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Abstract. This study investigates the magma plumbing system of the Miocene volcano shield stage of Tener-
ife (Canary Islands) through a geothermobarometric analysis of clinopyroxenes in ankaramite dykes and lavas
from the Teno and Roque del Conde massifs. Ankaramites, characterized by a high phenocryst content of olivine
and clinopyroxene, provide valuable insights into magma storage and transport processes. Two different meth-
ods have been applied to estimate the pressure and temperature of crystallization of clinopyroxenes: (i) a novel
machine learning geothermobarometer and (ii) a geobarometer that uses their structural parameters (Ve and
VM1 polyhedron). The results yielded a pressure distribution between 0 and 8 kbar with a difference between
clinopyroxene cores and rims, reflecting a multi-level plumbing system with evidence for the progressive as-
cent and crystallization of magmas. Further considerations of aluminium incorporation into the tetrahedral site
and zonation patterns of clinopyroxene cores revealed three groups with distinct P—T paths, which are Low-T,
High-T, and Low-P clinopyroxenes. Low-T clinopyroxenes are the largest ones (up to few centimetres in size)
and exhibit resorbed and patchy zonation. This group represents a relatively cold crystal mush formed from a
more hydrated magma, accumulated during a long residence time in disequilibrium conditions, as testified by
crystal habits. High-T clinopyroxenes show normal zonation pattern and consist of small crystals (1-2 mm in
size) directly crystallized from a less hydrated carrier magma during its ascent from depth (> 20 km b.s.1.). This
magma, which tore away part of the crystal mush bodies, acted as the transport agent of these two suites of
crystals up to the shallower crustal reservoirs (0—7 km). At these depths, clinopyroxene cores of the Low-P group
crystallized in the same P—T conditions as those of the rim domain, in a chemical disequilibrium regime, proved
by resorbed and patchy textures. In this scenario, ankaramites witness the occurrence of a heterogeneous cargo of
clinopyroxenes that formed at different depths in the plumbing system of the Teno and Roque del Conde massifs
during the volcano shield stage. The results of our research extend previous geothermobarometric studies and
refine the understanding of the ankaramite plumbing system of Tenerife. Our data are consistent with the plumb-
ing systems of other shield volcanoes of the Canary Islands and Hawaii and boost the application of machine
learning approaches in revealing the anatomy of volcano plumbing systems.

Published by Copernicus Publications on behalf of the European mineralogical societies DMG, SEM, SIMP & SFMC.



748

1 Introduction

Studying the Earth’s interior is paramount to understanding
the dynamic processes that shaped the geological evolution
of our planet. Volcanic eruptions provide critical windows
into these hidden domains, as the crystal cargos of ascend-
ing magmas preserve physical and chemical fingerprints of
their formation environments. Volcanic rocks act as natu-
ral probes, containing mineral assemblages, melt inclusions,
and textural features that record the pressure—temperature—
composition (P-T-X) conditions of magma storage and
transport (e.g. Ubide et al., 2021).

Geothermobarometry represents an essential technique for
decoding these magmatic archives and reconstructing the
thermal conditions and anatomy of volcanic plumbing sys-
tems (e.g. Putirka, 2008). This approach has revolutionized
our understanding of magma dynamics beneath ocean is-
land volcanoes, where complex plumbing systems often in-
volve multi-level storage regions and mixing processes (e.g.
Cashman et al., 2017). In this work, we explore the chal-
lenges and insights offered by geothermobarometry in the
context of a very peculiar kind of volcanic rock: ankaramite.
Ankaramite is a field name nomenclature (Lacroix, 1916)
that refers to an effusive mafic rock (basanite, picrobasalt,
alkali basalt) with a phenocryst content (olivine and clinopy-
roxene) greater than 30 %—40 %, in some cases reaching
50 %—60 %. Ankaramites typically occur in two geodynamic
settings, volcanic arcs and oceanic intraplate volcanoes, al-
though minor occurrences in mid-ocean ridge settings have
also been reported (e.g. Schmidt et al., 2004). Most stud-
ies have been focused on ankaramites outcropping at Maui
in the Hawaiian Islands (Chatterjee et al., 2005; Hammer
et al., 2016) and the Canary Islands hotspot (Kliigel et
al., 2005; Galipp et al., 2006; Longpré et al., 2008, 2009).
The aims of this study are to shed light on the ankaramite
plumbing system of the Teno and Roque del Conde mas-
sifs on Tenerife (Canary Islands) and to compare the re-
sults obtained with two independent geothermobarometers
based upon clinopyroxene crystal structure (Nimis and Ul-
mer, 1998) and clinopyroxene-only machine learning tech-
niques (Chicchi et al., 2023) with previous estimates (Long-
pré et al., 2008).

1.1 Geological background

The Canary archipelago is made up by seven NE-SW-
trending islands located on the Atlantic oceanic crust of
Jurassic age (Miiller et al., 1997) at some 300km off the
coast of Morocco (Fig. 1). The age of the Islands (Mc-
Dougall and Schmincke, 1976; Ancochea et al., 1990; Guil-
lou et al., 1996, 2004) is progressively younger going from
the NE (~22Ma at Fuerteventura, Lanzarote) to the SW
end of the archipelago (~2Ma at El Hierro, La Palma).
Tenerife is the largest of the Canary Islands and has a com-
plex volcanological history. The subaerial volcanic activity
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Figure 1. Sketch map of Tenerife, Canary Islands (from Google
Maps). The colours on the map highlight the main outcrop areas of
the Miocene shield volcano: Teno (red), Roque del Conde (yellow),
and Anaga (green). Yellow stars indicate the two sampling locali-
ties. The inset illustrates the position of the Canary Islands off the
cost of southern Morocco.

started at ~ 12 Ma as a volcano shield stage (Fig. 1). Fuster et
al. (1968), Ancochea et al. (1990), and Thirlwall et al. (2000)
suggested that the shield stage was formed by three separated
basaltic shield complexes, namely, Teno, Roque del Conde,
and Anaga. However, recent studies have supported a sce-
nario with a unique central shield volcano now outcropping
at the corners of the island (Ablay and Kearey, 2000; Arafia
et al., 2000; Guillou et al., 2004; Sainz-Maza Aparicio et al.,
2019). The stratigraphic sequence of this shield volcano is
part of the Old Basaltic Series (OBS; Fuster et al., 1968; An-
cochea et al., 1990) and defines the oldest exposed rocks at
Tenerife (Fig. 1). Some key features of Roque del Conde,
Anaga, and Teno are listed below, with emphasis on the Teno
massif because most of the samples used in this work come
from this part of the island.

Roque del Conde represents the central part of the shield
volcano, and its formation ranges from 11.9 to 8.9 Ma (Thirl-
wall et al., 2000; Guillou et al., 2004). The products of
the OBS recognized in the Roque del Conde sequence in-
clude picrobasalt, basalt, basanite, hawaiite, mugearite, and
benmoreite (Thirlwall et al., 2000). The Anaga massif is
mainly composed of a complex sequence of alkaline basaltic
lava flows, with abundant volcanoclastic layers, intruded by
subvolcanic bodies of basalts, trachybasalts, trachytes, and
phonolites (Ancochea et al., 1990). The stratigraphic series
has a total thickness of about 1000 m and formed at 8.4—
3.9 Ma (Thirlwall et al., 2000). The Teno massif contributed
to the building of the island during the Miocene (6.4-5.1 Ma;
Thirlwall et al., 2000). The stratigraphic sequence starts with
a series of basaltic lavas and dykes (Masca Formation; An-
cochea et al., 1990). The first collapse event (Masca Uncon-
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formity) is recognizable at the top of the sequence, and it is
followed by the filling of the collapse scar with the Carriza-
les Formation. This kind of eruption cycle, comprising a first
episode of volcanic activity and a subsequent collapse of the
edifice, is typical of this volcano. On top of the Carrizales
Formation there is another collapse event (Carrizales Uncon-
formity; Walter and Schmincke, 2002), which was in turn
followed by a subsequent episode of volcanic activity (EIl
Palmar-Los Gigantes; Guillou et al., 2004). Previous studies
at Tenerife found ankaramitic lavas in the Teno shield vol-
cano stratigraphic sequences and correlated their occurrence
to the flank collapses (Longpré et al., 2009). This process
can overcome the problem of erupting high-density magma
such as ankaramite (ca. 3tm~3; Longpré et al., 2009) be-
cause the fast lithostatic decompression of the system cou-
pled with the rapid exsolution of volatiles during flank col-
lapse is liable to triggering the eruption of dense magma with
a large (30 vol %—40 vol %) phenocryst content (Longpré et
al., 2009).

2 Samples and analytical methods

The studied ankaramites are massive lavas and dykes col-
lected from two distinct outcrops in two parts of the island:
five samples near Masca (Ank-1, Ank-2, Ank-3, Ank-4, Ank-
5), belonging to the Teno massif (Figs. 1, 2), and one sam-
ple (Ank-7) from Roque del Conde, near Granadilla (see Ta-
ble S1 in the Supplement for coordinates and outcropping
characteristics of the samples). All the rocks have porphyritic
texture with large clinopyroxene and olivine phenocrysts (up
to 1-3 cm in length) embedded in a microcrystalline ground-
mass (Fig. 2). The textural characteristics of the crystals were
initially studied using a ZEISS EVO MAI1S5 scanning elec-
tron microscope (SEM) on polished mounts (Fig. S1 in the
Supplement). Two to three fragments of clinopyroxene crys-
tals from each rock sample were then selected for the single-
crystal X-ray diffraction experiments, mainly on the basis of
the absence of twinning. A total of 14 fragments (ranging
from 20 to 100 um in size) from cores and rims of clinopy-
roxenes were extracted using a needle and mounted on a
support with glue. Single-crystal X-ray diffraction data were
collected on a Bruker-D8 Venture diffractometer equipped
with a Photon III detector and using Mo-K « radiation. The
chemical formulae of the refined clinopyroxenes were cal-
culated according to the procedure proposed by Dal Negro
et al. (1982), and the results of the structure refinements are
given in Tables S2 and S3. The refinement of the site scat-
tering at the structural sites allowed us to obtain reliable
chemical partitioning into the T, M1, and M2 sites, lead-
ing to a correct distribution of Fe’>* and Mg?* between the
M1 and M2 polyhedra (Dal Negro et al., 1982). Quantitative
chemical compositions were then determined using a JEOL-
JXA 8230 electron microprobe on the same polished mounts
(Fig. S1). Measuring conditions were set up at 15kV with a
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Figure 2. Ankaramites from the Teno massif. (a) Outcrop of a
SW-NE-trending ankaramitic dyke ~ 1.5 m wide; (b) macroscopic
photo of a massive lava flow with huge (> 1 cm) phenocrysts of
clinopyroxene and olivine.

beam current of 20nA for silicates (olivine, clinopyroxene,
and feldspar). The beam diameter was adjusted at 3 um for
clinopyroxene and olivine and 5 pm for feldspar. Clinopy-
roxene formulae and components (Table S4) were calculated
on the basis of 4 cations, and Fe?" /Fe’T was adjusted to
maintain charge balance (Chicchi et al., 2023, for details).

2.1  Geothermobarometry

A quantitative assessment of intensive variables of clinopy-
roxene crystallization was performed using two different
geothermobarometers. The first one, GAIA (Chicchi et al.,
2023), is based upon machine learning techniques which are
gaining widespread relevance and are expected to yield a sig-
nificant methodological shift in Earth sciences applications
(e.g. Petrelli, 2023). GAIA is a novel feedforward neural net-
work trained with a database of ~ 5600 experimental petrol-
ogy clinopyroxene analyses from the Library of Experimen-
tal Phase Relations (Hirschmann et al., 2008) complemented
by more recent compilations and filtered according to sev-
eral parameters to check for analyses’ quality (see Chicchi
et al., 2023, for details). The P and T errors of this method
are 1 kbar and 430 °C (1 SEE, standard error estimate), re-
spectively. The second method is a geobarometer based on
the crystal chemistry and structure of clinopyroxenes (Nimis
and Ulmer, 1998) and requires the knowledge of the temper-
ature to yield valuable pressure estimates. In this study we
adopted the temperature obtained with the GAIA geother-
mobarometer. The pressure for each crystal was calculated
following the procedure outlined by Nimis and Ulmer (1998)
calibrated for the MA compositional range (mildly alkaline
series from alkali basalt to trachyandesite, including mildly
alkaline and transitional melts of the shoshonitic series) with
an error of 2 kbar (1 SD). Overall, 222 clinopyroxene anal-

Eur. J. Mineral., 37, 747-760, 2025



750

Figure 3. X-ray compositional maps (cameo: Ca, red; Mg, light
blue; Al, orange) highlighting the two different textures repre-
sentative of the entire suite of the studied samples. Olivine and
clinopyroxene crystals are light blue and light brown, respectively.
(a) Large and few clinopyroxene and olivine crystals (Ank-1), as
opposed to (b) small and abundant clinopyroxene and olivine crys-
tals (Ank-7) in a microcrystalline groundmass.

yses were selected as input for the GAIA geothermobarom-
eter (Table S4), whereas 14 structure refinements were used
to calculate the crystallization pressure with the Nimis and
Ulmer (1998) geobarometer (Table S5).

3 Results

3.1 Rock texture and crystal chemistry

Ankaramite samples exhibit well-defined phenocrysts of
olivine and clinopyroxene dispersed in a microcrystalline
groundmass mainly composed of plagioclase + clinopyrox-
ene + Fe-Ti oxides (Fig. 3). Plagioclase has a labradoritic—
bytownitic composition (Table S6). Samples have two dif-
ferent textures based upon the size and abundance of phe-
nocrysts: (i) a rather small quantity of large (> 1 cm) olivine
and clinopyroxene phenocrysts (e.g. Ank-1, Fig. 3a) and
(i1) more abundant but small (< 1 cm) olivine and clinopy-
roxene phenocrysts (e.g. Ank-7, Fig. 3b). Teno massif sam-
ples exhibit both textures (Fig. S1), whereas the single sam-
ple from Roque del Conde displays only the second type.

3.1.1 OQlivine

Olivine is euhedral in all the samples (ranging from about
250 um to 1 cm in size) and has a homogeneous composition
with a thin (a few micrometres) Fe-rich outer rim (Figs. 4, 5a,
Table S7). Forsterite content varies from Fo7g to Fogs mol %,
with the largest frequency representing core analyses (Fogz—
Fog4 mol %, Fig. 5a). The rims (Fogs4—_75 mol %, Fig. 5a), due
to their micrometric thickness, only represent a tiny part of
the crystal (< 1 %; Fig. 4). Forsterite content is inversely cor-
related to the atoms of Ca per formula unit (a.p.f.u.) (Fig. 5b),
increasing towards the rims and suggesting a qualitative
shallower depth of crystallization than the cores (Brey and
Kohler, 1990). No significant differences were observed be-
tween the samples of the Teno and Roque del Conde massifs.

Eur. J. Mineral., 37, 747-760, 2025

L. Barni et al.: Ankaramite from Tenerife

Figure 4. Backscattered electron image of two olivine crystals char-
acterized by a homogeneous Fo-rich (ca. Fogy mol %) composition
with a thin Fo7g mol % rim. These crystals also contain iddingsite
veins.

Furthermore, a few crystals also have some minor iddingsite
veins (Fig. 4) caused by hydrothermal alteration (Delvigne et
al., 1979).

3.2 Clinopyroxene and geothermobarometry

Clinopyroxene is the most abundant phase in all the sam-
ples. Crystals reach centimetric dimensions (1-2 cm), have
euhedral habit, and are diopsidic in composition (Fig. S2,
Table S4). SEM analyses reveal three types of clinopyrox-
ene phenocrysts (Fig. 6): (a) normal zoned crystals, (b) crys-
tals with partially resorbed cores, and (c) crystals with os-
cillatory zoning. Normal zoned clinopyroxenes are millimet-
ric in size and are marked by a clear, sharp boundary be-
tween core and rim, with rims enriched in Fe, Ti, and Al
(Fig. 6a). Resorbed (Fig. 6b) and oscillatory zoned (Fig. 6¢)
crystals are the largest ones (> 1 cm), with the former hav-
ing marked cores with patchy structures. The site popula-
tions and the structural details of the 14 crystal fragments
(both cores and rims) are reported in Tables S2 and S3. The
unit-cell volume (V) and the volume of the M1 polyhedron
(VM) are strongly dependent on the crystallization pressure
of clinopyroxene (Nimis, 1995; Nimis and Ulmer 1998).
From a qualitative point of view, the V1 and Ve values
of the analysed clinopyroxenes (438.68 < Vien < 441.17 A3,
11.65 < V1 < 11.80 10\3; Table S2) indicate no difference
between the Teno massif and Roque del Conde. Applying
volume correction for compressibility and thermal expan-
sivity (Nimis and Ulmer, 1998), the results yield a crystal-
lization depth < Skbar (Table S3). Furthermore, the slight
but significant difference between the structural parameters
of clinopyroxene cores and rims suggests that rims crystal-
lized at shallower depths than cores. The P-T results of
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Figure 5. (a) Histogram of olivine core and rim composition fre-
quency in terms of Fomol %. (b) Fomol % vs. Ca (a.p.f.u) of the
analysed olivines highlighting the increase in Ca towards the rim.
The restricted Ca content of Roque del Conde cores with respect to
Teno cores could be due to sampling bias (1 sample vs. 5 samples,
Table S7).

the GAIA geothermobarometer (Table S4) are reported in
Fig. 7 along with those from the Nimis and Ulmer (1998)
geobarometer. Clinopyroxene cores indicate a higher pres-
sure of crystallization than clinopyroxene rims at both the
Teno and the Roque del Conde massifs. This is clearly ob-
served in the histogram on the left-hand side of Fig. 7, rep-
resenting the pressure distribution frequency obtained with
the GAIA geothermobarometer — clinopyroxene rims mainly
crystallized at depths between 0 and 2 kbar with a major peak
at 0.5 kbar — whereas clinopyroxene cores yield a continu-
ous crystallization between 1 and 4.5 kbar with only a few
cores formed at greater depths (up to 8 kbar). The results of
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these two methods are consistent with each other (blue and
red symbols, Fig. 7), although P estimates based upon struc-
tural data have been performed on fewer analyses than the
GAIA geothermobarometer (14 vs. 222 data points) and have
a greater uncertainty (2 kbar, 1 SD, Nimis and Ulmer, 1998,
vs. =1kbar, 1 SEE, Chicchi et al., 2023). Temperature esti-
mates (GAIA only) yield a range from 1030 to 1190 °C, and,
interestingly, a significant proportion of high-P clinopyrox-
ene cores have crystallization temperatures equal to or less
than those of clinopyroxene rims (Fig. 7).

4 Discussion

The geothermobarometric results obtained in this study allow
us to get insight into the anatomy of the plumbing system
of ankaramite magmas at Tenerife during the volcano shield
stage and to make a comparison with previous petrological
studies (e.g. Neumann et al., 1999; Thirlwall et al., 2000;
Longpré et al., 2008, 2009; Horn et al., 2022), geophysical
surveys (Pifia-Varas et al., 2018; Ablay and Kearey, 2000;
Arafia et al., 2000), and studies about the volcano shield stage
on other islands of the Canary Islands (Kliigel et al., 2005;
Galipp et al., 2006; Weis et al., 2015; Geiger et al., 2025;
Prieto-Torrell et al., 2025) and Hawaii (Hammer et al., 2016).

4.1 Geothermobarometry

When considered together, P and T estimates can be used to
discriminate specific groups of clinopyroxene cores and rims
(Fig. 8). P-T estimates on clinopyroxene rims are clustered
into a well-defined P-T domain (0-2 kbar, 1060-1160 °C;
Fig. 8). On the contrary, clinopyroxene core estimates show
large P-T variations, allowing us to recognize three differ-
ent P-T groups, which are outlined as different symbols in
Fig. 8 and then maintained in the following diagrams.

— Low-T: this group comprises clinopyroxene cores that
define a P-T trend at relatively low temperature of
crystallization, progressively increasing with pressure
from ca. 1040°C at 1.5kbar to ca. 1110°C at 6 kbar.
Within this group, the clinopyroxene cores of Roque del
Conde are confined to the low-7 and low-P end of the
trend (Fig. 8), whilst those from Teno cover the whole
trend. This difference might be related to the fact that
the only sample analysed of Roque del Conde is from a
shallow magmatic reservoir, whilst the five samples of
Teno originate from multi-level reservoirs encountered
during magma ascent.

— High-T: this group is defined by clinopyroxene cores of
both the Teno and the Roque del Conde massifs form-
ing a trend at relatively constant 7 (ca. 1170 °C) and P
decreasing from ca. 8 to 1 kbar.

— Low P: this is a cluster of clinopyroxene cores, from
both the Teno and the Roque del Conde massifs, which
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Figure 6. X-ray compositional maps (cameo) illustrating the three
types of clinopyroxenes occurring in the studied samples: (a) nor-
mal zoned, (b) patchy-resorbed, and (c) oscillatory zoned. Normal
zoned and patchy-resorbed crystals have rims with higher Al, Ti,
and Fe (not shown) and lower Mg contents than cores. Oscilla-
tory zoned crystals have multiple growth zones with alternating in-
creases in Al, Ti, and Fe (not shown) and decreases in Mg.
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Figure 7. P-T diagram reporting the results obtained using GAIA
(blue symbols) and the Nimis and Ulmer (1998) geobarometer (red
symbols). Dark- and light-coloured symbols and bars refer to the
core and rim, respectively, whereas circles and squares represent
Teno and Roque del Conde clinopyroxenes, respectively. The his-
togram of the pressure distribution frequency is reported on the left-
hand side. The blue and red error bars are 1 kbar and 30 °C (1 SEE,
GAIA) and 2 kbar (1 SD; Nimis and Ulmer, 1998), respectively.

crystallized under the same P-T conditions as those
of clinopyroxene rims (ca. 1100°C< T < 1140°C,
P < 2kbar; Fig. 8).

These P-T groups in the clinopyroxene cores also correlate
with notable textural and chemical variations. The texture of
crystals (Figs. 6 and S1) is the first characteristic worth not-
ing (Fig. 9). Most High-T clinopyroxene cores have euhedral
habits with normal zonation pattern (80 %). In contrast, the
Low-T clinopyroxene cores mainly exhibit patchy-resorbed
texture (44 %) and oscillatory zoning (36 %) with minor nor-
mal zoning (20 %). The Low-P clinopyroxene cores consist
of roughly the same quantity of normal zoned (50 %) and
patchy-resorbed (47 %) textures with < 3 % oscillatory zon-
ing.

The overall compositional variation of clinopyroxenes in-
dicates a progressive evolution of magma en route to the sur-
face: the shallower the depth of crystallization, the lower the
diopside component (Fig. 10a). However, the clinopyroxene
cores of the Low-T group have, on average, a higher diop-
side component (Fig. 10a) than those of the High-T group,
which seems at odds with their relatively low temperature
estimates (ca. 1075°C vs. 1170 °C; Fig. 8). This apparent
contradiction could be explained if the Low-T clinopyroxene
cores crystallized from magmas at higher Py,o than those
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Figure 8. P-T diagram like Fig. 7 but using only the results of
the GAIA geothermobarometer and subdividing the clinopyroxene
cores (and rims) according to the three different groups: Low-T,
High-T, and Low-P. The rims have been further subdivided into
rims and outer rims (see text for explanation). The 1 SEE error bars
are 1 kbar and 30 °C (Chicchi et al., 2023).

of the High-T group because the higher the H,O content of
magma, the lower the liquidus temperature of clinopyroxene
and the higher the diopside component (e.g. O’Leary et al.,
2010). The occurrence of a variable amount of dissolved H,O
in mafic alkaline magmas at Tenerife is supported, for exam-
ple, by Longpré et al. (2009) (H,O = 0.75 wt %-3 wt %) and
could be due to differences in mantle source hydration and
magmatic differentiation. Another notable chemical charac-
teristic of the studied clinopyroxene is the generally higher
kushiroite component (i.e. Ca-Tschermak: CaAl,SiOg) in the
High-T and Low-P clinopyroxene cores with respect to the
Low-T group (Fig. 10b and c), which is consistent with the
combined effect of pressure and temperature. High temper-
ature and low pressure allow the expansion of the tetrahe-
dral site of clinopyroxene favouring the 'V Al—!VSi substi-
tution (Dal Negro et al., 1982). This is not observed in the
clinopyroxene rim compositions, which show a decrease in
the kushiroite component from values similar to the Low-P
clinopyroxene cores to significantly lower ones, especially in
the outer rims (Fig. 10b and c). In this case, however, the rea-
son is to be found in the decrease in V' Al in the clinopyroxene
structure during magma evolution (Fig. 10d). In addition to
the kushiroite component, other chemical characteristics are
consistent with the three outlined P-T trends (Fig. 8) and ex-
tend to the rim compositions as well. The CaTi-Tschermak
component generally increases with evolution (i.e. decreas-
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Figure 9. 3D pie charts reporting the distribution frequency of nor-
mal zoned, oscillatory zoned, and patchy-resorbed crystals occur-
ring in the three groups of clinopyroxenes outlined in Fig. 8 (Low-
T, High-T, and Low-P). The total number of clinopyroxenes (cpx)
analysed for each group is also reported.

ing Mg# = [100-Mg/(Mg-+Fe+Mn) mol %], Fig. 10e) and is
coupled with the decrease in Al /Ti (a.p.f.u.) (Fig. 10f). Yet,
within this general evolution (clinopyroxene cores and rims),
two distinct trends can be highlighted in the diagrams of the
last two panels (Fig. 10e, f), distinguishing the clinopyrox-
enes of the Low-T group from those of the High-T and Low-
P groups. Considering rim compositions, the clinopyroxenes
of the Low-T group have Mg# > 77 %, whereas those of the
High-T and Low-P groups have Mg# <77 % (Fig. 10e, f).
We are unable to clearly explain this systematic difference,
but we argue that it could also be related to variable initial
Py, 0 of the ankaramite magmas from which the cores crys-
tallized.

Overall, it is possible to reconstruct the complex plumb-
ing system of the Teno and Roque del Conde shield vol-
canoes by combining the P-T estimates (Fig. 8) with the
textural (Figs. 6 and 9) and chemical (Fig. 10) character-
istics of the different clinopyroxene groups. The compara-
tively large size of Low-T clinopyroxene, coupled with the
preponderance of patchy-resorbed cores and oscillatory zon-
ing, suggests a relatively long residence time in deep mag-
matic reservoirs at low degrees of undercooling. Here, crys-
tals grew in a context of periodic infilling of fresh magma,
determining both disequilibrium conditions and oscillatory
crystal growth. The pressure range of the Low-T clinopy-
roxene cores from 6 to 1 kbar implies a well-developed sys-
tem of multi-level magma storage at depth, with formation
of mush-rich domains (e.g. Thirlwall et al., 2000; Horn et
al., 2022). The Mg# of these clinopyroxene cores also indi-
cates crystallization at relatively high Py,0. The occurrence
of a different water content in ocean island basalt (OIB)
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Figure 10. Chemical characteristics of the three groups of clinopyroxenes (see text for explanation): (a) diopside component vs. P [kbar];
(b) kushiroite component (CaTs) vs. P [kbar]; (c) Mg# vs. kushiroite; (d) Mg# vs. Vial a.p.f.u; (e) Mg# vs. CaTi-Ts component; (f) Mg#

vs. Aliot/Ti (a.p.f.u.).
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is not a paradox and reflects differences in mantle source
hydration and magmatic differentiation. Wet OIB (Geiger
et al., 2025) is stored in underplating zones and is ubiqui-
tous in volcanoes of the Canary Islands and other ocean is-
land suites (e.g. Wallace and Anderson, 1998; Gurenko and
Schmincke, 2000; Dixon and Clague, 2001; Longpré et al.,
2009; Deegan et al., 2012; Weis et al., 2015). The relatively
small size (1-2mm) of High-T clinopyroxene, along with
the preponderance of normal zoned crystals and the near ab-
sence of patchy-resorbed textures, indicates rapid crystalliza-
tion of these clinopyroxenes from the hot (1175 °C) feeding
ankaramite magma during the rise from 8 kbar to the shallow
magmatic reservoirs at 0-2 kbar. The lower Mg# than Low-
T clinopyroxene cores suggests crystallization at relatively
low Py,0. The higher kushiroite component of the High-T
clinopyroxene cores with respect to the Low-T is consistent
with the expansion of the tetrahedral site at higher tempera-
tures, even at comparable pressure. This ankaramite magma,
channelized en route to the surface, incorporated mush-rich
domains at 6-1kbar, causing further disequilibrium condi-
tions (i.e. Low-T clinopyroxene cores). The Low-P clinopy-
roxene cores crystallized in the shallow magmatic reservoirs,
as indicated by clinopyroxene rims. In this case, the high
kushiroite component of the Low-P cores is consistent with
the relatively low crystallization pressure, which also allows
for a larger tetrahedral site (Dal Negro et al., 1982). These
Low-P cores consist, in almost equal amount, of normal
zoned clinopyroxenes and patchy-resorbed core clinopyrox-
enes (Fig. 9). The former indicates progressive crystalliza-
tion, culminating in the formation of clinopyroxene rims dur-
ing magma evolution; the latter is suggestive of a relatively
long residence time at low degrees of undercooling in the
shallow magmatic reservoirs, and the textural disequilibrium
is indicative of periodic infilling of fresh magma. The occur-
rence of the Low-P clinopyroxene cores in the studied sam-
ples suggests that the High-T ankaramite magma en route
to the surface remobilized mush-rich domains from these
shallow reservoirs as well. It is worth noting that the stud-
ies on the present-day Teide—Pico Viejo plumbing system of
Tenerife do not provide evidence for mafic reservoirs at shal-
low depth. Rather, the anatomy of the plumbing system is
thought to consist of evolved phonolitic magmatic reservoirs
with only short-term mafic magma injection and interaction
(e.g. Anddjar and Scaillet, 2012; Anddjar et al., 2013; Do-
rado et al., 2021, 2023). However, the Low-P clinopyroxene
cores with their patchy-resorbed texture (Figs. 6b, 9) appear
to suggest the occurrence of shallow mafic reservoirs as well,
at least during the volcano shield stage at 12-5 Ma.

4.2 A complex plumbing system revealed by
clinopyroxenes

The new geothermobarometric constraints of our study, to-
gether with the different P—T trends exhibited by the anal-
ysed clinopyroxene cores (High-T, Low-T, Low-P; Fig. §8)
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Figure 11. Schematic picture summarizing the ankaramite multi-
level plumbing system (x axis not to scale). The colours of the crys-
tals correspond to the different P—7 groups identified in Fig. 8. The
three insets represent distinct stages of our model: (a) a crystal mush
region (blue colour) hosting Low-T clinopyroxenes; (b) rising of hot
magma with crystallization of the High-T clinopyroxenes en route
to the surface (red colour) and entrapment of Low-T clinopyroxenes
from crystal mushes; (c) crystallization of Low-P group clinopy-
roxenes in shallow magma chambers where clinopyroxenes of the
three different groups are stored before the eruption. The rims (rep-
resented in white) of the entire suite of clinopyroxenes crystallize
in these shallow reservoirs. The eruption is eventually induced by
massive sector collapse, which causes the depressurization of the
plumbing system.

and their textural and compositional variations (Figs. 6,
9, 10), allow us to develop a stratigraphic model for the
anatomy of the plumbing system of ankaramites at Tenerife
(Fig. 11).

We converted the pressure estimates (kbar) into depth (km)
using the log of the stratigraphic sequence and the aver-
age density of each lithotype from the literature (Banda et
al., 1981; Watts et al., 1997; Ablay and Kearey, 2000; Col-
lier and Watts, 2001). The lithospheric mantle has a den-
sity of 3.2tm™3, and the Moho is set at ca. 15 kmb.s.l;
the oceanic crust has a thickness of ca. 6.5-7km with a
density of 2.9tm™3; the base of the volcano is located at
8kmb.s.l., as suggested by Watts et al. (1997) and Dafiobeitia
and Canales (2000). The altitude of the Teno volcanic edi-
fice was set at the present-day altitude of 1.3kma.s.l., with
an average density of 2.6tm™3 (Watts et al., 1997; Collier
and Watts, 2001). Contextualizing our results with available
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geophysical data on Tenerife, the parental magma found a
physical density barrier at the depth corresponding to the
Moho geophysical discontinuity (ca. 4.2 kbar or 15kmb.s.1.),
which promoted magma stagnation between the lithospheric
mantle (ca. 3.2tm_3) and the oceanic crust (ca. 2.9tm_3).
The formation of crystal mushes, represented by the Low-
T and partly Low-P clinopyroxene cores, likely took place
during the shield stage evolution, with magma stagnation
at different crustal levels. These multi-level magma stor-
age reservoirs are present throughout the oceanic crust and
the upper portion of the lithospheric mantle (Fig. 11), pro-
ducing large volumes of mafic cumulates in response to a
long residence time in relatively cold and hydrous magmatic
reservoirs (1025-1125 °C) (e.g. Thirlwall et al., 2000; Horn
et al., 2022). During the cycle of this activity, batches of
mafic, less hydrated magma (1150-1200 °C) ascending from
the mantle not only continuously crystallized the High-T
clinopyroxenes but also tore off crystal mush portions (Low-
T clinopyroxenes) and carried them up into the shallower
magmatic reservoirs where Low-P clinopyroxenes crystal-
lized (Fig. 11). Eventually, the erupting magma brought to
the surface all the suites of crystals belonging to the dif-
ferent groups which were situated in the multi-level mag-
matic reservoirs (Fig. 11), resulting in a complex and het-
erogeneous clinopyroxene cargo recognized in the studied
ankaramites.

4.3 Comparison with previous estimates and with other
volcano shield stage ankaramites

The complex plumbing system developed during the shield
stage at Tenerife and proposed in this study is some-
how in contradiction with the detailed work of Longpré et
al. (2008, 2009). These authors proposed that magma stor-
age of ankaramites is confined to a depth range between 20
and 45 km b.s.1., whereas in our model the depths of magma
storage are much shallower (< 20km b.s.1., Fig. 11). To solve
this dichotomy, we explored the results related to the plumb-
ing systems of other islands of the Canary Islands in their
volcano shield stage: La Palma and El Hierro ankaramites
and basanites (Weis et al., 2015; Geiger et al., 2025). In ad-
dition to the main upper-mantle reservoirs (18-32kmb.s.1.),
ankaramites and basanite on these two western islands of the
Canary Islands encountered two shallower storage levels, the
so-called magma underplating zone (10-15 kmb.s.1.) and the
intrusive core complex (5-10kmb.s.1.) (Weis et al., 2015).
The ankaramites studied by Geiger et al. (2025) at El Hierro
recorded crystallization pressure between 1.6 and 7.6 kbar
(5-26kmb.s.1.) with a cluster around 20-23 km, consistent
with a major underplating zone at the crust-mantle bound-
ary and minor storage zones at shallow depths. El Hierro
ankaramites were also modelled using a thermodynamic ap-
proach by Prieto-Torrell et al. (2025). Their results demon-
strated that ankaramites represent crystal mushes compati-
ble with a crystal fractionation and accumulation model at
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4kbar (ca. 14kmb.s.l.) and 1wt% H,O. Clinopyroxene—
melt equilibria of basanites at La Palma (Kliigel et al., 2005)
recorded pressures of 4.1-7.7 kbar, reflecting a major frac-
tionation level at 15-26 km b.s.1., whereas fluid inclusions in
phenocrysts and xenoliths yielded pressures of 2.4—4.7 kbar,
interpreted as an underplating zone at 7-14kmb.s.l. The
study of Galipp et al. (2006), always at La Palma, revealed
two distinct storage and underplating levels within the up-
per mantle (clinopyroxene—melt geobarometry) and within
the lower crust (fluid inclusion geobarometry in olivine and
clinopyroxene phenocrysts). Interestingly, both the mantle
and the crustal storage zones migrated to shallower levels
from 1.0Ma to the present, namely, from ca. 6-10 to 5-
7.8 kbar and from 4-5 to 2.6-3.2 kbar, respectively. At Tener-
ife, a magnetotelluric survey (Pifa-Varas et al., 2018) pro-
vided evidence for the occurrence of a large-scale deep mafic
reservoir at > 8 kmb.s.l. Horn et al. (2022) reported the re-
sults of mafic—ultramafic nodules occurring in the 312ka
Fasnia eruption. These nodules represent a crystal frame-
work in a magma mush reservoir located at 6-7kmb.s.1.
(ca. 2 kbar) and 13—14km b.s.1. (ca. 3.5—4 kbar) in agreement
with gravimetric studies (Ablay and Kearey, 2000; Arafia et
al., 2000) and geobarometry (Neumann et al., 1999). These
mafic—ultramafic nodules were interpreted as cumulates cor-
responding to regions where mafic magma tended to stag-
nate during the Miocene shield stage evolution, consistent
with the results obtained in our study (Fig. 11). Interestingly,
another example of ankaramite eruption during the volcano
shield stage is related to the Maui volcano complex formed
by the hotspot track of Hawaii (Hammer et al., 2016). The au-
thors reported that the ankaramite magma storage zones are
confined to the volcanic shield and oceanic crust levels up to
15kmb.s.l. Thus, as illustrated in the abovementioned stud-
ies, the results presented in this work on ankaramite magma
storage zones during the volcano shield stage at Tenerife
(Fig. 11) are compatible with other plumbing systems of the
Canary Islands and Hawaii, although the deep storage zones
reported by Longpré et al. (2008) cannot be ruled out and
may complement the magma storage zones at shallower lev-
els determined with GAIA (Fig. 11). However, dense crystal
mushes such as ankaramites (ca. 3tm™—>) stored at mantle
depths (> 20 km) are unlikely to ascend and erupt, since the
load of the volcanic edifice and oceanic crust represents a
physical density barrier (e.g. Pinel and Jaupart, 2000; Cas-
sidy et al., 2015). The eruption of ankaramite requires a sig-
nificant decompression effect caused, for example, by giant
landslides or flank collapses, which remove parts of the load,
shift the density limit, and permit dense magmas to ascend
and erupt (e.g. Manconi et al., 2009; Cassidy et al., 2015).
Thus, we can tentatively speculate that the probability of
erupting ankaramites located in shallow magmatic reservoirs
as predicted by our geothermobarometer (Fig. 11) is much
more likely than eruption of ankaramites stored at mantle
depths (> 20km).
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5 Conclusions

Our study employed a novel clinopyroxene-only machine
learning geothermobarometer and a geobarometer based
upon structural parameters of clinopyroxene to unravel the
magma plumbing system of ankaramites that erupted dur-
ing the volcano shield stage at Tenerife. Clinopyroxenes
have three different zonation textures, characterized by small
crystals (< 1-2mm) with normal zoning and large crystals
(> 1cm) with both resorbed-patchy cores and oscillatory
zoning. The chemical and textural diversity of clinopyrox-
ene, particularly the variation in diopside, Mg#, and Al/Ti
(a.p.f.u.), highlights the influence of variable H,O con-
tent and magmatic differentiation processes in ankaramites.
Clinopyroxene rims yield a major crystallization frequency
at 0-2 kbar, whereas clinopyroxene cores show a continuous
crystallization between 1 and 8 kbar. In particular, clinopy-
roxene cores record a complex magmatic history, revealing
three distinct P—T groups corresponding to different stor-
age and crystallization environments. The Low-T group rep-
resents a set of clinopyroxene cores crystallized from rel-
atively high Py,0 magmas. Their resorbed-patchy textures
testify to the chemical disequilibria between crystals and
host magma and suggest the occurrence of an extended crys-
tal mush at 2—-6 kbar. The small-sized (< 1-2 mm), euhe-
dral crystal habits and normal zonation of the High-T group
clinopyroxene cores suggest a direct crystallization from the
carrier hot magma during rapid adiabatic rising from ca. 8
up to 1 kbar. The Low-P group clinopyroxene cores are clus-
tered into the same domain of the rims (0-2 kbar), suggesting
a shallow level of magma storage. In summary, the model
we propose for the plumbing system of ankaramite magma
at Tenerife consists of a hot carrier parental mafic magma
(High-T group clinopyroxenes), which, during its rise from
depth (> 20kmb.s.1.), incorporates portions of crystal mush
domains (Low-T group clinopyroxenes) and conveys these
two suites of crystals up to the shallower magmatic reservoirs
(0-7km). At these depths, new clinopyroxene cores (Low-
P group) crystallize together and in the same P-T condi-
tions as those of the rims from the other groups, which are
often (especially the Low-T group) in conditions of chemi-
cal disequilibrium, as testified by their resorbed and patchy
textures. Notably, the results indicate that the volcano shield
stage of Tenerife is characterized by multi-level storage, with
magma batches stalling at the density barrier near the Moho
and interacting with crystal mushes en route to the surface.
These findings not only align with but also extend previous
geothermobarometric studies and refine our understanding of
the ankaramite plumbing system at Tenerife. The consistency
with geobarometric estimates in other volcano shield stages
of the Canary Islands and Hawaii is remarkable and offers
new insights into magma storage complexities.

Finally, our approach and findings encourage the broader
application of machine learning models in petrology, fos-
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tering interdisciplinary collaborations that combine mineral
chemistry, geophysics, and computational techniques.
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