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THE PETROLOGY OF THE KARROO BASALTS
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Ansrn,q.sr

An account is given of the petrography and petrochemistry of the Karroo basalts of
Basutoland, a horizontal flood-basalt sequence 5000 feet thick. with few exceptions the
rocks are tholeiitic basalts poor in olivine and either slightly quartz or slightly olivine-
normative. A few flows towards the base of the sequence are richer in olivine.

A chemical comparison is made between the basalts and the Karroo Dolerites, which
cut the sediments below the basalts, and it is concluded that the two suites are closely
related members of the same series of magmas.

The basalts on extrusion carried microphenocrysts of olivine and plagiociase and a com-
parison is made between the compositions of the lavas and the liquids in equilibrium at 1
atmosphere with forsterite and anorthite in the synthetic system Fo-Di-An-ez. The very
close match between the lavas and the synthetic liquids leads to the conclusion that the
rocks owe their phase and residual liquid compositions to fractional crystallization at or
near atmospheric pressure.

Fractionation is more advanced in flows from higher stratigraphic horizons and a brief
discussion is given of the problem of whether this indicates progressive fractionation with
the increasing height of the magma column or progressive fractionation with time in a
static and steadiiy fractionating chamber.

INrnooucrroN

The Karroo basalts of Basutoland form an isolated remnant of an
originally more extensive lava field which may have covered much of
southern Africa at the end of the Karroo period (approximately during
the Jurassic). General accounts of the geology and extent of the lavas are
given by du Toit (1954) and Haughton (1963). The principal areas now
covered by Karroo igneous rocks in southeastern Africa are shown in
Fig. 1. The lavas of the central part of the continent including the
Basutoland, Springbok Flats and Kalahari areas are preserved
as relatively thin sequences (r.g., 5000 ft in Basutoland) and are
rather uniform and monotonously tholeiitic in character. rn the strongly
warped eastern monoclinal area, however, (including the areas of Lupata,
Nuanetsi and the Lebombo) the sequence locally includes nepherinites
and large volumes of so-called limburgite at the base. The latter are
largely-glassy olivine-tholeiites and are overlain by more oversaturated
rocks broadly akin to the normal tholeiites of the central area. rn Lupata,
Nuanetsi, and the Lebombo, the basalts are succeeded by rhyolites, and
the total thickness of volcanics is very great, e.g. 26,000 ft is estimated as
a minimum thickness in the Nuanetsi area (Coxet ot.,1965).

t4t4



KARROO BASALTS 1415

Frc. 1. Locality map showing principal areas of Karroo volcanics in southeastern

Africa.

S,tuprrNc

The Basutoland basalts build up a large dissected plateau, the north-
eastern and southeastern margins of which form part of the South
African Drakensberg. The main part of the highlands (known as the
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NIaIuti Nfountains), l ies within Basutoland and rises to a general level of
somewhat over 10,000 ft. An account of the geology of Basutoland is
given by Stockley (1947).

The basalts anall'zed in the present study were collected along the
track running from Leribe to Kao mine (Fig. 2) and from between Kao
and the summit of Thaba Bosiu to the southeast. Samples were located
on the 1:50,000 contoured maps published by the Directorate of Over-
seas Surveys and heights above sea-level were converted to heights above
the base of the basalt succession (Table 1). Mapping revealed a very
gentle southeastward dip west of the Letele pass for which corrections

Frc. 2. Geological sketch map of part of northern Basutoland showing localities of
areas sampied.

were made in the conversion. East of Letele the basalts are essential ly
horizontal.

The 5,000-foot basalt succession was sampled on the average every 70
vert ical feet, the average thickness of individual f lows being estimated at
35 feet. Twenty-four rocks were analysed, each col lected from the mas-
sive central portion of a flow. It is probable that this collection is typical
enough of the whole Basutoland outcrop since earl ier workers (e.g.
Stockley 1947) have often commented on the monotonous uniformity of
the lavas. In addit ion, Dr. D. R. Workman kindl l '  made avai lable a
large number of thin sections of basalts from the Sani Pass, on the eastern
boundary of Basutoland, and these are petrographical ly indist inguish-
able from the Letele-Kao specimens. During the present work the basalts
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Tesr-B 1. Locer-rrrns .cND HuoHrs Asovr Blsr on Succnssron
or AN,tr,vzl'o Besa'r,rs

r4t1

Spec. No. Locality Height above sea level (ft)

7 , 6 7 s
8,  750

10,650
10,600
10,500
10,350
l0,275
10,060
9, 850
9,600
7 ,350
6, 880
6,975
7 ,07s
5,875
5 ,890
J , / / )

5 ,8s0
5 ,900
5,900
6,200
6,  150
6,  650

Height above base of

succession (ft)

2,400
3,250
2 ,835
5,  150
5 ,100
5,000
4,850
4 ,775
4,560
4,350
4,100
1 ,750
1 ,380
r , 4 7 5
1 ,575

25
40

275
340
380
420
650
550

1 , 1 5 0

B .  1
8 .19
B . 2 l
B .31
8.32
B.33
8.36
8.37
B.39
8.42
8.47
B.59
B.61
8.62
B.63
8.66
8.67
8.69
B.70
8 . 7 1
8.72
8.74
8.76
B.78

L

(-
( -
D
D
D
D
D
D
D
D
B
B
B
B

A
A
A
A

A
A
A
A

Local'ities

A-On track from Leribe between base of basalt succession and Letele Pass (see Fig. 2) '

B-On track between Malimabatso R. and Kao mine.

C-Vicinity of Kao mine.

D-Between summit of Thaba Bosiu and stream junction I mile to WNW.

of Mont-aux-sources in the Natal Drakensberg were also examined

briefly without any notable difference becoming apparent.

Pnrnocnapnv

The uniformity of the basalts is little less striking in thin sections than

it is in the field. The rocks are typically tholeiitic in appearance, contain-

ing little olivine and substantial amounts of interstitial glass. Although

the rocks rarely appear porphyritic in the field, microphenocrysts of

plagioclase and altered olivine are almost always present in chilled

basalts from flow bases. The central, massive portions of flows are gen-

erally rather coarse, tabular groundmass plagioclase crystals often reach-
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ing I mm across, with the result that the microporphyrit ic texture is
somewhat obscured. clinopyroxene generally has an ophitic to sub-
ophitic relation to the plagioclase in the coarser rocks, which conse-
quently have a doleritic appearance in thin section. Fine-grained speci-
mens have typical microporphyritic basaltic textures.

rn the majority of the basalts examined, small pseudomorphs after
oliaine make up l-2/6 of the rock but it is occasionally difficult to dis-
tinguish altered olivine from altered glass and the original presence of
olivine cannot always be substantiated. No fresh olivine has been found
in any oi the normal basalts. A few olivine-rich flows are, however. found
at the base of the succession on the Letele track and these contain about
12/6 of olivine, some of which is still unaltered. The crystals tend to be
euhedral and have compositions in the range of Fa2s-Fa32 as determined
from measurements oI 2Y. A similar olivine-rich flow is found 955 feet
above the base of the succession on the sani pass Road where the lower-
most 2,500 ft of the whole succession is present.

Augiteis the dominant pyroxene and has optical properties: p: 1.693 +
.002 and 1.695+.004 in two separated samples. 2V, is generally 50o-54o
for crystal centres and 42o-45o for crystal margins. The augite is accom-
panied in many rocks by pigeonite (2y, ca 8o) which makes up about a
quarter of the total pyroxene. Both pigeonite and augite appear as
nearly colorless anhedral crystals which are indistinguishable in general
appearance.

Plagioclase is the most abundant mineral of the rocks and includes
sparse microphenocrysts which may be up to 2 mm across, not uncom_
monly arranged in a glomeroporphyritic fashion. zoning is common in
both phenocryst and groundmass plagioclases and is in praces oscillatory
in the phenocrysts.

A study of the optic orientation of some microphenocrysts following
the system used by Muir (1955) suggests that the plagioclases have high-
temperature optics (Fig. 3). Determinations were made where possible
on the external parts of normally zoned microphenocrysts where compo-
sitions were sufficiently sodic for plots of the position of (010) poles to
fall in the area where the low and high temperature migration ..,i.,r., ur"
at least moderately divergent. compositions were then determined from
the maximum extinction angles in the zone normal to (010) using the
high-temperature curves of robi (1963). Many microphenocrysts were
found to have centers of bytownite (commonly An72- zs &nd locally as
high as Aneo) and to be zoned marginally to Ana5-ss. When a distinction
can be made between groundmass and phenocryst plagioclases the former
are more sodic with centers of An66_66 and margins down to Ana6.

Gloss is relatively abundant in most of the rocks and may reach 25/6 by
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volume. It is mainly dark brown and crowded with minute granules of
ore. The latter is concentrated in the glass and can appear in an elaborate
dendrit ic form or as somewhat larger anhedral crystals. In many of the
rocks examined much of the glass is altered to a variety of radiating
micaceous mineraloids ranging from a clear bright orange to an almost
opaque dull green appearance. Qualitative r-ray fluorescent study shows
these to be iron-rich, but diffraction studies were unsatisfactory and gave
little more than an indication of a montmorillonite-group peak in some
specimens.

Zeolites are very widell' present in amygdules. Natrolite, heulandite,

I

a a

a

Frc. 3. Partial stereogram showing positions of
the high-temperature and low-temperature

HIGH

TEAIPERATURE

(010) poles of plagioclases relative to

migration curves of Muir (1955).

phillipsite and apophyllite have been identified but no systematic study
has been made.

ANar,yrrcar, NIBrnoos

Analysis of Si, Ti, AI, Fe, Mn, Ca, X{g, K, and P was by r-ray spec-
trometry, using a Siemens-Halske Kristalloflex 4 unit. Specimens were
prepared in duplicate from minus 50 micron rock-powder diluted 4:1
with cellulose binder and briquetted in a 1f inch diameter mold against
a highly polished stainless steel disc (Hornung, 1963, 1965).

Calibration curves of r-ray intensity against weight percentage of each
of the analyzed elements were prepared from 10 analyzed basalts and be-
fore analyzing the Basutoland specimens, W1 was treated as an unknown
and analyzed from these working curves. The results so obtained fell
within the range of preferred values for Wr quoted by Fleischer and
Stevens (1962\ .
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The Basutoland analyses were then obtained by direct comparison
with these working curves, counting unknown rocks and a reference
standard (Wr), alternately to minimize potential errors due to electronic
changes. Each element was determined from duplicate briquettes, all the
measurements being made for one element in all the samples before re-
setting goniometer and detector conditions, in order to reduce as far as
possible any mechanical or human errors.

Precision in terms of relative deviation is better than 5/6 for Si, Al, Mg
and better than 3/6 for other elements. The accuracy depends to a large
extent upon the ac"curacy of the analyses of the standards (Welday et al'.
re64).

Water was determined by Penfield's method, ferrous iron by titration
with potassium dichromate, and sodium by flame photometer.

Dr. J. M. Rooke kindly determined the trace element contents of the
same basalts, using the methods described by Rooke and Fisher (1962).

The results of major and minor element analyses are given in Tables
2 and 3.

ColrpenrsoN wrrrr rHE Kannoo Dor-nnrrBs

One object of the investigation of the Basutoland basalts was to check
the degree of correspondence between them and the Karroo Dolerites, the
widespread series of sills penetrating the sedimentary rocks below the
basalts. The establishment of the connection between these two, the ex-
trusive and intrusive aspects of igneous activity in the Karroo basin, was
regarded as of particular interest because of the importance the sills have
had in petrological thought as a result of their study by Walker and
Poldervaart (1949).

In Table 2 the new analyses are compared with those analyses from
Walker and Poldervaart (1949) which cover the same range of Fe/Mg
index. Table 3 shows a comparison of trace element data from Nockolds
and Allen (1956) with the new data.

In both major and minor elements there is a close agreement between
the analyzed basalts and the analyzed dolerites. Dr. J. M. Rooke (pers.
comm.) made a statistical study of the minor element data and concluded
that the differences between the average values for the basalts and doler-
ites were "highly significant" (i.e., could only arise less than 1in 1000
times by chance) for Ga and V. The differences between the values for Ba
and Sr were "probably significant" (. i.e., could only arise less than 1 in 20
times by chance) and the differences between all other elements were "in-
significant". ft may of course be possible that a comparison of the Basu-
toland basalts with quite unrelated theolit ic suites from other parts of
the world would also yield insignificant differences between many ele-



=

A X

-> 
';

t + H
t 9 . A

+ 1 F O
e .  l - L  r

- 1 " .  o
t F u g

. i o

r d

. 4 3

E r

c  o >

o  > e

I
I

I

r i

* l
l l
F q i

€  € ' D N  o d h  @

: : 1 : r r 9 1 1 1  l :
a  € 6 N  ' ,

o  N € r  r o 3  s
€ - @ O  + F  l -

J r : ; i  
' i l ; . . i - '  I

h  h @ d + N

< i  + . i -  - c i . i  J

d  € t s s  @ o € 6 0. : q 1 : 9 : : : " : 9 1 1
:  3 N t s  I S O N  N

O  i A N  D € T O F
{ o r N o N o o o @ € -

6  € O N

q i

{ i
. l

J
9

N  O N
F O : 4 @ e r s € N O €

* : + : N  F . O N  :

; l

. : i
t r l

^ l
q l
h l

o o € 9 : : € o o 4 : :

o  + i 6  r o d  N

o  = - r -  o € o - N
o o b 4 D : : o : € o :

H i + : €  € O N  H

o @ 9 i @ i n N : 6 N

o  : 4 t s  : @ N  :
T

o  o @
o € @ @ @ : @ : € 4 d o

6  : N O  : @ i  O

o  N d o  o @ N  N

a  @ o $  € : r € d
6 6 r + 3 i O € O O € i

o  + o F  r o N  :

€  t s o < $ o
D o N + 9 : - - + : o :
:  D O N  € O N

6  r 4 t s  + N @ N b
< 6 t s € i : : + < € t s i

:  + o €  r o N  N

@  N : r  N @ @ N O
6 6 O € : * O N 6 3 : r

t s  b 9 t s  € : :  v

o r @ o 1 - o 1 1 - t :
o : + + t s  € o N  o

O : + E €  € O N  O

t s  € h €  € 4 t s b $
N : N O b € $ :

: : + 4 €  4 O N  o

€  € @ N  : O @ t A
a a o o + N F r c b € : :

o  o + +  r + o i o
4 O d r 9 F O :

6  + O €  9 0 N  b

6  0 6 r  o r o E +
N i o N e r - i

o : o 6 €  0 d N

a  € o
o N € 9 i i + N 9 9 € i

N F O € D  € O N  *

o : + o

o - j * + t s  r o N  N

@  o a o  o 4 0 + 4
€ N : r  $ € : :

: : + s 6  n O N  i

N  € + b  9 O S i r
6 i 6 $ 6 : + N

o i o o t s  r o N  N

h  O t )  €  4 @ + € -
o 9 i i o i + € $ @ N :

: a o e e  o o d  
" j

l r

I ' :
l o
t 6

l 1

1 9
l l

t . :
l -

..1
o

l '

t :
l o

l q
t ^
l ; i

l f
l e

l r

l > d
IDE

ts
!

z
rl
o
H
D

i

z

3
z
E

o

N

tsl

F



j

o o r

E <

c { }
i . = . +

I E S
o  o i

9 ! o !

j ;

5 E

E E

t l
< E !

(-) o

F
il

z
Fl

< n

a -

P A
l <
< 6
z 6

4 d

z ; )
2 a
r{ Fl
- ! <
F,I O

t ^

F
-i
5

F

O  € -  j O  o O r € € ' 4  1 6
O  q O  - * 9 € N ^ 6

v  * ^

o T + F O O q  r O O + O O - h
F i , n o o o N a

d V  q  
V V  V V

:  o o : i@  V V V * V V

1 O - h O O O E n a A a  b O O 6 h
* 6 : n d i o N €

d V  O  V  V V

o  * e N :  o d 4 + €
O V  N  V  V V

r o $ 4 - - - o - 4 + o o * 6

r r i  l ^ v  E  v v v * v v  F -
j

o  l o - o o : o - o a o o E o o o oN  l o  + n N -  - r - o + 4 o F r
d i  l - V  a  V V V - V V  F -

I

o  o r D o t s o e b o o o o o o o o
€  l €  + O i :  i o : o o + O o o

* i  I - V  4  V V  * V V
I

*  i o - b o = o - o o o o o o o o 6
a  o  + d 4 : r
g i  1 ^ V  E  V V V O V V  * N V

l

o  l o - o o t s o - o o o o 6 o o o b
O  l d  a  A - q  N + D i €

s i  l * V  -  v v V - V v
I

6  ! O - -  * 6 - h - O O - r a
4  V V V  V V

:
pq

l o - o o t s o q o b o o o o o h Q
l +  D 4 - -  + r o : t s
I ^ V  $  V V V  V V
I

h  o  + N : :  o N D * €

s i  - v  '  V V V  V V

+  + 9 * i  € 6 4 d O
N V  N  V V  V V  

: E

r l
- a l

N  O r o o o o ! o 4 0 0 6 0 0 4 0
+  o  € o : :  : + : 6 d s D : o

c i  l - V  N  V V  V V  N o
I

l o - o o o o - o 4 o o q o o e o
l o o o e i N o - 6 N f . 6 + 6

I - V  V V
I

*  i o r o o r o - o 6 o o o o o h o
-  l E  + a o N o

c E i  i - V  -  V V  V V
I

o  o - o o 4 0 - b 4 0 0 0 0 0 h h
o  l b  : + : n d @ E s €

c i  l ^ V  -  V V  V V
I

;
i  o @ : :  + 3 0 N oO V  *  V V  V V

-  l o - o o 6 o s n o o o b o o b 6
D  l O  9 d : F  N d O N €

s i  i - V  ^  V V  V V  N e
I

-  l o - 6 o @ o ! o o o o b o o o o
e l { - O - q h F O - H

s i  l " v  N  v v  v v  N +
I

-  ,  o e o o 6 0 9 6 0 0 0 0 0 0 0 0
N  l o  9 o i -  F € - 4 - + o N o

d J  I . V  
d  V V  V V  

N O
' I

o t o o 6 0 - o o o o 6 0 0 E 4
l o  o : a :  N 4 o H F

N V  N  V V  V V

I  € 6 : :  : 6 : D b € 4 : @
N V  O  V V  V V

I ; 3 -  5 s 3 2 2 3 f i , v , . ; > > s F a g s



KARITOO BASALTS 1+23

ments, but the present results must encourage the belief that the Basuto-
land basalts represent the same series of magmas as the Karroo dolerites.
Such differences as are observed are as likely to be due to differing analyt-
ical methods as to any real difference between the two groups.

The similarity of the basalts and dolerites in the Basutoland region is
well worth establishing, however, because in the Nuanetsi province of
Karroo volcanics there is, in contrast a very marked discrepancy between
the geochemistry of the basalts and the geochemistry of the gabbros
which penetrate them (Cox el al.,1965, t97).

Finally it is worth noting that the main compositional difference be-
tween the Basutoland basalts and the Karroo dolerites lies in the greater
range of Fe/Mg index covered by the sills, when all the analyses of the
latter are considered. A relatively small number of dolerite analyses
(Walker and Poldevaart, 1949) have higher indices than the basalts while
a rather large proportion have lower indices than the basalts (4.e., show
less iron enrichment relative to magnesium). The possible significance of
this point will be discussed in a later section.

Drscussron oF TrrE ColrposrrroNs oF TrrE Blserrs

Plottingdata.To study variation in a rock-series effectively it is useful to
consider simultaneously as many variables as possible. Accordingly, the
analyses have been re-cast in terms of normative olivine, plagioclase

diopside and quartz and plotted in a tetrahedron using these molecules as
apices. This is similar to the method of Coombs (1963), except that in

the present study weight per cents are preferred to molecular per cents be-

ca,use of the greater ease of comparison with experimental data.
In the calculation of the norm following the CIPW rules, however, the

degree of oxidation of iron has a considerable influence on other quanti-

ties, particularly on the allocation of silica. Any oxidation which takes
place after solidi.frcation of a lava or at a very late stage during crystal-
lization is not petrologically significant for our present purposes and it

will disguise the degree of silica saturation which the magma had at-
tained as a result of normal fractionation processes. Comparison of the

analyzed basalts with Walker and Poldervaart's data (1949) for the

Karroo dolerites shows that the former are considerably more oxidized

and do not show a constant oxidation ratio. The dolerites in contrast

show a low degree of oxidation and the ratio of FezOr to FeO is much less

variable.
The higher degree of oxidation of the basalts is probably largely due to

weathering or to alteration during the zeolitization of the lava pile. There

may also perhaps have been some oxidation during the eruption of the

lavas, a process which did not affect the sill rocks.
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In order to try and remove the efiects of such accidental oxidation a

standard degree of oxidation of 10/6, close to the average value for the

Karroo Dolerites (i.e., Fe3+X100/Fe2+f F.s+:10) was used in calculat-

ing the norms of the basalts. The justification for this depends on the ac-

ceptance of the equivalence of the basalts and dolerites'

The norms calculated in this way are given in Table 4. It is of interest

QZ

r NORMAL BASALTS + OLIVINE-RICH BASALTS

FO

Fro. 4. Analyzed Basutoland basalts projected from plagioclase into the tetrahedron

ol-Di-Pl-Qz. Phase relationships are shown for the synthetic system l-o.Di-An-Qz.

to note that a substantial number of the rocks thus become olivine-

projecting largely into the Fo*An*L field.
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The adjusted norms were converted to plotting co-ordinates by the
following method:

1. Normative hypersthene was distributed between olivine and quartz.
2. Thetotalsofplagioclase,olivine,diopsideandquartzwerethenrecalculated,tol11ak

to give the four co-ordinates.

The method ignores normative or, il, mt and ap but incrudes on average
9l/6 ol the original anhydrous analysis. The main limitation is that iron
and sodium cannot be separately represented, though as will be seen this

ical grounds is debatable. but we have chosen the grouping method for
practical reasons, mainly that there is a much closer correspondence
both in composition and actual amount between the phases considered
theoretically in the diagram and the phases actually present in the rocks
under study.

Application of erperimental results Jor the synthetic system Jorsterite-tliop-
sid'e-onorthite-silica. Since the four co-ordinates to which the basalt anal-
yses were converted coincide closely with the components of the sys-
tem Fo-Di-An-Qz, the phase boundaries determined experimentally were
added to the diagram. The data used in construction of these boundaries
were derived from Osborn and Tait (1952) for the Fo_Di_An join, Hy_
tcinen and Schairer (1961) for the En-Di-An join and for the location of
the univariant pointr Fo*Di*EnfAnfliquid, and from Anderson
(1915) for the join Fo-An-Qz.

Figure 4 shows the basalt analyses plotted in the tetrahedron ol-Di-

The trivariant surface Fo*An*liquid is shown contoured in anor-

r This "point" is invariant under isobaric conditions but nomenclature will be used
throughout to refer to the more general case 'r,here pressrre is also a variable, e.g., the
equilibrium Fo*Di*Aniliquid which is isobaricalty univariant will be referred to as
divariant.
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thite percentages, and it is encouraging that the plotted points for the
normal basalts (plagioclase co-ordinates of which fall between 49.1/6 and
54.3%) lie very close to this surface, since their petrography shows the
assemblage olivinefplagioclase (as microphenocrysts)fgroundmass.
Ideal perfect fractional crystallization would give rise to non-porphyritic
rocks the bulk composition of which would represent original liquid-
compositions. In most natural examples, however, microporphyritic
rocks in which the total amount of phenocryst material is low are likely to
be the products of near perfect rather than ideal fractionation. The bulk
composition of such a rock is near a liquid composition but may be
slightly displaced towards the bulk composition of the combined micro-
phenocrysts. The analyses of the Basutoland basalts probably approach
liquid compositions fairly closely, and the liquids concerned were clearly
in equilibrium with olivine and calcic plagioclase at atmospheric pressure.
In the synthetic system, Iiquids of similar normative composition are in
equilibrium with forsterite and anorthite. Thus it can be concluded that
the basalts almost certainly owe their present phase and residual liquid
compositions to processes involving crystal-liquid equilibria at or near
atmospheric pressure. Fractional crystallization of a wide variety of more
basic liquids is obviously capable of producing bulk compositions of the
required type, a conclusion essentially in agreement with the results ob-
tained by O'Hara (1965) in studying Hawaiian basalts using the pro-
jection from diopside in the same system. The Basutoland lavas having
been erupted in the two-phenocryst state are however somewhat more
primitive in terms of atmospheric pressure fractionation than the three-
phenocryst rocks discussed by O'Hara.

For convenience above we have used the term "at or near atmospheric
pressure", but it should be possible to define this a little more closely. It
can be seen from Fig. 4 that the analyzed basalts have compositions
which, considered as a group, penetrate the An-Di-En join. The work of
Boyd and England (1961) and Kushiro (1964) suggests that, as far as the
ternary system Fo-Di-Qz is concerned, the join Di-En becomes a thermal
barrier at about 10 kb. It seems likely therefore that the join An-Di-En
will also become a barrier in the quaternary system Fo-Di-An-Qz at
much the same pressure. Since the analyzed basalts lie athwart this plane,
the implication is that they achieved their present compositions under
pressure conditions such that the thermal barrier did not exist, i,.e., at less
than about 10 kb, or at a depth of less than about 30 km.

As O'Hara (1965) has argued, two possibil i t ies exist for the generation
of such magmas, either they are formed by partial or complete fusion of
crustal materials, or they are formed as residual liquids following the
fractional crystallization within the crust o{ more basic, mantle-derived,
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liquids. The latter explanation seems more likely in view of the commonly
accepted origin of basaltic magmas within the mantle. Thus despite the
fact that the Basutoland basalts are as uniform and voluminous a suite of
tholeiitic lavas as could be found, we are forced to conclude that they are
not representatives of "primary" basaltic magma, but are themselves de-
rived from some more basic parental liquids.

Some more detailed comment is however called for concerning the dis-
tribution of the points in Fig. 4. In an ideal situation if the rocks con-
cerned were completely fresh and there were no errors in the analyses it
would be expected that rocks formed by the fractionation of olivine and
plagioclase only, from a more basic parental magma, would plot on a
single olivine-plagioclase control plane, i.e., in the projection would all lie
on a straightline passing through the olivine composition point. The anal-
yses presented here do not show this behavior but show a slight ten-
dency to scatter across the direction of olivine-plagioclase control
planes. A detailed discussion of this point will be given in a subsequent
paper. Preliminary studies suggest the possibility that the lavas are not
derived from a unique parent magma but from a range of magmas which
had become available as a result of fractionation at an earlier stage in a
higher pressure regime. A careful study of the possible effects of analyt-
ical error and alteration of the basalts on the position of points in the
diagram will however be necessary before this hypothesis can be tested.

TnB OuvrNB-Rrcn B,qss.r-rs

The bulk chemistry of the 3 analyzed olivine-rich basalts collected
near the base of the succession shows that they are essentially related to
the normal basalts by the addition of olivine. With the present evidence,
however, it is impossible to decide objectively whether the olivine-rich
rocks are more primitive than the normal basalts (i.e., in a loose sense,
parental to them) or whether they are derived from the normal basalts
by the addition of cumulus olivine.

The chemical relationships are shown in Fig. 5 where the system Ol-
Di-Pl-Qz is viewed both in the projection from plagioclase and the pro-
jection from quartz. In both cases the olivine-rich rocks plot near a tie-
plane joining the normal basalts with the olivine composition point, a
demonstration that the bulk composition of the two groups could be re-
lated to each other essentially by the addition or subtraction of the chem-
ical components of olivine only.

Venrerrox wrrn SrnarrGRAPHrc HBrcnr

In Fig. 6 the Fe/N{g index, used as an approximate gauge of the degree
of fractionation in the near-atmospheric pressure environment, is plotted
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against height in the stratigraphic sequence. It is clear that there is a
slight tendency for the more fractionated rocks to be found stratigraphi-
call-y higher. Two possible interpretations may be placed upon this:

1. The fractionation stage depends r^pon the heightthe magma column reached before

extrusion.
2. The fractionation stage depends upon the time elapsed since the beginning of the

volcanic episode.

Walker and Poldervaart's (1949) evidence suggests that the approxi-

mate relationship between fractionation stage and height may also in-

clude the Karroo dolerite sills intrudins the sediments below the basalts.

? :il:,:J'iH::^"'
Frc 5. Relationship between the normal and the olivine-rich basalts showing that

the two groups are related by the addition or subtraction of olivine only.

Certainly many dolerites are found which are more magnesian and have

Iower ratios of iron to magnesium than any of the analyzed basalts and

only relatively few dolerites have a more fractionated aspect than the

analyzed basalts.
Thus, much depends on the ages of the dolerites relative to the basalts.

If it can be shown by future research on absolute ages and paleomagne-

tism that the dolerites are broadly contemporaneous with the basalts it

follows that the degree of fractionation may depend largely on the height

of the magma column. This result would be of considerable importance

petrologically because it would indicate to what extent fractionation

could take place within the conduit of a rising magma. If this effect is at

all marked it might be possible to confirm it by the study of lateral varia-

tion in individual flows.
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Irrc. 6. Variation of Fe/Mg index with height in the stratigraphic succession.

Conversely if the dolerites are generally older than the basalts, both
could be derived by successive tapping of a continuously fractionating,
possibly static, magma chamber, without significant subsequent frac-
tionation in the conduits.

CoNcLusroN

The Basutoland basalts appear to the writers to provide an excellent
example of the close correspondence it is possible to obtain between the
predictions of experimental petrology and the phase relations of natural
basaltic rocks. Because of the low content of phenocrysts (olivine and
plagioclase) the analyses can be taken to represent liquid compositions
fairly closely and a considerable similarity can be observed between these
compositions and the compositions of liquids in equilibrium with forster-
ite and diopside in the synthetic system Fo-Di-An-Qz at I atrnosphere.
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The implication that the basalts owe their bulk compositions and pheno-

cryst compositions to clystal fractionation processes operating within the
crust seems clear.

Finally, it is hoped that the analytical data presented will further the
study of geochemical provinces within the Karroo rocks of southern
Africa as a whole. Work is currently in hand on the basalts of Swaziland
and western Rhodesia (Hornung and MacDonald, in prep.), and on the

Tuli syncline (Hornung and Vail, in prep.) and Nuanetsi areas (Jamieson,

in prep.) of the southern part of Rhodesia.
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