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Abstract 50 

The activity of a regional strike-slip fault can affect or channel magma migration, can deform 51 

a volcano and can destabilise the edifice flanks. The aim of this study is to determine the 52 

location, strike, dip and slip of structures that develop in a stable or gravitationally spreading 53 

volcanic cone located in the vicinity of a fault with a strike-slip component. This problem is 54 

addressed with brittle and brittle-ductile analogue models. The one hundred and twenty three 55 

models were deformed by pure strike-slip, transtensional or transpressional fault 56 

displacements. The deformation was organized around an uplift in transpressional and strike-57 

slip experiments and around a subsiding area in transtensional experiments. Most 58 

displacements are accommodated by a curved fault called Sigmoid-I structure, which is a 59 

steep transpressional to transtensional fault. This fault projects the regional fault into the cone 60 

and delimits a summit graben that is parallel to the main horizontal stress. The systematic 61 

measurements of faults strike and slip in the experiments indicate that extension along the 62 

faults in the cone increases with the extensional component of the regional fault and the 63 

thickness of the substratum ductile layer. The distribution of the fastest horizontal movements 64 

of the analogue cone flanks, which vary depending on the regional fault characteristics and on 65 

the composition of the substratum, correspond to the distribution of instabilities in nature. 66 

Natural examples of volcanoes sited in strike-slip contexts are described and interpreted in the 67 

light of the analogue results in a second article 68 

 69 

Keywords: strike-slip faults, analogue models, spreading, volcano, transpression, transtension 70 

 71 

 72 

 73 

 74 
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1. Introduction 75 

Many volcanoes are associated with faults that facilitate the transport of magma in the crust. 76 

Active faults interact with the volcano as it grows or/and as it becomes eroded. Volcanoes are 77 

also deformed by local processes such as gravitational spreading, which has been observed 78 

worldwide (van Bemmelen, 1953; Merle and Borgia, 1996; Borgia et al., 2000). This paper 79 

examines the structure of stable and spreading conical edifices interacting with faults that 80 

have a strike-slip component of movement.  81 

There are three types of strike-slip faults: pure strike-slip, transtensional and 82 

transpressional. They are found in every geodynamic context and are the most common fault 83 

type associated with volcanic activity. Lithospheric strike-slip faults have an average slip of 1 84 

mm to 1 cm per year (Dusquenoy et al., 1994; Bourne et al., 1998; Groppelli and Tibaldi, 85 

1999; Corpuz et al., 2004) and fault planes are rapidly hidden by volcanic output and fast 86 

erosion of the accumulated volcanic deposits. A volcanic edifice can be internally deformed 87 

by a strike-slip fault movement even if no structures are visible at the surface (Norini and 88 

Lagmay, 2005) or may repair itself (dyke sealing fractures, etc.) between episodes of faulting 89 

(Belousov et al., 2005).  90 

The fault kinematics and geometries considered here have been studied by previous 91 

authors. In theory, if a cone is added on top of a flat substratum above a strike-slip fault, its 92 

load will deflect the stress field (e.g. related to regional or far-field movement). A graben 93 

parallel to the regional sigma 1 and bordered by subsidiary synthetic shear fractures, i.e. 94 

Riedel (R) shears oriented at 15° and Y shears parallel to the principal displacement zone  95 

(e.g. Sylvester, 1988), initially form at the summit of the cone (van Wyk de Vries and Merle, 96 

1998). During the experiment, the graben extends and converts to reverse faults down the 97 

cone flanks to form curved, synthetic R shears, referred to as a Sigmoid-I structure (Lagmay 98 

et al., 2000; Norini and Lagmay, 2005). A second set of synthetic shears, i.e. P shear, 99 
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develops around the summit. The P shears are named Sigmoid-II structures (Lagmay et al., 100 

2000) and border a fast moving summit area (Andrade, 2009; e.g. Figure 1-b). In addition to 101 

these structures, folds are observed in the substratum, at the tip of Sigmoid-I faults (van Wyk 102 

de Vries and Merle, 1998). The aim of previously published analogue modelling work was to 103 

explore the basic principles of strike-slip faults and volcanoes interaction (van Wyk de Vries 104 

and Merle, 1998) and to establish a link between regional strike-slip faults and the frequent 105 

sector collapses that affect cone-shaped volcanic edifices (Lagmay et al., 2000; Norini et al., 106 

2008; Wooller et al., 2009). The aim of this study is to fully document the orientation, 107 

kinematics and slip rate of the Sigmoid structures. We make detailed observations on fault 108 

and fracture patterns by using a fine ignimbrite-derived powder for the modelling and we 109 

couple structural maps of the models with displacement maps to further explore the 110 

deformation of the volcanic cone’s flanks. 111 

 112 

Figure 1 113 

 114 

Cones interacting with transtensional and transpressional fault planes located 10° and 115 

20° from their strike-slip component of movement have been modelled by Andrade (2009). In 116 

these models, Sigmoid-II is a wide fracture zone in the mid-upper cone, which becomes part 117 

of the summit graben (transtension) and connects with Sigmoid-I at the cone base 118 

(transtension) or at the summit (transpression). The summit graben subsides the least and is 119 

the narrowest in transpressional experiments. The artificial North of Andrade’s (2009) models 120 

is normal to the strike-slip component of movement, which strikes 090�. In these models, the 121 

summit graben strikes 040�-050� (sinistral transtension) and 060�-070� (sinistral 122 

transpression) and corresponds to the maximum rotation. The models presented in this paper 123 

build up on Andrade’s (2009) pioneer study. We increase the extensional and compressional 124 
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components of our faults and we quantify precisely the kinematics of each observed structure 125 

in order to better characterise the mechanisms of cone flank rotation.  126 

Other studies have tested the volcano spreading mechanisms, which is a relevant 127 

process that controls the slow-rate and long-term structural and magmatic evolution of a 128 

volcano (e.g. Borgia, 1994). Spreading occurs at volcanoes which are underlain by a 129 

substratum containing a low-viscosity layer. The excess load (volcano) drives outward 130 

spreading movements, which form concentric thrusts and folds or sub-radial strike-slip faults 131 

in the substratum around the edifice (Merle and Borgia, 1996). The volcano is in turn affected 132 

by radial stretching and displays radial intersecting grabens, named flower grabens, and a 133 

fractured summit area (Figure 1-b). The basic interaction between strike-slip faults and 134 

volcano spreading was described by van Wyk de Vries and Merle (1998). These authors 135 

predicted, through theoretical considerations, that the geometry of spreading related structures 136 

(flower grabens) was expected to be disturbed by the strike-slip faulting. From this basic 137 

work, we use the analogue models to quantify the interaction between the spreading structures 138 

and a range of transtensional to transpressional fault movements, and we describe the 139 

resulting deformation fields. 140 

The study is presented in a two-part paper. This article (part 1) employs analogue 141 

experiments to investigate the geometry of structures related to strike-slip movements in 142 

volcanic cones. Scaled analogue models are particularly useful, as the key parameters that 143 

influence the structural development can be determined by varying the experimental boundary 144 

conditions, which is not feasible in field studies. Both stable cones (Brittle substratum 145 

experiments) and spreading cones (Ductile substratum experiements) are modeled in this 146 

paper. The models were carried out in the Laboratoire de Magmas et Volcans, Blaise-Pascal 147 

University, Clermont-Ferrand, France. Part 2 investigates natural examples and compares 148 

them with the analogue models. 149 
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 150 

2. Experimental device, material and scaling 151 

2.1. Material used 152 

The substratum and the volcanic cone were modeled by a granular material. A first set of 112 153 

experiments was carried out with fine-grained ignimbrite powder and 11 experiments were 154 

made with sand. Ignimbrite powder allows the development of a large number of faults and 155 

has enabled the quantification of fault kinematics, including slip and strike. This is because 156 

the ignimbrite powder preserves very clearly fine-scale features, giving much finer detail than 157 

sand (cf. Figure 2). The powder is composed of sieved Grande Nappe Ignimbrite, from the 158 

Mont Dore volcano, France, consisting of angular glass and quartz grains less than 250 µm in 159 

diameter. The ignimbrite powder has an angle of internal friction of 38° and is more cohesive 160 

(100-230 Pa; Table 1) than sand (0-10 Pa) because the smallest grains (about 1 µm in size) 161 

block the pore spaces in the powder, and the grains are more angular. The sieved ignimbrite is 162 

similar to other analogue model granular materials as it fails in tension when unconfined and, 163 

when confined, fails with shear band formation. Sand is used in 11 experiments because it is 164 

easy to dye and is permeable, so, in contrast to ignimbrite, can be wet and sliced at the end of 165 

experiments to provide cross sections. The silicone Polydimethylsiloxan (PDMS), a linear 166 

viscous polymer (e.g. ten Grotenhuis et al., 2002) is used as a ductile substratum horizon in 51 167 

experiments (cf. Table 2).  168 

 169 

Figure 2 170 

 171 

2.2. Scaling 172 

The scaling used here is similar to that employed in analogue experimental studies by Merle 173 

and Vendeville (1995), Donnadieu and Merle (1998) and Holohan et al. (2008). In our models 174 
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1 cm represents 1 km in nature giving a geometric scaling (e.g. ratio of model over nature 175 

length) of H* = 10-5 (Table 1). The stress ratio, calculated from density, gravity, and length 176 

scales is σ* = ρ*.g*.H* = 5 .10-6, meaning that models are about 106 times weaker than natural 177 

examples. To scale viscosity and time we use the viscosity ratio (µ*) and the stress ratio (σ*) 178 

in: t* = µ*/ σ*. The time ratio (t*) is 10-10 and the viscosity ratio (µ*) is 5.10-16. The natural 179 

viscosity of unconsolidated claystone or other weak sediments is about 1016-1019 Pa.s (Merle 180 

and Borgia, 1996; Delcamp et al., 2008). For technical reasons, we choose an upper value of 181 

2.1019 Pa.s for the natural viscosity of the weak substrata. The fault velocity in the experiment 182 

is 4 cm.hr-1. According to the geometric scaling (1 cm represents 1 km) and the time scaling 183 

(1 hour represents about 1.1.106 years), the experimental fault represents a natural fault with a 184 

slip velocity of 4 km per 1.1.106 yr, that is 0.35 cm.yr-1, which is within the range of the 185 

estimated velocity of strike-slip faults (e.g. Dusquenoy et al., 1994; Groppelli and Tibaldi, 186 

1999; Corpuz et al., 2004). This velocity was chosen for technical reasons. 187 

Sand experiments are scaled with the same geometric scaling (H*) and stress ratio (σ*). These 188 

experiments are entirely brittle (cf. Table 2) so time is not scaled. 189 

 190 

Table 1 191 

 192 

2.3. Experimental device 193 

The models comprise a flat substratum, overlain by a cone. As the experiments aim to 194 

constrain the influence of regional faults and the presence of a ductile layer in the substratum, 195 

they do not consider dipping substratum, hypovolcanic complexes, hydrothermal systems or 196 

earthquakes. The angle α corresponds to the azimuth between the experimental fault plane 197 

(e.g. regional fault) and the strike-slip component of movement (e.g. DSSC, Figure 2-3).  198 
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In order to simplify the presentation of the experimental results, two conventions are 199 

introduced. The fault located in the substratum, beneath the analogue volcanic cone, is 200 

referred to as the regional fault. Also, a north is artificially added to the experiments. This 201 

north is normal to the regional strike-slip fault in strike-slip experiments and is parallel to the 202 

extension and compression directions in transtensional and transpressional experiments, 203 

respectively. In the following text, each strike value is given in degrees counted clockwise 204 

from the artificial north. For convenience, DSSC strikes 090� and the extensional (DEXC) and 205 

compressional (DCC) components of movement strike 000�. The regional fault plane strikes 206 

090� (α= 0°; DSSC= 100%), 110� (α= 20°; DSSC= 69 %) and 140� (α= 40°; DSSC= 53%). The 207 

movement is left-lateral in the bulk of experiments. 208 

The substratum has a constant thickness (Hh = 2 cm) and the models are deformed at a 209 

constant velocity (DSSC= 4 cm.hr-1) for 65 minutes. The intensity and velocity of the spreading 210 

depend on the cone height (Hc; cf. Table 1) and slope (ß, load) and on the thickness and depth 211 

of the ductile layer (Hs) and on the thickness of the substratum above the ductile layer (Hb, 212 

Merle and Borgia, 1996). From our experiments, we analyzed the influence of these 213 

individual parameters on the magnitude and velocity of the spreading, with the aim to 214 

distinguish spreading-related structures from regional fault-related structures. The 215 

experiments made with a ductile layer are divided in two subsets: “fast spreading” 216 

experiments with a ratio Hb/Hs= 0 and “slow spreading” experiments with Hb/Hs> 0 (e.g. 217 

Merle and Borgia, 1996 for a discussion on the Hb/Hs ratio).  218 

In summary, the Brittle substratum experiments are named Strike-slip, Transtensional 219 

and Transpressional experiments. The Transtensional and Transpressional experiments 220 

comprise 2 sub-setups for which the value of the angle α varies. When these setups were 221 

made with sand, they were sliced at the end of the experiment. For Ignimbrite powder 222 

experiments only, a ductile substratum was added to half of the experiments, and the new 223 
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setups are sub-divided between the “fast spreading” and “slow spreading” experiments. Then, 224 

an additional parameter was added to these experimental setups: a distance was introduced 225 

between the cone’s summit and the regional fault plane. This last setup is called an Offset 226 

experiment (cf. Table 2).  227 

 228 

Table 2 229 

 230 

The 112 ignimbrite powder and 11 sand models are made in a large box (e.g. ØC= 25-231 

35% of the box length) to avoid border effects (e.g. Figure 3). Two plastic plates cut along the 232 

090� (α= 0°), 110� (α= 20°) or 140� (α= 40°) directions are placed at the bottom of the box. 233 

Each plate is attached to a screw-jack connected to a motor, which is itself controlled by a 234 

computer. This system allows a continuous and constant displacement of plates parallel to 235 

DSSC. 236 

 237 

Figure 3 238 

 239 

The cone and its substratum are placed in the box. A thin layer of ignimbrite powder is 240 

then sieved over the experimental device to smooth the surface and black markers (grains of 241 

hematite) are dropped over it. The surface deformation is recorded every 2 min by vertical 242 

overhead photography. 243 

The cones of sand experiments are made of several layers of dyed sand, which are 244 

used as reference horizons to quantify fault movements. At the end of the experiment the 245 

model is sprinkled with additional sand, wet with soapy water and sliced in 10 to 15 cross-246 

sections. Three sets of brittle substratum experiments (α= 0°, 20° and 40°) are carried and cut 247 

normal to the fault plane, parallel to DEXC-DCC or parallel to DSSC. 248 
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 249 

2.4. Analysis and dimensionless numbers 250 

The cross-sections made from sand experiments enable measurement of the dip and to the 251 

amount of dip-slip of faults. The pictures of experiment surfaces are used to determine the 252 

geometry and kinematics of faults and to measure their strike. The horizontal displacements 253 

(fault slip) are quantified using a Matlab code (Point Catcher), developed by M. James 254 

(Delcamp et al., 2008). The code detects the black markers at the surface of the experiment 255 

and follows their displacement from one picture to another. The code produces several vector 256 

maps of the displacements which have occurred between successive shots. The amplitude of 257 

movement is represented by a contour map using the software “Surfer”. The quantitative data 258 

obtained during the experiments are analysed with dimensionless numbers (Table 3). 259 

 260 

Table 3 261 

 262 

3. Results 263 

The morphology and strike of the structures observed in each experimental setup (Strike-slip, 264 

Transtensional, Transpressional and Offset experiments) are described and illustrated by 265 

Figures 4 to 8. Refer to Mathieu (2010) for a more detailed description of the experiments.  266 

In pure strike-slip experiments, the Sigmoid-I sinistral transpressional fault strikes 267 

070� and curves at the summit of the cone where it is a 050� striking transtensional fault zone 268 

(Figure 4-a). Sigmoid-II are 030�-040� to 070� striking dextral transtensional faults that 269 

develop in the upper cone and border an area of fast horizontal movements (Figure 4-c). The 270 

addition of a ductile layer forms shallow 090� and 030� striking grabens in the cone (Figure 271 

4-b) and the NW and SE cone flanks have the fastest horizontal movements (Figure 4-d). 272 

 273 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 10 

Figure 4 274 

 275 

In transpressional experiments, the Sigmoid-I sinistral transpressional faults strike 276 

100� and curve at the summit where they from a 020�-040� (α= 20°) or 070� (α= 40°) 277 

striking fault zone (Figure 5-a, b). The Sigmoid-II sinistral transtensional faults form 278 

throughout the experiments and strike 090�-120� (Figure 5-a, b). The area of slow horizontal 279 

movements that corresponds to the Sigmoid-I fault zone rotates anticlockwise throughout the 280 

experiment (Figure 5-c, d). The cross-sections indicate that the movements are organised 281 

around an uplift and that the Sigmoid-II are superficial structures formed at the back of the 282 

uplift (Figure 6-a). The addition of a ductile substratum forms 090�-100� and 040� (α= 20°) 283 

or 110�-120� and 060�-070� (α= 40°) striking grabens in the cone (Figure 5-f) and the NNW 284 

and SSE cone flanks have the fastest horizontal movements (Figure 5-e).    285 

  286 

Figure 5 287 

Figure 6 288 

 289 

In transtensional experiments, the Sigmoid-I sinistral transtensional fault strikes 080�-290 

090� (α= 20°) or 070� (α= 40°) and curves at the summit where it is a 040� (α= 20°) or 020� 291 

(α= 40°) striking shallow graben (Figure 7-a). The Sigmoid-II dextral transtensional faults 292 

strike 060� (α= 20°) or 040� (α= 40°). The deep graben bordered by Sigmoid-I and II 293 

structures (e.g. Figure 6-b) is parallel to the regional fault plane and contains several 170�-294 

010� striking half-grabens. The fastest horizontal movements are located on each side of the 295 

shallow summit graben (Figure 7-c). The addition of a ductile layer forms a shallower graben 296 

parallel to the regional fault plane. This graben is bordered by broad Sigmoid-I and II fault 297 
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zones and shallow 020� (α= 20°) or 010� (α= 40°) striking summit grabens (Figure 7-b). The 298 

NE and SW cone flanks have the fastest horizontal movements (Figure 7-d). 299 

 300 

Figure 7 301 

 302 

In Offset experiments (e.g. П6>0), the largest half-cone is named part A (south) and 303 

the smallest is named part B (north; e.g. Figure 8). On the part A of the cone, the Sigmoid-I is 304 

poorly developed and Sigmoid-II has a large extensional component of movement. On the 305 

opposite side (part B), Sigmoid-II is reduced to absent and Sigmoid-I is a broad fault zone 306 

which extends over a large area from the cone flank to the cone base. 307 

  308 

Figure 8 309 

 310 

4. Discussion 311 

4.1. Fault geometry 312 

One of the most important results concerns the location, strike and kinematics of faults that 313 

have developed in the cones. The synthetic Sigmoid-I fault, which is observed in strike-slip 314 

experiments, is transpressional along most of its length and transtensional at the cone summit 315 

(Figure 8), where it borders the zone of summit subsidence. The Sigmoid-I fault defines an 316 

area of slow horizontal movements (cf. displacement maps) for two reasons: 1) it 317 

accommodates a large amount of vertical movement and 2) it is a major strike-slip fault along 318 

which movements are inversed and are equal to zero along the fault plane.  319 

The profiles obtained with cross-cut transpressional experiments indicate that most 320 

movements are organised around an uplift, which is parallel to the regional fault zone in the 321 

early stage of the experiment. The uplifted area then rotates anticlockwise. Once the 322 
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deformation is sufficient, the synthetic transpressional Sigmoid-I faults develop at the front of 323 

the extruded material. Note that these faults are steep (dip= 50°) because they accommodate 324 

strike-slip movements in addition to reverse movements. Sigmoid-II synthetic transtensional 325 

faults are parallel to Sigmoid-I and develop at the back of the extruded matter to 326 

accommodate the extension linked to the material movement. These faults have a limited slip, 327 

are a by-product of the uplift development and do not border any summit extension. The 328 

summit transtensional faults, or central part of Sigmoid-I, do not rotate and accommodate 329 

summit subsidence. The strike-slip experiments are similar to transpressional experiments and 330 

the movements may also be organised around an uplifted area. The main difference is that, in 331 

strike-slip experiments, Sigmoid-II faults are better developed transtensional faults, which 332 

border a subsiding area around the Sigmoid-I summit graben.   333 

In transtensional experiments, Sigmoid-I faults (steep dip of 70° and limited dip-slip 334 

of 0.2-0.6 cm) and Sigmoid-II faults (shallow dip of 55° and large dip-slip of 2 cm) border a 335 

deep graben, which is parallel to the regional fault zone (Figure 8). The graben or fault zone is 336 

narrow at the cone base and wider at the summit. It develops under the influence of the N-S 337 

directed extensional field (e.g. DEXC). The numerous 000� striking half-grabens located inside 338 

the fault zone develop in an E-W directed extensional stress field.   339 

A rotation of the early formed summit fractures is occasionally observed but the main 340 

active cone faults did not rotate. Note that this absence of rotation is in contradiction with 341 

observations from Andrade (2009). The displacement maps indicate that the highly fractured 342 

summit material is rotated anti-clockwise in the cone, for a sinistral regional fault. This 343 

rotation affects also the uplifted material of transpressional, and possibly of strike-slip, 344 

experiments. Sigmoid-I and II faults did not rotate but accommodate the rotation of the 345 

material between them. 346 
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The experiments have in common a well developed Sigmoid-I fault, the central part of 347 

which delimits a summit graben. Note that this graben has been observed by van Wyk de 348 

Vries and Merle (1998), Lagmay et al. (2000), Norini and Lagmay (2005), Andrade (2009).  349 

Sigmoid-II is either absent (transpressional experiments), restricted to the cone upper flanks 350 

(strike-slip experiments) or well developed (transtensional experiments). Sigmoid-II 351 

accommodates extension and connects with the Sigmoid-I fault at the cone base 352 

(transtensional experiments) or at mid-slope (strike-slip experiments), as already reported by 353 

Andrade (2009). The material either subsides (transtensional experiments) or is uplifted in the 354 

cone above the regional fault zone (transpressional and strike-slip experiments). Rapid 355 

summit extension is only observed in strike-slip and transtensional experiments.   356 

 357 

4.2. Fault orientation 358 

The strike of Sigmoid-I, II and summit faults in the bulk of experiments is determined by the 359 

regional fault geometry (kinematics and angle α of basal plates). Sigmoid-I and II faults 360 

develop 10° to 20° from the regional fault zone. They may develop in P shears (Sigmoid-II) 361 

and R shears (Sigmoid-I) associated with this fault zone, as reported by Lagmay et al. (2000), 362 

but they do not systematically have the same kinematics as the P and R shears defined by 363 

Sylvester (1988). Indeed, P and R shears are synthetic faults (Sylvester 1988) while Sigmoid-364 

II is antithetic in strike-slip and transtensional experiments. Sigmoid-I and II faults thus, do 365 

not correspond to P and R shears: they are slightly oblique (10°-20°) to the regional fault zone 366 

because they adapt to the geometry of the cone in which they develop. 367 

The bulk of measurements made at the cone summit, including the central part of 368 

Sigmoid-I, the other summit grabens and their elongation directions, indicate that the summit 369 

systematically undergoes a fast subsidence, especially in strike-slip and transtensional 370 

experiments. The strike of the summit graben depends of the regional fault geometry. In 371 
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brittle experiments, the summit structures develop with an angle of 40° (strike-slip 372 

experiments), 60° (transpressional experiments) and 30° (transtensional experiments) from the 373 

regional fault zone (Figure 9). These structures correspond to tension features, similar to 374 

strike-slip fault tension structures, which develop with a greater angle to the regional fault 375 

zone as its compressional component of movement increases. This important result indicates 376 

that the elongation direction of the summit graben can be used to determine the orientation of 377 

the stress field around a volcano.  378 

 379 

Figure 9 380 

 381 

4.3. Ductile substratum experiments 382 

In ductile substratum experiments, the material is transported in a direction that is imposed by 383 

the fault movement. The spreading is expressed by radial extension in the cone where the 384 

matter is transported from the summit area (extension) toward the cone base (compression). 385 

The spreading increases the amplitude of fault movements, especially in the cone lower flank 386 

area. The maximum velocity is obtained in the cone lower flanks where the spreading and 387 

fault movements have the same direction and are summed. This confirms, in term of strain, 388 

what van Wyk de Vries and Merle (1998) proposed from a simple theoretical stress analysis.  389 

The strike of Sigmoid-I and II faults depends of the regional fault geometry and is 390 

unchanged by spreading movements. The spreading increases the extensional component of 391 

the faults and may change their kinematics. For example, the Sigmoid-I of strike-slip and 392 

transpressional experiments is transpressional above a brittle substratum and is transtensional 393 

in ductile substratum experiments. The fault zone is turned into a graben for all fault 394 

geometries but large-scale subsidence of this graben is restricted to transtensional 395 
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experiments. Several long and shallow grabens, which are not observed in brittle substratum 396 

experiments, develop at the summit.  397 

Folds and reverse faults develop in the substratum, at the base of the volcano. These 398 

structures are better developed at the base of Sigmoid-I, where the spreading and the regional 399 

fault movements have opposite directions, and are little expressed at the base of the fastest 400 

moving area.   401 

Compared with brittle experiments, the summit structures of cones located above a 402 

ductile substratum develop with a greater angle from the regional fault zone: 60° (strike-slip 403 

fault), 70° (transpressional fault) and 45° (transtensional fault; Figure 9). The summit grabens 404 

are rotated 10° to 20° from the brittle substratum grabens because they tend to be orthogonal 405 

to the area of fastest extension (e.g. lower flank area located E and W of the fault zone). The 406 

elongation of the summit graben of a spreading cone is thus dependent of the local stress field 407 

of the volcanic cone and is not a good indicator of the regional fault related stress field.  408 

 409 

4.4. Offset between cone summit and fault zone   410 

In Offset experiments, the extension along part A faults is greater than in previous 411 

experiments and compression dominates along part B faults. Part A-Sigmoid-II and part B-412 

Sigmoid-I delimit the broadest fault zone. These observations lead to the conclusion that the 413 

smaller part B flank is extruded. This flank slides along part A-Sigmoid-II fault and toward 414 

part B-Sigmoid-I faults. Note that this result shares similarities with those obtained from 415 

analogue models of cones and reverse faults interactions (Tibaldi, 2008; Merle et al., 2001; 416 

Branquet and van Wyk de Vries, 2001). However, the part B flank is extruded symmetrically 417 

by a regional reverse fault while, in Offset experiments, part B flank moves faster where it 418 

contains part A-Sigmoid-I and part B-Sigmoid-II and only half of part B flank is extruded.  419 

 420 
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4.5. Dimensionless analysis 421 

This section focuses on the analysis of dimensionless numbers, which provide data on the 422 

kinematics of the faults that develop in the cone (e.g. Sigmoid-I and II, summit graben). The 423 

thickness of the fault zone (П1) is the same for all the cone slopes and sizes tested. The П1 424 

number increases from strike-slip (П1= 0.2), transpressional (П1= 0.25-0.32 for α= 20°; П1= 425 

0.28-0.35 for α = 40°) and transtensional experiments (П1= 0.27 for α= 20°; П1= 0.29-0.41 for 426 

α = 40°). The addition of a ductile substratum did not significantly modify П1.  427 

The analysis of dimensionless numbers indicates that the larger the extensional 428 

component of the regional fault (DCC to DEXC, e.g. П2), the more Sigmoid-I accommodates 429 

extension (П3 increases). Sigmoid-I has usually the same kinematics as the regional fault 430 

plane, with the exception of the Sigmoid-I developing in strike-slip experiments (Figure 10-a) 431 

and is thus the continuation of the regional fault Y plane (Sylvester 1988) inside the cone. The 432 

fault is always transtensional, and accommodates a similar amount of extension for all Ductile 433 

substratum experiments (Figure 10-a). 434 

 435 

Figure 10 436 

 437 

Sigmoid-II is not a well developed fault in transpressional and strike-slip experiments 438 

for which it accommodates mostly strike-slip movements (large DSSC-C and small DEXC-C, e.g. 439 

Figure 10-c). The DEXC-C of Sigmoid-II is larger in transtensional experiments because it 440 

borders the graben that develops above the regional fault plane.  441 

In the cone, the strike-slip component of movement is mostly accommodated by 442 

Sigmoid-I and, to a lesser extent, by the summit graben (Figure 10-d). The extensional and 443 

compressional components of movement are also mostly accommodated by Sigmoid-I (Figure 444 

10-e). The transtensional experiments are an exception as the extension is also accommodated 445 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 17 

by the Sigmoid-II fault (Figure 10-e). This observation confirms that Sigmoid-I, which 446 

accommodates most of the movements, may be regarded as a curved Y-shear. Sigmoid-II is a 447 

by-product of the uplift which develops in transpressional and strike-slip experiments. This 448 

fault only accommodates an important amount of dip-slip movement in transtensional 449 

experiments because it borders the graben that develops above the regional fault plane. The 450 

addition of a ductile layer did not significantly modify the distribution of movements.   451 

The summit graben, or central part of Sigmoid-I in brittle substratum experiments, 452 

accommodates the same amount of extension for all the brittle substratum experiments. The 453 

addition of a ductile substratum to the experimental device increases its DEXC-C relative to 454 

DSSC-C (e.g. П3, Figure 10-b). The slip-rate and sense of motion of this fault are independent 455 

of that of the regional fault because this structure is formed by DSSC and is thus similar to the 456 

tension structures of strike-slip faults. It is little influenced by the compressional and 457 

extensional components of movement, which only modify its strike. 458 

 459 

5. Conclusions 460 

Analogue experiments made with deformed cones of granular material have been used to 461 

determine the location, kinematics, strike and slip of faults that develop in a cone located 462 

above strike-slip, transtensional and transpressional regional faults. The cone responds to the 463 

regional fault movement by developing a complex set of faults. One of these faults is named 464 

Sigmoid-I. It is synthetic (e.g. same sense of motion) and has the same kinematics (e.g. strike-465 

slip, transtensional or transpressional) as the regional fault with the exception of its central 466 

summit graben part and with the exception of strike-slip experiments. This major structure 467 

accommodates most of the movements and corresponds to a Y shear structure. The second 468 

fault is named Sigmoid-II and accommodates an increasing proportion of the deformation as 469 

the extensional component of the regional fault increases, and is thus well developed only for 470 
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transtensional experiments. The movements inside the cone are organised around an uplifted 471 

area (strike-slip and transpressional experiments) or a subsiding area (transtensional 472 

experiments). The elongation direction of the summit graben can be used to determine the 473 

orientation of the main horizontal contraction, or stress, to which it is parallel. The addition of 474 

a ductile substratum modifies the kinematic of Sigmoid-I and forms broad shallow grabens 475 

parallel to the main horizontal stress and to the regional fault zone.  476 

In Brittle experiments, the fault zone encloses the fastest horizontal movements and 477 

corresponds to the most unstable area of the cone, which comprises the cone’s summit and a 478 

part of its flanks. In Ductile substratum experiments, the fastest movements are located at the 479 

periphery of the fault zone and affect a restricted portion of the lower flanks. When there is an 480 

offset between the cone summit and the regional fault, the western part of Sigmoid-I and II is 481 

atrophied and their eastern part is well developed, which leads to the extrusion of the NE cone 482 

flank (for cones located north of left-lateral fault with and E-W striking DSSC). There is a 483 

strong, probable relationship between the fast moving and extruding analogue cone flanks and 484 

the natural sector collapses. This relationship is explored in the second part of this article. 485 

 486 
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 563 

Figures and Tables Captions 564 

 565 

Figure 1: Sketch of the main structures that form in an experimental cone located (a) above a 566 

ductile substratum (after Merle and Borgia 1996) or (b) above a strike-slip fault (after Lagmay 567 

et al. 2000). The slowest and fastest horizontal movements are drawn after Delcamp et al. 568 

(2008) (a) and Andrade (2009) (b); (1) fastest and (2) slowest horizontal movements, (3) basal 569 

fold or reverse fault, (4) radial half-grabens or flower structures, (5) Sigmoid-I, (6) Sigmoid-570 

II, (7) summit graben.  571 

 572 

Figure 2: Pictures of ignimbrite powder (a) and sand (b) analogue cones of Brittle substratum 573 

experiments: a) Transpression experiment (α=20°); b) Transtension experiment (α=20°). 574 

 575 

Figure 3: Experimental setup. 576 

 577 

Figure 4: a) Sketch of brittle substratum and (b) ductile substratum strike-slip experiments; c-578 

d) Maps of the amplitude and direction of horizontal movements of (c) brittle substratum 579 

experiment for DSSC= 15-18 mm and (d) of ductile substratum experiment for DSSC= 7-11 580 

mm; (1) transpressional and (3) transtensional faults, (2) folds, (4) fault plane. 581 
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 582 

Figure 5: a-b) Sketch of transpressional experiments with a brittle substratum and with (a) 583 

α=20° and (b) α=40° and experiments with a (f) ductile substratum and α=40°; c-d-e) Maps of 584 

the amplitude and direction of horizontal movements of (c-d) brittle substratum experiment 585 

for (c) DSSC= 7-11 mm and (d) DSSC= 26-30 mm and (e) of ductile substratum experiment for 586 

DSSC= 18-22 mm; (1) transpressional and (2) transtensional faults, (3) folds and reverse faults, 587 

(4) strike-slip movements. 588 

 589 

Figure 6: Sketch and pictures of sand experiments; Structural map and profile of (a-b) 590 

transpressional and (c-d) transtensional experiments with a brittle substratum.  591 

 592 

Figure 7: a) Sketch of brittle substratum and (b) ductile substratum transtensional 593 

experiments (α=20°); c-d) Maps of the amplitude and direction of horizontal movements of 594 

(c) brittle substratum experiment for DSSC= 28-32 mm (α=20°) and (d) of ductile substratum 595 

experiment for DSSC= 8-10 mm (α=40°); (1) strike-slip movements, (2) transpressional faults, 596 

(3) main faults, (4) other faults, (5) fault planes. 597 

 598 

Figure 8: Main structures developing in cones located in the vicinity of sinistral strike-slip, 599 

transpressional and transtensional fault zones. 600 

 601 

Figure 9: Orientation of tension features (e.g. grabens located at the cone summit) in sinistral 602 

(a) strike-slip, (b) transpressional and (c) transtensional experiments. For brittle substratum 603 

experiments, the summit graben develops in the stress field of the DSSC that is rotated by the 604 

additional DEXC or DCC. The resulting stress field corresponds to that of transtensional or 605 
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transpressional faults and is itself rotated by the gravitational spreading movements when a 606 

ductile layer is added to the substratum.  607 

 608 

Figure 10: a-c) Plot of П2 versus П3 for Sigmoid-I and II and for the summit graben; П2 is the 609 

percentage of DEXC and DCC over DSSC; П3 is the percentage of DEXC-C and DCC-C for cone 610 

faults; the compression (DCC-C, DCC) is negative; d-e) Plot of DEXC-C, DCC-C and DSSC-C of cone 611 

faults (П5) showing that most movements are accommodated by Sigmoid-I and, to a lesser 612 

extent, by the summit graben. 613 

 614 

Table 1: Parameters used to scale the ignimbrite powder experiments; *Ratio of model 615 

over nature variables; ** DCC is negative by convention 616 

 617 

Table 2: Dimensionless numbers 618 
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We study spreading and stable volcanic cones deformed by strike-slip faults. The 
conclusions of this study are based on analogue models. Transpressional to 
transtensional regional faults form Sigmoid-I fault in a volcano. Most of the 
translation movements in the cone are organized around Sigmoid-I fault.  
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Table 1: Parameters used to scale the ignimbrite powder experiments 3 

Variable Definition MODEL NATURE Unit Ratio * 
Hc height of the cone 4.4-9.10-2 4.4-9.103 m 10-5 
ØC cone diameter  0.18-0.33 1.8-3.3.104 m 10-5 
Hh total thickness of substratum  0.02 2000 m 10-5 
Hb thickness of substratum located above the 

ductile layer 
0- 7.5.10-3 0- 750 m 10-5 

Hs ductile layer thickness 0- 7.5.10-3 0- 750 m 10-5 
β cone slope 10°-30° 10°-30° / 1 
ΦI angle of internal friction 35-40 30-40 / ~1 
τI cohesion of substratum 100 2.107 Pa 5.10-6 
g gravitational acceleration 9.81 9.81 m s-2 1 
µS ductile layer viscosity 104  2.1019 Pa s 5.10-16 
t time 65 min  1.2.106 yr  / 10-10 
α angle between the regional fault plane and 

the strike-slip component of movement 
0°; 20°;  
40° 

0°; 20°;  
40° 

/ 1 

DEXC extensional  component of movement of 
the regional fault plane 

1.8-3.5.10-2 1.8-3.5.103 m 10-5 

DCC** compressional component of movement of 
the regional fault plane 

-1.8-3.5.10-2 -1.8-3.5.103 m 10-5 

DSSC strike-slip component of movement of the 
regional fault plane 

4.10-2 4.103 m 10-5 

 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
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Table 2: Experimental setups 29 
 Brittle 

substratum  
Offset (Brittle 
substratum) 

Ductile 
substratum  

Offset (Ductile 
substratum) 

Ignimbrite powder (112*) 
Sand** (11) 

42 / 11 19 36  15  

Strike-slip faults (14) 5  2  “fast”*** (3) 
“slow” (2) 

“fast” (1) 
“slow” (1) 

Transpressional (49 / 5) 17 / 5 10 “fast” (8) 
“slow” (8) 

“fast” (3) 
“slow” (3) 

Transtensional (49 / 6) 20 / 6 7  “fast” (8) 
“slow” (7) 

“fast” (4) 
“slow” (3) 

*amount of experiments; **The amount of sand experiments is given in bold character when 30 
it is not null; ***“fast spreading” and “slow spreading” experiments 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 
 41 
 42 
 43 
 44 
 45 
 46 
 47 
 48 
 49 
 50 
 51 
 52 
 53 
 54 
 55 
 56 
 57 
 58 
 59 
 60 
 61 
 62 
 63 
 64 
 65 
 66 
 67 
 68 
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Table 3: Dimensionless numbers 69 
П Number Description 
П1 width fault zone / ØC width of the fault zone normalised to the cone 

diameter (dimensionless fault width) 
П2 (DEXC or DCC / DSSC).100 

(DSSC / DEXC or DCC).100 
Percentage of extension or compression versus the 
strike-slip component of movement; regional fault 
(dimensionless regional obliquity) 

П3 (DEXC-C or DCC-C / DSSC-C).100 
(DSSC-C / DEXC-C or DCC-C).100 

Idem for the faults developing in the cone 
(dimensionless edifice obliquity) 

П4 |DEXC-C or DCC-C / DEXC or DCC| Extensional or compressional components of 
movement of cone faults normalised to the regional 
fault components of movement (dimensionless cone 
to base normal ratio) 

П5 DSSC-C / DSSC Idem for the strike-slip component of movement 
(dimensionless cone to base strike-slip ratio) 

П6 offset / ØC Distance between the regional fault zone and the cone 
summit normalised to the cone diameter 

 70 
 71 
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