C.
-

Iow-ealclum p) roxene clinopyroxene

Sample Caz+ Mg2+ }'c:l.+ Mg- Cnl+ Mg1+ Fe2+ Mg-

- number number
76L 4.3 58.8 31).8 61.5 36.7 43.6 19.7 68.8
76M 3.7 60.1 :')6.2 62.4 41.2 41.9 16.9 71.2
75M 4.0 61.0 31·.L 63.6 37.8 43.1 19.1 69.3~
38L 9.5 54.3 30.2- 60.0 40.3 40.7 19.0 68.1
38M 6.3 57.7 35.9 61.6 42.2 41.2 16.6 71.3
37M 6.8 5'7.1 36.1 61.2 40.7 41.6 17.6 70.3
35M 6.1 56.8 37.1 60.5 41.8 40.7 17.4 70.0
24M 7.5 54.0 38.5 58.4 41.5 39.5 19.0 675
:e3M 10.3 54.2 35.4 60.5 41.0 40.5 18.6 68.6...._~

17~ ':'.7 57.1 37.2 60.5 40.9 40.7 18.4 68.8
16L 7.0 55.8 37.2 60.0 36.7 43.6 19.7 68.8
16M 3.6 59.3 37.1 61.5 40.4 41.8 17.8 70.1-samples from the footwall to the marker

Electron M::::l'oprobe lmalysis of pyro.\:enes

Within certain of the samples the pyroxene is a minor phase and the grains are fiequently
bounded by small euhedral magnetite crystals. These effect the magnetic properties of the different
minerals phases and makes it difficult to separate these phases efficiently. In such cases the
pyroxene phases have been analysed by electron microprobe. For these samples several grains
were analysed. This data, together with the calculated cationic proportions ofCa, Mg, Fe and the
mg-number, is presented in the tables 7.8 to 7.11.

From this data it can be seen that there is very little geochemical variation within a single
pyroxene grain and between grains within a single sample. The pyroxene phases) from two
samples, have been analysed by both X.R.F. and microprobe techniques. Figure 7.3 shows the
compositions of these pyroxene phases as determined by these two different techniques From this
figure it can be seen that the variations are small but systematic and reflects the effects of
exsolution on the mineral compositions.
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Figure 7.3 Comparison of pyroxene compositions from. selected samples as determined by microprobe (p) and

XRF analysis (x). Field and tie line join data poiuts for one sample whilst the other data points refer
to the other sample.
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Table 7.8
Microprobe analyses of orthopyroxene grains within selected samples from profile A.

Sample

ZOLN(4,'A)R ~1.31 o.ro 0.62 27.09 0.65 18.56 0.81 0.03 0.00 99.20 1.7 53.5 44.8 54.4
201.N(4!l)ll 51.11 0.15 0.60 27.00 0.S9 18.83 0.70 0.01 0.01 98.99 1.4 54.1 44.5 54.9
20LN(4/4)C 51.22 0.18 0.63 26.91 0.69 l8.7! 0.83 0.06 0.00 99.32 1.7 53.9 44.4 54.8
20LN(1/4)R 51.31 0.20 o.G3 26.44 0.53 18.43 0.98 0.Q3 0.00 98.57 2.1 53.8 44.2 54.9
20LN(1/5)C 51.27 0.23 0.G5 25.99 !l.51 18.72 1.08 0.Q3 0.Ql 98.62 2.3 54.4 -l3.3 55.7- -
:ZOMN(1/1)R 52.61 0.22 0.63 23.41 0•.\8 21.54 0.90 0.01 0.03 100.10 1.8 60.4 37.8 61.5
10MN(1/2}1I ~2.6S 0.18 0.63 23.36 0.55 21.75 0.70 0.02 0.09 99.95 1.4 61.0 37.6 6}'8
20MN(3)C 2.46 0.20 0.65 23.!i4 0.49 21.71 0.86 0.01 O.OS 99.96 1.7 60.6 37.7 61.7
lOMN(4/1)R S2.4G 0.21 0.59 23.S7 0.56 21.19 0.86 0.00 0.03 99.81 1.7 59.7 38.6 60.7
~f..N(4!2)n ~2.23 0.23 O.GO ~~.t2N ~l .i21.55 0.9.5 0.04 0.04 99.:'11 1.9 60.7 37.4 61.9
20MN(4!3)C ~3.15 0.18 0.67 22.55 0.54 21.77 1.84 0.00 0.05 100.80 3.7 60.4 36.0 62.7

..........._ -19MN(4/1)R ~2.46 0.23 0.61 22.94 0.55 21.82 0.89 0.00 0.02 9!.l.54 1.8 61.2 no 62.3 ~
~(4121H 5".51 0.24 0.63 22.72 0.53 21.94 0.99 0.03 0.04 99.63 2.0 61.5 36.6 §!1_
19MN(4/3)C 52.36 0.22 0.72 22.45 OoSt 22.02 0.911 0.00 O.OJ 99.30 2.0 61.& 36.2 63 . .1



Table 7.9
Microprobe analyses of clinopyroxene grains within selected samples from profile A.

Table 7.8
Microprobe analyses of orthopyroxene grains within selected samples from profile A.

19MN(2It)R b2.75 0.25 0.61 22.67 0.50 22,01 0.9~ 0.01 0.05 99.91 2.0 61.7 136.4 62.9
19MN(2/2)lI 152,59 0,24 0,83 22.04 0,51 21.56 2.01 O.ol 0.01 99.85 4.1 60.5 115.5 63.0
19MN(2!3)C ~3.18 0.20 0.55 7.2.37 0,55 22.05 1.45 0.01 0.01 100.40 2,9 61.3 135.8 63.2

18LN(J/l)R lsi.so 0.13 0.63 2G.OS 0.6(1 19.84 o~ 0.00 0.00 99.58 1.4 S6.2 42.4 57.0
18LN(lJ2)1I Isl.4S 0.16 0.57 25.24 0.58 20.19 0.65 0.03 0.00 98.88 1.3 57.4 41.2 582
.!8LN(1/3)C 152.27 0.16 0.60 24.94 0.58 20.45 0.64 0.02 0.G2 99.68 1.3 san 40.7 58.8-!SI,N{2/1)R lsi.is 0.19 0.65 25.84 0,62 19.55 0.82 0.01 0.01 98.87 1.7 55.9 42.4 56.8
18I.N(2:2)C b1.71 0.24 0.64 26.31 0.58 l~..tG 0.90 om 0.0:; 99.82 2.1 49.4 48,S 50.5

20LN(5J3)R 51.16 0.38 1.37 11.65 0.35 12.63 20.78 0.06 0.02 98.65 43.6 36.8 19.6 65.2

20LN(512)M 5110 0.30 1.15 11.98 0.33 12.50 20.69 0.05 0.00 ~18.65 43.4 36.5 20.2 64.4
20I.l'l(S11)C 51.94 0.33 1.16. 12.18 0.33 12.80 20.64 0.03 0.04 99.68 42.8 36.9 20.3 64.6
20I,N(3/1}R S1.8S 0.25 1.23 10.82 0.33 12.89 21.74 0.01 0.01 99.41 44.9 37.1 18.0 67.~
20LN!312)M 5l.50 0.35 1.41 B.ZO 0.35 12.85 20.87 O.oI 0.01 98.83 43.7 37.4 18.9 61;.5
20LN!3/~C 51.53 0.34 1.36 11.69 0.31 12.81 20.84 0.01 0.03 99.19 43.4 37.1 19.5 65.5

20MN(2/1)R
-

52.50 0.37 1.15 9.46 0.26 14.08 21.78 0.02 0.05 99.93 44.5 40.0 15.5 72.1
20MN(2I2)C 52.13 0.41 1.38 9.22 0.28 13.83 21.95 tJ.OO 0.0(1 99.47 45.2 39.6 15.3 72.2
20MN(31.t)R 52.64 0.38 1.14 9.41 0.2' 14.17 21.74 0.00 0.05 100.00 44.4 40.2 15.4 72.3
20MN(3/2)H 52.08 0.44 1.45 9.26 0.23 14.(12 21.89 0.01 0.06 99.72 44.9 40.0 IS.2 72.5
~OMN(3!3)C 52.46 0.3'1 141 9.39 0.28 13.93 21.87 0.00 0.02 100.00 44.S 39.7 15.5 71.9

19LN(1/1)R S1.50 0.26 1.26 11.41 O.2!l 13.00 20.89 0.02 0.01 98.86 43.05 37.6 18.9 66.5
19LN(1I2)C 51.33 0.30 1.38 11.38 0.40 12.80 20.85 0.04 0.00 98.76 43.6 37.2 19.2 65.9
19LN(2/1)R 51.65 0.33 1.33 10.86 0.40 12.61 21.47 0.00 0.00 98.93 44.9 36.7 18.4 66.6
19LN(2/~)11 51.73 0.38 1.47 11.38 0.39 12.70 20.95 0.02 0.00 99.34 43.8 36.9 19.2 65.8 -19I,N{ZlJ)C 51.74 0.29 1.32 10.74 0.32 12.86 21.59 0.01 0.00 99.17 44.9 37.2 18.0 674
191,N(3!2)U 51.70 0.31 1.43 11.00 0.26 12.75 21.52 0.00 0.00 99.29 44.8 36.9 18.3 66.9
19I,N(3/1)C SLlS 0.29 1.51 11.26 0.31 12.53 21.16 0.02 0.02 98.49 44.4 36.6 19.0 6S.9

19MN(3/1)R 52.26 0.39 1.22 9.30 0.29 14.07 21.76 0.02 0.03 99.61 44.6 40.1 15.3 72.3
19MN(.l/2)C 51.96 0.42 1.36 9.S3 0.24 1401 21.48 0.01 0.05 99.35 44.2 40.1 15.7 '!l.9
19MN(1/1)R 52.23 0.39 1.35 9,13 0.23 13,93 21.91 0.00 0.Q2 99.45 45.1 39.9 15.0 72.6
19MN(1I2)U -52.39 0.41 1.43 10.03 0.29 14.09 21.13 0.G2 0.03 100.10 43.3 40.2 16.5 70.9
19MN(1!3)C 52.39 0.39 1.43 9.07 0.26 13.81 2~03 0.00 0.06 99.69 45.4 39.6 15.0 72.S

18LN(3!3)C $2.18 0.29 1.28 10.53 0.17 13.18 21.47 0.02 0.01 99.39 44.6 38.1 11.4 68.7
18I.N(412)R 51.11 0.26 1.20 10.68 0.34 12.91 21.50 0.02 0.01 98.85 44.7 37.4 17.9 67.6
18J,N(413)C 51.36 0.40 1.43 11.69 0.31 12.63 21.00 0.04 0,01 99.14 43.8 36.6 19.5 6S.2
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Table 7.10
Microprobe analyses of low-calcium pyroxene grains within selected samples from profile B.

25I,S(3/1)R 50.95 0.15 0.60 2807 0.69 18.16 0.76 0.00 o.ot 99.39 1.6 52.1 46.3 52.9-2SLS(312)C 50.99 0.09 0.55 28.26 0.67 18.25 0.61 0.02 0.05 99.51 1.2 52.3 46.5 52.9
25JJS(4/1)R 51.14 0.12 0.58 27.61 0.66 18.43 0.72 O.oI 0.03 99.33 1.5 52.9 45.6 53.'7
25LS(412)C 50.89 0.11 0.55 27.68 0.67 18.40 0.74 0.00 0.02 99.08 1.5 52.8 45.7 53.6

54.8

22LS(2/1)R 51.13 0.13 0.53 27.07 0.65 18.&4 0.75 0.00 0.02 99.12 1.6 53.9 44.5 54.8
221,8(2/2)11 51.21 0.18 0.72 26.23 0.57 19.19 0.78 0.00 0.03 98.93 1.6 55.2 43.2 561
2ZLS(U3) 51.81 0.31 1.24 11.59 0.27 13.74 19.52 0.00 0.03 98.74 40.8 39.9 19.3 67.4
till eSllolllttoll
22LS{:!/l)R 51.05 0.19 0.61 25.79 0.59 19.80 0.76 0.00 0.02 98.82 1.5 56.3 42.1 51.2
22LS{3/2)1l 51.89 0.20 0.68 25.78 0.56 19.73 0.70 0.00 0.04 99.61 1.5 56.3 42.2 57.2
221,S(3/3)C 5l.S3 0.22 0.59 25.74 0.581 19.70 0.85 0.00 0.02 99.24 1.7 56.2 42.1 57.1

19L5(2/3)R 52.00 0.18 O.S!) 25.59 0.51 19.68 0.91 0.00 0.02 99.57 1.9 56.2 41.9 57.3
19I,s(2/2)lI 51.48 0.24 0.64 25.37 0.54 19.94 0.89 0.00 0.04 99.13 i.s 56.8 41.4 57.8
191&_(2/1)C SL7) {I.21 0.71 25.54 O.SS 19.75 0.81 0.01 0.05 99.33 1.7 56.5 41.9 57.4
19L5(413)R ~2.29 0.21 0.62 25.44 0.53 20.52 0.72 0.00 0.03 100.40 1.5 57.6 40.9 58.S
191,S(412)11 52.10 0.17 0.66 25.33 0.53 20.34 0.73 0.00 0.05 99.91 1.5 57.5 41.0 58.4
19L5(4/1}C 52.31 0.17 0.65 25.29 0.59 20.56 0.71 0.02 0.04 100.40 1.4 57.8 40.8 58.6
R~'RlM; H~' HALFWAY BETWEEN RIM AND CORE; C'" CORE

----~----~--------.-------------------------~-------.-----------------
Table 7.11

Microprobe analyses of clinopyroxene grains within selected samples from profile B.
1-:
J;;

I1
I

Ii
I
I:
];

I
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l
I
I
I
I

I

.........._.,_
25LS(1I2)R 51.43 0.27 129 11.82 0.38 12.70 20.S2 0.01 0.04 98.73 43.0 37.0 20.0 65.0
25I,S(I13)1I 51.33 0.26 1.60 12.27 0.30 12.97 20.11 0.00 0.05 99.15 41.9 37.G 20.!! 64.7
25I,S(1/4)C 51.75 0.30 1.45 11.7& 0.32 12.57 20.99 0.00 ..Q&L 99.46 43.8 36.S 19.7 64.9
2SLS(1/9)R ~.44 0.30 1.40 11.64 0.35 12.79 21.17 0.00 0.Q3 99.40 43.8 36.S 19.4 6_g__
25LS(5/1)R 51.80 0.30 1.31 11.41 0.31 12.76 21.36 0.00 0.00 99.54 44.3 36.8 20.0 66.0
25tS(S!;'.)C 51.09 0.26 1.35 12.70 0.37 13.04 19.59 0.00 0.04 98.71 40.9 37.8 21.3 64.0

24LS(1/1)R 51.81 0.24 l.32 10.67 0.32 13.87 :11.84 0.01 0.00 99.35 43.9 38.8 19.3 69.2
24tS(1/2)C 51.8} 0.29 1.31 11.20 0.31 12.81 21.49 0.00 0.02 99.5 t 44.S 36.9 18.6 66.5
24LS(21t)R 52.1.7 0.25 1.30 11.17 0.30 12.78 21.65 0.00 0.02 99.93 44.7 36.7 185 66.5
241,8(2/2)11 51.43 0.29 1.48 11.38 0.30 12.60 21.49 0.01 0.02 99.30 44.7 36.4 18.9 6S.8
24I,S(2I3)C 51.45 0.30 1.41 11.95 0.32 12.63 20.95 0.00 0.02 99.32 43.6 36.5 19.9 64.7

-23I,S(1I1)R 52.23 0.33 1.28 10.19 0.29 13.22, 21.75 0.00 0.01 99.56 45.1 38.1 16.9 69.2
231,8(1/2)11 52.01 0.39 1.35 10.41 0.25 13.14 21.84 0.01 0.01 99.70 45.1 37.7 17.2 68.7
231,S(1I3)C 51.72 0.36 1.43 10.2S 0.29 13.17 21.76 0.02 0.01 99.28 45.0 37.9 17.0 69.0
23LS(2/1)R 51.84 0.28 1.34 10.75 0.27 13.10 21.65 0.01 0.01 99.55 44.1 37.6 17.7 68.0
231,S(2/3)C 52.03 0.34 LSO 10.78 0.27 ,3.02 21.69 0.00 0.04 99.91 44.8 37.3 17.8 67.7

22LS(1/3) 50.69 0.D7 1.01 26.43 0.65 1883 1.06 (I.OO 0.01 98.77 2.2 54.1 43.7 55.3
nJ)X tlXSOtUtiOI -:m,S(1/2)U 51.54 0.42 1.41 11.22 0.28 13.05 21.29 0.00 0.00 9!}.49 44.0 37.5 18.5 66.9
221.S(1/2) 51.37 0.09 0.70 24.91 0.61 18.25 3.30 0.00 0.03 99.32 6.8 52.2 41.0 56.0
1)]1_" I.'xsoln41ol1
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TabJe1.11
Microprobe analyses of clinopyroxene grains within selected samples from profile B.

ii~S(1/J~IW"i [q;a6 11.36 IIO.OS I0.24" [13.11 J.~~.lO I0.01 I0.03 I 99.54 145.7 137.1 116.6] 69.4_

19L5(t/J)R 51.66 0.34 1.28 10.33 0.25 13.16 21.55 0.03 0.03 98.90 44.8 38.0 17.2 6~
19L5(1I2)U 51.S0 0.39 1.41 11.50 0.28 12.95 20.&4 0.02 0.06 99.22 43.4 3'/.5 19.1 66.~,
1~LS(1/1)C 51.60 0.37 1.46 10.31 0.28 12.88 21.66 0.02 0.02 98.91 45.3 37.4 17.3 68.4
19L5{31J)R 52.54 0.19 1.13 9.79 0.22 13.69 22.05 O.oI 0.Q3 99.&1 45.1 38.9 16.0 70.9
19L5(3!2)C :)1.94 0.38 135 11.08 n.26 13.54 20A1 0.01 0.04 99.26 42.4 39.2 184 68.0
19L5(3fl)C 52.35 0.37 1.40 10.30 0.30 13.43 2UO 0.00 0.03 99.96 44.4 38.5 17.1 69,3

18LS{JI3}R 51.96 0.23 1.26 10,88 0.32 12.80 21.50 0.01 0.04 99.25 44.7 37.0 18.2 67.0
18X,spmn 51.79 0.28 1.32 10.72 0.32 12.79 21.68 0.02 0.02 99.23 45.1 :31.0 11.9 67.4
18LS(3lOC 51.67 0.39 1.36 11.13 0.34 12.77 21.S1 0.00 0.Q2 99.47 44.6 36.& 18.6 66.~
13LS(4l2)C 51.73 0.35 1.31 10.77 0.35 12.75 21.89 0.02 0.02 99.52 45.3 36.7 18.0 67.1
18LS(4r.'nC 51.34 0.53 1.38 11.61 0.33 12.Gl 21.11 0.01 0.00 99.19 44.0 36.5 19.4 65.3
ReruM; H'" HALFWAY BETWEEN RIM AND CORE: C""CORE

7.2.2 Vertical variatioll of pyroxene compositions

Figure 7.4 shows the variation of the pyroxene compositions, for profiles A and B, from the
footwall, to the Layered Marker Sequence through to the hangingwall samples.

·2,0

height (m)

..cO

40

I .
h~~l 1 1

2.0

o

10()xMglMa+Fo

Figure 7.4 Variation in pyroxene compositionsfor profiles A and B. The filled symbols refer to the hangingwall
and footwall samples whilst the hollow symbols refer to those samples from the Layers Marker
Sequence.
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From these graphs it can be seen that there is a subtle reversal in pyroxene compositions
towards the Pyroxenite Marker ( which occurs at Om). The intensely sampled interval is the
layered marker zone. The compositional variation within this interval is presented in greater detail
inFigure 7.5. One of the mafic layers was sampled from its top, middle and bottom portions. For
cpx, the range in mg-number determined for these samples was 1%. For opx, the difference was
0.4 %. Both these variations are larger than can be explained by analytical precision. In both cases
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Vertical variation in pyroxene composition for samples from the Layered Marker Sequence. Symbol
size is proportional to Ule calculated analytical error.

Figure 7.S

the pyroxene gets more magnesian towards the top of the layer. The same layer was sampled
several times along strike. The rng-number ofcpx from these samples varied by 1.3% and opx by
1.7%.

The variation in composition of'the pyroxene phases between layers is significantly larger than
that of the plagioclase. Pyroxenes from the mafic samples have a mg-number that is typically about
2% higher than that of the contiguous leucocratic samples. Towards the top of'the sequence, the
leucooratic samples are anorthosites and the pyroxene compositional difference between these and
the mafic samples can reach 5%.

7.2.3 Lateral vari.ation in pyroxene composition

On a larger scale there is no significant difference in range of pyroxene composition for samples
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from the three profiles. Table 7.12 lists the range of low-calcium pyroxene compositions
determined for intervals of stratigraphy from the three profiles.

Table 7.12
Comparison of mg-number of low-calcium p.Vt'oxeM'with he!ght in the three erofiles.

Layered Marker
interval (mafic layers)

65.2-70.8 6S.7-70.S

62.1

No outcrop

Profile A Profile B Profile C
---------- .....-----~-------------------~-------------------T_---------~-----Pyroxcllate Marker
interval

60.8"()2.6 60.6..G2.2 60.S0.62.4

Footwall gabbronorite 62.5-62.6 61.1

7.2.4 Comparison with other studies

Figure 7.6 is a ternary plot showing the range of pyroxene compositions encountered. Pyroxene
compositions from studies byMolyneux (1974), Atkins (1976)j Marais (1977) have been included
for comparison.

From this diagram it would appear that the pyroxene compositions, determined in this study,
are similar to those determined by others. The microprobe analyses of clinopyroxenes are however

selected ~malyses from the work of Marais (1977)
"@ (profiles: T=Thornh!ll; S::::SteelpoClrtPark; G=Galstroom)

¢R:i .."".of pyroxene compo.Ii,n. from XR.F. MOl,... of .. parat..\:r' (for profiles A. B and C),

~ range of pyroxene compositions from mleroprobe analysis of
.....~ separates (for profiles A, B and C).

caM~2---'- I
I

J
I
I
I
I

Mg Fe

Figure 1.6 Tcmmy plot showing the overall range in composition of the pyroxe!1cs analysed in the study. Also
included, fQr comparison. is data from other studies.
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considerably more Ca-rich due to the fact that the matrix of the grains have been analysed without
taking into account the exsolution lamellae. The orthopyroxene grains analysed by microprobe
show the reverse trend. The low-calcium pyroxene samples analysed byX.R.F. exhibit a range in
composition spanning the gap between the orthopyroxene and pigeonite fields. These fields are
delineated neatly by previous work on low-calcium pyroxenes from the Bushveld Complex.

Figure 7.7 shows the detailed compositional variation exhibited by the clinopyroxenes and low-
calcium pyroxenes analysed in this study.

7.2.5 Low-calcium pyroxene

As has been pointed out previously, pyroxenes from the leucocratic samples (open circles in

V It.. V V ~-"-- ~'
c ~ ~ ~ ~ ~ ~ ~ ~ ~'r"

Figure 7.7 Detailed plot of the compositional variation shown by low-calcium and clinopyroxene separates as
analysed in this study, Tll~ composition of those separates analysed by XRF are identified by the
enclosed fields. Those data points that plot outside these fields have been analysed by microprobe.
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Fig. 7.7) are Mg-deficient in comparison to those from the mafic samples. In addition the
pyroxenes from the leucocratic samples are frequently more Ca-rich than those from the mafic
samples. This trend is not seen in the microprobe analyses as the homogenous and equilibrated
matrix has been probed without taking into account the exsolution lamellae. This trend cannot be
explained by contamination of the separates by plagioclase as Al203 abundances, within these
analyses to not appear systematically enriched in line with increased CaO concentrations.

7.2.6 Clinopyroxene

Leucocratic and melanocratic samples plot in distinct groups in Figure 7.7. There is a range
in Ca content of 4%, which is quite significant, but, as it is shown by both leucocratic and
melanocratic samples, may reflect variable amounts of exsolved orthopyroxene being separated
from clinopyroxene during the cooling process.

As a result of the large range in Ca contents in both X.R.F. and microprobe analyses there is
no point in trying to estimate temperatures, either of'formation or affinal equilibrium.



8. "'t¥holerock geochemistry

Selected whole rock samples, from profiles B and C, have been analysed for a variety of major
and trace elements. This data is presented in the tables 8.1 and 8,2. The data for profile C has been
included for comparison. These samples were analysed prior to this study.

Figure 8.1 is a diagram showing the approximate stratigraphic positions from where the samples
were taken.

+20m

Om

·66m

.76m

·SSm

·114m

~--~H12S (GABBRONORliE)

_....-H118 (LEUCONORliE)~-"'-.-~
:t--- .H10S (PYROXENITE)
~-------.._

--~H9S (LEUCONORITE)

<t-----H7S (GABBRONORITE)

LAYERED MARKER ·SEQUENCE SAMPLES

·:1----F1S lGABBRONORITI:::)

«--·--F2S. (GABElRONORliE)

Figure 8.1 Stratigraphiccolumnshowing the approximate positions from where the Whole rock samples. that
have been analysed, were taken.



Table 8.1
Geochemistry of selected whole rock samples from profile B.

sample- [SIO:- Ffio~TAI:o~]-F~o;lMnO IMgO I CaO I NazO IK,O I Total I v I Cr I Co I Ni I Zn IRb I Sr IZr I R~-IP
Hanzinzwall samnl --

H12S 52.00 0.22 14.70 8.63 0.20 11.90 11.80 1.84 0.11 101.21 133 707 50 236 59 12 198 22 66 57
HllS 52.20 0.17 13.10 12.40 0.29· 12.60 8.04 1.29 0.15 99.97 143 275 6r 168 78 14 2~3 21 81 133
RIOS 52.70 0.21 4.74 18.20 0.41 19.10 5.59 0.67 0.04 100.90 258 448 138 332 1221 18 72 23 56 58
H9S 52.70 0.15 16.80 10.60 0.24 9.96 9.21 1.91 0.17 101.48 176 280 79 205 81 15 209 20 87 60
H7S 53.10 0.15 16.50 8.70 8.70 11.20 • 90 0.18 100.60 208 109 49 129 57 13 254 18 88 47

Samples from the ~ ered Marker Sequence
23LS 53.00 0.11 25.10 3.09 0.06 2.40 12.00 3.98 0.38 100.90 69 11 15 29 19 4 397 24 114 122
23MS 51.10 0.22 . J1.1O 11.70 0.24 11.20 12.20 1.53 0.15 99.72 313 32 73 167 66 9 167 22 81 101
19M5 5250 0.14 20.10 7.26 0.13 6.24 11.20 2.85 0.25 100.65 12& 28 34 88 43 3 308 19 88 105
6LS 52.60 o,n 24.30 3.97 0.07 2.95 11.70 3.80 0.33 100.00 73 11 17 39 26 4 382 21 117 129
6MS 52.80 0.20 16.80 8.51 0.17 7.69 12.10 2.26 0.23 100.66 215 20 45 112 51 7 256 23 93 120
SLS 53.40 0.11 23.80 3.92 0.09 3.43 11.80 3.88 0.35 100.90 87 7 20 40 28 4 315 23 1I4 tH
4LS 52.70 0.12 23.20 4.72 0.09 3.86 11.80 3.34 0.33 100.33 102 12 22 50 30 5 361 21 115 1':9
4MS 52.50 0.20 14.50 9.92 0.19 9.32 12.00 2.20 0.18 100.90 239 31 56 133 53 8 225 22 79 90
3LS 52.90 0.14 22.70 5.08 0.10 U9 11.80 3.47 0.31 100.83 108 17 24 56 32 4 343 21 106 126
3MS 52.30 0.21 15.50 9.44 .0.20 8.78 12.00 2.18 0.21 100.66 231 2& 50 128 53 8 237 22 92 114
2LS 52.30 014 21.00 5.81 0.11 5.03 12.00 3._14 0.29 L __99~lL 1}4 18 , l-7 70 36 4 -~~ ~23 105 113

FIS 83

F2S 89
Calculated analytical errors

2(1 I I I I , I I I ( I I 3°1 261 i6f~12! 2°1 "oI18r1--isl 39

I,
.__--.__ ~_. __ . - ~_~~,_.~_-__-.~,.._.~_._-..-. _--~~_-,~=._c-7""'~. -.--.-C;;;~--;;;;;;-ls:~~~
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Table 8.2
Geochemistry of selected whole rock samples from profile C. These samples were analysed prior to this study. P was analysed for inthe same run as for

samples from profile B.
---_--

Sample SiO.. Ti02 J. Al,Ol Fe.O~ MnO M20 CaO N~O K,O Total V C3" I Co I Ni Zn nb Sf Zi' P
74L I 52.921 0.0-, 28.26 1.1 0.031 0.38 12.1 3.6~ 0.52 99.7

,. 1~1 '-l 6 13 8 462 10..
53M 52.84 0.18 17.4 8.5 0.15 7.37 12.02 2 'I~ 0.25 101.5 190 30 41'i 106 52 9 278 Ie.f

52M 52.42 0.25 13.41 10.63 02 10.08 11.9 1.15 0.14 100.1 235 33 55 143 62 12 216 14 74
52L 52.25 0.09 23.82 4.11 0.01 3.11 11.791 237 0.3" 98.7 80 15 22 43 27 8 391 rc 70
51L 52.4~ O.H 2}.69 5.68 0.1 4.61 11.54 1.6 0.34 98.6 108 13 28 62 35 9 360 8 73
46M 52.21 0.25 9.86 13.17 O.2(i 12.21 11.69 0.15 0.1 99.5 2811 39 77 194 Sl 13 158 P
39M 52.41 0.26 9.81 13.02 0.27 12.6 11.5" 0.511 0.1 100.7 285 38 73 195 18 13 157 13
35M 52.73 0.2 14.3~ 10.53 0.21 9.44 11.91 D8 0.11 100.8 228 31 57 141 63 11 229 II 58
34L 54.06 0.0 26.5~ 2.08 0.03 1.11 11.88 3.02 0.34 99.5 33 13 13 14 16 5 43(] ~
31M ~~22.43 0.21 J1.4 11.05 0.22 10.02 1I.5~ .1:.23 0.15 100.4 232 23 63 145 6'1 11 21S 1'1 64,_,

29L I 52.81 O.II 24.44 4.2 0.08 2.99 11.82 2.91 0.29 99.9 75 15 21 39 2~' € ':196 8
25L 52.72 0.14 22.83 5.22 0.1 3.93 11.95 3.03 0.33 100.4 102 14 26 :53 34 s j69 9
23L ! 52.99 O.O~ 28.27 1.16 0.01 0.45 12.2 3.8';, 0.47 100.1 26 10 9 3 13 7 440 12 89
23M 51.9IJ 0.2'" 7.99 14.14 0.28 12.56 11.22 0.33 0.08 99.4 316 33 87 209 89 15 128 15 63
22L 52.05 0.1 24.28 3.91 0.08 2.86 11.76 3.28 0.32 99 75 13 2' 36 25 6 408 ro
2IL 52.25 0.13 21.56 5.5' 0.1 4.59 11.93 1.6 (,.29 98.1 117 17 30 61 36 8 363 HJ
20L 52.2'1 0.16 19.1~ 6.99 0.14 6.13 11.71 2.02 0.25 99.1 154 17 3'1 80 45 8 32~ 9
19L 51.81] 0.13 21.271 0.0'1 0.12 4.83 11.51 2.23 0.2" 985 116 18 2, 61 31 8 355 "
18L 54.28 0.11 21.71 5.14 0.09 4.03 11.44 1.84 0.29 99.2 103 18 24 55 34 6 377 8 66
IBM 52.21 0.2 16.53 9.04 0.17 7.92 11.76 1.6~ 0.21 99.8 2l(J 22 49 115 56 10 265 1I 73
16L 52.96 0.12 23.~~ 4.74 0.1 3.67 11.91 2.7 0.31 tOO.! 91 14 23 51 31 6 395 8
16M 52.25 0.22 14.66 10.11 0.22 9.2IJ 12.11 1.89 0.2 100.9 23·j 231 57 129 5'1 11 245 11
15L 52.41 0.14 21.86 5.78 O.H. 4.64 11.6 1.93 0.27 99.51 III 15

1
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8.1 Variation in major element abundances

Major elements vary significantly in their abundances. Element-element plots may be used to
show this geochemicalvariation as they can indicate the effects of differentiation, modal changes
and/or-the possible influence ofa new magma through different trends. MgO is a useful element
in such plots as it varies widely in abundance. In addition it is ofte:1 used as an indicator of
differentiation.

If suchgraphs are plotted two types of patterns emerge. A plot ofMr.o versus MgO (Fig. 8.2)
shows one such trend. In this plot all samples define a good linear trend. The sample that plots off
this trend line Is that from above the Pyroxenite Marker (the topmost sample stratigraphically).
The boxed fields drawn on these plots delineate the range in composition shown by the different
mineral phases. These compositions have been determined by the microprobe analysis of samples
from profile A and B.

The plots ofMgO versus TiOl and Mg() versus Alz03 (Figures 8.3 and 8.4) show the other
type of trend seen in these binary plots. In both plots the samples from the Layered Marker
Sequence and those from the hangingwall define two different trends. The sample taken frcm
above the Pyroxenite Market plots on its own as before.

1l.40 *

uo·

**t~l
~"'-.Sa"~.!!'}.k6~~~!.!!'.!' P.M,

o
c::a;

0.20 -

Figur-e 8.2 Variation ofMnO abundance with MgO.
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Figul'e 8.4 Variation of Al,lOl abundance with MgO.

8-5



What these plots appear to be showing is that the magma producing the Ieucoeratic and
melanocratic layers is geochemically very similar. If this were not the case melanocratic and
leucocratic samples would plot in significantly different areas of the plot and not on a well defined
linear trend. These linear trends can be explained by modal variation of plagioclase relative to the
other phases in these samples. The hangingwall samples appear geochemically different and this
is most probably due to an enrichment of low-calcium pyroxene in the modal assemblage above
the Layered Marker Sequence. The sample from above the Pyroxenite Marker often plots on its
own in such plots. This sample is petrographically similar to those below the Marker other than
for the appearance of orthopyroxene at the expense of'pigeonite,

8.2 Incompatible trace element distribution

The incompatible traces analysed for included Y, Nb, Zr, Rb, Ba and P. Y and Nb occur at
levels below detection. The only high field strength element that occurs ill reasonable
concentrations is Zr, Profile B samples contain around 20ppm Z1'. There is no apparent systematic
variation in Zr concentration between melanocratic and Ieucocratic layers. However there appears
to be a lateral change in Zr abundance as profile C samples contain only half as much Zr as those
from profile B.

P has often been considered as the ideal element for evaluating the role of trapped liquid as it
is highly incompatible (Cawthorn and Walsh, 1988).Thi8 element appears to be enriched in
leucocratic compared to melanocratlc layers in profile 13(Figure 8.5B) and is only half as abundant
in samples from profile C compared to those from profile B. In addition for profile B samples there
appears to be a systematic variation in P content with mode (Fig. 8.SA).

130.is quite incompatible into the whole rock (DIlI~x::;O.Ol,Dcp)t=-O.07and Dpl<lg=O.23(Henderson,
1986». This element appears to vary systematically with mode (Fig. 8.6). Note however that the
topmost sample analysed, i.e. that from above the pyroxenite marker, again plots on its own.

Rb occurs at very low levels. This element is highly incompatible into both pyroxene phases,
but partitions more favourably into plagioclase (Dpl~ <0.5, Henderson 1986). However the
variation in abundance of this element is puzzling as samples from the layered marker sequence,
at profile B, contain markedly less Rb than the hanging or footwall samples. In addition the Rb
concentration is higher in melanocratic compared to leucocratlc samples (refer to tables 8.1 and

8.2).

~.~
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I
I
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Figure 8.5 (A) Variation inP concentration with changing mode.
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Compatible traces analysed for included Ni. Cr, Co, Sr and V. When Ni, Cr, Co and V are
plotted against each other two types of trends emerge. In a plot ofNi versus Co • for example. a
good linear trend fitting all the data, excluding the topmost sample, is seen (Fig. P '7\

8.3 Variation in compatible trace element abundances

A Ni versus Cr plot (Fig 8.8) illustrates the other type of trend that err" ges, In this case
samples from the layered marker interval plot on a well defined linear trend whilst those from the
hangingwall define another. What is important to note however, is the significant enrichment of
Cr above the layered marker sequence.

Sr partitions strongly into plagioclase (Dplag=1.8). It is almost completely excluded from the
pyroxene phases. Therefore the Sr abundance can be related directly to the plagioclase abundance.
Similarly AtlOs is almost entirely controlled by the abundance of plagioclase. Therefore when

140;-------. -'~----; ----:---

12J .
loor .. . .

--1

CQ (ppm)

.*
. *,*

* *
*:'" , ' .. , .+:' ..~.~.

Figure 8.7 Plot ofNi versus Co,



Sr and AlZ03 are plotted against each other, a good straight line correlation is evident for samples
from the Layered Marker Sequence (Fig. 8.9). This graph shows that there is very little
geochemical differencebetween the magma 'Whichproduced the melanocratic and leucocratic
layers. The significant range in elemental abundances seen in the whole rock samples analysed
from the Layered Marker Sequence can therefore be explained by modal changes alone without
resorting to other geochemical methods.

30·
. ~.. ''* ,/. '• •••r'"

..
•
,

"".... • • m ....-~~~". __ ....
Q'{ppm)20 / '" . !"P"'~''"''PI~ •.

••• t
ftJ.

15· .. ,.,.11'.. .. .....,..
10 j'.

6r'. .. :: .;.......J/t<.... .. II
oL--t.._--,- __ .i, ~:_!~~4~~
o 50 100 150 200 ~ aoo 350

Ni(ppm)

F'igure 8.8 Plot of Nl versus Cr. Data points in the main graph are for samples from the layered interval,
Additional sample points plotted in the inserted graph reflect the composition of hangingwall
samples.
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Figure 8.9 Plot of Sr versus AllO,l

8-9

1
I
I~
1

1
I
1



9. Trace element analysis of mineral separates

9·1

9.1 Analysis of mineral separates by Instrumental Neutron Activation Analysis

H9N

0
H2N

0 0
0

33NL
0

34NM..
UN2M
0

UN3L
l1li","1

F4N

100

Selected low-calcium pyroxene. clinopyroxene and plagioclase separates have been analysed by
I.N.A.A. The results are presented in Table 9.1. Figures 9.1, 9.2 and 9.3 show the chondrite

10 ..

1

Figure 9.1 Cbondrlteuonnalhed mre earth element ~ (Evenson. 1978) in clinopyroxene separates from
profileA.

normalized REE abundances for each mineral in the samples analysed.

La Ce Nd sm Eu Tb Ho Vb

Gd and Lu were also analysed for in these sampler qowever these two elements are fision
products afterUandTh. The analyticalstandards used contain significant quanitities ofU and Th.'
Therefore once the standards are irradiated there are interferences when detecting Lu and Gd.
Therefore it was impossible to get a reasonable calibration curve for the determination ofthese
two elements.As a result it was impossibleto get realistic values for the abundance of Gd and Lu
within these separates. For this reason Gd and Lu abundanceshave not been included in Table 9.1.



Clinopyrllll!ne separates

TabJe9.1
Concentrations of selected trace elements. as determined by Neutron Activation Analysis, in separates from

selected profile A sam~es.

]A [}!:} Nd. L Sm I Eu I Th "I Ho I. Yb I Hf I Se I Ni I Co I Rb-~

1I8N t.8a 12.24 10.77 3.42 0.73 0.71 0.98 2.34 1.40 87 316 64 1.1 -
lISN 2.78 13.44 10.14 3.3S 0.73 0.70 0.94 2.49 1.20 . 302 62 1.8 ·(te" •• I)

U6N 2.48 11.41 7.76 3.1S 0.66 0.64 0.90 2.39 1.30 106 231 81 " ·
SLN 3.14 14.37 10.45 4.11 0.74 0.83 1.20 3.08 2.50 121 227 95 1.0 -
5MN 2.27 11.89 7.45 2.95 0.64 0.60 0.84 2.32 1.30 108 216 84 · ·
3MN 2.28 9.09 6.54 2.67 0.61 a.s7 0.77 2.11 0.80 95 189 89 · ·
2LN 2.64 12.35 9.92 3.47 0.70 0.71 0.99 2.59 1.90 104 202 79 · ·
F2N 2.45 11.21 7.77 2.:.l4 0.61 0.63 0.81 2.21 1.00 109 225 81 · ·

.
USN 0.44 0.14 0.38 0.05 0.09 0.78 0.10 30 494 136 · ·
IISN 0.55 0.14 0.41 0.06 0.11 0.76 0.10 30 477 134 · ·(",put)

H6N 0.44 0.22 0.25 0,07 O.IS 0.84 0.20 37 318 155 · ·
5LN 0.59 0.35 0.26 0.10 0.17 1.08 0.40 36 266 160 2 ·
SMN 0.55 0.27 0.27 0.08 0.15 0.87 0.20 37 291 163 · ·
3MN 0,60 0.14 0.24 0.05 0.09 0.86 0.10 35 331 158 · ·
tLN 0.67 0.30 0.25 0.09 0.14 0.90 0.30 35 279 ISS · 9

}t'ZN 0.37 0.15 0.26 0.05 0.0!) 0.76 0.10 36 323 164 · ~
--.... -
10(1'" QJ 1.4 1.0 0.1 0.0 0.0 0.0 0.0 0.0 1 10 1 2.4 3.0.~plrntu)

IISN 4.16 7.49 1.39 0.20 0.68 0.03 0.03 0.11 0.10 0.6 6.G 1.4 2.6 126-allN 4.61 7.93 1.33 0.20 0.68 0.03 0.02 0.06 · 0.6 6.5 1.4 2.7 123("put) ........._._

llliN 4.02 6.41: 1.02 0.16 0.78 0,02 · 0.06 · O.S 3.2 1.1 3.4 141

SLN 4.21 7.49 1.30 0.20 0.88 0.03 0.04 0.08 · 0.4 3.2 1.0 3.3 141

SMN 3.64 6.34 1.00 0.17 0.79 0.02 · 0.08 · 0.4 3.6 1.3 3.5 134

3MN 3.59 6.10 1.14 O.IS 0.81 0.D2 0.03 0.00 " 0.4 5.1 1.2 2.2 134

iI,N 4.02 6.81 1.20 0.18 0.81 0.03 0.03 0.07 · 0.3 2.6 0.7 3.0 139

F2N 3.80 6.19 0.99 0.15 0.81 0.02 · 0.00 · 0.4 3.3 1.3 2.4 136

1u(IIIA£. 0.1 3.9 1.0 0.0 0.0 0.0 0.0 0.1 0.1 1 2 1 0.2 7.0'''~3rat~.)- ~J,
I
I
\

These samples were analysed tor Gd and Lu in addition to the elements listed abovo. HOWQ\'erthese element.q ate flsion products after U and
'11\. As the standards used contain significant amounts of'U and Th, ~ reasonable calibration curve, for the calculation ofLu and Gd, could
not be generated and therefore the calculated concentrations ofUlese two clements in these samples were unrealtstie. For this reason these two
clements have beet! excluded from the data presented.
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9.1.1 Clinopyroxene

The clinopyroxene hosts most of'the REB. This is especially true for the hea "are earths. The
chondrite normalized REE pattern for clinopyroxene is essentially flat with a subtle depletion of
Eu (Fig. 9.1).

It appears that the separates from the leucocratic samples are enriched in REE compared to
those from the melanocratic samples (Figure 9.4). The differences are, in many instances, well in
excess of the calculated errors (refer to table 9.1), these errors being based on the accuracy and
precision of the calibration standards (method outlined in appendix: 4). As a check, on analytical
precision) one sample was analysed in duplicate and the results of these analyses suggest that the
results are more precise than the calculated errors imply.

E
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c::
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0.1
La Ce Nd Sm Eu Tb Ho Vb
0 5tH • SMN • 3MN • 2LNa

9.1.2 Low-calcium PY1'olcne

The low-calcium pyroxene separates contained very low oonceutraticns ofREE. Many of these
elements were not detected. However again it appears that the separates from the leucocratic
samples are enriched in the REE compared to the separates from the melanooratic layers (Fig, 9.5).
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Fig<l:tc 9.5 Concentration ofREE'g in low-calcium pyroxene separates analysed from profile A.

9.1.3 Plagioclase separates

The plagioclase separates are enriched in LREE and depleted in the HRBE. These separates
also show an enuchment in Eu (Fig.9.3). Again the separates, from the leucocratic samples, appear
enriched in the REB compared to those separates from the melanocratic layers. This is well

10

0.01
l.a Sm Ho VbTbCe Nd

• 5MN • 2LNa• 3MN
JFiglU'C 9.6 Concentration ofREE's in plagioclase separates from profile A samples.
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a

demonstrated by the La abundance (Fig. 9.6) The error associated with this element is less than
O.2ppm(the duplicateanalyses varied by O.lppm)whereas the variation in concentrations between
the layer types is around O.6ppm. I

Table 9.2
REE abundances ill the whole rock samples as calculated from the individual analyses for the mineral

separates.
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9.2 REE abundances within the whole rock sample

Whole rock samples were not analysed by instrumental neutron activation analysis. Mineral
separates were analysed instead as the compositional change within these Wasconsidered more
important as the whole rock compositions are strongly effected by modal variation and such
variations are inherent in these samples.

In order to determinethe whole rock REB abundances, the modal proportions have been used
to weight the mineral analyses. Accessory phases. especially apatite, are very low in abundances
within these samples as evidenced by the whole rock P20S contents. Table 9.2 lists the REB
abundances within the whole rock samples as calculated.

La Ce Nd Sm Eu Tb Ho Yb
H9N 3.12 5.91 2.41 0.68 0.60 0.14 0.20 0.66
H9N 3,07 6.34 2.29 0.67 0.60 0.14 0.19 0.6.5 -H2N 3.15 6.70 2.45 0.86 0.68 0.17 0.23 0.71
34NM 3.30 6.99 2.42 0.83 0.73 0.16 0.24 0.74
34NM 2.31 6.56 2.99 1.17 0.59 0.24 0.34 1.08
UN2M 2.31 5.48 2.72 1.03 0.58 0.22 0.31 0.97
UN3L 3.45 6.94 2.44 0.72 0..13 0.14 0.20 0.57
f!W 2.99 6.48 2.4~ 0.80 0.68 O.l'i 0.20 0.62

9.3 Partitioning of selected trace elements between phases

Table 9.3 lists inter-phase partition values for selected trace elements. The La, Ce and Co
partition coefficients calculated do not appeal' to vary significantly and/or systematically between
rnelanocratic and leucocratic samples. This constancy suggests that they are in equilibrium. Ni and
Sc partitioning between clinopyroxene and low-calcium pyroxene phases, on the other hand,
appeal" to vary more strongly with the analysed melanocratic samples tending to show a lower
value than the analysedcontiguous leucocratic samples. This may be explainable as Nielsen (1992)

has shown that these elements vary in their partitioning characteristics as a function of calcium
content. In this case there is a variable proportion of'pigeonite within the low-calcium pyroxene
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fraction and this is reflected in the changing calcium content evident in the analyses (Table 7.la.

and 7.lb). Therefore even though the partitioning of these elements into the different phases does
not appear to be constant, bearing in mind that the number of analyses was very limited, this does
not necessarily reflect on the state of equilibrium within the system but may instead relate to the
calcium dependence in the partitioning of these elements.

Table 9.3
====_=~tios ofsel('c~acc elementsanalvsedbvI!i¥ ofscp~1!2m..m:(}.fileA.

Sample

BANGlNGWALL SAMPLES

H8N ('.64 0.47 12.90 0.59 1.64 3.1- ____ '12.86116N 0.72 0,52 0.61 1.16 44__ ... r..-....
I

SAMPLES I!'ROM THE LAYERE» MA.RK£R INTER" AI..------.............~ -3.36 0.75 1.92

2.92 0.62 1.88

2.71 0.64 1.49

2.97 0.66 1.81~2LNa 0.72 0.51 4.5____ ....L._...._ ......I.-_. ..__ ...........
FOOTWALL SAMPLES

IlL
l'tb-Sr isotopes

Recent work on samples from below the Pyroxenite Marker in the Eastern Limb or tile complex
(Sharpe.~ ru., 1985) indicated initial 87Sr:86Sr ratios varying from 0.7080 to 0.7082. In this.study
several plagioclase separates have been analysed by isotope dilution and mass spectrometry
techniques. Plagioclase separates were used as they contain very low concentrations ofRb and
high abundances of Sr. Therefore errors ill the analysis of these elements have a small influence
on the calculated initial ratio. A ftf1V of these separates were analysed for Sr and Rb by X.RF. and
I.N.A.A.. The results are presented in Table 9.4. The initial ratio has been plotted against height
within profile A (Fig.9.1).

(
Cax100 )

ca+Mg+Fe 'px

o
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The footwall sample exhibits an initial ratio ofO.70812±8. The ratio for rocks from the layered
marker varies from 0.7081 to 0.7083. Although this appears to be a significant range, the variation
between melanocratic and leucocratlc samples is not systematic and in many cases adjacent
samples display very similar ratios. In addition, one leucocratic sample was sampled from its top
and botto., contact. There is no significantvariation in the initial ratio for these two samples. One
layer from localityB was sampled several times along strike. The samples were taken at 6, 16, 22
and 36m from the southern most extent of the outcrop. The variation shown by these samples is
small and. can be explained by analytical precision.

Above the layered marker interval the ratio is similar (0.70825) but decreases above the
Pyroxenite Marker and continues to fall above this layer.

lib'
.. _ .........

Tabte9.4
Rh-Sr isotopic analyses of selected samp!cs from profile A. The error listed is Ole 95% confidence interval.

:::----"t- ....::-:....~:------.........1::: ::::::
J:!6~_ , 462.~ •. .,..1,~ 0.70888

JbngisglVaU samples

___ - .• s~~es front tbl'! Layered Marker Sequence

456.2 3.5
4(l().3 2.3
4;;4.6 5.9

t~4ft$ 2.6
4";~.1 5.1)

4.5

0.708~7 0.70S21±7

0.70877 0.10833±7

0.70922 O.70811:h7

0.70866 O.7081S,J:7

(1.70911 0.70817:l::7

l170t)99 0.70S14±7

O.70tJ()l O.70S18:!:7

O.70mm O.7082<B:7

O.708t{9 O:i0823±7

O.i'Otl{iO O.7082~7

20LN

20~'lH

~9MN

!8lL~N

18L{iN

18MN

5LN
51\:11'11

~lMN

455.1

,~SS.9 3.2
,~:17.(1 35

,)I.I:U' 2.2
.~!i6.(} 3.0 O.7C8S() 0.70832;1:7
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TaMe 9.4
Rb-Sr isotopic analyses of selected samples front profile A. The error listed is the 95% confidence interval,

______ ~ ~-----S-a-m-p-le-s-ta~k-en-ru--o~s-t-ri-ke-f-ro-mro-D_e_Ja_y_er ~-----------
19M5(6m) 457.1 2.6 0.708787

19M5(16m) 452.3 2.5 0.708744

19M5(22m) 455.0 2.1 {).708642

19M5{~~Gm) 458.8 2.2 0.708614

0.70830::1;7

0.70827:1:7

0.70825:1:7

O.70821±7

R" and R, are the present day and initial 81Sr:85Sr ratio, at 2060 rna, respectively.~._----~~--~-----------------
9.5 Ba, s-, Rb and K10 in plagioclase

A significant amount of work has been done on the plagioclase separates. As a result of this the
abundance of certain trace elements within selected plagioclase separates are well constrained.
These are presented in table 9.5. The variation of these elements within these samples is
graphically illustrated in figure 9.8.

Ba, Rb and K are incompatible into plagioclase with partition coefficients of 0.23, 0.09 and
0.19 respectively (Henderson, 1986). For Ba very few analyses are available. However the
variations are small and well within malytlcal errors. For Rb and K20, towards the base of the
layered interval, the variation does not appear significantly systematic. However towards the top
of the sequence, wher- the modal contrast between layers is most extreme, the leucocratic samples
are invariably significantly enriched in these elements over the contiguous melanccratlc sample
(F1g. 9.8). For K20 this variation may reach 0.06 weight %, with an associated error of 0.02
weight % (20). Rb shows variations, in abundance, of up to 3 .6ppm with an associated error of
0.08 ppm (analyses were by isotope dilution mass spectrometry). These variations are significantly
in excess of the associated analytical errors and are therefore considered significant.

Sr is eomjatible into plagioclase and does not vary significantly between any of the samples
below the Pyro~:eniteMarker. However above this marker the Sf content of plagioclase drops by
20·30ppm.
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Figure 9.1 Vetticru 'Variationin the initial Sr-isotopic ratio. The symbol width reflects the approximate magnitude
of analytical precision. Stipplc.d~mafic; ope1Heucocratic; pale stipple-unlayered,
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10. Discussion

10..1 Review of salient aspects

10.1.1 Field relations

The Layered Marker Sequence can be followed fhI' at least SOlan in the eastern limb of the
Bushveld complex. This in itself suggests that the processes producing the layering had a
widespread sphere of influence. The sequence is made up of a series of melanocratic and
Ieucocratic layers. The individual layers are normally 10's of centimetres thick whilst the whole
package varies from 2 to 20 metres thick. In contrast the layers themselves can only be followed
for tens of metres before pinching out (Fig. 2.8). The melanocratic layers pinch out more
frequently. The morphology show by the lateral layer terminations (Fig. ::- "uld be suggestive
of an erosional environment inwhich melanocratic material was deposited ; equivalent of sand
bars in a fluvial environment and occasionally eroded where the current activity was focussed. The
leucocratic material may then have been deposited, infiUingand covering melanocratic bedload.

There is no systematic relationship between melanocratic and Ieucocratic layer thicknesses. This
is consistent with the idea that there was lateral migration of mineral grains. Therefore if the
melanocratic and leucocratic layers represent the deposits of two distinctly different flow events
then the former may not have flowed consistently as £11' into the chamber as the latter. The fact that
the melanocratic 'ayers comprise less of the package (refer to figures 2.3 to 2.6) towards profiles
B and A, when compared to profile C and in particular profile D, may suggest that these localities
were closer to the source of the density current.

10.1.2 Petrogt'apby

The mineralogy of these rocks is dominated by low..calcium pyroxene, clinopyroxene and
plagioclase. The plagioclase is cumulus in all but the most melanocratic samples. The pyroxenes
also appear cumulus in all but the anorthositic layer.s. ~l'1agnetiteoccurs, as an accessory phase, as
either euhedral crystals on the boundaries of grams or inch.'1 ...1 ·.,~'HF,~then.t There is a wide range
of modal abundances, with rocks varying from felspathic pyroxenite to anorthosite. There is also
a progressive increase in the modal contrast between adjacent layers towards the top of the
Layered Marker Sequence.

The two pyroxene phases occur in approximately the same relative modal proportions.

, '\ ;

!
j

1

1
j

1
1



I '\

Fit,'llre 10.1 Variation in the clibOpytOxene and low-calcium pyroxene abundance in selected whole rock samples
as measured using a ClPW normalization calculati on. The pluses refer to the hangingwall samples,
crosses to the footwall samples. large filled circles to leucocratic samples and the smaller filled
circles to the melanocratic samples. The weight percent of total pyroxene is shown by the numbered
diagonal Jines.

Nonnative proportions based on the geochemical whole-rock analyses provide a reliable check on
the modal concentrations of phases within these rocks. Table 10.1 lists the results of a CIPW
normalization for whole-rock samples from one profile analysed by XRF. Included in this table are
the modal abundances as calculated from point counting measurements. Fig. 10.1 shows the
relative abundances of the pyroxene phases as calculated by means of the ClPW norm. The
plagioclase varies significantly in its abundance whilst the two pyroxenes, which have similar
densities, do not vary much in their relative proportions in the Layered Marker Sequence. This fact
would appear to support the idea of a mechanical separation of phases as the difference between
these layers, in terms of mode, appears to be primarily in plagioclase abundance, the density of
which is significantly less than that of the other phases. However above the Layered Marker there
is a very distinct increase in the ratio of'Iow-calcium pyroxene to clinopyroxene. These layers do
not appear to be significantly graded. This can be seen in outcrop (plate 2.1) and has been
confirmed by specific gravity determinations for numerous samples taken from various positions
within indlvidual layers (Table 4.2). This non-graded characteristic in difficult to reconcile with a
model involving the mechanical separation of phases since this process normally produces graded
layering.
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Table 10.1
CIPW normalized abundances for selected samples from Profile B. The figures in brackets refer to point

C()unt~ measurements.

There is a distinct break in the total pyroxene content, between 30 and 40% (Fig. 10.1), which
approximates to the expected cotectic proportions of pyroxene to plagioclase. This feature also
suggests that mechanical separation of phases has occurred.

--
Sample No. An+Ab Di+Hed En+Fs

HI2S 47 (60) 22 (8) 21 (32)

Hangingwall fIllS 40 (64) 9 (7) 48 (29)
HIOS 16 (14) 15 (10) 67 (75)samples H9S 53 (53) 7 (5) 39 (42)
H7S 52 (57) 16 (23) 28 (20)

23LS 85 (95) 7 (0) 5 (5)
23MS 36 (53) 31 (30) 29 (17)
19M5 65 (44) 12 (34) 20 (23)
6L5 81 (9.2) 8 (3) 7 (5)

Layered Marker 6MS 54 (48) 21 (30) 23 (22)
5LS 79 (77) 10 (14) 1 (9)Sequence samples 4L5 76 (84) 9 (7) 12 (9)
4MS 48 (31) 25 (36) 23 (34)
3LS 75 (81) 11 (9) 11 (11)
3MS 50 (61) 23 (25) 22 (14)
2LS 69 (85) 14 (6) 12 (8) -

footwall samples ns 54 (68) 22 (17) 21 (15)
F2S 61 (68) 13 (15) 19 (11)

10.1.3 Petrofabrics

These rocks display a planar fabric which can he seen in hand specimen and in outcrop. This
fabric is defined by the bedding parallel orientation of tabular plagioclase crystals. It can be seen
in thin section (Fig. S.IA) and has in.certain instances been measured. The fabric is occasionally
linear (Fig. S.lE). This would tend to support the idea that a current may have been active. The
fact that two orientations of linear fabric appear dominant, i.e. sub-parallel and sub-perpendicular
to the dip (Fig. 5.2), suggests that some of the grains were flow orientated whilst others may have
been transported as part of a traction load.

Grain size measurements were also undertaken on thin sections cut from the top and bottom
contacts of'certain layers.Fig. 5.3 diagrammatically illustrates the results of these measurements.
It would appear that onlytowards the top of the sequence does the plagioclase grain size become
significantly larger in the leucocratic as opposed to the melanoeratlc layers. In the melanocratic
layers however these plagioclases are mostly interstitial and therefore these grain size
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measurements cannot be used for comparison. However the plagioclase grain sizes in the
leucocratic layers towards the top of the sequence are significantly larger than those in either the
melanocratic or leucocratio layers closer to the base of'the sequence.

10.1.4 Minera~ chemistry

10.1.4.1 Plagioclase

The vertical variation in plagioclase composition is very small with most of the cores of grains
being between Ann! and An62• Rims to cumulus phases may show reverse zoning. Towards the
base of the sequence the plagioclase from the melanocratlc layers is slightly enriched in anorthite
compared to that from the neighbouring leucocratic layers, direct footwall and hangingwall
samples. However, these variations are usually within the range of analytical uncertainty. For
profile C however this variation is more pronounced (Fig. 6.4). Towards the top of the sequence,
the plagioclase in the rnelanocratlc layers is visibly interstitial and poor in anorthite in comparison
to that from the neighbouring Ieucocratic rock units. This is an effect of the trapped liquid
component (Barnes, 1988). The trend shown by the plagioclase towards the base of the sequence
may be due to the fact that in the mafic layers the ratio of the mass of reverse zoned rim to
cumulus (core) plagioclase will be greater than in the case of the leucocratic layer where there is
vastly more cumulus plagioclase present. In this way we may expect the average plagioclase
composition, as measured by the XRF analysis of separates, from the mafic layers to be more
anorthite rich. There is no apparent change in plagioclase composition between profiles A, Band
C.

10.1.4.2 Pyroxene

The pyroxene separates show a f:.tr greater ran.b'-~ in maior-elernent composition than
plagioclase, The pyroxenes from the melanocratic layers are more magnesian than those from the
leucocratlc layers (Fig. 7.5). Those from the leucoeratic layers nrc more Fe-tich, by 2%}mg-

number, in comparison to either the melanocratic layers or surrounding rocks. This trend can be
ascribed to the trapped liquid shift effect. Pyroxenes from the lcueocratic layers show a greater
proportion of post-cumulus to cumulus material than in the melanoeratic layers. Re ..equilibration
of'Mg and Fe in the pyroxene produces a homogenous grain as seen in the microprobe analyses
of these phases. The more melanocratic the layer, the closer the measured composition will be to
that of the cumulus mineral, Since there is little cumulus pyroxene in the leucocratic layers, 'the
mg-nnmber of these pyroxenes should be lower them those from contiguous melanocratic layers.
This trend can be seen (Fig. 10.2) in that the mg-number declines with decreasing pyroxene
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Figure 10.2 Variation in the rug-number of low-calc lum pyroxene with varying proportions of pyroxene within

the samples analysed. The trends shown by the clinopyroxene arc similar.
content of the sample.For low-calciumpyroxene it changes from 63..59 as the modal proportions
of pyroxene decrease to around 20%. Below 20% pyroxene content the pyroxenes are chemically
(fistinctlyinterstitial.The clinopyroxenecompositions show similar trends. This suggests that even
when the rock contains only 20% pyroxene, the pyroxene is still chemically dominated by the
cumulus component. Hence it can be inferred that the differences in present mg-number in the
pyroxenes do not represent a primary feature hut result from the presence of variable proportions
of cumulus and intercumulus material.

lO.1.4.3Trace-elementanalysis of mineral separates

(a) Analysis by Instrumental Neutron Activation Analysis (lNAA)

Individual mineral separates were analysed for a variety of tare earth elements (REE). The
separates from the leucocratic samples are enriched in these elements compared to those from the
rnelanocratic samples (Table 9.1) and therefore it might be inferred that the liquid from which the
former mineral phases formed must have contained higher REE abundances, However this is an
over-simplification and does not take into account the changes in the REE content of different
phases due to the crystallization of the interstitial liquid. This principle is illustrated in the
following simple example. (The principal investigated, in this section. has been taken from Cawthorn (in press))
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Consider a liquid with 1 ppm Yb, Using crystal/liquid partition coefficients of 0.43 and 0.01 for
clinopyroxene and plagioclase respectively, the two phases would contain 0.43 and 0.01 ppm Yb.
Suppose these two minerals accumulated into two layers, one " :th 20% plagioclase and 60%
clinopyroxene, the other with the proportions of plagioclase anr' pyroxene reversed and noth with
20% trapped liquid. The bulk composition of tile crystal mush (Cs) could be calculated using the
following equation:

Cs=(O.01xPp+0.43xPo+lxPZ)xL " 1

where Pile and I refer to the proportions of plagioclase, clinopyroxene and trapped liquid. L refers
"

to the elemental concentration in the liquid. The melanocratic assemblage would then contain
(0.01xO.2+0.43xO.6+1xO.2)xl=0.46 ppm Yb while in contrast the leucocratic assemblage

would contain (0.01xO.6+0A3 xO.2+1xO.2)x1=0.292 ppm Yb. For simplicity it will be assumed
that the trapped liquid crystallizes an equal proportion of plagioclase and pyroxene. Therefore the
two assemblages will contain 70 and 30% of the two minerals once the trapped liquid has
crystallized. The final composition (R) can be written as:

R=C*xP +C*xP t" t " " .. " 'I 'I 'I • " •. 1' t. " •• ;.. ~ t ~ "" , .. l •• t I • t l 2p p c 0

j
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where C; and c; are the concentrations ofYb in plagioclase and clinopyroxene within the
solid. The relative concentrations ofYb between clinopyroxene and plagioclase is proportional to
their partition coefficients, i.e, 0.43/0.01 or 43 and therefore Co·=4JxCp* , which when
substituted into equation 2 gives the following expression:

R=C;xPp +43xC;xPc , 3

For the melanocratic assemblage the composition of the re-equilibrated plagioclase is given by:

0.46=Cp"'XO.3+43xCp*XO.7 ~ Cp"=- 0.46 =0.015 ppm. For the leucocratic assemblage
(0.3 '1'43xO.7)

however: 0.292=C;xO.7+43XCp*xO.3 "* Cp*;::~~=O.021 ppm.
'. (0.7'1'43)(0.3)

Itfollows therefore that the clinopyroxene in the melanocratio and leucocratic rocks will have
0.65 and 0.90 ppm Yb respectively. This simplified example shows that it is possible for the final
plagioclase in the two rocks to contain different proportions of Yb, even though the cumulus
compositi ms and the proportion of trapped liquid were the same. Therefore the observed mineral
concentrations may be higher in the leucocratic layers as opposed to the melanooratie layers, but
still have formed from the same magma. If the proportion of trapped liquid is allowed to vary,
further changes in the concentrations in the minerals can be predicted. It is also iu.j:1ortant to note
that the actual minerals in this example contain in the order of50% more Yb (0.015 ppm VtlfSUS
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0.01 ppm.for plagioclase) than the initial cumulus phases and so there would be an error of33%
encountered ifthe liquid composition was calculated by dividing the concentration in the mineral
by its partition coefficient.

It is now necessary to show quantitatively whether the difference in analysed mineral
compositions can be the result of this effect. In this endeavour it is necessary to calculate an
appropriate liquidfor use in further modelling, In the following calculrtions it will be assumed that
the trapped liquid will crystallize 50% plagioclase and 25% of each of the two pyroxenes. The
whole-rock composition can be determined from.the mode using the following equation:

T T TC =(P --)xD xC,+(P --)xD xC1+(P --)xD xC/+l'xC, 4
S C4 c. °40 P2 P

where P, 0 and P refer to the modal proportions of clinopyroxene, hJW calcium pyroxene and
plagioclase measured, Dc,oandp are partition coefficients and T is the proportion of trapped liquid.
Equation 4 can be rearranged as follows:

C1=- cl ••••••••• ' •••••••••••••••••••••••••••••••• 5
(P -!.)xD +(P ~!.}"'D .+(P .!')l<D +TC4 C 04 0 P2 p

Figure 10.3 shows the chondrite normalized REB r,r 'uositions of the liquids calculated, using
equation 5, to be in equilibriumwith each sample. This assumes a constant trapped liquid content
of 10%. Note that while many researches have tried to determine partitions for the REE (Frey,
1978,McKay (1986 and 1989), McKay et al. (1986), Johnson (1989), Nielsen et al. (1992) and
Hart andDunn (1993) etc) it is very difficult to get an internally consistent set of values to use in
modelling. This is because the coefficients are highlyvariable depending on a whole range of other
variables such as magma composition. Therefore it was decided to use those values presented by
Hart and Dunn (1993) and Irving (1978), for clinopyroxene. The coefficients for the low-calcium
pyroxene and plagioclase are calculated from the relative abundances of REB between these
phases and clinopyroxene. The partition coefficients used in these calculations are listed in table
10.2.

Table 10.2
Crystal/melt partition coefficients for selected ME. Values for clinopyroxen: for La, Nd, 15mand Yb have

been taken from Hart and DUnn (1993) and those for Ceo Eu, Th and Ho f.~9mIrving (1978) __ ............

Cpx 0.05 0.10 0.19 0.29 0.30 0.35 0.40 0.43
__.~

Opx 0.01 0.Q1 0.02 0.02 0.13 0.04 0.05 0.15

Plag 0.08 0.05 0.02 0.02 0.34 0.01 0.01 0.01
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Figure 10.3 Abundance of selected REE in liquids in equilibrium with each sample. Incalculating these values
10% trapped liquid has been assumed. The thick solid (green) line represents the top envelope oftlle
compositional range for marginal rocks of the upper critical zone, as determined by Harmer and
Sharpe, (1985). The thick dashed (purple) line defines the top envelope of the compositional range
for 'Bl-type' marginal rocks and sills, including pyroxenites and norites (Harmer and Sharpe, 1985).
Note that a greater proportion of trapped liquid would push the calculated curves, for samples from
the Layered Marker Sequence, to lower abundances.

It is fair to assume that if one liquid was responsible for all the rock types of the Layered
Marker Sequence then this liquid might be similar to that which produced the direct footwall
sample. Therefore the liquid calculated to be in equilibrium with this footwall sample (F2N) has
been assumed to have been the parent liquid (C~ in the calculations that follow. The calculated
compositions of this liquid is listed in Table 10.3.

--------------~-----------------------------------------------Table 10.3
Composition of liquid calculated as having been in equilibrium with the footwall Salllljle (F2N). 10%

trap_ped lig_uidwas assumed- . -
La Ce Nd Sm En Tb fio Yb-

Chondrite normalized 76.60 59.27 33.20 30.37 31.41 24.30 18.32 17.82
abundances

The composition of the solid rock crystallized from the magma can be expressed as follows:

C P C* P C* P C* 6$= eX c'" oX Q + pX ..P " ... ".".. """ + " .. , .. '" •• ~ .. \ <I- ... " _ " •••• t • •• .."""."",,.. .

c;:o,p refer to the composition of clinopyroxene, low-calcium pyroxene and plagioclase in the
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solid. Assuming that Cc*=Cp*x( ~;) and C,,*=Cp*x( ~:), equation 5 and 6 canbe combined and
solved fur the C; (the composition of the plagioclase in the whole-rock sample) giving the
following equation:

C
*:=0 {Pc ~li)><D<xCt(Po ~~)XD"XCl+(Pp-f)"DpXC("TXC~
p D D •••••••••••••••••••••• " •••••••••• 7

l' x-='+P X....!!...,.P
CD" D P

Using equation 7 it is p~ssibl; to calculate what composition cf'plagioclase, for each sample from
the Layered Marker Sequence, would have crystallized assuming a constant parent liquid,
equivalent to that calculated to be in equilibrium with the footwall sample, based on the observed
mineral proportions. The results of'this modelling are presented in Table 10.4 along with the actual
values measured by INAA (in the shaded columns). The proportion of trapped liquid used to
calculate mineral compositiom for each sample is also shown.
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Calculated mineral compositions (in ppm) for each sample assuming that the liquid, which produced each
!ayer, was similar to that which produced the footwall samples. The actual values measured are listed in the

shaded columns.

Plagioclase compositions

La Ce Nd Stn Eu 'rb flo Yb r
(%)

5I.N 4.20 4.21 7.63 1.49 1.26 1.3Q 0.21 0.20 0.80 l).~ 0.03 I},OO 0.03 0.04 0.0t\ 0.08 U.S

SMN 3,63 3.b4 S.85 6.34 0.73 1.00 0.12 0.1.7 0.75 M9 0.02 0.02 0.02 BO 0.04 D.OS 7.4

3MN 3.63 3.59 s.as 6.1ll 0.73 t.t4 0.12 O.IS 0.7S 0.81 0,02 O.lIZ 0.02 f);Q3 OM IlO 7,4

2LN. 4.01 4Ql 735 G.gl 1.25 ).2(1 0,21 0.18 o.ao 0.01 0.D3 om 0,03 o.u3. 0.06 0.07 111

F2N 3.79 3.BO. 6.64 6.19 0.98 0.99 O.IG 0.1$ o.n 0.81 0.D2 0.02 Q.02 fW\. O.OS @ 100

Lew-ealeium pyroxene
F2N

BrP below detection

In equation 6 an assumption was made that c;=cp*x( ~.) and c;=Cp*x( ~) . These
assumptions are only valid ifthe minerals are in equilibrium. Tile ~omposition of the cl~opyrox:ene
and low-calcium pyroxenes can be calculated. from the plagioclase composition, by means of these
equations. It then follows that if the calculated values agree well with the measured values then
these assumptions are valid and the mineral phases within these rocks were in chemical equilibrium
when they formed. This has been done and the results for the footwall sample are listed in Table
10.4. There is good agreement for all elements other than Ce and Nd in low-calcium pyroxene.
Note that for the low-calcium pyroxene them should have been approximately 1.32 and 0.65 ppm



ofCe and La within this separate, instead of which no peak was registered, for either element, for
any of the low-calcium pyroxene separates analysed. This is almost certainly an analytical error.

From Table 10.4 it can be seen that the calculated plagioclase compositions are very similar to
those actually determinedby the analyticaltechnique. This therefore shows quantitatively that one
magma could have been responsible for these samples from the Layered Marker Sequence. It also
shows that the differences in the composition of the phases, in the different rock types, has been
amplified by differing proportions of trapped liquid with the leucocratio samples containing
marginally more trapped liquid than the melanocratic samples.

As the REEs are highly incompatible these calculations are extremely sensitive to the
proportion of trapped liquid present in each sample. The fact that the liquid calculated to be in
equilibrium with each sample are not the same (Fig. 10.3) is due to the presence of this trapped
liquid component, into which the rare earth elements partition strongly. However modal variations
have a very much smaller influence on the results as shown in the Table 10.5.

Table 10.5
Variation in the calculated liquid and plagioclase compositions in response to a 10% decrease in

plagioclase mode and a 5% increase in the abundance of each pyroxene phases. AIl values represent
averages of calculated values for the Layered Marker Sequence samples. Subscript 0 refers to the initial
condition and subscript III to the modified data. The modes are listed in % plagioclase and the other

calculated data in ppm of'the listed elem i.t.

La:~I Ce Nd Sm En I. Tb Ho Vb
averagemo cs or J)) agioe ase In t e ayere ar er e( ueaee sam }es analysed

Modeo I 53% 53% 53% 53% 2.3% 53% .53% 53%
Modem .I 43% 43% 43% 43% 43% 43% 43% 43%
average lil uui compositions c cu ate to e an eqiu lbrium wit t e calcldated average reek sample_
LiQuid 18.85 42.68 17.25 5.37 1.85 1.01 1.33 3.u5------.
Liquid; 23.19 58.84 26.96 8.29 1.94 1.50 1.92 ...1.~!_
ehange 4.35 16.16 9.72 2.92 0.09 0.49 0.59 L3Z

d ti Iasi I h l., dM k S

aJ I db' -I- .. b h

The plagioclase separates were analysed for Rb, using isotope dilution mass spectrometry, This
was done primarily to determine the Sr-isotopic signature of the plagioclase separates from the
Layered Marker Sequence, The Rb values are listed in Table 10.6. If a constant proportion of
trapped liquid is assumed, with 10ppm Rb in the liquid and partition coefficients into plagioclase;
low calcium pyroxene and clinopyroxene, of 0.2, 0.02 and 0.05 respectively, then the calculated
plagioclase compositions (using equation 5) are inconsistent with the actual compositions (Table
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10.6). In order to match the observed analyses with those calculated, variable trapped liquid
contents need to be assumed as shown in Table 10.6. It does however require unrealistic
proportions of trapped liquid in a few samples to account for some of .he plagioclase
compositions. Isotope dilution mass spectrometry does however utilize a very small amount of
sample (-50mg) and therefore it is feasible that in certain cases a greater than average proportion
of interstitial material might have been analysed. This material would therefore be highly enriched
in Rb, The abundances ofRb in plagioclase does however require that the. proportion of trapped
liquid in the leucocratic layers must have been larger than for the melanocratic layers. It also
appears possible that differences in trapped liquid content, between layers types, was increasing
towards the top of the sequence in line with varying modal contrasts.

Table 10.6
Calculated Rb abundances in plagioclase (C;) wId the whole rock sample (Col') with differing

. f d r id a1 I d usi ..) ed t1 b dproportions 0 .trappe ~ cu ate t1sm~uation 5 compar .to ie actual measured a un ances.

Analysed plagioclase T c· es T c· c,!' p
compositions-

20LN 1,52 10% 2.98 2.68 16% 3.53 3.18

20MN 2.34 10% 4.98 1.47 2% 2.45 0.72

19LN 5.90 10% 2.90 2.90 43% 5.85 5.76-
19MN 2.64 10% 4.13 1.71 3% 2.64 1.09

18LN 4.74 10% 2.98 2.68 28% 4.75 4.27

18MN 2.26 10% 3.92 1.80 2% 2.29 1.05

5LN 3.19 10% 3.26 2.28 10% 3.26 2.28.
3MN 3.49 10% 3 ~? 1.85 8% 3.45 1.68- -
2LNa 3.02 10% 3.,05 2.56 10% 3.05 2.56--
(b) Sr-isotopes

The Sr-isotopic ratios do not vary significantlyuntil above the Pyroxenite Marker level. At this
level the ratio decreases (Fig. 9.8). Numerous determiuations for single layers (several samples
were taken from various positions both vertically and laterally within a single layer to determine
whether there was any heterogeneity in the isotopic signature within a layer) also yielded no
significant change. Therefore it appears that the plagioclase, in the samples from the Layered
Marker Sequence, came from the same magma.

10.1.5 Wbole-rock cllemistty as determined by XRF analysis



Selected whole-rock samples from profile B were analysed by XRF for major and trace
elements (Table 8.1).

The compatible major and trace elements vary significantly in their abundances. However these
variations can be directly related to modal variations (Figures 8.2-8.4 and 8.7-8.9). The
insignificant variation in relative modal abundances, of pyroxene phases, between samples, for the
Layered Marker Sequence, results in linear trends in compatible element binary plots. Above the
Layered Marker Se=rence the rocks are richer in low-calcium pyroxene and therefore these
samples plot on a separate trend from those from the marker itself

Several of the compatible trace elements are significantly enriched above the Layered Marker
Sequence relative to the footwall. For Most of the elements this enrichment is of a magnitude that
could have been explained bymodal variations alone. However, in the case of Cr, the abundances
are markedly enriched above the Layered Marker Sequence and this cannot be explained in the
same way. However above the Pyroxene Marker a new more primitive magma was crystallizing.
It is plausible that the new magma was intruded and plumed to the top of the chamber whilst the
Layered Marker Sequence was being crystallized. In this case it is also plausible that, that magma
may have started crystallizing whilst the hangingwall sequence to the Layered Marker Sequence
was being formed. Therefore it is possible that the pyroxenes crystallizing from the new more
mafic liquid may have settled through the interface between the two magmas, prior to their mixing.
This may explain the elevated levels of many of the compatibles, especially Cr. It may also explain
the apparent reversal in pyroxene major element composition towards the pyroxenite Marker
(Fig. 7.4).

Ni and Co have been analysed in mineral separates and therefore the partition coefficients for
these elements into the different phases can be calculated (Table 10.7). These two elements vary
linearly, with respect. to the modes, in the whole-rock samples. It is possible to calculate whether
a single liquid could have produced these layers, using the Ni and Co abundances in the whole-
rock samples, in a similar way as in the case of the REE. However in this instance, since these
elements are highly compatible into two of the three cumulus phases, the trapped liquid effect is
likely to be far less. The liquid that produced the direct footwall sample may have been similar to
that which produced the Layered Marker Sequence rocks. The composition of this liquid can be
calculated using equation 5. Assuming that this liquid was responsible for all the rock types from
the Layered Marker Sequence the composition of the solid rock forming from the accumulation
of crystal phases crystallization out of this magma can be calculated using equation 4. The results
of this modelling exercise are presented inTable 10.7. From this table it can be seen that the liquid



which produced the direct footwall sample could also have produced the melanocratic and
leucocratic rock types of the Layered Marker Sequence.

Table 10.7
Calculated Ni and Co abundances in the solid rock ,(using equation 4) assuming the composition of the liquid

is as calculated for sample F2S (using equation 5). compared to the actual measured concentrations. The
partition coefficients listed have been calculated from those presented by Frey (1981) for cpx as the abundances

of these two elements within certain mineral separates is known.
~ -N' Co Cs (Ni) Cs (Co)
23LS 29 15 27 10
23MS 167 73 167 64.~
19M5 88 34 91 35
,6L8 39 17 38 15
6MS 112 45 122 47
5L8 .40 Z(} 43 17
4L8 :50 22 57 22
4MS 133 56 131 51
3LS ; 56 24 58 23
3MS 128 <:': 50 123 48
2L8 ;

70 21 71 17
F2S 119 46 119 46
- Ni partition coefficient Co partition coefficient

cpx 4,00 1.20 --..
opx 5.83 2.31

» -Q!a& 0.07 0.02

I
1

I

Incompatible elements are potentially more informative as their abundances are significantly less
dependent on the modal variations. Incompatible trace elements analysed include Y, Nb, Zr, Rb,
P and Ba, Y and Nb occur at levels below detection for the method employed. Zr occurs at around
20 ppm for rocks from profile Band 10 ppm for rocks from profile C. There is no apparent
systematic variation in Zr between analysed melanocratic and leucocratic samples throughout
either sequence. Rb, P and Ba del however show variations. The Rb in the melanocratic layers
(refer Table 8.1 and 8.2) is higher than in the leucocratic layers. Given a uniform trapped liquid
content, the reverse would be expected as plagioclase makes a significant contribution to total Rb
in the whole-rock. The whole-rock thus requires that a greater proportion of'trapped liquid be
present in the melanocratic compared to the leucocratic layers. This is the converse of that inferred
from the plagioclase compositional data (Table 10.6). In addition the fact that Ba, P and K20
concentrations in the whole-rock samples (Table 8.l)show the converse trends would 'tend to
support the idea that the Rb analyses in the whole-rock samples are in error.
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Both Ba and P are incompatible into the whole rock (Ba, for example, whilst being more
compatible into plagioclase, has a partition coefficient D;:g for basaltic/andesitic rocks ranging
from 0.05-059 (Henderson, 1986». Pis enriched in the leucocratic layers (Fig. 8.SB). However
the uncertainty associated with its analysis as a trace are quite large and this may explain the
significant scatter in a plot ofP versus mode (Fig. 8.5A). Interestingly enough the P, as with Zr;
is only halfEls abundant for samples from profile C compared to those from profile B (Tables 8.1
and 8.2). This observation could suggest that the layers at profile C contained less trapped liquid
that those at profile B. This may have resulted from more trapped liquid being expelled from the
layers at profile C due to more efficient compaction as the proportion of melanocratic to
leucocratic material at C is larger. Ba shows a very good linear variation with mode (Fig. 8.6), t}t~
slope ef'which might be more than can be explained by modal variation alone and could point to
more trapped liquid in the leucocratic layers in a similar way as P appears to do. Tlte good
correlation show when Ba and P abundances are plotted against each other (Fig. 10.4) is further
proof of this. More trapped liquid in the leucocratic layers could be the result ofthe deposition by
way of two dlffer,"nt tlow types. The melanocratic layers may represent a well packed •sediment',

/./

a:deposited bedload, whilst the leucocratic layers may represent one that was initially a suspended
load and was effectively dumpe-d. The second type would invariably contain more interstitial space
and therefore greater concentration of trapped liquid.

These results summarized thus far appear to be the most significant findings of this study. How
they relate to models that have been suggested in the literature win be discussed below.

160 .,.....---~-------------;~---,

90 100
Sa (ppm)

Figure 10.4 Ba versus P diagrap.;l for selected samples from profile B. The empty symbols wfer to the leucocratic
and the fined symbols to the melanoeratic samples.
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Many layered intrusions display rpyihmic/modal1ayering. This has intrigued many researchers.
The mechanisms invoked by these different studies are relatively few. These include:

10.2 Models to explain the layering

Mechanical separation of the phases

Different minerals have different specific gravities and this in conjunction with current
activity may result in the differential rates of settling for the different minerals and
therefore lead to modal layering.

In situ crystallizatic;.n

It has been pointed out (McBirney and Noyes, 1979 & 1935) that due to viscosity and
Newtonian strength of magmas, especially more differentiated ones, mineral grains may
not be able to sink: very efficiently. Therefore crystals may be forced to grow in situ and
in so doing geochemical gradients might form in the magma, forcing the preferential
growth of a single phase and thereby producing modal layering.

Rhythmic nucleation

Periodically supercooling of the liquid, below its liquidus, would produce rapid nucleation
ofwhichever mineral was stable at that temperature (Maaloe, 1978). This could drive the
liquid to oversaturation of another phase, and to induce oscillatory crystallization,

Change in pressure

As with temperature changes, pressure changes can influence the assemblage crystallizing
(Cameron, 1980). Any variation in pressure would influence the relative stability of the
minerals. These pressure changes can force the liquid off the cotectic and into the phase
volume of one of the cumulus phases.

Magma mixing

It is a well known fact that when two magmas, of different compositions, mix, the new
magma will occupy a new position in the phase diagram. Therefore the most likely result
of magma mixing is the production of'monomlnerallic layers.

Pattern formation

This process is driven by the surface area of grains. Inessence all crystals that have formed
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are in dynamic equilibrium with the magma. In this way material is continually dissolving
from their crystal faces and reprecipitating. In addition a smaller crystal exposes a
relatively larger surface area than does a larger grain. The smaller grain will have a higher
surface energy and the difference will tend to allow the larger grain to grow at the expense
of the smaller grains (Boudreau, 1987). Therefore there will be the diffusion of chemical
components away from the unfavoured grains and towards the favoured grains. Inaddition
it is suggested (Boudreau, 1987) that the surface energy between like minerals is lower
than at contacts between different phases. This will result in the destruction of certain
unfavourable grain contacts in favour of a more stable assemblage. Pattern formation is
driven by a textural pattern that ha- developed within the developing crystal pile. This
process might then develop this pattern and with the mass transfer of material produce
modal layering.

The plausib'Sty of these ideas as a means of producing the layering will be discussed below.

10.2.1 Pattern formation

This process will tend to allow the earlier formed crystals to grow preferentially compared to
grains forming within the liquid subsequently, due to the relative differences in grain size and
therefore in surface energies, This process was however proposed for inch-scale layering as these
thermodynamic effects are only likely to occur 0\1...( limited distances 'within the liquid. Pattern
formation is therefore considered unlikely to work for layering that is considerably thicker. In the
layered sequence under discussion the melanocratic layers vary from 1 to 56 em and Ieucocratic
layers from 0.5 to 116 em in thickness. Layers also tend to vary in thickness laterally (Fig. 2.8) and
occasionally split. However, some layers pinch out without splitting. Therefore, the length scales
seen in this occurrence of modal layering do not appear to easily support this method of layering.
As a post-cumulus process of sharpening the layer definition, this method may have considerably
more merit (Boudreau, 1987).

In addition, if this method were to have played a key role in the formation of these layers, then
we might expect a distinctly bimodal variation in grain size between layers, with the dominant
phase having the larger grain size. Pyroxene grains were not studied, in this regard, as they often
form oikiocrysts and the original grain boundaries are difficult to discriminate. Towards the base
of the sequence plagioclase grains from the leucocratic and melanocratic layers vary very little in
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average size (Table 5.1). Towards the top of the marker however differences in grain size are
greater with the leucocratic layers containing some very large and melanocratic layers some very
small grains. However the plagioclase in the melanocratic layers is distinctly interstitial and
probably represents a significant proportion of trapped liquid crystallization. Therefore their grain
sizes are not strictly comparable to those in the Ieucocratic layers. Therefore based on the grain
size variations between layers from the bottom of the sequence, it appears as though the grain size
is not varying markedly and systematically between layers. However there does appear to be an
increase in grain size, of the cumulus plagioclase crystals, towards the top of the sequence.

On geochemical grounds the method of pattern formation has little merit since if the pyroxenes
were fanning by means of mass transfer of material we might expect them to have similar
compositions throughout. As the melanocratic layers contain pyroxenes which are more magnesian
than in the leucocratic layers (FIg. 7.5), there was obviously little chemical interaction between
these layers, during the post-cumulus stage.

10.2.2 Chemical effects ofa magma injection

It has been suggested from various studies of the complex that a new magma was introduced
into the chamber at the level of the pyroxenite marker (von Gruenewaldt, 1973; Hamilton, 1977;
Sharpe, 1985 and Cawthorn et al., 1991). As this marker occurs only ~60 m above the Layered
Marker Sequence and in the light of the suggestion that mixing started below the Pyroxenite
Marker within the western limb (Cawthorn et at, 1991), it would be tempting to try and link the
layering to this new injection.

I

Compatible trace elements vary with modal abundances within each layer, but they do not
define two different trends, for the different layer types. Geochemical modelling of both REE and
selected compatible trace elements suggests that one magma was responsible for all the rock types
present in the sequence. Plagioclase compositions are tor the most part invariant and only show
a significant change when the modal contrast between layers is at their most extreme. This trend
shows that the compositional variance has been influenced strongly by the trapped liquid shift
effect (Barnes, 1988). The pyroxene compositional variation is systematic and more well defined
than that for plagioclase. However it too can be explained by the trapped liquid shift effect.
Therefore by inference it appears that the cumulus mineral compositions. between layer types, may
have been very similar. TIns is not conducive to any idea of another magma producing: ~tlelayering
event. The lack of significant systematic variation in the Sr-isotopic ratios be' '1'es
points to one magma producing at least all the plagioclase in the different layt::A~. -od in
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the ratio above the lowermost pyroxenite of the Pyroxenite.IMarker is in accordance with other
studies and suggests that the new magma had no effect until some distance above the Layered
Marker Sequence.

10.2.3 Change in a physical parameter

If the magma that intruded above the Pyroxenite Marker did so before or during the time the
Layered Marker Sequence was forming, but plumed upwards to form a layer well above the floor
without significantly mixing with the residual magma, then it is feasible that no immediate chemical
influence need to have been recorded in the cumulates. However this process would mean that
pressure was changing as batches of new magma were being pumped into the chamber. Such
pressure changes could manifest themselves in two ways in the accumulating minerals. An increase
in pressure would move the composition of the plagioclase-pyroxene cotectic towards higher
plagioclase content, thus increasing the modal proportion of plagioclase crystallizing (Osborn,
1978). However, the range ofplagioclase.pyroxene ratios observed is far too great to be the result
of cotectic crystallization over any plausible range in crustal pressure. Secondly, any change in
pressure would shift the cotectic, causing the liquid at the cotectic under the original pressure
conditions, to find itself in the stability field of a single mineral (Cameron, 1980). Thus, the most
likely effect of a pressure change would be to produce a monominerallic rock before reaching the
cotectic under the new pressure conditions. As monominerallic rock types are not well represented
in this marker sequence, such a model is not considered applicable. The occurrence of thick
pyroxenites in the hangingwall to the marker could (Figures 2.3 and 2.4) however be the result of
such pressure variations.

10.2.4 Rhythmic nucleation

The model of rhythmic nucleation is an appealing one and has been appealed to by numerous
workers to explain modal layering (Komer and Elthon, 1990;Hort et al., 1993 and Maaloe, 1978).
However there are several points from the present study that are difficu:t to reconcile with such
a model. The most convincing of these is the grain size data. The grain size systematics
conclusively show that an oscillatory mechanism by undercooling is unlikely to have resulted in
the hyering seen. With rhythmic nucleation the dominant mineral in each layer should have a
smaller relative grain size (Brandeis et al., 1984) due to rapid nucleation of that phase. In addition
theoretical modelling of'thermal oscillation, which is the driving force of'thle process, as a method
of explaining layering, has shown that this process Can at best explain layering on the inch scale
(Jaupart and Brandeis, 1986). Rapid growth, related to undercooling, ought to produce vertical
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and not bedding-parallel alignment of plagioclase. This is clearly not seen (Fig. 5.1). I
1

1

10.2.5 In situ crystallization

Campbell et at. (1978) showed convincingly that plagioclase is very unlikely to be denser than
the liquid at any stage and would therefore not settle, unless it formed aggregates with other
grains. McBirney and Noyes (1979 & 1985) used viscosity and Newtonian strength criteria to rule
out settling as a significant method of'layer formation. There have been studies of crystal settling
in natural magmatic systems. Helz et al. (1989), studying the processes within a lava lake, could
not demonstratibly show any accumulation of olivine by settling within the lake. Gibb and
Henderson (1992), studying several sills, showed conclusively that in many of these sills settling
did not take place. Therefore if the minerals cannot not settle then they must have grown in situ.
Crystallization will occur primarily at the floor of the chamber due to the effects of pressure on
the liquidus temperature. These authors suggested that layering may be the result of diffusion of
components in the boundary layer. Inthis way magma may eventually become undersaturated with
respect to a particular mineral at a certain height within the boundary layer and this would in tum
inhibit its growth there.

The most convincing argument against this method in the formation of this layering is the planar
and linear fabrics seen in these rocks. This suggests that a current may have been involved, which
would have destroyed any diffusion gradient that might otherwise have developed. In addition with
high to moderate degrees of under cooling a chemical gradient is likely to produce comb layering
(Lofgren and Donaldson, 1915) with the cumulus minerals orientated at a high angle to the plane
of layering. This is not seen for the cumulates under discussion.

10.2.6 The mechanical separation of minerals into different layers

Many igneous intrusions display pseudo-sedimentary structures, on the basis of which many
researchers have tried to apply ideas of gravitational sorting and current activity to cumulate
formation. Wager and Deer (1939) suggested that gravitational sorting may have been responsible
for the layering seen in the Skaergaard intrusion. Conrad and Naslund (1989») studying layering
of'a similar type to that under discussion here, concurred with this idea. Their layered units were
however internally graded unlike those being studied here.

A fundamental assumption that has to be made when applying such a model is that all the
cumulus phases should be able to settle in the magma. In light of the viscosity of the magma some
researchers believe that settling is unlikely to occur (Mclsirney and Noyes) 1.985). In addition work
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by Campbell et al, (1978) suggests that for the Skaergaard intrusion the plagioclase was never
denser than the magma. Using experiments conducted in centrifuge furnaces Campbell et al.
(1978) reported that plagioclase does not sink in basaltic magmas. However, this was for single
crystals of plagioclase. Plagioclase does not nucleate readily and will tend to nucleate by

heterogeneous nucleation. In other words the plagioclase crystals will tend to cluster. In Campbell
et aI.'s experiments whenever this happened, these clusters tended to sink. Therefore, particle size
is important in the settling history. If individual grains are settling, however, then the layers will
be grain-size graded.

10.2.5.1 Current activity

The rocks of the Layered Marker sequence all appear to show a planar and occasionally linear
fabric. This might indicate the importance of a current. Two types of current are discussed in the
literature, these being convection and density flows. Convection is driven by temperature
differences that affect the density ofa package of'magma and force it to circulate. Density currents
result in the movement of magma due to negative buoyancy produced by a greater load of crystals.

The presence of pseudo-sedimentary structures, such as crossbeds, in the Skaergaard intrusion,
prompted researchers tc postulate that convection may have had a significant role to play in the
deposition of the cumulates. Convection should occur in magma chambers due to significantly
large Rayleigh numbers even in very slowly cooled magmas (Martin and Nokes, 1987).
Experiments conducted by Martin et at. (1988) showed that settling can occur even in turbulently
convecting magmas. However) the residence time for plagioclase in such magmas may be much
larger than for pyroxenes. In all of'their experiments the 'crystals' were denser than the liquid. One
interesting aspect of this study is the realization that the presence of significant concentrations of
particles within the magma will tend to dampen the turbulence of the convective system. Similar
ideas have been expounded by Koyaguchi et al. (1990). Sparks et al, (1993) suggested a model
whereby in very dilute suspensions, convection will produce a homogenous distribution of crystals.
This is provided the convective velocity is in excess of the settling velocity. However with time
a critical concentration will be reached at which stage the convection ceases and discrete settling
events will occur. Different minerals/sizes will have different settling velocities and therefore it is
feasible that complex changes in sedimentation rate and consequently in relative proportions of
minerals can occur.

Some researchers do not support the idea that convection is an important process in a magma,
especially in the middle of the chamber and long after the initial magma injection. Brandeis and



I

il'·'
~. ,

I I

I I

I r
I

It

\\

I

I·' .'
!

10-21

Marsh (I989) suggested the idea of a convective liquidus. This term describes a point at which
convection ceases ina similarway to how the liquidus signifies a point at which the magma starts
to crystallize.Thereforewhen the magma is intruded it has an amount of superheat inherent to it.
As a result the liquid convects violently. However once the superheat has dissipated the
convection stops and subsequent cooling is by convection alone. This point is defined by the
convective liquidus and \\1\8 established by experiments using paraffins heated from below. It is
the considered opinion of these authors that the convective liquidus is close to the true liquidus
in basaltic magmas. This idea of inefficient convection in a magma for most of their cooling
histories was echoed by Marsh (1988, 1989a and 1989b).

However ifa magma chamber is wider than it is deep, the most significant heat loss will be via
the roof. This will produce a negative buoyancy of the boundary layer at the roof (Martin et al.,
1987). It is an establishedfact that even temperature differences of only several degrees or crystal
contents of a few vercent can lead to substantial instability of the boundary layer (Sharpe et al.,
1990). The result of such instability may produce density flows that may either plume down into
the chamber from the roof (Jaupart and Brandeis, 1986) or flow down the sides of the chamber
(Irvine, 1980). Such a layer might then be internally turbulent.

In light of the data presented it would appear that the following model, employing the physical
separation of phases, might best explain the present occurrence of modal layering.

10.3 A depositional model for the formation of the marker

Convection and current activity in a magma is probably very sluggish (Marsh, 1988). Close to
the boundary of the chamber heat losses are invariably faster than the magma can supply by
conduction alone and CUITcmtactivitymay well occur. However, the coolest parts of the boundary
layer are kept immobile (Marsh, 1988). Within this boundary layer on the roof or sidewalls the
magma was crystallizing plagioclase and two pyroxene phases in cotectic proportions. The
boundary layer, being cooler and loaded with crystals, was denser than that further into the
chamber and occasionallybecame unstable. Itmay then have periodically detached itself from the
edges or roof of the chamber and flowed as a density current (Irvine, 1980). Initial turbulence,
especiallyin the head of the current, would have kept the pyroxene buoyant. Flow of the magma
would have lowered its viscous yield strength making it more likely that the crystals could settle.
The denser phases would have been deposited as a bedload in many elongate bars. Only material
exceeding a bulk density could settle. This would have included a certain amount of trapped
plagioclase. The flow became progressively unsteady as it decelerated due to the limited supply
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of denser material (Leeder, 1982). The suspended material became concentrated towards the base
of the flow. Hindered settling, buoyant lift provided by interstitial liquid, dispersive pressure
(Lowe, 1982) and the yield strength of the magma (McBimey et al., 1979) supported the grains
within the developing traction carpet. Eventually these forces could no longer SUPPOlt the growing
weight of crystals and the suspended material was effectively dumped as a layer. The shearing
contact between the bedload and the suspended load would subsequently have occurred at a higher
level. Current activity could feasibly have eroded the melanocratic layers in areas (McBirney,
1979).

10.3.1 Observations which support such a model

i I
! I
~l

The extensive development ofthe Layered Marker Sequence within the eastern limb of the
complex requires a model that would have had a wide influence. If the magma could have become
detached from the wall or roof of'the intrusion due to its density and form a density current that
rushed into the chamber laden with crystals, then this process is likely to have occurred right
around the chamber walls It is likely that such a current would have deposited material evenly
over the floor. The lateral discontinuity of the layers, both along strike (Fig. 2.8) and down dip
(Fig. 2.10) may suggest the development of such elongate. bars of denser material. Material
deposition is likely to have occasionally been interrupted by scouring where the flow was more
focussed. The occurrence of the en echelon terminations of successive melanocratic layers may
point to this fact.

i 1,

The sharply-defined layer boundaries are inconsistent with the normal depositional models but
can best be explained by the model proposed here. The sharp layer contacts were the result of a
physical boundary along which shearing occurred with the melanocratic material as a bedload and
the leucocratic material suspended in the magma and flowing overhead. When the forces
suspending the crystals within the traction carpet could no longer support the growing weight of
crystals overhead, the shearing contact at the base of the carpet would effectively have jumped up
to a new position and the leucocratic material beneath would have been dumped into place, No
other model discussed previr 'y can be switched off as efficiently so as not to produce a graded
contact.

The fact that the pyroxene phases occur in similar relative proportions In each layer) whilst the
plagioclase, the lighter phase, varies significantly in its relative abundance, is also supportive of
the proposed physical separation of phases. The fabrics in individual samples support the idea that
a current was active. The increase in modal contrast towards the top of the sequence can be



ascribed to the effective increase in vigour of the system.

Compositions of'the primary plagioclase and pyroxene phases are the same in all the layers. The
fact that the Ieucocratic layers have been shown geoehemically, to have more trapped liquid within
them is also highly consistent with the model suggested as it is expected that the leucocratic layers
should contain more interstitial space, as this sediment was dumped rapidly, unlike that in the
melanocratic layers. Compatible trace elements vary significantly within the whole rock but these
variations can be ascribed to modal variation. This is consistent with the idea that a chemical
gradient had not developed due to the current activity. REE distribution within mineral separates
appear to be reconcilable with the crystallization of all these layered rocks out of a similar magma.
The Sr-isotopic systematics also appear to support one magma.

10.4 Conclusions

A wide variety of different types of data, pertaining to the interiayered sequence of
melagabbronorite and leucogabbronorite that occurs tens of'metres below the Pyroxenite Marker
in the eastern limb of the complex, bas been presented. These data have been tested against several
processes that have been invoked by numerous researchers to explain modal layering in a variety
of different layered complexes. It appears that the Layered Marker Sequence under discussion
cannot adequately be explained by using models such as the in situ crystallization of phases,
rhythmic nucleation employing oscillatory crystallization following undercoating, chemical
perturbations resulting from the injection of a new magma. a change in pressure, or the mass
transfer or'materisl due to differences in grain surface energies.

The magma at the time of the layering formed precipitated two pyroxene phases and
plagioclase. This crystallization took place primarily in a thin boundary layer, close to the edges
of the intrusion. Periodically. as it was cooler and contained a greater load of crystals than the
magma further into the chamber, this layer became detached from the roof and/or wall of the
intrusion and flowed into the chamber as a density flow. The flowing of this magma would have
lowered its viscous yield strength. The crystals were initially suspended in the magma due to its
turbulence and the concentration of crystals was low. With time the pyroxenes were able to settle.
However, physical trapping of'plagicclase with more abundant pyroxene occurred. Only a specific
density of material was capable of settling at any particular point. These melanocratlc layers, were
deposited in many elongate bars. Periodically these cumulates were eroded by scour channels.
With time the flow became less steady. The plagioclase and some suspended pyroxene started to
settle closer to the base of the flow, in this way the concentration of crystals in the flow directly
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overlying the melanccratlc bedload became higher. This would have dampened the turbulence of
the system, thus further weakening one of the supportive mechanisms. With continual slowing
down of the current, due to a limited supply of material from the source, the forces suspending the
crystals (dispersive pressure, magma yield strength and upwelling magma) were no longer able to
support the growing weight of crystals overhead and the shear contact between the melanocratic
bedload and the suspended flow jumped up to a higher position. In tills way the lencocratic layer
was dumped into position below it.

This model appears to account for most of the data presented in this study and as a result is
believed to have resulted in the formation of the Layered Melagabbronorite/Leucogabbronorite
Marker sequence of the Main Zone, ill the eastern compartment of'the Bushveld Complex.
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1.0:10~---
3818.5

6181.4

6233.3

.().525 4628,S,-..-.J----=-~
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...0.358 6305.2
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Appendix 1 XRF calibration standards

5710.0

4791.1

NlM·D(C)

N1M.S(C)~-"-,--+----

4193.9---
5516.2

2003.6

936.4

5675.2

9279.S

AC·E{C) 14.702 0,(173 0.493 4977.6

MA·N(C) 17.947~----'~J .0.055 ..0.362 5914.1

r A~;';(C) -._~, __ _, __ :::~74. 17.389 ,1-=--=-_...?085 _,_ - _;_.4_8~--i--' 5737.9

~~~!N(C~ __ ~4.347. ~~ ••_:<!~ _.~__ ,..0.739 __ ~~~!.
V.ABS.ElUtOIUS 0.163 AV.RELERROR.IS 5.71~2~A~~~-'-"=-=-~~~~~~J~K~O;;~~~=. -2.8')0

17.168 0.240.~~__...~~--~------
29.905 0.088,~-.--,-+----..-.
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NlM·S(C) 0.4n 0.371 0.055 12.703 3$3.6._-,---,--t-----
AN-O(C) 1.641 1.546 0.095 5.801 406.7------+-----.- .-----t---.-----t----. -._,._---,---.-~-._--
AC-E(C) 6.574 6.611 ·0.037 -0.569 636.81--.------ ---1-------1---- -.--f-----.---....f
MA·N(C) 5.948 6.017,~----~----~~--~-----~------------~~~~:-:-C-)-·-+----:-::-:;-- ;.-::.-:-:-t---~;::::l~_:::~_~ :::t
i:_··:~-,_~__·ET=7=oO_;_~_S-I_1~._;_F~_'~~~~===_-~~r-----~2-2-;::=~:~~--1 >.~

-0.069 -1.166 609As

Appendix 1 XRF calibration standards

r--------------- '-,_._-, ----,,_.... --
NalO

.._:::I~:..(j(~._ ._. 3.396 3.287 0.109 3.201 485.~J

NL\!·N(A) 2.457 2.429 0.028 1.153 446.8 It----·-r--'------ .---~-.--, ---- .r;:::~) -------.~~~~-r-.-'_,-::::;I ::::: .3~::;:: :::::~~=-.:~I-'~:~::~~§f'-~~=~-.~:~.~
_'-, ---~.---.-. -_. __.• ' I -- ----,---1
MA·N{A) 5.959 6.140 .0.181 ~3.037 615.3

___ co __ I---'_' "_+'~'_

AGV·l(A) 4.338 4.243 0.095 2.179 529.2,---+------1 --------~--------,------._,--
~':-{:--:-.:A_)---+----;--::-::--I-----:-::-::-+-.---::;,- -----:1.. :;;+
NIM·N(8) 2.462 2.497 ..(J.G3' ·1.415 449.9

~~_M__'P__(.B..)_-_~'~~-_·:-~-_~-_-_ - 0.3691 . ---·--0.-43-2....f-'-----.0.0'63 -17.033" ~56.1

NIM.D{B) 0.040 ·274.102 343.3'-------''''t----- ----I- ,------+---------1------- b-----.-. ---
NiM·S(B} 0.432 3.l21 355.5_._---
AN-<3(tl} 1.639 2.361 409.0~----------r-------------~-~---~,.---.~+_---,--------._,-----------r-------------
AC-E(B) 6.578 .o.31S 630.2c +-_

MA·N(B) 5.957 ·3.180 615.6

AGV-l(n) 4.345 2.544 528.8r-----------.~--------.-....f-----------_+-----.-------.+_~ .....~----~~---"-----
NIM·QiN(B) 2.920 2.769 0.151 5.170 462.2.~-----.-+------+-.------.- -_.---.------.----
NIM'G(C) 3.396 3.230 0.166 4.882 483.2f-.-.-----+-------l---- -----,--
NIM·:N(C) 2.461 2.~03 .0.042 ·1.(;88 450.1.,..-...-.--.--~-~.-..---,------4--- ---+-- ----1--,-,--+"--, ---....f

0.1S0 -0.110

Q.419 0.013

1.S97 0.042

6.599 -O.o:u
6.146 ·0.189 (

4.234 0.111

NlM·P(C) 0.368 0.478 -0.110 ·30.000 358.2.~~-,-.------~----!'----------,----t------~-+-------~
0.156 ·0.116 ·291.075 :~43.6
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Appendix 1 XRF calibration standards

Trace elements (ppm)

v
~.;:~ =P'-td',- C-o-nc-.----,--c-al-. c'-o-n-c.----+-s·-tlll1-dard---...,.-S-td-. C-'o-nc-.- - ..........C-a}-.c-o-n_c-.-_-_·~

~V_~_l _"~ __ -=-I~:_"'~~__~__I~__:-+I__-:-.:-V_-l_"-~--_ .. ..~~~~ _,. ~~
~~~ =r-_---..2_c...__ -..--E-,_?H .._. 6 4
0-2 I 36 43 0-2

Cr

8 2
I-----¥,-- f------.- c--------ic------'---+------+--------l

4

17:~~. +- --_. ;t__._:: I::;
~~-_t-~--.-~;-.--_2_;_:+__;:__·,-.-._N====::_, '-"'3::"~ - 3::_
NlM-N 22.0 202 SY-l 56 40------ ------,~--~-----~---.----~----------
NlM·D 40 49 OR

12

12

110
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_!ppendix 1 XRF calibration standards

:-~:m_d._ar_d __ -+-_S_td_:c_:_n:._.~~~: •E~-----'-__ -+_S_OL c;_._~aL Cone.

AlP, 0 1 Si02 0-.---."---'_. ..__ .----1-----=-----1------+---
sto, 0 7 Fe+20% 0--.-+-------t---.--~-~---.----------~_4
AGV~l 86 81 AGV·l 57 671---------1------- .._--,---------+------+---.-----~..-----

80 86 GA 175 173·--'--··-·-i__--------i-·-~-·---·---···~-----+-------- ------
84 81 GH 390 386r----~---:__.--.----.r___~-- __...-.---+-----+-----~__i

OSP-l 105 97 0·2

GA

170 161---.,~-.-i-.--.-,--.-t-----_t_---
PCC~i: 41 42 GSP-l 250 259---............:...,.-,--+-----.-~------+------I-~------.-

~;_: : .. I_.· --foL ~~: - 3~. 324

cN;M.p ~ - - ~- 107 N1M·N ---. -1'7+5 - •• 18728.~.
~~-N' . 68 r-' _.- 59 GR .
,........-..__. -- ---_._--"_._---- ----
NIM~D 90 90 BHVO-l 10 19---_. __..._.--_-_. .---- ..--.------+-----. ._._
SY-l 219 239 SOR-l~.--------+-------,-OR

81---.-t--------
115 108

69
60 78 SCO~l- ..-.----i~-------,-------t------I------+- '--_'--1

BHVO·l lOS 102 QLO~l 74 70-_.__.-------,----i---~--.------,.-+-------..~. --
~.::-O-.~-l-.--+----.--;;r-----. --2-:-:-. +-::-C-~-~-----~-t----~:7:3·'~=~:-~15651------. ,-- I-----.--,---i--. .. . ~
SDC-l 105 93 DR-N
MI-C-A-.M~·-'--i----____;;;----"-2-94"'+-O-S-.N-----+---·-- I8S·I~ .... 18;-

~'l



570 NlM-N

124 BR
174 GR

70S BHVO~l

22

Appendix 1 XRF calibration standards

.-r----.-------------------------~

550
140 276
170 183

700 180 177
RGM-l 100 98 SGR-! 55:'i3- -----._..- -------.-.------+~---..- --_.,-----
SDC-! 180 183 Q1.O-1 175 193
DR-N _~~--+I----A--O-O-l-·----3Q-..9-+-R-G-!v-f--l-----+-------20-· ;-r--"-a06--

285GS-N 300570 568 SOC·l
--_. '--."-"'~--r"--'-- --.-----1- ..------.-;-.--*,----
MICA-MG 27 22 DR-N 125.--.-.---- --.--_.__.r-------·- r-----.-"-f->.--~~---~-

I FK-N 35 36 MICA-FE 800 822t"~N-f---" ., 1-;;" 113 I3X-N -------~-!---------_S2-_2-J

~ 27 3_1~ --.__~ ~ _j

129
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!l!I!.endix 2 Rb calibration for isot(1!;!.;;work

0.4 ,...-----r----,...-- ..*-........,.------,-j _._. ..........._y
1_.---

~::::l".--.+I--
Y=O.016676x+O.195636

0.3

--+---.- -_._'_.--

• £1l-1VO-1-~.: :~N
• 5l.N~ ~ ' 4_ ~~~:_ J

0.0 ~
o 2 4 G a 10 12

nu

Concentration in ppm

FignreA2 Calibration curve fer the analysts ofRh by XRF techniques. Net peak= gross peak. background
iIrtonsity (I.B.). Samples 20MN, HSN and 5LN were analysed fJr Rb by isotope dilution mass
spectrometry and were used as standards to try 311 attain reasonable numbers tOl' samples analysed
with <10ppm ot'Rh. The blank sample was precipitated silica.

For Sr-isotopic wot.: on plagioclase separates the accuracy of the Rb analyses are of
paramount importance as the errors for the ratios calculated are strongly effected by any error U:.
Rb. Sr by comparison, is far more abundant in these samples and as a result any small error in its
analysis has a much smaller influence on the isotopic ratios calculated.

Due to the expense of the isotope dilution method for determining elemental concentrations
in samples, a concerted effort was made to analyse Rb and Sr using XRF. For analysis of Sf by
XRF an error of 16ppm has been calculated. This possible error in the analysis is large and
therefore it was decided to use isotope dilution methods for the analysis of Sr within the
plagioclase separates.

In the case ofRb it was important to create a calibration for the detection of'this element at
<luppm levels and to determine realistic errors for the results calculated using this calibration. For
this reason three of the plagioclase separates were analysed by isotope dilution mass spectrometry.
These separates were then analysed by X.RF., in duplicate, along with a blank (precipitated silica)
and the analytical standard BHVO-l. From this exercise a calibration curve was determined (refer
to Fig. A2). The calculated concentrations for these standards is listed in Table A2, along with
the recommended concentn.tions,



Sample Concentration by l!) (ppm)

J)

Appendix 2 Rb calibration fer isotope work

With the duplicate analyses it is possible to calculated a pooled sample standard deviation
(SpOO!c~, as described in appendix 4. For these samples Spooled=O.4ppm. The pooled standard
deviation may be assumed to be approximately equal to the population standard deviation (0).

Therefore the uncertainty (precision) associated with the analysis of Rb by XRF, using this
calibration, is approximately equal to O.8ppm (20). For the purpose of calculating the Sr-isotopic
ratios this error (imprecision) is extreme and therefore every plagioclase separate, analysed for
Rb and Sr isotopes, has had Rb analysed for by isotope dilution methods as that method is more
accurate and precise.

tn_ p ......... 'II

Tabi(1Al
Calculated concentration of'Rb within standards, us determined by XRF analysis, compared to the lD

concentrations.~~~~====~~==:"~=~========~~========~==~===============.=i=
Calculated concentrations wpm)

0.0
2.3
2.3
2.8
2.8
3.2
3.2
II

--------.-----------

Blank (precipitated silica)
20Ml.'\1 (plagio~ilase separate)
20MN (plagioo1p.se separute)
HSN (plagioclaS;, separate)
H8N (plegioelase-separate)
SLN (plagioeluse st;l'arate)
SLN (plagioclase separate)
EHVO-} (basalt)

·0.6
2.5
1.1
3.3
3.5
3.0
3.S
10.8



Appendix 3 Modal data (volume 0;")

I'J'Ome A samples !'Jag Cps; Opx Pigeol1lte otht'r~

USN 59.9 14.2 25.9 0.00 0.0

1l7N 62.8 7.Jn 23.S 6.30 0.3

UGN 67.6 16.5 13.8 1.80 0.3-
U4N 65.6 14.5 1.40 18.S 0.(1_ .....

USN 13.~ 27,& 11.S 46.8 0.6 -
B2N 66.2 12.2 0.30 21.3 0.0

lllN 81.7 3.30 2.00 13.1 0.0

12MN 16.0 14.0 28.4 41.4 0.2

211,N 95.3 1.90 1.30 1.50 0.0

20LN 88.8 10.0 0.30 O.(iO 0.3

20MN 16.9 47.1 1.;'10 34.0 O.S-
:19LN 97.9 1.60 0.00 000 'loS

:19MN 39.S 8,00 3.80 47.S 1.2

18LN 90.8 1.60 0.60 7.00 0.0

18MN 45.3 3.70 2.20 47.0 1.8

liMN 25.0 42.2 10.2 22.0 0.6

lOLN 83.0 7.90 0.40 8.80 ..(1.1

10MN 28.4 41.9 9.60 19.9 0.2

9LN 97.4 1.90 0.00 0.00 0.7--.
9,MN 42.4 32.S 2.90 22.3 0.0

8LN 78.1 13.1 2.00 6.611 0.2-
8MN 72.7 20.7 1.30 S.30 0.0

f---
7LN 91.6 6.10 1.1;0 0.20 O.S

6l\tN 3rl.7 41.5 S.lO 22.6 ().l
r--- -

SI,N 69.S 13.S 1.90 14.8 0.3

4LN ai,o !.'I.SO 1.00 8.30 0.2

4MN 23.1 42.1 3.00 31.6 0.2

31,N 88.9 5.80 1.10 3.60 0.6-
3MN 42.6 Sl.G 11.4 12.8 0.6

2LNb 84.0 8.80 0.30 6.80 0.1

2LNa 76.7 13.6 2.20 7.30 0.2,
lMN 48.2 30.8 6.60 14.0 0.4

F1N 46.7 30.5 1.40 2~4 0.0-
F2N 67.7 20.7 3.90 7.'10 0.0~
*Othermincrala include opaqufl oxides (dominantly), biotite and M\phit:l'l~
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Appendix 3 Modal data (volume 0/0)

l'rordeB PJag CP1 Opt Pigeonite other*
samples

c--.

BUS 64.2 7.30 21.9 6.50 0.1~
HUS 67.2 ,>.80 18.3 7.40 0.3

BIOS 16.3 10.3 41.6 30.5 1.3~
lI9S 56.8 4.80 29.2 9.10 0.1

HSS 59.8 18.9 2.90 18.5 0.0-
H'1S 61.4 21.0 1.60 16.0 0.0

H6S 5.80 52.0 28.7 12.3 1.2

H5S 75.3 8.70 0.30 15.7 0.0

HIS 84.8 8.20 l.50 5.20 0.3- -
25LS 87.9 10.3 0.40 1.40 0.0

23LS 95.9 0.00 1.70 2.10 0.3

23MS 56.4 27.8 0.20 15.4 0.2

19i.S 94.;1 0.70 0.70 4.10 0.2

19bMS 47.6 31.8 2.30 18.4 0.0

1SIS 98.6 1.00 0.00 0.00 0.4
sis 93.2 2.40 0.60 3.80 0.0_ .. -G!.HS 51.8 28.0 2.40 17.6 (1.2..-SIS 79.6 12.6 oso 7.00 0.2

SMS 72.0 16.5 2.30 8.90 0.3
1--

418 85.7 6.60 0.40 7.30 0.0--
4MS 34.1 34.4 5.30 25.5 0.2~ -
3IS 83.1 7.90 1.2(1 7.90 0.0
3MS 64.4 23.2 5.60 6.90 0.0

U.s 87,1 5.70 0:70 6.40 0.1
.......

lLS 81.8 9.40 0.80 8.00 0.0

FIS 71.5 15.3 1.00 12.2 0.0-
.F2S 71.1 13.7 1.70 13.3 0.2

*Other minerals include opaque oxides (domitwntly). biotite and amphibole--
The modal data for profile C bas.been taken from Pillay (1990).
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For plagioclase separates duplicate analysis has allowed for the precise constraining of
analytical precision attained. For every pair of analyses the following is
calculated: At':;:L (Xj_i}2 where ~ is the squared deviation from the mean for the ith set of
replicate analyses. Then by pooling the squared standard deviations from the mean, for all the
replicates, it is possibleto get a reasonably good idea of the standard deviation for the population
as a whole. This is done using the following equation: SpoOlcd- ~ where N equals the
number of analyses and n equals the number of replicates considered.

For the pyroxene,whole rock, and REE analysesfew duplicateswere run. Therefore a realistic
analytical error based on the precision and accuracy of the standards used in the calibration has
been calculated.The following equations describe the method with which these errors have been
calculated. The method has been taken from Skoog et al, (1988), X=:concentration of the element
within the standard; r- (cjorrected (c)ounts (p)er (s)econd (cops) for the standards; N=number
of standards run; M=number of duplicate analyses undertaken (if the sample was analysed only
once then M=l); yo::!)the average cops for the data set employed. A number of convenient
quantities can be calculated from the calibration curve:

s;=:E(Xi-X)"=:E x;J. _ (~XI)

8)')'=1: (v1-y)2=LYt2_~'&;")

Sxy=:E (xt-x)(V/-y)=:E xifJi_Ex~EYJ

Using these variables and the following equationwe can calculate the standard deviation about
the regression line (51.):

It is then possible to determine the standard deviation of a result obtained from the calibration
curve using the following expression (note Yorefers to the counts for the sample and y to those

. related to the standards):

These two approaches allow for the calculation of realistic errors for the analyses and both
approaches have been used throughout this study. The first approach (employing the pooled
standard deviations) gives a measure of precision whereas the second method is a measure of both
precision and accuracy.
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Appendix 5 Derivation of plagioclase call
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The plagioclase series of minerals ranges from pure anorthite CaAl2Si20S (An

NaAlSi30a. The following table lists the modelled elemental abundances of Ca
plagioclase containing differing proportions of Anorthite. This table is present
concentrations of these oxides within the plagioclase, and for that matter SiO
vary linearly with respect to mode.

Anorthite content (Yi) CaO (~)

Q

100 20.16

90 18.25

80 16.31

70 14.36

12.3860

10.3850

0.00

N

Using the least squared approximation method it is possible to derive form
the variation in concentration of these oxides. As the data used in this modellii
mathematically and is theoretically exact (internally consistent) it is reason
these functions fit the data as well as is possible.

Using the following formulae:

":
!

+.<I- ........ ", .."., ...."" .._+Q

where xj=CaO or Na20 abundance and Y,= Anorthite content (An%). For i=1000 the
following polynomials have been calculated:

j{No:zO)=-0.00025x3+O.04644x2-8.97827x+ 100.0017

j{CaO )=+O.00005x3+O.01315x 'i+4.67699x+0.00002

4··, " ", •••• +Q

t
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Appendb:5------------------,- Derivation of plagioclase calibk'ation curves

j{A(P3)=+O.000069x3+0.014168x2+4.849145x-l00.130052
j{S;02) = -O.000021x3 +O.012569x2-5.121516x+299.461252

these formulae appea- to describe , ;t,,, variation in the major oxide abundance, within

When these formulae are used to calculate the anorthite content from theoretical oxide
abundances the comparison with the theoretical anorthite content is good (Table 6.6). Therefore

plagioclase, with changing an()l~IJte content.

I
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Appendix 6 REE, Ni, Co and Se analysis in mineral separates

For the analysis of the mineral separates by Instrumental Neutron Activation Analysis (n"iAA)~

plagioclase and pyroxene separates were analysed separately due to their significantly different
chemistries. Therefore two different sets of calibration samples were made up and as a result two
separate sets of calibrations curves have been calculated.

Table A6.1a and b list the calibration data for selected REE and other traces as analysed for
in pyroxene separates. Note that the standard concentrations have been taken from Abbey (1978),
Flanagan (1973) and Potts et at (1985), These tables are followed by graphically illustrations of
each calibration curve. Most of the calibration curves have highcorrelation coefficients (R2>O.99).
However calibration curves for ad and Lu were difficult to attain as these elements ate fission
products after Th and U. .As Th and U occur in significant quantity in certain of the standards it
is difficult to get a reasonable calibration curve tor these elements. Table A6.2 lists 'the REE
analyses (raw counts) for the pyroxene separates and the calculated REE abundances (inppm)
within these samples. Table A6.3 (a and b) Hst the calibration data for selected REB and other
traces as analysed for inthe plagioclase separates. This table is followed by graphical illustrations
of each of these calibrations. Table A6.41ist., the REE analyses for ~lle plagioclase separates (raw
counts) and the calculated REE abundances within these samples. Table A6.5 lists the Nl, So and
Co analyses (raw counts) for orthopyroxene, clinopyroxene and plagioclase separates and the
calculated abundances of these three elements in each sample analysed. Figure A6.1 shows the
average ohondrite normalized ME abundances in the orthopyroxene, clinopyroxene and
plagioclase separates analysed.

I10

~ t

I I·
J i

0.1 L+..._+.__ .,_._._.__ ,.--+---+---1- ....,..;.,-
~ ~ ~ ~ h Th ~ ~

... rJin..."Pyttlxene ... orihOpyroxeM fI> pIII~ ..

FigureA6.1 Average chondrite normalized RHE abundances in plagioclase, clinopyroxcno and orthopyroxene
separates analysedby lNM.
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Appendix 6 REE, Ni, Co and Sc analysis in mineral separates

TableAG.la
Calibration data for the analysis oiREE inthe pyroxene separates. Standards inbold have been excluded from the

calculation of a calibration curve.
-

La Ce Nd Sin Eu Cd Tb 110 Yb
W-t 113:2000 8455() 68350 41660000 41420 115000 145200 26260()O 94920
BHVO-l 1568000 141900 126900 73440000 81170 62240 217700 3048000 90730
0·2 ll718000 572500 305600 86410000 49040 2195000 106300 1242000 29890
DTS·l 858400 16850 7300 5659
PCC-l 89630 956500 17810 11590
AOV.l 245300 173900 71160000 60210 82850 150100 2091300 74180
standard eoncentrationa
W~l 10 13 12.8 3.6 1.1 4 0.65 0.69 2.3
BHVO·1 15.6 39.6 24 6.1 2 6 1 1.06 2.13
0.2 S2 160 58 7.~4 1.27 4.13 0.5 0.4 0.77
DTS·l 0.032 0.083 0.035 0.0061 0.001 0 0.001 0.003 0.014
tee.t 0.04 17 1 0.01 0.002 . . . .
AGV·l 36 6S.3 31.7 5.9 1.7 S.S 0.7 0.71 1.71
e I ration curve y=mx+c

~.I 0.09 .(l.2 ·0.2 .(l.0'i' 0.18 .0.26 ·0.01 ·0.05 0 -!L_ ~ 0.9996 1 1 0;~984 0.9544 1 0.9985 1 0.9942
slope I 9.4><10-6 2.8><10"" 1.9><10"" 8.59><10'8 2.31><10'$ 3.71><10.5 4.74"10-6 3.65-10-1 2.35.10-5

t
alib .

(l'lw calilntion fbr Lu was fOlIlld to be poor lind lite c:al\)Ulate<ivalues, based on a1)9 calibration, va.,~considerably Utcrcfore It WIIS dconled to leave
La out of the data IK:t lIS unreliublc. This element is n fusion product after U Md Th, as is ad. and ~lf:se standards all contain some of'thesc element.'!
and thia is probably the i':llSon why the calibration is so poor)______________-w__~ --------w.---- __Ma~

TableA6.1b
Calibration data for the analysis ofNi, Sc and Co in the pyroxene separates. Standards inbold have been excluded

from the calculation of a calibration curve,

Ni So Co

w-i 20'1000 2544000 423900
BHVo.l 312300

.."
2501000 412600-- ...........

0·2 WHO 301700 40780
DTS·l 5912000 216900 1218000
pee·! G18SI}OO 529700 1047000
AGV.l M280 942200 139800
standard concentrations-~ -w-i 76 35 47
BHVo.l 120 33.3 4S
0·2 3.5 3.8 4.4
DTS·l 2269 _J 133
PeC.1 2400 7.4 114
AGV·l IS 12.3 14.1
calibration curve y=mx+e

3.84><10"'l

0.00 0.11 0.27constant
0.9995 0.9991 1.0000

136><10-5 1.09><104slope

(These calibration curves MC graphically illustrated on the following two pages)
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_A...::p:.,::p....e_n_d_ix__ 6 ..__ ....RE.....__ E..::.,__N.....:,.i,_£o and Sc analysis in mineral separates

TllbleA6.2
Calculated REB abundances within pyroxene separates nnalysed by lNAA

Peak d Wl from lNAA f ---============~==================• o :p:ytOXeI1e&~
L't Ce Nd Sm Eu Tb Ho \"b

BENC 28820(} 44440 .5'/580 406300(l0 24090 15:1.700 28361)00 99950
H8NC 286700 48740 54290 39770000 23790 150000 27IlCOO 106000
B6NC 255000 41490 41770 37490000 20780 138500 2611(100 102100
SLNC 3:24800 52080 55880 48720000 24340 177.200 3421000 131300
SNMC :231800 43220 40170 :m40000 20050 130500 2443000 98780
3MNC 233000 33180 35350 31860000 18840 123500 2:257000 89790
2LNaC 271700 4485C 53120 41270000 2:;(510 153400 2860000 110500
F2NC 251000 40790 41850 35020000 13570 135100 2376000 94370
H8NO 37650 2449000 8935 14210 397500 33100
HSNO 48930 2469000 lOOW 14810 450700 32300
H6NO 37670 3350000 3245 17220 551200 35880
SLNO 53560 4922000 31555 24040 619000 46130
5l\1NO 48970 3917000 3794 20430 559700 37230
3MNO 54960 2463000 2628 13480 -lO2800 36800
2LNaO 62250 4291000 3310 2188() 520900 38310
F2NO 30180 2558000 3352 14150 399900 3231.Q.__
acuat E abandances inseparates

H8NC 2.80 12.24 10.77 3.42 0.73 0.71 0.98 2.34
H8NC 2.78 13.44 10.14 3.35 0.73 0.70 0.94 2.49
H6NC 2.48 11.4l 7.76 3.15 0.66 0.64 0.90 2.39
!iL.~C 3.14 14.37 10.45 4.11 0.74 0.83 1.20 3.08
5LNO 2.27 11.89 7.45 2.9.5 0.64 0.60 0.84 2.32
3M'NC 2.28 9.09 6.54 2.67 0.61 0.57 0.77 2.11
2LNaC 2.64 12.35 9.92 3.47 0.70 0.71 0.99 2.S9
F2NC 2.45 11.21 7.77 2.94 0.61 0.63 O.Sl 2.21
H8NO 0.44 0.14 0.38 0.05 0.09 0.78
H8NO 0.55 014 0.41 0.06 0.11 0.76
H6NO 0.44 0.22 0.25 0.07 OJ5 0.84
St.NC 0.59 0.35 0.26 0.10 0.17 1.08
SMNO 0.55 0.27 0.27 (l.OS 0.15 0.S7
3MNO 0.60 0.14 0.:14 0.05 0.09 0.86
2LNaO 0.67 0.3!! 0.25 0.09 0.14 0.90
!lliQ. 0.37 0.15 0.26 1 0.05 0.09 0.76

I
ClledRE

chondrite normalized REE abundances
La Co Nd Sm Eu 10 lio 'Vb

H8NC 11.43 19.18 22.73 22.21 12.67 18.94 17.33 14.20
H8N0 11.37 21.07 21.41 21.73 12.55 18.60 16.52 15.06
H6NC 10.15 17.89 16.38 20.46 11.35 17.15 15.88 14.51
5LNC 12.84 22.53 22.0:) 26.72 12.17 22.04 21.10 18.65
5LNO 9.26 18.65 15.73 19.15 11.06 16.13 14.'19 14.03
3MNO 9.:n 14.24 13.79 17.32 10.58 15.25 13.60 12.76
2LNaC 10.80 19.36 20.94 22.56 12.04 19.03 l7.48 IS.711
F2NC. 10.00 17.58 16.41 19.08 10.47 16.72 14.36 13.41
HgNO 1.80 0.92 6.63 1.42 1.61 4.70
HSNO 2.23 0.93 7.06 1.49 1.95 419
HGNO 1.80 1.42. 4.37 1.80 2.60 ::. I)

SLNO 2.41 2.:"0 4.53 2.6Ci 3.04 6.
SMNO 2.24 1.74 4.58 2.2l. 2.66 S.
3MNO :2.47 0.93 4.12 1.33 1.64 ).~

2LNaO 2.75 1.95 4.39 2.39 2041 5.44
F2NO 1.51 0.9& 4.41 1.41 1.S7 4.60.~
Chondrite nOtma.1izlltiOfi factors:: _ ._:1 ii:Wi I
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Appendix 6 ME, Ni, Co and Sc anal} ;.:'in mineral separates

"fable A6.3a
Calibration data for the analysis ofREE in the plagioclase separates. Standards inbold have been excluded from the

calculation of a calibration curve. -La c~ Nd Sm En Cod Tb Ho Vb
W-l 840900 152300 140400 4928(;000 15740 994200 371000 3140000 309800
!!ID2l. 1192000 226300 262S00 87980000 31300 145601' 544200 337601).0 135200
G·2 4685000 724400 338100 72820000 14220 '3961000 193400 1104000 34710
DTS·} . . 1055000 .. " '199 103800 .

"rcc-i - . 1745000 - 14690 12340 . 13410L __
AGV-l 2812000 426200 269900 81070000 21950 666100 364300 2453000 121500-standard concentrations- IW.l 10 23 12.8 3.6 1.1 4 0.65 0.69 2.3
BHVo..l 15.6 39 l4 6.1 2 I) 1 .I 1.15 :t13
(}·2 112 1611 SlI 7.54 1.27 4.13 0.5 0.33 0.77
DTS-\_, 0.032 0.083 0.035 0.0061 0.001 0 0.007 0.003 0.014
l'C~1 0.04 17 1 OM 0.002 . - - .--,.. ....
AGY·l 35 68.3 31.7 5.9 1.57 5.5 0.7 0.71 1.9
ealibratien curve Y"IDX+C --~.
~onslltnl 0.07 -0.12 -0,1)8 -0.06 O.2.~ 0.00 -0.00(,4 0 -0.1398
RZ 0.9978 0.9917 1 0.9983 0.9801 0.9963 0.9958 1
slope I.ZSxtO·' 1.61~10'" 9.17>10"' 7.02<10'· 5.69.10" 4.02'10" 1.84'10" 3.?6xIO·T 1.68xI0·$

(The cali\1taUon.fut Lu was found to be poor alld the calculated values, based on this calibration, varied considerably therefore it was decided to leave
Luout of'the daIl! set as unreliable, Thi~ element is a fusion product after U and Ih, tIS isGd, III\dt~o b1Undatds all contain some ofthesc clements
FU !hi}'isyrobablv llitlt'llallllnwbxth\lCll~:;;.n~~'I__...H.=.... ;,;r.) ..._...........~...__ . _- ...... -- - _

Table6.3b
Calibration data for the anaJysis of'Ni, Sc and Co in the plagioclase separates. Standards tn bold have been excluded

from the calculation of a calibration CUIVe.

-W-.l---------·-------~~ .....---48~·~~~-0------~~-----6-40~~~~O-0-·:-:--=-=-t=I-·------I0~5~~-~-;:_..---·
BHYO·l 742200 6308000 1045000
0·2 19170 532700 77850
DTS·! 12750000 553400 3092000
~PC~~~~1 ..... ------~ __ --~1~9~~8~00~0~0.....----~----~20~4~1~00~0-- .....----~ 3~8~9~70_0~0__ --~_
AGV.l 97850 2247000 335800~~----.....---------~--------~~----------~----~~~~----~------~~~-------~3Ildard concentrations

nIIVO·l 120 33.3 _4;,.;;5 ....
0·2 3.S 3.8 4.4
DTS.} 2269 3 )33
;;.p~CC.;;.•..;;;.1 + ....:2""'4,.;:;.OO;.. _iI__---7.4--- __ l__--= ......!!L..--_
AOV.l 15 12.3 14.1 _
calibration CUC\'C y=mx+c.
constant 0.00 0.12 0.00
R1 0.!.I999 0.9990 0.9996
slope 1.621<10'"" 5.36xlO-l> 4.32xl0-:'

(These calibration curves are graphically ,Ullstrllttd on tho followmg two pages)
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Appendix 6 REE, Ni, Co and Sc analysis in mineral separates

o

l'ableA6.4
Calculated REB abundances in plagioclase separates analysed by INAA

oP ak da fr INAA fl' 1e ta om o· )JaglOc ase
La Ce Nd Sm Eu Th lin Yb

H8NFL 376400 45639 16020 3687000 7527 15910 98340 6513
HaNFL 363900 48395 15390 3618000 7531 14950 71960 3490
H6NFL 316600 39407 12010 3068000 9410 12800 3393
S!-N,I'I. 332400 45639 15050 3620000 11160 14480 123200 4724
5MNPL 286200 38509 11710 3208000 9456 13630 4822-3MNPL 282S(X) 37071 13280 2973000 9847 13150 85880 .....
2LNaPL 316900 41445 13960 3419000 9834 14150 97720 4147~
F2NPL 299200 37610 11610 2953000 9860 12230

cr ate . , a un ances m separates
H8NPL 4.76 7.49 1.39 0.20 0.68 0.03 0.03 0.11
H8NFL 4.61 7.93 1.33 0.20 0.68 0.03 0.02 0.06 -H6NPL 4.02 6.48 1.02 0.16 0.78 0.02 0.06
5LNt>L 4.21 7.'19 1.30 0..20 0.88 0.03 0.04 0.08...............
5MNPL 3.M 6.34 1.00 0.17 0.79 1),02 0.08
3MNPL 3.59 6.10 1.14 0.15 0.81 0.02 0.03 0.00
2LNaPl. 4.02 6.81 1.2.0 0.18 0.81 0.03 0.03 0:07-F2NPL 3.80 6.19 0.99 0.15 0.81 0.02 0.00

Cal il dREE b d

chondrite normalized REE abundances

~
I
i

i
\
I

-La Ce Nd Sm Elj Tb Ho Yb
H8NPL 19.47 11.74 2.94 1.32 11.66 0.77 0.58 0.66
H8NPL 18.83 12.44 2.81 1.29 11.66 0.72 0.43 0.35
H6NPL 16.42 10.16 2.16 1.03 13.51 0.62 0.35
SLNPL 17.23 11.74 2.75 1.29 15.22 0.70 0.73 0.48
SMNPL 14.88 9.93 :UO 1.09 13.55 0.66 049
3MNPL 14.69 9.57 2.41 0.98 13.94 0.63 0.51
2LNaPL 16.44 10.68 2.54 1.19 13.92 0.68 0.58 0.42
ff_NPL 15.54 9.71 2.08 0.97 13.95 0.59........... -Chondrite normalization factors Evensen et at (1978)

O.?44(J 0.63191 O.473Rl - 0.1541 () MRO?I 0.03'14512.4:; 0.05671 0.1651

I
I

I

I
I
I
I "



:0

Appendix 6 REE, Ni, Co and Se analysis in mineral separates

TRbIeA6.5
Calculation ofNi. So and Co abundances inmineral separates analysed by INAA

-Counts for clinopyroxene se aarates Abundances within elmo :>yI'oxene (ppm)
Ni Sc Co Ni So Co

H8N 824300 6433000 585900 i8N 316 87 64 -H8N 786600 25770 571600 H8N 302 62
H6N 601100 7790000 744100 IoN 231 106 81
SLN 590900 8899000 869100 SLN 227 121 95
aMN 563300 7986000 772700 5MN ."" 216 108 84
3MN 492900 7041000 820000 3MN 189 9S 89--2LNa 527200 7707000 722100 2LNa 202, 104 79
F2N 585200 804400G 745700 J:<'2N 225 109 81
Counts for low-calcium pyroxene separates Abundances within Iow-calcium pyroxene (ppm)
H8N 1288000 2207000 1246000 H8N 494 30 136
!ISN 1211.Q.Q9 2202000 1231000 -18N 477 30 134- -H6N 828100 2719000 1419000 H6~ 318 31 155....... $ ~;

~LN 693300 2692000 1467000 ~LN 266 36 160
SMN 759000 2753000 1496000 ~MN 291 37 163
3MN 863500 2601000 1450000 ~MN 331 35 158
2LNa 726100 2611000 1417000 ~LNa 279 35 155
I:2N 841300 2629000 1500000 F2N 323 36. 164
f]_unts for plagioclase separates Abundances within plagioclase (ppm)
H8N 40580 95240 31410 IH8N 6.6 0.6 1.4
H8N 4OQ~O 93200 33150 a8N 6.5 0.6 1.4
H6N 19840 65290 26500 I6N 3.2 O.S 1.l...............
SLN 19600 47410 23680 SLN 3.2 0.4 1.0
SMN 22300 51510 30550 SMN 3.6 0.4 1.3
3MN 31580 52460 28180 3MN 5.1 0.4 1.2
2t.Nn 15910 41280 15440 2LNa 2.6 0.3 0.7
F2N 20210 57960 2<)370 F2N 3.3 0.4 U
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