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(Canary Islands): Implications for
Phonolite Formation at Oceanic Island
Volcanoes
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"Fachbereich Geowissenschaften, Universitét Bremen, Bremen, Germany, “GEOMAR Helmholtz-Zentrum fiir Ozeanforschung
Kiel, Kiel, Germany

The occurrence of mantle-derived peridotite xenoliths in phonolitic melts is a rare
phenomenon, and is commonly ascribed to a mantle origin of the phonolite. The
alternative possibility, that xenoliths are transported into evolving phonolite melts by mafic
magmas, has received little attention. A unique tephriphonolite lava with phonalitic
groundmass composition, from the active Cumbre Vigja volcano of La Palma (Canary
Islands), allows to test these models. The lava contains abundant inclusions that represent
the island’s major xenolith types: kaersutite-dominated cumulates, gabbros from the lower
oceanic crust, and peridotites from the mantle. Our petrological investigations indicate that the
tephriphonolite magma contained 3-4 wt% H,O and was stored in the lower crust at around
250-350 MPa and 900-950°C, at oxidized conditions (ANNO of 2—3). The peridotite xenoliths
are mantled by complex polyphase selvages, with adjacent up to 1.6 mm wide zonations
where olivine compositions change from Forg gg at the selvage contact to Fogg g1 inside the
xenoliths. We carried out diffusion modeling for Fe-Mg exchange and found that the
peridotites had contact with intermediate to evolved alkaline melts over decades to
centuries. This timescale is comparable to that inferred for basanite-hosted peridotite
xenoliths from Cumbre Vigja. The following model is proposed: differentiation of evolved
melts occurs in a magma accumulation zone in the lowermost oceanic crust beneath La
Palma. The evolving melts receive periodic recharge by mantle-derived mafic magmas at
intervals on the order of decades to a few centuries, comparable to historic eruption
recurrences (80 years on average). Some of these recharge pulses carry mantle peridotite
fragments that become deposited in the accumulation zone. Thus, these xenoliths do not
reflect formation of the evolved melts in the mantle. Final ascent of the tephriphonolite was
triggered by magma recharge some weeks before its eruption, resulting in entrainment and
thorough mingling of a mixed xenolith population (cumulates, oceanic crust gabbros,
peridotites). We infer that formation of phonolites in the lower crust beneath oceanic island
volcanoes, and subsequent eruption, requires a balance between rates and volumes of
magma recharge pulses and of eruptive events.
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INTRODUCTION

Phonolites, the differentiated residual end-members of
alkaline, SiO,-undersaturated melts, are typical products of
intraplate magmatism. They are widespread on Earth but are
volumetrically subordinate to corresponding alkaline basalts
in most places, with the Miocene flood phonolites of the
Kenya Rift as a notable exception (Hay and Wendlandt,
1995). Phonolite domes, cryptodomes, and lava flows form
prominent deposits and outcrops on many volcanic islands,
for example La Gomera, La Palma and Tenerife (Canary
Islands), Brava and Santo Antdo (Cabo Verde Islands), Sido
Tomé, Trindade, Tristan da Cunha, and Kerguelen
archipelago (e.g. Mitchell-Thomé, 1970; Schmincke, 1976;
Weaver, 1990; Weis et al., 1993). Pyroclastic deposits from
strongly explosive phonolite eruptions are major features e.g.
on Tenerife, Brava and Santo Antéo islands (e.g., Marti et al.,
1994; Edgar et al., 2007; Mortensen et al., 2009; Madeira et al.,
2010). Phonolites can occur during the early seamount stage
of a volcano, such as Cadamosto at Cabo Verde archipelago
(Barker et al., 2012) and near Tahiti and the Pitcairn islands
(Devey et al., 2003), as well as during later stages or episodes
as on Tenerife and Brava (e.g., Ablay et al., 1998; Madeira
et al., 2010).

Phonolites are commonly derived from alkaline basaltic
melts through extensive, often polybaric fractional
crystallization, consistent with observed phenocryst phases
and the liquid lines of descent (LLD) for basalt-phonolite
series (e.g., Price and Chappell, 1975; Worner and
Schmincke, 1984; LeRoex et al., 1990; Weaver, 1990; Ablay
et al., 1998; Johansen et al., 2005; Melluso et al., 2007; Turner
et al., 2015; Berthod et al., 2021). U-series isotope studies
suggest times of differentiation from basanite to phonolite
ranging from ~100 to 1,600 years for small systems (Johansen
et al, 2005; Reagan et al., 2008) to 100-230 ka for larger
systems (Bourdon et al., 1994; Hawkesworth et al., 2000).
Pre-eruptive phonolite evolution at relatively shallow levels
(<300 MPa) is indicated by volatile concentrations of trapped
melts and mineral barometry (Ablay et al., 1998; Marziano
etal., 2007; Schmidt and Behrens, 2008), feldspar fractionation
(Price and Chappell, 1975; Kelly et al., 2008), and experimental
work (e.g., Berndt et al., 2001; Freise et al., 2003; Harms et al.,
2004; Anddjar et al., 2008, 2010, 2013; Moussallam et al.,
2013). Phonolites may also form at high pressures without
feldspar fractionation (1-2 GPa; Kunzmann, 1996; Irving and
Price, 1981; Irving and Green, 2008; Grant et al., 2013). In rare
cases, phonolites or tephriphonolites carry peridotite xenoliths
from the mantle, the only occurrences reported thus far being
Phonolite Hill (Australia), Dunedin Volcanic Complex
(New Zealand), Bokkos (Nigeria), Heldburg (Germany),
Harrat Kishb (Saudi Arabia), and Mayotte Island (Comoros
archipelago) (Wright, 1966; Irving and Price, 1981; Irving and
Green, 2008; Grant et al., 2013; Berthod et al., 2021).

The occurrence of mantle xenoliths in a phonolite likely

reflects a mantle origin of the magma, but unless
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demonstrated by e.g. barometric data (Grant et al, 2013;
Berthod et al, 2021) such an interpretation may be
misleading. Recharge events during magma differentiation at
shallower levels (e.g., Rout and Warner, 2020) may also bring
deep-seated fragments into an evolving melt. Here we present
petrological data from a unique tephriphonolite body on La
Palma (Canary Islands), which carries abundant mantle and
crustal xenoliths in a phonolitic groundmass. We demonstrate
that the magma was stored in the crust and received peridotite
fragments by mafic recharge, constrain the timing of recharge
events, and discuss the implications for magma storage and
eruption.

GEOLOGICAL SETTING

The Canary Archipelago is a chain of seven volcanic islands
located off the northwestern African continental shelf (Figure 1).
They form the western branch of an intraplate hotspot chain with
seamount and island ages decreasing from east to west
(Geldmacher et al,, 2005). All islands are underlain by Jurassic
oceanic crust as is indicated by mid-ocean ridge basalt (MORB)
gabbro xenoliths occurring on Lanzarote, Gran Canaria, and La
Palma (Hoernle, 1998; Schmincke et al., 1998). The age of the
crust is 175Ma between Lanzarote and the African coast
(paleomagnetic anomaly S1), and 155Ma between La Palma
and El Hierro, the westernmost and youngest islands (M25;
Klitgord and Schouten, 1986).

The geology of La Palma is extensively summarized in
Carracedo et al. (2001). Briefly, the island consists of three
main units: 1) the basal complex (4.0-2.9Ma) which
comprises a Pliocene seamount sequence and a plutonic
complex; 2) the older volcanic series (1.7-0.41 Ma) which
includes the Taburiente shield volcano and the Bejenado
edifice; and 3) the Cumbre Vieja series (>125ka to present)
confined to the southern half of the island (Figure 1A). La Palma
is currently in the latter part of its shield-building stage. With
seven eruptions recorded since the 15th century, the north-south
trending Cumbre Vieja ridge is an active volcanic rift zone along
which most scoria cones, eruptive fissures and faults are
concentrated (Middlemost, 1972; Hernandéz-Pacheco and
Valls, 1982; Carracedo, 1994).

Cumbre Vieja rocks are Si-undersaturated and alkaline, with
most compositions following a basanite-phonolite lineage
(summarized in Carracedo et al., 2001). The major phenocryst
phases are titaniferous clinopyroxene = olivine + Ti-magnetite +
kaersutitic amphibole in the mafic Cumbre Vieja rocks, and
clinopyroxene + kaersutite + magnetite + plagioclase =+
haiiyne =+ titanite + apatite in the evolved rocks. Xenoliths are
commonly found in late erupted basanites, including ultramafic
cumulates (the most common type), mafic cumulates, MORB-
type gabbros from the Jurassic ocean crust, mantle peridotites,
and various types of felsic fragments (Kliigel et al., 1999).
Whereas phonolites are virtually absent in the older volcanic
series and rare at Bejenado volcano, they commonly occur at
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FIGURE 1 | (A) Simplified geological map of La Paima with arrow showing the locality of the tephriphonolite outcrops. (B) Photograph towards the northwest,
showing the breached 1585 eruption crater with the tephriphonolite outcrops (arrows). (C) Outcrop photographs of the tephriphonolite with kaersutitite (K), gabbro (G),

Cumbre Vieja as domes, spines and lava flows (Hernandéz-
Pacheco and De la Nuez, 1983) (Figure 1). During the
catastrophic 1585 eruption, a pre-existing phonolitic dome was
uplifted and a juvenile phonolitic cryptodome was emplaced (Day
et al,, 1999).

The peridotite-bearing tephriphonolite investigated here
crops out at the breached wall of the north-easternmost
crater of the 1585 Tahuya eruption, 1km east of the
prominent Roques de Jedey phonolite spines and 200 m
south of Barranco de La Palma, at 1,200-1,230 m above sea
level (Figure 1B). The overall joint patterns, flow markers, and
steeply west-dipping banks of brecciated rock visible at the
northern outcrop cliff suggest that the tephriphonolite was
extruded at this site along a N-S trending fissure. This is
consistent with the presence of decimeter-sized, partly
rounded blocks up to 1km downslope. Angular
tephriphonolite lithic fragments are widespread around the
outcrop; apparently they were produced during the 1585
eruption when violent explosions excavated the north-
easternmost crater and the tephriphonolite plug (Romero
Ruiz, 1991; Day et al,, 1999). The tephriphonolite hence
pre-dates the 1585 eruption, but its exact age is unknown.
Overall, this tephriphonolite is easily recognized in the field
due to the abundance of ultramafic cumulate, gabbro, and
peridotite xenoliths up to 5 cm in size (Figure 1C). A list of the

samples from this study and their localities is given in
Supplementary Table S1.

METHODS
Whole-Rock Analyses

Three selected tephriphonolite samples were crushed and sieved,
fragments containing xenoliths were removed, and the remaining
separates were powderized using an agate mill. Whole-rock
analyses of the tephriphonolite were carried out by X-ray
fluorescence spectrometry (XRF) on fused glass beads using a
Philips X'Unique PW1480 at GEOMAR (Kiel) calibrated with
international standards. H,O and CO, were analysed with a
Rosemount CSA 5003 infrared photometer. The samples were
also analyzed for trace elements by inductively coupled plasma-
mass spectrometry (ICP-MS) at the Department of Earth Science,
Memorial University of Newfoundland, following the procedure
described in Jenner et al. (1990). Whole-rock analyses of four
other tephriphonolites and phonolites were carried out on fused
lithium-tetraborate glass beads using a Pananalytical Magix PRO
XRF at the Mineralogisch-Petrographisches Institut, Universitéit
Hamburg, Germany. Loss on ignition (LOI) was determined
gravimetrically after fusion of a sample aliquot at 1,050°C
(Lechler and Desilets, 1987). Analyses of secondary standards
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are given in Supplementary Table S2. Accuracy of XRF standard
data is better than 2 and 10% for concentrations of >1 wt% and
>0.1 wt%, respectively. Accuracy of ICP-MS data is better than
5% for most trace elements and better than 10% overall except for
Pb (16%).

Groundmass Analyses

The major element composition of groundmass was determined
on thin sections by laser ablation ICP-MS at the Faculty of
Geosciences, University of Bremen, using a NewWave
UP193ss laser coupled to a Thermo Element2. Helium (~0.8 L/
min) was used as sample gas and Argon (~0.8 L/min) was
subsequently added as make-up gas; plasma power was
1200 W. A laser beam of 100 um diameter and 5 Hz pulse rate
was moved over groundmass at 5-6 um/s for 60-180 s to give a
single analysis; four to eight such analyses were averaged. The
isotopes >’Na, **Mg, ’Al, **Si, *'P, *°K, **Ca, **T4, >>Mn and *°Fe
were analyzed at high resolution with a 150% mass window and a
total dwell time of 0.15s per isotope. Blanks were measured
during 25 s prior to ablation. The data were quantified using the
Cetac GeoPro  software with USGS glass BCR-2G as external
calibration standard (Jochum et al., 2005) and Ca as internal
standard element. The Ca concentration was initially set to an
arbitrary value, and calculated concentrations were subsequently
normalized to a volatile-free sum of 100 wt% oxides with total Fe
as FeO. Analytical precision and accuracy were monitored by
regular analyses of USGS basalt glass BHVO-2G (Jochum et al,,
2005) along with the samples; both were <2% for most elements
and <8% throughout (Supplementary Table S3).

Electron Microprobe Analyses

Electron microprobe (EMP) analyses of minerals were carried out
on Jeol JXA-8900RL (Geosciences Institute, Universities of Mainz
and Kiel), Cameca SX-50 (GEOMAR, Kiel), and Cameca SX-100
instruments (Faculty of Geosciences, Bremen). Analytical
conditions included peak counting times of 15-20s, an
acceleration voltage of 15kV, beam diameter between 1 and
5um, and beam currents of 30-50nA for olivine and
10-15nA for other minerals. The instruments were calibrated
with reference standards mainly from the Smithsonian
Institution (Jarosewich et al., 1980). The built-in PRZ (Jeol)
and PAP (Cameca) correction methods were applied for data
reduction. Analytical precision and accuracy were controlled by
regular analyses of secondary standards (Supplementary Table
$4). Qualitative wavelength-dispersive spectrometer (WDS)
analyses of Si, Mg, Fe and Ca along olivine traverses were
carried out with 50 nA beam current and dwell times of 1s
per point.

Microthermometry

Fluid inclusions used for barometry were examined in 100 um
thick doubly polished sections. Microthermometric analyses were
carried out on small chips from these sections using a Linkam
THM 600 heating-cooling stage at GEOMAR, Kiel. The stage was
calibrated with SYNFLINC " fluid inclusion standards at -56.6°C,
0.0°C, and 374.1°C. Accuracy of CO, triple-point measurements
and reproducibility of melting and homogenization temperatures

Xenolith-Rich Tephriphonolite

were within +0.2°C. Densities of CO,-dominated inclusions were
calculated from measured homogenization temperatures using
the auxiliary Eqs 3.14 and 3.15 of Span and Wagner (1996).
Isochores were computed with the Sterner and Pitzer (1994)
equation of state for the CO,-H,O system, following Hansteen
and Klugel (2008).

RESULTS

Petrography and Mineral and Melt

Compositions

Modal mineral proportions in lavas and xenoliths were
determined on thin sections by visual estimates. Whole-rock
and groundmass compositions of tephriphonolite and
phonolite samples are presented in Supplementary Table S5;
the compositions of all minerals analyzed are provided in
Supplementary Tables S6-S10. Scanned images of entire thin
sections are presented in Supplementary Figure S1.

Host Tephriphonolite

The xenolith-rich tephriphonolite contains up to 10 vol% of
irregularly shaped vesicles that were deformed and disrupted
by shearing of the viscous magma. The groundmass consists of
anorthoclase laths with subordinate Ti-magnetite, clinopyroxene,
apatite, minor haiiyne, rare zircon (as a late-stage phase occurring
close to vesicles), glass. The macrocryst phases (>0.1 mm) are
kaersutitic amphibole (10-20 vol%, up to 4 mm in size), greenish
clinopyroxene (<5%, <1 mm), plagioclase (<5%, <1 mm), haiiyne
(<5%, <0.5mm), apatite (<1%, <0.5mm), and Ti-magnetite
(1-2%, <0.5 mm) (Figures 2A,D and Supplementary Figure
S1). Titanite is not present, in contrast to the more evolved
Cumbre Vieja phonolites. Most macrocrysts are euhedral to

subhedral, but there are also irregularly-shaped crystal
fragments and small amphibole/clinopyroxene-rich
polycrystalline aggregates, interpreted as xenocrysts and

xenolith fragments. Kaersutites commonly display 20-80 um
thick fine-grained opaque reaction rims (opacite), indicating
reaction with the host melt (Rutherford and Hill, 1993; De
Angelis et al., 2015; France, 2020). Likewise, most haiiynes are
corroded with 10-60 pum thick opaque reaction rims towards the
host melt. Apatite occurs as phenocrysts with locally corroded
rims, and as ubiquitous inclusions in kaersutite and
clinopyroxene. Locally the feldspar laths and macrocrysts
define a flow texture.

Plagioclase has a compositional range Abyg ¢oAnsg 46014 10,
showing a gradual transition in composition and size toward the
less anorthitic groundmass anorthoclase. Kaersutite has a range
in Mg# from 52 to 71 (Mg# = molar Mg/(Mg+Fe,,)*100), SiO,
from 38.6 to 40.9 wt%, and TiO, from 4.2 to 5.6 wt% (Figure 3A).
Many crystals display normal progressive zoning with decreasing
Mg# towards the rim (Mg# 66-71 to 52-58; Figure 3C); crystals
that are more complexly zoned and/or display an optically
distinct core are less common. The compositions indicate
moderate correlation of Mg# with Na, Al, Ti, and Si with
significant scatter, interpreted to reflect a broad fractionation
trend (Figure 3A). Clinopyroxene is ferrian aluminian diopside
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FIGURE 2 | Microphotographs from selected samples taken at plane polarized light; scale bars are 1 mm. Abbreviations: Cpx, clinopyroxene; Amph, amphibole;

Plag, plagioclase; O, olivine; Phl, phlogopite; Sp, spinel; Ap, apatite; Hau, halyne. (A) Sample KLA1718: tephriphonolite with kaersutite, clinopyroxene, plagioclase,
hatiyne, and apatite macrocrysts. (B) Sample KLA1705: kaersutite-dominated cumulate xenolith with open texture; host tephriphonolite to the lower left. Arrows indicate
examples of strongly zoned crystals. (C) Sample KLA1709: olivine and small peridotite fragment with reaction rim of Cpx+Mt within kaersutite-dominated cumulate
xenolith. (D) Sample KLA1701: olivine gabbro xenolith with incipient melting at grain boundaries; degree of melting increases towards the host tephriphonolite contact
(upper right). (E) Sample KLA1708: strongly metasomatized gabbro xenolith with blue hatiyne and brown amphibole around clinopyroxene. Note the presence of glass,
euhedral Amph, euhedral haliyne within newly crystallized Plag, and recrystallized Cpx along a NE-SW trending vein (arrows). (F) Sample KLA1704: spinel wehrlite
xenolith (bottom) with cumulus texture and Cpx that is in large parts replaced by opaque Phl-rich aggregates. The xenolith has a prominent selvage towards the host
tephriphonolite (top) consisting of Cpx-Mt-dominated rim |, Phl-dominated rim Il, and Amph-rich cumulate zone. (G) Sample KLA1735: composite xenolith with veined
wehrlite (right) and cumulate dominated by brown Amph oikocrysts, subhedral Ol, and Cpx (left). The wehrlite has a thick Cpx-Mt selvage towards the cumulate, and a
thin selvage towards the host tephriphonolite (top). (H) Sample KLA1731: dunite xenolith (bottom) with selvage consisting of Cpx-Mt-dominated rim |, Phl-dominated rim
Il, and Amph-rich cumulate zone. (I) Sample KLA1721: peridotite xenolith (bottom) with metasomatic Phl and two-part selvage, consisting of a narrow Cpx+Mt
dominated reaction rim | and an Amph-dominated cumulate zone; rim Il is absent in this sample.

“,;
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with considerable variation in composition (Mg# 55-77, SiO,
43-51 wt%, TiO, 1.0-3.4 wt%, Na,O 0.8-2.5 wt%, AL,O; 1.7-7.8
wt%; Figure 3B). Clinopyroxene macrocrysts can be variably
zoned and display complex compositional profiles; reverse and
step zoning are not uncommon (Figure 3D). The interiors span a
larger Mg# range than the rims, with a tendency to higher Si and
Na, and lower Al and Ti, at a given Mg#. The interiors and rims
broadly define two distinct compositional trends (Figure 3B):
trend 1) is interpreted to reflect chemical variations during
magma evolution and broadly resembles the variations of
kaersutite macrocrysts (Figure 3A), whilst trend 2) is opposite
in some diagrams. Trend 2) can be explained by sector zoning,
which produces hourglass {-111} basal sectors that are higher in

Mg# and SiO,, and lower in Al,O5 and TiO,, than {hk0} prism
sectors (Ubide et al., 2019). This zoning can be formally expressed
by coupled cation exchange between {-111} and {hk0} sectors,
resulting in positive correlation of Mg# with Si and negative
correlation with Al and Ti (Welsch et al., 2016; Ubide et al., 2019),
as observed in Figure 3B. Sector zoning can be the dominating
trend in clinopyroxene assemblages, making any specific
fractionation trend almost unrecognizeable (cf. Ubide et al,
2019). Compared to the rims of macrocrysts in mafic Cumbre
Vieja lavas, tephriphonolite clinopyroxenes are more Na-rich and
define distinct compositional fields (Figure 3B). Overall the large
Mg# ranges of the inner regions of clinopyroxene and kaersutite
macrocrysts, as well as the reverse and complex zonings observed,
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FIGURE 3 | Chemical compositions of (A) kaersutite and (B) diopside macrocrysts in the host tephriphonolite (blue symbols) and in cumulate xenoliths (red
symbols) plotted in bivariate diagrams versus Mg#. Analyses at the outermost crystal rims are indicated by squares, those in the inner regions by circles. Brown fields
outline average compositions of rims of clinopyroxene macrocrysts hosted by mafic lavas (basanites and tephrites; Kitgel et al., 2000, 2005). Error bars indicate
analytical uncertainty (+1 standard deviation) as based on analyses of secondary standards. Cumulate crystals show limited compositional overlap with
macrocrysts and a smaller compositional range. Clinopyroxene compositions define three major trends indicated by thick arrows: trend 1) is interpreted to reflect
progressive crystal fractionation, whereas trends 2) and 3) show opposite behavior for some elements. These trends are consistent with sector zoning, in which
hourglass {—111} basal sectors are higher in Mg# and SiO,, and lower in Al,O3 and TiO,, than {100} prism sectors (cf. Ubide et al., 2019). The fractionation trend 1) is also
broadly recognized in kaersutite macrocrysts. (C,D) Compositional profiles showing Mg# of selected kaersutite and diopside crystals, respectively.
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(green diamonds; data from Hernandéz-Pacheco and Valls (1982), Hernandéz-Pacheco and de la Nuez (1983), Elliott (1991), Kllgel et al. (2000); Kltgel et al. (2017),
Carracedo et al. (2001), Johansen et al. (2005), Day et al. (2010), Turner et al. (2015)). Data are normalized to 100% volatile-free. WR, whole-rock; GM,
groundmass. The trends in the diagrams are consistent with fractionation of the phenocryst phases observed.
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FIGURE 5 | Incompatible-element diagram for three tephriphonolite
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Vieja are indicated for comparison; data sources as in Figure 4. Inset
shows the pronounced concave-upward shape of the samples in a chondrite-
normalized REE diagram. Normalization values are from Sun and McDonough
(1989).

indicate a considerable portion of antecrysts and xenocrysts in the
tephriphonolite.

The whole rock contains around 52-53 wt% SiO, and falls
within the basanite-phonolite lineage of Cumbre Vieja. This
lineage is controlled by crystal fractionation and subordinate
magma mixing, as is demonstrated by mass-balance
calculations (Johansen et al., 2005; Turner et al., 2015). The
groundmass of the tephriphonolite has phonolitic composition
with around 59-60 wt% SiO, (Figure 4). The decrease of CaO,
Ti0, and MgO with increasing SiO, is consistent with removal
of clinopyroxene and kaersutitic amphibole, the main

macrocryst phases in tephrites to phonolites from Cumbre
Vieja. The depletion in Al,O; of phonolitic groundmass but
not in the whole-rock trend (Figure 4) suggests that phonolites
underwent only little feldspar fractionation. Variations
between samples in groundmass composition and
macrocryst content indicate some heterogeneities of the
tephriphonolite body. Incompatible trace element patterns
of the tephriphonolite broadly follow those of other evolved
rocks from the Cumbre Vieja (Figure 5). Negative Ti
anomalies, low Nb/U and Ba/Th ratios, and concave-
upward spectra of the rare earth elements (REE) are
consistent with extensive kaersutite fractionation, in
accordance with the petrographic observations. Likewise,
removal of apatite can explain the negative P anomalies
observed, as well as decreasing P,Os with increasing SiO,
(Figure 4). In contrast to basanites and tephrites, the
tephriphonolite as well as other evolved rocks from the
Cumbre Vieja show low Ce/Pb ratios (11-15) and no
negative Pb anomalies.

Kaersutitite Xenoliths

These ultramafic xenoliths consist of kaersutitic amphibole as the
dominant phase (50-90 vol%, up to 4 mm in size), greenish
aluminian diopside (2-30%, <3 mm), apatite (2-5%, <1 mm),
anorthoclase feldspar (2-5%, <0.5 mm), Ti-magnetite (1-5%,
<0.5mm), and accessory zircon (Figure 2B). Some samples
contain olivine xenocrysts or aggregates with symplectitic
reaction rims of clinopyroxene and magnetite (Figure 2C).
The xenoliths show an open cumulus texture with dominantly
euhedral to subhedral crystals and up to 20 vol% of voids in the
interstices (Figure 2B). Much of the interstitial space is filled with
anorthoclase and minor zircon representing the last crystallizing
phases; we note that zircon is a very rare phase in igneous rocks
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from Cumbre Vieja. In thin section, kaersutite and diopside
crystals commonly show patchy or concentric zoning, in some
cases an optically distinct core, and in many cases a distinct
outermost rim (Figure 2B). Some kaersutites exhibit opacite rims
at the contact to the interstices and to the host tephriphonolite,
but not at the contact to other crystals. Apatite occurs as a
cumulus phase with marginally corroded crystals similar to
those in the host tephriphonolite, and also as ubiquitous
inclusions in kaersutite and clinopyroxene. Locally, incipient
disintegration at the xenolith surface results in a transition
from cumulus texture to macrocrysts in host magma
(Figure 2B). In contrast to the xenoliths studied here,
basanite-hosted  kaersutite- and clinopyroxene-dominated
cumulate xenoliths that are ubiquitous on Cumbre Vieja have
a more primitive character, as is expressed by the presence of
olivine and the lack of apatite and anorthoclase feldspar (Mufoz
et al., 1974; Kluigel et al., 1999; Barker et al., 2015).

Chemical compositions of kaersutite and diopside in the
xenoliths partly overlap with those of tephriphonolite
macrocrysts and show less variability. Compared to the
macrocrysts, xenolith kaersutites tend to be lower in Si and
Na, higher in Ti and Al, and more restricted in Mg#
(Figure 3A). Xenolith diopsides define a unique compositional
trend 3) that broadly resembles trend 2) for tephriphonolite
macrocrysts, but is shifted to higher Mg# and lower Na
(Figure 3B). As discussed above, this trend likely reflects
sector zonations of the crystals. Diopside rims have a tendency
to lower Mg# and Si, and higher Al and Ti than the inner regions,
but overall there is strong overlap between interior and outermost
rim compositions (Figures 3A,B). Cumulus crystals can be
variably zoned, including normal zoning with decreasing Mg#
from core to rim, or more complex zoning with an increase and
subsequent decrease in Mg# from core to rim (Figures 3C,D).
The compositions of xenolith feldspar (Abys.e5An, 44017 43)
overlap those of the groundmass anorthoclase but extend to
less anorthitic and more potassic compositions.

Gabbro Xenoliths

The gabbro xenoliths consist of plagioclase (30-50 vol%),
diopsidic clinopyroxene (40-60 vol%), olivine (0-20 vol%),
occasional  orthopyroxene, and accessory Ti-magnetite
(Figure 2D). Clinopyroxene commonly shows exsolution
lamellae of orthopyroxene. Clinopyroxene compositions differ
markedly from those of La Palma lavas (Figure 3B) by higher
Mg# (80.8-83.6) and SiO, (51.7-53.5wt%), and lower TiO,
(0.2-0.5 wt%), AL,O; (1.0-2.9 wt%), and Na,O (0.3-1.2 wt%).
These compositions partly overlap with those from MORB-
type gabbros of the oceanic crust (Schmincke et al, 1998).
Most gabbros are <3 cm in size, medium-grained (0.5-3 mm),
and isotropic or mildly foliated. Local intracrystalline
deformation is expressed as deformation twins in plagioclase
and undulose extinction in plagioclase and olivine. Some gabbros
record pervasive overprinting and/or modal metasomatism by
alkaline La Palma melts and related fluids (cf. Neumann et al,,
2000). This includes ubiquitous fluid and melt inclusions that
occur randomly distributed or as trails within and across gabbro
crystals (Figure 2E). Incipient partial melting of the xenoliths is

Xenolith-Rich Tephriphonolite

indicated by sieve textures in clinopyroxene, and by very fine-
grained dark zones of recrystallized material along plagioclase-
clinopyroxene and plagioclase-olivine contacts. The width and
proportion of these dark zones commonly increase towards the
host magma contact (Figure 2D); locally they form an
interconnected network. In some gabbros reaction with
alkaline melts resulted in reaction rims of brown Ti-rich
amphibole around clinopyroxene, and in the introduction of
hatiyne within or next to plagioclase (Figure 2E). The
occurrence of euhedral haiiyne crystals within gabbro
plagioclase is remarkable, as it indicates a considerable degree
of melting with renewed crystallization of plagioclase, and hence a
high temperature of metasomatism. The reaction zones of the
gabbros toward the host tephriphonolite can grade into
cumulate-like zones with open textures and increasing
proportion of host magma minerals (Figure 2E), marking a
precursory stage of xenolith disintegration and assimilation.

Peridotite Xenoliths

Peridotitic xenoliths in the tephriphonolite cover a wide
textural and compositional range (Figures 2F-I). The
xenoliths studied here are spinel- and phlogopite-bearing
wehrlite, dunite, and lherzolite with 60-97 percent of modal
olivine; this classification uses the original proportions of
clinopyroxene before its replacement by other phases. All
xenoliths are hydrous, containing up to 25 vol% of
phlogopite and in some cases pargasitic to kaersutitic
amphibole. Wehrlites commonly show a cumulate-like
framework of anhedral to subhedral olivine up to 5mm in
size (samples KLA1704, —1715, —1718, —1735; Figures 2F,G).
Interstitial and intergranular space makes up to 36 vol%; it is
dominated by clinopyroxene, spinel, and complex phlogopite-
rich aggregates that appear opaque in thin section where fine-
grained phlogopite + Fe-Ti oxides prevail (Figure 2F). In many
places clinopyroxene is partly to completely replaced by
phlogopite-rich assemblages, as recognized by optical
continuity of clinopyroxene remnants. Other samples
(KLA1721, -1731) have an olivine grain-supported texture
with little interstitial space (Figures 2H,I). The investigated
spinel lherzolite (sample KLA1736A) is protogranular with
olivine, orthopyroxene, and clinopyroxene porphyroclasts
(<5mm). Deformation lamellae, subgrains, and undulose
extinction in many olivine and orthopyroxene grains indicate
intracrystalline deformation, but local recovery is shown by
domains with prevailing mosaic texture. Locally, patches of
small olivine + clinopyroxene + colorless silicic glass + spinel +
phlogopite have replaced orthopyroxene. Spinel (<0.6 mm in
size, up to 3 vol%) occurs in all xenoliths and commonly has a
corona of phlogopite + amphibole. Fluid and melt inclusions
occurring within groups or along trails that commonly cut grain
boundaries are ubiquitous.

Many peridotite xenoliths contain one or more veins or
veinlets of phlogopite + clinopyroxene + amphibole + spinel +
glass (Figure 2G). Veins can be irregularly shaped, and
commonly show zonations in modal composition and/or grain
size along their length and also in cross section. Locally, the
contact between peridotite olivine and vein phlogopite or
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amphibole is characterized by a reaction zone of fine-grained
clinopyroxene. The veins partly resemble the thin “phlog veins”
and the broader “phlog-amph veins” and “amph veins” described
in detail for basanite-hosted peridotite xenoliths from La Palma
(Wulff-Pedersen et al., 1999).

Rare composite xenoliths consist of peridotite fragments
and amphibole-clinopyroxene dominated cumulates. In one
sample studied here (KLA1735) a wehrlite fragment adjoins a
cumulate dominated by oikocrysts of kaersutitic amphibole
with euhedral to anhedral olivine, clinopyroxene, and opaques
(Figure 2G). At the contact to the cumulate, the wehrlite has a
reaction rim of clinopyroxene with subordinate magnetite. The
cumulate differs from the kaersutitite xenoliths described
above by its poikilitic texture and the presence of olivine,
and apparently has no direct genetic relationship to the host
tephriphonolite. Some veins cut through both the wehrlite and
kaersutitite, indicating that they formed by a separate event
after cumulate crystallization. Such composite xenoliths are

not restricted to the tephriphonolite studied here, but also
occur in basanites from Cumbre Vieja (Kliigel, 1998; Kliigel
et al.,, 2005).

The composition of olivine is Foggs.995 in the peridotite
xenoliths’ interior and in most cases shows little variation,
except for the strong internal zonation of composite xenolith
KLA1735 (Figure 6A). Towards the xenoliths’ rims and selvages
the forsterite content decreases strongly (see below). NiO in the
xenolith interior mostly varies between 0.25 and 0.40 wt%, but is
higher in the spinel lherzolite KLA1736A (0.30-0.55 wt%). CaO
is mostly <0.1 wt% (Figure 6A). Peridotite clinopyroxene is
diopside with a Mg# of 86-94 and high contents of Cr,0;
(0.1-3.0 wt%) and Na,O (0.4-2.1 wt%), but poor in Al,O;
(<2wt%) and TiO, (<1 wt%). Clinopyroxene in veins has
similar compositions but a tendency to lower Mg# (84-91;
Figure 7A). Orthopyroxene of the lherzolite sample is
enstatite with a Mg# of 90-91. Peridotite spinel is
magnesiochromite and chromite with a Cr# (=molar Cr/
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standards.

(Cr+Al)*100) of 56-96 and low TiO, (<2.8 wt%). Phlogopite has
Mg# of 79-93, comparatively high Cr,O3 (0.2-2.0 wt%), and
low TiO, (<1.7 wt%); vein phlogopite has a tendency to higher
TiO, and lower Cr,0O3 (Figure 7C). Amphibole has Mg# around
80, 0.5-0.7 wt% Cr,0s3, 4.5-5.5 wt% TiO,, and little variation in
CaO, Na,O and K,O.

Selvages and Zonations at Peridotite Xenolith Rims

The contact between xenolith olivines and host
tephriphonolite is marked by polycrystalline zoned selvages
of variable composition and thickness. They cut pre-existing
structures and have sharp to convoluted contacts to olivine,
and can show considerable textural variation along their
length. A selvage typically comprises three parts (Figures
2F,H): 1) a 0-1 mm thick inner reaction rim (termed rim
I) consisting of fine-grained clinopyroxene + Ti-magnetite +
amphibole + phlogopite + glass, commonly with symplectitic
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texture; 2) a 0-3 mm thick central zone (termed rim II)
consisting of phlogopite + fine-grained clinopyroxene + Ti-
magnetite + olivine + glass; and 3) an up to 5 mm thick outer
part with cumulus texture (termed cumulate zone) consisting
of euhedral to subhedral amphibole + clinopyroxene + Ti-
magnetite * apatite + glass. Not all selvages show these three
parts; in some samples either rim I or rim II are missing locally
or entirely (Figure 2I). Phlogopite and amphibole in selvages
are locally opacitized and almost opaque. The selvages
resemble those commonly present around basanite-hosted
peridotite xenoliths from La Palma (Kligel, 1998, 2001),
but the latter are typically thinner and lack the phlogopite-
rich rim II. The inner selvage (rim I) also has similarities to
rims formed by experimental reactions between olivine and
evolved melts (Coombs and Gardner, 2004; Grant et al,,
2014a).

Clinopyroxene in selvages is compositionally variable
(Mg# 62-89), grading from peridotite clinopyroxene-like
near the olivine contact in rim I to host macrocryst-like
towards the cumulate zone (Figure 7A). Similar variations
are seen in the inner and outer selvage parts of basanite-
hosted peridotite xenoliths (Kliigel, 1998, 2001). Amphibole
in selvages largely overlaps with host macrocryst composition
(Mg# 52-72), but with a tendency to lower TiO, (Figure 7B).
Phlogopite in selvages show almost no compositional overlap
with that within the peridotites, being distinguished by lower
Cr,0; (<0.5 wt%), higher TiO, (1.4-5.4 wt%), and a tendency
to lower Mg# (69-91) (Figure 7C).

All peridotite xenoliths show a prominent zonation in
olivine compositions towards their rims. Typically, the
forsterite content decreases steadily from Foggo; in the
xenolith interior to Fo,g g at the selvage boundary over a
distance of between 0.3 and 1.6 mm; this distance can vary
within a single sample (Figure 6B). An exception is sample
KLA1718 with much shorter gradients of 0.03-0.04 mm. The
selvage of this sample is also significantly thinner (80-200 pm)
than at most other samples and lacks rim I, with rim II
consisting of microcrystalline phlogopite. The Fo%
zonations at xenolith rims are continuous across grain
boundaries and are not accompanied by textural changes of
the olivines. There is no textural evidence for late olivine
growth towards the selvages; rather, olivine was partly
consumed during selvage formation. The shape of the Fo%
zonations can show irregularities in the vicinity of veins and
fine-grained phlogopite-rich aggregates. The zonations are
commonly accompanied by decreasing NiO, and increasing
CaO and MnO, towards the selvages. The NiO and CaO
gradients are shorter than the Fo% zonations, whereas MnO
follows FeO. In some compositional profiles NiO and CaO
show irregular zonation, and/or strong inflections near veins
and fine-grained phlogopite-rich aggregates.

Similar zonations occur at almost every basanite-hosted
peridotite xenolith from Cumbre Vieja investigated by us,
and were termed diffusion zones in previous studies (Kliigel
et al., 1997; Kligel, 1998, 2001). The width of the zones
(i.e., the length of the Fo% gradient in olivine) ranges
between 0.9 and 2.6 mm. Kliigel (1998, 2001) argued why
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FIGURE 8 | Thermobarometric data displayed as kernel density estimates using bandwiths of 20 MPa for pressure and 10°C for temperature. A sample represents
a single fluid inclusion or mineral rim analysis in (A—C), and the mean rim composition of a single crystal in (D). Gray bars show the estimated pressure at Moho depth
around La Palma (Ranero et al., 1995). (A) Left: Pressure estimates for tephriphonolite macrocryst rims derived from clinopyroxene-melt barometry (red line; model
Palk2012 of Masotta et al., 2013), amphibole-melt barometry (orown line; Eq. 7a of Putirka, 2016), and fluid inclusion barometry (blue line). Right: Temperature
estimates for the same samples derived from clinopyroxene-melt thermometry (red line; model Talk2012 of Masotta et al., 2013), amphibole-melt thermometry (brown
solid lines; Egs 4a, 4b and 9 of Putirka, 2016), and amphibole-only thermometry (brown dashed lines; Ridolfi and Renzulli, 2012; Eq. 5 of Putirka, 2016). All rim analyses
were paired with host groundmass analyses. (B) Pressure and temperature estimates for tephriphonolite macrocryst cores and cumulate xenolith crystals derived from
clinopyroxene-melt thermobarometry, using the models Palk2012 and Talk2012 of Masotta et al. (2013). All clinopyroxene analyses were paired with suitable whole-rock
compositions from Cumbre Vieja (see text for details). (C) Pressure and temperature estimates for other Cumbre Vieja tephriphonolites (TP) and phonolites (P) derived
from clinopyroxene-melt thermobarometry (models Palk2012 and Talk2012 of Masotta et al., 2013). (D) Pressure estimates for basalts from Cumbre Vigja (solid lines)
and from pre-Cumbre Vieja series (dashed lines), obtained by clinopyroxene-melt barometry on phenocryst rims, and by fluid inclusion barometry (data from compilation
in Kltigel et al., 2015).

these zones are best explained by diffusive Fe-Mg exchange
with mafic melt across the xenolith rims and selvage, and
showed that a slight s-shape of some profiles can reflect
changing boundary conditions, such as decreasing
diffusivity through the selvage. Diffusive exchange can
also account for zonations in olivines next to veins
(Wulff-Pedersen et al., 1996). By analogy, we propose that

the Fo% zonations at the rims of tephriphonolite-hosted
peridotite xenoliths have formed in a similar manner.

Geothermobarometry and Hygrometry
Clinopyroxene-Based Thermobarometry
Clinopyroxene-melt equilibria provide a reliable thermometer
and the probably most sensitive and accurate mineral-based
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barometer (Putirka, 2008). Clinopyroxene-melt
thermobarometers that are universally applicable were
calibrated on a wide compositional range of experimental
liquids (Putirka et al, 1996, 2003; Putirka, 2008), but do not
perform well for tephriphonolitic to phonolitic liquids, as these
were poorly represented in the experimental data. Masotta et al.
(2013)  calibrated  clinopyroxene-melt  thermobarometers
specifically for evolved alkaline liquids, which are similar to
the groundmass compositions of our study. To constrain pre-
eruptive pressure (P) and temperature (T) of the phonolitic melts,
we applied the models Palk2012 and Talk2012 of Masotta et al.
(2013) to compositions of euhedral macrocryst rims and host
groundmass, assuming that the groundmass is the best
approximation of the intratelluric melt (Supplementary Table
$6). Crystal rims were analyzed at ~5um distance to planar
surfaces. The crystal-melt compositional pairs thus have a well-
defined petrographic relationship, and texturally indicate near
equilibrium conditions, albeit not necessarily chemical
equilibrium. Melt H,0 content was set to 3 wt% based on data
from melt inclusions in Cumbre Vieja cumulates (Parat et al.,
2011). We note that the dependence of the thermobarometer
results on melt H,O is rather small with —5°C/wt% and +7 MPa/
wt%, respectively. The standard error of estimate (SEE) for the
thermobarometer is 18°C and 115 MPa, respectively. As chemical
equilibrium test, we used 1) AKD(Fe—Mg)Cpx'liq (hereafter AKp),
the difference between the measured Fe-Mg distribution
coefficient and that predicted by equation 35alk of Masotta
et al. (2013), and 2) ADiHd, the difference between measured
and  predicted  diopside-hedenbergite ~ component in
clinopyroxene (after Mollo et al, 2013). ADiHd is a more
robust equilibrium filter than AKp (Mollo et al., 2013), but is
not well calibrated for evolved alkaline melts. Both AKp and
ADiHd should be < 0.1 and <0.12, respectively, corresponding to
2 SEE of the prediction equations.

For the xenolith-rich tephriphonolite, 58 rim analyses of 11
clinopyroxene macrocrysts in two samples give pressures of 297 +
49 MPa and temperatures of 912 + 14°C (average and one
standard deviation indicated). Kernel density estimates (KDE)
show well-defined maxima around 300 MPa and 920°C,
respectively (Figure 8A). Despite evidence of sector zonations
in clinopyroxene rims (Figure 3B) the P-T results show limited
scatter; pressures <200 MPa are indicated only by few analyses
with low Al,O; and high SiO,. The AKp, filter would remove more
than half of the data pairs, with little change in pressure KDE and
average (270 + 59 MPa), and no change in temperature. The
ADiHd filter would have negligible effect, because most data pairs
are in the equilibrium range. The clinopyroxene components
EnFs and Jd (Putirka, 1999) also show good agreement between
measured and predicted values. For these reasons we did not
discard any mineral-melt pair. Tentative application of the
Putirka et al. (2003) thermobarometer yields 762 + 139 MPa
and 887 + 20°C for the xenolith-rich tephriphonolite. The
pressure estimates show large scatter and are higher than
those for basanites and tephrites from Cumbre Vieja
(Figure 8D), which appears petrologically questionable. This
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For clinopyroxene-melt barometry on macrocryst cores and
cumulate crystals, the melt composition is basically unknown. We
tentatively applied a two-step liquid-matching approach to each
clinopyroxene analysis, using a set of ca. 260 published whole-
rock compositions from Cumbre Vieja (data sources as in
Figure 4). In the first step the melts were screened for Kp(Fe-
Mg)P* 1 to judge whether the thermobarometer calibrations for
evolved liquids (Masotta et al., 2013) or primitive to intermediate
liquids (Putirka et al., 2003; Putirka, 2008) were appropriate. As
all clinopyroxene analyses are best paired with rather evolved
melts, we exclusively used the Masotta et al. (2013) models. In the
second step we selected all melts that could have been in chemical
equilibrium with a given clinopyroxene analysis. As equilibrium
filter we used AKp and ADiHd as described above, and discarded
all melts with <52wt SiO,. Between two and 53 putative
equilibrium melts passed this filter for any clinopyroxene
analyzed; all crystal-melt pairs additionally show agreement
between measured and predicted EnFs and Jd components
(Putirka, 1999). We then calculated pressure and temperature
for each of these melts, and averaged the results to obtain a single
P-T estimate. The standard deviations for each P and T estimate
so obtained were in the range 34-79 MPa and 11-42°C,
respectively (Supplementary Table S6).

The inner regions of clinopyroxene macrocrysts from the
xenolith-rich tephriphonolite give pressures of 332 + 39 MPa
and temperatures of 941 + 21°C; KDE curves show maxima
around 350 MPa and 950°C, and subordinate maxima around
300 MPa and 910°C. Clinopyroxenes in cumulate xenoliths give
335 + 42 MPa and temperatures of 956 + 15°C, overlapping
almost perfectly with the macrocryst data (Figure 8B). The
data distributions essentially overlap with those for
clinopyroxene rims, with a slight shift to higher pressure and
temperature (Figure 8A). The results are to be viewed critically
because best-matching melt compositions are not necessarily
close to true ones. However, the low dispersion of the data
lends credibility to this approach.

Comparison With Other Tephriphonolites and
Phonolites From Cumbre Vieja
In order to compare the xenolith-rich tephriphonolite to other
evolved Cumbre Vieja rocks in terms of composition and
thermobarometric data, we analyzed whole-rock, groundmass
and clinopyroxene macrocryst compositions of four additional
tephriphonolites to phonolites (samples KLP-8, -13, -15, -16;
Supplementary Table S1). The macrocryst phases of these rocks
are plagioclase + kaersutite + clinopyroxene + Ti-magnetite +
apatite * titanite; small cumulate aggregates of these phases are
common. Their groundmasses are feldspar-dominated and have
phonolitic compositions, overlapping with the tephriphonolite
from this study. As the groundmass compositions are very similar
(Figure 4), differences in whole-rock compositions are largely
due to the strongly different macrocryst cargos.
Clinopyroxene-melt thermobarometry applied to macrocryst
rims and groundmass compositions vyields pressures of
229-446 MPa and temperatures of 849-937°C; the respective

discrepancy  corroborates the usage of a specific =~ KDE maxima are in the range 280-360 MPa and 860-930°C
thermobarometer calibration for evolved alkaline melts. (Figure 8C). Measured and predicted KD(Fe—Mg)CP"’l'q agree
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within 2 SEE for almost all data pairs. Whereas the pressure
distributions overlap strongly and show no systematic
dependency on sample type, temperatures for tephriphonolites
are some tens of degrees higher than for phonolites, as is
petrologically reasonable. Tentative application of the Putirka
et al. (2003) thermobarometer gives mean pressures of 815, 930,
641 and 1,153 MPa for samples KLP-8, -13, -15, and -16,
respectively, which appear unrealistically high.

Amphibole-Based Thermobarometry

Amphibole composition and amphibole-melt equilibria provide
valuable thermometers but have limited potential for barometry,
in particular at low pressures (e.g., Shane and Smith, 2013;
Erdmann et al., 2014; Putirka, 2016). We used thirteen rim
analyses of kaersutite macrocrysts in two tephriphonolite
samples and applied the amphibole-only thermobarometer of
Ridolfi and Renzulli (2012) (abbreviated as RR12), as well as the
pressure-independent  thermometers of Putirka (2016)
(abbreviated as P16) based on Na partitioning (Eq. 4a), Ti
partitioning (Eq. 4b), Na-K exchange (Eq. 9), and amphibole
composition only (Eq. 5). These calibrations yield strongly
differing temperatures, with a total range of 895-1,089°C
(Supplementary Table S7) and KDE maxima between 910
and 1,077°C (Figure 8A). The high values of RRI2
(1,057-1,089°C) do not overlap with results from other
thermometers, and are above the temperatures of amphibole
saturation calculated by Eq. 3 of Putirka (2016)
(Supplementary Table S5). Data analysis shows that the high
temperatures are due to the pressure-dependency of RR12, in
conjunction with an apparent overestimation of pressures by this
calibration. The amphibole-only thermometer P16-5 also appears
to overestimate temperatures for our sample suite, yet it
discriminates between macrocryst rims (1,013 = 12°C),
macrocryst cores (1,040 + 17°C), and cumulate xenolith
crystals (1,057 + 8°C) (averages and standard deviations
indicated). The observed temperature decrease from core to
rim is petrologically reasonable for normally zoned crystals, as
is a higher temperature indicated by potentially earlier formed
cumulates.

Of the different amphibole-melt thermometers, only
calibration P16-4b (914 + 9°C) shows good overlap with the
clinopyroxene-melt data (913 + 14°C); calibrations P16-4a and
P16-9 differ from P16-4b by 88 and 57°C on average,
respectively. This discrepancy is beyond the thermometers’
prediction errors, and may be caused by chemical
disequilibrium between crystal rims and liquid (i.e., host
groundmass composition). Although the Fe-Mg distribution
coefficient for all pairs is within the range of 0.28 + 0.11 for
experimental data, disequilibrium for Na, Al, or Ti exchange
due to e.g. different closure temperatures is still possible
(Putirka, 2016). Possible disequilibrium is corroborated by
significant differences between the predicted SiO, of liquids
coexisting with amphibole rims (Eq. 10 of Putirka, 2016) of
52.3 = 1.8 wt%, and the observed values of 59.3-60.2 wt%. In
addition, amphibole-thermometers applied to SiO,-poor and
Al Oj;-rich alkaline magma series are known to overestimate
temperatures (Erdmann et al., 2014). For these reasons we view
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the amphibole-based thermometer data with caution and
prefer the clinopyroxene-melt data.

Despite the limitations of amphibole barometry, we tentatively
applied Eq. 7a of Putirka (2016) to macrocryst rim and host
groundmass compositions of the tephriphonolite (3 wt% H,O in
the melt) and obtained plausible results of 340 + 42 MPa,
overlapping with the clinopyroxene-melt data (Figure 8A).
The values increase by about 50 MPa per 1wt% increase in
H,O. In contrast, the amphibole-only barometer of Ridolfi and
Renzulli (2012) gives 764 + 130 MPa for the macrocryst rims, well
above the other barometric data. This is in line with earlier studies
demonstrating the limited applicability of this barometer
(Erdmann et al., 2014; Putirka, 2016).

Oxybarometry

Oxygen fugacities (fO,) were estimated from kaersutite
macrocryst compositions, using the chemometric equations
of Ridolfi and Renzulli (2012) calibrated for a wide
compositional range. Our analyses yielded near-Gaussian
frequency distributions for ANNO (log units above the Ni-
NiO solid buffer) with averages of 2.5 £ 0.6 for macrocrysts
and 1.8 + 0.4 for cumulate xenolith crystals (Supplementary
Table S7), indicating relatively oxidizing conditions. We note,
however, that the results are slightly beyond the T-fO, range
used for the Ridolfi and Renzulli (2012) calibration. Moreover,
Erdmann et al. (2014) found that the reliability of this
oxybarometer is worse than that of the Ridolfi et al. (2010)
calibration, which is however calibrated for calc-alkaline
magmas only. Our tentative application of the Ridolfi et al.
(2010) model yielded ANNO values of —0.5 + 0.3 for both
macrocrysts and cumulate xenolith crystals.

In addition we calculated fO, from Fe,Os/FeO ratios in
evolved Cumbre Vieja rocks (>50 wt% SiO,), using 58 whole-
rock analyses in which FeO was determined by potentiometric
titration (Hernandéz-Pacheco and De la Nuez, 1983; Carracedo
et al., 2001; Praegel and Holm, 2006). Molar Fe,O3/FeO of these
analyses encompass a considerable range with an average of
0.77 £ 0.32. Following Kress and Carmichael (1991) we obtain
average ANNO values of 3 + 1.1. This is in good agreement with
the Ridolfi and Renzulli (2012) model applied to our amphibole
analyses, considering that whole-rock Fe,O3/FeO ratios provide
an upper limit for fO, due to possible oxidation during and after
magma emplacement. The combined data suggest that the
crystallization conditions of the tephriphonolite were relatively
oxidizing with about two-three log units above the NNO buffer.
These oxidizing conditions are consistent with the presence of
hatiyne in the samples, which requires fO, significantly above
NNO (Berndt et al., 2001).

Plagioclase-Liquid Hygrometry

In order to obtain a direct estimate for the H,O content of the
studied tephriphonolite samples, we applied the plagioclase-
liquid hygrometer of Waters and Lange (2015) to the
compositions of groundmass and plagioclase macrocrysts
(Ansp.46). This hygrometer was calibrated with a wide range
of melt compositions including mafic alkaline melts, and has a
SEE of 0.35 wt% H,O. For a P-T range of 200-400 MPa and
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900-950°C as input (cf. Figure 8) we obtained H,O
concentrations between 2.8 and 4.0 wt%. The calculated
H,0 contents are essentially independent of pressure, and
are in agreement with melt inclusion data in Cumbre Vieja
cumulates (Parat et al., 2011). The hygrometer after Ridolfi and
Renzulli (2012) applied to kaersutite macrocrysts yields
slightly higher H,O contents of 4.0-4.6 wt%, but these
estimates should be treated with caution (Erdmann et al,
2014; Putirka, 2016). For comparison, H,O contents of
Cumbre Vieja basanites that fractionate in the upper mantle
were inferred to be 0.8-1.5 wt% (Weis et al., 2015).

Microthermometry

Fluid inclusions are ubiquitous in peridotite and gabbro
xenoliths, occurring as trails that can crosscut grain
boundaries (secondary inclusions), or randomly in small
groups (primary inclusions, cf. Roedder 1984). Fluid inclusions
are less common in peridotite xenolith selvages, cumulate
xenoliths and macrocrysts; in these cases they occur mostly as
single primary inclusions. In order to constrain pressures of
inclusion formation or re-equilibration, we investigated
primary and secondary fluid inclusions in peridotite olivines
(N = 43), kaersutite and clinopyroxene macrocrysts (N = 5),
and clinopyroxenes from peridotite selvages (N = 20) by
microthermometry (Supplementary Table S11).

The investigated inclusions froze to solid CO, and vapor during
cooling between —80 and —100°C; further cooling to —~190°C did not
yield additional phase transitions. During reheating, the inclusions
showed a melting point between —56.9 and —-56.4°C, close to the
triple point of pure CO, (—56.6°C); no melting interval was observed.
The investigated fluid inclusions hence consist of nearly pure CO,,
because significant amounts of additional components would have
caused a melting interval with initial melting below -56.6C
(Andersen and Neumann 2001; Frezzotti et al, 2002). As no
evidence for H,O was found in any inclusion observed, it is
possible that diffusive H,O loss had occurred (Hansteen and
Kliigel, 2008). Upon further heating, all inclusions homogenized
into the liquid phase at temperatures between 20.0 and 31.1°C; some
inclusions showed critical homogenization behavior. Different
microthermometric  behavior of primary and secondary
inclusions was not recognized, but inclusions in peridotite
olivines have a tendency to lower homogenization temperatures,
and hence higher densities, than inclusions in selvage
clinopyroxenes and macrocrysts. Similar observations were made
for fluid inclusions in volcanic rocks from other localities and were
assigned to olivine being less prone to re-equilibration than
clinopyroxene (Hansteen et al., 1998; Galipp et al., 2006).

Densities of CO, inclusions as calculated from measured
homogenization temperatures are 0.59-0.77 g/cm® for
peridotite and 0.47-0.72g/cm® for selvage
clinopyroxenes and macrocrysts. The data for both groups
are slightly skewed towards lower densities, which probably
reflects volumetric re-equilibration during ascent of the host
magma. Pressures of formation or re-equilibration of the
inclusions were derived from calculated isochores (Sterner
and Pitzer, 1994), using a model temperature of 950°C as
based on our thermometry data. The results indicate

olivines
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200-400 MPa for peridotite olivines and 160-340 MPa for
selvage clinopyroxenes and macrocrysts, with averages of
300 and 260 MPa, respectively. These values generally
represent lower limits for the trapping pressures of the
inclusions, because re-equilibration processes tend to reduce
their densities. The influence of model temperature on
calculated pressures is almost negligible with about 14 MPa
per 50°C increase or decrease. The KDE curve overlaps
remarkably well with that for clinopyroxene-melt barometry
(Figure 8A). It also overlaps with pressure distributions
derived from fluid inclusions in basalt-hosted peridotite
xenoliths and macrocrysts from La Palma (Figure 8D).

Diffusion Modelling of Peridotite Zonations
The time scale to form the rim zonations of peridotite xenoliths
(Figure 6B), hereafter termed diffusion zones, may be roughly
assessed by a simple one-dimensional diffusion model for an
infinite half space (Crank, 1975), because the profile depth is
short compared to xenolith size. Boundary conditions: peridotite
olivine has constant composition C. initially, and at time t = 0 is
brought into contact with a source (melt reservoir) of constant Mg#
that is in equilibrium with a less magnesian olivine composition Cyyy,.
Subsequent Fe-Mg exchange between olivine and melt across a
spatially fixed interface at x = 0, and Fe-Mg interdiffusion
perpendicular to the interface with constant diffusion coefficient
Dremg produce the olivine zonations observed. The diffusion
equation for composition C at distance x and time t is:

(C = Com)/ (Ceore—Com) = erf[x / (zm)]

This simplified model neglects the formation of a selvage
and possible changes in melt composition and temperature
over time, both of which influence shape and length of the
zonation (cf. Kliigel, 1998; Costa et al., 2008). The diffusion
time (t) was obtained from the best fit of the measured
zonations by the diffusion equation. For Dgeng we used a
constant value of 2.5 x 1077 m’™', calculated after
Dohmen and Chakraborty (2007) for T = 1,000°C, p =
300 MPa, fO, = NNO +1, Fogs olivine, and diffusion along
the [001] direction. Owing to the strong diffusion anisotropy of
olivine with Dgepg along [100] and [010] being 1/6 of that along
[001] (Dohmen and Chakraborty, 2007), the mean Dgepg for
randomly orientated grains is 2/3 of that along [001]. The
model temperature was tentatively chosen to be between mafic
and evolved Cumbre Vieja melts (Kliigel et al., 2005; Figure 8),
because the actual melt that caused diffusion is not known.
Temperature during diffusion was certainly not constant and
may have varied between different xenoliths. Based on the
temperature dependence of Dgeyg after Dohmen and
Chakraborty (2007), an increase or decrease of T by 50°C
would scale the calculated times by a factor of 0.49 or 2.2,
respectively. Hence, the results of our modelling are only an
approximation of the timescale involved in the zonations.

Calculated diffusion times for thirteen profiles in five samples
range from 13 to 309 years when using the mean Dgeg
(Supplementary Table S12). Considering the diffusion
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FIGURE 9 | (A) Range of diffusion times for rim zonations of the tephriphonolite-hosted peridotite xenoliths, based on a simple Fe-Mg interdiffusion model in olivine
(see text for details). Note different scales for sample KLA1718 (blue, top) and the other samples (red, bottom). The large time range for each sample reflects the
anisotropy of Dreug by @ factor of six; circles mark the diffusion time for the mean Drevg 0f randomly orientated olivine grains (equal to 2/3 the Dreg along [001]). Diffusion
times were calculated for a temperature of 1,000°C; a temperature increase or decrease by 50°C would roughly double or halve the calculated times. (B) The
diffusion times are compared to a time line for historic eruptions on Cumbre Vieja, applying the same scale as in (A). The eruption ages are summarized in Carracedo et al.
(2001).

anisotropy in olivine and the unknown grain orientations in our
samples, the total time range may be considerably larger
(Figure 9A). An exception is sample KLA1718, for which a
shorter range of 22-40 days for the mean Dgeyg is obtained
(maximum range is 15-161 days); this xenolith also has an
exceptionally thin selvage. The time ranges illustrated in
Figure 9A show differences between samples that are beyond
the uncertainty related to diffusion anisotropy (e.g., compare
KLA1736A to KLA1731, and KLA1718 to all other samples). By
considering all uncertainties of the simple diffusion model, we
conclude that Fe-Mg exchange between most peridotites and
surrounding melt lasted over decades to centuries, which overlaps
with the time between historic eruptions on Cumbre Vieja
(Figure 9B).

DISCUSSION

The petrographical, petrological and geochemical data of the
xenolith-rich tephriphonolite provide a wealth of information on
the magmatic plumbing system beneath La Palma. We now
discuss the crystallization conditions of evolved magmas

beneath La Palma, the timescales of their formation, the origin
of the different xenolith types, and implications for phonolite
generation at other oceanic island volcanoes and seamounts.

Pre-Eruptive Storage Conditions

Based on the thermobarometric and hygrometric data presented
above, our best estimates of the pre-eruptive storage conditions of
the xenolith-rich tephriphonolite are a pressure range of
250-350 MPa, temperature of 900-950°C, fO, of NNO+2 to
NNO+3, and H,O contents of 3-4 wt%. Macrocryst cores and
cumulate crystals probably crystallized at slightly higher
temperature but below 1,000°C (Figure 8). The other
tephriphonolites studied here indicate similar temperatures,
whereas phonolites were slightly cooler (around 830-880°C).
All evolved rocks indicate essentially the same pressures,
overlapping within the prediction errors of the barometers
(Figure 8C). The pressures are equivalent to about 10-13 km
depth, using a density of 2,600 kg/m” for the volcanic edifice and
sediments and 2,900 kg/m” for the igneous oceanic crust. As the
basement near La Palma extends from about 7 to 13 km depth
(Ranero et al., 1995), this places pre-eruptive storage of evolved
Cumbre Vieja magmas within the lowermost oceanic crust. This
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level is not only reflected in the tephriphonolites to phonolites
investigated, but is also indicated by our fluid inclusion data from
macrocrysts and xenoliths in basanitic to tephritic magmas from
the Cumbre Vieja (Figure 8D).

Our clinopyroxene-based pressure estimates are subject to
considerable prediction uncertainties of the thermobarometers
(Figure 8A), and rely on the assumption that the selected melt
composition is representative of the composition at depth. For
this reason, we validated our data using results from phase
equilibrium experiments with evolved alkaline liquids. Of all
experiments considered (Berndt et al., 2001; Freise et al., 2003;
Harms et al., 2004; Andujar et al., 2008; Andujar et al., 2010;
Moussallam et al., 2013; Tacovino et al., 2016), the most similar
natural system is the basanite-phonolite series from Ross Island
and Mt. Erebus, Antarctica. Other experimentally investigated
systems are more evolved than Cumbre Vieja phonolites
(Tenerife), do not fall on the Cumbre Vieja LLD (Laacher See,
Kerguelen), have different phenocryst assemblages (Vesuvius,
Tenerife), and/or are limited to <250MPa. Our
thermobarometric results are in agreement with Moussallam
et al. (2013), who used Erebus phonolite to produce a phase
assemblage comparable to the tephriphonolite studied by us
(phonolite melt + kaersutitic amphibole + clinopyroxene +
anorthoclase + Ti-magnetite) at 950°C, 100-300 MPa, fO,
between NNO-0.8 and NNO+2.8, and 1 to 4 wt% H,O in the
melt. The crystallization of anorthoclase in the experiments
rather than plagioclase as at Cumbre Vieja may reflect the
more evolved bulk composition. Experiments with a Ross
Island phonotephrite in the pressure range of 200-400 MPa
showed that kaersutite is stable at 1,000°C for oxidized
conditions (NNO+1.7 to NNO+3) and 0.7 to 4.8 wt% H,O in
the melt (Tacovino et al., 2016). Kaersutite proportions increased
at higher pressure, with up to 60 wt% at 400 MPa. Their
compositions overlap with those of Cumbre Vieja but extend
to higher TiO,. One important difference to the Cumbre Vieja
tephriphonolite is the lack of co-existing kaersutite and
clinopyroxene in the Iacovino et al. (2016) experiments, which
may be due to their more primitive bulk composition. The lack of
haiiyne in the experiments can be ascribed to the low sulfur
content of the degassed starting material. However, Moussallam
et al. (2013) and Iacovino et al. (2016) found feldspar to be
unstable at 250-350 MPa and 3-4 wt% H,0O. Their experimental
data rather suggest that the plagioclase macrocrysts in the
tephriphonolite crystallized at shallower levels and/or lower
H,O contents.

In summary, the inferred pre-eruptive storage conditions
for the xenolith-rich tephriphonolite are in line with data from
phase equilibrium experiments. The Moussallam et al. (2013)
and lacovino et al. (2016) experiments show that deeper
fractionation levels for the tephriphonolite cannot be ruled
out, because kaersutite stability extends to pressures above
400 MPa, and experiments with suitable compositions at this
pressure range are lacking. On the other hand, the pressure
range of 250-350 MPa inferred for the storage of the
tephriphonolite is supported by the abundance of gabbro
xenoliths, as these are likely derived from the lower oceanic
crust (see below). The crystallization of plagioclase
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macrocrysts may have occurred at lower pressure, either
during gradual ascent of the tephriphonolite or during
temporary stagnation in the upper crust. A shallow ponding
level cannot be ruled out but is not reflected in our data. The
few clinopyroxene analyses indicating <200 MPa (Figure 8A
and Supplementary Table S6) are not representative for the
entire crystals, and may reflect limited rim growth during
magma ascent.

In contrast to evolved Cumbre Vieja melts, clinopyroxene-
melt barometry on basanitic to tephritic magmas indicates pre-
eruptive storage and fractionation at around 450-650 MPa
(Klugel et al., 2005, Kliigel et al., 2015), and at deeper levels
within the uppermost mantle at earlier stages of magma
evolution (Barker et al., 2015). These magmas also show a
bimodality of pressures derived from clinopyroxene-melt and
fluid inclusion barometry, whereas the evolved magmas do not
(Figure 8). This pressure bimodality was explained by short-
term magma ponding within the lower crust during an
eruption (Hansteen et al., 1998; Kliigel et al., 2005). Instead
of a continuous vertical ascent in a straight conduit,
decompression rates must have slowed down considerably
within the lower crust, either by a phase of subhorizontal
flow (Kligel et al., 2015) or by slow migration through a
complex storage system with limited vertical connectivity
(e.g., Cashman et al., 2017). Hansteen et al. (1998) denoted
this horizon in the lowermost crust as a magma accumulation
zone, and Kliigel et al. (2015) suggested that highly evolved
magmas can be produced within this zone once a critical
magma flux is reached. This zone was also locus of intense
seismicity before and during the 2021 eruption at Cumbre
Vieja (IGN, 2021).

The formation of phonolites at La Palma is not restricted to
the lower crust, however. Lavas from Cumbre Vieja commonly
contain reversely zoned clinopyroxene macrocrysts with green
cores of low Mg# and high Na,O, which apparently crystallized
from highly evolved melts (Kliigel et al., 2000). Similar green-
core clinopyroxenes are found in alkaline lavas from oceanic
and continental intraplate volcanoes worldwide (e.g., Duda
and Schmincke, 1985; Dobosi and Fodor, 1992; Pilet et al,,
2002; Leite de Oliveira et al., 2021). In many crystals, the green
cores are corroded due to dissolution and/or partial melting,
and the crystals can be more complexly zoned than a simple
core-rim zonation. Reliable barometry on the cores is difficult
since compositions of the host melts are not exactly known.
However, as the brownish rims of green-core clinopyroxenes
from Cumbre Vieja indicate crystallization at mantle depths
(Figure 8D; Kliigel et al., 2000, 2005; Barker et al., 2015), the
green cores and the melts from which they crystallized must
have formed in the mantle as well.

Provenance of the Xenoliths

Kaersutitite Cumulate Xenoliths

The mineral assemblages of kaersutitite cumulate xenoliths and
the host tephriphonolite are similar, except for hatiyne. Xenoliths
and host also indicate similar pressures of crystallization
(Figure 8), hence a genetic relationship between both appears
likely. This relationship may be simple crystal fractionation in
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which the cumulus crystals formed earlier than the host lava
macrocrysts. A cognate origin of the xenoliths would agree with
the predominance of kaersutite in both the cumulates and in the
macrocryst assemblage of the tephriphonolite (Figures 2A,B). It
would also be consistent with the tendency of kaersutite
macrocrysts to higher Na,O and SiO,, and lower AL,O; and
TiO,, than cumulus kaersutites with similar Mg# (Figure 3A), in
agreement with the differentiation trend of evolved Cumbre Vieja
rocks (Figure 4). The situation is more complicated for
clinopyroxenes, however, because the effects of sector zoning
are superimposed on any differentiation trend (Figure 3B). Yet
the restriction of cumulus crystal compositions to the upper range
of Mg# (mostly 67-76 for diopsides and 63-71 for kaersutites), in
which they overlap with tephriphonolite macrocrysts, is in
principal accordance with crystallization from the same initial
magma body.

The lack of a coherent fractionation trend in Figures 3A,B
does not rule out a direct genetic relationship between cumulates
and host tephriphonolite. The scatter of the data is partly due to
the presence of antecrysts and xenocrysts, as indicated by mineral
zonations (Figures 3C,D) and by petrographic observations. In
addition to kaersutite and diopside xenocrysts, some cumulate
xenoliths contain olivine aggregates and single crystals that are
reminiscent of mantle fragments (Figure 2C). The olivines had
reacted with the surrounding melt to form symplectite-like
reaction rims (cf. Kliigel, 1998). The combined observations
suggest that the early evolutionary stage of the tephriphonolite
involved mixing with a magma batch from mantle depths, which
introduced small mantle fragments and likely additional crystal
cargo. These became part of the cumulates that were subsequently
formed. In summary, our data suggest that the kaersutitite
xenoliths represent cognate cumulates that formed during
storage of the host tephriphonolite in a reservoir located in
the lowermost crust, ie., within the magma accumulation
zone. The open cumulus texture of the xenoliths, with
predominantly euhedral crystals and void space in the
interstices (Figures 2B,C), indicates that they were not
completely crystalline before eruption, but contained a
considerable proportion of interstitial melt. This melt
vesiculated during xenolith uplift and eruption and was
squeezed out, leaving the voids now observed.

Gabbro Xenoliths From the Oceanic Crust

Gabbro xenoliths with Ti- and Al-poor clinopyroxenes are
commonly found in basanites from Cumbre Vieja (e.g,
Munoz et al, 1974; Schmincke et al, 1998; Neumann et al.,
2000), but to our knowledge have not been described in evolved
host rocks. Based on petrography, mineral composition, and
whole-rock composition, these gabbros were shown to
represent fragments of the Jurassic oceanic crust underlying La
Palma (Schmincke et al., 1998; Hoernle, 1998; Neumann et al.,
2000). The petrographic characteristics of the tephriphonolite-
hosted gabbros of our study, and the Ti-Al-poor nature of their
clinopyroxenes, indicate that they are fragments of the oceanic
crust as well. Like their basanite-hosted counterparts, the gabbros
were metasomatized by alkaline La Palma melts und fluids
migrating through the oceanic crust, which resulted in
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deformation, pervasive recrystallization, partial melting, and
introduction of hatiyne and Ti-rich amphibole (Figures 2D,E).
Nevertheless, this late magmatic overprinting was not sufficient
to obliterate the tholeiitic MORB-type character of the gabbros
(Schmincke et al., 1998; Neumann et al., 2000).

According to our field observations on Cumbre Vieja, such
gabbro xenoliths are second in abundance only to ultramafic
cumulate xenoliths, and are particularly abundant in the terminal
lavas from the 1949 eruption (Kliugel et al, 1999). Their
abundance is consistent with the existence of a magma
accumulation zone within the lower oceanic crust. Gabbro
entrainment into the tephriphonolite studied here probably
occurred by diking or stoping related to its storage in the
lower crust, or to the final ascent to the surface. We note that
the oceanic gabbro xenoliths are clearly different from those
related to crystallization of intermediate to evolved Cumbre Vieja
magmas, which are termed alkaline gabbros (Kliigel et al., 1999)
or leucogabbros to syenites (Neumann et al., 2000; Barker et al.,
2015). These are characterized by cumulus to poikilitic textures,
the presence of kaersutitic amphibole + apatite + titanite +
hatiyne in addition to plagioclase as cumulus crystals,
abundant apatite inclusions in pyroxenes and amphiboles, and
Ti-Al-rich clinopyroxene compositions.

Peridotite Xenoliths and Their Selvages

Peridotite xenoliths are commonly subdivided into two series,
the group I or Cr-Mg series, interpreted as refractory
lithospheric mantle that may or may not have been
metasomatized, and the group II or Ti-Al series, interpreted
as either magmatic cumulates or metasomatically overprinted
group I peridotites (Frey and Prinz, 1978; Harte, 1987; Wulft-
Pedersen et al., 1996). Clinopyroxenes and spinels in group I
peridotites are Cr-rich and Ti-poor, and silicates generally
have Mg# >85. In group II peridotites, silicates are less
magnesian (Mg# <85), clinopyroxenes are augitic and Al-Ti
rich, and spinels are Al-rich and Cr-poor. On La Palma, group
I peridotites comprise spinel-bearing harzburgites, dunites,
and minor lherzolites, whereas group II peridotites are
mostly spinel wehrlites, amphibole wehrlites, and rare
dunites (Wulff-Pedersen et al, 1996; Kliugel, 1998;
Neumann et al., 2004). These xenoliths were all interpreted
to be of mantle origin, but does this also apply to the
tephriphonolite-hosted peridotites of the present study?

The textures of wehrlite samples KLA1704, -1715, -1718, and
-1735 are reminiscent of cumulate rocks (Figures 2F,G).
However, similar textures can be produced by metasomatic
melts that percolate through and react with mantle peridotite,
crystallizing new phases that fill the melt porosity in a manner
similar to intercumulus melt. Such “metasomatic infill
cumulates” are texturally not necessarily distinguishable from
“normal” cumulates (Harte et al., 1993). Considering mineral
chemistry, clinopyroxene in the wehrlites is higher in Mg#
(86-94) and Cr,0;, and lower in TiO, and Al,O;, than
macrocrysts (Figure 7A). Olivine is around Fogy in the
xenoliths’ interior (Figure 6A); the decrease to Fogs in
composite xenolith KLA1735 may reflect Fe-Mg exchange with
the surrounding cumulate. Spinel is Cr-rich (Cr# 56-87) and low
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FIGURE 10 | Compositional relationship between Fo% of olivine and Cri#

of coexisting spinel in the investigated peridotite xenoliths from La Palma, as
compared to the mantle array after Arai (1994). Symbols indicate the average
values for the interior parts of each sample; error bars encompass
minimum and maximum values. Field for basanite-hosted peridotites based
on data from Wulff-Pedersen et al. (1996) and Kltgel (1998).

in TiO, (mostly <1 wt%). For these reasons the wehrlite xenoliths
are unlikely to represent magmatic cumulates, but rather belong
to the Cr-Mg series. They may have undergone metasomatic
reactions between harzburgite and alkaline melts, leading to the
dissolution of orthopyroxene (Kelemen, 1990; Kelemen et al.,
1990; Wulff-Pedersen et al., 1996). Of note, Cr-Mg series wehrlite
xenoliths are comparatively rare on La Palma and other Canary
Islands (Neumann et al, 2004), but common in the
tephriphonolite of this study. The dunite (KLA1721, -1731)
(Figures 2H,I) and lherzolite (KLA1736A) xenoliths
petrographically resemble basanite-hosted group I xenoliths
from La Palma (Wulff-Pedersen et al., 1996). Their olivine
(around Fogg gy in the xenoliths’ interior) and spinel (Cr#
57-96, TiO, <0.9 wt%) compositions are also consistent with a
mantle origin. In a diagram of olivine Fo% versus spinel Cr#, all
tephriphonolite-hosted peridotites plot at the boundary of the
mantle array after Arai (1994) or slightly off it, in contrast to
basanite-hosted peridotite xenoliths from La Palma (Figure 10).
A shift to lower Fo% and/or higher Cr# likely reflects magmatic
overprinting of the peridotites, consistent with the occurrence of
phlogopite-clinopyroxene-amphibole veins, interstitial
phlogopite, and vermicular or skeletal spinel grains (cf. Wulff-
Pedersen et al., 1996, 1999; Kliigel, 1998, 2001; Neumann et al.,
2004).

The outer parts (cumulate zone) of the selvages encasing
most peridotite xenoliths must have formed in the magma
accumulation zone where the host tephriphonolite evolved,
because the selvage minerals are commonly euhedral towards
the host and have compositions approaching those of the
macrocrysts (Figures 7A,B). The inner selvage parts (rims I
and II) likely reflect reactions with intermediate to evolved

Xenolith-Rich Tephriphonolite

melts not in equilibrium with forsteritic olivine. Experimental
data on reactions between olivine and orthopyroxene with
evolved Si-undersaturated melts show that rims some tens of
microns thick can form within hours to days, growth rates
decreasing strongly with increasing rim thickness (Shaw et al,,
1998; Shaw, 1999; Grant et al., 2014a, 2014b). Reaction rates
and type of reaction products depend on melt composition and
H,O contents. The presence of two distinct inner selvage zones
in some of the peridotites studied here (clinopyroxene-rich rim
I and phlogopite-rich rim II; Figures 2F,H) likely reflects a
rapid change in xenolith environment, i.e., composition of the
host melt and/or P-T conditions. Scenario 1: rim I formed
within a mantle reservoir after xenolith entrainment, until a
magma pulse brought the xenolith into the magma
accumulation zone where rim II formed. Scenario 2: rim I
and rim II both formed in the magma accumulation zone after
the xenolith was brought upward by a mafic magma pulse; the
break between both rims reflects injection of new magma into
the evolving host melt. In either case, the complex selvages
indicate contact of the xenoliths with at least two distinct melt
compositions. Based on observations and results from Grant
et al. (2013, 2014a, 2014b), we suggest that phlogopite-
dominated rims were produced by reaction with H,O-rich
phonolitic melts, whereas clinopyroxene-rich rims indicate
reaction with intermediate (tephritic to tephriphonolitic)
and/or less H,O-rich melts.

According to our diffusion modelling, the residence times of
the peridotite xenoliths in alkaline magma (that is, the period
between xenolith entrainment and host tephriphonolite eruption)
were on the order of decades to centuries for most xenoliths
(Figure 9A). This time scale is significantly longer than that
estimated for e.g. mantle-derived fragments in the Heldburg
phonolite (several months to a year; Grant et al., 2013). It also
exceeds the residence times of 6-100 years calculated for
basanite-hosted xenoliths from La Palma (Kliigel et al.,, 1997;
Kliigel, 1998). These earlier calculations, however, assumed a
rather high temperature of 1,200°C during diffusion. Considering
that actual temperatures may have been close to 1,100°C (Kliigel,
2001), calculated residence times may increase roughly four-fold.
It thus appears that basanite- and tephriphonolite-hosted
peridotite xenoliths indicate comparable residence times in
alkaline magma before eruption. The effect of selvage growth
on the lengths of diffusion zones was probably minor, because the
selvages were highly permeable for diffusive flux of cations, and
diffusion zones essentially formed after the inner reaction rims
(Klagel, 2001).

To summarize, the tephriphonolite-hosted peridotite
xenoliths are interpreted as mantle fragments that were
metasomatized by late-stage reactions with alkaline La Palma
melts. They were likely derived from the vicinity of magma
reservoirs in the upper mantle decades to centuries before
eruption of the host tephriphonolite. After one or more pulses
of rising magma brought them into the magma accumulation
zone in the lower crust, they became embedded by cumulus
crystals, and selvages formed by reaction with evolving melt. The
scenario of two-stage xenolith uplift is similar to that for basanite-
hosted xenoliths from La Palma (Kliigel, 1998), but the presence
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of three rather than two selvage parts in many xenoliths studied
here indicates additional complexity.

Tephriphonolite Evolution and Magma

Recharge

Previous studies demonstrated that phonolitic melts from
Cumbre Vieja can be produced by 80-85wt% crystal
fractionation from basanitic melts (Johansen et al., 2005;
Turner et al,, 2015). Additional late-stage mixing with partial
melts of earlier formed syenite-like rocks was invoked to explain
some trace element characteristics, such as high Ba, Pb, U and
Th contents of the most evolved melts (Turner et al., 2015). Our
petrographic and mineral data for the xenolith-rich
tephriphonolite indicate more than one mixing event. I) The
diverse crystal cargo of the tephriphonolite and cumulate
xenoliths that includes normally, reversely, or more
complexly zoned clinopyroxene and kaersutite macrocrysts,
partly with corroded cores, indicates magma mixing and/or
incorporation of residual crystals of various origin into the
evolving melt. 2) Peridotite xenoliths with two or three
distinct selvage zones indicate at least one abrupt change in
host melt composition. 3) The mineralogical variability of
selvages between different peridotite xenoliths reflects contact
with different alkaline melts and hence a mixed peridotite
population. 4) The large range of residence times of the
peridotite xenoliths in host melts (Figure 9A) requires

xenolith transport by more than one magma pulse. We
suggest, therefore, that the petrogenesis of the
tephriphonolite involved multiple recharge events in addition
to crystal fractionation. The other four tephriphonolites to
phonolites studied here also show diverse crystal cargos with
variably zoned macrocrysts and small cumulate fragments,
suggesting a similarly complex evolution as the xenolith-rich
tephriphonolite, even though they lack the xenolith diversity.

Our barometric data substantiate previous suggestions
(Johansen et al., 2005; Turner et al., 2015; Kliigel et al., 2015)
that the evolution of intermediate magmas to phonolites at
Cumbre Vieja mainly occurs within a magma accumulation
zone in the lower crust to Moho, whereas the more primitive
magmas differentiate in the upper mantle (Figure 11). Magma
mixing or recharge events are common in both mantle and crustal
reservoirs, and are recorded as macrocryst zonations in basanites
and tephrites (Kliigel et al., 2000, 2005) as well as in the more
evolved rocks described here. It is likely that a recharge event
ultimately caused ascent and eruption of the xenolith-rich
tephriphonolite. Recharge by more primitive melts is a
common eruption trigger, but is not necessarily apparent in
the petrological record (Rout and Woérner, 2020). The actual
mechanism for ultimate destabilization and ascent of the
tephriphonolite is not known. Plausible possibilities include
volume increase and/or thermal disturbance induced by
mixing; massive H,O degassing due to heating by, or CO,
flushing from, the recharge melt (Caricchi et al, 2018); and

Frontiers in Earth Science | www.frontiersin.org

19

April 2022 | Volume 10 | Article 761902


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Kltgel et al.

remobilization and partial melting of older cumulates (e.g.,
Bachmann and Bergantz, 2008; Wolff et al., 2015).

The latest recharge into the magma accumulation zone
beneath Cumbre Vieja was associated with the 2021 eruption
and began some decades after the 1971 Teneguia eruption. Based
on differential interferometric synthetic aperture radar (DInSAR)
data, Fernandez et al. (2021) inferred that already in 2009-2010 a
small volume of magma moved from the mantle storage system to
a depth of 8-10 km, i.e., into the accumulation zone. This resulted
in fluid migration and subtle surface deformation, as well as in
increased CO, emission at Cumbre Vieja and an increased
magmatic component of helium in a cold spring 1-2 years
later (Padrén et al., 2015). A similar event probably occurred
in 2011-2012 (Ferndndez et al., 2021). The first seismic swarms
indicative of volcanic unrest were recorded in October 2017 and
February 2018 at mostly 15-30 km depth, and were accompanied
by changes in helium and CO, emissions on La Palma before and
after the swarms (Torres-Gonzdlez et al., 2020). Six further
seismic swarms occurred between July 2020 and February
2021 at upper mantle depths (IGN, 2021; Longpré, 2021).
From 11 September 2021 on, seismicity became more intense
and shallower and was accompanied by considerable surface
deformation. Hypocenters initially clustered at about 8-13 km
depth, within the accumulation zone, and subsequently marked
migration of magma towards the eventual eruption site, until the
first vents opened on 19 September (IGN, 2021; Longpré, 2021).
For the next 3 months, intense pyroclastic and effusive activity
was accompanied by seismicity that clustered at about 8-16 km
and 30-38 km depth.

The pre- and syn-eruptive seismicity in 2021, the analyses of
the initial phase of volcanic unrest, as well as the record of mantle
xenoliths from Cumbre Vieja, all indicate temporary magma
ponding in the lowermost crust. This zone is periodically
recharged by injection of magma from mantle reservoirs; large
injections are likely to be accompanied by crustal seismicity and
surface deformation. The intense pre- and syn-eruptive seismicity
within the magma accumulation zone may reflect limited
mobility of magma and brittle response of surrounding rock
to changing pressure, as would be the case in a complex system of
interconnected mush pockets or compartments (Gudmundsson,
2012; Klugel et al., 2015).

Timescales of Differentiation and Ascent

The tephriphonolite and its xenolith cargo record a succession of
events that date back over centuries preceding its eruption
(Figure 9A), which may be the timescale for differentiation of
a more primitive magma to tephriphonolite. This timescale agrees
with results from U-series isotope studies, indicating basanite to
phonolite differentiation in 1,550-1,750 years for the Jedey
phonolite of Cumbre Vieja (Johansen et al., 2005), and a few
hundred to 2,000 years for Cumbre Vieja overall (Turner et al.,
2015). We now compare these timescales to the recurrence rates
for historic eruptions on Cumbre Vieja, which range from 22 to
237 years with an average of broadly 80 years (Figure 9B); this
record does not take into account possible submarine eruptions.
As mantle-derived magmas commonly stall during an eruption
within the magma accumulation zone (Hansteen et al., 1998;
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Kliigel et al., 2005, Kliigel et al., 2015), the historic activity pattern
implies new magma input into this zone every 80 years at least.
This has the implication that the century-long differentiation of
phonolite in the magma accumulation zone must be
accompanied by a number of recharge events, provided that
the passing magma batches meet the differentiating melt. In
the case of the xenolith-rich tephriphonolite, it is conceivable
from the data presented in Figure 9A that recharge may have
occurred 1) around two centuries, 2) some decades, and 3) some
weeks prior to its eruption. These times are not well constrained,
but the limited overlap of the calculated diffusion times in
Figure 9A suggests three recharge events at least.

The timescales for final ascent of the tephriphonolite may be
broadly assessed by the width of opacite rims around kaersutite
macrocrysts. Experiments with andesitic to dacitic melts have
shown that such amphibole reaction rims can form as a result of
heating or decompression-induced H,O degassing of the melt
(Rutherford and Hill, 1993; Browne and Gardner, 2006; De
Angelis et al., 2015). Both causes cannot be distinguished on
the basis of rim thickness and microlite size (De Angelis et al.,
2015). By applying the range of experimental growth rates to the
observed rim thicknesses of 20-80 pm, we obtain reaction times
of 5-102 days for decompression-induced amphibole breakdown
(growth rates 9 x 107'% to 5 x 107° cm/s; Browne and Gardner,
2006), and 0.1-11 days for heating-induced breakdown (3 x 10~°
to 2 x 107" cm/s; De Angelis et al, 2015). Data on reaction
kinetics of amphibole rims in phonolitic melts are lacking, but
since reaction rates increase with decreasing melt viscosity
(Browne and Gardner, 2006), it is conceivable that reactions
are similar or faster in less SiO,-rich phonolites than in andesites
to dacites. In summary, substantial H,O degassing and/or heating
of the tephriphonolite likely occurred days to weeks before
eruption, and was possibly related to its final ascent. This
timescale is comparable to the inferred diffusion time to
produce the rim zonations of peridotite xenolith sample
KLA1718 (Figure 9A), and to the timescale to form the thin
phlogopite reaction rim around this peridotite (according to
experimental data from Grant et al., 2014a). Entrainment of
some peridotite xenoliths into the rising tephriphonolite and
the formation of opacite rims around kaersutite macrocrysts thus
seem to be temporally and causally related.

We suggest that the last perturbation of the differentiating
tephriphonolite was a small batch of magma from depth weeks to
days before eruption. The batch carried some peridotite
fragments into the magma accumulation zone in the lower
crust, where it mixed with a larger volume of evolved magma
(Figure 11). However, most of the peridotite xenolith population
was carried into this zone by earlier magma pulses, centuries to
decades before eruption, as is indicated by diffusion times for
their rim zonations (Figure 9A) and their thick composite
selvages. The diversity of selvage compositions and the wide
range of diffusion times indicate that more than one magma was
involved. The peridotites carried by each pulse settled and became
embedded within a mush of accumulating crystals, a scenario
envisaged also for basanite-hosted xenoliths (Kliigel, 1998). The
last recharge may have triggered a cascade of events, including
overpressurization of the magma storage system, rupture of its
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mafic crystal carapace and of gabbroic wall-rock from the lower
oceanic crust, entrainment of these fragments as xenoliths into
the advancing magma, entrainment of peridotite fragments into
the magma, and final ascent to the surface (Figure 11). The
thorough mingling of the xenolith suite suggests a turbulent
environment in the magma accumulation zone as the
tephriphonolite ascended; in the conduit the viscosity was
apparently high enough to prevent settling of the dense xenoliths.

Implications for Phonolite Generation at

Ocean Island Volcanoes

Based on geochemical and petrological data it was proposed that
the magma storage system beneath Cumbre Vieja is characterized
by relatively small magma batches that differentiate in the mantle
and pass the magma accumulation zone en route to the surface
(Kliigel et al., 2000, 2005). A similar model of magma ponding
and phonolite differentiation near Moho depths was inferred for
Mayotte Island, Comoros archipelago (Berthod et al., 2021).
Similar storage horizons in the lower crust seem to exist
beneath a number of other oceanic island volcanoes (Hansteen
et al., 1998; Kliigel et al., 2015), but not all of these erupt evolved
magmas. For example, El Hierro Island is located next to La
Palma and is of comparable subaerial age, but evolved lavas are
rare and are confined to few trachyte flows and minor pyroclastic
deposits (Pellicer, 1977; Carracedo et al., 2001; Pedrazzi et al.,
2014). The paucity of evolved compositions at El Hierro coincides
with a low eruption frequency of around 1,000 years (Becerril
et al., 2016), as compared to 80 years at Cumbre Vieja. Magma
supply rates are also lower for El Hierro (0.12-0.36 km>/ka) than
for Cumbre Vieja (>0.52 km?®/ka) (Carracedo, 1999; Amelung
and Day, 2002). We suspect that the lower crustal magma
accumulation zone under El Hierro is less mature than that
under Cumbre Vieja, that is, it is cooler, smaller, and also
slightly deeper as shown by barometric data (Kliigel et al,
2015). In consequence, magmas stalling at this horizon receive
less frequent recharge and are more prone to solidifying between
recharge events, rather than evolving into trachytes or phonolites.
This scenario is consistent with the precursors of the
2011-2012 El Hierro eruption, where almost 10,000 seismic
events and gradual surface deformation over 3 months marked
magma emplacement and dike propagation at lower oceanic crust
to Moho depths (Lopez et al., 2012; Gonzalez et al., 2013; Marti
et al., 2013; Dominguez Cerdena et al., 2014), suggesting a cold
and brittle environment. This contrasts with the situation at
Cumbre Vieja in 2021, where intense crustal seismicity with
ca. 1,400 events and surface deformation began 8 days before
the eruption (IGN, 2021; Longpré, 2021).

Fogo (Cabo Verde islands) is another young volcanic oceanic
island that lacks highly evolved compositions almost completely;
most of the recent lavas have basanitic to phonotephritic
compositions (Hildner et al, 2012, and references therein).
Like Cumbre Vieja and El Hierro, Fogo is in its shield-
building stage, but is more active with an average of 20 years
recurrence rate of historical eruptions (Ribeiro, 1954; Day et al.,
2000) and a magma supply rate of >1.7 km’/ka (Amelung and
Day, 2002). Geobarometric data for Fogo magmas strongly
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resemble those for Cumbre Vieja, with inferred pre-eruptive
storage in the mantle at ca. 15-25km depth, and short-term
magma stalling in a magma accumulation zone in the lowermost
crust at ca. 8-15 km depth (Hildner et al., 2012; Kliigel et al., 2015;
Kliigel et al, 2020). The magma accumulation zone hence
receives fresh magma from mantle reservoirs at least every
20 years on average. The frequency of these pulses keeps the
accumulation zone at elevated temperatures, which may prevent
significant volumes of unerupted residual melts to differentiate to
phonolite. This may explain why the seismic precursors of the
latest Fogo eruption in 2014 were located at shallow levels, but not
in the hot lower crust where some magma may still have resided
(Klugel et al., 2020).

The contrasting situations at La Palma, El Hierro and Fogo
suggest that formation of significant amounts of phonolite in the
magma accumulation zone in the lowermost crust is facilitated by
a thermal and temporal “phonolite window.” The thermal state of
a storage system depends on several factors including frequency
and volume of magma recharge pulses and eruptive events, and
ambient temperature (e.g., Annen and Sparks, 2002). Our data for
Cumbre Vieja suggest that differentiation of magma batches in
the accumulation zone is accompanied by recharge events at rates
similar to, or higher than, eruption rates. If recharge rates are high
as at Fogo, frequent flushing of the accumulation zone may cause
eruption of magma before evolved melts can form. If the rates are
low as at El Hierro, unerupted melts that remain in the
accumulation zone may solidify between eruptions. At
Cumbre Vieja, recharge rates and volumes are balanced, such
that phonolites and also intermediate compositions can form and
erupt (cf. Menand, 2011). This balance may be one reason why a
“Daly Gap” (Daly, 1925) is lacking at Cumbre Vieja (Figure 4);
another reason can be partial melting of earlier intrusive rocks to
produce a geochemical diversity of magmas (Annen and Sparks,
2002; Annen et al., 2006; Turner et al., 2015). Naturally, whether
phonolites can form and erupt also depends on other major
factors such as composition and volatile contents of the magmas,
melt viscosity, storage depths of magmas, and structural regime of
the volcano (e.g., Thompson et al., 2001; Gudmundsson, 2012;
Andujar et al., 2013).

Sufficient magma supply provided, a magma accumulation
zone in the lower crust may eventually evolve into a larger and
dynamic crustal storage system that is capable of supporting
explosive voluminous eruptions of evolved magma (e.g., Annen
and Sparks, 2002; Menand, 2011). Long-lasting shallow storage
systems are well described for comparatively thick and hot crust
above subduction zones, but less so for ocean islands. The surface
manifestation of such a storage system would be the dominance
of phonolitic to trachytic rocks during certain evolutionary stages
of an ocean island volcano, typically the late shield or post-shield
stage. Examples include Brava and Santo Antdo islands, Cabo
Verde archipelago (Plesner et al., 2002; Holm et al., 2006; Madeira
et al., 2010; Mourao et al., 2012), Tenerife and Gran Canaria,
Canary Islands (Schmincke, 1976; Ablay et al., 1998; Ancochea
et al., 1990, 2006), Trindade (Weaver, 1990), and Rarotonga,
Cook Islands (Thompson et al., 2001). On Tenerife, experimental
results indicate storage of phonolite prior to voluminous
eruptions within the shallow crust, at around 50 and 130 MPa
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for flank and central eruptions, respectively (Andujar et al., 2008,
2013). Assuming that phonolite magmas mainly originate by
fractional crystallization of mafic magmas, differentiation of large
volumes in the shallow crust alone is hardly possible due to the
limited crustal space available for storage of cumulates, which can
make up around 80-90% of the former melt mass (Worner and
Schmincke, 1984; LeRoex et al., 1990; Ablay et al., 1998; Johansen
et al., 2005; Holm et al., 2006; Turner et al., 2015). In addition,
gravimetry data for Tenerife do not indicate high density bodies
below the Central Volcanic Complex that could be linked to the
direct fractionation of mafic magmas at shallow levels
(Gottsmann et al., 2008). Thus, a large part of crystal
fractionation needs to take place at upper mantle to Moho
depths, implying multi-stage differentiation (Ablay et al,
1998). By analogy to the Cumbre Vieja case, we imply that a
large shallow storage system beneath an ocean island volcano is
preceded by a magma accumulation zone receiving frequent
magma recharge. The record of the xenolith-rich
tephriphonolite studied here provides a rare opportunity to
constrain the frequency of these recharge events (cf. Rout and
Worner, 2020).

CONCLUSIONS

Based on our study of a xenolith-rich tephriphonolite and other
evolved rocks on Cumbre Vieja volcano, we arrive at the
following conclusions:

e Storage and differentiation of evolved Cumbre Vieja
magmas occur in a magma accumulation zone within the
lowermost oceanic crust.

e The pre-eruptive storage conditions of a particular
xenolith-rich tephriphonolite include a pressure range
of 250-350 MPa, temperature of 900-950°C, fO, of 2-3
log units above the NNO buffer, and H,O contents of
3—4 wt%.

e Storage and differentiation of evolved magmas are
accompanied by a number of recharge events by mantle-
derived mafic magmas. Recharge intervals are on the order
of decades to a few centuries, comparable to eruption
recurrences in historic times (80 years on average).

e Some recharge events bring mantle-derived peridotite
xenoliths into the accumulation zone. Reactions between
peridotite fragments and more evolved melt produce
selvages around the xenoliths and diffusion zones in
olivine. The xenoliths settle and become part of a
crystal mush.

e The final recharge event destabilized the tephriphonolite
magma in the accumulation zone some weeks prior to
final ascent and eruption. This ultimately led to
disruption of the surroundings of the storage horizon,
entrainment of oceanic crust and cumulate fragments
into the magma, and mingling of the xenolith suite during
ascent.

Xenolith-Rich Tephriphonolite

e The occurrence of mantle xenoliths in a phonolite may be
caused by recharge of mafic magma into a crustal storage
system, and does not necessarily imply formation of the
evolved melt in the mantle.

e Formation and eruption of phonolites at oceanic island
volcanoes depend critically on the thermal regime of crust
and uppermost mantle. The evolution of lower crustal
storage zones is facilitated by a balance between
frequency and volume of magma recharge pulses and of
eruptive events. Phonolites are rare if recharge pulses occur
too infrequently or too frequently.
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