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ABSTRACT 11 

 12 

This study sheds light on the tectonic and structural knowledge of the mélange facies located to the 13 

south of Chañaral city, Chile. The Chañaral mélange has been related to an accretionary prism at the 14 

western active continental margin of Gondwana. Based on the fossil content, the original turbidite 15 

sequence would have been deposited during Devonian to Carboniferous times.  16 

The Chañaral mélange is included in the Las Tórtolas Formation, which corresponds to the 17 

Paleozoic metasedimentary basement located in the Coastal Range in northern Chile. It consists of a 18 

monotonous sequence of more than 90% of interbedded sandstones and shales, with a few 19 

limestones, pelagic chert, conglomerates and basic volcanic rocks, metamorphosed to the 20 

greenschist facies. In the study area, the Las Tórtolas Formation is divided into two structural 21 

domains separated by a major reverse dextral structure, called here the Infieles fault. To the east, the 22 

Las Tórtolas Formation is characterized by a brittle-ductile deformation, defined by the original 23 

sedimentary contacts in the turbiditic sequence. Besides, thrust faults and associated thrust 24 

propagation folds promotes a penetrative axial plane foliation. Mélange facies are located to the 25 

west of the Infieles fault. Although lithologies comprising this domain are similar to the rest of the 26 

Las Tórtolas Formation, mélange facies (ductile domain) are characterized by the complete 27 

disruption of the original architecture of the turbidite succession. The most significant structures in 28 

the mélange are the ubiquitous boudinage and pinch and swell structures, asymmetric objects, S-C 29 

structures and tight to isoclinal folds. This deformation is partitioned in the Chañaral mélange 30 

between linear fabric domains (L), characterized by quartzite blocks with prolate shape in a phyllite 31 

matrix with pencil structures, and linear-planar fabric domains (L-S), where quartzite objects show 32 

oblate shape and phyllites present a penetrative foliation. The intensity of deformational process is 33 
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reflected in the high aspect ratios yielded by the quartzite constrictive (L) and flattened (L-S) object 34 

axes. 35 

Meso-scale shape preferred orientation (SPO) has been compared with quartz microtextures in 36 

quartzite blocks, resulting aspect ratios considerably lower than those obtained from the mesoscopic 37 

fabric. Main deformation mechanism observed in quartz microtextures are bulging-subgrain 38 

rotation recrystallization and dissolution-precipitation creep for pure and impure quartzites 39 

respectively. The temperatures deduced from these microtextures are between 350 and 400 ºC, 40 

which coincides with the greenschists facies metamorphism observed in the Las Tórtolas and the 41 

mélange facies. Extremely dissociation between micro- and meso-scale deformation could be 42 

generated by dissolution at high differential stress in the boundaries of the quartzite layers and 43 

precipitation at low differential stress parts, which would increase the aspect ratio of the lenses 44 

whereas internally, quartz would have remained virtually unstrained. 45 

We propose here a tectonic setting for the Chañaral mélange formation based on the geodynamic 46 

evolution of the western active margin of South America during Late Paleozoic to Early Jurassic. 47 

Thus, the study area is located in a LT-HP zone of an accretionary complex, where rocks from the 48 

subduction channel (mélange facies) and the basal domain of the prism (brittle-ductile domain of 49 

the Las Tórtolas Formation) are in contact through the Infieles fault. 50 
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 55 

1.- Introduction 56 

 57 

Mélanges and broken formations are defined as mixed rock bodies and exotic blocks yielding 58 

different ages, origins and/or dissimilar metamorphic grades (Cloos, 1982; Festa et al., 2010, 2012), 59 

which are included in a fine-grained matrix (Raymond, 1984), where the stratigraphic continuity 60 

has been completely disrupted at a scale of meters to tens of meters (Festa et al., 2010, 2012; Silver 61 

and Beutner, 1980). The significance of mélange has been hotly debated and is often associated 62 

with other terms, such as wildflysch, argille scagliose, olistostromes, megabreccias and 63 

agglomerates (Camerlenghi and Pini, 2009), depending on the different interpretations of its origin. 64 

More recently, the term mélange has been preferably used as a descriptive and non-genetic concept 65 

describing mappable rock bodies showing the characteristics mentioned above (Festa et al., 2012). 66 

The mélange internal structure may result from different processes, such as tectonic deformations, 67 
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massive transport, diapirism or hydro-fracturing, that is associated with the interstitial pressure in 68 

unconsolidated to not entirely consolidated sediments at shallow crustal levels, facilitating a brittle 69 

but mesoscopically continuous deformation (Talbot and von Brunn, 1989; Maltman and Bolton, 70 

2003; Festa et al., 2010).  71 

Chaotic mélange-like rock formations have been described worldwide, and they play an important 72 

role in different geological environments (Festa et al., 2010). Mélanges and olistostromes related to 73 

a pre-collisional subduction/obduction and/or accretionary tectonic context have been defined in the 74 

Alps (Federico et al., 2007) and in older orogens, such as the Appalachians (Williams and Hatcher, 75 

1983). These olistostromes are commonly generated at the front and the base of the accretionary 76 

wedge (i. e., the Franciscan Complex: Hsü, 1968; Cowan 1985; Shimanto Belt: Taira et al., 1992; 77 

Yamamoto et al., 2007; Kodiak Complex: Vrolijk et al., 1988). In addition, the accretionary 78 

complexes may also include mud volcanoes and diapirs (Westbrook and Smith, 1983). Moreover, 79 

olistostromes and olistolites have been related to extensional tectonics during rifting or formation in 80 

front of the accretionary wedge during the post-collisional stage, as in the Himalayas (Dilek et al., 81 

2010; Festa et al., 2010). 82 

The development of accretionary complexes achieves great significance for cortical growth 83 

processes, either by the basal or frontal accretion of oceanic material along the prism or the building 84 

of voluminous magmatic arcs (i. e., Closs and Shreve, 1988; Condie, 2007; Cawood et al., 2009). 85 

According to their origins, Festa et al. (2010, 2012) have identified two mélange subtypes related to 86 

subduction in convergent margins. Mass-transport deposits located in the frontal accretionary prism 87 

are characterized by chaotic organization and different degrees of stratal disruption. The extra-basin 88 

rocks are presented as blocks, olistostromes and olistoliths preserving their subduction-related 89 

fabrics in a fine-grained matrix (Festa et al., 2010, 2012; Bortolotti et al., 2004, Abbate et al., 1970; 90 

Pini, 1999). Moreover, tectonic broken formations and mélanges show structural and lithological 91 

evidence of various degrees of mixing and deformation depending on the rheology of the involved 92 

materials, the superposition of different tectonic phases and the discontinuous participation of 93 

subduction-related processes as layer-parallel extensions, such as underthrusting, fluidization, 94 

forced return flows or block stacking (Lash, 1987; Ujiie, 2002; Cousineau, 1998; Yamamoto et al., 95 

2000, 2009; Pini, 1999; Niwa, 2006, Grigull et al., 2012). Among the most relevant structures 96 

present in these formations are pinch-and-swell structures, boudins, isoclinal folds, sheath folds, S-97 

C-Cʹ structures, slump folds, slump balls, extensional and thrust duplexes, joint systems, hackle 98 

fringes and plumose structures (Festa et al., 2010; Taira et al., 1992; Pini, 1999; Yamamoto et al., 99 

2007; Ohsumi and Ogawa, 2008; Vannucchi and Bettelli, 2002; Bettelli and Vannucchi, 2003). The 100 

vergences of the structures formed during the process of stratal disruption coincide with the relative 101 
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motions of the convergent tectonic plates (i. e., Shi et al., 2013; Escuder-Viruete and Baumgartner, 102 

2014; Kato and Godoy, 2015). 103 

Regarding the mélange facies formed during the underplating of subduction channel materials 104 

beneath the overlying accretionary prism, stratal disruption is controlled by the physical properties 105 

of sediments at shallow structural levels, whereas during the downward motion of mélange 106 

materials, the brittle and ductile shearing structures described above are dominant to acquire 107 

mélange fabrics (Ujiie, 2002; Escuder-Viruete and Baumgartner, 2014). The progressive 108 

deformation and final mélange textures are determined by the interplay and location of the diffuse 109 

transition between unconsolidated and lithified sediments during the progressive increase of the 110 

degree of consolidation and metamorphic mineral transformation (Byrne, 1994; Festa et al., 2012; 111 

Kato and Godoy, 2015). The scarce microstructural studies carried out in mélange matrix show that 112 

dissolution–precipitation creep, and not crystal plastic deformation, controls the deformation 113 

distribution (Grigull et al., 2012). Moreover, there is broad agreement that the rheology of the 114 

mélange facies is determined by the flowing matrix behavior, with a minor influence of blocks 115 

(Cloos, 1982; Shreve and Cloos, 1986; Grigull et al., 2012). 116 

This article attempts to order the sequence of structures that form the architecture of the mélange 117 

facies in the Chañaral area in northern Chile, which belongs to a north-south mélange formation 118 

alignment on the western margin of South America and is tectonically related to an accretionary 119 

complex active between the Late Paleozoic and the Early Andean cycle (Hervé, 1988; Brandon and 120 

Calderwood 1990; Mortimer, 1993; Deckert et al., 2002; Kato and Godoy, 2015). The organization 121 

and vergence of the structures present in the mélange facies, along with the analysis of the 122 

macroscopic and microscopic fabrics in the different structural domains, allow us to determine the 123 

processes involved in generating mélange facies textures and their locations within the tectonic 124 

context of the accretionary complexes. 125 

 126 

 127 

2.- Geological setting 128 

 129 

The geology of the western margin of South America is determined by its tectonic context as an 130 

active continental margin. Its evolution from the Late Proterozoic to Late Paleozoic was marked by 131 

the accretion of exotic terranes and migration of the arc to the west (Charrier et al., 2007; Hervé et 132 

al., 2007, 2013). The period between the Late Permian and Early Jurassic involves a cessation or 133 

deceleration of the subduction process, which coincided with the final configuration of the Pangea 134 

supercontinent. Thermal anomalies generated in the lithospheric mantle during this period are 135 
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conducive to the conditions for partial melting in the lower crust and the emplacement of mainly S-136 

type magmas. Late Paleozoic metasedimentary rocks and Triassic intrusives conform the basement 137 

for Jurassic-Cretaceous magmatic arc development during the subsequent fragmentation of 138 

Gondwana and the reactivation of subduction (Ramos, 1999; Charrier et a., 2007; Mpodozis and 139 

Ramos, 2008). During the NW-SE trending oblique convergence of the Phoenix and Southamerican 140 

plates, the high angle of subduction favored the negative velocity of trench roll-back (Mpodozis and 141 

Ramos, 2008), and a crustal extensional context was established in the western continental margin 142 

of South America (Ramos, 1999; Charrier et al., 2007; Mpodozis and Ramos, 2008). Extensional to 143 

transtensive deformational conditions were maintained up to the Late Cretaceous (Mpodozis and 144 

Ramos, 2008; Charrier et al., 2007), when a compressive deformational phase occurred in northern 145 

Chile, with flexural slip folding and thrusting structures that compose a classic pattern of "thin-146 

skinned" tectonics (i. e., Grocott and Taylor, 2002; Arévalo and Grocott, 1997). This Late Paleozoic 147 

to Cenozoic deformational sequence corresponds to a positive tectonic inversion (Williams et al., 148 

1989). 149 

The Las Tórtolas Formation, designated as part of the metasedimentary basement of the Coastal 150 

Cordillera of northern Chile (Bell, 1982), presents an extremely deformed domain, named mélange 151 

facies or Chañaral mélange, characterised by blocks of sandstone in a pelitic matrix (Bell, 1982; 152 

Bell, 1987). The structural configuration of the Las Tórtolas Formation has been linked to the 153 

tectonic context of an accretionary wedge resulting from the overlapping of several complex 154 

deformational events affecting unlithified sediments (Bell, 1987). In central Chile, the accretionary 155 

wedge has been divided into two metamorphic series: the intermediate- to high-pressure Western 156 

Series and the low-pressure Eastern Series (Aguirre et al., 1972), which comprise, respectively, the 157 

deeper and shallower levels of the accretionary complex (Willner et al., 2005). 158 

 159 

Las Tórtolas Formation 160 

The Las Tórtolas Formation consists of a monotonous sequence of interbedded sandstones and 161 

shales, with a few limestones, pelagic chert, conglomerates and basic volcanic rocks. It was 162 

tectonically deformed and metamorphosed to the greenschist facies (Miller 1970; Aguirre et al. 163 

1972) during the Late Carboniferous to Early Permian. The basement of the Las Tórtolas Formation 164 

is unknown, while the Pan de Azúcar and Cifuncho formations are unconformably deposited over it. 165 

The Las Tórtolas Formation extends as a NNE-trending continuous 12 km wide strip from Sierra 166 

Matancilla to Quebrada Chañaral (Naranjo and Puig, 1984). In addition, several discontinuous 167 

outcrops occur from Quebrada Chañaral to southern Carrizal Bajo (Fig. 1b). 168 
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Bell (1984) identified nine trace-fossil ichnogenera, which yield Ordovician to Devonian ages. 169 

Moreover, Bahlburg et al. (1986) reported one conodont (Gnathodus sp.), which was attributed to 170 

the Carboniferous to the east of Chañaral city. According to Berg and Baumann (1985), 87Rb/86Sr 171 

ratios in metasediments point to a maximum depositional age of 380 ± 59 Ma. However, more 172 

recently, detrital zircons from a meta-sandstone located in the Punta de Choros Metamorphic 173 

Complex yield a maximum deposition age of 334 ± 6 Ma, pointing to an overlap between the 174 

sedimentary and tecto-metamorphic processes (Navarro, 2013). Bell (1987) described the presence 175 

of spiriferaceans and bryozoans within limestone blocks in mélange facies of Carboniferous to 176 

Permian ages.  177 

The sedimentary structures and rock types indicate a deep-sea basin-plain depositional environment 178 

(Bell, 1982). Las Tórtolas Formation, based on lithostratigraphic characteristic, has been correlated 179 

with the Devonian to Carboniferous El Toco Formation, located to the north of Antofagasta city 180 

(Garcia, 1967; Bell, 1982). 181 

The Las Tórtolas Formation was defined by Godoy and Lara (1998) as the Chañaral 182 

Epimetamorphic Complex, a mainly metaturbiditic quartzite-phyllite petrotectonic association, 183 

including mélange facies, with a low proportions of metabasites and metalimestones. 184 

 185 

The Chañaral mélange 186 

The Chañaral mélange, defined as a sequence of chaotically deformed distal turbidites, is comprised 187 

by identical lithologies to those of the Las Tórtolas Formation, which are differentiated by the 188 

extreme dissociation and mixed layers of the former (Bell, 1982; 1984). It outcrops discontinuously 189 

from south Chañaral city to Carrizal Bajo (Fig. 1a, b). The mélange facies was produced by the 190 

mechanical breakdown and mixing of both unconsolidated and partly lithified sediments of the Las 191 

Tórtolas Formation, as part of an accretionary wedge produced by the NE oblique underthrusting 192 

beneath the western continental margin of Gondwana, probably during the Late Paleozoic (Bell, 193 

1984; 1987; Balhburg, 1987a). 194 

The mélange facies configuration was the result of two processes involving unlithified sediments. 195 

An initial boudinage and break-up of the strata was accomplished by intrastratal movement 196 

resulting from imbricate thrusting within the accretionary wedge. In the second process, the cross-197 

cutting zones of breccia, which are interpreted as fluid escape conduits resulting from the high pore 198 

pressures produced during underthrusting, give rise to the breccia mélange (Bell, 1984; 1987). Bell 199 

(1987) defined three deformational phases in the study area: D1 resulted in the stratal disruption and 200 

mixing which produced the mélange organization. Subsequent tectonic deformation (D2 and D3) 201 

produced slaty and crenulation cleavages, schistosity and flattening of blocks in the mélange, which 202 
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are associated with low-grade metamorphism (Bell, 1987). Bell (1987) defined gradational contacts 203 

between the Las Tórtolas Formation and mélange in several locations to the south of Chañaral city. 204 

  205 

 206 

3.- Rock descriptions and structural analysis 207 

  208 

3.1 Rock descriptions and field relationships 209 

In the study area (Fig. 1c, d), the Las Tórtolas Formation shows two main exposure areas with 210 

contrasted structural characteristics that are separated by a major structure called here Infieles fault 211 

(Fig. 1c, d; 2a, b). To the east, the metasedimentary formation is dominated by thrust faults and 212 

associated fault-propagation folds (Fig. 2c), where the quartzite-phyllite sequence shows layers of 213 

great lateral continuity and low metamorphic grade. Occasionally, quartzite layers present folded 214 

pinch and swell structures (Fig. 2d). This zone is considered as the brittle-ductile domain. To the 215 

west of the Infieles fault, the Las Tórtolas Formation is composed of the mélange facies. These are 216 

characterized by individualized quartzite blocks, with major axes ranging in length from several 217 

centimeters to tens of meters, in a phyllitic matrix (Fig. 2e). This structure is produced by the 218 

disruption of the original architecture of the turbidite succession.  219 

The Infieles fault is a major structure, N-S to N20ºE trending and dipping to the E or ESE, with 220 

dextral-reverse fault kinematics and top-to-the-west displacement (Fig. 2a). The fault rock 221 

associated with the Infieles fault attains up to 2-5 meters in thickness to the north (Fig. 2b). In the 222 

study area, this structure crosscut various lithologies, mainly microgranular chloritized intrusives 223 

and quartzites, showing slightly cohesive to non-cohesive cataclastic textures. Several secondary 224 

thrusts or splays branch out from the main fault surface with N-S to N160E azimuth, giving place to 225 

a duplex structure, whose basal horses are composed of the mélange facies preserving the average 226 

structural orientations measured in the mélange domain (Fig. 1d). To the south (Fig. 1c), medium to 227 

high grade Crd-schists thrusted over low grade phyllites and quartzites (mineral abbreviations after 228 

Kretz, 1983). To the south of the study area, the abundance of volcanic rocks of undetermined age, 229 

and the contact aureole of the Flamenco pluton do not allow us recognizing whether the contact 230 

between the mélange facies and the brittle-ductile domain occurs through the Infieles fault or it is 231 

rather transitional. 232 

Moreover, the Las Tórtolas Formation in both structural domains contains conglomerates, shales 233 

and pelagic cherts. These lithologies, together with quartzite blocks, crop out as strongly deformed 234 

lensoidal bodies in the mélange facies (Fig. 2f, g), whilst in the brittle-ductile domain they 235 

constitute a deformed meta-turbiditic sequence with alternating 1 to 3 m thick layers. Besides, the 236 
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mélange facies shows highly deformed rocks of chloritic composition (Fig. 2h), interpreted as 237 

former volcanic rocks or even pillow lavas (Bell, 1982) interbedded among the rocks of the original 238 

sedimentary basin. In the brittle-ductile zone, andesitic volcanic rocks consist of Pl phenocrysts and 239 

rock fragments in a microgranular matrix. They show tectonic contacts with phyllites and 240 

quartzites, being affected by the fold and thrust structures. 241 

Petrologically, the mélange facies and the brittle-ductile domain contain similar lithologies. Both of 242 

them consist of more than 90% of quartzite and phyllite of low metamorphic grade. Phyllites are 243 

mostly composed of Bt in the mélange facies, and of Bt + Ms + Chl and minor amounts of Qtz and 244 

feldspar in the brittle-ductile domain. 245 

 246 

3.2 Petrography of quartzite blocks 247 

 248 

General description 249 

The analysed samples come from three different structural analysis stations (6, 14, 15; Fig. 1c). 250 

Each sample has been studied through three orthogonal sections according to the orientations of the 251 

main quartzite block axes (see shape preferred orientation (SPO) in chapter 4 for details).  They are 252 

all impure quartzites with variable amounts of white mica, iron hydroxides, biotite, feldspar and 253 

opaque minerals. 6 is more impure and 14 is formed almost only by quartz. In each sample, purer 254 

and more impure areas are distinguishable. In impure areas (samples from 6 and some areas of 255 

samples from 15, quartz modal proportion slightly under 90 %.), quartz typically appears as 256 

medium sized (0.05 to 0.5 mm), round to elliptical, sub-rectangular or irregular quartz grains (Fig. 257 

3a) embedded in a fine grain (3-30 µm) matrix formed by quartz, white mica, biotite, some feldspar, 258 

iron hydroxides and minor opaque minerals. In purer quartzite areas (quartz modal proportion over 259 

90 %) white mica appears as the only minor phase. These fine-grained (0.01 – 0.05 mm) quartzites 260 

(most from samples of station 14) are crosscut by several quartz veins (Fig. 3b) with no apparent 261 

preferred direction. Modal proportion of minor phases in these veins is under 1 %. Vein thickness 262 

typically ranges from 0.2 to 0.7 mm and grain size within the veins range from 0.03 to 0.3 mm. In 263 

plane polarized light, the contacts between quartz veins and fine grain matrix appear sharp, but seen 264 

in detail with crossed polarized light, these contacts are serrated, this suggesting that coarser grains 265 

from the veins have grown into the matrix by grain boundary migration after inclusion of the vein. 266 

No apparent foliation is observed in these samples and there are no differences among samples with 267 

different orientations (A, B, C for each station). However, in samples from station 6, several 268 

fractures with no preferred orientation crosscut the quartzite. These fractures contain iron 269 

hydroxides and the areas around them seem to be enriched in this mineral (Fig. 3c), whereas areas 270 
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away from these fractures show very little iron hydroxide. When present, iron hydroxides appear in 271 

layers defining a rough foliation subparallel with the fracture to which is related. In these areas, 272 

foliation is enhanced by mica-rich layers and, occasionally, by the preferred orientation of sub-273 

rectangular quartz grains (Fig. 3a). 274 

 275 

Quartz microfabric 276 

Quartz microfabric shows significant differences depending on the areas, more impure or purer 277 

quartzites, where is observed. 278 

More impure areas. In these areas, quartz appears as rounded, elliptical, sub-rectangular or irregular 279 

grains that show no internal deformation or very little internal deformation with incipient undulose 280 

to sweeping extinction and scarce deformation bands (Fig. 3a). Some sub-rectangular grains are 281 

roughly oriented subparallel with the foliation defined by mica and hydroxide layers (Fig. 3a), thus 282 

defining an incipient shape preferred orientation (SPO) with no associated crystal preferred 283 

orientation (CPO). However, this SPO appears related to the orientation of fractures and thus 284 

possess only local, not regional, significance. In addition, enrichment of low soluble minerals (mica, 285 

hydroxides) occurs related to the long straight boundaries of these sub-rectangular quartz grains 286 

(Fig. 3a, c), and are interpreted as residual material produced by quartz dissolution. 287 

Purer quartzite areas. Purer quartzite areas typically show bimodal grain size distributions. Coarse 288 

grains (0.2 – 0.6 mm) appear in veins or as aggregates, both surrounded by a fine grain (0.01 – 0.1 289 

mm) matrix.  From a qualitative inspection, neither SPO nor CPO are evident in these areas. 290 

Coarse quartz aggregates are characterized by irregularly shaped grains with serrated high-angle 291 

boundaries (Fig. 3b, d, e, f). Recrystallization bulges (Fig. 3d, e) as well as few “window” and 292 

“pinning” structures are observed along these boundaries. Also, some isolated grains appear inside 293 

larger ones (Fig. 3d). The latter can be interpreted as (1) spontaneous nucleation of newly formed 294 

grains (e.g., Drury and Urai, 1990; Vernooij et al., 2006), (2) “left-over grains” (e.g., Jessell, 1987) 295 

or (3) strongly irregular bulges connected with the neighbouring grain underneath the observation 296 

surface. Main internal deformation features are undulose, patchy and sweeping extinction (Fig. 3b, 297 

d, e), deformation bands and subgrains with serrated boundaries (Fig. 3d). Finer newly 298 

recrystallized quartz grains with no or little internal deformation usually concentrate along serrated 299 

coarse grain boundaries and planar surfaces, likely fractures, inside grains (Fig. 3f). 300 

In spite of their grain size range (0.01 – 0.1 mm), fine grains surrounding coarser grains are very 301 

uniform in size, being typically around 0.07 – 0.08 mm (Fig. 3g, h). In these areas, granoblastic 302 

textures defined by straight grain and subgrain boundaries defining 120º triple junctions coexist 303 

with irregularly shaped grains that usually bulge into slightly coarser grains (Fig. 3g, h). These 304 
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coarser grains are very irregular in shape, and show internal deformation features, such as undulose 305 

and patchy extinction and/or subgrains (Fig. 3h). Nevertheless, the crystallographic orientation of 306 

each of these irregular grains (deduced from cross-polarized images and gypsum plate inserted) 307 

suggests they are actually one single grain, likely much coarser in origin, that has been 308 

progressively reduced in size by recrystallization. 309 

 310 

3.3 Structural description and domains 311 

 312 

Mélange facies 313 

The mélange facies has been defined as a chaotic mixture of quartzite blocks in a phyllitic matrix 314 

(Bell, 1982). However, in the study area, the structural analysis allows distinguishing two structural 315 

domains in the mélange facies due to the fragmentation of the original architecture of the turbidite 316 

sequence. These domains are characterized by linear (L) and linear-planar (L-S) fabrics, where the 317 

shape of the quartzite blocks corresponds to the fabric found in the phyllite matrix. The linear fabric 318 

domain is determined by the constrictional ellipsoid shape of quartzite blocks, whose long axes 319 

define the stretching lineation, and by the L-tectonites with “pencil structure” observed in the 320 

phyllite matrix, where the foliation planes are no identifiable (Fig. 4a). The L-S fabric domain is 321 

characterized by the flattening ellipsoid shape of the quartzite blocks. These flat objects show two 322 

principal lengthening directions, while the planar fabric coincides with the foliation planes observed 323 

in phyllitic S-tectonites. 324 

Furthermore, other significant structures observed in the mélange facies are tight to isoclinal folds 325 

(Fig. 4b). The orientation of fold axes and axial planes coincide with the lineation and foliation 326 

defined in quartzite blocks and phyllite matrix, respectively. Occasionally, a spaced crenulation 327 

cleavage can be observed in phyllites (Fig. 4c). This crenulation is related to the axial planes of 328 

small kink or very angular folds. Other recognizable structures in the mélange facies are 329 

asymmetric objects (Fig. 4d), S-C structures (Fig. 4e) and the ubiquitous boudinage observed in 330 

quartzite layers and, occasionally, in syn-deformational dykes (Fig. 4f). The surfaces where the 331 

maximum asymmetry is recognized in shear structures contain the lineation and are orthogonal to 332 

the foliation. The deformation intensity prevents the accurate identification of the deformation 333 

processes responsible for the fragmentation of the original sedimentary structure. However, S-C, 334 

boudinage and pinch and swell structures are the most conspicuous throughout the study area. 335 

These structures are characteristic of shear zones and probably conditioned the formation of the 336 

mélange facies.  337 
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The tectonic foliation (S1) is defined in the mélange by both the phyllite cleavage and the planes 338 

outlined by the long and intermedium axes of quartzite blocks. This S1 foliation shows a constant 339 

N140º-150ºE azimuth, dipping 40º to 85º to NE and SW (Fig. 1d, 5). In the L domains, the long 340 

axes of quartzite ellipsoids and the phyllite lineations (L1) present similar NW-SE trends, plunging 341 

5º-20º to NW and SE. The orientation of the axes of isoclinal folds (F1) coincides with that of L1 342 

lineations (Fig. 5). Crenulation cleavages (S2) show N150º-160ºE azimuths, dipping to the NE, 343 

which are similar to the statistical F2 axial planes (Fig. 5). At a large, cartographic scale, F2 folds are 344 

close to tight, moderately inclined chevron folds, which are denoted by the absence of gently 345 

dipping foliations. Small kink folds associated with the generation of S2 represent F2 folding at a 346 

mesoscopic scale.  347 

 348 

Brittle-ductile domain 349 

The structure in the brittle-ductile domain is determined by the primary foliation planes defined by 350 

the contacts between phyllite and quartzite layers, corresponding to the original sedimentary 351 

contacts in the turbiditic sequence (S0). Quartzite bands show a great lateral continuity and variable 352 

thickness, from decimeters to several meters. However, in several locations, boudinage and pinch 353 

and swell structures are observed. Although the quartzite layers were not fragmented by this 354 

stretching phase, it clearly generated necking structures (Fig. 2h). These structures are previous to 355 

those resulting from the subsequent thrusting and related folding phase that affected the S0 planes. 356 

Southwest vergent inclined folds are associated with the propagation of imbricate, N160ºE trending 357 

thrusts (Fig. 1d). A highly penetrative foliation developed in phyllite layers (S1), axial plane to the 358 

fold train. These map-scale folds are mainly recognized by the normal-overturned limb succession, 359 

albeit some hinges can be observed (Fig. 2d). The statistical axial planes adscribed to F1 folding in 360 

the brittle-ductile domain are oriented about N165ºE/30ºNE, resulting in gently inclined, SW 361 

vergent folds (Fig. 5). The S0 and S1 orientation dispersion observed in the spherical plots (Fig. 5) 362 

might be adscribed two a subsequent N60º-70ºE trending folding (F2) that affected the thrust planes 363 

and associated folds in this area. 364 

 365 

 366 

4.- SPO determination 367 

 368 

In order to study the shape preferred orientation (SPO) in the mélange facies, 18 sampling stations 369 

were chosen along the study area (Fig. 1c). Mesoscopic SPO has been analysed in quartzite blocks 370 

and the lengths of the main axes of the ellipsoidal bodies have been directly measured in the 371 
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stations, with the aim to obtain aspect ratios and the shape parameter of Flinn (1962) (Table 1). One 372 

representative quartzite object has been analysed in each station.  373 

SPO in Qtz microfabric has been determined in the samples used for the mesoscopic study. For this, 374 

we have obtained three orthogonal oriented sections from quartzite bodies (Fig. 6a). High-resolution 375 

digital images were taken with an optical microscope at the studied sections and edited with 376 

Photoshop_ and ImageJ editor software to emphasize quartz grains and textures, reduce image noise 377 

and to create a grey scale image file. Each of the images is oriented and represents a principal plane 378 

of the ellipsoids formed by quartzite blocks (Fig. 6b). These sections and their orientations have 379 

been introduced in the SPO and Ellipsoid software (Robin, 2002; Launeau and Robin, 2005) to 380 

obtain the shape ratio and the long axis orientation of the sectional fabric ellipses (Fig. 6c), and the 381 

three-dimensional ellipsoid data (Fig. 6d) respectively. The Ellipsoid output includes the orientation 382 

and the normalized length of each principal axis (Fig. 6d, Table 2). These results are plotted beside 383 

the location of the station in Figure 7a. 384 

 385 

4.1 SPO determination in quartzite blocks 386 

According to the Flinn shape parameters resulting from the measurement of quartzite blocks (Table 387 

1, Fig. 7b), only station 1 shows an apparent flattening fabric ellipsoid (shape parameter = 0.5). 388 

Stations 3, 4, 7, 9, 10 and 12 yielded parameters between 1 and 1.5, which corresponds to 389 

approximately plane strain shape ellipsoids. The remaining stations show Flinn shape parameters 390 

greater than 1.5, being thus located in the apparent constriction field. These results coincide with the 391 

field observations presented in Figure 5. Stations 17 and 18 show almost continuous quartzite 392 

layers, which hinders the estimation of the axis lengths of the measured blocks. Thereby, the 393 

mélange area is partitioned between a linear fabric domain (L), where constrictional quartzite-block 394 

shape ellipsoids have been determined, and a linear-planar fabric domain (L-S), where plane-strain 395 

or flattening quartzite-block shape ellipsoid are obtained by means of mesoscopic axes 396 

measurement.  397 

 398 

4.2 SPO determination in quartz microfabric 399 

Table 2 shows the SPO results obtained in quartz microfabric using SPO and Ellipsoid softwares 400 

(Robin, 2002; Launeau and Robin, 2005). Results include a calculated foliation, axes orientations 401 

and normalized values, aspect ratios, and Flinn, intensity (Nadai, 1950) and shape (Lode, 1926) 402 

parameters. Normalized standard deviations around the mean (parameter of Robin, 2002) are 403 

between 2 and 18%. 404 
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Stations 5, 6, 12 and 13 show the highest Flinn shape parameters (>1.5) for quartz microfabric, 405 

which correspond to apparent constrictional ellipsoids. Samples 1, 2, 3, 8, 15, 17 and 18 are very 406 

close to K=1 (Flinn logarithmic shape parameter), indicative of plane strain ellipsoids, whilst 407 

stations 4, 7, 9, 10, 11 and 14 present Flinn shape parameters lower than 0.5 and are located in the 408 

apparent flattering field in Flinn’s diagram. However, all samples except 6 are very close to the 409 

origin, suggesting a significatively low degree of development of the SPO. It is noteworthy that 410 

aspect ratios are considerably lower than the values obtained from the mesoscopic fabric. Besides, 411 

calculated foliations do not coincide in most stations with field measurements (Fig. 7a). 412 

 413 

 414 

5.- Discussion 415 

 416 

The structural characteristics of the study area allow us to organize the multistage deformation 417 

history recorded in the Chañaral mélange, and to assess the processes that configure the mélange 418 

facies in different structural domains.  419 

The observed mélange facies are produced by the complete disruption of the original architecture of 420 

the turbidite succession. From a structural point of view, mélange ductile deformation could be 421 

related to a mylonitic shear zone. Indeed, in the present study and as discussed below, we interpret 422 

the textures of the mélange as the result of a deformational process driven by the activity of a shear 423 

zone, and not as a syn-depositional texture which is further subjected to a tectonic deformation 424 

process (Bell, 1987). However, the rheological framework of the sedimentary rocks subjected to 425 

this deformation is critical to understand the final disposal of mélange tectonic fabrics.  426 

An essential observation to account for the correspondence between the disrupting process of the 427 

sedimentary sequence and the tectonic fabrics is the relation between the mesoscopic shape of 428 

quartzite blocks and the fabrics developed in the phyllitic matrix. Where quartzite bodies show a 429 

prolate shape, L-tectonites are present in the phyllite matrix, corresponding with a constrictive 430 

deformation. These areas have been referred to as L domains (Fig. 5). Where quartzite blocks 431 

exhibit a flattened shape, and two obvious stretching directions are present, a planar fabric 432 

dominates the phyllitic matrix. These typical flattening rocks are labelled L-S domains. The most 433 

common mechanism that acted in the mélange to yield the described structural configuration is 434 

boudinage (Fig. 2, 4), in addition to heterogenous shearing (S-C structures, Fig. 4e) and folding 435 

processes that generated intra-foliation tight to isoclinal folds (Fig. 4b). The arrangement of the L1 436 

and S1 fabrics (Fig. 5), together with some scarce asymmetric structures, indicate a predominant 437 

NW-SE-directed dextral shearing. These structures have been ascribed to a first deformation phase, 438 
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D1. In turn, the S1 foliation describes map-scale chevron folds (F2) responsible for its high dipping 439 

angles. This is consistent with the folding morphologies expected for the high mélange viscosity 440 

contrast between the quartzite blocks and the phyllitic matrix (Ramsay and Huber, 1987). The 441 

variable plunging of L1 lineations might be caused by F2 folds (Fig. 5). 442 

In the brittle-ductile domain, to the east of the Infieles fault, the folds affecting the continuous 443 

layers of the quartzite-phyllite sequence are related to N160º-165ºE trending thrust faults. These 444 

folds developed a NE dipping penetrative axial-plane foliation in phyllite layers (Fig. 2c, d and 5). 445 

Thrusting duplexes and associated folds are typical of accretionary prisms during the underplating 446 

of subduction mélanges (McClay, 1981; Davis et al., 1983; Escuder-Viruete and Baumgartner, 447 

2014). The boudinage of competent layers (quartzites) observed in the brittle-ductile domain of the 448 

Las Tórtolas Formation (Fig. 2d) might be caused by a previous phase of basal accretion, shear-449 

thinning flow regime and a horizontal extension into the prism (Feehan and Brandon, 1999; Richter 450 

et al, 2007). Both major chevron and inclined fault-propagation folds observed in the mélange and 451 

brittle-ductile domains respectively show similar orientations (thrust-associated folds are slightly 452 

more northernly directed) and vergences, therefore they could be related to the same tectonic event 453 

(D2), in areas belonging to different tectono-structural domains. 454 

A third deformational phase (D3) affected the axial traces of D2 folds in the brittle-ductile zone 455 

although this is not clearly shown in the mélange facies. 456 

Bell (1987) described the formation of mélange textures in the Chañaral mélange as a process of 457 

stratal breakup of unconsolidated sediments followed by brecciation produced by hydraulic 458 

fracturing. Subsequent tectonic deformation phases would be responsible for the observed foliations 459 

and crenulations, whose orientations and vergences coincide with those described in this study. 460 

However, the correlation between the constrictional and flattened shape of quartzite objects and the 461 

L and L-S tectonites found in their phyllite matrix, points to a tectonic deformation (D1) as the 462 

process that promoted the generation of the mélange textures during the obliteration of the original 463 

turbiditic sequence. This does not preclude the presence of fluid-scape structures favoured by the 464 

possible incomplete consolidation of sediments and their high water contents. 465 

Other examples of tectonic mélange formations associated with active continental margins have 466 

been interpreted as due to strong ductile deformation (i. e., Shi et al, 2013; Escuder-Viruete and 467 

Baumgartner, 2014), and not to syn-sedimentary processes of gravitational collapse or 468 

olistostromes. These tectonic mélanges include structures as boudins, features due to plastic flow, 469 

stacking folds and thrust duplexes among others, as well as a succession of deformational phases of 470 

positive tectonic inversion (Williams et al., 1989), similar to those described in this study. 471 
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One of the most significant results of this study is the observation of the deformation partitioning 472 

between a ductile deformation zone (mélange facies) and a brittle-ductile zone in the Las Tórtolas 473 

Formation, limited by a map-scale structure (Infieles fault). Furthermore, the mélange facies shows 474 

two structural domains characterized by linear (L) and planar-linear (L-S) fabrics. The study of SPO 475 

measured in mesoscopic quartzite blocks coincides with these observations. The higher values of K, 476 

and therefore the shape ellipsoids located in the constrictive field, are found in L domains (Fig. 7b), 477 

while quartzite bodies measured in L-S domains yield Flinn shape parameters close to K=1 (Table 478 

1). The intensity of deformational process is reflected in the high aspect ratios yielded by the 479 

quartzite ellipsoidal block axes (Fig. 7b). 480 

Regarding the microstructures observed in more impure quartzite areas, such as sub-rectangular, 481 

low strained, grains with enrichment of low soluble minerals along straight boundaries (Fig. 3a, c) 482 

point to dissolution-precipitation creep (Trepmann et al., 2010 and references therein) as the 483 

principal deformation mechanism in these areas. This mechanism is typically active at HP/LT (ca. 484 

350 ºC) deformation at low differential stresses (Trepmann and Stöckhert, 2009; Grigull et al., 485 

2012). On the other hand, the texture observed in purer quartzite areas, with bimodal grain size 486 

distributions (Fig. 3e), can be loosely regarded as core-and-mantle structures (Stipp et al., 2002). 487 

Irregularly shaped grains and subgrains along grain boundaries and fractures inside coarse grains 488 

(Fig. 3f) are interpreted as new grains formed by bulging recrystallization (Bailey and Hirsch, 1962; 489 

Drury et al., 1985; Drury and Urai, 1990; Stipp et al., 2002; Vernooij et al., 2006), which involves 490 

mainly slow grain boundary migration although normally assisted by subgrain rotation (Bailey and 491 

Hirsch, 1962; Means, 1981; Tungatt and Humphreys, 1984; Drury et al., 1985; Urai et al., 1986; 492 

Stipp et al., 2002). “Window” and “pinning” structures as well as “left-over grains” also suggest 493 

grain boundary migration (Jessell, 1987). On the other hand, matrix strain-free grains occasionally 494 

show granoblastic textures with very weak associated CPO, although they do not overgrow late 495 

fractures. These features are indicative of very limited static recrystallization (e.g., Trepmann et al., 496 

2010). Therefore, it is likely that in the purer quartzite areas, quartz deformed between the upper 497 

part of the bulging recrystallization regime and its transition to the subgrain rotation regime, which 498 

would yield a temperature between 340 and 400 ºC (Stipp et al., 2002). Late subordinate static 499 

recrystallization could have been occurred, perhaps in relation to deformation at very low-stress in 500 

an accretionary complex (Trepmann et al., 2010). 501 

Irrespective of the deformation mechanism invoked in the studied samples (bulging-subgrain 502 

rotation recrystallization and dissolution-precipitation creep), the deduced temperature is in the 503 

range between 350 – 400 ºC, which coincides with the greenschists facies metamorphism proposed 504 

for the Las Tórtolas Formation and the mélange facies (Miller 1970; Aguirre et al. 1972, Bell, 505 
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1987), and are slightly higher than those estimated by Marioth and Bahlburg (2003) (300-350 °C) in 506 

metapelites of the Chañaral mélange. This temperature range matches that obtained from 507 

blueschists and greenschists present in Western Series during the high-pressure metamorphism 508 

episode (Willner, 2005). The question is how these two different deformation mechanisms 509 

coexisted? It is suggested (e.g., Trepman et al., 2010) that dissolution-precipitation creep activates 510 

only when differential stress is too low to activate dislocation creep, which is necessary to produce 511 

dynamic recrystallization. In any case, the presence of a fluid is also necessary (e.g., Rutter, 1976). 512 

In the studied samples, microstructures suggesting dissolution-precipitation creep are evident 513 

mainly in more impure quartzite areas, which are normally located around large fractures. 514 

Therefore, it is hypothesized that in the studied samples, purer quartzite areas are fluid-free and are 515 

thus deformed mainly by bulging dynamic recrystallization. In contrast, in more impure areas, 516 

dissolution-precipitation creep was favoured by the presence of fluids transported along fractures. 517 

It has been shown that D1 mesoscale structures, foliation and, particularly, lineation, are very 518 

conspicuous. They are defined by a strong SPO displayed by the quartzite lenses and by the 519 

phyllites that surround them. In contrast, the microstructure of the quartzite lenses does not show 520 

evidences for intense deformation: there are no apparent foliations or lineations, fractures and 521 

quartz veins appear as planar non-deformed structures, quartz aggregates do not show elongated 522 

ribbons, nor intense SPO (Fig. 7) or CPO. From the microstructure analysis, it is likely that D1 523 

deformation within the quartzite lenses took place mainly via bulging recrystallization and 524 

dissolution-precipitation creep. It is likely that these striking differences between meso- and 525 

microstructures can be assigned to a process of dissolution-precipitation creep at the outcrop scale. 526 

Quartzite lenses can behave as high viscosity bodies embedded in a less viscous material 527 

represented by the phyllites. As such, dissolution occured at high differential stress boundaries of 528 

the quartzite layers and precipitation at low differential stress parts (strain shadows related to these 529 

bodies). This would have increased the aspect ratio of the lenses favouring the development of the L 530 

tectonites whereas internally, these quartz lenses would have remained virtually unstrained. A 531 

similar process is proposed by Grigull et al. (2012) for comparable block-in-matrix structures of 532 

tectonic mélanges related to subduction channels. 533 

With regard to the age of the deformational process, an update of the geochronology can be attained 534 

through the relationship between the deformation phases and the syn- to post-intrusive igneous 535 

rocks. For this purpose, an upper limit for the age of the mélange facies generation should be set at 536 

the time of the Late Triassic to Early Jurassic magmatic arc emplacement (i. e., Charrier et al., 537 

2007; Grocott and Taylor, 2002; Kato and Godoy, 2015), hosted in the Las Tórtolas Formation, 538 

including mélange facies. Younger middle Permian ages have been proposed by García-Sansegundo 539 
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et al. (2014) for the onset of the subduction in the current South American continental margin. At 540 

this time, those rocks related to the accretionary complex became part of the arc, which suggests the 541 

displacement of the accretionary complex to the east. 542 

Figure 8 proposes a model for generating mélange facies in northern Chile and its relationship to the 543 

structural domains described in the Las Tórtolas Formation, based on the known dynamics of the 544 

western active margin of Gondwana between the Late Paleozoic to Jurassic (Mpodozis and Ramos, 545 

1989; Mpodozis and Kay, 1992; Mpodozis and Ramos, 2008). During the Late Paleozoic, the fast 546 

convergence enables the development of an extensive accretionary complex (Mpodozis and Ramos, 547 

1989), and the high availability of sediments in the subduction channel, dominated by quartzitic and 548 

pelitic lithologies, with lowest proportion of oceanic crust rocks (Fig. 8a, b), where the structures 549 

and deformation partitioning described in this study are generated (D1 deformational phase). 550 

However, in central Chile (Pichilemu region), N- to E-MORB derived amphibolites have been 551 

described as part of the oceanic crust accreted to the active margin (Hyppolito et al., 2014a). 552 

The accretion of exotic terranes to the continental margin during the Late Permian to Triassic 553 

(Equis terrane; Mpodozis and Kay, 1992) displaced the Paleozoic accretionary complex to the east, 554 

promoting a transition to a brittle-ductile deformation that affected to the mélange rocks, and the 555 

folding and verticalization of the previous structures (D2 deformational phase) (Fig. 8c, d). D2 phase 556 

might be contemporary or immediately prior to the formation of high-angle, N–S trending brittle–557 

ductile to brittle shears described by Kato and Godoy (2015). A similar deformational phase 558 

sequence is described by García-Sansegundo et al. (2014) in the Choapa Metamorphic Complex 559 

(central Chile), where the HP-LT subduction-related D1 episode is followed by the exhumation and 560 

obduction process (D2) caused by the arrival of oceanic reliefs, attributed to X terrane, at the 561 

subduction zone. 562 

Finally, during the subduction reactivation in the Early Jurassic (Mpodozis and Ramos, 2008), 563 

crustal extensional tectonics favoured the emplacement of cordilleran granitoids and the building of 564 

the Jurassic-Cretaceous magmatic arc, hosted by the metasediments of the Paleozoic accretionary 565 

complex, called the Las Tórtolas Formation, including the Chañaral mélange (Fig. 8e). 566 

 567 

 568 

6.- Conclusions 569 

 570 

This structural analysis is part of an ongoing study about the mélange facies within the Paleozoic 571 

basement of the Coastal Range batholith in northern Chile. The addresing problems to figure out are 572 

the tectonic setting of the mélange facies, the age of the deformational process and the mechanisms 573 
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of deformation partitioning between the flattening and constriction domains. This study 574 

hypothesizes with the conformation of two structural domains in the Chañaral mélange due to the 575 

rheological framework of unconsolidated or poorly consolidated sediments, their fluid contents and 576 

the variation of differential stress during the motion of the intensely deformed mélange facies. 577 

However, in future work advances, other possibilities such as the presence of a transtensive context 578 

with variations in the vorticity values and in the intensity of the internal deformation must be 579 

considered. 580 

The mélange facies shows lithologies and textures that can be related to subduction channels, with a 581 

predominance of phyllites and quartzites (up to 90%) and minor amounts of limestones, 582 

conglomerates, cherts and retrograded basaltic rocks. However, the absence of high-pressure rocks, 583 

which are described in the Late Paleozoic mélange formations in central Chile, and the greenschist 584 

metamorphism measured in the Chañaral mélange, locate these mélange facies in a low temperature 585 

zone of the subduction channel, without the presence of deep upward flows that provide rocks from 586 

high pressure areas. This might be related to the fast convergence and the availability of sediments 587 

in the subduction channel, which activate the processes of frontal and basal accretion during Late 588 

Paleozoic. The subsequent terrane accretion drives the subduction axis to the west, and promotes 589 

the intensive folding of the mélange facies. This finally configures the Las Tórtolas Formation as 590 

the basement of the Andean Jurassic-Cretaceous magmatic arc in northern Chile. 591 
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Figure 1. (a) Plate configuration of the west margin of South America (modified from Charrier et 946 

al., 2007). (b) Inset showing the main Chañaral mélange outcrops in northern Chile (modified from 947 

Bell, 1987). Mélange rocks, included in the Las Tórtolas Formation, are separated to highlight their 948 

contacts. Godoy and Welkner (2003) propose a different contact relations in the area of Carrizal 949 

Bajo, where mélange facies completely surround the rest of the Las Tórtolas Formation. (c) 950 

Detailed geological map of the study area at the S of Chañaral city. The locations of the structural 951 

analysis stations are indicated. Some of the metabasite outcrops indicated in the detailed map are 952 

taken from Godoy and Lara (1998). (d) Schematic cross section showing the structure of the study 953 

area, including both structural domains described below. Location in Fig. 1c. 954 

Figure 2. Field photographs of some outstanding lithological and structural features of the study 955 

area. Chañaral mélange and the rest of the Las Tórtolas Formation are in contact through the 956 

Infieles fault (a, b). The fault contact show dextral reverse kinematics (a) and 2-5 m in thickness (b). 957 

Thrust-propagation folds (c) are one of the most outstandings structural characteristics of the Las 958 

Tórtolas Formation to the east of the Infieles fault, whereas some quartzite layers show folded pinch 959 

and swell structures (d). Chañaral mélange is mainly comprised of quartzite blocks in a phyllitic 960 

matrix (e), with minor amounts of intensely deformed conglomerates (f), shales (g) and chloritized 961 

basic rocks (h). 962 

Figure 3. Microphotographs showing characteristic fabrics of the studied samples. Most are cross-963 

polarized light images except (c), which is a plane-polarized light image. In (h) a gypsum plate is 964 

incorporated. (a) and (c) are from more impure areas whereas the rest correspond to purer quartzite 965 

areas. (a) Rounded, elliptical, sub-rectangular and irregular grains with little internal deformation 966 

evidenced by incipient undulose to sweeping extinction. Sub-rectangular and elliptical grains are 967 

subparallel with the rough foliation defined by micas. Mica enrichment is apparent at long straight 968 

quartz grain boundaries. (b) Quartz vein. Irregularly shaped quartz grains showing undulose, patchy 969 

and sweeping extinction. (c) Iron hydroxide and mica enrichment along long straight boundaries of 970 

sub-rectangular quartz grains. (d) Coarse quartz grains with serrated high-angle and subgrain 971 

boundaries, recrystallization bulges (bottom-left) and isolated grains (center). (e) Core-and-mantle 972 

structure. The coarse quartz grain shows newly recrystallized grains associated with a fracture. (f) 973 

Core-and-mantle structure. The coarse quartz grain presents a fracture along which newly 974 

recrystallized grain are located. (g) and (h) Old, irregular, highly strained quartz grains (delimitated 975 

in (g) and recognized in (h) as the large orange grain in the center) appear partially replaced by 976 

strain-free, fine grained recrystallized quartz grains. 120º angle triple junctions are defined by grain 977 

and subgrain boundaries.  978 
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Figure 4. Field photographs of the main characteristics of the mélange facies. (a) Quartzite blocks 979 

showing a prolate mesoscopic shape. Phyllite matrix in these areas (inset) (L domains) are 980 

characterized by “pencil structure”. (b) Tight to isoclinal folds. The prominent quartzite object 981 

points the fold axis. (c) Spaced crenulation foliation related to small scale kink folds in the phyllitic 982 

mélange matrix. (d) Asymmetric objects (basic rocks) are used to determine the shear zone 983 

kinematics. (e) S-C structures are observed as one of the main structures actives during the mélange 984 

formation. (f) Boudinage and pinch and swell structures are mainly observed affecting to the 985 

quartzite layers, albeit some syn- post-deformational dykes show boudinage structures. 986 

Figure 5. Structural map of the study area showing the deformation partitioning between the 987 

mélange facies (ductile zone) and the Las Tórtolas Formation (brittle-ductile zone). According to 988 

field observations in the study area, mélange zones dominated by linear and linear-planar fabric are 989 

named as L and L-S domains. Equal-area, lower hemisphere spherical projections of linear and 990 

planar fabrics measured in the study área are presented. Statistical axial planes have been calculated 991 

for comparison with measured major folds.  992 

Figure 6. Figure showing the sampling process to obtain the SPO results in Qtz microfabric. Three 993 

orthogonal sections are obtained from the oriented quartzite objects (a). High resolution 994 

microphotographs (b) taken from oriented surfaces (a, b, c) are analyzed with the SPO 2003 995 

software (c) (Launeau and Robin, 2005). The orientation and shape of the 3D fabric ellipsoid (d) 996 

was obtained using Ellipsoid 2003 software (Launeau and Robin, 2005). See text for further details. 997 

Figure 7. (a) Results of the Qtz microfabric SPO measurement at the 18 selected stations. Shape 998 

(Flinn, 1962), intensity (Nadai, 1950) and shape (Lode, 1926) parameters are indicated in each site 999 

(Table 2). (b) Flinn (1962) diagram showing the mesoscopic quartzite blocks measurements (Table 1000 

1) in comparison with microfabric SPO results.  1001 

Figure 8. Tentative geodynamic evolution model of the western active margin of South America. 1002 

Crustal scale cross sections of the convergent margin are modified from Mpodozis and Ramos 1003 

(1989) (a), Mpodozis and Kay (1992) (c), and Mpodozis and Ramos (2008) (e). Depths and 1004 

isothermal profiles are traced according to the 2D coupled petrological–thermomechanical 1005 

numerical model for compressional arcs in subduction zones (Vogt et al., 2012). Granitic melts 1006 

generation in the mantle lithosphere is based on hybrid plumes and relamination processes (Castro 1007 

et al., 2010, 2013). Accordingly, in (a), (c) and (e), the red areas represent both the cold, mantle 1008 

wedge plumes (Vogt et al., 2012; Castro et al., 2010, 2013) composed by a mixture of sediments, 1009 

continental and oceanic rocks, as well as the silicic magmas resulting form their partial melting. The 1010 

purple body in (e) symbolizes basic magmas generated from direct melting of the ultrabasic 1011 

envelope around hybrid plumes. The yellow areas in (c) represent the anatectic melts (S-type 1012 
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granitoids) generated during Late Permian to Triassic. (b) and (d) are schematic not to scale blocks 1013 

that show the structural organization and the location of Chañaral mélange and the Las Tórtolas 1014 

Formation during the evolution of the accretionary complex between Late Paleozoic to Early 1015 

Jurassic. The location of the mélange facies is based on the temperatures obtained in this work by 1016 

describing the intracrystalline deformation mechanisms, combined with the isothermal profile. 1017 

Similar depths of ca. 30 Km have been estimated in the metamorphic mineral assemblages of the 1018 

subduction-related rocks in Pichilemu region (Hyppolito et al., 2014b). 1019 
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Table 1 

Data of the mesoscopic SPO measured at the 18 stations of the study area	

Station Measured Ellipsoid axis (cm) Aspect ratios Ellipsoid parameters 

 foliation A B C A/C A/B B/C Flinn Shape 

1 N42W/58NE 45 25 7,5 6,0 1,8 3,3 
0,5 

2 N24W/90 44 18 14 3,1 2,4 1,3 3,6 

3 N27W/44NE 150 56 26 5,8 2,7 2,2 
1,3 

4 N2W/52NE 60 15 6 10,0 4,0 2,5 1,5 

5 N38W/46NE 60 16 8,5 7,1 3,8 1,9 
2,1 

6 N24W/30NE 70 18 12 5,8 3,9 1,5 3,3 

7 N20W/58NE 150 75 45 3,3 2,0 1,7 
1,4 

8 N32W/70NE 60 12 7,5 8,0 5,0 1,6 3,4 

9 N30W/70NE 60 25 13 4,6 2,4 1,9 
1,3 

10 N30W/62NE 60 26 14 4,3 2,3 1,9 1,4 

11 N40W/70NE 45 12 9 5,0 3,8 1,3 
4,6 

12 N36W/70NE 100 30 10 10,0 3,3 3,0 1,1 

13 N40W/55NE 70 20 10 7,0 3,5 2,0 
1,8 

14 N35W/70NE 50 13 5,5 9,1 3,8 2,4 1,6 

15 N35W/70NE 90 16 12 7,5 5,6 1,3 
6,0 

16 N38W/70NE 80 19 12,5 6,4 4,2 1,5 3,4 

17 N50W/60NE - - - - - - - 

18 N40W/90 - - - - - - - 



Table 2 

 Data of the Qtz microfabric SPO calculated at the 18 sampled stations in the Chañaral mélange using Ellipsoid 2003 (Robin, 2002; Launeau and Robin, 2005). 

Station Calculated Ellipsoid axis Normalized axis values Aspect ratios Ellipsoid parameters Normallized 

 foliation A B C A B C A/C A/B B/C Flinn  P' (Nadai) T (Lode)  deviation 
(%) 

1 N24W/86NE 81.8°→ 130.2° 7.4° →336.1° 3.6° →245.6° 1.278 0.984 0.796 1.607 1.299 1.326 1.267 1.612 -0.105 12.6 

2 N16E/68NW 30°→ 209° 51.4°→ 345.1° 22°→ 105.5° 1.164 0.991 0.867 1.343 1.175 1.143 1.224 1.344 -0.093 2.6 

3 N72E/62NW 8.7°→ 256.2° 60.4°→ 1.9° 28°→ 161.5° 1.147 0.994 0.877 1.308 1.153 1.134 1.142 1.309 -0.064 3.5 

4 N6W/22NE 0.3°→ 354.7° 22°→ 84.8° 68°→ 264° 1.102 1.037 0.875 1.259 1.063 1.184 0.342 1.27 0.467 6.5 

5 N81W/44SW 5.1°→ 104.7° 43.8°→ 199.6° 45.7°→ 9.4° 1.142 0.968 0.905 1.262 1.18 1.069 2.609 1.271 -0.424 3.9 

6 N38E/53SE 26.1°→ 59.8° 41.4°→ 175.3° 37.5°→ 307.8° 1.608 0.86 0.723 2.223 1.87 1.189 4.603 2.349 -0.567 22.3 

7 N73E/75SE 27.4°→ 244.8° 58.3°→ 97.6° 14.6°→ 342.6 1.106 1.027 0.88 1.257 1.077 1.167 0.461 1.263 0.351 2 

8 N5E/40SE 36.5°→ 122° 13.8°→ 21.6° 50.1°→ 274.5° 1.171 1.018 0.838 1.398 1.15 1.215 0.698 1.401 0.164 16.3 

9 N40W/46NE 13.2°→ 152.8° 43.1°→ 255.5° 43.9°→ 49.8° 1.212 1.046 0.789 1.537 1.159 1.326 0.488 1.55 0.314 8.1 

10 N69W/70SW 15.9°→ 297.4° 64.5°→ 64.1° 19.4°→ 201.7° 1.05 1.023 0.931 1.128 1.027 1.098 0.276 1.135 0.563 8.6 

11 N22E/73NW 9.8°→ 19.4° 70.3°→ 260.7° 16.9°→ 112.4° 1.056 1.039 0.911 1.159 1.016 1.14 0.114 1.176 0.783 1.8 

12 N73W/44NE 0.7°→ 106.7° 44.2°→ 16° 45.8°→ 197.4° 1.292 0.953 0.812 1.592 1.356 1.174 2.046 1.608 -0.309 14.1 

13 N18W/81SW 29.3°→ 166.9 59.3°→ 328.2° 8.2°→ 72.3° 1.189 0.972 0.865 1.375 1.223 1.124 1.798 1.381 -0.264 4.1 

14 N53W/60NE 60.2°→ 30.5° 2.7°→ 125.2° 29.7°→ 216.7 1.044 1.019 0.94 1.11 1.025 1.083 0.301 1.115 0.533 6.5 

15 N70W/78SW 13.9°→ 113.1 71.1°→ 249.4° 12.5°→ 20° 1.225 1.013 0.806 1.52 1.209 1.257 0.813 1.523 0.093 3.3 

16 N65W/70SW 1.9°→ 295.8° 70.3°→ 200.5° 19.6°→ 26.4° 1.158 1.032 0.837 1.384 1.122 1.234 0.521 1.392 0.293 17.8 

17 N50W/55NE 22.3°→ 113.2° 46.6°→ 357.5° 34.9°→ 219.8° 1.21 1.007 0.821 1.474 1.201 1.227 0.885 1.476 0.055 5 

18 N53W/75NE 52.6°→ 286.9° 33.4°→ 137.4° 14.9°→ 37.3° 1.227 0.995 0.819 1.499 1.233 1.215 1.084 1.501 -0.036 10.5 
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