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Abstract Shear thinning and brittle failure of silicate melt control the dynamics of volcanic eruptions,
but their molecular-scale origin is still unclear. Here, we conducted tension and compression experiments on
silicate melts, using time-resolved X-ray diffraction. Our experiments revealed that the intermediate-range
ordering of silicate structures, that is, the ring size formed by the SiO, tetrahedra, demonstrated elastic

and anisotropic dilation under tension and shrinkage under compression in the non-Newtonian regime. In
contrast, there were no significant changes in short-range ordering, such as Si—O and Si-Si distances. Based
on these findings, we inferred that shear thinning observed under high stress originates from the formation

of anisotropically deformed large and small rings in silicate structures that are energetically unfavorable and
unstable. Brittle failure occurred under high-stress conditions, in both tension and compression. We propose a
stress criterion as a necessary and sufficient condition for magma failure, rather than a strain rate criterion.

Plain Language Summary Explosive volcanic eruptions occur when magma fragments and
volcanic gases are released to the surface. However, magma is originally a continuous fluid that behaves

like a liquid in the crust. To understand how magma fails during volcanic eruptions, we need to uncover

the underlying mechanisms. This challenge was identified over four decades ago, and researchers proposed
conducting molecular-scale experiments on magma deformation to shed light on its complex behavior,
including brittle failure. However, this has been difficult to achieve experimentally. In this study, we used
powerful X-ray sources at SPring-8 in Japan to address this challenge. Our findings reveal that the complex
behavior of magma originates from previously unrecognized molecular-scale elastic and anisotropic
deformation. Finally, we propose a criterion for magma failure that can help determine whether an eruption will
be explosive.

1. Introduction

The rheological behavior of magma controls magma flow in the conduit and eruption dynamics. Brittle failure of
the magma has a significant impact on dynamics as it changes the flow type from bubbly flow to gas-ash disper-
sion flow in the conduit (e.g., Kozono & Koyaguchi, 2012; Kozono & Okumura, 2022; Papale, 1999; Wilson
et al., 1980). The brittle failure of magma originates from the failure of the supercooled silicate melt under high
deformation rates; such a melt also exhibits shear-thinning behavior (Goto, 1999; Okumura et al., 2020; Simmons
et al., 1982; Wadsworth et al., 2018; Webb and Dingwell, 1990a, 1990b). Additionally, the shear-thinning behav-
ior of crystal-bearing magma (e.g., Caricchi et al., 2007; Champallier et al., 2008; Okumura et al., 2016) may
originate from the rheology of the melt between the crystals (Vasseur et al., 2023). Therefore, it is essential to
understand the mechanism of the non-Newtonian behavior of supercooled silicate melts for modeling volcanic
eruptions and predicting their explosivity and style.

The molecular-scale origin of shear thinning and brittle failure in silicate melts remains unknown. This is
mainly due to the experimental difficulties in investigating the molecular-scale properties of silicate melts under
deformation, despite its importance, as highlighted by Simmons et al. (1982) in their pioneering study on the
non-Newtonian behavior of supercooled silicate melts. However, recent advancements in strong X-ray sources
have enabled time-resolved X-ray diffraction (XRD) and scattering experiments to investigate the molecular-scale
structure of silicate melts under deformation (e.g., Di Genova et al., 2020; Okumura et al., 2020, 2022, 2023).
Okumura et al. (2023) demonstrated, for the first time, that the molecular-scale structure of supercooled silicate
melts elastically dilates in the direction of tension when the applied stress is high, that is, in the non-Newtonian
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Figure 1. (a) Schematic drawing of the experimental setup, and the (b)

structural factor S(Q) and (c) radial distribution function g(r) of rhyodacite
melt at 840°C, obtained from an experiment with a tension rate of 20 pm s~'.

In (a) and (b), Q is defined as 47-sind/4, where € and A are half of the

diffraction angle and wavelength, respectively. The peak positions of Qpgpps

T-0, and T-T were determined by fitting the Gaussian curve.
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regime. Molecular dynamics simulations of the tensile deformation of SiO,
glass showed the formation of large rings composed of SiO, tetrahedra and a
decrease in the number of medium-sized rings (Bamer et al., 2019). There-
fore, the experimentally observed dilation of the silicate melt may involve
an increase in the average size of the ring. This change in ring size is also
expected to reduce the viscosity because large rings with high energy are
unfavorable, unstable in silicate structures (Rino et al., 1993), and mechan-
ically weak (Muralidharan et al., 2007). Based on these observations, it has
been inferred that the elastic dilation of the silicate melt may cause a reduc-
tion in viscosity and lead to macroscopic failure through cavitation (Chen
et al., 2007; Guan et al., 2013; Okumura et al., 2023; Sun & Wang, 2015;
Yuan & Huang, 2014).

Silicate melts can exhibit shear thinning and brittle failure under compression,
in addition to tensile deformation (e.g., Hess et al., 2007, 2008; Wadsworth
et al., 2018). If the mechanisms behind shear thinning and brittle failure are
the same under tension and compression, we would expect to find the forma-
tion of large rings during compression. However, isostatic compression exper-
iments have shown the opposite, with a decrease in ring size at high pressures
(e.g., Williams & Jeanloz, 1988). In this study, we conducted tension and
compression experiments on silicate melts and used time-resolved XRD to
investigate the evolution of intermediate- and short-range ordering. Based
on our experimental results, we discuss the molecular-scale origin of shear
thinning and brittle failure in silicate melts.

2. Materials and Methods

We performed tension and compression experiments at BL47XU of
SPring-8 (Japan) following the experimental methods reported by Okumura
et al. (2023) (Figure la). The starting materials for the experiments were
glass fibers with a rhyodacite composition. For the tension experiments, two
glass beads were attached to both ends of the fiber (0.617 and 0.807 mm
in diameter and 22.13 and 20.96 mm long for elongation rates of 10 and
20 pm s~!, respectively). The fiber was fixed between the upper and lower
pistons using the beads and then heated and elongated in the furnace. For the
compression experiments, fat fibers (1.213 and 1.223 mm in diameter and
10.18 and 9.96 mm long for compression rates of 20 and 50 pm s~!, respec-
tively) were sandwiched using the upper and lower pistons with flat surfaces,
which are different pistons from those used in the tension experiments. Then,
the fibers were compressed in a furnace. In our experiments, the compressed
sample failed, as described in the following section, although it exhibited
buckling deformation under slow deformation rates. All experiments were
conducted at a temperature of 840°C; the elongation and compression rates
reported in this study were 10 and 20 and 20 and 50 pm s~!, respectively.
At the experimental temperature, the viscosity of the rhyodacite melt was
measured to be 7.40 X 10'° Pa s (Okumura et al., 2023). Under our experi-
mental conditions, the sample showed non-Newtonian behavior, as reported
in previous studies, that is, Weissenberg number >~0.001 (e.g., Simmons
et al., 1982; Wadsworth et al., 2018).

Time-resolved XRD was collected during tension and compression experiments using a flat panel (C10901D-40,
Hamamatsu Photonics KK) every 100 ms (Figure 1a). In this study, we used the X-ray with an energy of 30 keV
and a beam size of 200 X 200 pm. The beam position and distance between the sample and detector were cali-
brated based on CeO, analyses. Two-dimensional XRD was integrated along the directions parallel and perpen-
dicular to the tension and compression directions, respectively, with an azimuth angle of 90° (¢, ;101 304 perpen
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Figure 2. (a—d) Loads necessary for tension and compression, (e-h) Qqp, for parallel and perpendicular directions to tension and compression, and (i-1) T-O and T-T
distances as functions of time. The rates of tension and compression are (a), (e), (i) 10, (b), (f), (j) 20, (¢), (g), (k), 20, and (d), (h), (1) 50 pm s~!, respectively. For all
runs, the degree of change in Qg is larger in the direction parallel to the deformation, and no clear changes are observed in the T-O and T-T distances.

in Figure 1a). After integration, the position of the first sharp diffraction peak was determined by fitting it to
a Gaussian curve (Qpgpp)- Then, the structural factor S(Q) and radial distribution function g(r) were calculated
from typical XRD data obtained during tension and compression (Figures 1b and 1c). For the calculation of
S(Q) and g(r), we used the Python-based software (Amorpheus) developed by Boccato et al. (2022). Because
the 26 angle was too small to calculate g(r) for the direction perpendicular to the deformation, the calculation
was performed only for the data parallel to the deformation. An atomic density of 70.2 (at/nm?®) was used in the
calculation, which was estimated based on the melt density (2.38 g/cm?) and average atomic weight (20.41 g/
mol). The melt density was calculated at an experimental temperature of 840°C using the model of Lange and
Carmichael (1990). The chemical composition of the melt was set as follows: O = 0.64, Si = 0.25, Al = 0.06,
Na = 0.03, Mg = 0.01, and Ca = 0.01 (Okumura et al., 2023). The T-O and T-T distances, where T and O
represent the T site cations (Si and Al) and oxygen, respectively, were obtained by fitting the Gaussian curve to
the peaks in g(7).

3. Experimental Results
3.1. Tension Experiments

The load needed to elongate the sample, Q¢ and the T-O and T-T distances are summarized in Figure 2 as a
function of time. Before heating the sample, small spaces were set between the sample and pistons to prevent fail-
ure during the heating; thus, there are small waiting periods before the load starts to increase. When the elonga-
tion rate was 10 um s~!, the load gradually increased in the first stage and then started to decrease after reaching a
maximum (Figure 2a). At the maximum of the load, the stress calculated based on the load and sample diameter is
320 MPa when the deformation is assumed to be homogeneous. The large decrease in the load may be contributed
to the localization of the deformation because the recovered sample showed the localization (~0.54-0.61 mm
in diameter). After the elongation stopped, the load relaxed exponentially. During this deformation, the Qpypp
parallel and perpendicular to the tension showed similar changes as the load (Figure 2e). When the load increased
in the initial stage, the Q¢ decreased, and then the decrease rate became small. After the deformation stopped,
the Qpgpp increased with load relaxation. The degree of the Q¢ change parallel to the tension was larger than
that perpendicular to the tension. The molecular-scale strains parallel and perpendicular to the tension direction
are shown in Figure 3 with the 1:1 line. When the strain is isotropic, it should follow the 1:1 line; however, our
data indicate that the strain was anisotropic (Figure 3). These observations are consistent with those reported in a
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previous study (Okumura et al., 2023). The T-O and T-T distances show did
not change under tension (Figure 21i).

In contrast, the sample failed at a rate of 20 pm s~!, resulting in a rapid
decrease in the load (Figure 2b). The maximum load corresponds to the stress

0.01 r

—~Compression
50 pm/s

of 210 MPa. The failure stress of rhyodacite melt under tension is estimated
to be ~200-400 MPa when we combine these data with previous data by
Okumura et al. (2023), that is, failure at 410 MPa under 10 pm s~! but the

€perpen

-0.01

maximum stress of 240 MPa under the elongation without failure at 5 pm s~'.
The Qpqpnp decreased with increasing load, similar to the changes observed
at 10 pm s~! (Figure 2f). No clear changes were found in the T-O and T-T
distances (Figure 2j).

The Qpqpp is related to the intermediate-range ordering of the network with
a periodicity of 2a/Qpgpp (Inamura et al., 1998, 2004; Mei et al., 2008;
Wang et al., 2014). Therefore, our observation that Qg decreased with an

-0.02 L
-0.02

Figure 3. The relationship between molecular-scale strains parallel and
perpendicular to tension and compression, represented by €, and ¢
respectively. The molecular-scale strain is defined as (Qgspp; — Qpspp)/ Crspps
where Qrgpp; represents Qrqpp just before deformation (Stoica et al., 2008).
The black arrows indicate the direction of the change during tension and

compression.

-0.01

8parallel

I increase in the load implies that the molecular-scale structure dilated with
0 0.01 0.02 tension, which may correspond to an increase in the average size of the rings
formed by SiO, tetrahedra (e.g., Shi et al., 2019; Zhou et al., 2021). Addition-
ally, the dilation was anisotropic because the degree of change in the Qpyp
parallel to the tension was larger than that perpendicular to the tension. In
contrast, the T-O and T-T distances did not change under tension. This result
indicates that the SiO, tetrahedra did not deform and that the T-O-T angle
did not change during tension. This result is similar to that predicted from a
molecular dynamics simulation of the tension deformation of silicate glass
(Bamer et al., 2019).

perpen’

3.2. Compression Experiments

To clarify the direction of deformation compared to tension, the load in

compression is indicated by a negative value. When the compression rate
was 20 pm s~!, the degree of the load gradually increased and then started to decrease after reaching a peak,
corresponding to the stress of 320 MPa (Figure 2c). The decrease in the load after the peak seems to be due to the
onset of the buckling deformation because the load does not show a rapid decrease, which is observed at sample
failure. The small decrease during loading may be a local failure or buckling deformation.

At a compression rate of 50 pm s~!, the load increased and then decreased rapidly (Figure 2d), resulting in a
sample failure into small fragments. The stress at the failure is 690 MPa. During compression, the Qpqpp values
parallel and perpendicular to the compression direction increased continuously, which is opposite to the behav-
ior observed during tension (Figures 2g and 2h). The degree of Qpp,p change parallel to the tension was larger
than that perpendicular to tension, indicating that the molecular-scale strain by compression was anisotropic, as
observed during tension (Figure 3). The T-O and T-T distances did not show any significant changes during
compression (Figures 2k and 21I).

Our observation that Qpq,p increased with increasing compression suggests that molecular-scale structure shrank
with compression, probably corresponding to a decrease in the average size of the rings formed by SiO, tetra-
hedra. This result differs from the observations during tension deformation. The T-O and T-T distances did not
show any significant changes during compression, indicating that the SiO, tetrahedron and T-O-T angle did not
deform significantly.

4. Discussions and Conclusions

Our experiments have shown that the molecular-scale structure of silicate melt exhibits elastic and anisotropic
dilation during tension and shrinkage during compression (Figure 3) when the deformation rate is slightly lower
than the failure criterion, that is, shear thinning condition, or large enough to cause failure. While the deformation
style at the molecular level differs between dilation and shrinkage, shear thinning and failure are observed under
both tension and compression (e.g., Simmons et al., 1982; Wadsworth et al., 2018; Webb & Dingwell, 1990a,
1990b).
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As discussed in previous studies (e.g., Bamer et al., 2019; Okumura et al., 2023), molecular-scale elastic and
anisotropic dilation occurs under tension, which is expected to be the origin of shear thinning and brittle failure.
In contrast, molecular-scale shrinkage was observed under compression. Molecular dynamics simulations of SiO,
glass have shown that three- and four-membered rings are energetically unfavorable and unstable compared to
five- and six-membered rings that make up most of the silicate structure (e.g., Rino et al., 1993). Moreover, small
rings in sodium silicate glass are mechanically robust and can withstand large internal stresses (Song et al., 2019).
Shi et al. (2022) proposed that the presence of these strong but unstable small rings in silicate glass and super-
cooled melts may be the origin of their fragility. Therefore, when the deformation fluctuates in the sample under
compression, the local structural relaxation and viscous reduction could be driven by the change in the ring sizes
from unstable small rings to stable large rings, resulting in the localization of deformation and finally shear thin-
ning and failure of a bulk sample.

In our experiments, no clear changes were observed in the T-O and T-T distances, although the intermediate-range
ordering varied. This implies that there was no change in the T-O-T angle. Song et al. (2019) indicated that the
T-O-T angles in four- and five-membered rings are not different from those in six-membered rings, but the
internal stress that can be supported is greatest in four-membered rings and lowest in six-membered rings. In
conclusion, a small change in ring size under compression causes viscosity reduction, which could be the origin
of shear thinning.

Failure under compression also originates from the large internal stress supported by the strong small rings.
Under tension, the fibrous sample failed into two or more pieces, whereas the sample was crushed into many frag-
ments under compression. We could not precisely determine the compressive strength because of the buckling of
the sample; however, the failure occurred when the stress was 690 MPa under compression (Figure 2d), which
was much larger than the tensile strength (~200-400 MPa).

Our experiments have revealed that the silicate melts undergo different types of structural changes at the molec-
ular scale under tension and compression, namely dilation and shrinkage. Both types of deformation lead to
changes in the intermediate-range ordering of the silicate melt, while no clear changes were observed in the
short-range ordering. These results suggest that the non-Newtonian behavior of silicate melts mainly originates
from the evolution of intermediate-range ordering during deformation.

The magma failure criterion is often described by comparing the timescale of the Maxwell structural relaxation
with the deformation rate, that is, strain rate condition (e.g., Cordonnier et al., 2012; Gonnermann & Manga, 2003;
Papale, 1999; Wadsworth et al., 2018). However, this criterion only serves as a “necessary condition” for failure.
Under low stress, viscous relaxation is fast, and no elastic deformation occurs in the molecular-scale structure.
When the stress is high and the deformation timescale approaches the Maxwell relaxation timescale, elastic and
anisotropic deformation of the molecular-scale structure begins, leading to a reduction in viscosity. Under larger
stress, the degree of elastic deformation increases, and failure occurs when the stress reaches the strength of the
silicate melt. Our experiments demonstrated that the magma does not fail, even at high deformation rate, as long
as the stress is low (Figures 2b and 2d). Therefore, we infer that a “necessary and sufficient condition” for magma
failure could be described as a stress condition (Zhang, 1999). In nature, gas bubbles and crystals in magma
induce stress localization, enhancing the failure of the magma (e.g., Kameda et al., 2017; Zhang, 1999).
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