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GEOPHYSICS

Toward a near real-time magma ascent monitoring by
combined fluid inclusion barometry and

ongoing seismicity

Vittorio Zanon'#, Luca D’Auria®?, Federica Schiavi®, Klaudia Cyrzan', Matthew J. Pankhurst®*

Fluid inclusion microthermometry on olivines, clinopyroxenes, and amphiboles was used during a volcanic erup-
tion, in combination with real-time seismic data and rapid petrographic observations, for petrological monitoring
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purposes. By applying this approach to the study of 18 volcanic samples collected during the eruption of Tajogaite
volcano on La Palma Island (Canary Islands) in 2021, changes in the magma system were identified over time and
space. Magma batches with distinct petrographic and geochemical characteristics emerged from source zones
whose depth progressively increased from 27 to 31 kilometers. The rise of magma of deeper origin is attested by
fluid inclusions made of N, and CO, markers of mantle outgassing. Magma accumulation occurred over different
durations at depths of 22 to 27 and 4 to 16 kilometers. Time-integrated magma ascent velocities (including pond-
ing times) were estimated at between 0.01 and 0.1 meters per second. This method is cost-effective and quickly
identifies changes in the magma system during an eruption, enhancing petrological monitoring procedures.

INTRODUCTION
Geophysical monitoring of an active magma system informs us of
the depths at which the magma is moving (1, 2) but does not provide
information about the source of the magmas and/or where they
were stored. Moreover, the geophysical data do not reveal the in-
volvement of multiple magmas of different compositions.
Integrating geophysical information with data from erupted
products is an effective way to address these challenges (3, 4, 5),
tracking the paths of magmas from the source zones to the surface.
To identify the arrival of fresh magma into a magmatic system, fre-
quent analysis of collected volcanic fragments or small lava clots via
rapid microchemical analysis is essential. This protocol is particu-
larly useful for frequently active volcanoes and helps monitor fun-
damental compositional changes in the magmatic system (6). In
contrast, global-scale investigations aiming to provide detailed tem-
poral and spatial resolution of magmatic processes before and dur-
ing an eruption require more detailed geochemical characterization
(major and trace elements) of whole rock, glassy tephra samples,
and silicate melt inclusions, as well as mineral chemistry and isoto-
pic analyses (5, 7, 8, 9). These conventional methods are unsuitable
for effective monitoring because the generation and interpretation
of petrological and geochemical data demands considerable (pro-
cessing) time. Efforts have recently been made to speed up the ana-
lytical procedures and integrate data from geophysics or gas
geochemistry. This approach has been used during the 2018 Kilauea
eruption (10), the 2021 Fagradalsfjall eruption in the Reykjanes
peninsula of Iceland (11), and the 2021 Tajogaite eruption (5, 12).
However, considerable uncertainties persist in determining magma
ponding depths because mineral-melt geothermobarometry, spe-
cifically the pyroxene barometer in its original formulation and
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subsequent improvements (13), has an uncertainty range of up to
140 MPa for calibrated data and up to 370 MPa for uncalibrated data
(14). These pressures correspond to estimated depths of +4.6 to 6.1
and +12.2 to 16.1 km, respectively, in a density range from the up-
per crust (~2350 kg m™) to the mantle (~3100 kg m™>). We evalu-
ated a cost-effective, rapid approach to identify the movement of
magma beneath the surface during the 2021 Tajogaite eruption at
the Cumbre Vieja volcanic system, La Palma, the northernmost is-
land of the Canary Archipelago situated in the Eastern Atlantic
Ocean. This approach integrates fluid inclusion (FI) microther-
mometry in olivines, clinopyroxenes, and amphiboles with daily
syn-eruptive seismicity and quick qualitative petrographic observa-
tions on samples erupted from 19 September to 13 December 2021.

FI are droplets of fluid trapped inside crystals either during growth
or later as a result of recrystallization along healed micro-fractures. A
microthermometric study consists in determining the temperatures
of phase changes during heating and cooling of FI to obtain the baro-
metric state of crystallization and re-equilibration specific to the crys-
tal under study. This study, when applied to many crystals, allows
constraints to be placed on the dynamics and depth of magma ascent
and ponding. FI microthermometry is often more accurate than
clinopyroxene melt barometry because it can analyze various inclu-
sions in a mineral assemblage from a single sample with a calculated
uncertainty range of 30 to 60 MPa (i.e., +1.2 to 2.7 km), over a density
range from the Earth’s crust to the mantle, and requires little sample
preparation. FI barometry has been used to model the magmatic sys-
tem of numerous volcanoes (15-23) but has never been applied dur-
ing an eruption. An attempt in this direction was made using Raman
microspectroscopy on a smaller set of FI-hosting samples collected
after the Tajogaite eruption, showing good correlation with tectonic
signals (24). Microthermometry and Raman spectroscopy comple-
ment each other in characterizing the density and composition of
FI. The accuracy of a microthermometric inquiry is notably higher for
high-density inclusions (25), even if Raman spectrometers are cor-
rectly calibrated (26). Nonetheless, Raman spectroscopy enables full
characterization of the composition of an inclusion.

In this context, data are extracted over time, with the microther-
mometric data for each sample reflecting integrated information
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that relies on ponding depths and ascent velocities of the respective
magma parcel. In principle, it would be possible to access the pre-
eruptive magma storage depths and the dynamics of the magma as-
cent path in real time by collecting microthermometric information
from multiple snapshots throughout the eruption (27).

Eruption, seismicity, and sample description
Eleven distinct seismic swarms of low-magnitude events (M, < 2)
occurred from October 2017 to early September 2021 (28), affecting
the entire northern and central sectors of the Cumbre Vieja volcanic
system. The hypocentral depths for each seismic swarm generally
varied between 15 and 25 km (Fig. 1A). Contextually, the first two
seismic swarms were accompanied by geochemical anomalies in the
gases emitted at the surface (29). All these elements indicated a pro-
gressive refilling of the system by multiple magma intrusions at dif-
ferent depths. Starting on 11 September, seismic activity continued
with hypocenters initially at a depth of 8 to 9 km and gradually ris-
ing at a constant rate up to about 5 km (Fig. 1B). Approximately 1 day
before the beginning of the eruption, hypocentral depths migrated
rapidly to shallower levels. The latter seismic activity was hydrother-
mal and subsequently vanished or was obstructed by volcanic trem-
ors (30). The eruption began at 14:12 UTC on 19 September and
since then syn-eruptive seismicity occurred within two different
depth ranges: one at ~18 to 27.5 km (with a mode at 22 km) and
another at ~4 to 14 km (with a mode at 9 km) below the volcano
(Fig. 1, B and C). Deep seismic activity began to decrease in early
December, ~13 days before the cessation of magma emission.
Several volcanic vents opened along a north northwest-south
southeast trending fissure that stretched for 500 m on the western
flank of the Cumbre Vieja ridge at ~950 m above sea level in the area
known as “Cabeza de Vaca” These vents produced a cinder cone that
gave rise to a composite lava flow for 3 months (Fig. 1D). Addi-
tional information on the volcanological description of the eruption
can be found in (12, 31, 32). A systematic sampling of tephra and
lava was conducted during the eruption for petrological monitoring
purposes (Fig. 1E). The first magma erupted during the event was a
basanite (fig. S1), which contained zoned clinopyroxene, amphibole,
titanomagnetite, and rare olivine. This magma displayed a fine-
grained groundmass with acicular feldspar. The tephra ejected until
19 October had a tephritic composition (SiO; = 45 to 47 wt % and
total alkali = 6.6 to 7.9 wt %) and were composed of glassy frag-
ments. The early samples exhibit euhedral amphibole crystals mea-
suring up to 2.5 mm in diameter with reduced breakdown rims
(Fig. 2A), indicating both rapid ascent and equilibrium conditions
with the host magma. Aggregates composed of both amphibole and
clinopyroxene are sometimes observed. As the eruption progressed,
the size of amphibole crystals reduced, and larger reaction rims were
formed. After a period of 7 to 10 days, amphibole crystals progres-
sively disappeared from the mineral assemblage and rarely reap-
peared. Euhedral/subhedral clinopyroxene crystals often several
millimeters in size and with zoned rims are common as isolated
crystals and in polycrystalline aggregates. These crystals also exhibit
notable embayments, irregularly shaped internal cavities, and cor-
roded rims that are indicative of disequilibrium pressure and tem-
perature conditions. Large crystals forming aggregates show
oscillatory or patchy zoning, are twinned, and contain oxides. The
olivine crystals have a euhedral to subhedral shape and are rarely
larger than 1 mm in size (Fig. 2B). Initially, they were scarce, but
their abundance increased as the eruption progressed.

Zanon et al., Sci. Adv. 10, eadi4300 (2024) 7 February 2024

On 24 September, there was a decrease in shallow seismic activ-
ity, and, on 27 September, magma emission and volcanic tremors
stopped for about half a day. Following the resumption of magma
emission, more fluid basanites containing zoned clinopyroxene
(Fig. 2C) and olivine in a matrix hosting acicular plagioclase were
emitted. This clinopyroxene is smaller than earlier crystals, shows
oscillatory or patchy zoning, and contains oxides. Skeletal micro-
phenocrysts exhibit normal zoning. The final lava emitted is a ba-
sanite at the boundary with trachybasalt (fig. SIA). These lavas are
chemically similar to those erupted in 1949 from the Llano del Banco
fissure (fig. S1B), aligned with and located only 1.5 km southeast of
the Tajogaite cone vents.

RESULTS

Fluid inclusions

FI are present in all the examined samples. They were found more
frequently in olivine (N = 1355), less frequently in clinopyroxene
(N = 247), and rarely in amphibole (N = 59). Early olivines do not
contain FI.

Trails of FI crossing the crystals in multiple directions represent
the most common texture in all host minerals (Fig. 3A). In olivines,
these trails consist of either rounded or negative-crystal shaped in-
clusions, which are typically 2 to 4 pm in diameter and lack obvious
evidence of re-equilibration such as a black rim around the main
cavity or tiny radial cracks (33-35). However, accurate observation
is prevented by the small size of the inclusions, so the possible oc-
currence of a minimal degree of re-equilibration cannot be ruled
out. These inclusions were trapped after the host mineral formed
during magma ponding events [secondary or late-stage FI, based on
textural criteria; (36)]. In clinopyroxenes and amphiboles, these
trails consist of inclusions with a small variability in size (10 to 15 pm
across) in each trail. The inclusions have a rounded to slightly elliptical
shape, suggesting some degree of re-equilibration.

In all host minerals, isolated or clustered inclusions of variable
size (10 to 40 pm across) are less common (Fig. 3B). These inclu-
sions, trapped during crystallization of the host [primary or early-
stage FI, based on textural criteria; (36)], often show elongated
shapes or a halo of tiny bubbles (<0.5 pm across) surrounding the
main cavity, which indicates the occurrence of re-equilibration.

Fl microthermometry

At room temperature, FI are single-phase (either liquid or vapor)
or two-phase (liquid + vapor) (Fig. 3B). Amphibole, clinopyroxene,
and most olivines contain FI with pure CO, composition and
melting temperature of —56.6° + 0.1°C. Liquid water was not
clearly detected either optically or by Raman spectroscopy at
room temperature; however, the presence of a few moles cannot
be excluded (37). Raman spectroscopy revealed the frequent
presence of very small crystals of magnesite in FI found in oliv-
ines. Its presence suggests that some water was originally present
before reacting with the host olivine and fluid CO; to form a
carbonate (38). It was estimated that the likely original amount
of water dissolved in magmas from intraplate settings is around
10 mol % (39, 40). Thermodynamic modeling suggests that,
upon cooling and at 0.1 GPa, talc would have formed in FI along-
side carbonates from the reaction between forsterite and CO,-
H,O fluids if X0 > 0.1 (25). However, talc has not been
observed in Raman spectra.
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Fig. 1. Seismicity, sampling locations, and timeline of volcanic events of the 2021 eruption. Seismic activity before and during the eruption is illustrated in (A and
B), obtained from the open catalog (28). The change in hypocenter location is evident just before the eruption commences (B). (C) The frequency of seismic events for the
two depth regions. The beginning of the eruption is marked by the blue dashed line, while the two depth ranges discussed within the paper, 4 to 14 km and 14 to 30 km,
are marked by horizontal red lines. Depths are from the sea level. (D) A digital elevation model of La Palma Island highlighting the distribution of the 2021, 1949, and 1585
lavas. The geography of the Canary Islands is presented in the inset. (E) The chronogram of the Tajogaite eruption, illustrating the sample collection (indicated by black
arrows) and the change in magma composition. The red labels indicate lava samples that were used for whole rock analysis, whereas the blue labels represent tephra
samples. On 27 September, the temporary cessation of volcanic activity is marked by a red vertical dashed line.

Zanon et al., Sci. Adv. 10, eadi4300 (2024) 7 February 2024 3o0f14

202 ‘60 Afenigad uo BI0°80US 105 MMM,/:SANY WO | PaPE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 2. Mineral textures in selected lava samples. (A) Zoned amphibole from
CAN-LLP-0045 lava from 25 September, showing poorly developed breakdown
rims. (B) Euhedral/subhedral olivines, also forming an aggregate with small pyrox-
ene and large and partially fragmented clinopyroxene from CAN-LLP-0045.
(C) Zoned euhedral clinopyroxene with Fl from CAN-LLP-0046 lava from 29 October.

Zanon et al., Sci. Adv. 10, eadi4300 (2024) 7 February 2024

Approximately 5% of the FI hosted in olivines that erupted after
21 October had a melting temperature ranging from -57.4° to
—57.0° + 0.1°C. Some of these inclusions got entrapped alongside
chromite (Fig. 3C). The composition of these inclusions, expressed
in mole percentage, consists of ~85 to 88% CO,, ~10% H,O, ~3 to
5% N, and occasionally 0.9% CO (Fig. 3D; details of the molar pro-
portion quantification procedure are given in Materials and Meth-
ods). Comparable inclusions were discovered in a spinel-bearing
dunite from Lanzarote (41).

Final inclusion homogenization occurred to the liquid phase
(Thy) in all minerals and to the vapor phase (Thy) in a few olivines.
Table 1 provides a summary of the homogenization temperatures,
densities, and pressures present in the microthermometric database.

The density distribution histograms (Fig. 4) and the textural
characteristics of FI overall reveal a main trapping event of fluids at
depth, followed by a single re-equilibration event during magma
ponding at a shallower level. It is assumed that no further re-
equilibration occurred during ascent in the conduit. FI populations
of fluids trapped in amphiboles and pyroxenes are both early and
late-stage and define unimodal or slightly skewed distributions,
which can be attributed to inclusion stretching in response to over-
pressure, developed during rapid and quasi-isothermal ascent (42).
Although relatively scarce in quantity, the data are coherent with
each other. Nearly all FI found in amphiboles (p, = 522 to 735 kg
m ™) are texturally late-stage, except for a few early-stage FI with a
density of 636 to 694 kg m ™. Similarly, clinopyroxenes from the ba-
sanites erupted from mid-October host both early and late-stage FI
(pr=>514t0 733 kgm™).

The fluids trapped in olivine illustrate polymodal density distri-
butions, with two or three primary modes observed on most sam-
pling days (Fig. 4). Most data range between ~550 and 1045 kg m™.
In this density range, small-sized late-stage inclusions with no ap-
parent signs of re-equilibration were found, and skewed distribu-
tions are limited to plastic deformation and fluid leakage (43).
Although there is a possibility of a minimal extent of re-equilibration,
these inclusions are still considered good proxies for the original
trapping condition. On the other hand, several larger FI exhibiting
isolated density peaks show signs of re-equilibration and reduced
densities, ranging between 230 and 500 kg m ™.

Until 19 October, the FI population with densities ~625 to 730 kg
m ™ and the olivine-hosted FI population with densities of ~850 to
960 kg m™> have been present, suggesting a well-established mag-
ma ascent path in terms of conduits, ponding stages, and ascent rate.
The populations of high-density FI gradually increased over time,
and an intermittently appearing population of very high-density
inclusions (~995 to 1045 kg m ™) emerged starting from 21 October.
Scattered low-density peaks at around 240, 300, and 370 kg m™
appeared intermittently in olivine-hosted FI from 8 October to
27 November.

The studied samples show no evidence of post-eruptive re-
equilibration in slow cooling lavas. For instance, the density histo-
grams of FI in pyroxenes from 25 September lava and 26 September
tephra look very similar and exhibit a single mode between 650 and
700 kg m™>. The scattered low-density peaks, ranging from 240 to
370 kg m™> and associated with early-stage inclusions, are found in
both lavas and tephra samples emitted from October to late Novem-
ber. The comparison between lava and tephra sampled on the last
day of the eruption shows a reduced number of late-stage FI re-
equilibrated to low pressure in the lava sample. This population
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Fig. 3. Fl textures and Raman data. (A) Late-stage Fl showing negative crystal shape in olivine from tephra erupted on 5 October. (B) Early-stage Fl hosted by olivine
showing the coexistence of vapor and liquid phases at room temperature. (C) Trail of late-stage FI hosted by olivine from 1 December showing the simultaneous trapping
of fluid and chromite. (D) Raman spectrum of the largest Fl shown in (C) containing CO,, N, and CO. Raman peaks of O, and N, from the atmosphere are also shown.

characterizes only the FI present in one olivine from the six ana-
lyzed lava samples, suggesting the capture of a remnant of a prior
magma pulse.

DISCUSSION

The architecture of the Cumbre Vieja magmatic system

The barometric information on the magma system was derived
from the isochore distribution in P-T space. It was assumed that all
FI in clinopyroxenes and amphiboles were either trapped or re-
equilibrated at 1075°C, and those in olivines at 1150°C (the reader is
referred to Materials and Methods for more details). The magma
ascent was considered rapid enough to be treated as isothermal. It
was required to create a stratigraphic model beneath the volcano to
translate the barometric data into depths. Thus, assumptions were
made about the density of the rock bodies and the depth of the tran-
sition from crust to mantle (please refer to the Supplementary Ma-
terials for more details).

In early to mid-October, two stable modes of FI populations were
observed at the ranges of 325 to 420 MPa and 600 to 750 MPa
(fig. S2). The high-pressure range corresponds to the same baromet-
ric conditions of amphibole and clinopyroxene crystallization and
fractionation found in the magmas from the 1949 eruption (44). At
the end of November, the high-pressure range widened slightly at
590 to 790 MPa, and a population of very high-pressure FI (755 to
865 MPa) emerged intermittently starting from 21 October. The

Zanon et al., Sci. Adv. 10, eadi4300 (2024) 7 February 2024

high to very high pressure populations of FI in November and De-
cember olivines contain ~3 to 5 mol % N, and occasionally 0.9 mol
% CO (Fig. 3D). In the same samples, other olivines contain FI with
only CO, + H,O composition and reach a maximum pressure of
740 MPa. Nitrogen is a volatile species that is poorly soluble in an
oxidized mantle, such as that beneath the Canary Islands (45, 46).
Under such conditions, early N, degassing from a silicate melt is
enhanced at depth (47-49), leaving silicate melts saturated with CO,
and H,O. Thus, FI assemblages could track the degassing path of the
magma, with the N,-bearing population trapped early at depth and
simple CO; + H,O FI trapped at shallower depths.

The FI populations trapped or partially re-equilibrated at ~300 to
500 MPa are observable until 27 November (fig. S2), and their
modes occasionally do not match. The FI found in amphiboles and
pyroxenes, along with some olivines erupted until 24 November, re-
turn pressures ranging from 200 to 400 MPa. Last, there are some
sharp modes, scattered between 75 and 180 MPa, which are associ-
ated with early-stage FI and suggest trapping during brief shallow-
level magma ponding periods.

Previous microthermometry-based studies on FI at Cumbre Vieja
volcano found similar barometric intervals (17). This correspon-
dence indicates that the method is reliable and reproducible. Our
microthermometric database, which is based on a single eruption,
extends to 865 MPa, which is, however, lower than the value of 1140 MPa
obtained using clinopyroxene-melt barometry for the 1971 Teneguia
eruption (50). It is lower than the range of 1.04 to 1.17 GPa found for
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Table 1. Micrometric database. Data correspond to the day of eruption. Crystals analyzed are olivines (ol), clinopyroxenes (cpx), and amphiboles (amph), and
the total number of crystals analyzed is given between parentheses. Homogenization temperatures to the vapor phase are shown in italics. The reported density
has been corrected for the possible presence of 10 mol % H0 in the inclusion using the method proposed in (40).

Crystals ana-

Sample Data lyzed No. measures

ThL range (oc)

Thy range (°C) p(kgm™) Ttrapping (°C) Pmax (MPa)

CAN-LLP-0045

CANTLP-0015
CANTLP-0022
o B

25 September

26 September 56
29 September
4 October

CAN_TLP_0037 RO 4oct0ber [ER

CANT 0039
CAN TLP 0052

SOctober
8 October

113
CANTLP-0053

CAN-TLP-0128 190ctober  ar

CAN-LLP-0043

CAN-LLP-0046  290ctober ol

CANLP-0214  6November ol

T B
CANTLP-0370
LPA-17

2 December S
10 December

|_pA_18 RPN 10 December 0|(1) 98

the old and eroded volcanic edifices of Cumbre Nueva and Taburiente
(51). This barometric interval recorded by the FI is horizontally
distributed under the entire Cumbre Vieja volcano and also extends
below the nearby island of El Hierro, highlighting its regional im-
portance (17, 52, 53).

FI barometry is turned into depths according to the conceptual
stratigraphic model presented in fig. S3. These data, in good agree-
ment with the geophysical depths recorded before and during the
eruption, indicate that ascending magmas ponded for a longer time
at two depth intervals, specifically from -8 to —16 km and from —-22
to —27 km, and discontinuously at —4 and —7 km (Fig. 1, Band C, and
fig. S4). Both main seismic sources identified sub-vertical volumes
that were almost coaxial with a displacement of ~4 km, located near
the eruptive fracture (28, 54) and connected by a dike that dips 19°
to 20° northwest. These elements exclude horizontal magma propa-
gation of considerable magnitude, resembling the 2011-2012 El Hi-
erro eruption (55). Ascending magmas were temporarily retained
and accumulated before their final ascent.

Zanon et al., Sci. Adv. 10, eadi4300 (2024) 7 February 2024
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The deepest magma accumulation zone at a depth range of 20.5
to 27.5 km probably consists of mafic to ultramafic cumulate layers
(50, 56) with a p = 3115 kg m™>, and its lower limit probably marks
the transition to the lithospheric mantle (p = 3390 kg m™>). The
lower limit of the intermediate accumulation zone at a depth of 10
to 15 km would mark the transition from rocks with a density of
2655 kg m™ to deeper rocks with a density of 3060 kg m™ (fig. $3).
Furthermore, the magmas ponded briefly and intermittently at
depths of ~4 km (only in late October) and ~7 km (from October to
early November and late December).

Magma ascent dynamics and velocity

The 2021 Tajogaite eruption ejected multiple batches of mantle-
derived magma that ascended through the volcano’s magma system
at different rates, as evidenced by the different degrees of re-
equilibration (43, 57) and by the simultaneous presence in the same
sample of olivines hosting CO, (+ H;O) fluids and olivines hosting
CO; + N; (= CO) fluids. The survival of nitrogen-bearing FI
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Fig. 4. Histograms of Fl density data. Data from clinopyroxenes are shown in blue; data from amphiboles are shown in black. Data from CO, + H,O-bearing Flin olivines are shown
in red; cyan bars are data from CO, + H,O + CO + N,-bearing Fl. Vertical pale yellow stripes represent density ranges from literature data for the whole Cumbre Vieja volcano (17).

depended on the duration of magma ponding at depths near the
transition to mantle lithologies at the base of the deeper magma ac-
cumulation zone.

Given the architecture of the magma system, the preeruptive
seismicity was related to magma refilling of existing structures at
depth. Regarding syn-eruptive seismicity, two well-separated clus-
ters were observed (28) and justified with the readjustment of the

Zanon et al., Sci. Adv. 10, eadi4300 (2024) 7 February 2024

crust and upper mantle due to the emptying of these two magmatic
reservoirs. Figure 5A clearly shows the temporal relationship be-
tween the deep and intermediate seismicity, confirming some kind
of hydraulic connection between these two reservoirs. This hypoth-
esis is also consistent with the results of (5). This process may have
induced a downward piston effect (28) that temporarily halted mag-
ma withdrawal during periods of compression and enhanced brief
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magma ponding. This piston effect could be responsible for the
deepening of the magma source over time, as revealed by FI barom-
etry. A similar process was already observed in the recent Fagradals-
fjall eruption (11) and was accompanied by an increase in the
flow rate.

The similarity of the earthquake frequency curves generated in
the two storage areas (Fig. 5A), along with the temporal shift of
similar frequency peaks, can provide estimates of the total number
of magma pulses that occurred (method 1). These observations
may additionally provide an estimate of the time-integrated mag-
ma ascent velocity between the two main ponding zones, which
includes the residence time, as indicated in Table 2. To avoid any
possible misinterpretation, we only considered peaks whose am-
plitude clearly stands out from the surrounding values and that
show a similar shape in the two curves. Using this conservative
approach is essential to ensure the accuracy of our qualitative esti-
mates. Moreover, the correlation between intermittent magma
ponding at depths of ~4 and ~7 to 8 km with peaks of high tremor
amplitude in Fig. 5B can facilitate the calculation of the final mag-
ma velocity (method 2). In this diagram, the very long period
component of tremor, which seems to be related to the volume of
gas involved, has been used. We hypothesize that the shallow

ponding mentioned in this context could be related to the accu-
mulation of gas, which ultimately fueled the energetic episodes of
lava fountains.

The velocities obtained by these two independent methods are
summarized in Table 2 and range from 0.01 to 0.04 m s~ from the
deep to the intermediate magma accumulation zone and from 0.05
to 0.1 m s~ from the shallower, intermittently active ponding zone
at 4- to 7-km depth. The velocities listed above are minimum values
because it is difficult to determine the precise timing of tephra emis-
sion and the exact depth of seismicity corresponding to each peak.
The variability of these estimates could be partially explained by the
presence of volumetrically different pulses of magma ascending
through a magma system, which changes with time, by the dynam-
ics of magma extraction that experiences varying degrees of pres-
surization and decompression, and by different ponding times.
These estimates are consistent with the absence of dense ultramafic
xenoliths in the erupted products, indicating that an ascent rate
greater than 0.2 m s~ is required for a bubble-free melt, as suggest-
ed by (58). The estimated time-integrated velocities mentioned
above are an order of magnitude lower compared to the ascent ve-
locity calculated for xenolith-bearing basanites during the 1949
eruption (59).
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Fig. 5. Magma velocity derived from geophysical data. (A) The frequency curves of deep (red curve) and shallow (blue curve) earthquakes obtained by a 1-day moving
average. On the ordinates, the daily number of earthquakes occurring at different depths is reported. The boundary between the two depth ranges is arbitrary. Velocity is
estimated as the time difference between two corresponding frequency peaks as the magma moves from the top of the deep reservoir to the upper reservoir. The codes
are explained in Table 2. (B) The tremor amplitude pattern (blue dots) and the interpolation of the mean values (red curve). Dashed lines mark the beginning and end of
magma emission. Velocity is estimated as the time difference between high-amplitude tremor events (black arrows) and the day of sampling, when Fl indicated a short
and very shallow ponding stage (between 4.3 and 7 km). Relevant data are presented in Table 2.
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Table 2. Time-integrated magma ascent velocity between seismic zones. Seismic references are shown in Fig. 5. AX of 13.5 km is the distance between the
tops of the two magma accumulation zones, whereas AX is the distance between the shallowest magma ponding zone and the sea level in the remaining part

of the table.

Seismic reference

Date

Estimated time

Possible interpreta-
tion

AX (m)

Vay (M 5_1)

lo

D,(‘),m e

25 September
29 September

90ctober B
24 October

(331,200's)

14 days, 22 hours

(1,288,800 s)

3 days, 20 hours

The decompression
caused by magma
withdrawal from 4 to 14
km depth (lp) causes the
mobilization of deeper
magma batch from
the deeper reservoir
(Do) to compensate the

magma withdrawal
(D»), possible grav-
itative adjustments
caused a negative
pressure gradient
propagating upward,
affecting the conduit
system at 4- to 14-km
depth (/).

Attheendof deep

13,500

0.04

pressure gradient.

Dy

Tremor amplitude

lo

(Continued)

~ 10November

16November

22November

.30 November

7 December

1‘2 .D.ecemb'er .

27September

25September
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(691,2005)

(522,000 s)

(428,400 s)

(201,6005)

8 days
- " magma extraction (D),

. 6day5,1hour R

4 days, 23 hours Following the last event

‘2days, 8hours

At the end of deep
possible gravitative
adjustments caused
a negative pressure
gradient propagating
upward, affecting the
conduit system at 4- to

14-km depth (1,).

possible gravitative

adjustments caused

a negative pressure
gradient propagating
upward, affecting the
conduit system at 4- to
14-km depth (/)

of magma withdrawal
(D4), possible grav-
itative adjustments
caused a negative
pressure gradient
propagating upward,
affecting the conduit
system at 4- to 14-km
depth (14)

tremor

Attheendofdeep
" magma extraction (Ds),

Temporaryendof

13,500

0.03

Begmmngofdecom- O
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diate reservoir
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(Continued)

Possible interpreta-

Seismic reference Date Estimated time tion AX (m) Vay (M s
Tremor amplitude 20 October 12 hours Peak of tremor ampli- 4,300 0.1
tude
Sample collection day* 21 October (43,200 s) Fl recording shallow
ponding stage
Tremor amplitude © 270ctober  24hours  Peakoftremor ampli- 4300 o005
tude
Sample collection day* 29 October (86,400 s) Fl recording shallow
ponding stage
Tremoramplltude S 1days10hours Peakoftremorampll e 7000 S
tude
Sample collection day* 6 November (122,400 s) FI recording shallow
ponding stage
Tremoramphtude S Peakoftremoramph s 5000 S
tude
Sample collection day* 27 November (57,600 s) Fl recording shallow

ponding stage

*A delay of 12 hours was applied between tephra emission and sample collection.

Near real-time magma ascent monitoring

The histograms of magma ponding depths (fig. S4) were decon-
structed as a function of the various ascent rates between the two
principal zones of magma accumulation to describe how the magma
system’s dynamics evolved during the eruption as multiple pulses of
magma ascended (Fig. 6).

Phase 1: From 19 to 27 September (Fig. 6E). Preeruptive activity
included a series of low-magnitude seismic swarms lasting a few
days and ranging in depth from 15 to 25 km (Fig. 1A), highlighting
multiple magma intrusions. During its ascent, the 11 September in-
trusion displaced a cool and partially evolved basanite residing be-
tween ~13- and 16.5-km depth. The latter magma, the first to be
erupted (batch#1), was either a remnant of the 1949 Llano del Banco
eruption or, more likely, one of the earliest intrusions in 2017, whose
amphibole and clinopyroxene had sufficient time to fully re-
equilibrate their FI populations. The calculated ascent rate of 0.04 m
s™! (Table 2) allows to define that all olivines sampled on 29 Septem-
ber belonged to the 11 September magma (batch#2) and showed a
nonstop ascent from a depth of 27 km, as confirmed by the absence
of any re-equilibration at shallower depths. Seismicity during this
period occurred within the shallower 4 km and in the intermediate
seismic zone (Figs. 1A and 5A) and was associated with the empty-
in% of the intermediate magma accumulation zone at a rate of 0.04 m
s~ . The cessation of seismicity at 4- to 14-km depth on 24 Septem-
ber, followed by the temporary cessation of magma emission and
seismic tremor, suggested that the last 14 km of the magma system
had been emptied.

Phase 2: From 27 September to 24 October (Fig. 6B). In the early
afternoon of 27 September, the eruption resumed with the emission
of a hotter basanite (batch#2) whose mineralogy was characterized

Zanon et al., Sci. Adv. 10, eadi4300 (2024) 7 February 2024

by a progressive reduction in pyroxene and amphibole crystals and
an increase in olivines. In early October, the deeper seismic source
was activated, indicating magma ponding at depths of 25 to 27 km.
FI barometry still confirms the source of pyroxenes and amphiboles
at a depth range of ~13 to 16.5 km (Fig. 6), while olivine rose from a
depth of ~22 to 27 km (Fig. 4), but with partial re-equilibration in
the intermediate storage zone. The duration of these re-equilibration
events was responsible for the estimated slow velocity between the
two magma accumulation zones (0.01 ms™").

Phase 3: From 24 October to 19 November (Fig. 6C). During this
period, the magma system of Tajogaite volcano was partially occu-
pied by a new pulse of basanite (batch#3), characterized by olivines
hosting CO; + H,0O + CO + N;-bearing FI and ascending with an
integrated velocity of 0.02 m s™'. The presence of olivines hosting
CO-N,-free FI at the same time suggests that remaining amounts of
the prior magma (batch #2) with slow mobility were still present in
the conduit (see Fig. 5A). Noteworthy, the contemporaneous pres-
ence of these two kinds of magma inside the volcano is confirmed by
the decoupling of Sr isotope compositions in matrix melt (5) and in
the split in Os isotope compositions in whole rock (12). The distinc-
tive depths of the two magma pondings and the elevated seismic
activity in this period suggest the possible activation of a secondary
pathway, which would allow the two magmas to ascend inde-
pendently.

Phase 4: From 19 November to 13 December (Fig. 6D). From
mid-November, seismicity began to decrease at all depths (Fig. 5A).
The amplitude of tremor was sustained until early December. FI ba-
rometry shows active magma ponding in the intermediate magma
accumulation zone only in late November. N,-bearing FI and N,-
free FI in olivines continued to be erupted, possibly through the
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dual ascent path. The time-integrated ascent velocity during this
phase was calculated to be 0.03 m s ™', in agreement with the absence
of magma ponding in the intermediate accumulation zone. The
magma erupted toward the end of the eruption is an alkali basalt
(more silicic, but with the same alkali content as the basanites),
which forms the batch#4 and ascended from a depth of 31 km.
Starting from 1 December, the deep seismic activity came to an
end and the intermediate seismic activity continued to decrease.
This marked the end of magma supply from the mantle, along
with the progressive emptying of the entire magma system of the
volcano.

In conclusion, FI microthermometry combined with basic petro-
graphic observations in tephra and lava samples, along with seis-
micity recorded during the 2021 eruption of Cumbre Vieja, has
enabled near real-time monitoring of the ascent of various magma
pulses. The consistency of our database, based on 18 time-
constrained samples, has highlighted the rise of different magma
pulses over 3 months. The geobarometric information on magma
ponding from FI analysis correlated precisely with the location of
magma extraction from seismogenic sources and indicated the pro-
gressive deepening of the magma source (from 27- to 31-km depth)
during the eruption.

This combined approach facilitated the reconstruction of the
syn-eruptive changes in the magma system of the volcano and pro-
vided estimates of the time-integrated magma velocities (from 0.01
to 0.1 m s™'), which include pauses in the magma accumulation
zones. This information is crucial to comprehend the overall dy-
namics of magma ascent and to interpret geophysical signals accu-
rately. The high resolution of the data provided in this study is
related to the investigation of time-constrained samples and the
high number of inclusions analyzed per sample, regardless of the
mineral host.

Similar conclusions have been provided in other works, per-
forming Raman spectroscopy on FI (24) and a chemical study
on clinopyroxene combined with clinopyroxene-melt barometry
(5), indicating that the study of time-constrained samples is the
way for a more efficient petrological monitoring. However, the ability to
trace magma ponding events in a short time, due to the reduced
time required for sample preparation and analysis, which can be
performed in near real-time (27), makes FI microthermometry
a rapid, concise, and informative method. Its combination with
geophysical monitoring makes its use highly recommended for
cost-effective petrological monitoring of ongoing magmatic
processes during an eruption and represents an advance for the
improvement of monitoring strategies, especially in institutions
where large analytical platforms are not feasible.

MATERIALS AND METHODS

Seismicity

Both the Instituto Geografico Nacional (IGN) and the Instituto
Volcanoldgico de Canarias (INVOLCAN) recorded seismic moni-
toring data during the eruption. This work uses the catalog pro-
duced by INVOLCAN [publicly available dataset; (28)]. The
catalog contains hypocenters that have been relocated in real-time
during the eruption in a three-dimensional tomographic model,
resulting from the joint analysis of seismic phases from both IGN
and INVOLCAN. This leads to more reliable depths of the
earthquakes.
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Sample description

A total of 13 tephra and five lava samples were collected during the
joint routine monitoring of the Tajogaite eruption by the INVOL-
CAN and the Instituto de Investigacdo em Vulcanologia e Avaliagdo
de Riscos. A brief description and coordinates are given in table SI.

Whole-rock and mineral chemistry

Major element compositions of five lava samples differing in petro-
graphic characteristics were analyzed at Actlabs (Activation Labora-
tories, Canada) using a PerkinElmer 9000 inductively coupled
plasma-mass spectrometer and an Agilent 735 inductively coupled
plasma-atomic emission spectrometer. Alkaline dissolution with
lithium metaborate/tetraborate followed by nitric acid was used on
1 g of rock powder before melting in an induction furnace. The melt
was poured into a 5% nitric acid solution containing cadmium as an
internal standard and stirred until complete dissolution. The result-
ing analytical accuracy is better than 6% for all major elements.
Seven international rock standards were used to calibrate the two
methods. Compositional data for the major elements are given
in table S2.

The major element compositions of olivines and clinopyro
xenes were measured using a Cameca SXFive electron microprobe
(Camparis, Paris, France) at 15 keV and a 20-nA focused beam.
Counting times were 30 s on the peak and 10 s on each background.
The San Carlos olivine and the Puy de Dome clinopyroxene, used as
standards, were calibrated to within 2% at 26. Raw data were cor-
rected using a Phi-Rho-Z quantitative analysis program. The typical
detection limit for each element is 0.01%. Relative errors are better
than 6% for NiO, alkali, and MnO and better than 2% for all other
major elements.

Eruptive temperatures of early basanite magmas were calculated
from the MgO content of glass (60). Glassy fragments of lapilli eject-
ed in October were analyzed using a Cameca SXFive electron
microprobe (Laboratoire Magmas et Volcans, University of Clermont-
Auvergne, France) at 15 keV and a 10-nA beam with a defocused
spot size of 10 pm. ALV-98I and CH98-DR11 international standard
glasses were used to check the errors and reproducibility. Relative
errors are better than 3% for most major elements, 19% for MnO,
and 25% for K,O. Microprobe averages, number of measurements,
and SD are given in table S3.

Fluid inclusions

FI were identified in 18 samples of lava and tephra. The lava samples
were initially crushed roughly using a jaw crusher. The crushed lavas
and tephra were then sieved to isolate different crystal size popula-
tions. For every sample, around 100 olivines (diameters ranging
from 0.35 to 0.65 cm), 50 clinopyroxenes, and amphiboles (up to 1.0 cm
long) were separated. These separated crystals were then thinned to
a thickness of 60 to 80 pm, double polished, and examined under a
light microscope to search for FI. The inclusions were identified in
all of the samples. Microthermometry was conducted on a Linkam
MDSG600 heating-cooling stage, which was calibrated with syn-
thetic FI standards consisting of pure CO, and H,O. Reproducible
melting and homogenization temperatures to within +0.1°C were
obtained at heating rates of 0.2° to 0.5°C/min.

The density values of the CO, fluid were computed according to
equations 3.14 and 3.15 of (61). Isochores were obtained for a pure
CO;, fluid using the equation of state for carbon dioxide of (62),
which is valid up to at least 2000 K and 10 GPa. High density values

Zanon et al., Sci. Adv. 10, eadi4300 (2024) 7 February 2024

for pure CO; fluids in olivine were corrected for a probable pristine
presence of ~10% water [H,O:CO, = 1:9; (40)] and then isochores
for these H,O-CO, fluids were calculated (63). When recording the
presence of N, and CO, isochores were computed only for inclu-
sions having negative homogenization temperature using VX plots
(64). On the basis of this study’s findings, at positive homogeniza-
tion temperatures, the impact of increasing bulk density in FI up to
5% N, in the mixture is trivial.

The eruption temperatures for early magmas have been calcu-
lated using chemical geothermometry (60) modified by (13), which
correlates the temperature of olivine crystallization with the MgO
concentration of the magma. The temperatures ranged from 1073°
to 1084°C (table S3). The temperature of 1075°C was applied to cal-
culate the isochores of FI that were trapped in clinopyroxenes and
amphiboles. For those that were trapped in olivines, a temperature
of 1150°C was used in compliance with direct field measurements
and experimental petrology data for magmas erupted in December
(12, 32, 65). Uncertainty on the eruptive temperature calculation has
a little effect on the final pressure calculation: Considering an FI
with p = 1000 kg m™>, an uncertainty of +20°C in the estimation of
the eruptive temperature (e.g., between 1130° and 1150°C) gener-
ates a maximum error of +10 MPa.

Table 1 presents microthermometric data, while fig. S2 shows the
histograms of trapping/re-equilibration pressures. Using the strati-
graphic scheme described in the Supplementary Materials and
shown in fig. S3, pressures were converted into depths. In this mod-
el, we defined major stratigraphic changes through both the inter-
pretation of the seismic velocity model in (28, 54) and the FI
ponding stage scheme (this work). After measurements using an
electronic densimeter, we assigned rock density values to shallow
lavas (p = 2350 kg m™>), dense gabbroic xenoliths (p = 3655 kg
m~>), and mantle lithologies (p = 3115 to 3390 kg m™), while we
assumed the density values for other rock bodies.

Raman microspectroscopy
Raman microspectroscopic analysis was performed on two olivine
crystals from a lava sample collected at the end of the eruption (10
December) that contain FI with melting temperatures ranging from
-56.8° to -57.3°C, indicating the presence of volatile species other
than CO, and H,O. FI were analyzed using a Renishaw inVia confo-
cal Raman microspectrometer, equipped with a 532.1 + 0.3-nm
diode-pulsed solid-state laser (~180-mW output power), a
1040 x 256 pixel charge-coupled device detector, a Rayleigh rejec-
tion edge filter, and a Leica DM 2500 M optical microscope with a
motorized XYZ stage at the Laboratoire Magmas et Volcans
(France). The spectra were acquired in backscattered geometry, in
both standard and high confocality modes (slit aperture of 65 and
20 pm), with a 50X microscope objective and a grating of 2400 lines/
mm. Each acquisition consisted of two accumulations of 20 s, and
the laser power was set to 10 or 50% (i.e., ~12 and 60 mW). Spectra
were recorded in extended mode from 60 to 4500 cm ™" using WiRE
4.4 software. Daily calibration of the spectrometer was performed
using a silicon standard (520.5 cm™! peak) and several neon lines.
Analyses were carried out at a constant temperature of ~20.5°C.
Following the method described in (66), the molar proportions
of the different components present in the FI (CO,, CO, and N,)
were calculated from Raman peaks areas (normalized for laser pow-
er and exciting time); instrumental efficiencies of 1, 1, and 0.5 for
N,, CO, and CO,, respectively; and wavelength-dependent Raman
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scattering efficiencies. The wavelength-dependent Raman scattering
efficiencies for specific Raman shifts were calculated with respect to
the scattering efficiency of N», based on equation 1 of (66). CO; con-
centrations were calculated using the sum of the areas of the two
Fermi diad peaks and the sum of their scattering efficiencies.

Supplementary Materials
This PDF file includes:
Supplementary text

Figs. S1to S4

Tables S1 to S4
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