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Article history: Transitions between effusive and explosive behaviour are routine for many active volcanoes. The
Received 6 April 2015 permeability of the system, thought to help regulate eruption style, is likely therefore in a state of
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Available online 18 August 2015 and t.extural property modifications, may reduce pe'rmeabil@ty to that preparator.y. for an e?(plosive
Editor: TA. Mather eruption. We present here a study designed to estimate timescales of permeability reduction and
strength recovery during viscous magma densification by coupling measurements of permeability and
Keywords: strength (using samples from a suite of variably welded, yet compositionally identical, volcanic deposits)
welding with a rheological model for viscous compaction and a micromechanical model, respectively. Bayesian
changepoint Information Criterion analysis confirms that our porosity-permeability data are best described by two
P-wave velocity power laws that intersect at a porosity of 0.155 (the “changepoint” porosity). Above and below this
uniaxial ComPYESSi"e strength changepoint, the permeability-porosity relationship has a power law exponent of 8.8 and 1.0, respectively.
fracture healing Quantitative pore size analysis and micromechanical modelling highlight that the high exponent above
outgassing the changepoint is due to the closure of wide (~200-300 pm) inter-granular flow channels during
viscous densification and that, below the changepoint, the fluid pathway is restricted to narrow
(~50 pm) channels. The large number of such narrow channels allows porosity loss without considerable
permeability reduction, explaining the switch to a lower exponent. Using these data, our modelling
predicts a permeability reduction of four orders of magnitude (for volcanically relevant temperatures and
depths) and a strength increase of a factor of six on the order of days to weeks. This discrepancy suggests
that, while the viscous densification of conduit magma will inhibit outgassing efficiency over time, the
regions of the conduit prone to fracturing, such as the margins, will likely persistently re-fracture and
keep the conduit margin permeable. The modelling therefore supports the notion that repeated fracture-
healing cycles are responsible for the successive low-magnitude earthquakes associated with silicic dome
extrusion. Taken together, our results indicate that the transition from effusive to explosive behaviour
may rest on the competition between permeability reduction within the conduit and outgassing through
fractures at the conduit margin. If the conditions for explosive behaviour are satisfied, the magma
densification clock will be reset and the process will start again. The timescales of permeability reduction
and strength recovery presented in this study may aid our understanding of the permeability evolution
of conduit margin fractures, magma fracture-healing cycles, surface outgassing cycles, and the timescales

required for pore pressure augmentation and the initiation of explosive eruptions.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction glass transition temperature (e.g., Grunder and Russell, 2005).
Welding can occur in the absence of an external load through sur-
face relaxation (Vasseur et al.,, 2013), but can be assisted by the
additional stress provided by the mass of any overlying material
(e.g., Quane et al., 2009) or by shear strain (e.g., Tuffen et al., 2003;
* Corresponding author. Kolzenburg and Russell, 2014). The prevalence of welding exam-
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Welding of volcanic materials occurs through the viscous sin-
tering, compaction, and agglutination of melt particles above their
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ough investigation of the influence of viscous densification on
magma physical properties. For example, evidence for welding has
been observed in pyroclastic deposits (e.g., Wright and Cashman,
2013) including block-and-ash flow deposits (e.g., Michol et al.,
2008; Andrews et al., 2014; Heap et al,, 2014a), lava spatter (e.g.,
Mellors and Sparks, 1991), autobreccias in blocky-lavas and dome
lavas (e.g., Sparks et al., 1993), autobreccias at the base of rheo-
morphic ignimbrites (e.g., Branney et al., 1992), conduit-filling py-
roclastic deposits (e.g., Kano et al., 1997; Kolzenburg and Russell,
2014), and rhyolitic dykes and conduits (e.g., Tuffen et al., 2003;
Tuffen and Dingwell, 2005; Okumura and Sasaki, 2014). Welding
results in densification, modifying the physical and textural prop-
erties of the material. Indeed, welding has been shown to increase
the density and strength and decrease the porosity and permeabil-
ity of volcanic materials and analogues (e.g., Quane et al., 2009;
Vasseur et al., 2013; Wright and Cashman, 2013; Okumura and
Sasaki, 2014; Heap et al, 2014a). Ultimately, the evolution of
physical properties can govern the timescales and extent of weld-
ing, the potential for rheomorphic flow, and volcanic explosiv-
ity. For example, the ease with which magma can outgas, con-
trolled by the permeability of the system, can influence eruption
style, magnitude, and frequency (e.g., Eichelberger et al., 1986;
Woods and Koyaguchi, 1994). While the majority of laboratory
studies considering the relationships between porosity and per-
meability for volcanic rocks have focussed on the consequence
of ascent-driven vesiculation and bubble growth (porosity in-
crease) for magma permeability (e.g., Eichelberger et al., 1986;
Klug and Cashman, 1996; Saar and Manga, 1999; Blower, 2001;
Rust and Cashman, 2004; Heap et al., 2014b; Farquharson et al.,
2015, amongst others), there are comparatively few laboratory
investigations that consider the impact of porosity destruction
through magma densification (e.g., Wright and Cashman, 2013;
Kendrick et al., 2013; Okumura and Sasaki, 2014; Heap et al,
2014a). Between individual explosive events, porous magma resid-
ing in a conduit spends a significant portion of time deforming
under the mass of the overlying magmatic column at temperatures
above the glass transition of the melt phase. During these intervals,
a reduction in the magma permeability through viscous densifica-
tion could lead to the build-up of pore pressure required for the
development of an explosive eruption (e.g., Melnik et al., 2005;
Diller et al., 2006). Here we report on a coupled experimental and
modelling study that aims to better understand the timescales re-
quired to reduce permeability and increase strength during viscous
magma densification.

2. Materials and methods
2.1. Materials and sample preparation

This study utilises a suite of natural blocks (about 30 x 30 x
30 cm) collected from the variably-welded block-and-ash flow
(BAF) deposits that formed following the 2360 B.P. eruption of
Mount Meager volcano (part of the Garibaldi Volcanic Belt, the
northernmost segment of the Cascade Volcanic Arc of North Amer-
ica; see Michol et al., 2008; Andrews et al, 2014). The BAF
deposits—initially >160 m thick—filled and dammed the Lillooet
River valley. The densely-welded portions of the deposit are cur-
rently exposed in a 100 m rock wall that formed following the
collapse of the pyroclastic dam and erosion from the concomi-
tant flood. The clast sizes in the deposits are typically 5-15 cm
in diameter, with rare large clasts up to 1 m. The matrix com-
prises vitric and crystal fragments (and occasional lithics) that
are generally less than 1-2 mm in diameter (see Michol et al.,
2008 and Andrews et al., 2014 for a full description of the de-
posit). The welding intensity of these compositionally similar BAF
deposits (Stewart, 2002) ranges from incipient (>0.2 porosity) to

Table 1

Whole rock geochemistry (determined by X-ray fluorescence) and glass geochem-
istry (determined using an electron microprobe) for the materials of this study (data
from Stewart, 2002).

Oxide Whole rock Glass
(wt.%) (wt.%)
Si0, 67.51 76.41
TiO, 0.47 0.30
Al,03 15.78 13.11
Fe,03 3.40 1.20
MgO 1.48 0.26
Ca0 3.44 1.18
Na,0 4.60 4.41
K,0 2.51 3.52
P,05 0.16 -
LOI 0.70 -
Total 100.06 99.38

dense (<0.1 porosity) (Michol et al., 2008; Heap et al., 2014a) and
therefore provides the perfect opportunity to study the influence of
viscous densification on material physical properties. Typical weld-
ing microtextures (e.g., clast elongation/flattening) found within
the deposit are described in detail in Michol et al. (2008) and
Heap et al. (2014a) (but also provided here as Figs. 3b and 3c).
Using field texture maps, Michol et al. (2008) measured the av-
erage volumetric and pure shear strain recorded in these BAF
deposits to be 42% (highest 92%) and 31% (highest 82%), respec-
tively. We also sampled a fresh (non-oxidised), glassy block from
the incipiently welded facies; we anticipate that this material best
represents the source material for the BAF deposit. We analysed
optical microscope photomicrographs of a sample of this lava using
image processing software Image] to estimate the average crystal
content of our welded materials. We estimated crystal content to
be 0.25 (phenocrysts and minor microlites), the remainder of the
sample comprising porosity (0.04-0.05) and a glassy groundmass
(Fig. 3a). The dominant crystal size within the source material is
between 100 and 400 pm, although we note the presence of occa-
sional phenocrysts as large as a couple of mm and minor microlites
(<100 pm) (Fig. 3a).

We prepared cylindrical samples, 20 mm in diameter and
precision-ground to nominal lengths of 40 mm, from the blocks
collected (the welded blocks and the lava block). Due to the size
of our experimental samples, cores from the welded blocks were
prepared so as to avoid any large (5-15 c¢cm) clasts. Our welded BAF
samples therefore contain vitric and crystal fragments (and occa-
sional lithics) that are generally less than 1-2 mm in diameter (as
shown in Figs. 3b and 3c; Michol et al., 2008). We further note
that, in general, vitric fragments are larger than the crystal frag-
ments (a consequence of the dominant crystal size, 100-400 pm,
in the source material). The cores were then vacuum-dried at 40 °C
for at least two days prior to measurement and experimentation.

The bulk composition of our materials is dacitic (Si0, =
68 wt.%) with a rhyolitic glass groundmass (Si0; = 76 wt.%); the
wt.% of major oxides for both the bulk material and the glass are
provided in Table 1 (data from Stewart, 2002).

2.2. Methods

Porosity and permeability were measured for each of the pre-
pared cylindrical cores at the Université de Strasbourg (France).
Connected porosity was measured using a helium pycnometer (for
brevity, connected porosity will be simply referred to as “porosity”
in the remainder of this manuscript). Steady-state gas (nitrogen)
permeability was measured under a confining pressure of 1 MPa.
Flow rate measurements were taken (using a gas flowmeter) under
several pressure gradients (typically from 0.05 to 0.2 MPa) to deter-
mine the permeability using Darcy’s law, and to assess the need for
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the Klinkenberg or Forchheimer correction. Klinkenberg corrections
were applied where appropriate, but our flow rates were never
high enough to warrant a Forchheimer correction in these materi-
als. Physical property data of five additional samples (25.4 mm in
diameter and nominally 50 mm in length) were measured at the
University of British Columbia (Canada). Porosity was again deter-
mined using helium pycnometry, while permeability (helium) was
measured using the pulse decay technique under confining pres-
sures between 2.5 and 15 MPa, corresponding to depths up to
1000 m (estimated using o = pgh, where p is taken as the skeletal
density of the lava sample—measured to be 2500 kg m~3 using he-
lium pycnometry—multiplied by 0.6, and g as 10 ms~2). To aid our
understanding of the progression of microstructural modification
during viscous densification, we performed complementary P-wave
velocity measurements. P-wave velocity was measured along the
axis of the samples under a constant axial stress of 0.3 MPa. Fi-
nally, uniaxial compressive strength was measured using a uniaxial
compression apparatus under a constant strain rate of 107> s,
A displacement transducer (LVDT) monitored the axial shortening
of the sample by recording the movement of the axial piston rela-
tive to the static baseplate. Measurements of axial shortening were
corrected for the elastic deformation of the loading train. A load
cell monitored the axial force. Displacement and load were con-
verted to strain and stress using the sample dimensions. The bro-
ken samples were then powdered, the density of which (the skele-
tal density) was used to calculate total porosity. Isolated porosity
was simply taken as total porosity minus connected porosity. All
physical property measurements were performed under ambient
laboratory pressure (with the exception of the permeability mea-
surements), temperature, and humidity.

3. Results

Measured values of permeability, P-wave velocity, and uniaxial
compressive strength are plotted as a function of porosity in Fig. 1.
A summary of the physical property characterisation is provided
in Tables 2, 3, and 4. The data show that, as porosity decreases,
permeability decreases (Fig. 1a), and P-wave velocity (Fig. 1b) and
strength (Fig. 1c) increase. The highest permeabilities, ~10~13 m?2,
were measured for the most porous welded BAF samples (porosity
= 0.25); at the lowest porosity—the lava samples with a porosity
of 0.04—values of permeability are about two orders of magnitude
lower (~10~15 m?). The decrease in permeability with decreasing
porosity is nonlinear. In detail, the permeability decrease with de-
creasing porosity is large between a porosity of 0.25 to 0.15-0.16,
and markedly smaller between porosities of 0.16 and 0.04 (Fig. 1a).
By contrast, the increase in P-wave velocity (Fig. 1b) and strength
(Fig. 1c¢) with decreasing porosity are very nearly linear, although
a break in slope in the strength data may exist at 0.15-0.16 poros-
ity. P-wave velocity increases from ~2.0 kms~! at 0.25 porosity to
~3.0 kms~! at a porosity of 0.04. The strength at 0.25 porosity is
~15 MPa, which increases to ~85 MPa at a porosity of 0.07.

The influence of confining pressure (up to 15 MPa, correspond-
ing to a maximum depth of 1000 m) on the permeability of two
welded BAF samples (with initial porosities of 0.172 and 0.195, re-
spectively) and a sample of lava (porosity = 0.047) is presented
in Fig. 2. We find that the permeability of the welded BAF sam-
ples does not change up to 15 MPa. However, the permeability of
the lava sample was reduced from 1 x 10~ m? at 2.5 MPa to
1 x 10717 m? at 15 MPa, a decrease of an order of magnitude.

We find that, although the volume of isolated porosity (which
ranges between 0.005 and 0.025; i.e., similar to that measured by
Michol et al., 2008) does not systematically vary with connected
porosity (Fig. 2b), there is an increase therefore in the proportion
of isolated porosity as total porosity decreases.
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Fig. 1. The impact of viscous densification on physical properties. (a) Permeability as
a function of connected porosity. Some of the data (see Tables 2, 3, and 4) are taken
from Heap et al. (2014a). (b) P-wave velocity as a function of connected porosity.
(c) Uniaxial compressive strength as a function of connected porosity.

4. Discussion
4.1. The evolution of permeability during densification

Previous studies have shown that the permeability of volcanic
rock increases nonlinearly as porosity increases (Klug and Cash-
man, 1996; Saar and Manga, 1999; Rust and Cashman, 2004;
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Table 2
Rock physical property summary for the 5 lava samples.
Connected Total Isolated Confining pressure of Permeability P-wave
porosity porosity porosity permeability measurement (m?) velocity
(MPa) (kms~1)
0.031 0.046 0.015 1 3.08 x 10712 3.09
0.034 0.045 0.011 1 1.22 x 107152 2.99
0.040 0.054 0.014 25 1.09 x 10716 -
5.0 4.74 x 107V
7.5 2.99 x 1077
10.0 2.28 x 1077
14.9 117 x 10717
0.044 0.061 0.017 1 1.48 x 10132 2.86
0.050 0.063 0.013 1 1.72 x 107152 2.96

2 Datum taken from Heap et al. (2014a).

Table 3
Rock physical property summary for the 20 welded block-and-ash flow samples containing porosities below the changepoint porosity.
Connected Total Isolated Confining pressure Permeability P-wave Uniaxial Pore size estimated using
porosity porosity porosity of permeability (m?) velocity compressive the model of Sammis and
measurement (kms~1) strength Ashby (1986)
(MPa) (MPa) (pm)

0.072 0.087 0.015 1 1.11 x 107152 2.99 - -

0.075 0.088 0.013 1 6.14 x 10162 2.95 84.6 30

0.085 0.097 0.012 1 3.54 x 107152 2.79 79.1 31

0.087 0.099 0.012 1 1.38 x 107152 291 69.7 39

0.098 0123 0.025 1 9.81 x 107162 2.44 - -

0.098 0.109 0.011 1 7.67 x 10716 2.69 74.3 31

0.104 0.112 0.008 - - - 72.4 31

0111 0121 0.010 1 8.87 x 10716 2.63 63.1 39

0.115 0.125 0.010 1 1.55 x 1015 2.60 56.7 47

0115 0123 0.008 1 1.57 x 10713 2.51 66.0 35

0.121 0.129 0.008 1 1.61x10°15 2.51 65.5 34

0.124 0.133 0.009 1 1.73 x 10715 2.81 68.9 30

0.125 0.130 0.005 1 3.11x 1071 2.55 54.4 48

0.130 0.137 0.007 - - - 55.6 44

0.130 0.136 0.006 1 1.74 x 10715 2.55 62.9 34

0.132 0.138 0.006 1 1.90 x 1015 2.52 62.8 34

0.142 0.148 0.004 - - - 52.0 47

0.147 0.163 0.016 2.5 279 x 1071° - - -

0.148 0.155 0.007 1 1.58 x 10713 2.82 68.3 26

0.150 0.161 0.011 - - - 55.6 39

2 Datum taken from Heap et al. (2014a).

Table 4
Rock physical property summary for the 14 welded block-and-ash flow samples containing porosities above the changepoint porosity.
Connected Total Isolated Confining pressure Permeability P-wave Uniaxial Pore size estimated using
porosity porosity porosity of permeability (m?) velocity compressive the model of Sammis and
measurement (kms~1) strength Ashby (1986)
(MPa) (MPa) (pm)
0.165" 0183 0.018 1 2.64 x 107152 2.72 - -
0.159 0.167 0.008 1 5.29 x 107152 2.53 270 158
0.162 0.181 0.019 1 1.78 x 10715P 2.32 35.0 93
0.167 0.182 0.015 1 4.65 x 107152 227 376 78
0172 0185 0.013 2.6 2.49 x 1071 - - -
5.1 2.49 x 1071°
7.5 2.49 x 1071
10.0 2.51x 1071
14.9 2,51 x 10715
0.179 0.197 0.018 2.5 1.26 x 10714 - - -
0.183 0.187 0.005 1 9.34 x 10~ 12 2.36 29.5 118
0.183 0.201 0.018 2.5 1.22 x 10714 - - -
0.190 0.215 0.025 1 1.53 x 107152 231 19.6 259
0.195 0.209 0.014 2.5 3.44 x 10714 - - -
5.1 3.57 x 10714
7.5 3.62 x 10714
10.0 3.36 x 10714
15.0 3.58 x 10714
0.210 0.211 0.013 25 1.41x 10713 - - -
0.215 0.234 0.019 1 4.99 x 10~142 2.29 15.1 280
0.233 0.246 0.013 1 5.29 x 107142 2.00 18.2 254
0.244 0.259 0.015 1 7.27 x 107142 2.01 151 354

4 Datum taken from Heap et al. (2014a).
b Experimentally welded block-and-ash deposit from Heap et al. (2014a).
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Fig. 2. (a) Permeability as a function of confining pressure (or depth) for two welded
block-and-ash flow samples (connected porosity = 0.172 and 0.195) and a lava
sample (connected porosity = 0.047). (b) Connected porosity as a function of to-
tal porosity. The black line represents the line of connected = total porosity.

Heap et al.,, 2014b; Farquharson et al., 2015). While many of these
studies describe this relationship with a single power law, a re-
cent study (Farquharson et al., 2015) suggested that the porosity-
permeability relationship for volcanic rocks can be described by an
empirical changepoint model, whereby the data are described by
a certain power law permeability-porosity model until a thresh-
old value of porosity (the porosity changepoint), after which the
data are best described by a model with a much lower power law
exponent (i.e., the porosity-permeability trend is concave down
in log-log space). Our study however concerns the evolution of
permeability as porosity decreases during viscous densification,
rather than the trend during porosity increasing processes such
as vesiculation and bubble growth. Thus, we find a very differ-
ent relationship where the high and low porosity data are de-
scribed by a high and low power law exponent, respectively (i.e.,
the porosity-permeability trend is concave up in log-log space;
Figs. 1a and 3f).

Recent studies have demonstrated microstructural modifica-
tions, influencing pore connectivity, as a governing factor for per-
meability reduction during viscous densification (Wright and Cash-
man, 2013; Kendrick et al., 2013; Okumura and Sasaki, 2014;
Heap et al., 2014a). The largest pores and channels are closed, re-

stricting fluid flow to tortuous pathways of flattened “crack-like”
pores in melt-dominated materials (Wright and Cashman, 2013)
or pores sandwiched between crystals in crystal-bearing materi-
als (Heap et al., 2014a). All studies show that densification reduces
permeability (Wright and Cashman, 2013; Kendrick et al., 2013;
Okumura and Sasaki, 2014; Heap et al., 2014a). Heap et al. (2014a)
speculated that there is an abrupt change in the permeability-
porosity power law exponent during viscous densification, due to
a sudden change in the pore shape and pore volume connectiv-
ity. Here we employ a more rigorous method—a modified Bayesian
Information Criterion (BIC) method, as described by Main et al.
(1999)—to statistically assess whether the permeability decrease
can be best described by one or two discrete power law rela-
tionships. This approach determines whether increasing the com-
plexity of a model is statistically justifiable when accounting for
the additional unknown parameters. The BIC analysis compares
two models: linear and piecewise regressions of log-transformed
permeability-porosity data, such that:

¥ (xi) = ao + bo(x;), (1)

and

y (%) = a1 + {b1xi[Vx; < x*]}
+ {x*(b1 — bp) + baxi[Vx; > x*]}, )

where y(x;) is the predicted value of y; (log-transformed per-
meability) as a function of x; (log-transformed porosity), for each
iteration i. The linear case includes the intercept ap and a single
slope bg, whereas the piecewise model consists of an intercept aq,
a slope b; for all values of x; below the changepoint x*, and a slope
b, pertaining to all values of x; equal to or greater than x*. The
more complex two-slope model can be statistically justified when
BIC(x*)—the maximised information criterion for Equation (2)—is
greater that for Equation (1) (BICR). We find this to be the case
at a changepoint value of x* =1.19 (equating to a porosity of ap-
proximately 0.155), both in terms of the root-mean-square-error
and the information criterion analysis (i.e., BIC(x*) > BICg). De-
tails on the determination and implementation of these criteria are
discussed in Main et al. (1999) and Farquharson et al. (2015). Cor-
respondingly, our data is therefore best described by two power
law exponents: 8.8 at porosity values above the changepoint poros-
ity and 1.0 below the changepoint (Fig. 3f).

The appearance of a changepoint as porosity decreases below
0.155 can be explained by the evolution of the microstructure dur-
ing progressive viscous densification (Fig. 3). Above the change-
point, fluids can utilise pores that are as wide as 200-300 pm
(Figs. 3c and 3g). Below the changepoint, however, the microstruc-
ture is characterised by the absence of large pores (Fig. 3b); the
largest pores are typically about 50 pm (Fig. 3d). This observa-
tion is supported by pore size analysis of SEM photomicrographs
using image processing software Image]. Pore diameters were es-
timated using the average Feret diameter dr where d = 3/2(dF)
and d is the estimated pore diameter. These data show that there
are many pores with a diameter of 150 ym and higher within
the sample above the changepoint (Fig. 3h); below the change-
point, there are considerably fewer pores with a diameter above
150 pm (Fig. 3e). The changepoint therefore presumably repre-
sents the porosity at which the wide flow channels are efficiently
closed, restricting fluid flow to narrower flow paths. The wide flow
channels are closed over a small porosity interval and reduce per-
meability by two orders of magnitude, yielding the relatively high
power law exponent above the changepoint. By contrast, a much
lower power law exponent describes the permeability-porosity
trend below the changepoint: the large number of narrow channels
(Figs. 3b and 3e) must be sufficient to allow continued porosity
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Fig. 3. The evolution of permeability during viscous densification. (a) Back-scattered electron (BSE) photomicrograph of the lava block (the source material). The rock is
characterised by phenocrysts (typically 100-400 pm in diameter, but occasionally reaching a couple of mm) within a glassy groundmass containing sparse microlites. (b) BSE
photomicrograph of welded block-and-ash flow below the microstructural changepoint. Note that the porosity (in black) is much reduced from the incipiently welded sample
in panel (c). We highlight here that the porosity reduction is the result of the sintering and amalgamation of vitric fragments. The largest clast size, where discernible, is
on the order of 1-2 mm. (c) BSE photomicrograph of welded block-and-ash flow above the microstructural changepoint. The porosity (in black) is clearly higher than the
densely welded sample in panel (b). Many of the vitric shards (up to 1-2 mm in diameter) retain their angular, post-fragmentation shape. (d) BSE photomicrograph showing
a zoomed in image of panel (b) to better show the size of the pores below the changepoint. Pores are typically less than 50 um. (e) Number of pores with a diameter greater
than 150 pm within an area of 15.8 cm? in the welded block-and-ash flow sample below the microstructural changepoint shown in panel (b). (f) The porosity-permeability
data of Fig. 1a with the best-fit slopes provided by the modified Bayesian Information Criterion (BIC) method (see text for details). We provide the relevant power law
exponent next to the slopes. The microstructural changepoint (x*) is also indicated (porosity = 0.155). Above the changepoint fluid flow is assisted by the presence of wide
channels (grey zone) and below the changepoint fluid flow is restricted to narrow channels (white zone). (g) BSE photomicrograph showing a zoomed in image of panel (c)
to better show the size of the pores above the changepoint. Pores can be as large as 200-300 pm. (h) Number of pores with a diameter greater than 150 pm within an area

of 15.8 cm? in the welded block-and-ash flow sample above the microstructural changepoint shown in panel (c).

loss without considerable permeability reduction. The permeabil-
ity of the coherent (i.e., not fragmented and viscously welded) lava
samples, not considered in our changepoint analysis, plot above
this trend because the connection of the pore network is assisted
by a pervasive population of tortuous microcracks (as shown in
the SEM photomicrograph of Fig. 3a). This assertion is confirmed
by our permeability measurements at elevated pressure (Fig. 2a).
When the permeability relies on a network of microcracks, per-
meability is greatly reduced at low confining pressures due to the
ease of microcrack closure at low pressure, a consequence of their
high aspect ratio (e.g., Nara et al., 2011). By contrast, the per-
meability of two welded BAF deposits (porosity 0.172 and 0.195)
did not change as the confining pressure increased to 15 MPa
(Fig. 2a), indicating that their permeability does not rely on mi-
crocracks.

Although the switch from the higher to the lower power law
exponent is probably a more gradual transition (e.g., a “change-

zone” over a porosity range of 0.14 to 0.17), rather than the dis-
crete changepoint assumed in the model, our data nevertheless
show that there exists a microstructurally-controlled break in slope
in the permeability-porosity relationship during magma densifica-
tion. We note that the absolute porosity at which the microstruc-
tural changepoint occurs may well be dependent on the initial
attributes and textural evolution (e.g., crystal content, grain and
crystal size distribution, degree of strain, amongst others) of the
granular material during densification. Here therefore we only con-
sider materials with polydisperse grain size distributions; further
work is likely required to parameterise the changepoint, or the ex-
istence of a changepoint, for different volcanic materials.

The timescales for the viscous densification of volcanic materi-
als have been discussed by several authors (e.g., Quane et al., 2009;
Kolzenburg and Russell, 2014; Heap et al., 2014a; Okumura and
Sasaki, 2014). The study of Heap et al. (2014a) used the rheologi-
cal model of Russell and Quane (2005),
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to estimate densification timescales using data from high tem-
perature viscous welding experiments conducted on disaggregated
glassy material from the Mount Meager welded BAF deposit (i.e.,
the same materials used in the present study). Here n, is the
effective viscosity of the melt plus crystal cargo at zero porosity
(extrapolated from the experimental data of Heap et al., 2014a), o
is a dimensionless empirical coefficient (equal to 2, as determined
from the experiments of Heap et al., 2014a), o is the lithostatic
(or “magmastatic”) stress acting on the deposit, ¢ is the time-
dependent porosity, and ¢! is the initial porosity of the deposit
(taken here to be 0.4, a typical porosity for polydisperse granular
materials close to their maximum packing, see Heap et al., 2014a).
The applicability of this model for our permeability data is high-
lighted by the coincidence between the permeability of the natural
samples and that of the viscously welded experimental sample
used for the determination of 7, and « (the unfilled square in
Figs. 1a and 2b; see Heap et al., 2014a). First, we modelled the
porosity loss with time for melt viscosities at three temperatures
(800, 900, and 1000 °C; using the temperature dependence of the
melt viscosity from Heap et al., 2014a) and a stress of 3.75 MPa
(corresponding to a depth of 250 m; estimated as before using
o = pgh) (Fig. 4a). To demonstrate the influence of depth on vis-
cous porosity loss, we provide an additional curve for 800°C and
750 m. Our permeability data measured at 1 MPa are likely to
also represent those at the depths implicated here: we note that
the permeability of the welded BAF samples does not decrease
up to confining pressures of 15 MPa (corresponding to depths of
1000 m) (Fig. 2a). We find that the rate of porosity decrease is
very much dependent on the stress/depth and viscosity/tempera-
ture (see also Quane et al., 2009; Kolzenburg and Russell, 2014;
Heap et al., 2014a). For example, the time to halve the porosity
(i.e., to reach a porosity of 0.2) is 19 and 5 days for temper-
atures of 800 and 900°C, respectively (for a depth of 250 m).
As depth is increased from 250 to 750 m (at a constant tem-
perature of 800°C), the time required to reach a porosity of 0.2
is reduced from 19 to 6.5 days. Using these modelled porosity
curves, we can plot the time required to densify to the change-
point (i.e., a porosity of 0.155—the porosity at which flow is no
longer aided by wide flow channels—corresponding to a perme-
ability of 2.1 x 10~'> m?) (Fig. 4b). We do this by inserting a
constant porosity of 0.155 into Equation (3) and computing the
values of At for all values of ng (which in turn correspond to val-
ues of temperature). At a temperature of 900 °C it takes 6 and 2
days to reach the changepoint at depths of 250 and 750 m, re-
spectively (Fig. 4b). In other words, at a starting porosity of 0.4,
permeability can be reduced by about four orders of magnitude
in timescales from days to weeks. Using the power laws defined
by our changepoint model (Fig. 3f), and the modelled evolution of
porosity with time (Fig. 4a), we can predict the evolution of per-
meability with time for different temperatures and depths (Fig. 4c).
The rate of permeability decrease is very much dependent on the
stress/depth, viscosity/temperature, and time. It takes 24 days at
a temperature of 800°C and a depth of 250 m to reduce the
permeability from 1 x 10711 to 2 x 107> m? (i.e,, the change-
point), but a further 16 days to reduce the permeability by an
additional order of magnitude (i.e., to 2 x 10716 m?). At 750 m,
these times are reduced to 8 and 5 days, respectively (Fig. 4c).
These permeability reduction timescales are much larger than
those estimated by Okumura and Sasaki (2014) for crystal-free
melts (100 to 1000 s), highlighting the significant impact of crys-
tals on permeability reduction timescales, a consequence of their
large influence on the effective viscosity (e.g., Andrews et al., 2014;
Heap et al., 2014a).
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Fig. 4. (a) Compaction timescales. Modelled porosity-time curves using the rheo-
logical model of Russell and Quane (2005) (Equation (3)) for melt viscosities at
three temperatures (800, 900, and 1000 °C) and lithostatic stresses of 3.75 and 11.25
MPa (depths corresponding to 250 and 750 m, respectively; see text for details).
(b) Curves showing the time required to reach the microstructural changepoint
(porosity = 0.155) as a function of temperature for different depths (250-750 m).
(c) Permeability reduction timescales. Modelled permeability-time curves (using the
modelled output of Fig. 4a and the discrete power law permeability-porosity rela-
tionships defined by the changepoint model) for melt viscosities at three tempera-
tures (800, 900, and 1000 °C) and lithostatic stresses of 3.75 and 11.25 MPa (depths
corresponding to 250 and 750 m, respectively; see text for details). The curves are
dashed below the changepoint porosity in panels (a) and (b) because the model
may not accurately capture the porosity evolution due to the change in pore geom-
etry.
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4.2. The evolution of P-wave velocity and uniaxial compressive strength
during densification

The data of this study show that P-wave velocity and strength
increase as porosity decreases (Figs. 1b and 1c), behaviour consis-
tent with previous experimental studies on rocks (e.g., Chang et
al., 2006) and viscously welded materials (Vasseur et al.,, 2013).
The linear increase of P-wave velocity with decreasing porosity is
not influenced by the microstructural changepoint; it is likely that
the closure of the largest pores does not influence the first arrival
(elastic wave velocities are much more sensitive to void space with
a high aspect ratio, like cracks; O’Connell and Budiansky, 1974).
However, the strength data (Fig. 1c) show a break in slope at ap-
proximately the same position as the microstructural changepoint
(porosity = 0.155). The strength of rocks is not only a function
of porosity, but very much depends on the pore size (Vasseur et
al,, 2013; Heap et al,, 2014c). An explanation for the mechani-
cal behaviour of these materials therefore requires a model that
considers both porosity and pore size, such as the pore-emanating
crack model of Sammis and Ashby (1986). Sammis and Ashby’s
(1986) micromechanical model has successfully described the me-
chanical behaviour of volcanic materials (e.g., Zhu et al., 2011;
Vasseur et al., 2013). The model describes a two-dimensional elas-
tic medium populated by circular holes of uniform radius r. Cracks
emanate from the circular holes (parallel to the direction of the
applied stress) when the stress at the tip of a small crack on the
circular surface reaches a critical value (the fracture toughness,
Kic). The newly-formed cracks propagate to a distance [ in the di-
rection of the maximum principal stress. The cracks interact when
they reach a certain length, thus increasing the local tensile stress
intensity. Eventually, the coalescence of these cracks induces the
macroscopic failure of the elastic medium. In the case of uniaxial
compression, Zhu et al. (2010) derived an analytical approximation
of Sammis and Ashby’s (1986) pore-emanating crack model to es-
timate the uniaxial compressive strength (o) as a function of the

porosity (¢):
1.325 Kjc
Op= 0414 /=
@041 Jmr
If the pore-emanating cracks grow through the particles, the
value of Kjc would closely resemble the values of the min-
eral constituents: Kjc = 0.3-0.4 MPam®® for feldspar (Atkinson
and Meredith, 1987) and Kjc = 0.7 MPam®° for glass (borosili-
cate glass; Wiederhorn, 1969). However, cracks are likely to grow
along particle boundaries that will serve to significantly lower K¢
(Atkinson and Meredith, 1987). For example, the K¢ of a tuff from
the Alban Hills (Italy) was estimated to be 0.1-0.2 MPam®° as a
result of cracks growing along weak clast interfaces (Zhu et al,,
2011). If we assume an intermediate K;c = 0.15 MPam®°, curves
of uniaxial compressive strength against porosity can be mod-
elled for different pore diameters, as in Fig. 5a. We find that the
strength of the samples below the changepoint can be described
by a single characteristic pore size (= 40 nm). However, there is no
unique curve for the data above the changepoint, the model sug-
gests that the pore size is decreasing (from 300 to 40 um; Fig. 5a)
as porosity is reduced to the changepoint. This is best observed
when the pore size is calculated for each experiment using Equa-
tion (4) (Kic = 0.15 MPam®>), as shown in Fig. 5b. The model
predicts that the pore size is reduced from ~350 pm at a poros-
ity of 0.25 to a pore size of ~50 nm at the changepoint porosity
(= 0.155). The pore size does not change as porosity is decreased
below 0.155 (Fig. 5b). These predicted pore diameters are in close
agreement with our microstructural observations and quantitative
pore size analysis (Fig. 3) and therefore add rigour to our above
interpretation of the changepoint (i.e., wide channels are progres-
sively closed above the changepoint, while the numerous narrow

(4)

channels below the changepoint allow porosity loss without con-
siderable permeability reduction).

As discussed, strength versus porosity below the changepoint is
well described by Equation (4) using a constant pore size of 40 pm.
However, we can also compute the strength above the changepoint
using Equation (4) by calculating pore size using the slope of pore
size change with decreasing porosity to the changepoint (which
is approximately linear; Fig. 5b). These modelled curves are pre-
sented in Fig. 5c. The models of strength increase with decreasing
porosity above and below the changepoint can then be used in
conjunction with the rheological compaction model (Equation (3))
to provide timescales of strength increase during magma densifica-
tion (Fig. 5d). The rate of strength increase is very much dependent
on the stress/depth, viscosity/temperature, and time. It takes 24.5
days at a temperature of 800°C and a depth of 250 m to increase
the strength from ~8 to ~56 MPa, but only a further 13 days to
almost double the strength to ~100 MPa. At 750 m, these times
are reduced to 8 and 4.5 days, respectively (Fig. 5d).

Although we report uniaxial compressive strengths here (this
is a standard way to assess strength and allows us to use models
optimised for uniaxial compressive strengths, such as the Sammis
and Ashby, 1986 model), we highlight that the fracture of magma
is more likely to occur in either shear (e.g., Cordonnier et al.,
2012) or in tension (e.g., Heiken et al., 1988). Further, we high-
light that the model assumes that the pores are circular and may
not therefore capture the behaviour of compacted deposits con-
taining pores with a high aspect ratio (which may be the case for
highly-sheared and/or melt-dominated materials; e.g., Wright and
Cashman, 2013).

5. Densification, permeability reduction, and strength recovery
in volcanic environments

The permeability and strength data and modelling presented
herein are relevant to the viscous densification of porous, poly-
disperse granular materials of crystal-bearing melts in the absence
of significant differential/shear stresses.

Lava dome extrusion at the surface is often accompanied by
repetitive, low-magnitude and low-frequency earthquakes at depth
(e.g., Neuberg et al., 2006), considered to be the result of magma
fracture (e.g., Tuffen et al, 2003; Thomas and Neuberg, 2012)
or slip events on fractures containing shards of juvenile mate-
rial (Tuffen and Dingwell, 2005). Preserved and extruded examples
of these fractures expose them to be filled with fragmented ash
shards, and they are thought to play a key—albeit transient—role in
the outgassing of magmatic volatiles through the edifice or into the
permeable country rock (e.g., Stasiuk et al., 1996; Rust et al., 2004;
Kolzenburg et al., 2012; Castro et al.,, 2014). Such transient chan-
nels in highly viscous magma help to bleed the overpressure that
is generated by gas exsolution in silicic volcanic conduits (e.g.,
Gonnermann and Manga, 2007) and complicate eruptive scenarios
such that both explosive and effusive behaviour can be coincident
at the same vent (e.g.,, Woods and Koyaguchi, 1994; Schipper et
al., 2013). Once formed, the permeability of these fragment-filled
fractures, and their strength recovery, may be approximated us-
ing the simple model presented in this study (provided that the
material remains hot; we note that some the fractures may prop-
agate to significant distances into the country rock (Heiken et al.,
1988), allowing the fragmental fracture fill to cool below its glass
transition temperature). The modelled changes in strength and per-
meability with time are plotted together in Fig. 6, for an isothermal
melt viscosity at 800°C and a lithostatic stress of 11.25 MPa (i.e.,
a depth of 750 m). Fig. 6 shows that the strength increase af-
ter 6 days is only a factor of two; the permeability change over
the same timeframe is more than two orders of magnitude. As
magma near the conduit margin ascends through regions that sat-
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Fig. 5. (a) Micromechanical modelling. Uniaxial compressive strength as a function of connected porosity (the data of Fig. 1c) plotted with the modelled curves, for different
pore diameters, from Sammis and Ashby’s pore-emanating crack model (Equation (4); using Kjc = 0.15 MPam®®). The microstructural changepoint (x*) is also indicated
(porosity = 0.155). (b) Pore size as a function of porosity. Pore diameters were calculated using Sammis and Ashby’s pore-emanating crack model (Equation (4); using
Kic =0.15 MPam®3). The blue data highlight those used to determine the pore size change with decreasing porosity to the changepoint; the blue curve represents a linear fit
through those data. The microstructural changepoint (x*) is also indicated (porosity = 15.5%). (c) Uniaxial compressive strength as a function of connected porosity. The panel
shows the experimental data of Fig. 1a together with curves modelled using the Sammis and Ashby (1986) pore-emanating crack model. A pore diameter of 40 pm is used
below the changepoint, and a pore diameter that changes as a function of porosity (see panel (b)) is used above the changepoint (Equation (4); using Kjc = 0.15 MPam®?).
The curves are dashed above the changepoint porosity because the pore sizes used to calculate the curve were determined using Sammis and Ashby’s (1986) model (see
panel (b) and text for details). (d) Strength increase timescales. Modelled strength-time curves (using the modelled output of Fig. 4a and the strength-porosity models shown
in panel (c)) for melt viscosities at three temperatures (800, 900, and 1000°C) and lithostatic stresses of 3.75 and 11.25 MPa (depths corresponding to 250 and 750 m,
respectively; see text for details). The curves are dashed below the changepoint porosity because the viscous compaction model may not accurately capture the porosity
evolution due to the change in pore geometry, and above the changepoint porosity because the pore sizes used to calculate the curve were determined using Sammis and
Ashby’s (1986) model (see panel (b) and text for details). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

isfy the criteria for fracturing (e.g., Gonnermann and Manga, 2003;
Thomas and Neuberg, 2012), the relatively long timescales required
for permeability reduction (Fig. 6) may keep the edges of the con-
duit sufficiently permeable to facilitate outgassing into the country
rock (e.g., Shields et al., 2014), or via a permeable halo surround-
ing the conduit (e.g., Rust et al., 2004). The repeat times between
successive low-magnitude and low-frequency earthquakes during
silicic lava dome extrusion (from minutes to hours, see Tuffen et
al., 2003 and references therein) suggest that magma re-fracturing
takes place long before permeability can decrease, keeping the
conduit margin permeable (see inset on Fig. 6). The ease of magma
re-fracturing is supported here by our estimates of the timescales
of strength recovery, which are much greater than our permeabil-
ity reduction timescales. We further note that magma re-fracturing
may be assisted by small (0.5 MPa) pore overpressures (Heap et
al., 2015); increased pore fluid pressures are thought to transiently
occur in magma fractures (Castro et al., 2014). To conclude, any
repetition of fracturing events likely occurs prior to significant in-

creases in strength and must therefore occur more frequently than
the viscous densification timescale (as argued in Tuffen and Ding-
well, 2005).

We note here that, melt viscosity may decrease, and the vis-
cous densification timescales lowered, if exsolved volatiles passing
through the fractured magma can be reabsorbed into the melt
phase (Sparks et al., 1999). However, we highlight that the ratio
of the timescales of strength recovery and permeability reduction
(i.e., that the timescale for strength recovery is longer than that for
permeability reduction) will be independent of effective viscosity
and imposed stress. We further note that stresses additional to that
of the lithostatic (e.g., the high shear stresses anticipated close to
the conduit margin; Gonnermann and Manga, 2003), not consid-
ered in our simple model, may accelerate densification and reduce
the timescales required for permeability decrease and strength in-
crease. However, while in-conduit densification is expected to be
accelerated by significant shear stresses driving shear strain, signif-
icant pore fluid pressure can retard densification. This is especially
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Fig. 6. Permeability reduction and strength increase timescales for the melt viscosity
at 800°C and a lithostatic stress of 11.25 MPa (or a depth of 750 m; see text for de-
tails). The permeability-time curve was modelled using the output of Fig. 4a and the
discrete power law permeability-porosity relationships defined by the changepoint
model (Fig. 3f). The strength-time curve was modelled using the output of Fig. 4a
and the strength-porosity models shown in Fig. 5c. The curves are dashed below
the changepoint porosity because the model may not accurately capture the poros-
ity evolution due to the change in pore geometry. The strength increase curve is
also dashed above the changepoint porosity because the pore sizes used to calculate
the curve were determined using Sammis and Ashby’s (1986) model. Inset shows a
zoom of the start of the permeability reduction curve showing the permeability
evolution of conduit margin fractures based on re-fracture timescales provided by
low-magnitude and low-frequency earthquakes during silicic lava dome extrusion
(from minutes to hours, see Tuffen et al., 2003 and references therein).

true in the volumetric pressure case where densification will halt
when the hydrostatic pressure matches the pore fluid pressure. As
mentioned above, increased pore fluid pressures are thought to
occur, albeit transiently, in particle-filled fractures within magma
(e.g., Castro et al., 2014). It is clear that much experimental and
theoretical work is required on the viscous densification of granu-
lar magma in various stress regimes to facilitate this discussion.
The conduit zone of Unzen volcano (Japan) chiefly comprises
volcanic breccia, as revealed by the cores recovered from the
2003-2004 Unzen Scientific Drilling Project (Goto et al.,, 2008).
This conduit-filling breccia is thought to have formed during the
growth of the edifice through the disintegration of previous in-
fill material and wall rocks by explosive eruptions and gravita-
tional failures, a model considered applicable to other polyge-
netic volcanoes developed through explosive followed by effu-
sive behaviour (Goto et al., 2008). Other examples of polydis-
perse granular conduit fill include: pyroclastic shallow conduit
infill at Mount Meager (Canada) (Kolzenburg and Russell, 2014)
and Shiotani (Japan) (Kano et al, 1997) following an explosive
eruption, the rheomorphic flow of densified pyroclastic material
back into the vent at Las Cafiadas caldera, Tenerife (Canary Is-
lands) (Soriano et al., 2009), and intra-caldera brecciation at Scafell
caldera (Lake District, England) as a result of subaerial caldera col-
lapse (Branney and Kokelaar, 1994). The permeability reduction
and strength recovery of these conduit-filling deposits may be ap-
proximated using the modelling of the present study (Figs. 4c,
5d and 6). For example, the reduction in permeability may re-
strict the efficiency with which gases can escape up through
the conduit (within days to weeks; e.g., Edmonds et al., 2003;
Nicholson et al., 2013). If pore pressure builds as a result of
the permeability reduction, the conditions preparatory to a subse-
quent explosive eruption may be satisfied (e.g., Melnik et al., 2005;
Diller et al., 2006). However, the relatively slow initial increase

in strength during viscous densification (Fig. 6) coupled with the
fact that pore overpressures drastically reduce strength (Heap et
al.,, 2015) may facilitate magma fracturing within the conduit—as
seen in the conduit-filling breccia of Unzen volcano (Goto et al.,
2008)—thus providing pathways for the lateral outgassing of mag-
matic volatiles.

The results of this study may therefore provide support for
models of conduit outgassing (e.g., Collinson and Neuberg, 2012).

6. Concluding remarks

Transitions between effusive and explosive behaviour are com-
monplace at many active volcanoes. If the outgassing efficiency,
controlled by the permeability of the system, exerts a crucial con-
trol on eruption style, then a constantly changing permeability
may be responsible for the observed fluctuations in eruption style.
Our study highlights that the progressive densification of magma
by viscous sintering during dome-building extrusion, driven by the
load provided by the magmatic column, will decrease the porosity
and permeability and increase the strength of conduit magma and
ash-filled fractures that form at the conduit margin. The viscous
magma densification will therefore inhibit outgassing efficiency
over time. However, the slow strength recovery of densifying ash-
filled fractures, shown herein, suggests that conduit margin frac-
tures may continually re-fracture and remain permeable, allowing
the conduit to outgas into the edifice rock and up through the
damage zone enveloping the conduit. Therefore, the permeability
and outgassing efficiency of the system will depend on the com-
petition between permeability reduction within the conduit and
outgassing through conduit margin fractures. If fluid escape can be
ultimately disrupted, pore pressure will increase and, if pore pres-
sure increases sufficiently, the conditions required to switch from
effusive to explosive (e.g., Vulcanian eruptions) behaviour may be
realised. An explosive episode will then reset the magma densi-
fication clock, and the process will start again. The timescales of
permeability reduction and strength recovery in densifying magma
presented in this study may aid our understanding of, amongst
others, surface outgassing cycles, magma fracture-healing cycles,
and the timescales required for pore pressure augmentation and
the initiation of explosive eruptions.
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