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Earthquakes indicated magma viscosity 
during Kīlauea’s 2018 eruption

D. C. Roman1 ✉, A. Soldati2, D. B. Dingwell2, B. F. Houghton3 & B. R. Shiro4

Magma viscosity strongly controls the style (for example, explosive versus effusive) of 
a volcanic eruption and thus its hazard potential, but can only be measured during or 
after an eruption. The identification of precursors indicative of magma viscosity 
would enable forecasting of the eruption style and the scale of associated hazards1. 
The unanticipated May 2018 rift intrusion and eruption of Kīlauea Volcano, Hawai‘i2 
displayed exceptional chemical and thermal variability in erupted lavas, leading to 
unpredictable effusion rates and explosivity. Here, using an integrated analysis of 
seismicity and magma rheology, we show that the orientation of fault-plane solutions 
(which indicate a fault’s orientation and sense of movement) for earthquakes 
preceding and accompanying the 2018 eruption indicate a 90-degree local stress-field 
rotation from background, a phenomenon previously observed only at high-viscosity 
eruptions3, and never before at Kīlauea4–8. Experimentally obtained viscosities for 
2018 products and earlier lavas from the Pu‘u ‘Ō‘ō vents tightly constrain the viscosity 
threshold required for local stress-field reorientation. We argue that rotated 
fault-plane solutions in earthquake swarms at Kīlauea and other volcanoes worldwide 
provide an early indication that unrest involves magma of heightened viscosity, and 
thus real-time monitoring of the orientations of fault-plane solutions could provide 
critical information about the style of an impending eruption. Furthermore, our 
results provide insight into the fundamental nature of coupled failure and flow in 
complex multiphase systems.

Many volcanoes erupt lavas that are variable in composition, tempera-
ture and texture—and hence in bulk viscosity—in successive eruptions, 
and even within a single eruptive episode9–14. Lava viscosity influences 
how far and how fast a lava flow will travel15, with more viscous lavas 
generally forming smaller, thicker lava flows or even lava coulées and 
domes. Higher viscosity also inhibits early degassing and outgassing, 
leading to overpressure and greater potential for a powerful explosive 
eruption16. Furthermore, the viscosity of basaltic magma may influ-
ence the number of fissures formed during an eruption, so that more 
viscous basalts tend to be erupted through numerous, short-lived fis-
sures, as in the early phases of the 1955 and 2018 eruptions of Kīlauea 
Volcano, Hawai’i2,17.

Combined, the phenomena described above clearly highlight the value 
of accurate pre-eruptive indicators of magma viscosity, especially for 
eruptions that may display substantial chemical and thermal variability, as 
in the 2018 Kīlauea eruption. At Kīlauea in 2018, rapid geochemical char-
acterization was performed within hours of sample collection, and this 
provided critical information to scientists and emergency management 
officials about the potential for changing eruptive hazards14. However, the 
presence of low-temperature, differentiated lavas in the early phases of 
the eruption was only recognized after the eruption began. Identification 
of a geophysical proxy for magma viscosity that could be applied during 
precursory unrest would provide more time to develop mitigation strate-
gies and anticipate upcoming changes in eruptive behaviour.

The 2018 lower East Rift Zone (LERZ) eruption of Kīlauea provides 
an unprecedented opportunity to test a hypothesized link between 
magma viscosity and the occurrence of an approximately 90° rotation 
of accompanying volcano-tectonic earthquake fault-plane solutions 
(FPS)3. For the first time, both FPS and rheological data are available 
for the same volcano for eruptions of high- and low-viscosity magma. 
Since 1983, Kīlauea has erupted only low-viscosity basalt, accompa-
nied by earthquakes with non-rotated FPS. As 90° local stress-field 
rotations have previously been observed only in association with 
higher-bulk-viscosity eruptions, we hypothesize that a local stress-field 
rotation should have accompanied the displacement and eruption of 
more evolved and thus more viscous basaltic magma in the first month 
of the 2018 eruption.

Here we show that double-couple (that is, assuming no volumetric 
component of fault displacement) FPS for precursory and syneruptive 
volcano-tectonic earthquakes provided an indication of subsurface 
movement of more viscous magma during the precursory and early 
stages of the 2018 LERZ eruption. Near-real-time analysis of FPS ori-
entations is thus a useful monitoring tool for anticipating eruptive 
behaviours modulated by magma viscosity. Furthermore, we show 
that an increase in magma viscosity of a factor of less than one order 
of magnitude, owing to changes in both magma composition and tem-
perature, is a plausible driver of this key transition in the mechanism 
and character of volcano-tectonic seismicity.
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Rotations of the axis of local maximum compression (σ1, proxied here 
by FPS P-axis orientations) by approximately 90° have been observed 
in double-couple FPS for volcano-tectonic earthquakes prior to and 
during eruptions18,19, and have been linked to stresses produced in the 
walls of an inflating or pressurizing dike20. Such stress-field rotations 
of around 90° have been documented only in cases where the erupted 
magma is highly evolved and/or partially crystalline3, and thus may 
reflect the magnitude of stress that is normal to the flow direction 
during magma emplacement. Dynamic normal stresses may result 
from a volume increase during flow of highly crystalline magma under 
a velocity gradient, via a nonlinear process known as shear dilatancy21, 
from a high liquid viscosity (such as silica-rich melts), or through the 
addition of trapped bubbles to the melt by vesiculation accompanying 
decompression in a high-bulk-viscosity magma. Numerical modelling 
demonstrates that a strongly deviatoric ambient stress field (that is, 
where σ1A ≫ σ3A) can suppress a local stress-field rotation during dike 
emplacement22. Therefore, comparison of local stress-field response 
at a single volcano between episodes of low- and high-viscosity magma 
transport is necessary to prove the hypothesized link between magma 
viscosity and stress-field rotation.

The 2018 rift eruption of Kīlauea2 represented the first eruptive 
activity in the LERZ since the January−February 1960 Kapoho erup-
tion23. Following a period of inflation at the long-lived Pu‘u ‘Ō‘ō vent 
beginning in mid-March 2018 and culminating in a collapse of the 
Pu‘u ‘Ō‘ō cone on 30 April 2018 (1 May 2018 Coordinated Universal 
Time, UTC), a swarm of volcano-tectonic earthquakes began on 1 May 
and migrated downrift as a dike propagated into the upper LERZ, 
as indicated by interferometric satellite radar (InSAR) and seismic 
data2.The first of 24 eruptive fissures opened in the Leilani Estates 
subdivision (lower LERZ) on 4 May 2018 (UTC)2. Petrology14 has been 
used to define four general eruptive phases on the main fissure sys-
tem for subsequent activity through August 2018: Early Phase 1 (3−9 
May 2018) involved 15 fissures in or near Leilani Estates that erupted 

evolved tholeiitic basalt with MgO < 5 weight per cent and containing 
30−40% crystals. Early Phase 1 fissures were relatively short-lived, 
and up to six fissures were in eruption simultaneously. A pause in 
eruptive activity occurred from 9 to 11 May 2018, followed by Late 
Phase 1 activity from 12 to 18 May 2018. Late Phase 1 involved erup-
tion of substantially less fractionated magmas, containing 25−30% 
crystals. Fissure 17 erupted andesite and basaltic andesite from 13 to 
25 May 2018, and was offset from the main fissure system. Andesite 
was erupted from the western end of the fissure in spaced Strombolian 
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Fig. 1 | Overview of Kīlauea Volcano, HV seismic network (inverted orange 
triangles), and locations/FPS showing fault orientation and sense of slip 
(beachball symbols) for 11 background-period earthquakes in LERZ. The 
red line shows the approximate trend of the LERZ23. The green dashed box 
shows the location of 2018 eruption fissures (from ref. 2). The magenta arrows 
show azimuth of fast split S-wavelets at stations STCD and HULD24. The blue 
boxes correspond to sub-areas (left is the upper LERZ, right is the lower LERZ). 
The white star indicates the Pu‘u ‘Ō‘ō vent. The inset is a rose diagram of P- or 
T-axis azimuths (15° bins; black is the P-axis azimuth if the P dip is <45°, grey is 
the T-axis azimuth if the P dip is >45°). Inferred azimuths of σ1A and σ3A are 
indicated in the inset.
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Fig. 2 | Map views of eruption FPS. a, upper LERZ; b, lower LERZ. Rotated FPS 
are shown as red beachballs and non-rotated FPS are shown as black beachballs 
—see Methods for a description of identification criteria. The star symbol in  
a marks the location of the Pu‘u ‘Ō‘ō vent. The coloured dots in b mark the 
locations of 2018 fissures2 (red (labelled F17), andesite end-member; green, 
high-Ti end-member; blue, mafic end-member; white, not reported14). The 
Fissure 8 and Fissure 17 locations are labelled F8 and F17 and indicated by large 
green and red dots, respectively. See Fig. 1 for map locations. The green lines 
indicate the location and strike of the dike used for Coulomb stress analysis 
(the red line shows the LERZ trend23). The inset in b shows a rose diagram of all 
P- or T-axis azimuths in a and b (5° bins; black shows the P-axis azimuth if the P 
dip is <45°, grey shows T-axis azimuths if the P dip is >45°). Inferred azimuths of 
σ1V and σ3V are indicated.
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explosions, whereas the eastern end discharged basaltic andesite in 
Hawaiian fountaining and rapid Strombolian explosions that fed a 
small lava flow. The onset of Phase 2 (17−27 May 2018) on the main 
fissure system was marked by a less dramatic change in lava chemistry 
to a more typical low-crystallinity basalt on the evening of 17 May 2018 
at 19:26 local time14, indicating that fresh magma had begun to erupt. 
Phase 3 is characterized by a massive outpouring of hot, relatively 
primitive basalt, which became focused on 28 May 2018 at Fissure 
8, and continued with the progressive development of a lava pond 
confined within the Fissure 8 vent that persisted until 4 September 
2018. Eruptive activity was more stable in June 2018 than in earlier 
phases, and the last substantial lava effusion (at Kīlauea’s Fissure 8) 
was on 4 August 2018 (ref. 14).

Background FPS orientations in the LERZ
Whereas previous studies established that the ambient (σA) and 
syn-intrusion stress fields in the upper East Rift Zone (UERZ) and 
southwest Rift Zone (SWRZ) are characterized by a rift-parallel σ1 

during periods of quiescence and intrusion of low-viscosity basalt4–8, 
the orientation of σ1A has not yet been established in the LERZ. Cal-
culation of accurate background FPS is challenging in the LERZ 
because of the low levels of seismicity in this sector of the volcano, 
and the sub-optimal distribution of seismometers (mostly in a line 
along the rift zone). The fast wavelet polarization of split shear waves  
(a second proxy for the orientation of σ1) from local earthquakes at 
Kīlauea from 2007 to 2014 at stations STCD (located just uprift of 
Pu‘u ‘Ō‘ō in the middle East Rift Zone (MERZ)) and HULD (located 
about 13 km downrift of Pu‘u ‘Ō‘ō in the LERZ, demobilized in 2012) 
is rift-parallel24, consistent with a rift-parallel σ1A axis in the LERZ. We 
calculated 11 double-couple FPS for shallow earthquakes at Pu‘u ‘Ō‘ō 
and in the LERZ in 2016−2018 and 2019 (Fig. 1). We assume that LERZ 
FPS during these periods reflect background stresses, while Pu‘u ‘Ō‘ō 
FPS reflect stresses during transport and eruption of low-viscosity 
magma through the Pu‘u ‘Ō‘ō vent(s). These FPS have rift-parallel 
P-axes, confirming that σA in the LERZ is characterized by a rift-parallel 
σ1 axis, and that the stress field around Pu‘u ‘Ō‘ō is not rotated during 
eruption of low-viscosity basalt.
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Volcano during the study period. a, 30 April to 15 June 2018; b, 15 June to  
31 December 2018; c, 1 May 2018 00:00−12:00 (UTC). Blue dots indicate well 
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Arrows on the right edge of a mark the timing of fissures sampled for 
rheological analysis for each phase (Fig. 4). The blue box in a indicates the time 
and longitude range of c. Vertical dashed lines indicate the position of the Pu‘u 
‘Ō‘ō vent and the longitude boundaries for the upper and lower LERZ. The grey 
region shows the seismicity uprift of Pu‘u ‘Ō‘ō vent.
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2018 eruption FPS
We calculated 62 FPS for shallow (less than 4 km below sea level) earth-
quakes at Pu‘u ‘Ō‘ō and in the LERZ from 1 May to 4 September 2018 (the 
LERZ eruption period) (Figs. 2, 3). In contrast to background FPS, erup-
tion period FPS show two P-axis trends, one approximately rift-parallel, 
and another approximately rift-perpendicular (rotated approximately 
90°). We classify ‘rotated’ FPS as those with a positive Coulomb stress 
change induced by an inflating rift-parallel dike. Earthquakes with 
rotated FPS are located in three areas: around Pu‘u ‘Ō‘ō (7 out of  
15 rotated, 47%), in the upper LERZ (11 out of 24 rotated, 46%), and in the 
lower LERZ (5 out of 23 rotated; 22%). These observations suggest that 
~90°-rotated FPS may have been more prevalent around Pu‘u ‘Ō‘ō and 
in the upper LERZ than in the lower LERZ. In the lower LERZ, we note 
that all of the ~90°-rotated FPS are located downrift of Fissure 8, where 
the eruption became focused at the beginning of Phase 3 (Fig. 2b).

The timing of rotated FPS in each area during Phases 1 and 2 gener-
ally corresponds to periods of locally high seismicity (Fig. 3). At Pu‘u 
‘Ō‘ō, rotated FPS occur from the onset of swarm propagation on 1 May 
2018 to the end of Phase 1 on 17 May 2018. In the upper LERZ, rotated 
FPS occur on 1 and 4 May 2018 (early Phase 1), then again from 7 to  
13 August 2018. In the lower LERZ, rotated FPS occur from 11 to 15 May 
2018 (approximately late Phase 1 and onset of Fissure 17), and again on 
8 August 2018 (Fig. 3). A magnitude MW = 6.9 offshore earthquake on 4 
May 2018 is also thought to have been triggered by dike intrusion25

. This 
event would have resulted in increased tensile stresses perpendicular 
to the LERZ, perhaps accounting for the paucity of LERZ earthquakes 
with rotated FPS between 4 and 12 May 2018 (Fig. 3).

Source location of evolved lavas
We interpret the overall stress-field rotation of about 90° as character-
ized by the orientation of volcano-tectonic FPS P-axes, as an indication 
of strong rift-perpendicular stresses generated during the failure of 
a barrier below Pu‘u ‘Ō‘ō, propagation of a dike downrift through the 
LERZ, and early eruption phases (through Phase 1 into the beginning of 
Phase 2). Rift-perpendicular stresses, not expressed as an observable 
change in FPS orientation during previous episodes of basaltic dike 
intrusion at Kīlauea, are probably caused by shear dilatancy during 
subsurface flow of an atypically crystalline, evolved basalt through a 
system that contained stagnant pockets of more differentiated basaltic 
andesite and andesite that were emplaced during earlier LERZ activity 

decades to centuries prior to the 2018 episode26–28. Secondary evidence 
that volcano-tectonic earthquakes during the 2018 episode occurred 
in the walls of the propagating dike is apparent in the lateral spread of 
epicentres perpendicular to the dike (that is, epicentres do not form 
a tight line along the rift).

On the basis of our observations, we suggest that some of the magma 
transported through the UERZ to the Pu‘u ‘Ō‘ō vent between 1983 and 
2018 stagnated beneath Pu‘u ‘Ō‘ō. Over time, these magmas partially 
crystallized, forming a semi-rigid barrier that impeded further trans-
port downrift. The increase in summit magma pressures that mani-
fested as a rise of the Halema‘uma‘u lava lake and summit inflation 
beginning in mid-March 2018 (refs. 2,29) also caused a pressure increase 
beneath Pu‘u ‘Ō‘ō that culminated in the failure of the semi-rigid magma 
barrier, which was not expressed through an increase in seismicity 
beneath Pu‘u ‘Ō‘ō owing to its ductile nature. Failure of this weak bar-
rier on 1 May 2018 triggered the downrift transport of barrier magmas 
through a dike, which then encountered and mobilized additional 
higher-viscosity magma pockets in the LERZ and Leilani Estates area. 
Magmas sourced from some combination of stored evolved MERZ 
basalt and stagnant downrift magma pockets were injected down-
rift and erupted through Phase 1, followed in Phase 2 by additional 
low-viscosity magmas transported from uprift of Pu‘u ‘Ō‘ō through a 
now-open (and thus largely aseismic) conduit system. By the end of the 
eruption, pressures throughout this open conduit system dropped to 
the point that the eruption at Fissure 8 could no longer be sustained. 
After the Fissure 8 vent shut down, a final reorganization of residual 
cool and crystal-rich magma occurred, leading to a final episode of 
FPS rotation.

Viscosity threshold for FPS rotation
Experimentally determined liquid viscosities for Kīlauea 2018 samples 
range over three orders of magnitude (Fig. 4, Extended Data Table 1). 
Liquids from cool (about 1,110 °C; ref. 14), early Phase 1 magma have vis-
cosities of 188−228 Pa s at eruptive temperatures. This range decreased 
to 169−178 Pa s for late Phase 1. Liquid viscosities further dropped later 
in the eruption, to 70−93 Pa s during Phase 2 and 51−70 Pa s during Phase 
3, as the eruptive temperatures rose to 1,180 °C (ref. 14). Pu‘u ‘Ō‘ō samples 
have a viscosity of 106 Pa s, intermediate between those for late Phase 1 
and Phase 2 samples. Fissure 17 samples have a much higher and wider 
liquid viscosity range, between 550 Pa s and 9,770 Pa s. This is consistent 
with the much more evolved chemistry (basaltic andesite to andesite) 
as well as lower emplacement temperatures (1,062−1,098 °C; ref. 14).

Liquid viscosities represent a lower limit for bulk magma viscosity, 
which is affected by the presence of crystals as well as by temperature 
and compositional variability. The crystal cargo for lavas from the main 
fissure system decreased as the eruption progressed14, from 35% (by 
volume) during early Phase 1 to only 5% during Phase 3. Fissure 17, with 
the highest liquid viscosity, carried a 30−40% crystal cargo. Modelled 
bulk viscosities (Extended Data Table 1) are on the order of 102 Pa s for 
magma emitted along the main fissure system in Phase 1, and 101 Pa s 
for magma emitted along the main fissure system in Phases 2 and 3. 
Magma emitted at Fissure 17 has a much higher bulk viscosity of about 
104 Pa s, and Pu‘u ‘Ō‘ō magma has a bulk viscosity of about 102 Pa s.

We find that eruptive products whose viscosity is equal to or lower 
than 102 Pa s (Phase 2 and Phase 3) are associated with a lack of FPS 
rotation (Fig. 4). Conversely, a viscosity equal to or higher than 102.5 Pa s 
(Phase 1 evolved basalt and Fissure 17 basaltic andesite/basalt) is 
accompanied by FPS rotation. Thus, the bulk viscosity threshold for 
inducing stress-field rotation at Kīlauea is tightly constrained to one 
order of magnitude. Future work to determine the two-phase rheology 
of magmas from other eruptions with documented local stress-field 
responses through experimental work is thus critical to determine the 
universality of this viscosity threshold in relation to secondary factors 
such as differential ambient stress magnitude22.
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Implications for forecasting
Our results demonstrate that the occurrence of ~90°-rotated FPS during 
and even after an episode of dike emplacement are indicative of the bulk 
viscosity of magma in the conduit. Thus, routine real-time calculation 
of volcano-tectonic FPS would complement other geophysical and 
geological methods for forecasting eruption hazards30. Optimiza-
tion of seismic network configurations to allow robust FPS calculation 
(such as installation of additional stations off the rift axis) would help 
for future episodes at Kīlauea and elsewhere, where foreknowledge 
of the magma viscosity is important for anticipating and mitigating 
eruption hazards. We note that our observations from the period after 
the end of the Fissure 8 fountaining, in hindsight, were useful for track-
ing exactly what happened in the shallow conduit—after the end of 
surface discharge—specifically, the local sub-surface redistribution 
of high viscosity magma once the major throughput of hotter more 
primitive magma ended. Finally, we note that the establishment of a 
viscosity threshold for local stress-field rotation in volcanic systems 
will allow unambiguous assessment of the frequent earthquake swarms 
recorded at Earth’s largest and most dangerous volcanoes, including 
Yellowstone31, and whether they are driven by hydrothermal fluid cir-
culation or by an episode of rhyolitic magma ascent32.
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Methods

Seismic analysis
For all volcano-tectonic earthquakes between 1 January 2014 and  
31 January 2020 with a United States Geological Survey (USGS) Hawai-
ian Volcano Observatory (HVO) catalogue33 location at or downrift 
of Pu‘u ‘Ō‘ō (east of 155.125° W, and between 19.35° N and 19.55° N), a 
catalogue magnitude greater than 1.0, a catalogue depth above 4 km 
below sea level, and a catalogue azimuthal gap <180° (587 earthquakes), 
we repicked P-wave first-motion polarities (when a minimum of seven 
could be identified clearly) and combined our polarity picks with the 
HVO catalogue location for the event. For a period (18 May 2018 to 
6 October 2018) when temporary seismic networks were deployed 
on- and off-shore (network Z634: 9 July 2018 to 16 September 2018 and 
network 4S35: 27 July 2018 to 31 December 2018), we attempted to use 
picks from these stations to relocate (using HYP36 and the standard/HVO 
velocity model for Kīlauea37) seismic events with catalogue azimuthal 
gaps >180° (159 additional earthquakes), and were able to produce 
new locations with azimuthal gap <180° for some of these events. In 
these cases, first-motion picks were combined with our relocation for 
FPS calculations. FPS were calculated using FPFIT38 and evaluated for 
quality and rejected if they did not meet all of the following criteria: 
unique or similar multiple solutions, misfit of no more than 15% of the 
P-wave polarities, uncertainty in strike, dip and rake of ≤25°, and pres-
sure (P)– and tension (T)–axis 95% confidence regions that cover ≤25% 
of the focal sphere. FPS that met these quality criteria have an average 
of 12 first-motion polarities, a maximum of 32 first-motion polarities, 
and a minimum of 7 first-motion polarities.

Coulomb stress modelling
Using Coulomb 3.339,40, we calculate Coulomb stress changes induced 
by a dike striking N70°E (west of 154.95° W) or N57°E (east of 154.95° W) 
and opening by 1 metre. To exclude possible dike tip stresses, the model 
dike is infinitely long and infinitely tall. We assessed the resulting Cou-
lomb stress change on both nodal planes and classified FPS as ‘rotated’ 
if either nodal plane experienced a positive Coulomb stress change. 
We calculate static Coulomb stress changes for individual earthquakes 
in each period based on their catalogue location (or our relocation for 
events with picks from networks Z6 or 4S), and fault orientation and 
sense of slip as indicated by our newly calculated FPS. All calculations 
are made in a homogeneous linearly elastic half-space with typical 
elastic parameters including a shear modulus of 5.0 × 104 MPa, Pois-
son’s ratio of 0.25, and an effective coefficient of internal friction of 0.4.

Sampling
Samples analysed for viscosity were collected from vents representative 
of all 2018 LERZ eruption phases, as well as from Pu‘u ‘Ō‘ō. Samples are 
tephra, collected from along the fissure system during or shortly after 
the eruption. A sample of the very last material to be erupted from Pu‘u 
‘Ō‘ō (on 30 April) was collected on 4 May 2018. F8W is a small subsidi-
ary feature just beyond the main Fissure 8 cone. Along Fissure 17, nine 
separate vents were sampled (A−I).

Viscosity methods
The viscosity of magmatic melts depends on both temperature (T) and 
composition (X). Empirical viscosity models41 can be used to predict 
silicate liquid viscosities as a function of both those parameters, but 
a residual mismatch persists between natural and modelled viscosi-
ties. Therefore, direct experimental measurements remain critical 
to assess the viscosity of magmatic liquids accurately. We performed 
such experimental measurements in a concentric cylinder rheometer42. 
In this apparatus, the rock sample is held in a platinum/rhodium cru-
cible placed within a furnace, which re-melts it. A platinum/rhodium 
spindle is then inserted within the crucible and rotated at a controlled 
rate whereby the strain rate is imposed, and the stress is measured. 

From these two parameters, Newtonian viscosity of the pure liquid is 
calculated as the ratio of stress to strain rate. Instrumental accuracy is 
guaranteed by comparison of our results with international viscosity 
standard glasses.

Magmas are multi-phase materials, containing rigid inclusions of 
one or more crystalline phases, and/or rigid or deformable gas bubbles. 
Whereas pure silicate liquids are Newtonian (σ = ηγ,̇ where σ is the stress, 
η is viscosity, and ̇γ is the strain rate), crystal-bearing magmas and 
crystal-bearing plus bubble-bearing magmas exhibit complex rheo-
logical behaviour (see ref. 43 for a detailed review). The rheology of 
subliquidus, two-phase (melt and crystals) magma can be directly 
measured in the laboratory through high-temperature rheometry, but 
magmas with high crystal fraction are not tractable using these meth-
ods. Further, the effect of bubbles on magma viscosity remains difficult 
to evaluate in high-temperature laboratory measurements (especially 
for low-viscosity magmas such as basalts, where the timescales of bub-
ble rise and relaxation are much shorter than experimental timescales) 
and must be modelled instead43. Here, we rely therefore on models44 
for suspension rheology effects to account for the effect of low-to-high 
crystal fractions on bulk magma viscosity with a consistent methodol-
ogy, using crystallinity data from refs. 14,45. The effect of bubbles is not 
considered, because the data necessary to do so (both bubble fraction 
and size relative to crystals) is not available for the dataset considered. 
Future work is necessary to fully assess the effect of bubbles on magma 
viscosity, as well as the extent to which variable vesiculation and crys-
tallinity generate stresses normal to the flow at variable flow rates. 
However, regarding the latter, we anticipate that, particularly in rela-
tively volatile-poor basaltic magmas flowing laterally, the effect will 
be minor.

Data availability
Continuous seismic waveform data (network codes HV (https://doi.
org/10.7914/SN/HV), Z6 (https://doi.org/10.7914/SN/Z6_2018), and 
4S (https://doi.org/10.7914/SN/4S_2018) are available through the 
IRIS Data Management Center. A catalogue of located earthquakes is 
available through the USGS National Earthquake Information Center 
(https://doi.org/10.5066/F7MS3QZH). Source data are provided with 
this paper.
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Extended Data Table 1 | Experimentally determined and modelled viscosities for Kīlauea 2018 and Pu‘u ‘Ō‘ō samples

Crystallinities and representative compositions for each phase may be found in refs. 14 and44. P indicates phase and F indicates fissure.
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