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Abstract

~ ‘This project involved the study afthe Iayered Marker Sequence of interbedded melanomtw ad
leucocratic rocks that occuss in the Main Zane of the Eastern Lirnb of the Bushveld Complex. The .

main aim was to develop a model for the formation of the observed layering. To achieve thisa

- wide range of data has been gathered. Jn the field the layered package can be foliowed for a
- considered distance along strike. Individual layers however tend to terminate along sirike, Layer

contacts are sharp and there is a distinct lack of grading within layers. Modal variations between

- layers cauged primarily by a change in the relative proporhun of plagioclase, ate pronounced, -
whilst the ratio of clinopyroxens to orthopyroxene remains reasonably constant. Ths rock types,
- making up the sequence exhibit a planar fabric defined by the bedding parailel orientation of the ™

~ tabular plaglox;!ase crystals, These crystals alsc appear orientated within this plane. Mineral
compositions vmybetween layers and can be ascribed to trapped liquid shift effects. Whole rock

© paochemistry varies strongly betweien rock types. The variation in the concenirations of the more

. compatible elements can be explained by modal variation. The trends shown by the incompatible

elements indicate the imporiance of the trapped liquid shift effects within these rocks. From these ..

lines ofevxdmce, the Layered Marker Sequence under diszussion cannot be explained by modeis

such as in situ crystalfization, rhythmic nucleation, magma mgectlon pressure fluctuations, or the
~ hass transfer of meterial due to differences in grain surface energies. The evidence collected may
* best be explained by a physical separation ¢f phases out of a density current flowing into the

" chamber fterdeachentof the boundary layer fomthe sidevals o h chamber.
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Introduction

. The Bushveld Complex formed 2060ma ago (Walraven et 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, 19’?6). The intruded magma

may have

filled an array of conical shaped magma chambers that then merged to form the northern, -
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Figure 1,1

Geological map showing the laterat distribution of the Bushveld 1gnesus Complex rocks .

.  eastem and westem compartments (Sharpo and Snyman, 1980). The rocks overlying the complex

and the complex itsel€have since then been extensively eroded. Even 5o the complex still outcrops
over an area of 12200 km® (SACS, 1980) with a maximum diameter of ~450km (Fig. 1.1). -

The compléx'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 e A

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 poikilitic

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 (van Gruenewaldt, 1970).

1t is within this subzone that the layered marker under discussion oceurs (Fig. 1.2). Subzone C



~ consists of gabbmnonuc rock pyroxemte and pmknlrtlc anorthasate The top ofthis auhzone s
defined by either the fitst appearance of ¢umulus magnetite, defined by a conspicuous magnetite

o anorthosite some 30m below the 1nwest magnetite layer (Molyneux, 1974) or at the so-called
o Mam Magnetite Layer (“ﬁ"emse 1969) The former is more logical. L

'lhe Mam Zone has been studned int less detail than the other zones due tc its mostiy
homogenuus nature and relatively few marker horizons. One horizon that does oceur is the
- Pyroxenite Marker. This oceurs in both the gastern and western compartments, It is madeup of _-
- one or a sexies of pyroxenites (von Gruenewaldt, 1973; Molyneux, 1974; Klemm et al,, 1985 and ;

T

o { polidiiio anorthosite e
% 100m ‘gabbronorite
B 50m pyroxenite
W  leucanorite (displays
. 9‘ large opx oikiocrysts)
E
-50m
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5 -100m | s
8
(1]
~ «150m
200m gl

© Figure L2 Stmugrapbic posiuon of theLayered Marker Sequence w:thin the Mam Zonﬁ nrthe Bl;slmld
' _ Complf-”x ' A _ _



Cawthorn et al,, 1901) and has betn attnbuted to the injection of less d:ffemntxated magma due

to mineralogical and gwchemxcal breaks across it. Sr-isotopic systematics conclusively prove that
the magmas that produced the rocks akove the Pyroxenite Marker and those below are not the

same (Hamilton, 1977). However the interpretation of the chronology of events that lead to the
strangaphxc package is debated. Shmpe {1981 & 1985) argued in favour of the resxdual magma, .

after crystallizing the Critical Zone vumalates, being jacked up by the magma thay formed the

subzones A and B of the :vain Zone und which subsequently mixed with the residual magma above
it to produce the nyo:tmﬂte Marker sequence, the cumulates of subzone C and those higher up

in the sequence, Others {Cawthom et al,, 1991) argue that the magmas that produced the Critical,
‘Main and Upper Zones were separate magmes generated and emplaced successively,

- Immediately below the Pyroxenite Marker ocours an interlayered sequence of

‘melagabbronorite/gabbronorite and leucogabbronorite/anorthosite. It was first identified by
- Molyneux (1974), who photogf*apheﬂ it and traced it faterally in his mappmg ofa portmn of the

" Fastern Limb, but did not offer any explanatlon of how such layering may have occurred The

layering within the layered matker under discussion differs from the well-known monu—nunerahc
layers of chromite (Critical Zone), magnetite (Upper Zone), pyroxenite and anorthaslw (Crfttcai -

Zone) that occur elsewiiere in the Bushveld succession, in that they contain variable px_'oppmons
of plagioclase and two pyroxenes, - .

Modal layering is a commonly seen feature of many layerihg intrusions, The Iﬁyeﬁng under
discussion appears similar to the “intermittent layering” of the Skaergaard intrusion as documented

by McBirney and bees (1979) and Conrad and Naslund {1989). The gabbroic zone a_f the Lilloise

" intrusion of East Greenland, which is approximately 2000m thick, 15 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-Hyllingen layered mafic dumplex of Norway is also dominated by
modally layered, mainly gabbioic and dioritic rocks (Wilson et al., 1987). Individual modat Jayers

are isomodal or density graded and vary from inch scale to lnyers of over & metre thick. In addition

marker horizons are niot well developed as layers are oftets 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 rthythmic layering (involving intetlayered zones of
melagabbronorite, 1 to 10m thick, and leucogabbronorite, 5 to 10m thick) in the Windimurra
| gabbroid complex of Western Australia, These layers appear very similar to those under discussion

Ly



here except for thelr t}ﬁcimesses.

Sévergi,_ vastly ﬂiﬂ'ﬁr‘ent_, models have been deveiaped HE “;plain the modal layering seen in

| many layered complexes. ‘The Iayéred marker, of the Busl »eid complex, is 4 good example of
* modal layering and the extensive development of the marker within the Eastern Limb of the

comp!ex affords the opportunity to study variations in chemistry and mode both vertically and over

 great distances laterally. Therefore modal, pe’rrofabnc, compositional and genchem:cal data has
" been collected from four profiles across the layered sequence and will be nsed to evaluate

mecharisms of'layenng and to develop a model for the furmatnon of the Iayered marker sequence
o under dzscussmn - : :

14
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24
The Layered Marker Sequence

- The lagered marker has been followed continwousty for 17km along strlke (Fug 2.2). Kcanbe
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
1o pick up this marker (von Gruenewaldt, 1973), However, exposure in this area is not as good

- as in th_é: north and outcrops are ofen inaccessible. In and around Roossenckal small layered
outerops 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  borehole on the
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Figure 2.1  Looality map showing tho spproximate positions of the sarnple profiles




poorly exposed western Bushveld have not mtersected this sequence (Mitchell, 1985; Cawthorn
gt al. 1990). Therefore the marker sequénce would appear to be intermittently deveiopad dver 2

' sngmﬂsant strike dlstance (}sokm) in the Eastem Limb ofthe oornplex | _ v

~ This marker was sampled at lacahties A-D (Fxg 2.1 &232). A deta:led descnpnon ot the

| Iayered marker sequencg at each of these Ioualmes as well as of the footwall and hangmg*waﬂ

lithologies is presented beiow -

Fig. 22 Distribution of the layered

- eastern Jimab of the Bushiveld:
Complex.

_ _ _ _ g;z - -
~ farm Mapochsgronde, just northeast of Roossenekal (locality D, Fig 2.1). Boreholes ﬁ'oih the

marker in a portion of the - -
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Proﬁle A (th 2. 3)

23 _

Pmﬁle A s on the famm Quartzl-]il}, within Sekhukhmlelmd Here the layered marker sequence

outcrops &t the foot of a range of low hills. As a result the exposure of the basal portion of the

sequence in this area is not complete The footwall i is gabbronoritic, The 1ayered sequence is

apprommately 12m thick (Fig.2. 3) and dips to the west at a shallow angle, Forty-four Iayers are
exposed. The ]eucocrauc layers varying in thickness from 4 to 61.cm and the mafic layers from 1 -
to 26 cm. The average layer tlucknesses are 24 and 7 cm for leucocratic and melanocratic layers. -

' respecnvely Towards the base the mafic layers ate gnbhronontlc to mdwgabbmnontlc, whilst

) towards the top they are considerably thinner and of feldspatlnc pytoxenite. The leucocratic layers

~ towatds the tup are more Ieucocrahc thar towards the base, The dlrect hangmgwall 10 the layered

-48
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-] gabbronotite
-] 1eucencrits
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™ pyroxenite
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Figure 2,3  Stratigraphio column for profile A on tho far Quartz Fill. To the right of the column is Hsted the
- sampley collected at their appropriate stratigraphic positions. H=hangingwall; F=footwall;

. Me=melanocratic; L==1eucocratm. t=top of layat; m“mddled of laycr, b=hottor of layer, N rafm to

.proﬁIeA. '
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succession is lammaxed leucocratic gabbronorite The rock appears laminated due to the layering
parallel orientation of'the plagioclase laths. The plagloclase laths, lymg with their flat tabular sides

parallel to the iayenng, often define an anorthosltm, one crystal thick, tayer overlain by & similarly
thin layer contammg the pyroxene and some plagmclase This gives an almost pin-striped

appearance 1o the tocks which is a characterxst:c of both footwall and hmgmgwall lithologies.

. Approxnnately 8 metres above the marker is a well defined pyroxenite layer, This is followed by

60m of uniform gabbronorite. The pyroxenites of the Pyroxenite Marker (as defined by Molyneux,

 1974) were not precisely located. However pyroxenite rubble was found in the vicinity. A thick

spotted leuconoritic package, with large (0.5cm) orthopyroxene crystals set in an anorthositic

matrix, was noted. This is overlairi by gabbronorite. The different lithological types were sampled, |
'~ the samples bemg listed on the accomrnanying figure at their appropnate stratigraphic pomtlons

(Fig. 2.3),
Locahty B

This locahty 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 markes sequence itself is approximately 10 metres thick and consists of about fifty-two

 layers. The average thickness of leucocratic and mafic layers is 24 and ¢ om respectively. The |
- mafic _layers'range'from 1 to 43 cm and the leucocratic layers vary from 7to 16 em thick. Ten
metres above the layered sequence is a thick (1m) pyioxenite, This is overtain by 66m of uniform

gabbronoritic material, This is in turn overlain by & 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 a8 2 20m thick succession above which
another pyroxenite layer (1m 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 of 2 pyroxenites subdivided by gabbroic rock. The 2m thick pyroxenite noted

in the current study appears correfatable to the basal pyroxenite of the Pyroxenite Marker ag

defined by Molyneux (1974). The top pyroxenite noted by Molyneux (60m above the basal one)
was not encountered.

T AT a e L A e
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Figure 2.4 Stmhgmlﬂﬁc column for profila B, The sampm are hsted to the right of the column at meirappropnate
: - simtigraphio positions. Sample nomenclature is as per Fig, 2.3. 8 refers to the profile B, The numbers
for sample 19MS refer to the distances along strike, measured from the southemmost limit of the
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2.3 Localtty C

24

- generally poor, however small layered outcrops have been found. A borehole intetsection ofthe

| '.Layerad Marker, in this area, has been logged (Fig. 2.6). This intersection, though.not complete

~ due to the intmsidti of a_'dyke, consists of a 3m succassion consisting of ninety-two layers. The
leucocratic layers are typically anorthositic and less than 0.5 coi thick and the mafic lnyers are

25

The thickest section measured ig exposed in a stream bed at locahty C. Tius i ~45 km to the

- seuth of locality B. 190 layem are exposed with a cumutative thickness of 20 m. The average layer |

- thicknesses are 13 em for mafic layers and 9 cm for lencocratic layers The mafic layera range in

~ thickness from 2 to 56 cm and the leucacratic layerg from 0.5 10 32 om (Flg 2, S) 'I‘he basal o
contact ta uniform gabbronorite i is exposed, but the | uppcr contact is hidden, '

'This locality has been dacumented by Pillay (1990), and her results are mcluded in this study,

to allow for a thscuasmu into the lateral vanablhty of the sequence

| anahty D

Closer to Roossenekal the marker appears guite dtﬁ"erent In this area surface gxposure is

predominantly of feldspathio pyroxenite. Due to the fac that core was available for logging, the

hangingwall lithologies could also be studied in great detail. There is a wide varisty of lithological o
types. The Pyroxenite Marker sequence I8 similar to that which cccurs in the north but thinner.
The marker appears to be made up of two tluck orthopyroxemtes subdmded hy the same

leuconoritic rock type identified in the north.

‘Locality E

This Jocality is a 40 m wide and 15 m high vertical exposure of the Layere& Marker sequence
~3 km south of locality B. It was studied as an example of 2 down dip orientated outcrop. 39 |

mafic layers are exposed here (Fxg 2 » The leucocratic layers range from 5to 60 om thmk a,nd

- mafic layers from 5 to 50 ¢m.
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this reason only the layered marker sequence was sampled,

Figure 2.5
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2.6.2 Lateral cantmmty of Iayers

Locality Bis a targe pavement exposure in which individual layerq can be tracad connnuausly -
for 50m along strike. This outorop slopes to the east at an angle of between 18-30°. Very few
* other outcrops, that have 100% outcrop over 10's of metres, have been located. Although there
are many outorops and these afford the apportunity to trace the layered marker over considerable
distances, mdmdual layers can rarely be traced for more than 10 metres due to the size of N
 individual outcrops It is also diffioult to correlate mdnvxdual layers between exposures, This

pavement was therefora map; v-d in defail to determme how continuous the individual layers are

along strike. From this work (F:g. 2.8) it was discovered that individual mafie layers terminate
frequently. I this outcrop slone, 88% of the mafic layers terminate at least once within the limits
of the outcrop. Mafic layers also occasxonally spiit. Indmdual layers range from one to ten's of g
- metres long. This outcrop is domed and much of the n_'rt_:gular and wavy nature of mdmduai_layers_
o the map (Fig. 2.8) is the product of uneven topography. However although the layers appear
tobe pianar for the most part, they terminate by wedging out either up or down (Fig, 2.9). This ~

is well illustrated in the Plate 2,2. These photographs show a feature th_at appears o be quite

common, whereby when & melanocratic layer terminates by wedging out towards its base, itis -

draped by a consistently thick leucocratic layer and in turn by & mafic layer that wedges out
towards ts top contact (as is diagrammatically flustrated in Fig. 2,9). Another intriguing fearure
of this outcrop is that the cumulative thickness of melanocratic layers varies along strike. Right

at the base of the sequence in the northeastern corner of the outcrop the melanocratic layers are. |

wispy and ixregular. Thzs feature is commoi towards the base of the sequence A smular feature
is shown in Plate 2 3.

Figure 2.9  Schematio dingram showing typical Jayer termination morphology.

TR
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Plhote 2.2 Thess two photographs showr the lypes of Inyer terminations the morphology of which is illustrated in
Fig, 2.9. This typa 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.2.10). 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 profilos 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 melanocratic layer
varies significantly in its thickness across the field of view. Note also the irregularly terminations
of the gabbronoriiic lens towards the bottom of the field of view.

W o o

Plute 2.3 Phoetograph of two vertical rook faces that meet at ~907. It fllustrates the fiet that the mafic lyeds
terminale both along strike and down dip. Note slso the wispy nnture of the lowermost melanocratie
lnyor.
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263 Vaiation in layer thickness | | R |
 Ontracing a single layer along strike (Fig. 2.8 and 2.10) it is apparent that the layer thicknesses

very considerably. It is therefore not surprising that there is no apparent correlation between
- melanocratic and lencocratic layer thicknesses as diagrammatically illustrated in Fig, 2,11,
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264 Poikilitic anorthosite bodies

Another rock type encountersd ﬁ'equently, when mapping the dlstributxon of the Layered '
Marker Sequence, was "pcﬂu!mc 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 ﬁequently highly altered to hornblende, on their rims; and blonte
within their cores,

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

< The mottled outci'dps usually occur within the layered mterval as rounded to oblate bodies

that could be indicative of a transgressive pipe type body (Fig. 2.8). This rock type also

oceurs within Jeucocratic layers towards the top of the layered scquence and penodlcally
cuts upwards through the melanocratic layers (Plate 2.4).

-~ Inother cases the layering is completely obliterated by this rack 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 anorthositic rock type disturbs
the layering and suggest that these are a replacement phenoménom The leucocratic layers are most
often mottled However there are lencocratic 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, aithough their origin 1s enigmatic and warrants further attention, '

Although the layering is normally undisturbed, other than by the mottled anorthesite

‘replacement fronts, there are outcrops that display highly disturbed structures a3 is shown in plate

2.6. In this outcrop the layering, towards the base of the sequence, is highly disturbed, with rafis
of mafic material haphazardly orientated. However towards the top of the sequence mafio layers -
drape undisturbed over the chaotic lower portion of the Layered Marker S&quencﬁs This nught

reflect infrequent shumping within the chamber at the time the Iayenng was forming, '
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Techniques and sample preparation N

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 (Molynenx, 1974). To the south of locality C the layered marker was not located

in previous thorc 1gh mapping of the area (von Gruenewaldt, 1971). In addition the outcrop is not -

a5 good as in the notth and outcrops are often } mccessme As a result it was demded to focus the

study on the three northem locahtxes 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

_ Pyroxenxte Marker were also sampled. The footwall and hangingwall lithologies are very poorly

exposed in the vicinity of locality C and were therefore not sampled,

- Samples from profile A have been labelled with th_e suffix "N" and those from profile B "5".
Footwall sample labels are prefixed with the letter "F" and hangingwall samples with "H". The
layers from the Jayered marker havé been numbered from the base of the sequence. Therefors the

 first melanocratic Jayer has been Jabelled *1M", The ne:?;t layer is lencocratic and has been labelled

"L, This pairing ofmelanocraﬁc and lencocratic 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 collested along strike within a_
single layer, these have been labelled with » aumber 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, Sumples were, where possible, marked in the field so that their orientations could be

recorded.

Thin sections were cut for selected samples. 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 within these rocks. However, in certain cases it proved difficult to get orientated
material, From these thin sections, the modal abundance of individual minerals was measured by
means of point counting. From the orientated sections, & 2.5cm dismeter field of view was
projected onto a wall using a slide projector fitted with a special thin section projecuon

- attachment. The long and short axes of all well-formed (rectangular) plagloclase laths were then
~ measured as well as the onentatn_gns of the long axes with respect_ to the dip direction. From this
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mfonnatmn grain size and onentatmn data were deternuned In addut;on the spemﬁc grav;ty of
: each sample was determined .- 22 Iolly Balance (Fag 31). '

| TabléS.l LlstnfsamplessmdmdforpmﬁlasA,Band‘" |
Samplefrom _ Heaght (m}wrt thu vruxemte Sample ﬁ'om ) ' Hexght (m)wrt thﬁ
profile A - o Magker profileB o PyroxemteMm'ker
o o BANGINGWALL samms |

CESN . a0 HIS . $20.00
HN o 000 HUS. S : +100

- H6N S S 2800 MOS0 0.00
CHAN ) | o .E9%0 H9S . . LL0e

BN o o 4004 wSs - 22,00

CHAN S 4500 RIS 6500
HIN B - 6800 He : -£66.00
- _ ' S HSS - _ 175
Hms - <7483

SAMI'LES FROM THE LAYERED MARKER SEQIIENCE

20LN o 6885 2508 - 670
20MN - _ : 6892 28MS 7606
IBIN < 0 o 5910 2418 : o T
I9OMN o 69,14 24MS B 108
BN - S 6920 2318 o ~71.40
18MN o . 8966 23MS - - <7758
LIMN o 56 LS : 800
10LN R o 7165 2MS _ S W1B20
- 16MN o SR T ()1 L ~78.80
9LM e 47180 TMS [ %]
SMN - 1237 1OMMS. S 00
LN _ 46 19BMS ' : 79,10
8MN B &) BN 1) S . _ -79.30
LN o 6 6LS S 733 §
aMN o -~ W3J3 6MS _ _ S %
LN - 7333 SLS . - 8234
5MN - - 7342 A8 _ 8242
aN; 385 M8 8282
- AMN o - 3700 3% - 8306
3LN . - 7590 3MS - . 8348
MN. . T608 W8 _ : -83.65
2LNA - o 6200 28 - - 8365 _
LNB o CSmT30 us , S a8
2MN . . S (2 I . S L

| FQOTWA\L».. SAMPLES

N 98 FIS o sem
BN . cMl0 P | -114.00

Samples were then prepared for magnetic separation. All samples werw crushed into chips using
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- ajaw cmsher Clean and nun-weaﬂaemd ciups were se!ected and plaued ina tungsten steel sieb.

A portion of selected samptes was pulvenzed to a fine powder for whole rock analysis. A further

portion 0f all the samples was then crushed to extract 4 certain grain size, The pulverized samples
 ‘were then sieved using twd brass sieves (2.5 kel 3.25) and a collector. The 2.5 to 3.25¢ (0177

" to 0.105msn) ﬁ'acnon was retained whilst the coarse ﬂactlon was recrushed Ifsuﬂictent coarser

' material remained ﬂns was re-qrushed and meved : |

- Samples were: cleaned repetitively with water to remove all the dust clmgmg to the mdmdual
grains, 'I'he dust content of each Sﬂmple is cmmderable and may clog the separator if not removed,

. Figum 31 Skétch of 2 Jolly -balnqcé used to measore the spevifio gravitj of samples (after Klein g al., lBSS).
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3.1 Maguetic separation

The highly magnetic fraction was removed from the samples with a magnet. A Frantz
isodynamic separator was then used to separate the silicate minerals. This machine was set up with
an inclination of 15° and # slope of 25°. The machine was partiaily diémmtled and cloaned
thoroughly with acetone before each sample was sent through. '

- 31,1 DPlagioclase separation

- Plagioclase is nop-magnetic and can be very efficiently separated. To do this, the current
through the coil was set on 0.9A. The pyroxenes were then extracted as the magnetic fraction and
placed in well labelled plastic bottles for further separatlon The plagioclase separates were then |
fed through the separator 2 second time at a iugher current setting. After this stage the plagmclase |
separatcs proved to be more than 99% pure, - -

3.1.2 - Pyroxens -separatmn :

The two pyroxens phases present,. orthopyroxene/pigeonite and_clmopyroxehe, can be
-efficiently separated using a magnenc separator, | -

3, 1 2.1 Orthopyroxene

The pyroxene concentrate was sent t_hrough the separator at & cuirrent setting of 0.5A. The
orthopyroxene rich separate was extracied as the magnetic fiaction. 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. This eifectiirely halved the separate. The magmetic fraction extracted
afier 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 verg;?
difficult to separate. These can be identified chemically, by anomalously high '1‘1()z (=0.30%)
and/or AL,O; (>1.2%).

3122 Clinopyroxene

After sending the samples tlirough the magnetic separator at 0,54, the clinopyroxene separates

were generally more than 85% pure. These separates were sent through the separator at a current

~ sotting of between 0.525 and 0.55A. 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. ' - =
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X-ray Fluorescence Spectmmetry

Fusmn discy 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 profife 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 calibration data).

Selected plagmc}ase 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 X-my
Spectrometer to determing 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 Driquette, In addition the sieving method may cause contamination ofthe
samples with certain compatible traces. As a result of these two considerations it was decided not

to analyse the pyroxenes, for trace elements, by X RF.

' Instrumental Neutron Activation Analysis (LN.A.A.) N

Selected separates were then taken and cleaned in  10% solution of HCY, weighed into glass

viale, that had previously been cleaned and Iabelled. A variety of standards were also weighed into

vials. A tantalum monitor was _weighed' and wrapped around eat:,h_vial.' These vials were then

placed in cadmium tins and sent for Instrumenta! Neutron Activation Analysis, This involved the -
irradiation of these samples for 3 days on 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 plarar detector and a higlh energy coaxial
detector, for 1 hour per sample. Afber 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.

Mass Spectrometry

In order to detennme the Rb and St isotope systematics of theé_e rocks. selected plagioclase

separates were crushed to a fine powder. Rb and Sr concentrations were determined by isotope
dilution mass spectrometry, X R.7'. and LN.AA. 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
XRF. accuracy and precision (refer to appendix 2), it was not possible to improve the confidence

intervals to thhm 0.8ppm for Rb and 16ppm for Sr. These levels of uncertaigity introduce

on e e s -
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significant uncertainty in the calculated initial ¥Sr/*Sr isotopic ratio, Therefore subsequent
samples were analysed by isotope dilution. Those not analysed by LD, were analysed forRbby

LN.A.A., which proved more precise than by X RF, The St/%Sr ratio was determined on spiked
and unspiked samples. Approximately S0mg of the sample powder was dissolved in open beakers
with 2 mixture of HF and FINO,. Most of these samples were dissolved with VRb (20/30mg) and

- ¥Sr (10/20mg) spikes. The samples were then dried and redissolved in HCI, dried agair and taken
up in 1.5 ral of 2.59M HCI and centrifuged. Elution on a 20 om catxon exchange column was

camed out using the 2.59 M HC|, and only the Sr fraction was collected, dried and converted to -
nitrate using 12 M HNO,, Tota! method blanks were 48pg for Sr and 97pg for Rb, These were
riot significant with respect to the sample concentrations, and were ignored. St was loaded onto
single:' outgassed 1a ﬁiaments with H,PO, for dlet'enninatiun of Sr isotopic composition and
concentration. Unseparated Rb was loaded directly from the centnﬁxge tube as a chloride onto
outgassed double Ta filaments. Both VG‘-354 and VG MM-30 mass spectrometers were used to
deterntine the Sri motnpw composition and the MM-30 was used to analyse for Rb, The method
described has been taken from Eales et aL. (1990) '

Electron Mlcroprobe

The abundance ofrrjroxetw phasges within some of the samﬁles was very low and the -séparation
of these was complicated by magnetite clinging to individual grains and affecting their magnetic
properties. Therafore selected mineral grains, from these samples, were analysed by means of a
Cameca 5X50 electron mictoprobe of the Anglo American Research Labioratories, Each grain
selected was analysed three times on & traverse from the boundary to the centre of the grain. A
number of grains of each pyroxene phase was analysed in each thin section, Howaever it was found
that the compositiona! variation was niot large and therefore it was rot necessafy' 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 -

rook types and also as an analytical comparison with the X RF. analyses of these samples.

Plagioclase was also analysed by microprobe to determine the extent of zonation w:t}nn thts

mineral and to compare the results with those obtained by X_R.F
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 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-dlefenbach

| (1977), Molyneux (1974), Marais (1977) and Klemm gf nl (1 935)

The mmeraiogy of these rocks is dominated by low~calc1um pyroxene, chnopyroxene and
plagm!ase Although these rocks are dominated by only three main phases, there are mmeralugxcal o
variations that are worth noting, .

- Within the Main Zone the‘ 10'w--cal¢ium pyroxeiﬁe' can be eitﬁer primary orthopyroxene or
inverted pigeonite. This later mineral is distinctive in that it has abundant exsolution lamellae of

. chnopyroxene (von Gruenewaldt, 1970). The height within the Main Zone at which the transition

from primary orthopyroxene to p:geomte occurs changes from profile to profile (von Gruenewaidt, o

-1973; Molynem:, 1974), Von Gruenewaldt (1970) documented that these two ntinerals coexist for

several hundred metres until the low-calcium pyroxene reaches a Mg:Fe ratio of 65:35, Pigeonite
is then the dominant 1ow-calc1um pyroxene phase, along with chnopyroxene and plagloclase. up
to the Pyroxenite Marker at which 1evel the pigeonite abruptly dlsappears and is replaced by

2500m

2000m

1800m.--

oxides
Hlolivine
.Jpigeonite & opx
clinopyroxene
plagioclase

1000m

HEIGHT ABOVE THE MERENSKY REEF

100 % ~&— e
VCILUME% .

Figure 4.1 Modal disteibution of mmemls in a portion of the Main Zone (after Molynenx, 19‘!4) 'Phe iwo

arrows defime the approximate stratigraphic interval studied in this project.
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orthopyroxene,

Mineralogy

The plagiociase is euhedral to subhedral and is cumulus in all but the ultramafic samples,
Interstitiz] plagioclase occurs in a few of the ultramafic layers towards the top of the aéquen_de
(Fig. 4.3). Fven where it is the dominant phase, considerable overgrou&h or recrystallization has
pmduced fairly irregular 'grain boundaries (Fig. 4.2). The laths are typically 3mm long and 1.5mm
wide, '

The low-calcium pyroxene is easﬂy identified due to its pinl/green pleochrowm, poor cleavage,
subsparallel extinction angle and often low birefringence, The low-calcium pyroxene may show
extensive granular, blébby (plate 4.1) and fine scale exsolution lamellae of clinopyroxene (plate
42) indicating i inversion from pigeonite (von Gruenewaldt, 1970). The blebby type of exsolution

is nonnalty randomly otientated when companng one grain with another. ‘?’he fire scale -
exsolutaons however, generally exhibit the same orientation in several graing over a ares of up to

two centimetres: Over this area the low-calcium pyroxene grams display a common extinction
position. This feature has been well documented {(von Gruenewaldt, 1970). Other grains display
timited exsolution (plate 4.3). While this may be a finction of grain orientation, these are
considered o be primary orthopyroxene. Both pyroxenes are collectively referred to as low-
calcium pyroxene. In most samples they are granular. The grain size is however ofien difficult to
determine due to the uniform extinction shown by numerous graing over an area. Within the

~ anorthositic layers at the top of the sequence this mineral becomes highly irregular (plate 4.4).

The ¢linopyroxene displays stmng cleavage, inclined extinetion, non-pleochroism, is green in
colour and often displays high interference colours. It displays abundant exsolution lamellae, is
most frequently irregular and varies in size from <imm to 3mm, Near the base of the studied
sequence these graits are more robust. O\éfergruwth ﬁaqliently pmduces an irregular outline, a
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 ocours as minute eubedral erystals
on grain boundaries, biotite and hornblende. These last two mineral occur most frequently within
the replacement anorthositic bodies. :
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Figure 4.2

Sketch of a thin scotion from a lencocratic sample towards the top of the layered marker,
sequence. Note the inepular plagioclase outlines but distinctive lath shapes. Note also the
infilling nature of the pyroxene phases, ' ' '

(insert) Sketch ofa portion of a thin section taken from a melanocratic layer towards the top of

the sequence. The width of the field of view iz approximately 4mra. Note the large granulay
pyroxene grains and irregular interstitial plaglo_r:lasc clysn_ll& : -
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Plate 4.1

Large inverted pipeonite grain with coarss exsolution lamelige, scen under normal and crossed
polars, Lower photogeaph rotated through 90°, Field of view= dmm,




Typical iaverted pigeonite geain, with pastial rim of biotite, seen under normal and crossed polars,
Note the two well developed orientations of exsolution texture. Fiekl of view= 4mm.,

[P




'Top: large orthopyroxene grain from a melanocratio layer near the top of the layered marker;
Bottoms: Same grain scen under cross polars. Note the distinet lack of exsolution, -

{ficld of view= 4mm)
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Plate 4.4

Tops irregular grain of hw-nalciuﬁpjmm from o lencooratic sample.
Botton:skeic: afaﬁeidofvxewshamng the jrcegular and often interstitinl character of the
orthapyroxene ind olinopyrovene grains within the !nghly leucomﬁn samples,
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Finte 4.5 (top) Trregular olinopyroxene grain seen under crossed polsrs, This is the typieal chusacter of
clinopyroxens in the anorthositic layers, Field of view 4mm wide,
(botion) Anhedral clinopyroxene grain from a replacement anoritiositic budy, showing replacement
by hiotite and fimming by green amphbole.




4.1.1 Modal abl.ndances

The modal ahundances of the major -ninerals have been determined by means of pomt counting,

A single thin section was taken and 500-1000 points identified within it. The modal data for

- profiles A, B and C are listed in appendix 3, The data from profile C has been taken from Pillay
 (1990). In some grains of low-calcium pyroxene it is not always possible to distinguish
- orthopyroxene from inverted pigeonite due to optical orientation and thérefore the lack of
significant exsolution. Hence there could be errors in the relative proportions of these two

pyroxene phases,

Figure 4.4 to 4.6 illustr~*¢ the modal variations for selected samples from profiles A-C. It is

- apparent that the mafic l_ayers vary from gabbronorite to melagabbrondritic and that the more

melanocratic layers generally occur towards the top of the sequence. In o similar way the
leucocratic 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 fast 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 & very
 limited view of the rock both in terms of area and in patticular depth. The plagioclase greins are

also of reasonably large size and therefore there are relatively few plagioclase grains within 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 tho variations in sbundance of plagioclase, low-calcium pyroxene and
clinopyroxene within selected samples from profiles A-C ay determined by point counting, From
this diagram it is clear that the ratio of pyroxene phases remeins remarkably constaot, The

 hangingwall samples deviate from this trend in that some of the samples contain significantly more
* low-calclum pyroxene. This trend of enrichment of low-calium pyroxene within the assemblage

towards the Pyroxenite marker is also shown in work dorie by von Gruenwaldt (1973).
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Figore 44 Variation in mode of samples as determined by point counting of one thin scction per sample.
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Figure 4.6
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Three sam;:les from the iayered marker also display 2 remarkable ennchment in low-calclum
pyroxene. These samples do huwever appear to be very maﬁc as shown by their tug;'n specific
gramtles ' |
~ 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 séimple. 20 to 60

. grams of sample weighed represents IOOO«-ZOOO_grains whereas a single thin section typicaily
- tontains fewer than 4 thousand grains, Certain of the samples were analysed numerous times in

plagioclase

{sz ' o - o ' 51!"6!&!]““.?%' -. ) T op

Figwred?  Vaiation in modal alrmdances for sumples from profiles AB and €. Solid symbols refer to those

samples classified as mafic in the field, whilst the empty symbols refer to the leycocratic samples,

"M and F refer to hangingwall and footwall samples. The urrows indicats the mfemd modal

- abundances us detcrmined from spmﬂc gravity measmments
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order to determine how good the coﬁelaticm between spetific g’ravity and mode is, to calculate

& calibration curve and to deternune the aua!ytwal preclsmn of the methcd The speclﬁc gravity |

measuremerts ara listed in Tabie 4. 1

. ‘Table 4.1 S o _
Speciﬁc gmvxty mausurements for selected sampias. Thin section nﬁ‘-cutsand rock clups were nsedto

Sample mns'e_cnon 'ﬂnnsecuun o Rockchips'
uMN Cojse o (38 S 1326
RET% CEN Y 7Y o lass 288
1OMN g3l 32 . laam
aN . |28 e foxe
sMN o sa . s fass
8LN {284 S FY 7O o fass
sMN . |35 S 5T B K81
LN fasr o Hxe S 387
oMN %) B 331 g 219
osNL 28 .. |88 12.84
4N S B X 1283 ' 285
4MN 13as 318 R 3
LN 27 e 2.86
3MN | 3.04 N 3.06 o 1310
2LNb B E X ) 283 2
2LNa - 2.83 2.84 | 2,84
IMN | 131 311 303
18LN 2.80 250 | 290
18MN ' 327 13 1323
HIN ' | 293 - 29 2.91
HN : | 2.99 | 1299 298
HIN {339 B &% I | 342
HAN 1301 1301 BEX
23L8 2.94 2 o Jam
23MS B &% i B ¥ % 1
4MS 318 |31 3.06
- FIS 2,96 - 294  {am

With this date and mndal data, as determined by point countmg, a mhbratmn curve has been
derived (shown graphically in Fag 4, 8) '
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The ﬂiudtlon for this calibration curve is  y--0.00602x+3.370849, The correlation coeflicient
(R is 0.89. The confidence interval (20), as calculated from the pooled standard devintion ofthe =
duplicates, is 0.02 in terms of the S.G. This represents a.§%'un¢ertﬁint}r in the caloulated volume

pewcent of plagioclase. . | | | o
- From fhis correlation the plagioclase content of all samples weighed has been determined. The
' variation in the plagloclase 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 squarés regression line through these calibration .
points is y=-0.00602x+3,3370848, From this equation the density of
 plagivclase can be calculated &s 2.74 and the average pyroxene at 3.34,
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Figere 48~ Cslibration curve for the analysis of plagioclase volume % from speicific gravity measurements,
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Plagioc!ase gbundance as calclﬂawd from spemﬂc gravity measurements of samples wken frum
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4.1.2 Vert:cal ard lateml vanatlom in mode w;ﬂnn a layer _

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

Table 4,2

Spemﬁc gmvnty and plagwclase modal variations within smgle '!ayers 'rhe grror in the plagwclase modes i IS
z ..‘....:_,. ey i iy BT TS

Samples collected ahug strike {m}

sy o o lassgoowplag)y
CBLSED L : 2.76 (100% plag.)
22L5(30) ' S 276 (100% plag)
2L8G7 . [ 277 (100% plagy
Samples cnllacted verucally fmmw:thmasmgle layer o
19mMS . 312 (42%plag)
196MS : S . §315@Tsplog)y
ss 0 lass@v%pg)
SmlL§ o - 2.88 (82% plag.)
s o | s0662%piagy
CAmMS. ' -~ 0] 307 (50% plag.)
ABMS : ~ 13.05(53%plag.) __
- 18N _ ' _ ~ 12.79 (96% plag) . S
18bLN ' . 2.78 (98% plog.) S
LOIMN o {338 (18%plag.
© 10bMN S 130T (33%plag)
28LN o 282 (91% plagy)
28NbL o N | 2.84 (88% plag.)
Cs0N - o 1 287(83%plagy
30BLN . - o 2.86 (85% plag)




5.1

84

- Petrofabnc of plagmclase grams

The rocks studied all display 2 fabric parallel to the layering which can be clearly seen in the
field, It is defined by the plagiaclase laths. Figure 5.1A is a sketch map of'a portion of s vertically-
orientated thin section. This figure shows the planar orientation of the majority of plagioclase
laths, This is well flnstrated by the rose diagram which reflects the orientation of the well-formed
plagioclase laths, Whether the plagioctase laths are aligned within this plane is important to
ascertain a5 it may indicate the significance of current activity within the chamber at the time the
layers were forming. Tn order to study this aspect seventeen thin sections, orientated parallel to '
the plane of beddmg have been taken from selectad samples and studled in terms of

1-  the orientation of the plagmclase laths;
2- the average grain su:e and fength to breadth ratio of plagmclasa graing,

 Plagioclase grains were considered exclusively as the nrthapyroxenes tend to form oikoqwsts |
and it is often difficult to determine where the grain boundaries of the o_ngmal grain were, The
clinopyroxenes, on the other hand, rarely exhibit euhedral shapes, they are commonly highly

' irregular to skeletal; Hence elongation directions are impossihle to determine, The plagioclase

grains, by contrast, display good lath shape and it is therefore easy to assign a Jong 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,

Orlentatlon |

Figure 5.18 is a sketch map of a portion of one of the thin section studied. This thin secﬁon
was orientated parallel to the plane of layering, As can be seen from this diagram there is a distinet
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 paraliel to the dip direction.

Buased on the agpect ratio (length:breath), these grains huve béen divided into two categories.
Those that have a length to breadth ratio of greater than 2, ie. distinctly elongate grains (more
elongate than grain X, Fig. 5.1B) and those that bave a ratio of between 1 and 2, i.e. the equant
crystals (grain Y, Fig. 5.1B has an aspect ratio of close to unity). It is possible that the equant
shape is duc to the cut effect and that these grains may be elongate in the third dimension but are
lving at & significant angle to the plane of layering. However, in view of the strong fabric
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Plagioclase
.4 Clinopyroxene -
L . Low-calcium pyroxene

Hole in the slide |

Sketch of a portion of a vertically orientated thin sectior, from a leucocratic layer. Note

the well developed horizontal fabric, This is well illustiaied-by the attached rose™ -

Sketch of a portion of a thin sectiun that was cut paralfel to the plane of layering. This:

* shows the linear habit of plagloctase within this plane. This limeation is cleardy shown'
by tho attached rose diagram, - ' o
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this way is that the elongate grains are more likely to be phvsically aligned if their deposition is
controlled by magmatic carrents. Figure 5.2 displays rose dxagmms fora number of samples ﬁ'om_'
proﬁle A

Some displm no fabric (e.g. SLN). It would appear that where fabrics are developed within
these samples, they tend to be either parallel t¢ or perpendicular to the direction of dip. For the
leucocratic samples thestron,  linear fabric tends to sub-parallel the dip direction (e.g. SLN). 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 fibric sub-parallel 1o the dip. However some

" melanoctatic smnples display # fabrie that is sub-perpendicular to the dip d;recnon Usually the -

equant grams dlsplay a sm'nlar but poorer fahnc than the elongate c:rystais do.

Tal:les 1
_ Gram mze dn:a from the ¢ 'malgs of selectr.d oriaentated thm sec!lons.
Sample % plag.. - Position | grain size calculatedﬁcmthcsn largest
2ILN 95 TOP {380
200N - : 189 TOP : 4,00
20MN ' 17 1 TOP 2.15
19LN 98 ~ { BASE 320
18LN 921 { BARE .07
18MN _ 45 CHT0P 13.00
9LN 97 - | BASE - 3.40
UMN 42 TOP 330
BLN _ 78 | BASE .60
TN 92 _ TOP 3.08
6MN 31 .} BASE : 2.40
5LN 17 TP 31,50
AMIN 23 BASE 237
3LN 89 TOP - 3,20
IMN 43 Top _ 1280
2LNa 77 TOP [ 3.08
2MN 443 TOR - |34

5.2 Grain size .

' In_addition to considering the alignment ufplagioclé;se grains the lengths of as many luths as
possible were measured from each thin section, This data is lisied in table 5.1 and is graphically
illustrated in Figure 5.3. The grains were measured from a field of view projected onto a wall, This

- field of view represented a 2om wide circular area of the thin section. It is probably not statistically

valid to plot averages of all grains measured as in Some cases very much fower grains were
measured than in others. For this reason the averages from the tlurty largest grains in each sample
have been considered and are plotted in F’g 3.3.
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Rose diagrams showing the orientation of plagioslase laths in numerous samples from profile

- A, The left column of rose dingrams refers to the elongate grains (aspect ratio >2). The right

column refers to the equant grains. "Top" and "base" reers to the position from where the

sample was taken within a layer, Tr. «umbers to she tap left of each ross disgram rofer to the
nuber of well-formed plagsoclase laths measured frot each thin section. Solid and open
sinding refes to melarocrauc ana lencocrauc samples mpecuveiy
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3.51 Samplasfrom the "

-~ H bottorn half of the
E' . sequence
w1 Samplesﬁamtha
= ’tophalfanha
B 3K
o
[ 28
27

- 25 -

2:I._|Jl'|lll\ill ..IIlillllllIl‘i}“ll‘l-lllilIIIIIl!l'illl!llll‘l‘i'!l‘_.ltIlI'Iil'llllllllil!lll[lI[il!l!l{i‘l:

0 10 20 30 40 50 60 70 80 90 100
| volume % plagioclase | |
Figure 5.3 * Plotofile average plagioclase grain sizs, caloutated front the 30 largest graing measured from-

a single thin section per sampie, plonedagmnst thevolnite % plagicciase (detsnnined from point
‘counting using the same thin secuo:ns) _ _
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Plagioclase compositions
Iﬁtrc_;l_uction
Whole tock chemistry is variable due to the changing mineral assemblages and relative modal

abundances (as will be shuwn later), Mineral composntions are, by contrast, more aensntwe_ |
indicators of changes that may have occurred within the magma chamber ' : :

Piagio**lase compos:txons from the Main Zone of the eastern limb have been studxed by von

 Gruenewsldt (1973), Molyneux (1974), Marais (1977) and Klemm et al. (1985). Molyneux (1974)

measured the plagloclase compositions for numerous specimens of‘Bushveld racks in the northern
portion of the eastern limb, From his study it can be seen that the plagmciase composrtwns, in
general, show & normel differentiation trend within the subzone B of the Main Zove (Fig.6.1).
Close 10 the Pyroxenite Marker the trend reverses, A{ the level of the Pyroxemte Marker there is

a strong reversat i in plagmciase composmon : - :

: Marais (1977) studied the varigtion of plagmclase composmon in four proﬁles over more than

- 80km of strike within the castern imb (Fig.6.2). ‘This work agam showed the marked reversal in
 mineral compositions across the Pyroxemte Matker, However, in all these proﬁlas the reversal

begins very slowiy ~200m below the marker.
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| Figure 6.1 Variation in the composition of plagloclase thwough
50 60 0 subzone B Jand a portion of sbzome C (aer =
% Anorthite - Molyoenx, 1974), The two lise styles wefer to o~

difioren: rofiles in the eastern Bushveld, R
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Kiernm et al, (1985) uncfértook a detailed mapping program in the ares B_etweeu Laersdrift and
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Figore62  Variation in plagioclase composition across the Pyroxenite Marker along four profiles in the
castern limb of the Bushveld Complex (afier Marais, 1977),
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Roossenekal. Wlth data collected from this study together with that compnled by von Gruenewaldt

(1973) and Molyneux (1974), Klemm and his co-workers constructed & north-south-trending Cross "

section showing vertical and lateral compositional changes. This work confirmed that there is &
noticesble reversal of plagioclase cofnpqsition some way below the Pyroxenite Marker in this area.

- From their pmﬁlés these authors also showed that the plagioclase became more evolved at the |

levet of the Pyroxenite Marker to the south

Analysns of plagloclase composmnnal variation in three prof’ les w:thm

- Sekhukhuneland

* Most previous work on samples from this area have made use of optical methods and norms.
in determining the mineral mmposntaon 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 & chenncal analytical technique to accurately detemune their composltmns

Recent work on plagioclase from the Upper Zor= of the Bushveld Complex has revealed that the

core composnt_lons within a single sample may vary as much as 9 mole % anorthite (Harmey ¢ al.,

- 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 require that an enormous numbet of plagioclase grains be probed. It was
therefore decided to use mineral separates. In thzs way each anaiysls represents an average
compasxtmn for thousands of ctysta]s '

Tables 6.2a, 6.3a and 6.4a list the average of two geochenncal analyses of the plagmclase

 separates from samples taken from profiles A, B and C. The résults of a normative calculation

undertaken on sach sample are given in tables 6.2b, 6.3b and 6.4b,
Determination of the anorthite content of plagiocinse

"The An content of plagioclase is conventioxially determined by tlie atomic ratio 'Caf(Caﬁi*Na)
from an analysis. The Al and Si contents vary in 8 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 plhgioclase compositio:i, is not often reported, In this Study several methods of

calculating the An content are mveaﬂgated and the precision and confidence in these values

documented statistically.
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~ Analytical precision

To determine the analytical precision achieved in the analysis of these separates, all samples

were run in duplicate. A few of these dupficate analyses are presented, for comparative purposes,

in the Table 6.1. From such results the pooled standard deviation was calculated for each variable.
The errors have besn caleulated from the duplicate analyses, For analyses that are time consuming
it is often 1mpractma] to run a single sample a considerable number of times to reliably measure
the standard dex’ “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 standerd

 deviasion of the population (theso values are listed in Table 6.5 and the method used to derive

them is outhned if Appendjx 4. .

. Tnble 6.1
Dupllcate ajor element analyses of selected plagmciase Sepamtes fmm proﬁlc B,

50, A0, Fe0, M ci0 -N_a:O KO Toul
H7S 5243 2939 038 022 1232 417 032 9926

H7S 5337 2027 034 013 1323 408 033 9982
23LS 5348 2004 031 013 1207 418 038 9961
23L8 5370 2885 042 015 1214 420 038 99,93
23MS 5577 2677 062 021 1121 395 031 98.98
23M8 5668 - 2696 051 016 1124 405 030 1001
C3MS - 5276 2034 048 014 1227 418 031 9953
IMS 5263 2034 044 010 1224 417 032 9929
218 5233 2834 040 064 1212 412 033 9852
LS 5237 2886 040 092 1203 404 033 9900
2LS 5231 2900 038 063 1209 417 034 9897
2LS 5306 2009 039 016 1212 430 033 09.49
F28 5330 2889 047 013 1213 407 035 9940

F28 5342 2885 052 0.8 1215 419 036 9972

The uncertainties for Ca0 and Na,O are 0.10 and 0.13% respectively. An ideal plagiociase, -
with the composition Ang, containg 10.37% CaO and 5.73% Na,O, Therefore the two worst
combinations of errors in CaO and Na,0 deter_nﬁhations would lead to calculated An contents of

492 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.




Tabte 6.2 R
Avmga plagior:lase analyses for samp!es from proﬁle A

s:o, m,o, Fe,o, MgO cm Na,o lc,o Totals =

'hangingwallmples S _ o 3
HSN 50.18 3045 044 .10.26 : 14.04_ 320 027 9888
BN 5149 3049 050 020 1342 325 031 0 9942
H6N . 5292 2901042 0.7 1237 372 434 99.00

O HAN . 5253 2924 028 - 012 1235 405 030 9890

- OH3N L 5461 2808 G37 034 1137 458 036 9975
HIN 5271 2929 041 08 1238 395 032 9927 E
HIN 5328 2031 038 024 1228 418 039 9997
samplesfmmthe layered sequence ' . o
20LN 0 5205 2888 046 Q.78 1225 405 038 975 -

C 20MN - 5336 2918 039 026 1215 406 033 9975
CISLN - 5338 2896 047 046 12:17 407 039 09994
19MN 5434 2792 047 0,25 1170 398 032 9903
18LN . 5294 2895 0% 037 1222 408 037 99.57

C18MN 53,35 28.99 050 034 1L97 432 033 9965
1NN 5303 2039 043 021 1223 422 034 9989

- IOLN - 5313 2901 04! 045 1223 414 035 9976
CIOMN . 5248 2921 042 027 1218 422 035 9906

LN 5315 2920 049 035 . 1206 407 036 9963 -
OMN - 5262 2908 055 040 1219 432 036 9967 -
- BEN . 5343 2017 044 041 1231 42% 036 100,26

- BMN 5288 2513 037 023 1225 422 033 9944
TLN 52,73 2920 040 047 1222 418 034 9928
CBMN T 5290 2909 0410 019 1218 419 035 9943
5IN 5327 2005 035 016 1210 424 036 9956
SMN - 5346 2913 043 037 1223 422 035 10024
4IN 5297 2%00 035 024 1203 424 035 9923

- 4MN 5269 289 035 035 12,14 409 034 9895
AN 5290 2918 036 012 1226 431 031 9946
3MN 5331 2926 037 045 1224 426 031 99,93
2LNA 5330 2904 032 0.09 1217 429 033 99.60
2LNB. . 5317 2897 043 009 1212 415 035 9931
2MN 5340 2023 038 009 1225 416 032 99.8%
footwall samples : - _ _

FIN © 5298 2890 043 023 1218 408 033 9916

BN 52776 2001 033 012 1225 412 - 033 - 98.94
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Table §2b

Reslms ofa CIPW nonnaiizauon of plagioclase analyses for samples from proﬁle A

hangingwall samples
HSN 043 ¢ 16 2707 6793 0 134 © 0.03
HIN. 234 D31 183 275 6658 O 0 o 0.5
H6N S 3322 003 201 3147 6137 O 0 [t 0.42
HaN SR W B ¢ 177 3427 6073 0 0a2 0 0.1
H3IN 191 ¢ 213 3884 54956 ¢ .13 0 032
H2N IR B /- T 1 1,89 3342 61,25 0 013 0 0.39
HIN 130 171 3537 6037 0 044 G . 04 .
~ samples from the layered marker sequence o
200N 0.8% 0 207 3427 596 O 092 0. 1.52
20MN ST 206 006 195 3435 602 0. 0 0 0.65
I9IN ‘161 O 230 3444 5961 0 06 0 .47
19MN 466 0 189 3367 5738 0 052 0 0.38
18LN ' 098 ¢ 219 3452 596 O 08 0 L05
18MN . 124 0 - 195 3655 5875 O 0.5 o 0.12
IIMN 0 075 0 201 357 6026 0 033 0 037
10LN . 107 0 207 3503 5955 © 088 0 0.7
10MN 024 0 207 357 359740 054 0 . 042
OLN . 1LB8 039 213 3444 5983 0 )] 0 062
© OMN 037 ¢ 213 3619 5908 02 L0t O . O
8LN 0671 0 2,13 363 35928 © 062 0. .01
BMN 073 0 195 357 5958 ¢ 093 O 0.14
LN 083 ¢ 201 3537 5992 0 08 0 0.17
6MN ' 0.9 0 207 3545 5982 0 048 0 0.25
5LN 124 0 213 3587 5918 ¢ 066 0 - 009
SMN S K 207 357 5952 0 09 0 05
- 4LN - D96 0 207 3587 5907 O 048 O 0.38 .
ANMN 18 0 201 3461 5967 O 044 O 0.67 -
LN 051 ¢ 183 3647 5837 0 064 026 0
3N 0 L0900 1.83 36.04 5981 0 071 0 0.04
2LNA Li6 © 195 363 5902 0 . 048 031 O
2LNB 1740 207 3511 593% 0 048 005 O
IMN L73 0 189 352 6015 0 048 0 H
footwall samples . '
FIN 172 0 195 3452 35958 O 066 0 0.27
0 1.95 3488 557 O 064 01 O

F2N _ 1.33

QL QUARTZ CONTENT (+VE); OLIVINE CONTENT (-VE)
¢ CORUNDUM =

O = ORTHOCLASE

AB ALBIE

AN  ANORTHITE

NE NEPHELINE

D! DIOPSIDE

WO  WOLLASTONITE

2
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Table 6,38

Averagc plagmclm analyscs for sam;:les fmm pmme B

Sio, AL,0, $e,0, Mgo €10 _Na,o KO Totals

Bangingall samples : _ o
HI2S 5069 3096 055 028 1404 302 025 9996
HIIS . 5243 3000 039 000 1262 3.85 032 9968
C RI0S 5374 2827 043 . 025 1169 432 0329 9907 -
CHOS 0 5244 3001 044 003 1264 370 036 99.79
© H8S . SL7T1 3082 030 007 1336 3.0 021 9561
CHS 5290 02933 036 ;18 1228 413 033 . 9954
H6S - 5520 2737 056 034 IL11 435 046 @ 99.54
. H5S 3322 2923 036 0.0 1230 425 032 9981
- K18 5346 20.11 042 011 12_.18'426 032 - 99.90 : - :
- ganeples from the Jayered sequence o 3 A e ' -
28L5 5305 28.81 040 _017 1195 397 039 9878 . g o
25M5 . 5337 2916 042 015 1203 440 034 9993 S .
2418 5341 2896 043 06 1201 412 042 9954 : - o
24ME 5294 29,01 D42 G016 1210 426 035 %927 R L
2318 53.59 2895 037 014 1211 419 038 9977
. 23M8 5623 2687 057 Q19 . 1123 400 031 9952
C 20 5325 2884 042 053 0 1209 418 035 %L 0 . o
22MS - 5347 2021 044 042 1218 441 033 10019 S '
IOLS 0 5293 2886 040 054 1215 410 034 99.39 . . -~ o
ML 5315 2840 041 037 1169 415 054 9875
197 5256 2928 040 0.08 1232 405 031 9906
1M 5383 2949 044 014 1243 408 033 10079
C 1B 5289 2915 036 006 1226 412 031 9926 ° S
- 18LS 5545 2874 041 085 1191 411 0350 000 - S : >
6LS 5301 2918 039 0.1 1214 408 035 9931 0 S
6MS- - 5348 2908 044 007 1227 420 033 10024 N
5LS 5371 29.04 038 0.3 . 1212 429 036 10008
4LS 5323 2920 0.50 009 1217 421 036 90.82 : - 5
aMs 5283 2928 032 Q.10 1231 404 031 9933 o _
L8 . 5298 .29.04 041 Q13 1217 430 034 9942 S
3MS 570 293% 046 042 1226 418 032 9941 : ' o
L8 - 5235 2835 040 078 1208 408 033 9892
LS 5269 2905 039 040 1211 424 034 9923
LS 5302 2902 041 008 1216 423 035 9941
foctwall samples g o
FI§ - 5308 2928 042 013 1229 425 -_o 33 9578

F28 . 5336 2887 050 016 1214 413 036 _99.56

. o
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' Tablecab R ' : -
Resul:s ofa CIPW nnrmahzauon of plagmclase analyses for samples fmm prﬁle B
* hangingwall samples T A _
Hi2s 145 001 148 - 2555 7015 0 0O 0 07
HNS -0 - - L7 038 189 3257 6261 O 0 6 .0
HI08 231 0 L7Y 3655 569 0 0 08 0 023 _ . .
H9S 226055 213 3131 62’ 0 0 0 032 SRR
CBE8S - 414 L2 124 262366280 0 0. O Q17 .- ..
H7S o L12. 0 o 195 3494 6053 0 031 0 03 -
~ HeS 406 0 272 3689 5376 ¢ . LD6 O . 036 . N
CH38 . . t04 0 189 3596 5974 0 - 05 o025 o . . o 0w
CHIS 142 0 189 3604 5937 6 0 05% 012 0

samples from the layered marker sequence
2518

26 0.3 231  33.50 5029 o 0 o4

0 _
25M8 o 066 0 201 3723 5882 O 067 0 006
2418 . - L9 0 . 248 3486 593 ¢ v 023 0 029 .
24MS . . 087 0 207 3604 5901 0 08 0 603 -
o23L8 . UL 182 0. 2325 3545 5907 0. 075 002 0O
S23MS 1T 0 183 3384 5446 0 098 O 0,02
- 2L S & kI 207 3537 5851 0 0% D 093 :
L. 22MS 006 0 195 3731 5894 0 064 028 0
198 - 114 0 201 3459 5935 0 073 0 01 :
ML L5 0 @ 319 3511 ST O 056 0 0.66
197 . S 136 0 - 183 3427 6081 .0 025 O . 009
M . 209 0 L95 3452 6L19 0 038 6 - O}
198 139 0 183 348 o008 0 058 O 0.3 -
LS 057 0 296 3477 585 O 046 0 191
6LS. 176 002 207 3452 6023 0 94 0 0.27
6MS . 099 O 195 3638 5935 0 - 091 015 O
3LS 147 0. 2313 363 5893 0 07 013 0
4Ls - 120 0. 2,13 3562 3972 0 . 048 o00L O
S 4M8 118 0 183 3503604 O 052 O . 001
3L8 0.7 0 201 3638 5894 0 0.7 023 0
C3MS 081 0 189 3537 6036 © 03 0 - 013
a5 041 0 - 195 3452 5544 0 038 0 17
A8 03 0 201 3587 5924 0 066 0 0.69
L8 : .08 0 207 3579 39.44 © 043 014 .0
- footwall samples - - D :
F1§ 0T 192

RS LT 207
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Table 6.4 a : L
A.verage plagzoclase analyses for samples fmm pruﬁle c

8o, A:,o_., ¥e,0, 'Mgo a0 Ne©O KO Totals

6L 5325 2945 073 051 1217 463 036 10LIT
76M 5279 2935 071 048 12,15 457 038 100,50
38l 35286 2904 060 036 1201 451 045 9990
38M 5324 2020 0.65 041 - 1232 427 034 10048
23M 3322 2949 077 048 1233 413 037 . 10086
16L 5291 28.84 080 046 . 1228 424 037 9997
16M 5307 2907 077 056 1236 471 039 10099
7P 5347 2912 082 057 1215 424 036 10079
2P 5296 2944 060 041 1211 451 033 10045

o Table b - |
Remlts ofa CIPW nonnalizauon of plaginclase annlyses for samp!es from pmﬂlc C S

- Sample . - QL C-- 0_ A AN NE DU WOHY
6L : . X ) 213 © 363 5852 156 145 0 N
S TeM - 038 0 235 3551 5846 L7 142 O ¢
38L . 015 0 266 362 5767 106 149 0 O
sM - 044 O 201  36)3 5951 O 125 0. 044
o 23M N B S 1 219 3494 6084 © 026 0 1.08
16l 034 0 219 3587 5858 0. 183 0 . 03
C16M . 0 D 231 3502 5704 262 301 018 O
mw. R L 213 3587 83740 0 oM O 1.09
2r - D47 0 - 195 3665 5932 082 075 0 O
1 __ 02 0 0 0 0 038 009 0 0
2 43 0 0 )] 0 0.58 008. 0 0
_ N Table 6.5
errors calculated from the duplicate analysis of plagioclase samples
chemical analysis ' ' o

_ $i0;, ALO, Fe0, MgO Cad  NaO K, 0  Totwl
200 038 023 011 026 010 013 002 47

on nermative calculation ' : -
oL C o A AN RNE X WO BHY
20 08 18 o7 0.74
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_ Calculaﬁon Qf %An

There are a number of ways in which the anortlute coutent of the plagxoclase could be
calculated. The conventional way is based on the Ca/Ca+Na ratio. An a!te_matwe would be the ) |
- caleulation of a CLP.W. norm, This gives an estimate of what proport:on 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

_ uncertamty assotiated with each oxide analysed for and this adds up to a reasonably large
uncertainty (~ I%An) for the An value calsulated in this way, A number of other minerals also
appedr in the norm.; and their significance should be considered. The most abundent additional
phase is thai of quartz This mineral was not identified i m the microscopic work. However other.

authors hava identified quartz in similar samples (vcm Gmenewaldt, 1971). It is also not

unreasonable that some quartz may have crystallized as a trapped compongnt. In magnetmaily
separating the plag;oc_lase, any quartz ﬂ_mt I present in the spcclmen would separate into the non-

~ magnetic "plagiocl#se" fraction. The highest normative quartz contents are in samples from the

mefis 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 s actually extremely small,
Furthetmore if 2 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.LP.W. norm are hypersthene and

clmopyroxena Hypersthene content may be dus te opx being present iti the separate The presence
~ of cpx in the norm, shows that either there is some cpx in the separate or that there is insufficient
AL O; in the ana'iysis -

Use of oxide abundancw in calcu!anng the anorthzte contetst of rhe plqgmclase

-~ Bach major oxide present in plagioclase can also be used tc calculate the anorthite comtent of

the mineral. As the plagioclase svolves from anorthite to albite, o the major element

concentrations within the m:neral changes. It‘we assume ideal stoichiometry, then the followmg

formulae describe how tha major elements vary as a function of anortlute content:

An (Ca0)=0.00005 x*+0.010.01315 x7+4.67699 x+0.00002 ... .. e 1

Wwhise An(CnO) is the anorthite content calculated from the wtve of CaQ in the analysls and x is.

" the wt% of Ca0 in the analysis. | | |
| An (N, 0)=-0.00025 °+0.04644 x?es.97369 $+100.00017 .ooooeirs ) 2
An(NagO) is the anortinte content calculated from the wit% ofNago in the analysns

An (Al 03) =0,000069 x3+0.01 x2+4.8 x-IOO 130052 ..... Craann S .3




An(AIQOS) is the anorthite content ca!culated the Al.;Oa abundances

el

dn (S.vo,)--o 000021 2340012569 x2-5, 121516 24299461252 ... iee.. 4

where An(SiO,) is the anoxﬁute content calcu!ated from the SlO2 abundance _ -

These fonnulae have been determmed by least squares apprommatmn usmg model data To
demonstrate the accuracy of these mathematical expressions, the modelled abundances have been.

used to calculate the anortlute content from whmh they Y. ere ongmaily calculated 'I‘hese results-: o

are presented in table 6. 6
' ' ‘I'ableﬁﬁ ' '
Modelled o:ude ahundances within plagioclase of a specific anuzﬂute mmpnq:ﬂou aml the calculated :
o S composmonbasedonthasevaiues S
%An. |80, '_An(slez) A0, 'An(Ai,,O,) {Cs0 | Anca0) | 2@ | Anpuo)
100 {432 |oose |sses  fwogzr | 2016 {10004 fooo [ 10000
90 4562 }8998 | 3502 90.03 1825 § 9004 - jL12 | 90.00
80 4807 | 79.98- 13337 [8003 = }1631 {8000  [225 |30.04
7% | 5055 6997 |sn7e 7002 - {1436 [7002 | 340 w02
60 5305 | 60.00 | 30.01 60,02 1236 | 60.01 456 ] 60.05
~50 5550 14099  j2830 lsoor 11038 |s002 | S73 5013

The compcsmon of plagtoclase separates as calculated from major element abundances are L
hsted in the tabl&s 6.7, 6.8 and 6 9. These values have been calculated from: ' '

1

2 the actual abundance of Ca0 in the analysis (as per aquation 1),

3

4

~F N

the Ca:Ca+Na ratio i.e. the convenuonnl method

the abundance of CaO in the analysis ncrmahzed. to 100%;

the abundance of Na,0 (as per equation 2),

the abundance ofNago but with the analysis normalized to 100%,

the Alz()3 abundance but wﬂ*h the analysis normatized to 100%,

the Al,Oa abundance (as per equation 3); -

the Si0, abundance (as per equation 4);

the Sx()2 abu.mlance but with the analysis normalized _to 100%;_

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




en

10 usmg a CIPW nonnanve calculatxon | _ B | |
_ In addition KO has ‘been excluded as KAISlaos from the analysns przor to malqng these |
‘caleulations. Siiilarly the free quartz, as calculated in the CLP.W: normalization program, has

also béen excluded The analysxs was recalmlated back to the original total after removal of these
x ccmponents '

L '  Table67 o
% An in plagmclase catculated from oxide abundanes (with :ﬁ-ee quartz and I(zo excluded) for samples
from proﬁle C.

An(l) An(Z) Aﬂ@) Anfﬂ) An('-'i) An(s) AﬂU) AH(S) All(9) Aﬂ(lﬂ_)

6L 593 604 603 586 587 -ssz '583 603 604 595 An(l)=Ca/Ca+Na

- 76M 595 60,7 602 590 595 576 581 621 626 599 An@2yH(Ca0)

38L 596 605 598 594 601 561 567 621 628 591 An(3yf(CaOT)

38M 615 616 612 616 620 574 577 610 6l4 609 An()-f(Na0) -

23M 623 6LY 616 627 630 596 599 6L7 620 621 An(5)=f(NaOT)

16L 616 620 6L1 6L8 627 551 559 622 631 606 An(fALCY) -

I6M 592 616 614 578 581 560 562 610 613 394 An(T=RALOYT)

7P 6L3 610 606 6LT 622 574 578 60,7 6LI 609 An(B)fSI0)

2P 398 603 559 597 601 580 584 613 617 599  An(9)=f(SiO/T)
-An(10)=norm, calc,

average dehatmn from An(1) (the conventional mcﬁiotl) hased on ali values (tahles 6.746,9)

08 07 06 07 46 06 - 42 07 23

precision based on the duplicate 'analyses for samples from profile A and B
. 2q 0.7 06 05 09 1.2 23 20 g 22 10

Inthe cormmtonal calculation of the An content (i.e. using the relatlonshxp Ca/Ca+Na) there :
are potcntml analytzcal errors in the analysis of Ca and Na, This could mﬂuence the Accuracy of
the determined An ccntent ‘whereas when CaO or any other element is used excluswely in these
caloulations thers i is only the potent:al gxror in one elements ahundance and so this methoﬂ is
potennally more precise. | ' ; |

Between An,, and Any, (the range investigated here) the CaO content ranges from 14.36 to
10.38 or 0.2% Ca0 per I mole An, As the precision for CaO is ~0,10 wi%, the precision in the
An content calculated using equation 1 is ~0.6% An, A similar calculation for the other three
eleme_nts gives 0.115% Na,0, 0.17% AlLQ, and 0.25% Si0, per 1 mole An. Therefore the |
potential precision using $i0, should be greater than when CaO is used. However the pre_séence_
of quartz in the mineral separate renders this element unreliable. Thus the method using CaO is
considered o be potentially the most precise. These theoretical considetations are borne outina
 statistical analysis of the precision of each method (Teble 6.7). From these results it appears that




o | | - B
the method employing C20 abundance does provide the most precise result, Using the ALO,

abundance on the other hand gives a significantly and systematically lower anorthite content than
 expected based on CaQ and Na,0 sbundances. 810, produces the reverse. On the basis of these

anomalies ratios involving these elements hav. not been used to dét_ermir_le the anorthite contént
of the separates. The normal method of calculating the anorthite content is using the ratio |

Ca/Ca*Na (An(1)). Comparison betwesn this and other methods shows that, those methods using
Ca0 and Na,0 abundances promde smular resul.s. Those employmg 5i0, and A1203 abundance
are maccurate

Table 6.8
% An in plagioalase calculateﬂ from vxide a%n;nda;;zeﬁs} (w:z"th free quartz and KQO m:cludul) for sam;:les _
_ ) & o

~ Au(l) AnQ)  An(@3) An(d) An(5; An(® Ax(?) An(8) An(9) An(10)
o ' - haugingwall samples: o
~ HSN 0.8 £9.9 712 71 2 75 66 658 132 M6 T3
HIN - 696 681 691 701 7L 6635 0 615 716 . 26 65
H6N 64.8 633 644 65.6 66,7 610 620 674 685 648
CH4N 628 6LY 628 634 644 590 - 59 654 664 6LS
THIN §78 3 518 582 588 81 5370 581 587 512
H2N 634 624 63.2 64.0 649  6D2 610 656 663 632
HIN = 619 614 GLS 622 627 - 593 556 623 627 6LT
SN : samplesfrom the layered marker sequence S
20LN 62.6 61.2 62.2 63.4 54.4 563 571 630 641 622
AMN 624 613 620 630 63.6 60.0 605 635 641 623
Y9LN 624 614 621 629 63.6 580 586 627 634 620
CI9MN 619 60,5 616 627 - 639 566 576 639 . 651 616
ISLN 624 61.2 62,1 63.0 64.0 569 577 632 642 619
18MN 60,5 59.9 605 609 61.6 373 580 619 626 - 602
1IMN 616 610 61.5 62.0 62,5 50.1 3935 . 624 630 Gl4
10LN 62.1 61.2 61,9 62.5 63.3 573 580 626 633  6l6
I0OMN 615 60.5 61.5 62,1 63.1 573 583 640 650 612
9N - 621 60.8 61.6 628 - 616 599 @ 606 640 648 621
OvN 61.0 604 61.3 61.3- 621 567 575 628 637 605
SLN 610 - 606 610 . 612 61.6 '58.2 585 612 617 605
“8MN a1.7 61.0 618 620 628 514 582 630 637 @812
LN 61.8 61.0 61.8 623 63.1 580 588 67 646 6LS
- 6MN 61.7 - 60.9 61,6 621 - 629 581 - 589 633 640 614
5LN 6l2 60,7 61.3 615 = 622 579 584 623 629 609
SMN 616 612 ~ 6L6 61.8 62.2 58.0 583 6L2 616 611
4LN 611 60,1 61,0 61.7 625 571 579 630 639 608 -
IMN 622 - 60.8 619 63.0 64,1 572 583 o646 658 619
3N 61.1 609 - 615 - 613 6LY 872 . 578 - 624 631 605
IMN 6i.4 6Ll - 6lL5 . 6L5 619 586 590 6L7 621 6L
2LNA - 611 60.9 61.4 61.2 61.3 51.5 580 620 626 604
2LNB 618 ~ 610 6138 622 630 382 390 636 645 o1S
2MN 62,0 61.6 620 622 - 626 5%.6 60.0 626 630 6L7
_ : ) _ footwall samples . o
FIN 62.3 61.3 62.3 62.9 63.8 576 8Bs 643 653 6LD

BN 622 614 6284 626 636  S17 586 645 655 6L

I S PP TP
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 Table 69
% Anorthite in plagmclase calculated from oxide abundances (with free quartz and K,O excluded} i‘or
. samples from profile B.

An() An() An() Asl)  An() A A Au® Au() As(lD)

_ _ hangingwzll samples - i

Hizs 7l 0 77 72.5 732 69.3 00 B0 73T N

. HIIS 644 635 64.0 64.9 654 - 843 648 666 671 644
HI08 60.0 58.9 600 . 806 61.7 54.9 856 621 632 %95

CHOS 654 841 647 660 8666 654 660 676 682 654

H8S ~ 704 68.6 69.1 nz N3 73.2 738 737 743 N4
H7S 622 614 621 626 633 593 599 636 643 62l
H6S8 58.5 575 - 584 .1 60.1 52.6 534 596 605 5719
H3S 61.5 614 61.8 61.6 62.1 58.5 38 621 62.% 610
H1S 613 611 615 6l4 619 - 583 587 618 6i2 60.9

' ' samples from the layered marker sequesice :

2518 625 60,9 620 63.4 646 589 601 658 671 624
25MS 602 ¢ 599 603 60.4 60.9 574 519 609 613 599
2418 617 608  6L5 62.2 63.0 58.7 594 632 638 616
C24MS . 611 604 613 61.5 624 570 . 578 630 . 639 607
23L5 615 6Ll 61.6 61.7 62.3 58.2 387 621 626 611

23M8 608 598 607 614 624 550 558 615 623 603
2218 6.6 605 = 614  G2.2 63.0 564 - 572 622 630 6Ll
2M8 604 606 608 604 60.6 57.6 578 603 606 598
19LS 62.2 608 6.9 629 64.0 56.5 575 635 646 618
"MLPL 60,9 594 607 619 63.2 552 564 638 632 606
19TMS 62,7 6L 626 633 64.2 593 602 652 662 626
19MMS 627 627 627 627 62.7 62.7 627 67 6.7 626
19BMS 625 620 623 627 63.2 594 - 599 631 636 619
18LS 6l6 606 809 625 63.4 56.) - S6¢% 616 624 613
613 622 6l2 620 = 628 63.6 59.6 603 644 652 622
6MS 612 613 616 612 61.5 38,1 584 610 613 606
518 6.0 609 612  6l0 6l4. 582 585 6l0  6L3 605
4LS 615 6.0 6L 618 62,3 58.8 503 626 631 612 -
4MS 622 613 622 626 63.3 590 306 639 646 619
3LS 6.1 607 614 - 613 62.0 569 576 625 633 605
IMS L8 6Ll 618 624 63.1 58.8 595 638 646 617
218 621 599 614 633 648 55.2 565 645 661 619
2LS 63 601 6L1 619 629 564 573 632 642 609
1L8 614 609 6lé 617 62.4 580 587 630 637 6l0
- _ : footwa!l samples o ) .
FIS = 616 6lL3 617 617 622 584 588 624 629 &Li
P28 6l9. 613 620 623 63U 579  SB6 632 639  6L5

S i i

Vertical variation in piagioclase composition

From the duplicate analyses it can be seen that those methods employing C40, 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 Ca0

conient 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 CaO. Thetefore in all future discussion the anorthite content
quoted has been calculated using equation 1 and the actuat CaO content analysed (An(2)). Figure
63 shows the overall variation in plagmclase composition for profiles A and B over the interval
of straugraphy cons:dered The sample that accurs 20m below the Pyroxenite Marker in profile .
B isregarded as an outlier sample, Th:s sample may represent 2 sill of more mafic material that
~ was intruded at the time the new magma, winch formed the cumulates ‘above the Pyroxemte

* Marker, was being injected. There is a subtle reversal in plagmclase compomtmn from the base of

the layerad marker to the Pyroxemte Marker (this trend is shown by the BITOWS in Fig 6 3) The -

. o  COMBINED
80 PraﬁleA - PmﬁIeB. | coMBIED
® 1T e : e . P
B o _
= 20 ; @ ,
2 @ & I
E- u <4 m B ) - ‘
1} 5 [
<R : :
5 40 |
£ " i
an 1 g ;
e . w i
_ 8 85 75 55 85 ¥ .. 55 .55. 75
% Anorthite '
3 g B e m—
B Proes [ - foowellaxnmies

0l Wmmwx uter sl

Figure 6.3 Vanauou in plagmcim mmpushions (An(Z)) A0ross theLa:mdMarkerup 1] aml mcludmg the : _
Pymm:ﬁteMmi:cr _ _
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samples above the Pyroxemte mm'ker contain more prumﬁve plagioclase, In proﬁ!e B the thwk P 5
(2m) basa pyroxenite marker was also sampled. This is the pyroxene layer that was first identified

as the base of the Pyroxenite- Matker. This sample together with other pyroxenites analysed
contains more evol .red plagicelnse than expected when compared to ne:ghbomng samples, This

reflects the proportion of intercurnulus plagmclase present within these samples However, the
samples from directly below and above contain plagnoclase that are more primitive than that from -

some dlstance below the Pyroxemte Marker Twenty metres ahove this Iayer the plagmclase
composition is sngmﬁcantly more primitive. . :

Vertncal vnnatiun of plagmclnse compns:tmn thrsugh the layered marker

- The variation in plagmclase compusmon through the layered marker is extreme!v ]muted and N
' hes almost entirely within the limits of analytical precision (Fig.6.4). However repetitive sampling - |
ofa 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 :singlg layer (1M profile B)

' % Anorthile
m“a?'ﬁ" ?ﬁo 820 &0 . Jeo0 618 ez aan 840
NN
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| N S |
- e S T s b
o S | : A v 127 l
. ol i ow L o 1
.- % : & 10/ [
a7 1w BE o = i
% ) o - T R P | o :
§ = 0§ | T i |
o ' a Co 0 bl e
ﬂ k. . - I_ g . ! ﬁ i .
& T - b
B D L : .
.;E 75 P % ~ 2,1 :—-'-
«??v [‘ "ﬂ" i . !
_ L e 1 D .
78 ) i . ] smmpfims - ' )
afg ] .85 3 . u " " .-.'-"'
' : ' ' mn 800 610 820 ean aa.n i
: _ %Amﬂmte _\
Profiled . PmﬁloB oo PofileG

Flgureﬁ.rl Variation in %A (Au2)) for samples from the Layered Marker Filled symbols rofer 1o the mafie

samples, open to the feucoeratic samples, The horizontal line through each data point represents the
20 evvor calculated for these analyses. The dashed lines refer to the average cumpositmn of the direct
hangmswnll andfuotwail sampla.
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showed a variation in anorthite of 0.2%. This tayer was also sampled at 5 sites, equally spaced
avar 40m, and the maximum variation in plagiociase composition for these samples_was 13%
snorthite. | | | | '

From Figure 6.4 and data presented in the preceding Tables, it would appear that towards the
base of the sequence, the p!agioclése from the mafic layers is more anorthite rich compared to that
from the leucoviatic layers. Towards the top this trend is reversed. The dashed lines drawn on
figure 6.4 delineate the average comp ;\smon- of the direct footwall and hangingwall samples.

On a larger scale there is no significant .,han‘,s. w the range of curnulus plagxoclase campos:tmn
between the three profiles considered (¥ 6,43,

Mi'cro_probe analysis-'of selected pl_%’. i
Selected plagibclase grains have beenside. . *oprobe to -study the extent of:tonation

-and to compare with the XRF analyses ot mineriat Bl Representatwe analyses are listed

in the Tableﬁ 10 and 6,11, Ineachcaseanalysesare* I nore To rim.

Tubie GJB
Mmruprohe analyses and compositions (%6An} of selected plagiociase grains fror « samples of the layemd
marker sequence marker at locality B

Spls__ SIO_ A0, FeOp M0 Ci0  NaO KO Toids Anll) ANZ) AwD  Au6) AuS)
astSwore 928 3 04 DO 123 42 03 94 614 6L7 624 628 G2l
25LS 33 96 04 00 126 41 03 %3 &1 fal &9 637 63
25(Seim 492 34 04 00 147 80 01  98R B1_ 74 W7 BI 70

23LScore S35 292 04 00 124 42 03 .1 622 614 623 G665
2318 530 389 04 00 123 43 03 993  6LI 607  6ld- 614 &3
23L8aim 510 304 B3 00 135 38 02 902 682 G667 676 685  66.8

WEScore. 528 291 04 00 122 43 04 WO 6.1 602 6l0 616 624
218 27 P304 00 123 41 04 B4 613 60 616 6l4 620
22LS«im_ 530 291 06 00 122 A3 03 998 610603 6L0 LS @23
10LSwcore 534 287 04 00 121 45 03 994 S8 897 604 598 604
ISLS 332 288 04 08 120 44 03 993 60O 593 600 603 6Lz
10LS.m_ 503 2085 04 00 143 33 02 990 04 W4 T4 04 T4
18L8core 335 292 D04 00 125 42 03 990 620 6L 624 623 632
1SS $32 287 03 00 119 45 02 989 S8% 382 S0 94 599
18L8hm 502 306 04 00 143 33 02 s M8 MI NI e Ml

Table 6.1

microprobe analyses and compositions of selected plagiociase grains from locality A.
Sumple §i0, ALO, TeQ, MeG €i0  NaO .&9 Totals _An(l) __AnD _An(4) _ An6)  An(®)
20LN~zare 526 295 04 00 123 A4 982 &0 607 6.5 605 397
20LN 54 288 04 00 121 48 o.s WL X 0T 66 99 593

20LN:rim S}1 302 03 00 136 38 02 993 868 670 . 678 663 658
200Mi-eotes2l 294 03 0.0 127 - 42 03 B39 627 626 633 67 648 '
200N 806 A 04 00 124 42 04 94 623 817 23 ok6 832
20MN-rim 534 200 02 00 120 44 03 W6 60l 524 %8 04 603

' (\;ilh plapiocinse)

20MN-i 523 294 04 0 00 127 41 Q) 993 633 §2.8 62 6T 643

200 o830 393 03 00 122 42 03 w4 618 '_56.3 Yy 622 628
20Mioa _ S31. 200 03 00 J27 4% 03 992 | 613 604 ALY 61T 634
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Tﬂb‘e ﬁall ‘
microprobe anatyses and compomhons of seleclad Plagioclase grains ﬂmn locallty A,
po e R T el i sty ope——
A8LNore | 5232 290 0.5 40 125 4L '8.3 : 98.6_ 625 617 &30 630 824 '
196N 520 290 04 DO 126 43 0 03 - 9BE 625 . 62l 634 637 - 62l
L 19Neim 500305 04 00 - 140 34 02 - 986 60T 652 03 699 o8

19MN<core . 539 285 04 oo 1L5 48 03 . 9.3 562 SS9 364 - 565  §72 .
JOMNerim __ 53.8 286 03 00 113 49 03 952 571 367 574 593 379 .

. 18LNcore 537 292 04 00 124 44 03 93 607 6L1 618 €04 . 507 L

N, 517 205 0 03 00 128 40 04 . 988 0 841 - 439 a6b . 643 68T
I8LNwim 311 303' 03 - o0 137 g 02 S 805 668 €76 0 683 663 G660 -

. Camparison between m:cmprobe and X..R,E. analyses _

There isin genera! a very good agreement bvtween the results ohtamed on cores, by electron
microprobe and X.RF. mvlyses (Fig.6.5). In addztzov “¢ composition of crysta]s, both within a
single thin section and between samples, is simita.._ The range in composition is however'
significantly larger than the analytical precision caloulated for the analysis of plagmclase separates

3(reﬂected in the symbol size [Fig.6. 5]). The plagioclase analysed from leunocratlc samples all
- exhibit anorthite-enriched rims. Plagioclase crystals analysed ﬁ'om wo mafic samples however, g
. c‘hd not appear to show reversed zonatmn

%énorthlte

| 'ss.' | 65 s
©96LS 4 SR e
28 1 0 ew 0O

98 4 W - " | '

1818 | A e w o
20LN 4 - R o

y | . XRF

. i i s

£ § wCore |

8 On | a-midway)

_ : - Onim
N+ w0
BUN $ WO -

BN L e 0

Figure 6.5 Cnmpmson ofplagioclase composmons as determma:d from XRF and uﬂcmprohe analmes (An(;))
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Pyroxene

‘Introduction

Pyroxenes from the Main Zone, in't.ha eastern limb of the complex, have been studied byvon .
Gruenewaldt (1970, 1971 and 1973), Molyneux (1974), Marais (1977) and Klemm et al, (1985). =
| Molyneux mapped and sampled in the northem portion of the eastern hmb and prowded the

T helght m metres with respect to the Merensky Reef

1 ) P
L
1 +2

2500 S

Pyroxsnite Marker

2000

phase change fram opx to
" pigsonite for the snuthern
-profile {on :
MoolmEIsIesfontein)
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Figure 7.1 Variation in the comiposition of orthopyroxene, measured mmtoscopically across the Pyroxenite

Marker (from Molyneux, 1974)

reglonal setting for this study. Flgure 7.1 shows the varietion 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 Pyroxezﬂte Marker there is a dls_tmct change in the
compositionai trend. This can be related to the phase change from orthopyroxene to pigeonite.

- This phase 'chaﬁge and the related change in mg-number, on the farm Mooimeisiesfontein

(Molyneux, 1974) {which is just no:th of the farm Steelpoortpark), occurs several hundred metres

'hxgher in the sequence than further to the north on the farm Dijate 249 KS. Above this phase

change, the composition of the orihopyroxene remains more or less constant. Closer to the
Pyroxenite Marker there is a reversal in the normal ﬁ-actaonatlon trend. The gradxent of this
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reversal becomes stegper across the Pyroxemte Marker,

- Marais (1977) studied the changing pyroxene composmons across the Pyroxmte Marker
along four proﬁles, over more than 80km, 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 (Marms, 1977). The mg-~

f halght In metren w.r.t. the Pyroxenite Marker
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Figure 7.2  Variation in orthopyroxene composition across the Pyroxenite Marker (0m). The numbers next to
cach curve refer to compositions determined by X.R.F. analysis of separates (Dmgram modified after
Marais, 1977).

numbers for these samples (100xMg/Mg+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 thereisa
distinct reversal in mineral composition, In the Steelpooripark 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 pyroxens compositions appear to revert back to what
~ they were below the marker. This 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 & progresswe reversal in pyroxene composrtlon The trend shown by
pyroxenes along a profile near Tonteldoos appears similar to that from the Thornbill profile,

except that the compositions are different and the reversal begx_ns very close to the Pyroxenite -
‘Marker. From the studies of Marais (1977) and Kiemm et al. (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_-enﬁchxhent.
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,

Analysis. of pyroxene from three profiles i'n. the eastern limb

‘Both clinopyroxene and '.onhopyi-oxene 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, 7.1, 7.2a and 7.2b, Analytica! errors have been calculated from precision in the analysis of -

the calibration standards (Appendix 4). A few duplicate samples were also run 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 analytlcal checks.

~ Table.da
Analysns of onhopyroxene separates from proﬁles A

Sample $iQ, g‘igL ALO, ] ¥0_ | MnO | MpO Ca0 Total
e hangingwall samples e '
HSN_ 53.23 028 | o087 '17 93 035 | 2508 | 16 | 9939
. HIN_ 5264 | 024 | o081 2106 | o038 | 2278 1 162 | 9957

HeN | sa41 | 032 | oss | 219 | 043 | 2184 | 218 | 9916

H3N | 5225 0,28 0,60 21.65 045 | 2256 | 146 | 9928

H2N | sle7 | o79 | 112 [ 2137 4 o042 | 2000 | 204 | 9863

HIN 5298 | 029 [ 118 21,53 0.44 2101 | 2383 | 1003

o . __samples from the layered marherseguence L o

WMN | 5260 024 | om | 2279 047 3119 1.80 | 1001
MmN | sam | 038 | 0675 2200 | 045 | 2143 | 182 | 995
I8MN | S22 | 023 073 | 2283 | o046 | 2102 | 170 | 9916

UMN_ | 5207 | 026 | 079 2286 1 046 | 2100 | 163 99.12

LN ] 5191 026 | 119 | 2262 | 045 1963 ) 299 | 9913

e i R
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" Table 742 o
Malyszs of orﬂ!opyroxene separates fromproiiles A
10MN | 5204 0,24 _078 22.46 044 21.24_ 1 171 | 9903
oMN | 5130 | 024 07¢ | 233 045 | 2129 | 179 | o875
LN | sles | o028 | 130 [ 2273 | e44 | 1942 | 320 | 9907
SMN___ | 5210 | o026 | o8 | 2272 | 046 | 2039 | 236 | 9919
N | 5161 | 026 110 2586 1 045 | 1945 | 287 | 9866
6MN | 5238 | 0.5 073 | 2276 044 | 2139 | 162 § 99.62 -
SEN - | 5200 027 | 103 | 2307 | oae | 1961 | 277 | 9934
SMN _ 5107 037 | 094 | 2268 | 045 | 2058 | 252 | 0942
aLN | 5203 } 027 | 104 | 22m [ o {2002 | 227 | 9893
C4MN. | s200 | 027 072 | 2247 | o045 | 2140 | 148 98.36
"3LN | 5L72 0,26 098 - | 2282 | 044 20.37 2.36 99,02
- 3MN_ 5250 | 027 | o0m3 21,93 043 2146 1 181 . 1 9917
JLNE - | 5248 | 027 0,91 21,98 0.43 2096 | 2.22 99.30
2ENA | 5254 | 025 | o8 2271 043 | 2034 | 2354 99,68 g
aMN | s2.13 0.23 067 | 2259 | 046 21.57 142 | 99.12 )
L .. sumplesfromthefootwall . e
FIN | 5330 | o028 | 105 | 2196 | oa4 | 2123 | 238 | go05 = 3
2N 28 030, 092 L2238 _Mf kel 182, 1004
Table 7.1b _ ;
Analys:s of orthopyroxene separates from pmfiles B, : _ ey
Sample | Si0, | Tio, _ A!J)s Fe0=T MnO | Mgo 1 €0 | Total '
e . hangy_ggwal! samples e
Hi2§ | 5254 | 027 1.01 1780 | 037 ! 2493 | 166 | 9563
|us | 5325 | o023 096 1 2020 | 044 2243 | 2320 | 9978
H10S | 5295 | 023 | o063 | 2045 [ 000 [ 26 | 170 99,03
HSS | 5333 0.15 085 | 2000 | 043 | 27 2.33 100.90
H7S 52.74 0.24 072 | 2197 | 047 21.87 | 161 | 99.66
H6S 1 5279 0,25 0.68 21,16 | 046 9231 158 | 9926 s
HS5S 52.14 0.29 102 { 2252 | 045 2025 284 | 9968 -
HiS 50.90 028 | 154 2426 | 046 | 1778 374 | 9902
e sumple.sfmmth layered marker sequence e
25Ms. | 3204 | 022 094 | 2243 | o046 | 2050 | 225 98,91
24MS$ | 5206 | 023 | o070 f 2248 | o045 | 235 | 1 | 99.m
23M5 5286 | 024 ! o081 | 2277 ! o048 | 2099 202 | 10020
22M8 | 5151 | o026 | o092 | 2294 | o049 | 2063 197 | 9836
totmS ] s243 1 o026 1 091 | 2217 | o047 | 2081 | 226 | 99.36
19mMS | 52.54 023 | 075 | 227 | 049 | 2104 180 | 9969
1obMs | 5201 | 026 087 | 2247 | 046 1 2064 240 | 99.17
6LS | 5148 | 027 | 126 | 2307 | o044 | 1994 | 256 | 9960
6MS | 5215 | 037 | 176 2284 | 046 20,32 2.03 99.88
5LS 5161 1 028 | 136 2305 | 044 1970 § 275 | 9926
4Ls | s1e0 | 097 117 2282 | 045 1997 1 242 | 9916
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Tahle T.IIJ

Analysis of orthopyroxene separates from pmﬁlesB
4MS _ 5237 | 026 4 075 | 2238 0.4_8 2105 2.01 99.29
aLs | osurr | 026 1.04 2297 | 047 2030 | 248 | 9936
ams | 5200 | o027 088 | 2276 | o046 | 2104 | 215 | 9961
21§ 1 5199 _0.28 121 | 2261 | n45 | 20390 227 ] 9932
s ] 5165 028 | t11 | 225 | 043 | 2015 | 26 98.88
_ S samples from the footwall L i
F1S__ | 5203 026 | 094 | 2205 | 000 ;- 2001 | 239 | 9507
B35 -1 3 S 0-25 0861222l L 048, 1 21.00 202 1 9878 .
~ Table T.Zﬂ
Analys:s of clmopyroxene separates from proﬁles A
Sample $i0, TiQ, | ALG, | FeO | ;_M_na ] z\_ggo_ 1 €a0_ | Total
S hangingwall sanples . . _
HSN 5147 oasl 1808 8a1]  o2tf  1s42]  2037]  99.4
N | saa3] 036 2510~ 8359) 021}  1420]  2066]  99.04
HN | 5216 041l  ya35t  oopl 0250 459l 2029] 5928
BaN__ | . s101f  o039] 137 9731 024 14421 2049] 9872
N | s270f  o3s]l o 1as| oasl  oz3]  1a98] 2065} 9991
HIN 52041 040]  161]  10.55f 024  1463] 19751 9951
BIN | 52981 036|266 9421 04l 13.82]  21.06]  100.01
s, Samples from the layered marker sequence __ _
20MN spoo) 038  130f  1055) 025 1433 2010] . 9897
BMN | 267 638  122] 1024]  025] 14731 2000} 9973
18MN _ so49] o35l 131] - 996 . 024]  1436]  2068]  99.61
1UMN ~ 5194]  0.35 1308 o7l - 024]  14a2s]  2118] . 9928 oo
10LN sio7| 035y 246] 1010 023} . 1334 20571 9949
10MN 52881 o034  13s|  1oe] 024} 1460! 20631  100.60
IMN ! 0,36 1,30 10,18 026§ 14561 2035} 9928
SLN 3000|032 258  10.43 0.26 13250 20261 98.60
BMN | 51700 - o 1,51 10,11, 0.25]  1409]  2088] 9919
LN, 5188 0,34 294 1007 022} 1313} 2051} 9953 .
6MN | s1es] 038 137 10.21 0250 14511 2037) 99,01 o
5N | si27) 0 0a3s 2251 1078 026f 1343 2003 9880 _ B
SMN | 51590 037 1.65 10441 835} 14070 2018 9889 N
LN | stas|  o03s| 2oz 1098l  o0as| 1337 20.58]  08.56 -
4MN st79| 037|121 0 wol] 0231  1438]  2057] 9887
3LN | 5142]  o0a3s]  1vs) 1033 o024 1373 w061 9877
sMn__ | sa42] o o3s|l  126]  97s| - o24] 14317 2105} 9959
2LNB 5150|036 1.65 10.46{ 024  1362] 2070{ - ons1
2LNA | s 030 179]  10a6f  o26] 1374 2038]  omes
2MN 5243 0dof  13z] 1046 025{ _1443] 204p[ 100.10
samples fmm the footwall _
yIN | s2s]  oss ﬁﬂ doot]  o26f 1439]  2065] 99.?0-
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Tal:la T.Za :

Analyms of chhopymxene separates from proﬁles A.

L R
o Analys:s ofclmepyraxene separates from proﬁiesB
Sample Si0,| O, | ALO; | Fe® | Wnd
e T . I
cmazs 1 s3] oa4) 239 780l - 021] - 1s60] - 20.58] 9946
- H11S 5200]  B36] . 158f  &89; 022 u.s4f 209p]  9ges o
H10S 5273] 033] 123 9.03| 000§ .m0 2074 9958
Ass b sa74l  ozd]  aa1f - 777 o020 - 14590 2132|9936 ¢ .
B1S | 5147 0370  126f 103%( 027}  1493] - 1991} - 9876
. H6S | s19sf  oasl  122]  1wm| © o28]  1s25] 19.54] - 9506
- m\ss - | sissl o4 im0l - 1073 oas|  1393] 053] 9945
ms | sil osel 303 n4ad4) - oe2s)  1254]  2002] 9981 C
o aam lesﬁ'&mlhelaxgredmaﬂ;ergg wence - BT
2sMs | 5259] 034 158  e78l o24] 14a| 2107 0020 0
24MS _ 53871 038 1401 - 1088] 035 174!  19.56]  100.10
23Ms - | s5235f o3s] 1281 1031l o026] w438l 2083 0 9976 0 i
22M8 | s244] 037] 36l - 1026] 026}  1426]  3084) 10000 - i°
ivseamyf s213]  ear) 179 997, . 024F  1414)  2008f 9990
tomMS(22m)y  5169] o360 130] wav] o26]  14d0] zossl 99,05
19vMSE)}  SLes|  03S] 129  1049] 0251  1425]  2064] 9907
6Ls | s1isT o4 - 2e0] ms4|  o26f  1387] 1905 9927
éms | si3el  oe3ol  uisal 03] o02s]  1404] 2089F  9g8y
sLS | 5129 036]  264] 16331  023] 13.12]  2035] 9879
ALS 5138|039 1921  3056f 023 1360 2047  98.89
amMs | siea] 038 1390 1008] . 024]  140a|  2085] 9897
318 135230 0.36 2151 _ 1019f 025 13.57]  .20.95]__ 100.10
3MS _ 5231] 040 1570 - 1974| 026]  1440] - 20201  100.10
218 | _saa0] 038 207] 1921 025  1366]  2095{ - 10030
118 18] o38] - 1s8s| 1061 026]  13.92]  20.54 99,70
— N s sarnjlest’romthefoutwall_ L . o _
FIS . 5253 - o040| 19| ~ 982| 0.00 14.24 20.90 100 0
E2S o Losadal oasl  y43]  j0a81 o2l 1sasl 2008] o054
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. Table73
Ana}ysls of analytical errors, The 29 errors quoted have been calenlated from Ihe precmon in the snalys:s of
the calibration standards (as very few duphcates were analysed) The replicates analysed vary within the

———— " 13TV
orthopyrosene analyses s - g@mmxeneanaly;g : _ e
| sio, |ALO, { FeO | MgO tCa0 | | S0, 1ALO. [ R0 | MgO a0 0000
20 )05 oz [ o3 fo2 fo1 Iz | o5 103 | o2 |02 ot I
R Replicate anatyses .
1. 21093 12264120371 o83 1 15253 ] 1o1 | 082 | 1424 | 2090
2 5214 | 102 {2957 12025 | 284 Jla 5234 | 101 | 082 ]| 1402 | J085
) . . I3 bsroo i 191 ] 985 | 1416 | 2096
Oy | 002 | 006 | 008 | 008 | 001 flo,, [ 031 | 000 | 002 | 0% | 006

7.2.1 Pyroxene compositnons

The cationic propomons of Ca’* Mg ? and Fe have ‘been calculated ﬁ'om the oxide
~ abundances, from which the mg-number (100xMg/Mg+Fe) has been caleulated for each sample '
- Ali Fe has been taken as FeO for these calculations. These results are listed in tables 7. 5,76and
7.9. Analytucal errors (Table 7.4) have been calculated taking into account the errors detenmned
for the ma,]or element analys:s (Tahle 13).

'l‘able 74

Anatytical error in the calculation nfwne comﬁ
oﬂhnpymme analyses _ o elmopymxene analyses :
c | Mg | re | Mpuumber | Ca* | Mg™ | Fe* Mg-numbeif'
2o |02 |03 | o1 | oz leo | o3 [ooe] 03 03
- Compositions determined by BRillay (1990) |
a6M | 36 | o3 |1 | els ||3sm 2y u2lwes] 73
) o _compositwns determined afterre-analysisnfsepamt _ | N |
M | 35 | 97 | %68 | 618  Jssm | 434 | 404 | 168 | w5
s |or |oa oz | o3 || fes | [e2 ] es
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el

Tae S o R
Cutxomo pmpamons of Ca, Mg. Feand mg-number ch luw-calbmm and chnupymxene separates from proﬁle
_ _ s inwcalciumpmxene N
Sample Ca? Mgt | Fe* [ Mg | ce* | mg* Fett Mg~
| Bumber _ number
HSN 31 ] 686 283 | w38 | 423 4.3 134 | 768
- HIN 32 63.1 | 337 652 436 | 417 147 | 740
HeN | a4 611 | 346 | -39 I o417 | 418 1635 | 717
MaN | 42 605 3 353 6.1 422 41.4 63 { 7.7
H3N 29 [ 624 247 | 043 420 ) 424 15.6 733
H2N 43 | 502 365 | &8 || 406 419 | 175 | 705
CHIN. | 57 592 f 351 | 628 | 442 404 | 155 | 73
o __samy lesfromthelayemdmarkersegurnee -
20N | 36 | so4 1 370 | ele6 f 4L4 f 41 ;16 | 700
19MN 3.7 603 | 360 626 | 412 419 1 169 | 712
18MN 34 | 593 373 | 614 || 425 40 | 165 | 713
11MN 33 1 393 374 | 614 || 434 | a6 | 161 | 716
100N | 62 | 563 375 | 600 434§ 302 | 174 | 693
WwMN- | 36 | 3908 366 1 621 N 421 414 | 165 1 75
OMN | 16 60.0 364 | 622 | 4tz | 415 | 169 1 7Ll
SLN 66 | 337 379 | 597 § 430 | 304 | 179 1 86
sMN | 48 ] s79 | 373 508 | 429 0.3 168 | 706
JLN 60| 560 | 381 | 595 I 438 | 390 | 173 | 693
§MN 3.3 59,9 36,8 6l [ 4at7 | 414 | 168 | 70
SLN - 57 560 | 382 | so5 ) 422 | 394 ¢ 184 .} 682
SMN_ 5.1 5729 | 310 6.0 || 419 | 406 | 175 ] 09
4LN 4.7 5717 376 60,5 34 1 302 | 174 69.3
AMN 3.0 | 603 367. | 622 423 411 | 166 702
3IN 48 1 518 374 | 607 | 430 38,7 17.3 896
3MN 3.7 60.6 358 | 629 || 431 4ans | 161 7LY
2LNB ‘45 | 594 250 | 623 N 431 | 304 17.6 692
2LNA so 1 os1m b oas oeos | 427 ] 400 ) 172 | 699
2MN 29 | 605 | 367 | 623 | 418 | 410 173 1 704
o _ : - footwall sgniples o . I
TIN 44 | 598 | 358 | 626 | 423 | 410 | 166 | 712
F2N. A 502 XN 0T 7Y Y 00 WY

.....
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'1 able 7.6

clinojiy'-'-bxene

: Catiomc propnrtiuns of Ca, Mg Feand mg-numbar for low-calcium and chnopyroxene separates from pmﬁle

low-calc]um pyruxene
Sample | Ca* | Mg e || Ca* | Mg Fe?* rlg-number
_ ' . . numher _ ' e
" hangingwall smples ' -
Hzs | 33 | e84 | 283 | 708 | 424 | 447 | 130 | 775
s | 34 | oesa | 332 657 Il 433 | 4L® 149 1 18
H108 44 1 68 1 3 | 657 .|I 4925 | 423 150 | 740
Bss | 47 | 631 2.2 662 h 4.5 24 1 131 | 3
CHTS 32 | 6L2 | 356 632 | 406 22 o1y o
HeS 32 | 625 | 343 | sas I 108 432 170 | 7118
H58 57 | 574 | 369 1 609 | 432 399 | 178 69,1
His 78 | 516 | a0s | 559 42.9 374 | 197 654
' ' ~ samples from 1hela}'eredmarkerseqnence ' -
25MS - 46 584 37.0 612 3.3 405 { w62 | mn4a
24M8 3.5 600 | 365 | 622 |l a1 1 a0 | 180 | 700
2ams | 41 589 1 370 1 6L4 I 420 409 | 171 | 108
22MS 40 1 584 | 376 | 608 i 426 | 405 16.9 10.5_
198MS _46 59.0 36.4 618§ 431 | dod | 165 | 70
19mMS 38 | 392 37.0 61.5 32.1 40,9 170 |1 707
190MS 49 | 584 368 | 614 i 432 | 405 173 1 700
- 6LS 53 | 368 | 380 | 300 |l 399 | 404 197 673
SMS 42 | sa1 1 378 6os fl 430 | a02 | 168 | 705
- SLS 56 56.3 381 | 597 33 | 390 { 177 | 688
48 | 30 572 1 378 | 602 || 427 30,5 118 59.0
4MS. 41 | 504 | 365 | 618 | 429 404 | 167 708 _
LS 51 | 574 | 376 | 604 @ 436 1 393 171 [ 696
3MS 43 | 589 | 368 | 615 | 413 410 F 178 | 698
218 46 58.1 373 | 609 | 435 304 | 171 69,7
IS 54 | s74 | 312 | 607 42.4 399 | 177 | 693
footwall samples ' '
F1§ 4.9 590 | 361 | 6zl || 431 | 405 | 164 | 712
Bs 1 4l so6 1 363 1 623 | 44 { als 1 471 | 708
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'l‘able‘!.?
Catiomc pmportxcms of Ca, Mg. Fe and mg-nuinber for Jow-caleium and clinopyroxene separa*es from prc:ﬁle
C. _
low-»-:a!cium prroxene ' " clinopyroxene :
Sample | Ca¥ | Mg* | Mg- Co® Mg»® | Fe* | Mg
' A 1l ' namber I ' e | BUmber
76L 43 58.8 358 { 613 | 367 | 436 1 197 | 688
76M__ 37 | 601 | 562 624 I 412 1 419 16.9 712
TSM. 40 | 610 349 636 Il 378 | 433 | 190 1 693
8L - 85 1 543 38,2 0.0 403 | 407 1 190 | 681
3sM 63 | 5727 | 359 | 616 422 | 412 | 166 | M3
M 68 | 571 | 361 | 812 407 | 416 | 176 70.3
35M 61 [ 568 i 371 605 || 418 407 { 174 | 700
24M | 75 | s40 | 385 584 || 415 | 35 | 190 | 675
23M 103 | 542 | 334 | 605§ 410 | 405 | 188 68.6
1T™M [ s | &1 | 372 | 605 409 | 407 ] 184 | 688
wL | 10 ] 558 372 | 600 N 367 | 436 19.7 688
oM | 36 | se2 | 371 | e1s | ans 418 | 178 08
~ samples from the i‘natwall to the marker
7 1 50 ] 581 ] 369 a1l 413 a4 | 1 1 707
2199 | s0 ¢ 381 L 877 (.40 X 301 1[99 | 663

_Electmn M:croprabe anaiym of pyroxenes

‘Within certam of the samples the pyroxene is a minor phase and the grains are ﬁequentlv
iounded by small enhedral magnetite crystals. These effect the magnetic properties of the different
‘minerals phases and makes it difficult to separate these phases efficiently. In such cuses the
pyroxene phases have been analysed by electron microprobe. For these samples several grains
were analysed, This data, together with the calculated catlomc proportions of Ca, 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 graing within a single sample. The pyroxene phases, from two
samples, have been analysed by botlk X.RF. and microprobe techniques. Figure 7.3 shows the
compositions of these pyroxene phases as determined by these two diﬂ‘erenftechnitlues From this
figure it can be scen that the variations are small but systematic and reflects the effects of
exsolution on the mineral compositions, |
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Figare 7.3 Compaﬁsan of pyrozene compositions from selested samples 08 determined by microprebe {p) and
XRF analysis (x). Field and tie line jom data pomts for one sample whilst the other ﬂata points refer

to the other sample.
Table 7.8
Mzcroprube analyses ofonhopyroxene goaing within selected samples from proﬁle A,

R i : :
Sample sm, Tio, ] AL, _FeO MO | Mg0 | cs0 - mm; NIO 'roul

20LNGR K131 10,00 | 062 12709 | 065 1856 § 081 | 003 [000 | 9520 | 17 | 533 448 1 544
20LNG 51.1140.15 | 0.60 [27.00 1 059 fizes Yo70 | om foor |9soe | 14 § 54t ldas | s49
20LNM)C 151.2210.18 | 0.63 12691 | 069 (1878 | 083 | 006 J000 ] 9932 | 17 § 539 1444 | 348 _
J0LN(UAR [51.31[020 | 0.63 {2644 | 0.53 | 1843 | 098 | 003 1000 | 9857 1 21 | 338 1443 | s4s :

ZOLNUSIC [51.27(0.23 | 065 12599 | 057 |18.72 | 108 § 003 looy | ogea f 23 | 544 1333 | 357

20MNCUDR P2.67[0.22 | 063 12347 F 038 12156 ) 090 | 001 loos f1o0m0 | 1.8 | 604 328 | 613

20MNounilsa6s (018 | 063 [2336 1 055 2175 {070 | 002 1609 | 99os [ 14 | 610 1376 | éne

20MNUme 52461020 | 065 |25 | 049 12171 {086 | ool loos favos {17 | 605 1377 | 617 -
20MN@/MR 152,46 10.21 § 059 12387 | 0.96 {2119 toss | 000 [o03 [o9s1 | 17 | s97 fase | 607 oo

20MN(@2)I 152,23 1023 1 060 {2313 | 081 y21.85 } 005 | 004 lood |0a31 | 10 | 607 [374 | 619 |

1=
=h
e 3

20MNHC 53151 0.18 { 067 12255 | 0.54 [2197 | 184 | 000 1005 10080 | 37 | 604 j360 | 627

2294 ] 0:55 2182 | 089 | 000 1002 ) 9984 | 18 | 612 |azo | 623

19MN;4?1)#E3' 0.23 | 0.61 _ _ _
MN@2)H152.511024 | 063 2272 ) 0.33 |2194 | 099 | 005 004 § 9963 | 20 | 615 |366 | 627
MG 2361023 1072 12345 051, 2202 ] 008 | 000 5003 } 0930 | 0 | 618 laes | 681
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Tahle 7.8
Mtcropmbc analyses of Orﬁmpmxcnegramsmtlﬁn selected samples from proﬁleA
19MNGIUR 152,75 1025 | 0,61 22.57_ _o.sn zaov o9y | 0.01 g_._t_:s 9901 120 ! o617 |24 | 629
| ISMN@RB[259 |04 | 683 2204 | 051 |2136 | 201 | oot |oo1 | 9985 | 41 | 605 |35 | 630
1omnaryesaagloos | 055 {2237 ] 055 [2205 | 145 § o1 [oo1 f1o040 | 29 | 613 [3ze | 632

ISLNGDR 1601013 | 0.63 J26.08 | 060 |19.84 {073 | 000 Jo000 | 9958 | 14 | 562 |424 | 570
1SLNGRH [Si45]0.16 | 057 25041 038 2049 10.65 | 003 lopo §otsg [ 13 i 574 |412 | 382
1seRame baarlods | 060 aaos | 038 2043 1064 | 002 oo toves | 13 | 380 1407 | S8R
18LNGMR Pi.1s 019 | 065 1as84 | 062 [1955 §082 | oot oot | 9ser | 17 { 559 fd424 1 se
1SN 51711024 | 064 2631 | 058 fio46 J 000 | 001 1003 [ 9082 | 21 | 494 f485 ] &
o TI — ® . ) . )

Fod
i

Table 7.9
throprobe analyses of chnopyroxene grains within se!ected samples from proiil° A,

Cs0 Ic'r,o, Imo I“i"otallﬂa"l gz i Fe‘* IMg:uumher

20LN{53)R 16 038 | 137 11165 {035 |1263 |20.78 0,06 ]0.02 [98.65 | 436 | 368 156 _653
FENGEM | St10 [ 030 | 11s 11.9; 033 1250 |20.69 | 0.0 DOQ |986S | 434 | 365 1202 | 64d
2oiNese | s1.04 (o043 | 1a |3218 §oa3 (1280 120.64 1 003 1004 [90.68 |42.8 | 369 1203 § 646
20LNGIDR | 5185 fo2s | 123 1092 033 |12.89 12174 § 0.01 1001 §99.41 [ 445 1373 Y180 1 &73
20LNGm | 150 1035 | 141 [31.20 | 035 |12.85 §20.87 § 0.01 [0.01 {9883 | 43.7 | 374 1189 1 665
20LNG/C | 133 joas | 136|169 |03y |12.81 {3084 | 001 J0.03 {9919 | 434 | 571 1105 | 655

Sample I SO, ITszAA@,.lFeo_

ZOMNG/OR | 5250 $037 § 115 | 946 1026 $14.08 {2178 | 0.02 1008 19903 | 445 400 1155 1 721
20MvNgyc ) 5243 fod1 | 138 1992 1028 1)13.83 12105 | 4.00 1000 |99.47 | 452 1306 1153 | 722 '
20MNE/R | 52.64 038 | 104 {941 102 (1417 12174 | 0.00 1005 |100.60 | 444 § 402 |154 | 723
2MNGE | 5208 Joas | 145 1936 Toas [1402 |ateo | ool Joos {9972 1440 | doo 153}, 705
20MNER)C | 3248|097 | 141 {939 1098 {1393 [2187 | 000 002 |100.00]448 {397 J IS5 § 719

' im IR | 81501026 ] 126 [1141 | 028 |15.00 |20.85 | 0.0z |01 |oREs | 5.5 | 576 1185 | 663

JLNgye | 5133 Joao | 138 11138 (040 [12.80 [2085 [ 004 fooo [ow7s [236 1372 112 ] 659 ~ o
mm_@_)l_z 5165|033 13 [1086 [o40 [12.61 |21.47 | 000 Jo.00 {9893 T449 1367 {184 | 666 B
yornemu | 5173 [eag 1147 Tivag {oae Tz [2008 [ 002 [ooo o03s 4z {360 fiea ] ss : T
1oLNasie | 517a [ 029 {132 Y1o74 [oa3 1286 J2use ooy fooo [99i7 |eao Vo732 fig0 | 674 R
19LNGR | osi7o 631 | 143 {1100 Jo26 j12.78 J21.52 | o0 [0.00 [99.25 | 448 F360 183 | 669 o

porNgimye | stis [o2e | 151 (1n2e | 031 112.53 §21.36 | 002|002 (9849 | 444 [ 366 |190 | 659

[
e
[~

1SMNG/DR | 5226 o039 | 122 |930 fo29 {1407 12176 | 0.02 003 |99.51 | 446 | d0.1 1A
tomuieynye | 5196 1042 | 136 [ 953 1024 j1401 t2148 | 001 [005 [99.3s |aa2 | 400 sz | 719
sovmiunr | 5223 Jose | 135 |93 fo23 [139 f2191 § 000 looz }99.45 | 450 ]399 {150 | 726
IOMNUDH | 5239 1041 | 143 11003 1029 11400 }21.13 0062 [003 [100.00 433 402 165 | 708
19MNC | 5239 1059 | 143 1907 Jo26 (1381 2203 § 0.00 [0.06 19969 | 454 [ 306 jys50 | 728

IRUNGAYC | $2.18 [029 | 128 1053 [047 |1348 |2i47 | 002 oo [99.39 [ 446 [3ed 1174 ] 687
ASIN@AR | 5171|036 | 120 |1068 |034 | 1201 |21.50 | 6.02_Joo1 [9883 |4a7 | 374 [179 | 616
8L 5136|040 | 143 1169 [031 |12.63 (21.00 | 604 Jou1 9814 433__ 366 1195 | 652

WW“
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'I‘ahle 1.10
Mmroprohe ana!yses of low-zalcium pyroxene grams within selésted samples ﬂ'om proﬁle B.

Sample | 810, 1710, | ALS, | Fe0 |Mn0 ! Mg0 | Cx0 | Cn0; | NIO | Total | Ca* | Mg | Fe | Mpammber

SLSGR | 5095] 03] owo] 7807] 0:65] 1816] o96]. 000 001l 9935 te| szi| 4e3] 529
zsESEAC | 5099] 08| 0.55] 2826] 0.67] 18a5) 061l  00z] oosf 9951) 12| s23| 465} 529
3US@OR | s134| 012|038} 27.61] 066 1843{ 072 D01} 003 9933} 15| 529 asel __ s37
25EsEme | 5089] 0.11] 08s{ 27681 0.67] 1840l 0741 _ouol 02| wwwsf 15[ s8] a57 53
J4LSQIR | 5148] 0.1] 073 2290] 055} 1684] edz] oot] o] svai] 133 aea] asel %61
2arsyc | sior] vae] o066} 2617 0.ez] 18210 2220 ooil o03] 99.3s) 46| 23] 32 sS4
ZLSR | SL13] 03] 053] 27.07] 0.65] 1884] 07s|  ooo| 00z o913 161  s3e| 4a3]  s4®
a215QmB_ 15121 048] o72] 2623| 0.87] 19.9] o8| ooo oes] sesal 16} ssal 432 s61
2208@m) | 5181] 031] 124 11s9| 027 13.74] 1952 o0o] oo3| osza| dos| 3se| 193 674
essolution) __ _ | . 1 A
 22LSEU/pR | sLos] o301 oei| 2579] 0.50) 19.30] 0.76] 000 002) ozsal 1st s63i 4zi] 512
22182 | s1.89] v20( oes| 3s.78| u.sel tem3l o70] o000l oodl ooe1] 18| sea| 42 72
2LSEHC | 51531 022] 0.49] 25741 0s8] 19.70] oes| 0.00f 002] ssadl 14| s62| azd 7L
ISLS@R | 52.00] 08| 039] 25.59]. 0.47) 1o.68] 051l 0.00] 002] 99.57] 19 s62| 4L 573
19LS2)N | 5148( 024 os4] 2537] o54] 1994| omo] o0of o.04| v943] 18| Ses| 414 578
19Lsame | s171] vat] ol 2554 oss| tous| ost| ooi| oos| 9933] 17| ses| 419 514
19LSmR,_| 239 021] 062 25.44] 053] abs2| o7a] o000 oos[icoap| 15| s7el avel _ _sss
19LSG@H | 32.10] 07| _0.66] 2533 053] 2034| 073| _o000| oos| svsr| 1s| s15] a1 ey
195s@MC | 52317 0.07] oss| 259 035] 2056 o071] 0.02] oos|r004p] 14 s7s| aos| _ see
R-RIM; H= HALFWAY BETWEEN RIM AND CORE; = CORE
Table 71

Mlcrcprohe analyses of clinupyroxene grains within selected salnplea from proﬁle B.

Era o T ¢ L

25LS(R_ {8143 1027 | 120 [ 1183 1038 [ 1270 | 2052 ool [ood [ 9873 |430 [370 {200 { 630
25L8(/9N [ 5135 Joa6 | 160 | 1297 7030 [1297 2041 fo00 Joos | 9915 |41 |376 J208 § 647
g_s;.mc 5175 1030 1148 | 1i7g Toan 1257 12009 jo00 |00 [9946 143.8 365 197 | 64

asts(uoR | 5144 {030 1140 | 1164 0as | 1270 {2117 j0.00 J003 | 9940 [438 |368 1194 1 635
astsER | 5180 |0.30 (131 § 1141 1031 §1276 £2136 {000 | 000 | 2954 1443 [368 1300 § 660
2sLsEme 15100 1026 1135 (1270 |07 {1304 §19.59 1000 | 004 | 9871 ]40.9 [37.8 {213 | 640

2ALS(UDR ] SL8T | 024 | 132 | 1067 Joa2 ] 1397 | 2184 [0l [ooe | 9935 | 438 [3e8 1193 | @3
24LSAAC [ 5181|629 | 151 | 1120 | 031 | 1281 | 2149 [000 | 0:02 | 9951 | 443 |36 1186 | 665

oo

1
24L8(R | 52.17 3095 1130 | 1017 1030 | 1278 | 21.65 | 0.00 j0.02 | 9993 | 447 |367 {185 | 668

24r80M | 5143 j0o20 |14 11138 Y030 | 1260 2149 |oo1 J0.02 J9o30 447 [364 1189 | 658

24L505)C | S145 {030 } 141 | 1195 {032 | 1263 | 2095 | 000 {002 | 9932 1436 | 365 [ 190 | 647

BILSQUR | 5223 [ 033 | 128 | 1009 [029 | 1323 | 2178 [00e |00l [ 9056 |45 |38t 169 | 692
l .

23Sl 5201 039 135 11041 1025 11304 {2184 |001 001 19970 1451 a7z [172 ] 687
BLSumc, 15172 1036 | 143 11035 1029 [ 1317 12176 {002 |001 §99.28 1450 f3n0 1170 | 690
2ILSGMR | 5184 {038 | 134 | 1075 1027 11330 | 2185 {001 | 000 | 0955 | 447 376 | 177 | _ €80
zzt.ggmc 5203 034 [150 | 1078 fo27 | 302 | 2069 [ono 004 [90.91 | 44w {373 178 | 677

zzw(m) 5055 [507 T101 [ 3643 Toss Jias3 | o6 voo Joot [9877 [ 22 3 o7 T 553
D | |

2H 042 {141 1122 [028 | 3307 {2120 |000 {000 9540 J4an | 375 [ 185 | eas
218(12) 070 {2491 | 0,61 | 1825 | 330 | 000 [ 003 | 9932 | 68 | 523 410 | S6d
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Tahle 711 :
Mmroprobe analyscs of clmopyroxene graing within selected samples from proﬁie B.

| BLSasR 5@6 T034 | 128 | 1033 1025 | 1316 | 2155 [0.03 [ 043 | o890 |4a¥ [360 1192 1 629

19 g 3150 1o3s |14 fuise [oag | 1295 | 2084 [obz |ooe (9922 1434 |37 f1o0 | e62
1pLsame 15160 1037 (146 f1o31 Joze |1ase | 2166 {002 1oos [oso1 J453 |374 f17a | 6ra
ILSE/HR 152.54 1039 1113 | 979 [o022 11369 | 2205 |oor | 003 [ooey 1451 1389 T160 | 700
19LS(32Y 3194 f038 1135 | 3008 | 026 §13.34 12041 {001 | 004 | 9926 } 424 1392 J184 | 680
lousgmyc 5235 1037 {140 | 1030 | 030 § 31343 |21.50 1000 [0.03 | 9996 {add jass J74 | 693

: wmn 3196 1023 1126 | 1088 1032 11280 12150 Jo.01 Joos J992s Tad7 faro Tawa | 670
CasisamE 1517 1028 F132 Tio7e Jo3z [ 1279 §2168 | ooz Voo joons |ast 370 J178 | 674
istsype 1567 1030 1536 11113 3034 [12.77 Poust Jono foo2 19947 |44 [368 J1ms | 665
asuseumye | 317 10as (131 frogy To3s [az27s | 2i8e (002 [ooz Joos2 J453 [as7 [1s0 1 671
18ESmC | 5134 [0 (138 [ 116l | 633 | 1261 {2100 |00l | oog | 919 {40 [ 365 {194 | 653
ReRIM; Hm}lALFWAYBBTWEBNRMANDCORE.&DDRB - S - -

122 Vertmal vnnatum of pymxene compos:tmns

Figurs 7.4 shows the variation of the pyroxene compos:tmns, for profiles A and B, ﬁ'um the
footwall, to the Layered Marker Sequence through o the hangmgwall samples

.m‘PmﬂhA - o _ za-PmB // - ?-_5
w0l _ ' _ B

. 85 &0 6B Vo V8 - sq
20 ' :
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201 Ty
halghi {m} haight (m}
40 sl 1
_ : R Wl
" 801 A
S0l EER
'y e
jow-palokiim pri—
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460 ciw.pymm_-om
ol o 420
' T00MgMy+Fe S S " YoDxMyMgHFe

Figure 7.4 Vaiation in pyroxene compositions for profiles A and B. The filled symbols refer to the hangingwall
and footwal! 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 pyroécené_ compositions '
towards the Pyroxenite Maker ( which occurs at Om). The intensely sampled interval is the

~ layered masker zone. The compositional variation within this interval is preéented'in greater detail

in Figure 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 bs explamed by analytmal precision, In both oasea

TPROFILEG o , o
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Figure 7.5 Vertical varianun in pyrmm composition for samples from the Layered Marker Sequence, Symbol
size is proportional to the calculated analytical error,

the pyroxene gets more magnesian towards the top of the layer. The satne layer was sampled
several times along strike. The mg-number of cpx from these samples varied by 1.3% und opx by
L%, | o o |

The variation in composition of the pyroxene phases between leyers is significantly larger than
that of the plagioclase, Pyroxenes from the mafic samples havea mg-number that is typically about
2% higher than that of the contiguous leucocratic samples. Towards the top of the sequence, the

 leucocratic samples are anorthosites and the pyroxene compomtnonal difference between these and

723

the mafic sam;:les can reach 5%,
Lateral variatmn in pyroxene eumpos:tmn _

Ona lmgar sca!e there 1s no sigmﬁmnt dlﬂ’erenee in range ofpymxene compasmon for samples
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"'fmm the three proﬁlﬂs ‘I‘able 7. 12 lists the range of low-calmum pyroxene composxtmns._ '
detenmned for intervals ofstratngraphy from the three proﬁles o

| | |  Tablenaz
i Mﬂm of g—n of !ow-calcmm ' _
| | | meoea | i
Pyrmmte Marker | 652708 65708 | Moouiorop
interval . o o
‘Layered Mavker ~ | 608626 | 606622 ] 605624
interval (mafic layers) | | o o 1
| Feowallgabheonoote | 625626 | et f 0 6l

T.2.4 Compansun with ather stmines

) F‘gtu'e? ématernary plot shovwngﬂterange ofpymxene compositions encountered Pymxene_ | )
compositions from smdlesbyMolyneux (:974), Atluns (1975), Marazs (1977) have beenincluded =~ I
for comparison. | | o N

* From this diagram it would appear that the pyroxene compositions, determined in this study, ¢
 are similar 0 those determined by others. The nﬁcmpmhe_ analyses of clinopyroxenes are however '
. salactad snalyses from tha work of Marais (1 |
¥ (profles: TThornl; S=Stesipocrt Park; G=Gelstroom)

range of pyroxens compacitians frot x.R F. zmalym of aemrates
) for proﬁlezh B and G)

saparaies (for ptofiles A, B and C),

' range of pyraxane co :oaltinna from micropmbe analysis of
cm’? _ CaFe

Figure 7.6 “Ternary plot showing the overall range in mmposxﬁon u:t‘the pyroxess analysed in tha 1udy Also '
umluded. for cumpanson. is data from other smmes. .
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| conssdembly more Ca-rich due to the fact that the matrix of the grains have been rnalyaed wrthuut |
takmg into account the exsolutmn lamellae, The orthopyroxene grains analyseﬂ by mlcroprobe

-~ show themverse trend; The low-calcium pyroxene samples analysed by X, RF. exhibit a range in |

‘composition spanning the gap between the otthopyroxene and pigeonite fialds. These fields are

dehneated neatly by previous work on low~calc1um pyroxenes from the Bushveld Camplm: |

Figure 1.7 shows the detailed mmposmanal vanatlon exhibited by the chnopyroxenes and !ow- .
- calcmm pyroxenes analysed in tfus Study - :

| 7.2.5 an-cnlcmm pyrnxene

As has been: pmnted out prevaously, pyroxenes ﬁ'om the ieucocratic samples (c;pen cu-cles in

‘o hangingwall samplas

o melanocratia samples
- O jeunocrati samples
@ footwall samples

". & Cn .O 3 &

2 4 % % ¢ 2 % % % % @

_Fignre 77 Detailed plot of the compositional variation shovwn by low-calcium and clinopyroxens sepamtes o

_ analysed in this study, The composition of those separates analysad by XR¥ an: identified by the
~ enclosed fields. These data points that plot outside these fields have been analysed by microprabe.
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Fig. 7.7) ate Mg-deficient in comparison to those from the mafic samples. In addition the

pyroxenes from the leucocratic samples ara frequently more Ca-tich than those from the mafic
 samples. This trend is not seen in the microprobe anslyses as the homogenous and equilibrated

_ matrix has been probed without taking into .ac_count'the exsoluiion lamellae. ‘This trend cannot be
| exb_laii;ed by contamination of the separates by plagioclase as ALQ, abundances, within these

unzlysee 1o not appear systematically enriched in line with increased CaO cpncentrations.

'linopmxeue - T S

- Leumcx atic and melanocratic samples plot in dlstmct graups in F:gure 7.7. 'I‘here isa range E
" in Ca content of 4%, which is quite significant, but, as it is shown by both leueocratic and
melanocratic samples, may reflect variable amounts of exsolved orthopymxene being separaied

 from clinopyroxene during the coolmg process.

~ Asaresult of the large range inCa wntents in both X.R.F. and m:croprobe analyses tbere i
o pomt in txylng 1o estimate temperatures, either of formatlon or of final aqulhbnmn ' '
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8. -‘Wﬁble rock geochemistry .

Selected whole mck Samples from profiles B and C, have been'a'naiysed fur & variety of major
- and trace elements, This data is presented in the tables 8.1 and 8.2, The data for prnﬁle Chasbeen

' mcluded for compadson These samples were analysed prior to this study

F:gure 8.lisa dwgrmn showmg the appromate straﬁgraphic posmons ﬁum where the samples'-

-'were taken

+20m [:‘ S ——H128 (GABBRONORITE)

L RS LEVCONORITE)

Com = . —HI10S (PYROXENITE)
SR ' HQS (LEUCONORITE)
R A H7S (GABERONORITE)
- oetm | B
wm E LAYEREQ MARKER SEQUENCE SAMPLES
o ) =1S{GABBRONORIH:)

' It‘ignrhe 8.1 Siratigmphm column showmg the appm:mate pnsinons from where the whole mck samples, !lmt
: havebemlanalysed,wemmken. _ o .

81




- Table 8.1 |
Geochemistty of selected whole rock sarples from profile B,

Sample | 8i0, | 190, | ALO, | Fe,0, [Mo0 [ Mp0 [ €20 [Na,0 | %0 ] Tott | V | Cr | Co | Ni | Zn |Rb] Sr jZzr [Ba | P
H125 5200 022} 1470] 863| 020] 11.90f 1180} 1.84] 011f 1o12:]| 133] 707 30f 236 s9) 12| 198} 22| 68] S7
HuS | 5220 017] 13.i0| 1240] 029] 1260| 804] 129| 0.15] 9997] 143} 275} 63 168 78] 14f 2s31 21} 381] 133
H10S | 5270] 0.21] 474] 1820] 041 19.10| 539 0.67] 0.04] 10090 258 448} 138] 332{ 1221 18] 721 23] S6] S8
HYS 5270] 0.15] 1680! 1060} 024] 995] 921] 191] or7] 10148] 176] 280} 7ol 205] 81| 15} z09| 20 871 60
HIS 5310} 0.15] 16501 870] g70l 11201 190} 0.8} 10060} 208] 109] 49] 120] 57! 13} 254 18] s8] 47

; _ Samples from the Marker Sequence - - :
2388 | s3.00} o1 2570] 309} 006! 240] 12.00] 3.98} 038) 10090] 69} 1} 15| 29t 19] 4] 397} 24] 114f 122
23MS | s170) 022] ‘3110 1176 024 1i2e] 1220f 153} o.as| 99.72| 313) 32) 73| 167) 66| 2| 167) 22| 8] 101

19MS sz.50) o.14] 2000]  726] 03] 624] 1120] 285} 025] 10065) 128] 28] 34} 8’| 43 3| 308] 19| 88} 105
LS  5360] oa1] 2430] 397] 007] 295] 1176] 3.80] 6.33] woogoi 73] M| 17| 39| 26 4l 3821 21} 117] 129
6MS 5280] 020] 1680} 8351 0.17] 769! 12.10] 226] 0.23] 10066} 215] 20] 458 112] si]| 7} 256] 23] 93] 120
5LS _5340] o011} 2380] 3921 009] 343! 1180] 3.8} 0.35| 10090] 87] 7l 20] 40| 28} 4] 375| 23] 14§ iy
4LS 5270] 012 23201 472} 00%) 386 1180| 3.34] 033] 10033] 102} 2l 221 50| 307 5} 361] 21 1I5] 1%
4MS 52.50] 0.20] 1450 992 019} 9.32| i200] 220f 0.18] 10090] 238l 31; 56| 133] 53] &) 225| 23] 791 %0
3LS - 5200] 034] 22701  5.08} 0.30] +19] 11801 347| 0.31] 100.83] 108) 17} 24| s6i 32] 4} 348] 21| 106] 126
3Ms | s230) 021] 1550 944{ 020] 378] 1200} 2.8 0.21] 10066} 231] 28] s0f 128] 53| 8| 237} 22| 92| 114
218 52300 014 2100l 581 oax] s03] 1200f 314 o20] 9991f 134] 18] 271 70| 36] 4f 329¢ 23] 105] 113
. . Footwallsamples _  ° - —
Fi§ 52.60] 020} 1650] 830] 020] 807 1220] 243} 020} 10056y 24| 271 46) 1197 53] 15i 258] 23} 98} 83
F28 5250} o.16] 19.00f 704] 0150 624] 11501 232] 625 9926} _'31 25 38) 85| 49) 13} 307] 217 96 89
20 1 ' se| 26l 16 1-23- 26] o} 18] 36] 25

a2 e TR

o i T i

B ity
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Table 8,2 _
Geuchennstryofseiected whole rock samples from profile C. 'I'hmsamp!eswereanalympmrtethlssmdy Pwasana:ysadformthesmnmasﬁr
sampl&s from pruiile B,

Sample | 8i0, | Ti0, | ALO, | Fe,0, |MnO | Me0 | £40 | N2,0 ! K0 Total vic' Co | Ni | Za | BB | S¢ | Z¢] P :

4L 5297 003 2826 L1 003 038 121 368 053 997 z4 3# 9 & 13 8 467 10

53M 5284 018§ 174] - 85 0.5 737 1204 27 025 tols| 100 3t 44 10 57 9 278 10

52M 5240 029 1341 1063 02 1008 119 118 o4 100l 238 33 ssl o143 62 14 214 14 W

521 52250 o009 2382 413 oen  3al 1179 2373 o037 es7l s 15l 220 43 oA ¢ 301 i 70

1L 5248 0.4 2169 568 oaf 461 11548 16 034 ose 08| 13| 28] 62 35| of 360 § 73 - o

46M 5221 029 o8¢ 12171 o026 1221 1169 o015 01l 995 288 39 77 w94 81 13 158 19 A
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.' Variaﬂon in major element abundances

54

Major elements vary significantly in their abundames Element~element p!ots may be used to
show this geachemical variation as they can indicate the effects of dlﬂ‘erentxatlon, modal changes
and/or the possible influence of a new magma through dlﬂ‘m'cnt trends. MgO is a useful e}ament
in such plots as it vanes wxdely in abundance. In add:tmn it is oﬁeﬁ used as an mdxcator of

dlﬂ‘erentlatmn.

¥ such graphs are ploted two types of pattems emerge. A plot oF MrO versus MgO (Fig. 82)

* shows one such trend, In this plot all samples define a goad lingar trend. The sample that plots off

this trénd fine is that from above the Pyroxenite Marker (the topmost sample stratlgraphlcaﬁy) o
- The boxed fields drawn on these plots defineate the range in composition shown by the different
- mmeral phases. These compomtmns have been determined by the nucroprobe ana!ysxs of samples B
| -_ﬁ'omproﬁleAandB | '

Tﬁe pluts ofMgO versus TIO:; and Mg() Versus Azzo,, (Flgures 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 dlﬁ‘erent trends. The sample taken frcm '
above the Pyroxenite Marker plots on its own as before,
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8.6

What these plots appear to be shbwiﬁg is that the magma producing the leucocratic and
melanocratic layers is geochemically very similar. If this were not the case melgnocratic and

- leucocratic samples would plot in significantly different areas of the'plfot 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 éamp_les. The hangingwall samples appear geochemjcally different and this
is most probably due to an enrichiment of low-calcium pyroxene in the modal aSSembIage above
the Layered Marker Sequence. The sample from above the Pyroxenite Marker often plots on its

~own in such plots. This sample is petrogrephically similar to those below the Marker other than

for the appearance of orthnpymxene at the expense of pigeonite.
Incompat:ble trace element d:stributmn

The mcompatlble 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 oceurs in reasonable'

concentrations is Zr. Profile B samples contain around 20ppm Zt. There is no apparent syétematic

vatiation in Zr concentration between melanocratzc and leucocratic layers. However there appears
to be a Jateral change in Zr abundance 88 profile C samples contain only half as much Zt a8 those
from profile B,

P has often been considered as the ideal element for evaluating the role of trapped liquid asit
is highly incompatible (Cawthorn and Walsh, 1988).This element appears to be enriohed_ in
leticocratic compared to melanocratic layers in profile B (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 systematlu variation in P content with mode (Fig. 8.5A).

Bu is quite incompatible into the whole rock (D,,0.01, D.,=0.07 and DM=0,23 (Henderson,
1986)). This element appears to vary systematically wit_h mode (Fig. 8.5). Note however that the
topemost 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 i mto both pyroxene phases,

- but partitions more favourably into plagioclase (D, <0.5, Henderson 1986} However ihe

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 lewcocratic samples (refer to tables 8.1 and
8.2). '

A W"m 9@&%5%&%} R :'




[ B Y T T":"“ SRS 25 _-v- ek

A R

8.7

{A) _ _ e no
180 : . - T H1zs B A :
S . CHBB -
_ 120-*' . HTSR el S
' B N [ . '23[.3""-'5'55:0
’ o : : 10M8
o 6Ls
BMS
. BLE
T ALS
: : Lo ; ; AMS
I T R s
_ h S| F18p - 1 o ?
i S ' oo Yomusduasifannd funa)
% 2 4 8 8 100 _F-zsam(za @ sﬁ“ﬁuﬁumm

' Plaglaciase vol. %) R F (ppm)

' .Figurc 8§ Va:iaunnmpconeentraﬁon with changing wode,
© - .{BY Varigtion in P concen tionsbem-ecnsamplesfmmproﬁlesa Samplesarea.‘mngedm
mugraphic order but not to scale,

iF
0.0

FT

H

T

H

H 1 £t 8 T
[+]
9

120

K

| Ba (ppmy) .GG

N —
(o 0T % w T

PIHMSG{\'O' %)

Figure 8.6 vanauon in Ba concentration wigh Changmg mode

R

e P

e




e e i ks emmiirith © ¢ e 2o ki i s 2

83 Var:atmn in compahble trace element abundances

Cumpatxble traces analysed for included N, o, Co, Sr and V. When Ni Cr, Co and V are
plotted against ¢ach other two types of trends emerge In a plot of Ni versus Co , for example, a

good linear trend ﬁttmg all the data, axolndmg the topmnst sample, is seen (Fig. # ™

A Ni versus Cr plot (Fxg 8.8) ﬂlustrates the other type of trend that pIre g,es Int thxs case

samples from the layered marker interval plot on a well defined linear trend whilst those fromthe - - |
hangingwall define another. What is unpartant to note however, is the sxgmﬁcant ennchment of

- Cr sbove the Iayered marker sequence.

Sr parutnons strongly mto plaglcclase (Dm-l B). Itis almost complately excluded from the
 pyroxene phases. Therefore the Sr abundance can be related directly to the plagioclase abundance.

Simﬂar_ly AL is almost entirely controlled by the abundance of plagioc!ﬁse. 'I‘h_érefare when
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Figare&.7  Plot of Ni versus Co.
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~ Srand AL O, are plotted against each other, a good straight line correlation 1s evident for samples

from the Layered Marker Sequence (Fig. 8.9). This graph shows that thers is very little
~ geochemical difference between the magma which produced 'thé melanocratic and leucocratic
layers. The significant range in elemental abundances seen in the whole rock samples analysed
from the Layered Marker Sequence can thereibre be explamed by modal changes alone mthot.t

: resortmg 1o other geochemical methods

Figm 8.8 Plot of Ni versus Cr Dala poits in the mais gmph are for samples &nm the layemd interval,
_ Additional sample puinks plnued in the ingetied graph reflect the composiutm of hangmgwull -

_ samples.
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Trace element analysis of mineral separates
Analys'is of mineral separates by Instrumental Neutron Activation A_n’:ilysis

Selected low-calcium pyroxene, clinopyroxetie and plagioclase separates have been analysed by
LIN.A.A. The results are presented in Table 9.1, Figures 9,1, 9.2 and 9.3 show the chondrite

Chondrite notmalized RE"E abundances '

1 At FAN

la Ce Nd Sm Eu Tb Ho Yb
Figure 9.1 M:mﬁ@mmmmmmlmmmmmmm
normalized REE abundances for each minsral in the samples analysed.

Gd end Lu were also analysed for in these sampler *{owever these two elements are fision
products after U and Th, The analytical standards vsed contain significant quanitities of U and Th.
Therefore ance the standards are irradiated there are interferences when detecting Lu and Gd.
Therefore it was impossible to get & reasonable calibration curve for the determination of these
two elements. As a result it was impossible to get realistic values for the abundance of Gd and Lu
within these separates, For this reason Gd and Lu abundances have not been included in Table 9.1,
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These samples wmumlyscdfor@dmd I.n inaddmuntnlhe elermfs llstadubow. Howevertbuse elemuﬂs are flaion pmdncts maum
"Th. As the standards used cofilain significant amuobils of U and T, u vevsonable calibrativn curve, for the calctlation oF Lu and Gd, conld
" not bo generafed and thereforo the calenlated porventrations nfmmm elements in these samples were uumlishu. Far this teason these tivo

" glemgnts have been excluded from the data prosentod.
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9 1.1 Clmopyroxene

The cﬁnopymxeme hosts most ofthe REB This is especially true for the hea. } vare earths The |
 chondrite normalized REE pattern for clinopyroxene is easentlaﬂy ﬂat with & subtle depletmn of -
Eu (‘Fxg 2.1). - _ . o
_ It appears that the separates from the leucocratic samples are exmched in REE comparedto” . .
: thoae fom the melanocratic samples (Figure 9.4). The differences are, in miny instances, well in
. excess of the calculated errors (refer to tuble 9.1), these errors being based on the acduracy and
| ] premaxon ofthe cahbration standards {method outlined in appendix 4). As a check on analytical |
 precision, nne sampie was analysed in duplicate and the results of theke analyses suggest that the-
| re:iults are more precme than the oalculated BLrors nnply . . |

m.'

.

~ REE abundances (ppm)
| " ﬂ: .

ta - Ce  Nd sm  Eu T  Ho  Yb
| [T sen M sun B s B zve |
Figure 94 Concentration of REE's ia olinopyroxene separates from the Layered Marker Soquence,

9.1.2 Low-calcium pyroxene | |
The ioimcalcium pyroxene separates contained very low_éanc_eutrations of REE. Many'ofthese_ o
elements were not detected, However again it appears that the separates from the leucacratic
samples are entiched in the REE compared to the separates from the melanocratic layers (Fig. 9.5).
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Figare 9.5 Concentration of RER's in low-caleium pyroxene separates analysed from profile A,

9.1.3 Plagioclase se;ial‘ates

The plagioclase separates are enriched in LREE and depieted in the HREE. These separates
 also show an emichment in By (Fig.9.3). Again the separates, fom the leucocratic samples, appear

enriched in the REE compared to those separates from the melanocratic layers. This is well
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Figure 8.6  Concentration of REE’s in plagioctase separates from profils A samples,
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9.3

- demonstrated by the La abundance (Fig. 5.6) The error associated with this element'-is less than |

0.2ppm (the duplicate analyses varied by 0.1ppm) whereas the vanatlon in concentrattons between |
the layer types is around 0.6ppm. _ .

' REE abundances within the whole rock sample

Whule rock samples were not analysed by mstrumental neutron actwanon analysis. Mme:al |
separates were analysed instead as the compositional change within these was conmdered more
1mp0rtant as the ‘whole rock compositions are strongly effected by rnodal variation and such .
vanatmns are inherent in these samples, :

In order to determine the whole rock REE abundasices, the modal proportions have beenused :

10 weight the mineral analyses. Accessory phases, especially apatite, are very low in abundances
within these samples as evidenced by the whole rock P,0, contents, Table 9 2 lists the REE

~ abundances within the whole rock samples as caleulated.

. : T . -
REE abundances in the whole rock samples ag calculated from the individual analyses for the nunera!

sepamtes

[ ta [ Co [ Nd | Sw | Bu [ ™ | Ho | v
HON_ | 312 | 591 | 241 | 0es_| o060 | o014 | 020 | 066
HON 3.07 63¢ | 229 | 067 { 060 f 013 | 048 | 063
HIN | 315 | 670 | 245 | 086 0.68 0.17 | 023 0.71
34 | 330 | 690 | 3242 | o83 | o7 | ol | G2 | 074
aNM_ 1 231 | ss6 | 290 | 117 050 | 024 | 034 | 108
UN2M 231 [ 548 | 272 | 103 058 1 022 | 031 | 097
UNSL__ 345 | 694 1 244 J o2 | o3 | 014 | 020 | 957

BN 1200 [ 648 ) 243 1 oso S os ) o1z ] 020 ] 062

Partitioning of selected trace elements between phases

Table 9.3 lists inter-phase partition values fbr seleéted trace elements. The La, Ce and Cb
partition coefficients caleulated do not appear to vary significanily and/or systematically between
melanocratic and leucocratic samples. This constanicy suggests that they are in equilibrium, Ni and

 Sc partitioning between clinopyroxene and low-caloilum pyroxene phases, on the other hand,

appear to vary more strongly with the analysed melanocratic samples tending to show & lower
valug than the analysed contiguous leucocratic samples. This may be explainable as Nielsen (1992)
has shown that these elements vary in their partitioning characteristics as a function of calcium

~ ontent, In this case there is a variable proportion of pigeonite within tue low-calcium pyroxene
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* fraction and this is reBected in the chunging calcium content evident in the analyses (Table IATE

and 7.1b). 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 fimited, this does

_no__t' 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

0y

 Swmple | NigiNigy | CouiCoye | StpSty | LagiLan, | Copulitu, | €8
- HANGINGWALL SAMPLES o |
HSN legd 1047 { 290 {059 164 3.1
THN 012 0-12' | 28 - {061 |11 44
o ___ SAMPLES YROM TEE LAYERED MARKER INTERVAL _ B
SN 085  |059 1336 o 192 {51
SMN 074 |os 292 - Joe 138 5.1
IMN 057  |oss 271 064 . 1o 37
WNa . |om 0.51 2,97 | v.66 181 {45
S FOOTWALLSMLES_ o |
BN o |oas 3.09 Loss 181 136

9.4 ih-Sr isotopes

Recent work on samples from below the Pyroxenite Marker in the Eastern Limb of the campiex'
(Sharpe gt al,, 1985) indicated initial “’Sr:*Sr 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 u_s'ed as they contain very low concentrations of Rb and .

high abundances of Sr. Therefore errors in the analysis of these elements have a small influence

on the caloulated initial ratio. A fw of these separates were analysed for Srand Rb by X.RF. and

LN.A.A., The results are presented in Table 9.4. The initial ratio has been plotted against height
within proﬁle A (Fig.9.7).
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| o | | o | 0.8
"The footwall sample exhibifs an initial ratio of 0.70812¢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 leucocratic sampies 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 significant variation in the initial ratio for these two samples. One
layer firom locality B was sampled geveral 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 explamsd by analytical precision, -

Above the layered marker mteml the ratio is sxmxlar (0. 70825) but decreases ahove the
Pyroxemta Marker aud conttnues to fall above this layer

1\

Rb-Sr wowpic analyses ofselected samp'es ﬁnm pmﬁle A, 'me exmr hsted is ﬂm 95% confidence Merval

T T
R e |
meN - fare 28 lowmws fosemesr
N ws0 a2 070865 | 07080148
B6N | 4620 - 3t 070888 07082547
_ o samplesfromthe Layered N‘.[arkerequenee - R
WIN a562 35 omssr oo
20MN 4603 o fa23 0,70877 0.70833:7
190N 454.6 59 | 070922 0.7081)147
19MN M85 26 o Jomsse | o7oiser
181N 4531 s 0.70811 ogominr
LN a2 45 070899 0708147
18MN  455.1 23 - { 070861 {o70818e7
5LN 159 - 070680 0.7082047
SN 7 A £ ¥ 0.70889 | 0:7082347

CamMn wse a2z 0.70860 0.7082047
21N #6030 0:70839 0.7083247

| | ifast\i'aﬂ' samples
N L A L 070883 | n7081248




_ . : - Tabje 94 ) m——
Rh-Sr isotopic nnalyses of selecied mmples from pmﬁle A.'The ervor hsted is the 95% confidence interval,

Snmples tatken along stnke from one layer o

| wms«.mj o tasry o las 10708787 07083047
IQMS(Ifmj- tes23 0 {25 |omsmas | 07082747
19MS(22m) 455.0 taa 1 0.708642 0.7082547
AIMS@Eom) [ 4538 |22 o 0708614- - o.mzm .

R and & Bre the present day and initial S’Sr“’Sr ratio. at 2060 ma, respechvely

95 Ba, Sr, Rb and K,O in plagiaclas'e-
A s:gmﬁcant amount ofwork has been done on the plaglaclase separates. As a result of this the |

abundance of certam trace elements within selected plagioclase separates are well constrained,
These are preseuted in table 9.5, The variation of these elements within these camples is

gmplﬁcally xllustrated in ﬁgure 9.8,

Ba, Rb and X are mcompat;ble into plagmclase w:th partmou coeﬂl“'ments 0f 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 :_'_nalytit:al errors, For Rb and K,0, towards the base of the
layered interval, the variation does not appear signiﬁc‘antly systematic. However towards thetop

' ofthe sequence, wher the modal contrast between layers is most extréme, the leucocratic samples
are invariably significantly enriched in these elements over the contiguous melanocratic sample
(Fig. 9.8). For K,0) this variation may reach 0.06 weight %, with an associated error of 0.02
weight % (20). Rb shows variations, in sbundancs, of :p to 3.6ppm with an associated error of
0,08 ppm (analyses were by isotope dilution mass spectrometry). Those variations are significantly
in excess ofthe associated analytical errors and are therefore considered significant. '

_ St is com atible into plagioclase and does uot vary mgmﬁcanﬂy between any nfthe sampies
below the yroxenite Market. However above this marker the Sr content of plagwclase drops by
20-30ppm |
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ﬁgum 9.4 Variation in 133, Rb. 51 and K0 in selected plagmclase separates from profils A Samples ara in
- snnﬁgmphxc oxder but not to stals,

 Table .S _
Variation in Ba, Sr. Rb and X,C in selected plagivclase separates from profile A samples. (Valnes
determined by X.R.F. are 11 a normal typefice, those determined using LN.AA, are in bold and these
measumd by isotope dilution snass spectrometry are underlined, The errors for each method are. listed at the

— _ e Ji0t0M of the table, _
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Variation in Ba, 8r, Rb .'md K,,O in seleeted plagioclase separates from profile A samples {Vatues
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10.  Discussion
10.1 Review of salient aspects

10.1 1 Fleld relations

The Layered Marker Sequence can be f‘ollowed fur at least 80km in the sastern limb of the
Bushveld complex. 'I_‘tus 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
Jeucocratic layers. The individual fayers are normally 10's of centimetres thiek whilst the whole

| package varies from 2 to 20 metres thick. In contrast the layers themselves can only be foliowed
for tens of metres before pinching out (Fig 2.8). The melanocratic layers pinch owt more
frequently. The morphology show by the lateral layer terminations (Fig. = - ~uld be suggestive
of an erosional environment in which melanocratic material was deposited . equivalent of sand
bars in a fluvial environment and occasionally eraded whers the current activity was focussed. The

* leucocratic material may then have been deposited, infilling and covering melanocratic bedload.

There is no systematic relationship between melanocratic and leucocratic 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 fir into the chamber as the latter, The fact that
the melanocratic layers wmprise 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 cutrent,

10.1.2 Petrography

~ The mineralogy of these rocks is dominated by low.calcium pyroxene, clinopyroxens and
plagiociase, The plagioclase is cumulus in all but the most melanocratic samples. The pyroxenes
also appear cumulus in all but the anorthositic layers. Magnetite occurs, as an accessory phase, as
either euhedral cryatals on the boundaries of grains or inche 4.3 #4i"4 Sen. There is 2 wide range
of modal abundances, with rocks varying from felspathic pyroxenite to anorthosite. There is also
& progressive ingrease in the modal contrast between adjacent layers towards the top of the
Layered Marker Sequence. |

"I‘he two pyroxene phases occur in approximately the same'relative modal proportions.
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Figure 1.1 Vanauon inthe ciumpymxena and Jow-calciung pyroxens sbindance in selécted whole rock samples
as measured nsing a CIPW normalization cateulation. The pluses refer to the hangingwall samples,
crosses to the footwall samples, large filled circles to levcocratic samples and the smaller filied
circles to the melanocratic samples, The weight percent of total pyroxene is shiown by the numbered

diagonal lines, _
Normative proportions based on the geochemical whole-rock analyaes 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 CIPW norm. The
plagioclase varies significanily 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 suppor: the idea of a mechanical separation of phases as the difference between
these layers, in terms of mode, appears to be primarily in plagioclese abundance, the density of
* which is significantly Jess than that of the other phases. However above the Layered Marker there
is & very distinct increase in the ratio of low-calcium pyroxene to clinopyroxene. These layers do
not appear to be significantly graded. This can be seen in cutcrop (platé‘ 2.1) and has been
confirmed by specific gravity determinations for numerous samples taken from various positions
within individual layers (Table 4.2). This non-graded characteristic ic difficult to reconcile with a
model involving the mechanical separation of phases since this process normally producea graded
layering,
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There is  distinct breals in the total pyroxen content, between 30 and 40% (Fig. 10.1), which.
approximates to the expected cotectic proportions of pyroxene to plagmclase This feature also
suggests that mechamcal sepsratmu of phases has ogcurred. |

'I‘able: 10.1

Cl:Pw normaiized abundances for selected samples from Profile B, The ﬁgures in brackets rofer to pomt
) o e . : mﬂ% measurements . ’ - . B
| | sampleNo, | Antab D:+Hed | | EntBs
o 15128 - fareny 23 8) ooy
e 1 H11s 40 (64) 9 (7) 48 (29)
Ha“g;“g“’?’“_ HIOS 16 (14) Bsagy - lergs
sampies |mes 36 176G N Y7
: NECER 52(57) 16020 128 0)
2Ls 0 lsspm 1o 5 (5)
- | aams 36 (53) 31 (30) 28 a7
! 1oM8 - es e 12 (38) |20@3
: 6LS 81 (92) g @) 7 5)
) 6MS 18 G0 . |zmEey
prcosbepmncil €1 SRS £ 10 S BT YT 70
ucnce samples | oy 76 (34) e en 2
aMS 48 (31 lasgey - 2304
| ais 75 (81). 11¢9) | ay
lams 50 (61) 23 (25) 22 (14)
as |69 ue 0 e
o ms 1 54 68) 22.(17) {210
footwall samples | pyq | 61 (68) - BAnH 0 jean

10.1.3 Petrofabrics

. 'These rocks display a planar fabric which can be seen in hand specimen and in outcrop. This
fabric s defined by the bedding parallel orientation of tabular plagioclase crystals. It can be seen
_ i thin section (Fig. 5.1A) and has in.certain instances been measured. The fabric is occasionally
‘Jinear (Fig. 5.1B). 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 fiow orientated whilst others may have
been transported as part of a traction load. | |

Grain size measurements were also undertaken on thin sections -clit from the top and bottom
contacts of certain layers. Fig. 5.3 diagrammatically illustrates the results of these measurements.
It would appear that only towards the top of the sequence does the plagioclase grain size become
slgmﬁcantly larger in the leucocratic as opposed to the melanocratic layers, In the melanocratic
layers however thsse plagmclases are mostly mtersmlal and therefore thess gram size




measurements cannot be. used for comparison. However the plagioclase gr‘ain-' sizes in the

leucocratic layers towards the top of the sequence are smﬁcantly larger than those in elther the
~ melanocratic or leucocratic layers closer to the base ofthe sequence.

10.1.4 Minera! chemistry -

© 10.14.1 Plagioclase -

The vertical variation in plagioclase composition is very small with most of the cores of grains
being between An,, and Ang. Rims to cumulus phases may show reverse zoning, Towards the
base of the sequence the plagioclase from the melanocratic layers is slightly enriched in anorthite

compared to that from the neighbouring leuqomt-if: layers, direct footwall and hangingwall
* samples. However, these variations are usually within the range of analytical uncertainty. For

-proﬁlec however this variation is more pronounced (Fig. 6.4). Towsards the top of the sequence,
the plagiaclase in the melanoctatic layers is visibly interstitial and poor in enorthite in comparison

~ to that from the neighbouring leucocratic 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 ths 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 XRE analysis of separates, from the mafic layers to be more

anorthite rich. There i 1io apparent change in plagioclase composition between profiles A, B and
o . | .

10.1.4.2 Pyroxene

The pyroxene separates show a far greater rany,e in major-element composition than

_plagxoclase The pyroxenes from the melanocratic layers are more masmesum than those from the

leucocratic layers (Fig. 7.5). Those from the leucocratic layers are more Fe-rick, by 2% mg-
number, in compatison to either the melanocratic layers or surrounding rocks. This trend can be
ascribed to the trapped liquid shift effect. Pyroxenes from the leucocratic layers show a greater
proportion of post-curnutlus to eumulus material than in the melanocratic 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 vumulus pyroxene in the lsucocratic layers, the
mg-number of these pyroxenes should be lower thon those from contiguous melanocratic layers,

This trend can be seen (Fig. 10.2) in that the mg-number declines with decreasing pyroxene

10-4
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Kigure 10.2 Vanauon in the mg-nmnber of low-calcium pyroxene with varying proportions of pyroxcne w:thm
' the samples analysed. The trends shown by the clinopyroxene are similar.

content of the sample. For low-calcium pyroxene it changes from 63-59 as the modal proportions
of pyroxene decrease to around 20%, Below 20% pyroxene content the pyroxenes are chemically
Histinetly interstitial, The clinopyroxene compositions 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 but result from the presence of variable proportions
of cumulus and intetcumulus material, |

10.1.4.3Trace-element analysis of mineral separates |
{a)  Analysis by Instramental Neutron Activation Analysis (INAA)

- Individual mirieral separates were analysed for a variety of rare earth elements (REE). The

separates from the leucocratic samples are enriched in these elements compared to those from the

melanocratic 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 fllustrated in the
following simple example. (The prinsipal investigated, in this secton, has beea tace fromn Cavezons in presc))
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Consider a liquid with 1 ppm Yb. Using crystallliquid partition coefficients of 043 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 anc pyroxene reversed and voth with

20% trapped liquid. The bulk composmon of the crystal mush (C,) could be calculated usmg the

following equation:

C,:(O.OIXPp*Q;4SXPp+IxP,)XL ey e e e 1

where p# <y TERer to the proportions of plagioclase, clinopyroxene and trapped liquid, L refers

 to the elemental concentration in the liquid. The melanocratic assemblage would then contain

(0.01x0,2+0.43%0.6+1%0.2)x1=0.46 ppm Yb while in contrast the leucocratic as&emblage.'
would contain (0.01%0,6+0,43%0.2.+1x0.2)x1=0.292 ppm Fb. For simplicity it will be assumed

that the trapped fiquid crystallizes an equal proportion of plagioclase and pyroxene, Therefore the

- two assemblages will contain 70 and 30% of the two minerals once the trapped hqmd has -

crystallized. The final cnmposmon (R) can be written as!
R= C,,xPp+chP¢ e R T T IT T . Ceeeavens 2

where C, and C, are the concentrations of Yb in plagioclase and clinopyroxene within the

solid, The relative concentrations of Yb between clinopyroxene and plagioclase is proportiosnal to -

‘their partition coefficients, i.e, 0.43/0.01 or 43 and therefore | C,,'=43xc; . which when
substituted into equation 2 gives the following expression:

o ‘X % L] ) ) . . ’ .
IR Cp PPMB Cp Kpc LI LN RN L B I L L O D L A B B L ] L R S A T L R T T R I N N TN N T DI T TN T Y 3

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

© 0.46=C,%0,3+43%C, %07 = Cp“ o 43 mao 015 ppm. For the leucocratic assembla,ge

however: 0.292=C,%0.7+43%xC,%0.3 = () -m-o 021 ppm.

It follows therefore that the clinopyroxene in the melanocrat:c and leucocratic rocks will have

0.65 and 0.90 ppm Yb respectively. This simplified example shows that it is possible for the final
plagibclaz;'e in the two rocks to contain different proportioris of Yb, even though the cumulus
compositi yns 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 melanocratic layers, but

still have formed from the same magma, If the proportion of trapped liquid is allowed to vary,
further ahmges in the concentrations m the minerals can be predicted, It is also inportant to note

that the actual minerals in this example contain in the order of 56% more Yb (0.015 Ppm versus

S L]




107
- 0.01 ppm for plagioclase) than the initial cumulus phases and so there would be an error of 33%
encountered if the liquid composition was caiculated'by dividing the concentration in the mineral
by its partition coefficient. | | -

It is now necessary to show quantitatively whether the difference in analysed sineral
compositions can be the result of this effect, In this endeavour it is necessary to caleulate an
appropriste liquid for use in further modelling. in the following calouletions it will be assumed that
the trapped liquid will erystallize 50% plagioclase and 25% of each of the two pyroxenes. The
whole—mf*k composition can be determined from the mode using the follovwng equat.on;

Co=(P,~IyDxC +(p ~Iyx) xC‘I«-(P ~IxDXCHTXC,

where P, d p refer to the modal prcportlons of clinopyroxene, ww calcium pyroxene and
plagioclase measured, D, .4, are partition coefficients and T is the pmpornnn oftrapped figuid.
hquatlon 4 can be rearranged as foliows ' '
S S VUV U STUPEPRRROUPROY S
(P,- Iy P, ")xu +(pﬁ —}xD +T
Figure 10.3 shows the chondrite normalized REE ¢ “wositions of the hqmds calculated, using
equation 5, to be in equilibrium with 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, Mc Kay (1986 and 1989), McKay et al, (1986), Tohnson (1989), Niefsen et al. (1992) and
Hart and Dunn (1993) efc) it is very difficult to get an internally consistent set of valuesto use in
madelling, This is becanse the coefficients are highly vaﬁable depending on a whole range of other
varigbles such as magma composition. Therafore 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 REE between these
phases and clinopyroxené. The partition coefficients used in these calculations are listed in table
10.2. '

Tah!e 10.2 :
C;ysml{melt parution coefficients for selected REE, Values for clinopyroxen;. for La, Nd, Sm and Yb have

beentakenﬁmnHartandDunnglss}S;andthoseﬁrCe.%Tbandﬁoﬁamlmgg 978)

Ia_| C | N | Sm | Eu | T o Yo
Cpx 005 | o1 | o1s | o029 | o030 | o035 | o4 | oas
Ops oot | o001 | o002 | 002 | o013 | oo4 | 005 [ oI
Plag | 008 | 005 | o0 | om | o3¢ [ oo | oo | om
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" Figure 10.3 AbnndameofselectedREE in liquids in equilibrium w1tl: each samlale In mlculating thess valyss

 10% trapped liquid has been assumied. The thick solid (green) line represents the top envelope of the - -
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, inctuding pyroxenites and norites (Harmer and Sharps, 1985).
Note that u greater proportion of trapped louid would push the calculated curves, for saxuples from

the Layered Marker Sequeme, to lower abundances. _
It ig fair to assume that if one liquid was respons1ble for all the rock types of the Layered
Marker Sequence then this liquid might be similar to that which produced the direct footwall
sample. Ther«fore the liquid caloulated to be in equihbnum with this footwall sample (F2N) has )
been assumed to have been the parent liquid (Cl) in the calnulations that follow, The calculated

compomtwns of this hquad is listed in Tabie 10.3.

' Table103
Composltmn of liquid cahmlated as having been in equilibium with the footwall smnple {FzN) 10%
) _ trapped liquidwas assumed

)

o s e | | sm | Ea | ™ R | »
Chondrite normatized | 76.60 | 5027 | 3326 | 3037 "31.41 ma30 | 1832 | 1722

The composition ofthe solid rock drystal]iz‘e;t from the magma can be expressed as follows:
CRPNCIRHCIPpCy e, e 6

Coop Teferto the composmon of cllnopyroxene, low-calcium pyroxene and plag:ociase in the )
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solid, Assuming that C)=C)x -f-)’- and C;'=Cyx{ 22, equation 5 and & can be combined and
solved for the C (the composmen of the plagzoclase in the whole-rock sample) gwmg the

_followng equation:

. @ ;w.u CrP,- -!)'w,*ﬂ;*(P -E)wpﬂf-‘rm; I '
Gy e, ORI 7
P, x.......-rP x._-rP : i : '

Using equatlon Titis poss;bﬁ‘ to ca]culate what composmon ofplagqclase, for each sample from
the Layered Marker Sequence, would have crystalfized assummg a constant parent liguid,
eqmvalent 10 that calculated to be in equilibrivm with the footwall sample, based on the observed
mineral propartions, The results of this modelling are presented in Table 10 4 along with the actus!
values measured by INAA (in the shaded columns). The proportion of trapped liquid used to

 calculate mineral compositi'oﬁe.. for each sample is also shown.

' Tnhle i0.4
Calcuiated mingral compositions {in ppim) for each sample assumng that the liguid, which produced gach
Jayer, was similar to that wluch produoed the foonvall samples The acmai vaiues measuml are listed in the

La | Ce. | Nd Sm._ . T | Ho } Wb o{J -
sn | 4w {odat e [ am |- o | om0 [ ] ver [raw | oo | ooe | ood f ook uns
s |36 bawi| e |aw : war | uas foamc] oo Foaef aon |imn | ome § oass | e
soie |2 foads | ses o] em aned e Fas | e fomi ] om [om | e [ae ] e |mo ]
ape fam Lam {7 Pontouas §aa ) v [owie ] om | om§oom [am] o e | o Jor j g
v [am |am | oot faiw | o [ foss [usyom jam | om | em | _u‘n: ooy nes bap ] e
S Low-calcium pyroxene - ) ' '
PN |o.a;9 o jfl 5] L I 165 | l uwI &.l.:] 029 I ] I a6 l 008 . I 049 |:.__;.'_a.'as | o |oam |
Clmopyroxene eomposmons

2 ‘mlwb:a |umekm|mImlm wlmlm]mhmlmlmi
Bl beltw detestion

In equation 6 an assumption was made that C.=C,'x -E— and C,=C,» 3— . These

assumptions are only valid if the minerals are in equilibrivum. The composxtlon of the clmOpyroxene
aid 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 w:th the meésuréd values then
these assumptions are valid and the mingral 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 Jow-calcium pyroxene there should have been appi*oximately 1.32 and 0,65 ppm
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of Ce and La within this separate, instead -of‘which no pe&k was registered, for either elett:iémh for
any of the low-calcium pyroxene separates analysed. This is almost certainly an analytiéal' error,

From Table 10 4 it can be sean that the calculated plagioclase composmons are very Similar to
those actua]ly deterimined by the analytical technique. This therefore shows quantitatively that one
magma could have been responsible for these samples from the Layered Mearker Sequence, It also
shows that the differences in the composition of the phases, in the different rock types, has been
ampixﬁed by differing proportlons of trapped liquid with the leucocratic samples contauung _

- margmally more trapped liquid than the melanocratic samples.

‘As the REEs are ]ughly mcompatlble these calculations are extremely sensitive to the

' proport:on of trapped hqmd present in each sample. The fact that the hqund 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 s shown in the Table 10, 5

'I‘ahle 10,5 :

Variation in the calculated llquld and plagioclase campositions in response to 2 10% decteass in
plagioclase mode and a 3% increase in the abundance of each pyroxene phases, All values represent
averages of calculated values for the Layered Marker Sequence samples. Subscript o refers to the initial
condition and subscript m o the modified data, The modes are listed in % plagloclase and the other

caloulated data in ppm of the Listed e!em ht. _

T | Ce | Nd ] Su | Eu | 76 ] Ho | Yo _

—average modes for plagloclase in the Layered Marker Sequence snas pesmalxsed
Mode, | 53% 53% | 53% : 53% 5% | 53% | 53% | 53%

Mode, | 43% | 43% | 3% | 43% | #3% | 43% | 43% | 4%
average liquid compositions calcnlated to be in equilibrium with the calonfated aversge rock sample
Liquid, | 1885 | 4268 | 1725 | 3537 | 185 1.0 1.33 3.65
Liguid, | 2319 | s88¢ [ 2696 | 829 | 194 150 | 192 | 497
chamge | 435 | 1606 | 972 | 292 | 009 | 049 0.59 132
] ____average calculated plagloclase campos:tions within this average sample
0,16 0.78 0,02 0.02 0,05

Plag, | 387 )| 667 | 099 _0.02
Pag, | 376 | 68 | o095 | o16 | 074 | 002 [ 002 | 005

shasee L oa1- {021 1 pie Lo T om T om 1 om 1 o0

The plagioclase sepacates were analysed for Rb, using isotope dilution mass spectrometry. This

* was done primatily 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 praportion of
trapped fiquid is assumed, with 10ppm Rb in the liquid and partition coefficients into plagioclase,
low calcium pyroxens 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 cbserved analyses with those calculated, variable trapped liquid
contents need to be asStl_med as shown in Table 10.6. It does however require unrealistic
praportion's. of trappéd liquid in a few samples to account for some of the plagioclase
compositions. Tsotope d:[ut:on mass specirometry does however utilize a very small amount of
sample (~50mg) and therefore it is feasible that in certain cases a preater than average proporuon
of interstitial material might have been analysed._ This material would therefore be highly enriched
‘inRb. The abundances of Rh 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 varyi'ﬁg modal contrasts, | |

S Tnhle 18,6
Calcnla*nd Rb abundanm in plagmciase (C,} and the whole rork sample ( ) with di&ring

iquid caIculated usmg guauon 3) comm to theachml measured gbundances.

T | | o T ¢ | c,
0% | 298 | 268 | 6% | 353 | 318
0% | 498 | 147 | 2% | 245 | om
0% | _290' 250 | 4% | ses | 576
0% | 4 | owm | osw | oaee | Lo
0% | 2098 268 | % | 475 | a1
0% | 382 | 180 | 2% | 229 | 105
0% | 326 | 228 | % | 326 | 228
M | 0% | 3w [ o185 | 8% | 345 | Les
ANa 302 | owow | sos | ase | iow | 305 | a5

(b)  Sr-isotopes

The Sr-isotopic ratios do not vary significantly untit above the Pyroxenite Marker level. At this
level the ratio decreases (Fig 2.8). Numerous determinations for single Iayers (several samples
were taken from various positions both vertxcaliy and ]aterally 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 plag:oclase, in the samples from the Layered’
Marker Sequence, came from the same magma,

10.1,5 Wholeé-rock chemistry as determined by XRF analysis
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Selected whole-rock samples from proﬁle B were analysed by XRYF for major and trace ”
elements (Table 8.1).

The compatible major and trace elements vary significantly in their abuﬁdances However these

- variations can be directly related to modal variations (F:gures 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 Seence the rocks are richer in low-calcium pyroxene and therefore these _
samples ploi on a separate trend fromn those from the marker itself,

- Several of the compatible trace elements are signiﬁcantl'y enriched above the Lﬁycréd Marker
Sequence relative to the footwall. For rost of the elements this enrichment is of a magnitede that
could have been explainied by modal variations alone. Hlowever, in the case of Cr, the abur_idances
are markedly etriched 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,
 Ttis plausible that the riew magima was intruded and plumed to the top of the chamber whilst the

Layered Marker Sequenice 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 liguid 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 b.nulysed in mineral separates and therefore the partition coefficients for
these elements into the different phases can be caloulated (Table 10.7). These two elements vary
linearly, with respect to the modes, in the whole-rock samples. It is possibile to calculate whether
a single liquid could have produced these Iayem, 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 comulus phases, the trapped liquid effect is
Tikely 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 tlus liquid was responsible for all the rock typé.s 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 calcilated using equation 4, The results
of this modelling exercise are presented in Table 10.7. From this table it can be seen that the liquid
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which produced the direct footwall sample could also have producvd the melanocratlc and
leucocratic rock types of the Layered Marker Sequence

Table 10 7 .
Calculated Ni and Co ahundances in the solid rock ,(using equation 4) assuming the composition of the hqmd
- is as calculated for sample F28 (using equation 5), compared to the actual measured concentyations, The
pm'tmon coefficients listed have been calenlated from those pressuted by Frey (1981) for cpx as the ahnndaucas
' of these twa elements within certain mmeral sepatafes i is known, :

" T Cs(Co)

23L8 RN 10
23MS N A TR 6
19MS . T I 35
6Ls BRI AR 38 | 15
6MS e T 47
5LS T g IR
4L8 - . 57 1
4MS bty . 131 51

MS TSN M . R
3MS_ A0 o 123 1 .48

- 2LS RN MR JEORE A I N
F28 ) 110 R RO Dt 46

_ ' o Ni partit:on caeﬁiment N Co parhmn coeﬂicient :
epx - ] 400 13 "
opx - - 3%3 . - 231

pag oo . ooz
P CIWIFMWWW O
Incompatible elenients are potentially more informative as their abundanc_es are significantly less
dependent on the modal variations. Incompatible trace elements analysed include Y, Nb, Zr, Rb
P and Ba, Y and Nb ocour at levels below detection for the method emplloyed. Zr ocours at around
20 ppm for rocks from profile B and 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 de however show variations. The Rb in the melanocratic layers
(refer Table 8.1 and 8.2) is higher than in the leucocratic layers. _Givén & uniforr trapped liquid
content, the reverse would be expected as plagioclase makes a signiﬁcant contﬁbution to total Rb
in the whole-rock. The whole-rock thus requii'es 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 X,0
concentrations in the whole-rock samples (Table 8.1)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 amd P are moompatlble into the whole vock: (Ba, for exampla whllst bemg more

con;patible into plagioclase, hias a partition coeﬁm_ent Dp_,,,g for basalncfandesxgc rocks ranging
- from 0,05-0.59 (Henderson, 1986)). P is enﬁchéd in the'leucdcrgtic layers (Fig. 8.5R). However
 the uncertainty associated with its analysis as trace are quite large and this may explain the

 gignificant sdatter in a plot ofP versus mode (Fig. 8.5A). Interestingly enough the P, as with zf

s anly half as abundant for samples from proﬁle C compared to those from proﬁ.le B (Tables 8.1

and 8.2). Thm observation muld suggest that the layers at profile G contained less trapped liquid
that those at profile B, This may have resulted from s more trapped liquid. being expelled ftom the

- layers at profile C due to more efficient compaction as the proportion of melanocratic to
leucocratic material at C is targer. Ba shows a very good linear variation with mode (Fig. 3.6), tl!f |

e

slope of which might be more than can be explamed by modal variation alone and could poinfto -
'mure trapped quuui in the leucm:rat:c layers in a sxmilar way as P appears to da. 'I'iie good | |
~ correlation show when Ba and P abundances are plotted agamst each other (Fig. 10.4) is further -
o pmofofﬂns More t'&pped fiquid in the leucocratic layers could be the result of the deposition by

-way of two dxf?erent ﬁow types. The melanocratic layers may represent a well packed sedxment

g deposited bedload, whilst the feugouratic layers may represent cne that was initialty Suspended -
o ,ioad and was a&‘ecuvely dumped, The semnd type mdd mvanably camam more mterst:tlai space
- and therefore greater concentratmn of trapped liquid, - '

__ These results sumnmnzed thus far appeartn be the most sngmﬁcant ﬁndmgs oftins study How |
; they relaie to models that have heen Suggested in the literature w:ll be d:scussed below,

0 w1
mpem

l?:gure 10.4 Baverns P diagmmfurselected samplesﬁom profile B, The empty mnbols refer to the leucncraﬁt;
o and the filled symbolsm the melanocratic samplca . _
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10 2 Mndels to explam the !ayermg

Many layered intrusions dlsplay thy -.hnuc/modal layering Thls has mmgued many researchers _
The mechanisms mvoked by these different studlea are relatively few, 'I‘hese mciude '

Mechamcal separation of the phases

Dzﬁ‘erent mmerals have different Spcclﬁc grawtles and this in conjunatlon with cun'ent '
activity may result in the dlfferent:al rates of settlmg fat the dlfferent nunerals and -
therefore lead to modal layenng -

- In s:tu crystamzauon

It has been pomted out (McBu‘ney and Noyes, 19’79 & 1985) that due 1o VlSGOJSlty and

Newtonian strength of magmas espemally more differentiated ones, mineral grmns may

~ not be able to sink very efficiently, Therefore crystals may be forced to grow in situ and

~ in go doing geuchetmcal gradients m:ght form in the magma, forcing the preferentlal
growth of a smgle phase and thereby produmng modal layenng -

: Rhythmlc nucleahon

Penodically supercoolmg of the llqmd, below its hqu:dus, would produce mpui nucleatzon :
~ of whichever mineral was stable at that temperature (Maalo, 1978). This could drive the
 liquid to ovérsaturation of another phase, and to induce oscillatory crystallization. -

- Changein pressure

As with temperature changes, pressure changes can mﬂuence the ussemblage mystalh-zmg
(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 :mxing

Itisa we!l known fact that when two magmas, of d:ﬁerent compos:tlons, mlx the new
magma will occupy a new position in the phase diagrar, Therefore the most hkely result
~of magma mmng i the productmn of monominerallic fayers.

Pattern formation

This process is driven by the surface area of grains, In essence all crystals that have formed
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are in dynamic equilibﬁﬁm with the magma. In this way mateﬁai is continually dissolving

from their crystal faces and reprecipitating. In addition a smaller crystal exposes a
refatively !arger surface area than does a larger grain, The smaller grain will have a h:gher
surface energy and the difference will tend to allow the larger grain to grow at the expense
of the smaller grains (Boudteau, 1987). Therefore there will be the diffusion of chemical
combonents'away from the unfavoured grains and towards the favoured grains. In addition

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 ceriain
~ unfavourable grain contacts in favour of a more stable assemblage, Pattern formation is

| ~ driven by 2 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 pl'ausibr'..‘_ity of these ideas as a lheans of producing the léye‘rin_g will be discussed below.
10.2.1 Pattern formation

This process will tend to allow the eatlier formed crystals to grow preferentially compared to |

grains forming within the liquid subsequently, due to the refative 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 ocour ov.r limited distances within the fiquid. Pattern

formation is therefore oonsidered unlikely to work for iayering that is considerably thicker, Tn the

fayered sequence under discussion the melanoratic layers vary from 1 to 56 cm and feucocratic
layers from 0.5 to 116 cmin thickness, Layers also tend to vary in thickness laterally (Fig. 2.8) and
bccasionally split, However, some layers pinch out without splitting. Therefore, the length scales
seen in this ocourrence of modal layering do not appear to easily support this method of layering.
As a post- -cumulus process of sharpening the layer definition, this meﬂ'lod may have cnnsxderably
more merit (Boudtean, 1987),

In addition, if this method were tb 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 vriginal geain boundaries are difficult to discriminate. Towards the base
ofthe sequence plagioclase grains from the leucocratic and melanocratlc layers vary very little in
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average size (Table 3.1). Towards the top of the marker however diﬁ‘erences in-grain size are

greater with the leucocratic layers containing some very large and melanocratic layers some very
small grains. However the plaginclase in the melanocratic layers is distinctly interstitial and
probably represents a significant proportion of trapped liquid crystalfization, Therefore their grain

~ sizes are not strictly comparable to those in the feucocertic fayers. Therefore based on the grain

size variations between lavers from the bottom of the sequence, it appears as though the gram size
is not varying markedly and systematlcally 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 geochﬂnuwi grounds the method of pattem formation has little merit since if the pyroxenes

~were forming by means of mass transfer of material we might expect them to have similar

dnmpesitions throughout. As the melanocratic layers contsin pyroxenes which are more magnesian
than in the leucocratic layers (F:g 7.5), there was obviously little chermcal mtera.ctton between
these Iayers, during the post-cumulus stage. .

10.2.2 Chemmal effecis of a magma imeetion .

| Tt has been suggested from various studies of the cdmplex that a new magma was iﬁtroduced
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 al., 1991), it won be temphng to try and lmk the

layenng 1o this new injection,

Compatible trace elements vary with modal abundances within each Iayer, 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 for the most part invariant and only show

2 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 (Bames, 1988). The pyroxene compositionsl variation is systematic and more welt 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, This is not conducive to any idea of another magma producing *he layeting
event. The lack of significant systematic variation in the Sr-isotopic ratios be' "“pes-
points to one magma producing at least all the plagioclase in the different Iyt ¢ in
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the ratio above the lowehnos&'pymxanite of the Pyroxenité Marker is in aecordance with other
studles and suggests that the new magma had no effect untit-some distance above the  Layered
Marker Sequence ' '

102, 3 Change in a physlcal parametel*

Ifthe magma that intruded above the Pyroxemte Marker did so before or durm,g the tlme the

a Layered Marker Sequmcewas forming, but plumed upwards to form a layer well abave 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 changmg as batches of new magma were being pumped into the chamber. Such
pressure changes could manifest themselves in two ways in the accumulating tninerals. An i:lcr_ease
in pressure would move the composition of the plagioclase-pyroxene cotectic towards higher

) R plagiablase content, thus increasing the modal proportion of plagioclase crystallizing {Osborn, -
- 1978). However, the range of plagioclase:pyroxene ratios observed is far too great to be the result
of cetectic_crystallization over any plausible range in crustal pressure. Secondly, any change in =

~ pressure would shift the cotectic, ;iausing the lignid at the cptectic under the original pressure

: condiﬁons, to find itself'in the stability field of'a singlé mmeral (Cameron, 1980). Thus, the most

| likely effect ofa presstire change would be to produde a monominerallic rock before reaching the
- gotectic under the new pressure conditions, As monaminerallic rock types are not well represented
in this marker setjue'nce such a model is not considered appli‘cable' The otcurrence of thick

pyroxenites in the hangingwall to the marker could (Figures 2, 3 and 2.4) however be the resuit of
such pressure variations.

10.2.4 Rhythmlc nuclestion

The model of thythmic nucleation is an appealing one and has been appealed 10 by numerous
workers to explain modal layering (Komor and Elthor, 1990; Hort et al,, 1993 and Maalog, 1978).
However there are several poitits from the present study that are diffice’t to reconcile with such

‘2 model: The most convincing of these is the grain size data, Thrj: grain size systematics

conciusively: show that an oscillatory mechanism by undercooling is unlikely to have resulted in
the !ayering seen. With thythmic nucleation the dominant miners 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 'f‘orce'nf‘this process, as amethod

of explaining layering, has shown that this process can at best explain layering on the inch scale

(Yaupart and Brandeis, 1986). Rapid growth, related to undercooling, ought to produce vestical
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and not beddmg—parallel ahgnment of plag:oclase Thls is clea:ly not seen (Fig 5. 1)
10 2.5 In s:tu crystalhzatmn

- Campbell etal, (1978) showed conwncmgly that plagmclase is very unhkely to be denser than _
the liquid at any stage and wc._mld therefore not settle, unless it formed aggregates with other . -
grains, McBimey and Noyes (1979 & 1985) used viscosity and Newtonian strength criteria to rule
out settling as 4 significant method of layer formation, There have been studies of crystal settling
in natural magraatic systems. Helz et al, (1989), studying the processes within a lava lake, could

not demonstrat:bly show any accuimllatmn of olivine by settling thhm the lake, Gibb and

I-Ienderson (1992), studymg several sﬂls, showed conclysively 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 effeéts of pressure on

the lignidus t_emp_era_.ture These authors suggeste_:d that layering may be the result of diffusion of
compatients in the boundary layer. In this way magma may eventually become undersaturated with
respect fo & particular mmerai at a certain height W1th1n the boundmy tayer and this would in tuny
inhibit its growth there.

| The most ocmwncmg argument against this method in the fonnatton 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 undercooling a chemical gradient is likely to produce comb layeﬁng
(Lofgren and Donaldson, 1975) with the cumulus minerals orientated at 2 high angle to the plane
of layering. This is not seen for the cumulates under di__scﬁssion. '
10.2.6 The mechanical separation of minerals into different layers |
Many igneous intrusions display pseudo-sedimentary structures; on the basis hWhiéh many .
researchers have tried to apply ideas of gravitational sorting and curtrent activity to cumulate
formation. Wager and Deer (1939) suggested that gravitational scrfin_g‘ may have been responsible
for the layering seen in the Skaergaard intrusion. Conrad and Nastund (1989), studying layering
~ ofa snmﬂartype to that under discussion here, concurred with this idea. Thenr iayered units were
| however mtemally 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 (McBirney and Noyes, 1985). In addition work
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by Campbell et al. ( 1978) suggests that for the Skaergédrd intrusion the plagioclase was never
denser than the magma. Using experiments conducted in centrifuge furnacss Campbell et al.
(1978) reported that plagioclase does not sink in basaltic magmas. However, this was for single
crysta]s of plagioclase. Plagioclase does not nucleate readily and Wﬂi tend to nucleate by
heterogeneous nucleation. In othier words the plagioclase crystals will tend to cluster, In Cmnpbell -
et al.’s experiments whenever this happened, these clusters tended to sink, Therefore, partible size

is important in the settlmg history. If individual grains are settling, however, then the layers will _'
be gram—sxze graded. '

1d.2_.5.1 Current actmty

The rocks of the Layered Marker sequance a]] appear to show & planar and occaswnally lmear '
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 of a package pf‘magma and force it to circulate, Density currents
result in the movement of magna due to negative buoyancy produced by & greater load of orystals,

 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 oeeur in magma t;hambers due to mgnﬁcantly_
farge Rayleigh numbers even in very slowly cooled magmas (Martin and Nokes, 1987). -
Experiments conducted by Martin et al, (1988) showed thiat settling san oceur even in turbulently
convecling magmas. However, the residence tims 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 snudy is the realization that the presence of significant concentrations of

. particles within the magma will tend to dampen the turbulence of the convective systemn, 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 velacity is in excess of the settling velocity, However with time
& critical concentration will be reached at which stage the convection ceases and discrete settling
events will ocour. Different mineraly/sizes will have different settling velovities and therefore it is
feasible that complex changes in sedlmentatlon rate and consequently in relative proportwns of
m:nera!s cafi OCour. S '

Some resea_rchem do not support t_he idea that convection is an important process in a magﬁxa, .
especially in the middle of the chamber and long after the initial magma injection, Brandeis and
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Marsh (1989) suggested the idea ofa convective hquldus This tetm describes a point at which
convection ceases in 4 sinilar way to how the Hquidus signifies a point at which the magma starts

~ to crystallize. Therefore when the magma is intruded it has an amount of superheat inherent to it.

As a result the hquld convects violently. However once the superheat has dlsmpated the
convection stops and subsequent cooling is by convectmn alone, This point is defined by the
convective liquidus and was 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 magraas. This idea of inefficient convection in 2 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 signiﬁ_catit heat loss will be via

-~ the roof, This will produce a niegative buoyancy of the boundary layer at the roof (Martin et al.,

- 1987). It is an established fact that even temperature differences of only several degrees or crystal

- contents of a few percent 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 plute down into

the chamber from the roof (Taupart and Brandeis, 1986) or flow down the aldes of the chamber

- (Trvine, 1980). Such 4 layer might then be internally turbulent.,

103

In light of the data presented it would appear that the fdlluwing model, employing the physical
separatmn af phases, maight best explain the present occurrence of modal layeting,

A depos:tmnal model for the formatwn of the marker

Convection and current activity in & magma is probably very stuggish (Marsh, 1988). Close to

“the boundary of the chamber heat losses are invariably faster than the magma can supply by

canduction alone and current activity may welf occur. However, the coolest parts of the boundary
layer are kept immobile (Mursh, 1988). Within this boundary layer on the roof or sidewalls the
magma was crystailizing plagioclase and two pyroxene phases in cotectic propottions. The
boundary layer, being cooler and loaded with crystals, was denser than that further into the

 chamber and occasionally became unstable, It may then have periodically detached itself from the

“edges or roof of the chamber and flowed as a density current (Irvine, 1980). Initial turbulence,

especially in the head of the current, would have kept the pyroxene buoyant. Flow of the magma
would have lowerad 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

- plagiotlase. The flow became progressively unsteady as it decelerated due to the limited supply
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of denser matenal (Leeder, 1982) The suapended material became concentrated towa,rds the base
of the flow. Hindered settling; buoyant lift provided by inferstitial liquid, dispersive pressure
(Lowe, 1982) and the yield strength of the magma (McBirney et al,, 1979) supported the grains
within the developing traction carpet, Eventually these forces coutd no longer support the growing
weight of crystals and the suspended material was effectively dumped as # layer. The shearing
contact between the hedload and the suspended foad would subsequently have oceurred at & higher
level. Current activity could feasibly have eroded"ths melanocratic layers in areas (McBi_méy,-
1979), -

10 3.1 Observatinns whlch support such a madel

The extensive development of the Layered Marker Sequence within the eastern limb of the

 somplex 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

. aver the floor. The lateral dnscnnunmty of the Iayers, both elong 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 whete the flow was more
focussed. The occurrence of the en echelon tenmnatlons of successive melmocratic layers may

- point to this fact,

The sharply-defined layér boundaries are inconsistent with the norraal 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 accurred 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
arystals overhead, the shearing contact st the base of the carpet would effectively have jumped up
to a new position and the teucocratic material beneath would have been dumped into place. No
other model discussed previc 'y can be switched off as efficlently 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 ofpham 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 -
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-ascribed to the eﬁ'ectwe increase m vigour of the system. -
Composmons of the pnmary p]agcclase and pymxene phases are the same i all the layers. The

fact that the leucocratic layers have been shown geuchetmcally to have more trapped liguid 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 niot developed due to the current activity, REE distribiition within mineral separates

o appear to be reconciiable with the crystallization of all these layered rocks out ufa similar magma

104

- The Sr-isotopic systemattcs also appear to support one magma,

Conclusions

A wide variety of'diﬁ'ere_nt types of data, pertaining to the interfayered sequence of

melagabbronorite and leucogabbronarite that occurs tens of metres below the Pyroxenite Marker
in the eastern litnb of the complex, has been presented, These data have been tested against several

- provesses that have been invoked by mimerous 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 undercooling, chemical
perturbations resulting from the injection of a new magma, a change in pressure, or the mass
transter of materisl due to differences in grain surface energies. '

The magma at the time of the layering formed précipitated 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 coaler and contained a greater load of crystals than the

magma further into the chamber, this layer became detached from the roof sad/or wall of the
intrusion and Howed into the chamber as a density flow. The flowing of this magata would have
lowered its viscous yield strength. The crystals were initially suspended in the magma due to its
turbulence and the concenteation of crystals was Tow. With time the pyroxenes were able to seitle.
However, physical trapping of plagioclase with more abundant pyroxene occnred. Only a specific
density of material was capable of settling at any partioular point. These melanacratic layers, were
deposited in many elongate bars. Periodically these vumulates 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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- oveﬂying the melanocratic bedload becaine -I:igher.' This would have dampéned the iurhu!encé_ of ;
the system, thus further weakening one of the supportive mechanistns, 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 sble to

" support the growing weight of crystals overhead and the shear contact between the melanocratic
- hedload and the suspended flow jumped up to a higher posxtwn In this way the leucocratic 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 SeQﬁence of the Main Zone, in _thé =_eas‘terf_t c.pmpal__-tme_nt of the Bushveld Complex.
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| - - XRF calibration standards -
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NIMNG) 11504 | 11399 ' paos a9 83754
NIM-B(C) 2648 2.536 0.062 2352 1908.3
NIMDIC). 0.278 0308 £0.030 10871 | 2134
NIM-S(C) . 06k 0.715 0,032 4691 1.1
ANG(E) 16003 15027 007 DAT4 007
AC-E(C) 0342 83T 0,020 $.559 277
MAN(E) 0.601 0629 | 2028 4695 4691
AQVIC) . 5.036 4943 0.091 1798 35380 |
NIM-GIN) 6180 61481 0.032 0318 45209
| Av.ansEor 18 0062 | AV.RELERRORYS | 434
CALIBRATION SLOPE 01362502 | BLANK CONCENTRATION £,010
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Appendix1 __XRF calibration standards
K0

Standmd - Std, Cone, OLCwme. | AbsEmer Rel Exror (%) Corr, CPS,
NIMGea) 5,043 5043 |  oo0n 0009 25925
NIMN(AY 0.250 0218 0.081 12291 617 |
NIMP(AY 0090 | - 0074 T 17485 356
NIM-D(A) 0,010 0004 0006 622 488
NIM-S(A) 1541 15,579 .168 ~ -lo8e 820.3
ANGEA) gas1 0,153 0004 34 1176
ACE(A). 4516 4587 .04} A9 4375

| Ma-N(A) 3245 | 2241 2,004 0121 11468

| aovagay 2.964 2081 o7 | 0.566 16184
NIMGINGA) 2619 1658 0039 1475 18409 |
NIMG(B) 5030 | 3093 ~0.063 1257 mes |
NIM:N(E} 0250 0231 - pan Csa mal
NIM-B(E) o090 0,087 0.003 3464 922 |
NIM-D(B) 0,010 Y oo | 138,855 a4 |
NIM-S(8) 1416 | 15364  oom 0340 £1063
AN-G(B) 013t e 0001 " 0998 147
ACEEB) 4515 4527 | 0011 0236 24313 |
MAN(B) 3244 3286 o042 | 1399 17705 |
AGV-1(B) 2968 - 2948 0.020 0684 |- 18930
NIM-GINGB) 263 26 | o018 0,366 B2
NI-G(C) 50438 A040 0.003 ci:trza 26008 |
| M) 0250 0228 0031 | 8202 3611

| Nopc) - 0490 6079 011 7| 0y
NIM-D{C) 016 0.004 0014 140,696 s
NIM-S(C) 1541 1550 0161 1048 80467
ANG() oan 2a31 0000 | - uss |

| AcEr as13 4481 0,032 009 285974 |
| MAN(C) 3239 3.232 0.007 021l 171423

| aavi© 2067 2968 0001 0049 | 16039

| nmaomey 2815 2655 | 2036 L ebae4 14397
AV.ABS.ERROR 1§ 0028 | AV.RELERRORIS ' 1591
CALIBRATION SLOPE 0.1$06E-02 | BLANK CONCENTRATION .08




- Appendix1 .« . XRF calibration standards
2,0, ) N
Standurd | stdocome. CulCone. - | Abs Exvor | R mrrorpe) | Comops,
NIM-G{A) B 2010 0.001 opte | saer| - a7
r ! NMNG) 0 | 0030 . oms w013 . seEm 1600
. wpapay L aew| . e o002 | . - 7856 | 1614
. | NMpgay 0.010 oot | 0,007 £6:379 7|
’t 'Nm-sm 1. 030 L. pdi S pond ] o anel " 'm.s
% ANG(A) - eme{ - noos om06 | L eam| 1558
= ACEA) . O uoe oo | o004 | - apaRe ] s |
MANG) 148 A eom| 14m ) 6834
a8 AGVIA) e | esu| o] pem| el
: 4[ '_ NIM-GINGA) | - 0020 002z | a2  aam o]
Li NosGm. | oot0 | 0008 o007 72297 | SRTIY
g INmN® | o omm| . - eoss| . o00ed LoasESE] 0 1680
f NRAEQ) ' 0020 oot} . 0010 49784 BT Y
; NIMD(E) ) . LR . ..3 ... TN
3 NIMS@®) e 0.101 oo 16152 1529
AN-G(B) ol 008 |- B X0 2 Y A SR 17 O
'- 1 ACLD) 0,010  om 2014 ] a0z | 1637 |
an MAN®) a8 1485 | 0017 | 3208 6981
AGVE)  es00 |  as ooz  2sm | . s
| sy saze | o3 | 0007 g6 | - 1593
3 NIMO(C) o gmwe| oo om0z . amem| . 1s®
4 NIMNG) _ om0 | 0.017 o013 a3y 1609
. NIMPEC) 0020 | 0043 | 0022 | qoemes | qmws
= | ey o ~oon | 4001 5043 1584
o NIM-S(C) o 0.106 oo | 1o 1945
» [ ANGE) - 0010 | 019 s | st 1618
ATE() Cgo0 | oopd | . aee| - ssean | 1361
MANC) 1416 L4 D004 ;- 6894
AGVA©) | b s am ] .asms 3828
, | Moy po20 ] omz]  G0eR | L1 N 149.1
] . AVABSHRRORIS 0010 | AVRELERRORIS e
N | CALIBRATIONSLOPE 02640802 | BLANE CONCENTRATION | 2408 |
i :
]
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Appendix 1 - ' XRF calibration standards
o Si0,

Standant Std. Cone, Cl.Cose. . | Abs Error ReLEmor(4) | Com TS,
NIMSHA} 76501 |- 763171 6184 0.240 119
NIMN(A) 52588 52901 D348 | sbs 5017

| NIM-PEA) $0.903 51049 146 g2 5026.4
NIM-I(A) 38670 38476 0194 Kz 38364
NIMSIA) . g3 63445 0436 0683 | 81996
ANGHA) 48,501 46536 | L0388 D07 4608.7
ACEY) 70761 71158 397 0.561 eomy |
| MANGA) 67058 68.501 043 08 | 66781
AGV-1(8) o7 | . 60582 0.581 1837 |- 5925.8
NIM-GIN(A) 54350 64728 0378 387 63210 |
NIM-G(BY %6310 | 73.464 0246 1108 73372

| e 52677 e 0445 | nzm | . . siees |
[ e 20975 50,673 0300 . 0.588 49910 |
NIM-D(B) 3867 38288 | K:: 0989 | 38183
NIMS(H) 63.904 63252 0652 1,02 61814
ANG(E) - AG.s6T 46877 0310 {1661 46315
ACE(®) 70,761 7 0.150 4312 §906.2
Ma-NEB) 61.534 68391 0357, 0525 46582
AGV-I(B) 59.956 60412 0456 0.76] 59126 |
NIMGINGS) 54450 64282 0.68 0261 6amas |
NIMGHC) 76301 75991 0550 0.665 7811
NIMAN(C) 5265 5237 0286 043 | 557
NIVP(C) 50,806 50,844 0o 0044 | 5006.9
NINAXC) ) 3825 38,547 078 0439 3843.1
NIMS(C) B s GH.801 0.080 - 0.26 62333 |
AN-G(C) 45,501 46.246 D245 {525 44285
ACE(C) 20711 | 71003 0292 b 0413 © 6M50

| MANC) 1437 67.498 0339 0.500 6382 |

| acv-1) 89935 60.122 Q187 312 . a88S

! NIM-anie 64330, 64,560 £.230 0388 63052
AV.ARSERRORIS 0313 | AV.RELERROR IS 0.5
CALIBRATION SLOPE 0J0S7ED! | BLANK CONCENTRATION 2058 |
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Appendix1 -  XRF calibration standards
_ ALO,

Standard Sd. Cone. Cel.Cone, - | Abs, Error | R Emor(%) | Corr PSS,
NIM-GEA) - ' 12208 11950 0258 2.116 4198.8
NIM-N(A) 16432 16,885 2,404 4 55954
NIM-P(A) 4164 4192 4028 0,667 2003.8

NIMD(A) e 0471 0173 SB148 9512
NIM-5(8) 17408 17521 0.087 - DA9T s1at
AN-G(A) 29994 30253 0350 0865 04
ACEA) 14786 14901 SIS 779 50339

| MaN(y R i 18.008 £119 0665 3938.6
AGY-lA) S s 17319 136 | 0771 57181
NIM-GINA) 14347 14361 o014 | 09T 48811
NIM-G(B) 12177 1392 0.265 2375 41882
NIMN(EB) 16512 1569 £,384 1111 | S4L6
NIM-R(E) 4170 | 4292 0122 a0 20321

1 Nivimy 2208 0423 o025 42,009 0376
NIM-S(B) 17415 16953 0462 2,650 36146
ANG(B) 29972 30,153 0081 0604 93492

| Aca 14,786 14343 0457 0988 so7s |
MAN®) 179 18208 DS 1,308 50094

| Aavag) 17480 17291 s 1083 5100

NIM-GINGE) 14327 w043 | 0284 19w 4 |
NIM-G(C) 1228 11,932 027 | 228 #1939

NIMN(C) 16506 16.606 {1,100 0,604 35162
NIM(C) 4161 4101 0,030 0.724 20035

NIMAD(T) 0208 0419 0,121 | 40,629 9364

NIMS(0) 17408 17268 240 1381 56782

ANG(C) 25994 29,966 0.088 | 0292 . ams
ACEIC) 14715 14702 ey 0.493  4om16

MAN(C). 17947 18.012 D065 0362 59141

AGVI(Q) 1A 17385 0,088 g.485 579

| NN 14347 | 14436 | 0109 | 2739 49079

AV.ABSERRORIS 0,163 | AV.RELERRORIS sm

GALIBRATION SLOPE 0:35345-02 | HLANK CONCENTRATION - 2890
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Apbendix’_i_-

XRF calibration standards

MgO
Staridard 544, Cone. CilConc. | AbsEoror ReLError(®} | ComCRS. |
NIM-G(A) D061 ool 0.45 L gdez ] 3246
NIM-N(A) 7492 7,545 0458 o7 Y723
NIMF(A) 25232 28359 0,127 502 43549
NIMIXA) - 43,186 43.539 0383 4819 74458
NIM-S(A) 0462 0.506 D044 2399 603.0
ANLKA) 1812 1871 0,089 a0 200
AC-E(A) 0030 040 - 010 31734 ¥ 11
MANRA) 0.041. - 0.086 L0025 | 50678 533.0
AGV-I(A)Y 185 ©L896 oy 2452 7763
NIMAGINGA) 341 3759 6,043 1143 11202
NOM-G(E) - - 0.060 005 0.065 107.704 1218
NIMN(B) .50 497 0.008 0.110 148 |
| NIM-P(R) 15,268 24988 | 0350 1197 496.0
NIM-DE) 43.185 43139 047 ot 732l
NIM-S(B) : 0.462 0.431 0.031 6748 3010
AN-G(B) 1.810 1850 0,080 A6 3.0
ACE®) 0.030 0.030 0,020 56,664 5305
MAN(B) 0.041 0.0%7 D16 | 39304 | 6 |
AGV-I(B) 1360 1708 2.48 | 547 794
NIMGAND) 773 3.495 0T 2047 i
NIM-G{C) 0.061 0013 D48 78744 0246
NIMNIC) 7503 7435 0068 Do 17047
NIM-P(C) 25214 . 25,008 0206 0418 44990
NIM-DE) 43247 43344 31 0.238 13830
NIM-S(C) ™ 0.522 000 | 13085 | 6056
AN-G(O) 1812 1904 2.092 ET7R N R253 |
| ACEE) 0.030 o011 0019 sLen | 3243
MANE) 0,041 0020 a8t | 149000 5193
AGVA{C) 1.560 1,606 | 0,045 2974 78
NIM-GN(C) 3.802 3.736 0.066 s 1166
AV.ABSERROR 18 0078 | AVRELERRORIS | 24T
CALIBRATION SLOPE 04269502 | BLANK CONCENTRATION 3286
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__XRF'cal_i_br'ation' standg:ds

| Na,0 o
Stamtand St Cone, 1 ¢t Cone. Aba. Extor RLEmor(%) | Cor.CPS.
NIMAG(A) 3395 3387 0109 3307 4858
NIMNGA) 2.457 2429 0,028 115 468
NIMP(A) 0369 0.519 0150 40,540 3600
NIMD(A) 0040 6,176 - 0136 340366 | 3445
NIM-S(A) - 412 0453 002t 4775 3570
AN-GA) 1641 37 0072 4375 4143
ACEQA) 63578 6706 D128 1940 L0
MA-NIA) 395 6.140 0181 3.7 6153
AGV-I(AY 4338 | 4243 0095 2w 5292
NIMAGINGAY 2920 2758 0.162 5.557 4611
NDEGE) 3387 a9 0168 4956 ey
NIMNB) 2462 | 2497 435 d1s 409
RIM-B(B) 0369 0.432 0063 -17.033 356.1
NIMIYE) 0040 0.150 0,116 274102 3433
NIM-S(B) 0.432 0419 0013 3121 3855

| anaesy 1639 1597 ooaz | 2861 4090
| ACEEB) 5378 6,599 11 0318 6342
| Mang - 5987 4146 0189 aas0 6155
AGV-IE) 4348 4234 oaLs. 2544 s288
NIV-G/NGE) 2920 2769 0151 517 4622
NIM-G(C) 339 3w 0.166 4382 a2,
NIM-N(T) 2461 2503 A.042 -1.688 4501
NIM-P(C) 0368 0.478 0110 30,000 358.2
NIMEXC) 0.040 0456 0,116 2914475 s
NIM-S(C) AR 0377 0.055 | s | 3536
AN-GLC) 1641 1546 | 04095 | 5,906 4067
ACEC) 6574 5611 0.037 2,569 368 |
| MAN(C) 5948 s017 0,069 1,166 6098
AGVSI(C) 4343 4192 oas1 | 3477 5269
| RIM-GIN(S) 2,520 2788 | o wam| 4520 4634
AV.ABS.ERROR IS N 0.099 | AVRELERRORIS 3591
| CALIBRATIONELOPE 0.22028-00 | BLANK CONCENTRATION 7408
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© Appendixl

 Trace é!gni:e;nits (ppm)

___ XRF calibration standards

o

| Standard

Sd, Cono.

Cal. Cong.

Stondard

&td. Cone. .

Cal, Como.

1 AGV-}

125

ity

AGV-1

10

S

GA

387

GA

ol

GH

12

GH

G2

36

- 43

G2

GSP-1

35

87

12

PCCA

29

- 35

NIM-G
NIM-8

12

17

81

7

- NIM-M

30

a

© 230

228

380

363

20

202

5Y-1

36t

40

40

2

110

04

235

232

BHVO-]

300 |

287

69

84

5GR-1

33

36|

65

66

SCO

71

7l

. 320

295

QLO-1

128

115

RGM-1

135

139

SDC-1

68 |

61

55

DR-N

42

3

14

20

GS-N -

55

55

105

102

MICA-MG

100 .

- 104

220

218

MICA-FE

65

68

UB-N

2590

304

90

DT-N

240

275

135

132

75

67

310

366

150

143
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C el

o __'.XRFf:alibraﬁon'sfandard_s o

Co

N

Standerd

Cil. Cong.

Standard

-Sid. Cone.

Cal. Cone.

ALD,

ALD,

Si0,

AGV-

1 Agwr

20

GA

11

Gz

G2

laspa

GSP-1 -

1

| reg

110 |

NIM-G

NIM-G

I NIMS.

NS

NIM-P

556

1 NMF

-1

NIM-N

104

58

NIMD

o002

NIM-§

210

8Y-1

56

43 1

GR

BHVO-1

120 3

114

BHVO-1

5CO-1

30

SCO-I

SR

~

SpC-1 -

| SpE-1

36 {

DRN

PR-N

16

17

- | MICA-MG

MICA-MG

110

MICA-_EE

200 |

198




© Appendix] . XEFcaliprationstandards

Sandod | StdCome, | CalConc | Standmd | S6Cone. | Cal. Come.

1 ALO, - B 0 1] 8i0, b a8
G gysiee, | ol 7] renow ) Y
4 laevm | s Comfaevr Lo er]
e eA . | o] - sslea | ws| .
G2 sl mlem L 3w - 3%
Gspl | Cws| o wles s el 161
N | pcc. | 4|  amjesea | 250 o
4 eme s | s| 0 s |vme a3
¢l [Nms ) wl o |nme | 5| 1|
Y Inge ool 0 toriwmen ol 7 6|l s
NIM-N - o 681 sl | s m
ANnMD | s soflBEVOl .| w|. e o
Cofsvr | me] 0 aefsera | s e9|
ek 60| - mlseor | sl ws|
BHVO-1 _ s wmfgod | w| _
lscoa es| o o5 lsma w1 o
o | smer 20| a6 |spc1 | - om0] 0 s8]
. |spea s - e|rw | 0w %
| MiCAMG | 20|  as4asN - ossy |

i s s e o i e et
- :
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; Appendix 1

XRF _-’:alibrzi_t_ibn standards

Sr

- Zr

| Standard

Cal. Cone.

Std. Cone.

Std. Cone.

| Standard

Si0,

Fet20%

15

Fet20%

Fe,, KR

Fe 0y

AV

gl | ||

641

AGV-1

230

GH

15

8]

-} GSp-1

235

-2

300 ¢

273

| NIMG

GSP-1-

61

NIM-G

300

251

34

NIM-S

K

gg

260

265

NP

30

21

NIM-N -

ss0 |

570 |

NIMN

7|

MAG-1

140

124

250 ¢

“a76 o

1 8CO-1

170

74

180

183

SIM-1

705

BHVO-1

180

177

RGM-1

100

98

SGR-1

- 85

T

Quo-t

175

193 | -

DR-N

RGM-1

206

s

568

8DC-1

300

|28

MICA-MG

27

C 125

129 ]

FE-N

35

DR-N

MICA-FE

200

| BX-N

110

113

5%

DTN

27

520

31




" _éppéndix 1

XRF calihraﬁon_._sfa;;da-rds |

Standard

- | 8§t Cone,

' Std. Cone.

}-Cal. Cone,

| aeva1

1200

Cal. Come,

1234 :

GA

34

FK-N

87 {

13

NIM-S

BT Y

169

DT-N

393

- oarr]

NIM-P

4zl

524

524

NIM-N

100

.-

G2

- 567

L

8Y-1

282

307

s |

BHVO-1

135

13

SYi

988

SCO-1

590

DR-N.-

1091

1061

SIV-1

561 |

- 58

REGM-1

800 |

807

NIM-J

50

385

“roe |

DR-N

538 |
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Appendix2 =~ = « ___Rb calibration for isotom.: work -

04 - -
-
] ) .,.-w'"‘—,‘
0.3 . o m _
o R Y=0,016676x+0,195636
@ o 8- i :
3 f__,.,—«'r *
4.2 :
Lo
o1}
< ® BHVOA
0.4 ® Han :
® 200N
® 5N
O BLANK
9.0 = . - " . : . 1 . .
6 2 4 6 8 10 12
Concentratinnin-ppm |

Figere A2 Celibration curve for the annlysm of Rb by XRF technigues, Net peak= gross peak background
: m*ammty {LB.). Samples 20MN, H8N and SLN were analysed for Rb by isotope ditution muss
_ euymdmumdasstmdardstouyanatmmmasonablenmhe:stbrsampiesaunlywd-
with <10ppin of Kb, The blank sample was precipitated silica, _

For S:—isotopic wot on plagioclase separates the accuracy of the Rb analyses are of
paramount importance as the errors for the ratios caloulated are strongly effected by any etror it

Rb. 8t by comparison, is far more abundant in these samples and a3 a result any small ertor inits

analysis has a much smaller influence on the i isotopic ratios calculated.
~ Due to the expense of the isotope dilution method for determining elemental ooncentratmns

- in samples, a concerted effort was made to analyse Rb and Sr using XRF. For analysis of St by
~ XRF an error uf 16ppm has been caleulated, This possible error in the analysiz is latge and

therefore it was decided to use isotope difution methods for the avalysis of St within the
plagioclase separates.
In the case of Rb it was imporiant to create a calibration for the detection of this element at

- <10ppm levels and to determine realistic errors for the results calculated using this calibretion, For

this reason three of the plagioclase separates were analysed by isotope difution mass spectrometry.
These separates were then anafysed by XRF., in duplicate, along with & blank (precipitated sitica)

and the analytical standard BHVO-1. From this exercise a calibration curve was determined (vefer |

to Fig. A2). The calcylated concentrations for these standards is listed in Table A2, along with
the recommended concentrs tions.
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Appendix 2 . - __Rb calibration for lsotope wark

With the duplicate analyses it is passnb!e o calculated a pooled sample standard deviation -

(S,,n‘,h,,), as described in appeadix 4. For these samples S,mfo 4ppm. ‘The pooled standard

deviation may be assumed to be approximately eijual to-the populatmn standard deviation ().

Therefore the uncertzinty (precxsion) assoc:ated with the ‘analysis of Rb by XRF, using this

calibratlon, is appmxxmateiy equal to 0.8ppm (20). For the purpose of calculating the Sr-isotopic |
~ ratios this error- (‘unpreelsmn) is extreme and therefore every plagmclase separate, analysed for

Rb and Srisotopes, has had Rb analysed for by motope dllutxon methods as that methoci is more

| accurate and preclse

Table A2 '
Calculmd cenoentmu:an oth w:thm standards, a¢ determined by XRF analysis, eomparcd tothe ID
mmu*abom

 Sample | Caloulated oncentrations (ppmr) cmemmﬁm by ID @pmy |

Blank {precipitated silica) - 108 - ' 0.6
20MN (pingintilase separate) 25 S (2.1
20MN (plagiotlase separie) 1.7 a3
H8N (plagioclasy separate) 33 28
HBN (piagioclase separate) 35 _ o 8
SEN {plagioclose skpamte) 30 ' ‘3.2
SLN (plagioclase separate) |33 . _ 32

BHVO-1 (asalt) . 1108 . ' 11

VA i eV MO
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Appendix 3 ‘Modal data (volume %)
Profile A samples Piag o _Opx Pigeonlte other®
HaN E R 259 000 00
N _ @8 | 7o s 53 03
HEN 676 | 16.5 12.8 L0 0.3
HAN 656 145 140 183 00
HIN 132 298 105 463 04

N 662 123 020 213 w
HIN 817 330 200 13.4 00
22N 169 140 284 a4 b2
BN 953 1.90 130 150 00
201N 883 100 030 0,60 03
 20MN 69 471 s | mo 03
ISIN 979 160 000 g0 2.3
1My 05 £.00 380 1.5 12
N we | 1@ K= 70 o0
- 18MN #3 | 3w 220 410 18
B 80 @z 10 220 06
0N 80 790 040 880 0l
10MN 24 a9 v.60 199 92
LN w4 190 a0 0.0 07
MN 04 528 290 n3 00
SLN 7.1 131 200 6.t 02
SMN 121 207 130 530 00
N 916 610 160 020 03
oM a7 418 510 216 01
SLN 60.5 ns 190 143 03
ALN 0 950 100 230 0z
AN 21 421 3.00 316 02
AN 8.9 580 L 340 06
M 28 326 n4 128 06
ALNb 0 20 0:30 ™ 04
LN %67 13,6 220 730 02
™ 482 08 660 149 04
FIN 46 303 140 P 00
2N €21 207 3.90 am | 00

*Other mainerals includo opaquo oxides (dontinently), Wiotito and amphikols

i T
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Appendix 3 | -

‘Modal data (volume %)

| Brofile B Phy Cpx opx
supples R |

Pigeonite

~other*

Hizs | ea2 730 | 219

6.50

0.1

HIS | 672 680 183

740

03

wes | 0 163 | 103 416

305

13

mws | ses | as | 202

9.10

0.1

HES 598 | 89 | 2.90

18.5

0.'0'

ws 614 | mo | 1e

160

. 0‘0 . .:.

WS | 580 om0 | w7

23

14

ms ] 13 | 8w 0.30

187

00 .

-]ﬁs T 34'.‘3' - Py 5

520

93

wms | wo | 103 | 0w

1.40

00

o | osse | o | wm

2.10

0.3

mMs | s64 | 28 | 02 |

154

02

02

s | wa | e | om
wMs | 48 | s 230

184

0.0

1818 986 1.00 000

0000 '.

04

s | wm2 | zs | e

380

o0 |

ws | s | mo | w0

176

a2

sms | m6 | 16 060

100

0:2
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*Qther minerals include opaque oxides (dorminanitly), biotite and ampbibole

“The modal data for profile C has been taken from Pillay (1990).
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Appendittl___ e Error analysis

For plagioclase Separates- duplicate analysis has allowed for the pre_;;is'e constraining of

analytical = precision attmined, For every pair of analyses the following 5
caloulated: A4,=) (x-%)* where A, is the squared deviation from the mean for the ith set of
replicate analyses. Then by Poohng the squared standard deviations from the mean, for all the
 replicates, it is possible to get a reasonably gaod idea of the standard deviation for the population

as a whole. This is done using the following equation: s, -@-:——-—- where N equals the
tumber ofanalyses and n equals the number ofrephcatw oous:dered. :

- For the pyroxene, whole mck, and REEanalyses few duplicates were run. Therefom a realistic
analytical error based on the precision and accuracy of the standards used in the calibration has
~ ‘been caleniated, The following equations describe the method with which these errors have been

calculated: The method has been taken from Skoog et al. (198_3). X= concentration of the element
within the standard; y= (c)orrestex (c)ouns (p)er (s)econd (ceps) for the standards; Nemumber
of standards run; M=number of duplicate anulyses undertaken (i the sample was analysed only

once then M=1); y~ the average ccps for the data set employed A number of convement _
- quantities can be oalculated from the calibration curve: '

SN oD
g _Z (.y’_y)!_z yz fI.‘}'.‘.*
...2 (x x)o,‘ )=E Xy~ rEJ’:

Usmg these varigbles and the following equation-we can calculate the standard deviat:on abuut |

the regression line (S,):
8= \1"”“’ e where b*s"

It is fhen possible to deferine the standard deviation ofa result obtained from the calibration -

curve using the following expression (note y, refhrs to the counts for the sample and y to those

. related to the standards):

These two approuches allow for the calaulauon of realistic errors for the mlalyses and both
approaches have been used througtiont this study. The first apprOach (employing the pooled

standard deviations) gives ameasure ofpremsmn whereas the second method is 2 measure of both

premsnon and accuracy.
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Appendixs -

The plagioclase seties ofrmnera!s ranges from pure anorthite: CaAIzs:zog (Anypn) to pure alblte o
NaAlSi;0y, The following table lists the modelled elemental abundances of CaG and Na,0 wﬁhm -
* plagioclase containing diﬁ‘amg proportions of Anorthite. This table is presented to show that the

concentrations of these oxides within the plagloclase, and for that matter 8i0, and AL, 0y, do not
vary hnearly with respect to mode. S |

Anorthtte comtent (y) | CO(x) NeO(x)
[100 o 2008 T 000
%0 | b s | L2
o w3 | 208
T
feo w8 f 456
f[se 1 w3 | 5@
o 1 e | ns

~ Using thé least squared approximation method it is possible to decive formulae that describe
 the variation in concentration of these oxides. As the data used in this modelling has been derived =
mathematically and is theoretically exact (internaily consistent) it is reasonable to requlre that
~ these functions fit the data as well as is possibie :

Using the following fonm:_lae:

- a"‘x‘ -mlzx,"*“ SUNRIRIINR Y ) DF i) 87520

1=l o =1 i=l

where x-CaO or Nazo abundanceand y = Anorthxle content (An%). For i=1000 the

follomng polynonnals have been caloulated:
fNa,0)=-0. 00025240, 04644x2-8.97827x+100. 0017
ACaO )=+0 ODDOSx:"+0 013 15x’+4 67699x+0. 00002 |

- Derivation nf plagmclase callbratmn curves
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Appendix § | - Derivation of plagiociase catibration curves -

 FALO})=+0.000069x2+0.014168x* +4.849145x-100.130052
A50,) =-0.000021540 01256957-5.121516¢+259.461252

When these formulae are used to calculata the anorthlte content ﬁ-om theoretlcal oxide
abundances the mmpanson with the theoretlcal anorthite content is gcod (Table 6.6). Therefore

these formulae appea- to :lescnhe. G vanauon in the wiagjor cmde abundmme, mthm_ o o

pla,gmclase, with r:.hangmg anoluiite content,
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REE, Ni, Co and Se analysis in mineral separates

S

*For the analysis of the mineral separates by Instrumentsl Neutron Activation Analysis (INAA),
. 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 ofcalibrations curves have been calculated S

- Table Ab.la am_i b list the cahbratmn 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 al. (1985). These tables are followed by graphically iustrations of
~ each calibration curve. Most of the calibration curves have high correlation coefficients (R%>0.99).
" However calibration curves for Gd and Lu were difficult 10 utiain as these elementﬁ are fission
products after Th and U. AsTh and U oceur in slgmﬁcant quantity in cortain of the standards it
is difficult to get & reasonsble calibration curve for these elements. Table AS.2 lists the REE. |
analyses (raw couns) for the pyroxene separates and the calculated REE sbundances (i pp)
. within these samples. Table A6.3 (a and b) list the calibration data for selected REE and other
traces as analysed forin the plagodasa separates, This table is followed by geaphioal illostrations
‘of each of these calibrations, Table A6 4 tigts the REE analyses for tle plag:oclase saparates (raw |
counts) and the calculated REE ablmdaxm within these samples. Table A8, 5 Tists the N:, Scand
Co analyses {raw counts) for orthopyroxene ‘clinopyroxene and piagwclase separates and the
- caiculated abundances of these three elements in each sample analysed, Figure A6.1 shows the

averagex chondnte pormalized REE abundaucas in the orthopymxene, clmopyroxene and
plagmclase separates aualysed : :

' | _ 106 :
. .. g 1n:_ . .“"wn
D1l ¢ § f ot ot ST
' ta Cd N¢  Sm  Eu " Th  Ho Vb
e Gfmapmne . ‘e cihopylomene .o plagicciase.
© Figure A6l  Avernge chiondrite normalized REE abundnneea in plngwclase. ulmopyrmmm and mhopymxene

sepuraten analysed by INAA.
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Appendix 6 - REE, Ni, Co and Sc analysis in mineral separates
TableAﬁ.la
Cahbmhondalaformeunulys:snfREFmthepyroxenesepm Smndardsmbnldhavebeene:mludedﬁmnthe

_ _ calculauon ofacalﬂ:mhmcm‘vc -
el Ja e 1 Ng gg_ En N Ho | v
Wt J anaze00 | sdsso | 6%3s0 | 21660000 f 414z 11500 | 145200 | 2626080 | 98920
BHVO-1_ | 1568600 | 141900 | 126000 | 73440000 | suive | éad0 | 217700 | 3043000 § 00750
G2 8718000 | 572500 | 305600 | 85410000 | 49040 | 2195000 | 105300 ] 1242000 § 29890
DTS- ' 1 858400 16830 7300 5659
PCC-L 80630 956500 1710 | 11590 |
AGV-1 245300 | J73000 | 7ile0000 | 60210 | 82850 | 3130100 | 2091000 § 74180
Wel ¢ 1 23 | 128 16 L1 4 .65 069 23
BHVO-1 156 396 24 6.1 2 8 1 _ 106 213
gz ). .52 1 160 | .8 | 754 t27 t 413 - o8 (| o4 ) o097
DTS4 0,032 0083 | 0033 00061 .00 8.001 0.003 0014
pecii | 0.4 17 1 0.01 6:002 _ = - -
AGVL 1 3g 683} a7 59 1 17 5.3 67 o} 17t
constant | _ nus Ao0s 1 a8} 007 018 | -026 co0r {008 | 0
R 09996 1 1 03084 | 09344 | 1 0.9985 1] voa
oslopn 9.4:10“ 28«10 wxxo-* | &s9x10® | 231x10% § 370407 | 474x10°¢ | 365007 | 235107

mm&mmwmhmwuwmmmmmmmwmmﬂm vacieit onsiderably trenefors i was docidod to Jeave
m«anmaumnmummammmmamummuhmmwmmmmmormum
mwhismhhlyﬂmmwhyﬂmulihtﬂmhmpm)

Cahbmt:ondataforlhcnnahms of Ni, Sc and Co in the pyroxene separates. Standards in bold havebeen wduded

Table A6.1b

i‘rom thie calentation of a calibration curve,

i o
: ______Sc_ Co . -
2544000 423900
2501000 _ 412600
301700 40780
T Tataon
539700 1047000
. 942200 _ 139800
35 47
333 a3
Y e
. 3 !.-33
_ T4 134
123 Y
[ A} -o.zv _
09591 xuuon
1,36%10™ 109x167

{100 oalibeation crves aro graphseally Jllustrated oo s Following tWo pages)

_‘E T




100

g

‘g

&
¥
IN
Ce{

La {ppm)
\

Cnﬁnts
{Mitlions)

L o e i

‘s 8 8
AN

..

@ &0 100 180 200 250 0 350
Cotnts :
(Thousands}

)

) | // B R - 1
o’ 10 20 30 40 50 60 70 80 90 ' _ 0 500 1000 1500 2000 2500
: Counts i o o Counts :

{Thousands) o _ o : + {Thousands)




-

=

08

=06

-

024

{Theuisands)

100 160 200 :zm“”

Yy

i

c\

/“

0¥

01021]30405060703090100
Caunts,

('I‘housanda)

_ s _
nm'ﬁﬁw@ﬁgﬁ

0

Counts
('[}\mnds}

E00 4000 1500 2000 2500 2000

L

r. i

| Z

e i

I

0 500 100(‘.'150025002506300035()0

21000

120}

160

Co{ppm}

o858 8

F1500 =~

Couris
(Thousands)

2

3 4
{Millizne)

-8 <] 7

(Thmus}

0 200400 soaaouwmuooma

g g T




App_endix 6

_' REE, Nl, Cnf_a_nd Sc analysis in ming_ra_l séparates :

TahleM 2

Caleulafed REE nhundsnceswlﬁunpymne sepamanualywd byINAA

b -
?eakdmﬁmmﬁéofmm :
1A _ Ce

. o Nd Sm - Eu _Th b
HENC 28820!} 44440 . | 57580 40630000 . 24050 132700 2835000 99950
HENC 286700 48740 - 54390 30770000 23790 150060 2711000 06000
HENC 235000 - 41490 N7 37400000 20780 138500 26110100 102100
SINC 324800 ‘52080 55380 48720000 24340 177200 3421060 131300
INMO 231800 23120 40170 A5140000 20050 130500 . 243000 og780 .
IMNC 233000 - 33180 35350 | 31860000 18840 123500 2257000 89790
FINaC 271700 4485C | 53120 41270000 24515 153400 2860000 - 110%00
FINC 251000 40790 41850 35020000 .} 18570 135100 2376000 - 94370
HENO Yraso 2449000 893% ‘14210 kbr ki) | 3

- HERO - 48930 2469000 10010 14810 450700 | | 32300

- H6NO 37670 3350000 2243 17220 551200 33880
SLNO 53560 4922000 3555 A4040 G19000 - | 46130
SMNOG 484970 3917000 3104 20430 559700 [ 37230

. 3MNO 54960 246300 2638 | 13480 - 402800 36200
210 62250 - 4291000 3310 21880 320900 38310
F2NO. ‘30180 | 2858000 3352 14150 aspson | 32350
Calculated REE. ahundances in ssparates . : " ; o
HENG . 280 - o 1394 1077 342 a73 &7 038 - 234
HENG 278 1344 10.34 338 0.73 070 094 1 240
HSNC 248 11.4% § 716 333 0.66 G.64 0,50 A
SANC 314 - 1A . 104% 411 0.74 0.83 1.20 apg -
SLNO .87 “iLER 145 295 7 2 2 060 08 - 2,32
IMNC 228 ay 654 4.67 061 - 057 477 a1t
AHC 264 1235 -~ | 9% 347 .70 071 - 099 2,50
F2NC 145 l-l._?l . 77‘7 294 C.61 D.63 . ?_g_! &2_}_____
HENO 044 0,14 038 .05 008 - 078
HEND L5 014 941 b.04 0.11 0f6
HENO 0.44 0.22 0.2% 0.07 0035 .34
SENG - 0.5% 0.35 0.26 .10 0.17 108 -
SMINO 0.8 il i) 027 0.08 015 o.n7
IMNO 060 0.14 024 005 0.0% 0.85
2LNaG 0.67 0:n 0.25 LT 014 090
BRNG . 237 0.15 026 _ 005 0:09 0.76
chrondrite nopmetized REE shundances . ) - -

_ La Ce N Smi_ Eu _Th ‘Ho Th
HENC 1143 1918 2.7 234 12.67 1854 1733 1420
HaNG 1137 2107 2141 21,73 12.55 1860 16.52 1506
H6NC 10.15 A 1638 1 2046 1L35 1715 1588 14.51
SLNC 12.84 22,53 2205 2672 iz 22,04 2.10 1865
SLNG 226 1865 1593 .15 11.06 16.13 1419 14.03
AMNO 931 1ih24 13719 1932 10.58 1528 13.60 1295
2LNaC 10.80 1536 2094 2256 12.04 1903 1748 | LAY
FING 10,08 1758'_ 164l 19.08 18,47 16,72 1436 13 41
.HSNO 180 09 6.63 142 161 470
H3NO 13 093 706 149 1.985 43
HeNO 1.80 142 437 1.80 2.60 A
SN0 241 i) 453 246 . 304 &,
SMNG 224 1.74 - 4.58 A1 2.66 8
BMNO 247 (V1% 2. 412 i . Lo4 S
2LNaG 2.5 193 439 239 241 344
EaNO 1.5% 098 A1 141 1.57 _4.60
Chondrite normalizetion fhotars _ _ Mamnm)

L ozas 1 gsze. L oan.] ms 1. n.n:anz..l...ﬁms 3T
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Appendix 6 - REE, Ni, Co and_ Sc analy . in _nﬁ:;eral..sgj:_a-ratfes

e g oYY v . . -
Calibration data for the anxlysls of REE in the plagioclase separates, Standards in bold have heet excluded from the
cnlculatmn of 8 cahbmuan surve,

e ! oo | wa | swm | me | o4 Th Ho | Y
Wef___ | 840505 | 152300 | 140400 | 49286000 | 13740 | 994200 | 371000 § 3140000 | 309800
BHVO.1 | 1192000 | 226300 { 262300 147980000 | 31300 | 14se0r | 544200 3376000 | 135200

G2 [4685000 | 724400 | 338100 | 72820000 | 14220 mmon_- tosdon I1ipgoen | 3470

prsd b . | - fiossooo f . w9 Viozseo | - - -
PCC-L b 1« dymaseon | . 14_590 130 |- - 134100 -
AGV.L__ 12812000 § 426200 | 060900 jRi070000 § 21950 ] 665100 § 364300 | 2453000 121805
Wl 10 | 23 |} s | 36 Yy
BHVO1 | 188 32 3 611 2

G2 1 s ! gen i s | 784 127
orsd | ouz | voxs | o035 | o00sr | 0.001
pecy foows I o1t 1 1 001 | 0002
AGV.l | 35 | ew3 | 37 1 s9 | 187
constnt | 007 § 013 | 098 D08 | 035 | 0. L0064 F 0. 1. 01398
R 69978 1 09917 1 09983 | 00801 | 09963 | 09938 .
alo]w 1256007 | 1614107 | 17107 | 702x10" | 56910 | a02e10* | 18410 | 3288107 gt

065 | 089 23
ET T 213
o5 03 | [
o007 | oo | 0014

B o9

ol 1 1
TR W
[

'p;‘."._g- o|

=

' meﬁmmmmhmmmummmmwmmmuwﬂodom:idmhl_vﬂmt‘mrtmdaddedhleaw
a0 out uf thy datn set x5 umpreliable. Thiy elemant i 2 fmion product afler U and TU, as is Gd, and thess stapdands wil mamnfthmulmm .

) mdﬂm-wﬂbablzﬂmmmwmﬂmmﬁbmhmmum

Table 6.3b

Calibration data for the mlysm of Ni, Sc and Co in the plagioclase separates. 'Standards m bold have becn excluded
ﬁ‘omthe calculaucm nt‘ d cahbrahm curve.

Wl s [ saesee0. | 034000,

BHVO-I o _..azn0 G3080U0 1 1045000
G2 I - 19170 ' 532700 _ _ 77850
DTSt . ' Jdaysooe | 553400° L . 3092000
PCC-1 _ — __ 19680000 2041000 3897000
AGVL — _ oy8s0 - 2247000 . 3aseon

Wel } N TR I S Y
BIVO-1 . 12 B3 _ 23

T ' 33 . T Y

DTS1 . _ 26 3. 1 133
PO i . 2400 I . ) 4
Al3v1 i 18 - R 141

_ AL ' [XCT 000
R . _— w9y 09990 T
slope T162x15 ] - 5,36x10™ 4.32%10>
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REE, Ni, Co and Sc analysis in mineral separates

' ) Tobte AGA N
Calcmlated RBE atumdances in plugloclnse sepmm mnlysed by INAA _

{’aukdammm‘of '

La

.Na'.

Eu

_Ho_' T

376400

45639

16020

3687000

7537

15910

98340

HSNPL | 363900

48305

| 15390

3618000

7531

14950

71960

HoNPL__ | 316600 -

39407

12010

3063000

9310

12800

332400

45639

15050

3620000

11160 |

14480

123200

SMNPL_

286200

38509

o

3208000

9456

| 13630

SMNPL 1 282500

37071

13280 |

2973000

13150

85880

2LNaPL 316900

41445 -

13960 |

3419000

| 9847

114150

97726 |

209200

37610

9260

CalculatedREB abmdancesm sepamtaﬂ

11610

2953000

12230

HENPL | 476

749

139

0.0

0,68

.03

0.03

0.1}

HSNPL | 461 1

7- 93

1.33

.20

068

003

0.02

0.06

HGNPL, 405

648

1,02

0.16 .

078 1§

002

0.06

SLNMPL | 428

749

1.30

. 0-83

.0.03

(.08

SMNPL, 384

594

100

047

079 -

0,02

Q08

3MNPL | 3.59

610

Y

0.13

081

0.02

0.03

0.00

2LNMaPL | 402

681 -

120 |

QI8

081

D03

0.07

FONPL | 380

6.19

099

013

0.03__

YT

chandmmmmedammmcas '

-La

= Ce

N

. Eu .

Ho

¥b

HENPL | 1947

1174

294

11.66 |

0.77

058

0.66

=

HENPL | 1R.83

1244

281

199

11.66 1

0.72

_043

0.35

HONPL | 1642

_10.16

216

1.03

13.51

0.62

0.35

SLNPL ] 1723

_11.74

2.75

1,29

1522

(.70

0.73

048

SMNPL | 14.88

9.93

210

108

0.66__

IMNPL | 14.69

9,57

241

038

| 13.94

0,63

051

- 049

21.NaPL | 1844

1058

2.54

119

13.92

0.68

_058

[T

FINPL | 1554

LV

208

0.97

13.95

059

Evensm gt al. {1978)

Chondrits normalization factors

00567




N -A_,,penm 6 - REE, Ni, Co and Se ana'lysis in"minéral separates

. Tabis AGS
Caleulation of Ni. So.and Co abrmdancesmmmernl separates an..lysedhy INAA

T —— e ———
N | Se Co__ _Ni Se 1 - Co
B8N | 824300 | 6433000 | 585900 8N | 316 | 8 | 64
HEN | 786600 {25770 | 571600 [HSN 302 62
S HEN 601100 7790000 | 744100 [HGN 231 106 | 8t
i .~ SLN 590000 | 8800000 i 860100 ISIN | 227 121 95
- : SMN | 563300 7986000 | 772700 SMN | 216 08 | 84
| IMN | 492000 | 7041000 g000 BMN | 188 4 95 | 89
2LNs | 527200 | 7707000 | 722100 PLNa 1 202 1 104 79
F2N 585200 1 soadoow | 745700 BaN 225 108 1 8
' Conntsfnrlow-calmum pyraxenie separaies . IAhondmnces within Inw-calmmn pyruxme{ppm)
. HBN 1288000 2207000 - | 1246000 SN | - 494 30 136
HSN | 1244000 | 2202000 | 1231000 EISN 477 | 30 134
- H6N 828100 | 2719000 I 1419000 6N ns 137 155
- SIN | e93300 | 2602000 | 1467000 BIN | 266 36, -] 160
SMN | 759000 _{ 2753000 | 1496000 [SMN | 291 37| les
3MN | se3soo | 2601000 | 1450000 PMN | 331 | 35 f 158
ANa | 726100 2611000 | 1417000 PLNa | 279 1 35 o d 155
F24N | 841300 2620000 1500000 [FoN | 323 36 _Jed
Counts for plagioclass separates - .Abnndmm&nnplngmlase(ppm) S
CHSN _ 40580 95240 | 31410 HSN | 66 06 1 14
- HSN 40080 93200 | 33150 JHAN | 63 06 1 14
‘HSN_ 19840 | 6s200 | 26s00 N 1 32 | o5 | 1l
SLN 119600 47410 1 23680  BLN 32 | 04 | 10
SMN 20800 | 51510 I 50550 [SMN 38 04 b 13
3MN 31580 | 52460 b 28180  BMN_ 81 | 04 - 12
2tNa | - 15;0 o | - 41280 15440 RLNe 26} 03 07

2N 20200 o060 S 20300 BN 133 ) 0a b 13,

i s s re———

. o a
[T S AL ——

o

RV,

e
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