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ABSTRACT

How and why magmatic systems reactivate and evolve is a critical question for monitoring and hazard mitigation
efforts during initial response and ongoing volcanic crisis management. Here we report the first integrated petro-
logical results and interpretation provided to monitoring authorities during the ongoing eruption of Cumbre Vieja,
La Palma, Canary Islands, Spain. The first eruptive products comprised simultaneous Strombolian fountain-fed
lava flows and tephra fall from near-continuous eruption plumes. From combined field, petrographic and geo-
chemical analyses conducted in the 10 days following sample collection, we infer low percentage mantle melts with
a variably equilibrated multimineralic crystal-cargo and compositional fractionation by winnowing during erup-
tive processes. Hence ‘rapid response’ petrology can untangle complex magmatic and volcanic processes for this
eruption, which combined with further study and methodological improvement can increasingly assist in active
decision making.

RESUMEN

Este trabajo reporta los primeros resultados petroldgicos integrados y su interpretacion proporcionada a las auto-
ridades para la monitorizacion volcanica del actual proceso eruptivo del volcan de Cumbre Vieja, La Palma. Los
primeros materiales emitidos por esta erupciéon engloban coladas de lava, emitidas desde fuentes de lava de ca-
racter estromboliano y caidas de piroclastos casi continuas desde plumas volcanicas. Gracias a observaciones de
campo, analisis petrografico y analisis geoquimico, interpretamos: una baja tasa de fusién del manto con una carga
cristalina multimineral variablemente equilibrada ademas de fraccionamiento composicional debido a la dinamica
del proceso eruptivo. Por lo tanto, la “rapida respuesta” petroldgica se convierte en una herramienta fundamental
para entender el proceso volcanico y magmatico de esta erupcion, el cual, combinado con estudios adicionales y la
mejora de la metodologia puede ayudar cada vez mas en la toma activa de decisiones.
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1 INTRODUCTION

Understanding the origins and evolution of the litho-
logically varied Canarian archipelago (Figure 1A) has
long attracted international research efforts [e.g. Turner
et al. 2015]. La Palma (Canary Islands, Spain) has
experienced several magmatic episodes: Basal Com-
plex (~4.0-3.0 Ma); Garafia, Taburiente, Cumbre Nueva
and Bejenado volcanoes (~1.7-490 ka); and Cumbre
Vieja (~125 ka—present). It is the most active Ca-
narian volcanic system in historical times, with erup-
tions in ~1480, 1585, 1646, 1677, 1712, 1949, 1971
and 2021 [Hernandez-Pacheco and Valls 1982; Romero
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Ruiz 1990; Global Volcanism Program 2013], indicat-
ing an inter-event period of between ~230-20 years.
Previous historical eruptions along the Cumbre Vieja
north-south trending rift zone have been characterized
by the appearance of multiple vents aligned obliquely
to the rift zone axis. Eruptive activity has typically
been explosive at the summit vent(s) and effusive at the
base and flanks of the volcanoes, with lavas having a
variably alkali enriched basaltic composition [Kliigel et
al. 1999; White and Schmincke 1999; Carracedo et al.
2001; Klugel et al. 2017].

On 19 September 2021, Cumbre Vieja volcano (Fig-
ure 1A) erupted after 50 years of quiescence. Prior to
the ongoing activity, ten seismic swarms at 2-30 km
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Figure 1: [A] Locations of lava and tephra samples and historic eruptions [Hernandez-Pacheco and Valls 1982;
Romero Ruiz 1990; Global Volcanism Program 2013]; [B] selected flow extent snapshots and sample locations.
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depth had been recorded in La Palma since 2017. On
11 September 2021, a seismic swarm interpreted to be
related to magma intrusion was detected at 8-13 km
depth by Instituto Volcanolégico de Canarias (INVOL-
CAN) and the Instituto Geografico Nacional (IGN)
[Global Volcanism Program 2021a]. In the following 6
days, until 17 September, earthquakes increased in in-
tensity to a maximum of MI 3.4, with hypocenters shal-
lowing to 8-10 km and migrating slightly westward;
over the same period, the maximum ground deforma-
tion amounted more than 20 cm [Global Volcanism Pro-
gram 2021a]. After a short lull (17-18 September) seis-
micity increased early on 19 September at depths of 0-
6 km with earthquakes up to Ml 4.2 coincident with
an increase in vertical deformation. The eruption be-
gan at 14.02 GMT at Cabeza de Vaca, in the municipal-
ity of El Paso, ~2 km north-west of the 1949 San Juan
eruptive foci (Figure 1A). The initial explosive activity
coincided with volcanic tremor, ejection of lava from a
200 m-long fissure and a plume composed of both SO,-
rich gas (3 km high) and ash (1.5 km high). Cone build-
ing initiated around the main fissure vent, which soon
resolved into emission centers dominated either by an
ash plume or lava fountains. The latter fed flows that
coursed to the west and west-southwest [Global Volcan-
ism Program 2021b].

2 MOTIVATIONS

Petrology remains an underutilized science during vol-
canic crises despite its potential and unique contribu-
tion to monitoring and forecasting efforts, and by ex-
tension, to decision makers. Measurements of volcanic
products include: textures, mineralogy, mineral chem-
istry (and profiles), whole-rock geochemistry, volatiles,
isotope geochemistry, and rheology [e.g. Blundy and
Cashman 2008; Cashman and Sparks 2013; Jerram et
al. 2018; Re et al. 2021]. Petrology combines these
data into interpretations of the magmatic system state
and evolution, which can inform understanding of the
dynamic processes driving eruptions and physical be-
haviours of tephra and lava. Hence, forecasts of vol-
canic behaviour underpinned by petrological charac-
terization and trends are more robust. Notably, in
several volcano observatories worldwide petrology is
utilized to obtain fundamental observations of hand
specimens, thin sections, whole-rock geochemistry, and
more rarely, mineral chemistry [Re et al. 2021]. Con-
ducting petrological study to its highest potential dur-
ing volcanic eruptions is hampered by inherent chal-
lenges: 1) the necessity to physically access volcanic
products; 2) ensuring that representative samples are
selected for future, more detailed study; and 3) gener-
ating data that are insightful on reporting timescales
that are useful. Further, conventional petrographic
analysis is slow, so it is understandable that expecta-
tions for timely input can be low. This general sce-
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nario leaves petrology easily underutilized in favor of
vastly more immediate and unquestionably useful data
streams from geophysical and gas geochemical moni-
toring techniques. However, with the advent of rapid
petrological analytical techniques such as automated
mineralogy and micro-CT scanning [e.g. Pankhurst et
al. 2014; Guntoro et al. 2019; Hornby et al. 2019],
petrology has clear potential to be faster and thus more
useful during a volcanic crisis.

It is well understood within the volcanological com-
munity that eruptions from quiescent volcanic systems
pose an increasing risk to human populations and in-
frastructure at a global scale. As such, petrological
understanding is of paramount importance because in
the majority of such volcanic centers there is no record
of volcanic behaviour other than the rocks themselves;
petrology is uniquely able to compare data from a new
eruption with an empirical record of the past. Petrolog-
ical laboratories that host suites of high-end instrumen-
tation and human resource support are far rarer than
hazardous volcanic settings and are not commonly situ-
ated close to eruptive centers or zones. How to conduct
‘responsive petrology’ efficiently and effectively in the
event of an eruption is, therefore, a pressing question
that needs attention. Determining the potential value
of advanced petrology in these scenarios is also critical
due to a current lack of demonstrated impact.

Our motivation to conduct an integrated mineral
chemistry and textural study is twofold: to undertake
a live exercise in mobilizing a petrology base to a vol-
canic centre; and to produce insightful data (i.e. be-
yond that which standard whole-rock and petrographic
analysis can provide) for inclusion into the monitoring,
forecasting and decision-making efforts. This report fo-
cusses upon the latter to communicate the petrologi-
cal observations and interpretations to the wider com-
munity in a timely manner (preprint link*). A more
extensive and reflective contribution on the former is
planned for publication in the near future.

3 RAPID RESPONSE PETROLOGICAL METHODOL-
OGY

Samples analyzed here were collected during the first
week of activity from initial lava flow (CAN_LLP_0001,
2, 3, 4) and tephra fall (chronologically, increasing in
distance from the vent: CAN_TLP_0008, 9, 11) (Fig-
ure 1B) (sample locations and full datasets are available
at Research Square”).

Here we present the following datasets for the very
earliest effusive lavas and explosive tephras of the 2021
La Palma volcanic eruption: X-ray diffraction (XRD);
petrographic analysis; quantitative evaluation of min-
erals by scanning electron microscope (QEMSCAN®); elec-
tron microprobe (EPMA); and whole-rock major (X-ray
fluorescence, XRF) and trace element (inductively cou-

* https://doi.org/10.21203/rs.3.rs-963593/v1
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Figure 2: Field photograph and hand specimens:
[A] CAN_LLP_0001 lava collection at flow front [B]
CAN_LLP_0001 hand specimen; [C] CAN_TLP_0001
coarse particles hand specimen; [D] (i) CAN_LLP_0001
stereomicroscope image, (i) CAN_TLP_0011 stereomi-
croscope image including ultra-rare restingolite (pend-
ing confirmation).

pled mass spectrometry, ICP-MS) geochemistry. Petro-
graphic thin sections were made at the University of La
Laguna, Tenerife, Spain and the Department of Miner-
alogy and Petrology, University of Granada, Spain.

Suitable sampling points were identified with a ther-
mal camera. Lava samples were collected from active
flow fronts either warm (CAN_LLP_0001), or for all
other samples, hot incandescent and immediately wa-
ter quenched. Tephra was collected from direct fall de-
posits. Each sample was viewed using a ZEISS Discov-
ery V20 stereomicroscope for initial assessment on La
Palma.

Whole-rock and mineral chemical analyses were per-
formed at the University of Granada Department of
Mineralogy and Petrology and Scientific Instrumenta-
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tion Centre. All samples were powdered in an auto-
matic agate mortar and pestle grinder. Whole-rock X-
ray diffraction (XRD) of the milled samples was per-
formed using a PANalytical X’Pert Pro diffractome-
ter (CuKo radiation, 45 kV, 40 mA) equipped with an
X’Celerator solid-state linear detector, using a step in-
crement of 0.008°26and a total counting time of 10 s per
step. Data were processed using HighScore software to
identify key mineral peaks, d spacing A: clinopyrox-
ene 2.55-2.99; plagioclase 3.19-3.21; amphibole 8.35-
8.44. Whole-rock major element determinations were
performed by XRF after fusion with lithium tetrabo-
rate. Typical precision was better than +1.5 % for an
analyte concentration of 10 wt. %. Zirconium was de-
termined by XRF on glass beads with a precision better
than +4 % for 100 ppm Zr. Whole-rock trace element
determinations were done by ICP-MS after HNO;+HF
digestion of 0.1000 g of sample powder in a Teflon-
lined vessel at ~180 °C and 200 psi for 30 min, evapo-
ration to dryness and subsequent dissolution in 100 ml
of 4 vol. % HNOj;. Instrument measurements were car-
ried out in triplicate with a PE SCIEX ELAN-5000 spec-
trometer using rhodium as an internal standard. Preci-
sion, as determined from standards WSE, BR, and AGV
run as unknowns, was better than +2 % and +5 % for
analyte concentrations of 50 and 5 ppm, respectively.
Major element analyses of minerals were obtained by
wavelength dispersive analyses with a Cameca SX-100
electron microprobe (EPMA), using mainly synthetic
standards. Accelerating voltage was 20 kV and beam
current was 20 nA. Spot size was 5 microns.

Automated mineralogy was undertaken at the Cam-
borne School of Mines Chemical, Imaging and Min-
eralogical Facility, University of Exeter, U.K. Sam-
ple CAN_LLP_0001 was mounted in a 30 mm di-
ameter epoxy resin block, polished to a 1 micron
finish, carbon-coated to 25 nm, then analyzed by a
QEMSCAN® 4300 [Gottlieb et al. 2000]. Sample measure-
ment and data processing used iMeasure v4.2SR1 and
iDiscover 4.2SR1 and 4.3 [Rollinson et al. 2011]. The
QEMSCAN® settings used 25 kV, 5 nA, a 1000 X-ray count
rate per pixel, a WD of around 22 mm under high vac-
uum and beam calibration every 30 minutes. Sample
measurement used the fieldscan measurement mode
[Pirrie and Rollinson 2011] to analyze the samples at an
X-ray resolution/pixel spacing of 5pm and a 1000 um?
field size (x 68 magnification).

4 REsuLTs

We undertook petrological monitoring of the Cum-
bre Vieja eruption via a series of micro-analytical and
whole-rock petrological analyses of juvenile scoria, ash
and lava. This approach can be used to provide insight
into volcanic plumbing systems as they assemble be-
fore, and evolve throughout, eruption [e.g. Kahl et al.
2015; Pankhurst et al. 2018].
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Petrographic analysis

Figure 3: Photomicrographs of [A] ash; [B] lapilli and [C] lava (i) possible xenoliths with 120° grain boundaries (ii)
amphibole with distinct reaction rim. Abbreviations: Cpx = clinopyroxene; Amp = amphibole, Ti-mag = titanomag-
netite; gm = groundmass; Ves = vesicles.
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Figure 4: Lava CAN_LLP_0001 QEMSCAN® maps illustrate and quantify crystal clusters with variable textures and
mineralogy [A] lava fragments containing crystal clusters with different textures and mineralogy, composed pri-
marily of clinopyroxene + Ti-magnetite + olivine; [B] representative textures of vesicular porphyritic lava; [C] an
area exemplifying contrasted morphologies between typical crystals of clinopyroxene, Ti-magnetite and olivine.
Abbreviations: Cpx = clinopyroxene; Amp = amphibole, Ti-mag = titanomagnetite; gm = groundmass.

4.1 Petrology ysis of all four lava samples (CAN_LLP_0001, 2, 3, 4)
confirmed hand specimen identification of clinopyrox-

. . ene, olivine and amphibole major mineral phases, with
Juvenile lavas and tephra erupted during the ongo- feldspathoids being notably absent. Following this,

ing activity contain coarse crystals of clinopyroxene, 1.. ¢oction study of a sample from the 20 September
olivine and amphibole, identifiable by hand-lens, that g, front (CAN_LLP_0001, Figure 2A) showed it to
can provide a rapid real-time guide to system evolu- ¢ py1ocrystalline and porphyritic with ~15 modal %
tion (Figure '2)' The mult}mmerahc cargo (.)bserved vesicularity (Figure 3C). Clinopyroxene is the most
(Figure 3) raises the potential to extract detailed sys- . .. . 0 0 ineral (1-3 mm diameter, ~15-20
tem information and serves as a baseline to track any 1,41 %) and is present as euhedral-subhedral solitary

trend§ that may be used to }}elp forecast changes in crystals or in mono- and polymineralic (clinopyroxene,
eruptive behaviour and evolving hazards. XRD anal-
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Figure 5: [A] TAS sample classification and historic Cumbre Vieja eruptions [Kligel et al. 2017]; [B] NMORB-
normalized [Hofmann 1988] whole-rock diagram; [C] FeO and Sc vs SiO, diagrams indicate clinopyroxene win-
nowing; refined by [D] Ca0 and K50 vs SiO, to include Ti-magnetite and confirmed by petrographic observations

~85:15 clinopyroxene:Ti-magnetite ratio (insets).

7 mm), including possible xenoliths with 120° grain
boundaries (Figure 3Ci). Clinopyroxene commonly dis-
plays concentric and sector zoning, with some em-
bayments and abundant Fe-Ti oxides and apatite in-
clusions; sieve-textures are rare. Amphibole crystals
(~4 modal %) are anhedral-subhedral, 0.5-2.5 mm
across and have distinct reaction rims (Figure 3Cii).

s

Fe-Ti oxides + olivine + amphibole) clusters (up to
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Olivine (~1 modal %) usually forms euhedral-anhedral
isolated crystals that are ~0.5-1.5 mm. Fe-Ti ox-
ides (~1 modal %) are subhedral-anhedral and 0.5-
1 mm. Groundmass minerals include abundant plagio-
clase, Fe-Ti oxides, clinopyroxene and olivine. All the
tephra samples, CAN_TLP_0008, 9, 11, are mineralog-
ically comparable to the lava but with a fragmented,
hypocrystalline texture (Figure 3). Notably, the sam-
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ple collected on 25 September (CAN_TLP_0011) asso-
ciated with a particularly explosive phase of activity,
contain flecks of white pumitic material, comparable
in aspect to restingolite from the 2011 El Hierro sub-

marine eruption [cf. Rodriguez-Losada et al. 2015].

In our QEMSCAN® analysis we examined a 27 mm? area

of CAN_LLP_0001 representing ~8 M points measured
in <17 hr with a 5 pm pixel size. The results highlight
three dominant mineral groups accounting for 90.07 %
modal mineralogy (Figure 4): Ca-Fe-Al silicates (49.54
modal %) and Ca-Mg-Fe silicates (20.94 modal %), in-
terpreted to be groundmass+amphibole and clinopy-
roxene, respectively, and plagioclase (19.59 modal %).
The next most abundant minerals are olivine (2.70
modal %), Ti-Magnetite (2.12 modal %), ilmenite (1.95
modal %) and biotite (1.65 modal %). Plagioclase is
present as groundmass crystal laths, whereas olivine,
Ti-magnetite and ilmenite are present as both equant
and microlitic crystals. Groundmass with textures finer
than excitation volume contributes to total Ca-Mg-Fe
silicates, hence the elevated value with respect to pet-
rographic analysis.

4.2 Mineral chemistry

Electron microprobe analysis confirms clinopyroxene
as titanaugite and demonstrates no clear major ele-
ment difference between cores of euhedral grains, cor-
roded crystals and monomineralic clusters. Rims, how-
ever, are generally richer in SiO, and MgO, and poorer
in TiO,, Al,O; and Na,O. Large olivine grains have
uniform compositions, Foyg_gg, Cr-spinel is present as
inclusions. Ti-magnetite (3-5 wt % TiO,) is present
both as discrete grains and in the groundmass with
slightly higher Ti concentration. Amphibole is kaer-
sutite [Leake et al. 1997]; no core-rim zoning was
detected. Groundmass plagioclase ranges between
Ansg_g7, with the exception of two two grains found to
have considerably higher Na (Ansz,_43).

4.3 Whole-rock geochemistry

Whole-rock XRF and ICP-MS analyses show prod-
ucts have restricted, primitive, metaluminous, alkaline
whole-rock compositions (Figure 5A-D); lava collected
on 21-23 September (SiO, 44.27-44.59 wt %) is slightly
more primitive than tephra collected on 19-25 Septem-
ber (44.82-45.61 wt %). Normalized to NMORB, all an-
alyzed samples show positive Ba, Th, U, La, Ce, and Eu
anomalies (Figure 5B). Chondrite-normalized values
show LREE are enriched relative to HREE (Lay/Yby
23.9-26.5), Eu anomalies are absent. All rocks have
~15.5-16 % normative nepheline. In both tephra and
lava, Al,03, Na,O and K,O, Zr plus large ion lithophile
elements correlate positively with SiO,, whereas FeOT,
MgO, CaO and TiO, plus Sc and V correlate negatively
(Figure 5C-D).
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5 DiscussioN

Geochemically, eruptive products plot as basanite-
tephrites (Figure 5A), yet mineralogical observations,
based predominantly on the absence of feldspathoids,
lead to their classification as alkali basalts [Le Maitre
et al. 2005], implying a comparatively higher degree of
mantle melting [McKenzie and Bickle 1988]. Petrogra-
phy and mineral chemistry illustrate a complex crys-
tal cargo. In addition to euhedral clinopyroxene phe-
nocrysts, rare variably resorbed clinopyroxene is ob-
served. Anhedral olivine is recognized both in ripened-
skeletal and also rounded-embayed forms. Amphibole
has marked reaction rims and a variably oxidized ap-
pearance (Figure 3Ci). We suggest the current eruption
is tapping melt-mush magma mingling zones.

Major and trace element trends, together with pet-
rographic observations, indicate limited clinopyroxene
(~85 %) and titanomagnetite (~15 %) fractionation, in-
terpreted as winnowing between lava and tephra with
increasing distance from the vent (Figure 3 and Fig-
ure 5A-D) [Cas and Wright 1988]. Convective circu-
lation and turbulence in the gas and ash plume can
carry fine glassy material into the upper eruptive col-
umn, and as a result, downwind. Crystals and lithics
concentrate in the main eruptive column and fall-out
close to the vent, resulting in a fractionation pattern not
observed in the lava.

Monitoring teams are sampling fresh deposits of
tephra and lava with a regularity modulated by acces-
sibility (currently daily), thus preserving a collection
of samples which in many locations have subsequently
been buried beneath later eruptive products. Olivine
abundance is being keenly tracked in collected sam-
ples, and at the time of writing appears to be rising,
coincident with overall lava production. We suggest
two possible end-member interpretations, as defined
by the origins of participating magmas. Earliest erup-
tion products could represent older, reactivated magma
from a comparatively shallow reservoir that is being de-
pleted as newer magma from deeper in the system ar-
rives at the vent and now solely drives the eruption.
Alternatively, all volcanic products are derived from
the same parental magma that traversed colder crust
in stages for ~1 week, triggering the recorded seismic
unrest prior to eruption, and involving reactive flow
[Jackson et al. 2018], gas charging, crystallization, and
incorporation of country rock lithologies. Having now
warmed the country rock, parental magma can ascend
more efficiently. Elements of each end-member inter-
pretation are plausible in a hybrid model. These alter-
natives will be tested by continued petrological erup-
tion tracking and further analysis.
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6 CONCLUSIONS FOR RAPID PETROLOGICAL
MONITORING OF ERUPTING VOLCANOES

1. Automated and rapid mineral chemistry analysis,
here by QEMSCAN®, has been shown to form a ro-
bust bridge between more conventional near-real-
time petrological analysis techniques of thin sec-
tion petrography (mineralogy, texture) and whole-
rock analysis (mineralogy, geochemistry).

2. Targeted in-situ mineral chemistry analysis was
made more efficient with the benefit of the rapid
characterization and is also shown to have comple-
mentary value.

3. Bulk chemical trends together with textural and
mineralogical observations have been made within
a few weeks of the samples’ eruption, including
sample transit and data processing, which both
have potential for streamlining. It is plausible,
therefore, that detailed and insightful petrological
input can be delivered on a timescale that is use-
ful for initial response and ongoing volcanic cri-
sis management. We suggest that state-of-the-art
petrology is now more time-limited by logistical
elements than those inherent in its practice.

4. Here specifically, the crystal cargo observed
describes a multi-component magmatic system
which complements and influences the broad geo-
physical understanding of the volcanic activity.
The variety of magmatic interactions illustrated by
complex mineral textures point to a range of plau-
sible sources for volcanic gas and helps contextual-
ize observations of abundant SO,, especially in the
opening phase of this eruption.

5. The first eruptive volcanic products studied here
provide an initial benchmark for understanding
and forecasting the rheological evolution of the
lava flows being observed in real time, as well as
for the evolution of the eruption. As such, they
help inform planning in the context of potential
areas and rates of lava inundation.
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