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Evidence for seismogenic fracture of silicic magma

Hugh Tuffen"?, Rosanna Smith? & Peter R. Sammonds?

It has long been assumed that seismogenic faulting is confined to
cool, brittle rocks, with a temperature upper limit of ~600 °C (ref.
1). This thinking underpins our understanding of volcanic earth-
quakes, which are assumed to occur in cold rocks surrounding
moving magma. However, the recent discovery of abundant
brittle-ductile fault textures in silicic lavas®™ has led to the
counter-intuitive hypothesis that seismic events may be triggered
by fracture and faulting within the erupting magma itself. This
hypothesis is supported by recent observations of growing lava
domes, where microearthquake swarms have coincided with the
emplacement of gouge-covered lava spines™®, leading to models of
seismogenic stick-slip along shallow shear zones in the magma’.
But can fracturing or faulting in high-temperature, eruptible
magma really generate measurable seismic events? Here we
deform high-temperature silica-rich magmas under simulated
volcanic conditions in order to test the hypothesis that high-
temperature magma fracture is seismogenic. The acoustic emis-
sions recorded during experiments show that seismogenic rupture
may occur in both crystal-rich and crystal-free silicic magmas at
eruptive temperatures, extending the range of known conditions
for seismogenic faulting.

Hundreds or thousands of small (magnitude M<3), low-
frequency earthquakes occur during lava dome growth, typically
tightly clustered around the conduit and dome <2km from the
surface®"'. Events are commonly grouped in swarms, with similar
waveforms indicating repeated activation of a near-static source®”'’.
The source mechanisms of these events have long been controversial,
as strong attenuation in volcanic edifices makes full waveform inver-
sions difficult and many potential mechanisms arise from the pres-
ence of interacting gas, liquid and solid phases'.

Researchers have recently recognized that small-scale brittle—
ductile faults are abundant in silica-rich lavas® and display remark-
ably similar characteristics to tectonic faults inferred to have been
seismogenic. This raises the possibility that syn-eruptive seismicity is
triggered by a process analogous to tectonic faulting*. This trigger
mechanism unifies existing, competing models, as faults nucleated by
magma fracture®' would involve stick- or creep-slip deformation”",
while providing permeable pathways for transient escape of volcanic
gases™.

The faulting hypothesis is further supported by recent observa-
tions of dome growth at Mount St Helens and Unzen, where
shallow seismic swarms coincided with lava spine extrusion along

Table 1| Summary of experimental conditions

gouge-covered fault surfaces in the hot lava itself°. A growing num-
ber of researchers have thus proposed that fracturing of high-tem-
perature, eruptible lava must control seismic triggering®*'>'*, while
also controlling the dynamics of dome emplacement” and degassing
patterns'®.

To test this hypothesis, we have done uniaxial and triaxial
deformation experiments on samples of both glassy and crystalline
lavas at temperatures up to 900 °C (Table 1). The glassy lava was
aphyric bubble-free rhyolitic obsidian from Krafla, Iceland (100%
glass), and the crystalline lava was porphyritic andesite (21%
phenocrysts <2.5mm long, <2% glass) from Mt Shasta,
California. Further sample details are given in Supplementary
Information.

Cylindrical samples 75mm in length and 25mm diameter,
jacketed in a ductile iron sleeve, were deformed in compression in
a high-pressure, high-temperature triaxial cell'”. The sample dimen-
sions greatly exceeded maximum crystal sizes, thus providing repre-
sentative mechanical data. In triaxial tests, an all-round hydrostatic
pressure was first applied to the sample and maintained at a set value
(the ‘confining pressure’), and then the sample was heated and main-
tained at a set temperature using an internal heater. An axial load was
applied to the rock sample by a 200-kN servo-controlled pressure-
balanced actuator at constant displacement rate (that is, constant
strain rate). Acoustic emissions were detected continuously using a
piezoelectric transducer attached to the loading piston via a wave-
guide. The use of a waveguide, which was essential to prevent high
temperatures damaging the transducer, attenuates the acoustic signal
but does not change the overall acoustic-emission frequency—
magnitude relationships'®. Samples were deformed at a range of con-
stant strain rates (from 10~ *? to 10> s~ ', with total strains of <4%)
and temperatures in order to attain both brittle and ductile deforma-
tion behaviour (Table 1).

Figure 1 shows the results of deformation experiments done on
obsidian at 645 °C, close to its glass transition. At the higher strain
rate of 10~ *? s~ (Fig. 1a), initial quasi-elastic loading was followed
by brittle-ductile behaviour characterized by a sequence of small,
abrupt stress drops and associated reduction in compliance, which
indicates progressive damage in the sample'’. There is a clear cor-
relation between stress drops and bursts of acoustic emission shown
by the steps in the cumulative acoustic energy release (Fig. 1a), which
we attribute to cracking in the sample. The seismic b-value (the
log-linear slope of the acoustic-emission frequency—magnitude

Sample Material Confining pressure (MPa) Temperature (°C) Strain rate (s~ 1) Sample behaviour

SA45 Andesite 0.3 900 10°° Some ductile deformation, brittle shear failure

SA43 Andesite 10 900 10°° Predominantly ductile deformation with some
shear cracking

SA42 Andesite 10 600 10°° Elastic-brittle

H15-3 Obsidian 0.3 645 10743 Some ductile deformation, axial cracking

H6 Obsidian 03 645 10749 Ductile barrelling

H15-4 Obsidian 0.1 20 10°° Elastic-brittle
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distribution, calculated here using Aki’s maximum likelihood
method?®’) decreases as the peak stress is approached. This decrease
is indicative of microcrack extension and coalescence occurring with
ongoing sample deformation®. A representative acoustic-emission
waveform and power spectrum are shown in Fig. 1b. Energy is pre-
dominantly in the 100-300 kHz range. The onset is abrupt, and the
waveform is typical of acoustic-emission events recorded during
brittle failure of other crustal rock samples* and similar to wave-
forms we recorded during brittle failure of the obsidian at room
temperature (Supplementary Information). Post-experiment sample
analysis showed that numerous predominantly axial cracks had
formed, with curved, conchoidal surfaces and local zones of cataclasis
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Figure 1| Experimental results from high-temperature fracture of rhyolitic
obsidian. a, Axial stress, normalized cumulative acoustic-emission (AE)
energy, and acoustic-emission b-values against time for uniaxial
deformation of rhyolitic obsidian at 645 °C and 10~ *? s~ ', Jumps in
cumulative energy correspond with stress drops (arrows) and drops in
compliance, indicating that cracking of the sample is associated with release
of acoustic energy. Error bars show 95% confidence limits. b, Waveform
(top) and power spectrum (bottom) of a typical acoustic-emission event,
showing the sharp onset and high frequency content (predominantly
100-300 kHz) that are characteristic of brittle failure. ¢, Photomicrograph
(top) of post-experiment obsidian sample H15-3, sectioned normal to
applied load, showing formation of gouge on curved brittle fracture surfaces;
SEM image (bottom) showing detail of typical fracture surface. d, Loading
behaviour of obsidian deformed at 645 °C and 10~ *°s™ 1, showing ductile
deformation that led to barrelling of the sample H6 (inset; scale in cm).
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where slip had occurred between major subparallel cracks (Fig. 1c,
upper image). Scanning electron microscopy (SEM) images of sur-
faces (Fig. 1c, lower image) show micrometre-scale hackle markings
typical of brittle glass fracture”. At lower strain rates of 10~ %75
(Fig. 1d), ductile deformation of the sample occurred after initial
quasi-elastic loading, leading to sample barrelling but without crack
formation. No acoustic emissions were detected during such ductile
behaviour. The sustained peak stress of 140 MPa at this strain rate
reflects the melt viscosity of ~10'>Pas. Such strongly strain-
rate-dependent ductilebrittle behaviour is typical of silicate melts*.

Figure 2a shows the results of a deformation experiment on ande-
site at 900 °C. After a prolonged phase of quasi-elastic loading, the
sample undergoes strain hardening (~0.37% strain) close to peak
stress (of around 90 MPa) accompanied by strong acoustic-emission
activity (Fig. 2a). Post-peak stress, the sample underwent a small but
significant phase of 0.06% strain softening deformation and acce-
lerating acoustic-emission activity, leading to dynamic failure.
Failure involved the formation of a single shear fault at 17° to the
loading axis. The b-value dropped to alocal minimum at peak stress,
recovered during strain softening deformation, before reaching a
lower minimum as the sample failed. The b-value ‘double minimum’
is attributed to an increase in acoustic-emission amplitudes and
crack tip stress intensities during pre-peak stress loading, which then
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Figure 2 | Experimental results from high-temperature fracture of Mt
Shasta andesite. a, Axial stress, normalized cumulative acoustic-emission
energy, and acoustic-emission b-values against time for uniaxial
deformation of Mt Shasta andesite (sample SA45) at 900 °C and 10" >s™ ",
The sudden increase in acoustic-emission energy occurs close to peak stress,
and the b-value drops sharply at failure. The post-experiment sample
displays a through-going shear fracture (inset). Error bars show 95%
confidence limits. b, SEM images of fracture surfaces in andesite deformed at
900 °C. Top, brittle-ductile textures preserved in glass on the shear fracture
plane in SA43; bottom, quenched melt on a fracture surface in sample SH45.
¢, Differential stress against time for triaxial deformation of Mt Shasta
andesite (sample SA42) at 600 °C and 10 >s~ ' with 10 MPa confining
pressure. Brittle failure occurs immediately after the peak stress.
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Figure 3 | Schematic diagrams comparing faulting in silicic magma to
tectonic faulting and showing where fault zones may develop during a lava
dome eruption. a, Diagram showing the approximate range of temperatures
and strain rates for seismogenic faulting in the lithosphere as a whole

dropped during strain softening deformation before increasing again
at dynamic failure®. Post-experiment analysis using the SEM shows
that brittle—ductile deformation of a melt phase had occurred on the
fracture surface (Fig. 2b). In contrast, andesite samples deformed at
600 °C only exhibited 0.07% post-yield strain and failed immediately
after reaching their peak stress (Fig. 2¢).

Our experimental results extend the range of known conditions for
seismogenic rupture to include magma at 900 °C (Fig. 3a). This is
significantly greater than the 600 °C limit proposed for faulting else-
where in the lithosphere', owing to compositional effects (the high
viscosity of silicic magmas) and abnormally high strain rates in
magma (about ten orders of magnitude faster than the lithosphere
as a whole).

Recent conduit flow models*'® have shown that the high viscosity
of silicic magma makes it prone to shear fracture during ascent in the
shallow conduit, owing to the rheological stiffening of silicic magma
driven by shallow degassing and crystallization. This is consistent
with the widespread field evidence for localized strain on shear zones
in silicic magma, either at the conduit walls* or bounding lava
spines™®. Similar structures do not develop in more basic magma,
owing to its lower viscosity®.

Although volcano-tectonic earthquakes are generally thought to
occur when cold rocks are fractured by moving magma’, acoustic-
emission waveforms recorded during our high-temperature experi-
ments on obsidian have sharp onsets similar to volcano-tectonic
earthquakes and their frequency content can also be scaled to
volcano-tectonic events. Given that dominant frequencies of earth-
quakes scale inversely with source dimension”’, d X f(source dimen-
sion times frequency) should be the same for volcanic earthquakes
and acoustic emission recorded in the laboratory if they have the
same mechanism?®. For a typical M = 2 volcano-tectonic earthquake,
d=100m and f=15Hz, so d X f=1.5 X 10> m Hz; for the experi-
ments, d=0.01 m and f= 150 kHz, so d X f= 1.5 X 10’ m Hz, indi-
cating the same brittle mechanism. The failure mode of experimental
samples was predominantly tensile, whereas natural magmas often
fail in shear*™*'>'°. However, the insight that the rupture is seismo-
genic is valid because shear failure typically generates more seismic
energy than tensile failure for the same strain®.

Shallow seismicity during lava dome eruptions is, however, domi-
nated by low-frequency events (hybrid and long-period earthquakes,
with dominant energy in the 1-10 Hz range). Source inversions'
have shown that these events may constitute brittle failure events",
and it has been speculated that the low frequencies reflect slow rup-
ture of high-temperature magma®*. Although we have not found
any obvious difference in the frequency content of hot and cold
failure events, further study is required to show whether rupture
velocities show any temperature dependence. Alternatively, the low
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(“tectonic earthquakes’) and in silicic magma (‘volcanic earthquakes’).
Crosses indicate the conditions of the experiments described in this paper.
b, Cartoon indicating how seismogenic fault zones develop in magma at the
conduit walls and within lava domes, and act as pathways for gas escape.

frequency content of hybrid and long-period earthquakes and their
extended monochromatic codas may be attributed to conduit excita-
tion**’ or path effects'”. Magma fracture would, in this case, play a
key role in creating transient permeable pathways for gas release and
conduit excitation®™.

As demonstrated by the striking similarity between fault textures
in magma and cooler crustal rocks®”, faulting in magma is analogous
to seismogenic faulting elsewhere in the crust, despite occurring on
dramatically shorter temporal and spatial scales (Fig. 3). Event mag-
nitudes are limited by the dimensions of the magma body (hundreds
of metres), and the lifetimes of individual faults are many orders of
magnitude shorter than those of tectonic faults. Study of this hot, fast
endmember of seismogenic faulting cycles may therefore shed light
on faulting elsewhere in the lithosphere, as the evolution of short-
lived swarms of similar events during dome eruptions'® records the
initiation and death of seismogenic fault systems.

Further experimentation is required to determine how seismic
source characteristics and path effects (for example, rupture velocit-
ies and attenuation) relate to the mechanical state of the magma. This
will greatly improve our understanding of how volcanic earthquakes
relate to potentially hazardous changes in activity. It will also provide
new insights into the mechanisms of a newly discovered type of
seismogenic faulting.
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