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l\ survey is rnade oi Lhe 
associated with 
basalt. It is shown 
hav-e volumes the same 
la':'a phase and far greate:t· than 
phase. The form o.f lateral 

in the time sequence 
and also the 

control acting as a 
is given to the 

aetivity 

phenomena~ in The 
relationship between the olivine basalt and tholei·· 
itie magma-types is touched on brieHy. 

INTRODUC'l'ION 

vole.anic extrusion is 
Yet volcanic 

pher:omena of 
cannot be seen in 

millions of 
and has shown 
to that most di.fiicult 
of igneous rocks. In 
to summarise some of 

on this in 
igneous 

GRANI'I'l~ AND UASfH/I' 
It is many years since Daly called attention 

the dominance of basalt amongst volcanic rocks 
and of amongst deep.:seated i.ntrusions. 
If these rock names are used in their br:Jadest 
sense to include andesite. oceani.te and 

in the ease and granodiorite in the 
their position is even more 
Kennedy ha3 (in 

1938, J, there are 
differences other that of chemical com-
position between these fundamental 
Basalt with its underground 
gabbro and rwrite, is of 
nected with extrusive outbursts during which 
basic magma made it:> way swiftly to the surface. 
Granite, by contrast, is of plutonic habit. It 
too may have its surface equivalents but these 
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of 
The majority 

no surface connection, 
m.easurab1e In miles 

formatwn 

stand.a)rds~ 
pregnation with transfer 

of material. the 
gran:ites o:f volcanic shuw the 

and chilling phenomena characteristic 
clan. 

It is this basalt clan that concerns us here, 

Recent work 
under 

I. ) 

of crustal injection i:s still 
accurate assessment in 

discussed ir! recent years, 
Based tic on the 

"\Vhich are rneasur
Iight on the m·o~JlE~m.s 

Study 

the basalt clan 1na.y be grouped 

of deep-seated 
i:ntrtlsions sueh 

Stilhvater and Bush~ 
their great size, these 

volcanic a;;sociations of 

by 
and 

( 3 l Studies of the differentiation of individual 
hypabyssal intrusions or of" lava series. 

why 

igneous 
on flat-lying 

Their 
of 

(bJ The majority have been emplaced by a single 
impulse and even in cases of composite 
or multiple intrusion, the sequence is rela
tively simple. This is in marked contrast 
to the great layered intrusions of lower 
levels where the problems of differentia
tion are complicated by strong convection. 
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(c 1 Al1 flat-· lying floor 
and roof 
{)r settling 
to accumulate basalt lavas roof foun
dering and turbulent flow over uneven 
surfaces investigation more 
difficult. dykes may also 
possess roof and fl.oor but sucb. cases are 
rare and often poorly exposed. 

icD The limited thickness of differentiated sheets 
a!Kl sills makes for rapid In 
many eases are and in 
a few complete are available. In 
lavas these advantages are off-set by mar'" 
ginal vesiculation and decomposition. 

(e! Mosi; sheets or si.lls have well-marked chilled 
1nargins which accurate information 
as to the of the magma at the 
time of These are generally 
lacking in 

fj) Rheomorphic, anatectic and metasomatic 
phenomena, as well as assimilation, are on 
a more limited scale than in plutonic 
masses which leads to relatively easy detec
tion and investigation. 

(g) intrusion3 show a transition be-~ 
plutonic and volcanic conditions and 

are therefore useful in indicating tho limits 
of stability of the constituent mineral 
series under conditions. 
This appnes force to the 
pyroxenes and felspars. 

u, will. thus be seen that the investigation of 
flat-lying dolerite intrusions is to be particu-
larly and that the they afford 
are shared by to a much lesser degree and 
still less by lavas. Let us see now how these sheets 
and sills bulk in the earth's crust. whether greater 
or less than basaltic and how compare 
with the great layered In survey 
the prilnary and parental nature of basic magma 
is a vital premise. 

Volume Comparison between Basalt and Dolerite 
Basic roc!;: in the form of basalt or dolerite is 

dominant in an the great lava of the 
world and in their associated intrusive;;. 

that the aseent of molten 
of tension is the dis-

of this type of vulcanicity. 
when one attempts to estimate the relative 

bulk of the extrusive and hypabyi;sal phase:> diffi
culties are at onee encountered. 

In the case of the lavas there can be no evidence. 
except in recent of the re-
moved by erosion. seen 
in Tasmania where 

Another difficulty is in 

exposed. 
any lavas 

lava series 
be any certainty as 

of eroded basalt plateaus. 
the lateral extent 

basalt bre;>j;:s 
it is unli.kely to 

cases, 
down during 
be :in conglomerates. 
may reveal slumped masses of basalt lavas whieb 

have now been completely stripped from the sur
face. An excellent example of this is found in 
Arran (Tyrrell, 1928, 181 J, and another still more 

in the Karroo near Prieska (du Toit, 1954, 
the latter case the presence of slumped 

+"'"'~'h"""". lavas in kimberlite demonstrates 
flows of the plateau 

extended westward for at least :500 miles beyond 
their margin today, 

of estimating the bulk of magma 
assemblage is also formidable. The 

dyke phase is relatively small and 
may, in the meantime, contlne our attention 

to the more concordant and intrusions. 
There seems to be a deflnite for basic 

to spread laterally at 
horizons. possibly through 

and there are seldmn more than 
of such spread. This is weli seen 
E!scarprnent of South llfrica·--~--in 

of the 'TranskeL The same is doubt
the Tasmanian dolerites but dense bush 

tends to mark the lower Exposures are 
also poor in the Palisadan but here as in 
Tasmania, drilling has compensating infor-
mation. 

In the Karroo and Palisadan provinces the extru
sive and intrusive phases seem to have volumes 
of the same In the focal region of the 

total thickness of the lavas 
of the sills, but in outlying 

thickness of sills and sheets 
to over 3,000 
districts. In 

province total thickness of the 
lavas reaches a maximum of 900 feet at 
least 2,000 feet for the In 
addition, there can be little sills 
and sheets had the greater lateral 

The sill phase of the Lower Carboniferous activity 
of Central Scotland is less in volume than 
the plateau lavas but bulk of both is of 
the same order. One the chief difficulties in 
making these estimates is in the determination of 
the lateral extent of the sills and sheets, but the 

cases 

'I' he 

indication is that in a given terrain the 
intrusions thin out more and 

than the It 
clear that 

Com-

a.nd kindred intrusions of 
habit are sometimes o!" such 

a.n entire siJl suite or 
'I'hus the Bushve1d Igneous 

of the 'I'ransvaal with volume 
250,000 cubic miles exceeds that 
associatE.~d suite of sills or the 

volcanic series which were its harbingers, 
however. is an extreme case and the lavas 
rDJ.nor intrusions of the Bushveld are not compar
able in bulk to the Stormberg volcanics or the aiiso
ciated lCarroo dolerites. 
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Other lopolithic masses of similar dimensions 
are known. that of Duluth, but they arc not 
common and is doubtful whether their world 
volume approaches that of the great lava plateaus 
with their associated minor intrusions. It may, 
nevertheless. be noted that the hypabyssal bodies 
sometimes contain numerous xenoliths of perido
tite and other rocks formed under deep-seated con
ditions so that the presence underground of major 
plutonic intrusions may be inferred even if they 
are not exposed. Such phenomena are frequent in 
the hypabyssal intrusions associated with the Car
boniferous volcanics of Central Scotland. 

The Vohnne of Dyke Swarms 
are the associated 

be Each major lava 
dykes which may form the 
flows, but sometimes represent a later and final 
ascent of magma under conditions of crustal ten
sion. The dyke swarms bulk in general far less 
than the lavas and fiat-lying intrusions. In the 
Karroo, Palisadan and Tasmanian provinces (Trias·· 
Jural and the Central Valley province of Scotland 
(Carboniferous) this is quite obvious from the 
examination of the relevant geological maps. The 
British Tertiary province, however, provides a case 
where not only is dyke intrusion much more abun
dant but where quantitative data are available. 
The most spectacular development of dykes is at 
the margins of the great plutonic centres. notably 
l'/Iull and Arran, where admirably exposed shore
sections are available. Here the dyke swarms have 
aggregate thicknesses of 2,504 and 6,050 feet res
pectively, figures which match those of even the 
greatest lava plateaus or their sill suites. But the 
height and length of a dyke are by no means com
parable with the equivalent measurements of an 
important sill, that is the lateral spread which may 
cover over 4,000 square miles. Furthermore, the 
dyke swarms of Mull and Arran fall off rapidly in 
thickness away from the plutonic foci (Richey, 
1939, 424). 

There remain the cone-sheet systems of the 
British Tertiary ring structures. No details of 
their aggregate thiekness are available but around 
the plutonic centres of JVI:ull and 
where they find their strongest 
must amount to several thousand 
vertical and lateral extent hr"""'""'" 
limited so that their volume be much 
that of a dyke-swarm. 

The main conclusion to be drawn from this 
brief survey is that the Gill phase matches in 
if no more, the extrusive and the lopolithic 
may well exceed them as dyke swarms and cone'" 
sheet have aggregate volumes of a dis-
tinctly order. 

'i'he Origin and Relationship of the SiU and :Lava 
Phases 

sHl an.d 
of flood-basalt episodes. It is of 

to determine the 
how this be modi.fied 

the invaded 

Wl1atever local variations in structure there may 
have been during these eruptions it is at least 
certain that they are ali associated with 
of marked crustal tension. Only this permit 
the rapid ascent through fissures of vast volumes 
of basaltic magma derived from reservoirs (pre·· 
sumably stratiform) of fused sima. Where the 
rocks underlying the great lava plateaus have been 
trenched deeply by erosion the habit of the fiat-

intrusions is seen to be controlled the 
of the rocks traversed, the 

detailed mechanism and the sequence events 
remain uncertain. Consideration of a few care-
fully studied of which I have personal 
knowledge illustrate this. 

Karroo Dolerites and Stormberg Lavas. 
In the Karroo province of South Africa the 

ascent of basic magma the Basement Com-
plex was by narrow dyke These con-
tinued upwards into the flat-lying sediments of 
the Karroo System in which the developed 
a tendency to laterally. low horizons 
in the System spread was largely concordant 
but at higher levels cross-cutting sheets are found 
which become less common in the Stormberg Series 
and absent from the lavas themselves. The con
cordant intrusions tend to follow bedding planes 
between siltstone and pelitic layers, especially 
above the massive well-jointed siltstones which are 
prominent in the Beaufort Series. 

The sheets have been termed 
"conical sheets" by (1953, 181-186) and 
compared to true cone-sheets. They are considered 
by him to have stemmed from convex irregularities 
or cupolas on the roofs of concordant sms. F'rom 
these they made their way upwards until in the 
Stormberg Series they developed sufficient gas 
pressure to break. through to the surface and form 
numerous ash vents of central type, sometimes in
vaded dolerite or basalt. These vents are 

in the Cave Sandstone north of 29° 30' 
and their to the conical sheets is 
complementary. of the from above 
downwards then sealed the channels and 
it was left to a set of younger dykes to ascend and 
pour out at the surface as the Stromberg Lavas. 
There is iittle doubt that these volcanics arose 
from fissure for the feeders are 
seen to pfmetrate lava 
Lombaard appears to 
quence of events:----

(1) Ascent of early dyke-suite into Karroo Sys-
tern. 

(2) Lateral 
part 

{3) Ascent 
roofs 

of 
of 

of concGrdant sills in lower 
Systen1. 
conical sheets from cupolas on 
sills. 

( 4) Increasin.g at levels 
eauses to break t~o 
surface and form ash-lava vents of central 
type. 

(5) Freezing of f'rom vents downwards 
seals 'Off ascent of mag1na. 

(6) Renewed tension gives rise to l.ater 
swarms which reach surface and 
lava plateau, 
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Du Toit, on the other hand 0954, 567 -5tl8J pro
posed a different sequence:~ 

(a) Breaking of diatremes and asl1-lava 
vents of type in Cave Sandstone 
time. 

(/) l Fissure eruptions build up lava plateau. 
(c) Impenetrability of thick lava cake leads to 

lnteral spread of underground to 
form sm and sheet 

(dl R.enewed tension resulta in main dyke phase 
which penetrates lavas. 

towards centre. 

witl1 du Tolt in 
produced an im

to spread 

The Dolerite Dykes of the Cape Peninsula. 

are 
Devonian 

Peninsula and 1ts imrnediate 
a series of tholeiitic dykes 

Karroo since they cut Siluro·· 
of the Mountain Series. 

The behaviour of is different he;:e. It 
granite and associ-the 

roeks by means of short narrow 
traverse the basal shales and 

Table Mountain Series but end 

Palisadan Dolerites and Lavas. 

to spread latemlly 
is reached. The 

The basic rocks of the Palisadan are 
less than those Karroo 
but as fully. Yet they provide 
no further clues as to the sequence of eruption. 
Recent work Hotz (1952) on the rc;H.""·'" 

sheets, aided extensive 
thrown light the form 
them are 
a marked 
very similar to those 
Karroo. Drilling has shown that they have a 
platter··Hke shape with horizontal floors and one 
therefore wonders whether the Karroo sheets may 
not also have this form. It must be noted, how-· 
ever, that unlike those of the Karroo, the Palisadan 
sheets were injected into Triassic strata which had 
been already gently flexed and faulted, and that 
though the inclined sides of the body may be con
formable, the horizontal floors are transgressive. 
Furthermore, the extrusives of the province were 
relatively unimportant. The magma traversed pre
Triassic formations by means of dyke fissures. 

Hotz makes a comparison with the Karroo sheets 
but comes to no definite conclusions as to the mode 
of origin or the position in the eruptive sequence 
of the Pennsylvanian sheets. 

Tasmanian Dolerites. 
In the Tasmanian which is pene-

contemporaneous with Palisadan and the Kar-
roo, the volcanic is entirely absent from 

exposures may never have existed. As 
Karroo, the Permo-Triassic sediments are 
undisturbed and the follow

account I have been 
'lvith Professor S. Vi/. 

Spry. The latter has addecl to 
a written summary of 

quote 
" Sedimentation (total of about 4-5,000 feet 

of Permo-Triassic! on a folded basement con
tinued up to the time of intrusion. The magma 
must have risen through fractures in 
the basement but then materials ·which 
were different in their 
This similar to the 
dykes where intrusion 
granite then ceases in 
see2ns that crustal tension 
in the brittle granite but is 

openings in 
or 
of the it met materiaJ.s 
soft, semi-consolidated and 
The magma .found it easier 
the strong bedding· 
roof than to 
beca.use major vertical 
sparse. One might 

near the source 

fraetures 
inter-

does not seem be so here. 
more like the synchronous intrusion of 
from a whole series of sources with the "'·'~''"~'V 

of the magma to a sheet 
and and 

down. magma con-
have expected surface 

because the sedi
rendered brittle by 

tinued then one 
volcanism to follow 
ments would have been 
the abundant dolerite. 

"It seems to 
which happens 
travel along the 
that if the 

on local 
because the 

easiest. 

conditions 
will 

likely 
surface is at the 

becomes solid later, u•u"""~ 
be encouraged to move and 

intrusions. One must evaluate relative 
of the strong pressure gradient 

to burst the magma through to the 
surface against the bedding plane and joint 
weaknesses tending to encourage intrusion. 
The relative densities of the magma and the 
country roclzs are, of course, very important 
as will also be the regional teet.onics of the 

In Tasmania Professor Carey and Mr. Spry take 
the view that lateral spread in partly-consolidated 
sediments proved easier than a break through 
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to the surface and that 
place, came after the 
Mr. Spry's contention 

extrusion, if it ever took 
of sill injection. 

sill injection renders 
will be discussed at a the sediments more brittle 

later stage. 

Permo-Carboniferous Province of Central Scotland. 

Having now dealt with three tholeiitic 
we now turn our attention to one which domin-
antly alkaline olivine basalt. small, it ha;:; 
been mapped in greater detail more 
studied than any other. The associated se·cliJ1lEm10s 

the whole of the Carboniferous 
into Lower Permian and are flexed and 

faulted without trace of A 
very complete 
of the 
been given 

In this sHl injection and 
alkaline basalt magma are of 
anee. Dyke injection is localised 
minor character for 
:wstem E.-W. dykes 
an unheralded interruption at the 
Carboniferous. 
Anderson (1938!, 
tion in the eruptive 
crustal with 

came as 
close of the 
Kennedy and 
for the varia-

of 

diiterent Other mechanisms have been 
Daly 0933, 891--392) and by Tomkeieff 

In the eastern of the Midland Valley 
there is definite that extrusion of lavas 

sill injection. The volcanics m 
Sandstone Series down to 

base but are not found in the 
iferous Limestone Series. On other 

besides at all levels 
Sandstone occur abundantly in the 

Carboniferous Lirnestone Series, 
ously absent frorrl the l\1ilistone 
Measures of the Midlothian ::md :E:o.st coal 
bas]ns. There is evidence that sor:nc of the:rn are 
of Calciferous Sandstone for exaxnples in that 
series have their veined with uncon-
solidated Armorican 
stress 
the are concordant 
sions as in Tasmania. 

Both extrusive and intrusive 
in the west, but before the of the 

the channels became sealed 
off. next was the injection under 
the stress system (Ander-
son, of a great series of tholeiitic 
dyl{es These were followed 
renee of alkaline olivine basalt lavas 
in early Permian time, the relationship between 
extrusive and intrusive bodies being similar to that 

in the Lower Carboniferous though 
modifications, e.g., a Permian agglo

merate vent is visibly connected with a 30:.feet 
monchiquite dyke in Ayrshire. 

We may now apply Mr. Spry's sugge:,tion that 
sill injection by hardening the invaded sediments 
and rendering them more brittle modified the 
nature of subsequent eruptive episodes. This does 
not appear to have been the case in the Midland 

Valley. The great alkali doleri.te sill system of 
t.he Carbonife1·ous and the later dolerite 
dykes and sills have not been to alter the 
contact sediments significantly or to alter the 

time sequence in subsequent Permian out-
These resemble in all points the 

Lower Carboniferous and is good 
evidence that in this that the 
broke to the surface without 

tion. 
vailed for 
is rather 
both lava 
oriftees a,:n_d 

contact sediments 
sandstone and shale 

for conformable injec
tension must have 

and the paucity of 
is clear ho".veverj 
were Lhrough mapor 
dyke fissures. 

Scottish Tertiar!J Province. 
rrhe Scottish portion of the vast Bri'to-,.Iceland.ic 

province has reeeived the san1.e large-scale 
and detailed but. the associated 

as the Karroo and Tasmania 
is characterised speetaeu-
ring-strueture 1932). 

the is the 
stage of tholeiitic 

The evidence in Skye favours the view that lavas 
fed dyke fissures the main phase 

(the Sill Group), 
tonic of the Coolin centre 
siils consist of alkaline olivine dolerite picritic 
clitierentiates and are considered by Harker (1904, 
Chapter XIV J to occur abundantly in the plateau 
lavas \ven as in the sedi:rr:tents. Later 
work by Kennedy (1931, 166) others has shown 
that in cases they are the 
o'E lava flows but there is no 

to the Great Group do occur 
The majority of these 

ever, are intruded into the 
formations in which their 
very They are 
the but may show 

The focus oi the Great Sill Group must lie to 
the north of Skye for the sills increase in '"'"'roD·oro 

thickness in that direction. There is not 
of sills in other Tertiary centres 

Arran where four thick crinanite 
into the New Heel Sandstone. 

cut by later swarms 
centres~ but are no 

lavas more precisely. 

General Observations 
Of the five provinces discussed above, two show 

ciefmite evidence that lavas preceded sill injection 
(Scottish Carbo-Permian and Tertiary). Two 
leave the matter in doubt (Karroo and Palisadan), 
while the remaining Tasmanian province haG no 
visible extrusive phase (due, in the opinion of local 
geologists, to a tendency to spread laterally along 
bedding planes rather than to wedge through to 
the surface), All five provinces are in kratogenic 
regions where the eruptive episodes occurred under 
conditions of marked crustal tension, but, whereas 
dyke intrusion is conspicuous in the Scottish Ter-
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tiary and Kanoo and moderate in the Palisidan 
province, it is relatively scarce in the Scottish 
Carbo-Permian and Tasmanian provinces where 
the magma was afforded upward through 
major orifices such is pipes and bosses. 

Amid this conflicting evidence it seems clear 
that the sill phase which we are now 
is developed regardless of the form of the 
feeders. Purthermore, in the two most 
studied ]lrovinces where large scale 
inches ~ 1 mile) has been· carried 

succeeds the lavas which broke 
surface without lateral spread. 

Mr. that 
easier and 

may find it 
conformably in 

than to wedge its 
way tl1e surface, but neither in Tasmania 
nor in the Karroo has convincing evidence been 
advanced. His further suggestion that the sedi
ments may be rendered brittle by dolerite invasion, 
and so provide easier vertical passage for lava 
feeders, seems very doubtful. Even thick sills only 
affect the contact sediments for a few feet and the 
invaded strata as a whole suffer no significant 
modification. 

On the other hand, the power of massive forma
tions with widely spaced joints and little pore-space 
to halt the ascent of is unquestionable 
in the case of the dykes which 
terminate below the massive quartzite encoun-
tered. To sum up, it seems that rapid and direct 
ascent of basie magma to the surface initiates 
igneous activity in at least same kratogenic regions 
and that the sill phase followed, either as a result 
of control or the mechanical impene-

of a thick cake of lava. No positive 
evidence is available that magma found it easier 
to conformably by lifting its roo:f than to 

through to the though such a 
is clearly coneeivable. main horizon 

sill injeetion be quite restricted, whieh 
would indicate some of hydrostatic control 
or may have an extended vertical range as in the 
Scottish Carbonifereus. 

Diversification of Dykes and l<'lat-lying .Intrusions 
In distinguishing between volcanic and plutonic 

Kennedy (in and Anderson, 

Crystallisation Differentiation in Dykes. 

The narrow dvkes of 
teristicaJly free .. from 
in place. Composite and 

but each member thereof 

The case 
elongated 
were slowly 

eharr,c
phenomena, 

are abun-· 
be uniform 

.in broad or 
portions which 

early formed mafic 

minerals (magnesian pyroxenes and olivine! tend 
to settle by gravity, once ascent of magma has 
ceased, to lower levels at which they are lost to 
observation. The result is a transition from chilled 

representing the composition of the magma 
time of emplacement to a centre impover

ished in dark minerals. Gunning's Sugar Loaf 
(Edwards, 1942, 4'74-477) an almost perfect 

have com·· 
with the 

dolerite 
exhibits a gr::hdational but a 

change to 
The centre 
andesite 
tiates 

varieties. 
of an alk.ali-noor 

different from the iron-rich differen
in the upper portions of intrusions 

and floor with roof 
Such mode of differentiation ean take place 

in really broad or elongated with 
parallel walls. the dyke is- fioored at levels 
exposed by as in the case of Elephant's 
Head in South (Poldevaart, 1944), the 
settling- minerals will accumulate on the floor to 
form ultramafic types such as picrite or pyrox
enite. The same result might, however, be brought 
about by a constrietion in the and this is 
possibly the case in the Glen ring dyke of 
Mull (Bailey and Thomas, 1924, Koomans and 
Kuenen, 1938). Even narrow dykes may show the 
results of differentiation, though not in place. 
Bowen (1928, 149--159) has described how the peri
dotite dykes of the Coolins in Skye have margins 
of olivine basalt representing the original magma 
which warmed up the and permitted the 
ultramafle accumulate aseend. These, however, 
are in the nature of composite though the 
internal eontaets may be 

of Flat-lying IntTusions with Roof 

The differentiation of sheets is in way 
more diverse and important than that open 
dyke chambers. There are two main reasons for 
this: flrst, because tho roof and floor limit the 

and settling of crystals in the intrusion 
accumulations become clearly visible 

in exa!nples; second, becau3e the average 
thickness of a sheet tends to be than the 
average breadth of a dyke so 

in sheets and gravitational 
to oceur, the more so beeause siJ.l 
injection is static, whereas a feeder 

be an open channel liable to many 
Furthermore, as I have 

differentiated sheets 

the follotving 
(a) of sills and sheets the critical 

at which 
sation differentiation 

crysi,alll
be 

determined and will be found to 
markedly in tholeiitic and olivine basalt 

Quite strong differentiation in 
may occur in olivine dolerite sheets 

teschenitic under 
feet whereas a 

sheet of quartz dolerite or tholeiite is very 
rare. 
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(bl In tholeiitic sheets inversion from pigeonite 
to orthopyroxene is common and provides 
accurate estimates of the temperature of 
intrusion, e.g., slightly over 1100' C. in 
the Palisadan and Karroo provinces Oiess, 
1956, 446J. 

Ccl Many tholeiitic sills contain orthopyroxene 
in t;heir lower portions at higher levels 
richer in volatiles. i\n indication is 
thereby given of crystallisation 
under dry and conditions. 

(d) Most dolerite sills have well-defined chilled 
contacts in which phenocrysts indicate the 
nature of the pre-injection crystallates and 
outline the early history of the 

Other 
and show 

phenomena, but 
equal force to dykes. 

(e) The intrusion temperature of dolerite and 
its volatile content are marginal in so 
far as pali.ngenesis, rheomorphism and 
metasomatism of contact sediments are 
concerned. 

Mechanism of Crystallisation Differentiation. 
Gravitational settling of the early crystallates 

seems to be the main process of crystallisation 
differentiation. All of them are denser than the 
magma in which they crystallise and may settle 
either as discrete crystals or as aggregates of 
more than one mineral, e.g., pyroxene and calcic 
plagioclase (Jaeger and Joplin, 1955). They will 
then aecurrmlate on the upward-growing ftoor of the 
intrusion, forming rock types rich in pyroxene or 
olivine. Plagioclase being only slightly denser than 
the magma, shows much less tendeney to settle. 

Olivine may settle from either tholeiitie or olivine 
dolerites to produce picrite dolerite or picrite, but 
significant sinking of pyroxene is found not only 
in tholeiitic sheets such as the Palisades (Walker. 
1940) and Mount Wellington <Edwards, 1942, 466-
471). In olivine dolerite magma pyroxene is of 
relatively later crystallisation than either olivine 
or plagioclase and does not accumulate by gravity 
(Walker, 1957 J . 

Hess ( 1956) has argued that the differentiation 
of the Palisades and other tholeiitic sheets showing 
a downward Increase in pyroxene, may be the 
result of normal crystallisation plus convectional 
circulation without sorting, but some of hia data 
are not confirmed by the observations of other 
workers On particular, the relative tihckness of 
the upper and lower chilled phases). 

One feature of differentiated sills which has 
not received enough attention is the complications 
introduced by the later injeetions of undifferenti
ated magma which I have termed "cognate". 
They are very common, but, being difiicult to detect 
in the field, have escaped notice (WaU::er. 1957a, 
90). Even the type examples the Palisades 
and Shiant Isles are not free them and I 
have found them in every dolerite province in which 
I have carried out detailed work. They are still 
more common and considerably easier to detect 
in dykes, e.g., those of the Cape Peninsula (Walker, 
1957a, 78-80). Internal contacts are always sharp 
but may or may not be chilled. Apparently 

tl1e magma, having once opened up in a channel, 
is followed by subsequent impulses without difl1-
culty, sometimes along the join system, but more 
often taking independent courses. They are gener
ally of insignificant volume compared with the 
original injection and differ therein from true 
multiple intrusions which seem to be confined to 
the vicinity of the plutonic centres associated with 
flood basalts. 

in sills (and dykes) are again 
bulk, but are of the greatest interest 

of the differentiation trend. They 
schlieren or irregular patches either 

conformable the contact or . Those 
in olivine dolerite intrusions alkaline 
dolerite pegmatite into with 
abundant analcite in 
tholeiitic bodies the variation through 
dolerite into granophyric felsitic 

the being a quartz-albite rock. 
mechanism segregation and injection is 

not clear, but some of the latest veins seem to be 
hydrothermal replacement products rather than 
orthomagmatic. 

PaJingenesis, and Metasomatism of 
Sediments 

the intrusion temperature of dolerite is 
in the neighbourhood of 1,100° C. and 

fusion of shale, arkose or 
siltstone (which are most common contact 
sediments) some 400° C. there is very little 

or mobilisation of country rock in 
most suites. According to calcu-
lations, a temperature of over 630° cannot be 
reached in the contacts o.f a dolerite sill (1957. 
310), but the field evidence is against this. In 
cases where the contact rock is fused more or less 
completely, tridymite is found fringing residual 
quartz grains. The inversion point between t:ridy
mite and high-temperature quartz is 867" C. and 
the change is sluggish so that a much higher 
temperature than 630° C. seems indicated. Tridy
mite is also found in unfused contact hornfelses. 
Let us now consider the phenomena ob;;erved. 

melting of contact sediments 
by dolerite is a common phenomenon, though 
it has been recorded from several provinces. In 
no case is fusion more than local and it is confined 
to the immediate contact or to xeno-
liths. The fused material seems always be of 
quartzo-felspathic composition with quartz 
ally in excess of eutectic proportions. 
ALO, goes to make cordierite. Glass 
a few feet from the contact and 
specimens have the appearance and 
position of pit:?,hstone. 

Rheomorphism is a much more common pheno
menon than palingenesis and in certain provinces 
such as the Karroo it may be seen at t,he majority 
of well-exposed contacts. The mobilised sediment 
may be quartzo-felspathic, pelitic or semi-pelitic 
and, though a certain amount of transfusion and 
3yntexis may take place, the 
the igneous rock resemble closely the 
ments from which they have come. There may, 
however, be a tendency towards fiueion structure. 
Though the evidence in favour of mobilisation is 
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clear and convincing, the mechanism by which it 
was brought about is not yet clear. No glass 
occurs and the development of the liquid phase 
necessary to produce flow must have been quite 
slight jn view of the resemblance between vel.ns 
and eontact sediment. Occasionally mobilisation 
is accompanied by marked transfusion with the 
production of gradational contacts CvVaiker and 
Poldervaart, 1943, 63; Drever and ,Johnston, 1957) . 
Even in the best developed cases the volume of the 
material mobilised is minute compared with that 
of the igneous rock so that the temperature neces~ 
sary to produce mobilisation cannot have been 
greatly exceeded" 

Some dolerite provinces appear to be magmatic
ally dead but recent work on well-exposed contacts 
has shown that the mobilisation temperature has 
just been reached in the Whin Sill and Palisadan 
provinces (Walker, 1958). 

Metasomation of contact sediments and xenoliths 
is in every way a much more important process 
capable of converting, under suitable conditions, 
very considerable volumes of sedimentary material 
into rocks of definitely igneous aspect. Met;asoma
tised sediments are particularly prominent in the 
Karroo province, especially in the roofs and part
ings of sills, and were described by Rogers and 
du Toit (1909) as dioritic and granophyric modifi.
cations of dolerite. Both the fabric and mineralogy 
of these rocks might well be taken as igneous 
either in the field or in Lhin section, but detailed 
examination reveals sedimentary structures and 
associations. Thus partings show residual kernels 
of unaltered sediment and granophyre which may 
be traced laterally into siltstone along blocks 
which llave become partially detached from the 
upper contact (Walker and Poldervaart, 1942, 
1949, 674-684). 

The metasomatic process involves transfusion 
of caferric oxides into the sediment and of silica 
into the dolerite. The sediments affected are almost 
invariably siltstone and are enriched in iron, soda 
or potash, according to the magmatic stage 
reached at the time. A marked feature of these 
metasomatised siltstones is the development of 
elongated prisms of pyroxene nearly always serpen
tinised. 

Metasomatism may be accompanied by mobilisa
tion and rheomorphic veining of the igneous rock 
but in other cases delicate sedimentary structures 
such as small clay pellets are perfectly preserved. 

Probably the most important feature of metaso
matism i3 its quantitative aspect. This is well 
illustrated by the dolerite sill of R.iet.kop in the 
Karroo, which has almost completely metasoma
tised into granophyre a 70-feet parting of silt
stone leaving unafl'ected only a few residual 
kernels of baked sediment. Thus a dolerite sill in 
certain circumstances may transform one thiTd of 
its own bulk of typical sedimentary mateTial into 
rock of definitely igneous appearance and chemical 
composition. 

One may well ask what happens at depth and 
consider the case of the great "gap dykes " of the 
Transkei which Mountain (1944J considers to be 
of metasomatic origin at lower levels. If such 
widespread phenomena are produced by relatively 
small stratiform masses, what will be the fate of a 

tectogene immersed in sima? Even in dolerite pro-· 
vinces where there is an apparent absence of 
rheomorphic and metasomatic phenomena, the 
critical physico-chemical conditions for their initia
tion, are as mentioned abovt), closely approached. 

Depth ;Jf .Lateral Injection 
It has frequently been suggested that the depth 

of sheet and r:ill injection may be by 
vnrn~r.,.n.1r' control, but we have seen that 

evidence is by no means clear. Every strati-
grapher is familiar with the difficulty of drawing 
satisfactory isopachs and in the case of lateral 
hypabyssal injection there ts the aclditionai compli
cation of placing fiat-lying intrusions correctly in 
the eruptive time sequence. Vesticulation of margins 
may help and once more the Karroo province 
provides an instructive example. Lombaard (1953, 
176). observed that dolerite dykes below the Cave 
sandstone (the highest sedimentary division of the 
Karroo System) are unvesiculated, whereas those 
in the sandstone have vesicular margins. He draws 
the logical conclusion that the latter were injeeted 
under a light load. Assuming that the overlying 
Stormberg lava plateau was in existence when the 
dykes were emplaced, we may arrive at a very 
approximate estimate of 5,000 feet as the depth of 
cover necessary to inhibit marginal vesiculation. 
This figure is obtained by adding the thickness of 
the Cave Sandstone to that of the lava pile in the 
area of Lombaard's investigations. Although tenta
tive, this figure is in keeping with observations 
made in other provinces such as tho Scottish 
Carboniferous and the Palisadan. Unfortunately, 
I have no data covering the Great Sill Group of 
Skye, which seems the most promising· field for 
further investigation. If the critical depth for the 
inhibition of vesiculation can be established and 
shown to be reasonably constant in spite of the 
variables involved, it will be a very useful yardstick 
for the study of hydrostatic control as the govern
ing factor in sheet injection. 

Tholeiitic and Olivine Basaltic Provinces 
I cannot leave this brief and somewhat disordered 

survey of hypabyssal vulcanism without some refer
ence to the relationship between the two funda
mental magma-types of kratogenic outbursts, the 
tholeiitic or normatively saturated basalts and the 
unsaturated olivine basalts. Until a few years 
ago opinion seemed to be trending towards the 
idea that the tholeiitie basalts and dolerites were 
invariably associated with the sialic continental 
blocks and were absent from oceanic islands beyond 
the folded arcs. The name " sub-sialic " was pro
posed for them <Wells and Wells 1948) and their 
origin through sialic contamination of sima was 
thought likely. Kennedy and Anderson (1938) ad
vanced an hypothesis of crustal layering by which 
magma re:servoirs of great lateral extent were 
fonned by the fusion at appropriate depths of layers 
of difl:'erent composition in a down-warped section 
of the crust. Thus tholeiite magma might be gener
ated at the top of the " upper intermediate layer " 
whi.le olivine basalt magma would be formed at the 
top of the "lower interm.ediate layer". In the 
foreland and hinterland areas fusion would be 
confined to the olivine basalt layer. Anderson con-
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siders the "lower intermediate layer" to be graded 
with increase of density downwards. 

MacGregor (1948, 144.,145), applying this hypo
thesis to the Scottish Carbo-Permian province, 
went a step further and, accepting Anderson's 
concept; of grading, considers it probable that 
fusion took place at different levels at different 
times and nEwer simultaneously as postulated by 
Kennedy On Kennedy and Anderson, 1938, 40). 
Thus the alkaline olivine ba.c;alts and dolerites of the 
Lower Carboniferous were GUcceeded by thoieiites 
and quartz dolerites at the close of the Carbonifer
ous and again by olivine basalt magma in the early 
Permian. 

CRUSTAL l,AYERS IN NON-OROGI<~NIC REGION 

(After MacGregor, 1948; Kennedy and Anderson, 
(1938.) 

CNoTE.---Magma may originate by crustal fusion 
at A, B, or C.) 

GRANA TIC 
LAYER (11 km.) 

UPPER INTERME
DIATE LAYER 
(18 km.) 

LOWER INTER
MEDIATE LAY
ER (6 km.) 

Tholeiitic (oli
vine··free or oli
vine-poor) bas
alt C 
Alkaline -- B 
Olivine basalt 

A 

LOWEH. LAYER Ultra basic rock 

Essentially 
homo
geneous 

Essentially 
homo
geneous 

Graded 
more 
mafic 
down
wards 

A new aspect of the problem was presented by 
Tilley 0950) who pointed out that tholeiitic magma 
was by no means confined to the continents and 
occurred in mid -oceanic islands such as Reunion 
and Hawaii where the absence of sial seems fairly 
certain. He considered further that tholeiitic 
magma might arise by crystallisation differentia
tion of sima at depth under suitable conditions. 
Since then there has been no major contribution 
to the problem, though Battey ( 191>6 l has estab
lished an interesting link between the tholeiitic 
and spilitic suites in New Zealand. 

Let us now turn back to the state of the problem 
in 1928, when Bowen was dealing with the magma
tvpes of Mull, in particular with the Hebr.idean 
Plateau or olivine basalt and Non-Porphyritic 
Central or Tholeiitic magma-types. Bowen (1928, 
74-761 basing his calculations on the averages 
given the Mull Memoir <Bailey and Thomas, 
1924, 14, fig. 2), shows by means of an addition 
and subtraction diagram that the most basic mate
rial which can be stibtracted from the olivine basalt 
magma-type to produce the tholeiitic consists 
normatively of olivine, diop:oidic pyroxene, calcic 
plagioclase and magnetite. All these appear 
amongst the early crystallates of basalt and could 
take part in processes of crystal fractionation. 
This was considered to be a strong argument for 
the derivation of the tholeiitic magma-type from 
the olivine-basaltic by fractional crystallisation. 
Kennedy, however, foilowing ·wahl (1933, 239), 
drew attention to the world-wide distribution of 
the tholeiitic type \Vhich he considered to be 
primary. 

Daly also criticised Bowen's arguments, pointing 
out that the average chemical compositions of the 
two magma-types as given in the Mull Memoir are 
not reliable since they include abnormal and 
amygdaloidal types and are not quoted 100 per 
cent anhydrous. Furthermore, the normative com
position of the subtracted material shows an olivine 
and pyroxene too ferriferous and a plagioclase too 
sadie to amongst the earliest crystallite;;; 
(Daly, 1944, 1394>. 

I recalculated the normative 
subtracted material, 

weeded averages in which some additional 
had been incorporated and the resul1s are 
below, together with Bowen's:--

Olivine 
Pyroxene 
Plagioclase 
Magnetite 

Bawen. 

Fa"' 
I:V o"ErbFs,., 

Anez 

27 
7.5 

53 
4.5 

Walker. 

Fa, 
\:Vo,En,zFs, 

Anw, 

18 
17.5 
53 
10,5 

The recalculated normative compositions are 
much more in keeping with the anticipated com
positions of the earliest crystalla.tes and . Bow~n's 
solution of the problem may be kept m mmd 
therefore, pending the accumulation of further and 
more convincing data. 

In conclusion, if Kennedy's postulate of tvv:o 
world-wide and primary basalt magma-types IS 
valid, material transitional between the two funda·· 
mental types should be of relatively small bulk. 
Though no quantitative estimates are available 
this seems to be the case. Transitional provinces 
are scarce though they are to be found; e.g., the 
basalts of Central Victoria. 

Having briefiy surveyed the hypabyssal basaltic 
rocks of the world and the problems which they 
present, let us leave them with one aspect on 
which all petrological disputants will agree-·-the 
wonderful scenery of their terrains which finds its 
most spectacular development in the lovely island 
of Tasmania where R. M. Johnstone compiled his 
monumental work. 
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