N
N

N

HAL

open science

Necking and fracking may explain stationary seismicity

and full degassing in volcanic silicic spine extrusion

Liging Jiao, Paul Tapponnier, Fidel Costa, Frédéric-Victor Donzé, Luc
Scholtes, Benoit Taisne, Shengji Wei

» To cite this version:

Liqing Jiao, Paul Tapponnier, Fidel Costa, Frédéric-Victor Donzé, Luc Scholtes, et al.. Necking and
fracking may explain stationary seismicity and full degassing in volcanic silicic spine extrusion. Earth

and Planetary Science Letters, 2018, 503, pp.47-57. 10.1016/j.epsl.2018.09.023 . hal-02963777

HAL Id: hal-02963777
https://hal.science/hal-02963777
Submitted on 15 Oct 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NoDerivatives 4.0 International License


https://hal.science/hal-02963777
http://creativecommons.org/licenses/by-nd/4.0/
http://creativecommons.org/licenses/by-nd/4.0/
https://hal.archives-ouvertes.fr

Earth and Planetary Science Letters 503 (2018) 47-57

Contents lists available at ScienceDirect

EART
SPLANETARY
SCIERCE LETTERS

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Check for
updates

Necking and fracking may explain stationary seismicity and full
degassing in volcanic silicic spine extrusion

Liging Jiao®*, Paul Tapponnier?, Fidel Costa?, Frédéric-Victor Donzé®, Luc Scholtés®,
Benoit Taisne ¢, Shengji Wei ®
4 Earth Observatory of Singapore, Nanyang Technological University, Singapore

b Université Grenoble Alpes, Institut des Sciences de la Terre, Grenoble, France
€ Université de Lorraine, Lab. GeoRessources, Nancy, France

ARTICLE INFO ABSTRACT

Article history:

Received 30 April 2018

Received in revised form 18 July 2018
Accepted 18 September 2018
Available online 1 October 2018
Editor: J.-P. Avouac

Volcanic seismicity during silicic spine eruptions often involves recurrent excitation of similar sources at
stationary depth just beneath the crater. The mechanics of volcanic spine extrusion may be compared
to those of high-temperature, industrial metal working. We thus use slip-line field theory to assess
stress, strain and faulting in ascending magma, which, although hot, behaves as a solid. Earthquake fault-
plane solutions during the 09/2004-08/2005 eruptions of Mount St. Helens are generally consistent with
shrinking of magma rising across a conduit “bottle-neck”. Among 215 fault plane solutions, thrust and
vertical fault planes prevail, with fewer normal or strike-slip faults. Constriction across the neck and
vertical shear along the conduit walls thus predominate. Dynamic Discrete Element Modeling reproduces
repetitive nucleation and growth of thrust faults within such a neck. The pressure drop across the neck’s
core (secondary tension) boosts crack opening and hence gas extraction. Such natural “fracking” could
promote full magma degassing, contributing to the typically low explosivity of silicic spine extrusion.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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1. Introduction

Volcanic seismicity (including low-frequency - 0.2 Hz to 10 Hz
- events) is common during silicic dome and spine extrusions
(Fig. 1). It spans a very broad spectrum that includes at its lim-
its tremors and high frequency hybrid earthquakes (Chouet, 2003;
Chouet and Matoza, 2013; McNutt, 2002), with signals varying
from continuous to periodic. Hybrid and low-frequency events
have been simply interpreted to have similar sources but different
sizes (Horton et al, 2008). Many of these diverse events com-
monly occur in swarms, coevally with surface degassing (Pallister
et al.,, 2013; Tuffen and Dingwell, 2005; Tuffen et al.,, 2008). The
event sequences often include multiplets, which may repeat for
minutes to weeks (Neuberg et al., 2006; Pallister et al., 2013).
The source types span a very broad range. They include “drum-
beat events”, defined by Moran et al. (2008) as events that occur
at remarkably constant intervals (see also Kendrick et al., 2014),
low-frequency events, hybrid events and volcano-tectonic (VT)
events (e.g., Moran et al., 2008). The regular occurrence, mostly
in swarms, of many such events is thought to reflect the periodic
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excitation of repetitive, non-destructive sources (Lahr et al., 1994,
Neuberg et al., 2006). Many hypocenters are commonly located
at fairly constant depths beneath active domes (Lahr et al., 1994;
Neuberg et al., 2006), (Fig. 2, Supplementary Fig. S1).

The origin and mechanisms of volcanic seismicity are not
fully understood. It is generally thought that repetitive events re-
sult from faulting inside both the host-rock and the outer rims
of the ascending magma (Chouet, 1996; Kendrick et al., 2014;
Lahr et al, 1994; Neuberg et al., 2006; Pallister et al., 2013;
Thomas and Neuberg, 2012; Voight et al., 1998). Yet, while bound-
ary shear undoubtedly plays an important role, it does not suffice
to account for the variable mechanisms of the earthquakes, and
their frequent occurrence at fairly constant depths.

Understanding the mechanics of such volcanic earthquakes
is important to elucidate eruptive processes and to assess re-
lated hazards. This, however, is a challenging goal because of
the co-involvement of multiphase (gas/liquid/solid) thermal ef-
fects, large changes in physical properties (strength, viscosity,
density), and magma flow geometry/kinematics (Chouet, 2003;
Chouet and Matoza, 2013; Ramos et al., 1999). Crack opening along
the conduit walls likely accounts for final gas escape around the
crater rim (Jellinek and Bercovici, 2011), but not for the restricted
depths of many events and full degassing of the magma interior.
Abundant brittle-ductile deformation textures in silicic lavas im-
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Fig. 1. Large silicic spines. (a) Emerging 2005 Mount St. Helens “whaleback” spine 4 (Pallister et al, 2013). (b) November 1902 solid, vertical spine of Montagne Pelée

(Photograph by Alfred Lacroix).

ply fracturing/faulting within the magma itself (Green et al., 2006;
Kendrick et al., 2014; Neuberg et al, 2006; Pallister et al.,
2013; Thomas and Neuberg, 2012; Tuffen and Dingwell, 2005;
Tuffen et al., 2008; Vargas-Bracamontes and Neuberg, 2012), which
must thus behave as a solid. Studies at Soufriére Hills in Montser-
rat and Mount St. Helens suggest that this fracturing occurs pri-
marily near the conduit wall, where the hot magma shears past
cold host rock (Chouet and Matoza, 2013; Green et al., 2006;
Heiken et al., 1988; Jousset et al., 2004; Kendrick et al., 2014;
Pallister et al., 2013). In a particularly detailed study, Pallister et al.
(2013) observed brittle faulting inside the edges of Spines 4 and 5
at Mount St. Helens (January to July 2005), and suggested that such
brittle shear might start ~1 km down along the conduit walls. Lat-
eral faulting, however, is unlikely to be evenly distributed, for if it
were, it would be difficult to account for the stationary depth of
many of the largest earthquakes (Fig. 2, Supplementary Fig. S1). In-
creased lateral shear due to a narrowing conduit, as suggested by
Thomas and Neuberg (2012), could trigger localized lateral faulting
past the corresponding constriction, but such a geometrical change
would not account for the decline or termination of such faulting
farther upwards.

Nonetheless, changes in conduit width, which are likely as the
magma ascends towards the surface, do suggest additional mech-
anisms that may simultaneously explain stationary - though re-
current - faulting as well as degassing within hot - though partly
solid — magma, as it forces its way across a restricted path. Sili-
cic spines are typically extruded obliquely or vertically as essen-
tially coherent bodies that retain cohesion for days to weeks to
lengths/elevations of hundreds of meters (e.g., Fig. 1) (Lacroix,
1904; Pallister et al., 2013). Though still hot, the extruded spine
magmas thus likely behave as solids. Earthquakes, which require
the transmission of shear stresses, only occur in solids. The depth
at which silicic spines begin to behave mechanically as coherent
solids is poorly known. However, upwards cooling/degassing likely
fosters silicic magma crystallization enough that it may already
contain up to ~50% crystals at depths of 1 to 1.5 km below the
crater. If so, such magma would behave as a weak solid, capable
of shearing and cracking along faults, and hence generate earth-
quakes.

Large spine extrusion during silicic eruptions is fairly rare. Or
rather, it has rarely been observed and described in detail. This
may simply be because spines do not survive for long, as their
magma rapidly disaggregates and collapses. Also, even large spines
may remain hidden inside deep craters, as at Mount St. Helens,
which would have hampered observation except possibly in the
last few hundred years. Only a few would thus have been reported
in this relatively short period of historical time. Finally, the con-
junction of processes that we advocate in this paper may not be
that common, as it requires both a permanent conduit bottleneck
and an already solid ascending magma at the depth of that bot-
tleneck. To our knowledge, the most outstanding historical cases
of spine extrusion are those of Montagne Pelée in 1902 (when
seismology was in infancy), and Mount St. Helens in 2004-2006.
The set of instrumental seismic data during the latter is thus
unique. Only a handful of other spine extrusion episodes, generally
smaller or more inclined, are known to have occurred at Mt. Un-
zen (dacites, 1994, 2007, Japan), Santiaguito (andesites, 1958, 1967,
Guatemala), Bezymianny (andesites, 1997, Kamchatka), and Chaiten
(rhyolites, 2009, Chile). The most recent episodes at Unzen and
Chaiten have been less completely studied seismically than Mount
St. Helens. Our paper is thus primarily based on the Mount St.
Helens dataset during the large spine extrusions of late 2004 and
2005.

Our goal here is not to account for all volcanic seismicity in
general, but only for seismic events that are coeval with spine ex-
trusion and occur at stationary depths. We show how the unique
earthquake fault plane solutions dataset of Moran et al. (2008) at
Mount St. Helens supports conduit width restriction as a major
triggering mechanism, and how such a mechanism may be further
validated by both theory (Backofen, 1972; Johnson et al., 1970) and
discrete element modeling (Jiao et al., 2014).

2. Volcano structure and stationary eruptive seismicity

The structural settings of two typical and well-studied volcanic
swarm sequences, at Soufriére Hills in the Caribbean and Mount
St. Helens in Cascadia, are shown in Figs. 2a, b.

For the June 1997 Soufriére Hills swarms in Montserrat, most
of the events occurred at depths between 1 and 1.3 km (Neuberg
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Fig. 2. Volcanic seismicity. (a) Top left: topography and bathymetry of Soufriére Hills and Montserrat. Bottom: Soufriére Hills’ south-side topographic profiles A1-A2 and
A2-A3, and location of 53 seismic swarm events (the solid red circles with thin error bars, June 1997, from Neuberg et al. (2006). Swarm events locations/depths under
crater (A2) are extracted from Fig. 4d in Neuberg et al. (2006). The gray solid line is the present sea-level. The dotted-dashed line is the last glacial-maximum low-stand.
The dashed line (~1.3 km beneath crater) is the average see-floor depth around the volcano, projecting just beneath the seismic swarm). (b) Top left: topography of Mount
St. Helens and adjacent Cascadia plateau, Washington. Bottom: topographic profiles A1-A2 and B1-B2 across the volcano, and 2D distribution of 216 volcanic seismic events
(September 24, 2004 to August 27, 2005, the solid red symbols with thin error bars) from Moran et al. (2008). The histogram shows the statistics of depth distribution. The
densest volcanic seismic swarm lies near the volcano baseline (the purple dashed line, ~1.2 km below the crater). (c) 161 volcanic seismic events (September 24 to October
10, 2004). The symbol sizes reflect events’ magnitudes (0.1 to 3.6). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

et al., 2006), right below the ~1 km wide crater center (station
MBGA ~1 km west of the dome, see Fig. 2 in Green and Neu-
berg, 2006). Within uncertainty, the hypocenters were located just
above the projected depth of the seafloor upon which the vol-
cano is built (Fig. 2a). The relatively complex geometry and to-
pography of Soufriére Hills in map-view and cross-section (Fig. 2a)
result from large-scale, oblique tectonic faulting across the north-
west flank of the active dome, and from glacially driven sea-level
change (Feuillet et al., 2010; Le Friant et al., 2009). While such
3D tectono-climatic processes might account for the small dif-
ference in average depth between the hypocenter cloud and the
base of the volcanic edifice, they do not appear to have signifi-
cantly affected the average localization of the events just beneath
the extruding dome (Green and Neuberg, 2006; Neuberg et al.,
2006).

For the thoroughly documented 09/2004-08/2005 eruptive se-
quence of Mount St. Helens (Figs. 1a and 2b, ¢, and Supplemen-
tary Fig. S1), a wealth of information is available (e.g., Horton et
al., 2008; Moran et al., 2008; Qamar et al., 2008; Thelen et al.,
2008). The eruption produced oblique, SE- to SW-wards extrusions
of tilted, so-called “whaleback” spines, up to 460 m long (Fig. 1a).
Volcanic seismicity swarms accompanied the extrusions, with most
of the seismic events located at depths between 0.6 and 1.4 km
beneath the crater floor, within a 1.2-2 km broad zone right un-
derneath the center of the ~2.3 km wide crater rim (Figs. 2b, c,
Supplementary Fig. S1). Even with depth uncertainties of a few
hundred meters, many earthquake hypocenters appeared to clus-
ter near 1 km asl, a level corresponding roughly to the average
elevation of the Cascadia plateau upon which the volcano is built
(Figs. 2b, ¢, Supplementary Fig. S1).
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Both examples illustrate a common feature of volcanic seismic-
ity swarms (Neuberg et al., 2006; Thelen et al., 2008; Thomas and
Neuberg, 2012): They often occur at roughly stationary depth be-
neath the center of the crater within which the spines/domes ex-
trude, implying a causative link, likely controlled by crustal struc-
ture at that depth.

3. Earthquake mechanisms during Mount St. Helens spine
extrusions

To date, the most quantitative dataset of volcanic seismic-
ity during silicic-spine extrusion remains that of the 2004-2005
eruptions of Mount St. Helens. Based on waveform inversions
results, Waite et al. (2008) and Matoza et al. (2015) prefer to
explain a number of volcanic earthquake mechanisms by single-
force sources, corresponding to volumetric oscillation of sub-
horizontal cracks. Harrington and Brodsky (2007) and Moran et
al. (2008), on the other hand, favor stick-slip (shear dislocation)
to explain the corner frequencies and first motion polarities for
most such earthquakes. Recent field and structural observations
(Pallister et al., 2013) are also more consistent with stick-slip
models, although they cannot rule out resonance of steam-filled
fractures. This notwithstanding, stick-slip or shear dislocation
may thus be taken to account for most of the seismic observa-
tions.

Even though more than a million seismic events were recorded
at Mount St. Helens, only ~8,000 events could be located and
many fewer (216), mostly the largest, yielded focal mechanisms
linked with the spine ascent period (Moran et al., 2008). These
latter events are thus the most useful to assess faulting at depth
under the volcano during that period, and they are the largest
set of focal mechanisms related to spine extrusion globally (Fig. 3
and Supplementary Fig. S2). Although other fault plane solutions
have been obtained for generally smaller events (mostly My ~1)
beneath the volcano’s crater (Lehto et al.,, 2010), such events oc-
curred at shallower depth (mostly <0.6 km) during the period
from September 24 to 29 2004, and thus predated the first spine
extrusion on October 11 2004 (Supplementary Fig. S3).

The coda duration magnitudes (M) of these events range be-
tween 0.5 and 3.5, with an abrupt cut-off at about My ~3.25
(Fig. 3, and Supplementary Fig. S4). This may be interpreted as
reflecting the maximum possible source length, which would be
on order of ~300 m. At a more detailed level, to determine the
maximum rupture dimension (R) of volcanic seismic events during
eruptions, we may use the following empirical equation, assuming
a circular crack (Kanamori and Anderson, 1975):

P 7- Mg
“Vi16.- A0’

where My is the seismic moment of the earthquake and Ao is
the stress drop. Taking a stress drop of 0.5 MPa, as estimated for
Mount St. Helens earthquakes by Harrington and Brodsky (2007),
and a maximum M,, (Mg = 10%1+1->Mw) of 3.0 results in a size of
~300 m. We use a slightly smaller M, than the cutoff coda dura-
tion magnitude (My), which is often grossly overestimated (Qamar
et al,, 2008).

As is common in most volcanic seismicity studies, not all the
216 focal mechanisms in Moran et al. (2008) are simple double-
couples, likely due to source complexity, and many suffer from
sparse arrivals at the center of the focal sphere (Supplementary
Figs. S2 and S5). Nevertheless, most of the solutions are of very
good quality (more than nine clear first arrivals, compared to
Roman et al. (2006) “high-quality” criteria of six clear first motion
polarities). We thus use them at face value to clarify deformation
mechanisms below the crater. The faulting patterns that emerge
from this exceptional dataset are shown in Fig. 4 and Supplemen-
tary Fig. S6. The P/T (pressure/tension) axes orientations (equal-
area projections) of individual focal mechanisms from the entire
sequence suggest that the earthquakes may be separated into four
distinct groups (Fig. 4).

The dominant mechanisms (99 events, 46% of the total, Fig. 4a)
correspond to thrust faults. The thrust-slip directions are fairly
uniformly distributed, but with second-order maxima oriented
NNW and NNE (Supplementary Fig. S6a). The next most com-
mon solutions (68 events, 31%, Fig. 4b) correspond to vertical slip,
plausibly along the conduit margins (e.g., Pallister et al., 2013;
Thomas and Neuberg, 2012). At a more detailed level, the dis-
tribution of the nodal planes is also non-uniform, with asymme-
try about a N-NNW striking direction (Fig. 4b and Supplemen-
tary Fig. S6b). The remaining two groups of mechanisms relate to
less frequent events (about 25% of the total). They include nor-
mal (30 events, 14%, Fig. 4c) and strike-slip faults (19 events, 9%,
Fig. 4d) events. The null vectors of the strike-slip mechanisms, in-
cluding that of the deepest (8.2 km), likely tectonic, crustal event
(# 216), are roughly aligned E-ESE (Fig. 4d and Supplementary
Fig. S6d).

The deformation processes and structural settings of faults that
could account for the earthquake mechanisms are sketched in
Fig. 5. The dominant thrust mechanisms indicate horizontal, es-
sentially radial shortening. Shrinking of the solid spine as it rises
through a conduit “bottle-neck” (Fig. 5a) is the most plausible way
to account for such shortening. The hot magma spine would be
weaker than the colder surrounding host rocks, and thus faulting
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Fig. 4. Pressure (P) and tension (T) axes (the open and solid circles, respectively)
plots of 216 seismic events, from fault-plane solutions of Moran et al. (2008).
(a) 46% are thrust faults. (b) 31% are vertical faults. (c) 14% are normal faults. (d) 9%
are strike-slip faults. The red dots are good-quality solutions; the orange dots are
acceptable-quality solutions; the yellow dots are poor-quality solutions; the green
dots are only tension first arrivals; the blue dots are null vectors. The red solid lines
are maximum horizontal stress directions (containing P and T) from volcanic align-
ments south of Mount St. Helens (Indian Heaven, Three Fingered Jack, Two Sisters).

would occur mostly inside rather than outside the spine. Conduit
bottle-necks are likely to exist beneath the craters of both Mount
St. Helens and Soufriére Hills at the base of the volcanic edifices
(i.e, 1 to 1.5 km deep, Fig. 2 and 5a). At such depths, the spine
would ascend across a fairly sharp geological contact between old,
weathered, and young, stronger rocks (in Cascadia: Oligo-Miocene
volcanic bedrock and Pleistocene dacites; in Montserrat: Tertiary
pelagic sediments and Quaternary andesites), which ought to cor-
respond to a taper from a wider to a narrower conduit. Across such
a neck, the ascending magma (e.g., the 1902 spine of Montagne
Pelée in Martinique, or the 2004-2005 spines of Mount St. Helens;
Fig. 1) would have to contract horizontally and radially, while ex-
panding vertically. Such shrinking/expansion would take place only
at the passage across the neck, accounting for both the stationary
depths of many events (Fig. 2), and for the apparent periodic ex-
citation of repeatable, non-destructive sources (Lahr et al., 1994;
Neuberg et al., 2006).

The second most frequent mechanisms (Fig. 4b and Supplemen-
tary Fig. S6b) are best interpreted to reflect vertical shear along the
conduit walls during the upward ascent of the spine (Fig. 5b), as
previously proposed (e.g., Neuberg et al., 2006; Thelen et al., 2008;
Thomas and Neuberg, 2012) and recently validated by field obser-
vations (Pallister et al., 2013). The second-order asymmetry of the
P and T axes distribution suggests that the shape of the conduit
might be elliptical about a long axis trending ~N10 + 5°E (Fig. 4b
and Supplementary Fig. S6b). This direction is similar to those (N 5
to 14°N) of young volcanic alignments and eruptive dikes (Indian
Heaven, Three Fingered Jack, Two Sisters) south of Mount St. He-
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Fig. 5. Plausible volcanic seismicity sources. The small arrows below the volcano
represent the pressure direction of ascending magma (left column). The square lines
(left column) are locations of potential seismic sources, enlarged in the right col-
umn. The black stars (right column) are event epicenters. The half arrows (right
column) show fault-slip directions. The beach balls on the right side show focal
mechanisms of the following events: (a) Thrust faulting: spine constriction in the
conduit neck. (b) Vertical slip of spine along the conduit wall. (c) Bedrock normal
faulting due to collapse of the expanding magma chamber roof. (d) Bedrock strike-
slip faulting due to non-uniform magma pressure in the conduit. (e) Normal/thrust
faulting on conduit walls of shallow tilted spine.

lens (Supplementary Fig. S7). It is thus consistent with the regional
extension and minimum horizontal stress directions (N 95-104°E)
in northern Cascadia (e.g., Zoback and Zoback, 1980).

The less frequent normal fault events (Fig. 4c and Supplemen-
tary Fig. S6¢) may also be related to shear along the spine walls,
but at various levels of the conduit. Magma rise on the inward-
leaning sides of the neck would generate normal faulting (Fig. 5a).
So would, at very shallow depth, shear on the downside of the
inclined whaleback spines (Fig. 5e). At greater depths, lateral in-
flation of the magma reservoir due to increased magma pressure
might trigger normal-fault collapse of the host rock in the reservoir
roof (Fig. 5¢), though the available 2004-2005 Mount St. Helens
dataset is too shallow to test such a mechanism. The first two pro-
cesses, however, may account for solutions shown in Figs. 2c and
4c and Supplementary Fig. S1c and S6c.

The least abundant strike-slip mechanisms (Fig. 4d and Sup-
plementary Fig. S6d) may reflect local horizontal shortening and
shear of the host rock outside the conduit due to non-uniform in-
flation of its wall by magma pressure (Fig. 5d). Although vertical
planes containing the majority of the null vectors are roughly per-
pendicular to the ~N10 =+ 5°E orientation, which coincides with
the average surface extrusion direction of the whaleback spines
(Supplementary Fig. S6d), the number of events is insufficient to
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Fig. 6. The slip-line field for extrusion through a small reduction neck (after Johnson
et al,, 1970. The bold red lines are spine conduit walls. The large, full orange arrows
show the spine ascent rate (slower in the lower conduit and faster in the upper
conduit). The red/black thin curves are slip lines (the maximum shear stress trajec-
tories). The purple triangles are “dead” zones. The purple, orange, and green double
half-arrows represent thrust, vertical, and normal faults, respectively. The yellow
elliptic zone at the center of the field demarcates the secondary tension area of
fracking and gas extraction. The thick yellow lines show upward gas escape path-
ways.

assess their relationship with either in-situ stress or magma extru-
sion.

4. Stationary seismic necking, fracking and spine degassing

The deformation of a hot, solid volcanic spine ascending across
a conduit restriction is mechanically identical to that documented
during industrial shaping of hot metal rods (Backofen, 1972;
McVeigh and Liu, 2006). Fig. 6 shows the analytical plane-
strain slip-line field expected for extrusion through a frictionless,
wedge-shaped neck (or die) of small reduction (Backofen, 1972;
McVeigh and Liu, 2006). The orthogonal slip-lines are conjugate,
maximum shear-stress trajectories, corresponding to the most
likely newborn faults. Because their positions are fixed relative to
the neck boundaries, they repeatedly nucleate as similar faults at
these fixed positions within the moving spine. This simple mech-
anism can thus generate large numbers (swarms) of repeatable,
nearly identical, stationary earthquakes, including multiplets, ac-
counting for the apparent periodic excitation of repeatable, non-
destructive sources noted in most studies (e.g., Neuberg et al.,
2006). The high temperature of the ascending magma, close to
the brittle/ductile transition, would be in keeping with the vari-
able event types (drumbeat, low-frequency, hybrid, VT, etc.). Except
for the tapered edges of the neck and the lateral sides of the
basal slip-lines, which generate normal faulting (green arrows in
Fig. 6), the majority of the slip lines correspond to thrust faults
(purple arrows) that accommodate shrinking of the spine as it
is forced through the narrower conduit neck (Fig. 6). Uniform,
relatively weak friction along the spine walls would not signifi-
cantly change such slip lines and faulting patterns (Backofen, 1972;
McVeigh and Liu, 2006). Nor would a shift from plane to ax-
isymmetric strain (Backofen, 1972; McVeigh and Liu, 2006). The
overall fault distribution, geometry, and mechanisms predicted by
the spine-necking model of Fig. 6 can thus account for the three
main types (thrust, vertical slip, and normal), and relative abun-

dance, of earthquake focal mechanisms documented at Mount St.
Helens (Figs. 2, 4 and Supplementary Figs. S1c and S6).

There is additional, direct evidence for the existence of predom-
inant thrust faults within the spine interiors at Mount St. Helens.
Night-time infrared photographs of the largest emerging whale-
back spine (Spine 3, November 29 2004, 10 m/day) (Schneider et
al., 2008; Vallance et al., 2008) show, at the emerging base of that
spine, several fault zones that crosscut its entire roof (Figs. 7a, b,
and f). Because these faults act as conduits for hot gas escape, their
detailed geometry and kinematics are brightly illuminated. None of
them offsets the spine surface, which requires that they formed
at depth, inside the spine, where the spine was still bounded
by the conduit walls. That the intersections of the fault planes
with the spine walls rise and curve back down from west to east
(Figs. 7a, b, and f) indicates that they originated as south-dipping
surfaces within the deep, originally vertical, ascending magma.
As lightened by the hot escaping gases, the four clearly exposed,
sub-parallel faults appear to be composed of right-stepping cracks
(Figs. 1a, 7¢, and d). This is consistent with thrust faulting inside
the rising spine, before it was tilted southwards during emer-
gence. Since limited by the total width of the spine, such thrust
faults may only be at most ~300 m long (Fig. 7b), hence capable
of generating earthquakes with maximum magnitudes of ~3, as-
suming a stress drop of 0.5 MPa (Harrington and Brodsky, 2007;
Kanamori and Anderson, 1975), in keeping with those observed in
the 2004-2005 sequence (Fig. 3). Additional support for this inter-
pretation is provided by day-time photographs of Spines 3 and 5
(Cashman et al., 2008; Vallance et al., 2008). Large and small faults
markedly oblique both to the steep edges and parallel directions of
extrusion slickens and to the near horizontal basal emergence and
other bathtub rings are clearly visible on the exposed sides of both
spines (Supplementary Figs. S8a, b, c, adapted from Figs. 4a, b, and
27a of Cashman et al., 2008 and Vallance et al., 2008, respectively).
Such faults clearly predate the distributed, parallel extrusion slick-
ens that override them, and act as the main conduits of hot gas
escape, which indicates that they extend deep into the spine.

In fact, the necking deformation process shown in Fig. 6 may
account for the nearly complete degassing of silicic spine interiors,
which limits their explosivity. Necks with relatively small reduc-
tion (i.e., moderate lateral shrinking relative to conduit width) pro-
duce fairly large confining-pressure drops inside the material that
is forced across them (Hencky’s law, (e.g., Backofen, 1972)). Such
normal-stress drops (“secondary tension”) increase towards the
center of the neck, which commonly suffices to crack open weak,
brittle material (e.g., McVeigh and Liu, 2006). Open cracks develop
more densely at the center of the spine, in the maximum tension
area where the symmetrical slip-lines meet (Fig. 6), and propa-
gate on either side, providing continuous gas-escape paths towards
the conduit edges. Secondary tension may thus be the most effi-
cient mechanism to generate both swarms of internal cracks and
open lateral faults, that is, connected, multiscale pathways for
penetrative magma degassing within ascending solid spines. The
whole process may be compared to industrial “fracking”, which
is widely used to retrieve captive hydrocarbons (notably gas) in
tight reservoirs. Note that pervasive internal degassing would fur-
ther accelerate crystallization and hence augment the brittleness
of the magma. Loss of volatiles - notably water - has a huge ef-
fect on solidus temperatures of silicic magmas (Burnham, 1979;
Cashman and Blundy, 2000). Hence, cracking and related degassing
should have a runaway effect on spine crystallization and solidifi-
cation.

Finally, note that the slip-line field model outlined in Fig. 6,
which predicts the opening of sub-horizontal cracks, allowing for
internal degassing in the central part of the spine where it ascends
across the bottle-neck, would not be at odds with the existence of
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Fig. 7. Exhumed, deep thrust faults in the spine interior and a comparison of brittle crack opening in DEM and infrared image. (a), (b) Enlarged thermal-infrared images
of Mount St. Helens spine 3 on November 29, 2004 (Schneider et al., 2008; Vallance et al., 2008), viewed towards south and east, respectively. The bright orange/yellow
crack alignments are conduits of active gas-escape marking faults dipping into the spine. (c), (d) Interpretation of images (a)/(b): Cracks right-stepping and “en-echelons”
arrangements (light-orange) are consistent with thrust faulting (the small half-arrows) inside the spine (pale-pink) when extrusion ascent (the large white arrows) is restored
to vertical. (e) Zoomed modeling results (shear force, Fig. 10B). (f) Spine 3 faults on November 29, 2004, viewed from above - north.

single-force, oscillating, volumetric, sub-horizontal crack sources,
as proposed by Waite et al. (2008) and Matoza et al. (2015).

5. Discrete Element Modeling of faulting across a spine neck

The detailed mechanisms of faulting within a weak solid spine
ascending through a conduit restriction inside stronger bedrock
at fixed depths may be further investigated with Discrete Ele-
ment Modeling (DEM). In doing this, we follow previous attempts
that have successfully investigated volcanic magma dynamics with
the same approach (e.g. Bergantz et al.,, 2017). DEM was initially
proposed by Cundall and Strack (1979) and further developed by
Donzé et al. (1994), Hardy et al. (2009), and Scholtés and Donzé

(2013). Here we use the YADE open DEM code (Smilauer, 2015),
developed specifically to explore discontinuous deformation, in-
cluding strain-localization into shear-zones or faults, in various
geo-materials.

We first calibrated the Von-Mises elasto-plastic model with a
strain-softening component consistent with faulting in a brittle-
plastic magma, using a simple square model under uniaxial, plane-
strain compression (Fig. 8) (Scholtés and Donzé, 2013). The ma-
terial is represented as an assembly of interacting particles. The
overall behavior of that material is governed by the motion of
its constitutive discrete elements, also called particles (ruled by
Newton’s second law). The computing cycle can be decomposed
into four main steps related, respectively, to the determination
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Fig. 9. The contact model used in the simulations: (a) normal behavior, (b) tangential behavior, and (c) failure envelope.

of the positions of the constitutive elements, the determination
of their potential interaction, the computation of the forces ap-
plied to each of them according to predefined interaction laws,
and the calculation of their updated positions through the inte-
gration of the equations of motion. The calculation cycle is re-
peated iteratively until the simulation stops (Scholtés and Donzé,
2013; Smilauer, 2015). Because of the dynamic formulation of the
method (explicit time-domain integration), a non-viscous damping
is used to dissipate kinetic energy and facilitate convergence to-
wards quasi-static equilibrium. This damping directly acts on the
interaction forces - torques, respectively — in the equations of mo-
tion, so that the displacements are calculated from the damped
force. This is a convenient numerical tool to ensure the conver-
gence of the simulations (see Duriez et al., 2016 for details), but
it needs to be used with caution (i.e., sensibility analysis) to pre-
vent any bias. The behavior of the simulated medium is con-
trolled by the behavior defined at the inter-particle scale. The
inter-particle behavior of our DEM model can be decomposed into
the normal and tangential directions of the contact plane. The nor-
mal contact model accounts for both divergence and convergence

(Fig. 9).

In the convergence regime (compression of the contact/bond),
the normal force Fj is computed as:

Fn=Kp-Up,

where U, is the normal component of the relative displacement
between particles A and B, and K, the normal stiffness derived
from the properties assigned to the particles, such that:
K 2-Ep-Ra-Ep-Rp

" En-Ra+Ep-Rp’
where R4 and Rp are the radii of the particles and E4 and Eg,
their respective elastic moduli, which are directly related to the
bulk modulus of the simulated medium.

In the divergence regime (extension of the contact/bond), the
normal force is computed with the same stiffness as that in the
convergence regime. The inter-particle distance can increase up to
utensite for which the maximum admissible tensile force FT' is
reached:

F™ =t Ain,

with t the tensile strength of the interparticle bond and Aj, =
7 - (min(Ra, Rp))? the interacting surface area between A and B.
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above the neck in (D). For normal force (N), compression/tension are positive/negative, respectively. Physical parameters: Young's modulus is 3 % 10° Pa; the a value (related
to Poisson’s ratio) is 0.004; the Friction angle is 0; the tensile strength is 1% 103 Pa; Cohesion is 1% 10> Pa; K (the coordination number, which controls brittleness) is 10;

and S (the weakening gradient) is 10; total healing.

When F'* is reached, the force is not set to zero immediately
as is usually the case in brittle rock modeling (e.g., Scholtés and
Donzé, 2013). Instead, F, gradually decreases, following the soften-
ing behavior at the particle scale, between Utensile < y, < yj*P™"
according to:

)

Fp= Fmax _ T(U" _ Ugensile)’

where s is a weakening coefficient that needs to be defined. If the
inter-particle distance continues to increase, the inter-particle bond
breaks when U, > UL'P™"® and all forces are set to zero. A crack is
then defined at the location of the bond breakage.

As in classic DEM formulations (Hart et al., 1988), the tangential

force Fs at the current time step t is computed incrementally as:

FO = F78 4K - AU,

with Fs(t_At) the force computed at the previous time step, AU
the incremental tangential displacement between A and B, and K
the tangential stiffness, defined as Ks =a - K, with a, a coefficient
related to the Poisson’s ratio of the simulated medium.

As for the normal force, a maximum admissible tangential force
F" is defined as:
F;nux =c- Aint,
with ¢ the inter-particle cohesion (Fig. 9). Once the tangential force
reaches this limit, the inter-particle bond breaks and the forces are
set to zero. A crack is then defined at the location of the bond
breakage.



56 L. Jiao et al. / Earth and Planetary Science Letters 503 (2018) 47-57

One additional parameter is introduced to enable healing of
newly created inter-particle contacts. Bonds are thus created when
new inter-particle contacts are detected during the simulation.
These bonds have the same strength as the initial ones. This is
a way to model the healing processes that eventually take place
along faults. It permits to control the dilatancy of the medium un-
dergoing failure.

Using the algorithm above, the uniaxial compression test shows
a strain softening behavior. Strain softening (Fig. 8 left) is associ-
ated with shear localization that leads to faulting (Fig. 8 top and
bottom right). Under plane-strain conditions, with simple neck ge-
ometries and zero/low friction along the conduit-walls, the evolv-
ing stress and strain fields were computed and the nucleation and
growth of faults in and above the conduit neck were accurately
monitored. The supplementary animations 1 and 2 illustrate the
progressive deformation and fault/crack development, as well as
the changes in strain and normal/shear stresses in the ascending
magma. As shown in Figs. 7e and f, there is a particularly strik-
ing correspondence between the faults and cracks generated in our
DEM models and those observed in the emergent Mount St. Helens
2004 spine 3.

In all the models, the magma ascending past the shrinking con-
duit is fractured by constriction, with thrust faulting along the
maximum shear stress trajectories (cracks, shear force, Fig. 10),
in keeping with slip-line field theoretical predictions (Fig. 6). The
thrusts are repeatedly renewed in stationary position within the
moving magma. For reductions in conduit width of less than
~20% over similarly short lengths (Figs. 10b, and c), the hydro-
static pressure (normal force) drops in the middle of the con-
duit, past the neck (Supplementary Animation 1), as required by
the upward increase in extrusion rate. This “secondary tension”
(Backofen, 1972; Johnson et al.,, 1970) drives the vertical open-
ing of shallow-dipping/horizontal cracks (Supplementary Anima-
tion 2). In the natural environment, such cracks (Figs. 7e and f)
would readily extract gas from the magma (natural “fracking”),
and might also resonate seismically. Even though the DEM ap-
proach we use here was set up for 2D deformation (plane strain),
none of the main results would be altered by cylindrical geom-
etry. Similarly, introducing plausibly small friction coefficient val-
ues along the conduit walls would have only minor effects on
faulting inside the spine (see deformation kinematics and nor-
mal force, Fig. 10d). Note that even though our model does not
explicitly account for gas extraction, the strong degassing gener-
ally observed along spine conduit walls, which implies efficient,
steady fluid escape, implies reduced interface contact, hence low
friction.

6. Conclusions

Many of the earthquakes recorded during Mount St. Helens
2004-2005 eruptions occurred right below the crater, at shallow,
roughly stationary depths (~1 & 0.4 km). They show two princi-
pal types of focal-mechanisms (thrust and vertical slip). In addition
to abundant events reflecting slip along the conduit walls (e.g.,
Pallister et al., 2013; Thomas and Neuberg, 2012), the most fre-
quent earthquakes (nearly 50%) imply thrust faulting. This pattern
may be typical of volcanic seismicity during silicic spine ascent in
general.

We propose that the dominant seismic events are repeatedly
triggered at fixed locations inside the rising magma, which behaves
as a solid compressed laterally and stretched vertically while pass-
ing across a conduit bottleneck. The vertical tensile stresses (sec-
ondary tension) generated in the magma by such “necking” cause
the opening of shallow-dipping, penetrative cracks within the
spine, allowing for full, pervasive gas extraction (“fracking”). These
cracks efficiently channel gas flow all the way across the spine, to-

wards vertical ascent/escape along the conduit walls. Fracking due
to necking can thus explain the remarkably effective, penetrative
loss of volatiles that contributes to fostering magma solidifica-
tion in ascending spines. Additionally, fluid/gas infilling of opening
cracks might account for low frequency seismic resonance. Simple
dynamic modeling (DEM) validates the formation of thrust faults
and open cracks within a conduit neck of small reduction, as often
observed during industrial shaping of hot metals, and predicted by
slip-line field theory.

The interrelated mechanisms we describe here are triggered
by simple, hence probably common, changes of conduit geome-
try that may be readily related to local, shallow crustal structure
and geological history. Besides illuminating the focal mechanisms
of specific volcanic seismic events, necking is consistent with the
existence of a localized zone of renewable, stationary faulting in-
side the conduit, as generally observed beneath craters, rather than
mostly along conduit walls, which ought to correspond with hol-
low epicenter distributions. Natural fracking provides a superior
mechanism for extracting gas out of solid magma, and hence con-
tributes to elucidate the hitherto puzzling non-explosive nature of
silicic spine ascent. Further testing of such a dual necking/fracking
process should be a prime target in future instrumental studies of
spine eruptions.
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