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Geophysical investigations reveal that many granitoid plutons possess a tabular shape: either laccolithic, lopolithic or 
phacolithic. In this study, the results of a centrifuge experiment are used to understand the formation mechanisms of these 
features. The model was build of a sequence of 14 differently coloured plasticine layers. Two buoyant layers – with a 
volume of c. 40 cm3 each – were incorporated into the model stratigraphy at different depths to investigate, whether the 
rise and emplacement of buoyant material at different levels results in different intrusion structures. 
After centrifuging for 30 min at 700 G, both the buoyant layers had formed two lenticular sills (phacoliths) with aspect 
ratios (length/thickness) of 6 and 3.4 for the upper and lower phacoliths, respectively, directly above both pre-existing 
perturbations in the buoyant layers. During their movement, the buoyant phacoliths had pushed their roof plasticine 
upward. Simultaneously, their floor plasticine had subsided (bottom sinking). Subsidence of the floor material had 
choked the inflow of further buoyant material into the feeder channel of the developing sills and inhibited their further 
lateral growth. 
The observed forced downward movement of the plasticine floor of the forming PDMS (polydimethylsiloxane) phacoliths 
resembles the so-called “floor depression” of host rock material around an emplacing tabular pluton. Floor depression 
is supposed to be a very important vertical material transfer process, which provides space for the construction of lopo- 
and phacoliths. The subsidence of host material made space for the developing buoyant phacoliths, but also restricted 
their growth to a certain time slot before the influx of new buoyant material into the feeder dyke of the tabular intrusive 
body was shut off. Similarly, in nature, the growth of a tabular pluton might be limited not only by the rate of magma 
ascent and its physical properties, but also by the emplacement processes of the evolving pluton.
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1.	Introduction

Field geological as well as geophysical investigations 
on numerous large plutons (encompassing areas in the 
range of several hundred up to more than thousand km²) 
during the last 20 years have revealed that many of 
them are of tabular, either laccolithic (convex roof and 
straight floor) or lopolithic (straight roof and concave 
floor) or phacolithic (biconvex) shape. Despite their dif-
ferences in emplacement level and tectonic setting, the 
development of the lensoidal shapes of all these plutons 
can be described as a three-stage process (e.g. Corry 
1988; Cruden 1998). In a first stage a vertical dyke is 
established, where magma is transported upward until 
it reaches a horizontal unconformity along which the 
magma then – in the second stage – spreads laterally to 
form a sill. In the third stage additional magma ascends 
through the feeder dyke to be emplaced into the sill, 
which inflates due to the magma overpressure by doming 
of the roof and/or depression of the floor of the growing 
pluton. These three stages are incremental processes and 

intimately entangled with each other, in particular in 
the case of composite plutons which consist of several 
magma batches. Magma ascent generated by dyking as 
well as roof uplift and floor depression of the developing 
pluton take advantage of shear zones and faults; either as 
magma pathways (magma ascent) or as planes of move-
ment along which individual blocks of the roof and floor 
of the evolving pluton are shifted upward or downward 
(magma emplacement). The lateral spreading of magma 
prior to magma chamber inflation benefits from horizon-
tal anisotropy planes in the host rock, such as bedding 
and foliation planes, fractures or shear zones. According 
to Cruden (1998) the roof uplift plays a major role as a 
space-making process only for laccoliths emplaced in 
the uppermost crust at around 3 km depth, while floor 
depression seems to be responsible for most of the – then 
lopolithic – tabular plutons being emplaced deeper within 
the Earth’s crust below c. 4–5 km depth.

Based on dimensional data from several hundred 
plutons McCaffrey and Petford (1997) and Petford and 
Clemens (2000) showed that the proportions of intrusive 
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bodies (length vs. thickness) can be described by the fol-
lowing power law:

	 	 	 T = c×La 	 (1.1)

with pluton thickness T, its length L, a constant c and the 
power-law exponent a.

McCaffrey and Petford (1997) based their calculations 
on field data from 135 laccoliths and 21 plutonic intru-
sions. According to their data base power law (1.1) for 
laccoliths only can be formulated as:

	 	 	 T = 0.12×L0.88	 	 (1.2)

while power law (1.1) applied to plutons is

	 	 	 T = 0.29×L0.80 		  (1.3).

Cruden (1998) ended up with a value of 0.29 for con-
stant c when calculating the power law relationship be-
tween the length and thickness of tabular plutons. Petford 
and Clemens (2000) found – based on the dimensional 
data from more than 100 plutons and batholiths – that the 
power law exponent a in formula (1.1) equals 0.6 ± 0.1. 
According to Petford et al. (2000), tabular plutons, which 
are established mainly by downward directed material 
transfer (e.g. floor depression) can be distinguished from 
laccoliths from the power-law regression lines they fol-
low in a loglength vs. logthickness plot. Laccoliths plot along 
a power-law regression line with a = 0.88 ± 0.1, while 
plutons appear in this diagram along regression line with 
a = 0.60 ± 0.1 (Fig. 1).

The differences in numbers for a and c reflect the 
differing data sets the individual power law formulas 

are based on and the quality of these data. Moreover, 
for the formulation of the individual equations only two 
– thickness and length – of the three available dimen-
sional data (thickness, length and width) are taken into 
account. However, in particular the thickness data for the 
individual intrusions are not well constrained, because 
until today no major intrusive body with exposed roof 
and floor was observed. In particular descriptions of out-
cropping intrusion floors lack almost entirely in literature. 
One exception is the Bergell pluton in the Central Alps, 
the floor of which is exposed, together with its root zone 
(Rosenberg et al. 1995). Consequently, information about 
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Fig. 1 Length vs. thickness plot for plutons and laccoliths, showing their 
differing dimensional ratios as expressed by the two regression lines 
(Petford et al. 2000). Grey dots indicate length-thickness ratios of the 
three real plutons discussed in text, open squares show the dimensions 
of the model phacoliths.
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Fig. 2 Cross section through the Cretaceous Dinkey Creek pluton (Sierra Nevada, redrawn from Cruden et al. 1999).
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Fig. 3 Cross section through the Variscan Fichtelgebirge pluton (Bohemian Massif, redrawn from Hecht and Vigneresse 1999). The older and 
younger intrusive complexes are genetically not related to each other (J.L. Vigneresse, pers. comm.).

intrusion floors stem mainly from indirect, geophysical 
methods, such as gravimetry and seismic investigations. 
Nevertheless, all these six power laws for laccoliths 
and plutons have one thing in common: the power law 
exponent a is always < 1, indicating the tabular shape of 
the granitoid bodies. However, the power law behaviour 
of these tabular intrusives does not only describe their 
shape, but also their growth: they start as thin, horizontal 
sills, which only after some lateral growth expand also 
vertically, giving them their final tabular shape.

2.	Natural examples for tabular plutons

Typical tabular plutons include the upper-crustal, syn-
orogenic Cretaceous Dinkey Creek pluton in the Sierra 
Nevada (California; Cruden et al. 1999; Hammarstrom 
and Zen 1986; Fig. 2), the mid-crustal, late-orogenic 
Carboniferous Fichtelgebirge pluton (Bohemian Mas-
sif; Hecht and Vigneresse 1999; O’Brien 2000; Fig. 3), 
and the upper-crustal, late- to post-orogenic Proterozoic 
Graah Fjelde Rapakivi Granite (Greenland – Grocott et 

Fig. 4 Cross section through the Precambrian Graah Fjelde Rapakivi Granite (Greenland, redrawn from Garde et al. 2002).
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al. 1999; Garde et al. 2002; Fig. 4). Grocott et al. (1999), 
Hecht and Vigneresse (1999) and Cruden et al. (1999) 
suggested floor depression by the inflowing magma due 
to its overpressure as the main emplacement mechanism 
for the Graah Fjelde, Fichtelgebirge and Dinkey Creek 
plutons, respectively. All three tabular intrusions named 
here follow the power-law for pluton proportions de-
veloped by McCaffrey and Petford (1997) and Petford 
and Clemens (2000). Plotting the thickness-length ratios 
of the Graah Fjelde, Fichtelgebirge and Dinkey Creek 
plutons, respectively (calculated based on the cross sec-
tions shown in Figs 2–4; see also Tab. 1) reveals that the 
Graah Fjelde and Fichtelgebirge plutons occur close to 
the “pluton” regression line and the Dinkey Creek pluton 
slightly below the “laccolith” regression line (Fig. 1). 
According to the interpretation of Petford et al. (2000) 
the Graah Fjelde and Fichtelgebirge plutons should be 
regarded as lopoliths emplaced by floor depression; and 
the Dinkey Creek pluton should then be interpreted as a 
laccolith emplaced by roof-uplift, although all three in-
trusive bodies plot quite close to the intersection of both 
the regression lines.

trifuge experiment, to test the viability of the proposed 
emplacement mechanisms for tabular plutons, in par-
ticular:
	how roof uplift and floor depression are linked to each 

other;
	whether floor depression is more typical of deep-seated 

and roof uplift more common of shallowly intruding 
tabular plutons;

	whether floor depression might hinder the filling and 
inflation of the magma chamber due to chocking of 
the magma source (provided the magma source is a 
horizontal layer of partially molten rock).
Moreover, we test the validity of the assumptions 

made by Petford et al. (2000) concerning the discrimina-
tion between (lopolithic) plutons and laccoliths based on 
power-law regression lines in length-thickness diagrams 
for intrusive bodies.

3.2	 Setup of the experiment

The overall shape of the model was cylindrical with a 
diameter of 10 cm and 6.75 cm thick. The scaling factor 
for distances is 10-5 (lengthmodel / lengthnature), i.e. 1 cm 
in the model corresponds to 1 km in nature (Tab. 2). As 
overburden material a semi-brittle plasticine (density 
ρ = 1.71 g/cm3, viscosity µ = 4.2×107 Pa·s at a strain 
rate of 10-3 s-1) was used, representing upper to middle 
crustal siliciclastic rocks (ρ ≈ 2.6 g/cm3 and µ ≈ 1021 
Pa·s). Polydimethylsiloxane (PDMS; ρ = 0.964 g/cm3, µ 
= 4×104 Pa·s; Koyi 1991) played the role of the buoyant 
material, corresponding to a partially molten granitic 
magma (ρ ≈ 1.5 g/cm3, µ ≈ 1018 Pa·s). The assumed 
crustal viscosity of 1021 Pa·s is quite low, but falls within 
the range of presumed viscosity values for crustal rocks 
of 1020 to 1023 Pa·s (Koyi et al. 1999). These estimated 
viscosity values for the upper and middle crust are based 

Natural examples Thickness [km] Length [km]
Dinkey Creek pluton 1.38 29.22
Fichtelgebirgs pluton 6.82 50.00
Graah Fjelde pluton 3.47 20.06
PDMS intrusions Thickness [cm] Length [cm]
Yellow phacolith, section 1 0.96   3.24
Yellow phacolith, section 2 1.08   3.50
Red phacolith, section 1 0.68   3.48
Red phacolith, section 3 0.75   4.00

Tab. 1 Dimensions of the three presented plutons as taken from Figs 
2–4, as well as of the two PDMS intrusions in the centrifuge model.

3.	The experiment

3.1	 Motivation of the experiment

The three examples presented briefly above are only a 
small selection of tabular plutons, which are common 
features of the continental crust. They develop indepen-
dently of their temporal, tectonic or rheological context, 
usually according to the same ascent and emplacement 
style, i.e. dyking, followed by sill formation and magma 
chamber inflation. According to McCaffrey and Petford 
(1997), their growth during emplacement is ruled by the 
power law (1.1). Consequently, also the dimensions of a 
growing pluton follow the power law (1.1): it lengthens 
more rapidly than it thickens.

Analogue modeling has proven to be an effective 
tool in studying geologic structures and processes (Koyi 
1997). Here we present the results of an analogue cen-

Scaling Model Nature
Ratio  

(model/
nature)

toverburden  
(red PDMS source layer)

3.2 cm 3.2 km 10-5

toverburden  
(yellow PDMS source layer)

6.05 cm 6.05 km 10-5

tbuoyant 0.5 cm 500 m 10-5

ρoverburden 1.71 g/cm3 2.63 g/cm3 6.5×10-1

ρbuoyant 0.964 g/cm3 1.48 g/cm3 6.5×10-1

µoverburden 4×107 Pa•s 1021 Pa•s 4.2×10-14

µbuoyant 4×104 Pa•s 1018 Pa•s 4.2×10-14

g 6.87×103 m/s2 9.81 m/s2 7×102

Tab. 2 Dimensions and physical parameters of both the model and its 
natural counterpart as well as their ratios (t = thickness, ρ = density, 
µ = viscosity).
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on experimental determinations of effective viscosities 
for dry and wet quartzites at a temperature between 300 
°C and 700 °C and at a geologically relevant strain rate of 
10-14 s-1 (Weyermars 1997 and references therein), which 
gave effective viscosities between 1021 Pa·s (wet and hot 
quartzite) and 1023 Pa·s (dry and cold quartzite). On the 
other hand, the assumed viscosity of the partially molten 
granitic magma – calculated on the basis of the PDMS 
viscosity – is much too high compared to experimentally 
determined viscosity values of granitic magmas, which 
range between 103 and 1012 Pa·s (Dingwell et al. 2000). 
However, applying proper scaling and using consequently 
fluids with very low viscosities, such as water (µ ≈ 10-3 
Pa·s) or olive oil (µ ≈ 10-1 Pa·s) as magma analogues 
would lead to ascent and emplacement structures which 
are of unrealistic shape for granitic intrusive bodies 
(Ramberg 1981). As such, the presented model is only 
partially scaled to nature. However, the model is a first 
approximation to nature and focuses on the formation of 
tabular intrusions and the effects of floor depression and 
roof uplift on their ascent and emplacement in general.

Model stratigraphy included two buoyant layers of 
PDMS (5 mm thick each and with a volume of c. 40 cm3 
each) at the base and in the middle (3 cm high in the 
model stratigraphy) of the model. At the upper boundary 
of each buoyant layer a perturbation (1 cm × 1 cm × 0.7 
cm) was introduced to trigger the formation of two intru-
sions. Of course, it is impossible to model with these 
two single intrusions exactly the incremental growth of 
a tabular pluton due to the continuous influx of magma. 
However, the presented model serves as a good proxy for 
the role roof uplift and floor depression play during the as-
cent into and the construction of a tabular granitoid body 
due to the rise of a single magma batch. The perturbation 
of the lower buoyant layer was placed in the centre of the 
model (5 cm from its rim), while the perturbation of the 
middle buoyant layer was shifted from the model’s centre 
by 2.3 cm (Fig. 5). Both the perturbations were intended 
to act as pathways for the ascending buoyant material 
during centrifuging, in correspondence to the feeder dykes 
of tabular plutons. The horizontal offset between both 
the perturbations was designed to prevent the developing 
intrusive bodies to interact too much with each other. 
The overburden of both the buoyant layers was stratified 
consisting of five (above the lower buoyant layer) and 
eight (above the upper buoyant layer) differently coloured 
plasticine layers of 0.25 to 0.7 cm thick (Fig. 5). 

3.3	 Run of the experiment

The model was centrifuged in the small centrifuge of the 
Hans Ramberg Tectonic Laboratory (Uppsala University, 
Sweden) for c. 5 minutes at 700 G when a small bulge 
formed on top of the model directly above the perturba-

Fig. 5 Setup of the experiment. The yellow and red layers represent the 
buoyant PDMS, the light and dark green as well brown layers are the 
plasticine overburden.

1 cm

Fig. 7

Fig. 8

Fig. 9

a) b)

Fig. 6a – Top view of the model after 5 minutes of centrifuging at 
700 G. The slight bulge northeast (with north at the top of the image) 
of the centre marks the location of the upper phacolith. The diameter of 
the model is 10 cm. Inset b – sketch of the photograph in Fig. 6a with 
the location of the red phacolith indicated by the red circular area above 
and to the right of the centre of the model (model surface in green); the 
lines indicate the positions of the sections presented in Figs 7–9.

tion of the middle buoyant layer. After photographing 
the top view with the small bulge on the model’s surface 
(Fig. 6), the model was centrifuged for 20 more minutes 
at 700 G in order to see, whether in the current configu-
ration the bulge on top of the model would increase or a 
second bulge would form. When no major changes hap-
pened after 25 minutes of centrifuging, the uppermost 
three plasticine layers – in total 0.9 cm of the overburden 
– were removed to thin the overburden and assist the rise 
of the buoyant material. The model was then centrifuged 
for further 5 minutes at 700 G. No major changes in the 
top view of the model occurred and the model was then 
sectioned in order to study it in detail.
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Fig. 7a – Section 1 through the model after 30 minutes of centrifuging 
at 700 G cutting both phacoliths: the red one in the upper part of the 
model and the yellow one in its lower part. b – line drawing of the 
section shown in Fig. 7a.

3.4	 Results of the experiment

A first vertical section in the middle of the model showed 
two tabular intrusive bodies that had formed directly 
above the perturbations along the interface between the 
buoyant layers and the overburden layers immediately 
overlying them (Fig. 7). Both the intrusions are character-
ized by a domed-up roof and a depressed floor, which is 
typical of phacoliths. The subsided floors of both PDMS 
bodies cut off the influx of the buoyant material from 
the source layers. The overburden units above the lower 
phacolith bulge into the middle buoyant layer, which 
accommodates the deformation by thinning (Fig. 7). 
The plasticine layers initially located directly above 
the buoyant layers, partly detach from the overlying 
overburden layers and subside in the immediate vicinity 
of the perturbations (Fig. 7). Moreover, the plasticine 
layer immediately beneath the perturbation of the upper 
buoyant layer is detached from its pad to form a small 
bulge (Fig. 7).

Fig. 8a – Section 2 – perpendicular to section 1 – through the model 
after 30 minutes of centrifuging at 700 G proofs the lensoidal shape 
of the yellow intrusive PDMS body. b – line drawing of the section 
shown in Fig. 8a.

Two additional profiles (Figs 8 and 9), both perpendic-
ular to the first one and carving each through one of the 
two buoyant intrusions, verified the phacolith nature of 
both bodies and helped to measure their dimensions and, 
in addition, calculate their volumes. The lower phacolith 
is between 3.24 and 3.5 cm in diameter, depending on 
which section is considered. Its maximum thickness lies 
between 0.96 and 1.08 cm. The upper phacolith is 3.48 
to 4.00 cm long and 0.68 to 0.75 cm thick (Tab. 1). The 
volume of the tabular buoyant bodies was calculated 
according to the following equation (Bronstein and Se-
mendjajew 1987):

		  V = 2×(1/6)π×h(3a2+h2)	  (2)

where h is half the height and a is half the diameter of 
the respective phacoliths.

Accordingly, the volume of the lower intrusion is be-
tween 4.06 and 5.34 cm3 and the volume of the middle 
intrusion ranges between 3.29 and 4.77 cm3.

1 cm

b)

1 cm

b)
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4.	Formation of both the phacoliths

As planned, the perturbation in the buoyant layers acted 
as pathways (or feeder dykes) for the buoyant material 
during centrifuging of the model. However, the buoyant 
material did not manage to rise through the plasticine 
overburden and instead spread laterally as sills along 
the interfaces between the two plasticine layers directly 
above the buoyant layers. With further centrifuging, 
additional material was transported buoyantly from the 
PDMS layer through the feeder dykes into the sills. The 
influx of new material led to inflation of the sills by 
vertical displacement of their roofs and floors. Thereby 
the plasticine above the developing phacoliths was de-
formed plastically within a distance of 1.5 to 2 cm, while 
the floors of the inflated intrusions were depressed by c. 
0.5 cm. Additionally, the thin plasticine layer beneath 
the upper buoyant layer was sucked up into the conduit 
of the buoyant body by the upward moving buoyant 
material. On the other hand, subsidence of the bottom 

of the inflating sills choked the flow of further buoyant 
material into the feeder dykes and inhibited the further 
growth of the two phacoliths. Inflation of the lensoidal 
intrusives terminated after c. 5 min centrifuging when 
no increase of the bulge on the surface of the model was 
observed. Until then about 4 to 5 cm3 of the buoyant 
material had been emplaced into the tabular intrusive 
bodies, i.e. the buoyant reservoirs had been depleted by 
10 to 12.5 vol. %.

It can be excluded that the formation of both intrusive 
PDMS bodies through roof uplift and floor depression 
were influenced by boundary effects such as the relatively 
small volume of the sample box, because both lensoidal 
intrusions and their structural aureoles look very much 
alike irrespective from their relative position within the 
model and the sample box. Moreover, the total volume 
of the intrusions is only c. 10 cm3, i.e. less than 2 % of 
the entire model volume (c. 530 cm3).

5.	Implications of the experiment for the 
emplacement of tabular plutons

Scaling the model to nature the lensoidal intrusive buoy-
ant bodies would represent 1 km thick and 3 to 4 km long 
granitoid phacoliths (Tabs 1 and 2) that were emplaced at 
3.2 km and 6.05 km depths, respectively, i.e. at different 
levels within the upper continental crust.

Both tabular intrusions formed – similar to what is 
known from their natural counterparts – along anisotro-
pies within the model, i.e. along the interfaces between 
individual overburden layers. Corresponding anisotropies 
in nature are horizontal lithological contacts, foliation 
and fracture planes or shear zones.

The phacolithic shape of the intrusions suggests that 
space for their emplacement was made by both roof uplift 
and floor depression, independent of their intrusion depth. 
This observation contradicts the hypothesis of Cruden 
(1998) who suggested roof uplift to be only an important 
space-making process for plutons in the uppermost crust, 
while floor depression is responsible for the emplacement 
of all other, deeper-seated tabular plutons. We have to 
point out that the reason behind achieving roof uplift by 
the lower intrusion is because of the presence of another 
weak buoyant layer in the middle of the model stratig-
raphy. This weak layer enabled and accommodated the 
roof uplift at deeper level. In other words, in our model, 
similar to a shallow intrusive body, even the deeper in-
trusive body uplifted its roof. This was possible because 
the roof uplift of the deeper intrusion was accommodated 
by flow of the upper buoyant (viscous) layer. In practice, 
the mechanical thickness of the overburden units above 
the lower buoyant layer is relatively thin. The presence 
of the upper buoyant weak layer enables and accom-

Fig. 9a – Section 3 – perpendicular to section 1 and parallel to section 2 
– through the model after 30 minutes of centrifuging at 700 G proofs the 
lensoidal shape also of the red intrusive PDMS body. b – line drawing 
of the section shown in Fig. 9a.

1 cm

b)



Carlo Dietl, Hemin Koyi

260

modates roof uplift by the deeper intrusion. Absence of 
this shallow buoyant weak horizon would have resulted 
in a thicker overburden unit, which might not have been 
uplifted by a deep intrusion. Presence of layered intru-
sions may assist roof uplift even at deeper levels. The 
same is in principle true for floor depression which was 
facilitated by the presence of the two relatively low-vis-
cous PDMS source layers beneath the two developing 
lensoidal PDMS intrusions.

Plotting the length and thickness data of the PDMS 
laccolith in the loglength vs. logthickness diagram of Petford 
et al. (2000) with the regression lines for laccolith and 
tabular plutons (Fig. 1) the data pairs of both sections of 
the model appear close to the regression line for lacco-
liths. The model intrusions are definitely not laccolithic 
in shape and were, consequently, not only emplaced by 
roof uplift – as typical of laccoliths (Figs 7–9 and Tab. 1). 
On the contrary, they are biconvex in shape and were 
intruded by a combination of roof uplift and floor depres-
sion – as it is typical of phacoliths. Obviously, more data 
from nature and models – in particular reliable thickness 
data for granitoid bodies – are necessary to improve the 
regression lines which could then describe better the 
shape of different types of intrusions.

Displacement of the top and bottom sides of both the 
experimental tabular intrusions took place plastically. No 
brittle deformation or concentration of deformation along 
discrete fractures, faults or shear zones was observed 
as it might be the case for most natural lacco- lopo- or 
phacoliths (e.g. Bussel 1976; Dehls et al. 1998; Zimmer-
man 2005; Hacker et al. 2007).

The most prominent feature within the emplace-
ment scenario of the model is the choking of the influx 
of buoyant material into the feeder dykes of both the 
phacoliths due to the floor depression of the inflating 
intrusive bodies. The source layer of the buoyant mate-
rial was segmented by the subsiding overburden units 
and further flow into the intrusive body was inhibited. 
As such, the scenario presented by Cruden (1998), where 
the depression of the floor of an inflating tabular pluton 
will force the magma within its source region towards 
the conduit(s) of the growing pluton, does not apply 
to our model. We argue therefore that Cruden’s (1998) 
idea depends on the initial geometry of the feeding 
magma source; a horizontal magma source, possibly a 
migmatitic layer within the Earth’s crust would face the 
fate as the PDMS source layers of our model, whereas 
a magma source with an irregular geometry would most 
likely behave as Cruden (1998) proposed. Nevertheless, 
the “strangulation” of the buoyant-material supply in 
the model did not prevent the formation of the intrusive 
bodies, but restricted their growth to a volume of 4 to 5 
cm3 (reached within c. 5 minutes) and limited the deple-
tion of the buoyant reservoir to c. 10 vol. %. Transferring 

these model observations to nature could mean that the 
size of tabular plutons and their growth rate are not only 
controlled by the volume of the reservoir and the rate of 
magma ascent and the magma’s physical properties (T, µ, 
ρ), but also by the shape of the magma source region and, 
moreover, by the effectiveness of vertical, downward-di-
rected material transfer to create space for the build-up 
of the pluton. Time of the model phacoliths (tm) is scaled 
to nature (tn) as follows (Ramberg 1981): 

	 	 tn = (tm×lr×ρr×gr)/ µr 	  (3)

where lr is the length ratio, ρr is the density ratio, gr is the 
gravitational acceleration ratio and µr is the viscosity ra-
tio between model and nature (for numbers see Tab. 2).

Even if the model is dynamically not properly scaled, 
because of the too high viscosity of the buoyant material 
compared to its overburden, time scaling based on the 
available numbers (Tab. 2) gives a rough estimate of the 
time span for the formation of a natural phacolith before 
its growth is stopped due to choking of the influx of more 
magma by floor depression.

In the model, it took c. 5 minutes to form a lensoidal 
intrusion of 4 to 5 cm3 0.7 cm above the buoyant source 
layer. Accordingly, in nature a phacolith of 4 to 5 km3, 
being emplaced 700 m above its source layer, would 
have formed within c. 1 Ma. This time span would be 
sufficient to emplace such small tabular plutons. Assum-
ing a lower and more realistic viscosity of the magma 
(109 to 103 Pa·s, e.g. Clemens and Petford 1999) than 
that used in the model (1018 Pa·s) more voluminous tabu-
lar intrusive bodies could be built in a greater distance 
from the magma source layer within the same or even 
a shorter time. Ascent rates of magma through dykes 
are in the range of 106 to 107 metres/year (Delaney and 
Pollard 1981) and the lateral growth rate of a laccolith 
is assumed by Corry (1988) to be 200–300 metres/year 
in maximum. According to other authors (e.g. Scaillet et 
al. 1995; Hogan and Gilbert 1995; Cruden 1998; Petford 
and Clemens 2000) the construction of plutons of 102 
to 104 km3 takes 102 to 106 years. All these figures for 
rates of magma ascent through dykes and the formation 
of lensoidal, tabular plutons are in good agreement with 
the model results presented here.

In conclusion it can be stated that our model shows 
that roof uplift and floor depression are viable processes 
to form tabular plutons, but that floor depression might 
choke a horizontal and layered magma source, thus 
narrowing the time span for the build-up of a granitoid 
lopolith or phacolith.
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