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Abstract 25 

 26 

 El Barronal complex consists of a succession of andesite lavas and andesite 27 

volcaniclastic facies interbedded with carbonate and siliciclastic sedimentary rocks. 28 

Carbonate and siliciclastic rocks were deposited in a shallow-marine environment 29 

during periods of volcanic quiescence. Lavas consist of an inner coherent core grading 30 

outward into hyaloclastite breccia made of dense clasts that in turn grade into 31 

hyaloclastite breccia made of vesicular clasts, in massive to layered zones. 32 

Volcaniclastic facies contain clasts produced during explosive eruptions and reworked 33 

clasts from sources above wave base. Volcaniclastic facies were deposited form cold 34 

granular flows with different grain size populations. Stratigraphy and facies architecture 35 

at El Barronal suggests that a succession of several discrete eruptive events occurred 36 

with a similar cyclic pattern made of an initial explosive phase followed by effusive 37 

emplacement of lavas, in turn followed by a period of quiescence of volcanic activity. 38 

Hyaloclastic fragmentation of magma took place in the final stages of lava 39 

emplacement, allowing only for local disorganization of the jigsaw-fit texture. 40 

 41 

1. Introduction 42 

 43 

 The processes and products of subaqueous volcanism have been primarily 44 

studied in ancient volcanic successions (e.g. De Rosen-Spence et al. 1980; Yamagishi 45 

and Dimroth 1985; Cas et al. 1990; Kurokawa 1991; Goto and McPhie 1998; De Rita et 46 

al. 2001; Stewart and McPhie 2003; Nemeth et al. 2008), because of limited access to 47 

modern submarine volcanoes. The internal facies architecture of deposits erupted and 48 

emplaced in subaqueous conditions reflects the emplacement mechanisms and 49 



environmental conditions of submarine volcanism (i.e. water depth, effusion rate, 50 

magma volatile content, gas exsolution, magma composition; see Head and Wilson, 51 

2003 and references therein). 52 

Existing literature on subaqueous lavas deals mainly with two end-members: 53 

basaltic pillow lavas and felsic dome complexes. Subaqueous andesitic lavas typical 54 

may share characteristics of both pillow lavas and felsic domes (e.g. Bear and Cas 55 

2007). Only a limited number of examples of andesitic lavas in subaqueous settings are 56 

known. They show that understanding their geometry and dimensions requires large and 57 

continuous exposures. 58 

 Here we present a reconstruction of the internal facies architecture of the 59 

Miocene andesitic El Barronal subaqueous volcanic complex (Cabo de Gata, SE Spain), 60 

where excellent and continuous exposures of a succession of thick lava units shed light 61 

on the emplacement mechanisms of viscous lava in a subaqueous environment. The 62 

internal architecture of the El Barronal volcanic complex is compared with other 63 

subaqueous lavas and domes in the literature. The general implications of the 64 

emplacement mechanism of lavas and the eruptive style of the El Barronal volcanic 65 

complex are discussed. 66 

 67 

2. Geological setting 68 

 69 

The Cabo de Gata volcanic zone is part of the Almeria-Níjar basin (Fig. 1), 70 

which is one of the intra-montane volcano-sedimentary basins forming the Alborán 71 

Domain, within the internal part of the Betic-Rif orogen (Montenat and Ott d’Estevou 72 

1990; Sáenz de Galdeano and Vera 1992). The Cabo de Gata volcanic zone is a low-73 

relief area with maximum altitudes of about 500 m asl (above sea level) that extends in 74 



a SW-NE direction from Cabo de Gata in the south to the north of Carboneras village 75 

(Fig. 1). The Cabo de Gata zone is bounded to the NW by the Carboneras Fault, a 76 

sinistral strike-slip structure that has been active from late Oligocene time to the present 77 

day (Scotney et al. 2000; Reicherter and Hübscher 2007). Outcrop stops to the SE at the 78 

coastline (Fig. 1). 79 

The Cabo de Gata zone comprises interbedded volcanic and sedimentary rocks 80 

of Neogene age (Fernández Soler 1987; Serrano 1992; Martín et al. 1996; Montgomery 81 

et al. 2001). Sedimentary rocks are dominantly temperate-climate carbonate deposits, 82 

including also siliciclastic deposits (Martín 1996). Facies models and paleogeographic 83 

reconstructions of the fossiliferous carbonate rocks indicate a shallow-water submarine 84 

environment, above and below wave base (Serrano 1992; Martín et al. 1996, 2009; 85 

Johnson et al. 2005). Volcanic rocks are calc-alkaline, ranging in composition from 86 

basaltic andesite to rhyolite and volcanic facies have been interpreted to indicate 87 

submarine to emergent volcanic eruptions (Fernández Soler 1987, 2001; Di Battistini et 88 

al. 1987). Basement to the Neogene succession consists of Paleozoic and Triassic 89 

metamorphic rocks of the Alpujárride and Nevado-Filábride Complexes, and is exposed 90 

adjacent to the Cabo de Gata volcanic zone and along the Caboneras Fault zone (Fig. 1). 91 

The Neogene succession has not been metamorphosed and does not show internal 92 

deformation except in areas close to the Carboneras fault (Pedrera et al. 2006). The 93 

Neogene succession is affected by low-amplitude open folds with km-scale wavelengths 94 

and by subvertical normal faults (Arribas et al., 1995; Brachert et al. 2001; Pedrera et 95 

al., 2006). Eruptions were effusive and explosive, producing a wide variety of coherent 96 

and volcaniclastic facies. The original morphologies of volcanic edifices are poorly 97 

preserved due to erosion, although good sections of deposits occur in coastal cliffs and 98 

along incised valleys. 99 



 100 

3. Volcanic stratigraphy of El Barronal area 101 

 102 

 The El Barronal area extends from Playa del Mónsul to Playa de Los Genoveses 103 

localities and is dominated by Cerro del Barronal, which faces south along the 104 

Mediterranean Sea yielding excellent exposures in coastal cliffs (Fig. 2). The area 105 

comprises three formations that are formally defined based on lithology, composition, 106 

and stratigraphic position. 107 

 108 

3.1. Cerro Cañadillas Formation 109 

 110 

 The Cerro Cañadillas Formation crops out in the western part of El Barronal 111 

area, extending farther to the west of the Cabo de Gata volcanic zone (Fig. 2). It is the 112 

oldest unit (<12.6 Ma) in the area and comprises a succession of tabular lavas dipping to 113 

the E and NE. Bedded fiamme breccia occurs overlying some lava (Fig. 3). The 114 

minimum thickness of the Cerro Cañadillas Formation is 200 m. Lavas and fiamme 115 

breccia are dacitic in composition and have phenocrysts of feldspar, amphibole, biotite 116 

and quartz. Subvertical dikes up to 25 m wide and striking NNW-SSE intrude this unit 117 

and have the same phenocryst assemblage as the lavas. A fining-upward sedimentary 118 

sequence including massive conglomerate, parallel-bedded sandstone with shell 119 

fragments and ooids, and graded sandstone beds with swaley cross-stratification, 120 

overlies the Cerro Cañadillas pseudo-fiamme breccia at Playa del Monsul. This 121 

succession is in discordant contact with the overlying El Barronal Formation (Fig. 3). 122 

 123 

3.2. El Barronal Formation 124 



 125 

El Barronal rocks were characterized as pyroxene andesite lavas and dikes in 126 

early studies undertaken in the Cabo de Gata volcanic zone (Páez Carrión and Sánchez 127 

Soria 1965). Later on they were characterized as subaqueous lavas comprising coherent 128 

and hyaloclastite facies (Fernández Soler 1992; Fernández-Soler 2001). 129 

El Barronal Formation consists of a succession of andesite lavas interbedded 130 

with andesite volcaniclastic deposits and carbonate and siliciclastic rocks. It extends 131 

from Playa del Mónsul to Morrón de Los Genoveses along the shoreline and farther 132 

inland to the NNW (Fig. 2). Volcaniclastic deposits are thin (< 20 m), whereas lavas 133 

form tabular bodies up to 60 m thick that are subhorizontal or dip shallowly to the east 134 

(Fig. 4). Lavas have a uniform andesitic composition with low alkali contents (<3 wt. % 135 

Na2O+K2O) and about 61 wt. % SiO2 (Di Battistini et al. 1987). The upper boundary of 136 

El Barronal Formation is not exposed and the maximum exposed thickness is 150 m. 137 

We have performed 
40

Ar/
39

Ar dating in two distinct lavas at the Morrón de Los 138 

Genoveses locality (Fig. 2). The results of the isotopic dating are summarized in Table 139 

1, and the stratigraphic positions of the dated lavas are shown in Figure 3. The isotopic 140 

age is 12.67+/-0.05 Ma for the lower lavas and 12.19+/-0.08 Ma for the upper lavas. 141 

Lavas and volcaniclastic deposits of El Barronal Formation are intruded by 142 

subvertical dikes up to 50 m wide (Fig. 4) that strike NNW-SSE. Dikes are andesitic 143 

and have the same phenocryst assemblage as the lavas and volcaniclastic. The host 144 

rocks to dikes display irregular alteration halos up to tens of m wide that are 145 

characterized by a brownish color close to the dike margins that gradually turns into 146 

grayish and whitish away from the margins. The dikes have irregular glassy margins up 147 

to 40 cm wide. 148 



Lavas and volcaniclastic facies are laterally continuous for more than 1 km and 149 

have been identified as andesitic (sub)units within El Barronal Formation, according to 150 

their stratigraphic position. For simplicity only lava (sub)units have been labeled in the 151 

figures (lava units 1 to 5). These (sub)units have been laterally correlated based on field 152 

mapping and stratigraphic position. Some lava units pinch out laterally in a succession 153 

of volcaniclastic facies (Fig. 4). 154 

 155 

3.3. Los Genoveses Formation 156 

 157 

Los Genoveses Formation crops out in coastal exposures at the Morrón de Los 158 

Genoveses and along Playa de Los Genoveses (Fig. 2). It consists of coherent rhyolite 159 

grading into rhyolitic pumice breccia. The exposed thickness of Los Genoveses 160 

Formation is 20 m. Coherent rhyolite consists of quartz, feldspar and biotite phenocrysts 161 

in a partly devitrified perlitic groundmass with flow foliation. Pumice breccia is clast-162 

supported, although platy glass shards occur in the matrix. At the Morrón de Los 163 

Genoveses, coherent rhyolite intrudes lavas of El Barronal Formation dated in 12.67+/-164 

0.05 Ma, and the contact is irregular and glassy (Fig. 3). Both coherent rhyolite and the 165 

El Barronal lavas are overlain by siliciclastic rocks containing rhyolite clasts and 166 

phyllite clasts from the metamorphic basement of the Cabo de Gata volcanic zone, and 167 

by upper lavas of El Barronal Formation dated in 12.19+/-0.08 Ma (Figs. 2 and 3). 168 

 169 

4. Lithofacies of El Barronal Formation 170 

 171 

Andesite lavas and andesite volcaniclastic facies are the main lithofacies of the 172 

El Barronal Formation, although interbedded carbonate and siliciclastic facies also 173 



occur. Carbonate and siliciclastic facies are described first to characterize the 174 

depositional environment of volcanism. 175 

 176 

4.1. Carbonate and siliciclastic facies 177 

 178 

 It is beyond the scope of this contribution to undertake a detailed study of 179 

carbonate and siliciclastic facies. Only those features relevant to the El Barronal 180 

andesite volcanism are discussed. Carbonate and siliciclastic facies have discordant 181 

contacts with El Barronal lavas and volcaniclastic deposits. Carbonate rocks are cross-182 

bedded coarse sandstone up to 2 m thick, containing shell fragments and volcanic clasts. 183 

Siliclastic rocks are polymictic, and contain rhyolite clasts, andesite clasts, and phyllite 184 

clasts from the metamorphic basement of the Cabo de Gata volcanic zone. Siliclastic 185 

rocks comprise sandstone and siltstone with cross- and plane-parallel beds and dm- to 186 

m-thick beds of breccia (Fig. 3). 187 

 188 

4.1.1. Interpretation 189 

The fossils and the sedimentary structures in the carbonate and siliciclastic facies 190 

are typical of shallow marine settings. This interpretation is in agreement with previous 191 

studies (e.g. Páez Carrión and Sánchez Soria 1965; Di Battistini et al. 1987; Serrano 192 

1992; Fernández-Soler 2001). The non-volcanic character, occurrence of exotic clasts 193 

(shell, rhyolite, phyllite) and discordant contacts of carbonate and siliciclastic facies 194 

suggest interruptions in the andesitic volcanism and deposition of epiclastic facies. 195 

 196 

4.2. Lava facies 197 

 198 



Coherent and hyaloclastite facies are porphyritic to glomeroporphyritic with 199 

euhedral plagioclase, clinopyroxene, orthopyroxene and iron oxide phenocrysts in a 200 

partly devitrified groundmass with plagioclase microlites and pyroxene and iron oxide 201 

crystals. Coherent facies are surrounded by hyaloclastite facies along gradational 202 

contacts (Figs. 3 and 4). At these contacts, coherent facies are pervasively fractured. 203 

Hyaloclastite facies are volumetrically dominant in the El Barronal complex. They are 204 

monomictic breccias made of clasts ranging in size from 1 cm to 1 m and show clast-205 

supported domains grading into matrix-supported domains. Jigsaw-fit texture is 206 

ubiquitous and grades into domains in which clasts are slightly rotated. Two types of 207 

coherent facies and three types of hyaloclastite facies are distinguished. 208 

 209 

4.2.1. Colonnade columnar-jointed facies 210 

Colonnade columnar-jointed facies is a coherent facies characterized by 211 

subvertical columnar joints and subhorizontal flow bands. Columnar joints form 212 

pentagonal to hexagonal prisms up 15 cm in diameter. This facies has a sheet 213 

morphology that extends for up to 1 km and a thickness that ranges from 10 to 30 m. 214 

This facies occurs in lava units 2, 4 and 5 of El Barronal Formation. 215 

 216 

4.2.2. Entablature columnar-jointed facies 217 

Entablature columnar-jointed facies is a coherent facies consisting of columnar, 218 

slightly curved, joints that exhibit a fan-like pattern and form rosette structures. Locally, 219 

entablature columnar-jointed facies shows flow bands perpendicular to the columnar 220 

joints. Rosettes are isolated structures up to 20 m in radius and also form piles in which 221 

individual rosettes have a maximum radius of 2 m (Fig. 5). Rosette structures are 222 

preferably exposed on NW-SE surfaces roughly perpendicular to the ENE-WSW trend 223 



of the coastline. This facies ranges in thickness from 5 to 25 m and occurs in lava units 224 

1, 3 and 4. 225 

 226 

4.2.3. Massive hyaloclastite breccia with dense clasts 227 

 Massive hyaloclastite breccia with dense clasts is clast-supported and lacks 228 

internal organization (Figs. 5 and 6). Clasts are black, glassy, angular and dense and the 229 

matrix is minor (<40 %), although coastal weathering has enhanced a matrix-supported 230 

appearance and makes clasts appear to be locally subrounded. Clasts are subequant with 231 

curviplanar edges and the matrix is composed of smaller clasts (>1 cm) of identical 232 

composition to larger clasts; the smaller clasts also have jigsaw-fit texture. Massive 233 

hyaloclastite breccia ranges in thickness from 0.5 to 20 m and grades into colonnade-234 

jointed and entablature-jointed coherent facies and into massive hyaloclastite breccia 235 

with vesicular clasts and into layered hyaloclastite breccia (Figs. 5 and 6). 236 

 237 

4.2.4. Massive hyaloclastite breccia with vesicular clasts 238 

 Massive hyaloclastite breccia with vesicular clasts is a non-organized breccia in 239 

which vesicular clast are dominant and dense clasts are subordinated (<50%). Vesicular 240 

clasts have poorly defined outlines (ghosts of vesicular clasts) and fit together. Dense 241 

clasts (>2 cm) are embedded in a fine (<2 mm) whitish groundmass yielding a matrix-242 

supported appearance (Fig. 6). This matrix-like groundmass is porphyritic and consists 243 

of phenocrysts in a partly devitrified groundmass with plagioclase microlites and up to 244 

40% of glassy vesicles. Jigsaw-fit texture has been also observed in the matrix-like 245 

groundmass. Vesicles are subspherical to elongate, have glassy vesicle walls and vesicle 246 

diameter ≤100 µm. Some vesicles accommodate the shape of phenocrysts whereas 247 

others accommodate the shape of neighboring vesicles (Fig. 6B). Massive hyaloclastite 248 



breccia with vesicular clasts has irregular, abrupt and gradual contacts with massive 249 

hyaloclastite breccia with dense clasts and occurs in lava unit 1 (Fig. 6A, C). It ranges in 250 

thickness from 0.5 to 20 m. 251 

 252 

4.2.5. Layered hyaloclastite breccia 253 

 Layered hyaloclastite breccia is defined by the alternation of bands of massive 254 

hyaloclastite breccia with dense clasts and bands of massive hyaloclastite breccia with 255 

vesicular clasts (Figs. 7 and 8). Bands are cm to dm thick, slightly undulating and 256 

laterally discontinuous, grading laterally into massive hyaloclastite breccia facies. 257 

Contacts between bands are gradational to abrupt. Jigsaw-fit to clast-rotated texture is 258 

common within both types of bands (Figs. 7B). Bands of massive hyaloclastite breccia 259 

with vesicular clasts have elongate vesicles with long/short axes ratio <5 aligned 260 

parallel to phenocrysts and presumably parallel to the bands (Fig. 8B). In lava units 2 261 

and 3, layered hyaloclastite breccia grades into massive hyaloclastite breccia with dense 262 

clasts and then into coherent facies. In lava unit 2, bands dip gently toward the ESE and 263 

are concordant with flow bands in the lower colonnade jointed facies (Fig. 8A). In lava 264 

unit 3, bands are subvertical and this facies grades laterally toward the west into 265 

massive hyaloclastite breccia with dense clasts and into entablature jointed facies (Fig. 266 

7A). Thickness of layered hyaloclastite breccia ranges from 10 to 25 m. 267 

 268 

4.2.6. Interpretation 269 

 Subequant clasts with curviplanar edges, widespread jigsaw-fit to clast-rotated 270 

textures and glassy texture indicate that breccias originated from the quenching and 271 

emplacement of hot magma in subaqueous conditions (Fernández Soler 1992; 272 

Fernández-Soler 2001). The monomictic nature of hyaloclastite breccia, the identical 273 



compositional and textural character of the breccia and the coherent facies and 274 

gradational contacts of breccia into coherent facies indicate a co-genetic origin of 275 

coherent and hyaloclastite facies. 276 

Massive hyaloclastite breccia with dense or vesicular clasts is inferred to form 277 

by quench fragmentation of hot andesite comprising dense or vesicular domains, 278 

whereas layered breccia is interpret to reflect quench fragmentation of vesicular and 279 

non-vesicular bands. Vesicular bands contain elongate vesicles likely deformed by 280 

simple and pure shear in a laminar flow. Therefore, layered hyaloclastite breccia is 281 

interpreted to reflect original flow bands defined by the degree of vesiculation. 282 

Coherent facies grades outward into hyaloclastite facies indicating that coherent 283 

facies forms the interior of lavas and hyaloclastite facies forms the external part of 284 

lavas. The disposition of columnar joints in coherent facies is perpendicular to the 285 

cooling surface defined by of the outer hyaloclastite breccia. Rosette structures in 286 

coherent facies are dominantly oriented on NW-SE surfaces and suggest that they are 287 

cylindrical structures rather than spherical and that the cylindrical axis is roughly ENE-288 

WSW. Single lava units, including both coherent and hyaloclastite facies, vary in 289 

thickness from 40 to 60 m thick. Their lateral extent of 1-2 km along sea cliff exposures 290 

suggests an apparent aspect ratio from 1/50 to 1/30. These aspect ratios suggest that the 291 

El Barronal lava units correspond to tabular bodies rather than to dome structures. 292 

 293 

4.3. Bedded andesite volcaniclastic facies 294 

 295 

 The El Barrronal volcaniclastic facies are composed of andesititc clasts that vary 296 

in terms of texture, vesicularity, color and rounding. They are consolidated rocks 297 

forming beds with different internal organization, grain size and componentry and are 298 



interbedded with andesite lavas. The phenocryst assemblage of clasts in volcaniclastic 299 

facies is identical to that of the lavas. Volcaniclastic facies show significant lateral and 300 

vertical variations in facies and thickness; the coarser facies corresponding to the thicker 301 

accumulations and the finer facies corresponding to the thinner. Thicknesses of 302 

volcaniclastic facies range from 0.5 to 20 m. Volcaniclastic facies exhibit rapid vertical 303 

and lateral gradations of facies. Four types of volcaniclastic facies have been 304 

distinguished. 305 

 306 

4.3.1. Massive breccia 307 

 Massive breccia is clast to matrix supported and poorly sorted, consisting of 308 

angular to subangular clasts ranging in size from a few cm to up to 2 m across (Fig. 309 

9A). Two types of clasts are distinguished: dense clasts (>50 vol. %), typically black 310 

and glassy but also gray and reddish, and vesicular clasts, typically white and glassy. 311 

Vesicular clasts are less abundant and locally more rounded than dense clasts. They are 312 

poorly vesicular (vesicles <40 vol. %); elongate vesicles have long/short axes ratio <5. 313 

Matrix is coarse (>2 cm) and vesicular clasts are dominant, although it also contains 314 

dense clasts and a few crystals. Beds are internally massive, decimeter to meter thick 315 

and laterally restricted (<10 m). Some beds are weakly inversely and normally graded. 316 

Beds of massive breccia have erosive bases and also show convex upward geometry and 317 

terminate abruptly (Fig. 9C). 318 

 319 

4.3.2. Diffusely bedded pumice-rich breccia 320 

 Diffusely bedded pumice-rich breccia is a poorly sorted clast-supported 321 

aggregate of pumice clasts, dense clasts and crystals, and contains outsized dense clasts 322 

up to 1 m across (Fig. 10A). This facies shows plane parallel and low-angle cross-beds 323 



and distorted beds. Beds range from a few cm to a few m thick and are laterally 324 

discontinuous. Pumice clasts are dominant (>50 vol. %), porphyritic, highly vesicular 325 

(vesicles >60 vol. %) and have tube vesicles showing long/short axes ratio >10. Pumice 326 

clasts are centimeter in diameter, angular to sub-rounded and show random orientation 327 

of the tubes in adjacent clasts (Fig. 10B). The edges of pumice clasts cut the tubes at 328 

high angles and are parallel to the tubes (Fig. 10B). Dense clasts are reddish, greenish, 329 

gray, black and glassy, and sub-angular to well rounded (Fig. 10A). Matrix (<2 mm) is 330 

rare and contains pumice clasts, crystals, dense clasts and platy, cuspate and bubble-331 

wall glass shards (<5 vol. %) less than 250 µm in diameter (Fig. 10C). This facies is 332 

interbedded with thinly bedded fine tuffaceous sandstone showing gradational contacts. 333 

 334 

4.3.3. Cross-bedded crystal-rich sandstone 335 

 Cross-bedded crystal-rich sandstone is gray and moderately sorted with low-336 

angle cross-bedded. It consists of up to 50 vol. % crystals and crystal fragments and up 337 

to 30 vol. % dense clasts. Crystals of plagioclase, pyroxene and iron oxides are sub-338 

angular to sub-rounded, many of them have a blocky shape and some pyroxene crystals 339 

have a reddish coating. Dense clasts are gray, brown and reddish, sub-angular to well-340 

rounded and have perlitic cracks (Fig. 11A). Beds of this facies range from mm to up to 341 

50 cm thick and may show inverse and normal grading and outsized clasts that form 342 

trains or isolated clasts. Beds are distorted and show small-scale faults and folds. 343 

 344 

4.3.4. Thinly bedded fine tuffaceous sandstone 345 

Thinly bedded fine tuffaceous sandstone consists of well sorted, mm- to dm-346 

thick beds that contain crystals and crystal fragments (up to 30 vol. %), dense clasts (20 347 

vol. %), pumice clasts (10 vol. %), glass shards (<10 vol. %) and rare unidentified 348 



bioclasts (Fig. 11B). Some beds are normally graded; other show cross-lamination and 349 

low-angle truncations. Beds contain outsized dense and vesicular clasts (<50 cm) 350 

forming trains and as isolated clasts (Fig. 9B). Beds have mm- to cm-scale faults and 351 

folds, dish structures and distorted lamination under the load of outsized clasts and large 352 

clasts in upper volcaniclastic beds (Fig. 9B). Crystals and dense fragments are usually 353 

blocky, similar to those of the cross-bedded crystal-rich sandstone facies (Fig. 11B). 354 

Pumice clasts are highly vesicular (vesicles >60 vol. %) and have tube vesicles; glass 355 

shards are platy, cuspate and bubble shape (Fig. 11B). This facies shows rapid vertical 356 

and lateral gradations into massive breccia and cross-bedded crystal-rich sandstone (Fig. 357 

9C). 358 

 359 

4.3.5. Interpretation 360 

Andesite volcaniclastic facies are interbedded with hyaloclastite lavas 361 

suggesting a subaqueous depositional environment. Hot emplacement structures (i.e. 362 

degassing pipes, welding, columnar joints) have not been observed and tractive 363 

structures and grading are common, indicating that andesite volcaniclastic facies were 364 

deposited from cold flows. Distorted bedding, small-scale faults and folds and dish 365 

structures are soft-sediment deformation structures (rather common in the finer andesite 366 

volcaniclastic facies) suggesting that volcaniclastic facies were water-saturated when 367 

deformed and, given the subaqueous deposition, likely at emplacement. 368 

Andesite volcaniclastic facies lack fine matrix (< 0.05 mm) and the matrix below 369 

2 mm is rare in the diffusely bedded pumice-rich breccia. Beds of volcaniclastic facies 370 

are internally organized (massive breccia shows weak grading) and tractive structures 371 

are common. These features allow interpreting the andesite volcaniclastic facies 372 

collectively as deposited from granular and non-cohesive flows with different grain size 373 



populations. Absence of fine matrix and dominant clast-supported nature of 374 

volcaniclastic facies suggest grain-to-grain support mechanisms. Nevertheless, water 375 

support mechanisms cannot be excluded, given the subaqueous emplacement and that 376 

the sorting and tractive structures observed in the finer volcaniclastic facies can be 377 

attributed to dilute flows. 378 

Highly vesicular pumice clasts with tube vesicles have clast edges parallel and at 379 

high angles to the tubes. Similar pumice clasts have been described in many magmatic 380 

explosive eruptions in which magma fragmentation occurs in the volcanic conduit 381 

(Marti et al. 1999; Polacci et al. 2003; Rosi et al. 2004). Therefore, we interpret tube 382 

pumice clasts in the diffusely bedded pumice-rich breccia and the thinly bedded fine 383 

tuffaceous sandstone as fragmented during magmatic explosive eruptions. Glass shards 384 

of ash size can be produced by a number of different processes including abrasion 385 

during transport (Manga et al. 2011). However, bubble-wall, platy and cuspate shards 386 

have been also interpreted elsewhere as produced by the explosive fragmentation of 387 

magma and, given that they co-exists with tube pumice clasts in the diffusely bedded 388 

pumice-rich breccia and the thinly bedded fine tuffaceous sandstone, this seems a 389 

reasonable interpretation. The blocky shape of some dense fragments and many crystals 390 

and in the cross-bedded crystal-rich sandstone and thinly bedded fine tuffaceous 391 

sandstone could be attributed to magma-water interaction processes during explosive 392 

fragmentation of magma. Magma-water interaction enhances fragmentation efficiency 393 

and could be also responsible for the fine grain size of these facies. 394 

 Poorly vesicular clasts with vesicles showing low long/short axes ratio (<5) are 395 

significantly different from highly vesicular clasts with tube vesicles. Poorly vesicular 396 

clasts and dense clasts in the volcaniclastic facies are compositionally and texturally 397 

similar to the coherent and hyaloclastite facies of lavas. Hence, they are interpreted to 398 



have been derived from underlying lava units. Differences in rounding and in color of 399 

dense clasts suggest different provenances. Well-rounded clasts can be attributed to 400 

sources above wave base and the reddish color of some clasts to oxidizing conditions. 401 

Clast rounding suggests reworking and, together with oxidation, may occur during 402 

periods of volcanic repose. 403 

 404 

4.4. Contact relations between andesite lavas and andesite volcaniclastic facies and 405 

distribution of andesite volcaniclastic facies 406 

 407 

In lava unit 1, massive hyaloclastite breccia with vesicular clasts grades 408 

downward into massive hyaloclastite breccia with dense clasts and into coherent facies 409 

(Fig. 6A). The upper part of the massive hyaloclastite breccia with vesicular clasts 410 

contains scattered domains of cross-bedded crystal-rich sandstone (Fig. 6A). The 411 

domains are irregularly distributed about 10 m above the contact to the lower massive 412 

hyaloclastite breccia with dense clasts and 5 m below the contact to upper bedded 413 

andesite volcaniclastic facies. Cross-bedding is not parallel across different the domains 414 

and it is not parallel to bedding of upper andesite volcaniclastic facies. These domains 415 

have an irregular shape and are up to a few decimeters across, and the contacts with the 416 

surrounding massive hyaloclastite breccia with vesicular clasts are abrupt and diffuse 417 

(Fig. 6A). Diffuse contacts are defined by a zone of variable thickness in which cross-418 

bedding cannot be observed and irregular to blocky portions of massive hyaloclastite 419 

breccia with vesicular clasts are intimately mingled with portions of cross-bedded 420 

crystal-rich sandstone at millimeter to centimeter scale (Fig. 6D). Massive breccia with 421 

vesicular clasts is overlain on a sharp contact by andesite volcaniclastic facies including 422 



beds of massive breccia and cross-bedded crystal-rich sandstone. These beds onlap the 423 

upper boundary of massive breccia with vesicular clasts. 424 

In lava unit 3, subvertical bands in layered hyaloclastite breccia are truncated by 425 

subhorizontal beds of overlying thinly bedded fine tuffaceous sandstone (Fig. 7C). 426 

Laminae in the thinly tuffaceous sandstone are distorted, typically concave upward, 427 

beneath clasts of the overlying massive hyaloclastite breccia with dense clasts in lava 428 

unit 4. Distorted and concave upward laminae are also observed at the contact between 429 

thinly bedded fine tuffaceous sandstone and the overlying massive breccia with dense 430 

clasts of lava unit 3 (Fig. 12). At this contact, some hyaloclasts appear to have sunken 431 

into the underlying thinly bedded fine tuffaceous sandstone. 432 

At Playa del Barronal, lava unit 3 tapers and pinches out toward the W, leaving 433 

lava unit 4 on lava unit 2 in a succession of andesite volcaniclastic facies that thickens 434 

toward the SE (Fig. 4). The succession overlies the massive hyaloclastite breccia with 435 

dense clasts in lava unit 3 with a poorly exposed contact. The succession consists of 436 

tightly interbedded beds of massive breccia, thinly bedded fine tuffaceous sandstone 437 

and cross-bedded crystal-rich sandstone. Beds of these facies have gradational contacts 438 

and show rapid lateral and vertical transitions among them (Fig. 9C). Farther to the east 439 

near, Morrón de Los Genoveses, andesite volcaniclastic facies consist of diffusely 440 

bedded pumice-rich breccia interbedded with thinly bedded fine tuffaceous sandstone 441 

showing gradational contacts with rapid lateral and vertical transitions. The andesite 442 

volcaniclastic succession at Morrón de Los Genoveses is overlain on a poorly exposed 443 

contact by massive hyaloclastite breccia with dense clasts in lava unit 4 and it overlies 444 

siliciclastic rocks with a discordant contact. Beds of the andesite volcaniclastic 445 

succession dip moderately to the south whereas siliciclastic rocks dip moderately to the 446 

east (Fig. 2). 447 



 448 

4.4.1 Interpretation 449 

Diffuse contacts of domains of cross-bedded crystal-rich sandstone showing 450 

irregular to blocky portions of massive hyaloclastite breccia with vesicular clasts 451 

intimately mingled below a centimeter scale with sandstone in which cross bedding is 452 

no longer observed can be interpreted as peperite produced by disintegration of hot 453 

magma at the contact to water-saturated volcaniclastic sand (cf. Skilling et al. 2002 and 454 

references therein). Sandstone domains are irregularly distributed in the uppermost part 455 

of lava unit 1, they do not grade upward into the bedded andesite volcaniclastic facies 456 

and the cross-bedding of domains, when preserved, is not parallel to bedding of the 457 

upper andesite volcaniclastic facies. For these reasons, lava unit 1 being partly intrusive 458 

seems a plausible interpretation. 459 

Distorted lamination in the fine volcaniclastic facies under the load of overlying 460 

massive hyaloclastite breccia with dense clasts, sunken hyaloclasts and intrusion of hot 461 

magma into water-saturated volcaniclastic sand suggest that andesite volcaniclastic 462 

facies were poorly consolidated and wet at the emplacement of upper lavas and 463 

intrusions. 464 

Repeated interbedding of beds of andesite volcaniclastic facies showing rapid 465 

vertical and lateral facies transitions suggest emplacement from contemporaneous 466 

granular flows rather than pulse events with significant time breaks in between. 467 

Contemporaneous emplacement is also in agreement with soft-sediment deformation 468 

structures exhibited by the fine volcaniclastic facies under the load of clasts in the 469 

coarse volcaniclastic facies. 470 

 471 

5. Discussion 472 



 473 

5.1. Emplacement mechanisms and eruption style of El Barronal complex 474 

 475 

Andesite volcaniclastic facies have a wide spectrum of clast types that includes 476 

clasts derived from explosive eruptions (pumice, shards, crystals), clasts from 477 

underlying lavas (vesicular and dense) and minor reworked clasts from sources above 478 

wave base. These clasts may have been mixed together during syn-depositional 479 

remobilization of primary volcanic deposits by granular flows. They could also have 480 

been mixed together during explosive eruptions at sources above wave base and 481 

deposited by primary granular flows at deeper settings. Massive breccia lacks pumice 482 

clasts and glass shards, angular clasts from underlying lavas are dominant and the 483 

matrix is coarse (>2 cm). These features and the distribution of massive breccia and 484 

rapid transitions into fine volcaniclastic facies can be interpreted as massive breccia 485 

clasts derived from steam-driven explosions and deposited by primary granular flows 486 

during explosive eruptions with complex activity. Massive breccia could also have been 487 

deposited from granular flows triggered by repeatedly instability of lower lavas during 488 

explosive eruptions. 489 

At El Barronal, the monomictic character of andesite volcaniclastic facies and 490 

the dominance of texturally fresh components (pumice clasts, glass shards, crystals and 491 

angular dense clasts) similar in composition to andesite lava facies suggest that 492 

volcaniclastic facies are syn-eruptive to lavas in a broad sense, i.e. both were emplaced 493 

during the same eruptive cycles. Several features suggest hiatus in the andesite 494 

volcanism between the cycles represented by andesite lavas and andesite volcaniclastic 495 

facies at different stratigraphic positions: 
40

Ar/
39

Ar ages of lavas, reworked clasts in 496 

andesite volcaniclastic facies, interbedding of andesite units with rhyolite lavas (Los 497 



Genoveses Formation) and with carbonate and siliciclastic facies of epiclastic origin. 498 

Contact relations indicate that andesite volcaniclastic facies were unconsolidated at the 499 

time of emplacement of upper lavas and intrusion; furthermore, most clasts in the 500 

volcaniclastic facies were likely fragmented and mixed together by explosive eruptions. 501 

These features suggest that eruptive cycles at El Barronal started with explosive 502 

eruptions and continued with the emplacement of effusive lavas (Fig. 13). After 503 

emplacement of andesite lava, andesite volcanism stopped until a new cycle started 504 

again with explosive activity. 505 

 506 

5.2. Facies model of El Barronal lavas. Comparison with felsic submarine and 507 

subaerial lavas, domes and cryptodomes 508 

 509 

 The association of facies observed in lava units of El Barronal leads to a general 510 

facies model consisting of an inner coherent core grading outward into hyaloclastite. 511 

Hyaloclastite is massive and made of dense clasts at the contact with coherent facies 512 

wheras toward the top and margins of lavas it is dominated by vesicular clasts and is 513 

layered, as a record of the original flow bands. 514 

The overall structure of subaqueous lavas, domes and cryptodomes has been 515 

classified into three broad categories: A) inner coherent core grading into outer glassy 516 

and banded margin and into partly resedimented hyaloclastite breccia carapace (Pichler 517 

1965; De Rosen-Spence et al. 1980; Yamagishi 1991; Goto and McPhie 1998, De Rita 518 

et al., 2001; Goto and Tsuchiya 2004; Stewart and McPhie 2003, 2006; Németh et al. 519 

2008); B) inner coherent core grading into outer vesicular and banded margin and into 520 

partly resedimented carapace consisting of hyaloclastite pumice breccia (Kurokawa 521 

1991; Allen et al. 2010); C) inner coherent core grading into an outer zone consisting of 522 



an alternation of vesicular bands and bands with jigsaw-fit to clast rotated hyaloclastite 523 

(Scutter et al. 1998). 524 

The facies model for the El Barronal lavas is in agreement with those lavas 525 

having an outer vesicular/pumiceous zone. The overall facies architecture of the former 526 

ancient examples, including El Barronal, is roughly consistent with that of modern 527 

examples (Kato 1987; Allen et al. 2010). The main differences of El Barronal facies 528 

model with respect to examples with outer vesicular zones are: a) the vesicular zones at 529 

El Barronal grade inward into a thick hyaloclastite breccia made of dense clasts and 530 

then into a coherent core, whereas in the former examples the vesicular zones grade 531 

inward into a coherent core; b) at El Barronal, vesicularity is low (vesicles ≤40 vol. %) 532 

and vesicles are subspherical and poorly elongate with long/short axes ratios <5, 533 

whereas vesicles in the outer margins of lavas and domes in Ponza and Tadami district 534 

are highly elongate with long/short axes ratios >10 and vesicularity is probably higher 535 

(Kurokawa 1991; Scutter et al. 1998); c) resedimentation of outer vesicular zones 536 

produce volcaniclastic facies dominated vesicular non-pyroclastic clasts (Kurokawa 537 

1991; Allen et al. 2010). This feature has not been observed at El Barronal. 538 

The facies architecture of El Barronal lavas is also in agreement with the facies 539 

and textural stratigraphy of subaerial lavas and domes, which also show vesicular zones 540 

in the outermost parts (Fink and Manley 1987; Fink et al. 1992; Castro et al. 2002; 541 

Maeno and Taniguchi 2006). 542 

At El Barronal, vesicular clasts derived from outer vesicular zones in the 543 

underlying lava units have been likely mixed together with the other components of 544 

volcaniclastic facies (pumice clasts, glass shards, crystals and dense rock clasts) by 545 

explosive eruptions rather than resedimented from the external vesicular zones of lavas 546 

during lava emplacement. The absence of resedimented deposits derived from the outer 547 



vesicular zones in El Barronal lavas, together with the preservation of thick vesicular 548 

zones grading into thick hyaloclastite breccia with dense clasts, suggests that quench 549 

fragmentation occurred nearly at the end of lava emplacement. In this view, the input of 550 

additional magma was minor and not able to trigger resedimentation of lava margins, 551 

allowing only for a local disorganization of the jigsaw-fit of clasts. 552 

 553 

Conclusions 554 

 555 

El Barronal Formation is a succession of lavas interbedded with volcaniclastic 556 

facies and minor siliciclastic and carbonate facies. Lavas and volcaniclastic facies are 557 

andesitic and have been emplaced in a shallow marine environment. Siliciclastic and 558 

carbonate facies are sedimentary rocks emplaced during periods of volcanic repose. 559 

Coherent facies of El Barronal lavas include colonnade jointed and entablature 560 

jointed facies with rosette structures. Coherent facies is surrounded by hyaloclastite 561 

facies, which are volumetrically dominant and comprise massive to layered breccia with 562 

glassy clasts. Massive hyaloclastite breccia with dense clasts grades into massive 563 

hyaloclastite breccia with vesicular clasts and into layered hyaloclastite breccia. 564 

Layered hyaloclastite breccia consists of an alternation of bands of vesicular clasts and 565 

bands of dense clasts. Layered breccia reflects original flow bands defined by 566 

vesicularity. Hyaloclastite facies originated from quenching of hot magma in 567 

subaqueous conditions. 568 

Volcaniclastic facies contain tube pumice clasts, crystals, glass shards, dense and 569 

vesicular clasts and minor reworked clasts from sources above wave base. Pumice 570 

clasts, crystals and shards are interpreted as produced during explosive eruptions. Dense 571 

clasts and vesicular clasts come from underlying lava units. Volcaniclastic facies are 572 



collectively interpreted as deposited from cold granular and non-cohesive flows with 573 

different grain size populations. Soft-sediment deformation structures in fine 574 

volcaniclastic facies at the contact to upper lavas suggest that volcaniclastic facies were 575 

unconsolidated and wet at time of emplacement of upper lavas. The former contact 576 

relation suggests that eruptions at El Barronal started with explosive eruptions and 577 

continued with effusive emplacement of lavas. 
40

Ar/
39

Ar ages of lavas, reworked clasts 578 

in volcaniclastic facies, interbedding of the andesite units formed by lavas and 579 

volcaniclastic facies with rhyolite lavas (Los Genoveses Formation) and with carbonate 580 

and siliciclastic facies of epiclastic origin suggests hiatus in the andesite volcanism. 581 

El Barronal lavas consist of an inner coherent core grading outward into a 582 

hyaloclastite breccia of dense clasts and then into an outer vesicular zone. This facies 583 

architecture is similar to many felsic subaqueous and subaerial lavas, domes and 584 

cryptodomes described in the literature. However, some differences with subaqueous 585 

lavas and domes arise: vesicularity of the outer zone at El Barronal is lower; the outer 586 

zone at El Barronal grades into massive hyaloclastite breccia and not into coherent 587 

facies; resedimented facies of the outer vesicular zone has not been observed at El 588 

Barronal. The lack of resedimented deposits from the outer vesicular zones and the 589 

preservation of thick vesicular zones grading into thick hyaloclastite breccia with dense 590 

clasts, suggests that quench fragmentation at El Barronal occurred nearly at the end of 591 

lava emplacement. 592 
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summary data for andesite lavas of El Barronal Formation.  774 

Fig. 1. Geological map of the Betic-Rif Orogen in the Western Mediterranean. The 775 

enlarged inset shows details of the Almeria-Níjar basin and the Cabo de Gata volcanic 776 

zone and location of Fig. 2. 777 

Fig. 2. Geological and facies map of El Barronal area showing the location of 778 

stratigraphic logs in Figure 3 and cross-section in Figure 4. 779 

Fig. 3. Simplified stratigraphic logs of El Barronal Formation and stratigraphic 780 

correlations of andesite lava units and andesite volcaniclastic facies. Lava units are 781 

numbered 1 to 5 in stratigraphic order. 782 

Fig. 4. Schematic cross-section along the coast showing lava units and facies types of El 783 

Barronal Formation. 784 

Fig. 5. A: Entablature columnar-jointed facies in lava unit 3 (Ej) grades downward into 785 

massive hyaloclastite breccia with dense clasts (Da) and is underlain by andesite 786 

volcaniclastic facies. B: Rosette structures in lava unit 3 (R) grade into massive 787 

hyaloclastite breccia with dense clasts (Da). See Figure 2 for location of photographs. 788 

Fig. 6. A: Field sketch of the lithofacies of lava unit 1 and the contact relation with 789 

overlying bedded andesite volcaniclastic facies. Ej: Entablature columnar-jointed facies 790 

with columnar joints shallowly dipping to the NE; Da: Massive hyaloclastite breccia 791 



with dense clasts; Va: Massive hyaloclastite breccia with vesicular clasts; Cv: Cross-792 

bedded crystal-rich volcaniclastic facies. See Figure 3 for stratigraphic location. B: 793 

Photomicrograph (plane polarised light) of massive hyaloclastite breccia with vesicular 794 

clasts showing vesicles (v) deformed against neighbour vesicles. Pl is plagioclase 795 

phenocryst. C: Detail of the contact between massive hyaloclastite breccias with dense 796 

clasts (Da) and vesicular clasts (Va). D: Domains of cross-bedded crystal-rich 797 

volcaniclastic facies (Cv) within massive hyaloclastite breccia with vesicular clasts 798 

(Va). See text for description of contact features. 799 

Fig. 7. A: Layered hyaloclastite breccia of lava unit 3 with subvertical undulating bands 800 

of vesicular clasts (Vc) and dense clasts (Dc). B: Detail of the jigsaw fit within bands of 801 

dense clasts. C: Field sketch of the contact between layered hyaloclastite breccia with 802 

subvertical bands of lava unit 3 and subhorizontal beds of the overlying andesite 803 

volcaniclastic facies. Volcaniclastic facies consists of thinly bedded fine tuffaceous 804 

sandstone (Fbt) and is overlain by massive hyaloclastite breccia with dense clasts (Da) 805 

of lava unit 4. See Figure 4 for location. 806 

Fig. 8. A: Layered hyaloclastite breccia dipping gently to the ESE with bands of 807 

vesicular clasts (Vc) and bands of dense clasts (Dc). See Figure 4 for location. B: 808 

Photomicrograph (plane polarised light) of a band of vesicular clasts with elongated 809 

vesicles (v) deformed around crystals. The groundmass surrounding plagioclase (Pl) and 810 

pyroxene (Py) crystals is dominantly vesicular. 811 

Fig. 9. A: Massive breccia (Mb) interbedded and grading into thinly bedded fine 812 

tuffaceous sandstone (Fbt) in the andesite volcaniclastic succession overlying lava unit 813 

3. B: Detail of the contact in Figure 9A. Thinly bedded fine tuffaceous sandstone 814 

contains outsized vesicular clasts (Vc) and shows distorted lamination under the load of 815 

dense clasts (Dc) of the massive breccia. Arrows point to low-angle truncations. C: 816 



Lava unit 3 with entablature columnar-jointed facies (Ej) grading into massive 817 

hyaloclastite breccia with dense clasts (Da) pinches out laterally to the W (toward the 818 

viewer) into andesite volcaniclastic facies. Volcaniclastic facies show rapid vertical and 819 

lateral changes between beds of massive breccia (Mb) and beds of thinly bedded fine 820 

tuffaceous sandstone (arrows). See Figure 2 for location of photograph. 821 

Fig. 10. A: Diffusely bedded pumice-rich breccia with outsized dense clasts showing 822 

contrasting difference in rounding. B: Photomicrograph (plane polarised light) of 823 

diffusely bedded pumice-rich breccia with pumice clasts (P) showing random 824 

orientations of the tube vesicles and the clast edges parallel and at high angles to the 825 

tubes. C: Photomicrograph (plane polarised light) of diffusely bedded pumice-rich 826 

breccia. Tube pumice clast (P); Dense rock clast (Dr); cuspate and bubble wall shards 827 

(S). 828 

Fig. 11. A: Photomicrograph (plane polarised light) of cross-bedded crystal-rich 829 

sandstone with rounded dense rock clasts (Dr). B Photomicrograph (plane polarised 830 

light) of thinly bedded fine tuffaceous sandstone with platy glass shards (s) and blocky 831 

shape crystal fragments (b). 832 

Fig. 12. Stratigraphic log and contact relations of the volcaniclastic facies located 833 

between lava unit 2 and 3. See Figure 5 for location. Da: Massive breccia with dense 834 

clasts; Fbt: thinly bedded fine tuffaceous sandstone. Arrows point to thin beds distorted 835 

under the load of a dense clast of lava unit 3 sunken into the thinly bedded fine 836 

tuffaceous sandstone. 837 

Fig. 13. Schematic evolution of the andesite volcanism, the processes and the resultant 838 

facies architecture during the El Barronal Formation. For simplicity only explosive 839 

eruptions at the starting of andesite volcanism in cycle II have been represented (see text 840 

for further discussion). 841 
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Dear Prof. Wilson, 

 

 Please, find attached the revised version of the ms entitled Facies architecture, 

emplacement mechanisms and eruption style of the submarine andesite El 

Barronal complex, Cabo de Gata, SE Spain by Soriano et al. for submission to 

JVGR. 

 

We have followed nearly all the suggestions made by both reviewers in their annotated 

copies, including references (some of them have been added and some others omitted), 

figure citations, minor modification in figures, and text rewording. 

 

Now we comment about the points addressed by reviewer #2. 

 

1. The rocks studied in this ms were already characterized as subaqueous lavas with 

coherent and hyaloclastite facies in previous studies undertaken in Cabo de Gata. It is 

clearly stated in the revised version we submit now (lines 126-129). This is the current 

description and interpretation for these rocks and we follow it in the ms. Eventually, we 

argue with it later on in the text in those cases where we find evidence to do it (for 

example lava unit 1). We believe that with the organization and terms we propose now 

the reader has a more informative and clear idea of about what is dealing with in the 

text. Our previous terms created some confusion (indeed, it was not clear to reviewer #2 

if the facies described in sections 4.1 and 4.4 of the previous version were the same or 

not) and it was equally confusing and ambiguous our designation of “clastic lava facies” 

or the reviewer’s proposal of “breccia facies” for section 4.3 of the previous version. 

2. Description of groundmass texture has been added to the text to reinforce 

interpretation of quenching. 

3. The section on bedded volcaniclastic facies has been partly rewritten to build up more 

sound interpretations. In particular, fragmentation, transport and depositional processes 

of these facies have been evaluated independently. 

4. The description of the contact relation of lava unit 1 has been improved to support the 

interpretation proposed. 

5. The comparison of El Barronal lavas to other lavas and domes has been shortened 

and the sentence about endogenous growth has been omitted. 

6. The conclusions have been rewritten in accordance with the changes made in the text. 

 

We hope that now the ms is suitable for publication in JVGR. 

 

Yours sincerely, 

 

Carles Soriano 

 

*Revision, changes marked
Click here to view linked References

http://ees.elsevier.com/volgeo/viewRCResults.aspx?pdf=1&docID=2964&rev=1&fileID=220773&msid={429F9005-759F-4876-8516-E441341FCAB4}


K/Ca

Sample Rock  type Unit Location Material total
39

Ar % MSWD MSWD

CG303 coherent lava
El Barronal 

Fm

 36°44'18.71"N 

2° 06'58.72"W
groundmass 1.253 91.3 0.44 12.19 ± 0.08 8 of 10 291.9 ± 6.0 0.28 12.23 ± 0.10

CG304 coherent lava
El Barronal 

Fm

 36°44'18.48"N 

2° 07'03.78"W
groundmass 1.001 61.0 0.73 12.67 ± 0.05 4 of 10 295.2 ± 2.0 1.05 12.68 ± 0.08

All ages calculated using the decay constants of Steiger and Jäger (λ40K = 5.543 x 10
-10

 yr
-1

)

J-value calculated relative to 28.34 Ma for the Taylor Creek sanidine

Age in bold is preferred

Summary of 
40

Ar/
39

Ar incremental heating experiments

Weighted Mean Analysis Isochron Analysis

Age (Ma) ± 2 s N
40

Ar/
36

Ar ± 2 s Age (Ma) ± 2 s
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