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Abstract

This paper aims at testing the mechanical relevance of the petrological model of anorthosite massif diapiric emplace-
ment. The Egersund—Ogna massif (S. Norway) is of particular interest because recent petrological and geochronological
data constrain the initial geometry, emplacement conditions and timing (about 2 m.y.). The formation of this anorthosite
massif is in agreement with the classical petrological model, in which accumulation of plagioclase takes place in a
deep-seated magma chamber at the crust—mantle limit, from which masses of plagioclase separate and rise through the
lower crust up to the final level of emplacement at mid-crustal depths. The Egersund—Ogna massif also displays a foliated
inner margin, in which strain ellipsoids have been reconstructed by investigating at 51 sites the deformation of megacrysts
of high-alumina orthopyroxene. Based on these petrological data, a model made up of one rigid layer (upper granitic
crust) and three viscous layers (lower part of the granitic crust, noritic lower crust and anorthosite) has been built up.
The upper crust behaviour is represented by an elastoplastic law and the viscous layers obey elastic-viscoplastic laws with
Newtonian viscosity. An inverse density gradient is considered between the lower crust (d = 3.00) and the anorthosite
(d = 2.75), the loading consisting only in gravity. The modelling is carried out under axisymmetrical conditions, using the
LAGAMINE finite-element code coupled with an automatic re-meshing algorithm designed to deal with large strains in
complex structures. The results show that, from a mechanical point of view, the diapirism model is a robust and consistent
assumption for the emplacement of anorthosites, because realistic diapir and rim-syncline shapes are obtained. Moreover,
the numerically obtained emplacement time (about 2.5 m.y.) isin agreement with the available geochronological data, and
the computed strain field is coherent with field measurements, especially regarding the circumferential extension, which
becomes the largest extension strain component in the expansion phase. [0 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction Such state is metastable, i.e. every perturbation of
the system will lead to overturning the two liquid
Diapirism results from the buoyant upwelling of a layers in order to reach the stable balanced state

light viscous liquid when overlain by a heavier one. where the lighter liquid floats above the heavier one.

The initial stage of this instability is described ana-
* Corresponding author. Tel.: +32 43 66 2255; Fax: +32 43 66 lytically by the Rayleigh—Taylor instability, observed
2921; E-mail: jc.duchesne@ulg.ac.be both in plutonic and sedimentary environments, from
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crustal to metre scale (Ronnlund, 1989). Numerous
examples of salt diapirism have been described (e.g.
Jackson and Seni, 1983).

Pluton emplacement through diapirism has been
the object of many petrological and structural studies.
Since the pioneering field work of Pitcher and Berger
(1972) and the experiments of Ramberg (1967), most
studies have been essentially devoted to granites for
which the concept of diapirs has been strongly de-
bated (e.g. England, 1990; Paterson and Fowler, 1993;
Vernon and Paterson, 1993; Vigneresse, 1995; Pater-
son and Vernon, 1996). It is beyond the scope of
this article to discuss the different arguments about
this controversial subject and we will only briefly
present somemainideas. Following Brun et a. (1981)
and England (1990), the main diagnostic criteriaand
structural featuresfor the recognition of diapiric bod-
ies are: (1) sub-circular shaped bodies of low den-
sity surrounded by denser rocks; (2) parallel foliations
withinthe diapir and the host rocks; (3) increase of the
strain intensity towards the margin of the diapir with
ahorizontal extension inthe upper part of the diapiric
structure; (4) important deformation in the country
rocks; (5) development of arim synform; (6) steeply
plunging lineations and shear components. However,
other processes like stoping, fracture-controlled em-
placement, zone melting or ballooning can aso be
involved in the emplacement and deformation of plu-
tons (Paterson et a., 1991). Many of the expected
features of diapirs can therefore result from some
or a combination of these mechanisms, and typical
characteristics of ascent mechanism can be obliter-
ated during emplacement or by younger tectonic pro-
cesses. These are the reasons why direct evidence of
diapirismisgeneraly difficult to find out in plutons.

Diapirism has long been invoked for the emplace-
ment of massif-type anorthosites. Martignole and
Schrijver (1970) first attempted to interpret defor-
mation structures in the Morin anorthosite in terms
of syn-emplacement deformation due to buoyancy of

anorthosite. The concept was further developed by
Duchesne (1984), Longhi and Ashwal (1985) and
Wiebe (1992) to become a basic component of the
petrological model of anorthosite formation (Ash-
wal, 1993). Anorthosite plutons in classical areas of
study such as the Adirondacks Mts or Morin massif
(Québec) have been reworked by post-emplacement
deformation and metamorphism (see e.g. Wiebe,
1992). Moreover, some of the features initialy in-
voked in the Morin massif in favour of diapirism
have now been reinterpreted by Martignole (1996)
as resulting from tectonic transport along a shear
zone. On the other hand, accurate U-Pb dating of
the Rogaland anorthosite plutonism (southern Nor-
way) (Schéarer et al., 1996) has shown that these
anorthosites were emplaced later than the last re-
gional deformation and, having thus escaped post-
emplacement deformation, are excellent exampl es of
pristine anorthosites.

We recall here the petrological arguments in
favour of diapirism of the Egersund—Ogna massif
(EGOG), provide some data on the strain distribu-
tion in the inner margin of the intrusion, and present
a finite-element (FE) simulation of the diapiric em-
placement, in which geochronological and petrolog-
ical data are used to define a reasonable geometry
and rheology of the model. The main objective of
this paper is to test the consistency of the petrolog-
ical model by numerical modelling. A Lagrangian
FE code coupled with an automatic re-meshing a-
gorithm and artificial passive markersis used for the
modelling.

2. The EGOG massive anorthosite

2.1. Geological setting

The Rogaland anorthositic province of south-
ern Norway (Fig. 1A) encompasses three large

Fig. 1. (A) Geologica map of the Rogaland anorthosite complex, southern Norway (after Michot and Michot, 1969; Wilson et al.,
1996). Abbreviations. Ap = Apophysis, AS = Ana-Sira anorthosite massif, BKSK = Bjerkreim—Sokndal layered intrusion, EGOG =
Egersund—Ogna anorthosite massif, ER = Eia—Rekefjord jotunitic intrusion, G = Garsaknat leuconoritic body, H = Hidra leuconoritic
body, HH = H&and-Helleren anorthosite massif. (B) Geological map of the Egersund—Ogna anorthosite massif (after Michot and
Michot, 1969; Maquil and Duchesne, 1984; Duchesne and Maquil, 1987). Abbreviations: BKSK = Bjerkreim—Sokndal layered intrusion,
HH = Haland—Helleren anorthosite massif. Legend: 1 = anorthosite; 2 = anorthosite rich in HAOM; 3 = leuconorite; 4 = foliated

anorthosite and leuconorite; 5 = migmatitic gneiss.
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anorthosite massifs, EGOG massif, the Haland-
Helleren (HH), and the Ana-Si ra(AS) bodies aswell
as a layered intrusion: the Bjerkreim—Sokndal mas-
sif (BKSK) (Michot and Michot, 1969; Duchesne,
1987a). These bodies were emplaced in migmatitic
gneisses and have induced a large aureole of gran-
ulite facies thermal metamorphism (see the review
by Maijer, 1987). Precise U-Pb dating (Schérer et
a., 1996) clearly shows that al the anorthosite mas-
sifs intruded at 931 &+ 2 Ma, in a very short time
interval (probably 2 m.y. or less), some 60 m.y. after
the last pervasive regional deformation and imbri-
cation of continental terranes. No shear zones of
large amplitude or structures potentially favouring
their emplacement have been recognized around the
anorthosite province (Falkum, 1985). Anorthosite
massifs thus appear in their pristine post-collisional
or anorogenic state.

The EGOG massif (Fig. 1B), broadly circular (c.
20 km in diameter), is dome-shaped and shows a 1—
3-km-thick inner margin of foliated leuconorite (Mi-
chot and Michot, 1969). In the north, the foliation is
concordant both with the contact and with the folia-
tion of migmatitic country gneisses. In the east, the
foliated margin, dipping 80°E, is separated from the
BKSK intrusion by a continuous highly deformed
norito-granitic screen. In the south, a similar, though
discontinuous, screen — called the norito-granitic
zone by Michot and Michot (1969) — separates the
EGOG from the Haland massif, which is also foli-
ated parallel to the contact. The southeastern tip of
EGOG is truncated by the unfoliated Helleren mas-
sif. The EGOG foliation is generally steep (dipping
at 60°-90°) in the southern margin, whereasiit dips at
alower angle (35°-65°) in the northern contact with
migmatitic gnei sses.

Though monaotonous at large, the central part of
EGOG is made up of severa varieties of anorthosite
and leuconorite and shows a grossly concentric struc-
ture (Maquil and Duchesne, 1984; Duchesne and
Maguil, 1987). A characteristic feature is the oc-
currence of high-alumina orthopyroxene megacrysts
(HAOM) (see Fig. 2a) interdtitial to plagioclase

megacrysts. In the core of the massif they form
aggregates (1-3 m in diameter) embedded in a
medium-grained leuconorite or anorthosite matrix.
HAOM can be dightly deformed (kinked), whereas
the associated plagioclases are usualy nearly com-
pletely granulated, phenoclasts being preserved only
locally. HAOM typically show plagioclase exsolu-
tions and their bulk composition contains up to 8%
Al,O3, 600-950 ppm Cr (Duchesne and Maquil,
1987). They contrast with orthopyroxene (opx) from
the matrix leuconorites (<3% Al,03, <200 ppm Cr),
pointing to lower pressure conditions of formation.

The marginal zone of EGOG is characterised by
rocks similar to those in the central part but in vari-
ous stages of deformation, from rare flow-oriented or
layered structures to much recrystallized granoblas-
tic texture, giving rise to banded anorthositic and
leuconoritic gneisses. Numerous, huge, metre-sized
HAOM are deformed and can stretch over several
metres along the foliation (Fig. 2b). Granulation/re-
crystallization has been generated at temperatures be-
tween 980°C and 850°C, according to two-pyroxene
geothermometry (Maguil and Duchesne, 1984).

The BKSK layered intrusion flanks EGOG on the
east (Michot and Michot, 1969; Duchesne, 1987b;
Wilson et a., 1996) and has a syncline structure
(Fig. 1A). Its lower part is made up of layered
anorthosites, leuconorites and norites; its upper part
contains granitoids. It contains at its base enclaves
from the deformed margin of EGOG and its upper
part yields zircon of 935 + 5 Ma (Pasteels et d.,
1979). It isthus subcontemporaneous with EGOG. A
structural study (Paludan et a., 1994) has shown that
folding of the massif has induced a mild penetra-
tive deformation, producing a lineation converging
towards the lowermost part of the syncline hinge
zone, suggesting that these structures reflect grav-
ity-induced subsidence.

2.2. The petrological anorthosite model of formation

Recent experimental data on the PT stability of
HAOM (Longhi et a., 1993) have brought new ev-

Fig. 2. (d) Aggregate of plagioclase megacrysts and HAOM from the central part of the EGOG massif. The hammer is one metre long.
(b) Foliated anorthosite in the inner margin of the EGOG massif with HAOM stretched along the foliation planes. The hammer is one
metre long. (c) Small nearly undeformed HAOM. (d) Granulated/recrystallized (polygonized) HAOM from the margin.
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Fig. 3. The two-stage model for the generation of anorthosite
massifs (after Ashwal, 1993). (a) A magma chamber develops at
the base of the crust in which a basic magma starts crystallizing
mafic mineras. (b) Mafic minerals sink and when plagioclase
crystallizes it floats and accumulates at the top of the magma
chamber. (c) Lumps of plagioclase-rich mush form and rise as
diapirs through the lower crust. (d) Several diapirs coaesce at
mid-crustal depth to make up anorthosite massifs. Stippled area:
heat from the magma chamber causes partial melting of the crust.

idence in favour of the standard petrogenetic model
which can be applied to the EGOG massif. In this
model, as synthesized by Ashwal (1993) (Fig. 3),
a broadly basaltic magma pounded and differenti-
ated in a large pancake-shaped chamber at or near
the base of the crust, around 1.2 GPa, from which
aggregates of plagioclase megacrysts with rare inter-

stitial HAOM crystallized, floated and accumulated
a the roof of the chamber. Due to density inver-
sion with the surrounding (partially melted) country
rocks, masses of plagioclase with some entrained
HAOM formed by gravity instability ascend through
the crust as diapirs in anorogenic conditions. Co-
alescence of severa diapirs at mid-crustal depths
(around 0.5 GPa in Rogaland; Vander Auwera and
Longhi, 1994) gives rise to anorthosite massifs. Dur-
ing ascent, the plagioclase crystal mush is lubri-
cated by noritic melts from which low Al and Cr
orthopyroxene crystallize at the final stage of intru-
sion.

More specific features are typically illustrated in
the EGOG case (Duchesne et a., 1985; Duchesne
and Maquil, 1987) and provide important param-
eters to constrain the diapiric emplacement model
(see below). Aggregates of megacrysts were stuck
aong the margins of the diapir, and because of
its highly crystalline nature, the mush moved as a
rheological solid, causing internal stresses and pro-
ducing granulation/recrystallization of plagioclase
everywhere in the massif, and particularly in the
margin where HAOM were aso involved in the
formation of the foliation. Upward rise of the di-
apir was greatly enhanced by partial melting of the
surrounding migmatitic gneisses. Lateral expansion
of the diapir took place when it reached a level
of emplacement probably controlled by a strength
increase in the upper crust, to give the massif its
final pancake shape. This expansion could be partly
responsible for ductile deformation of the margin
and country rocks. Because it has remained in pris-
tine state, EGOG thus constitutes an excellent case
to address the structural record of diapirism and
final lateral expansion. Occurrence of relicts of high-
pressure minerals such as HAOM documents the
deep-seated episode of crystallization, and therefore
attests the vertica movement of the crystal mush.
Granulation/recrystallization of plagioclase is good
evidence of the movement of a rheologicaly solid
crystal mush. The high-temperature interval of crys-
tallization (1100°—1275°C) constrained by experi-
ments (Longhi et al., 1993) alows a large degree
of contact anatexis of surrounding rocks and makes
the ascent easier (Marsh, 1982). Though large dis-
continuities in the crust (Scoates and Chamberlain,
1997) might channel and facilitate the emplacement
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of some anorthosite massifs, no evidence of such
structure is found in Rogaland, but part of the com-
plex extends under the sea (Fig. 1A).

3. Strain data

Although some limited deformation is observed
in the centre of EGOG, the higher strain intensities
are located in the inner margin. The later displays
several deformational features commonly found in
plutons, such as foliation, deformed crysts, shear
zones and folds. A strong strain gradient is observed
from the massif boundary towards the centre. As
mentioned above, the petrology and the observed
structures support deformation in the solid state at
the pluton boundary.

Strain analyses have been performed on outcrops
at 51 sites, mainly within the foliated inner margin.
HAOM and plagioclase megacrysts have been used
as strain markers to determine the shape and ori-
entation of the finite strain ellipsoid. At each site,
sections across the deformed crystals were studied
on one to four different outcropping surfaces, de-
pending on the local topography. On one specific
outcropping surface, the cryst sections present a
sub-elliptical shape whose great axis has usually a
constant orientation (Fig. 2d). For each surface a
mean ellipticity has been computed from the shape
measurements of up to 30 crystal sections. More than
1500 €llipses were measured in this study. At each
site, afinite strain ellipsoid was then cal culated from
the orientation and ellipticity of ellipses observed on
different surfaces. We used the program developed
by Ratschbacher et al. (1994) from the method pro-
posed by Milton (1980) to fit a strain ellipsoid to
three different elliptical sections. Due to the lack of
multiple surface exposures at many sites, only eight
ellipsoids were constructed with Milton’s method.
Taking into account the foliation orientation, we also
computed fourteen elipsoids from ellipses in two
different planes. Findly, strain ellipses were deter-
mined at 29 sites on planes perpendicular to the
foliation, using singular mean-ellipses on arbitrarily
oriented planes. The reliability of the results pro-
vided by the last two methods was checked on the
eight sites with three or more elliptical sections. The
XZ sections of the dlipsoids are generally well ap-

proximated by the last two methods and the whole
set of results may be considered as coherent.

The method used in this study relies on two
severe assumptions. Firstly, it is assumed that or-
thopyroxene deforms isotropically, which might not
be the case because of their strong [100] parting.
If the cryst is properly oriented, this parting can
act as dip planes alowing extensive deformation.
It is indeed not uncommon to find on the same
outcrop a HAOM cryst showing a much larger el-
lipticity than the average of the other crysts. Such
crysts have been discarded in the averages. Secondly,
the initial shapes of the crysts used as markers are
certainly not spheres (Fig. 2c), and there are clear
limitations in estimating absolute finite strain ellip-
soids from shape ratios of HAOM and plagioclase
crysts. During ascent in the magma mush and their
emplacement, these crysts have been affected by a
solid-state deformation, as shown by the plagioclase
and HAOM granulation observed in the bulk of the
pluton. A limited deformation study in the centre of
the massif has shown afaint sub-horizontal foliation.
Inside this plane, the shape ratio Ry, measured on
crystsislessthan 2, while Ry, can reach a maximum
of 3. With these values in mind, the analysis of or-
thopyroxene and plagioclase markers presented here
is based on the spatial variation of their shape rather
than on their absolute strain. Indeed, in spite of the
limitations mentioned before, cryst shape anaysis
has provided useful insights on strain patterns and
variations within the massif.

Results of the strain analysis are presented in
Table 1. The type and intensity of the strain are ex-
pressed by the k- and d-values of the strain ellipsoid
(Ramsay and Huber, 1983) following:

(Ry — 1)
k=12~ 1
(R 1) ¥
d = /(Ry = 1)*+ (R — 1)’ ©

where R,y and Ry, are the ratios of the finite strain
ellipsoid axes.

Fig. 4 maps horizontal ellipse sections (XZ or
Y Z) and the strain rate distribution (Ry,-values) in
the marginal zones. In general, strong strain is con-
fined to the border and decreases towards the central
part of the massif. The highest strains (R, > 11 and
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d > 5) are found in the south and east, close to the
adjacent magmatic intrusions (HH and BKSK). In
the north and south, the cryst stretching (X-axis) is
generally sub-horizontal and parallel to the margin
(Fig. 4a), and strain ellipsoids predominantly show
oblate shape with k-values ranging between 0.0 and
0.7. The d-values are intermediate to high (mainly
between 1 and 5). Two ellipsoids show slight con-
gtriction (k = 1.5 and 1.6). In the south, the maximal
strain is located immediately near the contact and
decreases towards the centre, whereas in the north
and eadt, strain is generally more important at some
distance from the contact (1 km, inside the eastern
margin) (Fig. 4b). Along the border with the BKSK
intrusion in the east, the strain intensity is high
(1.8 <d<11land5 < Ry; < 13) and X plunge
data show a horizontal elongation in the northern
part, passing to a subvertical stretching in the south-
ern part. In conclusion, the structural features and
the strain pattern observed in the EGOG pluton are
consistent with the petrological anorthosite model
based on diapirism and late lateral expansion with
a solid-state deformation. This model will now be
tested by finite-element modelling.

4. Finite-element modelling of the EGOG
emplacement

4.1. Overview of previous modelling studies

Diapirism has first been studied experimentally
considering real fluid materials (Nettleton, 1934,
1943; Koyi, 1991). These studies highlighted the re-
lation between diapir shape and viscosity ratio. Later
experiments using clay and silicone models submit-
ted to an increased gravity field (using centrifuge
apparatus) have been performed by Ramberg (1967,
1981) and other authors (e.g. Talbot et al., 1991).
In their experiments, the analysis was based on the
study of the displacement field at the final stage,

using destructive methods (usually a set of cross-sec-
tions). These experiments revealed the three-dimen-
sional geometry of the diapiric phenomenon, which
is comparable to a cellular pattern (Talbot et a.,
1991). Numerous two-dimensional numerical sim-
ulations of diapirism have been performed in past
studies, based on fluid mechanic description in which
the fluids are considered as incompressible mate-
rials (Woidt, 1978; Schmeling, 1987; Zaeski and
Julien, 1992). These models have led to conclusions
similar to those of experiments about the viscosity
ratio influence on the finite diapir shape. More re-
cently, simulations based on solid mechanic descrip-
tion have been performed (see e.g. Poliakov et al.,
1993). Most of these studies assume a plane strain
condition. Recently, a complex modelling of salt
diapirism including erosion and sedimentation pro-
cesses has been presented by Poliakov et al. (1996)
and has demonstrated the mechanical relevance of
syn-sedimentary diapirism for salt rocks.

4.2. Secificities of the method used in this study

The test of the diapirism model is based on a
purely mechanical analysis carried out with the
LAGAMINE finite-element (FE) code (Charlier,
1987; Barnichon, 1998). This code uses an implicit
resolution method (based on Newton—Raphson iter-
ations) of the equilibrium equations, which ensures
the correctness of the computed (approximated) so-
lution. Large strains, displacements and rotations are
accounted for through an updated Lagrangian for-
mulation of the kinematic and through the use of
the Jaumann objective stress rate. A more genera
description of the non-linear finite-element method
can be found in Zienkiewicz and Taylor (1989).

The present FE code is coupled with an automatic
adaptive re-meshing algorithm (Barnichon, 1998), in
order to avoid large distortion of the mesh resulting
from very important material flow. This re-meshing
procedure is automatically activated when a given

Fig. 4. (8) Map of subhorizontal XZ- or Y Z-sections. Filled ellipses are true X Z-sections, computed from the analysis of two or more
outcrop surfaces. The ellipses marked with an asterisk have been obtained from at least three different surfaces. Empty ellipses are
computed with a singular mean dlliptic section on a horizontal surface. Equal-area, lower-hemisphere projections of X-axis orientations
are plotted for the four indicated zones. (b) Map of strain ratio distribution along the EGOG margin (Rxz-vaues). Investigated areas are
darkened according to the strain intensity. Abbreviations: MG = migmatitic gneisses; others asin Fig. 1.
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Table 1
Results of strain analyses
Location n Ns XY X X/Y X/Z Y/Z k d
Southern margin
1 15 2 145/50 065/12 18 38 21 0.7 14
2 34 3 160/75 246/14 18 4.0 22 0.7 14
3 22 1 182/48 10.8
4 9 1 173/50 85
5 13 1 173/65 9.6
6 46 2 180/50 108/21 29 10.8 48 0.5 42
7 10 1 175/45 15.7
8 12 1 180/75 174
9 9 1 180/83 47
10 8 3 015/82 286/16 14 42 3.0 0.2 2.0
11 21 3 185/90 093/26 34 89 26 15 29
12 17 2 160/75 174/74 16 9.7 5.9 0.1 5.0
13 22 2 170/70 090/25 18 151 84 0.1 74
14 24 2 000,/83 300/76 10 3.6 3.6 0.0 2.6
15 10 2 033/78 308/52 17 24 14 16 0.8
16 8 1 180/85 9.5
17 6 1 180/85 37
Northern margin
18 18 2 322/45 005/36 16 42 25 04 17
19 11 1 320/70 2.8
20 9 1 320/80 54
21 8 1 315/60 84
22 17 2 260/90 170/42 2 32 16 15 12
23 16 3 305/38 219/04 15 75 49 0.1 39
24 8 1 308/70 38
25 2 1 280/77 5.3
26 9 1 260/40 84
27 33 3 341/46 273/21 19 10.9 5.8 0.2 49
28 19 1 320/33 74
29 12 1 355/68 31
30 12 1 335/45 51
Eastern margin
31 9 1 060,60 6.8
32 16 2 065/60 150/09 13 7.0 5.4 0.1 44
33 8 1 076/55 48
34 30 1 085/50 6.9
35 6 1 030/56 47
36 18 2 055/85 326/09 24 51 22 12 18
37 7 1 055/58 10.6
38 30 3 071/65 154/17 8 134 17 104 7.0
39 15 1 085/63 5.6
40 11 2 060/55 149/02 23 5.0 22 11 18
41 8 1 075/85 33
42 30 2 065/60 340/08 10 12.2 119 0.0 10.9
43 9 3 245/76 167/40 37 82 22 22 3.0
44 8 1 055/57 47
45 16 1 053/65 5.6
46 28 2 048/72 094/65 15 57 39 0.2 29
47 9 1 070/70 42
48 22 3 070/75 142/55 5.2 220 43 13 53
49 15 1 045/70 9.8
50 24 2 045/75 079/72 11 83 74 0.0 6.4

n: number of measurements; ns: number of different surfaces at each outcrop; XY: dip of the XY-plane; X: plunge of the ellipsoid great
axis, X/Y, X/Z and Y/Z are the ratios of the strain ellipsoid; k and d values of the strain ellipsoid.



J.D. Barnichon et al./ Tectonophysics 303 (1999) 109-130 119

ratio of overdistorted elements is reached, follow-
ing Habraken (1989). The high level of automation
of this procedure easily allows the user to perform
computations with very large strains/displacements.
The re-meshing algorithm has been designed to deal
with complex multidomain geometries and is there-
fore not restricted to the type of geometries consid-
ered here. In addition, artificial passive markers have
been introduced to follow the distortion through the
re-meshing phases (Barnichon, 1998).

In the present study, both fluid-like and solid-like
behaviours have been considered depending on the
depth. The upper crust behaves as a solid, whereas
the deeper part of the crust — i.e. the lower granitic
crust and the noritic crust — exhibits a viscous
behaviour closer to a fluid. In this framework, an
advantage of a solid mechanic over a fluid mechanic
formulation liesin the ability of thefirst oneto repre-
sent both behaviours, provided the materials exhibit
some compressibility. Therefore, viscous solid and
elastoplastic behaviours have been used together, as
detailed in the next section.

4.3. Mode|

As dready mentioned in Section 2, the study of
EGOG provides good constraints on the geometry
and timing of emplacement.

4.3.1. Constraints

The depth of the initial magma chamber is con-
strained by the stability of HAOM at about 1.2 GPa,
while the final emplacement pressure of Rogaland
anorthosites is likely to be close to 0.5 Gpa. The
petrological model exposed above assumes that the
diapir moved upward across the whole lower crust
(noritic composition) and that emplacement stopped
a the limit between the upper crust (granitic com-
position) and the lower crust. The density of the
upper crust is considered equal to the granite one,
i.e. d ~ 27, and the density of the lower crust
falls in the range 3.0 < d < 3.2 (Hall, 1986). It
follows from these pressure estimates and density
values that the lower crust extends approximately
from 40 km to 18 km depth, and that the upper
crust has a thickness of 18 km. Although the den-
sity of the plagioclase megacrysts (Ansp) at 1200°C
falsin therange 2.63 < d < 2.65 (Campbell et a.,

1978), a conservative density value of d = 2.75 has
been adopted here for the anorthosite crystal mush,
considering that some liquid (corresponding to 18
to 32% in volume) of higher density (lower crust)
may have been entrapped in the mush. The initia
anorthosite cumulate at the roof of the deep-seated
chamber is represented by an infinite horizontal layer
with a thickness of 2 km to 5 km and located at 40
km depth. Based on these assumptions, a lithol ogical
profile (Fig. 5a) has been adopted. A value of 2 m.y.
has been chosen for the timing of emplacement.

4.3.2. Constitutive laws for the continental crust

The rheology of the layered structure presented
in Fig. 5a has now to be evaluated. As proposed by
Davy and Caobbold (1991), two main flow mecha-
nisms have been considered for the crust.

The first one is a time-independent brittle be-
haviour (Byerlee, 1978), which is usually considered
to follow Mohr—Coulomb'’s plastic criterion:

01— 03 01+ 03

> = c+ > tan¢ 3
where c isthe cohesion and ¢ the friction angle. Here
the values ¢ = 37° and ¢ = 0 have been adopted.
In numerical applications, this behaviour will be
approximated by an elastoplastic law based on a
Driicker Prager yield criterion f, modified following

Van Eekelen (1980):

3c
f_II(,+m<I(, tand))_o 4
where g, |, and | 15 represent the stress deviator, the
first stress invariant and the second deviatoric stress
invariant, respectively. They are defined by (where
the convention summation applies to all repeated
indices, and §;; is the Kronecker delta):

. I,
Gij=0ij—§5ij,
1f Q=]
8ij = e
0 if ] ®)
l, = ok
IIA_ 1A..A..
6= EOIJOIJ

In Eg. 4), coefficient m depends on the third
deviatoric stress invariant in order to closely match
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Fig. 5. Different steps in the computation of a rheological profile for the crust: (a) choice of a lithological profile; (b) choice of a
geothermal profile (from Chapman, 1986); (c) computation of a non-linear rheological profile for ¢ = 10713 s~ and linearization of the

viscous parts following Davy and Cobbold (1991).

the Mohr—Coulomb criterion given in Eq. 3 (see
Barnichon and Charlier, 1996, and Barnichon, 1998,
for the detailed formulation of m). A non-associated
and perfectly plastic law is assumed.

The second mechanism is a time-dependent vis-
cous behaviour obeying a power law:

Q >&n ©)

which links the deviatoric stress tensor 6 to the
deviatoric strain rate tensor ¢ (Carter and Tsenn,
1987). In this relation, Q is the activation energy
of creep, R the gas constant, T the absolute tem-
perature, A and n material constants. Such non-lin-
ear behaviour is obviously temperature-dependent.
Values for these parameters for a broad range of
minerals and rocks have been reported in Carter and
Tsenn (1987) (Table 2). As afirst approximation, a
linear Newtonian behaviour is considered here, i.e.

Table 2

Parameters of the power law (from Carter and Tsenn, 1987)

Rock or mineral type n Q A
(kImole™?)  (MPa sl

Westerly granite (dry) 33 186.5 57

Maryland digbase (dry) 3.05 276 -12

Hale albite (dry) 39 234.2 —5.63

exponent n = 1in Eqg. 6, which then simplifiesto:

i=2 @)
n

provided the dynamic viscosity » is defined by:

1 Q

Z=A - 8

o= neo (- ) ®

The Newtonian behaviour will be approximated
by an elastic-viscoplastic law for which the elastic
domain is bounded by a Von Mises surface. In this
model, the viscoplastic deviatoric strain rate &% s
given by
AVp B
&

= 6 ©)

where coefficient B/K is equivalent to the inverse
of viscosity and K is the yield limit (equivalent to
cohesion).

For both elastoplastic and elastic-viscoplastic
laws, the volumic part of the behaviour follows
Hooke's law:

Om = Xém (10)

where the elastic compressibility modulus x can be
expressed as a function of Young modulus E and
Poisson ratio v following:

E

“3a-) (1)

X
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From the two flow behaviours presented above
(Mohr—Coulomb and power law), corresponding
rheological profiles can be computed provided ad-
ditional assumptions are made: a steady state ther-
mal field is considered (Fig. 5b) following Chapman
(1986), and an homogeneous strain rate is assumed
throughout the considered domain. In the present
case, the strain value is approximated by assum-
ing that the initially 2-km-thick anorthosite layer
will flow upward through the lower crust (22 km
thickness), which gives an approximate strain value
e = 22/2 = 11. Assuming that the emplacement
took placein about 2 m.y. leadsto the strain rate ¢:

g = 1 17x 1078 gt (12)
2(3.15 x 102)

A rounded strain rate value of 1072 s71 has been
retained as a rough approximation. Moreover, the
tectonic regime must be defined (Sibson, 1974) in
order to assess which of the principal stress compo-
nents is closer to the vertical. As detailed in a previ-
ous section, the emplacement of EGOG anorthosite
isnot linked to any orogen and thus occurred without
regional tectonic stresses. In such situation, the ma-
jor principal stressis likely to be vertical (o1 = oy),
which corresponds to an extensional domain. Note,
however, that, provided the horizontal stress oy, is
close to oy, an almost isotropic stress state may also
be considered. From these assumptions, the rheo-
logical profile is computed according to the method
presented in Davy and Cobbold (1991) using the
power law parameters given in Table 2. The obtained
rheological profile, presented in Fig. 5¢, alows to
distinguish between one brittle and two viscous do-
mains for the crust, and to estimate an equivalent
linear viscosity for each viscous domain (reported in
Table 3). It must be kept in mind that these values
only givethe order of magnitude of linear viscosities,
provided that all assumptions are roughly verified.

Table 3
Rock linear viscosities obtained for ¢ = 10713 571
Rock or mineral type n

(Pas)
Westerly granite (dry) 3.5x 100
Maryland diabase (dry) 6.8 x 10¥°
Hale albite (dry) 1.8 x 10%°

4.3.3. Initial geometry, boundary conditions

The number of layers and their respective depth
(Fig. 6a) are defined from the rheological profile
given on Fig. 5c¢: the granitic upper crust is divided
into an elastoplastic part (from —13 km to 0 km
depth) and a viscous part (from —18 km to —13 km
depth). The whole lower crust (from —40 kmto —18
km depth) and the anorthosite layer are both viscous.

The problem is studied in two dimensions under
axisymmetrical conditions (symmetry of revolution
around the vertical axis — see Fig. 6b). The up-
per surface is a free surface and a frictionless basal
boundary condition is considered to be a reasonably
good approximation for the floor of the deep-seated
magma chamber. The lateral boundaries are also fric-
tionless and fixed in the horizontal direction. Due to
density inversion between anorthosite (d = 2.75)
and lower crust (d = 3.0), the mechanical state is
metastable, and an initial perturbation is required to
trigger the upwelling mechanism. Here we have cho-
sen a geometrical perturbation (a 300-m deflection
along the vertical direction located close to the sym-
metry axis) at the interface between the anorthosite
layer and the lower crust, which therefore is not per-
fectly flat. The loading purely consists of body forces
applied following the vertical direction. A balanced
state of stress must be initialised in the model prior
to computation. According to the viscous behaviour
(in which equilibrium requires no stress deviator)
and to the gravity forces (for which equilibrium re-
quires a lithostatic stress state), the only balanced
initial state verifying equilibrium corresponds to an
isotropic lithostatic stress state, i.e., at each point,
01 = 0, = 03 = pgh, where p is the average spe-
cific mass of the considered rock column, h its height
and g the gravity acceleration. Three horizontal pas-
sive markers are introduced in the anorthosite layer
and in the lower crust layer (dashed lines on Fig. 6b)
in order to follow the distortion through re-mesh-
ing procedures. From a practical point of view, each
simulation requires between 4 and 6 h CPU time
on a DEC ALPHA workstation, including about ten
re-meshing phases. It must be noted that the CPU
time required for re-meshing is negligible compared
to the time required for system resolution (less than
5%).
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5. Modelling results

In Section 5.1, a first model is described in de-
tail, and some variants around this basic model are
presented in Section 5.2.

5.1. Basic model

Rheological and geometrical parameters consid-
ered for this model are reported in Table 4 (see also
Fig. 6a). The lower crust is 3.8 times more viscous
than the anorthosite layer (2 km thick). The evolution

of the geometry, the velocity field and the strain field
are presented on Figs. 7-9 for the initiation, ampli-
fication and damping phases, respectively. Note that
for each phase, the finite strain tensor (noted €) is
computed between the two geometries given in (a)
of Figs. 7-9, and thus is not the global finite strain
tensor from the initial configuration at t = 0 m.y. to
the final one. The mechanic convention sign is used
for strains, i.e. negative values indicate compression,
whereas positive ones indicate extension.

During the initiation phase, the anorthositic mate-
rial rises up and amajor clockwise ‘ convection’ cell



J.D. Barnichon et al./ Tectonophysics 303 (1999) 109-130 123

Table 4

Mechanical parameters for the basic model

Layer E v ¢ c H n P Thickness
(GPe) ©) (MPa) (Pa) (Pas) (kgm~2) (km)

>Granite 10 0.24 37 0 2700 13

<Granite 10 0.24 100 35 x 1020 2700 5

Norite 10 0.24 100 6.8 x 10%° 3000 22

Anorthosite 10 0.24 100 1.8 x 10¥° 2750 2

develops in the noritic layer close to the symmetry
axis, as attested by the velocity field at t = 2.0 m.y.
(Fig. 7b). Theterm convection is used here for ame-
chanical phenomenon due to a density contrast, by
analogy with the shape of athermal convection cell.
The deformed passive markers (Fig. 7¢) indicate a
quite continuous displacement field, the upper mark-
ers being almost non-deformed, and the anorthosite
exhibiting a bell shape. Around the symmetry axis,
the radia strain component e and the circumferen-
tial strain component e, denote a compression state
(Fig. 7d,f), while the vertical strain component e,
indicates an extension state (Fig. 7€) which trans-
lates the vertical movement of material. Note that at
any point the volumic strain is negligible compared
to the deviatoric strain, i.e. & +e +6 ~ 0. In
the lower crust above the anorthosite bulb, all strain
components are inverted and their intensity is lower.
During this phase, the average rising velocity of the
bulb apex reads 0.4 cm/yr.

At the end of the amplification phase, att = 2.4
m.y. (Fig. 8), the average rising velocity of the bulb
reads 2.5 cm/yr, and the velocity intensity is mul-
tiplied by 3 compared to the value at the end of the
previous phase. Thevelocity field (Fig. 8b) showsthat
the viscous part of the granitic crust clearly beginsto
beinvolved in the phenomenon, and also that asecond
(conjugate) convection cell with an anticlockwisero-
tation can now beidentified at the periphery of thefirst
one. The deformed passive markers (Fig. 8c) show a
large displacement of material within the anorthosite
bulb, which has generated a conjugate downward flow
inthelower crust. Two opposite strain domains can be
distinguished (Fig. 8d—f). Thefirst one, located at the
bulb base, is very similar to the one described during
the initiation phase. The second strain domain affects
both the anorthosite bulb apex and its cover, and the
strain state is inverted compared to the first domain,

i.e. g and g arein extension, whereas e, isin com-
pression. Such strain state results from the radial and
circumferential expansion of the bulb top part, also
visiblein Fig. 8a. Notethat, asin the initiation phase,
the e and e, extension values are aimost equal near
the apex.

In the damping phase, at t = 2.8 m.y. (Fig. 9), the
average rising velocity of the bulb apex decreases to
0.5 cm/yr, and, at the end of this phase, the rising
velocity of the apex becomes almost nil. In other
words, the vertical ascent of anorthosite material
stops, which is likely to result from the inability of
the diapir to penetrate the granitic crust, due to the
higher viscosity of the later (n = 3.5 10%° Pas) com-
pared to the anorthosite (n = 1.8 10'° Pas). Note,
however, that this arrest may also be influenced by
the boundary conditions of the model, which do not
allow the disappearance of the norite layer above the
bulb apex (as the norite thickness must remain finite)
and of the anorthosite layer (which cannot be com-
pletely emptied). From the velocity field shown in
Fig. 9b, two weak instabilities located in the middle
and on the right boundary of the model clearly begin
to be generated by additional convection cells, and
correspond to the location of new bulbs. Because
of the model axisymmetry, they actually develop as
rings. However, the first bulb (close to the axis) can
still be studied accurately. Within the lower crust,
the conjugate downward flow is more pronounced
(Fig. 9¢), and the viscous part of the granitic crust
is now frankly involved in the instability. Inside the
anorthosite bulb, the two strain domains defined are
still present (Fig. 9d—f). The second one, which is
induced by the radial and circumferential expansion,
is now centred within the bulb. The major difference
between this damping phase and the previous ones
comes from the circumferential extension which is
now larger than the radial extension, i.e. & > €,
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Fig. 7. Basic modd initiation phase: (a) deformed geometry at t = O m.y. (full line) and t = 2.0 m.y. (dashed line); (b) velocities at
t = 2.0 m.y.; (c) passive markers (thick lines) at t = 2.0 m.y.; (d, e, f) radial e, vertica e, and circumferential &5 components of the
strain tensor computed for the time range 0 < t < 2.0 m.y. Negative values indicate compression.

whereas in the initiation and amplification phases undeformed. Besides the strength difference between
these components were quite similar. the crust layers, areason may lie in the absence of an

It is worth pointing out that the rigid upper crust inverse density gradient between the upper crust and
is not involved in the instability and remains almost the anorthosite.
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Fig. 8. Basic model amplification phase: (a) deformed geometry at t = 2.2 m.y. (full line) and t = 2.4 m.y. (dashed line); (b) velocities
at=24m.y., (c) passive markers (thick lines) at t = 2.4 m.y.; (d, e, f) radial &, vertical e, and circumferential ey components of the
strain tensor computed for the timerange 2.2 <t < 2.4 m.y. Negative values indicate compression.

5.2. Variants of the basic model lighter anorthosite and the lower crust, which further
evolves in the rise of an anorthosite bulb through

In al the tested models, an instability sys the lower crust. Differences in the finite shape of
tematically develops at the interface between the the anorthosite intrusion and in the rate of upward
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Fig. 9. Basic model damping phase: (a) deformed geometry at t = 2.7 m.y. (full line) and t = 2.8 m.y. (dashed line); (b) velocities at
t = 2.8 my.; (c) passive markers (thick lines) at t = 2.8 m.y,; (d, e, f) radia &, vertical e, and circumferential ey components of the
strain tensor computed for the timerange 2.7 < t < 2.8 m.y. Negative values indicate compression.

flow are observed between the models, and generally
agree with results obtained by Woidt (1978). Devel-
opment of Rayleigh—Taylor instabilities for a wide
range of parameter values (viscosity, geometry) is

strong evidence of the robustness of modelling re-
sults and of their physical meaning. Three of the per-
formed models are briefly presented in the following,
highlighting differences with the basic model and in-
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vestigating the influence of anorthosite thickness h,
and viscosity 7n,.

In Model 2, the anorthosite viscosity n, has been
divided by 10. Model 3 is similar to the basic model,
except that the anorthosite thickness h, has been
chosen equal to 5 km. Finaly, in Model 4, both
the anorthosite thickness and viscosity have been
changed. The modified parameter values are given
in Table 5, while the geometry evolution and the de-
formed markers are presented in Fig. 10 for the three
different models. When the anorthosite viscosity 7,

127

is close to the lower crust viscosity 5, (basic model
and Model 3), the bulb geometry evolves towards a
mushroom shape which iswider (radius over 20 km),
more pronounced with a5-km-thick anorthosite layer
(Model 3, Fig. 10c). Onthecontrary, if theanorthosite
viscosity is much smaller than the lower crust one
(Models 2 and 4 for which theratio n,/na = 38), the
bulb shape evolves towards a geometry with athicker
trunk. Again, the presence of a thicker anorthosite
layer allows to increase the massif radius to about
24 km against 11 km in Model 3. These results are

a) Model 2.

b) Model 2.

t=1.44 Myr
t=1.29 Myr
t=1.19 Myr
t=0.80 Myr
t=0.00 Myr

M

¢) Model 3.

d) Model 3.

t=1.73 Myr
t=1.47 Myr
t=1.25 Myr

t=0.97 Myr
1=0.00 My@

L

—_—

e) Model 4.

f) Model 4.

t=0.87 Myr
t=0.78 Myr
t=0.71 Myr
t=0.53 Myr
t=0.00 Myr

=

1

Fig. 10. Influence of anorthosite viscosity and thickness: (a) geometry evolution for Model 2; (b) deformed geometry and markers (thick
lines) at t = 1.4 m.y. for Moddl 2; (c) geometry evolution for Model 3; (d) deformed geometry and markers (thick lines) att = 1.7 m.y.
for Model 3; (e) geometry evolution for Model 4; (f) deformed geometry and markers (thick lines) at t = 0.9 m.y. for Model 4.
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Table5
Values of parameters for the variants of the basic model
Diapir model ha Na
(km) (Pas)
1 2 1.8 x 10%°
2 2 1.8 x 10%8
3 5 1.8 x 10%°
4 5 1.8 x 10%8

consistent with previous diapir computations (see e.g.
Woidt, 1978), which showed that the final geometry
is strongly dependent on the source layer thickness.
Note aso that, when the anorthosite layer is thicker
(Models3 and 4), therings arewell devel oped and the
instability wavelength increases. On the other hand,
when the anorthositeislessviscous (Models 2 and 4),
the emplacement duration isshorter and the conjugate
downward flow within the lower crust is less devel-
oped than in the other cases (basic model and Model
3). Dividing the viscosity by ten approximately di-
minishes the emplacement time by a factor two.

In conclusion, for the range of parameter val-
ues used in the simulation, the emplacement time
strongly depends on the anorthosite viscosity, while
the final diameter of the intrusion appears to be
mainly controlled by the source layer thickness. For
the tested models, the anorthosite body intrudes in a
time interval varying between 0.9 and 2.8 m.y., and
reaches a final diameter between 24 km and 48 km.
These values are in the range of observations for the
EGOG massif. Note also that, when the anorthosite
layer is thicker (Models 3 and 4), the rings are well
developed and the instability wavelength increases.

6. Discussion

The EGOG pristine petrological characters con-
strain major parameters of its emplacement mecha-
nism in the framework of the classical petrological
model of diapirism: the depths of the deep-seated
magma chamber and of the final level of intrusion
(about 40 km and 18 km, respectively), the mushy
nature, temperature and density of the anorthosite
material, the timing of the intrusion (about 2 m.y.),
and the anorogenic geodynamic setting. On the other
hand, deformed orthopyroxene megacrysts can be

used as markers to reconstruct strain ellipsoids and
to characterise the strain pattern in the foliated inner
margin. The dominant structural features in the mar-
gin of EGOG are a sub-horizontal crystal stretching
direction parallel to the margin and a decrease of the
strain intensity towards the centre of the massif.

FE modelling has been performed with input pa-
rameters deriving from petrological constraints in
order to test the petrological model in Rogaland. A
simple rheological behaviour has been chosen for
the anorthosite and the noritic crust, which are char-
acterised by specific viscosity values. A limitation
of our computation is thus that the influence of
the temperature on the rheology has not been taken
into account during the deformation (Steady state
assumption).

Simulation results show that buoyant rise of
anorthositic material actually takes place in quite
acceptable timings for a wide range of parameter
values. This model can thus be considered as robust
and does not require an accurate definition of the
state of the materia (liquid, solid, crystal mush, pla-
gioclase suspension, etc.) provided a viscosity value
is assessed. The displacement of material takes the
shape of an anorthosite bulb, which rises through the
viscous lower crust until it reaches the limit with the
more rigid upper crust. Uprise is usually followed
by horizontal expansion which gives a mushroom
shape. We suggest to call diapirism the whole pro-
cess (uprise and expansion), because there is no
reason to distinguish two different mechanisms:. the
phenomenon is continuous and basically the same
physical properties control the whole evolution.

FE modelling indicates that anorthosite diapirism
is correlated with a downward flow of lower crustal
material along the flanks of the structure. In Ro-
galand, this process could explain the synclinal de-
formation of the neighbouring BKSK massif, which
would adequately be described as arim syncline.

A good agreement is found between structural
data obtained in the margin of the EGOG body and
the calculated strain distribution. Observed horizon-
tal lineations in the inner margin correspond to a
predominant extension of the circumferential com-
ponent of the strain tensor occurring during the last
stage of deformation. Local occurrence of vertical
lineations in the inner margin of EGOG can aso be
accounted for by the vertical extension computed in
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the lower part of the bulb, but their coexistence next
to horizontal lineations is intriguing. More data are
needed to decide whether they are relicts transported
from the lower part, or whether they result from
subsidence of the neighbouring BKSK massif.

Finally, numerical modelling of the EGOG mas-
sif demonstrates that the diapirism suggested in the
petrological model is an acceptable mechanism for
the emplacement of anorthosite through an homo-
geneous lower crust in an anorogenic setting. It
however does not imply that diapirism is the only
possible mechanism, nor that it requires such con-
straining conditions. If buoyancy can explain the
phenomenon in a homogeneous crust, a fortiori any
weakness zone would favour and channel the upris-
ing through the crust.
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