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1 Rationale  

Magma overpressure at the time of the emplacement at shallow crustal levels may lead to 
deformation (i.e. forced folding, fracturing and faulting) in the country rocks both at local and 
regional scale (e.g. Senger et al., 2015). Fracturing during magmatic intrusion is supposed to 
strongly influence fluid flow and mineralization around magmatic intrusions. 
The concept at the base of our activities in the frame of task 5.2 is that fluids at the supercritical 
conditions could circulate very close to magma intrusions and, possibly, within the fractures 
associated with the magma migration and emplacement. Previous studies on magma 
emplacement and the evolution of caldera/resurgent domes in different tectonic contexts were 
mainly addressed to the analysis of the system evolution, magma depth, intrusion shape, etc., and 
rarely on the analysis of the brittle deformation of the overburden (e.g. Galland 2015). To get 
insights into these processes we resorted to analogue modeling, by reproducing in the laboratory 
the development of fracture/fault networks associated with the emplacement of magma at shallow 
crustal levels.  
This deliverable is organized in two different parts: Part I near integrally reports the contents of 
Preliminary Report on Analogue modelling for fracturing (IMAGE-D5.8), dealing on the analogue 
materials selection and test. Part II presents the results and discussion of the modeling approach 
we performed to get insights into the deformation processes associated to magma emplacement. 
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Part I 

2 Analogue modelling materials 

Reproducing geological processes in the laboratory is a research approach that started to be 
applied at the beginning of the 19th century with the first experiment of Hall (1815). A major step 
forward in analogue modelling came from Hubbert (1937). In this work, the theory of scale models 
was introduced for the first time. Thanks to this theory, models became a realistic replica of the 
natural prototype. However this methodology was not widely adopted until the sixties whit the 
works of Hans Ramberg in Uppsala, Sweden (e.g. Ramberg, 1963), who gave more strength to the 
scaling procedure with his famous book (Ramberg, 1967). 
Analogue modelling makes use of data collected with other methodologies in the definition of the 
set-up. Summarizing all the information in the building and deformation of the models themselves, 
analogue modelling allows to address issues connected to spatial (e.g. geophysics, geochemistry 
and petrology provide punctiform data) and temporal (most of the information supplied by field data 
cover a limited span of time) limitations which may arise from other techniques. This results in a 
powerful tool for investigating geological processes, as it allows studying how each different 
parameter may influence the investigated process evolution, and provides a complete 4D (space 
plus time) overview on the studied problem. 
Nowadays there are several dozen of analogue laboratories worldwide, where the most varied and 
different geological problems are reproduced and studied, from extensional tectonic to 
compressional setting, from landslide modelling to salt dome dynamics. In the last decades, we 
also had several examples of magma emplacement experiments at different scales, ranging from 
the small dike to the biggest plutons (Galland et al., 2015 and reference therein). 
The wide spectrum of possible modelling scenarios, and the elevated number of analogue 
laboratories brought to employ in the course of time an incredibly wide range of different analogue 
materials, which have to simulate the different rock behaviors and mimic the rheological layering of 
the natural case under study, reacting to the imposed forces in a similar manner (e.g. Weijermars 
and Schmeling, 1986). 
The different analogue materials can be subdivided into two major categories: materials that 
simulate a brittle behavior and materials that simulate a ductile behavior. In the frame of the task 
5.2 activities, brittle behavior is mainly related to the upper crust host rocks, while with the ductile 
materials we will simulate the intruding magma. 
Hereafter we will briefly describe the physical characteristics and the mechanical properties of both 
the brittle (Section 2.1) and ductile analogue materials (Section 2.2), together with a short review of 
the most commonly used materials (Sections 2.1.1 and 2.2.1). 
 
 

2.1 Brittle materials characteristics 
 
Natural rock mechanical behavior is not easy to describe; rocks react to the applied stress 
following various mechanical behaviors depending on their characteristics, and on the scale of the 
analyzed processes. The complex rock rheology combines elastic, viscous and plastic properties: 
when the elastic limit is exceeded, rock deformation becomes irreversible and rock may behave 
following a plastic (brittle) or viscous behavior: these are two end members behaviors which are 
combined in a complex way in response to pressure, temperature, and strain rates. 
We here concentrate on the brittle behavior and the properties of the material that are used to 
simulate it. The most common type of failure at the upper brittle crustal condition (low pressure up 
to a few hundred MPa) is frictional shear failure, which is governed by the law (as the sense of 
shear is immaterial, only absolute values are necessary): 

= µσ (1- ) + C 
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where , σ are the shear and normal stress on the fracture plane, C, and μ are material parameters 

termed cohesion and friction coefficient, respectively (Jaeger and Cook, 1979; Ranalli, 1995), while 
is the pore fluid factor, given by the ratio between fluid pressure and the lithostatic load (Hubbert 

and Rubey, 1959). The relation expressed by this equation, or some similar form, is termed Mohr-
Coulomb criterion of failure or Byerlee law (Byerlee, 1978), and describes the linear increase in 
strength of the most upper crustal rocks with depth (Byerlee, 1978). Bayrlee (1978) proposed also 
the following relations to describe the shear stress required, in a pre-fractured rocks, to slide rock 
surfaces over one another decreases as a function of the normal stress: = 0.85σ for normal 

stresses up 200 MPa, and = 0.6σ +0.5 for higher normal stresses. 

As observed above, rock behavior should not be so easily described: experimentally deformed 
rocks are characterized by an elastic/frictional plastic behavior with strain hardening prior to failure, 
and strain softening after failure (e.g. Marone, 1998; Barnhoorn et al., 2004; Jaeger et al., 2007). 
Therefore, the simple Coulomb rheology may be successfully used to describe the mechanical 
behavior of upper brittle crust on a regional scale (Davis et al., 1983). This can be justified from the 
observation that rocks are interested by faults and fractures of any dimensions and orientation, 
coupled with mechanical heterogeneities of different origin that make failure by reactivation to 
occur prior peak strength (undeformed rock strength) was reached. 
The analogue materials that are devoted to simulate the brittle rock behavior should behave in the 
same way and follow the same failure law. Traditionally the employed materials are granular 
materials: sand and powders of different composition and granulometry, flour, rice powder, plaster, 
etc..  
The behavior of granular material is complex and often unusual because of the interactions 
between particle and particle and the particles and the fluid in between (usually air in analogue 
models). These materials behavior can have similarities with the one of either gases, solids or 
fluids. However, they are used as analogue of brittle rocks since the very beginning of the 
analogue modelling (Ranalli, 2001). Their behavior is generally assumed to follow the Coulomb 
failure criterion above described, with constant frictional properties and strain-rate independent 
(e.g. Merle, 2015): this implies they can properly simulate the brittle rock behavior. Moreover, 
laboratory experiments on granular materials show that they exhibit a more complex behavior. 
Lohrmann et al. (2003) and Panien et al. (2006b) showed that granular material friction coefficient 
is not constant, but instead it is strain dependent, showing different value at peak strength (i.e. at 
fault initiation), stable dynamic strength (fault sliding) and stable static strength (fault reactivation).  
The difference between static and dynamic friction coefficients reflect the stress drop, which 
characterize the semi-brittle fashion in which granular materials fail (Galland et al., 2015). 
Moreover, Schellart (2000) demonstrated that for very low stresses (<400 Pa) the failure envelope 
of granular material is not linear, thus not following the Coulomb criterion. 
Summarizing, granular materials behavior is elastic/frictional plastic, with strain hardening prior to 
failure and a subsequent strain softening until reaching: this behavior is extremely similar to 
experimentally deformed rock described above (e.g. Marone, 1998; Barnhoorn et al., 2004; Jaeger 
et al., 2007). 
When designing an analogue model, we first need to know the mechanical characteristics of the 
analogue material we are going to use: this is crucial in the scaling procedure (e.g. Merle, 2015), 
setting the initial boundary conditions and analyzing model results (Galland et al., 2015).  
The material parameters that we need to know in order to characterize a granular material are: 
-the frictional parameters described above (internal friction coefficient µ or angle of internal friction 
Φ -linked by the following relation µ=tangΦ)- and the cohesion C). 
-the bulk density  
Before analyzing those parameters, we highlight that in first place they depend on grain shape and 
grain dimensions (and subordinately grain size distribution) (e.g., Schellart, 2000; Mair et al., 2002; 
Rossi and Storti; 2003; Panien et al., 2006b; Klinkmüller et al., 2008; Dooley & Schreurs, 2012). 
Secondly, the values of these parameters are not unambiguous, but instead they are strongly 
dependent on the handling technique, i.e. the way they are used in the model building procedure, 
as this influences the grain packing and the degree of compaction of the grains (e.g. van Gent et 

https://en.wikipedia.org/wiki/Shear_stress
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al, 2010): note that those latter are obviously a function of the granulometric properties (e.g., 
Krantz, 1991, Panien et al., 2006; Gomes, 2013). 
The internal friction coefficient reflects the way single grains slide against each other’s (Mandle, 
1988). Internal friction coefficient of crustal rock, obtained from laboratory strength tests, varies 
between 0,5 and 1,0 (angle of internal friction from 26.5° to 45°)(Jaeger & Cook, 1979; Sibson, 
1977). The scaling procedure require its value to be identical (or close) in both the analogue 
granular material and nature (e.g., Merle, 2015). Consequently, granular materials employed in 
laboratory usually shown an internal friction angle ranging between 32° and 38°(e.g. Schellart, 
2000; Panien et al., 2006; Dooely & Schreurs, 2012; Galland et al., 2015). Higher or lower values 
are found only for materials devoted to simulate special rheology or peculiar situation: for example, 
microbeads show angle of internal friction as low as 20° (see below Section 2.1.1). 
Coefficient of friction are lower for spherical particles and higher for angular (Schellart, 2000; Mair 
et al., 2002). Furthermore, Schellart (2000) considers that the values of rounded particles are 
closer to those of the natural rocks and that thus rounded particle more suitable in modelling brittle 
behavior in analogue experiments. Grain shape also influences the way the strain is 
accommodated when deforming a model: it has been demonstrated that angular particles show a 
stable sliding throughout, whereas well rounded particles exhibits unstable stick slip (Mair et al., 
2002). Conversely, Lohermann et al. (2003) founded that only minor variations in frictional strength 
are related to grain size and grain size distribution.  
Panien et al. (2006b) observed that the dip of the normal faults in analogue experiments increase 
towards the model surface (i.e. it is minimum at the base of the model) and it is nearly 90° at 
surface; they thus argued that at very low normal stresses, the coefficient of internal friction tends 
to infinity, being a correlation between (low) normal stresses and µ. 
Furthermore, the angle of internal friction changes with the technique used in preparing an 
experiment: the most common techniques are sifting the material from a certain height (usually a 
few centimeters) or pouring it. Sifting results in a closer packing and an higher angle of internal 
friction (e.g., Krantz, 1991; Lohrmann et al., 2003; Panien et al., 2006b). Lohrmann et al. (2003) 
observed that small grains and heterogeneous distribution result in a higher peak friction in sifted 
sand, whereas poured sand result in higher friction with bigger and homogeneous grains.  
The angle of internal friction may varies of around 3°-4° depending on the technique, while the 
height of pouring/sifting only accounts for minor variations (around 1°) of the angle (Gomes, 2013). 
It has to be highlighted that the handling technique only influences the peak values (at failure) of 
the angle of internal friction (Gomes, 2013). 
 
Cohesion measures the amount of shear stress that a material can resist in a zero normal stress 
condition (Mandl, 1988). In non-cohesive granular materials, the interaction between the grains is 
mainly related to the steric repulsion and to the friction forces. Therefore, the macroscopic 
properties of the assembly are governed by the geometry of the grains (shape and size 
distribution) and by the surface properties of the grains (Lumay et al., 2012). In nature, cohesion is 
about generally in the range of 107 Pa for intact rocks (e.g. Jaeger and Cook, 1979); this value may 
decreases on one or two order of magnitude in strongly fractured rocks (Merle, 2015 and 
references therein). In the scaling procedure, cohesion has the dimension of a stress, and thus it 
must to be scaled down by the stress factor. Common stress ratios are around 10

-5
-10

-6
 (e.g. 

Gressier et al., 2010; Merle et al., 2015), and thus it follows that analogue materials should have 
very low cohesion, from a few to some hundreds Pa. As a matter of fact, common cohesion values 
for granular materials used in analogue models range from a few Pa to some hundreds Pa for 
more cohesive analogue materials (e.g., gypsum in van Gent et al., 2010), but most common 
values are in the range of 20 Pa to 80 Pa (e.g. Krantz, 1991; Cobbold & Castro, 1999; Schellart, 
2000; Eisenstad & Sims, 2005; Paninen et al., 2006b; Klinkmüller et al., 2008). However the 
measurement of cohesion in granular material is a controversial subject and different contradictory 
solutions have been proposed. Usually, cohesion of granular materials is inferred from the 
interception with the shear axis (in the shear stress – normal stress plot) of the straight line 
obtained by a linear regression of the results of a shear test. This method may give high values (up 
to 520 Pa for pure sand and 700 Pa for a mixture of quartz sand and cement in Krantz (1991)) that 
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are considered to be not fully realistic since it contradicts the common observation that dry granular 
material are virtually cohesionless (Eisenstad & Sims, 2005). Schellart (2000) testing different 
granular materials under very low normal stresses (50-900 Pa) demonstrated that for normal 
stresses below ~250-400 Pa, the Coulomb failure envelope is not linear but instead it shows a 
convex-outward shape. The interception with the shear axis occurs thus at lower values (~10 Pa) 

with cohesion converging to zero at zero normal stress. This suggests that the linearly extrapolated 
values of cohesion at normal stresses below 400 Pa are overestimates. Moreover Schellart (2000) 
suggested that, since he did not observed an evident change in fault dip with increasing depth in 
extensional experiments, the non-linearity at low normal stress should be a consequence of a 
dependence of the cohesion on the normal stress and not a dependence of the coefficient of 
internal friction on the normal stress. 
As for the angle of internal friction, cohesion shows lower value for spherical particles and higher 
for angular (Schellart, 2000; Mair et al., 2002, Klinkmüller et al., 2008). Finer materials usually 
show higher cohesion than coarser materials (Lumay et al., 2012). Moreover, adding a finer 
material to the sand, like cement or clay (Krantz; 1991), flour or gypsum (Donnadieu & Merle, 
1998) usually results in a slightly increases cohesion. In his material test (with an Hubbert-type 
shear box) Lohrmann et al., 2003 founded that sand cohesion did not correlate with either sand 
density or degree of compaction. 
 
Bulk density  is a simpler parameter to analyze, nevertheless it is central in the scaling procedure 

as it appears in the normal stress calculation (=zg, where z is the brittle layer thickness and g 

the gravitational force); moreover, if one of the principal stress directions is vertical, the stress 
system is Andersonian (Anderson, 1951) and the failure criterion can be written, in terms of 
principal stresses, as gz, where α is a parameter dependent on the frictional properties of 

the material and on the orientation of the stress field (Ranalli, 1995; Corti et al., 2004). Despite the 
easiness in the measure, bulk density is the parameter the most influenced by the handling 
techniques: differences in density due to the handling techniques range between 5% and 20% 
depending on the materials (Panien et al., 2006b). For example, the densities of poured sands is 
usually significantly lower than those of the sifted sands: this can be explained because sifting 
generated more densely packed well-compacted sands, while pouring produced undercompacted 
materials (Lohrmann et al., 2003). This is obvious since density is sensitive to the grain packing 
and compaction (e.g. van Gent et al., 2010) which in turn are dependent on grain shape and grain 
size distribution. A granular material composed predominantly by rounded grains compact less 
under given load than a material composed dominantly of angular grains (Klinkmüller et al., 2008). 
Common bulk density values for granular analogue material range between ~400 kg/m3 for lighter 

materials (e.g. diatomite powder in Gressier et al., 2010) and ~1900 kg/m
3
 for heavier materials like 

corundum sand (e.g. Panien et al., 2006a). Extremely low-density material (150 kg/m3) have been 
proposed by Rossi & Storti (2003). 
 
We observed how grain characteristics influences both the frictional properties and density; now 
we also briefly discuss how these material characteristics influence the results of the experiments 
and model scaling reliability. One of the most important model result feature is the structural detail. 
This is inversely proportional to the average grain size: the finer the material, the higher the 
structural details of the features developed during a model run (Rossi and Storti, 2003). 
A high structural detail allows to detect smaller structures on model surface (i.e. the higher the 
structural detail the lower the minimum length of recognizable structures): consequently for finer 
materials we obtain a higher number of noticeable structures, enabling a more complete, accurate 
and significant structural analysis (e.g. Bonnet et al., 2001).  

Dilatancy and shear zone width are dependent on grains properties (Schellart, 2000; Panien et al., 
2006b; Dooley et al., 2012): granular material under shear condition firstly accommodate 
deformation uniformly and as shear strain increases, deformation concentrates and shear bands 
(narrow zones characterized by dilatation and grain rearrangement) start to develop. Particularly, 
there is a linear dependence between the main grain size and the initial width of the shear zones, 
and thus the fault width, which is generally 11 to 16 times the mean grain size (Panien et al., 06 
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and references therein). However, these dimensions do not scale to natural faults (Mandl, 1988). 
The reduced width and dilatancy of fault zones for fine-grained material leads to a higher similarity 
with nature when scaled down in analogue experiments (Schellart, 2000).  
Finally, shear experiments (Mair et al., 2002; Panien et al., 2006b) highlight that in granular 
materials with wide grain size distribution under shear condition, the applied stresses are 
distributed at an higher numbers of points of contacts compared to material with an homogenous 
grain size distribution: this results in an higher dispersion of stresses inside the granular material 
and a consequent higher amount of shear strain to reach failure. This means that in analogue 
models, faults and fractures take longer to generate in angular and/or heterogeneous granular 
materials than in rounded and homogeneous granular materials at equal deformation conditions 
(Gomes, 2013). 
 
 

2.1.1 Brittle materials review 

 
Analogue modelers use a wide range of different materials to reproduce in their experiments the 
brittle crustal rocks. Each granular materials has its own characteristics in terms of angle of internal 
friction, cohesion and density as well as its grain characteristic influences the structural details and 
the sharpness of the structures (see above): each material is thus suitable to reproduce a certain 
geological setting depending on its properties.  
Roughly, granular materials can be split in two categories: cohesive and non-cohesive or low 
cohesion granular materials (e.g. Lumay et al., 2012; Galland et al., 2015).  
Low cohesive materials are mainly used when modelling weak materials, which deform plastically. 
They fail along shear zone (mode II fractures) and may simulate faults; the low cohesion do not 
allow these materials to sustain tensile stresses, consequently they do not allow open fractures 
(mode I). The most common low cohesion materials, at least in natural gravity experiments, is the 
dry quartz sand (i.e. Panien et al., 2006b; Klinkmüller et al., 2008). Other similar materials are 
corundum sand, rice, etc. (e.g., Schreurs & Buiter, 2006; Klinkmüller, M., 2011). 
Quartz sand and materials with similar characteristics are successfully employed in large-scale 
experiments, involving regional tectonic processes (Galland et al., 2015 and references therein).  
Microbeads (high-quality vaporized glass sphere, Panien et al., 2006b) are another low cohesion 
granular materials widely employed. Since they are characterized by a lower frictional angle 
compared to the other classical granular materials like quartz sand (20°, Mugner et al. (1997); 22°, 
Panien et al. (2006a); 21°-29° Schreurs et al. (2006); 25° Yamada et al. (2006)) are used to 
simulate decollement layers, weaker materials like shale and claystone, and weaker zone inside 
the model (e.g., Yamada et al. (2006); Panien et al. (2006a); Schreurs et al. (2006); Yagupsky et 
al. (2008)). 
Cohesive granular materials fail both in tension (open fractures) and in shear at low differential 
stresses, and are widely employed in reproducing volcanic systems and magma intrusion at 
different scales (Galland et al., 2015 and references therein) or when modelling peculiar 
environments with highly cohesive rocks and predominant open fractures (e.g. van Gent et al., 
2010). The behavior of the granular materials is believed to be closer to that of natural rocks 
(Abdelmalak et al., 2012). 
Between the numerous cohesive granular materials we may find in literature, good examples are 
silica powder (Galland et al., 2007; 2009), ignimbrite (Mathieu et al., 2008), diatomite powder 
(Gressier et al., 2010), gypsum (van Gent et al., 2010) among others. 
 
In Table 1 we present a wide list of different granular materials used as analogue of brittle rocks in 
laboratory models.  
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Table 1: review of some of the most common granular analogue materials used in experimental 

models 
 

Reference Theme analogue material 
Grain 

dimension 

(m) 

density 
(kg/m3) 

friction 
angle (°) 

friction 
coeff. 

cohesion 
(Pa) 

Brothelande & Merle, 2015 resurgent domes  qz sand+plaster (92:8) - 1550 35° - 40 
Merle & Borgia , 1996 volcanic spreading sand - - 30° - - 

Mazzarini  et a l ., 2010 
granitoid 

emplacement 
quarz sand <250 1550 39 - 65 

Mathieu et a l ., 2008 
shal low magma 

emplacement 
sand 200-300 - 30° - 0-10 

ignimbri te  <250 - 38 - 120-230 

Sims  et a l ., 2013 doming wet clay - - - - - 

Montanari  et a l ., 2010 
magma emplacement 
during compress ion 

quartz sand <250 1500 
 

0.8 65 

Holohan et a l ., 2008 ca ldera  
quartz sand + plaster 

4:1 
- 1400 37.0 0.8 ~102 

Gi rard & van Wyk de V., 
2005 

pul l-apart localization 

by an intrus ive 
complex 

sand - 1400 30 0.6 10-102 

Luth et a l ., 2013;             
Wi l l inghofer et a l ., 2013 

subduction feldspar sand - 1300 - 0.70 - 

Krantz, 1991 

materials  properties  
(faul ts  dip test) 

sand 

- 

1530 21.8 0.40 - 

sand+clay 1650 26.1 0.49 - 
sand +cement 1560 27.9 0.53 - 

materials  properties  
(shear test) 

sand 
- 

1530 30.1 0.58 300 
sand+clay 1650 42.9 0.93 700 

sand +cement 1560 44.1 0.97 420 

Gomes., 2013 materials  properties  
qz sand <350 1500 ~38 0.78 110-140 

qz sand + bari te (2:1) <350 1810 38.0 0.78 188 

qz sand + mica  (14:1) <350 940 36.0 0.73 57 

Byrne et a l ., 2013 
Gravi tational  
deformation 

qz+gypsum - 1400 
 

0.63 ~100 

Abdelmalak et a l ., 2012 Dike intrus ion s i l i ca  flour - 
1500-
1700 

40 - 350 

Donnadieu & Merle, 1998 cryptodome intrusions quartz sand + flour - 
1200-
1400 

40 - 200 

Gress ier et a l ., 2010 dyke intrus ion diatomite - 400 - - 300 

Gal land et a l ., 2007; 2009 
magma emplacement 
during shortening; 

saucer shape intrusion 

s i l i ca  powder - 1300 38 - 300 

Mastin & Pol lard, 1998 dyke intrus ion 
flour+ sugar; corn 

meal  
- - - - - 

Panien et a l ., 2006b materia l  analys is  

quartz 80-200 1560 35.5 0.71 21+-18 

corundum 88-125 1890 37 0.75 39+-10 

microbeads  70-110 1040 22 0.41 25+-4 

van Gent et a l ., 2010 
evolution of faul t 

zones  
gypsum 10-400 732                 

 
0.6 40-250 

Henza et a l ., 2010 extens ion 
wet kaol in (40% 

water) 
<5 

1550-
1600 

31 0.6 50 

Corti  et a l ., 2007 extens ion Qz sand <250 1550 40 
 

65 

Merle et a l ., 2001 volcano Qz & qz+flour (87:13) - 
1500 - 
1300 

- - 5-25 

Agostini  et a l ., 2009;     
Corti  et a l ., 2008 

extens ion K-feldspar sand - 1220 31 0.6 50 

Kervyn et a l ., 2014 
gravi tational  

spreading 
quartz sand 

<630 (300 
average) 

1450 - 0.6 <100 

Ross i  & Storti , 2003 materia l  properties  
a luminium sphere  40 390 24.7 0.46 6 

s i l i ceous  sphere  25 150 23.9 0.44 1.5 

Gal land et a l ., 2006 magmatic intrus ion 
s i l i ca  powder 10-20 1330 40 - 290 

s i l i ca  microspheres  30 1560 24 - 1.5 
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2.2 Ductile materials and magma analogue 
 
Ductile materials are devoted to reproduce all the rocks that, under high temperature and low strain 
rate conditions as well as all the viscous fluid like magmas, deform with a ductile behavior (with the 
exception of salt that is ductile even at extremely low normal stress). We here present a short 
review of the ductile materials usually employed as magma analogue, omitting all the materials that 
are used in simulating rocks that exhibit a ductile behavior (i.e. lower crust, lower mantle, and 
asthenosphere).  
Magma rheology is not an easy matter: deformation viscous law describing its behavior as well as 
its viscosity are dependent on many factors, such as chemical composition, temperature, amount 
of dissolved volatiles and total crystal content. The flow model that are usually utilized to describe 
magma viscous properties are Power Law, Newtonian, Bingham, and Herschel-Burkley model, 
each describing a different shear stress/shear strain relation ( 
Figure 1). 

 

 
 

Figure 1: main rheological models for ductile behavior.  

 
Ductile behavior is expressed by a ductile power-law equation (e.g. Geotze and Evans, 1979): 

 

where 𝜀1̇ is the normal principal strain rate, T is the absolute temperature (in °K) and R the 

universal gas constant (8.13 kJ mol-1 °K-1), Q (activation energy, kJ mol-1), n and a0 (frequency 
factor Pa-n s-1) are material parameter that can be either dependent or independent on temperature 
and pressure. The above equation can be simplified in: 

nA 
 

and it describes the non-linear power low model, where the power-law exponent n is >1 and A is a 
material parameter function of pressure, temperature and material properties (e.g., Ranalli, 1995).  
In a Newtonian flow n=1. Thus equation becomes: 
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where η is the dynamic viscosity. Bingham and Herschel-Bulkley materials differ from the power 
law and Newtonian ones because they do not flow until a certain value, the yield stress (the 
interception with the shear stress axis in  
Figure 1), is reached. 
 
While ductile rocks (i.e. lower crust, mantle) have a very high viscosity, ranging between ~1019 to 

~1024 Pa s (e.g. Ranalli, 1995), magma viscosity is lower but it spans over an extremely wide 

range; it can vary over 12-13 orders of magnitude (Talbot, 1999): from a very low viscosity (η~10-
100 Pa s) high temperature mafic magma (Dingwell et al., 1993) to the very high viscous (η up to 
1017-18 Pa s), low temperature, crystal-rich, granite magma (Scaillet et al., 1997). 
To scale down this wide range of natural magma viscosity, in laboratory experiments we usually 
need different materials to simulate low viscosity or high viscosity magmas.  
In the scaling procedure, the viscosity, since it has the dimension of a stress per time, must to be 
scaled down by the product of the stress factor and the time ratio, which in turn is the inverse of the 
strain rate (velocity/length): the viscosity ratio in the scaling procedure may be extremely variable 
as it depends on many other parameters (e.g. Gressier et al., 2010; Merle et al., 2015). Common 
viscosity values for magma analogues vary from 0.01 Pa s for low viscosity magmas (or even 
lower when air is used as magma analogue in gelatin experiments, see below) to 104 Pa s for the 
highest viscosity magmas. 
 
 

2.2.1 Ductile materials review 

 
As for the analogue brittle materials, analogue modelers use a wide range of different materials to 
reproduce to complex behavior and the wide variability of magma viscosity. 
The analogue materials for magmas are usually temperature dependent (even if silicones are less 
influenced by varying temperature at the experimental conditions compared to other materials), 
their behavior is strain rate dependent (i.e. a material can be Newtonian for low strain rates, and 
change its behavior for higher strain rates), sometime have to be heated or molten, their usage 
time may be short (i.e. RTV silicone, Gressier et al.; 2010), etc.. Moreover, the choice of a magma 
analogue cannot ignore the type of analogue host rock: for example, using fluids as magma 
analogue and a granular material as host rock analogue, the properties of the latter should allow 
the magma to easily intrude, preventing in the meantime an excessive percolation which may form 
a fluid-filled hole in the host rock that may strongly affect the modeling results.  
These materials are not easy to handle and in practice, all the used magma analogues have both 
advantages and limitations (Gottsmann & Marti, 2008; Merle, 2015).  
Common materials used to simulate low viscosity magma span from air and water with viscosity of 
10-6 and 10-3 Pa s, respectively (usually employed with gelatin as country rock) to different kind of 
oils, honey, golden syrup or different sort of silicone, with viscosity in the range of a few Pa s to 
some tens of Pa s. 
Different varieties of silicone putty with variable viscosity are the most common analogue material 
for high viscosity magmas. Silicone putties may be used pure or, in order to obtain a different 
viscosity, mixed with other silicones or inert fillers. Silicone putty plus oleic acid is also a common 
magma analogue: varying the amount of the oleic acid, it is possible to obtain materials with 
changed viscosity (e.g. Montanari et al., 2010). Between these materials, the Polymethylsiloxane 
(PDMS), a Newtonian fluid (3x104 Pa s) which is one of the most used material as analogue for 
ductile rocks, is instead rarely used as magma analogue. 
In certain cases, the magma analogue is substituted by an inflated balloon (e.g., Sims et al., 2012) 
when modelling a magma chamber, or by the insertion of cardboards in the host rocks to simulate 
an intruding dyke (e.g., Mastin & Pollard, 1998; Trippanera et al., 2014). 
In Table 2 we present a list of different ductile materials used as magma analogue in laboratory 
experiments; the right column indicate the analogue brittle material that was used as analogue of 
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the host rock for each magma analogue. For a more detailed magma analogue-host rock 
analogue, see Galland et al. (2015).  
This wide range of different materials is able to cover the huge variability of the magma viscosity, 
and, to a certain extent, to account for the different magma rheology: however, most of the 
analogue materials used to simulate magma show a Newtonian behavior, and only a few of them a 
non-Newtonian power low behavior (Table 2). 
 
Table 2: review of some of the most common analogue materials used to simulate magma. In the 

right column (in green) the associated host rock materials are indicated.  

 

Reference Theme 
magma 

analogue 
density 
(kg/m

3
) 

viscosity 
(Pa s) 

rheology 
Host rock 
analogue 

Brothelande & 
Merle, 2015 

resurgent domes silicone 1150 1.00E+04 - sand + plaster 

Merle & Borgia, 
1996 

volcanic spreading silicone - 1.00E+04 - sand 

Mazzarini et al., 
2010 

granitoid 
emplacement  

silicone + 
oleic acid 

(4:1) 
1060 700 Newtonian quartz sand 

Mathieu et al., 2008 
shallow magma 

emplacement 

honey 
 

80-200 - 
sand, ignimbrite golden 

syrup 
1400 50 

 

Sims et al., 2012 doming 
Inflated 
bladder  

- - - clay cake 

Montanari et al., 
2010 

magma 
emplacement 

during compression 

silicone + 
oleic acid 

(4:1) 
1060 700 Newtonian quartz sand 

Holohan et al., 
2008 

caldera 
creamed 

honey  
200-600 

non-
Newtonian 

sand + plaster 

Girard & van Wyk 
de V., 2005 

pull-apart 
localization by an 
intrusive complex 

silicone 1610 1.00E+05 - 
sand and 

silicone layers 

Corti et al., 2001; 
Bonini et al., 2001 

magma 
emplacement 

during extension 
glycerol 1260 1 Newtonian 

sand soaked in 
paraffin oil 

Gressier et al., 
2010 

dike-sill 
emplacement 

RTV 
silicone 

1500 25 - diatomite 

Weijermars, 1986 Material properties PDMS 965 3.00E+04 Newtonian - 

Duarte et al., 2014 Material properties 
paraffin oil 

+ 
petrolatum 

~800 - 
non-

Newtonian 
power law 

- 

Galland et al., 
2006; 2007; 2009 

magma 
emplacement; 
saucer shape 

intrusion 

vegetable 
oil 

~900 2.00E-02 Newtonian silica powder 

Abdelmalak et al., 
2012 

Dyke intrusion 
golden 
syrup 

1400 17 Newtonian silica powder 

Acocella et al., 
2000;         

Acocella, 2005 

Caldera collapse, 
volcanic cones 

silicone 
putty 

- 1.00E+04 Newtonian dry sand + flour 

Benn et al., 2000 pluton emplacement 
silicone + 

fillers 
1440 3.00E+04 Newtonian silicone + fillers 

Bons et al., 2001 magma ascent air 1.20E-06 2.00E-05 - gelatine 

Kavanagh et al., 
2006 

sill formation water 1000 1.00E-03 Newtonian gelatine 

Zanella et al., 2014 - molten wax 950 1.40E-02 - 
silica powder 

and wax 
microspheres 
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3 New brittle analogue materials: strategy and analysis 

As we have seen in the above sections (Section 2.1), analogue modelers use a wide range of 
different materials in their experiments to reproduce the brittle rocks of the upper crust; between 
them quartz sand and wet clay are the most frequently used.  
However, despite the numerous and different materials employed in the analogue laboratories 
worldwide, a material which has the characteristics, in term of frictional properties, number and 
high quality structural detail of the developed structures and ease of supply, and useful for the 
faults/fractures analysis of an intruded country rock, is still lacking. 
Gypsum, both wet (plaster; e.g., Gabrielsen & Clausen, 2001) and dry (van Gent et al., 2010), and 
especially wet clay (usually kaolin with variable water content; e.g. Whitjack & Jamison, 1986; 
Clifton et al., 2000; Henza et al., 2010; Cooke & van der Elst, 2102; Cooke et al., 2013; Sims et al., 
2012) could be materials that may ensure the required quality results. However, we discarded pure 
gypsum for problems related to model wetting at the end of the experiments (i.e. it will be 
extremely difficult to obtain model cross sections), while wet clay was discarded for problems 
related to the scaling procedures. 
The adopted strategy was to create a mix of different granular materials starting from the most 
widely used granular material (i.e. Fontainebleau quartz sand, relatively cheap and easy to get) 
and trying to improve its characteristics by adding different amounts of a second granular material.  
It has indeed been demonstrated that mixing quartz sand with a certain amount of a granular 
material with different properties, in terms of granulometry, grain geometry and frictional 
parameters, results in a new analogue material whose characteristics may fit the desired aim of the 
modelling (i.e. structures to be observed, different rock rheology, etc.).  
Mixing different granular materials is an analogue approach that was not commonly used. We can 
find examples in a few laboratories worldwide: i.e. quartz sand plus plaster in various proportions 
at the Laboratoire Magmas et Volcans of the Blaise Pascal University of Clermont-Ferrand (e.g., 
Merle & Lenat, 2002; Holohan et al., 2008; Byrne et al., 2013; Brothelande & Merle, 2015); quartz 
sand plus barite and quartz sand plus mica at the Geology Department of the Federal University of 
Ouro Preto, (Gomes; 2013). Krantz, 1991 proposes the detailed analysis of the properties of 
mixtures of sand with clay and cement. Gomes (2013) observed that mixing different materials may 
lead to an increased compaction which in turn may result in strain hardening and a reactivation 
strength higher than the failure strength (i.e. the internal friction angle is higher at reactivation than 
at the first failure). However, no major changes are seen in the peak friction values. The biggest 
differences between sand and sand mixtures are observed in the time-stress relationships prior to 
failure: sand, under the same loading conditions, achieves failure faster than mixtures (Gomes, 
2013). 
In the present case, we added to the quartz sand (Fontainebleau quartz sand, hereafter simply 
called quartz sand) a certain amount of K-feldspar fine sand (Kaolinwerke-AKW feldspar SF 900 
SF sand; hereafter referred as K-feldspar sand or powder). 
Fontainebleau quartz sand is a poorly graded sand (average grain dimension ~100µm), primarily 

composed of siliceous and sub-rounded grains (Figure 2 and Figure 3). 
K-feldspar SF 900 SF (Figure 2) is a fine grain sand, well graded (grain dimension mostly (68%) in 
the range of 40-100µm, with a significant (37%) finer fraction, <40 µm), mainly composed of 
potassium feldspar (83%), with subordinate sodium feldspar (6%), quartz (10%), and a smaller part 
of the superfine kaolinite (1%) (Figure 3). The grains have mostly an angular shape, with sharp 
corners (Figure 2).  
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Figure 2: microscope picture of the pure quartz sand (left panel) and pure K-feldspar sand (right 

panel). Note the strong differences in terms of grain size, grain size distribution and grain roundness.  

 

 
 

Figure 3: grain-size distribution curve for the pure quartz sand and the pure k-feldspar sand. 

 
K-feldspar sand was already successfully used in several enhanced gravity experiments with 
excellent results in the Tectonic Laboratory of Florence (e.g. Corti, 2008; Agostini et al., 2009). The 
k-feldspar fine sand properties, even if they allow excellent results in enhanced gravity 
experiments, do not allow using it in a fruitful way in natural gravity experiments for problems 
related the scaling procedure and the building of the model (see below).  
Starting thus from weak and strong points of quartz sand models, we mixed quartz sand and K-
feldspar powder in different proportion looking for creating a material which may be characterized 
by a proper internal friction angle to simulate crustal rocks (~30°), a not too high cohesion, and 
grain size which may allow the development of numerous and detailed structures for a complete 
fracture/fault (statistical) analysis.  
As a matter of fact, quartz sand deformation under laboratory condition - even if approximates the 
Coulomb failure criterion making it a good analogue for brittle crustal rocks - is characterized by the 
development of a small number of structures (faults and/or fractures) which accommodate the 
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deformation, with a high individual displacement and great fault width: this results in models 
characterized by a small number of poorly detailed (i.e. large width and soft and poorly defined 
edges) that do not allow an exhaustive analysis. The combination of coarse quartz sand with the 
finer K-feldspar sand should overcome these strong limitations and produce a new analogue 
material that fits with the purpose of the task 5.2 activities. Moreover, we have to consider that, 
usually, the finer the material granulometry, the higher the number of structural details and the 
better the whole model scaling (Rossi & Storti, 2003). 
The finest fraction of the k-feldspar sand fills the voids in between the coarse quartz sand grains 
modifying all the initial material parameters: the sand mixtures should thus result in a more closed 
packing between the grains and a different (more heterogeneity) grain distribution (which 
influences the distribution of deformation, see Panien et al., 2006b), higher density, and an higher 
cohesion (see Section 2 for detail on the material properties and their influences in model 
development).  
In particular, we expect the new material to produce an elevated number of brittle structures with 
very delicate and definite details to enable the desired analysis without significantly alter the 
frictional properties (internal friction coefficient and cohesion) and the material density.  
 
We thus prepared five different sand mixtures to be tested and analyzed: 
90% Quartz sand + 10% K-feldspar sand (% in weight) 
80% Quartz sand + 20% K-feldspar sand (% in weight) 
70% Quartz sand + 30% K-feldspar sand (% in weight) 
60% Quartz sand + 40% K-feldspar sand (% in weight) 
50% Quartz sand + 50% K-feldspar sand (% in weight). 
 
Sand quantities were weighted with a precision balance and the different mixtures were prepared 
mixing the two components in a planetary mixer for at least 5 minutes to obtain a granulometrically 
homogenous material. 
 
 

3.1 Brittle materials test and material properties 
 
As mentioned above (Section 2), granular material behavior is mainly dependent on its frictional 
properties, angle of internal friction and cohesion, which, together with material density, are the key 
factor to be considered during the scaling procedure. Granulometry and grain distribution, as well 
as the grain shape, have minor influences on model results (Panien et al., 2006b).  
Frictional properties of a granular material are usually investigated by means of technical 
instruments as Hubbert-type apparatus (Hubbert, 1951) and ring shear tester (Schulze, 1994) 
which allow investigating the response of the tested material to a wide range of applied stresses. 
We here prefer to determine our sand mixture properties by means of different empirical methods.  
Even if the results of the empirical methods are obviously less precise than the instrumental ones, 
they have the great advantage of measuring the studied properties of a certain analogue material 
in the same conditions the material is utilized during an experiment. This means that even if 
empirical method is less precise, it give fundamental information on the material properties in the 
experimental conditions. As explained in Section 2.1, granular material properties are strongly 
sensitive to the handling techniques: pouring or sifting the same sand results in a change in its 
frictional properties as well as of its density, because of the different packing and arrangement of 
the grains.  
We thus performed our investigations by handling and preparing the analyzing materials in the 
same way we prepare the experiments: carefully pouring the granular material from a fixed height 
(i.e. ~10 cm). After the material reaches the desired height (usually a few centimeters), the top 

surface is scraped to level the sand and obtain a flat and smooth (initial) surface. This procedure 
has been demonstrated to not significantly alter the frictional properties of the granular materials 
(Gomes & Caldeira, 2011; Gomes, 2013). Moreover, granular material behavior depends on the 
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applied stress (Lumay et al., 2012): model test dimensions and stresses (in brittle layer depending 
on the thickness and the physical properties of the material) are thus in the same range of the 
planned experiments.  
In addition to the analysis of the five different mixtures above listed, and in order to obtain 
reference values, the same measurements have been performed for the two constituents of the 
mixtures: namely 100% quartz sand and 100% K-feldspar sand. 

 

3.1.1 Angle of internal friction 

 
The angle of internal friction (see Section 2.1) was determined by means of two different empirical 
methods widely used in literature: 

-by measuring the dip angle of faults developed during extensional experiments 
-by measuring the angle of repose. 

The results of extensional analogue models may be used in determining the internal friction 
coefficient µ (and consequently the angle of internal friction Φ, linked by the following equation: 
µ=tangΦ) of the granular material used in the experiment. Those values arise from the observation 
of the dip of normal faults developing during the model run (e.g. Krantz, 1991; Panien et al., 
2006b). As a matter of fact, since µ is related to the angle between a fault plane and the direction 
of the maximum principal stress (θ) by the relationship µ=tang(90°-2θ), and since in extensional 
setting (i.e. normal faults) the main principal stress is vertical, we have that the angle θ is equal to 
the complementary angle of the fault dip i.e. θ=90-.  

The value of the internal friction coefficient calculated with the above-described method is sensitive 
to the handling technique: the more densely packed sifted sand exhibits a higher friction coefficient 
than poured sand (Krants, 1991; Lohrmann et al., 2003; Panien et al., 2006b). Likewise, the 
coefficient of peak friction calculated from fault dips is higher than the coefficient determined with a 
ring shear test (Panien et al., 2006b). We thus pay close attention when preparing the experiments 
in following always the same procedure: we poured carefully the sand from the same height and, 
when the desired height is reached, the top surface was shaved to obtain a flat surface.  
 

 
 

Figure 4: Photo of the deforming apparatus “Tosi Machine” used for the tests  

 
The experiments were built with a simple set-up (we here are interested only in measuring the 
materials properties, thus no scaling procedure was adopted): 6 cm thick layer of sand mixture with 
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a thin colored layer (made with the same mixture) every 1 cm of thickness to help in recognizing 
the faults. It is worth to note that the adopted thickness is a reasonable average values for the 
planned IMAGE experiments. The sand layer is 20 cm long and rests on the base of the deforming 
apparatus (“Tosi machine” settled at the Tectonic Modelling Laboratory of the Institute of 
Geosciences and Earth Resources at the Earth Science Department of the University of Florence, 
Figure 4). 
Extending of the models was obtained through the motion of a moving wall driven by a stepper 
motor controlled by a central unit (Figure 4). A thin rigid metal sheet lays in between the model and 
the base of the deformation apparatus, extending from the centre of the model to the mobile wall to 
whom it is attached. The mobile wall pulls the metal sheet when this moves: in this way, the metal 
sheet edge acts as velocity discontinuity (VD). 
Models were slowly extended (at 2.5 cm/h) until the first extensional faults were clearly developed 
on the mode surface: a couple of conjugate faults developed above the velocity discontinuity. 
Because of the amount of extension needed to the first faults to develop, and the deformation 
distribution at grain size level are sensitive with respect to the material properties, it follows that 
each models experienced a slightly different amount of deformation before we stopped the 
experiments: in any case, the bulk extension was of the order of a few millimeters (2-4 mm). This 
however does not influence the observed values of the angle of internal friction.  
Once the experiment was stopped, it was wetted to allow cutting model cross sections in the model 
central part (Figure 5). Fault dip was measured directly above the velocity discontinuity, at the base 
of the model, where the conjugate faults initiate and have a rectilinear fault plane (see below), and 
the vertical normal stress corresponds to the maximum principal stress (Panien et al., 2006b).  
Fault dips values  are calculated on both the two conjugate faults, the one above the VD (on the 

right side on the panel in Figure 5; i.e. left dipping) and the conjugate one on the opposite side, 
which presents slightly different dip values and curved fault plane (Figure 5). Curved fault planes, 
with dip angle increasing toward the shallower levels and becoming almost vertical just below the 
model surface, are common in this extension experiments. This is because at very low vertical 
normal stress (i.e. close to the surface) the coefficient of internal friction tends toward infinity and 
thus the fault dip tends to increase up to 90° (Schellart, 2000; Panien et al., 2006). Similar results 
in more cohesive materials are explained as a change in the deformation style with depth: tensile 
failure (i.e. vertical faults) at shallower level, and shear failure at the base of the model (van Gent 
et al., 2010 and references therein). 
Table 3 gives the results of the fault dip test in terms of angle of internal friction Φ and coefficient of 
internal friction µ, calculated with the above equation that in terms of fault dip angle  becomes 

µ=tang(2-90°). 
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Figure 5: cross sections of the extensional experiments used in the determination of the angle of 
internal friction for the different sand mixtures. The white bar on the lower right angle of each panel 

indicate the moving metal basal sheet, the edge of which (in the center of the panels) acts as a 
velocity discontinuity. The table in the right bottom panel resumes the measures of the dip angles 

for the right (on the VD) and the left faults (see text for details).  
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Alternatively, the angle of friction of the tested materials may be evaluated from the critical angle of 
repose. The angle of repose Φ of a granular material can be defined as the maximum angle that 
allows a heap of soil resting on an horizontal surface to remain stable without failing, i.e. the angle 
between the surface slope of the cone and the horizontal (e.g. Pascale, 2013) and it is equal to the 
angle of internal friction (e.g. de Rick et al., 2005; Lumay et al, 2013; Brothelande & Merle, 2015).  
As a matter of fact, a non-cohesive granular material or with inter-particles forces negligible 
compared to gravity (i.e. small cohesion), poured from a single point forms a cone, whose base 
angle is the angle of repose Φ. Following Coulomb, this occurs because the granular media 
sustain shear stress as in solid friction: the cone is stable until τ<µσ, where τ and σ are the shear 
and normal stress, and the µ is the internal friction coefficient. The slope of the cone is thus limited 
to a certain slope that is function of the internal friction coefficient µ. We here recall that the 
following relation links µ and Φ: µ=tangΦ. 
Many methods have been proposed to measure the angle of repose: static methods, among which 
we may cite fixed height cone, fixed base cone, scoop deposition, and dynamics methods, like the 
tilting table and the rotating cylinder. The angle of repose obtained from a static method tends to 
present a slightly smaller value (Podczeck & Jones, 2004). Pascale, 2013 found that between the 
static methods, the fixed height cone method as proposed by the America Society for Testing and 
Materials (ASTM International; ASTM, 2000) and the Cornforth, 1973 method (a variation of the 
fixed base method) give the highest results. 
We thus measured the angle of repose for the five mixtures and the two pure sands with both the 
fixed height cone method (ASTM, 200) and the fixed base method, which however results to be the 
most common methods for determining the angle of repose. Hereafter we shortly describe the two 
methods used to measure the angle of repose: 
 
-fixed height cone method: the powder is carefully poured through a funnel, with a known, at a 
fixed height until apex of the heap formed by the granular material reaches the bottom of the funnel 
-fixed base cone: the granular material is allowed to flow through a funnel, which is raised vertically 
until the heap covers a circular base of fixed size. The funnel is slowly raised as the cone grows, 
maintaining the same distance between the funnel tip and the apex of the cone during the whole 
procedure (Figure 6). 
In both case, rather than attempt to measure the angle of the resulting cone directly, the angle of 
repose Φ can be obtained by measuring with a caliber the width of the cone base D (86 mm in the 
fixed base cone method, Figure 7), and the cone height H (35 mm in the fixed base cone method); 
the angle of repose is given by the following equation: 
 

𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑟𝑒𝑝𝑜𝑠𝑒 = 𝑡𝑎𝑛−1(2𝐻 (𝐷 − 𝑑)⁄ ), 
 

where d is the internal diameter of the funnel nozzle (10mm). 
The fixed base cone method is considered more accurate since D is univocally known (while in the 
fixed height cone method it can be ambiguous) (Podczeck & Jones, 2004). Moreover, in the fixed 
base cone method, maintaining the same close distance between the tip of the funnel and the top 
of the growing cone minimizes the impact of falling particles. 
As prescribed by the C-1444 ASTM procedure (ASTM, 2000), the sample used in the procedures 
should be homogenous and representative of the bulk material; we thus use caution in handling 
the mixtures to be sure the two component are perfectly mixed and the material is homogenous. 
In both cases, measurements were repeated ~10 times and an average value was taken as 
representative for each mixture (Figure 7). 
Moreover, the results obtained with the two proposed method are completely comparable: for all 
the examined materials, we thus show an unique angle of repose (i.e. angle of internal friction) as 
shown in Figure 7 and Table 3. 
The used testing methods (as well as the other tests proposed in literature) are however designed 
for free-flowing granular material (Train, 1958). Flowability is function of particle size and shape, 
bulk density and cohesion of the granular material (ASTM , 2000). A high angle of repose indicates 
a considerable difficulty for particles to flow past one another; spherical particles have minor flow 
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difficulties (and consequently a minor angle of repose) than irregularly shaped particles (which 
conversely present a higher angle of repose); the smaller the particle, the higher the angle of 
repose due to electrostatic effect (Angelo & Subramanian, 2008). Due to its characteristics, the 
angle of repose of the pure K-feldspar sand was not possible to be measured with the above 
method. The high cohesion (see below Section 3.1.3) and the small size of the grains give to this 
material an elevated angle of repose (see above the angle of internal friction calculated with the 
fault dip test), and consequently poor flow properties that do not allow the funnel method to be 
used (the material stagnate inside the funnel and does not freely flow). Some problems may also 
arise from high K-feldspar content mixtures, which present fair flow properties (cfr. Lumay et al., 
2012); nevertheless, the dimension of the diameter of the funnel outlet accommodates this less 
well flowing material (Podczeck & Jones, 2004). The influence of the dimension of d on the angle 
of repose value is however taken into account in the above propose equation (see critical orifice 
diameter discussion in Podczeck & Jones, 2004). 

 

 

 

Figure 6: scheme of the measuring procedure of the angle of repose (modified after de Campos & 

Ferreira, 2013). 
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Figure 7: pictures of the angle of repose tests (fixed base cone method). The red number on the right 
top of each panel indicate the measured angle.  
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Table 3: summary table of the angles of internal friction of the different mixtures measured with the 

two different empirical methods (see text for details).  

 

Method Fault dip angle  Angle of repose  

Mixture 
 (Qz-Kfeld) 

Φ  (°) Right side 
(above VD) 

Φ  (°) Left 
side 

Φ  (°) Average 
value 

µ Φ  (°) µ 

100-0 40 36 38 0,73 34,8 0,70 

90-10 44 40 42 0,84 36,3 0,74 

80-20 44 46 45 1,04 39,0 0,81 

70-30 46 48 47 1,11 39,8 0,83 
60-40 48 56 52 1,48 40,8 0,86 

50-50 54 58 56 1,60 41,7 0,89 

0-100 58 60 59 1,73 - - 

 
 
 

 
 

Figure 8: graph summarizing the variation of the angle of internal friction as a function of the mixture 

composition. 

 
The angle of internal friction is minimum for pure quartz sand and reaches the highest value for 
pure K-feldspar sand. It increases with the amount of K-feldspar sand in the mixture, showing an 
almost linear increase. These results are consistent with the results of Klinkmüller et al. (2008) who 
observed a linear increase in friction coefficients as the angular grains (K-feldspar sand in our 
case) increase. 
Similarly, Krantz (1991) showed an increase in the internal friction angle value adding a finer 
material (clay or cement) to the pure sand, even if the reported increase is very small compared to 
our results. Moreover, the observed increase with K-feldspar content is more pronounced in the 
values obtained with the fault dip method (Figure 8). 
The angle of internal friction is always higher when measured with the fault dip methods (Figure 8): 
it represents the peak value for the experimental condition (i.e. function of the vertical normal 
stress – thickness of the sand layer, remember also that we are measuring the fault angle at the 
base of the model, that is at the maximum burial conditions)(Panien et al., 2006). Peak values are 
higher because it is a function of the dilatation the material has to experience before been able to 
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deform and fail (e.g. Lohrmann et al., 2003; Panien et al., 2006) and may be assigned to the initial 
yield strength of a sample, as stated above related to the sample conditions. Conversely, the lower 
values obtained with the angle of repose correspond to the critical state friction angle or stable 
friction angle (e.g. Cornforth, 1973; Atkinson, 2007) linked to the stable sliding (i.e. state of failure 
when stresses do not change any more during shearing and volume is constant) (e.g. Lohrmann et 
al., 2003; Atkinson, 2007). 
The obtained values for pure quartz sand are well in the range of previous measurements 
(obtained with the same above methods, e.g. Panien et al., 2006; Lumay et al, 2012; Brothelande 
& Merle., 2015). Finally, the high peak values for the mixtures with higher K-feldspar fraction, 
measured with the fault dip methods are similar to those of other materials measured with the 
same method (Panien et al., 2006). We have thus to emphasize that high values of the coefficient 
of internal friction µ (µ>1) may result poorly scaled when employed as analogue materials. 
 
 

3.1.2  Density 

 
The bulk density of a granular material strongly depends on the grain arrangement (and of course 
on the density of the grains themselves): this is thus function of the grain size, grain shape and 
grain size distribution. For example, Klinkmüller et al., 2008 founded that rounded grains arrange in 
closer packing than angular grains, when sieved; considering equal grain density and size 
distribution, rounded materials have a higher bulk density, due to the closer packing. 
This implies that density is extremely sensitive to the compaction and that again the handling 
techniques, i.e. the way we built a model, may influence the density of the used granular materials 
(e.g., Krantz, 1991; Lohrmann et al., 2003; Panien et al., 2006; Gomes, 2013) with great impact on 
the whole scaling procedure. 
We thus measured density with an easy and common method: we filled a small container of known 
volume with the analyzing material and we measured its weight with an electronic balance (e.g. 
Krantz, 1991). Following the above considerations, we pay close attention in filling the container 
with the same technique used in preparing the models: the granular material was poured from a 
constant height of a few centimeters; once the container was filled, the surface was leveled by 
scraping with a straightedge.  
Moreover, to take in account the possible compaction of the granular material under its own 
weight, the container has a height (5 cm) that is a good average value of the model thickness: the 
obtained density can realistically be a good approximation of the density inside a model. 
At least five measurements were made for each material and averaged. The obtained values are 
summarized in Table 4 and Figure 9. The two pure granular materials used in preparing the 
different mixtures show a huge difference in terms of bulk density at the above-described 
experimental conditions. Pure quartz sand exhibits a bulk density of 1455 kg/m3, while the pure K-
feldspar sand has a bulk density in the order of ~1000 kg/m3 (the uncertainty in the density value 

for the K-feldspar sand arises from its characteristics in the flow properties, see above, and 
compressibility, see below, which do not allow a precise measurement). A progressive increase in 
the content of the less dense K-feldspar in the mixture should result in a progressive decrease of 
the mixture bulk density itself. However, we have to consider the different grain size of the two pure 
terms: part of the finest grains of the K-feldspar fill the intergranular voids in between the bigger 
grains of the quartz sand, with no increase in volume. This implies that adding a small quantity of 
K-feldspar sand to quartz sand results in an increases of the bulk density of the mixture, compared 
to the pure quartz sand (Table 4 and Figure 9): Qz 90 – Kfeld10 mixture presents a bulk density 
slightly higher than the pure quartz sand (1468 kg/m3). The mixture bulk density tends to slightly 
decrease with increasing the K-feldspar fraction (>10% in weight); for K-feldspar content higher 
than 30% in weight the decrease is more pronounced and it tends to become linear. 
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Table 4: density values for the different mixtures. 

 

Mixture (Qz-Kfeld) Density (kg/m
3
) 

100-0 1455 

90-10 1468 

80-20 1440 

70-30 1408 

60-40 1377 
50-50 1280 

0-100 ~1000 
 

 

Figure 9: graph summarizing the variation of bulk density as a function of the mixture composition.  
 

We thus proceeded to evaluate how the material packing may influence the bulk density. To obtain 
an estimate of the compressibility of the analyzed granular material (i.e. the increase in density due 
to a compression/decrease in volume) we measure the Hausner ratio (Hausner, 1967) or 
compressibility index, which is widely used in the granular material characteristics (i.e. Podczeck & 
Jones, 2004; Lumay et al., 2012). The Huasner ratio is employed in particular to quantify the 
material flow properties: packing and flow are closely related bulk properties in granular materials 
(see also Section 3.1.1 for flow properties)(Podczeck & Jones, 2004). The Hausner ratio is an 
adimensional number calculated as the ratio between the freely settled bulk density of the granular 

material and the tapped density, which is an increased bulk density attained after mechanically 
tapping the container containing the sample.  

 
It follows that obviously the greater the Hausner ration, the greater the bulk density variability due 
to the different handling technique and the different material packing configurations that arise: 
ideally, a granular material with low Hausner ratio results to be an easy to use analogue material. 
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Table 5: Empirical relation between the flow properties of a granular material and its Hausner ratio 

(European pharmacopoeia, 2010). 

 

Flow property Hausner ratio 

Excellent 1.00–1.11 
Good 1.12–1.18 

Fair 1.19–1.25 
Passable 1.26–1.34 

Poor 1.35–1.45 

Very poor 1.46–1.59 
Very very poor >1.60 

 
We adopted the following common empirical method:  
-100g of granular material, weighed with a precision balance, are gently introduced on a graduate 
cylinder of 250 ml, avoiding compaction as much possible. Knowing the mass (100g) and the 
volume V0 (from the graduate cylinder) density D0 is calculated. 
-the container is then tapped 500 times on a flat surface 
-Volume of the granular material after tapping is measured (V500), and tapped density D500 is the 
calculated. 
From the methodology description, it is clear that this is a method highly influenced by the 
methodology used to determine it and by the operator. However, despite these limitations, the 
obtained values give a clear idea about the macroscopic properties and the behavior of a granular 
material (Lumay et al., 2012). 
Hausner ratio values are shown in Table 6 and Figure 10, together with the volume variation 
between V0 and V500. As we can see, the Hausner ratio (and the volume variation percentage) 
linearly increases with the K-feldspar content, in a manner comparable with the decrease in density 
above observed. The density however shows a small increase with small K-feldspar content, which 
is not reflected in a small decrease in the Hausner ratio value with equal mixture composition: this 
is due to the different sample preparation.  
The pure quartz sand, with big, rounded and poorly-graded grains, is thus characterized by a low 
Hausner ratio (corresponding to excellent flow properties, Table 5 (Lumay et al., 2012)) which 
implies small density variation due to the different handling technique. From this point of view, pure 
quartz sand is a good analogue material, easy to use, poorly influenced by the handling technique, 
and that thus assure easiness in reproducibility and in the scaling procedure. We have indeed to 
consider that density is a key parameter in the scaling procedure and that density and compaction 
of granular material influence other parameters like peak friction coefficient and cohesion (i.e. 
Gomes, 2013). 
Conversely, the pure K-feldspar sand, well-graded and with a conspicuous fine fraction, exhibits an 
high Hausner ratio (Table 6) which indicates poor flow properties (as seen above Section 3.1.1 and 
Table 5): the high compressibility of this material makes it difficult to handle and obtain the same 
density in all the models. To get around this problem, common to other analogue granular 
materials, some authors suggested using these materials at their maximum packing configuration 
in order to have homogenous, repeatable materials with the same properties in all the models. In 
this case, the material is usually compacted using high frequency compressed-air vibrator or a 
triaxial vibrating table (i.e. Galland et al., 2009, 2014; Gressier et al., 2010). 
The analyzed mixtures present an intermediate compressibility index, which corresponds to good 
(for K-feldspar sand content <30%) to fair (K-feldspar sand >30%) flow properties (Table 5). It is 
thus reasonable using the mixture with low K-feldspar content (<30%) without any particular 
expedients but a careful handling. The use of higher K-feldspar mixtures is instead discouraged for 
the possibility of strong dishomogeneities, which may arise both inside different part of the same 
model or between different models built with the same material. Moreover, the use of a vibrator to 
compact a mixture of different sands could lead to separate the different components: its use has 
thus to be carefully evaluated when working with sand mixtures.  
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Table 6: Hausner ratio and volume variation, in percentage, for the different mixtures (see text for 

details). 

 

Mixture (Qz-Kfeld) Hausner ratio  Volume variation (%) 

100-0 1.07 6.1 

90-10 1.09 7.8 

80-20 1.12 10.4 

70-30 1.19 15.6 

60-40 1.21 17.0 

50-50 1.22 17.9 

0-100 1.35 25.5 
 

 

 

Figure 10: graph summarizing the variation of the Hausner ratio (blue dots) and the volume variation 
(red dots) as a function of the mixture composition. 

 
 

3.1.3 Cohesion 

 
A first qualitative idea of the cohesive properties of the analyzed materials may arise from the 
observation of the heap shape obtained letting the granular material to flow through a funnel (see 
Section 3.1.1) (Lumay et al., 2012). The heap shape is strongly dependent on the grain properties. 
In particular, a cohesive granular material gives angle and strong deviations from the conical shape 
(and a high value of the repose, see above) (de Rick et al., 2005). The isosceles triangle built with 
the basal angles equal to the angle of repose corresponds to the ideal heap shape (Figure 11). The 
more the obtained heap shape deviates from the ideal shape, the higher the cohesion (Lumay et 
al., 2012). In addition, cohesive index σr can be obtained from the deviation between the heap 
interface and the ideal heap shape (Lumay et al., 2012).  
Thus observing the different shape obtained measuring the angle of repose (Figure 7) it is possible 
to state that the cohesion is close to zero for pure quartz sand (i.e. the heap shape corresponds to 
the ideal shape) and it increases with the amount of K-feldspar sand (i.e. the cone shape differs 
more and more from the ideal shape). For the pure K-feldspar sand (for which was not possible to 
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obtain a meaningful measure of the repose angle because of the material flow difficulties, see 
above) the deviation from the ideal shape is even more pronounced, indicating a higher cohesion.  
A quantitative estimation of the cohesion of a granular material can be made through an empirical 
method, which derives from the possibility of building a vertical wall with the analyzed material, 
obviously, if cohesion is not negligible. In this case, Coulomb’s method for wedges (Nedderman, 
1992) predicts that the height of the vertical wall L is limited to the value given by the following 
equation (de Ryck et al., 2005): 

𝐿 <
4𝑐𝑜𝑠∅ ∙ 𝑐

(1 − 𝑠𝑖𝑛∅) ∙ 𝜌𝑔
 

Where c is the cohesion, Φ the angle of internal friction, g the gravitational acceleration and σ the 
material cohesion. From the above equation follows that the material cohesion is given by: 

𝑐 =
𝐿𝑀𝐴𝑋(1 − 𝑠𝑖𝑛∅)𝜌𝑔

4𝑐𝑜𝑠∅
 

This method was already been used to calculate the cohesion for granular materials used in 
analogue models (e.g. Mulugeta, 1988; Merle et al., 2001; Merle et al., 2015). 
Again, during the measurements, the material was handled in the same way we prepare the 
experiment to obtain cohesion values which can be realistic and representative of the experimental 
conditions. In the measurement, this is even more important as the proposed cohesion equation is 
function of the density and of the angle of internal friction (see above Section 3.1.1 and 3.1.2). 
 

 
 
Figure 11: ideal heap shape compared to the actual heap shape for the 50 Quartz – 50 K-feldspar 
mixture. The strong deviation from the ideal shape indicates an elevated cohesion.  

 
A thin layer of material was poured on a flat base, and the surface was scraped at a known height 
and a vertical cut was made in the material with a blade. This process was repeated up to the point 
where a vertical slope was able to self-sustain (LMAX). We repeated this procedure up to 10 time for 
each material, and an average LMAX value was taken for each analyzed material. 
Since the measurements of the free wall height give very small values (Table 7), pictures of the 
realized tests were not representative. 
Cohesion was then calculated using the above formula: material density and angle of internal 
friction are reported in Section 3.1.1 and 3.1.2. Regarding the angle of internal friction, this was 
calculated with two different empirical methods (fault dip method and angle of repose); accordingly, 
cohesion was calculated using the two distinct angle of internal friction values and an average 
value is also presented (Table 7). 
The obtained values are very low, and cohesion is mostly neglectable in the examined granular 
materials. As for the angle of internal friction, we can see a clear increase in the cohesion with the 
increase of the K-feldspar content in the mixture. 
The lower value is found for the pure quartz sand: in this material, the cohesion is  completely 
neglectable; the observed vertical wall is probably the results of a few grains stacked one on the 
other and there are no inter-particles forces playing a detectable role. 
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The cohesion value is maximum for the quartz 60 – K-feldspar 40 mixture (average value ~14 Pa) 

and slightly decreases for higher K-feldspar content. This behavior may be attributed to the 
influence of the density in the cohesion calculation: as we have seen above, density increases with 
K-feldspar up to 30% of K-feldspar but for higher K-feldspar content, mixture density starts to 
decrease (See Section 3.1.2) and this reflects on cohesion value. 
The observed increased with K-feldspar is probably related to the augmented fine fraction in the 
mixture: cohesion, since it expression of the inter-particles forces, is indeed sensitive to the grain 
shape and the size distribution (e.g. Mair et al., 2002; de Ryck et al., 2005). Similarly, Krant (1991) 
adding clay to sand observed a slight increase in cohesion.  
Following the adopted method, it is clear that the cohesion of a granular material is also function of 
the density and the degree of compaction (de Ryck et al., 2005). Differently, in his material test 
(with a Hubbert-type shear box) Lohrmann et al., 2003 founded that sand cohesion did not 
correlate with either sand density or degree of compaction. Klinkmüller et al., 2008 founded no 
significant correlation between cohesion and grain size distribution, and only a strong correlation 
with grain shape. 
The measure of the cohesion of a granular material and the definition of the influencing factors are 
thus a tricky issue (for details see Section 2.1). However, the obtained values are in line with all the 
literature works that state that the granular materials, at the stress range of the analogue models, 
are almost cohesionless or anyway their cohesion is very low. Common cohesion values range 
from zero to a few tens of Pascal, except for high cohesion materials like wet clay or plaster (see 
Section 2.1). 
In the light of these considerations, we thus believe that the adopted method could be an easy, 
cheap, and fast method for determining the cohesion of the analogue brittle materials, even if it is 
possible an underestimation in comparison with the instrumental measurement techniques that 
report significantly higher values. Nevertheless we have again to consider (see Section 2.1) that 
using the most common instrumental techniques (i.e. Hubbert-type apparatus and derived 
instruments, and ring shear test) the cohesion is inferred as the intercept with the shear axis in a 
shear stress – normal stress plot, assuming a linear relationship between shear stress and normal 
stress. Cohesion values obtained with this method are actually higher (up to some hundreds of Pa; 
e.g., Krantz, 1991; Cobbold & Castro, 1999; Lohermann et al., 2003; Galland et al., 2006 ) than the 
one we obtain with the empirical method, but it has been demonstrated that for very low normal 
stresses the relation between shear stress and normal stress is not linear but convex-outward and 
the intercept with the shear axis (i.e. the cohesion) in much lower (Schellart, 2000). This suggests 
that the linearly extrapolated values of cohesion at low normal stresses are overestimates and that 
at the stress range of the experiments, granular materials should have a very low cohesion 
(Schellart, 2000; Panien et al., 2006b). In this view our results are well representative of the 
material properties at experimental conditions. 
 
 
Table 7: summary table of cohesion of the different mixtures measured with the maximum vertical 

wall methods (see text for details). The two different values (1 and 2) arise from the different angle of 
internal friction (see Section 3.1.1) used in the calculation. 

 

Mixture 

 (Qz-Kfeld) 

Lmax 

(mm) 

Density 

(kg/m
3
) 

Angle of internal friction Φ  
(°) 

COHESION (Pa)  

Fault dip 
angle - 1 

Angle of 
repose - 2 

1 2 Average 

100-0 0.5 1455 38 55.0 0.9 0.6 0.7 

90-10 1.25 1468 42 36.3 2.0 2.3 2.1 

80-20 3.75 1440 45 39.0 5.5 6.3 5.9 
70-30 6.5 1408 47 39.8 8.8 10.5 9.7 

60-40 10 1377 52 40.8 12.2 16.2 14.2 

50-50 11.5 1280 56 41.7 11.0 16.2 13.6 

0-100 16.5 1000 59 - 11.9 - 11.9 
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Table 8: summery table of the measured parameters for the different sand mixtures. For the angle of 

internal friction, the average value obtained from the two measurement methods is showed.  

 

Mixture 

(Qz-Kfeld) 

Angle of 
internal friction 

(°) 

Density 

(kg/m
3
) 

Cohesion 

(Pa) 

Hausner 

ratio 

Volume 

variation (%) 

100-0 36.4 1455 0.7 1.07 6.1 

90-10 39.2 1468 2.1 1.09 7.8 

80-20 42.0 1440 5.9 1.12 10.4 

70-30 43.4 1408 9.7 1.19 15.6 

60-40 46.4 1377 14.2 1.21 17.0 
50-50 48.8 1280 13.6 1.22 17.9 

0-100 59.0 ~1000 11.9 1.35 25.5 
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3.2 Different mixtures behavior  
 

The behavior of the different materials obtained by mixing Fontainebleau quartz sand and K-
feldspar sand (SF900FS) and its response to deformation were analyzed by running simple 
extensional analogue models. The set-up used during these material tests (Figure 12) was based 
on the one adopted for the benchmark extension experiments of the GeoMod2004 (Schreurs et al., 
2006), that is in fact an accepted standard for extensional analogue models. 

 

 

 
 

Figure 12: set up of the model used to evaluate the new materials behavior (vertical exaggeration x2).  

 

The models reproduce a simple upper crust, where a 3 cm thick panel composed by one of the five 
different granular mix to be tested, used to simulate brittle rocks, overlays a thin basal layer (0.5 
cm thick) of polydimethylsiloxane (PDMS) simulating a viscous material which has the role of 
localizing the deformation (Schreurs et al., 2006). The total height of the model was thus 3.5 cm 
(Figure 12).  
The initial length of each model was 30 cm in the direction of extension (Figure 12) with a width of 
approximately 40 cm. The PDMS layer has an initial length of 10 cm and it covers the base of the 
model in its middle part (i.e. 15cm from both sides).  
The same experiment was performed with 100% quartz sand as brittle analogue material. The 
results of the latter experiment provide a reference model for the new materials. Quartz sand and 
mixtures properties are discussed in detail in the previous sections. As for the PDMS used as 
viscous analogue material, this is a silicone polymer widely used in the analogue laboratories 
worldwide (e.g. Galland et al., 2015) which is Newtonian for stain rate <3 x10-3 s-1, with a viscosity 
of ~3x104 Pa·s and a density of 965 kg·m-3 (Weijermars, 1986). 

Sand was carefully poured from a height of 5-10cm (see section 2 for the implications of the sand 
handling techniques; two colored thin layers (less than 1mm thick) were sieved as passive markers 
every 1 cm starting from the top of the PDMS layer. The model top surface was scraped to level 
out the sand and obtain a homogeneous and flat layer: it had been demonstrated that this 
procedure does not significantly alter the frictional properties of the granular material (Gomes & 
Caldeira, 2011; Gomes, 2013). 
 
The experiments were performed in a natural gravity field (1g) by using the TOSI machine (Figure 
4), one of the devices of the Tectonic Modelling Laboratory of the Institute of Geosciences and 
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Earth Resources at the Earth Science Department of the University of Florence (for example see 
Del Ventisette et al., 2006, Montanari et al., 2010, and Bonini et al., 2012 for a detailed description 
of the deforming apparatus). 

Extension of the models was obtained through the motion of a moving wall driven by a stepper 
motor controlled by a central unit (Figure 4). A thin rigid plastic sheet lays in between the model 
and the base of the TOSI machine, extending from the centre of the model (i.e. in the middle of the 
PDMS layer) to the mobile wall to which it is attached. Since this plastic sheet is fixed to the mobile 
wall, the edge of the plastic sheet thus acts as velocity discontinuity (VD; Figure 12). 
Models were all deformed at an extension velocity of 2.5 cm/h. The total amount of extension was 
about 4 cm, corresponding to 4% bulk extension, calculated with respect to the initial length of the 
PDMS layer. At the end of the experiment, dry sand was sieved on the models surface to preserve 
the final topography. Then models were wetted and serial cross-sections were cut orthogonal to 
the direction of extension in the central part of the models. 
Comparing the results of the different experiments we observed that model evolution (i.e. main 
structures timing and evolution; Figure 13) is always comparable regardless the used mixture, and 
only minor differences can be observed between the different models. Conversely, different 
mixtures give completely different superficial results (Figure 14 and Figure 15). Hereafter we first 
analyzed the common model evolution (summarized in Figure 16), discussing at the same time 
and step by step the differences we can observe on model surfaces. 

Model evolution was monitored taking pictures of the surfaces every 5 minutes (corresponding to 
~2 mm of extension at an extensional velocity of 2.5 cm/h). 

The first faults develop at the very lateral edges of the model (i.e. outside the surface projection of 
the PDMS layer), where boundary effects are elevated (this zone is not shown in the following 
pictures, except than in Figure 14 and Figure 15) after a few millimeters of extension, and then 
propagate toward the central part of the model.  
The timing of the appearance of these first structures is function of the Quarz/K-feldspar ratio of the 
used mix: the higher the K-feldspar content, the lower the amount of extension needed to observe 
a pair of conjugate faults crossing the whole model width. With K-feld between 0% and 20%, the 
first faults nucleate after around 4-5 mm of extension, while with lower Quarz/K-feldspar ratios (i.e. 
K-feld between 30% and 50%) the first faults develop earlier (~2-3 mm of extension).  
With a small amount of additional extension, these early structures evolve toward the centre of the 
model to form a pair of two conjugate faults, which crosscut the entire model width, symmetrically 
with respect to the velocity discontinuity (Figure 13): we thus observe (Figure 13) the development 
of a symmetric central graben, which requires ~5-6 mm of extension to be formed in high quartz 

sand model, and ~3-4 mm of bulk extension in the experiments with lower quartz sand content. 

Soon after the definition of the first graben, additional extension lead to the formation of two 
antithetic faults (amount of extension ~8-10 mm), above the VD, cutting through the still 

undeformed downthrown block of the early graben. Such faults form a central horst that separates  
two areas of lower elevation that can be defined as “marginal grabens” (Figure 13 and Figure 16).  
Increasing extension is accommodated mainly on the existing structures, which increase their 
vertical throw, and subsequently (amount of extension ~12-14 mm) further extension is 

accommodated by the development of new minor structures affecting the marginal graben floor. 
The morphological expression of the latter structures is highly variable in the different experiments, 
and strongly dependent on the physical characteristics of the granular material: the lower the K-
feldspar powder, the less clear and defined these structures are (Figure 14 and Figure 15). With 
100% and 90% of quartz sand, it is not possible to clearly identify any of these brittle structures 
(Figure 14) and, conversely, extension on the marginal graben floor is accommodated by a diffuse 
deformation. On the contrary, in experiments with high K-feldspar content it is possible to clearly 
identify a high number of well-defined brittle structures (Figure 15). Therefore, the different sand 
mix does strongly affect the total number of structures that can be detected (this will be discussed 
later in detail) in a model. 
At ~20-22 mm of extension, two conjugate faults nucleate above the end of the PDMS layer, giving 

rise to a graben that includes the whole deforming area (Later Graben in Figure 16). 
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Figure 13: Complete model evolution, from zero extension (top left picture) to the final stage (bottom 

right picture). Model was built with a QZ70-Kfeld30 mixture. The pictures of the model surface are 

shown every ~2mm of extension (every 5 minutes). The direction of extension is upward.  
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Additional extension, up to the end of the experiment (~40 mm of bulk extension), leads to the 
nucleation of one or two faults (depending on the experiment), dipping both toward the VD or on 
the opposite direction (i.e. toward the model walls) in the undeformed space between the VD 
dipping faults forming the main graben (i.e. the one defined by the first two faults which develop 
during an experiment above the VD, see above and bottom step in Figure 16) and the lately faults 
developed above the PDMS ends. In addition, extension at this final stage brings to an increase in 
the diffuse deformation given by minor faults in the marginal graben floor (see above), plus the 
nucleation of some secondary faults, that increase in number with increasing K-feldspar 
percentage (Figure 13, Figure 14 and Figure 15).  
Regardless of the different san mix used in preparing an experiment, the first-order structures as 
well as the evolution of deformation and the main fault arrangement are thus comparable in all the 
performed models. Six to seven main structures are recognizable in all the models and their 
activation in time and evolution are completely comparable.  
Moreover, this strict similarity is noticeable comparing the topographic profile of the different 
models (Figure 17): except for some minor differences, all the profiles are very similar, highlighting 
again that the main structures have an analogous position along the model length, a similar throw 
(i.e., they accommodate a similar amount of extension) and a similar temporal evolution. This 
implies that the width of the deformed area, as well as the mean subsidence, is always comparable 
in the different experiments, except for small differences arising from the average fault dip which is 
function of the material and thus is different in all the experiments (see below).  
Finally, it is useful to compare the cross sections cut at the end of each experiments (see panel c 
in Figure 18 to Figure 23) to observe the analogies between the main structures. Notice that the 
differences between those sections and the scheme in Figure 16 are mainly due to the rotation of 
distinct blocks on the underlying viscous layer. Moreover, there is no symmetry with respect to the 
velocity discontinuity. In particular, the first faults which develop are symmetrical respect to the 
velocity discontinuity, but as the basal sheet is pulled away by the mobile wall, the symmetry is 
quickly disrupted. The PDMS layer is more thinned and deformed on the fixed side with respect to 
the basal sheet resulting in rotated blocks and asymmetrical structures, in a similar fashion to the 
results in Schreurs et al., 2006.  

As stated above, despite the first-order deformation pattern and evolution are always comparable, 
the final appearance of the surface of the models is extremely different (see panels a and b in 
Figure 18 to Figure 23), due to the second order structures. Evidently the properties of the different 
mixtures of granular materials play a major role, by strongly influencing the total number of 
structures that can be detected, their morphological expression and their degree of detail.  

In order to obtain a quantitative comparison of the models and evaluate the different sand mix 
behavior in response to extension, we measured the following parameters at the end of each 
experiment: fault number, fault length, azimuth of the fault strike, and fault dip angle. 
All these parameters are evaluated in the central area of the model, where side effects are 
negligible (Figure 18 to Figure 23). Fault traces were identified by the change in contrast in the 
pictures taken orthogonally to the model surface and were approximated with polyline features 
(drawn at the base of the faults scarp) and digitized in a GIS environment to a specific reference 
environment. 
Fault traces were thus analyzed quantitatively in term of length, and azimuth distribution. In order 
to analyze the fault azimuth distribution, the polyline features used to map the fault traces were 
transformed in tip-to-tip lines (a straight line joining the extreme points of a polyline feature). The 
tip-to-tip azimuth data were weighted for the length of the corresponding fault. The weighting factor 
for each fault was the ratio between its length and the minimum fault length in the whole data set 
(usually a few millimeters), such that long faults have higher ratios than short ones. The frequency 
of the azimuth of a tip-to-tip fault directly relates to this ratio: the longer the fault the higher its 
frequency. 
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Figure 14: top surface views of the model with 100Qz (left panels), Qz90 Kfeld10 (central panels), and 
Qz80 Kfeld 20 (right panels). Upper panels show model surfaces at 20 mm of bulk extension; l ower 
panels show model surfaces at the end of the experiments (at 40 mm of bulk extension).  

 
 

 
 

Figure 15: top surface views of the model with Qz70 Kfeld 30 (left panels), Qz60 Kfeld40 (central 
panels), and Qz50 Kfeld 50 (right panels). Upper panels show model surfaces at 20 mm of bulk 
extension; lower panels show model surfaces at the end of the experiments (at 40 mm of bulk 

extension). 
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Fault dips were taken on the faults developed at the end of the PDMS layer to avoid rotated areas 
where fault dips may not be easy to determine. 
The results of this qualitative analysis are summarized in Table 9, while in Figure 24 are shown 
graphs summarizing the variation of the analysed parameters as a function of the quartz sand to 
feldspar powder ratio. 
 
 
 

 
 
Figure 16: schematic evolution of deformation shown by the development of the main structures that 
are common to all the models (see text for details). VD: velocity discontinuity. CG: early central 
graben; MG: marginal graben; CH: central horst; LG: later graben. 
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Figure 17: comparison between the topographic profiles of the different models. Profile trace is 
perpendicular to the direction of extension and located in the halfway the models.   

 
 
 

 
 

Figure 18: a) Top view of the final stage of the Qz 100 experiment (~40mm of extension) and line 
drawing of the structures. Fault traces were drawn at the base of the fault scarp on model surface. 
Mobile wall is on top side of the panel. b) Line drawing of the fault scarps: red polygons indicate 

faults dipping downward, while blue polygons indicate faults dipping upward. c) Cross section of the 
model: section was cut orthogonal to the direction of extension in the central part of the model . 
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Figure 19: model 90Qz-10Kfeld: fault line drawing (a), fault scarps line drawing (c), and model section 
illustrated as in Figure 18. 

 
 

 
 

Figure 20: model 80Qz-20Kfeld: fault line drawing (a), fault scarps line drawing (c), and model section 

illustrated as in Figure 18. 
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Figure 21: model 70Qz-30Kfeld: fault line drawing (a), fault scarps line drawing (c), and model section 

illustrated as in Figure 18. 
 

 
 

Figure 22: model 60Qz-40Kfeld: fault line drawing (a), fault scarps line drawing (c), and model section 

illustrated as in Figure 18. 
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Figure 23: model 50Qz-50Kfeld: fault line drawing (a), fault scarps line drawing (c), and model section 
illustrated as in Figure 18. 

 
 
 
Table 9: summary of the parameters measured in the different experiments.  The azimuth value is the 

global mean vector (Dips software) calculated with the weighted data set (see text for details).  
 

Qz K feld #  
Length 

Azimuth (°) 
Average Dip 

(°) average (mm) st. dev. var . coeff.  

100 0 10 196,9 58,9 0,30 89,3 57 

90 10 13 173,8 61,9 0,36 89,5 63 

80 20 23 90 78,3 0,87 88,3 64 

70 30 73 40,2 41,8 1,04 90,6 66 

60 40 106 33,1 41,8 1,26 88,7 65 

50 50 154 27,2 37,38 1,37 90,3 68 
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Figure 24: Graph summarizing the variations of parameters as a function of the sand mixture 
composition: upper panel, fault number; central panel, average fault length and variation coefficient; 
lower panel: fault dip calculated from model cross sections. 
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Quantitative analysis of the experiment results with the six different granular materials allow the 
following considerations (Table 9 and Figure 24): 

 The number of faults increases exponentially increasing the k-feldspar powder amount in 
the sand-mix 

 The mean fault length almost linearly increases increasing the k-feldspar powder amount 

 The variation coefficient (standard deviation/mean) on the contrary, decreases as the 
amount of K-feldspar increases. 

 Fault dip increases with the k-feldspar content, fitting the results of the measurements of 

angle in internal friction of the different sand mix (see Section 3.1.1.)  

The number of faults, the mean length and the variation coefficient are parameters linked together 
and help describing the different behavior of the tested materials in response to their different 
frictional properties (see Section 3.1). 
Low k-feldspar powder content produces a small number of structures, with high and similar length 
(i.e. high mean length and small variation coefficient) that usually exceeds 20 cm (Figure 25).  
Conversely, increasing the amount of k-feldspar in the sand-mix, the number of faults exponentially 
increases. 6-7 major long structures (>100 mm long) are still recognizable and common to all the 
experiments (Figure 25): these are the main structures that define the model evolution as 
described above in Figure 16. The increase in number is mainly attributable to the development of 
medium to very small faults/fractures: the number of faults of a certain length is inversely 
proportional to its length, which gives a log-normal distribution of the fault length in the experiments 
with higher k-feldspar content (Figure 25), and reflects the variation coefficient values (see Table 
9). Regarding the azimuth distribution of the recognized structures, no major differences can be 
observed between the different models: in all the experiments, the mean orientation is nearly 
orthogonal to the direction of extension (Table 9). However, note that the increase in fault number 
with increasing the k-feldspar amount results in a wider span of fault orientation. 
 
Following the analysis of the above result, we can thus highlight the following conclusive remarks: 

 The overall model evolution and evolution of deformation, the main structures (a few long 
faults cross cutting the entire model length), the width of the deformed area and the 
average subsidence are not function of the granular material and are common to all the 
different experiments. Similarly, the used brittle material do not influence the main faults 
orientation. 

 Fault number, mean faults length and fault length variation coefficient, and average fault dip 

are strongly material dependent.  

It has to be evidenced that the number of structures and length distribution reflect the way the 
deformation is accommodated inside the model. In particular, the log-normal distribution of the fault 
length seems to describe the fault population in the experiments where the amount of the K-
feldspar powder is equal or greater than 30%. The log-normal distribution is the law commonly 
used to describe fault and fracture length distributions (e.g., Bonnet et al., 2001). Consequently, 
from this point of view, the experiment with higher K-feldspar content give results in a fashion that 
simulate better the natural cases: this has to be considered when choosing the more suitable 
material (see below Section 3.3) .  
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Figure 25: fault length histograms; note the increases in the fault number as the K-feldspar 

increases, and the associated exponential increases in the number of short structures. All the 
models, however, present at least 6-7 long faults (>100 mm) corresponding to the main structures 
that are common to all the experiments (see text for details).  
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Figure 26: Weighted fault distribution illustrated as histogram of the fault trends. Each graph was 
constructed using as weighting factor the smallest fault length of each individual dataset, such that 

to compare the histograms the reader has to refer to the y-axis values (number of observations).  
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3.3 Material choice 
 
The measurement of the frictional properties (cohesion and angle of internal friction), density of the 
sand mixtures (Section 3.1), and the analysis the response to deformation (Section 3.2) allowed us 
to select the best analogue material for reproducing the brittle crust. The most suitable materials 
for the purpose of the present task should thus presents the following characteristics: 
 
-angle of internal friction similar to that of sand, and comparable with those of crustal 
rocks. 

In the literature (e.g. Sibson, 1977; Jaeger & Cook, 1979), the internal friction coefficient µ for 
crustal rocks varies between 0,5 and 1,0 (from laboratory strength tests) which correspond to angle 
of internal friction of 26.5° and 45° respectively. Byerlee (1978) determined µ to be 0.85 (and no 
cohesion) at confining pressures up to 2000 bars (200 MPa), and µ=0.6 (plus cohesion) at greater 
confining pressures and for pre-existing failure plane. However, analogue brittle materials usually 
has internal friction angle in the range of 32°-38°, with an average value of the order of 34° (e.g. 
Schellart, 2000; Panien et al., 2006; Dooely & Schreurs, 2012; Galland et al., 2015), with value 
higher than 40° and lower than 30° (for example glass beads) rarely observed. All the tested sand 
mixtures present a peak angle of internal friction (measured with the angle of repose method) 
falling within the above-described range (Table 3). The angle of internal friction determined from 
fault dips is invariably higher (Table 3); however, the obtained values are comparable with the 
values determined with the same methodology for similar materials (Krantz, 1991; Panien et al., 
2006). 
 
-low cohesion 

 Natural crustal rocks generally present low values of cohesion, generally in the range of a few tens 
to one hundred MPa (e.g. Jaeger and Cook, 1979). Moreover, intensely fractured rocks or altered 
by hydrothermal activity (a condition that is plausible for the geological setting we are going to 
investigate) may have cohesion potentially lower by one or two orders of magnitude with respect to 
intact rocks (Merle, 2015, and references therein). This implies that when scaled in an analogue 
model, the cohesion of the analogue granular materials simulating the brittle rocks should be 
extremely low. Common values of granular material cohesion are generally in the range of a few 
Pa to some tens Pa, rarely exceeding one hundred. As discussed in Section 2.1, the measurement 
of this parameter is not easy, especially for very small normal stresses, in the range of ~0-400 Pa 
(Schellart, 2000) and often controversial. In the frame of the 5.2 task, the analogue granular 
material should present a low to moderate cohesion, since the experiments would not reproduce 
very large-scale settings (hundreds of km) but relatively small-scale settings (magma emplacement 
experiments, ranging from a few to some tens of km). In addition the rocks/analogue materials 
should deform mainly by shear failure (Mode II) but also allow the development of open fracture 

(Mode I), as suggested by Galland et al. (2015).  

The adopted methodology provided very low cohesion values (<20 Pa) even if a certain 
underestimation is possible (see Section 3.1.3) . From this point of view, all the tested mixtures 
would result to be good analogue materials.  
However, for K-feldspar sand content >30%, the deforming mixtures (Section 3.2) can give rise to 
almost vertical walls (i.e. fault planes, Figure 27), whose vertical throw is too high (up to more than 
1cm), and may result unrealistic when scaled to nature. 
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Figure 27: close-up of fault planes in a 60Qz-40Kfeld experiment after 2cm of extension (see text for 

details). 

 
Moreover, in mixtures containing more than 30% k-feldspar sand content we observe the 
development of highly fractured zones (Figure 28) in correspondence to the zones of higher stress 
concentration (i.e. inside the main experimental grabens discussed in Section 3.2). In these zones, 
the high concentration of brittle structures makes difficult to achieve an exhaustive structural 
analysis. Fault/fracture traces do not always follow the main trend due to the applied stress (i.e. 
perpendicular to the direction of extension) but there is a high number of oblique structures which 
seem to form in response to the high cohesion of the material (polygonal fractures). 
Moreover, the cohesion of the high K-feldspar mixtures allows this materials to sustain fractures 
with a small opening (Figure 28). This behavior may be an important characteristic in certain 
experiments, for example when it is required to analyze the formation of dilatant normal faults and 
fractures (e.g., van Gent et al., 2010). 
 

 
 

Figure 28: close up of a high fractured zone in a 60Qz-40Kfeld experiment after 2cm of extension (see 
text for details). 
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Furthermore, mixtures with high k-feldspar powder content (>30%) are not easy to handle during 
model construction because of a certain difficult in maintaining an homogenous mix between the 
two components. In particular, when the mixture is poured in the model, a certain segregation 
between the two components is evident, resulting in some minor heterogeneities that are 
impossible to be predicted, and thus should be avoided.  
 
-log-normal fault length distribution  

In nature, the length distribution of faults and fractures is commonly described by a log-normal 
distribution (e.g., Bonnet et al., 2001), which means a few long structures and an elevated number 
of minor, short structures. As shown in Section 3.2, this length distribution is obtained when the k-
feldspar content is ≥30% in weight (Figure 25): those mixtures are thus able to simulate all the 
rocks in nature that deform by distributed minor and major faulting (Dooley & Schreurs, 2012). 
The length distribution is closely correlated to the number of the developed structures (see below) 
because of the capability of each mixture (depending on its composition) to produce brittle 
structures whose minimum detectable length is below a certain range. 
 
-number of developed structures. 

The number of the developed and detectable structures needs to be conspicuous to allow a correct 
statistical analysis (Bonnet et al., 2001). As observed above, this number is correlated to the 
deformation style (i.e. deformation accommodated in fewer major faults or distributed along 
numerous faults with variable dimension) and to the shorter structure that is possible to observe on 
the model surface (i.e. structural details, see below).  
An elevated number of faults is indeed correlated to the finer materials which allow the detection of 
smaller structures (the minimum detectable length is a function of the main grain size), enabling a 
more complete and detailed structural analysis of the model results (see below the analysis of the 
grain size effect). For example, the highest number of structures is usually obtained in clay models, 
where the mean grain size of the material is extremely low (Eisenstadt & Sims, 2005; Withjack et 
al., 2007; Dooley & Schreurs, 2012). 
Regarding our sand mixtures, from the models analysis in Section 3.2 we may observe that that 
fault number abruptly increases for mixtures with K-feldspar >20% (Figure 24) and that a satisfying 
number is obtained for k-feldspar content is ≥30% in weight. The smallest detectable structures are 
of the order of a few tens of millimeters for mixtures with low K-feldspar content (≤20 %), while this 
length dramatically decreases to a few millimeters for higher K-feldspar content (≥30%) (Figure 
25). Finally, in this last case an increase in K-feldspar does not lead to a further decrease in the 
minimum detectable length, which in turn remains stable around 2-3mm, which is probably just the 
lower sampling cut-off.  
Summarizing the observation we made for the length distribution and the number of the structures, 
it becomes clear how these parameters are linked together. The higher the K-feldspar content the 
shorter the minimum detectable length; this in turn leads to an increase in the number of the 
detectable structures which increases thanks to the progressively shorter structures that can be 
observed; in terms of length distribution this will lead to the log-normal distribution with a few long 
faults and many intermediate to small faults.  
 
From the point of view of grain size, grain size distribution and grain shape, the situation is more 
complicated and an easy and unambiguous solution is difficult to be achieved. The influence of 
grain size, grain size distribution and grain shape play obviously a major role in determining model 
results, as these properties influence, or better are responsible, for all the other materials 
parameters. Here we just recall some of the main evidence, trying to summarize a complex matter 
(see Section 2.1 for details). 
Coefficient of friction and cohesion are lower for spherical particles and higher for angular 
(Schellart, 2000; Mair et al., 2002). Schellart (2000) considers that the values of rounded particles 
are closer to those of the natural rocks and that thus rounded particles are more suitable in 
modelling brittle behavior in analogue experiments. Rossi and Storti (2003) stated that the finer the 
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material, the higher the structural details of the features developed during a model run and better 
scaling. Indeed, in some cases, a thin layer of fine material, which allows the development of more 
defined structures, is added on the model surface to help preserving the smaller structures (e.g. 
Byrne et al., 2013). 
In addition, for fine-grained material, the width of fault zones (which linearly increases with the 
main grain size) is much more reduced when compared with coarser materials, leading to a higher 
similarity with nature (Schellart, 2000).  
Klinkmüller et al. (2008) founded strong correlation between frictional parameters and grain shape, 
while no significant correlation between frictional properties and grain size and grain size 
distribution. Conversely, grain size distribution influences the amount of diffuse deformation 
preceding the development of shear zone, which is larger with increasing grain size heterogeneity 
(Panien et al., 2006b). 
Furthermore, we have to consider that permeability decreases with finer grain and/or wide grain 
size distribution of the granular material. This is an important parameter in modelling magmatic 
intrusions because the percolation of the magmatic fluid in the porous brittle granular material 
would be more limited and the modelling results more detailed (Galland et al., 2006; Gressier et al., 
2010; Abdelmalak et al., 2012). Granular material permeability is obviously dependent on the 
viscosity of the magma analogue used in the experiment (Gressier et al., 2010). 
 
It is evident that each material will have his own strong points and his weaknesses and thus the 
perfect material does not exist. For example a fine material with rounded grains has many strong 
points, but probably cohesion will result too high to model upper crustal rocks, high compressibility 
and low flow properties that do not allow an easy handling, etc… 
From the strict granulometric point of view, the examined mixtures present some of the above 
strong points: the high content of pure rounded quartz sand ensures suitable coefficient of friction 
and cohesion values, on the other side, the finer K-feldspar fraction allows the development of high 
detailed structures (Rossi & Storti, 2003) and consequently a higher number of structures (Figure 
14 and Figure 15) and a fault length distribution that best fits the natural cases.  
Together with the structural surface details, when it is required to observe cross sections of the 
models, the subsurface structural detail become crucial. From this point of view, the thinner the 
width of the shear band, and thus the faults (Dooley & Schreurs, 2012), the easier will be the 
interpretation of the subsurface structures. In our mixtures, the fault width is smaller for higher k-
feldspar content (Figure 29) when the main grain size is reduced; moreover, this allows to have 
sharper reference levels which in turn facilitate the structural analysis. Overall, the best results are 
obtained for a K-feldspar content ≥ 30%. 
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Figure 29: close up of cross sections of models built with the different sand mixtures.  

 
As stated earlier, there is no good or bad granular materials: it depends on its usage and on the 
rocks it is expected to reproduce. In our case, the mixtures that provide the best compromise in 
term of frictional properties, density, structural detail, number and length distribution of the faults, 
easiness of use, and general behavior, is the one composed by 70% quartz sand and 30% K-
feldspar sand.  
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4 New viscous materials/magma analogue 

As discussed in Section 2.2, many different materials have been used as magma analogue. The 
wide range of employed materials can be explained with the large viscosity range of natural 
magmas and the need to simulate it in the analogue experiments. Moreover, additional material 
variability arises from the matching between the characteristics of the magma analogue and the 
host rock analogue (usually a granular material). 
Playing with model scaling may be helpful in meeting the requirements of the modeling strategies. 
Once a certain magma analogue material with its own viscosity is chosen (and stress and length 
ratio are defined and set), the same set-up and scaling may be representative of different 
geological processes, like a fast rising of a low viscosity magma, or a slow injected high-viscosity 
magma. Ideally, using a certain analogue magma with a given viscosity, it is possible to 
experimentally simulate a wide range of magma viscosities by controlling the related strain rates, 
times and velocities of deformation (Merle and Vendeville, 1995; Gottsmann & Marti, 2008). 
However, even if this may be helpful, we still require different viscous analogue materials to 
simulate natural magmas with viscosity varying from extremely high to very low, in order to  
warrant a complete reproducibility of the whole variability in nature (i.e. see Section 2.2; Galland et 
al., 2015; Merle, 2015).  
In the literature (see Section 2.2.1), during an experimental series modelers usually employ only 
one magma analogue with its own rheological properties, limiting the natural cases that can be 
modeled. Moreover, changing analogue material to obtain different viscosities may result in 
different magma analogue/ analogue host rock interactions, which in turn may require to switch to 
a different host rock material, thus further complicating the whole process. 
 
To overcome these difficulties, we attempt to identify a two-component material whose viscosity 
may be varied simply changing the relative proportions, allowing us to explore the effects of the 
viscosity variation during an experimental series. As far as we know, only a few attempts have 
been made to find a similar material (e.g., Duarte et al., 2014).  
In details we need the new material to have the following characteristics: 

 Opportunity to range between several orders of magnitude of viscosity simply varying the 
proportion of the two components; 

 Same behavior of the two different components when interacting with the host rock 
analogue and, in particular, avoid the formation of a thick halo of soaked host rock 
analogue (when using granular materials), which may prevent a proper model analysis; 

 Ease and safety of use; 
 A proper density (in the range of the most common host rock analogues); 

 Opportunity to freeze it to obtain cross sections of the wetted models. 

 A Newtonian behavior (despite magma rheology may follow different flow laws, Newtonian 
materials are the most used in literature, see Section 2.2.1);  

 Liquid at room temperature (no need to be molten before usage). 

Following this path, we developed a new viscous material starting from the following two end-
member components: 

1) Low viscosity component: pure vegetable polyglycerine-3 (PG3) 
2) High viscosity component: pure vegetable polyglicerine-10 (PG10) 

PG3 and PG10 are polyglycerols, inter-molecular glycerol ethers formed by the condensation of n 
(2 or more) glycerol molecules with elimination of n-1 water molecules; they are exclusively 
manufactures by Spiga Nord S.p.A., by polycondensation of natural refined glycerine. The 
chemical formula is HO(C3H6O)xH, where x=3 for the PG3 and x=4,5,6 or higher for PG10. They 
are almost clear, colorless and syrupy high-viscous liquid, miscible with water, hygroscopic, with a 
remarkable thermal stability; no risks are reported when using those materials and are not 
classified as hazardous.  
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They can be used in a large variety of technical applications, like cosmetic applications, as 
plasticizer, anti-fogging agent, anti-static, and lubricant, as technical fluids (e.g. drilling fluids), and 
as food additive. 
The two materials have a very similar density (PG3, 1.19 kg/m3; PG10, 1.20 kg/m3), thereby well in 
the range of the average density of the most common magma analogues (see Section 2.1.1). 
Moreover, since the density of the two components is very similar, all the mixtures will still have a 
similar density, regardless of the adopted proportions, simplifying the scaling procedure in an 
experimental series.  
 
The viscoelastic behavior of the two end members PG3 and PG10 was investigated using an 
extremely low-friction Anton Paar Physica MCR-300 Rheometer at the State University of Milan, 
Department of Chemical Sciences. The MCR 300 is a rheometer that can perform a wide range of 
steady and dynamic tests: in this case, PG3 and PG10 properties were measured with an 
Oscillation Frequency Sweep test, since data obtained with oscillatory experiments are usually 
more reliable: the material response to increasing frequency (rate of deformation) is monitored at a 
constant amplitude (strain) and temperature (Figure 30). 
 

 
 

Figure 30: schematic representation of the applied time dependent strain in sweep frequency test.  

 
The basic principle of an oscillatory rheometer is to induce a sinusoidal shear deformation in the 
sample and measure the resultant stress response; the time scale probed is determined by the 
frequency of oscillation (rate of shear deformation). The sample is placed between two plates: 
while the top plate remains stationary, a motor rotates the bottom plate, thereby imposing a time-
dependent strain on the sample. Simultaneously, the time dependent stress is quantified by 
measuring the torque that the sample imposes on the top plate. Measuring this time-dependent 
stress response at a single frequency reveals the material rheological properties. 

In our test, in the frequency sweep the temperature and strain are held constant (23.5°C and 5% of 
deformation respectively) and the viscoelastic properties are monitored as the frequency is varied 
between 0.1 and 100 Hz. 
The test results on the pure PG3 and PG10 are shown in Figure 32 and Figure 33. As we can 
observe, there is an almost linear dependence between the viscosity and the frequency which 
implies that both samples are characterized by a Newtonian behavior. 
The measured viscosity for PG3 is around 17 Pa·s, while for the more viscous PG10 we measured 

a viscosity of 450 Pa·s. Thus, mixing the two components in variable proportions, we may range 

the viscosity of the mixtures between almost 3 orders of magnitude.  
 
Moreover, the sweep frequency test allows to quantify both the viscous (fluid-like) and the elastic 
(solid-like) components of a material at different time scales, respectively described by the storage 
modulus G’ and the loss modulus G’’, which are function of the frequency (Figure 32 and Figure 
33). The magnitude and shape of the G’ and G” curves depend on the molecular structure.  
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Whichever modulus is dominant at a particular frequency will indicate whether the fully structured 
material appears to be elastic (i.e solid) or viscous (i.e. fluid). For example, a bouncing putty (a 
material commonly used in analogue laboratories) may behave as a fluid for low frequency (i.e. 
G’’>G’) and, conversely, it may have an elastic behavior for high frequency (G’>G’’)(Figure 31). 

 
 

Figure 31: G’ and G’’ as a function of the frequency for bouncing putty. At low frequencies G” 
dominates and the material behaves like a viscous liquid; at high frequencies G’ dominates it 
behaves like a solid. 

 
For our materials, we can observe that under the experimental conditions, the loss modulus G’’ is 
invariably higher than the storage modulus G’, and that both increase linearly with increasing 
frequency: both PG3 and PG10 thus regularly behave as viscous fluids. 
 

 
 

Figure 32: Results of the Frequency Sweep Test for PG3. Frequency range: 100-0,1 Hz; material 
temperature 23,5°C; deformation 5%. All the axes are logarithmically scaled.  
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Figure 33: Results of the Frequency Sweep Test for PG10. Test conditions as for Figure 32. All the 
axes are logarithmically scaled. 

 
In addition, these materials are miscible with water, and thus viscosity of PG3 and PG10 can be 
varied by adding a certain amount of this fluid,. We have tested the effect of a 10% of water added 
to PG10. Figure 34 clearly shows how just 10% of water can dramatically decrease the viscosity 
(from 450 Pa·s to around 10 Pa·s). Since small water content may lead to large viscosity changes, 
this strategy may be not easy to use and thus it has to be carefully evaluated. Moreover, we should 
take into account that changing the viscosity by adding water also leads to changes in material 
density, an aspect that  should to be taken in to account during the scaling procedure. 
 
Finally, test analogue experiments with PG3 and PG10 have shown that both materials allow 
excellent results when used in combination with a granular material: 

 extreme easiness of use, since they are not sticky and easy to remove from the modelling 
apparatus (water-soluble); 

 formation of a very small halo of soaked host rock analogue; 
 when frozen, PG3 and PG10 can be easily cut, allowing to obtain excellent cross sections 

of the experiments. 

In the light of these results, PG3, PG10 and their mixtures can be considered excellent magma 
analogues because of (1) the wide range of viscosities that is possible to reproduce, (2) their 
rheological behavior, and (3) their behavior and characteristics during a model run. 
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Figure 34: Results of the Frequency Sweep Test for PG10+10%H2O. Test conditions as for Figure 32. 

All the axes are logarithmically scaled. 
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Part II 
 

5 Scaling and analogue materials 

Tectonic structures forming in analogue models are typically smaller, develop in a much shorter 
time, and need much less stresses than structures forming in the natural prototype. An analogue 
model is thus representative of a specific natural process only if it retains dynamic similarity with 
the prototype in terms of stress distribution, rheology and density variations — i.e., the model must 
be geometrically, dynamically, kinematically and rheologically similar to its natural counterpart 
(Hubbert, 1937, 1951; Ramberg, 1981; Weijermars and Schmeling, 1986; Davy and Cobbold, 
1991; Weijermars et al., 1993; Brun, 1999). This means that the model must represent a small-
scale replica of the original, in which the correspondent lengths are proportional and the 
correspondent angles are equal (geometrical similarity; Hubbert, 1937). The kinematic similarity 
requires the model to remain geometrically similar to the prototype during deformation at 
corresponding times (Ramberg, 1981). Geometrically and kinematically similar models are 
dynamically similar whether the model to prototype ratios of mechanical forces (g, gravitational; i., 
inertial; v, viscous; e, elastic, f, frictional) acting on any two corresponding particles in model and 
prototype are constant (Ramberg, 1981): 
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F    (1) 

 
where subscripts m and p refer to model and prototype, respectively. Such a condition of constant 
model ratio of forces (Fr) yields that adimensional ratios between any two dissimilar forces must be 
equal in the model and in the prototype (Hubbert, 1937; Ramberg, 1981). Fulfilling of geometrical 
and dynamic similarities also implies kinematical similarity to be satisfied, and this yields the model 
to experience an evolution similar to the natural prototype even if it has much smaller dimensions 
and deforms at much faster rates. The rheological similarity requires the materials used to build the 
analogue models to obey the same laws and possess a rheological behaviour equivalent to that of 
the natural rock we intend to simulate (Hailemariam and Mulugeta, 1998; Hubbert, 1937; Ramberg, 
1981; Weijermars and Schmeling, 1986). The fundamental scaling principles for brittle and ductile 
deformations, and the dimensionless ratios of forces normally used to test dynamic similarity are 
summarised in the sections below. 
 
 

5.1 Brittle behavior 
 
Dry sand and wet clay are the most frequently used materials for simulating brittle deformation in 
physical modelling. Generally, the brittle part of the models consist of layers of coloured sand or 
clay used as passive markers to visualize the internal deformation. Though both sand and clay 
obey the Mohr–Coulomb criterion, they exhibit some differences in terms of deformation features, 
such as (1) fault propagation and linkage, (2) fault width and spacing, and (3) amount of folding vs. 
faulting (Eisenstadt and Sims, 2005). These differences are related primarily to the lower cohesion 
of sand, as well as to its larger grain size and negligible water content, suggesting that the best 
practice would be repeating the experiments with more materials (Eisenstadt and Sims, 2005). 
Brittle failure is expressed by the familiar Mohr–Coulomb criterion: 
 

 =  (1 –v ) +c,   (2) 
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where τ and σ are the shear and normal stresses acting on the fault plane, μ is the coefficient of 
internal friction of rock, c is the cohesion and λv  (=Pf  /σV) is the pore fluid factor, with σV=ρgz the 
vertical lithostatic stress (ρ is the bulk density of the fluid saturated rock, g is the gravity 
acceleration, and z is the depth; Hubbert and Rubey, 1959). The Coulomb fracture criteria can be 
expressed for various stress regimes (i.e. compression, extension, and strike-slip) in terms of total 
principal stress difference (Weijermars, 1997; Weijermars et al., 1993). Scaling of the brittle 
behaviour in the experiments is normally obtained from Eq. (2). Following Hubbert (1937) and 
Ramberg (1981), ratios of stresses can be obtained as: 
 

* = * g* z*,    (3) 

 
where the asterisk denotes the model to nature (or prototype) ratio. In experiments carried out in a 
normal gravity field gm=gp, and g*=1, while this ratio will obviously depend upon the artificial gravity 
field in case of models deformed through a centrifuge apparatus. In normal gravity, the stress ratio 

can be approximated to σ*≈0.5 z*, considering common rock densities in model (quartz sand 
~1500 kg m−3) and nature (~2800 kg m−3), and arbitrarily fixing z* (or length l*). Cohesion c has 
also dimensions of stress (Pa), and thus it must attain a similar scaling ratio (i.e. c*=cm/cp=σ*). The 
coefficient of internal friction μ is adimensional and thus the frictional model material must be 
similar to the prototype. Most friction coefficients of various types of dry sand (quartz, Kfeldspar, 
corundum) commonly used in the experiments yield μ values  in the range 0.4-1 (e.g., Cobbold and 
Castro, 1999; Krantz, 1991; Panien et al., 200; Schellart, 2000). Notably these values overlap with 
friction coefficients of natural intact rocks that normally vary in the 0.6– 0.85 range (Byerlee, 1978). 
 
 

5.2 Ductile behavior 
 
Fulfilling of rheological and dynamic similarities implies the analogue materials to be characterised, 
in a stress–strain rate diagram, by flow curves with shape and slopes similar to the natural 
prototype (Weijermars and Schmeling, 1986). Materials commonly used in analogue experiments 
consist of different types of silicone putties and mixtures between these and/or with other materials 
like Plastilina and sand. The rheology of these materials can be attributed to three main different 
behaviours, specifically, Newtonian, power-law and Bingham flow (e.g., Hailemariam and 
Mulugeta, 1998; Weijermars and Schmeling, 1986). The ductile behaviour can be scaled down by 
starting from the well-known constitutive creep law: 
 

 nRT

Q

Ae 31 σσε 







 

 ,   (4) 

 

where ε (=dε/dt) is the strain rate, A is a material dimensionless  constant function of pressure, 
temperature and material properties, Q the activation energy (kJ mol−1), R the universal gas 
constant (8.314472 J K−1 mol−1), T the absolute temperature (K), (σ1−σ3) the differential stress 
(Pa), and n is the constant stress exponent (indicating the stress sensitivity of the strain rate). 
Rewriting equation (4) in a simplified form yields (e.g., Corti et al., 2003): 
 

 nA 31 σσε  .  (5) 

 
When n=1 the flow is Newtonian and equation (5) can be rewritten as (Corti et al., 2004; Ramberg, 
1980) 
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4

σσ 31 x
 ,  (6)  

 
 

where 
x  is the strain rate in the x direction (i.e., longitudinal), and η is the effective viscosity (i.e., 

the viscosity for a given strain rate). Although model viscous layers display complex patterns that 
rarely can be attributed to actual simple shear or pure shear, deformation of ductile layers is 
normally approximated to one of these two end-members depending upon the model. Considering 
a two-dimensional state of strain of a parallelepiped block in a plane x (=width), y (=height), the 
shear strain is commonly given as: 
 

 
x

w

y

u
yxxy









   ,  (7) 

where u and w are respectively the x and y displacements at a generic point. In case of simple 
shear ∂w/∂x=0, Eq. (7) reduces to the engineering strain rate of the classic Newton equation, 
stating that shear stress – in a ductile layer with constant viscosity undergoing simple shear stress 
(Couette flow) – is directly proportional to the shear strain rate (e.g., Collyer, 1973; Weijermars, 
1997): 
 













dz

v
  ,  (8) 

 

where τ is the shear stress acting on the viscous layer, η the dynamic  viscosity and   the 

engineering shear strain rate, which is the ratio between the velocity v applied to the upper plate 
and the thickness of the viscous layer zd. The engineering shear strain rate γ_ is generally used as 

an approximation for models in which deformation in viscous layers is near simple shear (
m  ;  

Brun, 1999). In experiments with Newtonian viscous layers undergoing near pure shear 
deformation the difference between the principal stresses can be expressed by rearranging 
equation (6) as (Corti et al., 2004; Ramberg, 1980): 
 

  x31 4σσ   ,  (9) 

 
Therefore, selected analogue materials allow exploring a large variety of natural rock properties. 
Particularly, the dependence of strength of Newtonian and non-Newtonian materials on the applied 
strain rate allows investigating a wide range of strength profiles by varying the strain rate, as well 
as other rheological parameters, such as η, A and Davy and Cobbold, 1991). Temperature is 
also crucial, since some materials can simulate both Newtonian and power-law creep with or 
without yield strength depending upon the temperature and strain rate at which they are deformed 
(e.g., Hailemariam and Mulugeta, 1998; Nalpas and Brun, 1993). Upper crustal rocks and in cases 
the upper lithospheric mantle are generally assumed to deform according to the Mohr–Coulomb 
failure criterion, which implies a time-independent rheological behaviour described by Eq. (2). 
 
For the purpose of scaling, above equation (9) can be rewritten in the form: 
 
 

*=** (10) 
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which allows relating the scaling factors of stress and viscosity with that of time by considering that 
*=1/t*, where t*= tm/tp, and subscripts m and p (or n) refer to model and natural prototype, 

respectively. Therefore, the scaling factors of viscosity and time are directly related, which makes 
the , scaling of magmatic system particularly challenging (e.g. Merle 2015). In this case, indeed, 
the difficulties are related to two main aspects. On one side, it is difficult to know the duration and 
particularly the evolution in time (e.g. incremental growth of an igneous body) of a magmatic 
process. Pluton emplacement has been inferred to vary from a few dozens of thousand years to 
million of years (Merle, 2015). On the other side, another key difficulty is to determine the natural 
magma viscosity. In nature, magma viscosity depends on many factors, such as chemical 
composition, temperature, dissolved volatile content (e.g. water), and total crystal content. Magma 
viscosity hence has a wide range, within which a lowest viscosity endmember would be a high 
temperature, crystal-poor, ‘wet’ mafic magma (η* 10– 100 Pa s) (Dingwell et al. 1993), and a 
highest viscosity end member be a low-temperature, crystal-rich, ‘dry’ granite magma (with η up to 
10

17−18 
Pa s) (Scaillet et al. 1997). Such a wide range means that different materials are required to 

simulate magmas of high or low viscosity. 
For scaling purposes, one can either fix the time ratio t*. In the case we have a rough 

estimate of the time needed in nature to complete the whole process, or fix the viscosity* if the 
modeler is required to simulate a specific magma type and viscosity. However, given the limited 
viscosity range of available experimental materials to reproduce magmas, whose viscosity may 
vary over several orders of magnitude, and the duration of experiments (which is of the order of 
few hours for practical convenience) imposed to reproduce processes that operate at variable time 
scales, both ways are challenging and impose simplifications of the process under investigation 
(see below sections 2.4 and 4.1).  

Because of this, our models were indented to investigate magma emplacement and its 
influence on the brittle country rocks in general, and not to rigorously simulate a specific natural 
case. 

 
 

5.3 Materials simulating the brittle behavior of rocks 
 

Analogue modelers use a wide range of different materials in their experiments to reproduce 
the brittle rocks of the sedimentary cover and upper crust; between them quartz sand and wet clay 
are the most frequently used.  
However, despite the numerous and different materials employed in the analogue laboratories 
worldwide, a material with appropriate characteristics (in term of frictional properties, number and 
high quality structural detail of the developed structures and ease of supply), and therefore useful 
for the analysis of faults/fractures of an intruded country rock, is still lacking. 
As discussed in The Preliminary Report on Analogue modelling for fracturing (part I of this 
deliverable, to which reference is made for a detailed discussion) we explored the rheological 
characteristics of a series of new analogue material by mixing quartz sand with a certain amount of 
a granular materials with different properties, in terms of granulometry, grain geometry and 
frictional parameters (Figure 35). We added to the commonly used quartz sand (Fontainebleau 
quartz sand, hereinafter simply called quartz sand) a certain amount of K-feldspar fine sand 
(Kaolinwerke-AKW feldspar SF 900 SF sand; hereinafter referred to as K-feldspar sand or 
powder). 
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Figure 35: Microscope picture of the pure quartz sand (left panel) and pure K-feldspar sand (right 

panel). Note the strong differences in terms of grain size, grain size distribution and grain roundness.  
 
Fontainebleau quartz sand is a poorly graded sand (average grain dimension ~100µm), primarily 

composed of siliceous and sub-rounded grains. K-feldspar SF 900 SF is a fine grain sand, well 
graded (grain dimension mostly (68%) in the range of 40-100µm, with a significant (37%) finer 
fraction, <40 µm), mainly composed of potassium feldspar (83%), with subordinate sodium feldspar 
(6%), quartz (10%), and a smaller part of the superfine kaolinite (1%). The grains have mostly an 
angular shape, with sharp corners. 
K-feldspar sand was already successfully used in several enhanced gravity experiments with 
excellent results in the Tectonic Modelling Laboratory of Florence (e.g., Corti, 2008; Agostini et al., 
2009). The k-feldspar fine sand properties, even if they allow excellent results in enhanced gravity 
experiments, do not allow using it in a fruitful way in natural gravity experiments for problems 
related the scaling procedure and the building of the model (see part I of this deliverable). 
The resulting material is characterized by a proper internal friction angle to simulate crustal rocks 
(~30°), a not too high cohesion, and grain size which may allow the development of numerous and 
detailed structures for a complete fracture/fault analysis.  
 
 

5.4 Magma-analogue materials 
 
As discussed in The Preliminary Report on Analogue modelling for fracturing (part I of this 
deliverable, to which reference is made for a detailed discussion), many different materials have 
been used in the literature as magma analogue. The wide range of employed materials in the 
current experiments can be explained with the large viscosity range of natural magmas and the 
need to simulate them in the analogue experiments. Once a certain magma analogue material with 
its own viscosity is chosen (and stress and length ratios are defined and set), the same set-up and 
scaling may be representative of different geological processes. In fact, since the ratios of viscosity 
and time are directly related (see above section 2.2), the same model may reproduce fast upward 
migration of a low viscosity magma, or slow migration of a high-viscosity magma. Therefore, using 
a certain analogue magma with a given viscosity, it is ideally possible to experimentally simulate a 
wide range of magma viscosities by controlling the related strain rates, times and velocities of 
deformation (Merle and Vendeville, 1995; Gottsmann and Marti, 2008). However, even if this may 
be helpful, we still require different viscous analogue materials to simulate natural magmas with 
viscosity varying from extremely high to very low, in order to warrant a complete reproducibility of 
the whole variability in nature (i.e. see part I of this delivarable; Galland et al., 2015; Merle, 2015). 
Generally, during an experimental series modelers usually employ only one magma analogue with 
its own rheological properties, limiting the natural cases that can be explored. Moreover, changing 
analogue material to obtain different viscosities may result in different interactions between the 
analogue magma and the analogue host rock. To overcome these difficulties, we identified a two-
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component material whose viscosity may be varied simply changing the relative proportions, 
allowing us to explore the effects of the viscosity variation during an experimental series . In 
particular, we developed a new viscous material starting from the following two end-member 
components (see also IMAGE-D5.8): 

3) Low viscosity component: pure vegetable polyglycerine-3 (PG3) 
4) High viscosity component: pure vegetable polyglicerine-10 (PG10) 

 

PG3 and PG10 are polyglycerols, inter-molecular glycerol ethers formed by the condensation of n 
(2 or more) glycerol molecules with elimination of n-1 water molecules; they are exclusively 
manufactured by Spiga Nord S.p.A., by polycondensation of natural refined glycerine. The 
chemical formula is HO(C3H6O)xH, where x=3 for the PG3 and x=4,5,6 or higher for PG10. They 
are almost colorless and syrupy high-viscous liquid, miscible with water, hygroscopic, with a 
remarkable thermal stability; no risks are reported when using those materials , which are not 
classified as hazardous. 
They can be used in a large variety of technical applications, like cosmetic applications, as 
plasticizer, anti-fogging agent, anti-static, and lubricant, as technical fluids (e.g. drilling fluids), and 
as food additive. 
The two materials have a very similar density (PG3, 1190 kg/m3; PG10, 1200 kg/m3), thereby well 
in the range of the average density of the most common magma analogues (see part I). Moreover, 
since the density of the two components is very similar, all the mixtures will still have a similar 
density, regardless of the adopted proportions, simplifying the scaling procedure in an 
experimental series.  
The viscoelastic behavior of the two end members PG3 and PG10 was investigated using an 
extremely low-friction Anton Paar Physica MCR-300 Rheometer at the State University of Milan, 
Department of Chemical Sciences. 

The test results on the pure PG3 and PG10 are shown in Figure 36 and Figure 37. As we can 
observe, there is an almost linear dependence between the viscosity and the frequency which 
implies that both samples are characterized by a Newtonian behavior. 
The measured viscosity for PG3 is around 17 Pa·s, while we measured a viscosity of 450 Pa·s for 

the more viscous PG10. Thus, mixing the two components in variable proportions, we may range 
the viscosity of the mixtures between almost 2 orders of magnitude. 
excellent magma analogues because of (1) the wide range of viscosities that is possible to 
reproduce, (2) their rheological behavior, and (3) their behavior and characteristics during a model 
run. 
Moreover, in some models we used the Bluesil RTV 3318 silicone as a magma analogue. This 
material has a viscosity of 25 Pa s, very similar to the viscosity of PG3 polyglycerine. This material 
detains the useful feature to solidify about one hour after the injection, allowing the excavation of  
the intrusion after the end of modelling. Some models were thus reproduced using this material to 
study in detail the preserved intrusion geometry. 
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Figure 36: Results of the Frequency Sweep Test for PG3. Frequency range: 100-0,1 Hz; material 
temperature 23,5°C; deformation 5%. All the axes are logarithmically scaled 
 
 

 
Figure 37: Results of the Frequency Sweep Test for PG10. All the axes are logarithmically scaled. 
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On the basis of the results described in the Preliminary Report on Analogue modelling for 
fracturing (see part I of this delivarable), PG3, PG10 and their mixtures can be considered  
 
 
 

6 Modeling device 

 
For the purposes of the IMAGE project, we designed and developed a new modeling device 

with the aim of overcoming some of the limitations that characterized previous analogue modeling 
setups of magma emplacement. The new device (Figure 38) consists of a Plexiglas box (33x38x15 
cm) to be added to the deformation machines already available at the CNR Tectonic Modelling 
Laboratory, exploiting thus the existing engines necessary for the model deformation and the 
injection of analogue magma. 

 

 

 

 
 

Figure 38: Schematic diagram of the experimental apparatus 
 
 
The main characteristics of the new sand box are summarized below: 

 possibility of isolating the box from the rest of the deforming apparatus to freeze the model 

(or in case analyze it in a CT scan) 

 possibility to perform a complete 3D analysis by means of cross cutting clear-cut sections 

of the frozen models 

 multiple injection points (13) and up to 5 simultaneous injections: this allows one to explore 

several different injection configuration geometries (Figure 39).     

 possibility to use one single magma analogue reservoir for all the intrusions (even 

simultaneous), as well as to use different small reservoirs (e.g. 100 ml/cc syringes) for each 

intrusion. 
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 option to deform the model in both compression, strike-slip and extension. 

 
 
Figure 39: Sketch of the plain view distribution of the available injection points 
 

 

7 Experimental procedure 

 
The experiments were performed at the Tectonic Modeling Laboratory of the CNR-IGG and of the 
Department of Earth Sciences in Florence, Italy, using the device illustrated in Figure 38. The 
models were built within a Plexiglas box with internal dimensions of 330 x 380 mm. The thickness 
of the models varied from 4.5 to 8.5 cm depending on the experiment. 
The models were centered over the injection point(s). Viscous magma analogue injection was 
performed by a special apparatus composed of 1 to 3 pistons depending on the experiment, and a 
distribution system made of cylindrical PVC pipes (9 mm in internal diameter) feeding 1 to 3 
cylindrical metallic pipes (1.4 mm long) located within the analogue host rock. This configuration 
enables to inject the magma within the sand-pack, thus avoiding intrusion emplacement along the 
model base. In this way, the space required to accommodate magma intrusion was created by roof 
uplift/doming as well as floor depression, without any imposed discontinuity to drive the 
emplacement trajectories. 
The magma-analogue injection rates was controlled by a stepper motor connected to a central unit 
allowing a constant and controlled flow rate throughout the duration of the models. In order to study 
the effect of rheological stratigraphy, some models consisted of a 0.5 cm-thick ductile layer of 
PDMS silicone embedded within the models to simulate a mobile ductile level within the host rocks. 
During the experimental series, we systematically varied the model thickness, the volumetric flux, 
and the velocity of magma injection for a constant volume of injected material. In order to better 
visualize and analyse the internal deformation pattern, layer of coloured sand were built as 
horizontal passive markers within the model. 
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In all experiments, deformation was monitored through top-view photos taken at regular time 
intervals during the experiments, and laser scanning at submillimetre resolution to reconstruct the 
topography of the model surface. At the end of each experiment, the models were soaked in water, 
frozen and cut in a set of orthogonal cross sections to analyse the internal deformation. Nearly 
each experiment typically was deformed for 90 minutes. 
 
 

7.1 Scaling of the experimental series 
 
The brittle behaviour of shallow crustal rocks was simulated by the above-described mixture of Qz- 
and K-feldspar sand with grain dimensions <250 m, an angle of internal friction of 43°, cohesion 

of about 10 Pa, and a density of 1408 kg m -3 (see part I of this deliverable).  
The layer of Polydimethilsyloxane (PDMS) introduced within the san-pack for some models to 
simulate a mobile ductile layer within the country rocks had a density of 965 kg m-3 and a viscosity 
of ~1.5 × 10

4
 Pa s (e.g., Weijermars, 1986). To reproduce the magmatic intrusions we used pure 

vegetable polyglycerine-3 (PG3) and pure vegetable polyglicerine-10 (PG10), two low-viscosity 

Newtonian fluids with viscosity of 17 and 450 Pa s, and density of ~1190 and 1200 Kg m-3, 
respectively. 
The models were scaled to achieve geometric, dynamic, and kinematic similarity (Hubbert, 1937; 
Ramberg, 1981). We used a length scaling ratio l* (where the asterisk denotes the ratio between 
the model and natural values) of 10-5, such that 1 cm in the models corresponds to 1 km in nature. 
Both the models and the natural case presented here are subject to the same value of gravitational 
acceleration, imposing a scale factor g*=1. 
The density ratio ( ) is ca. 0.5, as resulting from the ratio between the granular material used 

(~1400 kg m-3) and the rocks (~2800 kg m -3) (e.g., Schellart, 2000), and the ratio between our 
magma analogue (~1200 kg m

-3
) and a natural granitic magma at the emplacement conditions (ca. 

2400 kg m-3; e.g., Montanari et al., 2010a).  
This results in a stress scaling ratio g* l*) of ~5 × 10-6. The stress scaling ratio is related to 

the scaling ratios of strain rate (*), viscosity ( ), and velocity of deformation (V*), by the 

relationship V*/l*). 

This implies that the magma ascent velocity in the models (from 2.5 to 5 cm/h) scales to natural 
values of ~0.4-0.005 km/yr for viscosities of a natural granitic magma varying between ~4 ×1012 
and ~4 ×1015 Pa s, covering the whole range of viscosities for acid magmas (e.g. Merle, 2015). 
This results in a scaled magma flux of ca. 2x10-1 to 3x10-3 km3/yr.  
These values are in the range of natural magma volumetric fluxes (which normally vary from 
1.4x10-4 to 1.2 x10-2 km3/yr (see compilation in Menand et al. 2015; de Saint Blanquat et al. 2011),  
and are similar to those obtained for the Monte Capanne pluton at the Elba Island in the Tuscan 
Archipelago (Barboni et al. 2015). 

Since the scaling ratio of time (t*) is related to the * and V* ratios (t* = 1/* = l*/V*), one hour of 

model deformation corresponds to ~133-5073 yr in nature.  
 
 

7.2 Simplifications and limitations of the modelling approach 
 
Analogue models normally simplify the complexity of natural systems by introducing some 
limitations, in most cases with regard to the difficulty of correctly reproducing the thermal and 
rheological conditions. Specifically, modelling magma emplacement involves important limitations 
that essentially concern the rheological properties of the analogue magma, the variations in 
rheology and strength during cooling and crystallization, and the emplacement rates (e.g., Corti et 
al., 2003; Merle, 2015). In our modelling procedure, an important simplification involves the 
rheological characteristics of the analogue magma, which ignores the thermal effects and 
simulates a natural acid magma (viscosity between ~4 ×1012 and ~4 ×1015 Pa s) without 



 
 

 
Doc.nr: 
Version: 

Classif ication: 
Page: 

 
IMAGE-D5.02 
2016.10.27 

public 
64 of 108 

 

 
 

 

64 
 

considering cooling of magma during emplacement. Another shortcoming may concern the 
analogue magma injection apparatus, which consists of 12-mm-wide injection points. This aperture 
scales down to 1,2 km in nature, and may simulate a pervasive zone of magma transport (e.g., 
Benn et al., 2000). 
The use of polyglycerols produce a percolation aureole in the sand around the intrusion in a similar 
way to what described in previous analogue models of magma injection even though performed 
with different materials (e.g. Galland et al. 2007, Galland et al. 2015). Percolation aureole is a few 
millimeters thick in the models performed with the PG3 analogue magma material, whereas the 
percolation aureole show a smaller thickness in the more viscous PG10. The percolation develops 
mainly after the end of the experiment during the wetting of the models before freezing. For this 
reason and for the limited thickness we believe that this fact does not affect the model results. 
In spite of these limitations, a number of analogue modelling studies have investigated - as a first 
approximation - the process of magma upwelling and emplacement in different tectonic 
environments, i.e., continental extension (Sanford 1959; Román-Berdiel, 1999; Bonini et al., 2001; 
Corti et al., 2003), transtension and strike-slip (Román-Berdiel et al., 1997, 2000; Corti et al., 2001, 
2002, 2005), transpression (Benn et al., 1998, 2000), and compression (Galland et al., 2007; 
Montanari et al., 2010a; Ferré et al., 2012). As in previous experimental studies, our results may 
provide a rough picture of the deformation outcome and contribute to unravelling the interactions 
between deformation and magma dynamics in these natural systems. 
 
 

7.3 The experimental series 
 
The models were designed to simulate the deformation associated with acid magma emplacement 
at shallow crustal levels. To meet this goal, we reproduced magma injection using specific 
materials allowing us to cover the whole range of viscosities for natural acidic magmas. 
Consequently, we decided to use two magma analogue materials representing the endmembers 
for magma viscosity: Polyglycerine-3 (PG3) scales down to natural viscosities of 4 ×1012 Pa s (900 
acid magma), whereas Polyglicerine-10 (PG10) reproduces magma with a high crystal content and 
viscosity of 4 ×1015 Pa s (e.g. Merle, 2015). We performed two experimental series of analogue 
models with these two endmember viscosities. For each experimental series, keeping fixed the 
magma volumetric flux, we varied the model thickness, rheological layering of the overburden and 
injection duration. We also performed some models with double volumetric flux but equal volume of 
injected magma volume (i.e. halving the injection time). For each model, we strictly changed only 
one parameter at a time. To test the reproducibility many models were run twice. 
 
 

8 Results 

 
The experiments produced two basic sheet intrusion morphologies. In PG3 (low viscosity) models, 
magma ascended through the feeder dyke to be emplaced into a laccolith/sill, which inflated due to 
the magma overpressure by doming/upfolding. PG10 (high viscosity) models were characterized 
by a more compact pluton-like intrusion shape, also in this case accompanied by an evident, and 
more pronounced, forced-folding (Stearns, 1978; Hansen and Cartwright 2006) at surface. 
 

8.1 Low-viscosity intrusions   
 
In this paragraph we describe the models performed using the PG3 as a magma analogue, scaling 
to a low viscosity magma. The parameters that we changed and considered were the injection 
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velocity, the time of deformation, the volumetric flux, the total injected volume and the model 
thickness (Table 10). 
 
Table 10: Model characteristics for the different low-viscosity experiments  

model magma 
Injection 
vel. 
cm/h 

Time (m) 
Injected 
volume 

Volumetric  
flux  
cm3/h 

Model 
thickness 

IMG02 PG3 20 90  23,55 15,7 6,4 

IMG07 PG3 20 90 23,55 15,7 6,4 

IMG03 PG3 20 180 47,1 15,7 6,4 

IMG06 PG3 20 180 47,1 15,7 6,4 

IMG04 PG3 40 45 23,55 31,4 6,4 

IMG09 PG3 20 90 23,55 15,7 4,5 

IMG10 PG3 20 90 23,55 15,7 6,4 

 
 

8.1.1 Models IMG07and IMG02 

 
At the surface (initially flat), a circular dome formed above the intrusive body soon after injection 
started, as the sand layer was uplifted by the intruding magma. During the model evolution, 
magma injection continued, and a semicircular reverse fault manifested on the model surface (on 
the right looking from above). Subsequently a further, and wider dome, affected the model surface 
raising the previous one. Again, the deformation at surface evolved with the development of a 
semicircular reverse fault affecting the model surface. The final dome/upfold was characterized by 
smooth and almost circular final shape in plan-view, with a steeper edge of the uplifted area 
(Figure 40a) located above the reverse fault surfacing in the right part of the model. On the 
opposite side, the uplifted area exhibited a gentle edge connecting to the unreformed part of the 
model surface. In correspondence of the reverse fault hanging-wall, a few normal faults developed 
bordering an elongated depression. 
Regarding the geometries in cross section (Figure 40b), the intrusion shape was composed of a 
horizontal inner sill/laccolith (circular in plan-view and centered above the magma inlet) turning into 
an inclined sheet (about 40°) moving away from the center of the intrusion. The inclined sheet was 
well-developed only in that part of the model affected at surface by marked reverse faulting, 
missing instead below the gentle edge of the dome. Some minor near-vertical dike-like features 
propagated into the cover sand from the magma intrusion. We infer that these ‘dikes’, being not 
associated with any fracture or faults, were emplaced by mechanisms similar to hydraulic 
fracturing. 
The cross-section evidenced the normal faults affecting the model surface have a limited vertical 
throw. In particular, the normal faults affected only the outer, upper part of the broad dome, and did 
not extend into depth below the initial (pre-doming) model surface level. Normal faults are thus 
inferred to have propagated from the surface to depth. Because of this downward propagation, 
faults tended to deepen with the ongoing of deformation. 
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The magma inclined sheet followed a blind shear band with a reverse sense of shear, and above 
this structure two parallel, high-angle reverse faults affected the sand-pack up to the surface where 
they exhibit an annular, inward-dipping attitude. 
 

 
 
Figure 40: Model IMG07: (a) Top view photo at the end of deformation; the dotted blue line represents 
the trace of the cross section. (b) Photograph of the cross section and superimposed line drawing; 
normal faults in blue and reverse faults in red. 
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Model IMG02 was run with the same parameters of IMG07 to test reproducibility even though with 
less colored layers within the sand pack. These models were characterized by the same 
geometries both in terms of intrusion geometries and associated deformation. The IMG02 model 
was sliced along two orthogonal cross sections, making therefore possible to appreciate the 3D 
arrangement of deformation geometries (Figure 41). 
Cross-section b in Figure 41 shows that, although the inclined magma sheet (about 40° as for the 
model IMG07) was well-developed only in that part of the model affected at surface by marked 
reverse faulting, in the orthogonal direction the intrusion shape was quite symmetrical with the 
presence of two inward-dipping inclined sheets (about 30°) propagating from the horizontal inner 
sill centered above the magma inlet (i.e. a saucer-shaped sill geometry). 
 

 
 
Figure 41: Model IMG02: (a) Top view photo at the end of deformation (left), the dotted blue line 
indicates the trace of the cross sections. (b) Photograph of the cross sections (right). 
 

 

8.1.2 Models IMG06and IMG03 

 
Model IMG06 was constructed with the same boundary conditions of the previously described 
models IMG07 and IMG02 but the magma injection lasted 180 minutes (i.e. doubling the intrusion 
time). The volumetric flux was kept constant and equal to the previous models (see Table 10) and 
this means that the injected volume was also doubled. 
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Figure 42: Model IMG06: Top view photo at the end of deformation, the dotted blue line represents 

the cross section location (upper panel). Photograph of the cross section and superimposed line 
drawing (lower panel); normal faults in blue and reverse faults in red. 
 

Model evolution and final geometries was near identical to the previous ones, with the only 
exception that the resulting laccolith-like intrusion is thicker, with an associated greater elevation of 
the associated doming. Deformation features (normal and reverse faults) were characterized by a 
greater deformation in terms of number of faults and faults throw. Most notably, the normal faults 
accommodating the summit extension were more pronounced and reached major depths within the 
model. Model IMG03 was run with the same parameters of IMG06 to test the reproducibility, even 
though with less colored layers within the sand pack. 
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Figure 43: Model IMG03: Top view photo at the end of deformation (upper panel), the dotted blue line 

represents trace of the cross sections. Photographs of orthogonal model cross sections (central 
panels), in the lower panel: 3D view of model surface acquired with the laser scanner (v.e. 4x). 
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These models were characterized by the same overall geometries both in terms of intrusion 
geometries and associated deformation. The IMG03 model was sliced along two orthogonal cross 
sections and it was therefore possible to appreciate the 3D arrangement of deformation geometries 
(Figure 43). At surface the dome is quite asymmetrical as a consequence of the intrusion geometry. 
Cross-section B in Figure 43 shows that the intrusion shape was instead quite symmetrical along 
this direction, with the presence of two inward-dipping inclined sheets propagating from the 
horizontal inner sill centered above the magma inlet. 
 
 

8.1.3 Model IMG04 

 
Model IMG06 was constructed with the same thickness of the cover sand of the IMG07/02 models, 
but injection of the model magma was performed with a double injection velocity (40 cm/h).  
 

 
Figure 44: Model IMG04: Top view photo at the end of deformation (upper panel); the dotted blue line 
represents the trace of the cross section location. Photograph of the cross section and 

superimposed line drawing (lower panel); normal faults in blue and reverse faults in red. 
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To maintain the total injection volume, the deformation time of the model has been halved, from 
what it follows that the magma volumetric flux was double with respect to the previous models (see 
Table 10). 
At surface, the final dome was very well developed and quite symmetrical with concentric well-
marked annular reverse faults. The uplifted area was fully characterized by a radial pattern of 
tensional fractures due to outer-arc stretching, and a summit graben in the right part of the model. 
The graben exhibited a crescent shaped geometry, with the border normal faults parallel to the 
inward-dipping reverse faults (Figure 44). In cross-section, the intrusion shape was somewhat 
symmetrical with the presence of two inward-dipping inclined sheets propagating from the 
horizontal inner sill centered above the magma inlet. The two inclined magma sheets showed a 
difference in the dip angle of about 10 degrees (40° on the right and 30° on the left of Figure 44). If 
compared with the previous models, the horizontal inner sill was shorter with respect to the inclined 
sheets length. Some minor inclined dikes propagated into the cover sand from the magma 
intrusion both upwards and downwards. Normal faulting clearly affected the model surface, and the 
faults were characterized by a limited vertical throw. The normal faults affected the outer, upper 
part of the broad dome only, and did not extend into depth below the initial (pre-doming) model 
surface level, similarly to model IMG07. Conversely, reverse faults crosscut completely the sand 
pack until they join to depth with the analogue magma. 
 
 

8.1.4 Model IMG09 

 
To test the effect of model thickness on deformation features, model IMG09 was performed with a 
thinner sand overburden (about 30% less with the respect to other models). Except for the reduced 
thickness, this model shared the same set-up with model IMG07, with which one can compare the 
results. As a peculiarity of this model, at the very end of deformation, PG3 magma analogue 
pierced the surface at the rim of the dome as a consequence of the reduced load (Figure 45). 
The domal structure at surface was very marked, with a smaller diameter with respect to the 
reference model (IMG07). Anular reverse faults were less spaced at surface, but still clearly 
evident. Normal faults exhibited a semicircular geometry, parallel to the reverse faults strike, 
developed throughout the uplifted area. 

 
Figure 45: Model IMG09: (a) Top view photo at the end of deformation (left panel), the dotted blue line 

represents the trace of the cross sections. (b) Photographs of the cross sections with superimposed 
line drawings (right panels). 
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Looking at the dome shape in cross-sections, it is manifest that it exhibited a more marked lifting 
with steeper slopes. In accordance with the results from Galland et al. (2009), the uplifted area 
diameter and associated intrusion diameter decreased in comparison with the thicker models 
because of the thinner overburden (i.e. emplacement depth). Geometrical relationship between the 
dome rim and the inclined sheet was quite evident in cross section, with the inclined magma sheet 
uprising in the dome-bounding reverse fault footwall, rather than along the fault surface (as in the 
previous models). Away from the side where the analogue magma erupted at surface, normal 
faults exhibited the usual scarce propagation at depth, whereas in the model sectors close to the 
magma surfacing, normal faults arrays propagated at deeper depths, nucleating along the reverse 
fault surface. Looking at this geometric arrangement, it was quite clear that reverse faults 
developed on top of the migrating magma, with the normal faults accommodating the uplift.  
The comparison between this model and the previous ones confirms the strong positive correlation 
between the diameter and depth of emplacement of saucer-shaped igneous intrusions (Malthe-
Sørenssen et al., 2004; Goulty and Schofield, 2008; Galland et al., 2009; Mathieu et al., 2008; 
Polteau et al., 2008; Galland and Scheibert, 2013; Jackson et al. 2013). This relationship reflects 
the control that overburden thickness has on the duration of lateral sill propagation, and hence 
diameter, prior to formation of sill-tip fractures and climbing inclined sheets. 

As a common feature of all the presented models, the complex deformation patterns 
developed on model surface directly reflect the three-dimensional shapes of the underlying 
intrusions. The steep edges of the uplifted zones and bounding reverse faults were generally 
directly located above the shallow parts of the intrusions composed of an inclined sheet, while the 
gentle edges were located above the deeper parts of the intrusions. 
 

8.1.5 Mo 

8.1.6 del performed with a “solidifing magma” 

 
In some models we used the Bluesil RTV 3318 silicone as a magma analogue. This material has a 
viscosity of 25 Pa s, very similar to the viscosity of PG3 polyglycerine. Albeit this material presents 
some handling limits, it detains the useful feature to solidify about one hour after the injection. After 
the models run, the intrusions was thus excavated (Figure 46), allowing us to study in detail the 
intrusion geometries and geometrical relationships with deformation features and inlet position. 
 

 
Figure 46: Exemplificative model performed with analogue magma material RTV3318: top-view 

photograph, DEM obtained with laser scanning and cross section (left panels), and examples of 
excavated intrusions (right panels). 
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The intrusion generally presented a lumpy surface, exhibiting the geometries typical of saucer-
shaped sills. The overall intrusion geometries were very similar and comparable with those 
obtained using PG3 material as a magma analogue. 
 
 

8.2 High-viscosity intrusions 
 
In this paragraph we describe the models performed using the PG10 as a magma analogue, 
scaling to a high viscosity magma (Table 11). The parameters that we changed and considered 
were the injection velocity, and consequently the time of deformation and the volumetric flux for an 
equal total injected volume. 
These models tended to have laccolith-like, thick intrusions in relation to their width (Figure 47 and 
Figure 48). The host rock on top of the intrusion was strongly domed, with a narrower uplifted area if 
compared with the corresponding low-viscosity models. The intrusion tops were invariably 
characterised by the development of an annular dike or cone sheets on the laccolite rim. 
Well-developed, annular inward-dipping reverse faults accommodated the movement of the host 
rocks uplifted by the ascending magma. The dome surface was affected by a diffuse extension, 
with normal faults exhibiting a semicircular geometry, parallel to the reverse faults strike (similarly 
to model IMG09). In a different way to that described for the low magma viscosity models, the 
normal faults did not affect only the outer, upper part of the broad dome, but they did extend into 
depth below the initial (pre-doming) model surface level, up to reach at depth the reverse fault 
planes. This geometrical arrangement suggests that normal faults developed to accommodate the 
reverse faults slip, with the normal faults accommodating the updoming of the overburden obtained 
using annular reverse faults as preferential guides. 
 
 
Table 11: Model characteristics for the performed high viscosity experiments  

model magma 
Injection vel. 
cm/h 

Time 
(m) 

Injected 
volume 

Volumetric  
flux  
cm3/h 

Model 
thickness 

IMG01 PG10 20 90  23,55 15,7 6,4 

IMG05 PG10 40 45 23,55 31,4 6,4 

IMG16 PG10 20 90  23,55 15,7 4,5 

IMG18 PG10 20 180 47,1 15,7   6,4 

 
 
Model IMG01 (Figure 47) share the same model parameters with model IMG07, with the only 
exception of magma viscosity. 
Model IMG05 (Figure 48) shared the same model parameters with model IMG04 with the only 
exception of magma viscosity. The differences in the model deformation geometries are thus 
related only to the deferent magma rheology. 
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Figure 47: Model IMG01: Top view photo at the end of deformation (upper panel), the dotted blue line 

represents the  trace of the cross section. Photograph of the cross section and superimposed line 
drawing (lower panel); normal faults in blue and reverse faults in red  
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Figure 48: Model IMG05: Top view photo at the end of deformation (upper panel), the dotted blue line 

indicates the trace of the cross section. Photograph of the cross section and superimposed line 
drawing (lower panel); normal faults in blue and reverse faults in red 
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8.3 Role of rheological stratigraphy 
 

To investigate the effect on deformation of weak layers embedded in the host rocks, we 
describe two different models (IMG08 and IMG10) with the same boundary conditions (e.g. cover 
rock thickness, time of deformation, magma injection rates and injected volumes) of two previously 
described models, but characterized by the presence of a ductile layer embedded in the cover 
sand. To test the effect of the rheological layering, the model IMG08 was built with the same model 
set-up of model IMG05, whereas model IMG10 is to compare with the reference model IMG07. 
The models were designed to simulate magma intrusion in a purely brittle crust containing a weak 
ductile layer. The weak layer was reproduced using a 5 mm-thick layer of Polydimethilsyloxane 
(PDMS), a transparent silicone with a density of 965 kgm -3, a viscosity of 3x104 Pa s, and 
Newtonian behavior at strain rates < 3x10-2 s-1 (Weijermars, 1986). 
At surface, model IMG10 exhibited a very smooth uplifted area (Figure 49). The wide dome 
presents an almost circular geometry without the presence of reverse faults bounding the dome 
rim. The central part of the resulting forced fold was characterized by a circular depression affected 
by normal faulting. Magma intrusion consisted of sub circular inward-dipping sheets propagating by 
a very small horizontal inner sill. This geometry could be described as transitional between a 
saucer-shaped sill and a cone sheet. Some minor near-vertical dikes propagated by hydraulic 
fracturing from the magma intrusion into the cover sand. Normal faults affecting model surface 
were characterized by very small throws, and penetrated only few millimeters into the sand pack. 
As for the previous, similar models, the normal faults affected the central part of the broad dome 
only, and did not extend into depth below the initial (pre-doming) model surface level. The 
embedded ductile layer seemed to determine different deformation geometries above and below its 
location. In particular, below the PDMS layer the sand pack above the magma top was uplifted 
along reverse shear bands, whereas the ductile layer determined a vertical decoupling that allowed 
a wider and diffuse deformation in the shallow part of the model. The ductile layer acted as a 
boundary for the vertical propagation of deformation, preventing also the development of clear-cut 
reverse faults that typically affected the previous models. 
Model IMG08 performed with the more viscous PG10 magma analogue, exhibited a different 
intrusion shape and related deformation features (Figure 50). At surface, the updoming was clearly 
defined with reverse faults locally surfacing at the dome rim. The summit part was characterized by 
a more marked circular depression, affected by radial extension and diffuse normal faulting.  The 
intrusion shape in this model was rather irregular, as an effect of the confining pressure due to the 
rheological contrast introduced within the cover sand. Reverse faults clearly developed both above 
and below the PDMS ductile layer (see cross sections in Figure 50). 
The sand pack comprised between the PDMS layer and the magma intrusion was affected by an 
evident normal fault, linking the magma top with the overlying ductile layer. 
Because of the presence of the impermeable PDMS layer embedded in the sand pack, an 
extended time was necessary to wet the models. This longer interaction between model materials 
and water resulted in a thicker percolation aureole (Figure 49 and Figure 50), which is to be 
considered a post deformation artifact, which are therefore irrelevant for the model analysis. 
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Figure 49: Model IMG10: Top view photo at the end of deformation (upper panel), the dotted blue line 
indicates the trace of the cross sections. Photographs of the orthogonal model cross sections 

(central and lower panels). 



 
 

 
Doc.nr: 
Version: 

Classif ication: 
Page: 

 
IMAGE-D5.02 
2016.10.27 

public 
78 of 108 

 

 
 

 

78 
 

 
 

Figure 50: Model IMG08: Top view photo at the end of deformation (upper panel), the dotted blue line 
indicates the trace of the cross sections. Photographs of the orthogonal model cross sections 

(central and lower panels). Normal faults in blue and reverse faults in red. 
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8.4 Multiple magma intrusions  
 
To test the effect on deformation pattern exerted by multiple magma emplacement that is a 
common feature in composite plutons, we run some models with synchronous, as well diachronous 
magma injection from different, aligned inlets. The distance between injection points, as well as the 
activation in time of injection points was varied for each model (Table 12). Each intrusion was 
performed with an injection velocity of 20 cm/h and lasted 90 minutes. Therefore, in the case of 
simultaneous intrusion from the three different injection points, the experiment lasted 90 minutes, 
whereas for diachronic intrusions (with the following injection started as the previous is over) the 
experiment duration was 270 minutes. To facilitate observation of the results in cross-section, we 
used different colors (red and blue) for magma analogue at adjacent inlets. 
 
 
Table 12: Model characteristics for the described multiple magma intrusions experimental series 

model magma 
Injection 
velocity 
cm/h 

Injection 
Injection 
points 
distance 

Injected 
volume 

Volumetric  
flux  
cm3/h 

Model 
thickness 

IMG11 PG3 20 simultaneous  30 mm 3x23,55 3x15,7 6,4 

IMG12 PG3 20 diachronous  30 mm 3x23,55 3x 15,7 6,4 

IMG13 PG10 20 diachronous 60 mm 3x23,55 3x 15,7 6,4 

IMG14 PG3 20 diachronous  60 mm 3x23,55 3x 15,7 6,4 

IMG15 PG10 20 simultaneous  60 mm 3x23,55 3x 15,7 6,4 

 
 
Model IMG11 was performed using the low-viscosity PG3 analogue magma that was injected 
simultaneously at three, slightly spaced, injection points. Forced folding associated with magma 
injection in Model IMG11 produced a near elliptical dome at surface (Figure 17).  
The dome was bounded by three concentric inward-dipping reverse faults surfacing at the dome 
rim. Successive activation of the reverse faults was directed from the internal part toward the 
external part of the model, the most external fault being the younger and less developed features. 
This was evidenced by their disappearing at surface in the right side of the model (Figure 51, left 
panel). The summit part of the dome was intensely affected by distributed normal faulting defining 
lozenge-shaped pattern in plan-view. Magma intrusion showed an elliptic shape in plan-view and 
an elongated, funnel-like shape in cross section (Figure 51, right panels), with an apical depression 
bounded by a well-developed inward-dipping inclined sheet. Black coloured sand layer stuck to the 
magma surface were helpful to visualize the 3D geometry of the analogue magma intrusion (Figure 
51, right panel).  
In Model IMG15 we used the high-viscosity PG10 analogue magma injected at more spaced 
inlets (see Table 12 for details) with respect to model IMG11. The forced fold at surface 
presented a trilobed geometry, determined by the coalescence of three distinct domes set 
on the vertical of the magma injection points. The rim of this composite dome 
corresponded to an inward-dipping reverse fault. Splay reverse faults were also visible on 
the model surface ( 

Figure 52). Pervasive normal faulting developed along the dome main axis affected the axial part of 
the dome. Normal faults were characterized by both rectilinear and curved traces in plain view. The 
overall normal faults arrangement resembled an hourglass shape. 
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Figure 51: Model IMG11: Top view photo (left panel) and photographs of excavated intrusion from 

different viewpoints (right panels). 

 
Looking at the cross section, magma intrusions resulted laterally coalesced ( 

Figure 52), evidencing as the coeval magma injection favored the lateral magma migration rather 
than vertical growth, and this is quite clear by comparing the geometry of each single intrusion 
(different magma colors allow us to discriminate between magma rising from different inlets) with 
geometries of model IMG01 (run with the same magma rheology, injection velocity and model 
parameters). Diffuse diking characterized the top of magma intrusions.  
The most significant brittle features affecting the model were definitely the annular reverse 
faults, which bounded the intrusion, and propagated throughout the sand pack from the 
magma-sand interface up to the model surface ( 

Figure 52). 
Model IMG12 (Figure 53) was performed with diachronous injection of magma at three 

different inlets (see Figure 53 for the injection activation chronology). Surprisingly, surface 
deformation was not shaped as an elliptical dome (compare with model IMG11 in Figure 51, which 
shares the same set-up but no the intrusion chronology), but it was simply characterised by a sub-
circular forced fold (as for single injection models) that continued to grow as the activation of new 
injection points proceeded. The final dome affecting the model surface was therefore the result of 
the multiple injection of magma from different sources. Because of the lateral magma migration, 
the dome continued to grow for the entire model duration, determining the activation in time of new 
annular reverse faults, and the deepening and enlargement of the axial graben. Also for the latter 
model, the cross-section analysis enabled us to realise that extensional deformation affected only 
the very shallow part of the model, while the inward-dipping reverse faults cross-cut throughout the 
model, from the magma edges up to model surface. 

 
Model IMG14 shared the same model set-up of model IMG12 with the only exception of a doubled 
distance between the magma inlet points (Table 12), and a different chronology of activation of 
injection points (i.e. magma injection begun in the central inlet). The evolution of deformation 
pattern at the surface was more complex for this model. In particular, magma injection at the inlet 
number 1 produced a quite circular dome, bounded by two annular inward-dipping reverse faults, 
surfacing only in the part of the model overlying the inclined magma sheet. Magma injection at inlet 
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number 2 produced the development at the surface of a second dome, partially bending the 
previous uplifted area. The reverse fault developed only in the distal part with respect to the 
previous intrusion, missing in the part underlying the previous forced fold. Because the intrusions 
were vertically stacked and laterally overlap each other, the domes displayed a complex compound 
fold morphology (Figure 54). 
 

 
 
Figure 52: Model IMG15: Top view photo (upper panel) of model surface at the end of deformation; 
the dotted red circles indicate the position of the magma injection points.  Photograph and 
superimposed line drawing of the transverse cross-section (lower panel). 
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Figure 53: Model IMG12: Top view photos (upper panel) of model surface at the end of each injection 
pulse; the dotted red circles indicate the position of the active magma injection points, while the 

dashed white circles indicate the previous, deactivated injection points. Photograph and 
superimposed line drawing of the transverse cross-section (lower panel). 

 

 
 

Figure 54: Model IMG14: Top view photos (upper panel) of model surface at the end of each injection 
pulse; the dotted red circles indicate the position of the active magma injection points, while the 
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dashed white circles indicate the previous, deactivated injection points. Photograph and 

superimposed line drawing of the transversal cross-section (lower panel). 

PG3 injection at the site number 3 did not produce doming on its vertical, but clearly contributed to 
the growth of the firstly developed magma intrusion, and promoted the surfacing of a new reverse 
fault localised at the dome rim. During all the three injection events, summit extension affected the 
central dome top. Also for this model, normal faulting affected only the very shallow levels, 
deepening no more than 5 mm. No extensional features were evident on the model surface above 
the magma injection points number 2 and 3. Model geometry observed in cross-section (Figure 54) 
was consistent with the model evolution reconstructed from the monitoring of the model surface. 
More specifically, the first intrusion was the largest due to the contribution of magma inflow 
emanating also from injection point 3 and, to a lesser extent, from inlet number 2. 
Generally, it may be assumed that magma could flow from one intrusion to another through a 
point-like source (i.e. the section where these fluids are in contact), even though the contact area 
has millimetric dimensions. 
 

 
Figure 55: Model IMG13: top view photos (upper panels) of model surface at the end of each injection 

pulse; the dotted red circles indicate the position of the active magma injection points, while the 
dashed white circles indicate the previous, deactivated, injection points. Photograph and 
superimposed line drawing of the transverse cross-section (lower panel). 

 
Model IMG13 reproduced the model IMG15 but with diachronous magma injection. Magma 
batches from different injection points produced three distinct -albeit in contact- forced folds at 
surface. During the growth of individual forced folds, continued magma intrusion promoted fold 
coalescence. These domes were characterised by slightly dissimilar morphology due to the 
reciprocal interference. For instance, the presence of an existing intrusion (number 1) and related 
topographic high could have influenced the magma flow associated with injection point number 3. 
These latter, besides being asymmetric, also showed a magma eruption at the dome rim, 
highlighting that the presence of an already structured system may have induced magma upraise. 
Inward-dipping reverse faults were well developed all-around the magmatic intrusions, and 
propagated from intrusion edges, as well as the normal faults that formed to accommodate the 
updoming process.  
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9 Discussion 

Our models reproduced the emplacement of magmatic intrusions at shallow crustal levels, with 
geometries of intrusion sheets similar to those observed in previous analogue models (Román-
Berdiel et al., 1995; Galland et al.2007; Mathieu et al. 2008; Mathieu and van Wyk de Vries, 2009; 
Galland et al. 2009; Mazzarini et al. 2010; Montanari et al 2010a; Ferrè et al. 2012, Galland et al. 
2012; Galland et al.2014). Previous laboratory experiments simulating sill emplacement required 
the presence of mechanical layering of the host or the presence or artifacts (as the flexible net 
used by Galland et al. 2009) simulating natural discontinuities to control intrusion geometries and 
evolution in time (see Galland et al. 2015 for a review). The geometries and magma trajectories in 
our models are instead free to evolve without imposed constraints.  

Experimental results produced two basic sheet intrusion morphologies, showing that there were 
close correlations between the final geometries of the uplifted areas and those of the intrusions. In 
low-viscosity PG3 models, magma ascends through feeder dikes and is emplaced into a 
laccolith/sill, which inflates due to the magma overpressure by doming/upfolding. High-viscosity 
PG10 models were instead characterized by a compact, pluton-like intrusion shape, accompanied 
by a narrower and more pronounced doming at the surface. 
However, the overall intrusion geometry and evolution in time is comparable for the all 
experimental series. The domes display the greatest relief where the underlying intrusions are 
thickest and are interpreted as forced folds, formed in response to the forcible emplacement of 
magma. 
Generally, the horizontal inner sill (circular in plan-view and centered above the magma inlet) turns 
sharply into an inclined sheet moving away from the center of the intrusion. The inclined, sheet is 
well-developed only in that part of the model affected by reverse faulting at the surface. The main 
intrusion shape difference between the models build with the two end-member magma viscosities 
is the thickness to width aspect ratio. High-viscosity PG 10 models attain an average value of 0.7, 
whereas low-viscosity PG3 models a value of 0.13. Inclined sheets are wider in low-viscosity PG3 
models, whereas in PG10 models the inclined annular sheet (cone sheet) is generally less 
developed, assuming the shape of a small crown at the uppermost top of the intrusion. 

The general mechanism of magma emplacement and associated deformation deduced from our 
modelling approach is summarized in the schematic diagram of Figure 56. The initial model surface 
was flat. As soon as magma enters the model by the inlet simulating a magma conduit, a sill grows 
and spreads laterally along a horizontal direction, producing an initial inflation and the maximum 
radial growth (Figure 56a). The sill emplacement induces the deformation of the overburden by 
lifting up the sand pack, determining a doming or forced folding (Hansen and Cartwright 2006b; 
Jackson et al. 2013; Magee et al. 2014) early visible at the surface. After this initial spreading 
phase, the sill begins to thicken and enlarges during the growing phase (Figure 56b). The sill thins 
towards the tips, where inward-dipping shear bands localize.  

During this initial stage, the uplifted zone exhibits a symmetrical bell shape, which grows upward 
and spreads laterally. Successively, the sill starts to rise the peripheral shear bands. This upward 
propagation of sill along shear zones is probably related to the reduction of the normal stress 
associated with the doming process, enabling magma to exploit the shear zones in a similar way to 
that described in the field by Wilson et al. (2016). 

Continued rising of the analogue magma along the shear bands lifts up the overburden, and 
induces the development of faults and fracture systems (Figure 56c). The higher the dimension of 
inclined sheet, the more intense and pervasive was faulting. Magma rising along the inclined sheet 
starts from a sector in the model, and very soon a reverse fault will appear at the surface bounding 
the dome rim. While the uplift proceeds, it became asymmetrical due to the faster uplift of one side. 
During model evolution, the magma upraise continues radially, and incrementally affects the entire 
boundary of the dome. This diachronous evolution determines a horizontal rotation of the sand 
pack overlying the intrusion, as shown in Figure 56c. 
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Differently to previous studies, model analysis evidences as reverse faulting within the host rocks 
is an effect of magma upraise rather than the path along which it raises. Faults are indeed located 
on top of the intruding sheet, which instead follows the more external shear zone. In this light is 
important to differentiate the shear bands developed at the intrusion tip (along which the magma 
climbs) from the reverse faults developed in the host rocks due to the forceful magma 
emplacement. 

 

 

 

Figure 56: Schematic cartoon illustrating the evolution in time of magma geometries and related 
deformation. (a) Sill spreading, and (b) sill growing, during which the sill begins to thicken and 

enlarge. (c) Magma rises along the shear bands, and faulting clearly affects the sand pack/host rock. 
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In the case of the more viscous magma, it will propagate less easily along the shear bands, 
producing a major uplift of the overburden and a lower lateral spreading, resulting in a thicker 
laccolith or a stock-like intrusion.  

There is a strong similarity between each model in the deformation features affecting the 
model overburden. Specifically, annular, inward-dipping and upward-propagating reverse faults are 
the most significant and well-developed deformation features affecting all the models. Downward 
propagating normal faults systematically developed on models surface, and accommodate the 
vertical movement on top of the uprising magma, but they generally affect the shallow parts of the 
models only with limited vertical throws, although with a certain variability depending on the 
different model parameters (Figure 57). 

 

 
 

Figure 57: Comparison between general deformation features affecting the models. a) Model IMG04, 
with low viscosity magma; b) Model IMG05, with high viscosity magma . The two models were 

deformed with the same boundary conditions and set-up. 

 
Normal faulting affecting the model surface is generally characterized by a limited vertical throw in 
models with low viscosity injected magma, affecting only the outer, upper part of the broad dome, 
and do not extend into depth below the initial (pre-doming) model surface level. Normal faulting 
forms to accommodate outer-arc extensional strain associated with forced folding of the supra-
intrusion overburden. Normal faults were located in the inner part of the dome defining a crescentic 
geometry at surface. In the models affected by a more pronounced forced folding at surface (i.e., 
model run with more viscous magma and/or faster up-rise), normal faults are more straight, dipping 
radially towards the dome edge, and characterised by major vertical throws (i.e. they reach deeper 
levels in the models).  
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Conversely, in all the models upward propagating reverse faults crosscut throughout the whole 
sand pack until they join at depth to the analogue magma. At the surface, reverse faults typically 
localize at the dome rim. The dome is generally characterized by almost circular final shape in 
plan-view, with well-developed steep edges all-around the uplifted area in the case of highly 
viscous magma and/or faster up-rise. Models performed with low viscosity magma, and particularly 
during the early stages of deformation, are characterized by forced folds with a steeper edge 
located above the surfacing reverse fault (e.g. Model IMG07 in Figure 40, and model IMG06 in 
Figure 42), whereas on the opposite side, the uplifted area exhibits a gentle edge connecting to the 
unreformed part of the model surface. In this part of the models, the reverse faults are missing. 
The performed model have shown that the annular reverse faults nucleate on top of the magma 
inclined sheet, and then propagate radially throughout the model and delimit the whole intrusion 
edge. In the case of an asymmetrical uplifted dome, normal faults systematically develop only on 
the part overlying the surfacing reverse faults. 

Analogue models also explored the effect of the rheological layering of the overburden. The 
occurrence of an embedded ductile layer acting as mechanical discontinuities determines a vertical 
variation in the deformation style, with different deformation geometries in the brittle material above 
and below such a ductile layer. In particular, the ductile layer could determine a vertical decoupling 
within the cover rocks, by hindering the propagation of deformation to the upper levels, and 
allowing a wider and diffuse deformation at a shallow level. Ductile layers are expected to act as a 
boundary for the vertical propagation of deformation, controlling the final level of magma 
emplacement, to reduce the upward intensity of forced folding and to prevent also the surfacing of 
reverse faults. Although forced folding and associated faulting are indicative and strictly associated 
with the emplacement of magma at relatively shallow burial depths, the lithology could play a role 
by altering the effect on the overburden. Furthermore, the presence of soft ductile layers 
embedded within the cover rocks would reduce significantly the topographic expression of shallow 
intrusions. 

Deformation features were quite different in models performed using multiple injection 
points. These models evidenced how the position and activation in time of injection points (which  
reproduce multiple magma batches in nature) strongly influence model evolution. In the case of 
synchronous injection at different inlets, the intrusions and associated deformation at surface were 
indeed elongated. Forced folds and annular bounding reverse faults were quite elliptical, and with 
the main axis of the elongated dome trending sub-parallel to the direction of the magma input 
points. Normal faults also follow this mean direction. Model results also indicate that the injection 
from multiple aligned sources could reproduce the same features of systems associated with 
planar feeder dikes (e.g. Chevallier and Woodford 1999; Galerne et al. 2011), thereby suggesting 
that caution should be taken when trying to infer the feeding areas on the basis of the deformation 
features observed at the surface or in seismic profiles. 
Diachronous injection from different injection points showed that the deformation observed at 
surface does not necessarily simply reflect the location and/or geometry of their feeders. Most 
notably, the experiments with diachronous injection of magma along different inlets suggest that 
the coeval magma injection from different sources favor the lateral migration of magma rather than 
the vertical growth, promoting the development of interconnected intrusions. Previously emplaced 
magma constitutes a weakness zone within the models, which acts as an attractor for successive 
magmatic pulses. Once the younger intrusion contacts a previous one, magma tends to flow 
towards the pre-existing intrusion, which then continues to grow even if the underlying inlet is 
deactivated. By attracting the subsequent magma batches, a pre-existing intrusion also works as a 
strain attractor (e.g. Montanari et al., 2010b), localizing the deformation associated with the 
subsequent magmatic pulses.  
Recently, Magee et al. (2014), Schofield  et al. (2015) and Magee et al. (2016b) suggested that, 
based on seismic reflection data analysis, interconnected sills and inclined sheets (i.e., a sill 
complex) can facilitate the transport of magma over great vertical distances and laterally for huge 
distances. 
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Figure 58: Sequential top-views (upper panels) and longitudinal cross-section (lower panel) of model 
IMG12 illustrating the preferential magma flow direction during the last injection event. Numbers 

within the magma inlets denote the chronology of magma injection. 

 
Intrusions and volcanoes fed by sill complexes may thus be laterally offset significantly from the 
melt source. Our model results strongly support the Schofield  et al. (2015) and Magee et al. 
(2016b) findings, by reproducing in the laboratory a strong lateral magma migration, and 
suggesting a possible mechanism. The models also confirmed that lateral magma migration could 
take place with little or no accompanying surface deformation. Since the described models were 
performed with a material that does not solidify after intrusion, the models were suitable to 
reproduce natural cases of nearly coeval magmatic pulses, in which the previous intrusions have 
not solidified yet. However, recent papers (Annen, 2011; Annen et al., 2015; Magee et al., 2016b) 
suggested that if the duration between distinct magma pulses is short, and/or there is sufficient 
latent heat of crystallization, the maintenance of locally elevated temperatures may allow later 
magma pulses to remain hotter for longer. Furthermore, the channelization of magma into magma 
lobes or fingers (see Magee et al. 2016b for a review) can allow magma flow to be sustained while 
neighboring portions of the intrusion crystallize (e.g. Holness and Humphreys, 2003). Considering 
these natural processes, the mechanisms of lateral magma flow through intrusions observed in our 
models could also account for magma emplacement over longer periods. 
 

The overall intrusion geometries observed in our experiments match rather well major 
geometrical features of magma intrusions observed in nature. The experimental intrusions 
reproduced quite well the geometries of sheet intrusions, like sills, saucer-shaped sills, cone 
sheets, laccoliths and cryptodomes developed in nature when the magma emplaces at shallow 
crustal depths. Model performed with the low viscosity magma-analogue (PG3 and RTV3318) tend 
to produce tabular geometries, whereas high viscosity magma-analogue (PG10) result in laccolith-
like intrusions, which are generally thick in comparison to their width. The intrusions generally 
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exhibit a flat lower margin and a domed, convex upper boundary similarly to the natural geometries 
described in the pioneer papers on the Henry Mountains of Utah (Gilbert, 1877; Johnson and 
Pollard, 1973; Pollard and Johnson, 1973), and at the Elba Island (Rocchi et al., 2002; Westerman 
et al., 2004). Model geometries also fit very well the sill complex features that has been recently 
imaged by seismic data interpretation (Cartwright and Hansen, 2006; Magee et al., 2014; Magee et 
al., 2015). 

 

 
Figure 59: Comparison between analogue intrusion geometries and nature: (a) Seismic expression 
(time-structure map of the sill top) of an igneous intrusion in the Exmouth Sub-basin, offshore NW 

Australia (after Magee et al., 2013). (b) Excavated model intrusion. (c) 3D-geometry of a saucer-
shaped sill from the Tulipan sill, Møre Basin offshore Norway (Polteau et al., 2008). (d) Aerial 
photograph of the Golden Valley saucer-shaped sill (modified after Galland et al., 2009). 

 
These geometries of magmatic intrusions were observed in nature in different geological and 
geodynamic contexts, and at different scales. This may indicate that similar processes are involved 
in all natural cases, even if the scale and the types of magma are very different. The marked 
similarity with the results of the models also suggests the suitability of the laboratory approach in 
reproducing these processes. 

Main characteristics of deformation of the host rocks associated with magma emplacement 
are also analogous to that imaged in seismic profiles as well as observed in field studies. In almost 
all models, a subcircular dome formed above the intrusive body soon after injection started, as the 
sand layer was uplifted by the intruding magma. This mechanism is similar to that seemingly 
controlling the development of forced folds described in connection with laccoliths and saucer-
shaped sills (e.g. those of Cosgrove and Hillier 1999; Hansen and Cartwright, 2006; Galland et al., 
2009; Jackson, 2012; Jackson et al., 2013; Magee et al., 2013a, b, 2014). However, the 
occurrence of erosion processes above most intrusions limits a broad comparison of the 
experimental results with nature. 
The uplift registered in the models correspond to a scaled uplift of about 800-2000 meters 
(depending on model set-up), consistent with the deformation associated with magma 
emplacement measured in Tuscany (Acocella and Mulugeta, 2001), particularly in the Mount 
Amiata area, which represents one of the best examples of preserved surface deformation induced 
by magma emplacement (Acocella and Mulugeta, 2002). Due to the geological similarities, it is 
reasonable to assume that similar values could also have affected the Larderello and Elba Island 
areas, although to date this kind of measurement is lacking for this area. 
The annular inward-dipping reverse faults and fractures developed in close connection with the 
emplacement of the analogue magma are a ubiquitous feature affecting all the models. Similar 
structures were recently described in field-based studies (Wilson et al., 2016). The latter authors 
also reported sill-climbing along reverse dip-slip faults developed at the intrusion tips, promoted by 
the geometry of the reverse faults (dipping towards the sill termination), and by the stress induced 
on the fault due to roof uplift. Furthermore, seismic data sometimes show that the seismic 
reflectors are offset at the rims of overlying domes/forced folds with a reverse sense of shear 
(Hansen and Cartwright, 2006), closely recalling the model geometries (Figure 61). Such reverse 
structures are often not explicitly marked in seismic interpretations, probably because the 
resolution of the seismic is too coarse to image the fault planes, and permits to image only the 
apparent folding. This lack may be also due to the absence of conceptual models that 
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mechanically justify this process, such as that proposed on the basis of our analogue models 
presented in this report. 
The rarity of the occurrence of reverse faulting could also be related to differences in material 
properties between the analogue experiments and the much more plastic mud-dominated folded 
lithology in sedimentary basins that are explored through seismic profiles for hydrocarbon 
exploration. The latter sediments are in fact prone to accommodate strain through soft-sediment 
deformation. This could be understood by taking into consideration the geometries affecting the 
model IMG10 (performed with a ductile layer embedded within he cover). As for the mud-
dominated host-rock in the natural examples, the presence of weak PDMS layer tends to promote 
folding, and to inhibit reverse faults development. 
However, a study dealing on the October 2005 eruption of the Sierra Negra volcano (Galápagos) 
clearly demonstrated that pre-eruption sill inflation triggered an important reverse faulting at the 
intrusion margin (Jónsson, 2009) (Figure 60). Among the others, reverse faulting associated with 
dike emplacement was also reported in Island by Gudmundsonn et al. (2008), and Trippanera et 
al. (2014). Similarly to our models, reverse fault patterns was also predicted by numerical particle 
simulation method (Zhao et al., 2008).  
 

 
 
Figure 60: Observations and modelling of the 16 April, 2005, trapdoor faulting. (a) InSAR (10 cm 
fringes) and horizontal GPS displacements (with 95% confidence ellipses), showing effects of both 

inflation and faulting 27 Jan–12 May 2005. (b) Same as (a), except corrected for pre - and post-faulting 
uplift. (c) Predicted InSAR data from the trapdoor fault model (inset), as well as the observed and 
predicted vertical GPS displacements. The black rectangle shows the surface projection of the north -

dipping trapdoor fault; the thick part of the fault projection is at the surface. Also shown is the focal 
mechanism of the inferred faulting. (d) Residuals between the observed and predicted InSAR and 
horizontal GPS displacements (Jonsson, 2009). 
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Figure 61: Seismic section along NE Atlantic Margin (after Hansen and Cartwright, 2006). Note the 
reverse fault at the sill 45 tip and apical normal faulting. 

 

 
 
Figure 62: Interpretations from seismic profile illustrating the geometry, scale, and seismic 

expression of igneous intrusions, their relationship to forced folds and the summit thin-skinned 
normal faulting. (a) data from the Bight Basin igneous complex (after Jackson et al., 2013), (b) data 
from the Exmouth Sub-basin, offshore NW Australia, in red forced fold related faults (modified after 

Magee et al., 2013). 

 
Normal faulting developed on top of forced folds (Figure 62) is instead a feature that is commonly 
described in seismic-based research studies (e.g. Hansen and Cartwright, 2006; Jackson et al., 
2013; Magee et al., 2013; Magee et al., 2014). As for our models, these studies described normal 
faults as features developed to accommodate forced folding, and characterised by a limited vertical 
throws and a downward propagation attitude. 
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Fault architecture characterizing our analogue models also reproduce faithfully the structural style 
illustrated for craters of elevations and cryptodomes (van Wyk de Vries et al., 2014), i.e. shallow 
intrusions within volcanic edifices creating forced folds and resulting surface expressions of bulges 
and craters of elevation. Field observation indicate that summit normal faults and peripheral thrust 
faults are also common in these features (Figure 63). 
 

 
 

Figure 63: The Grosmanaux bulge structure. a Lidar-generated shaded relief image showing the 
Grosmanaux uplift in the centre. The lower flank of the Puy de Dôme is at the top of the image. B 

Interpretative structural map made from the DTM and field mapping of the morphology. C Cross 
section over profile c–d. The intrusion section is estimated with original topography as a gentle 
slope. The base of the intrusion is assumed to be the volcanic-basement contact. D Cross section 

over profile e–f, with the Kilian Crater (after van Wyk de Vries et al. , 2014). 
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The overall deformation pattern reveals a good agreement also with the mechanical model of 
laccolithic magma intrusion (Johnson and Pollard, 1973a; Pollard and Johnson, 1973), and findings 
from numerical particle simulation method (Zhao et al. 2008). In accordance with our model results, 
Pollard and Johnson (1973) suggested that deformation above growing laccoliths occurs mainly 
through bending. In particular, both tensional and compressional bending strains develop in the 
host-rock above a growing intrusion, with dominantly downward-propagating normal faults forming 
over the central part of the intrusion, and upward propagating reverse faults developing at the 
periphery of the intrusion (Pollard and Johnson, 1973). With ongoing deformation, peripheral dikes 
may form by subsequent infill of the peripheral fracture system. 
 
 
 

9.1 Geothermal implications 
 

The understanding of deformation associated with magma emplacement has important 
implications for geothermal exploration. In particular, we assumed that supercritical fluids could 
circulate close to magma intrusions, within fractures and faults related to the magma emplacement 
mechanism itself. Starting from the example of Monte Capanne (Elba Island), an exposed 
analogous of the Larderello magmatic bodies, we know that that fluid pathways in the aureole 
rocks at the top of the pluton were largely horizontal, controlled by the lithological layering and the 
pluton–host rock contact (Rossetti et al. 2007). Similarly, in the Larderello geothermal field (e.g. 
Cameli et al., 1993; Batini et al., 2003; Casini et al., 2010) these features likely corresponds to 
high-permeability horizons, where circulation of super-hot magmatic and/or metamorphic fluid 
constitute the most sought target for the geothermal exploration. These peculiar reservoirs are 
therefore very thin and difficult to exploit. 
Our analogue models suggest that possible supercritical fluid pathways, apart from the fluids 
circulating within the metamorphic aureola, could be found within the brittle structures related to the 
emplacement of the magma, and consequently coeval and geometrically associated with the 
emplacing magma. Analogue models have demonstrated that sin-magmatic normal faults are 
generally downward propagating, thin-skin features that nucleate away from the magma intrusion, 
and therefore are not suitable to collect the up flow of supercritical geothermal fluids rising from 
depth. Conversely, favourable targets could be the peripheral shear bands (and reverse faults) 
bounding the intrusions. These structures develop in fact at the intrusion edge, and propagate from 
the magma source upward to the surface, thus ensuring a geometrical continuity. For their own 
nature, they are coeval to the magmatic process, favouring an effective permeability contemporary 
to the circulation of hot magmatic and/or metamorphic fluids. Structures produced by regional 
tectonics are instead generally developed on a different time scale with respect to magmatic 
process (e.g. de Saint Blanquat et al., 2011), thus reducing the possibility of an interaction of these 
structures with magma related super-hot fluids. 
Field and seismic based recent studies (e.g. Planke et al., 2005; Agirrezabala, 2015) evidenced 
that annular faults and shear bands developed at the forced fold rim (comparable with the 
structures affecting our models) acted as conduits for ascending overpressured fluids originating 
from the metamorphic aureole of laccoliths and sills. This plumbing system, developed within sub-
sea sedimentary basins, reached the paleoseabed, where extruded sediments were deposited and 
methane-derived carbonates precipitated in correspondence of hydrothermal vents. The discharge 
of fluids and gases into the water column by submarine vents associated with the emplacement of 
magmatic bodies (Figure 64) has been documented in a number of studies (e.g. Planke et al., 2005; 
Schofield and Totterdell, 2008; Jackson, 2012; Magee et al., 2013, 2014; Agirrezabala, 2015).  
These examples testify how structural features analogous to those developed in our analogue 
models could be able to focus the expulsion of magmatic fluids from a crystallizing upper crustal 
magma body. These structures, particularly in the parts close to the magmatic intrusions, could 
collect supercritical fluids up-flow and circulation, therefore representing potential interesting traps 
to be targeted for the geothermal exploration in the root zones of high-enthalpy systems. 
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Figure 64: Natural examples of channelized upflow and hydrothermal vents developed at intrusion 

margins (modified after Planke et al., 2005; Magee et al., 2013; Agirrezabala, 2015). 
 
 

 

 

10 Conclusions 

The presented modelling approach produced interesting results, allowing us to better 
understand the processes that lead to the development of rock damage and fracture zones during 
magma emplacement, providing useful hints into geothermal research. Analogue model results 
evidenced that the emplacement of shallow magmatic bodies can result in the growth of dome-
shaped forced folds, with an associated development of tensional and compressional deformation 
in the host-rock. Downward propagating normal faulting formed to accommodate the uplift 
associated with forced folding of the supra-intrusion overburden. Normal faults affecting the model 
surface are generally characterized by a limited vertical throw, and affect only the outer, upper part 
of the broad dome and scarcely extend into depth. Conversely, in all the models upward-
propagating reverse faults crosscut throughout the sand pack, propagating from the analogue 
magma up to the model surface. Model results also indicate that the presence of ductile weak 
layers embedded in the cover rocks could inhibit the up-ward propagation of these structures. The 
presence of a rheological layering, as occurs in the Larderello area, could thus make difficult the 
identification of similar structures at the surface during fieldwork. Albeit lacking of a detailed 
characterization, similar folds and faults have been described around the world from both field and 
seismic interpretation studies, often providing the pathways for mineral-bearing hydrothermal fluids 
sourced from shallow magma intrusions. 
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Figure 65: Analogue modelling-based conceptual cartoon showing the possible location of 
supercritical geothermal fluids. The model reproduces diachronous multiple magma batches 

emplaced at shallow crustal levels. Erosion process was not take n into consideration. Based on the 
modelling results, we suggest that the deepest portions of shear bands/reverse faults could provide 
useful pathways for supercritical fluids.  

 
We suggest that these inward-dipping annular reverse faults are expected to significantly influence 
the distribution and migration of supercritical geothermal fluids near the edge of the magma 
intrusions. These structures can therefore be considered possible targets for high temperature 
geothermal and/or mineral deposits exploration. We propose that these findings should be taken in 
consideration during field work, numerical modeling and particularly seismic interpretation for 
achieving a better understanding and tuning of the integrated conceptual model concerning the 
circulation of supercritical fluids. 

Scott et al. (2015) have recently proposed that supercritical geothermal resource properties 
depend on the primary geologic controls, particularly host rock permeability. Accordingly, our 
model results propose a key to decipher the possible distribution of fractures and faults around an 
emplacing magma body, features that are supposed to greatly affect the permeability distribution at 
depth. 
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