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Abstract 31 

We present a geochemical and mineralogical study of the satellite scoria cones at Llaima 32 

volcano, Chile, providing insights on magmatic processes and how these are affected by the 33 

local and regional tectonics. At Llaima, we identify two different and distinctive groups of 34 

satellite scoria cones with a common magmatic source but different petrological evolutions. 35 

Cones from group 1 (the “glomeroporphyritic group”), predominantly occur in the NE flank of 36 

the volcano, are characterized by basaltic to basaltic andesitic compositions (51-55 wt. % 37 

SiO2) and have glomeroporphyritic textures. We have interpreted these cones as the product of 38 

magma replenishment, followed by an unimpeded propagation of their feeder dikes controlled 39 

mainly by the regional stress. As a result, dikes are emplaced parallel to the regional σ1, and 40 

perpendicular to the axis of local crustal extension.  Cones from the group 2 (the “pilotaxitic 41 

group”), appear at the NE, NW and SW flanks of the volcano, they have more evolved 42 

compositions (55-60 wt. % SiO2) and textures lacking glomerocrysts. Their location and 43 

morphometric parameters suggest that their feeder dike emplacement is mainly controlled by 44 

the stress exerted by the load of the volcanic edifice, where the compressional stress hinders 45 

magma ascent, allowing fractionation and volatile overpressure buildup.  The characteristic 46 

texture of these cones is interpreted as fractionation, followed by a single crystallization event 47 

upon eruption. The lack of scoria cones at the SE flank is attributed to the local horizontal 48 

compressional stress caused by the local tectonic deformation associated to the Liquiñe-Ofqui 49 

Fault Zone. 50 

Key Words: Llaima volcano, magma recharge, volcanic plumbing, dike emplacement, 51 

regional stress.  52 
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1. Introduction 53 

Composite volcanoes often have complex plumbing systems, composed of short-lived magma 54 

bodies and regions of crystal-rich mush (Sparks and Cashman, 2017). These plumbing systems 55 

are geometrically-controlled by the interplay of magmatism with the local and the regional 56 

tectonics (Cembrano and Lara, 2009), although little is known on the extent and mechanisms 57 

of such control.  In this work we explore this interaction, focusing on monogenetic scoria 58 

cones and fissures occurring around the main edifice of a composite volcano.   59 

 60 

The spatial distribution of scoria cones and their chemical, textural and mineralogical 61 

variations are the surface expression of magma injection through the dikes that constitute the 62 

volcano plumbing system (Nakamura, 1977; Tibaldi, 2015). Their spatial location is 63 

essentially controlled by the state of stress at shallow levels of the crust (Nakamura, 1977); 64 

which in turn is a consequence of the influence of a magma reservoir, the loading of the 65 

volcanic edifice and mechanical differences in its lithology (Pinel and Jaupart, 2000; Poland et 66 

al., 2004). These influences are negligible, both horizontally and at depth, away from the 67 

reservoir and the footprint of the volcanic edifice, rendering the local stress field similar to the 68 

regional stress (Gudmundsson, 2006; Roman and Jaupart, 2014).  69 

 70 

Magma reservoirs are located at shallow and brittle levels of the crust and the models of these 71 

reservoirs, such as oblate–ellipsoid (Gudmundsson, 2012), represent an abstraction of the 72 

crystal-rich mush and pockets of melt zones (Sparks and Cashman, 2017). Intrusions, such as 73 

dikes, sills, and cone-sheets that propagate from this area, will be influenced by the local stress 74 

field developed around it (Takada, 1994; Gudmundsson, 2006).  Dikes initiate at the upper 75 

margins of the reservoir, and are favored by an increase of the concentration of the maximum 76 

tensile stress, caused by the reservoir’s vicinity to the surface and the local stress field 77 
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imposed by the load of the volcanic edifice (Muller et al., 2001). Beneath the volcanic edifice, 78 

the shallow compressive stress impedes the ascent of dense primitive magmas favoring 79 

horizontal propagation away from the edifice, with dikes resuming vertical propagation at 80 

distances equal to the edifice radius. However, if magma buoyancy overcome the pressure 81 

barrier imposed by the edifice, vertical propagation in the focal area is possible (Roman and 82 

Jaupart, 2014). Sill emplacement is controlled by the mechanical anisotropy of the country 83 

rock that locally reorganizes the state of stress arresting or deviating the propagating dike 84 

(Valentine and Krogh, 2006; Geshi et al., 2012). Cone-sheets are conical and concentrically 85 

organized intrusions generated at the upper part of the reservoir, and are formed due to 86 

overpressure at the magma reservoir (Anderson, 1936; Mathieu et al., 2015).  In general, dike 87 

emplacement depends on the state of the stress in the crust modified by the physical 88 

discontinuity posed by the presence of a magma reservoir and the volcanic edifice load, where 89 

vertical dikes occur when σ3 is horizontal and their orientations follow either σ1 or σ2 90 

(Valentine and Krogh, 2006).  91 

 92 

Additionally, the chemistry, textures and mineralogy found in the products erupted by the 93 

scoria cones also depends on this underlying geometry as well as processes occurring at the 94 

reservoir and during dike propagation (Strong and Wolff, 2003). If it is establish that dikes are 95 

fed by a common magmatic source, then differences in textures, whole-rock and mineral 96 

compositions, are due to later processes occurring in the sub-volcanic plumbing system (Mollo 97 

et al., 2011). A reflection of the complexity of volcanic plumbing can be assessed by 98 

characteristics such as mafic compositions and ferromagnesian phenocrysts-rich textures 99 

attributed to influx of new magma into the reservoir, or intermediate compositions and 100 

phenocryst-poor magmas attributed to crystallization and fractionation (Johnson et al., 2008; 101 

Almeev et al., 2013).  While crystallization, fractionation and degassing are likely to occur at 102 
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the reservoir, they can also occur at different regions of the plumbing (i.e. the propagating 103 

dike) due to decompression, where magma ascent rate governs how such processes occur 104 

(Cashman and Blundy, 2000; Hammer and Rutherford, 2002).  For example, when magma 105 

rises rapidly at a constant rate, crystal nucleation is the main process. If the rise of magma is 106 

slow at a constant rate, crystal growth dominates. If magma rises rapidly but not at a constant 107 

rate, vesiculation dominates and crystallization might be inhibited (Rutherford, 2008; Mollo 108 

and Hammer, 2017).  109 

 110 

Here we examine that petrological and textural characteristics of scoria cone products 111 

combined with the study of their spatial distribution and morphology, to fully characterize 112 

volcanic plumbing based on these models. We use the highly-active Llaima volcanic system 113 

(Petit-Breuilh, 2006; Bouvet De Maisonneuve et al., 2013; Ruth et al., 2016), as a natural 114 

laboratory to test our assumptions. We show that textural, compositional and mineralogical 115 

differences between the scoria cones at Llaima, reflect not only processes occurring at the 116 

magma reservoir but also during dike emplacement and eruption. We also show that 117 

petrological characteristics reflect the relationship between dike emplacement and the local 118 

and regional state of stresses. 119 

 120 

2. Geological Background 121 

Llaima volcano (38o41’S, 71o43’W; Fig. 1a) is located in the Southern South Volcanic Zone 122 

(SSVZ) of the Andes (Stern et al., 2007), where subduction is characterized by the oblique 123 

convergence (22-30o NE) of the Nazca Plate below the South American Plate (Pardo-Casas 124 

and Molnar, 1987; Cembrano and Lara, 2009). At the SSVZ, the Liquiñe-Ofqui Fault Zone 125 

(LOFZ) accommodates the tectonic deformation caused by oblique convergence (Fig. 1b), 126 

generating transpression and an arc-orthogonal extension setting that seems to be the main 127 
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control for the magma migration in the region (Cembrano et al., 1996). The LOFZ is a 1200 128 

km long strike-slip intra-arc fault. It has been interpreted as a crustal-scale duplex structure 129 

with neotectonic dextral transpressional kinematics, active since the Eocene (48 Ma) and only 130 

interrupted during the Miocene (20 to 26 Ma) by a period of under-thrusting deformation 131 

associated with the orthogonal convergence of the Nazca plate under the South American plate 132 

(Pardo-Casas and Molnar, 1987; Folguera et al., 2002). The fault trace, is clearly recognized  133 

at the east of  Llaima volcano, by the alignment of the Truful-Truful River and the scarp (~200 134 

m height) between the Miocene granodiorites of the Melipeuco Plutonic Group and the Truful-135 

Truful valley and can be followed passing east of Conguillío lake (Lara et al., 2008), towards 136 

the South of the volcanic edifice, the lineament of the Allipén River valley has been mapped 137 

(but not named) as a sinistral strike-slip fault (Melnick et al., 2006; Rosenau et al., 2006).  The 138 

kinematics of the LOFZ result from a combination of dextral strike-slip and shortening across 139 

the arc, where the maximum compressional stress (σ1) is NE while the minimum 140 

compressional stress (σ3) is mostly sub-horizontal and NW (Cembrano and Lara, 2009).   At 141 

the northern end (38-42oS) of the LOFZ, where Llaima is located, the deformation related 142 

structures, are described as arc-oblique and arc-parallel set of coeval synthetic (i.e. "C") and 143 

antithetic (i.e. "S") strike-slip faults, representing a SC-kinematics of deformation (Rosenau et 144 

al., 2006).   145 

 146 

Llaima volcano  is one of the most active volcanoes in Chile, with more than 50 eruptions 147 

since ~1650 CE  (Petit-Breuilh, 2006). The foot print of the volcano covers an area of about 148 

500 km2 and comprises a main composite edifice that has two summits (3179 and 2920 149 

m.a.s.l) and a set of about 44 scoria cones located on the mid-lower flanks.   The predominant 150 

composition of the eruptive products is of a basaltic-andesite, although andesites and dacites 151 

have also been reported (Naranjo and Moreno, 2005; Ruth et al., 2016).  152 
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 153 

Figure 1. (a) Simplified geological Map of Llaima volcano, modified from Ruth (2014). Holocene 154 

lavas (grey scale), lahar deposits (orange) and glacial deposits and ice (dark blue) are shown. Red 155 

circles show the location of scoria cones. Numbers show the location of published C14 ages for the 156 

scoria cone eruptions; 1-3 from Naranjo and Moreno (2005) and 4 from Bouvet de Maisonneuve et al. 157 

(2012). (b) Regional tectonic context. Oblique transpression generated by the oblique subduction of 158 

the Nazca plate under the South American plate, creates local extension in the Liquiñe-Ofqui fault.   159 

 160 

3. Methods 161 

3.1 Individual study of the scoria cones 162 

We studied the scoria cones as individual eruptions rather than as part of stratigraphic units 163 

(Schonwalder-Angel, 2015), as the majority of the cones are spatially disjointed, and the few 164 

14C ages previously published by  Naranjo and Moreno (1991) and Bouvet de Maisonneuve et 165 

al. (2012) are insufficient to temporally constrain the entire eruptive stratigraphy (Fig. 1). Only 166 
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three scoria cone alignments at the NE flank, recognized by field- and remote sensing 167 

evidence, can be categorized as fissures. Regardless a detailed stratigraphy, the lack of erosion 168 

and relationship of the cones with glacial deposits suggests that the studied monogenetic 169 

activity at Llaima occurred between the Holocene and Recent. 170 

 171 

We identified 44 individual scoria cones (Schonwalder-Angel, 2015), most likely 172 

monogenetic, using an ASTER image of the volcano area taken by NASA’s Earth Observing -173 

1 Satellite using the Advance Land Image (ALI) on April 16th, 2009 174 

(https://earthobservatory.nasa.gov/IOTD/view.php?id=38271;  accessed: May 28, 2018).  175 

This image, complement with Google Earth® imagery were user to perform, for each cone, 176 

the measurement of the morphometric parameters proposed by (Tibaldi, 1995). At least one 177 

sample was collected from each of the 24 cones that were accessible to us during our field 178 

campaigns. Where possible, different eruptive products (i.e. scoria, spatter or lava) were 179 

sampled from different stratigraphic positions from individual cones, to identify if substantial 180 

differences exist within the products of a single eruptive event.  Detailed information of the 181 

studied sample collection is reported in Schonwalder-Angel (2015) and the Supplementary 182 

Material 1, Table 1.  183 

 184 

3.2 Textural analysis:  Petrography and Crystal Size Distribution 185 

Ninety samples (Supplementary material 1, Table 2), eight from the main volcanic edifice and 186 

82 from its associated scoria cones, were selected for conventional petrographic descriptions 187 

(Schonwalder-Angel, 2015). Of these, 52 samples (4 from the main edifice) were selected for 188 

measuring the Crystal Size Distributions (CSDs) of the occurring main mineral phases: i.e. 189 

olivine, clinopyroxene, and plagioclase (Supplementary Material 2), using high-resolution 190 

back-scattered electron (BSE) images (~50 images per sample). The minimum magnification 191 
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per image was 300 µm, which allowed a cutoff to measure crystals bigger than 20 µm in 192 

diameter.  The BSE images were collected using a Hitachi S–4000 scanning electron 193 

microscope (SEM) from the Instrumentation Center at the State University of New York at 194 

Buffalo.  The collected images were analyzed using ImageJ 1.45 open source software 195 

(downloaded from: https://imagej.nih.gov/ij/; accessed: May, 2018), in which the best-fit 196 

ellipse tool was used to estimate the long and short axes of the crystal sections. Between 300 197 

and 500 measurements were performed per each phase to have a representative sample of each 198 

CSD. The mean crystal aspect ratios were estimated using the CSD_output.ijm ImageJ plugin. 199 

The data were then exported into CSDCorrections 1.6 freeware, to calculate the CSD of each 200 

mineral phase (Higgins, 2006). Both plugin and freeware were downloaded from 201 

http://www.uqac.ca/mhiggins/csdcorrections.html (accessed: September, 2018). Additional 202 

parameters to calculate the CSD of a crystal population, such as the volumetric phase 203 

abundance and vesicularity of the samples, were determined using built-in features of ImageJ, 204 

while the total slide area was calculated by the addition of the individual areas of the used 205 

BSE images.  All the calculated CSDs, their associated errors and their least square fitted 206 

regressions are reported in the Supplementary material 2. The residence time (τ) of a given 207 

crystal population was calculated using the expression  208 

                                                slope= - (1/Gτ) ,                                          (1) 209 

following Marsh (1988), where “slope” refer to the slope of the CSD and G is the crystal 210 

growth rate, assumed as constant and roughly equal to 10-10 [cm/s] following Cashman (1993).   211 

 212 

3.3 Whole-rock chemistry 213 

Forty-three lava and scoria samples, from the cones, were analyzed using X-Ray fluorescence 214 

spectroscopy (XRF) for major and trace elements while a subset of seventeen representative 215 

lava and scoria samples were analyzed for additional trace elements by inductively coupled 216 
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plasma mass spectrometry (ICP-MS; Supplementary Material 1, Table 3). Calibration 217 

standards used for XRF where RGM-1 and BHVO-1 (Gladney and Roelandts, 1988). For ICP-218 

MS calibration, the standard used was JB-1 (Terashima et al., 1998). Accuracy of the data 219 

obtained is within ±5% on the basis of duplicate analyses for the BHVO-1 and JB-1 standards, 220 

detail for each element is tabulated in the supplementary material. All analyses were 221 

performed at the Department of Geological Sciences at Michigan State University, the 222 

methodology used can be retrieved at https://ees.natsci.msu.edu/about/facilities/ (accessed: 223 

September, 2018). All whole-rock diagrams were generated using Vhub’s online tool PINGU 224 

(Cortés and Palma, 2016). 225 

  226 

3.4. Mineral chemistry  227 

Mineral chemistry was determined on thirty-seven scoria and lava samples, from the scoria 228 

cones, using the electron microprobe (EPMA; Supplemental material 1, Table 4). We used the 229 

Cameca SX100 at the Laboratoire Magmas et Volcans, Clermont-Ferrand, France 230 

(http://start.univ-bpclermont.fr/article7.html; accessed on September 2018) and the JEOL 231 

8900 Superprobe at the Cornell Center for Materials Research, Ithaca, USA 232 

(http://www.ccmr.cornell.edu/instruments/jeol-8900-microprobe/; accessed on September, 233 

2018).  234 

 235 

Working conditions in mineral phases in both instruments were 15 kV accelerating voltage, 15 236 

nA beam current and a focused beam. Working conditions in glasses were obtained using 15 237 

kV accelerating voltage, 4-8 nA beam current and a defocused beam (10-20μm diameter). 238 

Peak counting times per element between 10 and 30s. Na2O was analyzed first to minimize its 239 

mobility. Standards used for the Cameca SX100 where the San Carlos Olivine, Wollastonite, 240 

Forsterite, Fayalite Al2O3, MnTiO3, Cr2O3, Albite, Orthose, Apatite and NiO on blocks 241 
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provided by CAMECA or prepared at Clermont-Ferrand. Standards used for the JEOL 8900 242 

where Olivine, Wollastonite, Albite, Apatite, from the block MINM25-53 manufactured by 243 

Astimex (http://astimex.com; accessed on September 2018). Detection limits for different 244 

elements vary according to the nature of the sample, the element concerned and the counting 245 

time, ranging from 0.2–0.5 wt % of elements. Accuracy is ±1wt% based on counting statistics, 246 

while precision in both instruments is >1 wt% based on 6 repeated analyses of the standards.  247 

Analyses with totals outside the 98-102 wt.% range were discarded for the purposes of this 248 

study. Calculations and plotting of the mineral chemistries were performed using Vhub's 249 

online tools: CFU (Cortés, 2015) and CFU-PINGU (Cortés, 2013).  250 

 251 

3.5 Mass balance considerations and fractionation models. 252 

Potential changes in the whole-rock compositions related to the fractionation of specific 253 

mineral phases were estimated using mass balance considerations, testing the feasibility of 254 

fractionation as the mechanism to explain the chemical variability between samples and 255 

groups. For major elements, the calculation was based on the lever rule, mineral chemistry, 256 

mineral proportions and stoichiometry to estimate the composition of the extract (Wilson, 257 

1989; Cortés, 2009). Trace elements were extracted based in their partition coefficients 258 

(Rollinson, 1993) and the subtracted mineral proportion was estimated assuming Batch and 259 

Rayleigh fractionation models (Supplementary Material 3). 260 

 261 

Calculations of fractionation models based on thermodynamic considerations were performed 262 

with rhyolite-MELTS (Gualda et al., 2012; Ghiorso and Gualda, 2015) using the intrinsic 263 

conditions reported by Ruth et al. (2016) for the Llaima system. 264 

 265 

 266 
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3.6 Scoria cone morphology and spatial distribution  267 

The spatial orientation of individual dikes and the orientation of the principal components of 268 

the stress can be inferred by the morphology characterization of scoria cones following Tibaldi 269 

(1995). He defined nine morphometric parameters for scoria cones, grown in a sub-horizontal 270 

substrate (<9o) that can be used to assess the orientation of magma feeding fractures. Three of 271 

those parameters are related (i.e. parallel) to the orientation of the feeder dike, therefore they 272 

can be used to assess dike orientations in cones grown in steeper substrate (Tibaldi, pers. 273 

comm.): the azimuth of fissures, coeval craters and crater elongation. The direction of cone 274 

breaching can be also linked to the orientation of the feeder dike but only on a sub-horizontal 275 

substrate. We used the ASTER image of the volcano and Google Earth® imagery, to outline 276 

the base and crater(s) of each cone, to determine the direction of the of the parameters 277 

mentioned above and identify which cones were emplaced in a sub-horizontal substrate.  278 

 279 

4. Results  280 

4.1 Two texturally distinct groups of scoria cones products 281 

The main petrographic characteristics recognized in the studied rocks are presented in Figure 282 

2.  Based on these characteristics, we define two distinctive groups of cones whose samples 283 

(i.e. lavas, scorias and spatter) show distinct textural features. The first group is represented by 284 

eight scoria cones, of which we have collected 38 samples. The second group is represented 285 

by 16 scoria cones, with 44 collected samples. These characteristics are tabulated in 286 

Supplementary Material 1, Table 1.  287 

 288 

The rocks from the first group are mainly characterized by the presence of glomerocrysts 289 

(~10%) of plagioclase and olivine, with some of the samples containing minor quantities of 290 

clinopyroxene.  The presence of individual phenocrysts of subhedral to euhedral plagioclase 291 
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(~15%), subhedral to euhedral olivine (~7%) and subhedral clinopyroxene (~5%) is also 292 

characteristic. In all samples from the group, the phenocrysts and glomerocrysts are embedded 293 

in a plagioclase-clinopyroxene microlite-rich groundmass with traces of skeletal Fe-Ti oxide  294 

microlites.  Phenocrysts appear as both, pristine and with disequilibrium textures. Olivine 295 

phenocrysts appear sub-rounded and commonly show embayments, while some clinopyroxene 296 

appear fractured and anhedral. Plagioclase phenocrysts display a wide range of disequilibrium 297 

features. Sieve textures are observed, either in the entire crystal, or constrained to its core 298 

and/or edge. Plagioclase zonation also shows a wide variability, from normal to oscillatory, 299 

the crystals can appear as simple euhedral twining crystals, or as subhedral with convoluted 300 

zonation patterns along the entire crystal or in parts of it.  The disequilibrium textures 301 

recognized do not show any systematics associated with a specific cone or type (i.e. spatter, 302 

scoria and/or lava). Vesicle (~5%) show irregular shapes and variable sizes (10-100 um). 303 

Similar chemical, mineralogical and textural characteristics found in this group of cones can 304 

also be found in products of the main volcanic edifice. For the purposes of this study, we will 305 

refer to this unit as the “glomeroporphyritic group”.  306 

 307 

Samples from the second group are distinctive due to their microcrystalline nature containing 308 

plagioclase and clinopyroxene microlites as the main mineral phases. Fe-Ti oxides occur in 309 

some of the samples, and olivine appears as a minor constituent (~1%). Phenocrysts are nearly 310 

absent (~5%). The microlites of plagioclase and clinopyroxene are subhedral to euhedral, 311 

while the Fe-Ti oxides and olivine microlites are anhedral and can occur as skeletal crystals. 312 

Some samples show sparse and intensely altered phenocrysts of plagioclase, clinopyroxene 313 

and olivine.  Vesicle content is relative higher (~10%), if compared with the 314 

glomeroporphyritic group, and they are characterized by their sub-rounded shape and 315 

relatively homogeneous sizes (~ 30um).  These characteristics are observed in all the studied 316 
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lava and scoria products from the group and not obvious textural differences were observed 317 

between the two sample types.   In this work, we refer to scoria cones whose products display 318 

these textures as the “pilotaxitic group”. 319 

 320 

Figure 2. Photomicrographs and backscattered electron (BSE) images of the main textural 321 

characteristics for the described units. (a and b) Glomeroporphyritic textures observed in 322 

products from the main edifice. Olivine (Ol), clinopyroxene (Cpx) and plagioclase (Plag) 323 

phenocrysts are observed in a groundmass of glass, Plag, Cpx ferromagnesian and opaque 324 

microliths. (c and d) Glomeroporphyritic textures observed in one of the two scoria cone 325 

groups. Ol and Plag phenocrysts in a groundmass of glass, Plag, Cpx, ferromagnesian and 326 

opaque microliths. (e and f) Pilotaxitic textures observed in the other group of scoria cones. 327 

Volcanic glass and mainly Plag-Cpx microliths are identified. Yellow dashed-line areas show 328 

examples of glomerocrysts. LLA-11-23, LL-11-13 and LLA12-15 are the sample names. Scale 329 

bar in red.  The area shown in BSE-images differ from the area shown in the 330 

photomicrographs. 331 

 332 



15 
 

For each sample selected for CSD analysis, the crystal size bins and the crystal population 333 

densities of the three main mineral phases were calculated using CSDCorrections 1.6 334 

(Supplementary Material 2). Those values were used to identify populations of crystals 335 

according to the changes (if any) from log-linear trends from the CSDs.  For example, a 336 

concave-up CSD trend, would represent at least two populations, where the CSD fragment 337 

with a steeper slope represents populations of smaller crystals. We only accepted a crystal 338 

population, if the least-square fitted regression of the CSD fragment (i.e. slope) was between 339 

0.97 and 1. All the CSDs from products of the studied scoria cones, as well as the main 340 

edifice, are summarized in Figure 3.  Samples from historical lava flows, erupted from the 341 

main edifice in 1780 A.D., 1957 A.D. and in 2008 A.D. (Fig. 1), are characterized by kinked 342 

CSD trends of the olivine (max. crystal size: 0.6 mm) and plagioclase (max. crystal size: 0.8 343 

mm) phases, while the clinopyroxene (max. crystal size: 0.15 mm) phase displays curved 344 

concave-up and log-linear CSDs. Similarly, the scoria, spatter and lava samples from the 345 

glomeroporphyritic group exhibit mainly curved and kinked CSD trends. Olivine trends are 346 

concave-up with maximum crystal sizes up to 1.2 mm. Clinopyroxene shows both log-linear 347 

and concave-up CSD with a maximum crystal size around 0.3 mm. Plagioclase shows kinked 348 

and concave-up CSD and maximum crystals sizes up to 1.2 mm. The CSDs of these three 349 

main mineral phases, in the pilotaxitic group, exhibit mainly log-linear trends and relatively 350 

smaller crystals (up to 0.4 mm). 351 

 352 

For each recognized crystal population, a residence time was calculated using equation 1. The 353 

values of the maximum and minimum population densities (i.e. error bars; Supplementary 354 

Material 2) that are provided by CSDCorrections 1.6, were used to find the maximum and 355 

minimum slopes possible for each CSD fragment, and hence to calculate the time range 356 

possible for each crystal population (Supplementary Material 2, tabs 1 and 2). Figure 4 shows 357 
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a compilation of the maximum residence times for the main mineral phases, according to the 358 

textural groups here studied.  The rocks of the glomeroporphyritic group show longer 359 

residence time for the olivine (up to 12±0.6 years) and plagioclase (up to 12±2.4 years) 360 

phases. Conversely, the rocks of the pilotaxitic group show shorter residence time for the same 361 

phases; up to 6±0.2 years for olivine and 4±0.1 years for plagioclase. No clear distinction is 362 

observed in the calculated residence times for the clinopyroxene phase, in both groups the 363 

maximum residence time is up to 2±0.1 years. Along similar considerations, the calculated 364 

residence times do not seem to be controlled by the nature of the volcanic products, as scorias 365 

and lavas in each respective group show similar residence times. 366 

 367 

Figure 3. Crystal Size Distribution (CSD) of main mineral phases. (a,b and c) Olivine CSDs 368 

for products from the main edifice, and the scoria cone groups with glomeroporphyritic and 369 

pilotaxitic textures. (d,e and f) Plagioclase CSDs for the products of the same three groups (g, 370 

h and i) Clinopyroxene CSDs for the products of the same three groups. The left truncation 371 
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(lower size limit) of the CSDs is the smallest size that could be measured. 𝑚̅ Represents the 372 

average of the slope of CSD trends. 373 

 374 

Figure 4. Histogram of maximum residence time (in years), for the main mineral phases in 375 

each studied group. (a) Olivine phase. (b) Plagioclase phase. (c) Clinopyroxene phase. 376 

 377 

4.2 Whole-rock chemical compositions  378 

Whole-rock chemical analyses are reported in Schonwalder-Angel (2015) and summarized in 379 

the Supplementary Material 1, Table 3. In a Total Alkali vs. Silica (TAS; Fig. 5) diagram 380 

(LeMaitre et al., 2002), the studied samples are calc-alkaline basalts and basaltic-andesites, 381 

within the field of the compositions previously reported at Llaima volcano (Naranjo and 382 

Moreno, 1991; Ruth et al., 2016). Clear distinctions between the two textural groups are 383 

observable in major and trace elements whole-rock chemistry (Figs. 6 and 7). Overall, samples 384 

from both groups show positive correlations between SiO2 and TiO2, FeO, Na2O, K2O and 385 

P2O5, and negative correlations between SiO2 and Al2O3, MgO and CaO. However, samples 386 
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from the glomeroporphyritic group have less evolved compositions (51-55 wt% SiO2) than the 387 

pilotaxitic group (55-60 wt% SiO2; Figs. 5 and 6). Relative lower contents of Na2O (2.9-4.0 388 

wt%) and K2O (0.5-0.8 wt.%), with relative higher contents of MgO (4.1-6.1 wt.%), CaO (8-389 

11 wt.%) and Al2O3 (16.5-18.7 wt.%) are also recognized in the glomeroporphyritic group.  390 

Considering some petrogenetic-relevant trace elements, the distinction between both groups is 391 

evident as the glomeroporphyritic group shows higher Ni (up to 55 ppm; Fig. 7a) and Cr (p to 392 

110 ppm; Supplementary Material 1, Table 3) compared with the Pilotaxitic group (Ni up to 393 

45 ppm; Cr up to 80 ppm). In a diagram of Ni/Rb vs. Rb (Fig. 7a) it is clear that samples from 394 

the glomeroporphyritic group contain, in absolute terms, larger amounts of compatible 395 

elements than the Pilotaxitic group. On the other hand, in a diagram of K2O/Rb vs Rb (Fig. 396 

7b), it is clear that the ratio between incompatible elements is in practical terms constant. 397 

 398 

In a REE element diagram (Fig. 7c), similar patterns (relative enrichment of the LREE 399 

compared with the HREE with variable Eu anomaly) are consistent with a common origin 400 

with a variable degree of fractionation. The spider diagram (Fig. 7d) is compatible with this 401 

interpretation. In this diagram, we observe that both groups show decoupling between LIL and 402 

HFS elements, with LIL elements enriched compared to N-MORB. Positive anomalies are 403 

also observed in Ce and Sm, with Ce being the most pronounced. 404 
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 405 

Figure 5. (a) Total Alkali-Silica (TAS) diagram after LeMaitre et al. (2002). Blue circles: 406 

samples from the glomeroporphyritic group, Red triangles: samples from the pilotaxitic 407 

group. Dashed line shows the boundary between alkaline and sub-alkaline series (Irvine and 408 

Baragar, 1971).  409 

 410 

 411 
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Figure 6. Variation diagrams of major-element oxides vs. SiO2 (wt. %) for the different 412 

studied groups. Symbols as in Figure 5. FeO* = 0.8998xFe2O3
* 413 

 414 

Figure 7. (a) Ni/Rb vs Rb (ppm) variation diagram. (b) K2O/Rb  vs. Rb (ppm) variation 415 

diagram. (c) REE diagram normalized to chondrite. (d) Multi-element diagram (spider 416 

diagram) normalized to N-MORB. Abundances normalized to C1 chondrite values and N-417 

MORB values from Sun and McDonough (1989). Symbols as in Figure 5. 418 

 419 

 4.3. Mineral chemistry  420 

Classification diagrams for plagioclase, olivine, and pyroxene phases are shown in Figures 421 

8a,b,c respectively. Mineral chemistry analyses are reported in the Supplementary Material 1, 422 

Table 4 and by Schonwalder-Angel (2015). The most noticeable difference between the two 423 

groups is observed in the plagioclase phase, showing a wider range of compositions (An50-90) 424 

in the glomeroporphyric group than in the pilotaxitic group (An55-70).  Plagioclase analyses 425 

from the main edifice show a similar compositional spread than those in the 426 
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glomeroporphyritic group. Olivine in the glomeroporphyritic group show a wider range of 427 

compositions (Fo50-80) than in the pilotaxitic group (Fo60-65) and the main edifice (Fo70-80); and 428 

both, the glomeroporphyritic and main edifice olivine compositions are richer in Mg if 429 

compared with the olivine from the pilotaxitic group. Augite (Mg# 55-94 in the 430 

glomeroporphyritic group and Mg# 63-83 in the pilotaxitic group) is the main pyroxene phase 431 

occurring in all the studied samples, although pigeonite and enstatite-pigeonite are also 432 

recognized as a minor component in the groundmass of all the groups. 433 

     434 

Figure 8. (a) Plagioclase classification diagram in terms of the end-members Anorthite (An), 435 

Albite (Ab) and Orthoclase (Or) for phenocrysts and groundmass in the two groups and in the 436 

main edifice products. Plagioclase diagram after (Deer et al., 1992). (b) Compositions of 437 

olivine in terms of end-members Forsterite and Fayalite (c) Pyroxene quadrilateral 438 
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classification diagram in terms of the end members: Diopside-Hedenbergite, Enstatite-439 

Ferrosilite (Morimoto, 1989). Black squares: Glomeroporphyritic samples from the main 440 

edifice. Blue circles: samples from the glomeroporphyritic group. Red triangles: samples from 441 

the pilotaxitic group. 442 

 443 

4.4 Mass balance constrains and Fractional Crystallization models 444 

In the following, we will first show that pilotaxitic products can be easily derived from the 445 

whole-rock glomeroporphyritic products by the direct removal of the main occurring mineral 446 

phases. As already shown, products from the pilotaxitic group are consistently more evolved 447 

(SiO2 ~ 53-57 wt %) that those from the glomeroporphyritic group (SiO2 ~ 51-53 wt %). In the 448 

variation diagrams (Fig. 6), linear trends between SiO2 and MgO, Al2O3, CaO, Na2O and K2O 449 

could represent a mixing trend between two compositional end-members or a process of 450 

mineral fractionation, starting from the most primitive composition in the diagram. A 451 

preliminary basic exploration of the data was performed following Pearce’s elemental ratio 452 

approach (Pearce, 1968; Nicholls, 1988; Nicholls and Russell, 1990). The data trend (Fig. 9) is 453 

strongly consistent with fractionation of plagioclase + olivine with minor fractionation of 454 

clinopyroxene, in agreement with the average petrography of both groups (i.e. glomerocryts of 455 

mainly plagioclase and olivine in the glomeroporphyritic group and lack of these in the 456 

pilotaxitic group).  457 

 458 

Using olivine Fo60, plagioclase Ab80 and clinopyroxene Mg# = 75 compositions, extracted in 459 

the proportion 60% plagioclase + 20% olivine + 20% clinopyroxene from the melt, 460 

satisfactory fractionation trends for Al2O3, CaO and Na2O can be reproduced (Figs. 10b,c,e). 461 

Elements like MgO and TiO2 (Figs. 10a and 10d) depart from the trend at around 55% of 462 

SiO2, suggesting the additional removal of titanomagnetite at more evolved compositions. In 463 
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an analogue way, P2O5 (Fig.  10f) does not follow a fully incompatible trend implying that 464 

apatite is in the fractionated assemblage. 465 

These constrains are also consistent with mass balance in the REE whole-rock chemistry, in 466 

which pilotaxitic trends (Fig. 7c) are consistently displaced upwards with a well-defined Eu 467 

anomaly when compared with samples from the glomerophorphyritic group. A simple batch 468 

fractionation approach, using Rollinson (1993) compilation of partition coefficients, shows 469 

that this can be well achieved by fractionating 70% of plagioclase, 20% of olivine and 10% of 470 

clinopyroxene starting from a glomeroporphyritic sample (sample LLA-12-25, Fig. 12; 471 

Supplemental material 3). A Rayleigh fractionation mechanism, while accurate at modeling 472 

the LREE elements, produces a more depleted pattern for the HREE elements (Supplemental 473 

material 3). This result shows that pilotaxitic REE compositions could be derived from 474 

glomerophorphyritic composition by one, single batch removal event. 475 

 476 
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Figure 9. Pearce Elemental Ratio diagram constructed to follow the fractionation of olivine, 477 

plagioclase and clinopyroxene according to Nicholls and Russell (1990),  i.e. fractionation of 478 

these phases should follow a straight line with slope 1. Blue circles, Glomeroporphyritic 479 

Samples, Red Triangles, Pilotaxitic samples. Black solid line is the 1:1 line. 480 

 481 

 482 

Figure 10. Variation diagrams of MgO (a), Al2O3 (b), CaO (c), TiO2 (d), Na2O (e) and P2O5 483 

(f) versus SiO2. Blue circles: Glomeroporphyritic samples, red triangles: Pilotaxitic samples. 484 

The grey line is the compositional change occurring by subtracting in decrements of 5% 485 

olivine, plagioclase and clinopyroxene in the proportion and compositions given in the text 486 

(Black triangle is the composition of the overall extract) to sample LLA-12-52B. See text for 487 

more details. 488 

 489 
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 490 

Figure 11. REE diagram for sample LLA-12-25 (blue circles and line; glomeroporphyritic 491 

group) and sample LLA-12-39 (red stars and lines; pilotaxitic group). Model (green triangles 492 

and lines) was obtained with a batch fractionation process, starting from sample LLA-12-25, 493 

with F (weight fraction) = 0.7 and fractionation of 70% plag, 20% ol and 10% of cpx. 494 

Samples normalized according C1 chondrite of Sun and McDonough (1989). See 495 

supplementary material 3 for details. 496 

 497 

4.4.1 MELTS calculations 498 

To assess the thermodynamical feasibility of a fractional crystallization process based on the 499 

mass balance considerations described in the previous section, we used the widely accepted 500 

rhyolite-MELTS model (Gualda et al., 2012; Ghiorso and Gualda, 2015). We performed the 501 

calculations using again, as starting composition sample LLA-12-52B, assuming an oxygen 502 

fugacity equivalent to Nickel-Nickel Oxide buffer, typical of arc volcanoes (Toplis and 503 

Carroll, 1995). We also considered pressures at 50, 100 and 342 MPa and temperatures 504 

between 1094-1233oC (calculated from Olivine-melt equilibrium) and 1109-1167oC 505 

(calculated from Plagioclase-melt equilibrium), following the work of Ruth et al. (2016) at 506 

Llaima volcano. 507 
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Figure 12 shows on selected variation diagrams, five isobaric liquid line of descent 508 

calculations, performed at 10, 50 100, 200 and 340 MPa. Initial temperature was set at 1150oC 509 

and the option of fractionating the crystallizing solids was turned on. Glomeroporphyritic and 510 

Pilotaxitic analyses shown in Figure 6 have also been plotted in the diagrams. Consistent with 511 

the mass balance constrains, there is a fair agreement between the low-pressure calculations 512 

and the samples from both groups, except for P2O5, which rhyolite-MELTS 513 

models as an incompatible element (Fig. 12f). 514 

 515 

 516 

Figure 12. Variation diagrams of MgO (a), Al2O3 (b), CaO (c), TiO2 (d), Na2O (e) and P2O5 517 

(f) versus SiO2. Blue circles: glomerocrystic samples, red triangles: pilotaxitic samples. Grey 518 

lines are the calculated fractionation paths at different pressures (see key) using the rhyolite-519 

MELTS model (Gualda et al., 2012; Ghiorso and Gualda, 2015). See text for details on the 520 

intrinsic parameters used as initial conditions in the calculations. 521 

 522 

4.5 Scoria cones morphology and their spatial distribution in a tectonic context. 523 

Figure 13a shows the location of the glomeroporphyritic and pilotaxitic scoria cones and the 524 

location and type of samples collected. Figure 13b shows the morphology parameters of the 525 

cones, and the main tectonic features around Llaima.  Regardless the group, all the scoria 526 
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cones are in the NE, NW and SW flanks of the main edifice. At the SE flank, no scoria cones 527 

were recognized, just a few lava-feeding vents.  Some cones at the SW flank were assumed to 528 

be part of the pilotaxitic group, due to the characteristics of the lava samples collected in the 529 

lower flanks, even if the source cones were not sampled. A few cones in the NW and SW 530 

flanks were not categorized as part of any of the groups, due to lack of stratigraphic context. 531 

Cones that are in the glomeroporphyritic group are mainly located in the NE flank, including 532 

three fissures. One cone from this group was recognized at the SW flank. Cones in the 533 

pilotaxitic group were recognized in the NE, NW and SW flanks.   534 

The morphology parameters measured (Fig. 13 b,c) are tabulated in the Supplementary 535 

Material 1, Table 5.  We were able to measure two key parameters, the orientation of fissures 536 

(azimuth 60o-75o NE) and elongated craters (azimuth 5o-70o NE) in cones from the 537 

glomeroporphyritic group.  The azimuth of cone breaching, for cones of both groups, shows a 538 

wider range of orientation towards the NE and NW, probably as a result of cones being 539 

emplaced on a substrate inclination equal or larger than 9o. Conversely, no fissures were 540 

recognized in the pilotaxitic group, just one elongated crater with an azimuth of about 315o 541 

NW.  We can infer that the main orientations for the glomeroporphyritic feeding dikes are 542 

towards the NE, parallel to the regional σ1. For the pilotaxitic feeder dikes, a clear orientation 543 

of the dikes cannot be assumed, due to the lack of fissures and statistically significant 544 

measurements of crater elongation. Nevertheless, their spatial distribution on the NE, NW and 545 

SW flanks, suggest a radial-to-the-edifice pattern. The SE flank, where the cones are absent, is 546 

the closest area to the intersection between the two main faults in the area.  547 
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 548 

Figure 13. (a) Spatial distribution of scoria cones according to group classification. Solid 549 

blue lines outline the base and crater(s) of cones from the glomeroporphyritic group. Dashed 550 

blue lines represent cones that we infer as part of this group. Red solid lines outline the base 551 

and crater(s) of cones from the pilotaxitic group. Dashed red lines represent cones that we 552 

infer as part of this group. The main structures in the area are also shown. Inset shows the 553 

orientation of the regional stress.  Llaima image taken by NASA’s Earth Observing -1 Satellite 554 

(ALI) on April 16, 2009.  (https://earthobservatory.nasa.gov/IOTD/view.php?id=38271). (b) 555 

Schematic diagram showing the morphology parameters of scoria cones measured that are 556 

linked to the orientation of the magma feeding dikes. Modified from Tibaldi (1995).  (c) Rose 557 

diagram showing the azimuth distributions for the morphology parameters measured for each 558 

cone. 559 

 560 

5. Discussion  561 
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Beginning with the recognition of a common source for all Llaima magmas (e.g. Figs. 7c,d), 562 

likely the depleted mantle in the subduction wedge (Tormey et al., 1991; Hickey-Vargas et al., 563 

2016), any chemical, textural and mineralogical variation between the different volcanic 564 

products is a later consequence of processes occurring within the volcanic plumbing system. 565 

In the following, we evaluate these variations in detail, particularly assessing them in the 566 

context of the structural controls dictating the geometry of the plumbing system. 567 

As we have clearly shown in our results, based on chemical, textural and mineralogical 568 

differences, there are two distinctive groups of satellite cones, occurring around the volcanic 569 

edifice at Llaima. We have named them “glomeroporphyritic” and “pilotaxitic” groups based 570 

primarily in the textures and mineralogy observed in their products. Because of the resolution 571 

of our data, it is not possible to generate a detailed stratigraphy of the eruptive sequence of the 572 

cones and their relationship with the central edifice lavas, with aims to identify any variation 573 

that might be temporally-controlled. It is however reasonable to assume that these variations 574 

are not an evolutionary trend in the system (i.e. different products erupting at different times), 575 

because all the studied monogenetic activity is only restricted to the Holocene/Recent activity 576 

(Naranjo and Moreno, 2005; Bouvet de Maisonneuve et al., 2012). The fact that volcanic 577 

products sourced from the main edifice are only similar to the glomeroporphyritic cones, and 578 

that the variations are clearly spatially-controlled, also support this assumption. 579 

 580 

Although, it is unlikely than an evolutionary trend explains the described variations, our 581 

results clearly show that the feeder magmas for the pilotaxitic cones can be directly derived 582 

from the glomeroporphyritic-sourcing melt by fractional crystallization of olivine, plagioclase 583 

and minor amounts of clinopyroxene.  Lines of evidence for this are chemical, textural and 584 

mineralogical.   585 

 586 
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Compositions of the glomeroporphyritic cones are more primitive than the compositions of the 587 

pilotaxitic cones, having higher contests of MgO, Ni and Cr than those (Figs. 6 and 7), 588 

reflecting the mafic character of the source   (Cortés et al., 2005; Schmidt and Grunder, 2011). 589 

The variation between both types of cones is strongly consistent with mineral fractionation as 590 

shown in the trend generated in a PER diagram designed to follow specifically the 591 

fractionation of olivine, plagioclase and clinopyroxene (Fig. 9), and any mass balance 592 

considerations between samples from both groups (Figs. 10a-f). In close agreement with these 593 

variations in whole-rock chemistry of major elements, fractionation of olivine, plagioclase and 594 

minor amounts of pyroxene could also produce the variations observed in trace and REE 595 

elements (e.g. Figs. 7c,d) and the overall variation of compatible elements (e.g. Ni; Fig. 7a) by 596 

a batch-fractionation process. Fractionation is also consistent with the paucity of changes in 597 

incompatible element ratios comparing samples from both groups (e.g. Fig. 7b).  598 

 599 

In terms of textural variations, troctolitic glomerocrysts are a clear evidence of early 600 

crystallization from a primitive magma, while pilotaxitic textures can be interpreted as 601 

consequence of removal of phenocrysts and glomerocyrsts in a single fractionating event 602 

followed by groundmass crystallization prior to eruption. From a textural point of view, this 603 

can also be inferred due to their rare occurrence in pilotaxitic products (<2%; Fig. 2).  We 604 

interpret the presence of glomerocrysts (Fig. 2) the remnants, of both, the cumulate layers 605 

disrupted by the influx of new magma into the reservoir and from the recharge itself (Browne 606 

et al., 2006; Jeffery et al., 2013). When magma recharge occurs, multiple crystal populations 607 

are combined and some of them develop textural discontinuities such as zonation patterns 608 

and/or resorption features (Streck, 2008; Sparks and Cashman, 2017).  Multiple crystal 609 

populations (e.g. curved-kinked CSDs; Fig. 3) with variable residence times (Fig. 4) are 610 
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consistently recognized in the glomeroporphyritic rocks. Plagioclase and olivine crystals 611 

appear zoned and with sieve and embayment textures (Fig. 2).   612 

 613 

Groundmasses in samples from both groups show distinctive plagioclase-clinopyroxene 614 

microlite-rich textures, unimodal crystal populations (i.e. log-linear CSD trends in the 615 

pilotaxitic samples and in the small crystal sizes in the glomeroporphyritic samples; Fig. 3) 616 

and relative shorter residence times (Fig. 4).  Groundmasses in both cases can be interpreted as 617 

the result of magmatic decompression and volatile exsolution processes prior eruption, as the 618 

observed crystal sizes and lack of disequilibrium features imply high undercooling of the 619 

system with episodes of crystal growth at equilibrium with a degassing melt (Marsh, 1988; 620 

Szramek et al., 2006). 621 

 622 

Closely related with the textural patterns and the distribution of crystal populations are the 623 

compositional range observed in the mineral chemistry. The narrower range of compositions 624 

in olivine and plagioclase in the pilotaxitic group (Fo60-65; An55-70) can be considered an 625 

evolved subset of the wider range of compositions observed in the glomeroporphyritic group 626 

(Fo50-80; An50-90). This is not observed in the clinopyroxene phase, in which the range of 627 

Augite compositions in terms of Mg# is similar in both groups, consistent with a minor role of 628 

this phase in the fractionating event, likely related with a later crystallization of this phase. 629 

 630 

We have also observed that products from the glomeroporphyritic group are textural, 631 

compositionally and chemically identical than the studied products erupted from the main 632 

volcanic edifice, suggesting than the conditions and processes of the main Llaima system are 633 

the same conditions and processes controlling the mineralogy and chemistry of the dikes 634 

sourcing these cones. Indeed,  Ruth et al. (2016)  and Bouvet de Maisonneuve et al. (2012), 635 
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pointed out that this volcanic system is constantly fed by a basaltic recharge.  Using the most 636 

primitive sample from the glomeroporphyritic group and the intrinsic values reported by Ruth 637 

et al. (2016) as input values, rhyolite-MELTS (Gualda et al., 2012; Ghiorso and Gualda, 2015)  638 

reproduces the trend between the two groups at relatively shallow conditions (i.e. pressures of 639 

100 MPa or less) and temperatures in the range of 1150-1100, implying that the fractionation 640 

process that generates the pilotaxitic melts must have occurred within the volcanic 641 

edifice/plumbing system. Although not much work has been done on the thermodynamic 642 

properties of apatite (Biggar, 1966; Green and Watson, 1982), the discordant behavior of P2O5 643 

between model and data can be attributed to the actual water mobility in the system (Green 644 

and Watson, 1982), suggesting that the volatile phase is a relevant variable in the fractionation 645 

process. Changes in the conditions of the volatile phase, could be also the main trigger of 646 

apatite crystallization in some of these melts (Green and Watson, 1982). 647 

In summary, all the described characteristics and variations, seem to be easily explained by 648 

magma recharge and mixing producing a hypothetical common source (i.e. 649 

glomeroporphyritic group), which in some cases follows a further, simple, single (batch) event 650 

of fractionation (i.e. pilotaxitic group), and that this process occurs at shallow levels. It follows 651 

that the conditions in the plumbing system are then the key controlling factor for a 652 

fractionation process (Roman and Jaupart, 2014). We now explore in detail these conditions. 653 

 654 

Large edifices (~2500 m) induce stresses in its substrate that can exceed the critical reservoir 655 

overpressure. This influence decreases horizontally and in depth over distances twice the 656 

edifice radius (~5-15Km). As a result, in the focal area, vertical propagation of magma is 657 

hindered allowing differentiation (Roman and Jaupart, 2014).  Based in all the constrains 658 

previously described, the dimension of Llaima’s volcanic edifice and the control exerted by 659 

the regional tectonics, we proposed that both groups of scoria cones are fed by dikes that 660 
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initiate at the same source and that propagate radial to the volcanic edifice, however 661 

glomeroporphyritic dikes, aided by an extensional tectonic control, propagate unimpeded to 662 

the surface (Cembrano and Lara, 2009). Consequently, glomeroporphyritic products reflect 663 

more primitive magmas compared with the fractionated products from the pilotaxitic group. 664 

The lack of scoria cones at the SE, on the other hand, represent crustal compressional stresses 665 

that obstruct dike emplacement.  666 

 667 

From a regional perspective, is well known that the regional tectonics of the SSVZ where 668 

Llaima is located, is characterized by a maximum compressional stress (σ1) trending NE while 669 

the minimum compressional stress (σ3) is mostly sub-horizontal and NW (Nakamura, 1977; 670 

Cembrano and Lara, 2009). The crustal tectonic deformation is further affected by the SC- 671 

kinematics of deformation at the northern part of the LOFZ (Rosenau et al., 2006).   672 

Figure 14a shows the overall inferred orientation for the feeder dikes, based in the 673 

morphometric parameters (Fig. 13) of the pilotaxitic and glomeroporphyritic scoria cones, as 674 

well as the orientation of the regional stress. Figure 14b and 14c show the SC-kinematics 675 

crustal deformation model proposed by Rosenau et al. (2006) and our proposed location of the 676 

Llaima edifice with respect to their model.  The main faults identified around Llaima, 677 

remarkably agree with the location of the faults within the  SC- kinematic model of 678 

deformation, where the synthetic (i.e. C) fault is represented by to main trace of the Liquiñe-679 

Ofqui fault, and the Allipén River lineament represents the antithetic (i.e. S) fault. In this 680 

model, Llaima is located in one of the extension quadrants of the theoretical ellipse of 681 

deformation (Fig. 14c).  682 

 683 

The spatial distribution of the cones and the inferred orientation of their feeder dikes, suggest 684 

that all the dikes are emplaced in a radial-to-the-edifice pattern, in agreement with the 685 
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expected trajectories of dikes influenced by the load of a volcanic edifice (Roman and Jaupart, 686 

2014). However, the glomeroporphyritic feeder dikes are exclusively oriented towards the NE, 687 

parallel to the regional 1, and normal to the axes of extension according to model of  Rosenau 688 

et al. (2006). At the SE flank, the lack of scoria cones, coincides with an area of crustal folding 689 

generated by the interaction between the dextral and sinistral faults (Rosenau et al., 2006).  690 

Hence, our proposed model, where an interplay of local crustal stresses imposed by the 691 

volcanic edifice and the regional tectonics define the emplacement of dikes that initiated in the 692 

same source, is supported. Glomeroporphyritic dikes emplacement is then facilitated by local 693 

extensional deformation, which allows more magma flux (van Wyk de Vries and Merle, 694 

1998), whereas, the radial emplacement of the of the pilotaxitic dike, is controlled by the 695 

edifice loading, that enables mineral fractionation and volatile build up (Cashman, 2004; 696 

Roman and Jaupart, 2014).  Likewise, we infer that at the SE flank, an horizontal compressive 697 

stress generating by the crustal folding, prevents vertical propagation of dikes (Menand et al., 698 

2010) and thus no scoria cones are emplaced. 699 

 700 
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 701 

Figure 14. (a) Idealized diagram of dikes emplacement. Orientation of glomeroporphyritic 702 

dikes coincides with the regional σ1 and pilotaxitic dikes propagate radial to the main edifice. 703 

Inset shows the orientation of the regional stress.  (b) Model of crustal deformation at the 704 

northern end of the LOFZ according to Rosenau et al. (2006). Yellow dot shows our proposed 705 

spatial location of Llaima in the context of the model. (c) Theoretical ellipse of deformation 706 

for a SC-kinematics, modified from Rosenau et al. (2006). Gray area shows the location where 707 

we propose the Llaima system is located. Pink dot shows the location of the intersection 708 

between the Dextral strike-slip and Sinistral strike-slip faults, in both (a) and (c).  709 

 710 

We assume that all dikes studied here, simply represent radial-to-the edifice trajectories, as 711 

evidences of cone-sheets and/or circumferential like intrusions were not recognized by us or 712 

had been reported elsewhere, to the best of our knowledge. Cone-sheets are associated to the 713 

overpressure of the reservoir and propagate in the 1-2 plane of the stress field caused by it 714 



36 
 

(Anderson, 1936; Mathieu et al., 2015).  They occur  above the shallow reservoir and are 715 

easily recognizable in eroded volcanic edifices (Burchardt et al., 2011). However, Llaima is a 716 

persistently degassing volcano, which implies the constant reduction, by several MPa, of the 717 

reservoir pressure (Girona et al., 2014), thus decreasing the possibilities of cone-sheet 718 

emplacement.  Ring-dike like intrusions are usually associated to the deviation of the stresses 719 

due to high mass removal, either by deglaciation, caldera formations and/or large lateral 720 

collapses (Corbi et al., 2015; Maccaferri et al., 2017). However, neither lateral collapses nor 721 

major deglaciation have occurred from the Holocene-to recent at Llaima (Naranjo and 722 

Moreno, 1991). Thus, a considerable deviation of the stresses has not taken place and thus our 723 

proposed model for dike emplacement suitably describes the observed spatial distributions of 724 

the cones.   725 

 726 

Further uncertainty arises due to the model of crustal deformation, as several different 727 

kinematic models (e.g. discontinues, continuous and quasi-continuous) have been proposed to 728 

explain to transcurrent deformation of strike-slip faults (Hernández-Moreno et al., 2014). At 729 

the LOFZ such models have been proposed by the study of rotation of crustal blocks of 730 

different sizes and shapes along the entire fault. However, paleo-magnetic results have 731 

demonstrated that the rotation pattern of blocks is not symmetrical along the LOFZ and thus 732 

any of the proposed models cannot account for the deformation along the entire fault zone 733 

(Hernández-Moreno et al., 2014). Therefore, the SC kinematics model proposed by Rosenau et 734 

al. (2006), which only considers the current deformation in the northern end of the LOFZ, can 735 

be considered adequate to explain the local-scale deformation in the area where Llaima 736 

volcano is located. 737 

 738 
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Our results highlight the importance of the study of scoria cone compositional and textural 739 

variations in a local and regional tectonic context. We show how it is a powerful tool to assess 740 

and constrain complex volcanic plumbing, as significant petrological variations of scoria cone 741 

eruptions are linked to magmatic processes operating at depth and during dike emplacement. 742 

The latter controlled by the crustal stress and deformation.   We believe that the approach 743 

presented here can be used in other systems associated with major tectonic features, where the 744 

study of petrologic characteristics of eruptive products can help in the understanding of how 745 

local tectonics interacts with the plumbing of volcanic systems.  746 

 747 

6. Conclusions 748 

The results of this work can then be summarized as follows: 749 

 The petrological characteristics of the scoria cones at Llaima reflect two distinct 750 

groups that share a common source: the glomeroporphyritic and the pilotaxitic groups.  751 

 Eruptive products from the glomeroporphyritic group are interpreted as result of 752 

magma recharge, followed by unimpeded dike intrusion and eruption. The propagation 753 

of the feeder dikes for this group is controlled by local extensional deformation of the 754 

crust, product of the regional tectonics.  755 

 Eruptive products from the pilotaxitic group share a common origin with magmas from 756 

the glomeroporphyritic group, however compressional stress imposed by the load of 757 

the volcanic edifice, halts magma intrusion allowing mineral fractionation and volatile-758 

pressure build up. The tensile stress exerted by the edifice controls the emplacement of 759 

the dikes, as they propagate in a radial pattern away from the volcano footprint. The 760 

single crystal populations recognize in this group are interpreted as a groundmass 761 

crystallization event during eruption, triggered by volatile decompression. 762 
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 The lack of scoria cones on the SE flank of Llaima, appears to be controlled by local-763 

scale crustal deformation. This area coincides with an area folding and crustal 764 

horizontal compression, generated by the interaction between the synthetic Liquiñe-765 

Ofqui fault, and its antithetic sinistral fault located south of the volcanic system. 766 
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