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SCHWEIZ. MINERAL. PETROGR. MITT. 68, 1-19, 1988

The zonation of granitic plutons: the *‘failed ring-dyke””
hypothesis

by Stephen Ayrton

Abstract

A mechanism leading to the zonation of granitic batholiths is proposed. Fundamentally, it is based on the
common occurrence of mafic enclaves near the margins of plutons, on the realization that these enclaves were
in a magmatic condition at time of incorporation, and on the observation that they very often play an essential
role in the formation of schlieren. The latter represent the shearing through convection of these blobs of mafic
magma within the rising and evolving pluton, which leads to progressive dispersal of the mafic material in-
wards until a threshold in temperature and viscosity is reached. This type of zonation, which does not exclude
others, nor the simultaneous combination of several mechanisms of differentiation, would therefore be due to
the mixing of two contrasted magmas, the mafic one, in the case of normal zonation, being injected margi-
nally to form a failed ring-dyke. The two liquids may be derived from distinct sources, with far-reaching con-
sequences.

Résumé

Un mécanisme aboutissant a la zonation de batholites granitiques est I’objet d’'une hypothése fondée sur la
présence fréquente d’enclaves basiques prés de la bordure des plutons, sur la réalisation que ces enclaves
étaient largement liquides lors de leur incorporation dans le systéme granitique, et sur I’observation qu’elles
sont essentielles, bien souvent, 3 la formation de schlieren. Ceux-ci représentent le cisaillement, par le flux
convectif, de ces gouttes de magma basique au sein du pluton qui monte et évolue, ce qui entraine une disper-
sion progressive du matériel basique vers 'intérieur jusqu’a ce que le systéme atteigne un seuil de température
et de viscosité. Ce type de zonation, qui n’exclut pas d’autres, ni la combinaison simultanée de plusieurs méca-
nismes de différentiation, serait donc dii 4 un mélange de deux magmas contrastés, le magma basique, dans le
cas d’'une zonation normale, étant injectée en bordure pour former un dyke annulaire avorté. Les deux li-
quides dérivent souvent de sources distinctes, ce qui peut avoir des conséquences notables, en particulier
d’ordre isotopique.

Keywords: granitoids, zoned batholiths, enclaves, schlieren, magma mixing, hybrids, convection, ring-dykes.

Introduction

Many granitic plutons are mineralogically
and chemically zoned. In the general case, re-

ferred to as ““normal zonation”, a mafic outer

zone of diorite or tonalite surrounds a central
core of granite or granodiorite. The composi-
tion may change gradationally, or in steps,
with sharp contacts separating intrusions em-

placed at intervals, but it is of considerable im-
portance that even where different members of
a pluton were emplaced at different times,
there is generally a compositional zonation.
Reverse patterns and more complicated si-
tuations involving normal and reverse relation-
ships, a common occurrence, have also been
documented. FRIDRICH and MAHOOD (1984), in
their analysis of reverse zoning in the resurgent
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intrusions of the Grizzly Peak cauldron (Colo-
rado), list a number of other examples. In-
stances of recurrent zonation have been de-
scribed by DeBoN (1980), in his study of the
genesis of three concentrically-zoned granitoid
plutons in the Pyrenees, the Cauterets-Panti-
cosa intrusions. To some extent, the points
made in this paper may also apply to them, but
normal zonation is the main concern.

Not only do many plutons show a more
mafic rim, but they may also be partially or
completely enclosed in a gabbroic ring-dyke,
and it will be argued here that a relationship
between these two features is plausible. It will
also be argued that the mafic rocks, which may
occur outside the limits of the pluton—as for
instance the appinites of Ardara (Done-
gal)—represent a fundamental component of
the igneous complex (although they may not be
genetically related to the granitic members)
and not fragments of country rock, as they of-
ten have been taken to be. A survey of the lite-
rature indicates that numerous intermediate si-
tuations exist between the classic ring-dyke (as
for instance in the British Tertiary, to which we
will refer further on), scattered masses of mafic
rock along the margins of the pluton (good ex-
amples being the Ardara pluton, the Adamello
batholith, the Tichka massif of Morocco, the
Captains Bay pluton in the Aleutian Islands,
amongst many others), and gradational zona-
tion.

Of paramount importance is the presence,
virtually ubiquitous, of mafic enclaves at or
near the border of normally zoned plutons. It is
now well established that, in most cases, these
enclaves represent blobs of dispersed mafic
magma which coexisted for a time with a liquid
of granitic composition, with modifications of
composition due to mechanical and chemical
mixing. They are therefore not restites in the
most common case, nor are they xenoliths, i.e.
fragments of solid country rock incorporated
into the magma. Neither are they fragments of
mafic cumulates, as witnessed by their (igne-
ous) textures. The main arguments for this con-
clusion are repeated here.

These enclaves are deformed into ellipsoids,
which sheds light on some aspects of the forma-
tion and evolution of the diapir, whose growth
was compared by H. Croos (1925) to that of
a balloon in the process of inflation. Such a
model does not, however, take into account the
inevitable effects of convection, which must

occur in most rising plutons. It will be sug-
gested here that a certain type of banding, and
especially the production of schlieren from the
mafic enclaves, are the consequences of con-
vective mixing.

Normally zoned plutons

The mineralogical variation in normally
zoned plutons is clearly expressed by an in-
crease, towards the walls, in mafic minerals, in
the hornblende/biotite ratio, in An% of pla-
gioclase, and in the plagioclase/K-feldspar ra-
tio. TURNER and VERHOOGEN (1960) refer to the
basification of granite in marginal zones,
“strewn with hornblende- or biotite-rich xeno-
liths of modified country rock....” (comag-
matic enclaves, in our opinion), and state, fur-
ther on: “Thick zones of granodiorite deve-
loped along the margins of otherwise granitic
bodies have very generally been interpreted as
contaminated rocks formed by just such a pro-
cess.” This situation has been described and il-
lustrated in the Sierra Nevada batholith, for in-
stance (BATEMAN et al.,, 1963; BAaTEMAN and
NOKLEBERG, 1978; BATEMAN and CHAPPELL,
1979; SwaNSON, 1986). DREwES et al. (1961)
have made the same assumption for the mafic
border zones of the Shaler and Captains Bay
plutons in the Aleutian islands (but see PERFIT
et al., 1980). A number of observations in BATE-
MAN et al. (1963) are relevant to the present dis-
cussion: “Progressive decrease in the abund-
ance of mafic inclusions away from the mar-
gins of many intrusives” (p. D18), grading of
hornblende gabbro into granodiorite, the pro-
duction of hybrid rocks “in part the products
of contamination of the granitic rocks with
more or less assimilated mafic material, and in
part the products of addition of quartz and
feldspar to mafic rocks™ (p. D23). The conclu-
sions (p. D18) that “generally there is some evi-
dence of compositional zoning in intrusives in
which mafic inclusions become less abundant
away from the margins”, that “it may be signi-
ficant that mafic inclusions are present in the
hornblende-bearing rocks and absent in the
hornblende-free rocks”, and that (p. D27) “in a
general way the number and average size of
mafic inclusions in the Sierran granitic rock
vary with the mafic mineral content, and espe-
cially with the hornblende content, of the en-
closing rock™, may have very wide application,
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as this correlative relationship is common else-
where.

It is not our intention to review the zoned
plutons described in the literature. We will
refer mainly to two well-known massifs for the
purpose of demonstration: the Ardara pluton
(see Fig. 3), about 500 Ma old, and the Plou-
manac’h complex in Brittany, dated at 290 ma,
both being late- to post-tectonic with respect to
the Caledonian and Hercynian orogenies.

A number of hypotheses have been put for-
ward to explain a zoned composition in a
pluton. The effect of assimilation of foreign
rock has long been considered to be an impor-
tant agent in marginal modifications of com-
position. Such an hypothesis rests on the recog-
nition of true xenoliths, a term which is often,
demonstrably, a misnomer. Assimilation of
fluids must also be considered, as isotopic evi-
dence clearly indicates the percolation of crus-
tal fluids within magmatic systems. This under-
scores the convective movements that must
have affected the magmatic body. A Py,o gra-
dient would have some influence on the path of
crystallisation.

In addition, various types of metasomatic/
metamorphic reactions have been invoked in
this situation, due to chemical gradients be-
tween the acid component and rock of con-
trasted composition, with the formation of
dark margins (see BisSHOP, 1963). Much has
been said on desilication, granitisation, basic
fronts and basic behinds, in general referring
to enigmatic reactions between a solid and a li-
quid (+ vapour). The activity of a gaseous
phase has frequently been considered, as for
instance by ReEyNoOLDS (1954), in her fluidisa-
tion model, and by TuTTLE and BOwEN (1958)
who suggested that selective solution of feld-
spar and quartz from the contact rock by a hy-
drous vapour might produce “‘the basic zones
commonly formed at granite contacts”. WIN-
DLEY (1965) has proposed that the rapid release
of gas from the magma might enhance the for-
mation of a chilled margin. Chilling, however,
is only of very local importance.

Grain dispersive pressure, a process of me-
chanical differentiation due to flow (KOMAR,
1976), may deplete the margins of an igneous
body in early phenocrysts (““Bagnold zones™),
but this does not seem capable of producing
zoned compositions in bodies larger than
100 m across (BARRIERE, 1976). However, this
mechanism may be of local importance within

a pluton if flow is concentrated within re-
stricted domains.

Filter-press differentiation may also operate
in these circumstances. As a pluton expands,
and as pressure is exerted against the walls by
the influx of late pulses of magma in the core,
residual liquid should be separated from early
crystals. A cogenetic relationship between
early solids and late liquids necessarily follows.

Preferential accretion of crystals nucleating
in the magma to the walls of the magma cham-
ber (see BATEMAN and CHAPPELL, 1979) is re-
ceiving considerable attention at present, espe-
cially in connection with convective fractiona-
tion and boundary-layer flow (SPARKS et al.,
1984). This is indeed more plausible than clas-
sic crystal fractionation with gravitational set-
tling of solids, the extent of which has recently
been questioned, even in instances of vertical
zonation (MCBIRNEY and NOYES, 1979).

Another mechanism appears increasingly to
be of importance in a crystallising pluton, i.e.
double diffusive fractional crystallisation. The
complex interrelationship between thermal
and chemical diffusion, coupled with convec-
tion, may be largely responsible for differentia-
tion in magma chambers. The contribution of
the Soret effect to natural phenomena is at
present being strongly debated. The magnitude
of the mechanism remains to be precisely deter-
mined. HILDRETH (1981) suggests it may be a
function of the geometry of the chamber and
that convection should greatly accelerate diffu-
sion. It is possible that the more mafic nature of
the margins of some granites is due to the Soret
effect. In contrast, VisoNa (1986) has advo-
cated such a process, in combination with fil-
ter-pressing and grain dispersive pressure, for
the acid border of the Bressanone granodiorite
(Northern Italy). The trend towards higher
contents of SiO, and alkalis in the margins is
attributed to the transformation, through flow,
of mechanical energy into heat.

Yet another mechanism, ‘“solidification
contraction” (PETERSEN, 1987), seems capable
of producing large compositional effects in
crystallising: magmas. However, this should
lead to the accumulation of solute-rich liquids
along the walls of a chamber, with the produc-
tion of a marginal, reverse compositional zona-
tion.

There is clearly no shortage of hypotheses to
explain zonations in plutons, but all those
briefly mentioned here resort to interaction be-
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tween one liquid and foreign solids, or to me-
chanisms within a closed system involving one
liquid (excluding, in the present discussion, in-
flux of H,O-rich fluids from the country
rocks). They ignore the fact that where the
mafic enclaves exist, two magmas may have co-
existed and, to some extent, mixed. Whether
the two magmas were derived from the same

source, or from two distinct sources, is not that

important here. Both situations probably exist,
the second having our biased preference from
an assessment of available geological, petro-
graphic, mineralogical, geochemical and crys-
tallographic evidence.

This is not to say that the above-mentioned
mechanisms do not occur. They may very well
be the main or a contributing factor in certain
occurrences of compositional zonation and
probably operate simultaneously in many plu-
tons (the granophyres in the Skaergaard com-
plex owe their formation to at least three sep-
arate mechanisms: fractional crystallisation,
partial fusion and immiscibility of liquids).
The crux of the matter, however, lies in the
presence and abundance of mafic enclaves
near the margins of most granitoids (see Figs.
3,5and7).

Mafic enclaves (see Fig. 1)

It is now well established that many mafic
enclaves were in 2 magmatic state when incor-
porated into the crystallising granitic liquid.
These are the microgranular, generally dioritic
enclaves with which parts of most granitoids,
especially belonging to the calc-alkaline suite,
are studded. A number of observations are cri-
tical in this respect (see VERNON, 1984, for a
summary):

- The textures are clearly igneous. They are
typical of microdiorites, or basaltic andesites,
sometimes lamprophyric. Laths of plagioclase
occasionally exhibit an ophitic tendency.

- The shapes (and sizes) of the enclaves, the
geometry of their contact against the granitoid,
are suggestive of the juxtaposition of two lig-
uids (containing a variable amount of crystals).
These enclaves rarely have angular forms, typi-
cal of true xenoliths. ‘

- The most important feature in this respect
is the presence, within the enclave, of crystals
clearly out of equilibrium with the latter, and in
all probability xenocrysts. These include quartz

ocelli, i.e. single crystals of quartz often
rimmed by ferromagnesian minerals (pyro-
xene, amphibole, biotite), identical in shape
and size to the quartz grains in the granite, the
probable source. Some micas also appear to be
derived from the surrounding granite. The best
evidence here is arguably the presence within
the enclaves of K-feldspars which are again
identical in shape, size and composition to
those of the granite, with the important differ-
ence that they generally have angular forms in
the granite, and rounded ones in the enclave.
In this situation, they may also be rimmed by
plagioclase. Rapakivi textures are common in
this context (STEWART, 1956, on granites in
Maine, states that rapakivi ovoids are absent
from the country rock, but “‘stages of reaction
leading to their development” are preserved in
xenoliths —see TURNER and VERHOOGEN, 1960,
p. 363). All this underscores a mixing process, a
bilateral mechanical exchange between enclave
and granite, which we take to be proof of the
(partially) liquid state of the enclave at time of
incorporation. Chemical mixing also occurs,
the extent of which is in the process of being as-
sessed. A purely metasomatic mechanism
seems incapable of explaining these features.
- There is a close relationship between
these enclaves and synplutonic dykes. Indeed,
in a number of occurrences, it has been demon-
strated that they are identical in texture and
composition, which is of great weight in con-
siderations on the probable link between en-
claves, lamprophyres, hornblende gabbros at
many contacts of granitic plutons, and the clas-
sic appinites best described in Scotland, Ire-
land and the Channel Islands (but which cer-
tainly occur in many other places). The en-
claves are clearly not restites, nor xenoliths
(which was the assumption made by BATEMAN
et al., 1963, p.DI8—but see REmD et al,
1983 —for the mafic inclusions in the Sierra
Nevada batholith). Neither are they fragments
of cumulates. The term “amphibolite”, com-
monly encountered in the literature in connec-
tion with them may be misleading. On closer
microscopic inspection, many ‘“‘amphibolitic
xenoliths™ may turn out to be microdiorites.

Schlieren (see Fig. 2)

Schlieren are layers of lenses a few centimet-
res in width and some centimetres or metres



ZONATION OF GRANITIC PLUTONS 5

Fig. 1 The Elba granodiorite:

The northern rim of the Elba granodiorite, the youngest calc-alkaline intrusion in Western Europe (6-7 Ma),

provides beautiful examples of mafic enclaves with all the usual features of mixing with the host granitoid.

The enclaves are clustered along the margin of the pluton, which suggests that they represent a “‘failed ring-

dyke”. The most mafic compositions are identical to that of synplutonic dykes whose geometry indicates that

the basic liquids were injected into a viscous or plastic crystal mush. The enclaves, therefore, also represent

liquids.

Of particular interest is the observation that the enclaves exhibit banding parallel to their contact, even where

the geometry of the contact is highly irregular, and that megacrysts of K-feldspar, identical to those of the sur-

rounding granodiorite and certainly derived from the latter, are statistically aligned in the banded structure.

This is considered to be a) evidence for mechanical mixing between enclave and granodiorite, b)evidence that

shearing, due to laminar boundary flow, occurs between enclave and granodiorite. This represents, indeed,

what we take to be operative on a much grander scale.

The enclaves have an irregular outline, attributed to the juxtaposition of crystallizing liquids with different

viscosities. Some are cigar- or spindle-shaped. Flattening is, in this occurrence, uncommon.

a) Maficenclaves along the northern margin of the pluton. Note the variety of shapes and shades of colour.

b) Schlieren with feldspar megacrysts aligned in the layering, and a microdioritic enclave.

¢) and d) Mafic enclaves with internal layering which controls the statistical orientation of K-feldspar mega-
crysts derived from the host granodiorite.
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long, which are concentrations of the minerals,
mainly the ferromagnesian species, of a plu-
tonic body. They grade into the surrounding
rock, and may show internal grading, mainly
of a compositional type. They may be single or
repeated to form a banded structure.

It is likely that schlieren have several possi-
ble origins, but in a vast majority of occur-
rences, they are intimately related to mafic en-
claves. A study of the well developed schlieren
in the Ploumanac’h massif clearly shows that
they are always associated with microgranular
dioritic enclaves, and appear to be derived
from them. Field observations strongly suggest
that they represent drawn-out mafic enclaves;
in other words, this type of schlieren forms
through disruption of the latter, when these
were still at least partially magmatic. The fer-
romagnesian fraction of the enclave is, in our
opinion, smeared out along certain planar sur-
faces within the granitic mush, with which it is
mixed. This may explain why, systematically,
the grain size of the dark minerals of the
schlieren are of the same size as the biotites and
amphiboles normally found within the granite,
and much larger than counterparts within the
enclave (see PITCHER and BERGER, 1972,
Fig. 5-14, p. 118).

Schlieren exhibit a wide variety of forms
and attitudes, but they are in general steeply in-

_clined. At Ploumanac’h, their dip is almost al-
ways subvertical, excepting where they form
folds or more irregular, complex shapes, and
this pattern emerges from most descriptions of
plutons (see BaLK, 1937). Such steep attitudes
preclude an origin related to gravitational
segregation.

The most plausible mechanism for the for-
mation of schlieren is therefore strong laminar
or viscous flow, resulting in the production of
an igneous layering or foliation. Quotes from
PITcHER and BERGER (1972) are of relevance
here. On p. 117: “The number... of schlieren is
directly proportional to the color index of the
host, greatly increasing where swarms of xeno-
liths occur, and the deduction is obvious.” On
p- 174: “That imbibition actually occurs in this
way is shown by the disintegration of xenoliths
to form schlieren bands, rich in aggregates of
hornblende and biotite...” The same authors
conclude (p.254-255) that the appinitic inclu-
sions and host granite had same ductilities,
which is more understandable if both were lig-
uid at the same time. The folds that commonly

affect the schlieren must be due to further or la-
ter deformation. They are indeed related to a
schistosity and mineral lineation which repre-
sent a later stage in the evolution of the pluton.
We shall return to this point further on.

The complex forms, including common,
curved splays as if swept with a broom, may be
due to more irregular, turbulent flow. These are
well illustrated in BARRIERE (1977).

On a grand scale, schlieren arches or domes
give a good insight into the overall geometry of
a pluton, the classic example being the Rie-
sengebirge granite made famous by CrLoos’ ele-
gant analysis (CrLoos, 1925). The Mt Blanc
granite also appears to be a schlieren dome
(vON RAUMER, 1967). Care must be taken, how-
ever, to distinguish between the original atti-
tude of the schlieren and modifications thereof
occurring in the late stages of the evolution of
the pluton. BALK (1937) clearly distinguishes
different structures in the Sierra Nevada batho-
lith. Schlieren and a linear structure may inter-
sect each other, the latter extending farther into
the interior of the massif than do the schlieren.

The distribution of the schlieren is of para-
mount interest. Again, Ploumanac’h is an ex-
cellent example. There, very evidently, the
schlieren are concentrated within a zone a few
hundred metres wide, at some 500 to 1500 m
from the edge of the massif. This zone also con-
tains numerous enclaves, mafic dykes, and
passes near to a large mass of gabbro (at Ste.
Anne). A marginal position of the schlieren is a
common feature.

A picture thus emerges of a zone, near to the
margins of a pluton, in which mafic enclaves
are drawn out into schlieren by viscous flow, to
produce an igneous banding. In this situation,
it is not uncommon for the enclaves to be spin-
dle-shaped (see BALK on the Lausitz granite, or
on the Boulder and Sierra Nevada batholiths;
spindle-shaped enclaves can be seen in the
marginal zone of the Elba granite), which indi-
cates constrictional deformation, most prob-
ably due to laminar boundary flow. This is in
contrast with the common “pancakes” re-
ported in many plutons, but which represent a
later stage in the development of the intrusion.

Structures

The basis for the analysis of the internal
geometry of a pluton is of course found in the
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Fig.2 Sheared enclaves, schlieren structures and folded schlieren:

a) Shearing of a mafic enclave to produce a schlieren structure and igneous layering or banding. Plou-
manac’h, Brittany. Courtesy of F. Bussy, University of Lausanne.

b) Id. Corsica. Courtesy of F. Bussy, University of Lausanne.

¢) Folding of schlieren into generally tight folds with sub-vertical axial surfaces. Locally, isoclinal folds may
be refolded. Ploumanac’h, Brittany.

d) 1d.
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Fig.3 The Ardara Pluton:

a) The components of the Ardara Pluton. 1) Outer Component, the quartz monzodiorite. 2) Central Compo-
nent: (A) quartz monzodiorite or tonalite with many appinitic xenoliths; (B) granodiorite.

b) Structural map of the Ardara Pluton. Modified from AkaaD (1956).

¢) Generalized block-diagram of the northwestern part of the Ardara Pluton showing progressive deforma-
tion in the carapace and the peculiarly restricted deformation on the envelope. Diagram shows schemati-
cally the progressive flattening of the basic patches and the strengthening of the alignment of the minerals

within the pluton.

From “The Geology of Donegal”, Figs. 8-1, 8-3 and 8-8, PircHER, W.S., and BERGER, A.R. (1972). Copy-
right © 1972, by John Wiley and Sons, Inc. Reprinted by permission of John Wiley and Sons, Inc.

classic works of CrLoos (1925), BaLk (1937),
BERGER and PrrcHEr (1970), PitcHER and
BERGER (1972). This also bears on mechanics of
emplacement.
The main structures with which we are con-
cerned here are:
- a compositional banding
- a schistosity defined by the preferred orienta-
tion of platy minerals
- foldsdefined by schlieren and / or by compo-
sitional banding
- a mineral lineation.

All four structures are strongly developed
near the margins and in the most mafic litholo-
gies (in the case of normal zonation), the cen-

tral core being virtually structureless and mas-
sive,

The two planar structures, although often
sub-parallel, are clearly distinct and may inter-
sect. This is the case in the Chindamora batho-
lith (Zimbabwe), where a compositional layer-
ing is best developed near the contact between
the central adamellites and the external tonal-
ites. The structure parallels the walls of the in-
trusion and is attributed to viscous flow me-
chanisms (RamsAy, 1985).

Similar considerations are to be found in
BALk (1937), who emphasizes that schlieren
and the compositional banding generally have
steep attitudes and are elements not to be con-
fused with a younger planar structure (which
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we here consider to be a schistosity) and with
“flow lines” (which we call here a “mineral lin-
eation”). BALK also points to a very general fea-
ture, namely that early, more mafic members
of a magmatic suite are more foliated than late,
more felsic ones. Considering foliation in the
Ardara pluton, PrrcHER and BEerRGER )1972,
p. 175) state: “There is, of course, the possibil-
ity that this structure is a composite one and
that an early “flow foliation” was followed, es-
pecially in the margins of the pluton, by a de-
formative, “‘secondary foliation”. Concerning
the regular-banding of the Main Donegal
Pluton, they refer (on p. 251) to *““the possibility
that the bands represent planes of shear gene-
rated during the actual emplacement of the
pluton...”, and acknowledge the difficulties in
establishing the precise nature of the different
structures (p. 255).

Schistosity

The other main planar structure is deter-
mined essentially by the preferred orientation
of micas (and to some extent, of amphiboles)
and megacrysts of K-feldspar. It is therefore
appropriate to call it a “‘schistosity”, as does
RaMsay (1985), who notes that the schistosity
in the Chindamora batholith can be seen to
cross-cut the banding. The two types of planar
structure, he concludes, are independent of
each other. The schistosity is most intense in
the more mafic outer tonalite and granodiorite,
and dies out inwards. The strike of the schistos-
ity is generally sub-parallel to the contacts of
the pluton, which means that it is often sub-
parallel to the igneous banding as well, which
may be the source of some confusion. The dip
is steep, with local variations. The schistosity
can be clearly matched in attitude and intensity
with the deformation of the enclaves (“xeno-
liths™”), from which strain ellipsoids of an al-
most perfect unaxial oblate (“pancake”) type
have been derived. The schistosity appears
therefore to be consistent with a flattening type
of deformation that is related by Ramsay to a
“balloon inflation” model of pluton growth
and emplacement (see Figs. 3 and 7).

A classic example of the same features is to
be found in the Ardara pluton (AKAAD, 1956;
HOLDER, 1979; PITCHER and BERGER, 1972). A
concentric schistosity within the intrusion is
parallel to the cleavage in the country rocks. It

is most intense in the outer tonalite and dies
out towards the central granodiorite. Mafic en-
claves, common in the outer quartz monzodi-
orite or tonalite, and identical to the compo-
nents of the appinitic amphibolite complexes
(which, in two cases, actually form the wall
rock - see PITCHER and BERGER, 1972, p. 173),
are progressively more deformed outwards
towards the margins of the pluton, the finite
strain being of pure flattening type. The central
granodiorite is virtually devoid of schistosity
(see Fig. 3). The fact that this structure crosses
compositional variations and even the main
contact indicates that it is indeed of a tectonic
nature, and it is again attributed by HoLDER
(1979) and by PITCHER and BERGER (1972) to
inflation of the diapir. Textures which accom-
pany the structure are of cataclastic or crystal-
loblastic type, suggesting that consolidation of
the outer parts of the pluton was far advanced
when the flattening occurred.

BaLk (1937) makes similar comments, not-
ing that a gneissic structure exists in the margi-
nal zones of many batholiths (Idaho, Sierra
Nevada, etc.) and also in ring-dykes of the
Scottish Tertiary province. He also draws a
clear distinction between the tectonic struc-
tures and the earlier igneous banding, and in-
deed, dykes can commonly be seen to cross-cut
the banding and to be affected by the schistos-
ity-forming event.

Another important point is the fact that this
schistosity is the axial surface of the common
folds which deform the schlieren or igneous
banding. This is extremely well displayed at
Ploumanac’h (and in BARRIERE, 1977), where
tight, often steeply plunging similar folds (deci-
metric to metric), or more open shapes, exhibit
this relationship virtually without exception.
The structure is often marked by the parallel
disposition of K-feldspar megacrysts. A similar
situation in the Main Donegal Pluton is illus-
trated in PITCHER and BERGER (1972, p. 227).

There is also some indication of progressive
deformation in the geometry of the folds. Axes
are often steep which we take to be due to their
rotation, through strong deformation, towards
the X axis of the finite strain ellipsoid, a direc-
tion materialized in the field by the mineral lin-
eation. Locally, isoclinal folds may themselves
be folded, but this should not necessarily be at-
tributed to discrete phases of deformation.

BARRIERE (1977) has also observed and ana-
lysed different planar structures at Plou-
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manac’h, a younger one being demonstrably a
schistosity with flattening strains evidenced by
the shapes of the enclaves. This structure is well
developed in the outer zones of the annular
complex. There are some indications of shear-
ing associated with the earlier compositional
structure,

At this stage, it is important to note that we
are dealing with two types of planar structure
which may owe their existence to very different
mechanisms. The second one, the schistosity,
may well express the inflation of a pluton in its
final stages of emplacement. The first, the igne-
ous banding, must be due to another mechan-
ism. This is not to say that there might not be a
continuum between the two, or even a superpo-
sition. Transitions between igneous and crys-
talloblastic textures have been observed in a
number of granitoids (and this is the source of
some confusion, and probably a factor in over-
emphasis on metasomatism in some interpreta-
tions). A study of the deformation of quartz in
a granite by PHILLIPS (1965) illustrates the
“change from plastic deformation without dis-
tortion of the crystal structure, through a phase
- of distortion and recrystallization of the parent
crystal structure, to the final development of
brittle fractures with some recrystallization but
no reorientation of the crystal structure.” An-
orthosites exhibit similar features, showing
that they too continue to ascend as the system
crosses the solidus (DUCHESNE and MAQUIL,
1981).

It is also of relevance that constrictional
strains have been observed in enclaves near the
margins of plutons, for instance in the Main
Donegal Pluton (see PITCHER and BERGER,
1972, p.234), or near the border of the Elba
granodiorite. BALK (1937) mentions spindle-
shaped enclaves in the Lausitz granite, in the
Boulder and Sierra Nevada batholiths, at As-
cutney Mountain (Vermont) and the White
Mountains (New Hampshire), etc. (see also
MARRE, 1982). An earlier constrictional type of
deformation may explain some of the varia-
tions that have been observed in the geometry
of the deformed enclaves. Alternatively, as will
be argued further on, the enclaves with purely
flattening characteristics may represent a late
marginal pulse of basic magma injection.
ANDRE (1983) has proposed a model for the de-
formation of enclaves within a monzodiorite of
the Massif des Ballons (Vosges), in which early
rotational deformation due to a mechanism of

simple shear is followed by intense flattening.

A word of caution concerns the physical
state of enclave and host material at time of de-
formation. RAMsAY (1985) has argued that the
containing liquid must transgress the threshold
of plasticity before a xenolith may be de-
formed, and this is certainly valid. In the case
of mafic enclaves, however, which were them-
selves blobs of crystallising magma within the
developing pluton, this is no longer a necessary
condition. Some of the deformation may have
occurred during the purely igneous stage, and
indeed, the textures of many enclaves show no
sign of cataclastic or crystalloblastic pheno-
mena. On the contrary, petrofabric analysis of
mafic enclaves has shown that, in certain oc-
currences, they have flowed with and under the
same conditions as the host granitic liquid (see
MARRE, 1973, 1982). Asis so often required, the
study of the geometry of the enclaves must
therefore be closely integrated with that of their
textures.

Mineral lineation

Here, too, a distinction must be made be-
tween early igneous alignments, and late struc-
tural developments.

A first type of preferred mineral orientation
is related to the formation of schlieren and to
viscous flow. Micas and K-feldspar megacrysts
lie on or in the schlieren and parallel to it.

The second mineral lineation is associated
with the schistosity, in which it lies. It is gener-
ally steep and it can sometimes be shown to be
parallel to the X direction of the strain ellipsoid
(Ramsay, 1985; BARRIERE, 1977). KING (1966)
established the existence in some granites in
Ireland of a steep magnetic linear fabric, whose
intensity correlates well with that of the schis-
tosity. Note that the author recognizes an early
fabric due to fluid flow and a later one due to
plastic deformation

That this second lineation is independent,
as is the schistosity, of the compositional band-
ing is shown by the observation that it may
crosscut the latter (see PITCHER and BERGER,
1972, for references). BALk (1937), on the
Sierra Nevada batholith, mentions that
schlieren vary in strike and dip, whereas the
linear parallelism of hornblende and biotite re-
mains constant. He also refers to CLoos (1925),
who observed in a number of places at Strehlen
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(Germany), an angle between schlieren sur-
faces and mineral lineation. This tectonic line-
ation is often the last structure to survive in-
wards into the massive, homogeneous core of a
zoned pluton.

Convection (see Figs. 5, 6 and 7)

Convection in natural magmas has long
been seriously considered, especially since the
publication of the classic work by WAGER and
DEER (1939) on the Skaergaard complex, and,
since then, the problem has been tackled from
various angles, including experimental model-
ling (for instance by NICKEL ¢t al, 1967), orona
theoretical place (SHAW, 1965, 1974; BARTLETT,
1969, amongst others).

The conditions in which convection must
occur are well known, and are expressed by the
Rayleigh number:

gaATL3
vk

in which L is usually the vertical dimension of
the body, A T, the difference in temperature be-
tween the top and the bottom of the body, v,
kinematic viscosity, o, the coefficient of ther-
mal expansion due to change of temperature,
k, thermal diffusivity, and g, the acceleration
of gravity (McBIRNEY, 1984). Convection is in-
evitable if Ra=1700 (BARTLETT, 1969), and the
limit is no doubt easily attained in many plu-
tons, even of moderate dimensions. The initia-
tion of convection may be more sluggish if the
melt with suspended crystals ceases to behave
like a Newtonian fluid (WICKHAM, 1987), but
the threshold will be rapidly exceeded if more
energy, in the form of heat, is supplied to the
system, which will happen if, as argued here,
basic magma is injected into it.

The manner in which convection operates is
no doubt complex. Of special importance is a
zone near the margins of the pluton, in which
three types of boundary layers will form, the
narrowest being a compositional boundary
layer, a wider boundary layer corresponding to
a thermal gradient, and the widest being the
momentum boundary layer (see MCBIRNEY,
- 1984, p. 63-67). 1t is evident that viscous flow
will be mainly contained within this zone, and
it follows that as crystallization proceeds in-
wards from the walls (and roof), a convection
cell will move inwards towards the core of the

Ra

pluton until the temperature has decreased,
and viscosity increased, to a degree where con-
vection is no longer possible (Fig. 7). This may
be an alternative way of explaining the gene-
rally structureless core of many normally
zoned plutons, rather than attributing its lack
of structure to late intrusion (the two proposi-
tions are not, however, mutually exclusive).

A number of convective regimes are possi-
ble, and this may, to some degree, explain dif-
ferences between normal, reverse and complex
zonation in plutons. Examples of different
types of magmatic convection are portrayed in
MCBIRNEY (1984, p. 66). This author concludes
that “An individual intrusion may pass
through a number of these convective regimes
during the course of cooling and solidification,
and...each may have a different effect on the
way an intrusion crystallizes and differen-
tiates”. '

It appears that viscous flow will reach high
rates in a boundary layer near the margin of the
body, the velocity decreasing towards the core
and outer contact (SHAW, 1974; see also BEST,
1982, p. 251 and 325, WiLLiaMS and MCBIRNEY,
1979, p. 27, and McBIRNEY and NOYES, 1979).
Referring to Ploumanac’h, this may explain
why schlieren are systematically concentrated
into a zone a few hundred metres wide and at
about 1000 metres from the contact with the
wall rocks (Figs. 5, 6 and 7). It is also of consid-
erable interest to note, with BARTLETT (1969),
that in certain systems, convection may reach
such intensities that complete redistribution of
the crystal population ensues (see WICKHAM,
1987, p. 289). This underscores the potential in-
herent in convection for thorough mixing and
the production of homogeneous compositions
from two distinct starting materials.

Laminar boundary layer convection is, to
conclude, a powerful mechanism which must
occur in most plutons, and which must leave its
mark on the structure and compositional pat-
tern of an intrusion. It is a reasonable assump-
tion that convection is responsible for the
drawing-out of mafic enclaves into subvertical
schlieren, leading to a form of igneous band-
ing. This implies a redistribution and a disper-
sal of mafic material, often preferentially in-
jected near the margins of a growing pluton!.

' It is obvious that the enclaves one sees cannot be
those that have been dispersed, which underscores
the likelihood that basic magma is injected into the
system over a long time span.
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BIRTH AND ASCENT OF A GRANITIC DIAPIR
STAGE 1

Surface / i \

eontinental crust

Digsintegration of mafic magma
tnto "pillows" (enclaves) and
"globulites" (see text)

1)’ Zone of anatexis, granitic
magmagenesis, migmatites

—

4 Approximate limit of

injected Lithosphere

~ 5 km

~ 50 km

Subcontinental lithosphere

Asthenosphere

.
.

j e s \ 1> Zome of basaltic magmagenestis

Fig. 4 Birth and ascent of a granitic diapir. Stage I:

The fundamental process portrayed here is a) the fusion of subcontinental mantle to produce basaltic mag-
mas, b) the ponding of these magmas at the base of the crust, or their rise to higher levels, with attendant anate-
xis (lasting at least as long as basalt is injected into the crust, c) injection of basic magma into acid liquids to
form “pillows” (enclaves)—see BLAKE et al. (1965); injection of basic magma into rock near the melting point
will produce “globuliths™ (see BERTHELSEN, 1970} in migmatites (synkinematic, but with coeval superposition
of tectonic and flow structures), d) the possible ascent of the acid component to form a pluton, into which, if it
is not detached from its root-zone, basaltic magma may again be injected.
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This is consistent with the features of normal
zonation, as banding weakens towards the
core, with a concomitant decrease in the colour
index. Mixing between the acid core and the
mafic margins ceases where convection finally
stops.

Ring-dykes

As it appears from a number of descrip-
tions, there is often a tendency for the mafic
(basic) liquids, now fossilized in the form of
enclaves, to be injected near or at the margins
of plutons, and sometimes even outside the li-
mits of the intrusion. This suggests that there
might be a correlative relationship between the
situation of the enclaves and classic ring-dykes.
In both cases, basic magma would be preferen-
tially injected at or near the main discontinu-
ity, i.e. the more or less cylindrical or conical
fracture which marks the contact between
pluton and wali rock.

A survey of the Central Complexes of the
British Tertiary province (see EMELEUS, 1982)
suggests that there are indeed many points
common to zoned plutons with enclaves and
such high level intrusions. It is noteworthy that
basic magmas are available throughout the his-
tory of all the centres, and this is true of a vast
number of granitic batholiths (synplutonic
mafic dykes and late lamprophyres afford evi-
dence in this respect). In both cases, the mag-
matism is essentially bimodal, with the mafic
magmas playing the major roie in the evolution
of the Central Complexes. Of particular inter-
est is the fact that a number of ring-dykes are
composite, with clear signs of magma mixing.
At Mull, certain ring-dykes show variation
from gabbro at low levels to felsites and grano-
phyres further up, with indications of hybridi-
sation (the Glen More and Loch Ba ring-intru-
sions, for instance). The early ring-dykes of
Ardnamurchan show similar features. Hybridi-
sation is common in the Central Complexes,
with the Marscoite suite on Skye as a good ex-
ample of a hybrid ring-dyke. There are also a
number of instances of mafic pillows in acid
rock (Glen Dubh on Arran; the Mullach Sgar
complex on St.Kilda, amongst others).
Clearly, basic magma intruded the margins of
these complexes at different times, and mixed
to a variable degree with the acid melts.

It is pausible that a spectrum of situations
exists between that in which a gabbroic ring-
dyke is well individualized, with sharp contacts
against the central, acid pluton, and a normally
zoned pluton with a transition from a mafic ou-
ter zone with enclaves to a central, acid core
lacking enclaves, and structureless. A particu-
lar occurrence will depend on a number of fac-
tors, such as:

1) the level of the Earth’s crust at which in-
trusion and mixing have occurred, and the le-
vel of erosion / observation (the Ardara pluton
is a deep-seated equivalent of a complex like
Arran or Slieve Gullion): the local geothermal
gradient;

2) the compositions and temperatures of
the magmas involved;

3) the time gap between emplacement of
the core and that of the ring-dyke (in the sim-
plest case); the succession of events (most plu-
tons in the British Tertiary are the result of a
long, complex history).

A gradational series is thus to be expected,
which is precisely what RoosoL (1971) has pro-
posed for acid-basic associations in the British
Tertiary and Iceland.

The ““Failed Ring-Dyke Hypothesis®
(see Figs.4,5,6,7)

We come now to the formulation of this
concept which should emerge from the preced-
ing considerations.

Convective mixing may be an important
mechanism operating in and influencing the
evolution of an igneous body. The basic mag-
mas, responsible in many cases for melting of
the crust, the formation of acid liquids, and the
initiation of granitic diapirs, may continue to
rise with the latter. It is plausible that, in gener-
al, they will be preferentially injected along or
near to the major structural discontinuity of the
system, i.e. the contact with the wall-rock, to
form swarms of mafic enclaves, or discrete
ring-dykes. Should this occur early enough, at
a time when the pluton is still rising and grow-
ing, mixing will result through the action of
laminar boundary flow, possibly the main ex-
pression of convection within the magma
chamber. As the system cools, the convection
cells should move inwards, continuing to dis-
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BIRTH AND ASCENT OF A GRANITIC DIAPIR
STAGE TI

compositionally zoned Surface
granitic pluton
) Brittle crust
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&2 — Potential ring-dyke
, )
1] Ductile erust
+ ' M e & B
" ' ~ 2 T

.
.
’ ., -
>
.
L]

i .
. 5 * ‘. T ’
Ascending acid magma * ‘.” ) < 2
+ + * . e L

Anatexis tn middle crust
| (continuing into upper crust)

—7 &
/ |

|

I
R
|

."’_r?—/—— Main conduit for ascent of

basaltic magma

! ]
| l

Fig.5 Birth and ascent of a granitic diapir. Stage II:

The ascending diapir of acid liquid (+ crystals) begins to expand as its rise becomes increasingly difficult due,
mainly, to variation in the nature of the upper crust. It is still connected to the root-zone and to the conduit
into which basaltic liquids continue to be injected. This counterbalances to some degree the effect of cooling/
increasing viscosity and drag through variation in properties of crust. It also maintains a sufficient density
contrast, and contributes to the volumetric expansion of the diapir. The basaltic magmas will in general follow
the external fracture (normal zonation), but may ascend in the central part of a diapir (reverse zonation). Con-
vection must be initiated leading to disruption of basaltic magmas to form blobs (enclaves), which will be de-
formed by shear (laminar flow) into schlieren; this will impart a local foliation to the rock. Further disruption
will disperse the mafic component within the volume affected by convective mixing, and will homogenize the
mixture to the point where the composition will grade progressively from the outer (if normally zoned) gab-
bro/diorite to the inner granttoid.

Note that the enclaves vary from oblate ellipsoids near the margins to spherical shapes inwards (where still re-
cognizable). The geometry of the convection cell is highly speculative and simplified. It is just one possibility
amongst many.
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CONVECTIVE MAGMA MIXING IN SUB-VOLCANIC MAGMA CHAMBER
Rhyolite Voleanic filling of
Hybrids/ domes caldera (with possible
/andesites (f' ‘I"/’/ mixing)
{ ¢ ‘44. 7 AL\. WBasalu/hybmds
R~ s = JA\
M/‘/I/ —1 12 Stoped crustal
4/11 T J T block
ﬂ k //-s 7
Dolerite \\\ \ + + O / ’
ring-dyke .\.\ o + {_? —|— /y A Dolerite
? '}‘ Vl \ O "I" l./ [} ring-dyke
‘\\., . O + J L/ _
\\J L + G + // o J, - Country rock
/
NN e
. N\ 4 /,
Z:gizfsiﬁiin;ﬁ:kzr \ // ; Foliated tonalite
(cf. Marscoite) % \\\ \ +- + 7/‘-/ ~ ] km
\
Small stoped blocks \ Non-fﬂo’lia?gd -
granodiorite
Brittle crust
enm—— -_ - _— —
— - Ductile erust T —~

Fig. 6 Convective magma mixing in a sub-volcanic magma chamber:

Here, the pluton has reached a high level of the crust and is connected to the surface, with ensuing volcanic ac-
tivity. Cauldron subsidence has allowed the final upward surge of the system, which continues to be connected
at depth with basic feeder-dykes. Convective mixing continues to operate, which may 1) pursue the distribu-
tion of the mafic component within the magma chamber, 2) produce a homogeneous, hybrid liquid eventually
injected as a ring-dyke (cf. the Marscoite Suite on Skye), or even erupted.

Mixing may continue to occur at very high levels (cf. the Gardiner River volcanics-WiLcox, 1944).

Composite dykes may form in this situation. Sharp contacts between acid and basic components may be due
to difficulty of mixing, either because the duration of contact between liquids was limited, or because the
necessary space was lacking, preventing convective mixing, or because of a time lag between the injections of
the two components,

This is a **simple” model. Natural occurrences will of course be more complicated, and a great number of vari-
ations no doubt exist, for example in the geometry of convection, the loci and timing of injection of basaltic
liguids into the magma chamber, etc.

perse! mafic material in ever-decreasing pro-
portion until conditions of temperature and
therefore viscosity impede the pursuance of

* In passing, it should be noted that such dispersal of
basic material, most probably drived from the
mantle, must have profound consequences on the
Sr87/ Sr86 ratio in zoned granitoids.

convection. This stage is followed (the two re-
gimes may be even partly superposed) by the
inflationary stage of the diapir, which ends the
history of emplacement, and which is responsi-
ble for the flattening strains recorded in the en-
claves, with concomitant schistosity and min-
eral lineation.
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EVOLUTION OF A GRANITIC DIAPIR FROM EARLY CONVECTIVE MIXING
10 INFLATIONARY “BALLOON" STAGE. WITH LATERAL EXPANSION

Foliated tomalite,
grading into mon—foliated,
enclave-poor grancdiorite-
granite

~ 1 km

Foliation mainly due
to shearing of enclaves
into schlieren II1 Ballooning diapir, detached from

{a "schlieren-foliation') root-zone. Oblate geometry super-
posed on prolate ellipsoidal en-
claves. Metamorphic and cataclas-
tic textures superposed on igneous,
flow textures.

n 2o km

II Main period of convective mixing.
Pluton still connected to source.
Balloon effect begins to modify
shear geometry in mafic enclaves.
Arrow indicates inward migration
of convection. With cooling, flow
will finally cease at a limit de-
fined by the disappearance of
foliation.

I Initiation of pluton emplacement.
Convection begins to mix central
granitic component and marginal
mafic magma tending to form a
ring-dyke.

Fig. 7 Evolution of a granitic diapir from early convective mixing to the inflationary, balloon stage, with
lateral expansion:

This cartoon attempts to illustrate, in three steps, the transition from a rising pluton, in which convective mix-
ing is the dominant process, to a situation in which the pluton ceases to migrate upwards, but expands later-
aily, as if inflated like a balloon. Distinct structures are formed through convection (shearing of enclaves pro-
duces schlieren and igneous banding) -and inflation (flattening deforms enclaves into oblate ellipsoids-see
text). ;

Variations depend on a host of factors: a) initial conditions of composition, temperature, and therefore viscos-
ity; b) rate at which the body cools, which will determine how long the convective system will operate, and
how far into the pluton it will migrate before ceasing to be active; ¢) how far the pluton travels, and therefore
d) the type of crust it traverses and finally comes to rest in (the “balloon” stage may coincide with the arrival of
the pluton into the brittle crust, in which the capacity for upward migration of the mush is greatly reduced); €)
interaction with the crust (for instance cooling through incorporation of crustal water); f) moment of detach-
ment from root-zone, which will determine the amount of material supplied from the anatectic source, and
from the basaltic feeder-dykes; g) others...

Note that the visible enclaves with the flattening geometry may represent only the last increment of basic
liquid injection, as they are not drawn out into schlieren. This could explain why they rarely exhibit prolate
forms.
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This is therefore an alternative hypothesis
to models in which a single magma undergoes
differentiation within a magma chamber. Al-
though acid and basic liquids may be derived
from separate sources, the model may be appli-
cable when they have a common origin. Acid
differentiates of a basic magma may be in-
truded by late pulses of basic liquids, with the
same result.

To conclude, it may be necessary to reassess
compositional zonations in certain granitic
plutons, where the margins are dioritic and
contain mafic inclusions, in terms of a bimodal
system in which mixing through vigorous con-
vection has occurred between a ring-dyke of
gabbroic composition and a core of acid
magma, and to question fractional crystalliza-
tion of a single magma as the dominant process
for the variation and pattern of composition.
The spectrum of relationships between a well-
individualised basic ring-dyke and a zoned
batholith with gradational features is the ex-
pression of a transition from commingling to
pervasion, from mere juxtaposition of con-
trasted magmas to mixing, leading to and
resulting in the production of homogeneous
hybrids.
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