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Abstract--Strain trajectories, strain gradients and quartz (c) fabrics have been used to propose an emplacement 
history of the Criffel zoned pluton. Strain has been estimated from the microdioritic xenoliths included in the 
outer granodiorite; textural criteria have been used to complete the pattern of strain variations throughout the 
pluton. Strain gradients are found to be related to the granodiorite/granite boundary zone, with highest strain 
towards the northeast side of the pluton, giving an asymmetric horseshoe pattern. Quartz (c) fabrics allow t w o  

strain histories to be distinguished within the pluton: an early coaxial flattening in the granodiorite followed by a 
non-coaxial deformation in the granite and the adjacent granodiorite. These features are interpreted as the result 
of an oblique diapiric intrusion of the inner granite into the partially emp[aced and crystallized granodiorite. 

INTRODUCTION STRUCTURAL SETTING 

SINCE Ramberg's experiments on gravitational 
instabilities (1967, 1970), it is commonly accepted that 
diapirism is a major mechanism of granite emplacement. 
The process has been modelled by Dixon (1975) and 
Schwerdtner & Troeng (1978), who have shown the type 
of strain patterns that can be expected in and around 
diapirs. Brun & Pons (1980) have extended this by 
describing examples of strain trajectories resulting from 
the interference of diapirism and synchronous regional 
deformation. The ballooning mechanism, where defor- 
mation is the result of multiple magmatic pulses, has 
been described by Ramsay (1975, 1981) and Holder 
(1979). 

Classical field evidence for diapiric intrusion includes: 
(a) less dense material surrounded by denser material; 
(b) concentric patterns of foliation within the intrusion; 
(c) strain increasing towards the margin of the pluton; 
(d) important deformation in the country rocks around 
the pluton; (e) conformable structures in the pluton and 
in the surrounding rocks; (f) horizontal extension in the 
crestal area of the pluton (Schwerdtner 1981). However, 
detailed studies of internal structures of many other 
granites show that plutons may exhibit more complex 
emplacement and deformation histories than simple 
diapirism. They may display combinations of diapirism, 
stoping, fracture controlled emplacement, or emplace- 
ment in ductile shear zones (Berger & Pitcher 1970, 
Blanchard 1978, Pitcher 1979, Courrioux 1982, Hutton 
1982a, Gagny et al. 1984, Guillet et al. 1985). With this in 
mind, a detailed strain and microstructural study was 
undertaken on the Criffel granite in southwest Scotland. 

*Present address: Laboratoire de P6trologie Structurale et M~tal- 
log~nie, UA (CNRS) 728, Universit~ de Nancy I, 54506 Vandoeuvre 
l~s Nancy C6dex, France. 

The Southern Uplands can be schematically described 
as a sequence of slices separated by strike-parallel faults. 
Although sediments young NW within each slice, the 
general younging of the sediments is SE with Wenlock 
turbidites occurring in the area of the Criffel pluton. The 
low-grade burial metamorphism and the deformation 
decrease and supposedly become younger towards the 
south (Oliver et al. 1984, Kemp et al. 1985). Some late 
Silurian sinistral strike-slip movement occurs along 
faults or within discrete shear bands (Needham 1984). 
These features have been ascribed to the evolution of an 
accretionary prism during the Ordovician and Silurian 
(McKerrow et al. 1977, Leggett et al. 1983). They have 
been alternatively interpreted as imbricate stacks com- 
bining SW-directed thrusting and sinistral shear during 
an oblique Silurian collision (Soper & Hutton 1984, 
Murphy & Hutton 1986). 

In the Criffel area, the regional deformation is very 
low and general structures dip steeply NW. The strata 
are uptilted around the pluton (Phillips 1956) with strikes 
and outward dips parallel to the contact. Penetrative 
deformation in the country rocks appears to increase 
towards the granite and is restricted to the 1 km wide 
aureole (Kafafy & Tarling 1985). The characteristics of 
this imposed strain in the country rocks have not been 
studied. 

THE CRIFFEL PLUTON 

The pluton, early Devonian in age (397 _+ 2 Ma, 
Halliday et al. 1980) intrudes the Silurian sediments of 
Southern Uplands. It developed a 1 km wide contact 
metamorphic aureole containing hornblende and diop- 
side (Phillips 1956) in the low-grade flyseh sequence. 
Gravity data indicate that it is about 10 km deep, i.e. less 
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Fig. I. Map of the petrographic facies in the Criffel plution after Stephens et al. (1985). CHB, clinopyroxene-hornblende- 
biotite granodiorite; HB, hornblende-biotite granodiorite; B, biotite granite; MB, muscovite-biotite granite; BM, 
biotite-muscovite granite. Dotted area, granodiorite/granite boundary zone as chemically defined by Stephens & Halliday 

(1980). Location of sites a, b, c of Fig. 5 and profiles I, II, III of Figs. 7-9. Kilometric grid of Great Britain. 

than its areal size (23 × 11 km) (Bott & Masson-Smith 
1960). The contacts dip steeply outwards to depth (Phil- 
lips 1956, Bott & Masson-Smith 1960). It is a typically 
zoned pluton that consists of an outer shell of granodior- 
ire surrounding a porphyritic granite (Phillips 1956). 
These two main facies have been subdivided by Stephens 
et al. (1985), on the basis of mafic mineral content, into 
five petrographic facies (Fig. 1). Mapping the differenti- 

ation index (Thornton & Tuttle 1960) (Normative Qz + 
Ab + Or) has revealed an area about 2 km wide of steep 
geochemical gradients between the granodiorite and 
granite (Fig. 1). This has been interpreted as an inter- 
action zone between two distinct magmas (Stephens & 
Halliday 1980). These data together with isotopic and 
trace element information led Halliday et al. (1980) and 
Stephens et al. (1985) to propose that the primary magma 
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Fig. 2. Map of foliations in the Criffel pluton. Kilometric grid of Great Britain. 

was of / - type  (mantle or new oceanic crust derived), 
which as it rose through the crust was progressively 
enriched in S-type derived melts which accumulated as 
separate pulses. 

The emplacement mechanism of the pluton has been 
the subject of debate (Bott & Smithson 1967, Coward 
1981, Phillips et al. 1981, 1983, Holder 1983). The main 
argument against diapirism as a major mechanism was 
that the country rocks are not strongly deformed around 
the pluton, and therefore that stoping and convection 
occurred during the emplacement of the body. The aim 
of this study is (1) to gain precise information on the 
foliation trajectories, strain gradients and deformation 
regimes within the Criffel pluton and (2) to develop a 
model for the emplacement of the complex itself. 

STRAIN TRAJECTORIES 
The outer granodiorite shows a very well-marked 

anisotropy displayed by the preferred orientations of 

feldspar, hornblende, biotite and the elongation of 
quartz grains. The fabric has a strong planar character 
with a weak lineation defined by hornblende. The foli- 
ation and the lineation orientations are consistent with 
the deformation fabric implied by the shapes of micro- 
dioritic xenoliths included within this unit. The inner 
granite, by contrast, shows a very weak anisotropy 
marked by the orientation of K-feldspars and biotites. In 
a few cases, it has been possible to determine a lineation 
developed within the foliation plane. A transition zone, 
some 200-500 m wide, occurs between the strongly 
foliated granodiorite and the weakly deformed granite. 

The foliation 

The foliation trajectories are shown on Figs. 2 and 3. 
They display a general concentric pattern that broadly 
follows the elliptical shape of the pluton. In detail, 
however, it can be seen that the centres of the more 
internal elliptical trajectories are displaced progressively 
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Fig. 3. Foliation trajectories in the Criffel pluton. Kilometric grid of Great  Britain. 

towards the northeast (Fig. 3). This follows the petro- 
graphic zonation in the pluton. There is a discordance in 
the geometry of the foliation trajectories in the south- 
west part of the pluton, where a more irregular pattern 
occurs. This discordance may be related to the contrast- 
ing behaviour of two parts of the intrusion. Near the 
contacts the foliation generally dips outwards, with the 
shallowest dips occurring in the southeast (=40°). Typi- 
cally, the dips increase towards the centre, although 
gently-dipping and even subhorizontal foliations have 
been recorded in some parts of the central region. 

The lineation 

The lineation (Fig. 4) is, in most cases, subhorizontal 
except in the southern part of the pluton where it tends 
to be subvertical. The domain of subvertical lineations 
corresponds partially with the area which contains the 
more irregular fabric orientation. This is also the domain 
of low strain (see below). 

S T R A I N  G R A D I E N T S  

Strain has been estimated from the shape ratios of 
microdioritic xenoliths. Unfortunately, the inner granite 
does not contain such xenoliths. Therefore, this type of 
strain data is limited to the outcrop of the outer 
granodiorite in a zone about 2 km wide. Hutton (1982b) 
has emphasized the difficulty of using the Rf/cb method 
(Dunnet 1969, Dunnet & Siddans 1971) on deformed 
xenoliths in granites. Since the outcrop surfaces rarely 
coincide with any of the principal strain planes, an 
accurate 3-dimensional strain analysis is not generally 
possible. However, it is possible to find planes perpen- 
dicular to the foliation and inclined at various angles 0 
with respect to the horizontal line contained in the 
foliation. Variationsofaxialratios(L = Iongellipseaxis, 
l = short ellipse axis) against the angle 0 should reflect 
the ellipsoid shape (K values) and should allow an 
assessment of the X/Y  and X/Z ratios of the strain 
ellipsoid (Fig. 5). The variability of axial ratios (log10 L/l) 
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Fig. 4. Map of lineations in the Criffel pluton. Kilometric grid of Great Britain. 

within single observation planes does not, however, 
allow an accurate determination of the xenolith K 
values. Nevertheless, from field evidence and from 
Fig. 5, it is clearly apparent that the ellipsoid is almost 
everywhere close to an oblate shape (K < 0.1) (Fig. 6). 
Thus, the mean value of axis ratios (logl0 L/l) measured 
in any orthogonal plane to the foliation can be used as an 
estimate of strain intensity. Though this value may be an 
overestimate of strain, it is reasonable to assume that 
this gives a good picture of the strain gradients within the 
pluton (Ramsay 1975, Holder 1979, Lagarde & Chouk- 
roune 1982). Furthermore, subspherical xenoliths have 
been observed in the less deformed parts of the pluton 
(L/l = 1.1, L/l = 1.2), which suggests that the errors 
involved in strain determination are fairly small. 

Strain gradients 

Three profiles, located on the southeast side of the 
pluton, are shown in Figs. 7-9. The first and second 
profiles (Figs. 7 and 8) show clearly that strain increases 
from the outer margin towards the interior of the pluton. 
The third profile (Fig. 9) displays a strain culmination 

within the granodiorite at about 1 km from the country- 
rock margin. A contour map of strain variations over the 
pluton is presented in Fig. 10. Two points arise from this. 
First, the map shows that the high strain area does not 
precisely follow the outer margin of the granodiorite, 
but seems to follow the granodiorite/granite boundary 
zone as defined chemically by Stephens & Halliday 
(1980) (Fig. 11). Second, the highest strain does not 
occur everywhere around the pluton, but is concentrated 
in the north, east and southeast sides, giving an asym- 
metric pattern to the strain distribution (horseshoe pat- 
tern). 

This strain field has some similarity with the strain 
field calculated for the expansion of a cylindrical igneous 
contact (Morgan 1980). The necessary stretching of a 
surface element is greater for a smaller initial radius; but 
in the case of the Criffel pluton, the deformation has 
taken place within the pluton itself. 

TEXTURAL VARIATIONS 

To augment the xenolith strain data, a textural study 
of the deformation was undertaken throughout the plu- 
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Fig. 5. Determination of K-values from xenolith axial ratios (L/I,  L = long xenolith axis, 1 = short xenolith axis) measured 
in planes perpendicular to the foliation and inclined at various angles (0) with respect to the horizontal line contained in the 
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X = ellipsoid long axis, Y = ellipsoid intermediate axis, Z = ellipsoid short axis; K = ( X / Y  - I ) / ( Y / Z  - l). 
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Fig. 6. K-values of xenolith shape-ratios in the Criffel pluton. 

ton. This was based on a 1 km square grid sampling 
previously used by Stephens & Halliday (1980) for their 
geochemical study. A qualitative assessment of the 
amount of plastic deformation in a granite can be made 
based on the following criteria (Figs. 12-14). At low 
strains quartz is typically in the form of coarse grains 
with rare undulatory extinction. With increasing strain 
undulatory extinction becomes common and numerous 
sub-grain boundaries are observed. At the beginning of 
dynamic recrystallization the first small new grains 

occur; at higher strains, with advanced dynamic recrys- 
tallization, new grains are very common (Fig. 12). Rare 
kink bands are observed in biotite at low strains (Fig. 
13), whereas with increasing deformation, important 
twisting and kinking occur; at higher strains biotite is 
recrystallized in the well-defined foliation planes, and 
shear bands are locally developed. A lack of grain-boun- 
dary recrystallization in feldspar is indicative of low 
plastic strain, whereas this feature becomes important at 
high plastic strains (Fig. 14). 
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part of the granite. Quartz displays a regular prograda- 
tion of plastic deformation from southwest to northeast 
parallel to the long axis of the pluton. The low deforma- 
tion area does not coincide with the structural centre 
(approximate centre of strain trajectories) nor does it 
coincide with the geochemical centre (most silicic zone). 

QUARTZ (c) FABRICS 

The textural and strain features described above 
favour a composite intrusion. Strain patterns are most 
likely to be linked with the intrusion of the inner granite 
into the granodiorite than to the intrusion of the grano- 
diorite itself. This hypothesis can be further tested using 
quartz (c) fabrics to determine whether they show a 
composite history. 

Results 

Textural variations (Fig. 15) show a good general 
agreement with the strain pattern. The area with shear- 
band development coincides with the highest values of 
strain (log L/I > 1). The zone with important dynamic 
recrystallization of quartz and with the biotite largely 
recrystallized in the foliation planes coincides with the 
high strain area (log L/l > 0.6). In the same way, this 
zone does not precisely follow the outer margin of the 
granodiorite, but rather the granodiorite/granite bound- 
ary zone, and it displays a similar asymmetric horseshoe 
pattern to the xenolith strain data. This close correlation 
supports the use of microdioritic xenoliths as strain 
markers. The maps also allow the description of defor- 
mation gradients in the inner granite where xenoliths are 
absent. All three textural maps show that deformation 
increases from southwest to northeast: a low deforma- 
tion area is particularly well defined in the southwestern 

The data can be divided into two groups (Fig. 16). 
(1) Samples in the vicinity of the granodiorite margin 

(1, 7, 8, 33, 37, 43) are weakly deformed (except 33 
which is more deformed) and show a very weakly defined 
lineation. They tend to display quartz (c) axis concentra- 
tions in small circles around the shortening axis Zwith an 
opening angle of about 40 ° . No significant asymmetries 
are observed within these diagrams. Sample 33 shows a 
typical complete type 1 symmetric crossed girdle. 

(2) Samples of the more deformed granodiorite in the 
strain culmination area (6, 11, 25, 27, 32, 48), in the 
granodiorite/granite boundary zone (35, 40) and in the 
slightly deformed granite (15, 41, 42) show quartz (e) 
diagrams with essentially single girdles centred around 
Y. Weak concentrations in small circles around Z appear 
in some cases but are not the main characteristic of the 
fabrics in these samples. The girdles display a clear 
asymmetry with respect to lineation and foliation. The 
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profile across the strain culmination from the weakly 
deformed granite to the more highly deformed grano- 
diorite shows that these concentrations develop in an 
asymmetric manner. In sample 15 for example, the most 
weakly deformed, first concentrations appear around Y 
and already have asymmetries consistent with other 
more deformed samples. 

Discuss ion  

On the basis of experimental deformation (Tullis et al. 

1973) and numerical modelling (Lister & Hobbs 1980), 
the type of concentration in group (1) is generally inter- 
preted as resulting from a coaxial flattening deforma- 
tion. This is in agreement with the type of ellipsoid 
deducted from the xenolith shapes. The type of concen- 
tration in group (2) is interpreted as resulting from a 
non-coaxial deformation. Since no significantly different 
patterns occur between the different units of this group, 
it is likely that these fabrics developed in the granite, in 
the granite/granodiorite boundary zone, and in the 
granodiorite as a result of the same non-coaxial deforma- 
tion event. From theoretical simulations (Etchecopar 
1977, Lister & Williams 1979, Lister & Hobbs 1980) and 
from natural examples (Bouchez 1977, Bouchez & 
Pecher 1976, 1981, Gapais 1979, Berth6 et al. 1980, 
Courrioux 1982, Law et al. 1984) it is now well 
demonstrated that asymmetric single girdles provide a 
reliable shear sense criterion (see Bouchez et al. 1983, 

Simpson & Schmid 1983, for a discussion of the prob- 
lem). Thus the diagrams from the northern part of the 
pluton are consistent with sinistral shear, whereas the 
diagrams from the southern part are consistent with 
dextral shear along the high strain area. In addition, 
though only sample 25 shows microscopic evidence of 
non-coaxial dextral deformation, dextral shear bands 
have been observed in the latter area. Samples 6 and 11, 
which show an inclined lineation towards the south 
(respectively 45 ° and 25 ° ) are at the transition between 
vertical and horizontal lineation domains and display a 
clear non-coaxial pattern that indicates the development 
of dextral shear consistent with the lineation direction. 
This suggests that the change in lineation attitude from 
subvertical to subhorizontal is associated with the 
development of a non-coaxial regime. 

Several hypotheses that relate these two fabric types 
can be discussed. 

(1) The symmetric patterns could be erroneously 
interpreted as coaxial because of the parallelism 
between the fabrics and the shear direction in a progres- 
sive non-coaxial deformation. Many natural examples 
show that even in highly sheared my!onites, there is 
never a strict parallelism between the girdle and the 
normal to the shear direction. Indeed, in the present 
study symmetric patterns occur in weakly deformed 
granodiorites, whereas non-coaxial patterns occur in 
more deformed granodiorite. Thus, this hypothesis is 
very unlikely. 
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chemically by Stephens & Halliday (1980). 

(2) It could be argued that the observed variations in 
fabric type are linked to changes in the operative slip 
systems of quartz during deformation. Although quartz 
(c) diagrams alone do not allow an accurate determina- 
tion of slip systems (see Schmid et al. 1981), the types of 
fabric observed here can be generally interpreted in 
terms of a combination between rhombohedral and 
prismatic slip. Both types of diagram display submaxima 
symmetrically disposed around Y, suggesting that rhom- 
bohedral slip is equally active. Numerical simulations 
(Lister & Hobbs 1980) tend to show that the same 
combination of prismatic and rhombohedral slip can 
account for the observed fabric variations if different 
strain paths are assumed. Further, even if the operative 
slip systems change during deformation, there is no 
reason why new concentrations should suddenly occur 
symmetrically. It is therefore unlikely that a change in 
operative slip systems is the main factor controlling the 
pattern variations, and they are more likely linked to 
different deformation regimes. Thus, a single non- 
coaxial progressive deformation event cannot account 
for the fabric variations observed in this study. 

(3) There is an overprint of non-coaxial fabrics by a 
later flattening stage of the pluton. Lister & Williams 
(1979) have shown that a late coaxial deformation super- 
posed on non-coaxial fabrics results in a symmetric 
pattern in terms of the skeleton outline but in an asym- 
metric pattern in terms of a density distribution. How- 
ever in the present examples no significant asymmetries 
of density distributions have been observed. 

(4) There is an overprint of early coaxial fabrics by a 
non-coaxial deformation developing in the granite. This 
remains the most likely hypothesis: any strain increase in 
the pluton leads to a non-coaxial pattern [this can be 
used also against hypothesis (3)]. Actually, the two 
deformations are not necessarily superposed since they 
may not necessarily occur in the same areas. However, 
clear changes are observed in closely spaced samples and 
it is reasonable to assume that these samples have the 
early stage of deformation in common. 

Therefore, it is possible to conclude that a coaxial 
deformation occurred in the granodiorite and was then 
followed by a non-coaxial deformation developing 
within the granite and the adjacent granodiorite. In 
some areas, the early stage of deformation is preserved. 

DISCUSSION 

Emplacement of  the inner granite 

The features presented above can be interpreted as 
the result of a diapiric evolution of the inner granite. The 
basic model suggested here is that the granite was era- 
placed forcefully into the already emplaced and almost 
crystallized granodiorite. The ballooning produced an 
important deformation associated with a horizontal 
stretching at the edge of the granite itself and in the 
granodiorite. It is suggested that the intrusion direction 
was inclined upwards towards the northeast. This has 
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Fig. 14. Textural criteria chosen in feldspar for Fig. 15. (a) No grain-boundary recrysta[tization. (b) Weak grain-boundary 
recrystal[ization. (c) Important grain-boundary recrystallization, 
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Fig. 15. Maps of text ural variations for quartz,  biotite and feldspar over the Criffel pluton. For each mineral ,  textural criteria 
arc defined for increasing plastic deformation in Figs. 12-14. 
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Fig. 16. Quartz (e) diagrams over the Criffel pluton, Lower hemisphere equal area projections. Contours are 1,2, 3 . . . .  x 
uniform distribution. Diagrams are oriented with respect to the lineation (X) and the pole to foliation (Z). For all diagrams, 
the foliation is steeply inclined outwards from the pluton and parallel to the contact. In diagrams 8, 7, 6, and 11, the 
lineations dip to the south at angles of 80 °, 80 °, 45 ° and 25 °, respectively. For all other diagrams, the lineation is 
subhorizontal. Diagram numbers are indicated at bottom left of each diagram. Number of (e) axis measurements are 

indicated at bottom right. Diagrams labelled with a star are referred to as symmetric patterns in the text. 

resulted in the observed horse-shoe pattern of strain 
variations in the granodiorite and in the progradation of 
plastic deformation towards the north in the granite. 
This oblique intrusion leaves the southern part partially 
undeformed and accounts for lineation attitude vari- 
ations (steeply inclined to the south in the low deforma- 
tion area and becoming horizontal with increasing defor- 
mation). Reverse shear senses in the northern and south- 
ern part of the pluton can be interpreted as caused by 
lateral movement of the expanding body preferentially 
towards the northeast, resulting in shear deformation in 
the granite and the adjacent granodiorite at the two 
margins parallel to transport direction. 

Discussion on granodiorite/granite emplacement 

It seems quite clear that the Criffel pluton is at least a 
two-component intrusion. Although the emplacement 
of the inner granite can be understood in terms of 

oblique diapirism and ballooning, the emplacement of 
the granodiorite is more difficult to understand, since it 
has been deformed by the later intrusion. However, 
quartz (c) fabrics have recorded an earlier coaxial flatten- 
ing event in some places of the granodiorite and indicate 
that the ballooning mechanism was also probably in- 
volved in the earlier phase of pluton emplacement. 

Although a behaviour contrast exists between granite 
and granodiorite at the time of granite emplacement, 
lineations are found to be concordant in both com- 
ponents, suggesting that the two intrusions may have 
followed closely in space and time. The heat of the first 
intrusion may have created partial melting in the crust 
(Hallyday 1983, Stephens et al. 1985); and the melts may 
have coalesced into a single granitic mass, less dense 
than the already partially crystallized granodiorite. Con- 
sequently, the granite could have risen more rapidly and 
reintruded the granodiorite at a higher level. The 
granodiorite may have been flattened by its own intru- 
sion, or it may have been flattened by the granitic 
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(a) (b) (c) 

J " : ' . "  

(d) 

Fig. 17. Possible relations between granodiorite and granite emplacement. (a) Granodiorite emplacement and partial 
melting of the underlying crust. (b) Flattening of the granodiorite. (c) Bending of the denser granodiorite around the rising 

granite diapir. (d) Final shape after ballooning of the granite. 

intrusion and then was subsequently bent around the 
granite as it became too dense to go on rising (Fig. 17). 

Pluton geometry 

The final geometry implied by the evolution described 
above is represented in the asymmetric case in Fig. 18. It 
is compatible with the dip variations of the foliation in 
the eastern part of the pluton (i.e. increase in fabric 
steepness from the margin towards the core). However 
this is not particularly compatible with the vertical linea- 
tion and very steep foliations in the southwest part of the 
pluton. 

The second possibility is that the granite did not 
deform the tail of the granodiorite but was emplaced to 
one side of it, as shown in Fig. 19. In this case, the 
southern part of the pluton would represent the root of 
the granodiorite, which itself therefore would have been 
emplaced obliquely. This model has the advantage of 
fitting the foliation and lineation variations and the 
strain gradients throughout all of the pluton. 

Both geometries are compatible with the gravity 
interpretation of the pluton shape at depth (Bott & 
Masson-Smith 1960). A single diapir with contacts dip- 
ping outwards to 10 km would imply the existence of a 
huge batholith if a classical diapiric shape with lower 

Structural and 
Geochemical 
Centres 

Fig. 18. Geometric relations between the granodiorite and the granite 
in the case of an oblique intrusion of the inner granite into the 
granodiorite where the former deforms the tail of the granodiorite as 

in Fig. 17. 

inward dipping contacts was assumed. The mushroom 
shape suggested here fits the gravity data and leads to 
smaller space accommodation problems. Indeed, high 
penetrative deformation in the country rocks is 
restricted to the zone of contact metamorphism (1 km 
wide), and deformation can be accommodated within 
larger distances. Furthermore, the ballooning granite 
deformation is partially accommodated within the 
granodiorite. 

Possible reasons for an oblique intrusion 

A subsequent northeastward tilting after granite 
emplacement should be apparent in the disposition of 
the Silurian rocks. Similarly it might have resulted in 
obvious important post-Devonian deformation and 
faulting. There is no evidence for either of these effects 
and the tilting hypothesis is therefore very unlikely. This 
leaves two other possibilities. Firstly that the pluton was 
affected by an inclined regional strain field, produced for 
example by a combination of SE-directed overthrusting 
and sinistral shear affecting the entire region at this time. 
Secondly, following Talbot's experiments (Talbot 1977), 
asymmetry could have been produced by an inclined 
magmatic source layer. Neither of these possibilities is 
entirely satisfactory. An inclined sinistral strain field 
should have sheared the granite in a dominantly sinistral 
sense, which it does not. An inclined layer is likely to be 
a fairly large scale regional feature, and yet none of the 
other (synchronous) plutons of the Southern Uplands 
appear to show the style of asymmetry of Criffel. How- 
ever, smaller scale lateral variations in source layer 
density and/or viscosity (Talbot 1977) in the Criffel 
pluton is a remaining possibility. 

CONCLUSIONS 

Conclusions can be summarized as follows: 
(1) The distribution of strain gradients shows that 

most of the deformation within the granodiorite is 
related to the diapiric emplacement of the inner granite. 

(2) From the strain trajectories, strain distribution 
and textural variations (horseshoe pattern), it is inferred 
that ballooning has been asymmetric resulting from an 
intrusion direction inclined up towards the northeast. 

(3) Quartz (c) fabrics suggest two distinct deformation 
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(a) (b) 

Fig. 19. (a) Geometric relations between granodiorite and granite where the granite rises obliquely on the side of the 
granodioritic tail. (b) Foliation and lineation trajectories. 

regimes, that are interpreted as evidence of at least a 
two-stage deformation during the intrusion history. An 
early flattening coaxial deformation is displayed in the 
granodiorite and is marginally overprinted by a non- 
coaxial deformation that consistently affects the granite 
and the adjacent granodiorite. 

(4) The senses of shear deduced from quartz-fabric 
asymmetries are compatible with the lateral expansion 
of the granite implied by this model. 

(5) Two models of relation between granodiorite and 
granite emplacement are discussed. In the first model, 
the granite intrusion deforms the tail of the granodiorite 
and flattens it. In the second model the granite rises on 
the side of the tail leaving it undeformed, both com- 
ponents rise obliquely and then laterally expand as 
suggested by the lineation trajectories. 

(6) Though strain trajectories and strain gradients 
favour the second hypothesis, the data presented here 
do not allow an accurate understanding of the early stage 
of the granodiorite emplacement. Only the oblique 
intrusion of the inner granite and its effects on the 
already partially emplaced and crystallized granodiorite 
are well demonstrated. 

(7) The reason for oblique diapirism in this area of the 
Southern Uplands is not clear. 

(8) More strain data would be necessary in the weakly 
deformed granodiorite to characterize the initial strain 
gradients, and in the country rocks to see whether the 
two intrusion stages have distinguishable effects. 
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