Namiki et al. Earth, Planets and Space (2018) 70:147
https://doi.org/10.1186/540623-018-0914-5

® Earth, Planets and Space

FULL PAPER Open Access

CrossMark

Physical characteristics of scoriae and ash ®
from 2014-2015 eruption of Aso Volcano, Japan
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Abstract

The activity at Aso Volcano was mainly defined as a sequence of ash emissions and occasional ejections of scoria frag-
ments with ash. Ash emissions sometimes started without notable explosions. The measured porosity of scoriae was
as high as 0.94. The scoriae had a flattened shape with a low-porosity outer rim. To elucidate the eruptive conditions
causing such ash emission and generation of scoriae, we conducted three series of measurements. First, we heated
the high-porosity scoriae from Aso Volcano at 900-1150 °C and found that the heated scoriae shrunk by losing the
gas in the bubbles. At the highest temperature, 1150 °C, bubbles segregated from the surrounding melt. Second, we
conducted shear deformation experiments of scoriae and ash at 500-950 °C and found that the high-porosity scoriae
easily fractured by low normal and shear stresses of ~ 10% Pa at a low temperature of 500 °C. We also found that the
fine ash at a high temperature of 950 °C was sintered. Third, we measured the permeability of the sintered ash plate
and unheated powder-like ash layer. The permeability of the ash plate is less than 2.5 x 1073 m?, while that for the
ash powder is greater than 10~"" m? The unheated ash particles could move in the container during the permeability
measurements. This effect allowed the formation of pipe-like structures in the ash layer and increased its permeability.
On the basis of these measurements, we infer the conditions inside the erupting conduit. There exists high-porosity
magma foam in the conduit. The top of the magma foam is cold (<500 °C) and has a sufficiently high porosity (>0.7)
to be fractured at a low stress level (~ 10% Pa). The fractured magma foam generates the ash layer above the magma
foam. The gas flow from the underlying magma foam makes the high-permeability structure in the ash layer. Eventu-
ally, the bottom of the ash layer sinters to regulate the gas flow. The pressurized magma foam breaks the sintered ash
layer. The breakage at the bottom of the ash layer may not cause a notable explosion but causes ash emission. The
fragmented magma foam becomes high-porosity scoriae at a high temperature, which can generate the low-porosity
outer rim by shrinkage and flatted shape.
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Introduction

Strombolian eruptions are frequently associated with the
release of low-viscosity magma with a composition of
basalt to basaltic andesite (e.g., Houghton and Gonner-
mann 2008; Taddeucci et al. 2015). A burst of over-
pressurized gas slugs has been considered as a possible
mechanism for triggering major Strombolian eruptions
(e.g., Blackburn et al. 1976; Chouet et al. 2003; James
et al. 2009; Parfitt 2004; Ripepe 1996; Vergniolle and
Gaudemer 2015). Recently, a variety of eruption styles
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and indicate if changes were made.

have been reported. For instance, at Stromboli Volcano,
Italy, eruption styles are classified into three types. Type O
eruptions are gas-dominated, Type 1 eruptions are domi-
nated by coarse ballistic clasts, and Type 2 eruptions con-
sist of an ash-rich plume (Leduc et al. 2015; Patrick et al.
2007). Some part of the ash emitted by a Type 2 eruption
falls back to the vent, which covers the vent as debris.
This recycling process has also been recognized through
the morphological observation of ash grains (D’Oriano
et al. 2014). Reheating causes groundmass crystallization,
sintering/welding, and a color change (D’Oriano et al
2013). Such debris prevents the gas and magma flows in
the conduit and may contribute to the generation of a vis-
cous plug at a shallow conduit, which in turn affects the
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eruption styles (Capponi et al. 2016; Gaudin et al. 2017).
Although its origin is controversial, the existence of a vis-
cous plug has been suggested by the textural, geochemi-
cal, and rheological analysis of ejected pyroclasts and
bombs (e.g., Gurioli et al. 2014; Lautze and Houghton
2007; Leduc et al. 2015).

The eruption style observed in Aso Volcano during
November 2014—May 2015 is partly similar to the typical
eruption styles described above, but some parts differ. In
November 2014, Aso Volcano located in central Kyushu,
Japan, resumed its volcanic activity from the Nakadake
1st crater (Fig. la—c), after an approximately 20-year
quiescent period (e.g., Cigolini et al. 2018; Marumoto
et al. 2017; Miyabuchi et al. 2018; Shinohara et al. 2018a;
Yokoo and Miyabuchi 2015). The first half of this activ-
ity, from November 2014 to May 2015, was character-
ized by ash emissions and Strombolian eruption, which
ejected scoriae with and without ash. The latter half, from
September 2015 to February 2016, was characterized by
phreatomagmatic and phreatic eruptions (Miyabuchi
et al. 2018). The Nakadake 1st crater usually has hot and
acid water as a crater lake, but it dried during the first
half of the eruption sequence.

As we describe the details in the next section, ash emis-
sion sometimes starts without a prominent explosion.
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During the temporal quiescent period, a white plume
rises from the vent (Fig. 1d). In some situations, the
plume color gradually becomes brownish by including
ash and its color turns back to whitish again. The sco-
riae are ejected both with and without ash (Yokoo and
Miyabuchi (2015), and personal communication with A.
Yokoo, Fig. 1d). These characteristics are different from
what is observed for Stromboli Volcano.

Here, the eruption style of low-viscosity magma var-
ies owing to the differences in the fluid dynamics of the
magma and gas ascent and the mechanism by which
the erupting magma fragments (e.g., Houghton and
Gonnermann 2008). We thus infer that the ash emission
observed for Aso Volcano is controlled by the recycled
debris at the shallow conduit. The ash fallen back to the
conduit as recycling debris may sinter, which increases
the strength of the debris layer (D’Oriano et al. 2013; Vas-
seur et al. 2013).

The thresholds for yielding, the fracturing of the sin-
tered debris, and the permeable gas flow within the
debris layer should affect the subsequent eruption
styles, and these thresholds depend on the tempera-
ture. The pre-eruptive magma temperatures estimated
by Saito and co-workers (personal communication) on
the basis of standard geothermometry are likely within
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1000-1100 °C. In this temperature range, the viscosity
of the crystal-free melt is approximately 10~10% Pa s
(e.g., Giordano et al. 2008). On the other hand, the
measured viscosity of basaltic glass is high (> 10° Pas)
(e.g., Gurioli et al. 2014; James et al. 2004). Compres-
sion experiments of basaltic ash show a large elastic
modulus of ~ 107 Pa for the temperature range of 700—
900 °C, and the possibility of fracturing decreases with
increasing temperature (Kurokawa et al. 2017). These
results show that the slight lowering of the tempera-
ture changes the viscosity, elasticity, and possibility of
fracturing of the magma or debris layer. If erupted ash
falls back to the conduit, the recycled ash may cool the
inside of the conduit and change the eruption styles
through a rheological transition.

The details of volcanic gas behavior have been revealed
by gas composition measurements (Shinohara et al.
2018b). In the Nakadake crater area, the magmatic gases
segregated from the melt were emitted from the vent and
southern wall of the crater as a plume and fumaroles,
respectively. In the quiescent period, the Nakadake 1st
crater hosted a lake of hot and acid water (e.g., Terada
et al. 2012). Although the lake dried prior to the begin-
ning of the activity, the ash emissions from the dried vent
sometimes included salt-shell fallouts, a product of the
dried hydrothermal droplets, indicating that a hydro-
thermal system continuously existed beneath the dried
crater floor (Shinohara et al. 2018a). The composition
ratios (e.g., CO2/SO3) of the gases observed in the vol-
canic plume in the eruptive period varied. Interestingly,
the average of the composition ratios from the lake and
fumaroles in the quiescent time and that in the volcanic
plume were similar. Here, the gas composition depends
on the temperature and pressure conditions where the
gas segregates from the surrounding magma; that is,
from the measured gas composition, the apparent equi-
librium conditions can be reproduced (e.g., Ohba et al.
1994; Shinohara et al. 2011). The measured composition
ratios suggest that the magmatic gases from the crater
lake, fumarole, and eruptions are all derived from the
same source, and the variation of CO3/SO3 ratio in the
eruptive period is attributed to the changes in degassing
pressure. The estimated pressure range of the gas segre-
gation from the magma during the eruptive period was
0.2—-20 MPa (Shinohara et al. 2018b). Here, the estimated
volume of degassed magma based on the sulfur con-
tent of the melt inclusions and SO, flux during the early
70 days of the eruptive period was 2 x 108 tons, while
2 x 10° tons of ash was emitted in the same period. That
is, a large amount of magma, which brought volcanic
gases, still resides underground without eruption (Shino-
hara et al. 2018b).
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In order to understand the effect of the recycled ash
on eruption styles, we need to know (1) the temperature
of the erupting magma, (2) the fracturing conditions of
the magma foam to be scoriae and ash, (3) the granular
behavior of ash, and (4) the permeability of the ash layer.
In this study, we estimate conditions (1-4) by using ejecta
from Aso Volcano. First, we reheat the scoria samples
and measure their volume change to estimate the pos-
sible temperature range of erupted scoriae (1). Second,
we demonstrate the conditions for brittle failure and fric-
tional behavior by deformation experiments with scoriae
and ash (2-3). Third, we measure the permeability of the
unheated ash powder and sintered ash plate (4). Finally,
on the basis of our experimental results, we estimate the
time evolution of the conditions in the conduit that vary
the eruption style of Aso Volcano.

Aso Volcano

Aso Volcano has a large caldera with dimensions of
approximately 25 km in north—south direction and
18 km in east—west direction (Fig. 1b). The caldera was
formed by four times of major eruptions during 270-90
ka, called Aso-1 to Aso-4 (e.g., Ono and Watanabe 1985).
After the last major eruption Aso-4, several post-caldera
cones formed near the center of the caldera. The com-
position of the cones is wide in the range from basalt to
rhyolite.

Currently, Nakadake (Fig. 1c) is the only active volcano
(e.g., Miyabuchi et al. 2006). Eruptions from the active
crater of Nakadake were characterized by a discharge of
black ash with a basaltic andesite composition (Miyabu-
chi et al. 2008; Ono et al. 1995). The eruption was some-
times accompanied with ejection of scoriae. The recent
activities in Nakadake were observed in the 1st carter and
were also characterized by ash emissions and Strombo-
lian eruptions (Sudo 2001).

The Nakadake 1st crater usually has hot acid water,
and the water level decreases with an increase in the vol-
canic activity (e.g., Terada et al. 2012). The water in the
crater disappeared by late 2013, and eruption started on
November 25, 2014 (Shinohara et al. 2018a). The typi-
cal eruption style from November 2014 to May 2015 was
continuous ash eruption sometimes including scoriae.
The events during November—December 2014 were vig-
orous. A red-hot feature was observed in the root of the
ash including the plume close to the vent. The ejected
scoriae also showed a red-hot feature and were elon-
gated and toned apart on the ballistic orbit. These char-
acteristics suggest a high temperature of the erupting
magma. The event on December 9, 2014, erupted a mas-
sive amount of scoriae. The large scoriae > 0.1 m with a
flattened shape were observed on the west side of the 1st
crater (Yokoo and Miyabuchi 2015).
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The composition of the scoriae was basaltic andesite
(NIED et al. 2015). Some low-density scoriae have flat-
tened shapes with a rim made of small vesicles (Fig. 2).
The eruption style in the activity during 2014-2015 was
similar to that reported for the former eruption (Ono
et al. 1995), in which the emission of ash dominated the
eruption; occasionally a frothy scoria, Pele’s hair, and a
glass sphere were observed.

Figure 1d—f shows typical plumes observed dur-
ing March 16-17, 2015. In the quiescent time, a white
plume was located in the vent (Fig. 1d). When ash emis-
sion began, the plume became brownish (Fig. 1le), and
the color returned to whitish gradually at the end of ash
emission (Fig. 1f). The ash emission sometimes included
scoriae without notable explosions. Some scoriae fall
close to the vent, as shown in the inset of Fig. 1f. As
described above, the ash emission sometimes started
without notable explosions (Yokoo and Miyabuchi
(2015), and personal communication with A. Yokoo).
In contrast to Stromboli Volcano, it was difficult to find
regularities in the ash emission and scoria ejection. We
could not define the frequency of ash emission or scoria
explosion quantitatively.

After May 2015, the hot water slowly recovered in the
1st crater, the eruption style changed to phreatomagmatic
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or phreatic eruptions, and the eruption ended in October
2016 (e.g., Miyabuchi et al. 2018).

Samples

We collected high-porosity scoriae and ash samples at
the Nakadake 3rd crater (Fig. 1c), located south of the
erupting 1st crater. We also collected scoriae from the
western crater rim of the Nakadake 1st crater, where the
scoriae have a flattened shape (Fig. 2¢, d). Sampling was
conducted on March 16-17, 2015; since this period was
near the end of the ash emission and Strombolian episode
during 2014-2015 (e.g., Marumoto et al. 2017; Miyabu-
chi et al. 2018; Yokoo and Miyabuchi 2015), our samples
can include the ejecta from vigorous activities during
November—December 2014. We use the term porosity as
the volume fraction of vesicles (in solid) and bubbles (in
liquid) relative to the whole volume of a scoria, which is
the same as the vesicularity for a sample without fracture
and or secondary spaces formed due to crystallization.

Scoria sample

In the thick black ash deposit at the 3rd crater, high-
porosity scoriae were buried approximately 0.2 m below
the surface of the deposit. We could not identify which
events generated these deposits. The high-porosity

this flattened scoria is 1/3

10mm

Fig. 2 Photographs of scoriae and their magnified views. a A high-porosity scoria found at the 3rd crater (Fig. 1¢). The red curve outlines the scoria.
b Magnified view of the high-porosity scoria. Red circles indicate the typical vesicle sizes. c-e A flattened scoria found at the western rim of the 1st
crater observed from the top (c) and side (d), and the e broken-out section denoted by the red rectangle in (d). The aspect ratio (thickness/width) of
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scoriae have a yellowish color (Fig. 2a, b). The high
porosity and yellowish color are similar to the golden
pumices described at Kilauea, Hawaii, and Villarrica,
Chile (Gurioli et al. 2008; Sharp et al. 1987). The mag-
nified view shows ordered vesicles with a honeycomb
structure (Fig. 2b).

The scoriae found at the western crater rim were not
buried in the ash layer and are characterized by large
ranges of the porosity and vesicle size. Figure 2e shows
magnified views of the cross section of the scoria.
Apparently, the vesicularity decreases from the inside
of the sample toward the edge. The vesicle radii are also
smaller from the inner of the sample toward the edge.
These structures suggest that the scoriae that landed at
the crater rim were sufficiently hot to be flattened by
gravity (Yokoo and Miyabuchi 2015), and the bubbles at
the surface of the scoriae could shrink.

We measured the porosity of 18 fragments of scoriae
in total, consisting of six fragments from three regions:
the surface of the scoriae, the internal high-porosity
region, and the regions including both the inside and
surface. Here, it was difficult to excavate the fragile sco-
riae without deficiency. The large scoriae found on the
road usually fractured. We thus could not obtain the
porosity and size of whole clasts. For the same reason,
the number of analyzed samples is limited. We meas-
ured the mass (m;) and volume of the scoriae coated
by a paraffin film and immersed within water (V;)
(e.g., Shea et al. 2010). The density of the solid part of
the scoriae, ps = 2720kgm™3, was obtained by weigh-
ing and measuring the volume of the grounded scoriae
using a pycnometer.

The  measured porosities of the  scoriae
(pp =1 — (ms/ps)/ Vi) are in a range of 0.7-0.94. The
average porosities around the outer edge, inside, and
a mixture of both are 0.76, 0.88, and 0.82, respectively.
Here, the classification of the locations, outer edge,
inside, and the mixture of both, is not strict. Again, the
high-porosity scoriae are fragile, and it is difficult to
cut them at an ideal location. This range is close to that
reported for high-porosity reticulite, 0.75-0.98 (Man-
gan and Cashman 1996), formed in the lava fountain in
Kilauea.

We estimated the vesicle-free crystallinity (relative
to the melt volume) as < 0.47, which is similar to that
reported for Stromboli Volcano, 0.35-0.6 (Gurioli et al.
2014). We calculated the crystallinity by measuring the
areal fraction of crystals in the thin section image of
the molten sample (Fig. 3b) described in the next sec-
tion. This is because the high porosity of the scoria
made it difficult to evaluate the melt area from the thin
section image of the scoria (Fig. 3a). In the molten sam-
ple, crystals sink, and the thin section is created in the
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Fig. 3 Thin section images of a scoria and ash. a Open nicol image
of a typical high-porosity scoria (Fig. 2a). b Open nicol image of the
molten scoria shown in Fig. 4f. ¢ Ash observed by a microscope

showing the existence of fine ash < 63 um. d Magnified view of (c)

crystal-rich region. Thus, the crystallinity of 0.47 is the
maximum estimate.

Ash sample

We collected ash sediments at the 3rd crater. The
reported characteristics of ash are divided into two
groups, which are brownish glass and black ash (Geo-
logical Survey of Japan and Kyoto University 2015; Toma
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et al. 2017). Some glassy ash is characterized by vesicles
and has elongated shapes (Geological Survey of Japan
and Kyoto University 2015).

Figure 3c, d shows photographs of ash spread on the
plate homogeneously to the best of our ability and shows
that both coarse < 1 mm and fine < 63 um ashes exist.
Fine ash may be rare in basaltic eruptions but is observed
in El Chichon (e.g., Cashman and Rust 2016). Our sample
could contain small particles generated by sedimentation
processes (e.g., Buckland et al. 2018; Dufek and Manga
2008; Kueppers et al. 2012). However, fine ash was also
reported by Geological Survey of Japan and Kyoto Uni-
versity (2015). During November 26—December 4, 2014,
Geological Survey of Japan analyzed the ash directly
sampled without landing at 2.2 km and 1.2 km from
the vent and reported that 25-60 wt.% of ash particles
were smaller than 63 um. Black ash was 60—-70%, brown
ash was 10%, and altered clasts were 10%. For Decem-
ber 3-16, 2014, the fraction of fine ash was reduced to
1-25 wt.% and the fraction of brown ash increased to
50-60%. In January 2015, the fraction of brown ash was
approximately > 40 %; thus, we consider that our sample
includes the deposits from these activities.

We sieved ash with meshes of 53 um and 1 mm in a
35-mm-diameter dish. In order to conduct a shear defor-
mation experiment with a small thickness (< 6 mm),
we used a sieve with finer mesh size (53 wm) than the
threshold for fine ash (< 63 um).

Experiments on shrinkage due to heating

In this section, we heat the scoria samples and measure
their shrinkage to estimate the temperature when the
scoriae erupted. The erupted scoriae found on the west
side of the crater showed a flattened shape, which might
have originated from gravitational deformation (Fig. 2c,
d). For such deformation, the scoriae had to be erupted
at a high temperature to make their viscosity low. In addi-
tion, the flattened scoriae have an outer edge with small
vesicles. If the surrounding melt had a sufficiently low
viscosity, the vesicles in the scoriae close to the outer
edge might experience shrinkage.

The surface tension-induced shrinkage of bubbles in
magma has been reported for andesitic and rhyodacite
pumice (Kennedy et al. 2016; Otsuki et al. 2015). When
hot pumice having interconnected bubbles is exposed
to constant pressure at high-temperature conditions,
the bubbles can shrink owing to the surface tension
effect. This may be the mechanism that generates the
low-porosity region with small vesicles around the outer
edges of scoriae. To evaluate the temperature range for
shrinkage, we heated the scoria samples and measured
their volume change.
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Heating procedure

We placed the scoria samples into a preheated muffle fur-
nace at the predetermined temperature. By inserting the
sample, the internal temperature of the furnace drops.
Irrespective of this temperature drop, we measured the
heating time after we placed the sample in the furnace.
We used the scoria samples without arranging their
shape because they are difficult to reshape. Thus, the ini-
tial shapes of the scoriae are irregular. We measured the
initial and final volumes of the scoriae.

Measured shrinkage

Figure 4 shows the volume change after heating. Here,
the temperatures marked in the figure indicate the fur-
nace temperature at the end of heating. When we placed
the samples in the furnace, the internal temperature
of the furnace drops. It takes a long time to recover the
internal temperature; consequently, short heating experi-
ments cannot reach a high temperature.

For the short heating time (5 min) at a temperature of
965 °C, the volume change of the scoria is limited. For
the longer heating time (15 min) at 1055 °C, the scoria
shrinks and turns into a reddish color because of oxida-
tion. When the scoria is kept at 1150 °C for 1 h, bubbles
perfectly segregate from the melt.

Figure 5 summarizes the heating experiments. We
heated scoria samples in a furnace with various ini-
tial porosities (0.63-0.92) and volumes (0.5-2.7 ml)
and measured the volume change. We conducted more
experiments at a shorter heating time <500 s (lower tem-
perature) than those at a longer heating time (higher
temperature). This is because the volume change at a low
temperature was not obvious, and we needed to check
the repeatability (Fig. 4).

Figure 5a shows that longer heating at a higher tem-
perature makes the scoriae shrink. Comparing the same
heat duration (30 s) experiments, scoriae having a smaller
volume as an initial condition effectively shrink. This is
because, in order to decrease the volume, the gas inside
the scoriae has to escape to the atmosphere by permeable
flow. The bubbles close to the scoria surface may con-
nect to the atmosphere, but the internal bubbles may not.
Larger scoriae can include disconnected bubbles whose
volume is not changed by heating.

As the volume decreases, the porosity of the scoriae
also decreases (Fig. 5b). When the furnace tempera-
ture is 1055 °C, the minimum porosity of the scoriae
becomes approximately 0.6, close to the random packing
of spheres (e.g., Namiki and Tanaka 2017, and the refer-
ences therein). Here, a change in the connectivity may
occur as a governing mechanism of the final porosity.
However, we could not check the evolution of the con-
nectivity because of the difficulty of the shape forming
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Fig. 4 Photographs of scoriae shrunk by heating. a, ¢, e and b, d, f show the photographs and porosities of scoriae before and after heating,
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Fig. 5 Measured shrinkage due to heating. a The volume ratio of scoriae after (Vf) to before (V) heating as a function of the heating duration. The
symbol color indicates the furnace temperature at the end of heating, and the symbol size indicates the initial volume of the scoria. b The porosity
change due to heating. Each set of circles and crosses connected by a line indicates the porosity change of a scoria before and after heating,

respectively, as a function of the furnace temperature at the end of heating. The symbol color indicates the heating duration, and the symbol size
indicates the initial volume of the scoria
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of fragile scoriae. When the furnace temperature is suf-
ficiently high, 1055 °C, the scoriae melt and become
sufficiently less viscous; therefor bubbles segregate by
buoyancy rather than permeable flow. As a result, their
porosity becomes lower than 0.4.

Estimated timescale of shrinkage and eruptive
temperature

Here, the timescale of the relaxation of bubbles with a
radius r, induced by the surface tension & surrounded by
a melt with a viscosity of ny, is approximated by

= (1)
:

The typical vesicle size shown in Fig. 2b is r, < 1 mm,
the surface tension of the melt is on the order of
£ ~01Nm! (eg, Walker and Mullins 1981), and the
viscosity of water-free basaltic andesite is 7y, ~ 10> Pa's
at 1000 °C (Giordano et al. 2008). The timescale for bub-
ble relaxation is < 10, which is sufficiently shorter than
the duration of heating in Fig. 5a. We thus consider that
the bubbles are relaxed at the achieved temperature, and
the maximum achieved temperature, rather than the
heating duration, determines the occurrence of shrink-
age. Here, crystals are densely located at the plateau bor-
der and rarely in the vesicle walls (Fig. 3a). Because the
surface tension-induced shrinkage is the process of the
bubble wall thickening, the crystals at plateau borders do
not significantly affect the shrinkage.

It is known that a high crystallinity enhances the con-
nectivity of bubbles and permeable outgassing from the
inside bubbles (Lindoo et al. 2017; Moitra et al. 2013),
which in turn affects the eruption styles. Here, the crys-
tallinity of scoriae from Aso eruption is high and <0.47,
but the porosity is also high and >0.7. Again, the crystals
densely locate at the plateau borders and each group does
not contact (Fig. 3a). We thus infer that the crystals do
not make a frame to enhance the outgassing from the
magma in the conduit so that the magma in the con-
duit can achieve a high porosity. Once the high-porosity
magma erupts out as a scoria, bubbles close to surface
of the scoria shrink by surface tension to create a low-
porosity outer edge (Fig. 2).

Our heating experiments show that the shrinkage
of scoriae occurs at a temperature 950 °C, while the
bubbles in the scoria at a temperature of 1150 °C seg-
regate from the melt. We thus consider that the erup-
tive temperature of the scoriae is within the range of
950 < T < 1150°C. This estimate is consistent with the
pre-eruptive temperature of 1000°~1100° estimated by
standard geothermometry (personal communication
with Saito).
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Shear deformation experiments

The magma foam in the conduit may fracture to gen-
erate ash. If the ash behaves as a continuous material,
the stress beneath the ash column is approximated by
the lithostatic pressure. On the other hand, if the ash
behaves as a granular material, the maximum stress
beneath the ash column scales with the width of the
conduit, irrespective of its vertical length (e.g., Duran
1999; Janssen 1895; Roberts et al. 1883). For example,
when the height of a granular column in a silo increases
little by little, the stress at the bottom of the silo satu-
rates around a thickness close to the width of the silo,
known as Janssen effect (e.g., Duran 1999; Janssen
1895; Roberts et al. 1883). The loading of the granular
material is sustained by the force chain connected to
the wall.

The strength of the bubbly magma regulating the ash
formation depends on the structures of the pores (Al-
Harthi et al. 1999; Bubeck et al. 2017; Heap et al. 2014;
Zhu et al. 2010). The high porosity of Aso scoriae may
dramatically reduce the fracture strength. The frictional
strength of ash has been measured, and both rate weak-
ening and rate strengthening have been reported (e.g.,
Kennedy and Russell 2012; Lavallee et al. 2014; Moore
et al. 2008). Basically, rate strengthening is observed in
a faster deformation regime than rate weakening. In this
section, we provide the fracturing conditions of scoriae
and the frictional strength of ash in the conduit at a high
temperature (< 500 °C) and low normal stress (<100
kPa). We also provide the conditions for sintering which
changes the mobility of ash particles (Vasseur et al. 2013).

Methods of shear deformation
We conduct shear deformation experiments by using a
rheometer (Anton Paar MCR102). The samples are sand-
wiched between two parallel plates made of Inconel and
placed inside a temperature-controlled oven, the same
method used in Gonnermann et al. (2017) and Namiki
and Tanaka (2017). The maximum temperature achieved
by this oven is 1000 °C. We heat the oven to the desired
temperature T; wait >15 min at 7, which is sufficiently
longer than the thermal diffusion time; and then deform
the sample under a certain normal stress. Here, we con-
ducted our experiments at a temperature lower than
the upper limit of our apparatus, < 1000 °C. This tem-
perature range is lower than the previously estimated
eruptive temperature, 950 < 7' < 1150°, and may be con-
sistent with the temperature at the uppermost part of the
magma column in the conduit during the quiescent time.
From the deflection angle 6, angular velocity 6, and
torque required to deform the sample I', we obtain the
strain y, strain rate y, and shear stress o;:



Namiki et al. Earth, Planets and Space (2018) 70:147

2R6
2R6
;=2 3
Y =3, (3)
ar @
O =—=————,
" T 37R3

where R and % are the sample radius and thickness,
respectively. In this measurement, the disk-shaped sam-
ple reduces the stress anomaly, resulting in more pre-
cise measurements. However, the high-porosity and
fragile scoriae cannot be trimmed into a disk shape. We
thus used irregular-shaped sample plates by grounding
the upper and lower surfaces of the relatively thin sco-
riae to obtain a constant thickness % (Fig. 6). The aver-
age radius of a sample is calculated from its surface area,
R = (S/m)'/%, and the error caused by this approxima-
tion is less than 20%.

Our rheometer can control the normal force Fy, and
the normal stress is calculated by

on = En/S. (5)
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We varied the normal force within the range lower than
the upper limit of our apparatus of < 25N. The cross-
sectional area of the scoria samples also varies the nor-
mal stress within the range of on < 90kPa. This stress
range is consistent with the lithostatic pressure at depths
shallower than 3 m.

The ratio of the shear stress to the normal stress is
known as the friction coefficient

u = o /oN. (6)

Two kinds of shear deformation are used in these meas-
urements: unidirectional steady shear and oscillatory
shear. Steady shear generates a large strain so that the
accumulated stress may be able to cause fracturing. As
steady shear, we imposed a shear rate < 0.1 s~! within the
possible torque range of our apparatus of < 200 mN m,
which consists with the ascent of magma at < 0.1 ms~!
in a conduit with a width of 1 m.

In the oscillatory measurements, a strain ppe’’ is
imposed, and the stress required for deformation,
o7 = |G*|poe! @), is measured, where o is the angu-
lar frequency of oscillatory deformation, yy is the strain
amplitude, | G*| is the complex shear modulus, and ¢ is the
time. The phase difference § between the imposed strain
and the measured stress is related to the ratio of the
energy stored by elastic deformation to the loss of energy

950°C, 0.68< ¢,<0.76

Sample 3

500°C, ¢,~0.89

Sample 5

700°C, ¢,~0.95

Fig. 6 Pictures of scoriae fractured by shear deformation. Pairs a, b, ¢, d, and e, f show photographs of Samples 1, 3,and 5 in Table 1 before and
after shear deformation, respectively; a shows the scoria before Run 1, and b is after Run 3. b Shows shrinkage. d Shows fracturing into several

blocks with various sizes. f Shows partial fracturing. High-porosity parts denoted by the yellow circles fracture and generate small particles, but
other parts shrink
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Table 1 Details of the scoria deformation experiments. ¢pnitial) and Pppeformed) are the initial and final values

of the bubble fraction in the scoria, respectively

Sample Run Temperature (°C) Thickness PGp(nitial) b (Deformed) S (mm?) on (kPa) Results
(mm)
1 1 950 9.7 0.76 - 670 15 Shrink
1 2 950 6.4 - 0.74 690 7.3 Shrink
1 3 950 6.3 0.74 0.68 680 37 Shrink
2 4 950 56 0.83 0.66 335 75 Shrink
3 5 500 58 0.89 - 310 82 Fractured
4 6 500 64 0.72 - 650 38 Fractured
5 7 700 43 0.95 - 300 83 Partially fractured

Sis the surface area of the scoria, and oy is normal stress to be imposed

by dissipation (Namiki and Tanaka 2017), known as the
inverse of the attenuation:

1
Q=

" tand’

7)

For Q > 1, the sample behaves as an elastic material,
while for Q < 1, the energy imposed on the sample dis-
sipates. We discuss the importance of Q on sample frac-
turing and sintering. In this paper, we varied @ and yp
independently.

Deformation of a scoria

Steady shear deformation of scoriae

Table 1 and Fig. 6 present the samples used in these series
of measurements. We used five samples. Sample 1, with
an initial porosity, ¢u(initial) = 0.76, is deformed at 950
°C. Under three different normal stresses, oy = 1.5,7.3,
or 37 kPa, we conducted oscillatory measurements with
varying values of w and yp and then imposed a steady
shear deformation denoted as Runs 1-3 in Table 1. After
each measurement, we observed the sample at room
temperature and found no fracturing. Sample 2 with a
higher initial porosity of 0.83 was deformed at 950 °C and
has a crack.

On the other hand, Sample 3 with ¢ = 0.89 deformed
at T = 500 °C under on = 82kPa fractures into several
blocks with a size < 5mm and fine particles. The frac-
tured sample spreads into a larger area (Fig. 6¢, d). In this
experiment, we first imposed a steady shear deformation,
confirmed the fracturing by looking at the cooled sam-
ple, heated the sample again, and conducted oscillatory
measurements with varying o. Sample 5 with ¢ = 0.95
deformed at T = 700 °C under on = 83 kPa partly frac-
tures. Figure 6e and f shows that the region with large
bubbles fractures. Comparing Runs 5 and 7 (Table 1), the
imposed normal stress is approximately the same, but the
initial porosity ¢pmitial) is higher in Run 7 than that in

Run 5, suggesting that the higher temperature in Run 7
disrupts the fracturing.

Figure 7a shows the time evolution of the normal and
shear stresses of Sample 3 in Fig. 6¢ and d for a shear
rate of y = 0.006s~! for 0-300 s and y = 0.03s~! for
300-400 s. The normal stress increases with time until

4
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Fig. 7 Friction coefficient and fracturing of a scoria. a Shear (solid
curve) and normal (dotted curve) stresses to deform Sample 3
measured under one-directional rotation with two shear rates (red
curve) at T = 500°C. b Friction coefficient u = o7 /oy and the
thickness of the sample
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reaching the desired value of on = 82kPa. Both the
shear stress and friction coefficient increase with the
normal stress and reach steady state (Fig. 7b). Given the
undeformed bubbles in the scoriae observed in Fig. 6,
we consider that the measured stress originates from the
frictional force between the scoria and the Inconel plate
rather than from the viscous deformation of the scoriae,
as has been reported for rhyolite (e.g.,, Okumura et al.
2015).

When the imposed shear rate increases at 300 s, the
normal and shear stresses temporarily decrease and
then increase. However, the friction coefficient con-
tinuously increases, suggesting that the friction coef-
ficient increases with the shear velocity, known as rate
strengthening (e.g., Kennedy and Russell 2012; Moore
et al. 2008). Here, we consider that the increases in the
shear stress and friction coefficient after 300 s originate
from the change in the packing of the fractured clasts.
During shearing, the sample thickness is decreasing. This
might spread the sample to increase its surface area and
the torque required for deformation. In Fig. 7, we assume
that the sample area is constant so that if the real con-
tact area increases, the apparent shear stress and friction
coefficient increase. However, for 100-300 s, the friction
coefficient is approximately constant irrespective of the
decreasing sample thickness. In addition, the shear stress
decreases once after 300 s, but the friction coefficient
continuously increases. We thus consider that the rapid
shear rate after 300 s makes the fractured clasts denser
and increases the friction coefficient. After 400 s, the

100
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o  60Ff 1
3
= 0.95
(]
© L .
g 40 X O
o] o
0.84
<
= O shrink
20 f 1
A Partially Fractured
0.72
o X  Fractured ) ) A
500 600 700 800 900 1000
Temperature (OC)
Fig. 8 Regime diagram of fracturing. Symbol shapes indicate the
occurrence of fracturing, and the symbol color indicates the initial
porosity, as denoted by the color bar
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required torque reached the upper limit of our rheom-
eter; thus, we could not obtain later data.

In Fig. 7, it is unclear exactly when the scoria fractures.
One possible time may be around 50 s, as denoted by
the green circle. The shear rate deviates from the desired
value, suggesting that an unexpected fluctuation in the
shear stress occurs upon fracture. This hypothesis is
consistent with the decrease in the observed thickness,
indicating that the fractured sample spreads with time,
becoming thinner. Here, if sudden fracturing occurs, the
sample thickness may be decreased stepwise. We infer
that fracturing of the bubble walls continuously ensues,
and our apparatus does not have a sufficient time reso-
lution to adjust the sudden decrease in the thickness.
Another significant signal is indicated by the red circle.
After this time, there is no longer any decrease in the
sample thickness. We infer that the space between the
upper and lower plates becomes thin, the same as the
size of the hard crystal grains in the scoria. If this is true,
fracturing occurs at a low normal force of ~ 10* Pa and a
shear stress < 10* Pa, indicating that a high-porosity sco-
ria easily fractures at a low temperature.

Figure 8 summarizes the occurrence of fracturing and
shows that a low temperature and high porosity promote
fracturing at certain normal stresses. We determined
the occurrence of fracturing by visual observation of the
deformed scoriae at room temperature. The most impor-
tant result from these measurements is that the fractur-
ing of high-porosity scoriae occurs at low normal and
shear stresses with an order of magnitude of 10* Pa. For
an intact basalt at room temperature and a negligible
confining pressure, the tensile strength is —14 MPa, the
compressive strength is 262 MPa, and the fracture tough-
ness is 1-3 MPam!/? (Schultz 1993). The compressive
strength of basalts with pores can decrease to as low as
10 MPa for ¢}, < 0.7 (Al-Harthi et al. 1999; Bubeck et al.
2017).

Oscillatory deformation of scoriae

To confirm the importance of the temperature on frac-
turing, we next show the results from oscillatory meas-
urements, from which we can evaluate whether the
sample behaves as solid-like elastic materials or dissipa-
tive viscous fluids.

Figure 9a and b shows the oscillatory measurements of
the friction coefficient, u = o; /oN, and Q as a function of
w. Circles indicate the measurements of Sample 1 around
950 °C with various normal stresses, as shown in the leg-
end. Three measurements of u overlap, irrespective of
the difference in the normal stress. Under viscous defor-
mation, the shear stress does not depend on the normal
stress; thus, the friction coefficient © should vary with
the normal stress. On the other hand, under frictional
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Fig. 9 Oscillatory measurements of scoriae (a, b) and ash (¢, d). a The friction coefficient calculated by the ratio of the shear to normal stresses,

1 = oy /oy, obtained by oscillatory measurements as a function of the angular frequency w. The color of the curves indicates the imposed normal
stress as shown in the legend. Crosses and circles indicate the fractured and unfractured samples, respectively. Solid and dotted curves indicate

the increasing and decreasing angular frequency w, respectively. b Q (inverse of the attenuation) calculated by the phase difference between the
imposed strain and the measured stress. When the energy dissipation exceeds the elastic energy, Q < 1, and vice versa. Symbols and colors are the
same as those in (a). ¢, d Same as (a, b) but for ash. The color of curves indicates the temperature, and symbols indicate the combinations of the size

of the ash particles and the normal stresses. In these measurements, we use a strain amplitude of yg = 1073

deformation, the shear stress increases with the normal
stress so that i does not depend on the normal stress. We
thus consider that the deformation mechanism is basi-
cally friction, even at a high temperature of 950 °C.

The measured friction coefficient for a low normal
stress (2 kPa, red curve) is scattered. This may be due to
the irregular shape of Sample 1. For a low normal force,
only few asperities on the sample contact the upper and
lower plates; therefore, a subtle change in the number
of asperities in contact causes a fluctuation in the meas-
ured values. As the normal stress increases, the number
of asperities in contact increases, and the measured data
become smooth.

Under rapid deformation, w > 1Rad.s~!, the friction
coefficient becomes u ~ 0.6. At slower deformation,
o < 1Rad.s™}, the friction coefficient is lower, suggesting
rate strengthening.

The low-temperature measurements (500 °C) shown by
the crosses in Fig. 9a indicate a much lower friction coef-
ficient than that measured at a high temperature (950 °C).
The measured friction coefficient is also lower than that
measured under steady shear at the same temperature
(Fig. 7). The oscillatory measurements were taken after
steady shear deformation. When we conducted the oscil-
latory measurements at 500 °C, most of fragile particles
already became powder-like ash, and only the hard grains
come into direct contact with the upper and lower plates
(Fig. 6d), so that the apparent friction coefficient becomes
low. We also measured the strain amplitude dependence
of the friction coefficient y with a fixed w = 6.2 Rad.s™ 1.
In the range of 10~* < yp < 1072, the friction coefficient
is approximately constant.

In Fig. 9b, there is a correlation between Q and the
occurrence of fracturing. The measurements at 950°C
indicated by the circles show that Q < 1, suggesting
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Fig. 10 a Stress and b friction coefficient of ash measured by steady
shear deformation. a Shear stresses measured under one-directional

rotation with a shear rate of 0.01 s~ ' at various normal stresses,
temperatures, and grain sizes. b Friction coefficient as a function of

the strain and shear rate

that the imposed energy for deformation is dissi-
pated, in which fracture does not occur. This result
suggests that elastic energy has to be accumulated for
fracturing.

From these measurements, we infer that ash is easily
generated at a low temperature (< 700°C). If the sur-
rounding temperature is high and the bubbles in the
magma do not have excess pressure, the bubbles shrink
owing to the surface tension to reduce the porosity. The
scoriae with a low porosity have thick bubble walls, which
prevent fracturing to generate ash.

Deformation of ash
Table 2 presents the list of friction measurements of the
ash rheology. We deformed the ash sieved with meshes
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of 53 um and 1 mm in a 35-mm-diameter dish by rotat-
ing the upper plate at a certain temperature and normal
stress. The measurements are taken in the order of fre-
quency-varying oscillation and then steady shear defor-
mation. As with the measurements of scoriae, we could
not obtain some data because of the torque limitation.

The ash layer with small particles (< 53 pm) at 950 °C
is sintered to generate the ash plate. The ashes at a low
temperature (< 700 °C) and high temperature (950 °C)
with large particles (53—100 um) do not sinter.

Ash is a granular material having a porosity; hence, the
compacted ash layer becomes thinner during measure-
ment at a certain normal stress. The maximum porosity
measured by pouring the ash sample into a measuring
cylinder (@prandom)) is larger than the porosity after the
measurement calculated from the thickness of the ash
layer (¢b(Compacted))’ ie., d)b(Random) > d’b(Compacted)' The
mass of the collected ash sample after the measurement
is more than 99% of the initial value, indicating that the
loss of the sample is negligible.

Steady shear deformation of ash

Figure 10a plots the stress evolution during steady
shear deformation. In most of the steady shear defor-
mation, the required torque exceeds the upper limit of
our apparatus; therefore, we plot the data before reach-
ing the upper limit. When the imposed normal stress is
low (5 kPa), the required shear stress is low, and we able
to continue the measurement for a long time. In con-
trast, for a higher normal stress (26 kPa), the required
stress soon reaches the maximum, and the plots end.
The measurements at a high temperature (950 °C) are
not plotted in this figure because the required torque
for deformation immediately exceeds the upper limit of
our apparatus.

In the first 5 seconds of Fig. 10b, the friction coeffi-
cients overlap, which correspond to the measured shear
stresses in Fig. 10a. For a low normal stress (5 kPa),
measurement is possible for a long time, as indicated by
the squares. The measured friction coefficient depends
on the total strain. Initially, the friction coefficient
increases to 0.6; then, it decreases to 0.4 asymptotically.
During this measurement, we change the shear rate as
indicated by light-blue and pink curves, which show the
same friction coefficient of 0.4. We infer that the irregu-
larly shaped ash particles aligned according to the shear
deformation to reduce the frictional force.

Oscillatory deformation of ash

Figure 9c and d shows the oscillatory measurement of
ash as a function of angular frequency, . Again, the
red curve is plotted only in the range of @ < 1Rad.s™},
because of the torque limitation.
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The measurements are taken by increasing and decreas-
ing w as shown by the solid and dotted curves, respec-
tively. In Fig. 9¢c, the blue- and green-dotted curves are
located below the corresponding solid curves, suggesting
that the friction coefficient becomes lower with time. The
alignment of irregular particles may reduce p, as shown
in the steady shear deformation (Fig. 10b). In contrast,
the red-dotted curve with squares is plotted above the
corresponding solid curve. These curves exceed 0.6. In
addition, the sample collected after the experiment sin-
tered. We infer that the high temperature allows the ash
grains to sinter, which increases the friction coefficient.
Thus, the ash loses its granular characteristics.

The friction coefficient u measured by oscillatory
deformation is lower than that measured by steady shear
deformation (Fig. 10b). This discrepancy may be caused
by the small strain amplitude of the oscillatory meas-
urements yy = 1073, The friction coefficient measured
at high axial stresses (0.5-2.5 MPa) and slow slip rate
<0.1ms ! of u = 0.7-0.8 (Lavallee et al. 2014) is also
higher than those shown in Fig. 9c for low-temperature
measurements at < 700 °C. The friction coefficient of ash
at a low temperature (< 700 °C) in Fig. 9c decreases with
increasing angular frequency, known as rate weakening
(e.g., Lavallee et al. 2014).

We note that the ratio u = o;/oN and Q measured
at 500-700 °C, shown in Fig. 9¢, d, are plotted between
those of the fractured and unfractured scoriae shown in
Fig. 9a, b. Here, the fractured scoriae have large grains,
and the ash with larger grains (< 1 mm) shows a lower p
and higher Q. These results suggest a grain-size depend-
ence of the friction coefficient.

Comparing Fig. 9a, ¢ may indicate the evolution of the
ash in the conduit. The unbroken scoriae at 950 °C indi-
cated by the circles in Fig. 9a show rate strengthening at
low angular frequencies ( < 1Rad.s™!). As the flow rate
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in the conduit becomes faster, the friction between the
conduit wall and the internal magma increases. In addi-
tion, the magma is eventually cooled. Finally, bubbly
magma fractures. The friction coefficient of the fractured
magma, containing both large and small particles, like
scoriae and ash (Fig. 6d), is lower than that before frac-
turing but still shows rate strengthening, as indicated by
the crosses in Fig. 9a. Thus, large particles (small scoriae)
further break down into small particles (ash). Concur-
rently, the size separation of particles takes place; that is,
small particles (ash) flow down in the space at the grain
boundaries of large pieces (scoriae), which causes hys-
teresis in the friction coefficient, as shown by the blue
curve with crosses in Fig. 9¢c, a measurement for ash with
large grains at a low temperature. Once the particle size
becomes uniform at each location, the frictional charac-
teristic changes into rate weakening, as indicated by the
blue and green curves in Fig. 9c, measurements for fine
ash at a low temperature. If the fine ash is reheated to a
high temperature, the ash sinters, and the frictional char-
acteristics return to rate strengthening again, as indicated
by the red curves in Fig. 9c.

An important correlation between the occurrence
of fracturing/sintering and Q appears in Fig. 9b and d.
Measurements at 950 °C show that Q < 1, suggesting
that the imposed energy is dissipated, in which fracture
does not occur or sintering occurs. On the other hand,
measurements at < 700 °C show that Q > 1, suggesting
that the elastic energy is stored, in which fracture occurs
and sintering does not occur. It has been discussed that
the occurrence of fracturing is a key process controlling
eruption styles (e.g., Gonnermann 2015). Recent seismic
observations show the distribution of Q beneath a vol-
cano (Kumagai et al. 2014). Gathering Q values under
various conditions may help to assess the subsequent
eruption styles (Namiki and Tanaka 2017).

Fig. 11 Photographs of (a, b) powder-like ash and c a sintered ash plate. a Before and b after the permeability measurement. The diameter of the
sieve is 75 mm, and the thickness of the ash layer is 5 mm. b The blue circle indicates the pipe-like structure. A rubber ring used for sealing is placed
on the sieve rim. ¢ The brownish ash plate is embedded in a plastic case




Namiki et al. Earth, Planets and Space (2018) 70:147

Permeability measurements

In the previous section, the small-particle ash (< 53 wm)
heated at 950 °C at a normal stress of 26 kPa became a
sintered thin plate. This condition is consistent with the
bottom of the debris layer at the uppermost part of the
magma in the conduit. Sintering in the conduit should
reduce the mobility of ash particles (Vasseur et al. 2013).
Such sintering might occur in the conduit and could
affect the gas flow.

Measurement of the permeabilities of natural and
synthetic pumice/scoriae has been intensively taken to
evaluate the efficiency of outgassing (Klug and Cashman
1996; Takeuchi et al. 2005). The deformation of bubbles
enhances their connectivity (Okumura et al. 2009). The
time-dependent interconnected structure of bubbles also
enhances permeability of the bubbly liquid (Namiki and
Kagoshima 2014). However, it is not understood yet how
the mobility of ash particles affects the permeability. In
this section, we measure the permeability of unheated
powder-like ash samples and a sintered ash plate (Fig. 11).
Both the sintered and powder-like ashes were collected
at Nakadake 3rd crater on the south side of the vent and
sieved with a 53 m mesh.

Methods for measuring the permeability

The permeability was determined by applying pressur-
ized gas to the sample and measuring the volumetric flow
rate (e.g., Yokoyama and Takeuchi 2009). The permeabil-
ity is basically defined by Darcy’s law,

AP Ng

L k" ®)
where AP is the pressure difference over the sample
length L, ng ~ 1.8 x 107" Pa s is the dynamic viscosity of
the filtering gas, and v is the areal flow rate calculated by
the total flow rate per cross-sectional area.

When the flow rate is high, an inertial effect reduces
the gas flow rate; hence, the pressure gradient within the
sample becomes proportional to the square of the flow
rate, known as Forchheimer’s equation (e.g., Rust and
Cashman 2004),

AP Ng

L HV+ /(2

Pg o

Ve )

where pg = 1.2kgm™3 is the gas density, ki is the Darcian
permeability, and k is inertial permeability.

Permeability of powder-like ash
We measure the permeability of the unheated powder-
like ash placed in a sieve with a mesh size of 20 um and
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Fig. 12 Permeability measurement of powder-like ash. a Required
pressure difference to cause a certain areal flow rate. The blue curve
shows the measurement with the empty sieve, and the red curve
shows that with the ash-filled sieve. b The difference between the
measured pressures in (a). ¢ Calculated permeability with a linear
assumption

an inner diameter of 75 mm. To prevent ash from flow-
ing into the gas tube, we placed two Kimwipes sheets at
the upper and lower ends of the sieve. The sieve itself
has a finite permeability. We thus measure the perme-
ability for both the empty sieve and the sieve filled with
ash (Fig. 12a). The difference in the pressures measured
in these two setups as a function of the flow rate is quite
small.

The sieve and ash are regarded as a series of two porous
media in which the areal flow rate is the same, and each
porous medium causes a pressure reduction. In Fig. 12a,
the total pressure reduction (AP,) is indicated by the red
curve, and that for the sieve is indicated by the blue curve
(APDs). The pressure reduction caused by the ash itself is
AP, — APsand is shown in Fig. 12b. As the areal flow rate
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Fig. 13 Pressure gradient as a function of the flow rate per unit area.
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increases, the required pressure increases, and its slope
decreases, in contrast to Eq. (9). This may be because the
powder-like ash can move according to the gas flow. If
there exists a narrow pathway in which the gas flow is rel-
atively fast, the gas flow removes obstacle ash particles,
and the gas flow is further concentrated in this pathway.
Such feedback increases the flow rate, and the pipe-like
structures in the ash bed are maintained. Indeed, a pipe-
like structure is observed after the permeability measure-
ments, as indicated by the blue circle in Fig. 11b.

From Fig. 12b, we calculate the permeability using
Eq. (8) and plot it in Fig. 12c. Upon increasing the areal
flow rate, the calculated permeability increases, suggest-
ing that the pipe-like structure develops when increasing
the areal flow rate. Figure 12a suggests that the gas flow
has inertia, and Eq. (9) is appropriate for calculating the
permeability. However, we cannot obtain some pairs of
AP and v for the same structure. We thus use Eq. (8).
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Permeability of the ash plate
The heated ash became a sintered plate. We thus
embedded the sample in a plastic frame using resin
and imposed a pressure difference to cause a gas flow
(Fig. 11c). Figure 13 shows a linear trend; thus, we use
Eq. (8) and obtain a permeability of 2.5 x 1073 m2, We
measured the permeability of the same sample twice.
After the first measurement, we found that most gas
leaks between the sample and the resin (blue line). We
then added resin between the sample and the previously
located resin and measured it again (red line). Dur-
ing this measurement, the sample under a high pres-
sure difference broke. We thus could no longer check
the gas leakage. Accordingly, we made the sample and
measured the permeability again. However, the sample
had cracks during the measurement (light-blue curve).
Thus, the measured permeability can still include the
effect of leakage and is considered as an upper limit.
The permeability of granular material is frequently
approximated by the Kozeny—Carman equation (Car-
man 1937) with a formulation of
PO
51— ¢p)*’

(10)
where rs <27pum is the radius of the ash grains
sieved with a mesh size of 53 um. For r¢ = 27 pum and
Pb(Compacted) = 0.46 (Table 2), we obtain 5.4 x 10712 m?,
which is higher than that measured for the sintered
ash plate, 2.5 x 10713 m2. Here, Eq. (10) is for a granu-
lar medium with a unimodal particle size distribution,
and our ash includes finer particles. A small amount of
finer particles drastically reduces the permeability (e.g.,
Koltermann and Gorelick 1995).

A more realistic empirical formulation, taking into
account the various pore structures, is written in the
form (Nishiyama and Yokoyama 2017)

k= 8-5(¢0penr§r)l‘3 (11)

Table 2 List of friction experiments with ash. ¢pRamdom) aNd Pp(compacted) are the gas fractions in the ash before and after

imposing a normal stress, respectively

Temperature (°C) Sieve (wm) Thickness (mm) $b(Random) b (Compacted) o (kPa) Results
950 <53 20 0.65 046 26 Sintered
950 53-1000 32 046 043 26 Partially sintered
950 <53 23 0.65 0.54 5.1 Sintered
700 <53 2.0 0.65 047 26 Powder
700 53-1000 3.0 046 040 26 Powder
500 <53 2.1 0.65 048 26 Powder
500 53-1000 2.8 0.46 0.37 26 Powder
500 <53 2.3 0.65 0.52 5.1 Powder

The thickness is the final value of the measurement, and oy is the desired normal stress to be imposed
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where ¢open is the porosity of the pores connected to out-
side the sample and r¢, is the pore-throat radius, which
regulates the flow. In our ash sample, an isolated pore is
improbable; thus, gopen ~ @b. Using @hcompacted) = 0-46,
the pore-throat radius explaining the permeability of the
sintered ash plate of 2.5 x 1073 m2isre, = 9um. In con-
trast, the throat radius for the powder-like ash layer with
a permeability of 4 x 107 m? and ®b(Random) = 0.65 is
rer = 130 um, one order of magnitude larger than that
estimated for the sintered ash plate. This estimate is con-
sistent with our interpretation; that is, in the powder-like
ash layer, particles move to make a pipe-like structure
and increase the permeability.

These results show that heating reduces the permeabil-
ity of the ash layer by reducing the mobility of ash parti-
cles. This effect can change the permeability as much as
approximately two orders of magnitude.

Estimated eruptive conditions

In Fig. 14, we summarize the possible conditions in the
conduit of Aso Volcano during the eruption in 2014—
2015 estimated from our measurements.

The eruption was mainly dominated by ash emission,
but sometimes scoriae erupted. Some scoriae showed a
high porosity of up to 0.94 and a honeycomb structure
(Fig. 2b). The observation of discharged gas amount
and the analysis of the melt inclusion indicate that most
of the volcanic gas separation occurred in the conduit
(Shinohara et al. 2018b). The observed CO;/SO;y and
SO3/H;S ratios in the plume on January 12, 2015, during
the intensive ash eruption with intermittent Strombolian
activity vary from 1.5 to 8 and from 3 to 300, respectively.

Here, the ratio of gas compositions depends on the pres-
sure at which bubbles are in disequilibrium with the sur-
rounding melt; that is, bubbles are created or separated
from the surrounding melt. The observed CO3/SO;
and SO2/H;S ratios suggest an equilibrium pressure of
0.2-20 MPa (Shinohara et al. 2018b). When the liquid
viscosity is sufficiently low, in a conduit with a bubble-
generating convection, a foam layer with a honeycomb
structure usually develops above a liquid layer, as shown
in Fig. 14a (Namiki et al. 2003).

The melt beneath the foam layer convects, but the melt
trapped in the foam is not replaced, so that the volcanic
gas in the plume above the vent represents the pressure
at the bottom of the foam layer, as denoted by the black-
dashed line in Fig. 14a—d. Such high-porosity foam does
not generate a stress on the liquid-rich layer because of
its low density. Thus, the pressure at the dashed line can
be close to atmospheric pressure, explaining the esti-
mated low-pressure range of 0.2—20 MPa by gas observa-
tions (Shinohara et al. 2018b). The thermal conductivities
of foams are usually low, and the foam layer insulates the
convecting liquid layer. The temperatures of the magma
foam and magma column must approximately be con-
stant. The pressure gradient within the foam layer is quite
small, making it difficult to estimate the depth and thick-
ness of the foam layer from the erupted products. On the
other hand, the magma head was not observed during
the activity. We also cannot estimate the details of the
foam from visual observations of the vent.

The top of the foam continuously releases gas inside the
bubble into the atmosphere by the rupturing of bubbles
or diffusion. Here, the pressures at the top and bottom
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of the foam do not vary significantly. Accordingly, the gas
compositions in the bubbles do not vary with the depth.
In contrast, the uppermost foam is in contact with the
cold air and eventually becomes glassy. Our shear defor-
mation measurements show that the fracturing of high-
porosity scoriae can occur at a low shear stress < 10% Pa
and a normal stress of ~ 10% Pa at a low temperature 500
°C (Fig. 7). This stress level is as low as achievable by a
large bubble with a length of 0.3 m ascending in a melt
with a density of 2700 kg m~3. From the viewpoint of the
shear rate, a shear rate of 0.005s~! is sufficient for frac-
turing, which corresponds to magma ascent at 5 mms~!
in a conduit with a width of 1 m (Fig. 7). The molten
magma foam beneath the solidified uppermost foam
should ascend continuously. Thus, it is plausible that
ash is formed by the fracturing of the magma foam with
a high porosity >0.7 at a temperature < 500 °C (Fig. 8).
The observed ash is classified into two types: brownish
glass and black particles (Geological Survey of Japan and
Kyoto University 2015; Toma et al. 2017). The brownish
glass sometimes includes vesicles. Such a glassy ash may
be generated by this way.

If there are no rapid gas fluxes, the glassy ash exists
above the magma foam as a debris for a while. Even if a
large gas emission occurs, some part of the ash can fall
back to the vent. For Stromboli Volcano, Italy, the debris
generated by fallback of the ash covers the vent and
results in a variety of eruption styles and characteristics
of ash (e.g., Capponi et al. 2016; D’Oriano et al. 2013; Pat-
rick et al. 2007). Similarly, for Aso Volcano, the ash once
emitted from the vent must be cooled by the atmosphere
and falls back. The recycled ash accumulating above the
magma foam could be sufficiently cold for a while to
maintain its granular properties and low friction force, as
shown by our deformation experiments (Fig. 10).

Here, by Janssen effect, a column of a granular mate-
rial does not generate a large load exceeding that scaled
with the thickness close to the width of the column (e.g.,
Duran 1999; Janssen 1895; Roberts et al. 1883). Although
there still exist some controversial aspects (e.g., Blanco-
Rodriguez and Perez-Angel 2018; Vanel and Clement
1999), this famous behavior of granular material basically
arises when the friction coefficient does not depend on
the normal stress. In Fig. 9c, the measured friction coef-
ficients of ash at 500 °C do not vary for different normal
stresses of 5 and 26 kPa, suggesting that Janssen effect
can take place.

Thus, we infer that the pressure at the bottom of this
debris layer does not increase significantly, irrespective of
its height. The width of the conduit in Aso Volcano is not
known. However, the conduit width of Stromboli Vol-
cano whose eruption style is similar to that of Aso Vol-
cano in some part is estimated as several meters (Burton
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et al. 2007). Thus, the pressure at the bottom of the debris
layer should be close to atmospheric pressure. Under
such a condition, the force chain sustains the debris layer.
The ash particles that are not included in the force chains
are movable. Movable ash particles can make path-
ways for the gas so that the permeability becomes high
k > 10711 m? (Figs. 12, 14b).

Here, we cannot estimate the thickness of the devel-
oping debris layer. This is because the bottom of the
crater and the magma head are invisible in Aso Vol-
cano, in contrast to those for Stromboli Volcano
(Fig. 1d—f). We also cannot characterize the time inter-
vals of the activities. This is because the ash emission
of Aso Volcano, which begins gradually without explo-
sions, does not have regularities. As a result, the follow-
ing discussion becomes qualitative.

Both the black and brown ashes do not show a red-
dish color, suggesting limited oxidation conditions. This
may be because, in the vent area, the entrainment of
atmospheric air is low. Even if once the ash is exposed
to the atmospheric environment, the timescale must
be too short to cause oxidation. In addition, the high
temperature in the vent area can obliterate the record
of exposure to the atmospheric environment. At a high
temperature, the ash changes its texture and color
(D’Oriano et al. 2013, 2014). This must be a mechanism
for generating the black ash (Toma et al. 2017).

The gas flow in the mobile debris layer causes the
collisions of ash particles. Such collisions may not so
vigorous but could create ash particles (e.g., Buckland
et al. 2018; Dufek and Manga 2008; Kueppers et al.
2012). Small particles reduce the permeability drasti-
cally (Koltermann and Gorelick 1995). Eventually, the
debris may be reheated by contact with the hot juve-
nile magma to cause sintering when the temperature
exceeds >950 °C and creates a low-permeability layer
(Figs. 10, 13). Such a layer can seal the high-pressure
volcanic gas to cause subsequent explosions (Fig. 14c).
The permeability of the debris layer varies by more than
two orders of magnitude by its structure (Figs. 12, 13).
If the permeability of the debris layer decreases while
maintaining its thickness and the gas flux, the pressure
gradient is increased by two orders of magnitude, which
is consistent with the pressure variation estimated by
gas observation, 0.2—-20 MPa (Shinohara et al. 2018b).
The loading of debris can also increase the pressure of
the magma foam. At a high temperature 950 °C, the
debris loses the characteristics of a granular material
by sintering (Fig. 9c); thus, Janssen effect disappears,
and the debris layer generates a load representing its
thickness. If the sintered low-permeability layer locally
breaks, it causes the eruption of the materials included
in the debris layer and magma foam, which are the
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black ash, glassy ash, and volcanic gases generated in
the range of 0.2—-20 MPa.

As the ash eruption continues, the debris layer becomes
thinner so that high-porosity scoriae can erupt (Fig. 14d).
The unburied scoriae found at the western rim of the
Nakadake 1st crater have low-porosity rims (Fig. 2c). To
make such a rim by surface tension-induced shrinkage,
our heating experiments suggest that the scoriae erupted
at a high temperature (>1000 °C).

The unburied scoriae have a flattened shape. To make
the erupted scoriae flatten, flattening has to take place
before cooling. The cooling timescale of a scoria with a
size of / is approximated as 4%/k, where the typical ther-
mal diffusivity of a rock is k ~ 107® m? s~1. The timescale
of the relaxation of topography with a horizontal scale of
/A is expressed as (Turcotte and Schubert 2014)

_ Arnm

tr - PR
PwgA

(12)

where p,, ~ 800 kgm™3 is the bulk density of the scoria
including bubbles and g = 9.8 m?s~! is the gravitational
acceleration. Applying this formulation to the flatten-
ing of scoriae, the topographical relaxation time should
be shorter than the cooling timescale, 7, < 4?/k. We can
constrain the upper limit of the viscosity of the scoria as

(13)

For scoriae with a size of 4 ~ 10 mm, 7, < 10% Pas.

This estimate is consistent with the heating experiment
shown in Fig. 5. The shrinkage of the scoriae occurs at a
high temperature, > 1000°C, and the viscosity of crys-
tal-free basaltic andesite at ~ 1000°C is 7y, ~ 103 Pas.
Although the crystallinity of the scoriae from Aso erup-
tion is high < 0.47, the high porosity of the scoriae may
be able to reduce the effect of crystals on the viscosity of
the scoria. We thus consider that the pre-eruptive tem-
perature of the scoriae is >1000 °C. We also infer from the
heating experiments that the temperature at bubble seg-
regation is >1055 °C (Fig. 5). Fragmentation for an explo-
sive eruption usually occurs when the shear rate is higher
than the inverse of the relaxation time of the molten
magma (e.g., Gonnermann 2015). The low viscosity of
the basaltic andesite (7, < 103 Pas) at a high tempera-
ture (>1000 °C) may prevent fragmentation. However, the
high-porosity magma foam has elastic properties, which
allow the fragmentation of low-viscosity magma to gen-
erate scoriae (Namiki and Tanaka 2017).

By removing the low-permeability debris layer, the
conduit pressure decreases. Such a pressure reduction
allows the inflow of the hydrothermal system (Namiki
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et al. 2016). The existence of a hydrothermal system
beneath the crater floor is evident from the observation
of the salt-shell fallout, which is supplied from the gas
plume above the dried acid crater lake (1st crater) (Shi-
nohara et al. 2018a). The fluid inflow into the conduit
stops the eruption and cools the magma foam. Sud-
den cooling may be able to fracture bubble walls. This
mechanism can effectively generate glassy ash and cre-
ates the debris layer again (Fig. 14a, b). The ash emis-
sion from Aso Volcano sometimes started without
prominent explosions. This observation is consistent
with our hypothesis that ash is continuously produced
in the conduit.

Conclusions

The Aso Volcano eruption in 20142015 is character-
ized by ash-dominated eruption and the occasional
ejection of high-porosity scoriae. The high-porosity
scoriae (¢p < 0.94) have a low-porosity outer rim and
flattened shape, suggesting that the scoriae erupted at a
high temperature. We heated the high-porosity scoriae
and found that the scoriae at > 1000 °C could shrink to
form a low-porosity rim. The deformation experiments
show that high-porosity scoriae at a low temperature
< 500 °C can easily fracture, even under low shear and
normal stresses ~ 10* Pa. The permeability of the pow-
der-like ash layer is high (> 10 7! m?), while the fine
ash particles at 950 °C are sintered and generate a low-
permeability layer (< 2.5 x 10713 m?).

We thus infer the sequence of an eruption as follows.
There exists high-porosity magma foam in the con-
duit. Cooling of the uppermost part of the foam causes
fracturing of the magma foam, which creates the glassy
brown ash. Some part of the brown ash erupts, and some
may fall back into the conduit. If the recycled brown ash
remains at the top of the high-temperature foam for long
time, it is altered to black ash. The ash particles are ini-
tially mobile, and the ash layer has a large permeability.
Ultimately, the bottom of the ash layer sinters, and its
permeability is reduced. The underlying foam layer is
pressurized and ash eruption occurs. Once the debris
layer at the top of the magma foam is removed, the
underlying magma foam erupts as scoriae.
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