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A B S T R A C T   

The Early Pleistocene, well exposed, Caldera del Rey maar-diatreme volcano, Tenerife, Canary Islands was 
constructed during a ~ VEI 4 phonolitic eruption that involved two cycles of magmatic-to-phreatomagmatic 
activity and resulted in two overlapping craters aligned NE-SW. Magmatic phases fed unsteady Subplinian 
eruption columns that reached 8–12 km altitude and dispersed tephra to the west and southwest of the volcano 
and shed pyroclastic density currents. Phreatomagmatic phases, driven by explosive interactions between magma 
and groundwater, constructed an extensive tephra ring via deposition from ballistic curtains, pyroclastic density 
currents, and tephra fall. Near-optimal-scaled depth phreatomagmatic explosions (strong and/or shallow) 
excavated a substantial diatreme beneath the north crater and constructed a substantial tephra ring. This 
abruptly transitioned to deeper-than-optimal scaled depth explosions (weak and/or deep) that erupted mostly 
fine ash which was dispersed by dilute pyroclastic density currents and fallout and filled the south crater. At 
distances of >4 km from the volcano, over a metre of ash and pumice accumulated during the phreatomagmatic 
phases. The Caldera del Rey volcano provides an instructive study on how interaction between ascending felsic 
magma and groundwater can modify Subplinian eruptions.   

1. Introduction 

Phreatomagmatic volcanoes such as maars, tuff rings, and tuff cones 
account for between 0 and 70% of volcanoes that make up monogenetic 
basaltic fields (Lorenz, 1986; White and Ross, 2011; Brown and Valen-
tine, 2013; Graettinger, 2018). There are numerous published de-
scriptions of these volcanoes and their deposits (e.g., Kienle et al., 1980; 
Kokelaar, 1983; Chough and Sohn, 1990; Sohn and Chough, 1989; 
White, 1991; Sohn, 1996; Cole et al., 2001; Freda et al., 2005; Carrasco- 
Núñez et al., 2007; Solgevik et al., 2007; Valentine et al., 2015; Sweeney 
et al., 2018; El Messbahi et al., 2020; Tchamabé et al., 2020; Aziwo et al., 
2022; Valentine et al., 2022). Those fed by silicic magmas are less 
common (e.g., Sieh and Bursik, 1986; Brooker et al., 1993; Brown et al., 
2007; Cano-Cruz and Carrasco-Núñez, 2008; Tait et al., 2009; Austin- 
Erickson et al., 2011; Zimmer et al., 2010; Monsalve et al., 2023), but 
maars and tuff rings share many features with mafic types, including 
geometry and structure of the volcanic edifice, lithology, grainsize, and 

bedding characteristics of the deposits, the abundance of ash aggregates 
and evidence for wet deposition of tephra, and numerous ballistic clasts 
(Ross et al., 2017). 

The rarity of silicic phreatomagmatic volcanoes reflects primarily the 
lower frequency of eruptions of silicic magma, but also differences be-
tween mafic and silicic eruptions, such as the viscosity of the magma and 
typical mass eruption rates. Low viscosities and low mass eruption rates 
of mafic magmas favour explosive interactions between magma and 
ground or surface water (Heiken and Wohletz, 1987; Wohletz and 
Heiken, 1992; Austin-Erickson et al., 2008). The high viscosity of silicic 
magmas is thought to inhibit the formation of hydrodynamic premixes 
of magma and water — a key initial step in triggering phreatomagmatic 
explosions (Heiken and Wohletz, 1987; Wohletz and Heiken, 1992; 
Austin-Erickson et al., 2008). Experiments suggest that stress-induced 
fracturing of silicic melts can allow sufficient contact between magma 
and water to drive explosions (Austin-Erickson et al., 2008). This process 
would be most efficient in degassed, low magma flux batches of silicic 
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magma (Ross et al., 2017). 
Field studies, experimental work and numerical modelling have 

profoundly changed our understanding of maar-diatreme volcanism 
over the past decade (Valentine and White, 2012; Graettinger et al., 
2014; Sonder et al., 2015; Valentine et al., 2015; Valentine et al., 2017). 

Experimental and numerical studies have revealed the importance of the 
concept of scaled depth for diatreme-hosted phreatomagmatic explo-
sions. Scaled depth, Dsc = d × E-1/3 relates the physical depth of an ex-
plosion, d, to the mechanical energy released by the explosion, E, and 
has units of m.J-1/3 (Houser, 1969; Goto et al., 2001; Graettinger et al., 

Fig. 1. Geological map of Caldera del Rey. Inset: location of Caldera del Rey on Tenerife. NC – north crater; SC - south crater. Elevation data for cross-section from 
Google Earth © 2021. Digital Terrain Model courtesy of visor.grafcan.es/visorweb [COLOUR]. 
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2014; Valentine et al., 2014). Explosions in a diatreme propel material 
around and above the explosion site towards the surface via debris jets 
(McClintock and White, 2006). The scaled depth of the explosion dic-
tates, in part, the volume and grainsize of material that erupts at the 
surface, along with the nature of any cratering. Experiments have con-
strained the optimal scaled depth for crater formation to 0.004 m.J-1/3. 
This results in the greatest volume of ejecta for a given energy. At scaled 
depth values of >0.008 m.J-1/3 (deeper-than-optimal scaled depth) the 
explosion is confined and ejecta does not breach the surface (Goto et al., 
2001; Graettinger et al., 2014; Valentine et al., 2014). At intermediate 
scaled depth values, only fine-grained material breaches the surface. 
Explosions may occur at any depth within a diatreme and variably 
contribute to the growth of the diatreme and the tephra ring (Valentine 
et al., 2017). Explosions at near-optimal scaled depth produce eruptive 
jets that collapse and expand outwards as ballistic curtains, i.e., ejected 
particles move collectively as dispersions with ballistic trajectories 
(Graettinger et al., 2015). The deposits of experimentally produced 
ballistic curtains are poorly sorted, massive, of variable thickness and 
pass outwards into sheet-like deposits (Graettinger et al., 2014). This 
experimental work has also expanded understanding of how PDCs are 
generated during maar-diatreme forming eruptions. Alongside collapse 
of dilute eruption columns, ballistic curtains can leave trailing fine ash 
that travel outwards as PDCs and collapsing vertically focused jets into a 
deep crater can result in expulsion-driven PDCs (Graettinger et al., 
2014). 

We use these new ideas as a framework to help interpret a well- 
exposed, upper Pleistocene phonolite volcano on the southern flanks 
of Tenerife, Canary Islands, Spain. The volcano, previously described as 
a tuff ring, is here redefined, in part, as a maar-diatreme volcano, the 
evidence for which we outline below. We detail and interpret the lith-
ofacies of the pyroclastic deposits and the structure of the maar and then 
build an eruptive history, outlining the changes in eruptive drivers over 
time. The case study provides a useful model for how silicic maar- 
forming eruptions may proceed and the range and nature of hazards 
that they produce. 

2. Geological background 

Tenerife is a large, long-lived, ocean island volcano in the Canary 
Islands, Spain. Explosive volcanism, fed predominantly by phonolitic 
magmas. Started ~1.9 Ma and numerous Plinian deposits, along with 
phonolite and basalt lavas, constructed the Las Cañadas pyroclastic 
shield volcano which is capped by Las Cañadas caldera (Martí et al., 
1994; Ancochea et al., 1999; Martí, 2019). Tephra fall deposits and ig-
nimbrites from Las Cañadas volcano outcrop extensively along the 
southern coast of the island (Bryan et al., 1998; Brown et al., 2003; 
Brown and Branney, 2013; Pittari et al., 2006; Edgar et al., 2007, 2017; 
Davila-Harris et al., 2013; Davila-Harris et al., 2022). Concomitant with 
the explosive volcanism was persistent monogenetic basaltic volcanism 
focussed along the northwest, northeast and southern rift zones (e.g., 
Bryan et al., 1998; Carracedo et al., 2007). The caldera hosts the Teide- 
Pico Viejo-Montaña Blanca composite volcano, which has been the 
location for numerous basaltic and phonolite eruptions (Carracedo et al., 
2003, 2007; García et al., 2011). 

Caldera del Rey (CDR) is an eroded 0.95 Ma, phonolite monogenetic 
volcano in southwest Tenerife located 1 km from the coast (Fig. 1). It has 
been interpreted as a polygenetic tuff ring (Paradas Herrero and Fer-
nandez Santín, 1984; Davila-Harris, 2011; Davila-Harris et al., 2022; Cas 
et al., 2022) and is one of two well preserved monogenetic phonolite 
volcanoes in the southern rift zone; the other is the Montaña Guaza lava 
dome and coulée (0.92 Ma Hernández-Pacheco et al., 1990). Phreato-
magmatic volcanoes are rare on Tenerife and all occur close to the coast 
(De La Nuez et al., 1993; Clarke et al., 2009; Carmona et al., 2011). 

3. Methods 

Fieldwork centred around detailed logging of CDR deposits at 39 
locations around the volcano, totalling 275 m of logged strata. A lith-
ofacies approach, following that of Branney and Kokelaar (2002), was 
adopted for describing the deposits. Geological mapping was under-
taken on Google Earth satellite images which were then georeferenced 
in ArcGIS Pro. Key features of the deposits were quantified in the field 
including height and wavelength of dune bedforms, and the size of 
ballistic blocks and their impacts sags, and their distance from the crater 
wall. We define proximal areas as those <1 km from the crater (on the 
volcano’s flanks), and area beyond this as distal. 

The pyroclastic deposits are indurated, and many pumice clasts are 
commonly partly altered to clay and zeolite minerals (e.g., Hernández 
et al., 1993), meaning that sieving and granulometric study of the de-
posits was not possible. 

Pumice vesicularity was measured on 100 unaltered lapilli-sized 
clasts following the method of Houghton and Wilson (1989) taken 
representative beds for all Members except Member D, in which the 
pumice clasts were strongly altered or inaccessible. The lithic clast types 
were defined in the field and 500 lapilli-sized clasts were classified for 
representative lithic-rich beds in each Member. Maximum lithic clast 
size for the pumice fall deposits was determined following the meth-
odology of Bonadonna et al. (2013). We follow the terminology of 
Brown et al. (2012) when describing ash aggregates: AP2 aggregates 
exhibit concentric structures (accretionary lapilli) and AP1 are inter-
nally massive (ash pellets). 

Column heights for pumice fall deposits were estimated from limited 
crosswind isopleth data using the Biass et al. (2015) MATLAB imple-
mentation of Carey and Sparks’ (1986) model, using a nominal lithic 
clast density of 2700 kg/m3. 

Nineteen pumice samples were analysed for major oxides and trace 
elements. Pumice samples were trimmed manually, and then cleaned in 
de-ionised water and an ultrasonic bath. Element concentrations were 
determined by x-ray fluorescence performed on a Philips PW 1400 X- 
Ray Fluorescence Spectrograph at 50 kV and 50 mA utilising PAN-
alytical software at the Department of Geology, University of Leicester. 

4. Results 

4.1. Volcano morphology and physical characteristics 

The CDR volcano was constructed at the foot of Roque del Conde: a 
steep, eroded remnant of a basaltic shield volcano that is partially buried 
by younger lavas and pyroclastic rocks. It consists of a large, keyhole- 
shaped crater, 2 km in length, formed from two overlapping craters: a 
larger north crater, 1000 m in diameter, and a smaller south crater, 675 
m in diameter (Figs. 1 and 2a). The craters are elongated N 20◦ E and 
form an enclosed, flat-bottomed basin floored with pyroclastic and post- 
eruption sedimentary deposits that presently sits 100 m above sea level. 
The northern side of the north crater is enclosed by a 200 m-high ridge 
composed of basalt lavas of Roque del Conde (Morro Negro, Figs. 1 and 
2a). The CDR deposits overlie a paleosol developed in a thin phonolitic 
ash layer, or overlie the rubbly tops of basaltic lavas. 

A tephra ring rises ~90 m above the north crater and up to 40 m 
above the south crater (Fig. 1) and extends contiguously for 0.2–1 km 
south, east and west of the volcano. To the north and east, tephra ring 
deposits are plastered against steep slopes (Fig. 2a and b); on the south 
and west, CDR deposits were emplaced upon a paleoslope (5◦–9◦). The 
tephra ring has been mostly eroded from the steep slopes to the north 
and east. The tephra ring deposits are here divided into 6 lithologically 
distinct and mappable lithostratigraphic members (A-F; Fig. 3). 

Isolated outcrops of CDR deposits occur at distances of several kil-
ometres: 2.5 km northwest at the northern end of Fañabe beach, 1.8 km 
west on the east side of Barranco de Bisechi at 430 m above sea level 
(Fig. 1); and 3.7 km southeast on the north of the autopista at Barranco 
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de los Chijafes. The entire western flank of the tephra ring has been 
extensively urbanised, and outcrops become sparse amongst the build-
ings. The floor of the crater is presently covered in a banana plantation. 

Juvenile clasts, including pumice and ash, are commonly altered, 
sometimes strongly, and the glass has been partially replaced by clay 
and zeolite minerals. This is particularly marked on the exteriors of 
pumice clasts. At many outcrops the deposits, including clast-supported 
pumice lapilli deposits are lithified via this alteration process. 

4.2. Pyroclastic deposits 

4.2.1. Member A 
Member A is a coarse-grained, clast-supported, pumice lapilli deposit 

with a maximum preserved thickness of ~11 m (Fig. 4a). It outcrops in a 
narrow strip of heavily urbanised land between the volcano and the 
coast on the south and southwest flanks of the volcano and is well 
exposed next to the Playa de Las Americas bus station. At the north end 
of Fañabe beach, its most distal, off-axis outcrop, Member A is 1.2 m 
thick. Limited isopach data constrain the dispersal of the umbrella cloud 
to the west of the south crater (Fig. 5). 

The pumice clasts are angular to sub-angular and typically make up 
60–90 vol% of the deposit. They range in size from coarse ash to block 
size. Qualitatively, the sorting appears in increase with distance from the 
vent, with proximal deposits showing abundant coarse pumice and lithic 
blocks. Lithic clasts account for 10–40 vol% of the deposit (Fig. 5). The 
lithic population is dominated by aphanitic and porphyritic basalt lava 
(60%), alongside ankaramite lava (16%), and oxidised scoria, amygda-
loidal basalt lava, and pyroclastic rocks (5–9% each). Obsidian clasts 
account for <1%. Lithic blocks (lB) reach 1.4 m in diameter in some 
proximal outcrops and some sit in impact sags. 

Member A is divided into three sub-units (Figs. 4a and 5). Unit 1 is a 
< 6 m-thick, massive coarse-grained pumice lapilli deposit (lithofacies 
mL, Table 1) with a 4 cm thick fine lapilli basal layer. It contains ~15–20 
vol% lithic clasts. Unit 2 is a 3 m-thick massive lapilli deposits with lithic 
blocks (Fig. 4a). Unit 3 is >1.5 m thick, and is characterised by clast- 
supported, lapilli beds, each 2–10 cm thick (lithofacies bL, Table 1) 
with variable lithic clast contents. 

4.2.2. Member B 
Member B is >5.5 m thick in proximal areas and is composed of 

Fig. 2. The Caldera del Rey volcano. A) Satellite image showing north and south crater and relationships between tephra ring (pale deposits) and topography. 
Present crest of tephra ring roughly indicated by perimeter road. B) Tephra ring composed of Member D deposits mantling steep slope of Morro Negro. Location 
shown in A (28◦ 5′8.29”N 16◦43′2.81”W). C) Old road cut through the south crater wall, showing deposits erupted from north crater (Members C-E) draping crater 
wall cut through Member B. Location shown in A (28◦ 4′20.46”N 16◦43′9.50”W) [COLOUR]. 
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massive, bedded and cross stratified tuff deposits (mLT, bLT, xsT, 
Table 1), layers of clast-supported pumice lapilli (bL), tuff layers with 
accretionary lapilli (mTacc) and layers of massive tuff breccia (mTBr) 
and lithic blocks (lB) (Fig. 4a, b, c and e). In distal areas, it is composed 
of layers of pumice lapilli (bL) and layers of tuff (mTacc; Fig. 6). It is 1.4 

m thick at its most distal preserved outcrop, (Fañabe beach, Fig. 1). The 
contact between Member A and Member B is sharp in distal areas, but 
gradational over 50 cm in proximal areas where the base of Member B is 
taken as the first appearance of fine-grained, whitish tuff beds. The lithic 
population is similar to that of Member A (Fig. 3). 

Fig. 3. Summary general vertical section through pyroclastic deposits of the CDR tephra ring [COLOUR].  
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Fig. 4. Caldera del Rey Members A-C. A) Proximal Member A pumice fall deposit, overlying thin reworked volcaniclastic sediments and thick paleosol developed in 
rubbly top of lava (Los Cristianos bus station, 28◦ 4′16.89”N 16◦43′39.15”W). B) Ballistic clast in impact sag in Member B in TF-1 autopista road cut (28◦ 4′50.29”N 
16◦43′45.19”W; no longer exposed). C) Member B showing large dune bedform and lithic clast-rich layers. Metre rule for scale (Calle Belgica, 28◦ 4′30.18”N 
16◦43′30.96”W). D) Roadcut through Member C. Subvertical grooves are manmade (Calle Belgica, 28◦ 4′28.32”N 16◦43′30.15”W). E) Outcrop of Members A-D next 
to TF-1 autopista (28◦ 4′53.53”N 16◦43′44.29”W). Note how Member D pyroclastic density current deposits (right) thin and pinch out over paleo-topography (to-
wards left) [COLOUR]. 
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Fig. 5. Pumice fall deposits of the CDR eruption. A) Measured sections through Member A. B) Proximal measured section through Members C and D. Contact 
between Members is not clear. C) Partial isopach and isopleth maps for Members A and C pumice fall deposits. Numbers in italics are average maximum lithic lapilli 
dimensions [COLOUR]. 
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Member B is here divided into four units. In proximal regions, unit 1 
is a 2-m-thick sequence of thin bedded and massive tuffs (see Table 1) 
containing matrix-supported accretionary lapilli and coated pellets 
(mTacc, mTpel) alternating with massive lithic-rich tuff breccias. Impact 
sags are common along the bases of the tuff breccias (Fig. 4b and c). 
Upper parts are cross-stratified and exhibit dune bedforms with ampli-
tudes of 50–80 cm. In distal parts, unit 1 consists of 1 m of parallel- 
bedded and stratified tuff with accretionary lapilli (bTacc; Figs. 4e and 
6). Unit 2 has a maximum observed thickness of 1.2 m thick and is 
composed of thin to medium bedded pumice lapilli (bL) and bedded tuffs 
(bT) and contains scattered ballistic blocks sat in impact sags. In distal 
regions, it is thinner, finer-grained and lacks ballistic clasts. Unit 3 
comprises several decimetres of parallel-bedded tuff with scattered 
accretionary lapilli and is a useful marker horizon traceable across the 
western flanks of the volcano (Figs. 4c and d, 6). Unit 4 consists of up to 
1.2 m of bedded pumice lapilli deposits and tuff layers (bL, bT). Unit 4 
passes gradationally up into Member C and the contact is difficult to 
define (Fig. 4e). 

4.2.3. Member C 
Member C is a sequence of coarse-grained, moderate to poorly sor-

ted, massive to bedded pumice lapilli (mL, bL) deposits and minor thin 
tuff beds (bT), with a maximum observed thickness of ~15 m (Figs. 4d 
and e and 5). It outcrops on the southern and western flanks of CDR 
(Fig. 1) and is well exposed in roadcuts behind the Siam Park waterpark 
(Fig. 4D). In proximal locations, pumice clasts average 1–3 cm in 
diameter, but some reach 35 cm in diameter. Centimetre to decimetre- 
scale bedding becomes more pronounced and thinner with distance 
from the vent and is defined by slight variations in grainsize and by 
variations in lithic clast content (from 15 to 40 vol%). The lithic popu-
lation is similar to the preceding two members. 

Member C has a dispersal axis of S 35◦ W and isopleth data indicate a 

Table 1 
Summary characteristics of lithofacies of the CDR deposits.  

Lithofacies Description Interpretation 

Massive to crudely 
bedded tuff breccia 
(mTBr, dbTBr) 

Chaotic, poorly sorted, 
clast- to matrix-supported 
pumice and lithic lapilli 
and blocks in a tuff 
matrix; massive or 
crudely bedded; bedding 
often not traceable over 
more than a few metres; 
forms units up to 2 m 
thick that are laterally 
continuous. 

Near optimal scaled-depth 
explosions; emplacement by 
ballistic curtains (e.g.,  
Valentine et al., 2015) 

Massive lapilli tuff 
(mLT); lithic-rich 
massive lapilli tuff 
(lmLT) 

Variable proportions of 
lithic and pumice lapilli, 
matrix-supported in 
poorly sorted, fine to 
coarse-grained tuff 
matrix; occurs in m-thick, 
laterally continuous or 
lenticular units. 

Deposited from fluid escape- 
dominated depositional 
flow-boundary of PDC; or 
near optimal scaled-depth 
explosions and 
emplacement by ballistic 
curtains (e.g., Valentine 
et al., 2015); 

Diffuse bedded lapilli 
tuff (dbLT); lithic- 
rich diffuse bedded 
lapilli tuff (ldbLT); 

Composition as mLT/ 
lmLT; discontinuous, sub- 
parallel and undulating 
diffuse bedding defined 
by cm-thick lithic 
horizons or by thin (<2 
cm) lapilli-poor layers; 
individual beds persistent 
over 2–6 m. 

deposited from fluid escape- 
dominated depositional 
flow-boundary of PDC; 
diffuse bedding results from 
unsteadiness. 

Stratified lapilli tuff 
(sLT); Stratified tuff 
(sT) 

Alternating moderately 
sorted fine-grained layers 
and more poorly-sorted 
coarser-grained layers; 
matrix supported sub- 
angular to sub-rounded 
pumice and lithic lapilli; 
parallel to sub-parallel 
strata <1–5 cm thick in 
sets 4–60 cm; very low- 
angle truncations are 
present; laterally 
persistent over 10s–100s 
m 

Deposition from traction- 
dominated flow-boundaries 
of fully dilute PDCs; deeper- 
than-optimal scaled depth 
explosion, emplacement by 
expulsion-driven PDCs (e.g., 
Valentine et al., 2015) 

Pumice lenses (pLens) Clast-supported, rounded 
pumice lapilli and blocks 
in a tuff matrix; forms 
lenses <1 m high by <2 m 
wide 

Marginal or terminal pumice 
levees formed by granular 
segregation of pumice clasts 
within PDCs (e.g., Branney 
and Kokelaar, 2002) 

Cross-stratified lapilli 
tuff (xsLT); Cross- 
stratified tuff (xsT) 

As stratified lapilli tuff 
(sLT); low-angle cross- 
stratification defined by 
mm-cm thick strata; 
foreset laminae dip 
~5–20◦; bedform 
amplitudes 10–100 cm; 
occurs in cm-dm thick 
packages 

Deposition from traction- 
dominated flow-boundaries 
of fully dilute PDCs; deeper- 
than-optimal scaled depth 
explosions, emplacement by 
expulsion-driven PDCs (e.g., 
Valentine et al., 2015) 

Massive tuff (mT) Fine-grained tuff wth 
minor pumice and lithic 
lapilli (<5%) in beds 
1–20 cm thick; massive to 
diffusely stratified; 
mantles topography 

Deposition from ash-rich 
PDCs or ash fall from 
eruption column-fed or co- 
ignimbrite ash clouds 

Massive accretionary 
lapilli-bearing tuff 
(mTacc) 

As massive tuff (mT); 
contains matrix to clast- 
supported, whole and 
broken AP2 ash 
aggregates (accretionary 
lapilli) 3–15 mm 
diameter; generally 
massive or weakly 
bedded; occurs as 
individual beds or in 
stacked sets several 
metres thick in scale 

Deposited from moisture- 
rich PDCs; ash aggregates 
grew in eruption column, 
ash clouds or co-ignimbrite 
clouds and fell into current  

Table 1 (continued ) 

Lithofacies Description Interpretation 

Massive ash pellet- 
bearing tuff (mTpel) 

Massive clast-supported 
AP1 ash aggregates (ash 
pellets) in an ash matrix; 
may show normal 
grading; beds laterally 
persistent up to several 
km 

Ash fall deposits from 
moisture-rich eruption 
column-fed ash clouds or co- 
ignimbrite ash clouds 

Bedded tuff (bT) Tuff with rare pumice and 
lithic lapilli and matrix- 
supported to clast- 
supported ash aggregates; 
mm- to cm-scale parallel 
laminations; laterally 
persistent beds 1–5 cm 
thick that drape 
topography 

Ash fall deposits from 
eruption column-fed or co- 
ignimbrite ash clouds 

Lithic blocks (lB) Angular lithic blocks, up 
to 2 m in diameter; some 
sat in impact sags 

Ballistic clasts ejected 
during phreatomagmatic 
and magmatic explosions 

Massive lapilli (mL) Massive, clast-supported 
angular pumice lapilli 
and rare blocks, and lithic 
lapilli (2–40 vol%); 
occurs in beds up to 
several metres thick 

Fallout of pumice and lithic 
lapilli from eruption 
columns and umbrella 
clouds under steady 
conditions 

Bedded lapilli (bL) As mL but with cm-scale 
bedding defined by 
variations in grainsize 
and proportions of lithc 
and pumice components 

Fallout of pumice and lithic 
lapilli from eruption 
columns and umbrella 
clouds under unsteady 
conditions 

Grainsize: Br, Breccia; T, tuff; LT, lapilli tuff; L, lapilli; Composition: l, lithic-rich; 
acc, accretionary lapilli-bearing; pel, ash pellet-bearing; Structure: m, massive; 
db, diffuse-bedded; b, bedded; s, stratified; xs, cross-stratified;. Naming scheme 
follows that devised by Branney and Kokelaar (2002). Lithic-rich lithofacies 
contain >30 vol% lithic lapilli. 
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column height of 11.5 km (Fig. 5). At most locations it conformably 
overlies Member B, but in the southern margin of the south crater it 
drapes an unconformity that cuts through Member B (Fig. 2c). Member C 
passes up into bedded pumice and tuff deposits of Member D (Fig. 4e). 

4.2.4. Member D 
Member D conformably overlies Member C and is well-exposed on 

the west flank of the volcano in roadcuts along the autopista TF-1 at 
Torviscas (Fig. 1) and outcrops over an area of >2 km2. It comprises 
>18 m of lenticular beds of bedded, massive and stratified lapilli tuff 
(mLT, sLT, bLT, lmLT, Table 1), pumice-rich lenses (pLens) that are 
interbedded with, and pass laterally into, parallel-bedded tuff beds (mT, 
bT) and pumice lapilli beds (pL) (Fig. 7). Tuff beds drape the marginal 
margins of the lapilli-tuff beds and pumice lenses (Fig. 7d). 

The lapilli-tuffs fill a paleovalley north of a ridge draped by lower 
members (Fig. 7e), that probably represents the extension of the NE-SW 
oriented Morro Negro ridge towards the coast under the CDR deposits 
(Fig. 1). They pinch-out upslope (west) towards the crater and pinch-out 
southeast against the ridge. The units have tabular to wedge-shaped 
geometries and locally erosive contacts. Lower beds pinch out laterally 
against the buried Morro Negro ridge. Some exhibit marginal pumice 
lenses (pLens, Table 1), and some are draped by, and pass into, thin tuff 
beds (Figs. 4e and 7), some of which contain ash aggregates. Upper beds 
of lapilli-tuff exhibit tabular geometries as a result of the filling of the 
paleovalley. 

On the SW side of CDR, Member D comprises ~4 m of centimetre- 
thick, parallel-bedded tuff beds, some of which contain ash aggre-
gates, and decimetre-thick pumice lapilli beds: the lapilli-tuff beds are 
absent (Fig. 5). Member D here is conformable with the pumice lapilli 

beds of Member C. The contacts with the enclosing members are difficult 
to define. The lower contact of Member D is taken as the first laterally 
continuous tuff bed, and the upper contact is defined by the appearance 
of chaotic, clast-rich, massive tuff breccias, and abundant impact sags 
characteristic of Member E. 

The lithic population of Member D differs from Member A-C by lower 
abundances of aphyric and porphyritic lavas (47%), and increased 
abundances of dense, glassy welded lapilli-tuff (20%, Fig. 3). 

At Fañabe beach (Figs. 1 and 12c), the member consists of 80 cm of 
thin to medium thickness, parallel bedded, accretionary lapilli-bearing 
tuffs and pumice lapilli beds, overlain by <1 m of stratified tuffs, 
cross-stratified tuffs and bedded lapilli (see Table 1). 

4.2.5. Member E 
Member E consists of alternating beds of massive, bedded tuff breccia 

and lapilli tuff (mTBr, mLT, dbTBr, dbLT), cross-stratified tuff and 
lapilli-tuff (xsT, xsLT), tuff beds (mT, bT), accretionary lapilli-bearing 
tuff (mTacc), and abundant lithic blocks (lB) up to 2.5 m in diameter 
(Supplementary information 1, and Fig. 8a). At most proximal locations, 
Member E is tens of metres thick, and may exceed 70 m thick on the 
eastern side of the north crater (Fig. 8). It is radially dispersed around 
CDR (Fig. 1) and forms the greatest thickness of the tephra ring. Beds dip 
at shallow angles (<8◦) away from the vent on the western flank but are 
steeper where draping pre-existing topography to the north and east 
(Figs. 1 and 2b). The deposits locally thicken into topographic lows. In 
southern areas the lower contact with Member C is gradational over 0.3 
m, but in western areas the contact is sharp. 

In proximal areas Member E is composed of a sequence of alternating 
coarser-grained and finer-grained beds that form depositional couplets 
(Fig. 8). A typical couplet is composed of a 1–3 m thick bed of massive 
tuff breccia overlain by a thin bed of massive accretionary lapilli-bearing 
tuff, stratified tuff or lapilli tuff. The bases of the couplets, and the 
capping beds of the underlying couplets are commonly strongly dis-
rupted by impact sags, some of which contain lithic blocks (Fig. 8c). 
Individual beds of massive tuff breccia trace laterally over tens to hun-
dreds of metres where outcrops allow, and generally fine and thin with 
distance. Several thin tuff beds correlate widely across the southern 
flank of the volcano. The lithic population diverges from the previous 
members and lacks welded lapilli-tuff and lapilli stone clasts (Fig. 3). 

At distances of ~1 km from the vent), Member E is lithologically 
similar to proximal regions, but the couplets are thinner and there are 
numerous beds of cross-stratified lapilli-tuff. Dune bedforms occur on a 
range of scales, but typically have wavelengths of <2 m and amplitudes 
of <0.3 m (see supplementary information file 1). Cross-stratification is 
generally low angle (5◦–15◦), and individual strata pinch and swell over 
distances of metres (Fig. 8d). The dimensions of the dune bedforms 
overlap bedforms measured at other similar volcanoes (see supple-
mentary information file 1). 

4.2.6. Member F 
Member F is >27 m-thick succession of bedded, cross-stratified and 

stratified tuffs (bT, xsT, sT, Table 1), ash aggregate-bearing massive and 
bedded tuffs and lapilli tuffs (mTacc, mTpel) and massive lapilli tuff 
(mLT; Fig. 9) and it fills the southern crater (Fig. 1). It outcrops only 
along a man-made gully cut through the crater rim where it and Member 
C is draped over a crater wall cut through Member B (Fig. 2c). The 
original extent of Member F is not known. 

Beds in Member F exhibit scour surfaces and pinch-and-swell and 
lenticular geometries. Many beds thin against the slope of the inner 
crater wall or pinch out against it (Fig. 10b). Some beds have partly 
slumped back into the crater. 

Member F is generally fine-grained and lapilli-poor. The lithic clast 
population sampled from a massive lapilli tuff bed, is the least diverse 
population in the CDR, and consists mostly of various basaltic lava li-
thologies and a small percentage of phonolite lava clasts. Pyroclastic 
lithic clasts are absent. 

Fig. 6. Measured sections through Member B. Lithofacies codes defined in 
Table 1 [COLOUR]. 
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Fig. 7. Member D. A) Composite log through paleovalley-filling pyroclastic deposits of Member D. Section comprises a succession of pyroclastic density current 
deposits, alternating with pumice and co-ignimbrite ash fall deposits (road: TF-481, 28◦ 4′53.53”N 16◦43′44.29”W) B) Section logged in A (black lines indicate 
vertical sections). Pyroclastic density current deposits thin and pinch out against paleoslope. White arrows indicate terminations of PDC deposits. Black arrows 
indicate pumice fall deposit interbedded with PDC deposits. Same location as A. C) Paleo-ridge preserving mostly pumice fall and co-ignimbrite ash fall deposits that 
correlate with those in A. Same location as A. D) Road section orthogonal to those in A and B, showing draping of the upslope termination of PDC deposit by an ash 
layer (top marked by arrows) inferred to be a co-ignimbrite ash layer (Calle Antonio Navarro, 28◦ 4′54.50”N 16◦43′49.02”W) E) Schematic road section along TF-481 
showing reconstructed cross-section through Member D deposits in context of overlying and underlying members. The paleotopography on the south end of the road 
cut probably represents the buried Morro Negro ridge [COLOUR]. 

Fig. 8. Member E. A) Measured sections through Member E. Inset map shows location of logs. B) Depositional couplets consisting of thick beds of massive tuff breccia 
(mTBr) capped by thin pale-coloured tuff beds (bT, bTacc). (Avenida Francia, 28◦05′04.42”N 16◦43′13.50”W). Rucksack for scale. C) Depositional couples showing 
detail of thin tuff beds disrupted with ballistic blocks and impact sags (Calle Madrid, 28◦05′04.18”N 16◦43′18.25”W). D) Cross-stratified lapilli-tuff deposits. Same 
location as C. Lithofacies codes defined in Table 1. 30 cm rule for scale [COLOUR]. 
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A variety of ash aggregates are present in Member F. The most 
frequently occurring type are weakly structured aggregates (AP2 ag-
gregates of Brown et al., 2012) comprising a massive, coarser-grained 
ash core that resembles the matrix of the beds they occur within, sur-
rounded by a ~ 0.5 mm thick, finer-grained rim. They are generally 
subspherical, average 4 mm in diameter, and occur matrix-to clast- 
supported (20–40 vol%) in tuff beds. AP2 Aggregates with well- 
developed concentric structures (accretionary lapilli) and multiple 
fine-grained rims that become finer-grained outwards, are less abundant 
(10–20 vol%) and typically occur matrix-supported, but clast-supported 
beds are present. Ash pellets (AP1 aggregates) lack the finer-grained 
outer rim of weakly structured aggregates. They are typically clast- 

supported and cap tuff beds that contain AP1 aggregates. A typical 
sequence in Member F consists of a 10–20 cm thick tuff bed in which 
aggregate concentrations increase upwards and become dominated by 
weakly structured aggregates or ash pellets. 

4.2.7. Distal outcrops 
Distal deposits of the CDR eruption outcrop at Fañabe beach, Risco 

Bisechi (Fig. 1) and Barranco de los Chiafos (4 km from CDR, 28◦

3′30.21”N, 16◦41′11.07”W). Those to the east and southeast are 
composed predominantly of parallel-bedded tephra fall deposits and 
correlations with proximal deposits are uncertain. Approximately 4 m of 
tephra fall deposits are preserved at Barranco Risco Bisechi, located 1.7 

Fig. 9. Member F deposits (28◦ 4′20.46”N 16◦43′9.50”W). A) Measured section through Member E deposits in the southern edge of south crater. B) Member F 
deposits banking up against the inner crater wall. Arrows indicate beds that thin against the topography. C) Massive lapilli-tuff bed. Position marked in log. D) Cross- 
stratified tuff overlain by massive accretionary lapilli bearing tuff. Current from right to left. Smallest divisions on scale are 1 cm. Lithofacies codes defined in 
Table 1 [COLOUR]. 
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km east of the volcano, at an altitude of 400 m (~300 m above the 
present crater floor, Figs. 1 and 10a). The deposits here consist of 
centimetre-thick white tuff beds that commonly contain coated pellets 
and that are interbedded with thin, lithic-rich, pumice fall deposits. 
Ballistic clasts up to 50 cm in diameter, of lavas and pumice, and impact 
sags, are present along some horizons (Fig. 10a). At Barranco de los 
Chiafos, CDR deposits are composed of 90 cm of parallel bedded and 
stratified white tuffs (Fig. 10b). Some beds contain coated pellets and 
one 17 cm thick tuff bed grades upwards from matrix-supported accre-
tionary lapilli into clast-supported coated pellets, similar to some beds in 
Member E. We infer that the bulk of these distal deposits correlate with 
parts of Members B, D and E, because Members A and C were dispersed 
to the west/southwest. Distal deposits at Fañabe beach consist of several 
metres of parallel-bedded pumice and ash layers belonging to Members 
A, B, C and D, although correlations are uncertain due to the distance 
from proximal outcrops. 

4.3. Texture, geochemistry and petrography of juvenile material 

The juvenile pumice is pale green-grey, sparsely porphyritic to 
aphyric. Phenocryst phases include sparse sanidine up to 10 mm in 
length, black amphibole up to 5 mm length and small biotite micro-
phenocrysts. The groundmass contains glass and altered sanidine 

microlites. Vesicular pumices are characterised by vesicles ranging in 
size from microns up to >1 cm (Fig. 11). Most pumice clasts have 
prismatic in shape and some large pumice blocks exhibit crude 
columnar-jointed exteriors. Some dense, incipiently to poorly vesicular 
clasts exhibit vague flow banding (Fig. 11). 

Juvenile clasts exhibit vesicularity indices from 20 to 85 vol% 
(incipiently vesicular to extremely vesicular, following Houghton and 
Wilson, 1989) (Supplementary information 2, Fig. 3). There are marked 
differences in both the vesicularity indices (mean vesicularity) and in 
the vesicularity range of juvenile material in Members A-F. Juvenile 
clasts in Members A and C have vesicularity indices of 72 vol% and 75 
vol% (highly vesicular), respectively, narrow ranges of values and a 
broadly unimodal distribution of vesicularity values. Conversely, juve-
nile clasts extracted from Members B, E and F have lower vesicularity 
indices (moderately vesicular, 68 vol%, 55 vol% and 57 vol%, respec-
tively) and a greater range of values (Fig. 3). Member E exhibits a 
bimodal frequency distribution with peaks at 70 vol% and 50 vol% 
vesicularity. Members, B, E and F contain minor modes of poorly ve-
sicular juvenile material (20–40 vol% vesicularity). Minor quantities of 
obsidian lapilli in Member A are considered juvenile. 

The Caldera del Rey juvenile material is variably vesicular phonolite 
pumice (55–61 wt% SiO2, 12–14 wt% NA2O + K2O, for data see Sup-
plementary information 2). Its composition sits within the range of other 

Fig. 10. Distal outcrops of the CDR deposits. A) ~4 m-thick sequence of ash fall and fine pumice lapilli fall deposits, 1.5 km east of north crater at Barranco Risco 
Bisechi. Correlations with proximal deposits uncertain (28◦ 5′6.69”N 16◦41′53.96”W). Arrow points to impact sags. Outcrops sits 300 m above crater floor. B) Log and 
photo of distal deposits north of Montaña Guaza at Barranco de los Chiafos, 4 km SE of CDR (28◦ 3′30.84”N 16◦41′12.18”W). Correlations with proximal deposits 
uncertain. Lithofacies codes defined in Table 1. C) Distal deposits at Fañabe beach (28◦ 5′19.96”N 16◦44′23.31”W) [COLOUR]. 
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phonolite lavas and pyroclastic deposits on Tenerife (Fig. 12). There is 
no systematic trend in composition with time through the deposit. 

5. Interpretation and discussion 

5.1. Pyroclastic deposits 

Member A represents the opening phases of the CDR eruption and its 

sheet-like, coarse-grained, framework-supported nature and angular 
pumice clasts indicates it is a pumice fall deposit dispersed west of the 
volcano (Fig. 13a). Limited isopach data suggest a vent within the south 
crater (Fig. 5). Changes in grainsize (Fig. 5) record changes in column 
height. The high lithic clast contents (>10–40 vol%) reflect erosion of a 
conduit excavated through basaltic lavas and pyroclastic deposits (ig-
nimbrites, scoria deposits) (Fig. 1). Lithic blocks, some of which sit in 
impact sags, are interpreted as ballistic clasts, or as clasts released from 
the margins of the eruption column. Centimetre-scale bedding in unit 3 
records the onset of marked unsteadiness in the plume. Crosswind 
isopleth data indicate column heights of ~8 km consistent with Sub-
plinian activity (computed using Carey and Sparks, 1986; reported in 
(supplementary information file 2). 

Member B, thickest around the south crater, records an abrupt 
change in eruption dynamics. The ash-rich beds, low-angle dune bed-
forms, abundant ash aggregates and clast-supported layers of lithic 
clasts (see Fig. 6), some of which sit within impact sags, together indi-
cate a phase of phreatomagmatic activity located within the south crater 
(e.g., Ross et al., 2017). This phase was characterised by showers of 
ballistic clasts, dilute ash-rich pyroclastic density currents and ash fall 
(Fig. 13b). Abundant ash aggregates indicate elevated water vapour in 
the ash clouds. We interpret these phenomena as the result of phreato-
magmatic explosions within an aquifer hosted in lavas and pyroclastic 
deposits beneath the volcano (Fig. 13). Deposits of unit 1 at distances of 
~1 km from the crater on the NW flank of the volcano (Figs. 4e and 6) 
are characterised by parallel-bedded tuff layers containing ash aggre-
gates and are consistent with fallout from ash clouds generated by 
discrete phreatomagmatic explosions (e.g, Branney, 1991; Scarpati 
et al., 1993). Units 2 to 4, composed of ash fall deposits (thin, ash 
aggregate-bearing tuff beds) and thicker, clast-supported pumice fall 
deposits with ballistic blocks (Fig. 6), are interpreted as the deposits of 
alternating phreatomagmatic explosions (ash fall) and magmatic ex-
plosions (pumice fall deposits). Bedding in the pumice fall deposits in-
dicates marked unsteadiness in the eruption column, or multiple discrete 

Fig. 11. Juvenile material end-members. A) Vesicular pumice from Member A with micro- and macro-vesicles. B) BSE image of pumice clast with a vesicularity index 
of 82%. C) dense juvenile clasts from Member F. Clast on right exhibits weak flow banding. D) BSE image of pumice clast from Member F with vesicularity index of 
35% [COLOUR]. 

Fig. 12. Total alkali-silica plot for CDR juvenile material. Shaded field is Teide- 
Pico Viejo rocks (Ablay et al., 1998). 
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Fig. 13. Conceptual model for the eruption of the Caldera del Rey maar-diatreme volcano. A) Subplinian phase results in an eruption column 8-km-high that 
disperses tephra towards the west (Member A). B) A brief phreatomagmatic phase, driven by interaction with groundwater generates a small maar-diatreme volcano, 
and generates short-lived pyroclastic density currents (the south crater) (Member B). C) Migration of magma northwards and second Subplinian phase produces a ~ 
12-km-high eruption column which disperses tephra towards the west (Member C). D). Phreatomagmatic phase driven by interaction with groundwater creates a 
large maar-diatreme volcano (north crater) and results in formation of ballistic curtains, PDCs and ash fall out (Member D). E) Weak and/or deep phreatomagmatic 
explosions (greater than optimal depth) result in ash-rich explosions and ash-rich PDCs. 
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explosions. 
Member C is lithologically similar to Member A and is interpreted as 

a pumice fall deposit that records the reestablishment of a Subplinian 
eruption column that dispersed tephra to the southwest (Fig. 13c). 
Cross-wind isopleth data (Fig. 5) indicate a column height of ~12.5 km 
(supplementary information 2). The massive nature of the lower parts of 
Member C record the fallout of pumice and lithic clasts from a steady 
eruption column. Thin ash-rich layers may record pauses in the erup-
tion, which allowed ash to settle out, or brief phreatomagmatic explo-
sions, that either punctuated the Subplinian activity or were attendant to 
it. Elevated lithic clast contents indicate marked erosion of the conduit 
throughout the Subplinian activity (e.g., Cioni et al., 2015), and the 
similarity its lithic clast population to Members A and B suggests that it 
was erupted from the south crater. 

The valley-filling beds of massive and bedded lapilli-tuff in Member 
D that pinch out against paleo-topography (Figs. 4e and 7b) are 
consistent with deposition from short lived and small-volume PDCs 
(Fig. 13d) that were dispersed down the north-west flank of the tephra 
ring in a small paleovalley bordered to the south by the buried Morro 
Negro ridge (Fig. 1). The interbedded massive pumice and massive tuff 
beds are interpreted as pumice fall and ash fall deposits. Their presence 
indicates that PDC generation was intermittent, which is consistent with 
a Subplinian column that was oscillating between buoyant behaviour 
and collapsing behaviour. The ash fall deposits are interpreted as co- 
ignimbrite ash fall deposits that settled out between PDCs. The 
elevated abundances of welded lapilli tuff clasts in Member D, relative to 
earlier members, could have resulted from an increase in the excavation 
depth in the conduit. Alternately, the lapilli-tuff could represent sintered 
ash, pumice and lithic material that accumulated on the conduit walls 
and was then subsequently eroded and incorporated into the eruption 
column. 

Member E deposits were emplaced all around the north crater, 
constructed the bulk of the western flank and draped both sides of Morro 
Negro (Figs. 1 and 2b) indicating that this phase of the eruption was 
responsible for the north crater. The proximal deposits consist of cou-
plets of thick beds of massive tuff breccia, with numerous lithic ballistic 
blocks and impact sags, capped with thin ash aggregate-bearing tuff 
beds or stratified and cross-stratified lapilli-tuff beds (Fig. 8). This lith-
ological evidence, together with the morphology of the crater and tephra 
ring (see Figs. 1 and 2a), are consistent with a second phase of phrea-
tomagmatic activity (Fig. 13e). 

The couplets are similar to those at other maar-diatreme volcanoes 
and tuff interpreted as the deposits of either pyroclastic density current 
deposits or ballistic curtains generated by near-optimal-scaled depth 
explosions (Valentine et al., 2015; Graettinger and Valentine, 2017; Ort 
et al., 2018; Valentine et al., 2017; Sweeney et al., 2018). We interpret 
the coarse-grained lower layers of the couplets as the deposits of ballistic 
curtains resulting from numerous explosions at depths in the diatreme 
that formed dense eruptive jets that collapsed as ballistic curtains (e.g., 
Valentine et al., 2015). The abundant large lithic ballistic clasts and 
numerous impact sags which strongly disrupt the capping layer of the 
underlying couplet, support this interpretation. The finer-grained tuff 
beds and stratified lapilli-tuff beds are interpreted as the deposits of 
dilute pyroclastic density currents generated in the wake of collapsing 
ballistic curtains and from ash fall during pauses in phreatomagmatic 
activity (Fig. 13e) (see Graettinger and Valentine, 2017). 

The steep slope to the east acted as a barrier to PDCs and ballistic 
curtains (cf. Sweeney et al., 2018). The poorly sorted, chaotic deposits of 
Member E drape the slope but are absent on the ridgeline where the 
deposits consist instead of parallel-bedded ash fall tuffs and pumice fall 
deposits with scattered ballistic clasts (Risco Bisechi Fig. 11a). To the 
west and south, PDCs and ballistic curtains had largely unrestricted 
pathways to the coast. An upper limit on the runout of PDCs is given by 
the presence of tephra fall-dominated distal outcrops. These indicate 
that the PDCs were blocked to the east-northeast by 300 m-high 
topography and did not flow further than ~2.5 km to the northwest and 

~ 4 km to the southeast, although distal, ash-rich deposits of PDC cur-
rents can be difficult to distinguish from ash fall deposits (e.g., Brown 
et al., 2023). 

The lithic population in Member E lacks the welded lapilli-tuff and 
lapilli-stone clasts seem in Members A-C (Fig. 3) and is consistent with a 
northward shift in vent location to a subsurface region that lacked 
welded lapilli-tuff (ignimbrite) layers. Alternatively, if the lapilli-tuff 
clasts represent sintered conduit material, then a northward shift is 
also required to avoid recycling of welded lapilli-tuff clasts into Member 
E deposits by phreatomagmatic explosions in the diatreme. 

Member F deposits are substantially different to the deposits of 
Member E. They are fines-rich and lapilli-poor, even in the crater, and 
contain abundant ash aggregates and evidence for soft-state slumping 
(Fig. 11). The cross-bedding and lenticular nature of many beds in 
Member F are indicative of emplacement by dilute, ash-rich PDCs. 
Ballistic lithic clasts are scarce. These characteristics, along with the 
strongly bedded nature of the deposits are consistent with an origin via 
repetitive phreatomagmatic explosions. Member F deposits filled the 
south crater and the explosions that created them must have occurred 
within the substantial diatreme generated by the Member E explosions 
(Fig. 13f). The fine-grained nature of the deposits is compatible with 
greater-than-optimal scaled depth explosions in a diatreme (Graettinger 
and Valentine, 2017). Experimental evidence indicates that much of the 
material involved in such explosions remains trapped at depth (Graet-
tinger et al., 2014) and only fine-grained material escapes to the surface. 
This ejecta can collapse and produce fine-grained PDCs. We propose that 
much of Member F was deposited in this way: by fine-grained, mostly 
dilute PDCs, generated in the north crater and that sedimented material 
in the south crater and on the tephra ring (now eroded and not 
preserved). 

The lithic population in Member F is dominated by basalt lava li-
thologies which suggests that explosions for were centred in a basalt- 
hosted aquifer or within a region of the diatreme that was rich in 
basalt lithic debris. 

5.2. Ash aggregates 

The abundance of ash aggregates in the Members B, E and F is strong 
supporting evidence for phreatomagmatic explosions and for the gen-
eration of vapour-rich ash clouds. We infer that aggregation occurred in 
all fine ash clouds generated during the eruption, and that all fine ash 
probably accumulated as aggregates of one form or another in both 
proximal and distal regions (see Durant and Brown, 2016). An associa-
tion between AP2 aggregates (accretionary lapilli) and PDCs occurs in 
the deposits of Plinian and Phreatoplinian deposits (Brown et al., 2010; 
Van Eaton and Wilson, 2013; Hoult et al., 2022), indicating that growth 
of complexly layered aggregates is triggered by interaction with or 
passage through PDCs. Simpler AP1 aggregates (ash pellets) are else-
where limited mainly to ash fall deposits (Brown et al., 2012, 2023). 
These relationships generally hold true in the CDR deposits, although 
the locations of aggregate growth and the patterns of deposition are 
complicated by both the transient nature and the frequency of phrea-
tomagmatic explosions and PDCs, particularly during the emplacement 
of Member F. 

5.3. Vesicularity indices 

The vesicularity indices and vesicularity ranges for pumice clast 
populations varies between the different members. Members A and C, 
with high indices of 75% and 72%, respectively, and narrow ranges 
(35%; Fig. 3) are consistent with magmatic eruptions (e.g., Houghton 
and Wilson, 1989). The lower vesicularity indices of Members B and E 
(68% and 55%, respectively), their broader ranges (55–60%) and 
bimodality are consistent with phreatomagmatic eruptions and reflect 
complex variations in the timing of groundwater-induced fragmentation 
and vesiculation (e.g., Houghton and Wilson, 1989). The relatively low 
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vesicularity index of pumice clasts in Member F (57%) and its broad 
range (75%) and weak bimodality is also indicative of phreatomagmatic 
activity. We cannot rule out that some of the vesicular clasts in Members 
C, E and F were recycled in the vent from earlier magmatic phases (e.g., 
Valentine and White, 2012), but we do not have evidence for this (e.g., 
ash coatings). Whilst phreatomagmatism is a probable cause of lower 
vesicularity indices and broad vesicularity ranges (Houghton and Wil-
son, 1989; White and Valentine, 2016) in the CDR, and is supported by 
other lithological evidence, we also cannot rule out the role of hetero-
geneity in mass eruption rates and strongly pulsatory activity, common 
in Subplinian eruptions, in fragmenting degassed magma and generating 
pumice clasts with lower vesicularities (Cioni et al., 2015). 

5.4. Construction of the CDR maar-diatreme 

The CDR eruption initiated when phonolite magma intruded the 
southern flank of Tenerife and intersected the Earth’s surface at ~100 m 
above present sea level on a shallow slope at the base of the Roque del 
Conde massif (Fig. 1). Sea level at the time of the eruption was similar to 
or lower than that of the present day because subaerial CDR ash fall 
deposits are preserved at present sea level (Fañabe beach, Figs. 1 and 
11c). 

There are several lines of evidence that indicate that eruptive activity 
migrated northwards from the south crater to the north crater during the 
eruption. Limited proximal isopach and isopleth data place the vent for 
Member A pumice fall deposit in the south crater. Member B is thickest 
around the south crater and are cut by an inward-dipping scarp in the 
southern wall of the south crater. We interpret this scarp as the inner 
crater wall (Fig. 2c), and it suggests that Member B was also erupted 
from the south crater. Members C is thickest in the south and drapes the 
south crater wall and the limited isopach and isopleth data do not 
constrain the location of the vent. Member D forms a substantial tephra 
ring that is thickest around the north crater (Fig. 2b), and we infer that it 
too was erupted from the north crater. The marked change in lithic clast 
population from Member D to Member E is supporting evidence for a 
change in vent position. The deposits of Member F bank up against the 
crater wall and fill the south crater (Fig. 1). We attribute the absence of 
Member E away from the south crater as the result of erosion. 

Estimating the true crater size and the original elevation of the crater 
floor is difficult due to substantial post-eruption erosion. The CDR crater 
is partially filled with post-eruption volcaniclastic sediments that have 
been eroded from the surrounding tephra ring, which is almost 
completely absent on its north side (Fig. 1). We speculate that these 
sediments are several tens-of-metres thick. Thus, although the crater 
floor presently sits at around the level of the surrounding pre-eruption 
ground (~100 m asl; cross-section, Fig. 1), it would have sat below 
the pre-eruption surface immediately after the eruption. This is consis-
tent with an interpretation as a maar volcano (e.g., Ross et al., 2017), 
generated by the excavation and expulsion of country rock by phrea-
tomagmatic eruptions within a diatreme. 

Member B, erupted from the south crater is not thick, nor apparently 
widespread, and probably resulted from a short period of phreato-
magmatic activity that may not have excavated a substantial diatreme. 
The thick tephra ring deposits of Member E probably record an extended 
phreatomagmatic episode that we infer excavated a substantial diatreme 
beneath the north crater (Fig. 13). 

5.5. Transitions between magmatic phases and phreatomagmatic phases 

The CDR eruption consisted of two cycles of magmatic-to- 
phreatomagmatic activity: Members A-B, and Members C–F. The first 
cycle was focussed in the south crater and the second initiated after 
magma migrated ~1 km northwest. We found no evidence for a sub-
stantial repose period between activity at the south and north craters 
and we consider that all the deposits of the CDR represent one eruption 
that may have lasted days-to-months. 

The magmatic phases (Members A, C and D) generated Subplinian 
eruption columns, ~8–12.5 km high, indicative of average mass erup-
tion rates in the region of 102–103 m3 s− 1 (Carey and Sigurdsson, 1989; 
Mastin et al., 2009). The lithological characteristics of tephra fall de-
posits in Members A and C, such as bedding defined by changes in 
grainsize and lithic content, and by thin layers with ash matrices and 
thin ash layers (Fig. 5), are consistent with Subplinian activity, as the 
eruption columns are commonly unsteady and may stop and start 
repeatedly as a function of intermittent magma supply (Bursik, 1993; 
Cioni et al., 2015). Some ash layers may have resulted from intermittent 
phreatomagmatic explosions. 

Evidence for phreatomagmatism in Members B, E and F includes: (1) 
The morphology and size of the tephra ring constructed predominantly 
by Member E deposits. (2) Elevated abundances of shallow lithic clasts 
sourced from explosions. (3) Abundant ash aggregates that indicate high 
amounts of water vapour in the erupted mixtures. (4) Numerous ballistic 
clasts and impact sags. (5) Presence of poorly to incipiently vesicular 
juvenile clasts (Fig. 3). (6) Lithofacies associations similar to those at 
other maar-diatreme and tuff ring volcanoes (e.g., massive tuff breccias, 
cross-stratified tuffs and parallel bedded ash fall deposits, White and 
Ross, 2011; Ross et al., 2017; Valentine et al., 2017). Whilst no single 
criterion is diagnostic, a suite of characteristics such as these can be 
indicative (e.g., White and Valentine, 2016). 

Alternations between magmatic and phreatomagmatic activity are 
recorded in the deposits of many explosive volcanic eruptions and 
particularly those dominated by phreatomagmatic activity, such as 
maars and tuff rings (Houghton and Hackett, 1984; Houghton and 
Schmincke, 1989; Martí et al., 2011; Saucedo et al., 2017). In the latter, 
these alternations can result from variations in the ascent rates of 
magma, heterogeneous water distribution or magma ascent pathways 
within a diatreme, sealing of subsurface permeable fractures by magma 
or tephra, or in the case of surface magma-water interaction, construc-
tion of volcanic edifices that periodically blocks water access to the vent 
(Valentine and White, 2012; Valentine et al., 2017). Some eruptions 
started with phreatomagmatic activity and transitioned to effusive ac-
tivity that emplaced lava flows or domes. or ended with Strombolian 
activity (Clarke et al., 2009; Zimmer et al., 2010; Austin-Erickson et al., 
2011; Kshirsagar et al., 2016), and vice versa (Gutmann, 2002). 

Small-volume eruptions of silicic magmas frequently initiate with 
explosive phases that feed convective columns (Heiken and Wohletz, 
1987; Woods and Koyaguchi, 1994; Cassidy et al., 2018). These phases 
persist until the mass eruption rate is insufficient to support a buoyant 
column. This can occur due to changes in intrinsic properties such as 
decreases in magma gas content or magma temperature, or to extrinsic 
properties, such as increases in vent diameter (Aravena et al., 2017) or 
vent blockage (Wadsworth et al., 2020). Transitions from explosive to 
effusive behaviour during silicic eruptions including depletion of gas- 
rich magma (Popa et al., 2021), in-conduit sintering (Wadsworth 
et al., 2020), efficient permeable outgassing (Degruyter et al., 2012), 
and shallow conduit fracturing (Heap et al., 2019). 

We attribute transitions from magmatic to phreatomagmatic activity 
in the CDR eruption to decreases in mass eruption rate which created the 
conditions suitable for phreatomagmatic activity (see Scandone and 
Malone, 1985; Houghton and Nairn, 1991; Houghton et al., 1996; Cole 
et al., 1999; Valentine et al., 2017). During magmatic silicic eruptions, 
decreases in eruption rate can promote clast capture at conduit walls 
(Farquharson et al., 2022) and sintering, effectively clogging the vent 
and constricting the eruptive flow area (e.g., Wadsworth et al., 2020). In 
turn, this clogging is thought to be coupled to the fragmentation at 
depth, because a clogged conduit can pressurize, effectively reducing the 
pressure difference that drives fragmentation (Spieler et al., 2004) and 
causing a drop in fragmentation efficiency (Kueppers et al., 2006) and 
waning eruption rate. Waning eruption rates lead to lava effusion (e.g., 
Cassidy et al., 2018; Wadsworth et al., 2020). During the CDR eruption, 
lava effusion is not recorded, and we speculate that waning eruption 
rates (at the end of the phases that deposited Members B and D) instead 
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lead to phreatomagmatic eruptions due to favourable hydrological 
conditions: low magma fluxes allowed water to come into contact with 
ascending phonolitic magma, initiate stress-induced fracturing and 
trigger phreatomagmatic explosions in a manner similar to that 
observed in experiments by Austin-Erickson et al. (2011). 

5.6. Volume of the CDR eruption and implications for volcanism on 
Tenerife 

The volume of the tephra ring can be estimated by assuming that it 
originally extended 1 km radially away from the volcano, had a 
maximum thickness of 70 m, and an average dip of ~4◦. This gives a 
volume of ~1.7 × 108 m3 (0.17 km3). Using a nominal average value of 
of ~20 vol% lithic clasts in the deposits, and assuming a density of 1000 
kg/m3 for the deposit and 2550 kg/m3 for the magma (Seifert et al., 
2013), results in a dense rock equivalent (DRE) volume of ~5.4 × 107 

m3 consistent with typical volumes for silicic lava domes and flows (Fink 
and Griffiths, 1998). 

It is not possible to close isopachs in Members A and C due to 
dispersal over the sea and to limited onshore outcrops and it difficult to 
estimate the volume of the Subplinian deposits. Instead, without full 
justification, we assume that each pumice fall deposit was sub-equal in 
volume to the tephra ring. This gives a reasonable estimate of ~0.5 km3 

of tephra and we cautiously label it a VEI 4 eruption. For comparison, 
the preserved volume of the nearby 0.9 Ma phonolite Montaña Guaza 
dome-flow complex (Hernández-Pacheco et al., 1990; Carracedo et al., 
2007; Cas et al., 2022), is ~1 km3, and phonolite eruptions from the 
Teide-Pico Viejo-Montana Blanca complex range in volume from 0.01 to 
1 km3 (Martí et al., 2012). 

Nearly all eruptions of phonolite magma on Tenerife have occurred 
either at Las Cañadas caldera (>169 ka, Martí et al., 1994; Ancochea 
et al., 1999; Brown et al., 2003; Martí, 2019; Davila-Harris et al., 2022), 
or from the Teide-Pico Viejo-Montaña Blanca composite volcano (<35 
ka, Ablay et al., 1998; Carracedo et al., 2003, 2007; Martí et al., 2012). 
Eruptions from the former have included many Plinian eruptions with 
DRE volumes >5 km3 (Bryan et al., 2000; Brown and Branney, 2004; 
Davila-Harris et al., 2013; Pittari et al., 2006; Edgar et al., 2017). 
Eruptions from the latter volcano were Subplinian, and generated tephra 
fall deposits, small-volume PDCs and emplaced lava flows and domes 
(Ablay et al., 1998; García et al., 2011; Martí et al., 2012). 

If the hydrological conditions at the CDR vent site had not been 
conducive for phreatomagmatic interaction, we speculate that the 
eruption would have followed a pathway characterised by Subplinian 
explosive activity alternating with effusion of lava domes/flows. The 
nearby lava dome-flow complex, Montaña Guaza, 4 km SE of CDR, 
provides another scenario: an effusion-dominated monogenetic eruption 
of phonolitic magma (Hernández-Pacheco et al., 1990). 

The probability of a similarly located phonolite eruption in the future 
is remote given that there have been only two phonolite eruptions on the 
southern flank of Tenerife in the past ~1 Ma. However, Caldera del Rey 
provides a useful case study on how such eruptions could proceed where 
both environmental and eruptive conditions are conducive to phreato-
magmatic activity. 

6. Conclusions 

The phonolitic Caldera del Rey nested maar volcano in southern 
Tenerife, Canary Islands, is a superb example of the deposits of a 
strongly water-modified monogenetic silicic eruption. The VEI ~ 4 
eruption commenced with a Subplinian phase that resulted in an 8 km- 
high eruption column that dispersed tephra west of the volcano. This 
transitioned into a short-lived phreatomagmatic phase, before the 
eruption resumed Subplinian activity that fed a > 12 km-high plume, 
showered out pumice and ended with the generation intermittent PDCs 
alongside tephra fall. Migration of magma northwards resulted in 
phreatomagmatic activity and the formation of a substantial tephra ring 

and the excavation of a diatreme beneath the north crater. The bulk of 
the tephra ring resulted from near-optimal-scaled depth (shallow and or 
strong) explosions that generated successive ballistic curtains and PDCs. 
Over time explosions transitioned to greater-than-optimal scaled depth 
(deep and or weak) ejected predominantly fine-grained material 
dispersed by PDCs. During the phreatomagmatic phases substantial 
thickness of ash accumulated at distances exceeding a few kilometres 
from the vent. The CDR eruption provides a useful case study for un-
derstanding the deposits and hazards associated with phreatomagmatic 
eruptions involving silicic magma. 
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Zimmer, B.W., Riggs, N.R., Carrasco-Núñez, G., 2010. Evolution of tuff ring-dome 
complex: the case study of Cerro Pinto, eastern Trans-Mexican Volcanic Belt. Bull. 
Volcanol. 72 (10), 1223–1240. 

O. Bowers et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0355
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0355
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0360
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0360
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0360
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0360
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0360
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0365
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0365
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0365
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0370
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0370
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0375
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0375
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0380
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0380
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0385
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0385
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0385
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0385
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0390
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0390
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0390
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0395
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0395
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0395
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0395
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0400
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0400
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0400
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0405
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0405
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0405
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0410
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0410
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0410
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0415
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0415
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0420
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0420
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0420
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0420
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0425
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0425
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0435
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0435
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0440
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0440
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0440
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0440
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0440
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0445
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0445
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0445
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0450
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0450
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0450
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0455
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0455
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0455
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0460
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0460
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0465
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0465
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0470
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0470
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0475
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0475
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0475
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0480
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0480
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0480
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0485
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0485
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0485
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0490
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0490
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0490
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0495
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0495
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0495
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0500
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0500
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0500
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0505
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0505
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0510
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0510
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0515
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0515
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0515
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0515
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0520
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0520
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0520
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0525
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0525
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0525
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0530
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0530
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0530
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0535
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0535
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0540
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0540
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0545
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0545
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0550
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0550
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0555
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0555
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0560
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0560
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0565
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0565
http://refhub.elsevier.com/S0377-0273(23)00177-4/rf0565

	Alternating Subplinian and phreatomagmatic phases during the construction of a phonolitic maar-diatreme volcano (Caldera de ...
	1 Introduction
	2 Geological background
	3 Methods
	4 Results
	4.1 Volcano morphology and physical characteristics
	4.2 Pyroclastic deposits
	4.2.1 Member A
	4.2.2 Member B
	4.2.3 Member C
	4.2.4 Member D
	4.2.5 Member E
	4.2.6 Member F
	4.2.7 Distal outcrops

	4.3 Texture, geochemistry and petrography of juvenile material

	5 Interpretation and discussion
	5.1 Pyroclastic deposits
	5.2 Ash aggregates
	5.3 Vesicularity indices
	5.4 Construction of the CDR maar-diatreme
	5.5 Transitions between magmatic phases and phreatomagmatic phases
	5.6 Volume of the CDR eruption and implications for volcanism on Tenerife

	6 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


