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Abstract

We present centrifuge experiments to study the surface deformation induced by shallow pluton emplacement in a

rheologically stratified crust. Sand simulates the topmost brittle crust; plastilina and denser silicone represent more and less

competent crustal portions, respectively; lighter silicone simulates a buoyant intrusion. In the models, density differences affect

the rate of intrusion but not their evolution or shape, whereas viscosity and strength stratifications control both the shape and

rate of the intrusions. With a higher viscosity contrast (102–4) between the intrusion and the embedding media, the rise of the

lighter silicone induces a laccolith-like intrusion, responsible for doming and thinning of the overburden; an apical depression

may form, inducing silicone extrusion. Conversely, with a lower (101) viscosity contrast, the overburden and the intrusion

exhibit a lens-shaped form, with a broad central depression bordered by an upward flexure towards the periphery. A sag in the

floor of the intrusion is commonly observed; no silicone extrusion occurred. The intrusion is a hybrid between a laccolith and a

lopolith. The comparison with nature (1) confirms roof uplift as an important means of accommodating space during pluton

emplacement and (2) suggests that, where roof uplift plays a major role, pluton emplacement can induce a well-correlated

sequence of events at surface: doming, the development of a depression and extrusion. D 2002 Elsevier Science B.V. All

rights reserved.
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1. Introduction

The mechanisms of the rise and emplacement of

plutons have been mainly studied, in the last 30 years,

by means of geological data (Pitcher, 1979; Bateman,

1984; Castro, 1987; Hutton, 1988; Ramsay, 1989;

Brown, 1994), analogue (Berner et al., 1972; Dixon,

1975; Whitehead and Luther, 1975; Ramberg, 1981;

Schmeling et al., 1988; Cruden, 1990) and numerical

models (Mahon et al., 1988; Bittner and Schmeling,

1995; Hanson and Glazner, 1995; Weinberg and

Podladchikov, 1995). In the last decade, many studies

have focused on the mechanism of pluton emplace-

ment with regard to the role of regional tectonics

(Glazner, 1991; D’Lemos et al., 1992; McCaffrey

1992; Tikoff and Teyssier, 1992; Tobisch and Cruden,

1995; Vigneresse, 1995; Tikoff and de Saint Blanquat,

1997; Roman Berdiel et al., 1997; Benn et al., 1998).

Several attempts have been made to study the

deformation due to of pluton emplacement, mainly
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evaluating the interaction between local and regional

strain (Brun and Pons, 1981; Paterson et al., 1989;

Petford and Atherton, 1992; Guglielmo, 1993; Wilson

and Grocott, 1999) or the general relations between

plutonism and associated doming and volcanism (Lip-

man, 1984; Shaw, 1985; Yoshida, 2001). The study of

the surface deformation induced by pluton emplace-

ment has received less attention. Since the erosion of

the overburden during and after pluton emplacement

limits field observations, few attempts have been

made to consider the roof deformation induced by

plutons (Morgan et al., 1998; Grocott et al., 1999;

Acocella, 2000). Since several papers have recently

shown that roof lifting is a viable mechanism to

accommodate space (Scaillet et al., 1995; Brown

and Solar, 1998; Cruden, 1998; Hogan et al., 1998;

Morgan et al., 1998; Quirk et al., 1998; Grocott et al.,

1999; Acocella, 2000), the limitation due to erosion in

evaluating the surface deformation might be crucial in

defining the mechanism of pluton emplacement.

Experimental studies on the surface deformation

induced by intrusions have been mainly carried out

with application to volcanic areas, simulating elastic

and anelastic deformation (Withjack and Scheiner,

1982; Dixon and Simpson, 1987; Schultz-Ela et al.,

1993; Marti et al., 1994; Roman-Berdiel et al., 1995;

Donnadieu and Merle, 1998; Acocella et al., 2001).

The aim of this paper is to study the surface

deformation induced by pluton emplacement as a

consequence of viscosity/strength contrasts between

intrusion and the embedding media. Models with a

higher viscosity contrast (102–4) show an evolution-

ary sequence where a laccolith-like intrusion induces

doming, the development of a crestal depression and

extrusion. Conversely, a lower viscosity contrast (101)

between the intrusive body and the confining sub-

stratum results in lens-shaped forms of the intrusions

beneath a region of broad downwarp; the intrusion is a

hybrid between a laccolith and lopolith. The experi-

ments are briefly compared with nature, confirming

roof uplift as an important means of accommodating

space during pluton emplacement.

2. Experimental procedure

2.1. Set-up

Analogue models, simulating pluton emplacement,

were run by introducing rheologically stratified sam-

ple layers in a cylindrical cavity in a centrifuge.

Models were run in a centrifuge to scale body forces

in relation to surface forces. The sample contained

materials such as low-cohesion sand (simulating the

upper part of the brittle crust, i.e., sedimentary layers),

overlying a denser silicone putty (DSI, used as a

ductile layer analogue, i.e., decollement levels), plas-

tilina (simulating a more viscous and denser crustal

layer, i.e., basement) and a lighter silicone putty (LSI,

simulating the intrusion). The centrifuge was run at

approximately 103 g, inducing, through a density

contrast, the rise of the LSI through the DSI up to

the base of the sand pack.

Three configurations were adopted for the materi-

als within the sample cylinder, in order to test different

material properties and boundary conditions. All the

configurations (Fig. 1) are characterised by an upper

sand layer (diameter = 9 cm, thickness 0–2 cm), an

underlying layer of DSI (diameter = 9 cm, thickness

0–2 cm) and a bottom layer of LSI (diameter 1–3 cm,

thickness 1–4 cm). Configuration A (used in 18

experiments) is characterized by a plastilina ring

bordering the LSI and an additional basal layer of

LSI (diameter = 9 cm, thickness = 0.5 cm; Fig. 1a).

Configuration B (three experiments) is similar to A,

except for the absence of the basal layer of LSI (Fig.

1b). Configuration C (four experiments) is character-

ized by denser silicone bordering the LSI and thus

replacing the plastilina ring (Fig. 1c).

In the models, the contrast in viscosity and/or

strength between the intruding body and the confining

medium is moderate, with effective viscosity ratios in

the range 10–104. We do not consider the emplace-

ment of fluid-like intrusions with higher viscosity

contrast with regard to the confining medium, as this

is not easily satisfied by currently available experi-

Fig. 1. Section view of the experimental set-up for model configurations A, B, C. The imposed and observed conditions of the experiments are

reported below. D/B = ratio between the thickness of the ductile and brittle materials; duration = duration of the experiment;

intrusion = dimensions (height� diameter) of the cylindrical intrusion; W, H, A dome = final width, height, aspect ratio (width/height) of the

dome; A diapir = aspect ratio (width/height) of the intrusion; extrusion times: times required to observe extrusion of LSI in the experiments,

where this occurred.
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mental materials (e.g., Ramberg, 1981, p. 332). The

adopted moderate viscosity contrast between the

intrusion and the embedding media requires (Rubin,

1993) a diapiric ascent of the intrusive material. Thus,

the styles of overburden deformation in the models are

a result of diapiric emplacement and interaction with

the overburden.

In order to focus on the deformation due to

intrusion emplacement, we simulated pluton emplace-

ment as exclusively due to buoyancy forces by dia-

piric ascent, without introducing a far-field stress.

Nevertheless, the set up of the apparatus introduced

a limited amount of lateral extension, estimated as 3%

of the diameter of the cylinder.

We varied the thickness B of the sand and the

thickness D of the DSI, expressed by the ratio D/B,

the dimensions (height and diameter) of the LSI layer

and the duration of the experiment (from 30 to 180

s).The surface deformation was measured every 15 s by

means of section photos with a scale bar (errorF 1

mm). The centrifuge times here considered are the

times in which the centrifuge reached a steady rotation

state and do not include acceleration or deceleration

times. Upon completion of an experiment, the model

was impregnated with water and then sliced to observe

the final deformation in cross-section.

2.2. Scaling and materials

We performed dynamic scaling of models, fol-

lowing the principles discussed by Hubbert (1937)

and Ramberg (1981). We chose (Table 1) a length

ratio between model and nature L* = 10� 6 (1 cm of

the model corresponding to c 10 km in nature).

The densities of natural rocks (2000–2700 kg/

m � 3) and of the experimental materials (900–

1800 kg/m � 3) impose a density ratio q *f 0.5.

Since the models were run at 103g, the gravity ratio

is g* = 103. These ratios imply that the stress ratio

between model and nature is r* = qgLf 5� 10� 4

(Table 1).

We assumed a Mohr–Coulomb failure criterion for

the rocks in the upper part of the brittle crust, with an

angle of internal friction f = 30j and a mean cohesion

cf 106–107 Pa. Thus, in the models, cohesion,

having the dimension of stress, was scaled down by

a factor of f 5� 10� 4; this required use of materials

with cf 102–103 Pa to simulate the upper part of the

brittle crust.

For this purpose, we used low-cohesion sand, with

density = 1400 kg/m3, / = 35j and cf 100–1000 Pa

under the imposed gravity (103g) and the related

normal stresses (f 104 Pa). The rheological proper-

ties of the sand and its use as analogue material are

discussed in Mandl et al. (1977), Krantz (1991) and

Schellart (2000).

The simulation of pluton emplacement has to

consider the viscosities and the related strain rates

and time scales. Magma viscosities can vary within 13

orders of magnitude, as a function of a limited range

of temperatures and water content (Table 1; Talbot,

1999). Here, we simulate a magma with a high

viscosity, which varies within a wide range (108–

1016 Pa s) depending on its cooling rate and crystal-

lization: As a consequence, the time factor calculated

is dependent on the assumed viscosity ratio (Table 1).

Silicone putty can be used to simulate the ductile

behaviour of magma (e.g., Merle and Vendeville,

1995; Merle, 1998). Here, Newtonian lighter silicone

putty (LSI), with a density of 1310 kg/m3 and vis-

cosity g = 2� 104 Pa s simulated the intrusion (Hai-

lermariam and Mulugeta, 1998, and references

therein).

The ductile layers of the upper and intermediate

crust have been simulated using a denser silicone

(DSI; density = 1410 kg/m3; viscosity gc 3� 105

Pa s); this was made denser by adding painter’s putty

(fönsterKitt, bought from Beckers färg, Stockholm,

Sweden).

For models of configurations A and B, plastilina,

with a yield strength of c 2� 105 Pa and creep

viscosity g = 107–108 Pa s (depending on strain rate),

Table 1

Model ratios applicable to the present study

Parameter Model ratio

Length L*c 10 � 6

Density q*c 0.5

Gravity g*c 103

Stress r*c 10� 4

Viscosity (variable)a l*c 10� 10

Time t* = l*/r*c 10� 6

a This ratio assumes a prototype viscous magma of lc 1014 Pa s

as equivalent to an experimental magma of lc 104 Pa s.
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Fig. 2. Progressive evolution of experiment DOM 3 (configuration A) depicting map and section views at intervals of 15 s. (a) Undeformed

stage. (b) Dome formation. (c) Nucleation of an apical depression. (d) Silicone putty extrusion within the depression.
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simulated a more viscous and stronger ductile crust.

Plastilina (bought from Uppsala färg, Sweden) is a

mixture of clay powder, waxes, oil and colour.

According to the used length ratio, sand corre-

sponds to the upper sedimentary part of a brittle crust,

5–10 km thick, overlying ductile decollement layers

(silicone), 0–10 km thick and more viscous and

stronger ductile basement layers (plastilina), 0–30

km thick. The source of the analogue magma is

underneath, that is in the lower part of the crust. Thus,

the experiments are believed to represent the ascent of

magma from the lower crust within an upper crust

with a thickness of very few tens of km.

The extent of applicability of the experimental

results is limited by the knowledge of such natural

parameters as viscosities, time scales and strain rates.

The aim of the experiments is not to simulate a

specific case, as the impossibility of determining its

natural parameters would limit the applicability of the

models. The goal is rather to understand the overall

mechanism of deformation, which might be valid for a

wide range of natural cases.

3. Results

3.1. Evolution of the experiments with configuration A

The experiments with configuration A have a higher

(Dgc 102–4) viscosity contrast between the buoyant

material and the embedding media (Fig. 1) and are here

shown through a representative model (DOM 3; initial

conditions in Fig. 1).

Fig. 2a shows the map view of the undeformed

model. A dome (5 cm wide and 4 mm high) forms at

Fig. 3. Relationships between intrusion emplacement and surface

deformation in DOM 3. The deformation in the sand is expressed by

a stretch parameter b= hi/h, where hi is the initial thickness and h is

the final thickness. Shape variation of the intrusion is given by

j= Y/Yf, where Y is the thickness of the intrusion and Yf is its

maximum thickness. These are plotted outwards as a function of

dimensionless radial distance (X/Xf, where X is the distance from the

centre of the intrusion and Xf is the maximum distance). Measures

taken from section in Fig. 2d.

Fig. 4. Evolution of two experiments characterized by the same

initial configuration and absence of the DSI layer. (a) Initial set-up,

section view. (b) Section of the model after 3 s of centrifuge. (c)

Section of a model with the same initial configuration after 15 s.
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surface after 15 seconds (s) of centrifuge (Fig. 2b).

At 30 s, the dome has increased its dimensions

(height = 6 mm, width = 6 cm) and a depression,

f 1 mm deep, starts to form on its crest (Fig. 2c).

At depth (section in Fig. 2c), the LSI reaches the base

of the sand layer and starts to spread laterally. The

depression is bordered by inward dipping normal

faults. At 60 s, the dome is 8 cm wide, with a constant

maximum height of 6 mm (Fig. 2d). The depth of the

apical depression increased to 2 mm, with a width

f 1.5 cm. Silicone begins to intrude the apical

depression, reaching surface. In the section (Fig.

2d), the LSI has completely spread at the base of

the sand layer, showing a mushroom-like shape with a

domed roof; its roots are bordered by the sinking DSI.

Fig. 3 shows the final variation in the thickness of

the overburden and the intrusion in section view (data

taken from Fig. 2d). The deformation in the sand is

expressed by a stretch parameter b = hi/h, which is the

ratio of initial (hi) to final (h) thickness. Shape

variation of the intrusion is given by j = Y/Yf, where

y is the thickness of the intrusion at a distance X from

its centre and Yf is the maximum thickness. These are

plotted outwards as a function of dimensionless radial

distance (X/Xf, where Xf is the maximum distance

from the centre of the intrusion). Rising of the

intrusion induces the flexuring and thinning of the

overburden. The intrusion is thickest in its central

portion, corresponding to the maximum thinning of

the overburden (Fig. 3).

The evolution of DOM 3 is consistent with the

other experiments with configuration A. The complete

evolution of these experiments is characterized by: (a)

doming; (b) the development of a crestal depression;

(c) the extrusion of the LSI within the depression.

Minor variations from this evolution occur depend-

ing upon the imposed conditions. Removing the DSI

layer introduces variations in the shape of the intru-

Fig. 5. (a) Uplift profiles of half of the experimental domes in different experiments with configuration A as a function of the distance from the

centre of the dome. The uplift is normalized to the maximum uplift (100%) and the distance is normalized to the initial depth of the intrusion. (b)

Uplift profiles of half of the experimental domes with configuration B as a function of the distance from the centre of the dome.
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sion. In Fig. 4, we show the evolution of two models

with the same imposed conditions. Fig. 4a shows a

section of the initial set-up of the experiments, char-

acterized by the lack of the DSI. After 3 s of

centrifuge, the LSI punches up through the brittle

sand layer, forming a dome at surface (Fig. 4b). A

model with the same initial configuration, after 15 s, is

shown in Fig. 4c. Even though the LSI extruded,

similarly to that observed in DOM 3, it forms a wider

plug, with an almost constant diameter. The reverse

drags in the sand partially accommodate the required

space for the rise of the plug. No lateral spreading of

the LSI has been observed at the contact between the

plastilina and the sand; thus, laccolith-like geometries

of the LSI were not observed in the absence of the

DSI layer.

The normalized profiles of half of the experimental

domes with configuration A at the final stage of

deformation are shown in Fig. 5a. The variation of

the uplift from the crest of the dome is a function of

the maximum uplift (Y-axis, corresponding to 100%)

along a radial distance (X-axis; see inset in Fig. 5a).

Fig. 5a shows the uplift variation in domes with and

without apical depression; the depth of the depression

is always less than 20% the maximum uplift. Curves

showing an upward convexity are related to experi-

ments without extrusion; curves with a downward

convexity are related to experiments with extrusion.

Thus, the downward convexity of the curves is the

result of the upward push induced by the extruding

silicone.

3.2. Evolution of the experiments with configuration B

The set-up of the experiments with configuration B

is identical to the one of the experiments with con-

figuration A, except for the absence of the basal layer

of LSI (Fig. 1b).

Similarly to DOM 3 (configuration A), the evolu-

tion of the experiments with configuration B (not

shown here) is characterized by doming, the develop-

ment of a crestal depression and apical extrusion of

Fig. 6. Evolution of DOM 18 experiment with configuration C. (a) Map view of the experiment at t = 15 s, showing dome formation at surface.

(b) Map view and (c) cross-section of the experiment at t = 30 s; the dome shows a broad central depression. (d) Line drawing of the cross

section in (c).
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silicone. The normalized profiles of half of the domes

with configuration B at the final stage of deformation

are shown in Fig. 5b. Similarly to Fig. 5a, the

variation of the uplift from the crest of the dome

(with or without apical depression) is a function of the

maximum uplift (Y-axis, corresponding to 100%)

along a radial distance (X-axis; see inset in Fig. 5a).

The profiles in Fig. 5b show close similarities with the

ones with configuration A in Fig. 5a.

The experiments with configuration B thus show

the same evolution and geometry as compared to

the experiments with configuration A. This indicates

that removing the basal cylinder of LSI does not

change the overall evolution of the experiments at

surface.

3.3. Evolution of the experiments with configuration C

The experiments with configuration C have a

smaller (Dgc 101) viscosity contrast between the

buoyant material and the embedding media (Fig. 1).

The evolution of an experiment with configuration C

is shown through a representative model (DOM 18;

initial conditions in Fig. 1).

Fig. 6a shows a dome (6.4 cm wide and 3 mm

high) with a flat apical part on the model surface after

Fig. 7. (a) Relationships between intrusion emplacement and surface deformation in DOM 18. The deformation in the sand is expressed by the

stretch parameter b= hi/h. Shape variation of the intrusion is given by j =Y/Yf (see note in Fig. 3 for more details). Measures taken from section

in Fig. 5c. (b) Uplift profiles of half of the experimental domes with configuration C as a function of the distance from the centre of the dome.

The uplift is normalized to the maximum uplift (100%) and the distance is normalized to the depth of the intrusion.
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Fig. 8. (a) Variations of the width W of the domes with time in the experiments with configurations A, B and C. (b) Variations of the maximum

height H of the dome with time. (c) Variations of the aspect ratio A of the domes with time.
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15 s in the centrifuge. At 30 s, the dome (7.7 cm wide

and 4 mm high) shows a broad depression (3.3 cm

wide and 1.5 mm deep) (Fig. 6b). Any increase in the

duration of the experiment does not change the

deformation pattern at surface; the experiment thus

reaches its stable configuration at t= 30 s. Fig. 6c

shows a section view of the experiment at 30 s. The

LSI has completely risen (at depth it has been replaced

by the down flowing DSI) and spread at the base of

the sand-pack, with a lens-shaped configuration; the

floor of the intrusion shows a sag or downward

convexity.

Fig. 7a shows the final variation in the thickness of

the overburden and the intrusion in section view (data

Fig. 9. (a) Aspect ratios of the domes at the final stage of deformation. (b) Diagram showing the positive correlation among the aspect ratios of

the domes and of the underlying intrusions. The correlation indicates that Adomc 2Adia.
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taken from Fig. 6c). The deformation in the sand is

expressed by the stretch parameter b = hi/h; shape

variation of the intrusion is given by j = Y/Yf. The

lens-shaped intrusion and the overburden are char-

acterized by a broad central depression and a

peripheral upward flexure. The central part of the

intrusion is the thinnest, conversely to that observed

in Fig. 3.

The remaining experiments with configuration C

show a similar evolution. This consists of the develop-

ment of a dome with a broad central depression (wider

than half of the width of the dome), as a result of the

emplacement of a lens-shaped intrusion. No extrusion

of LSI has been observed, independently from the

duration of the experiment. The normalized profiles of

half of the experimental domes with configuration C

Fig. 10. (a) Inverse correlation between the aspect ratios of the domes and the ratio (D/B) between the thickness of the brittle and ductile layers

(experiments with configuration A). (b) Inverse correlation between the time required to have silicone extrusion and the D/B ratio (experiments

with configuration A).
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at the final stage of deformation are shown in Fig. 7b.

Again, the variation of the uplift from the crest of the

dome is a function of the maximum uplift ( y-axis,

corresponding to 100%) along a radial distance (x-

axis; see inset in Fig. 7b). The width and depth of the

depression are larger, compared to the experiments

with configurations A and B (Fig. 5); the maximum

uplift is observed at the periphery of the dome.

3.4. General features of the experiments

The growth rate of the domes at surface is similar

in all the configurations. The width W of the dome

increases with time, reaching a limit at Wf 7 cm,

independent of the configuration (Fig. 8a). The max-

imum height H of the dome increases similarly, reach-

ing a limit at Hf 4–6 mm (Fig. 8b); several

experiments show a decrease in the height of the

dome at late stages, due to the development of the

crestal depression. The aspect ratio A (A=W/H) of the

domes decreases exponentially during doming (Fig.

8c), suggesting an increase in the height of the dome

with regard to its width. Some domes show a slight

increase in their aspect ratios at late stages, due to the

decrease in height of the domes during the develop-

ment of the depression (Fig. 8b).

Fig. 9a shows the distribution of the aspect ratios

(W/H) of the domes at the final stage of deformation.

The aspect ratios related to the domes in experiments

with configurations A and B are between 9 and 20.

The aspect ratios of the domes in the experiments with

configuration C are between 19 and 35.

The aspect ratios of the domes (Adom) are propor-

tional to the aspect ratios of the underlying silicone

diapirs (Adia =width of intrusion/thickness of intru-

sion) in the final stage of deformation for the three

adopted configurations (Fig. 9b). The data in Fig. 9b

do not include the experiments without DSI (see

experiment in Fig. 4), as here no major lateral spread-

ing of the LSI occurs, since the sand confines the

intrusion. The general correlation, characterized by

Adomc 2Adia, indicates how the surface deformation

is controlled by the shape (height and width) of the

underlying intrusion. Fig. 9b also shows that the

experiments with configuration C are characterized

by intrusions with higher aspect ratios than the ones

with configurations A and B, to which corresponds a

higher aspect ratio of the dome (Fig. 9a). This shows

that lens-shaped intrusions are responsible for wider

and lower domes at surface.

The aspect ratio of the domes (configuration A)

decreases with increasing the ratio between the thick-

ness of the ductile and brittle layers D/B (Fig. 10a).

Such correlation implies that domes with lower aspect

ratio form with a thicker ductile layer; conversely,

domes with higher aspect ratio form with a thicker

brittle layer.

The time required to observe silicone extrusion in

the experiments (configuration A) also decreases

with the D/B ratio, as shown in Fig. 10b. The

relation implies that a thick brittle layer limits

extrusion; conversely, a thick ductile layer enhances

extrusion.

4. Discussion

4.1. General evolution of the experiments

The experiments are characterized by the develop-

ment of a dome, a depression (much broader in

experiments with configuration C) on the top of the

dome and, eventually and only in the experiments

with configurations A and B, by silicone extrusion on

the crest of the dome. A similar evolution was

observed in experiments related to salt diapirism

(Schultz Ela et al., 1993), laccolith emplacement

(Roman Berdiel et al., 1995), laccolith emplacement

in a centrifuge (Berner et al., 1972; Dixon and

Simpson, 1987) and resurgent doming (Acocella et

al., 2001).

The growth of the domes shows a pattern charac-

terized by a high rate in the initial stages, followed by

a decreasing rate in the final stages, as the underlying

intrusion spreads laterally. Similar results were ob-

tained in centrifuge by means of different materials

and configurations (Dixon and Simpson, 1987). The

comparison with our results thus indicates that,

despite the different boundary conditions, the domal

shape of the models at surface shows similar kine-

matics.

The growth of the dome is also controlled by the

viscosity contrast between the intrusion and the over-

burden. The domes are higher in models with config-

uration A, as compared to configuration C, because

the higher viscosity contrast between intrusion and
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confining medium forces the intrusion to rise upwards

rather than spread laterally.

The aspect ratio of the domes is also controlled by

the ductile to brittle thickness ratio (Fig. 10a). This

feature can be explained as due to changes in the

flexural strength of the overburden above the rising

buoyant material. In fact, a thicker sand pack (lower

D/B) increases the flexural rigidity and thus the width

of the dome and vice versa (Turcotte and Schubert,

1982, p. 120); as a consequence, different vertical

displacement profiles are obtained in Figs. 5 and 7b.

A similar control of the overburden thickness on the

deformation was experimentally observed (Roman-

Berdiel et al., 1995; Acocella et al., 2001).

A depression, narrower in models with configura-

tion A and much broader in models with configuration

C, forms on the dome. Its development was recognized

in previous experiments (Withjack and Scheiner, 1982;

Komuro, 1987; Mulugeta, 1985; Davison et al., 1993;

Schultz-Ela et al., 1993; Marti et al., 1994; Acocella et

al., 2001).

Stresses involved in the deformation of the over-

burden (thinning and development of the depression)

are the bending and shear stresses acting below the

sand during intrusion emplacement. The bending

strain ef within a bent beam is proportional to the

distance from the neutral plane y and inversely pro-

portional to the radius of curvature R: ef = y/R (Fig.

11). In the experiments, we calculated a bending strain

of the order of eff 4%, caused by the doming alone

(Acocella and Mulugeta, 2001). However, this, on its

own, is not sufficient to account for the finite exten-

sion leading to the formation of the crestal depression.

This suggests that thinning and stretching of the brittle

layer by forceful intrusion emplacement are also

necessary to account for the total finite extension, as

suggested from dynamic models of narrow rifts

(Mulugeta, 1985). The shear stresses acting below

the sand must have exceeded its shear strength to

account for the crestal depression. By comparison, for

models of uniform elastic overburden above a lacco-

lithic intrusion, the differential stress reaches a max-

imum value (and hence locus of failure) above the

periphery of the intrusion (Pollard and Johnson,

1973).

4.2. Intrusion shapes

The main differences observed in the experimental

results are attributed to the adopted initial configura-

tions. The experiments with configurations A and B

show an evolution characterized by doming, the

development of an apical depression and extrusion

as a result of the spreading of a laccolith-like intru-

sion. However, the lateral spreading (and thus the

laccolith shape) of the LSI occurs only if a lower

viscosity layer (the DSI) is present. The experiments

with configuration C are characterized by doming and

sagging, forming a broad central depression, as a

result of the spreading of a lens-shape intrusion

beneath the brittle layer.

Figs. 3 and 7a show the differences between pluton

emplacement and the surface deformation for the

configurations A and C. In both models, the surface

deformation (dome shape, depression geometry) is

controlled by the emplacement dynamics of the sub-

jacent plutons. In configuration A (Fig. 3), the intru-

sion is thicker in the central region. The b ratio in the

sand is thus higher in the centre, inducing the apical

depression. The emplacement of the intrusion (rise to

the base of the brittle layer, lateral spreading and

uplifting the overburden) and the domed shape of its

roof and overburden show close similarities with the

mechanism of emplacement and the shape of lacco-

liths (Fig. 12a; Corry, 1988).

Conversely, in configuration C (Fig. 7a) the pluton

is thinner in the central part. This suggests a radial

effect of material transport from the central region

outwards. This thinning of the pluton in the centre

seems to be responsible for the sagging of the over-

burden, inducing the broad depression. This also

produced a slightly higher h ratio of the brittle over-

burden in the margins (Fig. 7a).

Fig. 11. Sketch showing deflection (radius R) of a brittle layer by a

rising intrusion to generate bending strains ef at distance y from the

neutral plane.
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The evolution of these experiments was enhanced

by the lateral fall of the DSI and the denser overburden

during rise of the buoyant layer. The downward flow of

the surrounding material during the rise of the intrusion

and the downsag of the floor of the intrusion imply that

the emplacement partly occurred by means of floor

depression, in a way similar to that proposed for

lopoliths (Fig. 12b; Cruden, 1998, and references

therein). The remaining space required to accommo-

date the intrusion was created by roof uplift or doming.

Thus, the mechanism of emplacement of the intrusions

with configuration C is a combination of floor depres-

sion (lopolith-like) and roof uplift (laccolith-like). The

depression of the floor of the pluton limited roof uplift

and therefore the rise and extrusion of silicone in the

central part of the intrusion.

The different evolutions between configurations A

or B and C depend upon the viscosity and/or the

stiffness contrast between the intrusion and the sur-

rounding media (Fig. 12). In the experiments with

configuration A or B, plastilina, possessing a higher

yield strength and viscosity, confines the rise of the

buoyant layer and the fall of the DSI. Conversely,

when the surrounding medium has near similar vis-

cosity to the intrusion (configuration C), it enhances

the lateral fall of the DSI during the rise of the

buoyant layer; the DSI thus replaces the space vacated

by the rising intrusion.

4.3. Comparison with nature

Considering the imposed experimental conditions,

the models find their best natural examples in viscous

plutons emplaced at shallow crustal levels and in

subvolcanic intrusions (i.e., felsic magma chambers).

The experiments showed that roof uplift and, subse-

quently, floor depression can accommodate the re-

quired space during pluton emplacement at shallow

crustal levels. The conditions leading to the formation

of a laccolith (roof uplift) or a lopolith (floor depres-

sion) are usually related to the depth of the emplace-

ment. Between the two, roof uplift should occur at

shallower crustal levels, whereas floor depression

should occur at deeper crustal levels (Cruden, 1998,

and references therein). The dependence of the mech-

anism of emplacement (laccolith or laccolith–lopolith

hybrid) upon the viscosity/strength contrast between

the intrusion and the embedding media shown by the

experiments may be a further parameter controlling

space accommodation during pluton emplacement.

Roof uplift due to laccolith-like intrusions is a

common mechanism of pluton emplacement at shallow

crustal levels (Scaillet et al., 1995; Brown and Solar,

1998; Morgan et al., 1998; Quirk et al., 1998; Acocella,

2000). This might be due to the very limited mass

transfer recognized around the roots of a rising intru-

sion (Marsh, 1982; Mahon et al., 1988; Schmeling et

Fig. 12. (a) Schematic evolution of experiments with configuration A or B. Plastilina enhances the viscosity contrast between the intrusion

(grey) and the embedding media, focusing the rise of the LSI in the central part. The space required to accommodate the emplacement therefore

occurs through roof lifting. The intrusion has a laccolith shape. (b) Schematic evolution of experiments with configuration C. Plastilina is

removed and, during the rise of the LSI, the DSI flows laterally downwards. The space required to accommodate the emplacement of the

intrusion is here provided through roof lifting and downward flow of the embedding media. The resulting intrusion is a combination of a

laccolith and a lopolith. The arrows schematically show the vectors of displacement of the materials, with a length proportional to the amount of

transferred material.
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Fig. 13. (a) Interpolation of the attitudes of the Pliocene deposits in the Amiata area. Solid lines refer to the mean strike of the layers; dashed

lines refer to their mean dip direction. The lines highlight a dome centred on the volcanics of M. Amiata. (b) Schematic section along Amiata,

showing the roof of the intrusion, as inferred from gravity data and the domed overburden (modified after Acocella, 2000).
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al., 1988; Paterson and Fowler, 1993; Paterson and

Miller, 1998; Tikoff et al., 1999): as a result, the higher

viscosity contrast between the intrusion and the embed-

ding medium may favour the formation of laccoliths.

The common occurrence of significant erosion

above most intrusions limits a broad comparison of

the experimental results with nature. Among the best

examples of preserved surface deformations induced

by pluton emplacement is the Amiata area (Italy).

During the Pliocene, the Amiata area was uplifted due

to pluton emplacement (Gianelli et al., 1997, and

references therein). Pleistocene volcanics filled a pre-

viously formed depression within the uplifted area

(Calamai et al., 1970; Ferrari et al., 1996). The shape

and granitoid composition of the buried intrusion are

constrained by gravity and the volcanics petrology

(Gianelli et al., 1988; Orlando et al., 1994; Gianelli et

al., 1997).

The interpolation of the attitudes of the Lower

Pliocene marine sediments (deposited immediately

before the uplift) within the uplifted area highlights

a dome centered on the volcanics of M. Amiata (Fig.

13a). The WNW–ESE section in Fig. 13b combines

the field with the gravity data, suggesting that the

dome is the result of the overburden deformation due

to pluton emplacement (Acocella, 2000). The evi-

dence for roof uplift due to a tabular intrusion sug-

gests a laccolith-like pluton, similarly to that observed

in the experiments with configuration A. The apical

depression is the result of the crustal stretching due to

doming and to the forceful emplacement of the

intrusion, which were large enough to induce failure

in the upper crust (Acocella and Mulugeta, 2001).

The comparison between the experiments and the

Amiata case (1) confirms that roof uplift is an impor-

tant means of making space during shallow pluton

emplacement and (2) suggests that, where roof uplift

plays a major role, pluton emplacement at shallow

levels can induce a well-correlated sequence of events

at surface: doming, the development of an apical

depression and crestal extrusion.

As far as lopoliths are concerned, a limited amount

has been recognized on the field (Cruden, 1998, and

references therein). Even tough at a larger scale (102–

103 km), a natural example of the configuration C

models can be the Victoria Lake region in the East

African Rift System. The central depression (Lake

Victoria), bordered by uplifted areas (the branches of

the East African Rift System), is in fact due to the

ascent of a mantle plume with a moderate viscosity

contrast with the embedding media (Griffith and

Campbell, 1991).

5. Conclusions

The model results show the effect of density and

viscosity contrast in the dynamics of pluton emplace-

ment and their impact in deformation of the over-

burden. When there is a marked viscosity contrast

(Dgc 102 – 4) between intrusion and surrounding

media, doming and thinning of the overburden leads

to the development of an apical depression followed

by extrusion within the depression. The intrusion has

a laccolith-like shape.

In contrast, when there is little viscosity contrast

(Dgc 101) between intrusion and overburden, a

broad depression develops in the central region and

an upward flexure towards the periphery. The intru-

sion is a hybrid between a laccolith and a lopolith. The

comparison with the Amiata (Italy) case confirms roof

uplift as an important means of accommodating space

during pluton emplacement and suggests that pluton

emplacement can induce a well-correlated sequence of

events at surface.
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