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Abstract-This paper describes dynamically scaled analogue models of laccolithic intrusions. Experiments 
consisted of the injection of a Newtonian fluid (low-viscosity silicone putty) into a sandpack, with or without an 
interbedded ductile layer of silicone putty acting as a potential decollement level. Boundary conditions were 
chosen to analyze the influence of the thickness of the brittle cover and of the decollement layer on the pattern of 
intrusion. Further experiments were made to examine the effects of an extensional regime during intrusion. 
Experiments showed that: (1) laccolith formation requires the occurrence of a decollement layer between two 
competent units, (2) the critical thickness of the dtcollement layer necessary for laccolith formation decreases 
with increasing depth, (3) laccoliths change from lenses to bell-shaped with decreasing overburden, (4) for a 
constant thickness of the dtcollement layer, the largest diameter of laccoliths is proportional to the thickness of 
the overburden. and (5) a svn-iniection gravitational sliding regime results in an asymmetric laccohth, with 
amplification of the beh shape. . - 

INTRODUCTION 

Laccoliths are concordant, often lens-shaped, magmatic 
intrusions (Fig. 1). They are common features in various 
tectonic environments. Thus, Corry (1988) compiled a 
list of about 900 laccoliths, most of them in North 
America. In the Himalayas, the Manaslu pluton (Le 
Fort ef al. 1987, Guillot et al. 1993) and the Gandotri- 
Badrinath Massif (Scaillet 1990) also provide remark- 
able examples of laccolithic intrusions. 

The laccolith concept was first defined by Gilbert 
(1877). He visualized magma rising up a pipe and 
spreading a lens along a subhorizontal disconformity 
and lifting a domed roof of overburden. Early works 
examined conditions for laccolith formation in terms of 
dynamic properties of the ascending magma (Paige 
1913, Darton & Paige 1925, Barksdale 1937, Hurlburt & 
Griggs 1939). Subsequent studies have emphasized the 
roles of the overburden and of the physical properties of 
the country-rocks (Mudge 1968, Johnson 1970, Johnson 
& Pollard 1973, Pollard 1973, Pollard & Johnson 1973, 
Pollard et al. 1975, Pollard & Holzhausen 1979, Koch et 
al. 1981). In particular, Pollard & Johnson (1973) fo- 
cused on the stress distribution in the cover, and argued 
that the shape of a laccolith can be modelled by elastic 
bending of the overburden in response to the upward 
driving force of the magma. 

Several experimental models of laccoliths have been 
made since the beginning of the century (Howe 1901, 
McCarthy 1925, Hurlburt & Griggs 1939, Pollard & 
Johnson 1973, Dixon & Simpson 1987, Merle & Vende- 
ville 1992). One geometrical characteristic of laccoliths 
is a rather flat and concordant basal surface (Fig. 1). This 
suggests that they are emplaced along discontinuities 
just above a relatively resistant crustal layer through 

*Also at: Dpto. de Geologfa, Facuhad de Ciencias, 50009 Zaragoza, 
Spain. 
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Fig. 1. Diagrammatic cross-sections illustrating some common shapes 
and emplacement sites of natural laccoliths (typically of some km in 
horizontal length), as reported in the literature. Laccoliths shown in 
black. (a) Flat laccohth emplaced above the basement (hached)-cover 
interface (e.g. Niger-Hill Laccolith, Darton 1909). (b) Bell-shaped 
laccolith within sedimentary cover (e.g. Alpine Laccolith, Weed & 
Pirsson 1895). (c) Laccolith emplaced within weak sediments, at the 
base of a competent layer (e.g. Ragged Top Laccolith, Irving 1899), 
(d) Asymmetric laccolith developed adjacent to a normal fault (e.g. 

Barker Laccohth, Witkind 1973). 

which the magma rises (Gilbert 1877). Natural laccoliths 
are generally emplaced at shallow depths, typically a few 
kilometers (Barksdale 1937, Mudge 1968, Johnson & 
Pollard 1973), and thus largely above the crustal brittle- 
ductile transition. Dixon & Simpson (1987) made scaled 
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Fig. 2. Sketch of experimental settings. (a) Single-layer experiments, (b) two-layer experiments, (c) & (d) three-layer 
experiments with or without syn-injection gravitational sliding. 

centrifuge models comprising three-layers, from bottom 
to top: ductile silicone, stiff plasticine and substantially 
softer layered paraffin wax. During experiments, the 
silicone rose through the plasticine along a circular 
conduit, and formed a laccolith at the plasticine-paraffin 
interface. These models can be compared to pluton 
emplaced at the base of a soft sedimentary cover over- 
lying a rigid basement. Such situations are common in 
nature (e.g. Figs. la & c) and result generally in intru- 
sions of laccolithic shape (Darton 1909, Hunt et al. 1953, 
Brun et al. 1990, Lagarde et al. 1990). However, in the 
Dixon & Simpson (1987) experiments, the layered par- 
affin wax behaved elastically and plastically, and did not 
fracture. Thus, materials and boundary conditions 
chosen in their experiments may have imposed the 
formation of flat intrusions on top of the plasticine layer. 
Comparable situations occur in the experiments 
reported by Pollard & Johnson (1973) where grease was 
injected between two gelatin layers which behaved elas- 
tically. In recent intrusion experiments, Merle & Vende- 
ville (1992) used an overburden of sand, but their 
purpose was to study deformations induced in the cover 
by the intrusion, rather than to analyze conditions for 
laccolith formation. 

In this paper, we present experimental models which 
shed some light on the conditions of formation and on 
the geometry of laccoliths emplaced in a brittle crust. 
We argue in particular that a critical parameter for the 
laccolith to form is the presence of a soft layer acting as a 
potential decollement level. 

EXPERIMENTAL PROCEDURE 

Experimental setting and materials 

The experimental apparatus consists of a basal plate 
of polished wood and a central tube 10 mm in diameter. 
The fluid is pushed up in the tube by a piston driven at 

Table 1. Physical properties of model materials ($ viscosity, p 
density) 

(PES, 
P 

(Kg mm3) 

Medium viscosity silicone 
Low viscosity silicone 
High viscosity silicone 
Dry quartz sand 

7.5Xld 1270 
2.5~1~ 1330 
15x104 1400 

- 1500 

constant velocity by a stepper motor (Fig. 2). Models are 
50 x 50 cm squares built to height of 2.6-13.2 cm on the 
basal plate and centred over the injection point. Lateral 
boundaries are free, and models are sufficiently large for 
their central areas to be free of significant boundary 
effects. 

For the brittle crust, we used dry Fontainebleau sand, 
which is almost pure quartz with a maximum grain size of 
500 ,um. Its specific gravity depends on its degree of 
compaction. For layer thicknesses used in our experi- 
ments, the mean specific gravity is approximately 1500 
kg rne3. Dry Fontainebleau sand has an internal friction 
angle of about 30”, and negligible cohesion. 

For ductile materials, we used silicone putty (GSlR 
gum from Rhone-Poulenc), which is almost perfectly 
Newtonian. Three different types of silicone have been 
used (Table 1). A standard, medium-viscosity silicone 
was used to introduce soft ductile layers within the 
sandpack. A low-viscosity silicone was used for the 
intrusion. For the ductile crust, we used a higher viscos- 
ity silicone, obtained by adding galena powder to the 
standard silicone. Sand and silicone putty are suitable 
materials for dynamically scaled modelling in the normal 
gravity field if the experiments last a few hours. 

Types of models 

Three types of experiments have been made (Fig. 2 
and Table 2). 
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Table 2. Model characteristics and experimental conditions 

Series 

Single layer 

Two layer 
Three layer-l 

Three layer-II 

Three layer-III 

Thickness 
Thickness of sand 

of high layer Thickness Thickness 
viscosity below of of sand Dip Injection Experimental 
silicone injection decollement overburden angle velocity temperature 

Model layer (cm) point (cm) level (cm) (cm) (“) (“C) (cm h-i) 

1 - 1 - 8 0 30 38 
2 - - - 10.5 0 30 38 
1 5.5 - 1.7 0 30 38 
1 - 1 0.2 9.5 0 28 34.5 
2 - 1 0.2 8 0 28 37.5 
3 - 1 0.2 6 0 31 41.5 
4 - 1 0.2 5 0 30 39.2 
5 - 1 0.2 4 0 31 37.5 

1 - 1 0.6 5.6 0 29 34 
2 - 1 0.6 4.3 0 29 30 
3 - 1 0.6 3 0 29 32.5 
4 - 1 0.6 2 0 29 33.5 
5 - 1 0.6 1 0 30 33.2 

1 - 1 0.6 4 3 30 31.2 
2 - 1 0.6 3 3 30 31.2 
3 - 1 0.6 2 3 30 31.2 
4 - 1 0.6 1 3 30 31.2 

Single layer sand models were made to observe the 
geometry of magma intrusion in a homogeneous brittle 
crust. In these experiments, the injection was made 
either 1 cm above the base of the sandpack (Fig. 2a), or 
to the base of the sandpack. These latter experiments 
were made to check a possible influence of the basal 
discontinuity defined by the sand-wood interface on the 
geometry of intrusions. 

In a second set of experiments, we used two-layer 
models made of a basal layer of high viscosity silicone 
putty overlain by a sandpack. In these models, the low- 
viscosity silicone putty was injected at the sand-silicone 
interface in order to examine intrusion kinematics at the 
crustal brittle-ductile transition (Fig. 2b). 

The third set of experiments used three-layer models 
made of a sandpack containing a medium-viscosity layer 
of silicone putty. The purpose of these experiments was 
to study the effect of a soft layer acting as a potential 
dtcollement level within the cover above the brittle- 
ductile transition. The low viscosity intrusion was 
injected to the base of the soft layer (Fig. 2~). Two series 
of static three-layer experiments were made, with soft 
layers of 2 mm and 6 mm, respectively. In each series, 
several experiments with different thicknesses of sand 
overburden were made. In a third series of experiments, 
models were tilted a few degrees in order to examine the 
effects of syn-injection deformation by gravitational 
sliding (Fig. 2d). 

In all models, the sandpack contained horizontal 
passive markers made of coloured sand, and the silicone 
layer contained vertical passive markers (Fig. 3). These 
were obtained by building the layer with vertical bands 
containing a slight amount of blue methylene powder 
mixed with the silicone, alternating with bands of 
methylene-free silicone. At the end of each experiment, 
these markers allowed us to observe the deformation on 
cross-sections made in the central part of the model. A 

grid of square passive sand markers drawn on the upper 
surface of the models allowed examination of surface 
deformation during experiments (see Fig. 3~). 

Scaling 

Models have been dynamically scaled following prin- 
ciples discussed by Hubbert (1937) and Ramberg (1981). 
We chose a length ratio of 105, so that 1 cm in the models 
is equivalent to 1 km in nature. Gravity field, densities 
and viscosities are imposed in the models by the experi- 
mental conditions and materials used (see Table 1). 
Remaining dimensions (experiment duration, stress, 
and strain rate) are imposed by the scaling. 

One series of three-layer experiments (series II) 
allowed a rough estimate of stress magnitudes on the top 
surface of the intrusion. In these models, with constant 
thickness of the soft layer and similar injection velocities 
(Table 2), the minimum thickness of sand overburden 
that resulted in failure above the intrusion was found to 
be of the order of 3 cm (see incipient faulting in model II- 
3, Figs. 3c and 4~). For overburden thicknesses less than 
3 cm, the injected silicone always reached the surface of 
the model (Figs. 4a & b). The stress field above the 
intrusion is generally complex, as revealed by changes in 
dips of individual faults with depth (see Fig. 4~). How- 
ever, overall fault dips do not differ significantly from 
values around 60”. We therefore considered that stress 
conditions for normal faulting provided sufficiently 
satisfactory minimum estimates for scaling purpose in 
dry sand. 

A lithostatic pressure corresponding to a 3 cm thick 
sand overburden, with an internal friction coefficient of 
0.6 and a specific gravity of 1500 kg rnw3, yields a 
differential stress for normal faulting of the order of 300 
Pa. According to the chosen length ratio (Table 2), a 3 
cm thick overburden scales to 3 km in nature. For a 
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Table 3. Approximate nature/model ratios 
applicable to the present study 

Length 
Specific gravity 
Stress 
Strain ratio 
Velocity 
Time 

I,, = 10s 
po = 1.73 
ff(J = 16 
E,, = 2.6~10-~ 
lkJ = 10-4 
fCJ = 109 

specific gravity of 2600 kg me3 and zero pore fluid 
pressure, this yields a differential stress of 52 MPa for 
normal faulting, and hence a scaling ratio for stress of 
the order of 1.7 x lo5 (Table 3). The value of about 50 
MPa is of the same order of magnitude as magma driving 
pressures inferred for nature (Johnson & Pollard 1973), 
or those deduced from scaling in the centrifuge experi- 
ments of Dixon & Simpson (1987). If one associates the 
emplacement of a magmatic fluid with high natural 
strain rates (e.g. lop9 s-l, Clemens & Mawer 1992), the 
above scaling factor for stresses yields a natural equiva- 
lent for magma viscosity of the order of 10’6-1017 Pa s. 
Much lower viscosities are generally invoked for mag- 
mas with substantial melt fractions (Arzi 1978, Van der 
Molen & Paterson 1979, Marsh 1981, Clemens & Mawer 
1992). However, for low strain rates like those imposed 
by the low injection velocities used in our experiments 
(Table 2), the silicone offers a negligible resistance and 
behaves like a fluid. Thus, scaling for viscosity is not a 
critical factor. Similarly, scaling for time is not critical, 
provided sufficiently low strain rates are used. Our 
models are dynamically scaled because strain accelera- 
tions are negligible. Concerning linear rates of magma 
ascent, laboratory rates of the order of 0.8 x lop4 m s-l 
(31 cm h-i) (Table 2) scale to lo-’ m s-l (27 cm y-l) in 
nature (Table 3). Intrusion durations of 1.4 x lo4 s (4 h) 
in the laboratory (Table 2) scale to 1013 s (0.5 x lo6 y) in 
nature (Table 3). In all experiments, the volume of 
injected silicone was 98.175 cm3 which scales to 98 km3 
in nature. 

EXPERIMENTAL RESULTS 

Laccoliths were never obtained in single-layer or two- 
layer experiments (Fig. 5). For single layer experiments, 
injection within the sandpack generally resulted in more 
or less cylindrical piercing diapirs (Fig. 5a). Similar 
geometries were obtained for injections made at the 
interface between the sand and the rigid basal plate 
(Figs. 3a and 5b). Thus, this potential decollement 
horizon did not influence the intrusion process. For two- 
layer experiments, mushroom-type intrusions within the 
basal silicone layer were generally obtained (Fig. 5~). 

Three-layer experiments led either to laccolith forma- 
tion or to intrusions which pierced through the sand 
layer as emergent diapirs (Figs. 3b-d and 4), depending 
upon the critical parameters discussed in the following 
sections. 

Thickness of the sand overburden 

For a given thickness of the soft layer (2 or 6 mm), 
changes of the overburden thickness are marked by the 
following features. 

There is a critical threshold of overburden thickness 
above which laccoliths spread laterally and lift the over- 
burden, and below which intrusions pierce their roof 
(Figs. 3b-d and 4). This threshold reflects a balance 
between the vertical driving force of the intrusion and 
the strength of the overlying sandpack. 

The maximum diameter (length D) of the laccolith is 
found from the experiments to be proportional to the 
thickness (TO) of the overburden (D = 7.75 + 1.22T,,) 
(Fig. 6a), whereas the maximum thickness (7’) of the 
laccolith is found to be inversely proportional to it (T = 
3.37--0.38T,) (Fig. 6b). 

Intrusions change from lens-shaped to bell-shaped 
with decreasing overburden thickness (Fig. 4). The 
steepest flanks of the bell tend to overlie the feeding 
pipe. 

Thickness of the d&ollement level 

With a thin soft layer (2 mm), the threshold of over- 
burden thickness for laccolith development was found to 
be around 6 cm. This value dropped to 2 cm for a thicker 
soft layer (6 mm) (Figs. 3b-d and 4). Thus, the deeper 
the injection, the smaller the thickness of the soft layer 
necessary to form a laccolith. This follows from the fact 
that the strength of the base of the sand overburden is 
proportional to the sand thickness, whereas in the 
underlying silicone layer, the strength at constant strain 
rate is inversely proportional to the silicone thickness. 
For such conditions, one thus expects that the threshold 
between piercing intrusions (diapirs) and conformable 
laccoliths corresponds to a constant value of the product 
between the thickness of the decollement layer and that 
of the sand overburden. For the range of experimental 
conditions investigated in our models, this threshold can 
be roughly approximated by a straight line in a 2D-space 
linking the thickness of the soft layer to that of the 
overburden (Fig. 7). 

Intrusion in a gravitational sliding regime 

In this situation, the soft layer acts as an active 
decollement . Extensional structures which develop in 
the overlying brittle cover are (Fig. 8): (1) a central 
graben, located above the deep injection pipe, and 
elongate perpendicular to the dip-slip direction, and (2) 
two series of en echelon grabens perpendicular to the 
dip-slip direction, and distributed along two divergent 
zones. This geometry reflects the differential movement 
of a triangular block of the overburden between two 
brittleductile shear zones. 

The shape of the intrusion depends on the dip of the 
basal plate, and on the extensional structures produced 
in the overburden. The limited number of experiments 
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Fig. 3. Laser-prints of photographs of final stages of representative static experiments. (a) Central cross-section within 
single sand layer (model-2) where injection was made at the base of a 10.5 cm sandpack. (b) Central cross-section within 
three-layer model I-1 with 9.5 cm sand overburden. (c) Surface-view and central cross-section of three-layer model II-3 with 

3 cm sand overburden. (d) Central cross-section within three-layer model I-5 with 4 cm sand overburden. 
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( a 

Fig. 8. Laser-prints of photographs of final stages of three-layer experiments with syn-injection gravitational sliding. (a) 
Surface-view of model 111-4; arrow points towards the slip direction. (b) Central cross-section within model 111-l. 
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Fig. 4. Central cross-sections of final stages of five different three-layer experiments with same thickness of d&ollement 
layer (6 mm) and increasing thickness (l-5.6 cm) of sand overburden (Series-II, Table 2). 

did not allow detailed analysis of these effects. How- of the feeding conduit, as a result of bulk dip-slip motion 
ever, intrusions produced in gravitational sliding regime of the sandpack, (2) a tendency for the frontal boundary 
always showed rather flat roofs (Fig. 8b), in contrast to of the intrusion to dip more steeply than the rear 
static experiments (Figs. 3 and 4). In addition, a major boundary, and (3) a tendency for strongly asymmetric 
and systematic geometrical feature observed in all our spreading of the intrusion along the decollement. This 
extensional experiments is a strong asymmetry of the asymmetric spreading is expressed by the development 
intrusion. This asymmetry is always marked by (Fig. of a sheared basal tongue trailing behind the intrusion, 
Sb): (1) a substantial offset of the intrusion down-slope linking it to its feeder. 
16 17:9-1 
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Fig. 5. Examples of central cross-sections of final stages of three 
different single-layer (a) & (b) and two-layer (c) experiments. (a) 
Injection 1 cm above the base of the sandpack. (b) Injection at the 

sand-wood interface. (c) Injection at the sand-silicone interface. 

COMPARISON WITH NATURE 

Intrusion shapes 

Our experimental conditions grossly oversimplify 
nature and limit comparisons between models and natu- 
ral laccoliths. In particular, we have not varied injection 
conditions, especially the size of the feeding pipe or the 
volume of the intrusion. Nor have we modelled changes 
of viscosity and strength which accompany syn- 
emplacement cooling of natural intrusions. 

However, our model laccoliths have shapes similar to 
natural laccoliths (Gilbert 1877, Johnson & Pollard 
1973) (Fig. 1). Bell-shaped intrusions produced in static 
experiments tend to be centred over the feeding pipe, a 
feature also assumed for natural laccoliths (Talbot 1993) 
(Fig. 1). The diameter of natural laccoliths tends to 
increase with increasing depth (e.g. Gilbert 1877, Hunt 
et al. 1953). Theoretical models further predict linear 
relationships between maximum length of laccolith and 
depth of emplacement (Gilbert 1877, Johnson 1970), a 
feature also clearly shown by our experiments (Fig. 6a). 

(4 

(b) 

1 2 3 4 i 

Thickness of brittle overburden (cm) 

0 

2.2 - 

T = 3.37 - 0.38To R = 0.97 
2 - 

1.8 - 
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1.2 I 1 I I I I 
2.5 3 3.5 4 4.5 5 5.5 

, Thickness of brittle overburden (cm) 

Fig. 6. Diameter (a) and thickness (b) of laccolith vs thickness of sand 
overburden for series-II experiments (shown in Fig. 4). Intrusion 
thicknesses are reported for non-piercing intrusions only (models II-l, 

2,3, Fig. 4). 

- n n \O 0 a 
\ 
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- disconformable ’ intrusions 

piercing ‘, 
- intrusions 

\ 

n n ‘O a 0 

0 2 4 6 8 10 

Thickness of brittle overburden (cm) 

Fig. 7. Fields of conformable laccoliths and of piercing intrusions 
according to thicknesses of soft layer and sand overburden (experi- 

ment series I and II). 

The diameter/thickness ratios of our model laccoliths 
range between about 0.1 to 0.3, values which are of the 
same order of magnitude as the mean aspect ratio of 0.14 
reported by Gilbert (1877) for the Henry Mountains 
laccoliths. More detailed comparisons between the 
dimensions of model and natural laccoliths cannot be 
made because the volume of injected silicone was kept 
constant in all experiments. Nevertheless, our results 
emphasize that shapes of laccoliths can be diagnostic of 
their emplacement depths. 
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a Tethyan Sediments 
m Manaslu laccolith 

Higher Himalaya Crystalline 

Fig. 9. Schematic block diagram showing location and shape of the Manaslu granite in Central Himalaya (modified after Le 
Fort el al. 1987). 

Laccoliths and crustal layering 

In many natural situations, laccoliths appear to have 
spread along well expressed discontinuities, such as the 
basement-cover interface (Fig. la), sharp bedding sur- 
faces between strongly contrasted lithologies (Fig. lb), 
within incompetent strata like shales or clays (Hunt et al. 
1953) (Fig. lc), or beneath strata which can form a 
barrier limiting the upward migration of the magma 
(Fig. lc) (see Hunt et al. 1953, Mudge, 1968, Johnson & 
Pollard 1973). In the Himalayas, Tertiary peraluminous 
granites are preferentially located at the base of the low- 
grade Tethyan sedimentary sequence which lies on top 
of the Higher-Himalaya crystalline rocks (Le Fort et al. 
1987, Scaillet 1990, Guillot et al. 1993). This particular 
location is well illustrated by the Manaslu granite which 
has been recently described as a laccolith (Guillot et al. 
1993) (Fig. 9). Several lines of evidence along the 
Himalayan Chain indicate that Higher-Himalaya crys- 
talline rocks and the Tethyan cover are separated by a 
major detachment zone (Herren 1987, P&her 1991, 
Gapais et al. 1992). Further examples of close relation- 
ship between laccolith emplacement and tectonic dis- 
continuities are found in the Variscan belt. Thus, most 
syntectonic peraluminous granites of South Brittany 
(western France) are tabular intrusions (Vigneresse 
1983) located along crustal-scale extensional shear zones 
lifting deep crustal units into the upper crust (Gapais ef 
al. 1993). 

Our experiments have clearly shown that the occur- 
rence of a weak layer is critical in permitting the forma- 
tion of a laccolithic intrusion. They thus emphasize that 
close relationships should be commonly observed be- 
tween laccolith locations and zones of crustal weakness. 
These zones may be ductile shear zones (Gapais et al. 
1993), or weak sedimentary layers overlying a resistant 
basement (Darton 1909, Brun et al. 1990, Lagarde et al. 
1990). We believe that the lithological setting of many 
natural laccoliths should be reexamined in the light of 
our experiments. 

The use of sand in models allowed fracturing and 

piercing in conditions unfavourable for laccolith forma- 
tion. According to our results, piercing intrusions are 
favoured both by a thin overburden and thinner soft 
layers (Fig. 7). Thus, strength discontinuities alone can 
be expected to be as efficient in laccolith localization 
where the weight of the overburden is high, i.e. that they 
are deep seated (Fig. 7). Single layer experiments 
further showed that a 10.5 cm thick overburden (10.5 km 
in nature) was not sufficient to impose the formation of a 
laccolith along a potential dCcollement horizon (Figs. 3a 
and 5b). These resvlts suggest that laccoliths may pro- 
vide information about the structure of the underlying 
crust. In particular, our experiments suggest that no 
significant weak level is likely beneath a laccolith. 

Effect of syn-emplacement regional sliding 

The flat attitude of the roof of intrusions produced 
during gravitational sliding (Fig. 8b) differs strongly 
from that of static experiments (Fig. 4). This difference 
is probably primary and due to the sliding of the over- 
burden, rather than to a change from a lens shape or bell 
shape to a plateau during progressive deformation 
(Dixon & Simpson 1987, Talbot 1993). 

In our experiments, syn-emplacement sliding of the 
granular overburden over the ductile dCcollement 
yielded strongly asymmetric laccoliths, with unequivo- 
cal relationships between asymmetry and bulk shear 
sense. These laccoliths show strong analogies with the 
fault-bounded asymmetric laccoliths (the ‘sphenoliths’ 
described by Cross 1894) (Witkind 1965,1973) (Fig. Id). 
In the Himalayas, the Manaslu granite was emplaced 
during regional shearing (Le Fort et al. 1987, France- 
Lanord & Le Fort 1988, P&her 1991, Guillot et al. 
1993). Sections across this laccolith (Le Fort et al. 1987, 
Guillot et al. 1993) (Fig. 9) are remarkably similar to 
those across our experimental laccoliths. In particular, 
the Manaslu laccolith is strongly asymmetric. Its western 
contact dips steeply in contrast to a thin and flat basal 
granitic tail on its eastern side. Unfortunately, available 
data are not sufficient to relate the poorly known shape 
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of this laccolith to its bulk shearing conditions which 
were complicated by both wrenching and normal fault- 
ing (P&her 1991). More detailed analyses of intrusions 
like this have the potential of deducing emplacement 
kinematics from their geometry. 

CONCLUSIONS 

(1) The formation of a laccolith requires the occur- 
rence of a soft layer or a potential dCcollement level, 
between two competent units. 

(2) In our experiments, the critical thickness of the 
soft layer necessary for laccolith formation decreases 
with increasing depth (overburden thickness). 

(3) Deep experimental laccoliths under thick over- 
burdens tend to have lens shapes. With decreasing 
overburden thickness, bell-shaped intrusions develop 
and the deformation of the overburden increases. The 
bell tends to be centred over the circular feeding pipe in 
static experiments. 

(4) The diameter of experimental laccoliths is pro- 
portional to the thickness of the overburden. 

(5) A syn-injection gravitational sliding regime pro- 
duces asymmetric laccoliths with a steeply dipping front 
boundary and a sheared basal tongue at the rear. Thus, 
the asymmetry of laccoliths could be diagnostic of syn- 
emplacement bulk kinematics. 
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