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Rhyodacitic volcanoes such as Mount St. Helens (MSH), Soufrière Hills, Mount Unzen and Mount Pelée 
erupt spines mantled by layers of magma-derived cataclasite and fault gouge. MSH produced seven lava 
spines from 2004–2008 composed of low-porosity, compositionally uniform, crystalline dacite. Dome 
extrusion was attended by continuous ‘drumbeat’ seismicity, derived from faulting along the conduit 
margin at 0.5–1 km depth, and evidenced by the enveloping gouge layers. We describe the properties of 
the gouge-derived fault rocks, including laboratory measurements of porosity and permeability. The gouge 
varies from unconsolidated powder to lithified low-porosity low-permeability fault rocks. We reconstruct 
the subsurface ascent of the MSH magma using published field observations and create a model that 
reconciles the diverse properties of the gouge with conditions in the conduit during ascent (i.e. velocity, 
temperature). We show lithification of the gouge to be driven by ‘hot pressing’ processes, wherein the 
combination of elevated temperature, confining pressure and dwell-time cause densification and solid-
state sintering of the comminuted, crystal-rich (glass-poor) gouge. The degree of gouge lithification 
corresponds with residence time in the conduit such that well-lithified materials reflect extended times 
in the subsurface due to slower ascent rates. With this insight, we suggest that gouge competence can be 
used as a first-order estimate of lava ascent rates. Furthermore we posit gouge lithification, which reduces 
porosity and permeability, inhibits volcanic outgassing thereby increasing the potential for explosive 
events at spine-producing volcanoes.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The wide range of eruption styles and resulting landforms asso-
ciated with the effusive eruption of rhyodacitic magma are an ex-
pression of magma rheology and eruptive flux. This is particularly 
true for the diverse array of morphologies presented by lava domes 
(Fink and Griffiths, 1998; Sparks et al., 2000; Watts et al., 2002;
Cashman et al., 2008; Heap et al., 2016). An end-member of rhyo-
dacitic lava domes that has received much attention in recent years 
are the spectacular lava spines observed at Mount Unzen, Japan 
(1990–1995; Nakada and Motomura, 1999; Nakada et al., 1999), 
Soufrière Hills volcano, Montserrat (1995–2003 and 2005–2013; 
Watts et al., 2002), and Mount St. Helens (MSH), Washington, USA 
(2004–2008; Iverson et al., 2006; Cashman et al., 2008).
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These spines of lava share a number of features. First, the rocks 
that form the spines are highly crystallized, typically featuring 
high phenocryst contents and a microlitic groundmass (Nakada 
and Motomura, 1999; Sparks et al., 2000; Pallister et al., 2008;
Cashman et al., 2008; Cordonnier et al., 2009). Groundmass glass 
(quenched rhyolitic melt) is subordinate (<15 vol%) and can be 
as low as <2 vol% (Sparks et al., 2000; Watts et al., 2002; Smith 
et al., 2011). Second, the spine-forming lava is typically dense – 
fractional porosities of extruded spine lavas are often measured to 
be less than 0.1 (Cashman et al., 2008; Cordonnier et al., 2009;
Kennedy et al., 2009; Gaunt et al., 2014; Heap et al., 2016). 
Third, lava spines erupt at low extrusion rates (0.25–2 m3 s−1; 
Nakada et al., 1999; Watts et al., 2002; Cashman et al., 2008;
Holland et al., 2011) leading to low eruption temperatures and 
high degrees of crystallinity (i.e. low melt fraction) and, thus, high 
bulk viscosities (109 to 1014 Pa s; Nakada and Motomura, 1999;
Sparks et al., 2000; Cordonnier et al., 2009; Holland et al., 2011). 
Indeed, instances of spine formation are restricted to high vis-
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Table 1
Surface observations of the 2004–2008 eruption at Mount St. Helens, including: date range for each event, onset day (t), duration (�t; days), volumetric (Q ; m3 s−1) and 
linear (U ; m d−1) extrusion rates and spine volume (V ; ×106 m3) (Vallance et al., 2008; Schilling et al., 2008). We include calculated spine volumes (V i ; ×106 m3) and 
lengths (Li ; m), and the width of the fault zones occupied by gouge-derived material (w; m), measured in August 2010.

Event Datea t �t Q U V d V i
e Li

e w

Pre-seismicity Sep 23–30 2004 0 8 – – – – – –
Vent clearing Oct 1–10 2004 8 10 7–12 >10 10 8.2 ± 2.2 261 –
Spine 1 Oct 11–15 2004 18 5 2–3 15–20 2 1.1 ± 0.2 34 –
Spine 2 Oct 15–24 2004 23 9 3 25 4 2.3 74 –
Spine 3 Oct 25–Dec 18 2004 32 55 4–6 8–11 21 23.8 ± 4.7 756 –
Spine 4 Dec 19 2004–Apr 9 2005 87 112 1.5–2.5 5–8 18 19.4 ± 4.8 616 0.2–2.6
Spine 5 Apr 10–Jul 31 2005 199 113 1–1.5 3–6 15 12.2 ± 2.4 388 1–1.5
Spine 6 Aug 1–Oct 9 2005 312 70 1.5–2 3–4 8 10.6 ± 1.5 337 –
Spine 7 Oct 10 2005–Jul 31 2007b 382 660 0.5–1 0.5–2c 25d 42.8 ± 14.3 1361 0.03–0.6
Endogenous growth Aug 1 2007–Jan 27 2008c 1042 180 – – –

Total 93 ± 4d 112 ± 28 3829

a Transition periods included in duration of the following spine.
b Approximate date for the end of spine 7 extrusion inferred from 2004–2008 time lapse videos for dome growth and crater glacier advance (https :/ /volcanoes .usgs .gov /

volcanoes /st _helens /multimedia _videos .html).
c End date for eruption, and minimum extrusion rate for spine 7 from the Global Volcanism Program bulletins.
d Total volume from Mastin et al. (2009); volume of spine 7 by subtraction.
e V i = (Q i�ti); Li = (Q i�ti)/(π(100)2) where 100 m is the radius of the conduit (Iverson et al., 2006).
cosity magmas (andesite to dacite). Lastly, and most pertinent 
to this study, extruded lava spines, including those erupted at 
MSH, Soufrière Hills volcano, Mount Unzen, Mount Usu (Japan) 
and Mount Pelée (Martinique), commonly feature smooth or stri-
ated surfaces (Minakami et al., 1951; Fink and Griffiths, 1998;
Sparks et al., 2000; Iverson et al., 2006; Cashman et al., 2008;
Pallister et al., 2013) comprising a cm to m thick carapace of finely 
comminuted magma.

The carapace material is fault gouge formed by brittle deforma-
tion at the conduit–wall rock interface, where shear stresses are 
greatest (Sparks et al., 2000; Cashman et al., 2008; Kennedy et al., 
2009; Kendrick et al., 2012; Hornby et al., 2015). Small, rapid slip 
events at this interface create a cylindrical fault zone along the 
outer margins of the highly viscous, rising magma, and convert 
the crystallized lava into a fine-grained fault gouge (e.g., Nakada 
and Motomura, 1999; Watts et al., 2002; Iverson et al., 2006;
Neuberg et al., 2006; Pallister et al., 2008; Cashman et al., 2008;
Kennedy et al., 2009; Kennedy and Russell, 2012; Gaunt et al., 
2014; Kendrick et al., 2014; Hornby et al., 2015; Lamb et al., 2015). 
Evidence for these slip events is provided by the shallow (depths 
of 1 to 0.5 km) ‘drumbeat’ seismicity frequently recorded during 
spine-forming eruptions (Iverson et al., 2006; Moran et al., 2008a;
Umakoshi et al., 2008; Pallister et al., 2013; Lamb et al., 2015;
Hornby et al., 2015). Of interest, the extruded fault gouge ma-
terial is extremely variable in physical and textural properties, 
ranging from unconsolidated powder to dense lithified fault rock 
(Minakami et al., 1951; Cashman et al., 2008; Kendrick et al., 2012;
Pallister et al., 2013; Hornby et al., 2015).

Our question is: how does the conduit fault gouge lithify so 
effectively within the short timescales the shallow depths of ori-
gin imply? The process operates rapidly on essentially crystalline 
material (i.e. little to no glass/melt) even at moderate volcanic 
temperatures (<750 ◦C; Vallance et al., 2008). The MSH 2004–2008 
spine-forming eruptions offer a singular opportunity to address 
this question because of the extensive array of associated geo-
logical observations and geophysical data. We use new laboratory 
measurements of porosity and permeability on samples of gouge 
rocks from three different spines at MSH to quantify the extent of 
lithification. We then use the observations from the MSH erup-
tions to reconstruct the ascent and thermal history of the in-
dividual magma packets that fed each of the seven lava spines. 
The reconstructions constrain the time–temperature–pressure win-
dow for the transformation processes that convert the fault gouge 
into competent, low-porosity and low-permeability fault rocks (i.e. 
lithification). Our analysis suggests that hot pressing, similar to 
that used commercially to produce ceramics and semi-conductors, 
drives lithification of the volcanic fault gouge associated with lava 
spine-producing volcanoes. This result is notable because it indi-
cates there is an undiscovered lithification mechanism operating 
within the upper conduit during spine-producing eruptions that, 
significantly, does not require the presence of melt or the precipi-
tation of new mineral phases.

2. A case study: Properties of MSH gouge

From 2004 to 2008 MSH produced seven discrete lava spines, 
each comprising a core of low-porosity dacite enveloped by a 
carapace of variably indurated fault gouge (Iverson et al., 2006;
Cashman et al., 2008; Kennedy et al., 2009; Kendrick et al., 2012, 
2014). Prior studies concluded that the magma crystallized and 
solidified at ∼1 km depth (Iverson et al., 2006; Pallister et al., 
2008; Cashman et al., 2008) and then was pushed to the sur-
face along cylindrical, conduit wall-parallel, fault zones. Brittle de-
formation along these faults resulted in the production of fine-
grained, comminuted gouge from the solidified, crystal-rich, as-
cending dacite. Rhythmic seismicity (i.e. ‘drumbeat’ seismicity) 
was observed throughout the MSH eruption although the seismic 
energy released decreased with time (e.g., Iverson et al., 2006;
Moran et al., 2008a) perhaps reflecting a decrease in ascent rate 
as the eruption waned. Previous workers interpreted the micro-
seismic events as stick-slip events localized in the gouge along 
the conduit wall (Iverson et al., 2006; Cashman et al., 2008;
Pallister et al., 2013). In contrast, we suggest the seismicity de-
rives from relatively high stress drop events related dominantly to 
the production of gouge from the crystallized dacite magma (i.e., 
Kennedy et al., 2009; Kennedy and Russell, 2012). There were also 
low levels of magmatic outgassing measured throughout the erup-
tion (Gerlach et al., 2008) focused along the conduit parallel faults 
(Rowe et al., 2008).

2.1. Textural organization, granulometry and mineralogy

The nature and properties of the enveloping fault gouge are 
well described in the literature, with a particular focus on the cara-
paces at spines 4 and 7 (Cashman et al., 2008; Pallister et al., 2008;
Kennedy et al., 2009; Kendrick et al., 2012; Gaunt et al., 2014). 
Table 1 reports our field measurements of the thickness of the 
fault gouge carapaces. The gouge material encasing spines 4 and 
5 is 1 to 3 m thick whereas the gouge is considerably thin-
ner (0.03–0.6 m) at spine 7 (Table 1). The conduit-parallel fault 
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Fig. 1. Diversity of fault zone geometries and properties at MSH. (a) Summary log for the fault zone at spine 4, a partially lithified carapace. Units include unconsolidated 
gouge, indurated gouge crosscut by slickensides, and cataclasite. Numbered regions show the approximate locations of samples shown in panel (c). (b) Summary log for the 
fault zone at spine 7, an extensively lithified carapace. The fault zone is thin and the units are gradational from unconsolidated material to highly competent ultracataclasite. 
The black box outlines the approximate location of sample shown in Fig. 2. (c) Measured porosities and permeabilities for unconsolidated gouge (gray circle), and variably 
lithified gouge from this study (circles) and Gaunt et al. (2014) (triangles). Sample cores were cut parallel (open symbols) or perpendicular (closed symbols) to planar fabric 
taken as parallel to extrusion direction. Cores from the ultracataclasite have the lowest measured porosities and permeabilities, while indurated gouge cores have the highest 
values.
zones show a lithostratigraphic organization that is generalized in 
Fig. 1a. From the conduit wall to the interior of the spine, the 
fault zone comprises: (1) ultracataclastic slickensides on the exte-
rior surface, (2) unconsolidated fault gouge hosting thin slickenside 
layers, (3) indurated gouge, (4) cohesive cataclasite, (5) sheared 
dacite, and (6) massive dacite (Fig. 1a). Spine 7 is significantly 
different in that it hosts a foliated ultracataclasite immediately be-
neath the indurated gouge (Figs. 1b and 2). This ultracataclasite 
is absent from other spines where less dense cataclasite takes its 
place (Fig. 1a; Supplementary Information, Fig. S1) (Cashman et al., 
2008; Pallister et al., 2013; Gaunt et al., 2014).

The MSH gouge comprises mineral and lithic particles of vary-
ing size. Hand sample and thin section observations on materials 
from multiple spines, and quantitative analysis of the unconsoli-
dated gouge (Supplementary Information, Fig. S2), show grain sizes 
spanning 1 μm to 10 cm, which accords with previous grain size 
determinations (e.g., Iverson et al., 2006; Cashman et al., 2008;
Kennedy et al., 2009; Kendrick et al., 2012; Kennedy and Russell, 
2012; Pallister et al., 2013). All particles, regardless of size, are an-
gular to subrounded. Fig. 2 illustrates the gradual change in grain 
shape and size across the gouge carapace on spine 7, including the 
ultracataclasite.

The fault gouge derives from the dacitic magma and is com-
positionally uniform, reflecting the chemical homogeneity of the 
erupting magma (∼65 wt% SiO2; Pallister et al., 2008, 2013; 
Cashman et al., 2008; Thornber et al., 2008; Kendrick et al., 2012). 
In Table S1 (Supplementary Information) we report the miner-
alogy of our gouge samples as determined by X-ray diffraction 
(XRD), which includes plagioclase, amphibole, orthopyroxene, ox-
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Fig. 2. Grain size, shape and texture of an extensively lithified gouge-rock (spine 7). The composite photomicrograph is oriented as it formed in the conduit (see cartoon) 
and shows the gradation in competence and texture from spine exterior to the interior. From left to right the material includes: capping ultrafine-grained ultracataclasite 
layers (slickensides); large, angular mineral grains set in a light brown matrix (indurated gouge); mineral grains of gradually decreasing size, showing increased grain rounding 
(cataclasite); dark gray/black region having few large and well-rounded mineral grains (ultracataclasite); mineral grains of gradually increasing size set within a dark brown 
matrix (cataclasite); numerous angular phenocrysts within a microcrystalline groundmass showing a weak shape fabric (sheared dacite).
Table 2
Measured total fractional porosity (φ) and steady-state permeability (log10 k; m2) 
for MSH gouge samples from different spines, cored in different orientations. Repli-
cate measurements are also reported.

Parallel

Spine Sample φa log10 k log10 k

4 4_3a(2)_1 0.32 −11.9
5 5_2b(2)_1 0.26 −13.2 −13.5
7 7_3c_3 0.21 −13.5 −13.6
7 7_3c_1 0.18 −13.6 −13.9
7 7_4b_1 0.08 −15.0
7 7_4b_3 0.06 −15.2
7 7_4b_5 0.06 −15.3 −15.3
7 7_5j_1 0.03 −15.7
7 7_5j_3 0.03 −15.7

Perpendicular

Spine Sample φa log10 k log10 k

4 4_3a(2)_4 0.30 −12.6 −12.6
4 4_3a(2)_2 0.28 −13.2
5 5_2b(3)_2 0.26 −13.8 −13.8
7 7_3c_4 0.12 −14.7
7 7_4b_2 0.07 −15.2
7 7_5j_2 0.03 −15.9
7 7_5j_4 0.03 −15.9 −15.8

Unconsolidated

Spine Sample φa log10 k log10 k

5 5_0_SM 0.30 −13.0 −13.0

a Isolated porosity, calculated from the density of powdered gouge and the mea-
sured skeletal density of the cores, is 0.01–0.02 for all samples.

ides, quartz, tridymite and cristobalite (cf. Pallister et al., 2008,
2013; Cashman et al., 2008; Kendrick et al., 2012). The abun-
dance of these phases, including silica polymorphs, does not vary 
between spines or with increasing sample competence. Our anal-
ysis of the fault zone materials from spines 4, 5 and 7 indicates 
a common macroscale textural organization, grain size distribution 
and composition. However, there are substantial differences in fault 
zone thicknesses and in the competence of the fault gouge.

2.2. Porosity and permeability

We measured the porosity and permeability of samples of MSH 
gouge (Table 2) and use these new measurements to quantify the 
changes in physical properties attending gouge lithification. Previ-
ous measurements of porosity and permeability for MSH dome-
forming lavas are available (see Heap et al., 2016, and references 
within) but measurements on the fault zone materials are few 
(Kendrick et al., 2012; Gaunt et al., 2014). Our measurements are 
made on the unconsolidated material and on cylindrical samples 
(25.4 mm in diameter and 26–51 mm in length) cored from blocks 
of the texturally distinct units within the fault zones at spines 4, 5 
and 7. Samples were cored in two orientations that are parallel and 
perpendicular to planar fabrics. We assume the planar fabrics are 
oriented parallel to extrusion direction and to the conduit walls. 
Connected porosity was measured using a helium pycnometer, and 
permeability was measured using a benchtop helium permeame-
ter (confining pressure of 2.5 MPa) on oven-dry cores using the 
steady-state flow method (see Heap et al., 2016, for a full descrip-
tion of the steady-state method) (Table 2).

Values of permeability plotted as a function of total porosity 
(Fig. 1c) show porosity and permeability to vary across the sam-
ple suite by one and four orders of magnitude, respectively. These 
two physical properties are strongly correlated with the apparent 
competence of the fault gouge material (Fig. 1c). The gouge rocks 
furthest from the conduit boundary have low porosities and per-
meabilities (0.03 and ∼10−16 m2; Fig. 1; Table 2), whereas poros-
ity and permeability are greatest at the wall–rock interface (0.32 
and ∼10−12 m2; Fig. 1; Table 2). Gaunt et al. (2014) also measured 
an elevated porosity at the wall–rock interface. Our data show no 
measurable anisotropy in permeability in the low-porosity sam-
ples cored parallel and perpendicular to the direction of extrusion. 
In contrast, we observe anisotropy in the permeability of higher 
porosity gouge samples (i.e. those closer to the wall–rock interface) 
up to 1 order of magnitude (Fig. 1; Table 2). The data of Gaunt et 
al. (2014) show an even larger anisotropy of permeability (4 orders 
of magnitude) in their high-porosity samples of gouge. Differences 
between data from these two studies attest to the heterogeneous 
nature of the fault zone materials.

3. Magma ascent in the conduit

The 2004–2008 eruption of MSH lasted 42 months, during 
which time seven spines were extruded sequentially from the 
same vent. Drumbeat seismicity occurred for the duration of 
the eruption and is interpreted to result from repetitive stick-
slip or fracture-slip faulting localized at the conduit margin (e.g., 
Iverson et al., 2006; Moran et al., 2008a; Kendrick et al., 2012;
Kennedy and Russell, 2012; Pallister et al., 2013), resulting in the 
formation of fault gouge. While the decrease in the rate and mag-
nitude of these events over time (e.g., Moran et al., 2008a) may 
signal the waning of the eruption (Scott et al., 2008), the persistent 
microseismicity suggests the continued production of crystal-rich 
(glass-poor), unconsolidated fault gouge at depth. At the surface, 
the gouge layer is variably densified: spines 4 and 5 have carapaces 
of loose powder, indurated gouge, and relatively porous cataclasite 
(Figs. 1 and S1). In contrast, the carapace enveloping spine 7 is 
composed of unconsolidated gouge that grades to a highly com-
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Fig. 3. “Top-down” model for spine extrusion. (a) Schematic cross sections of MSH showing the position of dacite spines at t = 0 (onset of seismicity), 87, 199 and 382 days 
(the start of spine 4, 5 and 7 extrusion, respectively). The length of each spine (Li ) is given in Table 1. The field of crosses (+) above 1 km and the crosshatched region (1 to 
0.5 km) denote the depth where the dacite is solidified, and the zone where gouge formation occurs, respectively (Cashman et al., 2008). (b) Modeled ascent paths for each 
spine. Colors and patterned fields as in panel (a). Ascent paths for the top and bottom of the parcel of solidified magma that makes up each spine (color bar) have been 
reconstructed in depth-time space. The ascent rate of a spine is not constant; the slopes (values on right side) are calculated by dividing Li by �ti . Black dots show when 
the top (or bottom) of each spine reaches 1 and 0.5 km depth. As ascent rates decrease during the eruption (shallowing slope of ascent path curves), the later spines (and 
gouge) have longer residence times. (c) Results of thermal model predicting the temperature of gouge as a function of time. Colors as in panel (a). Dashed lines are boundary 
condition temperatures: wall rock = 150 ◦C, ascending magma = 850 ◦C (see text). The modeled temperatures at the contact with the wall rock, and 0.5 and 1 m in to the 
conduit are shown as closed, gray, and open circles respectively (Table 3).
petent, dense, low-permeability ultracataclasite (Figs. 1 and 2). 
The variable competence of the fault zone rocks enveloping these 
spines indicates that (1) the gouge is progressively lithified dur-
ing transit to the surface, and (2) the conditions associated with 
the formation of the ultracataclasite at spine 7 are in some way 
different from the lithification conditions for the less competent 
gouge-derived material at spines 4 and 5.

Observations collected for each spine eruption include: surface-
resolved linear extrusion rates (U ; m s−1), volumetric extrusion 
rates (Q ; m3 s−1), eruption durations (�t; days) and approxi-
mate erupted volumes (V ; m3) (Table 1; Vallance et al., 2008;
Schilling et al., 2008). The linear and volumetric extrusion rates 
decay logarithmically with time such that rates for spine 7 are an 
order of magnitude lower than for spine 1 (Table 1).

We use these observational data to reconstruct the pre-2004 
eruption magma column (Fig. 3a) and to model the ascent of the 
individual (ith) parcels of magma that fed each spine (Fig. 3b; 
Table 3). We adopt a cylindrical geometry for the magma-filled 
conduit (as suggested by Pallister et al., 2008, 2013), where the 
diameter (D) is approximated to 200 m (e.g., Iverson et al., 2006). 
Using this idealized geometry, the median observed volumetric ex-
trusion rate (Q i ) and eruption duration (�ti), we calculate the 
length (Li ; m) of each cylindrical parcel of lava (Table 1). The total 
length of the subsurface magma column at the start of the erup-
tion is the sum of these modeled values, which we estimate as 
3.8 km (Table 1). This approach allows us to model the position of 
the discrete parcels of magma within a vertical column at the start 
of the eruption (t = 0) and throughout the eruption. Fig. 3 illus-
trates the progressive ascent (i.e. position in the conduit) of these 
magma parcels as a function of time including the time at which 
each portion of magma reaches depths of 1, 0.5, and 0 km (Fig. 3b; 
Table 3).

The slopes of depth-time paths define ascent rates for the indi-
vidual spine-forming magma packets as a function of depth. These 
slopes, plotted as lines in Fig. 3b, show that the magma ascent 
rate was not constant but decreases with time throughout the 
2004–2008 eruption of MSH (values in Fig. 3b). It is also clear 
that the ascent rates of individual packets of magma become more 
complex as the eruption progresses. Note that the modeled ascent 
rates differ from the values reported for spine extrusion rates be-
cause the observed linear extrusion rates (i.e. U ) only correspond 
to magma ascent rate at the very top of the conduit. For example, 
later parcels of magma are moving faster in the subsurface than 
the extrusion rates observed at the surface would suggest. We re-
port the maximum and minimum calculated ascent rates (v) at 
depths <1 km in Table 3.

Shear strain rates associated with syn-eruptive deformation of 
the conduit margin materials during faulting are calculated from 
these reconstructed ascent rates at depths <1 km (v , Table 3). 
Shear strain rates (γ ′) within the fault zone core are calculated 
as v/w where w is the thickness of the unit over which strain 
is distributed (i.e. the thickness of fault zone core; Table 1). Val-
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Table 3
Modeled parameters for the 2004–2008 MSH lava spine eruption, including: the eruption day (tx) when the top of each spine reached the surface (0 km), 0.5 km and 1 km; 
the residence time over those depth intervals (�tx−x; d); ascent rates at <1 km depth (v; m d−1); and calculated shear strain rates (γ ′; s−1). Also included are the Peclet 
number (Pe; see text) and model temperatures (◦C; at 1 km depth) at the conduit–wall rock interface (0 m), as well as 0.5 m and 1 m in to the conduit.

Event Transit day Ascent rate Shear strain ratea Peclet number Temperature Residence time

t0 t0.5 t1 vmin vmax γ ′
min γ ′

max Pemin Pemax 0 m 0.5 m 1 m �t0.5−0 �t1−0.5

Vent clearing 8 – – 26.1 26.1 – – 104.8 104.8 150 – – – –
Spine 1 18 – – 6.8 26.1 – – 104.2 104.8 538 610 675 – –
Spine 2 23 – – 6.8 26.1 – – 104.2 104.8 675 803 837 – –
Spine 3 32 – – 6.8 26.1 – – 104.2 104.8 665 729 778 – –
Spine 4 87 51 13 13.7 26.1 6.1 × 10−5 1.5 × 10−3 104.5 104.8 616 653 687 36 38
Spine 5 199 108 59 5.5 13.7 4.2 × 10−5 1.6 × 10−4 104.1 104.5 620 646 670 91 49
Spine 6 312 179 88 5.5 5.5 – – 104.1 104.1 650 672 693 133 91
Spine 7 382 266 149 3.4 5.5 6.7 × 10−4 2.1 × 10−3 103.9 104.1 689 711 732 116 117
Base of spine 7 1042 792 554 2.1 2.1 – – 103.7 103.7 612 624 634 250 238

a γ ′
min = vmin/wmax; γ ′

max = vmax/wmin (Table 1).
ues for γ ′ vary from 4.3 × 10−5 to 2.1 × 10−3 s−1 (Table 3). The 
fault zones at spines 4 and 5 are significantly wider than those 
in spine 7 (1–3 m vs. 0.03–0.6 m) and, therefore, values of γ ′
are similar, despite the differences in ascent velocities (Table 3). 
Variations in shear strain rate are therefore unlikely to explain the 
differences in physical and textural properties and densification of 
the fault gouge mantling the different spines.

The reconstructed ascent rates are also used to constrain the 
temperatures in the rising packets of magma for each spine (Ta-
ble 3). The model is adapted from Jaluria and Torrance (1986)
and Russell (1988) and accounts for conductive heat transfer to 
the conduit walls vs. advective transport within the magma as it 
ascends the conduit from a depth of ∼1 km. The modeling es-
tablishes the temperature distributions at three points – at the 
conduit–wall rock interface, and 0.5 and 1 m into the conduit from 
the interface. The thermal model uses an initial temperature of 
850 ◦C for the dacite magma, which is just below the peak temper-
ature estimated for crystallization at ∼1 km (857 to 936 ◦C; Blundy 
et al., 2008; Pallister et al., 2008). The Peclet number (P e) is cal-
culated as v × D/α, where α is the thermal diffusivity (taken as 
10−6 m2 s−1). Even for the slowest ascent rates of the MSH dacite 
(e.g., 2.1 m d−1) the computed Pe values are much greater than 
unity (103.7; Table 3), indicating that advective transport of heat 
dominates over conductive heat loss to the wall rocks during as-
cent (Russell, 1988).

At the start of the eruption, the ascent rates in the conduit are 
high (Table 3), heat transfer is dominantly advective (little conduc-
tive heat loss), and magma temperatures are kept high (Fig. 3c). 
As the eruption proceeds and ascent rates decrease there is a 
greater capacity for conductive heat loss (e.g., spine 7; Table 3), 
although this is mitigated somewhat by the fact that the wall 
rocks have already been heated by the passage of previous magma 
(i.e. spines 1–6) (Fig. 3c; Table 3). The temperatures of wall rocks 
at the conduit interface increase rapidly in the first three weeks 
of the eruption and remain between 620 and 690 ◦C for the re-
mainder of the eruption (Fig. 3c; Table 3). Model temperatures for 
gouge 0.5 m and 1 m from the conduit–wall rock interface follow 
the same heating trend where temperatures peak during the as-
cent of spine 2 (803 and 837 ◦C, respectively) and then stabilize 
at 630 and 730 ◦C for the rest of the eruption (Fig. 3c; Table 3). 
Our model values for the fault zone temperature are similar to 
those measured at the surface by thermal imaging of cracks in 
the carapace (Vallance et al., 2008). The results provide a range of 
temperatures at which gouge lithification must operate. However, 
these calculations show that variations in temperature during as-
cent are insufficient to account for the variable lithification of fault 
gouge mantling the different spines.
4. Hot pressing: A model for lithification of volcanic gouge

The slow ascent of highly crystalline rhyodacite magma in vol-
canic conduits supports both viscous and brittle deformation (e.g., 
Lavallée et al., 2007; Cordonnier et al., 2009; Smith et al., 2011;
Okumura et al., 2016). Brittle deformation is commonly restricted 
to the conduit walls and manifest as a conduit-parallel fault zone 
composed of fault gouge derived from comminuted, holocrystalline 
magma (e.g., Goto, 1999; Neuberg et al., 2006; Holland et al., 2011;
Kendrick et al., 2014). At MSH, the gouge is produced at relatively 
shallow depths (∼0.5 to 1 km; e.g., Cashman et al., 2008) corre-
sponding to low lithostatic pressures (∼12.5 to 25 MPa). Magma 
temperatures in the conduit are relatively low (630–730 ◦C; Ta-
ble 3; Vallance et al., 2008) and residence times within the vol-
canic conduit are generally short (months to <2 yr). The resulting 
domes and spines are extruded with carapaces of fault gouge that 
are extremely variable in terms of their physical properties (e.g., 
porosity, permeability), varying from unconsolidated, low-cohesion 
powder to dense, low-permeability, fault rocks. These facts posit 
two questions: firstly, and empirically, what controls the degree of 
lithification of the volcanic fault gouge? Secondly, and more fun-
damentally, what is the process that drives lithification within the 
narrow time–temperature–pressure window?

Our analysis of the MSH eruptions has shown that the most 
lithified gouge is associated with spine 7 (i.e. the low-porosity, 
low-permeability ultracataclasite). Previous work on spine 7 by 
Kendrick et al. (2012) distinguished four structurally distinct lay-
ers within the spine 7 fault zone: (1) an outer surface of indurated 
gouge (L1) that crosscuts (2) a dark, banded layer (L2; i.e. the 
ultracataclasite in Figs. 1b and 2) which, itself, grades into (3) 
a moderately sheared layer (L3), and (4) the undeformed dacite 
core (L4). These authors suggested that the L2 layer contained evi-
dence of frictional melting within the gouge caused by seismogenic 
slip events that produced a pseudotachylite (e.g., Lavallée et al., 
2012; Kendrick et al., 2012, 2014). Although localized frictional 
melting may be present, this mechanism cannot explain the per-
vasive, variable densification and lithification of the fault gouge 
that envelops each spine (Fig. 1c). Variably indurated fault gouge 
is found on all spines at MSH, although spine 7 is noteworthy for 
the high degree of competence of the gouge-derived ultracatacl-
asite. We also reiterate that the comminuted solidified magma is 
essentially devoid of glass, thus precluding lithification by viscous 
sintering (as is the case for glassy materials; see Quane et al., 2009;
Vasseur et al., 2013; Wadsworth et al., 2017). There is also no 
textural evidence nor modal mineralogical variations (Supplemen-
tary Information, Table S1) suggesting the gouge was lithified by 
cementation processes involving fluids. Though outgassing mag-
matic volatiles passed primarily through the gouge-filled fault zone 
(Rowe et al., 2008), the low initial volatile content of this MSH 
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magma (e.g. Pallister et al., 2008; Scott et al., 2008; Gerlach et al., 
2008) precludes cementation as a significant lithification mecha-
nism.

The variations in the reconstructed ascent rates for each spine-
forming magma translate into substantial differences in subsurface 
residence times (Table 3). The ascent paths (depth-time; Fig. 3b) 
define the total residence times for each packet of magma and its 
associated fault gouge at depths <1 km (i.e. �t1−0.5, �t0.5−0; Ta-
ble 3). The total subsurface residence time for each magma packet 
increases as the eruption progresses from 74 to 448 days (Table 3). 
The last material erupted (spine 7 extrusion) has the longest res-
idence time. Therefore, the unconsolidated gouge associated with 
spine 7 would have remained at elevated pressure and tempera-
ture for ∼150–400 days longer than the gouge mantling spine 4, 
and ∼100–350 days longer than the gouge mantling spine 5. We 
suggest that, to a first order, the degree of lithification of fault 
gouge reflects the total time (residence time) spent at elevated 
temperature and at lithostatic pressure (i.e. depth). Based on the 
empirical evidence, it appears that slower ascent rates provide the 
longer residence times at the elevated temperature and pressure 
conditions required for lithification of the fault gouge.

Hot pressing (HP) and hot isostatic pressing (HIP) are two man-
ufacturing processes used to densify granular material by subject-
ing the particles to high temperatures under differential (HP) or 
hydrostatic (HIP) pressure (Ramqvist, 1966; Rahaman, 2003). These 
methods are used extensively in metallurgy and the production 
of ceramics. They are also common practice for fabricating syn-
thetic samples for rock deformation experiments (e.g., Rybacki et 
al., 2003; Kushnir et al., 2015) or studying densification by viscous 
sintering (i.e. welding) in volcanic systems (e.g., Quane et al., 2009;
Heap et al., 2014). They are effective in densifying materials where 
the elevated temperature–pressure conditions activate specific sin-
tering processes. In the case of crystalline materials, sintering oc-
curs in the solid-state by diffusion. We contend that the dominant 
process for lithification of fault gouge materials derived from com-
minution of solidified magma is ‘volcanic hot pressing’. The hot 
pressing of the crystalline granular material promotes solid-state 
diffusional processes that bind particles together.

Experimental studies of hot pressing and sintering have ex-
plored the effects of temperature, pressure, grain size and time 
on sintering efficiency in crystalline materials (e.g., White, 1965;
Ramqvist, 1966; Rahman, 2003). Rates of densification greatly in-
crease with increasing temperature owing to faster rates of atomic 
diffusion. Higher pressures can increase the stress on grain bound-
aries thereby accelerating grain boundary or lattice diffusion and 
densification rates. Increased time at these conditions leads to 
greater porosity reduction and increased competence and lithifi-
cation. Reduced grain sizes support higher densification rates be-
cause diffusion is facilitated by the increase in surface area to 
volume ratios, and the reduced distances to and between grain 
boundaries.

To better constrain the grain radius of particles responsible for 
the gouge densification process at MSH, we use the Wadsworth 
et al. (2016) permeability model, which is applicable to densify-
ing granular materials. This universal scaling model illustrates the 
influence of particle radius on densification dynamics regardless 
of the densifying mechanism. Specifically, it models the relation-
ship between permeability and adjusted or ‘scaled’ porosity (i.e. 
total porosity minus 0.03; see Wadsworth et al., 2016, for justifica-
tion) as a function of grain size. We have plotted our permeability 
and porosity (adjusted) data (Fig. 1c; Table 2) on a diagram con-
toured for grain size using the Wadsworth et al. (2016) model 
(Fig. 4a). Our data, comprising a suite of materials from uncon-
solidated powders to dense rock, cluster along the 10 μm contour 
(Fig. 4a).
Fig. 4. Hot pressing in volcanic conduits. (a) Our porosity–permeability data (from 
Fig. 1c) and the universal scaling model from Wadsworth et al. (2016). Contours 
show the predicted porosity–permeability relationship for particles of a specified 
grain radius densifying by any mechanism. Data fall along the 10 μm contour, but 
deviate toward the 100 μm contour at low porosities. From this, we infer that densi-
fication of gouge occurs primarily by sintering of small particles. (b) Modeled mini-
mum densification time (t�ρ ; contours) at a given pressure (P ) and temperature (T ) 
(Eq. (1)). The prescribed relative density (ρ/ρi ) is equivalent to transforming an un-
consolidated powder (initial porosity ∼0.33) to a dense solid (final porosity ∼0.0) 
(ρ/ρi = 1.5). Grain radius (G) is 10 μm in order to constrain the magnitude of t�ρ . 
Where t�ρ < 1 yr, we define a ‘hot pressing window’ (shaded region) where gouge 
will be extensively lithified on a short timescale. Where t�ρ > 1 yr densification 
is still occurring, but at a diminished rate so that gouge properties do not change 
substantially on a timescale similar to that of a spine-producing eruption (white 
region). An increase in G to 25 μm shifts contours to the right (dashed curve). 
(c) Influence of ascent rate on the potential for extensive lithification of gouge. Solid 
curve and shaded region define the ‘hot pressing window’, where the residence time 
at depth is greater than t�ρ (T = 700 ◦C, ρ/ρi = 1.5, G = 10 μm). An increase in G
to 25 μm (dashed curve) shifts the ‘hot pressing window’ to longer times. When the 
ascent rate of solidified lava (and gouge carapace) is high (10 m d−1, steep line), it 
moves rapidly from a deeper regions in the conduit where t�ρ is small to shallow 
regions where t�ρ is large (shown by solid curve). Because residence time is less 
than t�ρ the ascent path of the lava bypasses the ‘hot pressing window’ and the 
gouge will be weakly consolidated when it reaches the surface. Conversely, when 
ascent rate is slow (2 m s−1, shallow line), gouge resides for an extended time at 
high P , where t�ρ is small. At these conditions, residence time is greater than t�ρ

so densification proceeds quickly and the gouge will be a high competence material 
when it reaches the surface.
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The distribution of our data suggests that the sintering process 
is facilitated by, or depends on, the smallest particles within the 
bulk fault gouge material. This inference is supported by experi-
mental and theoretical studies of sintering, which show increased 
densification rates where particles are small (e.g., Rahaman, 2003;
Vasseur et al., 2013; Wadsworth et al., 2017). Furthermore, mi-
crostructural observations show that the well-lithified gouge (i.e. 
cataclasite and ultracataclasite), although poorly sorted, has a high 
abundance of small particles (Fig. 2; Cashman et al., 2008; Kennedy 
et al., 2009; Kendrick et al., 2012; Pallister et al., 2013). The impli-
cation is that although the gouge comprises a wide range of grain 
sizes (1 μm to 10 cm; Cashman et al., 2008; Kendrick et al., 2012;
Pallister et al., 2013), the larger particles are not active in the 
lithification process. These passive particles are instead bound to-
gether by the progressive sintering and densification of the finer 
grained matrix. Larger grains (radii up to 100 μm) may only be-
come involved in sintering once the population of smallest grain 
sizes has been sufficiently reduced. This is shown in Fig. 4a where 
data for the densest material deviate from the 10 μm contour. At 
this point, the change in the grain size of the particles may in-
crease the densification time such that sample density would not 
change appreciably on the timescale of the eruption.

Several authors have developed models for the rate of densifi-
cation as a function of the parameters discussed above (see ref-
erences within Ramqvist, 1966). We use the following generalized 
model from Rahaman (2003) to illustrate schematically the relative 
influences of pressure (P ) and temperature (T ) on the minimum
time necessary to densify (t�ρ ) a material of a specified grain ra-
dius (G) by a fixed amount, dictated by the prescribed relative 
density (ρ/ρi ) (Fig. 4b):

t�ρ =
(

ln
ρ

ρi

)
GmkT

H DδP
. (1)

In Eq. (1) k is the Boltzmann constant, H is a constant, D is 
the diffusion coefficient of the rate-controlling species, δ is a 
shape parameter, and m has a value that depends on the sin-
tering mechanism (e.g., boundary or lattice diffusion) (Rahaman, 
2003). In Fig. 4b we show the relationships between temperature, 
pressure, grain size and minimum densification time, where the 
modeled change in density is equivalent to converting an uncon-
solidated power to a dense solid. At elevated pressures (>30 MPa, 
∼1.25 km), temperature is the dominant control on densification 
time, as the steep-sloping contours in Fig. 4b show. However, at 
pressures below 10 MPa (∼0.5 km), the contours in Fig. 4b begin 
to flatten and become more closely spaced: densification rates re-
main temperature-dependent but the minimum time required for 
densification increases substantially compared to rates at higher 
pressures. An increase in the radius of the densifying particles 
shifts the contours to the right (more time is necessary to densify 
the material) but does not affect the overall shape of the contours 
(dashed gray curve, Fig. 4b). Finally, we define a ‘hot pressing win-
dow’ (shaded region, Fig. 4b) where the minimum densification 
time is less than 1 yr.

Sintering efficiency depends on pressure, temperature and time, 
which supports our assertion that the degree of lithification re-
flects residence times in the conduit, and indirectly informs on as-
cent rate. This relationship is illustrated in Fig. 4c where potential 
ascent paths, defined by average ascent rate, are compared to the 
time–pressure window for hot pressing at elevated temperatures. 
Where the gouge material ascends slowly (2 m d−1, shallow line 
in Fig. 4c), it remains for an extended time in a high-pressure re-
gion of the conduit, where densification rates are high (i.e. Eq. (1)). 
On this path, material becomes fully lithified because the residence 
time exceeds the requisite time for densification of this material at 
conduit temperatures: the result is extrusion of a highly compe-
tent, lithified rock (e.g., ultracataclasite; Fig. 2). Conversely, higher 
ascent rates create paths that completely miss (10 m d−1, Fig. 4c) 
or only briefly transect (5 m d−1, Fig. 4c) the ‘hot pressing window’ 
and are subject to lower rates of densification. The shorter resi-
dence times at depth (i.e. higher ascent rates) and the lower rates 
of densification preclude complete lithification: the gouge will be 
extruded unconsolidated or only weakly lithified.

5. Implications for eruption dynamics and monitoring

The morphology and stability of lava domes have been shown 
to correlate with subsurface ascent rates (e.g., Fink and Griffiths, 
1998; Watts et al., 2002; Heap et al., 2016). These rates, which 
differ from extrusion rates observed at the surface, can constrain 
the rheologic behavior of the magma in the conduit, and can signal 
the waxing or waning of an eruption. The competence of gouge re-
flects subsurface residence times, suggesting that the properties of 
fault gouge mantling lava spines could serve as a geospeedometer, 
informing on conduit ascent rates. For example, where the cara-
pace comprises unconsolidated or partially indurated gouge, one 
can forensically infer a relatively rapid subsurface ascent rate. Con-
versely a well-lithified gouge carapace implies substantially slower 
ascent rates.

Mount Unzen offers another example. The remnant spines from 
the 1991–1995 eruption are mantled in gouge layers described as 
‘sintered’, ‘welded’, and/or ‘agglutinated’ (e.g. Hornby et al., 2015). 
A photo of the relict of the 1994–1995 spine and its marginal shear 
zone (Fig. 2a; Hornby et al., 2015) shows well-lithified gouge, im-
plying slow subsurface ascent. This observation accords well with 
the low observed extrusion rates (0.25–0.5 m3 s−1; Nakada et al., 
1999), although, as we have shown, observed extrusion rates are 
not the same as subsurface ascent rates. The spines produced 
during the 1995–1999 eruption of Soufrière Hills volcano have a 
different character: the gouge that envelops these spines is poorly-
lithified. For example, Watts et al. (2002) describe a smooth-
topped lava dome being extruded on October 1, 1996 at a flux of 
1.8 m3 s−1 (faster than median extrusion rate of spine 4 at MSH; 
Table 1). By October 10 portions of the carapace failed, exposing a 
thick layer of weakly indurated gouge and breccia (Fig. 15a; Watts 
et al., 2002), reflecting the relatively high observed extrusion rate.

Many active dome- or spine-producing volcanoes are remotely 
monitored using aerial and terrestrial photography/photogramme-
try (e.g., Watts et al., 2002; Schilling et al., 2008; Ryan et al., 2010;
Diefenbach et al., 2012), thermal imaging/photogrammetry (e.g., 
Bernstein et al., 2013; Thiele et al., 2017), and webcams (e.g., 
Poland et al., 2008; Bull et al., 2013). Remote sensing may provide 
a means to qualitatively assess the competence of the envelop-
ing gouge layer from the material’s angle of repose or from the 
frequency of sloughing or slumping events. Given the relationship 
between subsurface ascent rate and properties of the fault gouge, 
degree of gouge lithification may then be used to infer the accel-
eration or deceleration of magma in the conduit. Changes in gouge 
properties, coupled with other observational data, could indicate 
whether an eruption is waxing or waning.

Marginal fault zones filled with fault gouge and cataclasites are 
expected to be high-porosity, high-permeability regions support-
ing efficient passive degassing. The presence of permeable fault 
zones should therefore inhibit build-up of gas overpressures and 
preclude the explosive release of trapped gases. However at dome-
and spine-producing systems like MSH, gas-charged explosive out-
gassing events still occur and are localized in the fault zones at 
the conduit wall (e.g., Rowe et al., 2008; Cashman et al., 2008;
Moran et al., 2008b; Holland et al., 2011; Lavallée et al., 2013;
Pallister et al., 2013; Gaunt et al., 2014). Changes in fault prop-
erties causing a reduction in permeability (e.g., cementation or 
welding) have been invoked as triggers for explosive events (e.g., 
Quane et al., 2009; Holland et al., 2011). Hot pressing represents 
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another means of causing a permeability reduction leading to re-
pressurization and explosive outgassing behavior. The recurrence 
interval between explosive events can inform on the requisite time 
for gouge densification in the conduit.

6. Summary

Lava spines produced during the effusive eruption of crystal-
rich rhyodacitic magmas often reach the surface enveloped in lay-
ers of texturally diverse volcanic fault gouge. The gouge-derived 
materials extruded during the 2004–2008 eruption at MSH range 
from unconsolidated powders to low-porosity, low-permeability 
fault rocks. We investigated the process responsible for the lithi-
fication of gouge using observational data collected during the 
eruption to reconstruct the ascent paths and thermal histories of 
the extruded lava spines. Using the time–temperature–pressure in-
formation given by these reconstructions, and the association of 
the most competent gouge materials with the spines erupted at 
the slowest ascent rates, we suggest a new mechanism for the 
densification and lithification of crystalline volcanic materials at 
spine-producing volcanoes, including Soufrière Hills, Mount Unzen, 
Mount Pelée and MSH: the competence of the gouge changes as 
a result of solid-state sintering, which has a rate dictated by the 
time–temperature–pressure conditions the gouge experiences in 
the conduit. When subjected to high pressures and temperatures, 
small particles coalesce as a result of sintering, and progressively 
bind larger particles within a densifying matrix. If the material re-
mains at depth for an extended period of time, the gouge will be 
extensively lithified, and will reach the surface as highly compe-
tent material. Increasing gouge competence is accompanied by a 
reduction in permeability, suggesting lithification of the fault zone 
decreases outgassing efficiency. Additionally, given the correlation 
between the physical properties of gouge and its ascent rate, anal-
ysis of fault zone rocks mantling lava spines can be used to infer 
magma ascent rates.
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