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Reported ultra-low lava viscosities from the
2021 La Palma eruption are potentially
biased
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Magma viscosity is a major factor controlling volcanic eruptions and
lava runout distances. An accurate characterisation of a given volcano
or volcanic field is therefore fundamental for realistic forecasting of
the impact of ongoing or future volcanic events. The 2021 eruption of
Tajogaite volcano on La Palma (Canary Islands, Spain; 19/09/2021 to
13/12/2021) offers an exceptional volcanological test site due to the
sustained visual, geophysical, and petrological monitoring that took
place there (e.g., ref. 1–5). Access to the emitted materials throughout
the eruption allowed detailed sampling of lava flows and proximal
pyroclastic deposits, fromwhich physical parameters of erupted lavas,
such as viscosity, could be derived.

Magmas and lavas consist of three constituent phases:melt, solids
andgas.Their effective viscosity is controlledby: (1) the viscosity of the
melt, which in turn is controlled by its composition (e.g.,melt viscosity
increaseswith SiO2 anddecreaseswithH2Ocontents) and temperature
(viscosity decreases with increasing temperature); (2) percentage of
entrained solids and their characteristics (e.g., size distribution, shape,
density); (3) vesicle content and characteristics, including vesicle size
distribution relative to the crystal population, and (4) the strain rate,
which affects bubble behaviour6–9.

Ref. 10 presented estimates of the viscosity of effusive lavas of
the 2021 Tajogaite eruption on La Palma based on experimental
measurements and numerical modelling. Their estimates, with
values of <10 to ~160 Pa·s, were claimed to represent the viscosity of
lavas upon emission at the vent, and were used to suggest that these
lavas had the lowest viscosity of all studied historical basaltic
eruptions worldwide. However, after careful assessment, we argue
that their lowest reported viscosities, on which the description of
ultra-low viscosity for effusive lavas is based, result from sub-
optimalmethodology and input values during numerical modelling.
As we discuss in detail below, the first and foremost cause for the

unusually low presented viscosities is that the used melt tempera-
tures (1150–1200 °C) and water contents (>0.5 wt.%) correspond to
equilibrium conditions in a deep magma reservoir and not to sur-
face or near-surface vent conditions. Consequently, reported visc-
osities do not represent those of lavas upon emission at the vent as
claimed, but rather magma viscosities at depth, prior to final ascent
and emission, which are considerably lower due to higher melt
temperature and water contents. Moreover, the viscosity estimates
presented by ref. 10 are affected by additional factors also leading
to lower viscosities, including the use of the chemical composition
of bulk tephra instead of glass (=melt), and of crystal contents
derived frompyroclasts instead of from contemporary lava flows, as
input parameters for numerical modelling.

To prevent the use of inaccurate viscosity values in lava flow
propagation modelling for hazard assessment on La Palma and else-
where in the future it is important to review the results of ref. 10, and to
critically assess themost likely viscosities of lavas upon emission at the
vent. Therefore, we discuss the method and input values chosen by
these authors, and subsequently use more appropriate input values
derived from observations on the eruption and lava samples to cal-
culate a revised viscosity range for Tajogaite lavas.

Temperature
Using mineral-melt geothermobarometry, ref. 10 derived tempera-
tures of 1150–1160 °C (crystal rims) to 1190 °C (crystal cores) at 7–10
kbar (ca. 24–34 km depth) for the tephra-forming magmas studied in
their work. These results are used by the authors to suggest a potential
eruptive temperature of the tephra of 1150–1200 °C, with the addi-
tional suggestion that the eruptive temperatures of effusive lavas were
higher than for contemporary pyroclasts based on the visual obser-
vation of higher radiance in the lavas.

Received: 20 December 2022

Accepted: 20 September 2023

Check for updates

1Department of Mineralogy, Petrology and Applied Geology, University of Barcelona, Barcelona, Spain. 2Department of Earth Sciences, Natural Resources &
Sustainable Development, Uppsala University, Uppsala, Sweden. 3Instituto de Estudios Ambientales y Recursos Naturales, University of Las Palmas de Gran
Canaria, Las Palmas de Gran Canaria, Spain. 4Center of Natural Hazard and Disaster Science, Uppsala University, Uppsala, Sweden. 5Scripps Institution of
Oceanography, University of California San Diego, La Jolla, CA, USA. 6Institute of Earth and Environmental Sciences, University of Freiburg, Freiburg im
Breisgau, Germany. e-mail: ggisbertp@ub.edu; Valentin.Troll@geo.uu.se

Nature Communications |         (2023) 14:6453 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0001-7737-8376
http://orcid.org/0000-0001-7737-8376
http://orcid.org/0000-0001-7737-8376
http://orcid.org/0000-0001-7737-8376
http://orcid.org/0000-0001-7737-8376
http://orcid.org/0000-0003-1891-3396
http://orcid.org/0000-0003-1891-3396
http://orcid.org/0000-0003-1891-3396
http://orcid.org/0000-0003-1891-3396
http://orcid.org/0000-0003-1891-3396
http://orcid.org/0000-0001-9520-3465
http://orcid.org/0000-0001-9520-3465
http://orcid.org/0000-0001-9520-3465
http://orcid.org/0000-0001-9520-3465
http://orcid.org/0000-0001-9520-3465
http://orcid.org/0000-0002-5763-2901
http://orcid.org/0000-0002-5763-2901
http://orcid.org/0000-0002-5763-2901
http://orcid.org/0000-0002-5763-2901
http://orcid.org/0000-0002-5763-2901
http://orcid.org/0000-0002-4644-0875
http://orcid.org/0000-0002-4644-0875
http://orcid.org/0000-0002-4644-0875
http://orcid.org/0000-0002-4644-0875
http://orcid.org/0000-0002-4644-0875
http://orcid.org/0000-0002-9065-9225
http://orcid.org/0000-0002-9065-9225
http://orcid.org/0000-0002-9065-9225
http://orcid.org/0000-0002-9065-9225
http://orcid.org/0000-0002-9065-9225
http://orcid.org/0000-0002-5434-9916
http://orcid.org/0000-0002-5434-9916
http://orcid.org/0000-0002-5434-9916
http://orcid.org/0000-0002-5434-9916
http://orcid.org/0000-0002-5434-9916
https://doi.org/10.1038/s41467-022-30905-4
https://doi.org/10.1038/s41467-022-30905-4
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-42022-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-42022-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-42022-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-42022-x&domain=pdf
mailto:ggisbertp@ub.edu
mailto:Valentin.Troll@geo.uu.se


Regarding the suggested higher eruptive temperatures of mag-
mas feeding lava flows compared to those feeding pyroclastic activity,
visual observation of radiance is not likely to be accurate because,
although the effusive lava vents could be directly observed, those of
ejected pyroclasts could not due to being located within craters. We
note instead that drone footage of vents (e.g., https://volcan.lapalma.
es/pages/multimedia) shows equivalent radiances for tephra and lava.

In terms of the potential eruptive temperatures, the temperatures
derived from geothermobarometry by ref. 10 represent equilibrium
conditions in the magma reservoir at depth (>20 kilometres below the
surface, see above) andnot the temperatures upon lava emissionat the
vents. If crystal-derived temperatures are to be employed to estimate
eruptive temperatures, only those derived from the outermost crystal
rims ought to be chosen because they indicate the last equilibration
temperature at depth prior to final ascent and eruption. In addition,
some subsequent cooling is to be expected during the final ascent due
to adiabaticdecompression and conductive heat loss even in awarmed
plumbing system two months into the eruption. As a reference, max-
imum temperatures of 1140 °C were measured for lava flows by the
PEVOLCA during the eruption1,11,12. These are very similar to tempera-
tures derived from crystal rims by ref. 10 as well as to lava tempera-
tures determined during the hottest phases of the 2018 Kilauea flank
eruption (~1140–1145 °C)13,14, the 1984 Mauna Loa eruption
(1140 ± 3 °C)15, or the Piton de la Fournaise July–August 2015 eruption
(1146 °C at the vent)16. Therefore, lava temperatures at the vent during
the Tajogaite eruption were more likely below 1150 °C, and so mark-
edly lower than those employed by ref. 10 for viscosity calculations
(1150–1200 °C). These temperature differences have a significant
impact on lava viscosity determinations (see Fig. 1A for reference on
the impact of temperature on melt viscosity).

Water content of melts
Using plagioclase-melt hygrometry, a melt water content of ~0.8 wt.%
H2O at 7–10 kbar was calculated by ref. 10, based on which a potential
melt water content of 0.5–0.8 wt.% H2O was used for numerical
modelling of viscosity at the vent upon emission. Again, these contents
represent equilibriumconditions in a deepmagma reservoir, not at the
surface or in a near-surface vent setting. Because water solubility in a
melt is strongly dependent on pressure and decreases dramatically in
near-surface environments, the melt water content at the vent must
have been significantly lower than 0.8% (cf. ref. 17,18) (see Fig. 2 for
reference).

While direct measurement of the water content in melts during
eruption is currently impossible, numerical modelling using quenched
glass compositions provides reasonable approximations. Water solu-

bility increases with the silica content of amelt19, so rhyoliticmelts can
be used as a reference of the high end ofmelt water contents in lavas at
the vent. A rhyolitic melt can typically hold up to ~0.2 wt.% H2O upon
eruption (Fig. 10 in ref. 7; estimation using MELTS). Because at Tajo-
gaite volcano the melt was basanitic10,20, its water content must have
been considerably lower. Using the model by ref. 19 at 1150 °C and 2
bars (vent conditions with only a few metres depth of lava), and con-
sidering a water-only vapour phase, the water content of a basanite
melt with the bulk tephra and glass compositions of ref. 10 would be ~
0.085wt.%H2O (Fig. 2). This is nearly an order ofmagnitude lower than
the 0.5–0.8 wt.% H2O used by ref. 10 (see comparison in Fig. 2). Our
estimated H2O content is consistent with measured or estimated H2O
contents in basaltic/basanitic melts in lavas at other locations, such as
0.1 wt.% H2O in the 1984Mauna Loa eruption21 and 0.06 wt.% H2O for a
lava flow of the Western Volcanic Zone, Iceland22. Thus, the water
content of melt in lavas at the vent during the Tajogaite eruption was
likely much lower than the used in ref. 10 which, as with temperature,
has a strong impact in melt viscosity determination (cf. ref. 6,7; see
Fig. 1B for reference on the impact of water content onmelt viscosity).

Opportunities and challenges related to the use of
tephra for experimental and numerical determi-
nation of effusive lava viscosity
Ref. 10 studied ash and lapilli samples collected at El Paso (3–4 km
from the vent) and SantaCruz de La Palma (12–13 kmdistant) thatwere
deposited between 14 and 20/11/2021. Because fine pyroclasts solidify
rapidly during transport in the atmosphere, they are likely to record
the texture, mineralogy, and melt chemistry of the magma at the
moment of emission better than lava flow samples, which undergo
slower cooling during and after emplacement. However, several
implications need to be discussed when using tephra as studymaterial
to estimate the viscosity of contemporaneous lava flows as was the
case in ref. 10.

Experimental measurements
For the experimental determination of lava viscosities by cooling a
melt from temperatures above the liquidus, the starting materials
should have identical chemical composition to the lava that is being
studied. When working with lava flow samples this is usually straight-
forward, but when using bulk tephra samples to approximate lava it
should be noted that the chemical compositionof a tephra neednot be
representative of that of the originally erupted magma.

For instance, in a volcanic plume pyroclasts fractionate according
to their settling velocities, which are primarily controlled by their size,
density, and shape (e.g., ref. 23). Because crystals are typically denser

Fig. 1 | Melt and lava viscosities calculated using bulk tephra and glass com-
positions from ref. 10 and the model of ref. 7. A Viscosity of anhydrous melts at
temperatures from 1100 to 1300 °C. Experimentally-derived viscosities reported in
ref. 10 are provided for reference depicted with the “measurements” symbol.
B Viscosity of melts at 1150 °C with water contents from 0 to 0.3 wt.%. C Effective

viscosity of lavas consisting of melts with 0.1 wt.% H2O content at 1150 °C, and
crystals with abundances from 0 to 30 vol.%. The <<average>> lava viscosity is
calculated using likely average values for the studied parameters: glass T1-3 melt
composition, 1140 °C, 0.085 wt.% H2O content in melt, 20 vol.% crystal content.
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than glass, pyroclasts with higher crystal contents will tend to settle in
a higher proportion from the eruption plume during transport, pro-
ducing apyroclast fractionation that results in anoverall enrichmentof
crystals in proximal tephra and in glass in more distal ones (Supple-
mentary materials). Consequently, bulk tephra chemical composition
tends to becomemore evolved (i.e., silica-rich) with distance from the
vent, progressively approaching pure glass compositions (cf. ref. 24).
Consistently, at La Palma, Tajogaite bulk tephras have been shown to
have higher SiO2 contents than contemporary lavas20. The use of
tephras for experimental viscosity measurement will therefore result
in distorted values and, depending on sampling location (proximal
versus distal), will either lead to lower or higher viscosity estimates
relative to theoriginalmagma. In this sense, the use of bulk tephra as in
ref. 10 is not optimal, and, instead, lava flow samples ought to be
prioritised. In the case of La Palma, the compositional differences
between tephra and lava flow samples are relatively small, which
results in a smaller effect on viscosity determinations than other fac-
tors discussed here; as a reference, see in Fig. 1 the changes in viscosity
related to composition—bulk tephra versus glass—compared to those
resulting from the overestimates on temperature and water content.

Numerical modelling
To estimate the effective viscosity of an effusive lava through numer-
ical modelling, the viscosity of the melt has to be established first.
Then, the effect of solids (e.g., crystals, xenoliths) and vesicles needs to
be added (e.g., ref. 6–9,25).

Melt composition. The lowest viscosities reported in ref. 10 are esti-
mated using bulk tephra data as melt composition. However, because
erupted magmas typically show some degree of crystallinity, the melt
in them presents a composition which is usually more evolved (i.e.,
richer in silica) than thatof the bulkmagma. As a result,melt viscosities
estimated from bulk tephra compositions (or bulk lava if working with

lava flow samples)will be lower than those obtained if the composition
of the actual melt is used.

Obtaining the composition of themelt component in effusive lava
upon emission is not straightforward due to further lava crystallisation
during flow and final cooling before sampling may become possible.
Conversely, pyroclasts usually solidify upon emission, which means
that the chemical composition of the glass in the tephra typically is
more representative of that of the melt at the time of eruption. In this
sense, pyroclasts become a valuable source of information about syn-
eruptive melt compositions.

However, the composition of glass in tephra represents the
melt feeding explosive eruptive activity, not that in contemporary
effusive lava, which may differ significantly. In Tajogaite volcano sev-
eral vents were usually simultaneously active displaying variable
behaviour (effusive and explosive)1,11,26 (Fig. S.1 in Supplementary
materials). This indicates a heterogeneous distribution of volatiles
within the plumbing system, with gas-rich magmas feeding explosive
vents, and more degassed magmas feeding effusive lavas. In effusive
lavas, lower volatile content (resulting in increased liquidus tempera-
tures) coupled with likely lower ascent velocities (to allow for degas-
sing; resulting in increased time available for cooling and
crystallisation), should cause higher crystallinity and consequently a
more evolved (i.e., richer in Si) melt composition (e.g., ref. 27,28) (see
the difference in glass relative to bulk tephra composition in ref. 10).
Thus,melt viscosity estimates derived from glass in tephra can only be
used as a proxy for that of contemporary effusive lavas, and in any case
should be regarded as a minimum.

Crystal content. Ref. 10. reports a 6–16 vol.% (normalised to vesicle-
free) crystal content in the studied tephras, which is used as a proxy for
that in effusive lavas at the vent. However, as argued above, the crystal
content in contemporary lavas could differ significantly. Therefore, we
established the modal content of crystals in four different lava flow
samples (Fig. 3) contemporaneous (10/11/21 to 01/12/21) to the tephras
investigated in ref. 10. The results are shown in Table 1. As evidenced
by SEM images of tephras in ref. 10, the crystal content ofmagmaat the
vent included thephenocrysts andmicrophenocrysts, plus a portionof
the plagioclase microlites and pyroxene and olivine microcrystals.
Taking this into account, and basedon our crystal content estimations,
we consider 15 vol.% as a minimum crystal content for effusive lavas at
La Palma, with a more common content ~≥20 vol.%. The effect of
higher crystal contents in effusive lavas is twofold: (1) higher melt
viscosity due to more evolved melt composition; and (2) higher
effective lava viscosity due to more solids in suspension (cf.
ref. 7,29,30); and thus results in higher effective viscosity even at
equivalent bulk chemical composition.

Recalculating viscosities
We have re-evaluated the viscosity of effusive lavas emitted during the
2021 Tajogaite eruption by employing the same numerical model as
ref. 10—that is, ref. 7 (GRD)—, but using as inputwhatwe considermore
appropriate temperature, volatile/water content, melt composition,
and crystal content values (Table 2, Fig. 1). The effect of gas bubbles on
the effective viscosity of lava has, however, not been considered in this
re-evaluation, as this was also not considered by ref. 10. Gas bubbles
play an important role in controlling lava viscosity, although the
assessment of their effect in three-phase mixtures (melt + crystals +
bubbles) is complex and not yet well constrained. This is because of
the deformable and compressible character of bubbles, the effect of
vesicle size distribution relative to the crystal population, and the
control of strain rate on bubble behaviour6,8,9.

Regarding input melt composition, the glass compositions pro-
vided by ref. 10, and not that of the bulk tephra, were used in our
recalculation. Although the GRDmodel is calibrated for melts with <3
wt.% TiO2 and tephras in ref. 10 show 3.69 (bulk) to 4.27 (glass in

Fig. 2 | Water contents and solubility in basaltic and basanitic melts. Water
contents in the Tajogaite 2021 eruption melts are those reported by ref. 10. Water
contents in melts from the Fagradalsfjall 2021 eruption reported by ref. 18 are
provided for reference. Solubility curves are calculated for melt compositions
equivalent to the composition of bulk tephra and glass in sample T1-3 in ref. 10
using the model by ref. 19 at 1150 °C. The diagram on the right shows an enlarge-
ment of the area marked with a blue square on the left. The melt water content
employedby ref. 10 innumericalmodelling ofmelt viscosity is represented by a red
rectangle; note that it is above the solubility curve and thus unrealistic for surface
or near-surface settings.
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Tephra 4) wt.% TiO2, the agreement between numerical and experi-
mental values at high temperatures (>1250 °C, 100% melt) in ref. 10
indicates that it can be relied upon for Tajogaite melts.

Our results show that at 1150 °C (high end of the likely eruption
temperatures) calculated dry melt viscosities are 142 (glass in sample
T4) and 212 (glass in sample T1-3) Pa·s (Table 2). Melt viscosities cal-
culated using glass compositions are 1.6 to 2.5 times higher than those
estimated from bulk tephra (87 Pa·s), highlighting the importance of
using glass rather than bulk tephra/lava compositions in numerical
modelling. At this temperature, water in themelt reduces viscosity by a

factor of 1.5 at 0.1 wt.%H2O and by a factor 2 at 0.2 wt.%. Considering a
0.1 wt.% H2O water content (slightly above calculated contents for a
conservative safety margin accounting for incomplete equilibration
and/or higher lava thickness), viscosities of 97 (glass in sample T4) and
145 (glass in sample T1-3) Pa·s are obtained. For comparison, in Table 2
we also list the strongly reduced viscosities obtained if water contents
of 0.5–0.8 wt.% H2O are employed. If the effect of crystal content on

Table 1 | Modal contents of phenocrysts, groundmass and
vesicles in three lavaflowsamplesemittedonNovember 10th
toDecember 1st; obtained by point counting (n > 1000) of thin
sections

Sample LP-
21-75

LP-
21-77

LP-
21-81

LP-
21-82

Emission date 10/
11/2022

15/
11/2022

15/
11/2022

1/
12/2022

Modal contents (vol.%)

Phenocrysts + microphenocrysts
(ol+px+oxides; >100 μm)

12.7 12.8 10.7 9.9

Microcrystals (ol+px; 10–100 μm) 10.8 5.1 5.0 4.8

Microlites (pl) 14.1 12.2 8.4 6.3

Fine groundmass (<10μm) 54.9 58.6 67.7 62.4

Vesicles 7.4 11.4 8.2 16.6

Vesicle-free modal contents (vol.%)

Phenocrysts + microphenocrysts (ol
+px+oxides; >100μm

13.7 14.4 11.6 11.9

Microcrystals (ol+px; 10–100μm) 11.7 5.7 5.4 5.7

Microlites (pl) 15.3 13.7 9.2 7.6

Fine groundmass (<10 μm) 59.4 66.2 73.8 74.8

Table 2 | Melt and lava viscosities calculated using bulk
tephra and glass compositions from ref. 10, the model by
ref. 7 for melt viscosity, and that of ref. 31 for lava effective
viscosity (melt + crystals)

Dry melt viscosity (Pa·s) at different temperatures

Temperature
(°C)

1300 1275 1250 1225 1200 1175 1150 1125 1100

Bulk tephra 8 11 16 23 35 55 87 143 242

Glass in T4 13 18 26 38 58 89 142 233 395

Glass in T1-3 19 27 40 58 87 135 212 344 576

Melt viscosity (Pa·s) at 1150 °C and different water contents

Water con-
tent (wt.%)

0 0.05 0.10 0.15 0.20 0.25 0.30 0.50 0.80

Bulk tephra 87 69 57 49 43 38 34 24 17

Glass in T4 142 115 97 83 72 64 57 40 28

Glass in T1-3 212 173 145 125 109 96 86 60 40

Lava viscosity (Pa·s) at 1150 °C, with 0.1 wt.% water in melt, and different
crystal contents

Crystal con-
tent (vol.%)

0 5 10 15 20 25 30

Bulk tephra 57 68 82 100 125 161 215

Glass in T4 97 114 137 168 210 271 362

Glass in T1-3 145 172 207 253 317 409 546

Fig. 3 | Photomicrographs of lava flow samples that erupted con-
temporaneously to tephras studied in ref. 10. A Sample LP-21-75, erupted on
November 10th. B, C Sample LP-21-77, erupted on November 15th. D LP-21-81,

erupted on November 15th. Chemical analyses for these samples are provided
in ref. 3.
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the effective viscosity for the melt at 1150 °C and 0.1 wt.% H2O is then
calculated—using themodel by ref. 31 and amaximumpacking fraction
of 0.62 following ref. 10—, estimated lava viscosities increase by a
factor of 1.7 at 15 vol.% crystals and 3.8 at 30 vol.%. Considering 15 vol.%
crystals as a minimum value for the effusive lavas at the vent, this
results in effective lava viscosities of 168 (derived from glass in sample
T4) and 253 (derived from glass in sample T1-3) Pa·s (Table 1).

These calculated viscosities areover an order ofmagnitudehigher
than the lowest suggested values in ref. 10 (down to <10 Pa·s), which
are used by the authors to characterise the Tajogaite basanite lavas as
ultra-low viscosity and which result in abnormally high estimated
Reynolds numbers. Even if highly unlikely extreme input values were
used—glass in sample T4 (less evolved glass), 1160 °C (maximum T
derived from rim crystal-melt thermometry), 0.1 wt.% H2O inmelt, and
10 vol.% crystals (middle of the crystallinity range reported in ref. 10,
significantly below our observed lava crystallinities)—the obtained
effective viscosity would be 115 Pa·s, still an order of magnitude higher
than 10 Pa·s.

However, our estimated viscosities (168–253Pa·s) are close to
those experimentally measured by ref. 10 at 1150 °C (158 Pa·s) (even
though the crystallising assemblage in their experiments is different to
that in the natural rocks, and despite the factors discussed in
“Opportunities and challenges related to the use of tephra for
experimental and numerical determination of effusive lava viscosity”).
Moreover, they are within the range of common basaltic ocean island
lavas, such as those on Hawaii (e.g., ref. 32,33 and references therein).
Therefore, we consider our new lava viscosity estimates to be more
realistic, although we note that they likely represent only a minimum
for effusive lavas at the vent during the Tajogaite eruption because
they have been calculated using glass-in-tephra compositions. In this
regard, viscosities derived from glass in sample T1-3 likely represent
the best approximation.

To provide a reference of what we consider the most likely char-
acteristics of effusive lavas at the vent during the Tajogaite eruption,
we estimate the viscosity of a lava with amelt based on glass in sample
T1-3, at 1140 °C, 0.085 wt.% H2O in the melt, and 20 vol.% crystal
content. This calculation results in a lava effective viscosity of 400Pa·s
(star in Fig. 1), which coincidentally overlaps the range of viscosities
estimated for the 2018 flank eruption of Kilauea (250–1150 Pa·s)14.

After emission at the vent, lava viscosity likely increased rapidly
during downslope flow. The global study of lava flow fields has shown
that, during surface flowage, melt viscosity increases due to degas-
sing (=lower melt water contents) and degassing- and cooling-
induced crystallisation (=more evolved melt compositions). Addi-
tionally, higher crystallinity further increases effective lava viscosity
and yield strength (e.g., ref. 22,34). Evolution of vesicularity and
bubble shape and size by degassing during flow may further modify
(decrease or increase) the effective viscosity of lava depending on
whether bubbles are deformed or not16,35, but this is an effect not
considered here, nor in ref. 10. Relevant for La Palma, the experi-
ments in ref. 10 provide evidence for the potential effect of thermal
cooling during flow on the viscosity of Tajogaite lavas. In them,
artificial lavas show a marked viscosity increase below 1125 °C due to
increased crystallisation. Because this temperature is only ca. 25 °C
below the likely eruptive temperatures, lava viscosity may have sig-
nificantly increased soon after emission from the vent sites. Our
estimates are therefore consistent with the formation of pre-
dominant a’a’ lava flows throughout the lava flow field during the
eruption1 (Fig. S.1). Additionally, they do not preclude the presence
of standing waves in lava channels, because standing waves can also
be caused by flow at high speeds over steep slopes (e.g., near the
volcanic cone) and thus do not necessitate ultra-low viscosities
(cf. ref. 33).

We therefore conclude that: (1) the viscosity estimates presented
by ref. 10 should be considered a first approximation to potential

magma viscosities within the deep (>20 km) plumbing system of
Tajogaite volcano, which represents valuable information towards the
study and understanding of this volcano, but cannot serve as an esti-
mate of effusive lavas at the vent; (2) the viscosity of Tajogaite lavas on
La Palma in 2021 was not in any way unusual compared to other
oceanic island basaltic eruptions, neither at the vent nor in the flow
field facies, which needs to be considered in future numerical model-
ling of eruptive behaviour on La Palma and other volcanoes with
similar magma composition.

Finally, we would like to stress the importance of choosing the
right materials (e.g., glass instead of bulk tephra for melt composition,
lava flow samples for crystallinity estimation and experimental visc-
osity measurement) and temperature and water values (near-surface
instead of reservoir conditions) when assessing the viscosity of mag-
mas that are feeding lava flows. This will allow accurate viscosity values
to be obtained and help to produce the most realistic modelling of
potential lava flow propagation, which is key to a robust and accurate
hazard assessment.

References
1. Carracedo, J. C. et al. The 2021 eruption of the Cumbre Vieja vol-

canic ridge on La Palma, Canary Islands. Geol. Today 38,
94–107 (2022).

2. D’Auria, L. et al. Rapidmagma ascent beneath La Palma revealed by
seismic tomography. Sci. Rep. 12, 17654 (2022).

3. Day, J. M. D. et al. Mantle source characteristics and magmatic
processes during the 2021 La Palma eruption. Earth Planet Sci. Lett.
597, 117793 (2022).

4. Padrón, E. et al. Early precursory changes in the 3He/4He ratio prior
to the 2021 Tajogaite Eruption at Cumbre Vieja Volcano, La Palma,
Canary Islands. Geophys. Res. Lett. 49, e2022GL099992 (2022).

5. del Fresno, C. et al. Magmatic plumbing and dynamic evolution of
the 2021 La Palma eruption. Nat. Commun. 14, 358 (2023).

6. Harris, A. J. L. & Allen, J. S. III One-, two- and three-phase viscosity
treatments for basaltic lava flows. J. Geophys. Res.: Solid Earth 113,
B09212 (2008).

7. Giordano, D., Russell, J. K. & Dingwell, D. B. Viscosity of magmatic
liquids: a model. Earth Planet Sci. Lett. 271, 123–134 (2008).

8. Mader, H. M., Llewellin, E. W. & Mueller, S. P. The rheology of two-
phase magmas: a review and analysis. J. Volcano. Geotherm. Res
257, 135–158 (2013).

9. Dietterich, H. R., Downs, D. T., Stelten, M. E. & Zahran, H. Recon-
structing lava flow emplacement histories with rheological and
morphological analyses: the Harrat Rahat volcanic field, Kingdom
of Saudi Arabia. Bull. Volcano. 80, 85 (2018).

10. Castro, J. M. & Feisel, Y. Eruption of ultralow-viscosity basanite
magma at Cumbre Vieja, La Palma, Canary Islands. Nat. Commun.
13, 3174 (2022).

11. PEVOLCA 2021: https://info.igme.es/eventos/Erupcion-volcanica-
la-palma/pevolca.

12. Smithsonian Institution 2021: https://volcano.si.edu/volcano.cfm?
vn=383010.

13. Neal, C. A. et al. The 2018 rift eruption and summit collapse of
Kilauea Volcano. Science 363, 367–374 (2019).

14. Gansecki, C. et al. The tangled tale of Kilauea’s 2018 eruption as told
by geochemical monitoring. Science 366, eaaz0147 (2019).

15. Lipman P. W., Banks N. G. A’a flow dynamics, Mauna Loa 1984. In:
Volcanism in Hawaii (eds Decker R. W., Wright T. L., Stauffer P. H.).
U.S. Geological Survey Professional Papers 1350, 1527–1567 (1987).

16. Harris, A. et al. How shear helps lava to flow. Geology 48,
154–158 (2019).

17. Weis, F. A., Skogby, H., Troll, V. R., Deegan, F. M. & Dahren, B.
Magmatic water contents determined through clinopyroxene:
Examples from the Western Canary Islands, Spain. Geochem.
Geophys. Geosyst. 16, 2127–2146 (2015).

Matters arising https://doi.org/10.1038/s41467-023-42022-x

Nature Communications |         (2023) 14:6453 5

https://info.igme.es/eventos/Erupcion-volcanica-la-palma/pevolca
https://info.igme.es/eventos/Erupcion-volcanica-la-palma/pevolca
https://volcano.si.edu/volcano.cfm?vn=383010
https://volcano.si.edu/volcano.cfm?vn=383010


18. Radu, I.-B. et al.Water in clinopyroxene from the 2021 Geldingadalir
eruption of the Fagradalsfjall Fires, SW-Iceland. Bull. Volcano. 85,
31 (2023).

19. Moore, G., Vennemann, T. & Carmichael, I. S. E. An empiricalmodel
for the solubility of H2O in magmas to 3 kilobars. Am. Min. 83,
36–42 (1998).

20. Pankhurst, M. J. et al. Rapid response petrology for the opening
eruptive phase of the 2021CumbreVieja eruption, La Palma,Canary
Islands. Volcanica 5, 1–10 (2022).

21. Russell, J. K. Crystallization and vesiculation of the 1984 eruption of
Mauna Loa. J. Geophys. Res. Solid Earth 92, 13731–13743
(1987).

22. Chevrel, M. O. et al. Lava flow rheology: a comparison of morpho-
logical and petrological methods. Earth Planet Sci. Lett. 384,
109–120 (2013).

23. Folch, A., Costa, A. & Macedonio, G. FALL3D: a computational
model for transport and deposition of volcanic ash. Comput.
Geosci. 35, 1334–1342 (2009).

24. Lerbekmo, J. F. & Campbell, F. A. Distribution, composition, and
source of the White River Ash, Yukon Territory. Can. J. Earth Sci. 6,
109–116 (1969).

25. Mueller, S., Llewellin, E. W. & Mader, H. M. The rheology of sus-
pensions of solid particles. Proc. R. Soc. A: Math. Phys. Eng. Sci.
466, 1201–1228 (2010).

26. Muñoz, V. et al. Satellite radar and camera time series reveal tran-
sition from aligned to distributed crater arrangement during the
2021 eruption of Cumbre Vieja, La Palma (Spain). Remote Sens. 14,
6168 (2022).

27. Guilbaud, M.-N., Blake, S., Thordarson, T. & Self, S. Role of syn-
eruptive cooling and degassing on textures of lavas from the AD
1783–1784 Laki eruption, South Iceland. J. Pet. 48, 1265–1294
(2007).

28. Applegarth, L. J., Tuffen, H., James, M. R. & Pinkerton, H. Degassing-
driven crystallisation in basalts. Earth-Sci. Rev. 116, 1–16 (2013).

29. Marsh, B. D. Solidification fronts and magmatic evolution. Mineral.
Mag. 60, 5–40 (1996).

30. Harris A. J. L., Rowland S. K. Chapter 17 - lava flows and rheology. In:
The Encyclopedia of Volcanoes (Second Edition) (ed SigurdssonH).
Academic Press (2015).

31. Maron, S. H. & Pierce, P. E. Application of ree-eyring generalized
flow theory to suspensions of spherical particles. J. Colloid Sci. 11,
80–95 (1956).

32. Chevrel,M.O., Pinkerton, H. &Harris, A. J. L.Measuring the viscosity
of lava in the field: a review. Earth-Sci. Rev. 196, 102852 (2019).

33. Le Moigne, Y. et al. Standing waves in high speed lava channels: a
tool for constraining lava dynamics and eruptive parameters. J.
Volcano. Geotherm. Res 401, 106944 (2020).

34. Robert, B. et al. Textural and rheological evolution of basalt flowing
down a lava channel. Bull. Volcano. 76, 824 (2014).

35. Llewellin, E. W. & Manga, M. Bubble suspension rheology and
implications for conduit flow. J. Volcano. Geotherm. Res 143,
205–217 (2005).

Acknowledgements
We thank PEVOLCA for access to the exclusion zoneduring the La Palma
eruption andGEOMAREnginyeria del Terreny SLP for the use of its point
counter.

Author contributions
G.G.: conceptualisation (lead), investigation (lead), writing—original
draft (equal), writing—review & editing (equal). V.R.T.: investigation
(supporting), writing—original draft (equal), writing—review & editing
(equal). J.M.D.D., H.G., F.J.P.T., M.A., F.M.D., H.A., J.C.C.: investigation
(supporting), writing—original draft (supporting), writing—review &
editing (supporting).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42022-x.

Correspondence and requests for materials should be addressed to
Guillem Gisbert or Valentin R. Troll.

Peer review information Nature Communications thanks Oryaëlle
Chevrel and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Matters arising https://doi.org/10.1038/s41467-023-42022-x

Nature Communications |         (2023) 14:6453 6

https://doi.org/10.1038/s41467-023-42022-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Reported ultra-low lava viscosities from the 2021 La Palma eruption are potentially biased
	Temperature
	Water content of melts
	Opportunities and challenges related to the use of tephra for experimental and numerical determination of effusive lava viscosity
	Experimental measurements
	Numerical modelling
	Melt composition
	Crystal content

	Recalculating viscosities
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




