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A composite tholeiite dyke at Imachar, Isle of Arran:
its petrogenesis and associated pyrometamorphism

NoRMAN HOLGATE
Department of Geology, University of Glasgow G12 8QQ
THIS NW.-SE. dyke comprises two texturally plagioclase, and augite in a chloritized mesostasis;

distinct tholeiitic members. The outer (eartier) bears  the inner carries porphyritic plagioclases in an
porphyritic plagioclases with essential olivine, olivine-free matrix showing ophitic and intersertal

F1G. 1. Rocks of the Imachar composite dyke association (ordinary light, orange filter). 4, olivine-tholeiite of outer dyke-
component (analysed rock, R. 11269), x 14, to show seriate and intersertal texture of groundmass. B, variolitic tholeiite
of inner dyke-component (analysed rock, R. 11272), x 7; matrix to show association of ophitic and intersertal textures. C,
variolitic tholeiite of inner dyke-component (R. 11271) with plagioclase phenocryst and varioles, x 7. Note the textural
relations of the central variole with its integument of plagioclase (labradorite) plates, and the partial disintegration of
the variole-host margins in the other varioles shown. b, contact of variolitic tholeiite with buchite (in R. 11273), x 7. The
‘intermediate zone’ runs in a ‘one o’clock’ direction from the lower left-hand corner of the field, while the buchite
occupies the upper left-hand area. The large variole, although it is abnormal in bearing recognizable quartz, in its
marginal relations to the tholeiite matrix is typical of the many varioles disseminated within the inner dyke-component.
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FiG. 2. Opaque constituents in polished sections of tholeiites from the Imachar composite dyke. Reflected light, x 125.
Heavily pitted white areas represent pyrite; uniform pale grey, titanomagnetite; dark greys are silicates (plagioclase,
augite, and mesostasis) of the host. The structures depicted in C to F are interpreted as indicating the former coexistence
of immiscible sulphide and silicate melts. A, fine-grained titanomagnetite dispersed in mesostasis of outer tholeiite (R.
11269). B, coarser-grained titanomagnetite, associated equally with ophitic and intersertal fabrics, in inner tholeiite (R,
11272). C, typical spherical pyrite unit rimmed by microgranular titanomagnetite, in inner tholeiite (R. 11272). D, larger
pyrite spherule in contact with titanomagnetite ‘fish’; note otherwise undistorted circular outline of pyrite and its
integument of microgranular titanomagnetite (R. 11272). E, ‘pear-shaped’ pyrite, which has maintained contact with
nearby titanomagnetite crystal only by virtue of its own departure from spherical form (R. 11272). Apart from this
pointed protrusion, the pyrite periphery remains circular. F, pyrite unit trapped between plagioclase tablets, with
resultant distortion. Note that the ‘free’ margins of the pyrite retain circular outlines, with peripheral granules of
titanomagnetite (R. 11272).

textures and disseminated varioles. The outer com-
ponent had little metamorphic effect on its country-
rock, but where the inner transgresses the outer to
come into contact with the schistose-grits the latter
are transformed to buchite. The outer component,
after initial chilling, crystallized as a virtually
closed system; the inner, on the contrary, shows no
signs of chilling and bears evidence of crystal-
lization as an open system. The variolitic structures
in the inner component result from liquid im-
miscibility between droplets of acidic melt and
basic host magma, the former originating as

buchitic liquid caught up by the dyke magma at its
contacts with mobilized country rock. Both com-
ponents afford textural evidence of the immisci-
bility of a sulphide melt in the tholeiitic magma.
The petrography and thermal behaviour of the
inner dyke-member support its recognition as a
probable former feeder to fissure eruption.

Full text in the Miniprint section, pp. M1-4.
[Manuscript received 28 July 1977]
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A COMPOSTITE THOLEITTE DYKE AT IMACHAR, ISLE OF ARRAN:
IS PRETROGENESIS AND ASSOCTAS PYROMETAMO] M

Norman Holgate
Department of Geology, The University of Glasgow, G12 8QQ.

THE Imachar composite dyke is exposed on the 8§ m raised-beach platform of
the W. coast of Arran, at a locality (NR/862412) some 750 m NNW of Imachar.
Although i% 3s indicated on the I.G.S, (Scotland) 1:50,000 Map, Special
Sheet, Arran (solid edltion, 1972) and earlier issues on the 1:63,360
scale, the dyke is not specifically referred to in sither of the relevant
Memoirs (Gunn 1903, Tyrrell 1928). The observations here recorded refer to
that part of its outcrop fully exposed near to the seaward margin of the
raised-besch platform; elsewhere the dyke is inaocceesible to detailed ex—
amination.

The dyke strikes NW/SE and hades at sbout 10° %o SW: it is intrusive
into Dalradian country~rocks (Tyrrell 1928, pp.18-19) which strike N-S and
in_this vicinity are overturned seawards to Show an easterly aip of about
45°, Occasional, alweys inverted, relict graded-bedding structures indi-
cate that bedding and schistosity are closely concordant. The rocka are of
chlorite grade and their origin from sediments of greywacke type remaine
evident,

The dyke comprises two distinct members, the width overall varying be-
tween 1,3 and 1.6 m. The outer member, which rarely exceeds 0.3 in total
width, is rather irregular in ite external contacts; the rock is grey,
fine-grained and lacks conspicuous phenocrysts. It is distinetly chilled
against mildly indurated country-rock but meintaina its normal grainsize to
its contacts with the inner component, The latter member averages 1.3 m
wide, and is distinctly more wniform than the outer in width and trend.
While 1ts SW margin is alwost contirmuously bounded by & soreen (some 15 om
wide) of the outer component, the NB face of the inner sbuts directly on
modified sehistose-grit country-rock over some two-thirds of the length of
exposed contact. The rock of the inner componment is brownish-grey and
moderately fine-grained; it is not obviously porphyritic, but the presence
of small rounded dark spots (the verioles) is characteristic., The marginal
rock is quite unchilled at i%s contacts, whether with the outer dyke-member
or with external country-rock, while the latter is profoundly modified.

The normally light-grey schistose-grits are darkened by the developuent of
blackish glass which is abundant at the contact and still detectable to a
digtance of at least 20 cm from the latter. The dyke as & whole shows
rudely colummer cross-jointing as well as joints lying parallel to its
strike., A strong jointing of the latter orientation also affects the ad-
jecent vitrified and indurated schistose-grits.

Petrography of the dyke-rocks

{i) The outer member. This is an olivine-tholeiite bearing plagioclase as
T and glom ritic groups set in a mairix of augite,
olivine, seriate plagicclase and intersertal mesostasis (see Fig. 14). In-
dividual plagioclase phenocrysts rarely exceed 1.3 mm long, and are gener—
ally of labradorite (an69)* with narrow rins graded outverds to ang,;

*Plagioclage compositions arve estimated from maximm symmetrical extinction
angles ot {010) in zone normal to (010), using universal stage and Chudoba's
curves, while structural state is identified on the basis of composition

and optic axial angle, using J. R. Swith's curves (see Deer et al. 1963,
figs. 55 and 51 respectively).

although ogoasional phenocryats of similar habit have large cores of
bytownite ax\ez)-. both eppear to possess bigh-temperature structures.

Table Tholeidtes from the Imachar composite dyke, Isle of Arven
Chemical Analyses

1 I 1 3
510, 50.07 49.90 q 0.40 2.72
10, 176 170 or 5.90 4.0
2,0, 14,65 14.72 b 30.21  25.65
Te 05 5.3 4.63 an 21,01 24.92
Fe0 7.95  8.08 o 877 730
Hno 0.26  o.21 a ge" 4.9 4.28
e 2.88  2.67
¥go .46 5.55 en 8.64  9.54
a0 8.90  8.98 by éfa 5.04 5.9
Ne,0 3.57 3.03 mt 7.43 6.71
K0 1,00 0.83 1 334 3.23
5,0+ .25 17 ap 0.50  0.50
c0, 0.27 0.7 oo 0.61  0.61
R0, 0.21 0,21 Modes
1_0;4_6 .02 plagioclass 50.5 46.1
— e olivine 32"
5.6, A 2.90 2,86 augite 9.8 25.8
Titenomegmetite titancmagnetite 9.5 6.0
7e® as Feo 82,1 80,0 write 0.2 0.2
nio, s 16e nesostasts 6.8 21,3
Noms varioles’ nil 0.6
w5 62 55 Notes: incluges bowlingitic
uep s - alteration products

high estinete owing to

small grainsige

Hvazioles include oligo-

clase 45%, dendritic mag-
netite 5% (high estimate
as indicated in note 2)
and chloritic base 50%.

I. Olivine-tholeiite (R.11269), outer member of composite dyke.

lyst: W, N, Neilson,
II. Sparsely variolitic olivine-free tholeiite (R.11272), inner member of
composite dyke. Analyst: D. L. Skimer.

Flagioclases of glomeroporphyritic groups show labradorite cores {

but unlike the fsolated ph have_an iate structural

state. 4 pale wuff sugite (v : [001] 43°, 27, 52.5°) is rave aa pheno-

orysts, but appears in ophitic relation to the glomeroporphyritic plagio-

clases; it ig notable that ophitic intergrowth 1s not otherwise present in

ancs se)
Tes-68

this rock. Abundant matrix plagioclase (labradorite an.. of intermediate
struotural state), grading from 0.6 x 0.1 mm to hollow 8gystallites, deter-
mines a seriate texture, Granular olivines within the same size range are
largely replaced by strongly pleochroic bowlingite, while matrix augite is
wnaltered. The is is by & greenish-brown,
weekly birefringent chlorite with much finely-granular opaque ore and inter-
sected by randomly-orientated plagioclase microlites showing oblique ex-
tinction. The dominent ore mineral is a homogeneous titanomagnetite
(mtcusp, ) (Pig. 24); minor pyrite forms Tounded spots mssocisted with
titgmma tite grains, while rare shredlike pyrite nested in chlorite is
regarded as secondary.

4 chemical analysis, C.I.P.W. norm and mode of the analysed rock are
quoted uoder I, Table 1. These represent the average rock; chilled wargin—
sl material shows mescsbasis 70 percent. by volume, while porphyritic end
glomeroporphyritic plagicelese at 2,1 percent. and olivine pseudomorphs at
%3 percent. eare virtuslly unchanged. Augite is, however, much reduced at
1.2 percent, of the chilled rock, The tholeiitic character of the rock is
indicated by its intersertal habit and by the presence of quartz in the
norm; 1its affiliations are considered below.

1i) The inner member. This olivine-free tholeiite bears porphyritic
plagioclages up to 4 mm long &b well as frequent spherical varioles (aver—
age diameter 2 mm) and occasional gas vesicles. Conspicucus among the
phenoorysts are some bearing laxge cores of bytownite Ean ); these appear
%o eorrespond to the “anorthites® reported by Tyrzell (1997, p.307), Holmes
et al. (1929, p.9 £f,) from certain other British tholeiltes. Smaller and
more numerous individuals have cores of labradorite-bytownite ( 0).

These phenoerysts agree in showing high-temperature optics, and béar narrow
rims zoned to labradorite (e.n“), occasionally with the intervention of a
strongly poikilitic zone. In Contrast, rave labradorite (ang.) phenocrysts,
sometimes distinguished by pronounced bending of albite-twinagd individuals,
ghow intermediate optics.

The matrix plagioclase (to 0.7 mm long), a labradorite (ange) vith high-
temperature optigs, is in ophitic relation with subhedral wnies of pale
brownish augite (y : Loo1] 337, 49°) up to 1 mm across. Augite indivi-
duals ere separated by sreas of intersertal texture in which plagioclase is
enclosed in greenish chlorite probably replacing original glassy mesostasis.
Coarsely granular subhedral titanomagnetite (mt.usp,.) is associated with
the ophitic fabric rather than with the ultimatd mesdStasie. Hxamination
of polished sections by reflected light shows the titanomagnetite to be a
homogenecus phase (Fig. 2B). Minor pyrite forms sparse rounded graing
(usually 0.03 to 0.05 me diam.), each partly or wholly rimmed by titano-
wagnetite gramules (Fig. 2C). larger Dyrite units ave rare, and circuler
in section except where obviously distarted by comtact with other metrix
constituents (Fig. 2D-F). Fig. 1B depicts typical matrix relations within
this rock. )

The varicles are typically sphericel bodies warked-off from the host
fabric by polysomatic investments of labradorite platelets and minor sugite
identical with those of the host matrix (Fig. 1C) in ocellar fashion, al-
though occasional plegioclases lie edge-on o the variole margin at which
they are normally terminated. The internal styucture of each variole is
essentially random, with about 45 percent, by volume oligoclase (anpiy
a’: (010) 5°, o 2 1.540), 50 percent. greenish chlorite and § percent.
dendritic magnetite; additional microspherwlitic chlorite may be present,
and rarely calcite. Exceptionally, but significantly, some radially~
disposed labradorites of the plagioclase integument may be continued into
the variole by oligoclase in structural contimaity.

Not all of the varioles have survived undeformed; where deformation has
led to the rupture of the labradorite integument, the chloritic mesostasis

of the variole is seen to be confluent with the host mesostasis. Varioles
may approach 5 percent. by volume of the rock, but in some material fall
ghort of 1 pexcent.

Contacts between the inner tholeiite and the outer are marked by en
abrupt chenge from the partly ophitic matrix texture of the former to the
wholly seriate and intersertal of the latter, and are highly irreguler.

The contact of the inner tholeiite against ultimate country-rock is
followed rather closely by & strong joint-fissure and only 2 limited sample
of this contact (Fig. 1D) is aveilable for detailed study. Between the
normal tholeiite and the actual contact is & narrow Zone in which the nor—
nal texture is ively replaced by an intersertal texture
and modified mineralogy, as described below.

The chemical analysis, nom and mode of a representative semple of the
inner tholeiite (II, Table 1) clearly indicate ifs tholeiitic character.

The proportion of varioles in the analysed Took is too low to be account—
eble for the degree of oversaburation suggested by the norm. Discussion
of petrogenesis is deferred %o a later section.

iii) The immer tholeiite/buchite contact. A narrow zome, 5 to 10 mm wide,

of modified texture and mineralogy intervenes between the normal tholeiite
and the buchite. This intermediate zone i abundantly variolitic, and
bears frequent quartz granules in a matrix dominated by plety labradorite
(cores an., with moxe sodic zims) wp %o 0.2 mm long. Prisms of a faintly
pleochroic’enstatite (& 0.01, y=[001], 2V, large) displace clinopyroxene.
Cordierite euhedra appear, becoming rnumerous as the buchite contact is
approached. The coarser quartz greins vithin this zone arve fringed by
fibrous feldspar and quartz associated with emstatite clusters and fila-
ments of an opaque mineral as yet unidentified. The ultimate mesostasis
comprises colourless glass, irregular feldspar-quartz spherulites, dissem—
inated magnetite grains end sporadic platelets of light brown biotite. The
enstatite and cordierite show partial alteration to greenish chlorite and
pinitic pseudomorphs respectively.

The varioles within this zone may attain 5 mm diameter and project into,
and be partly bounded by, noxmal tholeiite. Their relations to their host
are identical with those of varioles already described, They are, however,
distinctive in that they consist largely of close-set feldspar—quarte
microspherulites nucleated by twinned oligoclase, elong with quartz gran-
ules and irregular areas of quartz mosaic. These are intersected by linear
sections of biotite (more or less chloritised) and enclose smaller plate-
lets of fresh brown biotite and uniformly disseminated magnetite cubes aver-
aging 0,002 mm across, These are occasicnally supplemented by vermicular
to sphervlitio pale green chlorite which, along with a little calcite, may
approach 10 percent. of the variole cross-section.

The intermediate zone passes abruptly owtwazds inte the normal buchite,
the contact being highly irregular owing to the Fresence of bulbous pro-
trusions from the latter, The plagioclase and orthopyroxene of the imber—
mediate zone disappear at this boundary; beyond it lies the buchite with
its fresh glass groundmass and distinctive mineralogy.

Petrography and genesis of the buchite

At contacte with the inner tholeiite, the country-rock is conspicuously
vitrified to at least 20 cm from the dyke margin; direct evidence of modi-
fication at greater distances is denied by desp erosion and widening along
Jjoints running perallel to the dyke contact. Where & soreen of outer
tholeiite intervenes, the country-rock shows some induration but only at
the immediate contact with the outer tholelite can incipient vitrification
be recognised even in thin section. It ie clear that the immer tholeiite
dyke-member is solely responsible for the extreme metamorphic effects on
the schistose-grit counbtry-rock.
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Teble 2: Buchites and schistose-grits from country-rock
of the Imachar composite dyke, Isle of Avran
Chemical Analyses

A B c ) E F G
510, 75.43 74,57  77.31  65.69 81.19 78.34 68.48
'I‘i02 0.73 0.68 0.65 0.82 0.58 0.59 0.55
A120} 11.83 11,73 10.33 15.97 7.73 8,77 8.84
Fe203 0.35 0.84 0.82 1.25 0.61 0.72 1.03
PeO 3.36 3.06 2.86 4.96 2,40 2,55  2.36
MnO 0.04 0.04 .03 0.06 0.03 .05 0.17
Mg0 1.13 1.22 1.03 1.82 0,90 0,90  1.22
Ca0 0.15 0.35 0.15 .15  0.35  1.25  6.24
Nazﬂ 2.1 2,23 2,16 1.40 1,75 1.88 2,93
K0 2,21 2.33 2,13 4,16 1,92 1.85  1.82
H20+ 2.87 2.79 2.56 3.85 2,09 2.08 1.63
co, 0.09 0.4 0.12 0.20  0.33  0.99  4.14
2,05 0.05 0.05 0.05 0.07  0.05 0.04 0.33
Total 100.35 100,03 100,20 100.40 99.93 99.99 99.74
_— o= s e === = ==
8.G. 2.55 2,55 2,56 2.78 2.70 2.70 2.65
Modes
Quartz 25.3 21,1 40.6 36.4  58.2 66,9  61.2
K-feldspars - - - 0.7 5.9 2.5 1.6
FPlagioolase - - 2.3 1.1 5.6 2.1 5.3
Muscovi te - - - 35.5 13,2 11.5 1.2
Perninite - - - 25.0 4.7 14.4 -
Chlorite* - Z Z ; . - P
Zoisite - - - 0.1 0.1 0.2 0.9
Opagque ores 0.5 1.1 0.6 1.2 0.4 0.1 0.9
Leucoxene - - - - 0.6 1.1 -
Calcite - - - - 1.3 1.2 124
Cordierite 18.8 14.9 3.4 - z z -
Mullite 1.3 1.6 1.3 - - - -
Hercynite 0.9 1.6 2.4 - - -
Glass 53.2 59.7 49.4 - - -

* Abnormal chlorite in zone of induration.

A, Cordierite-buchite at contact with imner tholeiite member of Imachar
composite dyke. (R.11274).

B. Cordierite-buchite, 0-37 mm from contact. (R,11275-A).

C. Cordierite-buchite, 115-154 mm from contact. (R.11275-C).

D. Quartz-poor schistose~grit (chlorite-sericite-quartz schist), 2 m from
contact. (R.11264).

E. Schistose-grit, 4.5 m from contact. (R.11261).

F. Schistose—grit, 2 m from ocontaot, (R.11262).

G. Calcarecus band in schistose-grit at 85 cm from contact. (R.11263).

The above localizations are given with respect to the NE contact of
the Imachar composite dyke at NR/862412,

Analysie A by D, L, Skinner; enelyses B to G by G. W. Robb.

The vitrified rocks are typical buchite (Harker 1932, p.70). Muoch of the
Took has been trgnsfomed £o a pels, looally streaky, biscuit-coloured
glass (Np 1.498 I 0.002, density 2.36 g.em™>) in which patches and trains
of corroded gramular quartz represent original quartzose folia of the
schistose-grit, Other relict minerals include granules of a homogensous
magnetite and occasional abraded zircons. The gless is mostly fresh and
bears numerous small euhedra of cordierite, either clustered or as poly-
somatic lineages, in which (001) sections show the characteristic trillings,
Granular heroynite is patchily developed and locally abundent, while
slender colourless needles of mullite form loosely-felted patches, The
identity of these crystal phases has been confirmed by X-ray diffractometer
studies. In addition, some of the relict quartz grains are fringed by
platy pavamorphs after tridymite. The assemblage 18 in keeping with an
origin by selective fusion of, and concurrent crystallization from, mater-
ial of the schistose-grit. The localised s of the glass
that even when generated as a liquid phase it was, and remeined, highly
viscous; this is confirmed by the formation and survival of the cordierite
lineages.

Traced away from the contact with the inner member of the composite dyke,
the proportion of glass and of new cryetal phases decreases, although at
20 cm distance from the dyke margin the presence of glass within the modi-
fied country-rock is still obvious. Relict quartz is more prominent, while
nev cordierites are smaller, Hercynite is chiefly Tepresented by dusty
grey wisps apparently replacing chlorite of the antecedent schistose-grit.

Chemical analyses and modes
SiO2 of the buchite and of repre-
sentative samples of adjacent
\ schistose-grit are quoted in
Table 2. From these it appears
that the formation of buchite
involves some increase in watex
content as compared with un-
modified schistose-grit. Ana-
lysis D, which alone shows a
higher water content than do
the buchite analyses (4, B and
C), vepresents a chlorite-
sericite schist with less con-
spicuous quartz, and acoording-
1y shows comparitively high
contents of alumina, magnesie

[ S D A and potash. Fig. 3 shows
“ M ® S points corresponding to Table 2
CaO+MgO NaO4+K,0 analyses, recalculated to &
+FeO4Fe,0, +ALO; volatile-froe basis, plotted on

& 5107 - NapO+Kp0+Alp0z ~ Cal+
MgO+FeO+Fep0s triangle. Ana-

Fig. 3. Pseudoternary plot of analyses of 1ysis G (Table 2), which shows

schistose-grits and buchites associated

i ive CUp and abnormally
with the Imachar composite dyke, in the excess: 2

i high Ca0, has had the entry for
t - K0 Z .

risnglo 510, - Na 0+ 001,05 = CaOigoy D66 080, bas bl The ontiy on

FelsFe 050 equivalent to the reported O,
of the original analysls. The scabber of plotted polnts is considerable,
but since all lie close to a straight line joining point D to the 5i0p pole
their dispersal is clearly caused by variation in the ratio of quartz to
chlorite-gericite matrix in individual samples. Since points A, B and C
show a slightly higher ratio of alkeli oxides plus alumina to the cafemic
oxides than 1s Indicated by the line D - Si0p it appears that the buchite
has received, in addition to H,0, an accession of Na,0+K,0 and/or Aluzo3 such

2@ normally occurs where besic magma is in reaction with siliceous rock
material (Holgate 1954, p.445).

The temperature of flow of the buchite glass {separated from rock of ana-
lyeis B, Table 2) has been investigated at atmospheric pressure, in a re-
ducing envirorment, with the hot-stage micoroscope (Mercer and Miller 1963;
and standard Pt-5% Rb/Pt-20Kih thermocouple. Siatering (incipjent fusion
of the powdered sample wes noted at indicated temperature 1160°C, while the
glass became confluent at 1250 C. Even at the latter temperature the vis-
ocosity remained high, as indicated by the irregular surface of the charge '
and the persistence of gas bubbles within it. The formation of the buchite
was essentially & thermal effect of the rising tholeiitic magma of the
imer dyl ber; these de ons confim that the operative temper-
ature approximated to that of the magma dwring its ascent of the dyke-
fissure at the level examined.

Table 3: Thermal conductivities of dyke-rocks, buchites and

gountry-rocks of the composite dyke at Imachar,
Isle of Aryan

No. of
determinations Thermal

Rogk (No. of oconductivity

specimens) {c.g.8.u.)

Olivine-tholeiite (R.11269) 3
(outer dyke-member) 3 (2) 4.22 x 10

Vardolitic tholeiite (B.11272) _5
(inner dyke-member) 4 (2) 4.22 x 10

Buchite (R.11274) close to 2 5.70 x 1072
contact with inner dyke- 2 é1; 5'39 x 10-3
wember: heterogeneous *

Buchite (R.11275) approx. 3
10 cm from contact with 2 (1) 6.03 x 10
dyke-member

Schistose-grit (R.11265); 3
country-rock at ca. 26.5 cm 1 21; 8.82 x 1072
from contect with inner 1 {1 9.33 x 10
dyke-member

Schistose-grit (R.11261) 3
approx. 4.5 m NE, of dyke 2 (2) 10.16 x 10

gontact

Note: In the buchites and schistose-grite, the thermal conduct-
ivities determined are for heat-flow pavallel to schistoeity; this
is in accordence with the field relations of the association.

Thermsl conductivities have been determined for the rocks of the present
association, ueing apparatus devised by Fraser (1968, p.112); the values
found ave quoted in Table 5. The thermal conductivities for the two
tholeiites prove to be comparable with those determined for basglts by
Poole and by Bridgmen (quoted in Daly 1933, p.59) as 4.09 x 1075 and 4.04 x
1077 cgs unite respectively, The slightly higher values found for the
Imachar tholeiites are in keeping with their higher silica contents as com-
pared with average baselt., The thezmal conductivities of the sohistose-
grits and buchite are distinctly higher than those for the tholeiites, and

from maximm values in the unmodified grits to & minimum in buchite
close to the dyke contact. Within the buchite a similar gradient of thermal
conduotivity exists. At the SW contact of the dyke, the outer tholeiite is
approximately 15 cm wide; it follows from the respective thermal conduct-
ivities that this "soreen” is equivalent, ae thermal insulation to the inner
tholeiite, o ebout 34 om of schistose-gTit nf mean thermal conductivity

9.6 x 107> cgmu, or to a little morg than 20 cm thickness of buchite of
mean thermal conductivity 6,0 x 1073 cgsu. Thus the absence of appreciablé
vitrification of country-rock external to the SW'ly outer tholeiite margin
is not unexpected. It is only on the NE dyke margin, where the imner
tholeiite is in direct contact with the mohistose-srit countzy-rock, that
buchite is developed in striking fashion.

Digcussion

{1) Emplacement of the dyke-members: thermal conditions. The chemical
difforences between the owter and imner tholelltes of the Imachar composite
dyke are, ae will be shown, small by comparison with their obvious dispar-
1ty as regards mineralogy and texture, Both of thess points of difference
are such as might have arisen from gross differences in cooling rates during
emplacement and subsequent consolidation at the level now exposed.

The esoape of heat from the outer tholeiite was rapid; the phenocrysts
1ie in an s whic] proportion as external con-
tacte are approached. The gudden cooling of the mesostasis to a probably
vitreous state may well have limited the normal peritectic reaction of
silica~oversaturated fluid residuum with early-separated olivine, which thus
survives in the mode. The frequent presence of a narrow spongy zone separ-
ating caleic cores from more sodic overgrowths in the larger plagioclases,
and the seriate development of matrix plagioclase, must result from similar
thermal oconditions at an earlier stage.

The consolidation of the immer tholeiite was, by contrast, en wnhurried
process., This has resulted in the coarser crystallization of all but a
minor proportion of mesostasis, reaction with which has eliminated early-
separated olivine. The width of the buchite zone developed at the expense
of contiguous schistose-grits bears witness to the attalmment thersin of
high temperature, epproximating to that of the tholeiitic megma, and the
establishment of an unexpectedly low temperature-gradient within the immed-
iate oountry-rock, This evidence indicates the availability of magmatic
heat over a period of time which, although difficult to evaluate, must have
been prolonged by comparison vith the cooling interval for the outer thol-
eiite. The significance of this comparison is enhanced by the fact that the
inner tholelite is itself comparatively marrow. The contrast betwsen the
thermal behaviour of the inner tholeiite and that of the qusrtz-dolerite at
Imachar Point (NR/863404) ia also relevant, for although the latter is some
25 m wide &t outorop its metamorphic effect upon similer schistose-grit
count; ks is negligible. Yet as by their respective widths,
the total heat available {assuming no superheat) per unit area of external
contact for the Imachar Point dyke must have been of the order of twenty
times that available from the inner tholeilte of the Imachar composite dyke.
It is clear that the metamorphic effect of the latter cannot be ascribed
uniquely to dissipation of heat from the limited volume of magma in the
immediate vicinity of the level at present exposed, but must in part result
fron a contimuous eccession of heat from much larger volumes of magma
rising, over a eignificant interval of time, to higher levels by way of the
dyke-fissure.

The inner tholeiite member thus probably served as a feeder for a consid-
erable igneous body, since removed by erosion, at a higher level; this may
have been of sill form, or alternatively a body of lava fed by fissure-
eruption, In the latter event especially the rising magma mey well have
soquired significent superheat resulting from the relesase of gravitational
energy (Harris 1962, pp.783-786). Bome such superheat of the inner tholei-
ite magwa accords well with the formation of buchite at contacts with schist-
ose-grita; the absence of significant vitrification at contacts with the
outer tholelite indicate that 1ts magma did not possess superheat at the
time of emplacement, Against the oftetion of superheet of gravitational
origin for the imer tholeiite magma it may be argued that the small width




of the member would offer resistance suffiecient to inhibit this effect: it
is, however, likely that the present outcrop of the immer tholeiite is
apprecisbly nerrower than wes the sotive fissure during the upward passage
of magma., Cessation of flow must have followed on decrease of megmatic
pressure et depth, permitting the comstriction of the dyke-fissure prior to
the consolidation of magme remaining within it.

ii) Tholeiite petrogenesis, Although the tholeiitee of the Imachar com~
posite dyke are petrographically distinct, their chemical analyses (I and
II, Table 1) show only minor differences. As compared with.the outer thol-
eiite, the inner (II) shows a marginally lower total Fe oxides content and
slightly decreased oxidation thereof, but neither ie competent to account
for the salient differences of mineralogy between these rocks. The lower
alkall oontent reported in analyeis II, while reflecting the more conspic—
uous presence of phenoeryst bytownite sorea in the imner tholeiite, must
also arise from some loss of alkalis to the buchite. That {his loss, which
must have been initiated early in the erystallization of the tholeiite,
ceused the early separation of bytownite is possible since there is no posi-
tive evidence for the intratelluric origin of these phencorysts. The oooa-
gjional distortion of albite iwin-lamellae appears o0 be confined to less
calelc plagioclase insete with optice indicative of an intermediate struct-
ural state; these were probably incorporated at depth, from & besic intru-
sive the fabric of which had already suffered deformation,
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Fig. 4. Plot of Tron Eorichment Ratic (FeQ+Fe0 Pe+Te 0. M0} againat 510,
content for analysed tholelites. Analyses repreented by points 1-8 and A-P
are those quoted by Holmee (Holmes gt al. 1929, pp.16,23,28,33 and 40).
Points Tm 1 and Im 2 represent the analyses I and IT of Table 1 herewith.

The curves divexgent from point "n” on the left of the dfagram ave redrawn
from Osborn (1959, fig. 9a). Their absolute positions with respect to the
acatter of the plotted tholelites are not significant to thie discussion.

Fig. 4 showe the relationship between “iron enrichment", represented by
the ratio (Fewpez%)/(veome?o +Mg0), and silica percentage for a series
of named tholeiités from Tertfafy dykes in Scobland and northerm Englend,
quoted by Holmes et al., (1929). Points ing to the of
the Imachar couposite dyke are also plotted. It will be noticed that any
given tholeiite type shows considerable scatter in respect of, the iron en—
richment vatio, whereas for silica content the spread is relatively small.
The fields occupied by individual named tholeiites show considerable overlap,
‘the Balem, Corrie and Brunton types especially being imperfectly separated.
The same figure incorporates curves, after Osborn (1959), p.629, fiz. 9a),
zepresenting compoeiticn trends shown by successive 1iquide derived by
fraotional orystallization from a common initial melt in the system MgO-
Fe0-Fe,0,-510, wodexr oontrolled conditions of oxygen partial pressure (pc ).

The curve 'n-132-40-24', relating to conditions of constent somposition
(i.e. congtant vatio FeO/Fe,0,), impliea a rapid iron enrichment in success~
ive liquids. With oy, cens%a.gt (curve 'n-c-4') the rate of iron enrichment

in the liquid phase i§ much reduced, while with D, Progressively rising

(ourve 'n-a~b!) there is at first no significant idon enrictment; only in
the later reeidua does a gradual increase in this ratio eppear. By anslogy
with these trends, the seatter of tholeiite compesitions shown in Pig. 4 .
may be interpreted as indicating that a major factor in the diversificstion
of these rocks is the pre-emplacement fractional crystallization of pavent
magma under a rather wide range of Ty, conditions. Since the Imachar thol-

eiites are among those which show the highest values of iron emrichment
ratio, they would appesr to represent liquide derived under a close approx-
imation to "closed system" conditions, notwithstanding that their aivergent
mineralogy and textures reflect the widely dissimilar conditions which ob-
tained during sul?sequent crystallization,

The outer tholeiite skows near-comtemporansous erystallization of olivine,
end later augite, with plagioclase; the titanomagnetite present is finely
granular and virtually confined to the mesosiasis. Early crystellization
must therefore have taken place with increasing iron enrichment of the
Liguid phase, thus indicating the continuance of ¢losed-system conditions to
final conmolidation. The immer tholeiite, by conirast, shows early separ—
ation of plagicclase, only later to be joined by augite which is always in
ophitic relation with groundmass plagioclase. The bulk of the titanomag-
netite of the rock builds coarse crystal: » associated as much with the
ophitic arems as with intervening areas of intersertal texture. Thus the
greater part of the iron ore of the Tock separated from the earlier magmatic
liquids, and in partiowlar prior to the development of the ultimate meso-
atasis since this last bears only a little skeletal ore; the crystallization
mus$ therefore have taken place under conditiona analogous to those which
determined Osboxrn's curve 'n-a-b' (Pig. 4). Such conditions, with Dy, in-

creasing with advancing crystallization, are those of an open system g.mi are
in keeping with the evidence of reaction between the dyke magma end its
walls

The constitution of the homogeneous titancmagnetites of the Imachar thol~
eiites provides further evidence of their &iffering cooling histories. The
magnetic ore separated from the outer tholeiite has T10, 13.5 percent.
mt62“5p58} while that from the immer tholeiite has T102 16,2 percent.
miecuspys). Comparison with a schematio diagram due t6 Buddington et al.
1923, p.514, fig. 2) shoving temperature-composition velationships for
magnetite-ilmenite intergrowths in the presence of dipcrete ilmenite gresins,
is probably valid insofar as the magnetite-ilmenite intergrowths represent
the final product of exsolution and oxidation of magnetite-nlvBspinel solid
solutions (Buddington et al. 1964, pp.352-354). Since ilmenite is complete-
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1y absent from the preBent associatione, the minimum tempgratures o
crystallization of the titanomagnetites, respeatively 960 C and 980 ¢
acoording to Buddington's dlagram, are probebly significsntly lower than .
the actual temperatures of separation of theee ores. The respective temp—
erature levels are of course fully in keeping with textural mnd other evi-
dence already referrsd to.

The tholeiitic magme of the outer member of the Imachar composite dyke,
in that its crystallization shows late separation of titanomagnetite, be—
haved as a virtually closed system. Thia condition would maintain the
partial pressure of weter vepour in the crystellizing magna at a weximal
level, and by anzlogy with the experimental system diopeide-anorthite-water
(Yoder 1954, p.107) would cause the primary phase (plagioclase) to be joined
by olivine, end subsequently asugite, at an early stage of crystallizationy
the rock texture indicates that this wee indeed the cape. The taxtural
relations in the immer dyke-member, on the contrary, confirm its behaviour
28 an open system, as witness the early separation of titanomagnetite.
Under the reduced partial pressure of water vapour thus implied, the separ—
ation of the greater part of the stoichiometric plagioclase before the
appearance of sugite is precisely as would be expected by analogy with the
systen diopside-anorthite-water (Yoder 1954, p.107).

Refervence to Fig, 4 shows that the pointe ng to the
of the Imachar composite dyke are only slightly offset, towards lower iron
enrichment, from positions lying hetween the most iron-enriched examples of
the Salen and Brunton type tholelitee. In keeping with this relationship,
the inner oompoment at Imacher shows the asscolaetion of ophitic and inter-
sertal textures characteristic (Bailey et al. 1924, pp.571-372) of these
types. In the absence of ollvine end the presence of bytownite—cored pheno-
crysts, the Imachar rock resembles the “anorthite-bearing Brunton type”
tholeiite of the Tynemouth dyke (Holmes ot al. 1929, pp.20-21) but differs
in possessing & higher degree of iron enrichment. The outer component of
the Imachar dyke is, by contrast, texturally uniike both Salen and Brunton
types; yet it is Qiffinult to find grounds for an elternetive affiliation,

(iii) The variolitic Structure end its origin, The origin of varicles has
‘been accounted for in terme of the immipcibility of igneous melte of eon—
trasted (i.e. acidfc 2e against basic) compositions. Levineon-Lessing
(1935) postulated their origin by & spontansous splitting of a previously
homogeneous megma into immigcible liguid fractions under the influence of
falling temperature mlome. The present writer, on the other band, has con-
oluded (Holgate 1954) that igneous immiscibility phenomena in genersl, and
the formation of varioles in particular, normally follow from the aceidental
introduction of portions of wmore or less highly siliceous meterial, usually
but not necessarily solid initially, into combact with basic magwa.

Yoder (1971) reports on an experiment purporting to test the validity of
the proposed liquid immiscibility in igneous melts. He used e hesalt (5102
48125 percent,) and an aoid cralgmwite (810, 71.80 percent.) from a com-
posite intrusion at Craignure, Isle of Mull.” The powdered eauples, pgoked
end-to—end with excess water in & closed cspsule, were hested to 1200°C for
one hour. After quenching, the product was eectioned across the intexface
between the contrasted glasses. The surface of conteot, representsd in his
fig. 1 (Yoder 1971, p.106) appears as a sharply-defined and evenly ourved
shallow meniscus. ing to a ™ on" of the posi
tional variation across the interface, Yoder (1971, pp.107-108 and f£ig, 2)
congiders that compositional gredients across tbe basalt-rhyolite junction
"are moat likely the Tesult of diffusion in the melts" and that ligquid
immiscibility "is not involved”. He overlooks the more objective Signifi~
cance of the well-defined meniscus, the presence of which must indicate
surface-tension at the interface between the contrasted melts, a condition
unlikely to hold if there weve complefe mifoibility between them. More

recent studies by MeBirney (1975), MoBirney and Nakamura (1974), De (1974,
GZlinas et al. (1976) an@ others have each ylelded evidence of the liguid
immigeibility welation which Yoder has until very recently (Yoder 1976,
PP.495, 496) sought to discredit. The validity of liquid immiscibillty as
a mechaniem essential to the genesis of the vaTiolitic immer tholeilte mem-
ber of the Imachar composite dyke is therefore bewt assessed on the basis
of the internal evidence discussed in the present ocontribution.

The variolitic tholeiite at Imachar is espeoially important in that the
occurrence affords direct evidence as to the source of the varioles. Those
situated within or near to the "intermediate Zone" contein highly acidie
material {(with relict quartz) whioch hag clearly been derived es droplets,
ingested by the tholelite at en external contact, of buchitic liguid, Al-
though the contenta of varicles lying within the body of the inner tholeiite
show a different mineralogy, they too are significantly more acidic than
their host, and furthermore show textural relations to the host matrix
identical with tlipse Shown by varioles from the vioinity of the dyke/buchite
contacts. The conclusion that all of the variolee in this dyke-member are
of similar origin therefore appears unevoidsble. Initiated as droplets of
buchite melt, the variole contents were progressively made over, chiefly by
loes of Si0, and gain of alkalis and A1,0, (Holgate 1954, pp.450-45%), to
constitutiols approaching squilibriun with the host megme. Progreasive
crystallization of the lafter generated residua of compositions convergent
upon, end finally confluent with, the variole contents (Holgate 1954, P-455).

The development and persistence of & polycrystalline integument about each
variole, formed of plagioclase plates matching in composition those of the
host matrix, is understandsble only if tbe variole contents were, over the
earlier part of the crystallizetion indexval of the host magma, non-
congolute with the latter. The mantling plegioclases, initially wetted by
chance contact with the fluid contents of the variole, were thereafter re-
tained by surface tension which, to judge from textural evidence, Temained
effective until a late stage of the coneolidatlon of the host: Only in the
final stages were there developed textures indicating the failure of the
immiseibility relation. The available compesite tholeiite-buchite thin
sections desoribed of necessily represent this latest stage of the variolite
genesis.

iv) ‘suiphide-melt immiscibility. The lmmiscibility of sulphide melts
in natural gilicate magmas has long been accepted by ore mineralogiste on
‘the strength of analogy with observed relations in sulphide-ove smelting
teclmology. Recent work by Skinner et al. (1969), Haughton ef . (1974)
and others has given support besed on field cobservations and experimental
investigation of sulphides in recent basaltic lavas, bubt no textural evi-
dence of such a relation in crystalline isneous rooks has hitherto been
reported, The occurtence in the Imachsr tholeiites of textures suggestive
of sulphide immiscibllity are thevefore of pertiouler intereat. Pyrite, a
minor constituent of both dyke mewbers, is present es circular spots {Fig.
2, & and B) which in the inner member average 0.02 to 0.03 mp dismeter. The
majority of these can be seen to be at least partly rimmed by numerous tiny
granules of titanomagnetite (Fig. 20). Their forms as seen in polished
section strongly suggest that the pyrite vnite represent drops of sulphide
melt constrained to spherical forme by surface-tension forces. The peri-
pheral granules of titanomagnetite, precipitated from the host magma and
subsequently wetted by fortuitous contact with the molten sulphide globule,
were thereafter retained to contribute to an integument which has often
survived the crystallization of the host. In this there is a clear analogy
with the lerger-scale varioles and their polysomatic plagioclage investments,

Oceanional larger pyrite individuals in the inner tholelite ghow theme
relationships still more slearly., In Fig. 2D the large tiianomagnetite
grain is partly enclosed by the pyrite which, while still molten, adhered to
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it. It is unlikely that the titanomagnetite was actually pressed into con-
tact since the remsinder of the pyrite periphery retains its spheroidal form
and grapular integument. Adhesion of the sulphide melt to a titanomagnetite
grain is even more convincingly shown in Fig. 2B where the grain only main-
taine contact with a peer-shaped pyrite by virtue of the latter's departure
from a spherical form. Its present shape no doubt repults from a recessive
of the ti tite relative to the sulphide globule while the
host mepostasis was gtill fluid. Fig. 2F, on the other hand, appears to
represent a snlphide globule confined and distorted, while still fluid, by
edjecent plagioslages by in the host 8.
Summary and conclusions
The Imachar compopite dyke is importent as affording evidence of the em-

placement and crystallization of two tholeiite mewbers which, despite their
chemical similarity, show petrographic individuality which can only be a

of differing of and the di of
their subsequent cooling histories.

The outer and earlier member ghows textural evidence of rapid intrusion
followed by the immediate onset of orystallization, the latter being initia-
ted under temporary conditions of undercooling whioh, in addition to margin-
2l chilling, resuwlted in the development of poikilitic overgrowths on
earlier-formed, probably intratelluric, plagioclmse phenocrysts and @lomero-
porphyritic xenoerystal groups. Continued oryptallization produced further,
entire, mentling overgrowiths of less caloic oomposition on the plagioclase

phencorysts, while new Individuals of a seriste succeseion of smaller plagio-

clases were developed in the matrix. The ferromagnesian sillcetes joined
lagioolase rather eerly in the crystellization gequence, while iron ores
ftita.uoms@etite) are virtuslly confined to the ultimate mesostesis. These
oharacters indicate crystallization under essentially closed-system con-
ditions, and are compatible with the failure of this member to reach the
oontemporary esrib-asurface. Its thermal effects on its country-rocks are
emell, a8 is iate to & minor il which perved as a conduit to
a limited volume of magma.

The inner tholeiite shows, in contrast, no evidence of chilling against
1ts country-rocks which, where initially schistose-grits, have suffered
transformation to cordierite-buchite over e distance in excess of 20 cm from
contact, Thia implies a major accession of heat, supplied over a compara~
tively p period. ically the Tock offers evidence of
vather slow cooling frow an unususlly high initial temperature, since its
not infrequent bytownite, and the majority of ita labradorite-cored rheno-
oryste lack poikilitic overgrowths such as are characteristio of the outer
membex. It is likely that the few plagioclase phemoorysts present in the
inmer tholeiite which do show poikilitic mantles have been derived from
mobilized outer tholeiite, while the occasional plagioclases showing mechan-—
ical distoriion are labradorites of intermediate structure acquired by the
rieing magma from & crystalline basic mase at greater depths. The early
separation of Yitanomagnetite and delayed appearance of augite indicate
crystallization wnder virtually open-system conditions, all being in keeping
with the view that the inner tholeiite reached the contemporsry earth-
surface and there served as feeder to fissure-eruption of lava. Since under
such conditions the rapidly rising magma is likely to have acquired signifi-
cant supsrheat of gravitational origin, the oonversion of immedimtely conti-
guous schistose-grits to buchite is readily undersiood.

The original connotations of the terms “variole" and "variolite" have been
lost sight of by & majority of petrologists active during the past century.
The term variolite and the adjectival "variclitic" have been widely used in
connection with rocks which have little or no textural or structural simi-
larity to the true veriolites, Rocks having the characters implicit in the
early usage do indeed exist, and for thie resson a return to this usage is

For figs.182 see the synopsis (this vol.)

long overdus. In the imner, variolitic, tholeiite at Imachar varioles have
resulted when droplets of buchitic melt became dispersed in the tholeiitie
magna, and it ie concluded that it is only in this manmer that they have
been developed in the present association. The survival of the structure
until the consolidation of the host is a consequence of the immiscibility of
acidic in basis melts st liquidus temperatures, a relation which fails only
when advanoing crystallization of the host yields a mesostasis convergent on
the compogition of the intra-variolitic liquid.

Reflected-light examination shows that the titanomagnetites of both dyke-
wembers have homogeneous siructure despite their quite high content of
ulvBspinel molecule es revealed by chemical enalysis. Their individval com-
positions and deduced temperatures of crystallization accord well with theix
Yextural relations to the respective host rocke, The textural evidence of
sulphide immiseibility in both tholeiites is of general interest, while in
the present context the relationa of the pyrite bodies to their host rocks
is strikingly anslogous to those of the varioles in the imner tholeiite.

The recognition of the imner tholeiite as a former feeder for lava extru~
sion is important in that it puggests the directly voleanic function of one
more of the many dykes of the Hebridean Tertiary swerms (Holgate 1969,
pp.133-134).
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Ahmad & Morris: Noble metals in laterites

GEQCHEMISTRY OF SOME LATERITIC NICKEL~ORES WITH PARTICULAR REFERENCE
TO THE DISTRIBUTION OF NOBLE METALS

S. Ahmad and D.F.C, Morris
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The definition of the term "laterite" and its origin is discussed in
detall by Maignien (1966). Ferruginous deposits of this type occur in
India, Malaysia, Indonesia, Australia, Cuba, the Hawaiian Islands, and the
tropical regions of Africa and Centraland South America. For laterization
the following conditions appear to be pretty esaential:

(1) a warm humid tropical or subtropical climate conducive to extensive
chemical weathering;

(2) a flat, or nearly level topography (peneplain) where water has
relatively little power to wash away products of chemical weathering;

(3) sufficient time of exposure to the weathering process.

Nickel {s entiched in various profiles which have originated from such
weathering of ultrgbasic rocks and, whilst sulphide minerals, particularly
pentlandite, currently provide the major source of the element, lateritic
ores are worked on a large scale (Boldr snd Quencau, 1967; Skinner, 1975)
and are considered to contsin abaut 75 per cent of the known resérves of
nickel (Canterford, 1975). Platinum and palladium may exhibit similar
apparept radfi in crystals of analogous type [single-bo :
1,295 &; Pd, 1.283 : octghedral covalent r; p:<1v§, 1,3;‘fi ;::;31; %i Fe
tonte x5 Pr°F, 0.80; 24®F 0.86; Pauling, 1960, Anrens, 19527 and these
magnitudes correspond guite closely to those for nickel ’sir;gle-bund
metallic x; Ni, 1.154 K : octahedral covalent r: NA(I1) 1.39 : ionic r:
Ni**, 0.72). Moreover, the second fonization potentials of platimm
(18.568V), palladium (19.42), and nickel (18.15) are of like order. Suck
similitude in properties led one of us to suggest that there might be a

notable concentration of platinum and palladium in later{tic nickel-ores




