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Chromite in the central sector of the Eastern Bushveld Complex, South Africa
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Abstract

The composit ions of chromites in chromite-poor si l icate rocks, in chromit i tes, and in
chromit i te-si l icate rock series from bottom to top of the Crit ical Zonehave been investigated
by electron microprobe analysis. In the chromit i tes of the Lower Crit ical Zone there is a fair ly
regular change in composit ion upward in the strat igraphic sequence, the higher chromit i tes
being lower in CrlFe, CrlR'*, and MglR'z+, and higher in Fe3+/R3+ than the lower chromi-
t i tes. In chromit i tes of the Upper Crit ical Zone no systematic upward change in composit ion
is shown. Chromites in chromite-poor si l icate rocks are, in general,  lower in Cr/Fe, Mg/R'*,
and AllR'+ than chromites in strat igraphical ly associated chromit i tes, and higher in
Fe3+/R3+ and Cr lR3+.

Examined in the l ight of studies of the crystal l izat ion of basalts by Hil l  and Roeder, the data
suggest that increase in oxygen fugacity was not responsible for chromite precipitat ion and
cannot account for covariance of chromite and bronzite or ol ivine. Tectonical ly- induced
changes in total pressure in the magma chamber are suggested as the prime factor in the
formation of the extraordinari lv oersistent chromit i tes of the Eastern Bushveld Comolex.

Introduction

Invest igat ions dur ing near ly  a hundred years have
yielded much information on the size, extent, mode
of  occurrence,  and composi t ion of  the unr iva l led
chromite deposi ts  of  the Bushveld Complex.  Studies
have focussed on chromite in the chromitite "seams,"
especially the thicker ones; much less attention has
been given to chromite in thinner seams and in asso-
crated s i l icate-r ich rocks.  The studies have shown (1)
that from bottom to top of the Crit ical Zone there are
changes in the composi t ion of  chromite in  chromi-
tites, and (2) thaf in sequences involving both chro-
mite-poor and chromite-rich rocks, the compositions
of chromite and associated sil icates are functions of
sil icate-chromite ratios. There are many gaps, how-
ever ,  in  avai lable in format ion.

Systematic investigation of the chromitic rocks of
the Crit ical Zone of the Eastern Bushveld Complex
has been under way at  the Univers i ty  of  Wisconsin
for some years. Both chromite and associated sil i-
cates in chromite-rich and chromite-poor rocks have
been studied. This paper reports on the composition
of chromite in the Crit ical Zone of the central sector
of the Eastern Complex, as i l lustrated in a nearly
continuous section of the Zone on Farms Jaedlust.

Winterveld,  and Umkoanes Stad,  and on cer ta in im-
pl icat ions for  the or ig in of  the chromite deposi ts .

Materials studied

The materials studied are from the followins
sources:

(1 )  D r i l l ho le  U .S .  7 ,  Umkoanes  S tad  419  KS ,  Johan -
nesburg Consol idated Investments,  Ltd,

(2)  Dr i l lho les 15 and 16,  Winterveld 417 KS, Union
Carbide Corporat ion,

(3)  Dr i l lho les 8 and 1 1,  Jagdlust  4 l  8  KS, Union Car-
b ide Corporat ion,

(4)  Dr i l lho le 17,  Jagdlust  418 KS, Nat ional  Science
Foundat ion,

(5)  Mine work ings and outcrops:  Winterveld,  Jag-
dlust .  and Umkoanes Stad.

The locat ions of  the farms named are shown in F ig-
ure l. Together the materials give a composite section
of the Crit ical Zone that is complete except for parts
of the lowest few hundred feet, which could be sam-
pled only in  d iscont inuous outcrops.  A general ized
version of the section is given in Figure 2.

Thin and polished sections have been used as con-
trols on electron microorobe analvsis of chromites.
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Analyses have been made by methods previously de-
scr ibed (Cameron and Glover ,  1973).  Some analyses
were referred to a wet-analyzed chromite, synthetic
TiOr, synthetic AlrOr, an analyzed hematite, vana-
dium metal, synthetic MgO, and an analyzed rhodo-
ni te as standards for  Cr ,  T i ,  A l ,  Fe,  V,  Mg,  and Mn,
respectively. More recently, a chromite (Cameron
and Emerson,  1959,  Table l ,  analys is  3)  analyzed by
C. O. Ingamells has been used as the standard for Cr,
Fe, Mg, and Al. This has speeded analysis and, for
Al, has eliminated correction problems encountered
when synthetic AlrO, was used as a standard.

In general, the purpose of analysis has been to
determine the average composition of chromite in
each sample, by averaging counts made on 6 to 12
randomly-selected chromite grains. For most samples
this procedure is satisfactory, because variations
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from grain to grain are small. In some samples, how-
ever, particularly those in which the modal amount of
chromite is a few percent or less, marked variations in
composition are found from grain to grain. In such
cases, individual grains have been analyzed.

Analysis has generally been restricted to TiOr,
CrrOr, Al2Os, FeO, MgO, and VzOg. FerOr has been
calculated, assuming stoichiometry. Analyses of
Bushveld chromites by Waal (1975) show the pres-
ence of NiO (0.08 to 0.21 percent), ZnO (0.06 to 0.25
percent),  CoO (0.2 percent),  and CaO (0.18 to 0.34
percent). Analyses by the writer and other investiga-
tors show that MnO is commonly 0. l5 to 0.3 percent,
rarely 0.4 percent. The writer has generally omitted
analysis for these oxides, since the amounts are very
small and there appears to be no systematic variation
at accuracy levels oI microprobe analysis. Many pub-
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lef thand margin of  log indicate posi t ions of  chromit i tes 4 to 26 of  Figure 3.

l ished analyses of "purif ied" chromites show small
amounts of  SiOr,  and the analyses repor ted by Waal
(1975) show 0.35 to 1.25 percent  in  var ious chro-
mites. The common method of purif ication is mag-
netic separation followed by treatment of the chro-
mite concentrate to dissolve unremoved sil icates. Re-
sults are checked by binocular examination. This
method may not always remove all adhering and
included sil icates. The writer has been unable to de-
tect Si in the chromites analyzed. If Si is present, it
must  be below 0.1 percent .  CaO reported may a lso be
due wholly or in part to impurit ies.

TiO, is a special problem. Rutile is present in most
chromitic rocks from the Bushveld Complex, partly

as inc lus ions in  chromite,  par t ly  as marginal  adher ing
grains.  Microscope examinat ion of  "pur i f ied chro-
mite" from ruti le-bearing chromitites indicates that
adher ing rut i le  is  not  l ike ly  to be tota l ly  removed in
the pur i f icat ion process,  and the rut i le  inc lus ions are
of  course untouched.  The re lat ions of  rut i le  to  chro-
mite are complex and wil l be discussed in a separate
paper.  Meanwhi le,  i t  is  ev ident  that  care must  be
taken in interpreting TiO, contents of chromite
shown by analyses.

Occurrence of chromite in the Critica'l Zone

The occurrence of chromite in the Crit ic al Zone of
the central sector of the Eastern Bushveld Complex
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has been summarized by various investigators (Kup-
ferberger et al., 1937 Cameron, 1964; Cousins, 1964;
Cameron and Desborough,  1969),  and only a br ie f
review is given here. Chromite is found in accessory
or  t race amounts in  uni ts  that  together  make up more
than hal f  the tota l  th ickness of  the Cr i t ica l  Zone.  but
layers containing more than I percent chromite are
restricted to certain stratigraphic intervals termed
"chromit ic  in tervals"  (Cameron and Desborough,
1969).  For  the most  par t ,  chromite is  a cumulus
mineral ,  but  where i t  is  a t race mineral  i t  may be
postcumulus.  In  the t rue chromit i tes,  chromite is  the
sole cumulus mineral ,  except  that  cumulus rut i le  oc-
curs in  t race amounts in  cer ta in chromit i tes.  In  other
chromit ic  rocks bronzi te,  o l iv ine,  or  p lagioc lase or ,
less commonly,  both bronzi te and p lagioc lase are
also present  as cumulus minerals .  Postcumulus min-
era ls  present  in  chromit ic  rocks at  var ious hor izons
are bronzi te,  p lagioc lase,  c l inopyroxene,  b iot i te ,  a l -
ka l i  fe ldspar,  and rut i le .

True chromitites in the Crit ical Zone range from
less than I  cm to more than 2 m th ick.  The th ickest
chromitite in the section discussed here. the Steel-
poor t  seam (12-33 on Table l  ) ,  ranges f rom I  .2  to 1.3
m in the Jagdlust-Winterveld area.  The Marker  seam
(JM in  Tab le  1 )  and  the  Leade r  seam (11 -241 -B  i n
Table l ) are respectively 50 cm and 32 cm thick. All
o ther  chromit i tes in  the sect ion under d iscussion are
th inner ,  except  possib ly  a seam poor ly  exposed in the
entrance cut  of  the Winterveld Mine.  I t  may be 60 cm
thick.  Waal  (1975) has reporred that  in  general  the
th ickness of  seams increases upward in  the Cr i t ica l
Zone,  but  no systemat ic  var iat ion in  th ickness is
shown in the sect ion under d iscussion or  in  other
sect ions of  the Cr i t ica l  Zone of  the Eastern Bushveld
Complex measured by the writer. Cousins (1964) at-
tempted to define three groups of chromitites, Lower,
Middle,  and Upper,  wi th in each of  which the seams
(a tota l  o f  13 in  the three groups)  are numbered f rom
lowest  to h ighest .  This  grouping is  only  roughly ap-
p l icable to the sect ion under d iscussion.  In  the
scheme of  Cousins,  LG6 is  the Steelpoor t  seam (No.
l  I  o f  F ig.  l ,  th is  paper) ,  LG7 is  the Leader seam (No.
l2) ,  and the UG-2 seam is  No.  24.

The composition of chromite-general remarks

The Cr i t ica l  Zone of  the Bushveld Complex is  con-
sidered to have formed by fractional crystall ization of
mafic magma and gravitative accumulation of succes-
s ive crops of  crysta ls .  I f  no compl icat ions are in-
volved,  the resul t ing p i le  should show a progressive,
systemat ic  change in phase composi t ions and phase
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assemblages.  Chromite,  being a complex sol id-solu-
tion series, should be a sensitive indicator of the
course of  f ract ionat ion ( l rv ine,  1965).  The react ion
re lat ions of  chromite wi th associated s i l icates (and
ruti le), however, complicate the pattern of composi-
t ional  var iat ion.  Var iat ions in  composi t ion wi th
modal  amounts of  coexis t ing o l iv ine and bronzi te are
wel l -establ ished (Van der  Wal t ,  1941;  Cameron and
Desborough,  1969:  Jackson,  1969).  Var iat ions in
composi t ion of  chromite in  re lat ion to fe ldspar a lso
have been noted (Cameron,  1975).  Al l  such var ia-
t ions are super imposed on the gross pat tern of  com-
positional change upward in the stratigraphic succes-
s lon .

In v iew of  the in f luence of  modal  proport ions on
the composi t ion of  chromite at  any g iven st rat igraph-
ic  hor izon,  the wr i ter  has analyzed two groups of
chromites.  One group consists  of  chromites in  t rue
chromit i tes.  The second group consists  of  chromites
in s i l icate-r ich rocks,  in  which the modal  chromite
content is 5 percent or less.

Analyses of  chromites f rom 26 t rue chromit i tes are
given in Table l .  The st rat igraphic posi t ions of  the
chromitites are indicated by the black dots to the left
of  the log of  F igure 2.  Var iat ions in  cat ion rat ios and
Cr/Fe rat ios are d isplayed in F igure 3,  in  which the
samples are arranged in stratigraphic order from bot-
tom to top of  the Cr i t ica l  Zone.The h ighest  chromi-
t i te  is  in  the Merensky Reef  (MR).  The Steelpoor t
Seam (No. 1 I ) serves as the reference horizon. Strati-
graphic positions of chromitites 4 to 26 are fixed
from dr i l lho les and cont inuous exposures in  the adi ts
on Winterveld and Jagdlust, and from adits in the
Merensky Reef. Chromitites 4 to 6 were intersected
by a dr i l lho le at  the por ta l  o f  the adi t  o f  the Jagdlust
Mine.  Chromit i tes I  to  3 were sampled in a measured
sect ion a long a l ine 5 km west  of  the Jagdlust  Mine.
The three chromitites occur in the same stratigraphic
uni t ,  the B uni t ,  as chromit i tes 4 to 6,  but  owing to
lack of  exposures between dr i l lho le and mine the
corre lat ion of  the two sets of  seams is  uncer ta in.

Chromite in chromitites

Broadly speaking, the changes in chemistry of
chromite in  chromit i tes upward in  the Cr i t ica l  Zone
are those described in the l iterature. There is an up-
ward increase in tota l  i ron,  Al /R3+,  and Fe'+/R'+.
The other ratios given in Figure 3 all decrease up-
ward. TiO, increases irregularly upward, l ikewise the
content of V2O3. None of the chemical parameters,
however, shows a straight-l ine progression from bot-
tom to top of the stratigraphic sequence.
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Table l .  Analyses of  chromites f rom chromit i tes of  the Cr i t ical  Zone. See text  for  re lat ions between Nos.  l ,2,  and 3 and Nos.  4,  5,  and 6

2 6 , z ) , 2 4 . 2 L . 1 CL 9 .20 .2 2 ,2 3 .

Ti02
Feo2
Mgo
Cr203
A1203
!203
Fe203

Cat lons /  320
TT4+
Fe2*
Mg2+
Cr3*
A13+
v3+
Fe3*

Qr /Fe
(wt,  7)

Cat lon rat los

Md /M*FA2+

cr/cr+A1+Fe3+

AJ-lCr+AL+Fe3+

ps3+79a4414ps3+

6t-46-260
L , 2 9

23,86

13 .  59
0 . 4 6 1
8 . 4 L

9 9  . 9 3

15-128
o . 6 2

2 2 . 2 0
8 . 4 7

q ) .  t 4

l o . o /

0 .  35
<  c o

99 .92

15-18
0 . 8 9

19 .64
10 .  20
4L,62

0 .  30
10 .  19
v v .  o r

15-35-A-2-r
1 . 0 1

2 2 . r 3
8 . 3 2

4 3  . 4 8
L5 .67
0 .  4 0
7 . 4 8

9 8  . 4 9

0,20L7
4,9L07
3.29L0
9 . L L 7 7
4 .  9001
0  . 0849
I. 4938

23,9999

15-48
l . l 4

23 .3L
7  . 4 8

44 .L3
t4 .99
0 . 4 3
I  . 00

99 .84

0.2259
5 .L440
3  . 0818
9 . 2 0 6 7
4 .66L7
0 .0916

L ) - L Z ) - V - Z

0 . 9 3
2 L . 4 8
9 . r 2

43  . 01
1 7  . 1 8
0 .  5 1
7 . 5 5

9 9 , 7 8

0 .L799
4 .6569
3 .5230
8 . 8 1 3 1
5 .2487
0  . 1052
L . 4 7  3 2

24 ,0000

L . J 4

11-15-B
0  . 9 7

23 .6L
7 . 6 0

43 .86
1 6 . 0 3
0  . 5 9
5  . 8 6

99 .52

0 .  192  8
5 . 2 0 7 2
2 .9856
9 . t 4 3 8
4 . 9 8 3 9
o.L250
I . J O I /

24 .0000

L ) - J ) - b - Z  r ) - J O - r

L . 2 4  1 . 1 9
2 2 . 7 1  2 1  .  8 3
8 .  3 8  9  . 1 6

43 ,82  43 .66
L5 .67  15 .78

0 . 6 1  0 . 4 3
7  . 5 9  9  . 0 0

100  .  08  101  . 05

0 .2444  0 .2309
4 . 9 7 9 2  4 . 7 0 9 4
3 .2652  3 .5215
9 . 0 5 8 3  8 . 9 0 3 6
4 .8320  4 .7980
0 , L 2 7 L  0 . 0 8 8 9

0 .2573  0 .1205  0 ,1730
5 .  3063  4  . 8344  4 .2448
2 .9510  3 .286L  3 .9282
9 .4118  9 .4L68  8 .5025
4 ,29L7  5 .1155  5 .L079
0 .09802  0 ,073 r  o .0622
1 , 6 8 3 9  1 . 1 5 3 7  1 . 9 8 1 5

2 4 . 0 0 0 0  2 4 . 0 0 0 1 2 4 . 0 0 0 1

L . 4 3 L . 2 7

0 .357  0 .405  0 .481

0 .612  0 .600  0 .545

0 .279  0 .326  0 .328

0 .109  0 .074  0 .L29

r . 3 2| . 2 81 . 3 0L . 2 2 1 . 3 3

0 .  401

0 . 5 8 8

0 .  316

0 . 0 9 6

L . 4 9 3 7  L , 7 4 7 7  1 . 5 8 8 3
23  , 9999  24  . 0000  24 .0000

r . 2 7

0 . 3 9 5  0 , 4 2 8  0 . 3 7 5

0 . 5 8 9  0 . 5 7 6  0 . 5 9 5

0 . 3 1 4  0 . 3 1 0  0 , 3 0 2

0 . 0 9  7  0 . 1 1 3  0 . 1 0 3

0 . 4 3 r  0 . 3 6 4

0 . 5 6 1  0 . 5 9 0

0 . 3 3 8  0 . 3 2 2

0 .095  0  .  088

Ivalue for I '1n0, 
2v"fu. 

fo. I 'h2*. v not determined.

q1 0 .1 1 .t -3.1 4 .1 5 .r b .

TiO2
Fe02
Mgo
Cr2o3
AL2o3
v2o3
Fe203

Cat lons /320
T14+
t e - '

Me2+
c;3+
A13+
v3+
- 2 4r e " ,

c r /Fe
( w t .  Z )

Cat ion  ra t loa

Mo l[*Eaz+

8-L46 11-165-1
0 . 6 7  0 . 7 2

L9,54 20.84
L0 .23  9 .60
42 ,L6  42 .L8
1 8 . 0 0  1 3 . 3 0

0 . 4 7  0 . 3 7

15-148 ls-1983
o . 7 5  0  .  8 4

20 .10  19 .83
9 . 5 7  1 0 , 0 2

43.04 43.36
1 7  , 9 5  1 6 . 7 0

0 . 3 3  0 , 3 3

J .M .  11 -24L*
0  . 6 3  0  . 5 8

2 0 . 1 8  1 9 . 0 3
9  . 5 3  1 0 . 0 7

4 b . q f  4 t . J L

L4 .26  L4 .49
0 . 3 8  0 . 2 3

w - ) J - z J

0 . 5 2
L t . t t

1 0 ,  8 2
4 9  . 4 3
r + . o /

) .  o r
9 9 . 2 6

r z - 5 5

0 .61_
19 .22
10 .  20
4 7  . 4 2
1 4 . 8 3
0 . 2 7
7 . 3 5

99 .89

J-40
0 . 5 5

18 .  96
LO.2L
4 7 . 7 0
L 4 . 4 8

0 , 2 7
7 . 3 L

99 .48
8 . 2 7  8 . 1 1  7 . 2 5  8 . 3 2  8 . 5 4  7 . 4 4

99 .34  100 .12  99 ,L5  99 ,39  99 .97  99 .15

0 . 1 3 0 1  0 . 1 3 7 9  0 . L 4 4 9  0 . 1 6 3 9  0 . 1 2 3 0  0 . 0 6 2 1  0 . 1 2 3 0  0 . 1 0 8 7  0 . 1 0 1 5
4 .2070  4 .4693  4 .4660  4 .2965  4 .4110  4 .L430  4 .L728  4 .1383  3 .9108
3 .923L  3 .6685  3 .6789  3 ,8674  3 .7120  3 .9088  3 .9423  3 .9704  4 .1919
8 .5804  8 .5501  8 .776L  8 ,8826  9 ,5994  9 .7340  9 ' 7324  9 .8386  10 .1580
5 .4602  5 .5322  5 .4586  5 .0989  4 .3943  4 .5 rO2  4 .5365  4 .4518  4 ' 4949
o .og74  o .o759  o .0676  0 .0684  0 .0798  0 .0500  0 .0568  0 .0563  O '0469
1 .6018  1 .5651  L .4079  L ,6224  r . 6806  1 .4580  1 .4362  r . 4360  1 .0964

24.OO0o 24.0001 24,OOOO ta.O} l I  24.OOO1 23.8653 24.0000 24'O00L 24'0004

1 .  3 8

0 .  483

L . 3 2

0 . 4 5 1

0 . 5 4 6

Q.354

0 .100

L , 6 2t . 4 91 .  3 9 L  . 8 9t . 6 4L . b z

cr lcr+Al+Fe3+ 0,548

Al/cr+A1+Fe3+ 0.349

Fe3+/cr+Al+Fe3+ o.lo2

0 . 4 5 2  0 , 4 7 3  0 , 4 6 3  0 . 4 8 5

0 .561  0 .559  0 .6L2  0 .620

0 . 3 4 9  0 , 3 2 7  0 . 2 8 0  0 , 2 8 7

0 .090  0 .104  0 .1 -07  0 .093

0 . 4 8 5  0 . 4 9 0  0 . 5 1 7

0 . 6 2 0  0 , 6 2 6  0 . 6 4 5

0 .289  0 .283  0 .285

0 ,091  0 .091  0 .070

"wet  chemlca l  ana lys is ,  C .  o .  Ingane l ls .  A lso  conta ins  0 .44% 14n0.
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Table l .  Cont inued
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R 7 . 5 . 2 . 1 .

Sample
IiO2
FeO2
Mco
Cr2o3
A1203
vzo3
Fe2o3

Cat ions/  320
T i 4 + ' ,
Fe2+
Mo2+
Cr3*
A13+
v3+
Fe3+

U T l I E
(wt ,  i ! )

Cat lon  ra t los

Mg/Mg+Fe2+

crlcr+Al+Fe3+

A1lCr+Al+re3+

p"3+7ga441.rps 3+

6r-46-29LA
o . 7 6

18.64
10 .  48
5 0 .  1 3
r 3 .  7 5

o . 4 4
5 . 2 3

o o  /  1

0 .  149 r
4  . 0718
4 . 0 7 7 3

10 .  3491
4 .2330
0 .0911
| . 0286

24.0000

1 .  8 9

0 .  500

0 . 6 6 3

o . 2 7 I

0 .  066

oL-4b-29 |

L7 .84
1 0 . 7 8
49 ,95
73 .7  2
o . 2 3
6 , 3 0

9 9 . 2 8

1 7-151-10
o  . 5 2

1 8  . 5 s
r 0 . 2 3
4 9 . 8 8
1 3 . 1 6

o . 2 6
6 . 4 L

9 9 , 0 1

75-23 75-22
0  . 5 1  0  . 5 5

1 8 . 9 0  L 7 . 9 6
1 0 . 0 9  1 0  . 5 5
49 .9 r  49 .92
13 .43  ] - 3 .23

0 . 2 9  0 . 2 5

0 .1081
3 . 9 6 0 9
4 . r412

L0.4067
4.7132
0 , 0 5 2  3
L . 2 I L 6

24 .0000

1  . 8 7

17-204-8 L7-222 7s-24
0 . 5 8  0 , 7 6  0 . 4 8

1 8  . 9 0  7 9  . 0 7  L 7  . 9 0
1 0 . 0 8  9 . 9 8  1 0 . s 6
4 8 .  8 9  4 9  . 2 3  5 0  . 6 6
13 .  33  L3 .20  L2  . 5 -

0 . 2 6  0 . 4 5  0 . 2 1
7 . 0 8  6 . 0 1  6 . 6 L  6 . 1 3  6 . 1 1

9 9 . 1 2  9 8 . 7 0  9 8 . 9 6  9 9 . 2 6  9 8 , 5 7

0 .0910  0 ,1027
3 .8961  4 .0864
4.1949 4.0162

r0.  3104 10 .  3846
4 ,2226  4 .0856
0 . 0 4 7 3  0 . 0 5 4 3
L .2379  I . 270 r

24,0002 23.9999

0 .1154  0 .1504  0 .0950  0 .1016
4 .7613  4 .2L87  3 .9466  4 ,1530
3 .954L  3 .9377  4 .1484  3 .9487

L0 .L749  L0 .2922  10 .5587  10 .3656
4 . r376  4 ,1158  3 ,8969  4 .1592
0 .0540  0 ,0946  0 .0434  0 .0602
I . 4 0 2 6  L . L 9 6 6  1 . 3 1 0 9  L . 2 L L 6

23.9999 24.0000 23.9999 23.9999

1 .  8 01 .  8 1 1 . 7 0

u . 4 6 t

r . 7 7

0 . 5 1 8  0 . 4 9 6

0 .654  0 .660

0 .268  0 .260

0 .078  0 .081

0 . 4 8 2  0 . 5 L 2  0 . 4 8 7  0 . 5 1 1

0 . 6 4 7  0 . 6 6 0  0 . 6 7 0  0 . 6 5 9  0 . 6 6 2

0 . 2 6 3  0 . 2 6 4  0 . 2 4 7  0 . 2 6 4  0 . 2 6 L

0 . 0 8 9  0 . 0 7 7  0 . 0 8 3  0 . 0 7 7  0 . 0 7 7

The most  near ly  systemat ic  var iat ion is  shown by
the chromit i tes of  the Lower Cr i t ica l  Zone. I t  should
be noted that  there are two groups of  chromit i tes in
th is  par t  of  the Cr i t ica l  Zone.  One group,  represented
by samples 7,  8,  and 9,  consis ts  of  chromit i tes in
olivine-rich rocks. The second group, represented by
al l  the other  samples f rom I  to  15,  consists  of  chromi-
tites enclosed in bronzitites. The second group shows
a fa i r ly  regular  progression in  chromite composi t ion
upward.  Tota l  i ron,  Al /R3+,  and Fe3+, /R3+ increase
upward,  whereas Cr/Fe,  Mg/(Mg *  Fe2+),  and
Cr lpr+ decl ine.  The three chromit i tes enclosed in
ol iv ine-r ich rocks show higher  MgO, Cr lFe,  and
CrzOr,  and lower tota l  Fe than chromit i tes in  bronzi -
t i tes above and below.

In the Lower Crit ical Zone, plagioclase is post-
cumulus (Cameron,  1969).  Modal  p lagioc lase con-
tent  in  bronzi t i tes increases upward to 17 to l8  per-
cent near the top of the zone, indicating that as the
zone accumulated the composi t ion of  the magma was
gradually approaching the bronzite-plagioclase
boundary on the l iqu idus.  The top of  the Lower
Cr i t ica l  Zone is  an erosional  d isconformi ty  (Cam-
eron,  1971),  above which cumulus p lagioc lase ap-
pears for the first t ime. Strong movement of magma
just  pr ior  to  the beginning of  accumulat ion of  the F

uni t  is  ind icated,  but  t rends of  bronzi te composi t ion
do not  ind icate a heave of  new magma into the cham-
ber (Cameron,  1971).  Analyses and cat ion rat ios for
chromit i tes 15 and 16 (Table I  and Fig.3)  show no
break in  composi t ional  t rends across the d is-
conformi ty .

The top par t  of  the E uni t  is  an a l ternat ion of
para l le l ,  regular ,  concordant  layers of  chromit i te ,
chromit ic  bronzi t i te ,  and bronzi t i te .  Chromit i tes l3
and 14 from this sequence differ somewhat in compo-
s i t ion,  but  there is  no ev idence of  a break in  the
sequence, either in the field or in analyses ofbronzites
(Cameron,  197 1,  F ig.  14)  f rom var ious hor izons in
the sequence.

The Upper and Lower Crit ical Zones of the central
sector of the Eastern Bushveld Complex are l itholog-
ically different. The Lower Crit ical Zone is essentially
a pile of feldspathic bronzitites interrupted by two
hor izons (upper and lower members of  the C uni t )  o f
per idot i t ic  rocks,  and chromit ic  in tervals  in  th is  p i le
are rather closely spaced. The Upper Crit ical Zone is
a very diverse assemblage of norites, anorthosites,
minor  gabbros,  and bronzi t i tes,  in  which chromit ic
intervals are fewer. The chromitites of the Upper
Crit ical Zone occur in three types of associations with
sil icate rocks. The chromitites reoresented bv Nos.
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Chromitite Height Unit
m.

26 973.8 MR
25 637.0 X
24  613 .3  W
23  518 ,5  0
22  518 .2  0
21  517 .9  M
20 515.8 M

16  110 ,6  F
15 102,7 E
' t 4  101 .2  E
1 3  3 1 . 1  E
12 2,O E
11 0.O St
10  -8 .5  D
I -64.0 C
a  -74 .1  c

--Z-._ _ __ _ _-_1_7__6.8 - --S--- _, _
6 -203,3 B
5 -220j  B
4 -224.3 B

CHROMITE IN THE BUSHVELD COMPLEX

Rat ios

__3___ 16_4.5_____B________-
2 -190.5 B
1 -193.5  B

1.0 2.O .35 .45 .55 .50
Cr  Mg_
Fe Mg*Fet*

Fig.  3 Cr lFe and selected cat ion rat ios for  26 chromit i tes.  Strat igraphic posi t ions are given in meters above or  below the Steelpoort
ch romit i te.  Sam ple numbers are those of  Table I  .  Chromit i tes 4 to 26 are in st rat igraphic order.  See text  for  re la t ions of  chrom i t i tes I  to 3
to chromit i tes 4 to 6

18 ,  19 ,  22 ,23 ,24 ,  and  26  (Tab le  l  and  F ig .  3 )  a re
enclosed in feldspathic bronzitites. Nos. 20 and 2l are
from a series of thin chromitites interlayered with
anorthosi tes at  the top of  the M uni t .  Nos.  16,  17,  and
25 are from chromitites each of which is underlain by
anorthosite and overlain by bronzitite. Whether
taken as a whole or  in  groups according to type of
associated sil icate rock, the chromitites show no sys-
tematic variation upward with stratigraphic position.
For example, the Mg/R'z+ ratio of chromite in No. 24
is almost identical with that of No. 17, whereas chro-
mites in intervening chromitites have much lower
ratios. It should be noted that in chromitites the
variations from grain to grain are small, and replicate
analyses agree within l imits of error of microprobe
analys is .

From the chart it seems clear that if the composi-
tions of successive chromitites reflect the differenti-
ation of the magma, the course of differentiation of
the Upper Crit ical Zone was by no means simple.
This is also suggested by the repetit ion of rock types
and rock sequences in the Upper Crit ical Zone.

In Figure 4, Cr3+/pa+ is plotted against Mg/R'+
for chromites in chromitites of the Lower and Upper
Crit ical Zones. Chromite in chromitites of the Lower
Crit ical Zone in bronzitites in general shows a de-
crease in Cr3+/R'+ with decrease in Mg/R'+. For

.40 .o5 .15
Fe 3+

C-r Al'Fes

chromite in  chromit i tes enclosed in duni tes there is
no clear trend. The reverse trend, however, is shown
by chromitites of the Upper Crit ical Zone, whether or
not they are enclosed in pyroxenite or are enclosed in
or  under la in by anorthosi te.  Trends for  Al /R3+
plotted against Mg/R'z+ (Fig. 5) are antithetic to
t rends in  Cr lR'+.

Chromite in chromite-poor rocks

C h  r o m i t e s  f r o m  s i l i c a t e - r i c h  r o c k s  a t  3 8
stratigraphic horizons have been analyzed. Cr/Fe
and cation ratios are plotted in Figure 6 in stratigra-
phic order. Compared to chromites in chromitites,
chromites in sil icate-rich rocks in general have lower
Mg/R'+,  Al /R3+,  and Cr lFe,  and h igher  Cr, /R3* and
Fe3+ /R3+ . This corresponds to relative enrichment in
FeCrrOr. Trends in composition upward in the strati-
graphic column are obscured by the scattering of
values. In part this certainly reflects variations in
composition from grain to grain in many single sam-
ples. The range in sample no. 5 (Nos. 5a and 5b of
Table 2) is given as an extreme but informative i l lus-
t rat ion.  In  th is  sample,  5 gra ins embedded in bronzi te
show essentially the same range as 5 grains embedded
in p lagioc lase,  hence subsol idus equi l ibrat ion does
not appear to have been the cause. It seems more
likely that variations are due to point-to-point varia-

.60
C r

cr*Al*Fe"'

.30
A I

CrrA l+Fe3+
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t ions in the composition of interstit ial l iquid, which
was separated into innumerable isolated subsystems
in the last stages of crystall ization. In any event, it is
clear that only analyses of large numbers of grains in
each individual sample would indicate average com-
posi t ions of  chromites.

So far as trends in ratios are discernible, those in
Figure 6 seem to parallel those in Figure 3, except
that the AllRs+ ratios in Figure 6 show litt le change,
and there appears to be a reversal in Fe3+,/R3+ in the
part of the Lower Crit ical Zone made up of the B, C,
and  D  un i t s .

Chromites in chromitite-silicate rock series

Three types of chromitite-sil icate rock series,
based on variations in modal proportions, are present
in the Crit ical Zone-chromitite-bronzitite, chromi-
tite-dunite, and chromitite-anorthosite. Chromi-
tite-dunite series are present only in the C and D
units, Lower Crit ical Zone. Chromitite-bronzitite

.700

s
o

l!
-J-

< .ouu
+
o
o

.600 .500 .400 .300
Mg/Mg+Fez+

Fig. 4. Cr,z(Cr + Al + Fe8+) for the chromitites of Table l,
p lot ted against  Mgl(Mg * Fe'+) .  Chromit i tes in the Lower
Critical Zone are represented by solid circles (chromitites enclosed
in bronzitites) and rectangles (chromitites enclosed in olivine-rich
rocks). The large circle represents both Steelpoort and Leader
chromitites. Chromitites in the Upper Critical Zone are
represented by triangles, open (chromitites enclosed in anorthosite
or in anorthosi te and bronzi t i te)  or  sol id (chromit i tes enclosed in
bronzi t i te) .
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.400

.400 .300

Fig. 5. Al l(Cr + Al
plotted against Mgl(MS

Mg/Mg+Fez+

f  Fe3*)  for  the chromit i tes of  Table I
*  Fe'z+).  Symbols as in Figure 4

series are found at intervals from bottom to top of the
Lower Crit ical Zone, and in certain bronzitites of the
W. O.  L.  and lower J  uni ts .  Chromit i te-anorthosi te
ser ies are found only in  the M, H,  and F uni ts .

Pat terns of  var iat ion in  the composi t ion of  chro-
mite in chromitite-bronzitite series have been de-
scr ibed by Cameron and Desborough (1969) and
Cameron (1970).  As chromite-bronzi te rat ios in-
crease, there is an increase in Mg/R'+, Cr/Fe, and
AllR3+ ratios. and a decrease in other ratios. The
variation in MglR'+ was first noted by Van der Walt
(1941) in  chromit ic  rocks of  the Western Bushveld
Complex.

Patterns of variation in chromitite-dunite series in
the Western Bushveld Complex have been studied by
G. von Gruenewaldt (personal communication,
1975), who finds that the AllR3+ ratio decreases with
incre asing chromite content, the reverse of the change
in chromitite-bronzitite series. The chemical relation-
ships involved wil l be discussed by Dr. von Gruene-
waldt in a forthcoming paper. Similar series in the C
unit subsequently investigated by the author show the
same var iat ion.  Thus chromite in  chromit i te  No.  7
(Table 1) has an AllRs+ ratio of 0.268, whereas chro-

+
o

fl .3oo
+

T

(J
:\

.500
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Sample Height Unit
m.

38 973.0 MR
37 643.1 X
36 609.3 W
3 5  6 0 6 9 _ _ _ _ w - _ -
34 605.9 W
33 518.0  0
3 2  5 1 5 6  M
3 1  _ .  5 1 3 . 3  _ _ _ M _ . _ _
30 297e L
2 9  2 8 3 s  L
28 27a6 J

CAMERON CHROMITE IN THE BUSHVELD COMPLEX

Ratiss

21
20
to
1 8
'17

1 6

176.2
144,7 J
1 4 3 9  H  .

1 4 1 5  H  .
140.9 H

1384 c
107.7 F
106,4 F

r o 3 3  F
83.8 E
78.6 E

1 0
9
8

6
5
4
a

2
1

Fig.  6 Cr, iFe and selected cat ion rat ios for  chromites in s i l icate-r ich rocks of  Table 2.  Strat igraphic posi t ions are referred to the
Steelpoort  chromit i te.  Sample numbers are those of  Table 2

Cr  Mq
Fe M-g.Fer'

mite f rom the associated duni te of  sample 3 (Table 2)
has a rat io  of  0.320.

The pat tern of  chemical  var iat ion in  chromi-
tite-anorthosite series has been described by the
wr i ter  (Cameron,  1975),  and is  ind icated by a com-
pa r i son  o f  t he  ca t i on  ra t i os  o f  No .2 l ,  Tab le  I  ( ch ro -
mi te in  chromit i te) ,  and No.  32,  Table 2 (accessory
chromite in  the under ly ing anorthosi te) .  Mg, /Rr+ and
Allps+ are higher in chromite from the chromitite. In
these respects the pat tern is  s imi lar  to  that  in  chromi-
t i te-bronzi t i te  ser ies,  but  in  chromit i te-anorthosi te
ser ies Cr/Fe may e i ther  increase wi th modal  percent
chromite,  decrease,  or  remain the same.

Discussion

The significance of the compositional data pre-
sented here depends on whether the compositions of
the chromites were fixed during crystall ization of the
magma or during the succeeding subsolidus stage.
This question was examined in a previous paper

15 .25 .35
A I

Cn Al*Fe3'

(Cameron, 1975). In any given chromitite, chromite
is in places poikil i t ic in plagioclase, in other places
poik i l i t ic  in  bronzi te.  I f  subsol idus equi l ibrat ion has
taken place, chromite in bronzite should have a lower
Mg/Fe ratio than chromite surrounded by plagio-
clase (Irvine, 1967). Analyses show that this is not the
case, hence the composition of chromite was fixed not
later than the end of the postcumulus state of crystal-
l izalion, in a system in which chromite, plagioclase,
bronzite, and liquid were in equil ibrium. Variations
in composition of chromite upward in the strati-
graphic sequence should therefore reflect the frac-
tionation of the magma.

The most distinct fractionation apparently took
place during the formation of the Lower Crit ical
Zone and the lowest unit, the F unit, of the Upper
Crit ical Zone. Crystall ization of bronzite, olivine,
and chromite depleted the magma in Mg, Fe, and Cr.
Mg was depleted relative to Fe. The Mg,/R2+,
Cr/Fe, and Cr3+,/R3+ ratios in chromite therefore de-

- 73.5 C
- 8 9 9  C

-  105.8  c
_ _  _ _ _ - - 1 7 7 . 4 _ _ _ _ - C  -

-  192.9  B
- 273.4 B

.l
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Table 2 Analvses of chromites from si l icate-r ich rocks of the Crit ical Zone

? l32 .1 ?34 .3 6 .3 8 .

Sanple
T i0 .
Fe0 '
Mgo
Cr 2O3
A 1 2 0 ^
v .d" '
_ L )r e 2 U 3

Tota ls

Cat ions /32  0
T i4+
F e ' '
M e ' '

" i3+

v3+
Fe3*

Tot  a1s

L r l  I e
(v r .  7 . )

Cat ion  ra r ios

)+
Mg/Metre-

. i +
Crl Cr+Al+Fe 

-

?+
A1/Cr+AI+Fe- '

? + +
Fe-  /cd-A l+Fe-

6r-46-260
0 .  70

2 4 . 6 7
6 . 3 9

4 5 . 8 1
13 .  09

0 .  4 1
8 . 2 7

9 9  . 3 4

0 . 1 4 3 1
5 . 5 7 L L
2 . 5 7 2 L
9 . 7 i 6 9
4 . L 6 6 4
0 .0896
1 .  6809

2 4 . 0 0 0 1

t . 2 6

0 .  316

0 . 6 2 6

0 . 2 6 7

0 . 1 0 8

0 . 1 9 5  0 . 2 4 5 0 . 2 4 8  0 . 1 8 6

0 . 6 0 4  0 . 6 5 6

r .  1 6

0 . 2 4 2  0 . 2 7 3

0 . 6 3 4  0 . 6 3 0

l5-  9A
0 . 6 5

29.82
2  . 3 2

4 ) . ) t

1  . 4 2
0 . 5 3

1 2 . 8 3

99 .14  99 .L2  LO0 .26

0 . L 3 9 2  0 . 2 7 3 L  0 . 2 4 3 7
7 . 1 4 8 7  6 . 6 5 8 3  6 . 2 2 5 5

.9906  1 .6148  2 .0182
L0  . 3263  9 .  6010  9  . 2378

2  .  5058  2  . 655L  3 .  4510
o . L 2 L 6  0 . 1 1 4 6  0 . 0 8 6 1
2 . 7 6 6 8  3 . 0 8 3 1  2 . 7 3 7 7

23.9999 24.0000 24.  0000

15-204 15-213
r . 2 8  1 . 1 8

28 .L4  27 . ) , 6
3 . 8 3  4 . 9 4

4 2 . 9 2  4 2 . 6 3
1  . 9 6  1 0 . 6 8
0 . 5 1  0 .  3 9

1 ,4 .48  13 .27

0 . 9 9

0 . 2 4 8

0 . 6 0 4  0 . 6 2 6  0 . 5 9 9

0 . 2 3 2  0 . 1 7 3  0 . 2 2 4

0 . 1 6 4  0 . 2 0 1  0 . 1 7 8

15-200 r5-34-A-2 15-37-8 15-80
r . 2 2  r . 5 4  r . 5 4  L . 4 9

2 7 . 0 4  2 8 . 5 8  2 1 . 1 6  2 6 . 5 8
5  . 0 2  3 . 6 6  4  . 8 7  5  .  5 9

4 2 . 9 2  I + 4 . 2 3  4 4 . 0 4  4 4 . 7 2
1 1 . 0 3  7 . 3 6  9 . 9 4  L 2 . 3 7
0 . 4 3  0 . 5 7  0 . 4 7  0 . 6 4

L 2 . 2 7  1 3 . 2 5  1 1 . 1 4  8 . 2 3

99 .93  99 .19  99 .16  99 .62

0 . 2 5 1 1  0 ; 3 2 9 1  0 . 3 2 2 1  0 . 3 0 4 0
6 . 2 0 1 2  6 . 7 8 0 3  6 . 3 0 7 4  6 . 0 4 0 5
2 .0498  1 .5489  2 .0153  2 .2635
9 . 3 0 s 1  9 . 9 2 0 5  9 . 6 6 9 3  9 . 6 0 7 0
3 . 5 6 5 6  2 . 4 6 2 9  3 . 2 5 3 9  3 . 9 6 2 6
o . 0 9 4 3  0 . 1 3 0 5  0 . 1 0 4 1  0 . r 3 8 7
2 .5329  2 .8279  2 .3275  r . 6837

24 .0000  24 .000L  24 .0002  24 .0000

0 . 9 6 0 . 9 9 0 .  9 6 1 .  0 1o -92

0  . 2 3 2

0 .  164

0 . 1 6 2  0 . 2 7 3  0 . 2 6 0

0 .  186  0 .  153  0 .  110

2 6 . 1 128 .) o30 . 2 7 . 2 4 .2 5 .

SanpIe
ri12
Fe0
Mgo
Cr 2O3
A 1 r 0 a
v zoz
F e 2 0 3

To ta ls

u a E l o n s /  J z  u
T!4+
Fe2+
u"2+
cr 3+

A13+
v3+
- ? +
! e - '

Tota ls

u r l ! e
( w t .  Z )

Cat lon  raE ios

1 L
Me,/MeiFe''

crlcr+Al+Fe-
1!

41/Cr+Al+Fe''

+ u
Fe- /C#A1+Fe"

t5-1300 15-1349
1 . 1 1  I . 2 7

2 8 . 8 1  2 8 . 7 6
3 . 4 4  3 , 4 2

44 .71  45 .62
8 . 0 6  8 . 1 9
0 .  1 6  0 . 5 9

L 2 . 9 0  1 1 . 2 8

99 .7 t  99 .07

0 .2349  0 .2567
6 . 7 9 7 6  6 . 8 1 3 5
L . 4 4 3 2  r . 4 4 3 2
9 .9616  10 .2153
2 . 6 7 1 2  2 . 7 3 3 3
0 .  1560  0 .1330
2 . 7 3 5 4  2 . 4 0 5 L

23 .9999  24 .0001

0 .2382  0 .1998  0 .2843
6 . 8 1 9 9  7 . 1 3 8 9  6 . 3 0 2 0
1 .4183  1 .0609  r . 9824
9 .5104 9 .7L49 10.  3610
2 . 5 0 7 5  2 . 4 3 5 9  2 . 8 0 8 5
o . r752  0 .2087  0 .1584
3 .3306  3 .8409  2 .1034

24 .0001  24 .Q jQQ 24 .0000

8-18 8-27
1 . 0 9  1 . 5 8

2 6 . 8 2  2 9 . 7 9
4 . 9 r  3 . 2 0

4 5  . 3 9  4 1 .  1 3
9  . 6 3  7  . 5 9
0 . 6 7  0 . 7 4

r r . 2 2  1 5 . 9 6
o o  ? a  o o  q q

0 . 2 2 7 5  0 . 3 3 6 8
6 .2037  7 .0611
2 . 0 2 3 8  r . 2 7 5 6
9 .9241  9 .2L73
3 .L394  2 .5352
0 .L47  0  0 .1683
2 .3345  3 ,4056

24.0000 23.9999

0 . 8 2  0 . 8 2

0 . 2 4 6  0 . 1 5 3

0 . 6 4 5  0 . 6 0 8

0 .204  0 .167

0 . t 52  0 .225

L5-r367-2 15-1600l L5-r725 8-4-C
1 . 1 0  1 . 1 1  0 . 9 2  1 . 3 6

2 5 . 9 L  2 8 , 6 6  2 9 . 6 1  2 7 . 0 2
5 . 4 0  3 . 3 4  2 . 4 7  4 . 7  7

4 7 . 0 0  4 2 . 2 7  3 9 . 9 9  4 6 . 9 9
9 . 2 8  7 . 4 8  7 . r 7  8 . 5 4
0 . 6 5  0 . 7 7  0 . 9 0  0 . 7 1
9 , 9 9  1 5 . 5 5  1 7 . 7 0  1 0 . 0 2

9 9 . 3 3  9 9 , 1 8  9 8 . 6 6  9 9 . 0 1

o . 9 7 1 .  0 3

0 . 2 2 8 7
5 . 9 9 9 7
2.2290

I0.287 3
3 .0295
0 .  14  34
2 .0823

23 .9999

1 . 1 9 0 . 8 7 o . 7  7 0 . 9 5

0 . 1 7 5  0 . 1 7 5

0 . 6 4 8  0 . 6 6 5

0 . L 7 4  0 . 1 7 8

0 .178  0 .L57

0 .271  0 .L72  0 .129  0 .239

0 .668  0 ,620  0 .592  0 .678

0 . 1 9 7  0 . 1 6 3  0 . 1 5 8  0 . 1 8 4

0 . 1 3 5  0 , 2 L 7  0 . 2 5 0  0 . 1 3 8

lAtuarg" 
of analyses of six crystals
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Table 2 Cont inued

1 5 .2 2 . 2 L . 1 6 .1 8 .L 9 .

S anp le

Ti02
Fe0

Mgo
Ct 20,
A1203
vzo:
Fe203

To ta ls

CaEions /32  0
T i4+
Fe2*
lre2*
c ;3+
Al3+
v3+
F e " '

To ta ls

c r l  Fe
(wt .  %)

Cat ion  ra t ios

t+
MelMg+Fe-

u
cr lc r tA l+Fe- '

'l+
A1/Cr+A1+Fe-

+ u
Fe-  /cd-A1+Fe"

0 .2804  0 .2808  0 .2L97
6 .8937  7 .0275  6 .4y .4
1 . 3 8 6 7  1 . 2 5 3 3  r . 7 8 8 3
9 . 1 5 0 7  8 . 8 2 1 1  9 . 6 7 7 r
2 .4785  2 .3 t25  2 .8059
0. 1689 0.2192 0.L457
3. 6411 4.0856 2 .9320

23 .9999  24 .0000  24 .0001

0 . 8 1

8-66 LL-64-B
1 . 3 0  1 . 0 4

2 9 . 3 5  2 7 . 3 7
2 . 9 4  4 . 2 5

3 8 . 9 8  4 3 . 5 7
6 . 8 5  8 . 4 7
0 . 9 6  0 . 6 5
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2 . L .14 .5 b .

Cat ions /32  0
Ti4+
* r +
f  e -

Ms2*
C t - '

A13+

Fe3*

To ta ls

Cr /Fe
(wt . %)

Cat ion  ra t ios

)+
Mg/Ms+Fe-'

1+
Cr lCr+AI+Fe- '

?+
A1/ Cr+Al+Fe 

-'

i+ ?+
Fe- /Cr+AI+Fe'
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0 . 7 2
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5 . 2 3
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0 . 7  4 2
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0 . 5 3  0 . 3 1
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0 . 1 0 7 8  0 . 0 6 5 3
5 .5L2L  6 .4355
2 .5957  L .6298
9.7912 L0.7 567
4 .0587  2 .7  457
0 .0522  0 .0845
1 .8823  2 .2824

24.0000 23.9999

Sanple

Ti02
Fe0
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Cr203
Ar2o3
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Fe203
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r . 2 3 1 .  1 5

0 . 3 2 0  0 . 2 0 2

o . 6 2 2  0 . 6 8 1

0 . 2 5 8  0 . L 7 4

0 . 1 2 0  0 . 1 4 5

5a and 5b  are  ana lyses  o f  two d l f fe ren t  c rys ta ls .

creased, especially in the E unit of the Lower Crit i-
cal Zone, whereas ths dP+/ft4+ and Fe3+/R3+ ratios
rose.

After the completion of the F unit (No. 17, Table
I ), the pattern of fractionation changed. CrlFe re-
mained essentially constant. Mg/R'?+ shows a wide
fluctuation from chromitite to chromitite, but on the
whole there is l i tt le change. The same is true for the
Fe3+/R3+ ratio. The removal of large amounts of
AlrO, in plagioclase during the accumulation of the
Upper Crit ical Zone is apparently reflected in re-
versal of the trend of the Cr3+/R3+ and Al3+,/R3+
rat ios.

Deviations of individual values from general trends
in the Upper Crit ical Zone do not correlate with
either kinds or proportions of sil icates in the chromi-
tites or in the immediately enclosing sil icate rocks.
The rocks of the Upper Crit ical Zone are pre-
dominantly norit ic, but the recurrence of pyroxenites
in the sequence indicates periodic change in the posi-
tion ofthe system relative to the bronzite-plagioclase
boundary on the l iqu idus.  Chromite was only in ter-
mittently a stable phase. It is absent in the thick J
unit, and in most of the M and X units (Fig. 2),

except as a trace mineral that may be of postcumulus

or ig in.
The chromit i te  of  No.  24 (UG-2 of  Cousins '

scheme) is  markedly aberrant  in  Mg/R'+,  Cr '+/R'+,
and Fe3+/R3+ ratios. The data are ftom one of four

separate analyses, two for chromite poikil i t ically en-

closed in plagioclase, two of chromite poikil i t ically

enclosed in bronzite, that are in very close agreement.
No explanation is apparent. A heave of undifferen-
tiated magma into the chamber is suggested by the
relatively high Mg/Rz+ ratio, but the shifts in the
other ratios are opposite to what would be expected if

a heave had taken place.
It is apparent from Figures 5 and 6 that none ofthe

ratios can be used to fix the exact position of a

chromitite in the stratigraphic sequence. However,

Cr3+/R3+ and Al3+/R3+ relative to Mg/R'+ serve to

distinguish chromitites of the Upper Crit ical Zone

from those of the Lower Crit ical Zone.
For the chromites in chromite-poor rocks, two fea-

tures require explanation. One is the strong enrich-
ment in iron, t itanium, and to a less extent, va-

nadium, relative to chromites in chromitites at the

same horizons. The second is the marked scattering



1094 CAMERON: CHROMITE IN

of values, to such a degree that trends of certain
rat ios (F ig.  6)  are obscured.

The contrasts in composition could conceivably
stem from the cumulus stage, and there is no proof
that they do not. They could also reflect, however, the
reaction of settled chromite, init ially of the same
composition as chromite forming adjacent chromi-
tite, with interstit ial l iquid during the postcumulus
stage. Such a l iquid would be enriched in Fe, Ti, and
V relative to cumulus chromite. Since the ratio of
l iquid to chromite would be high, substantial change
in chromite composition could occur, whereas it
would not occur in chromitites. in which chro-
mite/l iquid ratios would be high. In the last stages, if
interstit ial l iquid became restricted to very small vol-
umes isolated from one another, reaction of l iquid
with some chromite crystals might continue much
longer than with others, and the chromite/l iquid ra-
tios might vary from volume to volume. The range of
composition of crystals in some of the chromite-poor
rocks could thus be expla ined.

As I rv ine (1965) has pointed out ,  chromit ic  sp inels
should be sensi t ive indicators of  condi t ions of  magma
crystall ization. In experimental systems in which the
changes in cation ratios in spinels can be correlated
specifically with changes in bulk composition, tem-
perature, or oxygen fugacity, there is ample evidence
that phase compositions are markedly affected by
changes in one or more of those variables. In the
system MgO-FeO-FerOr-SiOr, the MglFe ratios of
both spinel and coexisting olivine or orthopyroxene
increase with increase in oxygen fugacity of the l iquid
(Muan and Osborn,  1956;  Ulmer,  1969). In addi t ion,
increase in oxygen fugacity (Kennedy, 1955; Osborn,
1959;  Hami l ton et  a l . ,  1964;  Yoder and Ti l ley,  1962)
promotes the crystall ization of spinel at the expense
of  s i l icates.  Cameron and Desborough (1969) and
Ulmer (1969) therefore suggested that the chromitic
intervals in the Crit ical Zone were init iated by in-
crease in oxygen fugacity and terminated by decrease
in oxygen fugacity. Both the formation of chromitites
and the variations in Mg/Fe ratio in coexisting chro-
mite and olivine or bronzite could thus be explained.
Cameron and Desborough pointed out, however,
that the higher AlrO3 content of chromite in the
chromitites is anomalous, since in the system
FeO-FerOr-AlrOB-SiO, (Muan, 1957) increase in/O,
causes a decrease in the AlrO, content of spinel.

The diff iculty l ies in attempting to extrapolate from
the relatively simple experimental systems to the
more complex natural systems, particularly those in
which the spinel phase contains Cr, Fe2+, Fe3+, Mg,
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Al, and Ti in significant amounts, and in which tem-
perature, oxygen fugacity, and bulk composition
have yet to be defined.

In th is  connect ion.  the work of  Hi l l  and Roeder
(1974) on the crystall ization of spinel from a basaltic
l iquid produced by melting a Hawaiian oli-
vine-tholeiite is of special interest. In one set of runs,
spinel was crystall ized from the basaltic l iquid at a
temperature of 1200' + 6o C, over a range ofoxygen
fugaci ty  f rom about  l0  04 to 10- 'g .  In  the second set
of runs, spinels were crystall ized at a constant oxygen
fugacity of 10 ? over the temperature range from
about 1202" to 1147" C. Compositions of the result-
ing spinels were determined by microprobe analysis.
At 1200" C, increase in oxygen fugacity did promote
the crystall ization of spinel, but the AlrO, content of
spinel decreased and so did the Cr/Fe and Mg/R,+
rat ios.  For  Mg/R'+,  th is  s tatement  holds only for
the range of JO, from 10 ' to l0-', but this is the
range considered most l ikely for mafic magmas at
1200" C (Fudal i ,  1965).  The change in Al rO3 content
is thus consistent with relations in the system
FeO-FerO3-AlrO3-SiO, (Muan, 1957), but the change
in MglR'+ is opposite to that which occurs in the sys-
tem MgO-FeO-FerO.-SiO, (Muan and Osborn,
r  956) .

If the findings of Hil l and Roeder can be extrapo-
lated to the Bushveld magma system, doubt is cast on
the role of oxygen fugacity in the crystall ization of
chromite. For any given pair of layers consisting of a
chromitite and a chromite-poor sil icate rock, it seems
reasonable to assume that the two crystall ized at
essentially the same temperature. If formation of the
chromitite was caused by increase in JO", AlrO, con-
tent and the ratios Cr/Fe and MglR'z+ should all be
lower in chromite from the chromitite, the reverse of
what is found in the Crit ical Zone.

The control of chromitite formation by oxygen
fugacity has been questioned on other grounds. The
hypothesis was proposed at a time when the mafic
belts of the Bushveld were considered to be parts of a
single complex, and the remarkable similarity of the
eastern and western belts did not seem inconsistent
with the hypothesis. It is now established that the
eastern and western belts were intruded from sepa-
rate centers. Dr. C. F. Vermaak (personal communi-
cation, 1975) points out that there is small l ikelihood
that variations in oxygen fugacity would occur at
closely similar stages in the eastern and western com-
plexes. The same problem must be considered in eval-
uating the contamination hypothesis proposed by Ir-
vine (1975). There is also the problem posed by the
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large number of chromitites present in the Crit ical
Zone. Osborn (1969) has pointed out that it is diff i-
cult to visualize a mechanism by which numerous
variations in oxygen fugacity could be produced.

An equally serious problem is the persistence of
certain of the chromitites. The Marker, Leader, and
Steelpoort chromitites, and a chromitite about 8.5 m.
below the Steelpoort chromitite (Nos. 13, 12, l l , and
10, respectively, in Fig. 3) are known to extend from
Jagdlust nearly 60 km southward to the Steelpoort
River. Some of the other chromitites, less well ex-
posed, may be equally persistent. Development of
such persistent units would seem to require, at spe-
cif ic stages in the evolution of the Crit ical Zone,
changes in the magma system that were established
rapidly and uniformly over long distances.

I rv ine (1975) showed exper imenta l ly  that  con-
tamination of the parental magma with granitic melt
derived from roof rocks could cause precipitation of
chromite. He proposed this as the mechanism by
which chromitites have formed in the Muskox and
other layered intrusions. More recently (Irvine,
1977),he has proposed an alternative hypothesis that
chromitites form when chromite-saturated picrit ic
tholeiite l iquid is blended with the earlier l iquid of the
same type that has differentiated to relatively si-
l iceous compositions. Applied to the chromitites of
the Busveld Complex, both modes of origin require
very rapid and very uniform mixing of new liquid
with magma already present in the chamber, not once
but a number of t imes. To the writer it seems very
unlikely that such mixing could take place over dis-
tances of tens of kilometers, hence some other mecha-
nism of chromitite formation must be sought.

There is one change in a magma system that could
be produced rapidly and uniformly in a huge magma
chamber, namely, change in total pressure (l ique-
static pressure) due to tectonism affecting the magma
chamber during crystall ization. There is evidence of
such tectonism during formation of the Eastern
Bushveld Complex (Cameron, 1977). During much
of the crystall ization of the Crit ical Zone, the system
was close to the boundary of the chromite field on the
liquidus. Osborn (1917) has shown that in the system
MgO-FeO-FerOr-SiOr-CaAlrSirOr, the experimen-
tal system most closely approaching basaltic magma,
change in total pressure shifts phase boundaries on
the l iquidus. In a system on or close to a phase
boundary, change in pressure due to tectonism might
suffice to induce a change in the phase or phases
precipitating.

If neither oxygen fugacity nor subsolidus equil ibra-
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tion is the cause of covariation in compositions of
chromite and sil icates, we require some other ex-
planation. The only one at hand was offered long ago
by Van der Walt (1941), who first recognized cov-
ariation of the ratio Mg/Fe'z+ in the bronzi-
tite-chromitite series of the Western Bushveld Com-
plex.  He wrote (p.  105) :

"That the chromite in the sil icate rocks is
richer in FeO and poorer in MgO than the (chro-
mite in the) chromitite bands, is due to the fact
that the chromite of the sil icate bands has crys-
tall ized simultaneously with a relative abun-
dance of pyroxenes. The latter minerals used up
a relatively large amount of MgO, so that the
ratio of FeO to MgO in the residual magma
increased and the chromite, when then formed
from it, had to reflect a content of FeO higher
than obta ined in the bands of  chromite."

Similar reasoning can be used to explain the fact
that in chromitite-anorthosite series in the AlrOr con-
tent of chromite increases with modal percent chro-
mite. The variations in AlrO. content of chromite in
chromitite-bronzitite and chromitite-dunite series,
however, remain unexplained. It seems evident that
additional experimental work is needed.
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