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A sub-horizontal strat i form mafic segregatron pegmatite, of the order of 30 cm thrck, occurs within 25 m of the top contact
of a Karoo-aged doleri te sheet at Pietermaritzburg, South Afr ica. The host rock is an orthopyroxene-rich doleri te containing
5 - 87o interst i t ial  granophyre. The pegmatite is similar to the host doleri te in many respects. except thi l t  the granophyre
content is higher, and acicular augite is the only pyroxene. At i ts upper contact, a lateral ly continuous sub-horizontal joint
forms a sharp boundary to the pegmatite, whilst the lower contact is gradational over a l-erv millimetrcs. l-orv MgO and
chalcophiles, and elevated incompatible element contents, are the rnain geochemical attr ibutes of the pegmatite. The foot-
wall  of the strat i form pegmatite is characterized by sl ightly elevated incompatible element contents upr to 0.721 m from the
contact, and small ,  i rregular pods of pegmatite occur within 0.5 m of the main pegmatite layer. In the han_sing-wall  doleri te,
incompatible element enrichment is confined to rvithin 0.3 m of pegmatite. Inter-element plots of the incompatible elements
(TiO2,Zr, and Y) and compatible elements (MgO, Cr, and Ni) produce l inear regression i ines rvith correlat ion coeff icients
of 0.98 or better, indicating the consanguinity of the hanging-rval l  and footwall  doleri tes and the enclosed pegmatite, rvi th
ncr evidence for assimilat ion of country rock material.  The pegmatite represents an estLmated 25 to 35Ea fract ionation of the
doleri te, which accords with the results of comparable studies on similar bodies of rock. In common with other documented
cases, the pegmatite is si tuated within the upper 50% of the intrusion. Although segregation may have taken place within a
single intrusion, the sharp, jointed upper contact suggests that the pegmatite could have accumulated at the interface
between a new inf lux of magma and thc overlying, part ial ly crystal l ine, products of an earl ier int lux within a mult iple intru-
sion. Pegmatites in small  intrusions of the type described here are considered to be incipient lbrms of the more complexly
evolved pegmatites found in large layered intrusions.

'n Subhorisontale, laagvormige, mafiese segregasiepegmatiet,  ongeveer 30 cm dik, kom binne 25 cm vanaf die bo-kontak
van'n dolerietplaat van Karoo-ouderdom te Pieterrnari tzburg, Suid-Afrr l ia, voor. Dic herberggesteente is doleriet,  ryk aan
ortopirokseen, en bevat 5 - 8% interst i t i€le granofier. Die pegmatiet is in vele opsigte soortgelyk aan die herbergdoleriet,
behahve dat die granofierinhoud hodr is en naaldvormige ougiet die enigste pirokseen is. 'n Lateraalaaneenopende, subhori-
sontale naat vorm 'n skerp grens met die pegmatiet by die bo-konrak, terwyl die laer oorgangskontak oor 'n aantal mil l ime-
ter strek. Die vernaamste geochemtese kenmerke van die pegmatiet is lae MgO en chalkofiele, en verhoogde onversoenbare
elementinhoud. Die vloer van die gelaagde pegmatict word gekenmerk deur effens verhoogde onversoenbare elementin-
houd tot 0.7' l  m vanaf die kontak; en klern onreelmatige pegmatietpeule kom binne 0.5 m vanaf die hoof pcgmatiet laag
voor. In die dakdoleriet is onversoenbare elementverryking beperk tot binne 0.3 m vanaf die pegmatiet.  Interelement-st ipdi-
aSrarnme van die onverenigbare elemente (TiO2, Zr, en Y) en versoenbare elemente (NIgO, Cr, en Ni) leu'er l ine0re
regressielyne met korrelasiekodfl lsi inte van 0.98 of beter op, wat die slamverwantskap van dic dak- en vloerdolcriete en die
ingeslote pegmatiet aandui, met geen teken van die assimilasie van newegesteentemateriaal nie. Die pegmatiet verieen-
woordig 'n beraamde 25 tot35% fraksionering van die doleriet,  wat ooreenstem met die resultate van vergelykbare navors-
ing op soortgelyke gesteentel iggame. Die pegmatiet is gelei binne die boonste 50Vo van die intrusie, net soos dit  in die
ander gedokumenteerde studies die geval is. Die skerp, genate bo-kontak dui daarop dat die pegmatiet by die grensvlak tus-
sen 'n nuwe instroming van magma en die oorl iggende, gecleeltelr} i  kr istal lyne, produkte van'n vroci jre instroming binne 'n

veelvoudige indringing, kon opgehoop het; hoervel die segregasie ook binne 'n enkele intrusie kon plaasgevind het. Pegma-
t iete in klein intrusies, soos die t ipe wat hier beskryf word, word beskou as aanvangsvorme van dic meer komplekson-
twikkelde pegmatiete wat in groot gelaagde intrusies aangetref word.
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ln t roduct ion

Coarse-grained, mafic segregation pegmatite, often with a
high percentage of interstit ial granophyric material, is com-
mon within thick tholeiit ic lava flows (Puffer & Florter, 1993;
Philpotts et al., 1996), and in thick dolerite sheets l ike the
Whin Si l l  in  nor thern England (Randal l ,  1989),  the Pal l isades
Si l l  in  Ncrv Jerscy,  USA (Shir ley,  1987),  in t rus ives in  the

Jurassic Ferrar Province of Antarctica (Withelm & Worner,
1996), and in various intrusions of Karoo dolerite in southern
Africa (Walker & Poldervaart, 1949; Lales, 19-59; Mounrain,
1960;  Eales & Booth,  1974;  Wi l l iams,  1995;  Encarnaci5n e l
a/., 1996). ln large layered n.rafic intrusions l ike the Skaer-
gaard Conpiex in Greenland, the dcvelopment of pcgrnatites
is advancud to tire extent that an evolutioniLry trcnd is cvident
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Figure 1 Locality map of the Pietermaritzburg area, showing the

site of the Natal Crushers Quarry (simplihed after Linstrom, 1987)'

in the petrology and Seometry of these bodie s from bottom to

top of the intrusion, as well as within individual pegmatite

bodies (Larsen & Brooks, 1994). In the Bushveld Complex in

South Africa, the largest known layered tholeiit ic complex in

the world, pods, pipes, and sheets of iron-rich ultramafic

pegmat i te  (Scoon & Mi tchel l ,  i994)  form an exucme case o i

pcgmatite scgregation from a mafic body' although in these

latter bodies there is also a component of replacement.

Segregation pegmatites in relatively small mafic bodies are

not strongly evolved by comparison lvith those in the large

layered complexes. 
'fhey 

are, however, perhaps significant in

that they represent early manifestations of processes that

clevelop to thcir fullcst extent in the largcst of mafic intru-

s ions.

The stratiform segregation pegmatite described here occurs

rv i th in a doler i te  sheet  current ly  being explo i ted by the Anglo

Alpha group at the Natal Crushers Quarry in Pietermaritzburg

(Figule l). N{any segregation pegmatites show evrdence of

having formed by migration of late-stage iiquids into the

upper 507" of  a s ingle cool ing uni t ,  that  is ,  a  s ingle lava f low

or dolerite intrusion (Puffer & Horter, 1993; Philpotts et al.,

1996), or the interior of a single in.;ection of magma within an

intrusive sheet that shows evidence of multiple intrusion

(Shirley, 1987). In the Whin Sil l in England, semi-conforma-

ble pegmatite lenses formed near the top of the intrusion
(Tomkeieff, 1929; Randall, 1989). In the case investigated

here, pegmatite could have formed within a single intrusion,

but there is some eviclence for the involvemcnt of t lvo succes-

s ivc,  cont iguous in ject ions of  magnra in  a composi te doler i te
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sheet, with the pegmatite forming at the contact between the

two magma batches.

Geological  set t ing

The Natal Crushers Quarry is situated on the New Greytown

road, on the eastern outskirts of Pietermaritzburg (Figure i).

Quanying operations are centred on a dolerite sheet with an

exposed thickness of slightlv more than 80 m. The upper con-

tact of the sheet with shales of the Permian Pietermaritzburg

Formation (Ecca Group) is exposed in the quarry, but its

lower contact is not exposed. 
'fhe pegmatite occurs as a sub-

horizontal stratiform layer, between 5 and 30 cm thick, at a

depth of betrveen 25 m and 40 m below the top contact of the

sheet, and is exposed only on the southern and southwestern

walls of the quarry, u'here it can be traced laterally for a dis-

tance of approximately l-sO m. The upper contact of the

pegmatite is marked by a laterally continuous horizontal joint.

The lower contact with the host dolerlte, by contrast, is hori-

zontally jointed in places only, and is gencrally sharp or else

gradational over a few mill imeues. In ttre footrvall, isolated

small (less than 0.5 m iong) pods of pegmatite occur in thc

dolerite within 0.5 m of the main stratiform pegmatite body.

Sampl ing and analyt ica l  techniques

Sampling was concentratcd around the pegmatite and its

immediate footwall and hanging wall, and only relatively few

samples were collected from benches above and below that

on r"hich the pegmatitt is exposcd. Samples SBl, SB2, an'i

SB3 are from the hanging-rvall dolcrite. SB1 rvas taken from

a bcnch 14.6 m above the pegrnatite, and S82 and SB3 rvithin

0.5 m of  the hanging-wal l  contact  of  the pegmat i te .  Samples

SB4, SB5,  and SB6 arc f ront  the main scgrcgst ion pegmat i tc

layer, and sample SB13 is from a small pegmatite pod below

the rnain pegmat i te .  Si l7 ,  SRs,  SB9,  SBl0,  and SBl l  are a l l

from the footwall dolerite within I m of thc segregation

pegmat i te ,  and sample SB12 is  host  dolcr i te  f rom a bench 14

m below the pegmatite.

Whole -rock major-element determinations were performed

at Rhodes University, using the fusion technique of Norrish &

Hutton (1969),  and sodium and the t race e lements were deter-

mined on undi lu tcd pressed porvder  pel le  ts .  Loss on igni t i t rn

(LOI) and FI2O were determined gravimetrically. CIPW

norms were calculated from normalized anhydrous whole-

rock major-e lement  data,  assuming a rat io  Fe2O3/FeO of  0.  15.

Mineral analyses rvere performcd at the University of Dur-

ban-Westv i l le ,  us ing a JEOI-  JSM-6100 scanning e lect ron

microscope (SEM), equipped with a NORAN Voyager

energy-clispersive spectrometer (EDS) and ZAF data correc-

tion software . The SEM was operated at 20 kV with a beam

cLrrrent of 0.22 nA measured on a Faraday cage. Counting

times of 200 seconds were employed, and calibration was by

means of a wollastonite standard for Ca and Si, NaCI for Na,

nricrocline for K, and pure element standards for the remain-

ing e lements.  Backscat tered e lect ron (BSE) images lvere a lso

obta ined f rom the JEOL JSM-6100.
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Petrography and mineral  proport ions

Host  doler i te
-Ihe 

chil lcd top contact c.f the dolerite sheet contains isolated
subhedrirl to euhcdrirl orthopyroxene and plagioclase pheno-
crysts in  a f inc-gra incd groundmass (Figurc 2a) .  The body of
thc dolerite shce t, both in the tootrvall and in the hanging wall
of the pegrnatite, conforrns most closely to the tlpe referred
to  by  Wa lkc r  &  Po lde rvaa r t  ( 1949 ,  p .616 )  as  t he 'F langnes t
- lype ' ,  

an or thopyroxene doler i te  in  rvh ich zoned p lagioc lase
occurs rvr th sLrbophi t ic  to  poik i l i t ic  augi te ( I r igures 2b,  c ,  and
d),  some of  thc la t ter  contu in ing p igconi te c t l rc-s.  Orthopyrox-
cnc differs l iom augite in generally forming slightly smaller
gra ins,  and in bc ing consistent ly  subhedral  and non-ophi t ic
(F igurc 2c l ) .  I ron-cnr ichment  a long gra in margins is  a feature
of  both or thopyroxe nc and augi te .  Abundant  in terst i t ia l
granophyre , an urtcrgrowth of quartz and alkali fcldspar (Fig-
ure 2a) ,  conta ins scat tered f ine,  ac icular  gra ins of  apat i te .  The
presence of thc interstit ial granophyre is rcflected in CIPW
normative quartz contents of bctween 4 and -5% in the host
c lo ler i tc  (Tablc l ) . ' lhc a lka l i  fb ldspar in  the in terst i t ia l  grano-
phyre varics from pure K-fcldspiu to a K-feldspar/albite
nucroperth i tc .  

' l -hc 
content  of  su lphide and oxide minerals  in

the doleritc is lrrw (generail ly less than 3.5c/c), rvhich contri-

/.) J

butcs to thc quality of thc rock as an aggregate. Moclal analy-
scs o i  se lectcd samples conform vcry c losely lv i th  the CIPW
normat ive mineralogy,  and so nt incra l  proport ions in  th is  d is-
cussion are based for the most part on uormirtive data.

The tota l  p l roxene contcnt  of  thc host  doler i te  is  general ly
betrveen 39.37t '  t \ r tc l  42.1%. 1 'hc exccpt ion is  sampie SB 12,
the lorvermost sample in the footlvirl l  clolerite, in u,hich the
total normative plroxcne contcnt is 16.7c/o. The normative
or thop) , roxenc contcnt  o i  SI l  12 is  35. .1 l%, rvhich accords
closely w'ith a point-countccl moclal cletermination ol 34.47o
orthopyroxcne.  Excluding sarnple SB 12,  lvh ich is  more pr im-
it ive in seve:ral rcspect-\ than all the other samples, there is a
definito ditfcrence betrvccn tho hanging-*'all dolerite, rvith a
range of  21 .8 to 28.9% normat ive t t r thopvroxene,  and the
footn,a l l  do ler i te ,  . "v i th  a range of  24.14 to 26.64c/c. l 'h is  is
conf i rmed by '  nrodal  determinat ions. ' Ihe normlr i ' " 'c  rat io
hycn/(hyen+hyfs) ,  an indic i r tor  of  the composi t ion of  the
or thopy ' roxene,  is  a consistent  0.57 in  the hanging- lva l i  c lo ler-
ite, ancl ranges frorn 0.58 Lo 0.60 in the footrvall, once again
rv i th  the except ion of  thc re la t ive ly  mai ic  sample Sf f  12 (0.65) .
Al though pyroxcnc propr)r t i ( )ns and composi t ional  rat ios
shorv thc footrval l  do lcntc to bc rnore pr imi t ive th ln thc hang-
ing-wal l ,  thc revcrsc is  t ruc of  p lagioc lasc composi t ions,  wi th

lo
,r84.'

;,t

.:--

[ igurc 2 i )hotomicrograplrs of  doler i te host ing the segregat ion pegmat i te.  a)  Subhedral  or thopyroxene and plagioclase crystals in f ine-grained

intersert r l l  grounr lmass,  upper chi l led margin of  hanging-rval l  doler i te (crosset l  polars) .  b)  Poik i lophi t ic  augi tc (duk grey) ancl  p lagioclase

(pele grcy)  in srurplc SR3, hanging-rval i  c lo lcr i te c lose to thc upper contact  o l  the pegmat i te (p lane polar izcd l ight) .  c)  Ophi t ic  augi te ( r \ )  and

t n t e r s t r t r e l g t a n t l p h v r c ( l } ) i r r s a m p l c S 1 l 7 , 1 o o t , ' v a l 1 d t l l e r i t c c l o s e t o t h e p e g m l t i t c

I e 1 . t r l f t l c 1 t l t r 1 . v i c r r ' ) l n t i n o n ' t l p h i t i
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Table 1 CIPW norms
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SAMP LE SB I S 8 2 SB3 SB.I s85 S B 9  S B 1 O  S B I  I  S B I 2  S B I 3S86 S B 8

ap

i l

or

ab

an

mt

dien

difs

diwo

hyen

hyfs

q

0.21 0.26

1 . 1 2  1 . 4 2

4.55  4 .37

2 t  . r 9  2 t . 1 1

21 .O9 27.30

t .96  1 .92

3.29 3.26

2.50  2 .42

6.01  5 .90

15.80 15.92

1 2 . 0 0  I  r . 8 l

3 .96  4 .71

0.21 0.48

1 . 4 1  2 . 6 1

3.92  5 .72

19.84  21 .90

26.08 17.00

2.O2 2.45

3.43 4.05

2.57  5 .7E

6.23  9 .17

1 6 . 5 1  8 . 1 5

1,2.40 1l.64

5.26 1.46

0.51  0 .41  0 .31

2.63  2 . r1  1 .56

5.82  4 .93  4 .84

24.05 24.81 22.25

72.01 22.90 25.10

2.10  2 .01  1 .86

2.87  3 .80  4 .21

4. r5  4 .23  3 .01

6.98  8 .  12  7  .51

1.22  9 .16  14 .43

10.4,{ '10.22 10.53

tr.20 1.23 4.28

o.21 0.24 0.21

r .53 r .5, r  I  .5  I

4.33  4 .55  4 .63

21.41  21 .85  2r . '18

26.48 21.90 25.55

t .82  1 .86  1 .83

4.54  ,1 .31  4 .  l9

3.25 3.06 2.91

8. r2  
'1 .68  1 .46

t4.o1 14.89 14.66

10.07  10 .57  10 .41

4.10  4 .55  4 .16

0.29 0.26 0.41

1 .46  l . - ?9  2 .O1

4.O7 3. .18 3.63

20.59 i9.58 20.38

24 .95  22 .63  25 .49

1 . 8 4  1 . 9 5  1 . 9 1

4.55 _?.5{  4.28

3 .00  1 .91  4 .31

7 .90  5 .80  8 .78

16 .06  22 .E8  9 .13
I

10.58 12.53 '9.27

4.1 |  .1.01 10.3 8

TOTAL 100 .01  100 .01  100 .01  100 .01  100 .01 100.01 100.01 100.01 100.01 100.01 100.01 100.01 r00.01

An/(Ab +An) 0.56

Total plag 48.28

Total px 39.60

Total opx 21 .8O

hyen/ftryen+hyfs) 0.57

mt/(mt+ i l )  0.58

0.48 0.53 0.55

41 .1r 47 .35 47.92

35.53  39 .81  40 .05

19.38  21 .96  24 .14

0.47 0.58 0.58

0.48 0.54 0.54

0.53 0.54

46. '15 47.33

40.51 39.69

25.46 25.07

0 .58  0 .58

0 .55  0 .55

0.55 0.5+ 0.56

45.54 47.2t  45.81

42.09 46.69 35.80

26 .61  35 .11  l  8 . 40

0.60 0.65 0.50

0.56 0.5E O.49

0.56 0.57 0.41 0. ,18

48.41 45.92 41.90 16.09

39 .31  41 .L4  39 .39  31 .66

27. ' t3 28.91 19.19 11.66

o.5t  o.57 0.4 I  0.41

o.51 0.58 0.48 0.44

aP = apattte

i l  = i lmeni te

or = orthoclase

ab = albite

an = anorthite

dien = diopside (enstatite comPonent)

difs = diopside (fenosilite component)

diwo = diopside (wollastonite component)

hyen = hypersthene (enstatite component)

hyfs = hlpersthene (ferrosilite component)

nlt = magnetlte

q = quartz

Total plag = ab+an

Total px = dien+difs+diwo+ hyen+hyfs

Total opx = hyen+hyfs

Segregation pegmatite

The segregation pegmatite contains a similar mineral assem-
blage to the host dolerite, except that orthopyroxenc and
pigeonite are absent, there is a greater development of inter-
stit ial granophyre (reflected in a normative quartz content of
between 7 and i |Vo), and hydrous phases are more abundant,
most specifically in the form of partial secondary amphibole
(uralite) replacement of augite. Augite grains, rvhich may
reach 7 mm in iength, are characteristically curved and have

the normative ratio An/(An+Ab) in the range 0.56 - 0.57 in

the hanging wall, and 0.53 - 0.55 in the footwall, even includ-

ing sample SB12 (Table l). The normative ratio magnetite/

(magnetite+ilmenite) also distinguishes the hanging wall

(range 0.57 - 0.58) from the footwall (0.54 - 0.56), sample

SB 12 again being the exception for footwall compositions

(0.58). Normative data relating to pyroxene and magnetite

should. however, be used with some caution, since they are

based on a constant and theoretical iron oxidation ratio.

Fig.re 3 photomicrographs of doleri te segregation pegmatite. a) Elongate, curved augite grains, sample SB13 (plane polarized hght). b) Sub-

stantial development of interst i t ial  granophyre, sample SB6 (crossed polars).
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conspicuous medlan twin p lanes (F igure 3a) .  Marginal  i ron-
enr ichmcnt  of  augi te gra ins is  cornmon (Figure 4a) ,  and some
grains have iron-rich cores (Figure 4b). Where augite is urali-
t ized,  re l ic t  skeleta l  i lmeni te exsolut ion lamel lae,  rcmain ing
after alteration of the original magnetite host, may form geo-
metric patterns in the fine-grained hornblende (Figure 4c).
Such replacement of magnetite undcr the relatively hydrous
conditions pertaining to dolerit ic pegmatites has also been
documented in the Pal isades Si l l  (Shi r ley,  1987).  The grano-
phyre is host to a viuiety of accessory phases, most conspicu-
ously apatite, somc of which occurs as overgrowths on tiny
euhedral quartz grains (Figure 4d). Other accessory phases, in
many cases so fine-grained that they are only distinguishable
under the electron microscope, include sphene, baddeleyite
(ZrO), and zircon (Naicker, 1996). Sulphides are present in
small amounts, the most common being pyritc and chalco-
pyrite, with isolated occurrences of sphalerite. In common
rvith other pegmatites, whether granitic (e.g. Jahns & Burn-
ham, 1969), mafic (Puffer & Horter, 1993; Larsen & Brooks,
i994), or even ultramafic (Scoon & Mitchell, 1994), the

255

pegmatite dcscribed hcre is heterogencttus, both in terms of
mineralogy and of grain sizc. Thc elongated augite grains, for
example, are not ubiquitous, and the proportion of interstit ial
granophyre (Figure 3b) varies considerably rvirhin the body.

Whole-rock chemist ry

Host  doler i te

Several chcmical parameters define differences beru,een the
hanging-rvall and footwall dolerire (Figure 5). The hanging-
lvall dolerite is most clearly distinguished from the footrvall
doler i te  by consistent ly  h ighcr  Cu concentrat ions ( in  excess
of 90 ppm, as opposed to 80 pprn or lcss in the footrvall). Co
decreases f rom a concentrat ion of  53 ppm in sample SI l12,  14
m belorv the pegmatite, to bet*'cen 44 and 46 ppm immedi-
ately belolv the pegmatite rn the footrvall dolerite. In the
hanging-wall dolerite, Co conccnrrations are between 4l and
49 ppm. Vanadium conccntrar ions are in  rhe range 183 to 187
ppm in the hanging tva l l ,  in  conrrast  ro a range f rom i96 to
206 ppm in the imn.reciiate footrvall oi the pegmatite, ancl 193
ppm in sample SB12,  14 nr  bc low rhe pegmar i te.  The gener-

Figure4 Backscattered electron (BSE) images of doleri te segregation pegmatite. a) Ferroaugite (Mg# 0.a2) in the core of an augite grain
(Mg# 0.69) rn segregation pegmatite sample SB5. b) T'he Fe-enriched margin of a large augite grain in segregation pegmatite sample SB 13. c)
Relict skeletal i lmenite exsolut ion lamellae after alterat ion of the magneti te host, forming a geometric pattern in secondary amphibole (ural i t i -
zat ion) on the margin of an augite grain (sample SB13). d) Apati te forming an overgrowth on a trny (< I pm) euhedral qnariz grain, rn t ire
interst i t ial  granophyre in the segregation pegmatite (sample SB 13).
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Table 2 Whole-rock major- and trace-element analyses

SB I  SB2 SB3 SB4 SB5 586 SB7 sB8 S B 9  S F T I O  S B I  I  S B I 2  S B I 3  *

He igh r  (m)  14 .59

S iO?  53 .58

TiO, O.7 4

A l2O t  1 .1 .68

Fe2O3 l l .2o

M n O  0 . 1 1

MgO 7.56

CaO 8 .38

Nu"o z.4 i

Kzo 0.16

PzOs  0 .10

LOI 0.22

FI2O- 0.31

0.50 0.28 0.00 0.00 0.00

53.73  53 .63  5 ,1 .91  55 .87  51 .92

o ; 1 1  0 . 7 6  1 . 3 5  1 . 3 5  1 . 1 2

t1 .73  13 .86  I1 .90  13 .41  13 .87

1 1 . 0 1  I 1 . 5 1  1 3 . 9 1  .  I 1 . 9 0  1 1 . 6 0

0 . 1 7  0 . 1 7  0 . 2 0  0 . 1 6  0 . 1 6

7 .60  7 .85  4 .81  3 .95  5 .1  I

8 .39  8 .25  8 .26  1 .89  8 .61

2.47 2.30 2.89 2.71 2.88

0.13 0.65 0.95 0.96 0.82

0 . l l  0 . l l  0 . 2 0  0 . 2 r  0 . 1 7

0.21  0 .43  0 .34  0 .83  0 .51

0.28  0 .30  0 .20  0 .41  0 .33

-o.49 -2.t2

51.21  53 .54

0.81  o .19

t4.25 I 4.4 1

10.67  10 .38

0 . 1 6  0 . 1 6

7.40 1.34

8.19 9.24

2.60 2.49

0.81  0 .12

0 . 1 3  0 . 1  I

0 .25  0 .31

0.26 0.76

4.62 -O.'14

54.26 54.07

0 .80  0 .78

14.03 11.20

to.6'7 10.42

0 . 1 6  0 . 1 6

1 .6 t  
' 7 . 41

d .  / )  b .  / :

2.55  2 .53

0.76 0.11

0 . 1 0  0 . 1  I

o .29  0 .33

o.23  0 .22

-0 .55  -1 ,1 .07  -0 .15

5.1 .13  5 .1 .10  55 .1 .+

0 .76  0 .12  1 .03

13.10 t2.55 13.63

10.55  I  1 .  1 ,1  10 .80

o . r 7  0 . 1 1  0 .  1 7

8.16  10 .45  5 .25

E.E8 7  .40  9 .31

2.10  2 .28  2 .35

0.68  0 .58  0 .60

0 . 1 2  0 . 1  I  0 . 1 7

0.28  0 .22  1 .21

0.23  O.z t  0 .  18

TOTAI- r00.16 lo0. l6 99.80 99.91 99.31 100.19 100.35 99.76 lO0.2l 99.19 100.05 99.94 99.91

Nb

Zr

Y

Sr

Rb

Zn

( _ u

N i

Co

Cr

Sc

lla

3 . 8

11

20.1

248

91

95

1 3 3

4 8

3 6 8

1 8 5

22.0

a 1  I

3.8
1 l

5.9

80

23.1

240

24

9 l

70

l 1 9

45

3 3 1

201

/  5 . O

2 3 l

A 1

t )

20.6

239

22

o'7

80

120

46

291

206

23.8

2r1

8 l

22 .8

L ) +

94

16

t2l

46

3.13

197

721

4 . 8

8 3

21 .5

240

93

125

44

3 3 6

1 9 6

2 3 . 1

230

) . L

l 9

L L .  )

722

20

E9

11

l . 1 l

46

486

201

23.9

2ZO

I  1 3

3 l . 0

23r

l 8

95

16

3 8

t12

231

25.3

215

4 .8  8 .6  9 .6  1 .2

1 8  1 3 3  1 4 5  I  1 6

3 . 1

t2

I  9 . 8

201

l 8

91

69

1 7 7

5 3

680

1 9 3

1 9 1

2 r . 2  2 2 . 3  3 8 . 0  3 8 . 0  3 1 . 3

241 235 205 221 228

23 20 28 29  22

49 4l 39 40

91 108 125 I  19  I  13

92 93 59 48 66

t32 t3l 51 49 13

4 8

765 379 35 33 100

183 187 324 212 249

21.5 22.4 29.6 23.0 24.1

zzt  209 330 331 284

al ly  e levated levels of  chalcophi le  e lements in  the hrnging-

wall dolerite suggest slightly elevated sulphide contents, pos-

sibly due to assimilation of sulphur from the Pietermaritzburg

shale country rock, which contains numerotls cubes of

l imonite after p)'rite where exposed within the quany. Low

vanadium concentrations in the hanging wall r€lative to the

footlvall confl ict with the relatively higher absolute n,ormative

magnetite contents and magnetite/(magnetite+ilmenite) ratios

in the hanging wal l ,  s ince vanadium typical ly  par t i t ions in to

magnetite rather than ilmenite. The explanation for this may

be that some ol the Fe assigned to normative magnetite in the

hanging-rvall clolerite actually resides irr pyrite, thus reinforc-

ing the possib i l i ty  of  su lphur  ass imi lat ion.

Footrvall dolerite samples more than 1 m from the pegma-

tite (SB8 and SB 12) have Zr contents of 73 ppm and 72 ppm.

Samples less than I m from the footwall contact, however,

have Zr concentrations of 79 - 83 ppm. In the hanging wall of

the pegmatite, samples S 1 and 52 contain 74 ppm Zr, whereas

sample 53, less than 0.5 m from the upper contact of the

pegmatite, contains 78 ppm Zr. Patterns of relative enrich-

ment in the lmmediate footlvall of the pegmatite are also evi-

dcnt  in  the cases o i  Y Nb,  and Ra.

Segregation pegmatite

The evolved nature of the pegmatitc is evident in substantially
lower MgO contents (less than 5.3 tvt.7c) relative to thc host
dolerite (in excess ol 

' /.3 
wt.Vo MgO). By contrast, Na2O,

K2O, TiO2, and P2O5 are cnriched in the pegrnatite.

II igh concentrations of the incompatible trace elements (Zr,
Y, Nb, and Ba) identify the pegmatite as an evolved, late-crys-
tall izing feature. The pegmatite is also noticeably enriched in
vanadium. Although depleted in the chalcophile elements Ni
and Cu relative to the footlvall and hanging-wal1 host dolerite,
the main stratiform pegmatite is slightiy enriched in Zn (Fig-

ure 3), lvhich is reflected in the presence of minor sphalerite.
'I 'he pegmatite pod below thc main pegmatite l iryer is, how-
ever ,  not  enr iched in Zn.

lnter-element variations

Inter-element plots including incompatible elements (TiO:
versus Y andZr versus Y) and compatible elements (Ni ver-
sus MgO and Cr versus MgO), and combining data from both
the segregation pegmatite and the host doleritc produce linear
arrays with remarkably good correlation coelficients (Irigure

6). The linear arrays in the incomDatible element plots, fLir-
thermore,  come c lose to passing through the or ig in.  The p lots
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Table 3 Mineral  analyses (EDS)

Pyroxene analyses

S B 1  S B l  S B I

#l corc #2 core #3 core

SB8  SB8  SB8  SB8

#lmarg #1 core #2 core #3 core

586  586  SB5  SB5  SB5

#l core #2 core #2 host #2 core #l core

S B 5  S B I 3  S B I 3  S B i 3

#3 core #l core #2 core #3 marg

sio2 52.10 50.64 5 1.9,1
' I - ioz 

0.  15 0.zo 0.45

A1203  0 .63  1 .64  1 .23

F e O  2 4 . 1 2  1 8 . 1 4  t 2 . 3 6

MnO O .32  0 .41  0 .02

M g O  1 6 . 3 0  1 1 . 1 9  1 5 . 6 5

CaO 5.  I  9 I1 .28 18.27

Na2O O.3' l  O.15 0.33

Total 99.18 1OO.21 100.25

N{g# 0.-s5 O.5Z 0.69

53.80  54 .60

0.34  0 .14

0.83  l . i6

15 .04  13 .78

0.54  0 .41

25.95 27.19

2 . 1 3  r . 9 9

0.41 0.06

99.0.1 99.63

o.15 0.78

53.43 5Z.Ot 57.24

0.35  0 .36  0 .54

1 . 7  6  1 . 1 0  1 . 6 3
'9.61 

11.74 11.25

0.18 0.2-l  0.46

l E.5 l  15.99 15.46

15.99  11  .33  18 .6r

0.34 0.66 0.65

100.20 99.46 100.84

o.11 0.7 I O.1l

52 .32  51 .88

0.33 0.68

1.59  1  .82

tt.16 rz.t4

0.20 0. t  8

15.87  14 .85

17.68  18 .83

0.24 0.47

99.99 100.85

0.71  0 .69

50.43 50.68 5 1.96

o.21 0.61 0.6 l

t . 29  1 . , 15  1 .55

1 9 . 9 3  1 3 . 8 3  1 2 . 0 1

0.51 0.25 0.45

8.00 11.20 14.80

18 .01  r1  . 96  18 .30

0.41 0.13 0.4.1

98 .88  99 .11  100 .  l 2

o.42 0.65 0.69

52.48 50.13 50.62

0.55 0.26 0.35

1 . 6 6  3 .  1 6  1 . 4 2

9 .14  10 .16  16 .89

0.03 0.31 0.92

16 .05  14 .00  9 .92

18 .96  19 .53  20 .1  r

0.41 0.35 0.4.1

99.28 98.56 100.67

0 .76  0 .70  0 .51

Amphibole analy.ses Plagioclase anaiyses

SB5  SB5  586  SB I3

#l marg #l marg #2 marg #l marg

SB5 SB5 SB5 586

# l  #2  #3  # l

S B I 3  S B 1 3  S B 8

# l  #2  #1

SB6 S B 8

sio2 41.03
' I ' io2 0.81

A1203 3.91

FeO 24 .51

lvlnO O.23

It4gO 1.29

CaO l2.OO

Na2O 1 .58

K20 0.36

TOTAL 91 ,7E

47.4 45.2 45.24

0.05  1 .6  I  1 .6  I

3 .72  5 .86  6 .14

32.5 21.27 23.26

o.3l o.2z 0.55

2.66 7.22 8.2

10.04  r0 .15  10 .04

l  .  1 6  1  . 9 6  2 . 1 2

0.1  l  0 .75  0 .63

98.01 9' l  .21 98.09

sio2

Tio2

A1203

FeO

CaO

Na2O

K20

TOTAL

An/(An+Ab)

55.65 52.52 66.41

0.01 0.02 0.27

28.51  30 .17  20 .21

0.93 0.4 8 0.,{6

9 .95  l1 .87  0 .53

6.0 '+  4 .74  5 .19

0.33 0.06 8.56

101.42  99 .86  101.69

0.48 0.58 0.05

55.61 55.7E

0.01i 0.21

21.30 2E.01

0 59 0.69

8.9S 10.09

6.37 6.02

o.32  0 .21

99.28  101.07

0.4+ o. ' ls

52.59 53.73 52.69 53.21.

0.01 0.08 0.21 0.07

29.87 28.81 29.91 30.00

0.5 t  t .07  0 .88  0 .60

I 1 . 9 4  1 t . 2 6  1 2 . 0 8  1 1 . 8 0

4.57  5  4 .71  4 .13

o.22  0 .22  0 .25  0 .19

99.11 l  00. l7 100.85 100.60

0.59  0 .55  0 .58  0 .58

of Y versus TiOr and Y versus Zr are similar to one another,

with pegniatite samples SB4 and SB5 the most fractionated,

and 586 and SB13 s l ight ly  less so.  The host  dolcr i te  samples

plot  in  a fa i r ly  t ight  c luster ,  wi th sample SB12 &c least  f rac-

tionated. If i t is assumed that the early-crystall izing sil icates

excluded the e lements Y, Zr, and Ti, their bulk composition

would plot at the origin in each case. Sinpie lever rule calcu-

lat ions,  us ing the end points of  the cumulate data c luster  to

represent the possible compositional range of the parental i iq-

u id,  ind icate that  pegmat i te  samples SR6 and SB13 represent

between 22 and 357o crystall ization of thc parent l iquid, and

SIl4 and SIl5 betrvecn 39Vc' and 487o uyslalliz.ation. The val-

ues for the latter two samples are particularly high, and are

probably due to moclal variation within the pegmatite. They

therefore do not represent thc l iquid that originally segregated

from thc under ly ing doler i tc .

The compatible element plots (Cr versus MgO and Ni ver-

sus N{gO) also suggest a fractionation origin for the pegma-

tite, producing l inear trends with conelation coefficients

> 0.98 (Figure 6). Irractionation is more diff icult to model

with the compatible elements than with the incompatibles,

however, since somt: estimate of the compositions and pro-

portions of the fractionating phases is required. Since such

estimates u'ould be equivocal, at bost, and are unlikely to

improve on the results obtained from the incompatible ele-

me nt data, no attempt has been made to model the compatible

element data. The fractionation calculations are primarily of
value in that they inclicatc the dominirnt influence of fraction-
at ion in  the format ion of  the pegmat i tes.  Simi lar  ca lculat ions
suggesr segregation of thc pcgmatite l iquid afler 26 lo 337a
crystall ization in thick basaltic lava florvs (Puffer & IIorter,
1993;  Phi lpot ts  et  a l . ,1996).

D i scuss ion  and  conc lus ions

The sradform segregation pegmatitc in the Natal Crushcrs

Quany conforms petrographically to descriptions in thc exist-
ing l iterature from othcr Karoo clolerite occurrences (e.g.
Mounta in,  1960,  p.  144) ,  and is  s imi lar  in  many respects to
segregation pegmatites from dolerite sheets and basalt lava
flows in general (Puffer & Horter, 1993; Philpotts et ql.,

1996). I t  has a sharp contact ' "v i t -L i ts  hanging wal l ,  in  the form
of a laterally persisterlt sub-horizontal joint, but the footrvall
contact, by contrast, varies from sharp to gradational o!'er a
few mill imetres. In the footrvall dolerite, there are isolated
small pods of pegmatite rvithin 0.5 m of the lower contact of
the main st-ratiform pegmatite. lhe smail pegmatite pods,
although petrographically similar to the main pegmatite body,
are less fractionatcd.

Geochemical evidence, in the -form of incompatible ele-
mcnt ratios (ZrN,TiOrlY), is that the pegmatite and its foot-
wall and hanging-wall host doleritc are consanguinous. TL,ere
are, however, differences between the hanging-lvall and foot-
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Figure 5 l)lots of CIPW normative An/(An+Ab) and concentrations
of Zr,Y,Zn,Cu, and Co versus stratigraphic height. Fil led diamonds
represent the scgregatron pegmatite, triangles the hanging-wall dol-
erite, and inverted triangles the footwall dolerite.

wall dolerite. 
' lhese 

diff-erences are particularly evident in
respect  of  thc chalcophi le  e lements.

' fhe 
developmcnt  of  segregat ion pegmat i te  in  the upper

507o ol a malrc intrusive sheet or lava flow is usually ascribed
to fractionation within a single body of magma, due to the
accumulation of fractionated l iquids beneath the solidif lcation
front advancing from ttre roof of the intrusion (Puffer &
I- Ior ter ,  1993;  Phi lpot ts  et  a l . ,  1996).  This  in terpretat ion
accords with thc geochemical data available in this study.
More calcic plagioclase and lorver whole-rock V concentra-
tions in the hanging-wall dolerite relative to the footwall (Fig-

ure 5), for exarnple, indicate l imited fractionation in the
rapidly advancing solidif ication front in the upper part of the
intrusion. Further evidence in support of this model comes
from inter-element variation diagrams (Figure 6), lvhich indi-
cate the consanguinity of the hanging-wall and footwall dol-
erites and the segregation pegmatit€. . Even the relative
sulphide depletion in the footwall dolerite (Figure 5) may be
due to early segregation of sulphides at the (unexposed) base
of the intrusion. Field evidence, however, presents a possible
alternative to the conventional interpretation of the data.

The sharp, iointed upper contact betiveen the pegmatite and
i ts  hanging rval l  suggests the possib i l i ty  that  the host  doler i te

S.Afr .Tydskr.Geol . ,  I  997,  I  0O(3)

sheet is the product of successivc injections of magma which,
although consanguinous, have slightly different histories. The
init ial injection of magrna tbrmed the hanging rvall and,
although chil led at its top conracr rvith the Pietermaritzburg
Formation Shales, assimilated small amounts of sulphide
from its count-ry rock. The init ial intrusion needs only to havc
been partially solidif ied, and thus sti l l  hor, at the timc of injec-
tion of the subsequent pulse of magma, rvhich formed the
footrvall dolerite. At a crystall inity of as l itt le as 25 - 307o, he
upper magma would have had considerablc yield strength
(Ryerson et al., 1988: Mangan & N{arsh, 1992; Philpotts &
Carroll, 1996), and would thus not havc mixed readily with a
subsequent influx of magma, but rvould have provided signifi-
cant thermal insulation from the country rock. The footwall,
insulated from the country rock by the overlying init ial phase
of intrusion, lvould havc been capable of some degree of frac-
tionation before solidif ication, although the presence of sig-
nihcant quantit ies of interstit ial granophyre in even the most
primitive samples investigated suggests that fractionation was
inefficient. I-ate-stage rejected solute, accumulated at the
interface between the two magma batches, ult imately crystal-
l ized to form the stratiform pegmatite. Small (< 0.5 m diame-
tcr) pods of pegln'atite rvithin 0.5 m of the lorver contact of the
main stratiform pegmatite are less evolvcd, geochemically
ancl mineralogically, than the rnain body, and represent
r r restcd st rgcs o l  tJrc  scgrcgut ion pruccss.

' lhe 
process by rvhich rejected solute segregates and

migrates to the place of formation of a pegmatite is a matter
of  debate.  Puf fer  & Horter  (1993) suggested,  on the ev idence
of the vesicular naturc of the Colurnbia River Ilasalt f lows

R = 0.99 135 3 R = 0.990015
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Figure 6 Inter-element plots of Y versus TiO2, Y versus Z, Ni ver-
sus IVIgO and Cr versus MgO. Major-element oxides are in rvcight
Vo, trace elements in parts per mil l ion. Fi l led diamonds represent the
segregation pegmatite, tr iangles the hanging-wall  doleri te, and
inverted tr iangles the lbotwall  doleri te. The l ine through the data in
each case is the l inear regression i ine, the ccrrelat ion coett lcicnt (R)

fu r  *h ich  is  g iven  on  thc  d ragr rm.
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they studied, that the upward movement of late-stage liquids
was aided by rising vapour bubblcs. The Natal Crushers dol-
erite, however, is not at all vesicular, and so it would be diff i-
cult to invoke substantial involvement of a vapour phase in
this case. Philpotts et al. (1996) ascribed segregation pegma-
tites in basalt f lorvs to fi l ter pressing as a result of crystal-
mush compaction. Evidence against f i l ter pressing in the
Natal Crushers dolerite is the consistently high proportion of
interstit ial granophyre throughout the sequence studied.
Larsen & Brooks (1994) fo l lorved McBirney (1987;  1989) in
suggesting that the gubbroic pegmatites in the Skaergaard
Intrusion crystall ized from light rejected solute produced by
pyroxene-dominated fractionation (e.9. Sparks & Huppert,
1984;  Morse,  1986).  Wi th thei r  buoyancy enhanced by d is-
solved HrO (McBirney & Sonnenthal, 1990), the late-stage
liquids were postulated by LiLrsen & Brooks (1994) to have
rnigrated upward through the crystall izing dolcrite by a proc-

ess of compositional convection (Sparks et al., 1985). The
authors believe the pegmatite in the Natal Crushers dolerite
crystall ized from liquids segregated by processes similar to
those out l ined by Larsen & l l rooks (1994).

Segregation pegmatites in relatively small dolerite intrusive

sheets and basalt lava flows do not display the degree of evo-
lution displayed by those in large layered mafic complexes,
and can perhaps legitimately be regarded as incipient forms of
pegmatite phenomena seen in the larger intrusions. Where
pegmatites occur rvithin bodies that are demonstrably single
intrusions or lava flolvs, it is common for the rejected solute
from which the pegmatites crystall ized to have migrated to
the base of the solidif ication front advancing from the top
conract of the bocly (Puffer & Ilorter, 1993; Philpotts et al.,
i996) . ' fhe case i l lust rated here perhaps takes the process a
step further, in that there is evidence of upward migration of
fractionated l iquids to the interface between two successive
magma int rus ions,  a lbei t  o f  s imi lar  and re lat ive ly  untract ion-
atecl compositions. 

' l trere 
is thus an approach to the situation

pertaining in Iarge layered complexes, where late-stage liq-
uids migrate (uplvirrds or downlvards) unti l they are trapped
by impe netrable cumulate boundaries, or reach levels of neu-
tral buoyancy, before crystall izing as pegmatites (l-arsen &
Brooks,  1994;  Scoon & Mi tchel l ,  1994).

T'he pegmatites of the Skaergaard intrusion (Larsen &
Brooks,  i994)  d isp lay a pronounced and progressive in ternal

zonat ion rv i th in indiv idual  pegmat i te  bodies,  u l t imate ly  pro-

v id ing ev idcnce of  possib le s i l icate l iqu id i rnmisc ib i l i ty

between a granophyric l iquid and a mafic l iquid. The Skaer-
gaiud pegrnatitcs change geomctry l iom discordant podiform

bodies in the Lolver Zone and lorver part of the Middle Zone
to semi-conformable sheets in the upper part of the Middle
Zone and in thc Upper Zone. They are believed to have crys-
tall ized ltom uprvard-migrating, relatively buoyant l iquids,
their geometry being controlled in places by impenetrable
cumulate layers which prevented further uplvard migration of
the l iquid. In this latter respecr, the Natal Crushers pegmatire

has something in common lvith the pegmatites in the Middle
and Upper Zones of thc Skaergaard intrusion, but it is a
smaller-scale, Iess evolved feature, commensurste with the
re l r t ivc s izes of  the inrus ions.

259

Acknowledgements

The rnanagement of Anglo Alpha Ltd, and in particular Mr
W. Arnold and Mr II. Rozenkrantz, are thanked for their
assistance in the completion of this project and for permission
to publish the results. Photographic material was processed at
the University of Durban-Westvil le by Mr A. Rajh. This work
was supported by research funding from the University of
Durban-Westvil le and from the Foundation for Research
Development. Stephen Johnston is thanked for an informal
review of the draft manuscript, and A.l{. Philpotts and F.J.
Kruger are thanked for constructi l 'e re viervs that improved the
tinal product.

References

Eals,  H.V ( l  959).  1he Khale doler i te sheet.  ?nrcns.  geol .  S oc.  S.  Afr ,  62,  81 -

109 .
---- & tsooth, PW.K. (1971). fhe Birds River Gabbro Complex, Dordrecht

dis-trict. Z,'nru. geol. Soc. S. Afr,77. l-15.

Encarnacir in,  J . ,  F leming,  T. l -1. ,  El l io t ,  D. l l .  & Ealcs,  FI .V.  (1996).
Synchronous emplacement of Fenar anci Karoo dolerites and rhc eerly
breakup of  Gondwanaland.  Geology,  24,  535-538.

Jahns,  R.H. & Burnhan, C.W (1969).  Exper imental  studies of  pc{nnt i re
genesis:  I .  A model  for  the der ivat ion and crystal l izat ion of  grani t ic
pegmatites. Econ. GeoL., 6.1, E'1i-86,1.

I -arsen,  R.B.  & Brook,  C.K.  (1991).  Or ig in and evolut ion of  gabbroic
pcgmat i fes in the Skaergaud intr tu ion,  east  Greenland.  J.  Petro l . ,35,
t65t-1619.

l . imtrom, W. ( l  987).  Die geologie van dic gebied Durban. Erpl .  Sheet 2930
(Durban), Geol. Sun.5'. Arrr, 33 pp.

Mangan, M.T.  & Marsh,  ts .D.  (1992).  Sol id i f icat ion f ront  f ract ionat ion in
phenocrysffree sheet-like magma bodies. J. Geol., f00, 605-520.

McBirney,  A.R. (1987).  Const i tut ional  zone ref in ing.  1n:  Parsons,  I  (Ed.) ,
Origirc of lgneous Ltyerhg. Reidel, London, 137-152.

-- - -  (1989).  The Skaergaaro Laycred Ser ics:  l .  S ' ructrre and averasc
compositions. J. Petrol., 30, 363-399.

-- - -  & Sonnenthal ,  E, . l - .  (  1990).  Meta-somat ic replacement in the Skaergmrd
Intrusion,  East  Greenland :  prel i  minary obser lat ions.  Chetn.  Ge ol . ,  88,
245-260.

Morse,  S.A.  (1986).  Convect ion in a id of  adcuntulus growth.  - / .  Petro l . ,  27,
I  I  83 -121 ,1 .

Mountain.  E.D. (1960).  Fels ic mater ia l  in Karroo doler i te.  Trors.  geol .  Soc.
S.  A, f r ,  63,  137-151.

Naicker, S.ts. (1996). The petrology antl geochetnistry ofdolerite pegmatite
at  Natal  Crushers quarry.  I ) .5c.  (Hons.)  d issertat ion (unpubl . ) ,  Unir ' .
Durban-\\'estville, 2 I pp.

Nonish, K. & Ilutton, J.T. (1969). An accurare X-ray spectrographic method
for the analysis of  a widc range of  geological  samples.  Geocl im.
Cosnt oc him. Acta, !3,.13 I -'153.

Phi lpot ts,  A.R. & Canol l ,  M. (1996).  Phy.s ical  propert ies of  parr l l 'me l red
tholeiiric basalt. Geolog_r', 21, 1029-1032.

--- - ,  - - - -  & Hi l l ,  J .N, l .  (1996).  Crystal -nrush compacr iorr  and the or ie in of
pegmat i t ic  segrcgat ion shce ts in a th ick f lood-basal t  f low in the Mesozoic
Hutford basin,  Connect icut .  J .  Petro l . .37,  8 l l -836.

Puffer .  J .H.  & Horter ,  D.L.  (1993).  Or ig in of  pegnrat i t ic  segregat ion veins
with in f lood basal ts.  Ba1l .  Geol .  Soc.  11n. .  105.  738-7.18.

Randal l ,  B.A.O. (1989).  Doler i te-pegmat i tes f rom the Whin Si l l  near
Barrasford, Northumberland . Proc. Yo rlcshire Geol. Soc., 47 , 219-265.

Ryerson,  F.J. ,  Weed, FI .C.  & t ' iu inski i ,  A.J.  (1988).  Rheology of  subl iquidus
nragmas I  .  Prcr i t ic  composi t ions,  J.  Geophys.  Res. ,  93,  312l--7136

Scmn, R.N. & l l i tchel l ,  A.A.  (1991).  Discordant i ron-r ich ul t ramaf ic

Ixgntat i tes in the Bushveld Complex and their  re lat ionship to i ron-r ich
intercumulus and residual  l iquids.  J.  Petro l . ,  35,  881-917.

Shir ley,  D.N. (1987).  Di f ferent iat ion and compact ion in the Pal isades Si l l ,
New Jersey.  J.  Petrct l . ,28,  835-865.

Sparks,  R.S.J.  & I luppert ,  l l .E, .  (198.1) .  Densi ty changes dur ing f ract ional
crystal l izat ion of  basal t ic  maqmas: l l . r id dynamic impl icat ions.  Contr ib.
M i re ral. Pet rct 1., E5, 300-309.

Kerr ,  R.C.,  NIcKenzie,  D.P.  &' I 'a i t ,  S.R. (1985).  I )ostcumulus



260 S.A f r .Tydskr.Geol . ,  1997, 100(3)

processes in layered intrusions. Geol. Mag.,122, 555-568. cooling, nucleation, and crystallization. Contrib. Mineral. Petrol., L25,

Tomkeief f ,  S. I .  (1929).  A contr ibut ion to the petro logy of  the Whin Si l l .  l -15.

Mineral. Ma9.,22, 100-120. Williams, C.M. (1995). petrogene,si.s of the Nerv Annlfi sheet: a highly

Walker, F. & Poldervaart, A. (1949). Karoo dolerites of the Union of South difierentiated Karoo intrusion. M.Sc. thesis (unpubl.), Rhodes Univ.,

Africa. Bull. Geol. Soc. Am.,60,591JO6. Grahamstown, 192 pp.

Wilhelm, S. & Wijrnel G. (1996). Crystal size distribution in Jurassic Ferrar

flows and sills (Victoria Land, Antarctica): Evidence for processes of Editorial control: R.G. Cawthorn.


