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Abstract--Gneiss  domes and plutonic granitoid domes make up almost 50% of the pte-Hercynian terrains in 
the Central and Eastern Pyrenees. From a structural study of the shape and internal structure of the domes and 
of their relationships with the enclosing rocks, it can be shown that both types of domes were emplaced diapiric- 
ally during the major regional deformation phase and the peak of regional metamorphism. 

The study also shows that the internal structure, the overall shape and general behaviour relative to the host 
rocks are similar for plutonic domes and for gneiss domes. This appears to be in good agreement with H. 
Ramberg's (1967, Gravity Deformation and the Earth's Crust. Academic Press, London; 1970, Model studies in 
relation to intrusion of plutonic bodies. In: Mechanisms oflgneous Intrusion (edited by Newall, G. & Rast, N.) 
Geol. J. Spec. Issue 2, 261-286.) model studies showing that dome or mushroom-like structures, similar to those 
observed, develop when there is a small viscosity ratio between the rising body and its enclosing medium. 

This implies a high crystal content for the granitoid magma. This crystal content has been estimated by (i) 
calculating the viscosity and density in natural conditions from petrological data for the magma considered as a 
suspension, using the model and program of J. P. Carron et al. (1978 Bull Soc. g~ol. Fr. 20, 739-744.); (ii) using 
the recent results of experimental deformation of partially melted granites of I. van der Molen & M. S. Paterson 
(1979, Contr. Miner. Petrol. 70, 299-318.) and (ii) comparing the preceding results with the data obtained by 
deformation experiments on rocks similar to those enclosing the domes. The minimum crystal content for the 
development of a dome-like structure has been, thus, estimated to about 70%, i.e. a value very close to that 
estimated by van der Molen & Paterson (1979) to be the critical value separating the granular framework flow 
from suspension-like behaviour. 

The effect of small variations in the viscosity of the rising body are then simulated by centrifuge experiments. 
These small variations appear to exert a strong control on the shape and rate of rise of the domes. They are 
thought to be sufficient to account for the variations in shape and structure and the level of emplacement of the 
different types of gneissic and plutonic domes. 

Finally, more complex experiments, with models built in order to simulate as closely as possible the natural 
structural evolution of the region as deduced from petrological and structural data, are reported. Their implica- 
tions for the regional interpretation of the relationships between gneissic and plutonic domes is then discussed. 

INTRODUCTION REGIONAL BACKGROUND 

GNEISS domes, plutonic and metamorphic domes are Pre-Hercynian rocks are the essential constituents of 
amongst the most striking structural features in the the Pyrenees. They make up almost all the outcrops in 
Hercynian Pyrenees. However, their development has the Axial Zone (Fig. 1) and appear as large horst-like 
been little considered, and in general is taken to be a late structures within the Alpine cover to the North where 
and minor structural event independent of the major they constitute the North Pyrenean Massifs. 
structural, metamorphic and plutonic events. The stratigraphy of the Upper Palaeozoic is well 

This study, on the contrary, emphasizes the major known (see synthesis in Mirouse 1977). It consists main- 
importance of dome development as a primary process ly of limestones, quartz-phyllitic pelites or sandstones 
controlling the structural evolution of the Pyrenees in and phyllitic limestones. The stratigraphy of the pre- 
Hercynian time. The process will be interpreted as being Silurian is much less well known. Reliable fossils have 
directly linked to, and governing the emplacement of been found only in the uppermost part, and give a 
plutonic rocks and the type of metamorphism. The study Caradocian age. The pre-Silurian consists mainly of 
refers, essentially, to the well-exposed eastern part of metasediments and gneisses. The metasedimentary 
the Central Pyrenees, in the Ariege Departement and series is made up of quartz-phyllitic rocks with some 
neighbouring areas, limestone beds. Its lower part is richer in plagioclase 

bearing sandstones, meta-amphibolites and ortho- 
amphibolites. Small intrusive bodies of basic rocks are 
common and ultrabasic rocks are occasionally observed. 

*Presented at a conference on Diapirism and Gravity Tectonics or- 
ganised by the Tectonic Studies Group at the University of Leeds, T h e  metasedimentary series is often considered as 
25-26 March1980. 'Cambro-Ordovician' but without very convincing 
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Fig. 1. Location map. Key: NPM, North Pyrenean massifs; AZ, Axial Zone; SPN, South Pyrenean Zone; NPF, North 
Pyrenean Fault; MF, Merens Fault. 

evidence. By analogy with the nearby Montagne Noire intrusive within the Precambrian metasediments (Debat 
where Precambrian metasediments have been recog- etal. 1975). 
nized from fossil evidence in a similar metasedimentary Pre-Silurian and some Upper Palaeozoic rocks have 
series, it is suggested that at least the basal part of the been affected by Hercynian metamorphism, charac- 
metasedimentary series in the Pyrenees could also be terized by a very steep metamorphic gradient (up to 
Precambrian. 150°km -~ according to Zwart 1962), grading up to 

The gneisses are two types: granulitic gneisses, which produce widespread anatexis. This metamorphism ap- 
consist of heterogeneous paragneisses and ortho- pears as metamorphic domes several kilometres in 
gneisses, and homogeneous augen-orthogneisses, extent. Contact metamorphism around plutonic massifs 

Granulitic gneisses occur beneath the metasedimen- has similar characteristics to the regional metamor- 
tary series and are interpreted as a Precambrian base- phism, indicating similar conditions. Regional 
ment (e.g. Zwart 1953, Lelubre 1964, Autran etal. 1966, metamorphic and contact metamorphic isograds may be 
Guitard 1970, Guchereau 1975, Roux 1977). in continuity (Soula 1970, Castaing et al. 1973, 

Augen-orthogneisses occur as smaller or larger Barrouqu~reetal. 1976). 
massifs alternating with/or intruded within metasedi- 
ments. They have also been considered by some authors 
to represent the Precambrian basement, originally un- REGIONAL DEFORMATION AND 
derlying the metasedimentary series, and their occur- METAMORPHISM 
rence within the metasediments to be due to basement- 
cored fold nappes (e.g. Guitard 1970). Alternatively In the last 15 years, the deformation history of the 
they have been considered to be intrusive granitoids of Hycernian Pyrenees has given rise to many controversies 
Ordovician age (Jaeger & Zwart 1968). It should be and several rival schemes have been proposed (e.g. 
noticed that radiometric dating of these augen gneisses Guitard 1970, 1976, 1977, Zwart 1965, 1968, 1979, 
has given ages of 570-535 Ma, that is Early Cambrian Seguret & Proust 1968 a, b). 
(Vitrac & All~gre 1971) and 475 Ma, that is Ordovician The sequence as presented here is based on investiga- 
(Jaeger & Zwart 1968). The interpretation that the tions carried out for more than ten years by the author 
augen gneisses are cores of large recumbent foldsis not and other researchers from the Laboratoire de 
acceptable in the studied region. Here the augen G6ologie-P6trologie of the University of Toulouse and 
gneisses are unevenly developed and may be absent in modifies notably the preceding schemes. 
some areas. They occur at various levels and even at Four principal Hercynian deformations have been 
rather high structural levels (see Figs. 2, 3, 8, 11 and 12) recognized. 
and are interpreted as intrusive sills, lenses or massifs, in 
agreement with Zwart (1979). However, if the lower Deformation DI 
part of the metasedimentary series where the gneisses 
are intruded is Precambrian, and not Cambro- The first deformation, Dt, was responsible for recum- 
Ordovician, the age of the intrusion may have been bent folds, F1, developed only locally and unevenly 
Precambrian as well as Ordovician. The hypothesis of a distributed. They are variably oriented and their am- 
Precambrian intrusion has been proposed in the Wes- plitude ranges from several centimetres to tens of metres 
tern Montagne Noire where similar gneisses are clearly and locally hundreds of metres (D6ramond 1971, 
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s , L u R , A N $2 foliation change markedly as a function of metamor- 
phic grade and this is of major interest for understanding 

g- " the relationships between deformation and metamor- 
~ phism and the origin of the domes. 

,0 ~ As metamorphic grade increases, F2 folds become 
- ~ more amplified and more flattened in the same rock 

=. type. This evolution has been followed numerically by 
o ~ I i , ~  ~ Limestones ~ measuring sections perpendicular to the axis and deter- _o. 3 

~ mining the class of the folds (Ramsay 1967, p. 359). The 
~ shape has been studied by means of harmonic analysis of 

: I the profile according to Hudleston (1973). In order to 
~ allow statistical studies, the fold class has been deter- 

Volcano- detritic ~ a 2 ph (H 1973) 
. . . . . . . . . . . .  strata mined on t' ? . . . . .  Limestones ~ - -  cos2ct gra s udleston instead of 
" '  . . . . . . . . .  - the t ' -  a graphs of Ramsay. On these graphs, parallel 

- ~  ~ folds modified by homogeneous flattening are represen- 
t0 ~ ~  A,~e, ted by straight lines and can be described by the inter- ?p gnelsses . . . . . . . . . . .  

(dlapiric 
: massifs) cept of the best fit line of its representative points (Hud- 
3 ~ leston 1973). It has been found that the representative 
O'~ Augen gneisses ~ t  points of the F2 folds are often rather close to the best 
~" ( minor lenses) fit line. This is especially true for layers with low ductility 
: ~ ~  Marble ~ ' contrasts and suggests that most of F2 folds are probably 
- Anatecti¢ . . . . . . . .  |" flattened parallel folds. Therefore, the closer the 

~ --,,~C:~[~-- gneisses ~o 'average' class of F2 folds to fold class 2, the greater the 
-" ~ - amount of homogeneous shortening superimposed on 
¢1 nn 

- - - ~  ~--~: ~ ~- -_ Khinzigites ~ parallel folds, or, in other words, the closer the intercept 
. . . . . . . . .  _: ~ to zero, the greater the amount of homogeneous shorten- 
-: ~ -- :: ~ - ---=--- - © ing (see Fig. 6). 
~:~-:-  :: : : ~ ~ y - : -  Ortho-amphlbolitelenses (basic rocks) -.~ According to Hudleston (1973), the shape of the fold 
~_-_~-'_~.~_~-~:~- ~ : - - ~ : 7  Leptynites ! profile has been represented by the first (odd) sine 
~~-~-~--~:~----~--~ Ultrabasic Fourier coefficient, bl ,  which is close to the amplitude/ 
=:-::_:~--~:-:--~: '-:  __:: _:  ~ - .  ~ _ _ ~ : : . -  - l e n s e s  wavelength ratio, and the ratio of the first and third odd 

Fourier coefficients, b3/bl, which is characteristic of the 

Fig. 2. Pre-Silurian rocks, synthetic 'stratigraphic' pile. type of the fold (the ratio is zero for sine waves). An 
increase of bl indicates an increase of amplification. 

More than 3000 F2 folds have been measured on more 
Drramond et al. 1971). An earlier foliation, defined by than 50 stations. The results are expressed as frequency 
the preferred orientation of micas (mainly sericite) and diagrams (Fig. 6). For clarity, only two main lithologic 
chlorite plates parallel to the bedding and clearly ap- types and two metamorphic zones have been distin- 
parent only in mica-rich rocks, was originally considered guished. Each diagram on Fig. 6 thus represents about 
to be an S1 tectonic foliation. However, the majority of 200-300 folds, which minimizes the influence of local 
micas and chlorite plates can be shown to be detrital variations. 
grains and, in the light of recent experiments on the The diagrams clearly show an increase of both 
deposition of mica plates, this foliation may have been homogeneous shortening and amplification of F2 folds, 
due to depositional processes as well. Whatever it may that is of finite strain, with increasing metamorphism. 
be, this foliation which is apparent only in non- The same trend can be shown, if only qualitatively for 
metamorphic or weakly metamorphosed terrains cannot $2 foliations. 
be considered as the same as the major tectonic foliation In areas of low metamorphic grade, the $2 foliation is 
which is seen in micaschists and gneisses from the higher represented by crenulations with large spacing, open 
metamorphic zones, microfolds and rather weak differentiation. Tectno- 

metamorphic banding (= differentiation banding) is 
Deformation D2 very poorly developed. With increasing metamorphic 

grade, the crenulations become more closely spaced, the 
The second deformation, D2, has formed the major microfolds more amplified and a well-contrasted tec- 

regional folds, F2, and the major regional foliation, $2 tono-metamorphic layering is common as the $2 folia- 
(Figs. 3-5). The axial planes of F2 folds and the $2 tion (Soula & Debat 1976). In areas of higher metamor- 
foliation are steeply inclined and are N 120°E to N 90°E phic grade (lower biotite-upper andalusite and higher) 
trending where they have not been affected by super- tectono-metamorphic layering becomes still more 
imposed later deformations. The axes of F2 folds are, in marked, giving rise to a 'false-bedding' which has often 
general, gently inclined, obliterated the original (sedimentary) bedding. In some 

The shape of the F2 folds and the morphology of the cases, tectono-metamorphic layers consisting almost 



~a
 

6 
7 

8 
~j

. 
,~

- .
,o.

 ~ 
~_

 
_-

_~
~ 

,..
~.

: 
...

...
. 

\ 
)'i

i_
"~

- .-"
>-

~ 
-~

' 
.~

,:~
-,)

,,-
+-

~_
,,~

 ~:
'z

: ~
~.

.~
'i

 
\ 

~
'

.
,

~
"

 
...

...
 

~
r

"
 

~o
k,

-,.
, 

\ 
, 

i 
i 

i 
i 

) 

s-
-~

-~
, 

~ 
~

_.
-~

-~
- 

~ 
~ 

"-
 

?'
6>

 ~
 

~ 
8o

 
._

_ 
2o

.I 
,' 

'l
-.

l"
 

"-
 

> 

- 
r

-~
'-

-~
,J

~
 

~ 
-'

-"
+

'+
I 

'~
 

.:
.-

"-
<

~
 

...
.. 

...
.o

 
+ 

+e
~"

t 
~ 

-"
~+

. 
"+

 
s,

+ 
, 

,+
,,~

 
+.

~,
,,,

, 
,o

 
. 

"-
--

 ~
+

~
 

" 
+"

 
. 

N
 

O
 

0 
R

 
R

 
l 

- 
m

 
0 

N
 

t 
L 

0 
U

 
2~

.::
.:.

 ~
..:

-:
.:.

:-
:..

'~
..:

.:.
~ 

i~
:~

:~
;~

 

Fi
g.

 3
. 

St
ru

ct
ur

al
 m

ap
 o

f 
th

e 
Py

re
ne

es
 i

n 
th

e 
A

ri
eg

e 
re

gi
on

. 
D

ip
 s

ym
bo

ls
 r

ep
re

se
nt

 $
2 

re
gi

on
al

 m
aj

or
 f

ol
ia

ti
on

 in
 s

ed
im

en
ta

ry
 r

oc
ks

 a
nd

 g
ne

is
se

s 
an

d 
th

e 
pr

im
ar

y 
fo

lia
ti

on
 (

co
rr

es
- 

po
nd

in
g 

to
 $

2)
 i

n 
pl

ut
on

ic
 r

oc
ks

. 
V

al
ue

s 
sh

ow
n 

on
 t

he
 m

ap
 h

av
e 

be
en

 a
ve

ra
ge

d 
af

te
r 

gr
ap

hi
ca

l r
es

to
ra

ti
on

 t
o 

th
e 

ef
fe

ct
s 

of
 t

he
 la

te
r 

de
fo

rm
at

io
n 

ph
as

es
. 

T
hi

n 
in

te
rr

up
te

d 
lin

es
 a

re
 

tr
ac

es
 o

f 
$2

. 
F

2 
fo

ld
s 

ha
vi

ng
 s

ub
-h

or
iz

on
ta

l 
pl

un
ge

 a
nd

 t
re

nd
 p

ar
al

le
l 

to
 $

2 
ar

e 
no

t 
re

pr
es

en
te

d 
by

 s
pe

ci
al

 s
ym

bo
ls

. 
Fo

r 
cl

ar
it

y,
 t

he
 m

aj
or

it
y 

of
 t

he
 A

lp
in

e 
fa

ul
ts

 h
av

e 
be

en
 o

m
it

- 
te

d.
 K

ey
: 

(1
) 

Po
st

-H
er

cy
ni

an
 r

oc
ks

; 
(2

) 
Pr

e-
H

er
cy

ni
an

 s
ed

im
en

ta
ry

 a
nd

 m
et

as
ed

im
en

ta
ry

 r
oc

ks
; 

(3
) 

M
ig

m
at

iz
ed

 m
ic

as
hi

st
s;

 (
4)

 A
ug

en
 g

ne
is

se
s 

(m
aj

or
 m

as
si

fs
);

 (5
) 

A
ug

en
 g

ne
is

se
s 

(m
in

or
 s

to
ck

s 
in

cl
ud

in
g 

Pr
ay

ol
s 

m
as

si
f)

; 
(6

) 
re

tr
om

or
ph

os
ed

 g
ra

nu
lit

e 
fa

ci
es

 g
ne

is
se

s 
('

gr
an

ul
it

ic
' 

gn
ei

ss
es

);
 (

7)
 B

as
ic

 a
nd

 u
lt

ra
ba

si
c 

ro
ck

s;
 (

8)
 P

lu
to

ni
c 

m
as

si
fs

 a
nd

 (
9)

 a
na

te
ct

ic
 

gr
an

it
es

. 



• 
. 

~ 
.':

'X
"'"

 
-:-

'7£
-:-

:.X
-:.

y 
..

..
 "

:':'
X

';':
':-

:-Z
,'. "

 .
'7

 !
'." 

C
) 

T 
R

~
~

S
E

IG
N

 
• 

. 
~.

 ° 

• .
,:.

 
.c

.~
,.o

 
.~

ss
. 

"'
: 

= 
::i :::~

> :~
i 

~ 
~-

~"
: 

"
~

-
"

 
7o

 .
.~

,_
. 

, 
~

;
o

~
 

~ 
}"

 
..

..
. 

/i!i
!i!i

!i!i
!i!i

!iii
iiii

 i
iiii

iiii
iiii

iiii
iiii

 i
iiii

iii:
 :

i:i:
i:i:

i:i:
 :

i:i:
i:i:

i!ii
i:ii

:!::
:!:!

:::i
:!:i

:i::
:!::

:!`
... 

 

Fi
g.

 4
. 

D
ip

 is
og

on
 c

on
to

ur
in

g 
fo

r 5
2,

 s
am

e 
ar

ea
 a

s 
F

ig
. 2

. T
op

 o
f t

he
 n

um
be

rs
 d

ir
ec

te
d 

to
w

ar
ds

 s
te

ep
er

 d
ip

 a
re

as
. K

ey
: 

(1
) P

re
-H

er
cy

ni
an

 s
~

fi
m

cn
ta

ry
 a

nd
 m

ct
as

eM
im

~
t~

 r
~

k
s;

 (
2)

 A
u

g
~

 
t,~

 
gn

ci
ss

gs
; (

3)
 M

ig
m

at
iz

cd
 m

ic
as

hi
st

s;
 (

4)
 G

ra
nu

li
ti

c 
gn

ci
ss

es
 a

nd
 (

5)
 P

lu
to

ni
c 

m
as

si
fs

. 



318 J . C .  SOULA 

entirely of andalusite have formed in this manner. The 
crenulations progressively grade into well-developed 
schistosities which result from (i) the evolution of 
domainial crenulations where the mica-zones separating 
the microlithons become comparatively larger and more 
closely spaced, (ii) the mechanical reorientation of pre- 
existing micas, (iii) the tightening of microfolds to 
isoclines, most often with recrystallization in the hinges 
or (iv) the oriented growth of new minerals evenly 

; distributed throughout the rock (e.g. biotite, andalusite, 
sillimanite), directly oriented parallel to the foliation 

.:- ~ medand axialminerais.planes of folds, and cross-cutting older defor- 

"~ D e f o r m a t i o n  D3 
• 1 O 

. ~ 2 .~- The third deformation, D3, is responsible for upright 
~" ~ ~ ~ "~, folds, F3, with amplitudes and wavelengths ranging 

~ ~ from microscopic dimensions to hundred of metres and 
"" " ~:' '~ ~ locally to more than 1 km (e.g. south-western boundary ~ 2 . 

' i  ~ ; ~ ~. of the Aston massif, Fig. 3). $3 foliation is represented 
~- :- o ~ "~ . by crenulations with locally tight microfolds or close 

. . . .  ~ ~ spacing of mica films separating the microlithons: Dif- 
'" .~ ~ ferentiation may be locally well-marked but no $3 tec- 

- , ~  ~ ~ ~" ~,- o tono-metamorphic false-bedding can be seen. In some 
" ~ • ~ " ~ ~ 2 cases, reorientation of mica plates or oriented growth of 

a ~ ~ ~ new biotites can give rise to strong preferred orienta- 
"~ ~ ~ tions which obliterate the older structures and a careful 

~ ~. examination is needed to distinguished this foliation 
~ from $2 foliation. .~ ,- . 

= "~ "-~ On a regional scale, the axial planes of F3 folds and 
~°¢2.~ $3 foliation show statistically a sigmoidal attitude, 
d E ,, swinging from N 90-120°E to N 150-160°E, depending 

o ~ on their distance from the major faults which run paral- 
~ r~ ~ 

!~ = , , ~  ~ o lel to the direction of the Pyrenean chain (the Merens 
]~_  ~,~o~ "- ~- fault or the North-Pyrenean fault). Close to the faults. 

~'-~ ~ ~ ~ F3 folds become tight and pass into sheath folds in the 
~ - " .-~ ~ "5 ~ fault zone. S3 foliation also grades into mylonitic folia- 

" )~ ~ ~ ~ ~ tion within the fault zone. This has led them to be con- ,, ~ ~ 
.. .=-~ sidered as related to sinistral strike-slip shearing, the 
/ ~ ~ ¢~ continuation of which later gave rise to the faults 
'~ ~ - ~ ~ (Aparicio et al. 1975, Lamouroux et al. 1981). 

, ~, ~ ,,~ D e f o r m a t i o n  D4 

! j)!!, ; ~.,~ The fourth deformation, D4, is responsible for folds, 
~ ~ ~ F4, ranging from open undulations and kink-bands, to 
,= t~ ~ tight chevron folds, with gently inclined axial plane. The 
.~ folds occur on all scales and locally are responsible for 

i ~ ~ the flat-lying attitude of older structures on a kilometric 
-" ~ ~ scale. $4 foliation is a crenulation, in general with large 

.~ spacing (about 1 cm or more) but locally with close spac- 
~ ing (less than 1 mm). 

Later  d e f o r m a t i o n s  

In addition to the major Hercynian deformations, 
later structures can be seen in pre-Hercynian terrains. 
Some of them are obviously Alpine structures (Soula & 
Bessi6re 1980, Lamouroux et al. 1980, 1981). The most 
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hi/h2 Q1 B1/B3 hi/h2 B1 B1/63 hi/h2 f~l B1/B3 

51 5t 51 5 

5. k 

a b c 

Fig. 6. Statistical representation of F2 folds in three characteristic areas. (a) Arize massif, centralpartofthemassifoutside 
the contact of gneissic and plutonic massils. (b) Northern border of Aston massif. (c) Southern border of Hospitalet massif. 
Column 1 (on the left): Ramsay's (1967) fold class analysis, with the modified representation of Hudleston (1973). The folds 
are represented by the intercept of their representative lines on the t'2a-cos2a graphs as recommended by Hudleston (1973). 
Frequencies on the ordinate. Columns 2 and 3 (to the right): Harmonic representation using Hudleston's (1973) method. 
Column 2 shows the first Fourier coefficient, bl,  in Fourier series development of the shape of the folds, and column 3 the 
ratio of the third and first coefficients, b3/bl. Line 1 (to the top): high-contrast rocks, chlorite and biotite zones; Line 2: 
low-contrast rocks, chlorite and upper biotite zones; Line 3: high-contrast rocks, andalusite and sillimanite zones; Line 4 
(bottom): low- contrast rocks, andalusite and sillimanite zones. Note that flattening and amplification are stronger for the 
same lithological contrast between alternating layers at equal metamorphic grade for the folds to the North of Aston massif 

(b) and to the South of Hospitalet massif (c) than for the central Arize (a). 

important are NW-SE trending mylonite zones corres- sillimanite crystals parallel to $2 which are boudinaged 
ponding to the sheared limbs of large-scale folds. The by $2. In some cases andalusite crystals are seen as very 
spacing of these mylonite zones ranges from a 100 m to elongated crystals, with dimensions in sections parallel 
1 km (Lamouroux et al. 1981). For clarity the majority to the c axis of about 100 x 2-3 mm and, occasionally 50 
of these Alpine mylonite zones have been omitted in x 1 cm. These crystals form true andalusite layers, 
Figs. 3 and 4. Other structures are much more difficult where the andalusite content is greater than 70-80%, 
to date and, on account of their poorly-defined charac- alternating with quartzitic layers. The crystals are very 
teristics and of their scarcity, an attempt to group them rich in inclusions and have diffuse boundaries with the 
into deformation phases is illusory, matrix. The study of the progressive development of the 

andalusite layers with increasing metamorphic grade 
Relationships between regional metamorphism and strongly suggests than they developed as tectono- 
deformation metamorphic layers, i.e. by metamorphic banding in- 

duced by tectonic differentiation, in the same manner as 
Regional metamorphism occurred throughout the other $2 metamorphic layering (Soula & Debat 1976). 

whole structural history. It can be shown that the peak (3) Sillimanite developed on previous andalusite crys- 
of progressive metamorphism was attained during the tals boudinaged by $2, occurs firstly on the edges of the 
major deformation D2 in all structural levels (Soula andalusite crystals, i.e. in higher pressure zones. 
1971, D6ramond et al. 1969). This interpretation is in (4) Andalusite and staurolite porphyroblasts often 
agreement neither with that of Guitard (1970) nor that contain $2 foliation as inclusions while they are con- 
of Zwart (1968, 1979). The principal arguments which toured and boudinaged by the same $2 with pressure 
support it are the following: shadows well-developed. Included $2 (S2i) is often less 

(1) The development of $2 foliation may be due to the well developed than external $2 (S2e), or S2i is still a 
oriented growth, parallel to $2, of new biotite crystals crenulation whereas S2e is a schistosity with preferred 
evenly distributed throughout the rocks and cross- orientation of micas. 
cutting older mica crystals which have been folded by (5) Early-stage migmatitic veins, which can be shown 
F2 microfolds, to have formed in response to the same mechanism as 

(2) Oriented growth of elongated andalusite or tectono-metamorphic banding (Robin 1979)are seen 
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Fig. 7. Schematic evolution of D2 structures and attitude of post-D2 structures related to the attitude of $2. (a) Outside 
the contacts of the domes; (b) nearing the domes. In (a) the evolution of the $2 foliation, the appearance of a $2 metamor- 

phic layering, and the syn-D2 metamorphic isograds are shown. 

parallel to $2. lel to the axial plane of F3 folds is due to a mechanical 
(6) The earliest anatectic granitoids are affected by reorientation of andalusite crystals initially parallel to 

$2 (Soula 1969). $2. 

The evolution of F2 folds and $2 foliation with in- (3) Several generations of later anatectic veins can be 
creasing metamorphicgrade,  as reported above, is also shown to have developed during the progressive 
a strong argument in favour of the proposed interpreta- development of F3 folds. 

tion. However,  the metamorphism appears to have been 
However,  regional metamorphism can be shown to less widespread during D3 than during D2 and is restric- 

have still been active after the D2 deformation and ted t oa r ea sc lo se r to theco reo fme tamorph i cdomes .  At 
during the D3 deformation: a given structural level, it can be shown than syn-D3 (or 

(1) The last biotite plates to crystallize are oriented late D3) metamorphism was a retrogressive metamor- 
parallel to $3 in the deepest structural levels, phism, in contrast to the assertion of Zwart (1968, 1979). 

(2) Some andalusite crystals occur parallel to the axial Moreover,  in terms of the magmatic evolution of anatec- 
planes of F3 folds, including hinges of some F3 tic melts, the late-D3 anatectic veins are only late 
microfolds. It should be stressed, however, that in most products (e.g. albite-microcline or albite-muscovite 
of the cases, the orientation of andalusite crystals paral- pegmatoids). 



Gneiss domes and plutonic domes in the Pyrenees 321 

COMPOSITION, SHAPE AND STRUCTURE OF 
T H E  DOMES 

Granulitic gneiss domes 

Z 

z ,, Granulitic gneisses are aluminous paragneisses with 
.,, j~ some boudinaged and deformed charnockites or basic 
",~,., ~ rocks. At  the base of the Castillon massif, intrusive but 

~ s i !  deformed ultrabasic rocks are also exposed. 
Granulitic gneisses form the cores of structural- 

~ ~ '" metamorphic domes which, on the map, have an elon- 
~ |  i~ *"" -g gate shape (Figs. 3 and 4). Only part of each gneiss dome 

~ is seen, but, from the exposed structures, their dimen- 
" u 

- ~ ,, = ,. -. sions may be estimated to be about 30 x 20km. Inverti- 

! ip - 
~ t ° ~ ~ ~ =.~ ~. . . . . . .  cal cross-sections, the part of the domes accessible to 

,-- ~ ~:~ o o  
~, ~ ~ ,  ~ ~ observation shows a typical arcuate shape (Fig. 8). The 

e~..i ~ . . . .  ~ o relationships between the cover rocks and the granulitic 
~'~ i ~ ~ ' ~ , .  ~,.~ ~*, gneiss core may be best observed in the Saint 
/~ .;" /-; ~2~ = ~ ~,~ Barthelemy massif. On the map, the major lithologic 

| i ,' ~ O ' C  ~ ~ .,~ boundaries, the major foliation and the axial planes of 
- "-o~ ~ -~ the major folds in the cover rocks are grossly parallel to 

.,- ~. ,~ the contours of the basement-envelope interface and to 
, ,~° ~.~ ~.o'~ " the foliation in the basement gneisses. In vertical cross- 

~;", ~ ~ o =" ..~ ~ ' ~ "  ~,. sections, the lithologic boundaries, the foliation and the 
._ ~ ~ ~ ~ -  ,-, ~ axial planes of folds all show a characteristic fan shape, 
• ,~ _ .~ _ . o the dips being very shallow near the centre of the dome 

¢ ~ /  ~ ' ~  ~ ~ 0 ~ N .'" "~ ~ = ~ ~ ,  ~ o = and becoming increasingly steeper (and occasionally 
,~ ~ .~ ~ ~ ~o overturned) towards the external zone. 

I~ '.~ ~ o -  , , . o  
~]~ ~.r.~_ .-'" ~.-~ .. " ~  ~ Mylonite zones delineate the major lithologic boun- 

~ ~ ~, ~ - daries, both in the envelope and in the gneisses. The - ~ ~ ~.~ :Z ~ 
i ~, ~ - -  _ = ~, ~ o ~ ~ most important of them occurs at the contact between 

f ~ ~.~ ~-~ ~ .~ the gneisses and the envelope, and is common to the 
~ ~ ~ ~ g .~ gneisses and envelope alike. In the gneisses, it has a 
_ .= o = _ ,~ thickness of some hundred of metres (Guchereau 1975, 

- .,~ ~ o, "~ ~ ~ Passchier 1980). In fact, it can be shown that mylonitiza- 
~ ~-~ .- ~ = tion gradually develops in the gneisses over a much 

' " ,, ~ ~ ' -  ~ *~ (more than 1-2km in the Saint , .~ ~ ~ "~ .~ ~ .~ greater thickness 
,, *~ ~ *, Barthelemy massif). The mylonitization can, in this res- , ~ ~ ,.~.r~ ~ ~ . .  ~ 

'/" o ~ ~ -~ ,~ ~ pect, be considered as the ultimate result of progressive 
; ~i~" ~ ~® ~ ~" ~'~ "'~" deformation with maximum strain set up at the outer 

//////?, = [~,. ~ .~ ~ boundary of the gneiss dome. Moreover, the gneissic / /  .!t " "  *" 

, - ,~ ~.~ "~ ~ "~, foliation appears to be a composite foliation formed by 
' [ ~ ,~  .. ,~ ~ g the superposition of several minor deformation phases, 

i "~ " ~ '* ~ "~ probably as the result of a single progressive deforma- 
/' .,,.~J. N o  "~,_.= ~ " ~  ~'~.o tion (Soula & Guchereau, unpublished). The relation- 
' :" ,,~';',,,,,. -~ ~ ===-~ ,~" o ~ ships between the successive structures forming this 

oo o o foliation appear rather similar to those expected from 
' ,,,,;,,,, [ ~ , ,  ~ ,  ..- ,, 
" ,,,/,~ 06 ¢~ .o .. ,~ -~ 

. ~  ¢.a . .  "' u ,~ ,o  "~ ~ ~ Dixon's (1975) experiments or Cobbold & Ouinquis' HH 

..... ~],~ (1980) theoretical and experimental predictions. 
~ Gneissic banding is likely to have been the result of the 

~] ¢~ first stage of progressive deformation, and is suspected 
"~ ~ to be also a mylonitic structure. It should be stressed that 

~ ~ -  the mylonites which are referred to in this section are 
early mylonites, clearly related to the dome structure, 
which must not be confused with the much later NW-SE 
trending mylonite zones described in the preceding sec- 
tion which cross-cut the dome structure and which have 
been found to be Alpine in age. 

From the petrological viewpoint, granulite gneisses 
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are characterized by the co-existence of granulite facies The domes show intrusive structural relationships 
and amphibolite facies assemblages. They have been with the enclosing rocks and the contacts are, in general, 
considered by some authors to be the result of mylonitized. It can be shown that the gneissic foliation 
progressive metamorphism (e.g. Autran et al. 1966, gradually passes into the mylonitic foliation toward the 
FonteiUes 1976, Guitard 1977). However, as pointed out margins of the domes with increasing flattening of grains 
by Roux (1968, 1977), Guchereau (1975) and El Hourani and/or increasing recrystallization. The foliation in the 
(1980), the mutual relationships between minerals and gneisses and the major regional foliation in the envelope 
between minerals and structures show that a are nearly parallel. Because of the mylonitized contacts, 
retrogressive amphibolite facies metamorphism has it cannot be established with certainty from continuity 
been superimposed on an older granulite facies arguments whether the gneissic foliation is the analogue 
metamorphism in all types of rocks. Recent observa- of the major regional foliation, or an older foliation 
tions (El Hourani 1980 and personal observations) lead affected by a younger coaxial deformation. Indirect ar- 
to the conclusion that the foliation developed guments, however, strongly suggest that the gneissic 
progressively during the retrogression of high pressure foliation corresponds to the major foliation in the en- 
assemblages into lower pressure assemblages. In the velope: (1) the major foliation in the country rocks is 
Saint Barthelemy massif, it can be shown that deforma- seen to be in continuity with the gneissic foliation of the 
tion continued under lower temperature conditions, in- minor lenses or sills of augen gneisses interlayered with 
ducing the most apparent mylonite zones, metasediments and (2) TEM studies of Vidal et al. 

The decrease in pressure has been estimated by Roux (1981)) have shown that the gneissic foliation developed 
(1977) from petrological considerations as from more during the peak of metamorphism as did the major folia- 
than 10 to 7kb in the Castillon massif, which corres- tion in the country rocks. 
ponds to the deepest part of the exposed granulitic Two examples of gneiss domes, the Aston massif and 
gneisses. In theSaint Barthelemymassif, from estimates the Prayols massif are shown in Figs. 9-13. Three- 
of the thickness of the terrains overlying the granulitic dimensional reconstructions show that both have a 
gneisses, the depth is likely to have been not more than characteristic mushroom shape and are elongate parallel 
10kin, so that maximum pressure cannot have been to the regional trend of the regional major foliation. The 
more than 3-4 kb at the time of the emplacement of the Aston massif is markedly asymmetrical both in N-S and 
gneiss dome in the metasedimentary series. This value is E-W cross-sections (Fig. 9). 
in agreement with the observed mineral reactions at the In these gneisses, anatexis and recrystallization, 
base of the metasedimentary series and at the top of the together with the heterogeneity of later deformations do 
granulitic gneisses (Zwart 1953, Soula 1969, Guchereau not permit a systematic study of finite strain ellipsoids. 
1975). This suggests that the granulitic gneisses have However, the shape of the augen, orientation of preset- 
been uplifted about 20 km, which is close to the quarter- ved megacrysts (in the zones where their concentration 
wavelength (in fact, the half-span) of the massifs, is low, see Debat et al~ 1975) and the shape of quartz 

nodules allow, some approximate estimates of the type 
A ugen gneiss  d o m e s  of the ellipsoid. It has been found to be of oblate (flatten- 

ing) type (0 < K < 1 ). The lineation is rather weak and 
The augen gneisses are rather homogeneous acidic often obliterated by recrystallization and anatexis. 

granitoid gneisses exhibiting a typical augen structure When observable it follows the contours of the domes. 
developed around variably deformed and recrystallized 
K-feldspar megacrysts. These gneisses have been shown 
to have been derived from the deformation of pre- Plu ton ic  d o m e s  
Hercynian granitoids (Martignole 1964, Jaeger & Zwart 
1968, Guitard 1970, Debatet  al. 1975, 1978). Recent The major plutonic massifs have usually an average 
mierostructural studies supported by TEM investiga- composition of granodiorite, quartz-diorite or 
tions have shown that, in gneisses of this type, the augen monzogranite but some of them show a wider range of 
structure and the foliation developed at the same time as rock types, from leucogranites to gabbro-norites and 
the high temperature dynamic recrystallization of K- occasionally cortlandites (e.g. Leterrier 1972, Marre 
feldspar megacrysts (Vidal et al. 1980), i.e. during high 1973, Debon 1975). The origin of these plutonic rocks is 
temperature metamorphism, still under discussion, some authors believing that they 

The augen gneisses form domes with dimensions rang- originated from differentiated and contaminated basal- 
ing from lkm to several kilometres, but they occur also tic magmas (e.g. Autran et al. 1970, Marre 1973) while 
as smaller massifs, lenses or sills with dimensions rang- others consider that they originated from the 
ing from 1 to 100m, with the same composition and generalized melting of a large part of the crust (e.g. 
structure. It should be noted (and this is of interest in the Zwart 1968, 1979, Vitrac-Michard et al. 1980). 
interpretation of the domes) that the small massifs, the The massifs appear as a series of stocks, some 
lenses and the sills are restricted to the basal part of the kilometres in dimensions, intruded into Upper Palaeo- 
pre-Silurian metasedimentary series whereas large sized zoic and later pre-Silurian rocks. The three-dimensional 
domes, where present, are situated at higher structural shape is now rather well known (e.g. Marre 1973, 
levels. Autran et al. 1970, Clin 1964, Barrouquere et al. 1976, 
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Fig. 9. Structural cross-section through the Aston-Hospitalet massif (after Soula 1979) Ag, Augen orthogneisses (Aston 
and Hospitalet gneisses); D1, Devonian limestones, Urn, Upper pre-Silurian metasediments; A1 m, Anatectic lower pre- 
Silurian metasediments; Rq, Ransol quartzite (possibly Cambrian); Tin, Thoumasset marble; MFZ, Merens Fault Zone; 
crosses, Granitoid massifs; black, Basic and ultrabasic lenses and stippled, andalusite and sillimanite - -  K feldspar zones. 
Lower right, location of the sections on the map and lower left, location of the sections as function of their 'altitude' relative 
to the reconstructed overall structure. The upward and the left-lateral displacements of the lower northern part of the 
structure (exposed as Hospitalet massif) has been taken into account. On the sections, the NW-SE trending Alpine 

mylonite zones have been omitted for clarity. 

Soula 1970, Lamoroux 1976). In some instances, the margins; gabbro-dioritic rocks and the less frequent 
architecture of the massifs has been reconstructed from mafic rocks appear as rounded to lenticular xenoliths 
the disposition of internal structures. The best example within the other rock-types. Deformed and metamor- 
is the Querigut massif (Figs. 14, 15 and 16) where phosed sedimentary xenoliths are also seen towards the 
detailed structural analyses have been carried out margins. The material on the periphery is intensely 
(Marre 1973, Laffont 1971, Pons 1971). From these sheared_and the primary foliation ('magmatic'? folia- 
studies it can be shown that the external boundaries and tion) progressively passes into mylonitic foliation 
the foliation, both in the granitoids and the envelope, towards the outer boundaries. Lineations and other 
define conformable mushroom shapes on a regional linear structures, as determinedbyMarre (1973),are, in 
scale. Cross-cutting relationships are occasionally seen general, perpendicular to the contours of the massif 
on the scale of an outcrop between the different rock units (Fig. 16). The foliations are believed by Marre (1973) to 
constituting the massif, but they are only local and of be characteristic of liquid magma flow. Structural ob- 
minor importance. The main rock-types have a well servations and more general considerations (see below), 
defined position relative to the overall structure of the led us to consider them as having been formed by the 
massif; granitic rocks, constituting the major part of the deformation of magma in a highly crystallized state 
intrusive are situated in the core; granodioritic rocks are (Soula & Borrel 1980, see also Berger & Pitcher 1970). 
at the periphery, making up the southern and western Several other Pyrenean plutonic massifs have been 
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Fig. 10. Spatial reconstruction of the Aston-Hospitalet massif. 
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Fig. 11. Detailed map of the eastern Arize massif (modified from Soula 1969). Dark-stippled areas, Silurian slates; white, 
Pre-Silurian schists and micaschists (chlorite zone to muscovite-sillimanite zone); light-stippled areas, migmatized mica- 
shists (K feldspar-sillimanite zone); elongate nodules, Augen gneisses (Prayols massif); crosses, Granodiorite (Foix 
massif). The thick interrupted lines and the long axes of the nodules represent the trace of $2 foliation and the trend of F2 
fold axes. For clarity, NW-SE trending Alpine faults and mylonite zones have been omitted. Numbers and lines refer to 

cross-sections in Fig. 12. 
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Fig. 12. Structural cross-sections through eastern Arize massif. The location of the sections is shown in Fig. 11. For key, 
see Fig. 11. 

shown to have similar asymmetrical mushroom- or in- deformations as in dome-free areas, but with significant 
verted pear-shaped forms, although they have not been differences in orientation and development.  
studied in the same detail as those described here. The most significant differences are shown by the D2 

and D3 phases. 
RELATIONSHIPS BETWEEN THE DOMES AND In the case of the D2 phase, the axial planes of F2 

THE REGIONAL STRUCTURES folds and the $2 foliation become progressively parallel 
to the contours of the domes, as margins of the domes 

Deformation around the domes are approached, passing from a vertical to a horizontal 
attitude towards the top or the overturned margins of the 

Around the domes, one can see the same succession of domes, and from an E - W  to a N -S  trend at the contact 
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Fig. 13. Spatial reconstruction of Prayols augen-gneiss massif. Thin lines represent the actual topography; thick lines 
represent the boundaries of the massif and the structure within the massif as shown by the disposition of the foliation. The 
lines with intermediate thickness represent the intersections between the enveloping surface of the gneisses or their foliation 
and the actual topography. The locality names refer to the 1/25 000 topographic map of the France IGN editor, sheet: Foix). 

of eastern and western edges of the domes (Figs. 3 and whatever the strike of $2; $2 has an intermediate dip and 
4). The axes of F2 folds remain close to horizontal but F3 fold axes have intermediate inclinations. These 
their direction still becomes parallel to the contours of relationships are schematized in Fig. 7. They indicate 
the domes, progressively passing to N-S  on the eastern that the domes were developed before D3. 
and western edges of the domes, i.e. taking a direction 
perpendicular to their regional trend. At the same time Relationships between deformation and contact 
the amount of strain, as recorded by F2 folds, increases metamorphism and time of emplacement of plutonic 
towards the domes, becoming markedly higher than in granitoid domes 
dome-free areas for the same metamorphic grade and 
the same rock-type (the arithmetric mean for flattening In the Pyrenees plutonic domes have been often con- 
component  and amplification of F2 folds is higher for sidered to have been late-stage events with respect to the 
each rock-group and each metamorphic zone, Fig. 6). Hercynian deformation. As a demonstration of this, it 
Qualitatively, this increase in strain leads to the develop- has been argued either that granitoids are cross-cutting 
ment of the mylonites seen at the contact with the to the regional structures, developing a static contact 
domes. Some, parasitic folds are also exposed, the asym- metamorphism (e.g. Autran et al. 1970, Zwart 1968, 
metry of which indicates either normal uplift (e.g. 1979) or, on the contrary, that regional structures actu- 
northern Aston) or overthrusting (e.g. southern Aston, ally contour the massifs, this being interpreted as due to 
Querigut pluton), in agreement with the overall struc- a pushing aside of regional structures by the pluton 
tural situation. The mylonitization in the gneisses and in (Marre 1973). 
the envelope seems to have been due to the same A detailed study of the contacts of most of the 
mechanism within and around the domes, and may be granitoid plutons has shown that the granitoid massifs 
considered to have been the ultimate result of the D2 are contoured by the major $2 foliation on a regional 
deformation, scale, and are affected by the D3 deformation in the 

In the case of D3 deformation, the axial planes of F3 same manner as the gneiss domes (Aparicio et al. 1975, 
folds and the directions of maximum shortening axes for Lamouroux 1976, Soula 1979, Lamouroux et al. 1981). 
F3 kink-bands, as estimated by Aparicio & Lelubre Apparent cross-cutting relationships are most often due 
(1976), deviate relatively slightly but significantly to a fault contact or the local emplacement of late mag- 
around the domes. The most significant variation is, matic products. It should be stressed, however, that 
however, that of the inclination of F3 fold axes where: even when a granitoid cross-cuts a foliation which 
$2 is fiat-lying, i.e. commonly in the central part of the regionally contours it, this cannot be taken as an argu- 
domes or in their overturned margins, F3 fold axes are ment to demonstrate the late emplacement of the 
gently inclined; $2 dips steeply, i.e. - -  the margins of the granitoid relative to the development of the regional 
domes are vertical, F3 fold axes are steeply inclined structure. Indeed, experiments on diapirism (e.g. Ram- 



Gneiss domes and plutonic domes in the Pyrenees 327 

berg 1967, 1970) and observations of salt domes clearly The criteria used in most structural studies to distin- 
show that mature diapirs commonly cross-cut the struc- guish between buckling or diapirism are based on finite 
tures which they induced during their uplift (see also strain measurements. These criteria are, however, 
Figs. 22-24). Moreover, it seems rather unlikely that sometimes equivocal (e.g. discussion in Schwerdtner et 
granitoids could have been emplaced as a whole at one al. 1978). They are often difficult to apply in areas of 
time. They are more likely to have had a complex and progressive deformation (e.g. Dixon 1975), where 
polyphase emplacement history, with, for example, suc- strong later deformation has been superimposed on the 
cessive emplacements of magmas of unlike composition dome structure, or when strain markers are lacking or 
or episodic magmatic pulses (see, e.g. discussions in have been obliterated by recrystallization or anatexis. 
Elder 1970 or Pitcher 1979). Structural studies of Since such difficulties occur in the area studied, the 
Pyrenean granitoids strongly suggest such a complex following discussion is based on specific local argu- 
emplacement history (Autran et al. 1970, Marre 1973, ments. 
Soula 1970). From the observations reported earlier, it follows that 

In addition to the fact that the overall relationships to the doming of $2 occurred before the D3 phase. As no 
regional structures are the same for granitoid massifs other deformation occurred between D2 and D3, it 
and gneiss domes, it can be shown that contact metamor- follows that the dome structures were formed during the 
phism has the same relationships to regional deforma- development of the $2 foliation. 
tion as regional metamorphism, with the peak of contact In other words, the $2 foliation originated with a 
metamorphism contemporaneous with the major domed attitude and was not horizontal Everywhere. Its 
regional D2 deformation and with retrogressive attitude would have changed with progressive doming. 
metamorphism occurring during and after D3 (Soula The variation in dip and orientation of the $2 and F2 
1970, Laffont 1971, Castaing et al. 1973, Aparicio 1975, folds contouring the domes, especially the fact that the 
Lamouroux 1976, Barrouqu~re et al. 1976). The F2 folds axes become progressively nearer to perpen- 
evolution of $2 and $3 regional foliations towards the dicular with their regional trend, precludes an origin of 
granitoid massifs is comparable with that seen as one the domes by refolding of the major D2 structures, 
approaches areas of increased regional metamorphism, either by cross-folding or by non-cylindrical folding. In 
and especially, the development of $2 tectono- fact, in the area studied, no cross folds with orientations 
metamorphic banding. Furthermore, in certain cases, and characteristics capable of giving rise to the domes 
the isograds of contact metamorphism pass continuously have been observed. Furthermore, the mushroom shape 
into the isograds of regional metamorphism (Soula 1970, of the gneiss domes and the similarity in shape of both 
Castaing et al. 1973, Barrouqu~re et al. 1976). All these gneiss domes and plutonic domes, together with the 
observations show that the granitoid massifs were em- similarity of the structural relationships between both 
placed essentially during the D2 regional deformation, kinds of domes and their surrounding rocks, make it 
only late magmatic events are actually younger than D2 difficult to account for the doming in terms of interfering 
deformation. However, the contact metamorphic his- upright folds or non-cylindrical upright folding. 
tory is believed to reflect the complex emplacement his- These similarities in shape, internal structure and 
tory of the magmas (Soula 1970). relationships with enclosing rocks and regional struc- 

On account of its attitude, conformable to $2 at the tures strongly suggest that a single mechanism of doming 
margins of the plutonic domes, the primary foliation in was responsible for producing all the dome structures. 
the granitoids may be considered also as an analogue of The overall shape of the massifs, the development of 
the $2 foliation in the country rocks, mylonitic structures and the parasitic folds all suggest an 

intrusive uplift. The shape of both types of massif is very 
similar to those of diapiric domes in classical centrifuge 

DIAPIRIC ORIGIN OF DOMING experiments (e.g. Ramberg 1967, 1970, Dixon 1975, 
Talbot 1974, 1977, Schwerdtner & Tr0ng 1978), to those 

Gneiss domes have been attributed either to buckling of other gneiss or plutonic diapirs (e.g. Martignole & 
(interfering cross folds with dome and basin patterns, Schrijver 1970a, b, 1977, Talbot 1974, 1977, Schwerd- 
e.g. Ramsay 1967, or non-cylindrical folding) or to tner et al. 1978) or to those of salt domes (e.g. Trusheim 
diapirism. 1960, Talbot 1979). 

In the Pyrenees, the buckling hypothesis has been It appears, therefore, that diapiric uplift is the most 
supported by some authors, who invoke interfering likely mechanism of doming for the Hercynian 
(superposed or simultaneous?) late folds (e.g. Guitard Pyrenees. In fact, it seems difficult to envisage another 
1970, 1977), or anticlinal (non-cylindrical?) folding (e.g. mechanism of doming that would be common to both 
Seguret & Proust 1968 a, b). These interpretations as- gneiss domes and plutonic r, aassifs. The general increase 
sume that the major regional foliation was initially in strain towards the boundaries of the domes both 
horizontal everywhere, within the domes and the enclosing rocks agrees well, if 

The hypothesis of diapirism now seems to be widely only qualitatively, with the numerical models of Berner 
accepted for plutonic intrusions, and in the Pyrenees has et  al. (1972) or Fletcher (1972) and especially with the 
been proposed by Marre (1973) for the Querigut quantitative experiments of Dixon (1975). The dis- 
intrusion, position of planar and linear structures within the 
S G  4 : 3  - F 



328 J .C .  SOUSA 

S Grd Gr N NATURE OF THE GRAVITATIONAL 
i mGad Querigut~ INSTABILITY 

Fundamentally, diapirism implies gravity instability. 
The possibility of such a gravitational instability is, thus, 

w Grd G, E often discussed in terms of gravity measurements and 
i-G~0-- i . . . .  : density measurements. However, these measurements , ' O u e r i g u t  v g-e G a d  : 

' ' . i ~ ~ i are performed on the rocks in their present state and 
situation. In fact, it would be more important to have a 
knowledge of the gravitational instability at the time and 

5 km place that diapirism was initiated. In the Pyrenees, grav- i I 

Fig. 14. Cross-sections through the Querigut plutonic massif. The ity data are unfortunately not yet available on the 
sections have been constructed from Marre's (1973) data for the appropriate scale. In the following discussion, it will be 
plutonic rocks and from Aparicio's (1975) data for enclosing rocks, shown that gravity data, although convenient, are not 
Grd, Granodiorite; GL Granite; Gad, Gabbro-diorites; m, marble. 

essential to the interpretation. 
plutonic massifs, the estimates of strain and the orienta- Density measurements of metasedimentary rocks 
tion of lineations in augen gneiss domes are also consis- similar to those surrounding the domes have shown a 
tent with this hypothesis. This would suggest either one mean value greater than that of granitoids even in the 
or the other of the following: solid state. Values of 2.75-2.77 g cm -3 have been quoted 

(a) differences in erosion levels for gneiss and plutonic by Cooper & Bradshaw (1980), Wenk & Wenk (1969) 
domes, i.e. in the diapiric structures, erosion has bitten and Ramberg (1980), whereas granitoids usually have 
down to levels nearer to the core for massifs such as the densities of about 2.65-2.67g cm -3 and granodiorites 
Querigut plutonic intrusion, and nearer to the crestal densities of about 2.7 gcm -3, in the solid state at room 
region for massifs such as Aston or Prayols (see temperature and pressure. Again, it is well known that 
discussion in Schwerdtner etal .  1978)and granites and granodiorites are often responsible for 

(b) differences in the state of maturity of the diapirs negative gravity anomalies. This is the case, for exam- 
and/or differences in the rate of strain linked to dif- ple, in the Aquitaine basin, to the North of the Pyrenees, 
ferences in rock properties. Further studies will be where the pre-Hercynian terrains are the same as the 
needed to elucidate this problem. Pyrenees and where geophysical surveying for 

The marked decrease in pressure accompanying the petroleum exploration has been intense. 
development of the foliation and of the dome structure However, of greater interest in a discussion of the 
in granulitic gneiss massifs also strongly supports the gravitational instability at the onset of the diapirism is a 
hypothesis of diapiric uplift. As indicated earlier, the knowledge of the density differences in the conditions 
uplift of the granulitic gneisses was about 20 km, with a under which the diapirism may have developed. 
half-wavelength of the same value. This is compatible Densities at room temperature and pressure of solid 
with the arched upper parts of the models of Dixon metasedimentary and eruptive rocks have been cal- 
(1975). The progressive mylonitization at the top of culated from mineralogical compositions and densities 
these massifs is also in good agreement with these of minerals. Dataon  mineral densities are from Robieet 
models, al. (1966). This procedure has been used in order to have 

The relationships between the regional deformation homogeneous data for solid rocks and for magmas (see 
developed outside the domes, together with the elongate below). In doing so, the values are, in fact, very close to 
shape of the domes, parallel to the regional trend of $2 those usually given for mica-rich rocks (see e.g. Duly et 
and F2 fold axes, suggest that the diapirism is likely to al. 1966). Figure 17 gives average densities of the dif- 
have occurred during major regional shortening. Some ferent rock units calculated by taking into account the 
other recent studies suggest that diapirism during relative abundance of the different rock-types in each of 
regional shortening should be rather common (e.g. the different major rock-units. Densities at higher tem- 
Fyson & Fryth 1979, Ledru & Brun 1977, Brun 1980, perature and pressure have been obtained by calculating 
Hanmer & Vigneresse 1980, Brun & Pons 1981). the thermal expansion and the compressibility of the 

rock-forming minerals (data Skinner 1966 and Birch 
1966) and averaging for the observed rock compositions. 
It should be noticed that the coefficients of thermal ex- 

,~._,._.., , . Q e .  pansion and compressibility are rather close for the 
major constituent minerals except quartz, the thermal 
expansion of which is about twice that of the other 
minerals. The density of quartz-rich rocks is, thus, ex- 
pected to decrease much more than that of quartz-poor 
rocks with increasing temperature. In the calculations, 
thermal expansion and compressibility have been con- 

Fig. 15. Spatial reconstruction of the Querigut massif (from Marre's sidered as independent variables. From the data com- 
1973 data), piled by Birch (1966), it appears that the compressibility 
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/ 15 15 ~SS 

Fig. 16. Schematic of the kinematics of emplacement of the Querigut massif (after Marre 1973). The orientation of the 
3"2 major regional foliation in the surrounding rocks are from Aparicio (1975). F2 fold axes, being parallel to 3"2 and sub- 

horizontal, are not represented. 
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Fig. 17. Density of granitoids and country rocks as function of pressure and temperature. Gr., Granitic magmas, variation 
of density during the course of the crystallization, averaged for initial water content of the magma ranging from 0.6 to 3%. 
Numbers above the curve are melt fractions (in per cent). Numbers beneath the curve are corresponding temperatures (in 
oC). (1) to (4): Country rocks, values averaged for the different rock units by taking into account the relative abundance 
of each rock-type in each unit. (la) Pre-Silurian metasediments, 4000C; (lb) the same, 600°C; (lc) the same, 700°C with 
30% melt; (2a) Granulitic gneisses, secondary garnet-sillimanite assemblage, 400°C; (2b) the same, 600°C; (2c) the same, 
800°C, 0% melt; (2d) the same, 800°C, 30% melt; (3a) Granulitic gneisses, initial hypersthene-kyanite assemblage, 700°C, 
0% melt; (3b) the same, 700°C, 15% melt; (4a) Granitic augen gneisses, 60(PC, 0% melt; (4b) the same, 30% melt. The 
curve for granitoid magmas has been computed by using Carron et  al. "s (1978) program, applied to the studied granitoids 
on the basis of Borrel's (1978) petrographic observations. The composition of the initial and secondary assemblages of the 
granulitic gneisses are those determined by Roux (1977). The amount of melt has been determined from field and sample 

studies averaged for each rock unit. 
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of rocks, minerals or glasses varies only slightly with melting was a result of uplift, the process of diapiric rise 
increasing P and T and it can be shown that the value of may have been 'self-accelerating', since partial melting 
the density is not significantly altered by these vari- should increase the rate of uplift and the uplift the 
ations. To the author's knowledge, no data are yet avail- amount of partial melting. The process is, of course, 
able on the variation of thermal expansion with pressure likely to have acted only while temperature remained 
for rocks and they are assumed to be also rather small, sufficiently high, i.e. between 650 and 800°C (see 
In fact, such possible variation should be of little impor- above). 
tance in terms of density differences, since densities at Instability could also be helped by thermal gradients 
high P and T are computed in a similar way for all the (e.g. the thermal conductive models of Talbot 1974). 
types of rocks (including granitic magmas). For the granulitic gneisses, the cause of the instability 

For granitoid magmas, density has been obtained by seems more evident: Three speculative hypotheses may 
using the more sophisticated program elaborated by be proposed. 
Carton and Dujon (Carron etal. 1978 and unpublished), (i) Diapirism developed as a result of the density 
which has been applied to the studied granitoids (Borrel contrast between hot deep-seated granulites and denser 
& Soula, in preparation). The characteristics and the cooler overlying rocks (unexposed Precambrian cover 
path of crystallization of the magmas as used in the cal- and the exposed pre-Silurian series). From Fig. 17, the 
culation, have been established from petrographic and density difference could have been about 0.2g cm 3. In 
structural observations and the chemistry of major addition, if the basic sills and dykes in the Castillon 
elements. P-T conditions were then deduced from massif resulted from basaltic magmatism older than the 
Whitney's (1975) experimental data, corrected in order development of the foliation, as suggested by Roux 
to take into account the crystallization of biotite (Borrel (1977), this magmatism could have emplaced larger 
1978). The granitoids studied were initially under- intrusions above the granulitic gneisses, thus increasing 
saturated in water (Borrel 1978). Since the actual initial the gravitational instability. The diapirism would be 
water content cannot be determined with accuracy, the helped by thermal gradients generated by deep-seated 
calculations have been performed for three possible thermal domes. In this hypothesis, the ultrabasic rocks, 
values of initial water content. The results of the calcula- which are also observed at the base of the Castillon 
tions are given in Fig. 17. massif (Roux 1977), could be initially deep-seated 

Density differences between granitoid magmas and material (ultrabasic cumulates?) attracted by the rising 
the mica-rich upper metasedimentary series are rather diapir (e.g. Ramberg 1967, 1970). 
large, even when considering that the magma was large- (ii) The uplift of the granulitic gneisses would be a 
ly crystallized (density differences of about 0.5-0.3 g quasi-passive uplift driven by the diapirism of the upper 
cm -3) (Fig. 17). Furthermore, even the density contrast mantle material. This could be due, for example, to the 
between liquid magmas and solid granitoids appears to partial melting of the upper mantle, creating a 
have been sufficient to induce diapiric ascent, gravititional instability by the lower density of the mel- 

It is very likely that, at pressures greater than 5-7 kb, ted material (and helped by the viscosity contrast, see 
country rocks were granulitic gneisses. Time relation- below). The ultrabasic rocks at the base of the Castillon 
ships between the rise of the magmas now emplaced as massif could be evidence of this process. It should be 
granitoid stocks and metamorphism and anatexis cannot noticed that from petrological and structural arguments 
be determined for deep-seated areas and it is difficult to Roux (1977) has considered the ultrabasic rocks to be 
ascertain whether granuliticgneisseswerepartially mel- responsible for an increase in temperature while the 
ted. However, calculations taking into account the pressure was decreasing. The basic rocks may be 
abundance of granitic veins in granulitic gneisses and products of an older magmatism and processes (i) and 
considering that the veins were liquid, have shown that (ii) could have acted m combination. 
partial melting cannot have decreased the density by (iii) The instability could have been created by partial 
more than 0.1-0.15 gcm -3. Therefore, the density dif- melting of the crust, as suggested by Zwart (1968) and 
ferences are largely sufficient to induce a rapid diapiric Vitrac-Micharg et aL (1980), and generated by heat 
ascent of the magma, no matter whether granulitic rising from below, maybe as result of episodic thermal 
gneisses were partially melted (see Ramberg 1967, 1972, domes (e.g, Elder's 1970 models). Basic and ultrabasic 
1979 or Berner et al. 1972 for the control of gravity rocks may be emplaced at various stages of the process, 
contrast onthe rate of diapiric ascent), intruded from below, together with the thermal 

The density contrast between the augen-gneisses and domes - -  which would be contrary to Vitrac-Michard 
the enclosing metasediments is not so high (density dif- et al. 's (1980) model--- or attracted by the rising diapir. 
ferences of 0.2-0.3 g cm -3 600°C and 5-2 kb, Fig. 17) but Ultrabasic bodies surrounded by higher grade contact 
it seems sufficient to have induced a significant rate of metamorphism and local stronger anatexis in some 
uplift. In addition, partial melting, occurring much more metamorphic domes, favour an active role for the ul- 
in the gneisses than in the surrounding micaschists, may trabasic rocks. Opposing hypothesis (iii), it seems that 
have decreased the density (and also the strength, see no traces of granitoid magmas generated by crustal melt- 
van der Molen & Paterson 1979) of the granites, now ing are discernible at the base of granulitic gneiss domes. 
appearing as augen-gneisses, much more than that of the However, as suggested by models (Fig. 24b), the 
micaschists. If, as pointed out by Roux (1977), partial granitoid magmas could have passed completely 
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through the granulitic gneisses via an open fracture sys- tions, static thermal exchanges with deep-seated 
tem to be intruded at higher levels, materials, have been discussed and rejected, from 

general arguments, by Den Tex (1975) with special 
reference to the Agout dome in the nearby Montagne 

ORIGIN OF METAMORPHIC DOMES Noire. Instead, Den Tex suggests a large-scale crustal 
diapirism, based on Talbot's (1974) model of crustal 

The problem of the origin of metamorphic domes convection in the solid state. A large-scale crustal diapir- 
seems directly linked to the discussion above. From the ism, following Ramberg-type models, is also envisaged 
same arguments put forward here for the origin of gneiss by Vitrac-Michard e t  al .  (1980), apparently to explain 
domes, metamorphic domes cannot be interpreted as the high metamorphic gradient and high decompression 
the result of interfering cross-folds or non-cylindrical rates computed by Albar~de (1976) from barother- 
regional folds, deforming flat-lying isograds, so that the mometric data on Hercynian granulites in the Massif 
dome shape of the metamorphic domes is believed to be Central. No structural model has, however, been 
original. Static models, such as 'basement effect' (Fon- proposed by these authors. 
teilles & Guitard 1974), heat supply by radioactive reac- Den Tex's (1975) and Talbot's (1974) model is, in 

outline compatible with the present observations. How- 
ever, two additional factors may be considered: 

Io '° (i) The uplift may have been induced by the density 
5 contrast between the largely anatectic base and the non- 

lo 4 ~ 6 r anatectic upper part of the mica-rich metasedimentary 
t..:.:.? 70 a series. It can be shown from the calculations above, that 

~ :  "~,, l~!ii~ ~ .. 30 per cent melting of such mica-rich rocks would reduce 
lo 6 : i - !  \" ~:i:~J~ ..... 11 the density by ab°ut 0'2 g cm-3, which c°uld be sufficient 

" .~ 7"7:7"!t7~i!::: 71!7~-~-" tO create the gravitational instability (e.g. Ramberg 
: :::: ::::: : t: i iii ii :.12 

I 

~-..~.: ~:i ~ & : .  ~---~ ~-,-~ 1979). 
: : i : i : i i ! i : t : : : : 5 . : : : i  :::  : : 
:::: : ::: :¶ I::::l: : : : lo . . . . . . . . . . . . . . . .  ~ ~:~: : : ,i:..~ .........: ~ ~ : : (ii) The characteristics and arrangement of metamor- 

i i i ? i i ! i i ~ ; . : ~ : t ~ } i  i i :  
i::~ ~i~i i::i~::.i~iii :. ~ ~ ~i__ l a  phic domes, their relationships with gneiss domes and 

.... ~ . i ~  plutonic massifs, and model experiments (see below), all 
i ~ ! , ' ~ x  suggest that they been caused by/or that they have 
~"~ ~ '~ developed together with, the diapiric emplacement of 

"~ .. " ~ x ' ~ o ~  underlying gneiss domes or plutonic domes. 
. . . .  

~ ~ . ~ l  These interpretations do not contradict Den Tex's 
~'.] d ~ , ~  (1975) and Talbot's (1974, 1977) models. They have the 

I0-: ~..:1 ~ii!!:.:~ advantage of accounting for the development of small- 
~:~:i:.~ ~:.:.:~ scale domes and their relationships with plutonic bodies. 

o ~2 :4 ".~ ~a The major domes may have been basically due to the 
%mell 

uplift of granulitic gneiss domes, or possibly, in certain 
Fig. 18. Strength of partially melted granites and enclosing rocks, cases, directly to the diapiric rise of basic or ultrabasic 
Curve 1 gives the results of experimental deformation of partially material, also responsible for the passive doming of 
melted granites at a rate of 10 -5 s-~ (van der Molen & Paterson 1979); granulitic domes (see above and Fig. 24). Observations 
Curves 2, 3 and 4 give the results of computation of the strength of 
suspension-like magmas with increasing crystallization from 10 kb and o f  ultrabasic intrusions contemporary to the develop- 
1200°C to 2kb and 650°C, for the studied granitoids, using Carron et  m e n t  of regional metamorphism and deformation (e.g. 
al.'s (1978) program. Numbers  on the curves indicate the initial water Gavarnie dome, Moreau 1975), may support the 
content of the magma used in computations. The strength has been 
calculated assuming a strain rate of 10 -5 s -~. Curves 5 to 10 gives feasibility of the latter interpretation. 
values for solid rocks similar to those constituting the envelope of the Minor metamorphic-structural domes, occurring a t  
massif. Strain rates of 10 -Ss -1 to 10-% -I .  5 and 6: Westerly granite, higher structural levels, are likely to have been related 
700-900°C (Tullis & Yund 1977); 7 and 8: Biotite at respectively 400 
and 600°C (Etheridge et  a l .  1973); 9 and 10; Synthetic phlogopite to  the uplift of synkinematic plutons as shown by their 
growing during deformation (Etheridge e t  al .  1974). The pale stippled relationships with neighbouring plutonic massifs (e.g. 
field represents the range of strength the rising magma must have to Barousse dome, De Villechenous 1980) and the frequent 
be emplaced as mushroom or dome-like massifs from model experi- 
ments. Lines 11 and 12 assume an 'effective viscosity' ratio of 10-z and intrusion of late-magmatic products in their central part. 
10 -3 with mica rocks, which are likely to represent the actual enclosing O n  t h e  m a p  and structural reconstruction (Fig. 19), 
rocks, and about 10 -3 to 10 -4 with granites. These viscosity ratios best the domes have a concentric arrangement. Granulitic 
correspond to those in model experiments. Line 13 assumes an 'effec- 
tive viscosity' ratio of 10 -4 with the most ductile phlogopite rocks. This gneiss domes, or metamorphic domes, a r e  situated at the 
'viscosity ratio' is markedly lower than in model experiments and the centre; augen gneiss domes in a peripheral situation and 
corresponding 'strength' of the magma may be considered as the granite massifs in a still more external position. This 
minimum strength. No maximum value of the 'effective viscosity' ratio 
being required, the upper limit of the field is only drawn for clarity, suggests that augen gneiss domes and plutonic domes a r e  
The dark stippled field represents the critical crystal content separat- second-order domes with respect to metamorphic 
ing suspension-like behaviour (to the right) from granular framework- domes. This arrangement would, thus, represent a type 
controlled behaviour (to the left), from van der Molen & Paterson's 

(1979) results, of polydiapirism (Ramberg 1968, Stephansson 1974, 
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Stephansson & Johnson 1976) but with different origins structures are in general about 10 -z. From Fig. 18 it can 
for the constituent domes, be shown that for such strength contrasts, the crystal 

content of the emplacing magmas must be greater than 
70%. It should be noticed that for lower strain rates, 
such as those expected from geological data, the curves 

STATE OF CRYSTALLIZATION OF THE for the suspension-like behaviour will be displaced 
GRANITIC MAGMAS AT THE TIME OF downwards and towards the left on the graph, showing 

EMPLACEMENT a still gentler slope. The curves for low melt-fraction 
rocks will probably also be displaced downwards and to 

The similarity between plutonic domes and gneiss the left, but to a lesser extent, the behaviour being less 
domes strongly suggests that the former were emplaced sensitive to strain rate (van der Molen & Paterson 1979). 
as highly crystallized magmas. This agrees well with the Therefore, the change in strength will be likely to be still 
predictions of Ramberg, who showed from his model more marked for the critical crystal content. As the 
studies that a dome or a mushroom-like structure strength of the host-rocks is similarly less sensitive to 
develops when there is only a small viscosity ratio be- strain rate (see refs. in Fig. 18), the strength contrast 
tween the rising body and its enclosing medium (e.g. between magma and enclosing rocks will be emphasized 
Ramberg 1967, 1970). still further. 

Progress in the knowledge of the rheological prop- 
erties of crystallizing magmas and the recent results of 
experimental deformation of partially melted granites ROLE OF DIFFERENCES IN VISCOSITY IN 
by van der Molen & Paterson (1979) now enable us to SIMULTANEOUS UPLIFT OF DIFFERENT BODIES 
estimate the crystal content of the magmas at the time of 
their emplacement. Field data and theoretical arguments strongly suggest 

In order to estimate the effective viscosity, and thus that differences in behaviour between the different types 
the strength, of the suspension-like magma, the program of domes and their relationships with each other are 
elaborated by Carron and Dujon (Carron et al. 1978) related to small differences in the viscosity of the rising 
was applied to the granitoids in this study (Borrel & bodies. Special centrifuge models were built in order to 
Soula, in preparation). The right hand curves in Fig. 18 clarify this aspect. Some more elaborate models were 
represent the three possible values of initial water con- then constructed in order to better simulate the actual 
tent as previously used for estimating the density of the field structures. 
magmas (2 and 3% are considered to have been the most 
likely, Borrel 1978). It should be noted that an increase First series" of  model experiments" 
in initial water content has the effect of producing a 
gentler slope in the curves, up to about 60% crystals. Two types of source layers were used, one with a smal- 

The results of van der Molen & Paterson's (1979) ler density (1.1 g cm -3) and a greater viscosity, the other 
experiments are shown on the same diagram. These with a greater density (1.15 g cm -3) and a smaller viscos- 
results were obtained for a strain rate of 10 -5 s -1, and this ity. The viscosity ratio between the source layer and its 
value has been used in the calculation of the strength of cover was about 10-20. The first type of source layer was 
the suspension-like magma. Taken together, these data aimed at representing less dense (more acidic) but stron- 
show a sudden increase in the strength of the magma ger gneisses, the second, denser but less viscous plutonic 
when the crystal content reaches about 70%, i.e. a value granitoids (with average composition of granodiorite). 
very close to the critical value separating suspension-like In the first models (Figs. 20a & b) one block of each 
behaviour from framework controlled behaviour as of the two types of potential diapiric materials was em- 
predicted by van der Molen & Paterson (1979). Even placed at the base of a single model, at the same depth 
through the experiments are preliminary ones (van der in each model, under a layered sequence representing 
Molen & Paterson 1979), it is assumed that the general the metasedimentary series. At the end of the experi- 
trend will not change, even if the point of maximum ments, only the less viscous body (granite) had risen. 
curvature varies slightly. It will be shown that changes of despite its greater density (Fig. 21a). In order to induce 
about 10 -2 will not alter the result, the two bodies to rise to the same height, it was found 

Figure 18 also shows from the literature the strength necessary to place the more viscous body at higher levels 
of rocks similar to those forming the host rocks of the initially (Fig. 21b). This can explain how denser plutonic 
massifs for similar strain rates (refs. in Fig. 18). These rocks, initially situated at deeper levels may have been 
values are used in order to estimate effective viscosity intruded at higher levels in the crust than the gneisses. 
contrasts (strength contrasts) between plutonic rocks If the less viscous rocks (or magmas) are at the same time 
and host rocks. Viscosity ratios required for the develop- the lighter, the uplift is likely to be still more rapid with 
ment of dome to mushroom-like structures in model respect to the more viscous (and denser) rocks, that is, 
studies cannot be less than 10 -3 (may be 10 -4) and can for lighter magmas to be emplaced at the same height as 
reach practically infinite values ('rigid' bodies intruding solid gneisses they must have been generated (or stored) 
ductile overburden, Ramberg 1967, 1980). Values at still deeper levels. Incidentally, this favours the 
giving experimental structures closest to the observed hypothesis that the granitoids were derived from deep- 
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. . . . . .  i Second series o f  mode l  experiments 

More elaborate models were built in order to 
represent as closely as possible the initial structure of the 
region. These models were constructed in such a way 

L t . . . . .  x ~  __:  ~ that lateral compression occurred during diapirism. This 
a compression was induced by a centripetal movement of 

the less dense walls of the 'useful' central part of the 
c models, initially inclined at about 30 ° to the vertical (Fig. 

' ,i,, Ii :: . . . .  21). As shown in Figs. 22 and 23 lateral shortening 
a decreases from the upper part to the base of the models, 

, ,iiiiiiiiii~i!i!iiiiii] P t l t ,  t ,y!  + .r:5 , , - -x~ , ] :~  , and it has not been possible to model homogeneous 
] ,  ~:, , .  , ,,:., lateral shortening. However, such a shortening may 

represent shortening related to, or accompanying, crus- 
h tal overthrusting, and it may be questioned whether such 
__ a mechanism is not, in many cases, a more realistic geo- 
[ ~  ~ dynamic process than homogeneous lateral shortening. 

+ In these models, the material representing less viscous 
I and denser plutonic rocks was initially situated at the 

base of each model. The material simulating more c 
viscous and lighter gneisses was initially situated above, 
immediately under an upper layered sequence, as in the 

Ic! , , lcl Pyrenees the gneisses were probably below the pre- 
'~'~ i. ' i i '~' ~ Silurian metasedimentary series. In the first type of 

~ ,  , | e  , ;,: .......................................... : ~  , model the lowest buoyant material represents granitic 
magma (layer b in Figs. 20c and 23), when it was at a late 

d stage in its evolution and had a high crystal content. In 
Fig. 20. Initial construction of the models before centrifuging. From the second type of model (Figs. 20d and 24), it could 
the (a) to (d), initial configurations for models in Figs. 22(a) & (b), 23 equally well represent ultrabasic material coming from 
and 24. (a) medium 'viscosity' silicon putty with density 1.1gcm -3 partial melting of the upper mantle (see earlier 
(representing the gneisses); (b) low 'viscosity' silicon putty with den- 

3 sity 1.15gcm- (simulating the granitoids); (c) medium 'viscosity' discussion). 
silicone putty with density 1.1 gem-3; (d) medium 'viscosity' silicone In the first type of model, the upper layered series was 

3 putty with density 1.25gem- ; (e) high 'viscosity' silicone putty with modelled with a relatively low competency and in the 
density 1.57gcm-3; (f) high 'viscosity' silicone putty with density 

3 3 1.25 g era- ; (g) plastic base putty with density 1.9 g e ra - ,  second series of models its base was m o r e  competent. 
The results of centrifuging these two types of model 

seated magmas, as proposed by Marre (1973) and Borrel are shown in Figs. 23 and 24. 
(1978). Moreover, it should be stressed that only the last in the first type of model, the 'gneisses' show a dome- 

~,r " ' stage of the ascent, when the magma was richer in crys- like structure and the gramtes a mushroom-like struc- 
tals, i.e. the emplacement, was considered in these ex- ture (Fig. 23). The most striking feature of these models 
periments, and that the first stage of the ascent of the is the interpenetrating rise of the two types of material. 
magma with its low crystal content, is likely to have been Depending on the model, the gneisses form the core of 
much more rapid (Ramberg 1967, 1970). the composite structure, surrounded by the granite, or 

are situated at the periphery and seem to be intruded by 
! ~, / r the granite. 

i i f . . . . .  , ..... , ' ," f ] In the second type of model, the rise of buoyant 
L: I \':':::: .................................. i material induced a passive doming of the layered series. 

Two cases may be distinguished: (1) when the basal 
a competent strata were continuous, they stopped the 

rising material and a dome structure developed with a 
! _ ~ ~ - ~ ~  ~ l  ~ ~ ' ~ ~ " a "  ( ' - ~ 1  well arched shape (Fig. 24a)and (2)when a vertical or 

steeply inclined discontinuity was inserted in the com- 
petent strata, the rising material rose through it and 
spread out into a mushroom-shaped diapir above 

b (Fig. 24b). 
It should be noticed that m both series of models, 

Fig. 22. Schematic evolution of centrifuged models with initially 
oblique walls. (a) Initial state; (b) Model after centrifuging. The corn- buoyant material can intrude lighter overburdens (e.g. 
pressiondevelopsasaresultofupwardandcentripetalmigrationofthe buoyant material with density 1.15gcm -3 intruding 
wall-forming material (see Figs. 20c & d). Black arrows indicate the overburden with density 1.1 g cm-3). This situation was 
displacement path of the wall-forming material as followed by bulbs 
and impurities trajectories; white arrows indicate the displacement also observed in the field where granitic, granodioritic or 

path of the densest material, basic plutonic bodies intrude, for example sandstone 



Fig. 21. Centrifuge experiments with no compression in the central part. (a) Two blocks of silicone with different density 
and viscosity initially disposed at the same level (see Fig. 20a). After centrifuging, only the less viscous block has been 
uplifted in spite of its greater density. Note the pear-like shape of the dome. (b) The lighter but more viscous block was 
disposed at a higher level than the denser but less viscous block in the stratigraphic pile (see Fig. 20, second model from 

the top). The two domes attained the same level when centrifuging was stopped. 
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Fig. 24. Diapirism with compression in the central part of the model (see Fig. 21). Same type of model as Fig. 23 (model d 
in Fig. 20). The upper stratigraphic pile was made more competent than in Fig. 23 by introduction of thicker plasticine layers 
at its base. (a) No discontinuity in the upper stratigraphic pile. This upper series has gained a dome shape by being pulled 
up by rising material. (b) Same type of model as in (a) but with an initial vertical discontinuity in the competent upper series. 
The rising material passes across the competent layers through this vertical fracture and develops a mushroom-like structure 

above by lateral expansion in lighter material situated in the uppermost part of the series. 
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deposits, and has also been obtained experimentally by strength suddenly changes, and becomes much larger 
Ramberg (1967). with a small increase in crystal content. The rate and 

The structures obtained in the present model exper- mode of uplift will be considerably modified at this 
iments are similar to those observed in the field, and in stage, becoming a classical diapiric type similar to man- 
some instances, offer alternative explanations to the tied gneiss domes. Therefore, uplift will be controlled by 
interpretations usually proposed, the last crystallizing minerals. 

The first type of model shows structures similar to The granulitic gneiss domes and the metamorphic 
those observed in the plutonic massifs and the augen domes may have been due to passive doming in response 
gneisses. Both situationsshowninFig. 23 are commonly to the rise of magmas generated at depth, possibly 
seen in the field: the augen gneisses are commonly sur- derived from partial melting of the upper mantle. 
rounded by granites as simulated in Figs. 23 (a) and (b), Thermal domes are thought to derive from the diapi- 
as for example, in the eastern part of the Andorre- ric uplift of gneiss domes and plutonic domes. Some, 
Montlouis granite (see Fig. 3). Conversely, the granites however, may have been due directly to the rise of ultra- 
are often seen occurring inside gneiss massifs as basic magmas. 
illustrated in Figs. 23 (c) & (d). This is the case for the As this composite diapirism occurred on different 
Costabonne granite in the nearby Canigou augen gneiss scales during regional shortening, the question of the 
massif (e.g. maps by Autran et al. 1970 or Zwart 1972). origin of this regional shortening arises. Is this shorten- 
These situations have been interpreted differently by ing due to crustal shortening (e.g. plate motion) or 
those authors, who considered that the intrusion of the related to gravitational instability of the lower crust, as 
granites post-dated the doming. The models show that suggested by Ramberg & Sj/Sstrrm (1973)? No struc- 
this is not necessarily true, and that the criterion of ap- tural evidence offers an obvious solution to this 
parent cross-cutting may not be diagnostic of time em- problem. It should be noted that, according to Vitrac- 
placement relationships but of relative behaviour of the Michard et al. (1980), the hypothesis of subduction may 
different types of rising materials (doming materials) be rejected for the Hercynian orogen, and a regional 
with different viscosities (strengths). deep-seated gravitational instability is envisaged as 

In these models, viscosity appears to have played a triggering the metamorphic-plutonic process in the 
prominent role in controlling the rate and geometry of model they propose. In any event, when considering the 
uplift of the various rising bodies, but this control applies cause of regional shortening, the possibility of a deep- 
only to materials having similar composition and den- seated gravitational instability must not be rejected out 
sity. It should be noted, however, that in Ramberg's of hand. 
(1967, 1970) models, very low viscosity materials, i.e. Whatever the cause of regional shortening, diapirism 
water simulating liquid magmas, show a very rapid rate is believed to have played a prominent role in controlling 
of rise. the structure and the metamorphism during the 

The second type of model exhibits structures which Hercynian orogenesis. This Hercynian diapirism is also 
seem rather similar to those of granulitic gneiss domes, believed to have played an important role in controlling 
This seems to favour the hypothesis of the passive the post-Hercynian (Alpine) evolution of the orogen 
doming of the gneisses, induced by the rise of underlying (Soula 1979, Soula & Bessi~re 1980). 
ultrabasic magmas. Evidence of diapirism of gneisses, plutonic rocks and 

metamorphic rocks is common in many orogenic belts. 
In the Hercynian orogenic belt, such evidence of diapir- 

CONCLUSIONS AND FURTHER CONSEQUENCES ism has been found in zones other than the Pyrenees 
(e.g. Den Tex 1975, Brun 1975, Audren 1976, Ledru & 

The observations and model studies lead to a general Brun 1977, Hanmer & Vigneresse 1980, Couturier & 
interpretation of gneissic, plutonic and metamorphic Didier 1980). 
domes as due to diapirism during major regional shor- These diapiric events have usually been considered 
tening, independently of each other, or from the other struc- 

The various relationships between the different kinds tural, metamorphic or plutonic events. From the present 
of domes are attributed to the nature of the rising results, it is probable that many of these structural, 
material, to differences in density, but also to dif- metamorphic and plutonic events were inter-related, 
ferences in viscosity. Different types of cross-cutting apparent geometrical cross-cutting or even apparent 
relationships may be attributed to differences in superposition relationships being due to differences in 
behaviour of various materials during their simultaneous competency, linked to differences in the physical and 
uplift, i.e. to differences in uplift rate and in com- rheological properties of the various materials which 
petency, rose at different rates. 

The granitoid magmas may be shown to have been 
emplaced at their present level within the Palaeozoic Acknowledgements--Centrifuge experiments were performed at the 
rocks in a highly crystallized state, with more than 70% Tectonic Laboratory of the Institute of Geology of the University of 
crystals. This does not imply that the rise took place Uppsala (Sweden) and I would like to thank H. Ramberg, R. Hall and 

H. Sjrs trrm for their help and suggestions during this work. The study 
entirely with such a high crystal content. At this critical on viscosity and density of crystallizing granites was carried out in 
value, theory and experiment demonstrate that the collaboration with A. Borreland specialthanks are due to J. P. Carron 



340 J . C .  SouI.A 

and St. CI. Dujon for providing their unpublished program and for Cooper, M. A. & Bradshaw, R. 1980. The significance of basement 
their help in using it. I am also grateful to D. Elliott, M. Lelubre, J. gneiss domes in the tectonic evolution of the Salta Region; Norway. 
Martignole, J. G. Ramsay and P. Sirieys for stimulating discussions J. geol. Soc. Lond. 137, 231-240. 
and to the editor Dr. A. J. Barber and an anonymous referee of the Couturier, J. P. & Didier, J. t980. Quelques effets de la montee 
J. S. G. for theirconstructive comments. M. Aparicio, J. D4ramond, P. diapirique du complexe granitique du Velay. 8~me R~un. A. Sci. 
Debat and J, Y. Guchereau participated at various stages of the inves- Terre, Marseille, 112. 
tigation. R. H. Graham reviewed the final form of the English text. Daly, R. A., Manger, G. E. & Clark, S. P., Jr. 1966. Density of rocks. 

In: Handbook of  Physical Constants', revised edition (edited by 
('lark, S. P., Jr.) Mere. Geol. Soc. Am. 97, 19-26. 

Debat, P., Sirieys, P., Dcramond, J. & Soula, J. C. 1975. Paleo- 
d6formation d'un massif orthogneissique. Tectonophysics 28, 
159-183. 

Debat, P., Soula, J. (_7., Kubin. L. & Vidal, J. L. 1978. Optical studies 
of natural deformation structures on feldspars from Occitania 

REFERENCES (Southern France). Lithos 11, 133-145. 
Debon, F. 1975. Les massifs granitoids '~ structure concentrique de 

Cauter6t-Panticosa (Pyr6n6es Occidentales) et leurs enclaves. 
Albar/~de, F. 1976. Thermal models of post-tectonic decompression as Sciences Terre, Mem. 33. 

exemplified by the Haut-Allier granulites (Massif Central, France). Den Tex, E. 1975. Thermally mantled gneiss domes: the case for 
Bull. Soc. gdol. Fr. 18, 1023-1032. convective heat flow in more or less solid orogenic basement. In: 

Aparicio, M. 1975. m~tamorphisme et d6formation au contact d'un Progress in Geodynamics (edited by Borradaile, G. ,I., Ritsema, A. 
massif plutonique: l'encaissant du complexe de Querigut. Th~se R., Rondeel, H. E. & Simon. O. J.) North Holland Publishers, 
3~,me cycle, Toulouse. Amsterdam, 62-79. 

Aparicio, M., D6ramond, J. & Soula, J. C. 1975. Mouvements D6ramond, J. 1971. Plis couches dans la zone axiale des PyrEn6es 
hercyniens tardi-mEtamorphiques dans la zone de la faille Nord- ariEgeoises (Haut Salat). C. r. hebd. Sganc. Acad. Sci., Paris D272, 
PyrEn~enne ariEgeoise. 3dme R~un. A. Sci. Terre, Montpellier, 14. 693-696. 

Aparicio, M. & Lelubre, M. 1976. Les kink-bands de l'encaissant du D6ramond, J. Mangin, A., Roux, L. & Soula, J. C. 1969. Deforma- 
Querigut: exemple de d6termination g6omEtrique de l'orientation tions superpos6es et figures d'interf6rence dans les Pyr6nEes 
du tenseur des contraintes. Bull. Soc. gdol. Fr. 6, 1511-1514. ari6geoises. C. r. hebd. S~anc. Acad. Sci., Paris D269, 2309-2313. 

Audren, C. 1976. Mod~,ledelamiseenplacedesmassifsanatectiques D6ramond, J., Mirouse, R. & Soula, J. C. 1971. D6formations 
en Bretagne mEridionale. 4dme Rdun. A. Sci. Terre, Rennes, 23. hercyniennes superpos6es dans la vall6e de la Valira del Oriente 

Autran, A., Fonteilles, M. & Guitard, G. 1966. Discordence du Pal6o- (Pyr6n6es andorranes). C. r. somm. Sdanc. Soc. gdol. Fr. 123-124. 
zoique infErieur sur un socle gneissique antecambrien darts le massif De Villechenous, F. 1980. G6ologie de la partie occidentale du massif 
des Alb~res (PyrEnEes Orientales). C. r. hebd. Sdanc. Sci., Paris varisque de la Barousse (Pyr6n6es centrales). Tb6se 3~me Cycle, 
D263 317-320. Toulouse. 

Autran, A. Fonteilles, M. & Guitard, G. 1970. Relations entre les Dixon, J. M. 1975. Finite strain and progressive deformation in models 
intrusions de granitoides, I'anatexie et le mEtamorphisme r6gional of diapiric structures. Tectonophysics 28, 89-124. 
considErEs principalement du point de vue du r61e de l'eau. Bull. Elder, J. W. 1970. Quantitative laboratory studies of dynamical 
Soc. gdol. Fr. 4, 673-731. models of igneous intrusions. In: Mechanisms of Igneous Intrusion 

Barrouqu6re, G. 1968. Structure des formations pal6ozoiques du (edited by Newall, G. & Rast, N,) Geol. J. Spec. Issue 2, 245-260. 
massif de l'Arize (Pyr6nEes ari6geoises). Bull. Bur. Reck g~ot. min. El Hourani, H. 1980. Les roches basiques mEtamorphis6es du massif 
Fr. Sect. 1, 4, 1-10. de Castillon (Pyr6nEes ari6geoises) Th~se 3~me Cycle, Toulouse. 

Barrouqu/~re, G. Castaing, C. & Roux, L. 1976. Carte g6ologique de Etheridge, M. A., Hobbs, B. E. & Paterson, M. S. 1973. Experiment- 
Saint-Girons; Terrains ante-hercyniens. Carte GEologique de la al deformation of single crystals of biotite. Contr. Miner. Petrol. 38, 
France au 1/50 000, B.R.G.M. 21-36. 

Berger, A. R. & Pitcher, W. S. 1970. Structure in granitic rocks; a Etheridge, M. A. Paterson, M. S. & Hobbs, B. E. 1974. Experiment- 
commentary and a critique on granite tectonics. Proc. geol. Ass. 81, ally produced preferred orientation in synthetic mica aggregates. 
441-461. Contr. Miner. Petrol. 44, 275-294. 

Berner, H. Ramberg, H. & Stephansson, O. 1972. Diapirism in theory Fletcher, R. C. 1972. A finite-amplitude model for the emplacement 
and experiments. Tectonophysics 14, 197-218. of mantled gneiss domes. Am. J. Sci. 272, 197-216. 

Birch, F. 1966. Compressibility; elastic constants. In: Handbook ol Fonteilles, M. 1976. Essai d'interpr6tation des compositions 
Physical Constants, revised edition (edited by Clark. S. D., Jr.) chimiques des roches d'origine m6tamorphique et magmatique du 
Mere. geol, Soc. Am. 97, 97-174. massif hercynien de l'Agly (Pyr6n6es Orientales). Th6se Sciences, 

Borrel, A. 1978. Le massif granitique du Sidobre: petrographique, Paris VI. 
structure, relations mise en place- cristallisation. Th~se 3~me Cycle, Fonteilles, M. & Guitard. G. 1974. Influence des noyaux de socle 
Toulouse. pr6cambriens sur le metamorphisme et la structure profonde de 

Brun, J. P. 1975. Contribution h l'4tude d'un d6me gneissique: le l'orogEn~se hercynienne des Pyr6n4es. Comparison avecles r6gions 
massif de Saint-Malo; analyse de la deformation. Th~se 3~me Cycle, voisines. 1 ° 1. C.G., Prdcambrien des Zones Mobiles de l'Europe, 
Rennes. Confdrence L!blice, 1972, Praha, 189-198. 

Brun, J. P. 1980. The cluster ridge pattern of mantled gneiss domes in Fyson, W. K. & Fryth, R. A. 1979. Regional deformations and era- 
eastern Finland: evidence for large scale gravitational instability in placement ofgranitoid plutons in the Heckett River greenstone belt, 
the Proterozoic crust. Earth Planet. Sci. Lett. 47, 441-449. Slave Province, Northwest Territories. Can. ]. Earth Sci. 16, 

Brun, J. P. &Pons,  J. 1981. Strain patterns of pluton emplacement in 1187-1195. 
a crust undergoing non coaxial deformation. J. Struct. Geol. 3, Guchereau, J. Y. 1975. Le Saint Barth616my m6tamorphique. Th6se 
219-229. 3~me Cycle, Toulouse. 

Carron, J. P., Dujon, S. CI. & Jonin, M. 1978. A propos des enclaves Guitard, G. 1970. Le m6tamorphisme hercynien mesozonal et les 
de la granodiorite de Vire: quelques indications pr61iminaries sur gneiss oeill4s du massif du Canigou (Pyr6n6es Orientales). Mere. 
I'Evolution des propri6t4s physiques des magmas granitiques au Bur. Rech. gdoL min. Fr. 63. 
cours de leur cristallisation. Bull. Soc. gdol. Fr. 20, 739-744. Guitard, G. 1976. Aspects des relations entre tectoniquc et m6tamor- 

Castaing, C. 1972. Microtectonique de l'Arize centrale m6tamor- phisme. Bull. Bur. rech. gdoL min. Fr. (I), 4, 325-341. 
phique (PyrEnEes ariEgeoises). Th~se 3/:me Cycle, Toulouse. Guitard, G. 1977. Aper~u sur la g6ologie de la chaine hercynienne des 

Castaing, C., Roux, L. & Soula, J. C. 1973. M6tamorphisme dans les Pyr6n4es orientales entre le Salat et la M6diterran6e. In: Guides 
massifs de I'Arize et des Trois Seigneurs (Pyr6n6es ari6geoises). Gdologiques Rdgionaux de la France: Pyrdndes Orientales. CorbiOres 
ldre Rdun. A. Sci. Terre, Paris, 121. (edited by Jaffrezo, M.) Masson, Paris, 9-21. 

Clin, M. 1964. Etude gEologique de la haute chaine des Pyr4nees Hanmer, S. & Vigneresse, J. L. 1980. Mise en place des diapirs syntec- 
centralesentrelecirquedeTroumouseetlecirqueduLys.  Mem. toniques dans la chaine hercynienne: exemple des massifs 
Bur. Rech. gdol. rain. Fr. 27, 1-379. leucogranitiques de Locronan et de Pontivy (Bretagne Centrale). 

Cobbold, P. J. & Quinquis, H. 1980. Development of sheath folds in Bull. Soc. gdol. Fr. 22, 193-202. 
shear regimes. J. Struct. Geol. 2, 119-126. Hudleston, P. J. 1973. Fold morphology and some geometrical ira- 



G n e i s s  d o m e s  and  p l u t o n i c  d o m e s  in t h e  P y r e n e e s  341 

plications of theories of fold development. Tectonophysics 16,1-46. probl~me des ultramafitites dans le massif de Castillon (Ari~ge). 
Jaeger, E. & Zwart, H. J. 1968. Rb-Sr age determination of some Th~se Sciences, Toulouse. 

gneisses and granites of the Aston-Hospitalet massif (Pyrenees). Schwerdtner, W. M. & Tr6ng, B. 1978, Strain distribution within 
Geologie Mijnb. 47, 349-357. arcuate diapiric ridges of silicone putty. Tectonophysics 50, 13-28. 

Laffont, D. 1971. Le massif granitique de Querigut-MiUas entre Schwerdtner, W. M., Sutcliffe, R. H. & Trrng, B. 1978. Patterns of 
Roquefort de Sault et Mosset. Th~se 3~me Cycle, Toulouse. total strain in the crestal region of immature diapirs. Can. J. Earth 

Lamouroux, C. 1976. Les mylonites dans le massif de Nrouvielle. Sci. 15, 1437-1447. 
Th~se 3~me Cycle, Toulouse. Srguret, M. & Proust, F. 1968a. Contribution ~ l'rtude des tectoniques 

Lamouroux, C., Soula, J. C., Drramond, J. & Debat, P. 1980. Shear superposres darts la chaine hercynienne: l'allure anticlinale de la 
zones in the granodioritic massifs of the Central Pyrenees and the schistosit6 ~t l'Ouest du massif de l'Aston (Pyrrnres Centrales) n'est 
behaviour of these massifs during the Alpine orogenesis. J. Struct. pas origineUe mais due hun replissement. C. r. hebd. S~anc. Acad. 
Geol. 2, 49-53. Sci., Paris D266, 317-320. 

Lamouroux, C., Soula, J. C. & Roddaz, B. 1981. Les zones Seguret, M. & Proust, F. 1968b. Tectonique hercynienne dans les 
mylonitiques des massifs de Bassies et de l'Aston (Haute Ari~ge). Pyrrnres Centrales: signification des schistositrs redressres, 
Bull. Bur. Rech. g~ol. min. Fr. 2, 103-111. chronologie des drformations. C. r. hebd. S~anc Acad. Sci., Paris 

Ledru, P. & Brun, J. P. 1977. Utilisation des fronts et trajectoires de D266, 984-987. 
schistosit6 dans l'rtude des relations entre tectonique et intrusions Skinner, B. J. 1966.Thermal expansion. In: Handbook of  Phyisical 
granitiques: exemple du granite de FlamanviUe (Manche). C.r.  Constants (edited by Clark, S. P., Jr.) Mere. geol. Soc. Am. 97, 
hebd. S~anc. Acad. Sci., Paris D285, 1199-1202. 75-96. 

Lelubre, M. 1964. Existence d'un socle probablement prrcambrien Soula, J. C. 1969. Evolution structure de l'Arize orientale. Th~se 
dans la rrgion de Bompas-Arnave (Ari~ge). C, r. hebd. S~anc. 3~me Cycle, Toulouse. 
Acad. Sci., Paris D258, 1272-1274. Soula, J. C. 1970. Mrtamorphisme de contact et mrtamorphisme 

Leterrier, M. 1972. Etude petrographique et grochimique du massif rrgional dans l'Arize orientale. C. r. hebd. S~anc. Acad. Sci., Paris 
granitique de Querigut (Ari~ge). Thrse Sciences, Nancy. D270, 1447-1450. 

Mangin, A. 1967. Etude grologique de la pattie septentrionale du Soula, J. C. 1971. Evolution des structures hercyniennes de l'Arize 
massif du Saint-Barth~lrmy (Pyrrnres arirgeoises). Th~se 3~me m~tamorphique (Pyrrnres ari~geoises). Revue G~or. phys. G~ol. 
Cycle, Toulouse. dyn. 2, XIII, 3, 233-244. 

Marre, J. 1973. Le complexe 6ruptif de Querigut. Prtrologie, struc- Soula, J. C. 1979. Drformations hercyniennes et alpines dans les 
turologie, cinrmatique de mise en place. Th~se Sciences, Toulouse. Pyrrnres ari~geoises. Th~se Sciences, Toulouse. 

Martignole, J. 1964. Recherches prtrographiques et structurales dans Soula, J. C. & Bessi~re, G. 1980. Sinistral horizontal shearing as a 
la region d'Ax les Thermes. Th~se 3~me Cycle, Toulouse. dominant process of deformation in the Alpine Pyrenees. J. Struct. 

Martignole, J. & Schrijver, K. 1970a. Tectonic setting and evolution Geol. 2, 69-74. 
of the Morin anorthosite, Greenville Province, Quebec. Bull. geol. Soula, J. C. & Borrel, A. 1980. Controle de la densit6 et de la viscosit6 
Soc. Finl. 42, 165-209. sur la raise en place des intrusions plutoniques. Signification de la 

Martignole, J. & Schrijver, K. 1970b. The level of anorthosites and its forme et de ia structure des massifs granitoides. 8dme R~un. A. Sci. 
tectonics pattern. Tectonophysics 10, 403-410. Terre, Marseille. 

Martignole, J. & Schrijver, K. 1977. Anorthosite-Farsundite corn- Soula, J. C. & Debat, P. 1976. Drveioppement et caract~res des 
plexes in the Southern part of the Greenville Province. Geosci. Can. litages tectoniques. Bull. Soc. g~ol. Ft. 18, 1515-1537. 
4, 137-143. Stephansson, O. 1974. Polydiapirism of granitic rocks in the Svecofen- 

Molen, I. van der, & Paterson, M. S. 1979. Experimental deformation nian of Central Sweden. Precambrian Res. 2, 189-212. 
of partially melted granite. Contr. Miner. Petrol. 70, 299-318. Stephansson, O. & Johnson, K. 1976. Granite diapirism in the Rum 

Mirouse, R. 1977. Pal~ozoique sup~rieur et orogrn~se varisque dans Jungle area, northern Australia. Precambrian Res. 3, 159-185. 
le domaine pyrrnren. In: La Chaine Varisque d'Europe Moyenne et Talbot, C. J. 1974. Fold nappes as asymmetric mantled gneiss domes 
Occidentale, Colloque International C.N.R.S., Rennes, no. 243, and ensialic orogeny. Tectonophysics 24, 259-276. 
559-569. Talbot, C. J. 1977. Inclined and asymmetric upward moving gravity 

Moreau, C. 1975. L'enclave ~ staurotide-gedrite de la vallre d'Hras structures. Tectonophysics 42, 159-182. 
(Hautes Pyrrnres) et son encaissant. Th~se 3~me Cycle, Toulouse. Talbot, C. J. 1979. Fold trains in a glacier of salt in southern Iran. J. 

Passchier, C. W. 1980. Deformation mechanisms in mylonite bands Struct. Geol. 1, 5-18. 
from the Saint Barthelemy massif. Int. Conf. on the Effects o f  Tuilis, J. & Yund, R. A. 1977. Experimental deformation of dry Wes- 
Deformation on Rocks, GOttingen (abstracts), 201-202. terly granite. J. geophys. Res. 82, 5705-5715. 

Pitcher, W. S. 1979. The nature, ascent and emplacement of granite Trusheim, F. 1960. Mechanism of salt migration in Northern Ger- 
magmas. J. Geol. Soc. Lond. 136, 621-622. many. Bull. Am. Ass. Petrol. Geol. 44, 1759. 

Pons, J. 1971. PEtrofabrique et structures dans le massif de Querigut. Vidal, J. L., Kubin, L. Debat, P. & Soula, J. C. 1980. Deformation 
Th~se 3~me Cycle, Toulouse. and dynamic recrystallization of K-feldspar augen in orthogneisses 

Ramberg, H. 1967. Gravity Deformation and the Earth's Crust. from Montagne Noire, Occitania, Southern France. Lithos 13, 
Academic Press, London. 247-255. 

Ramberg, H. 1968. Instability of layered systems in the field of gravity. Vitrac, A. & Allegre, C. J. 1971. Datation 87Rb-87Sr des gneiss du 
Phys. Earth Planet. Interiors 1, 427-447. Canigou et de l'Agly (Pyrrnres Orientales, France). C. r. hebd. 

Ramberg, H. 1970. Model studies in relation to intrusion of plutonic Sdanc. Acad. Sci., Paris 273, 2411-2413. 
bodies In: Mechanisms o f  Igneous Intrusion (edited by Newail, G. Vitrac-Michard, A., AIbar~de, F., Depuis, C. & Taylor, H. P., Jr. 
& Rast, N.) Geol. J. 2, 261-286. 1980. The genesis of Variscan (Hercynian) plutonic rocks; in- 

Ramberg, H. 1972. Theoretical models of density stratification and ferences from Sr. Pb ad O studies on the Maladetta Igneous Com- 
diapirism in the Earth. J. geophys. Res. 77, 877-889. plex, Central Pyrenees (Spain). Contr. Miner. Petrol. 72, 57-72. 

Ramberg, H. 1980. Diapirism and gravity collapse in the Scandinavian Wenk, H. R. & Wenk, E. 1969. Physical constants of alpine rocks. 
Caledonides. J. geol. Soc. Lond. 137, 261-270. Beitr. Geol. Schweiz. Kleinere Mitt. 45, 343. 

Ramherg, H. & SjrstrOm, H. 1973. Experimental geodynamical Whitney, J. A. 1975. The effect of pressure, temperature and XH20 
models related to continental drift and orogenesis. Tectonophysics on phase assemblages in four synthetic rock compositions. J. Geol. 
19, 105-132. 83, 1-31. 

Ramsay, J. G. 1967. Folding and Fracturing of  Rocks. McGraw-Hill, Zwart, H. J. 1953. la grologie du Saint Barthrlrmy. Leid. geol. 
New York. Meded, 18, 1-288. 

Robie, R. A., Bethke, P. M., Toulmin, M. S. & Edwards, J. L. 1966. Zwart, H. J. 1962. on the determination of polymetamorphic assemb- 
X-ray crystallographic data, density, and molar volumes of lages and its application to the Bosost area (Central Pyrenees). 
minerals. In: Handbook o f  Physical Constants (edited by Clark, Geol. Rdsch. 52, 38-65. 
S. P., Jr.). Mere. geol. Soc. Am. 97, 27-74. Zwart, H. J. 1965. Geological map of the Paleozoic of the Central 

Robin, P. Y. 1979. Theory of metamorphic segregation and related Pyrenees. Sheet 6: Aston, France, Andorra, Spain, 1/50 000. Leid. 
processes. Geochim. cosmochim. Acta 43, 1587-1500. geol. Meded. 33, 191-254. 

Roux, L. 1968. Polymrtamorphisme dans le massif de Castillon Zwart, H. J. 1968. The Paleozoic crystalline rocks of the Pyrenees in 
(Ari~ge). C. r. hebd. S~anc. Acad. Sci., Paris 266, 752-754. their geological setting. Krystalinikum (Contribution to the Geology 

Roux, L. 1977. L'rvolution des roches du facies granulite et le and Petrology o f  Crystalline complexes), 125-140. 



342 J . C .  SOULA 

Zwart, H. J. (editor) 1972. Geological map of the Pyrenees, 1/200 000. Zwart, H. J. 1979. The geology of the Central Pyrenees. Leid geol. 
Geological Institute, Leiden University. Map compiled by C.R.J. Meded. 50, 1-74. 
Roest and H. J. Zwart. 


