~ GeoMod2014

Modelling in Geosciences

Programme &
Extended Abstracts

31 August - 5 September 2014

Editors:

Kirsten Elger

@ystein Thordén Haug
Malte Ritter

Session III

Volcanism &
volcanotectonics

Conveners:
Olivier Galland (U Oslo)
Eoghan Holohan (GF2)

DFG Geo.X Geo-2im




Recommended Citation

Elger, K; Haug, ©. T.; Ritter, M. C. (Eds), (2014): Proceedings of GeoMod2014 — Modelling in
Geosciences: Programme and Extended Abstracts 31 August—5 September 2014, GeoMod2014 —

Modelling in Geosciences (Potsdam 2014), Potsdam: GFZ German Research Centre for Geosciences.
DOI: http://doi.org/10.2312/GFZ.geomod.2014.001.

Disclaimer and Copyright

Each author is responsible for the content of his or her abstract and has the copyright for his or her
figures.

Imprint

Publisher

Helmholtz Centre Potsdam

GFZ German Research Centre for Geosciences
Telegrafenberg

14473 Potsdam

Published in Potsdam, Germany

Editors
Kirsten Elger

Qystein T. Haug
Malte C. Ritter

doi: 10.2312/GFZ.geomod.2014.001



About this book

This volume contains the extended abstracts of contributions presented during GeoMod 2014 at the
Helmholtz Centre Potsdam GFZ German Research Centre for Geosciences (GFZ Potsdam), showing
the state of the art of the tectonic modeling community.

GeoMod is a biennial conference dedicated to latest results of analogue and numerical modelling
of lithospheric and mantle deformation. It started in 2002 in Milan as RealMod2002, then moved to
Lucerne (GeoMod2004), Florence (2008), Lisbon (2010), and Lausanne (2012).

GeoMod2014 took place from 31 August to 3 September 2014 with 138 participants from 25
countries on all continents. The scientific programme of GeoMod2014 was organized in seven
topical sessions listed below. The conference was followed by a 2-day short course on "Constitutive
Laws: from Observation to Implementation in Models" (including lectures, lab visits, and practical
exercises), as well as a 1-day hands-on tutorial on the ASPECT numerical modelling software.

GeoMod2014 focused on rheology and deformation at a wide range of temporal and spatial
scales: from earthquakes to long-term deformation, from microstructures to orogens and subduction
systems. For the first time, the discipline of volcanotectonics was included, while the (mantle)
geodynamics community was more strongly represented than in previous editions. The bridge to
field geology has traditionally been strong. At GeoMod 2014, fitting to the focus on rheology, the
rock mechanics community was also represented. We thank our sponsors DFG, GFZ Potsdam and
Geo.X, the conveners and all participants for contributing to a successful conference.

The GeoMod2014 Committee
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Volcanism and Volcanotectonics

Session Description: Volcanism and Volcanotectonics

Conveners: Olivier Galland (U Oslo), Eoghan Holohan (GFZ)

Volcanic plumbing systems evolve through the interaction of numerous processes governing the
ascent, emplacement, and eruption of magma. A full physical understanding of sub-volcanic and
volcanic processes faces stimulating challenges. For instance (1) magma transport through the
Earth’s crust is not only governed by the mechanical behaviour of the magma or of the host rock,
but also by the complex interplay between them. In addition, (2) magma eruption is governed by
the complex rheology of the magma and multiphase flows involving gas, liquid and solid phases,
with sometimes moving conduit walls. Advanced and quantitative experimental, numerical, and
theoretical modelling techniques are thus crucial to unravel these challenging and exciting processes.
The Volcanotectonic and Volcanic Processes Session of this GeoMod 2014 international meeting aims
to bring together laboratory, numerical and theoretical modellers studying the complex processes
governing the mechanics of magma/ host rock systems, and volcanic eruptions.

Proceedings of GeoMod2014 (31.08.—05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001) 171



Solidification effects on sill formation: an experimental

approach

L. Chanceaux !, T. Menand!?3

Y Université Blaise Pascal, Laboratoire Magmas et Volcans, F-63000 Clermont-Ferrand, France 3
2CNRS, UMR 6524, LMV, Clermont-Ferrand, France /

3IRD, R 163, LMV, Clermont-Ferrand, France
e-mail: [.chanceaur@opgc.univ-bpclermont.fr
session: Volcanism and Volcanotectonics

The effects of solidification on the formation
of sills are studied and quantified with scaled
analogue laboratory experiments. Sills represent
a major mechanism for constructing continental
Earth’s crust because these intrusions can amal-
gamate and form magma reservoirs and plutons.
As a result, numerous field, laboratory and nu-
merical studies have investigated the conditions
that lead to sill emplacement. However, all pre-
vious studies have neglected the potential effect
magma solidification could have on sill formation.

The experiments presented here (fig. 1) in-
volved the injection of hot vegetable oil (a magma
analogue) which solidified during its propagation
as a dyke in a colder and layered solid of gelat-
ine (a host rock analogue), and were correctly
scaled geometrically, kinematically, dynamically,
and thermally. The gelatine solid had two layers
of different stiffness, to create a priori favourable
conditions to form sills (Kavanagh et al, 2006).
The injection temperature 7; and the injection
flux Q were systematically varied between exper-
iments.

To analyse the experiments, we follow the ex-
perimental analysis of Taisne and Tait (2011)
and define two dimensionless parameters. One
describes the thermal conditions of the exper-
iments (dimensionless temperature 0) and the
other describes their dynamical conditions (di-
mensionless flux ¢). The dimensionless temper-
ature 0 is defined as:

Proceedings of GeoMod 2014 (31.08.-05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001)

(Ts — Ty)

(T~ T,) o

where T§ is the solidification temperature of
vegetable oil, Ty = 31°C (Galland et al., 2006); T
is the gelatine temperature during the injection,
typically between 5 and 7°C; T; is the injection
temperature of the vegetable oil. The dimension-
less flux ¢ is defined as the ratio between the heat
advected by vegetable oil and the heat lost by con-
duction in the gelatine. During each experiment,
a feeder dyke formed first, which, provided an
adequate rigidity contrast at the interface, may
subsequently form a sill. The dimensionless flux
¢ was thus defined for this feeder dyke (Taisne
and Tait, 2011):

3QApg
(2EK)

(2)

where Q is the flux of injection; Ap is the dif-
ference of density between the gelatine and the
vegetable oil; E is the Young’s modulus of the
lower layer; x is its thermal diffusivity (assumed
to be identical to that of water); and g is the
gravitational acceleration.

Ts and T, were essentially the same for all ex-
periments so # varied only with T} the injection
temperature. Likewise, Ap, g, k were all kept
constant. Consequently, ¢ varied with the injec-
tion flux Q and the Young’s modulus Ej,,, of the
lower layer. € and ¢ were maintained constant
during an experiment (7}, Ejy, and Q constant),
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Fig. 1.: Experimental apparatus. The gelatine solid has two layers of different stiffness, to create a priori favourable
conditions to form sills. Vegetable oil is heated with a bain-marie and injected at a constant rate with a

peristaltic pump in the layered gelatine solid.

Tab. 1.: Behaviour of the dimensionless temperature # and dimensionless flux ¢.

0—1 T — 1T,
0—0 Ti>T,

¢ — 0 low Q values
¢ > 1 high Q values

solidification operates rapidly
almost no solidification
solidification operates rapidly
almost no solidification

and were varied systematically between experi-
ments to quantify their respective influence of the
formation of sills. # varies between 0 and 1 and
¢ varies between 0 and co. Table 1 summarises
the behaviour of 6 and ¢. The experiments were
carried out under dimensionless conditions (tem-
perature # and flux ¢) identical to those present
in nature.

Several types of intrusions (fig. 2) were ob-
served: dykes stopping at the interface, dykes
passing through the interface and sills. These
different shapes demonstrate that contrary to
isothermal experiments (no temperature effect
able to block sill formation), a rigidity contrast
between two layers is not a sufficient condition
to create a sill.

The results of the fifteen experiments per-
formed, that is crossing dykes (low solidifica-
tion effects), sills (moderate solidification effects),
blocked dykes (high solidification effects), and
cases when fluid could not intrude the gelatine
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(extreme solidification effects), are all summarized
on a graph showing the dimensionless temperat-
ure 0, which describes the experimental thermal
conditions, as a function of the dimensionless flux
¢, which describes their dynamical conditions
(fig. 3). Solidification effects increase as § — 1
and ¢ — 0. Four areas are clearly identified:

e When the dimensionless temperature is re-
latively high and the dimensionless flux is
very low (6 ~ 0.75 to 0.95 and ¢ < 6), there
is no propagation (fig. 3, stars). Solidifica-
tion effects are so important that vegetable
oil freezes and solidifies in the tube and no
intrusion is observed;

e When the dimensionless temperature is high
and for larger dimensionless fluxes (6 =~
0.7 to 0.95 and ¢ < 15), dykes are blocked
at the interface between the two gelatine lay-
ers (fig. 3, squares). Solidification effects are
important and the dyke partially solidifies
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point Dyke passing

through the interface

Fig. 2.: Experimental intrusions. (A) Experimental dyke blocked at the interface, three-quarter view. (B)
Experimental sill, side view. (C) Experimental dyke passing through the interface, three-quarter view. The dyke

takes a triangular shape above the interface.

at its walls during its propagation and de-
velopment. Solidification at the upper tip of
the dyke blocks its propagation, and prevent
its piercing of the interface and subsequent
propagation in the upper stiffer layer or its
spreading along the interface as a sill;

e When the dimensionless temperature has
intermediate values (6 =~ 0.60 to 0.90 and
¢ < 16), sills are created (fig. 3, disks). So-
lidification effects are smaller. Consequently,
the feeder dyke propagates as a sill by spread-
ing at the interface between the two layers;

e Finally, when the dimensionless temperat-
ure is low (6 ~0.6 to 0.7 and ¢ > 2), dykes
passing through the interface are created
(fig. 3, triangles). Dykes do not create sills
but instead pierce directly the interface to
propagate in the upper layer, easily fractur-
ing the gelatine presumably because of their
high temperature: higher input of hot veget-
able oil at the tip of the feeder dyke leads to
lower solidification effects and presumably
easier fracturation; the injection flux seemed
to have less of an effect. However, solidi-
fication along the walls of the dyke seem to
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prevent the fluid from intruding the interface
between the gelatine layers.

Thus, solidification effects restrict sill forma-
tion at an interface with a favourable rigidity
contrast (upper layer stiffer than the lower one).
Sill formation occurs only for a restricted and
specific range of dimensionless temperatures 6
and fluxes ¢: Opin < 0 < Opax, where (¢) Opin =
0.0039¢ + 0.61 and (b) fpax = 0.019¢ + 0.68
(fig. 3). The thermal conditions (6) depend on
injection temperature 7;, and dynamical condi-
tions (¢) depend on injection flux Q and rigidity
contrast of the intruded solid. Therefore, in our
experiments, sill formation along an interface de-
pends on three critical parameters: the injection
temperature T}, the injection flux Q, and the
rigidity of the solid below this interface.

These experiments demonstrate that contrary
to isothermal experiments where cooling could
not affect sill formation, the presence of an inter-
face that would be a priori mechanically favour-
able is not a sufficient condition for sill formation;
solidification effects restrict sill formation. The
results are consistent with field observations and
provide a means to explain why some dykes form
sills when others do not under seemingly similar
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Fig. 3.: Dimensionless temperature 6 as a function of dimensionless flux ¢. Gray area shows natural ranges of
values for 6 and ¢. Stars represent experiments where no propagation occurred; squares are dykes blocked at
the interface; disks are sills; triangles are dykes passing through the interface. Lines (a), (b) and (c) delimit the
areas for each type of intrusions. The dashed line (a) is only qualitative whereas the continuous lines (b) and
(c) can be determined reliably. See text for details.

Similar interfaces

Fig. 4.: Sill with its feeder dyke in the Henry Mountains, Utah, USA, modified from Menand (2011). The view is
from the East. The sill, its feeder dyke (both outlined by dashed white lines) and the intruded layered sandstone
(continuous white lines) have all been rotated almost 90°. The feeder dyke crosses several similar interfaces
before spreading as a sill.
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geological conditions (Fig. 4).
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At caldera volcanoes eruptive fissures may align with the regional stress field, radiate along the
flanks, or circumscribe the caldera [e.g., Acocella, 2007]. The circumferential fissures are often
associated with ring faults and only in few cases they appear independent of the existing faults.
The origin of the latter is debated [e.g., Chadwick and Dieterich 1995]. Using analog models we
find that the stress perturbation due to caldera unloading affects dike dynamics and the resulting
eruptive pattern. Air (magma analog) is injected within a cylindrical Plexiglas®. container filled
with stiff gelatin (volcano analog) with caldera morphology. The injected air forms a buoyancy
driven fracture (dike analog) that, depending on the competition between buoyancy and external
forcing, steers outward. We observe analog dikes that arrest at depth, erupt in the caldera region,
or in the summit plateau. The summit eruptions form arcuate fissures that develop tangentially to
the volcanic edifice as circumferential fissures do in nature. Our gelatin models demonstrate that
caldera unloading represents a mechanism responsible for the origin of the circumferential eruptive
fissures.
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Mega-tsunamis potentially have devastating
global consequences. We use the term mega-
tsunami to describe proximal tsunami waves
greater than 100m in height. Despite extensive
research into fault- and landslide-generated mega-
tsunamis, and an ongoing debate about tsunamis
generated by explosions and pyroclastic flows,
very little is known about the potential of a
subsiding caldera to generate a tsunami. Field
investigations of historic medium sized caldera-
forming events have identified tsunami deposits
at runup heights of 10-30m, although numerical
modelling has struggled to separate the causat-
ive mechanisms of submarine pyroclastic flows,
landslides and caldera subsidence. Past efforts
to replicate tsunamis generated by caldera sub-
sidence have been dominantly through numer-
ical modelling (e.g. Novikova et al., 2011). To
date, only one analogue methodology has been
investigated (Gray and Monaghan, 2003). Gray
and Monaghan’s (2003) analogue model focused
on caldera subsidence, where the initial caldera
floor is above sea level and the process producing
waves in the modelling is most similar to a dam-
break flood. As many the majority of potential
tsunamis producing calderas are already partially
of fully submerged, we focus our modelling on
submerged calderas.

Here, we use an analogue model of a submerged
subsiding piston to isolate and parameterise the
caldera subsidence conditions required to gener-
ate a waves (Figure 1).

Our results show that water pours into the
space created by the subsiding piston to produce
a central dome of water. Waves then radially
propagate away from this dome as a series of rings
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(Figure 1). Wave heights are measured close to
the experimental caldera via video analysis of
a buoy. Dimensional analysis of our analogue
experiment shows that the key parameters are
the velocity of subsidence (Vs), the amount of
subsidence (5), water depth (D,,). We explored
parameter space relevant to scaled submerged
calderas. Our wave height data can thus be ex-
plained by plotting V2/gD,, against S/D,, (Fig-
ure 2).

Some wave height variation is created in our
results by the complex interaction between waves
as they leave the caldera. The number and style
of waves are affected by the competition between
the flow rate into the subsiding caldera and the
volumetric rate that space is created by the sub-
siding caldera and whether waves are created
during or after subsidence. Each experiment cre-
ates multiple waves that radiate from the centre
of the caldera at varying rates and can add and
subtract affecting the wave height. Here we focus
our results on the largest waves and dominant
trends. These data show that larger waves are
generated in shallower water and by faster sub-
sidence rates, while the amount of subsidence
becomes increasingly important at faster subsid-
ence velocities (Figure 2). The nondimensional
parameters allow us to compare our results to
natural calderas. We focus our discussion on the
formation of mega-tsunamis.

The results show that even large diameter cal-
deras need to subside rapidly to generate mega-
tsunamis. The following conditions are necessary
for natural calderas to generate mega-tsunamis-
subsidence rates > 10m/s, > 3km diameter cal-
deras, >100 m subsidence, and water depth
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Fig. 1.: Experimental apparatus.

<1000m. These conditions show that near source
mega-tsunamis could be generated by many cal-
dera forming events e.g. Krakatoa caldera, In-
donesia, Santorini caldera, Greece, Campi Flegrei
caldera, Italy, Kikai caldera, Japan, Rabaul cal-
dera, Papua New Guinea. Historic events at
Santorini and Krakatoa produced waves with
only 10-30m run up on coastlines indicating that
these waves either rapidly decreased in height
away from source or subsidence rates at these cal-
deras were <10m/s. Unfortunately, the scale of
our study prevents extrapolation of wave heights
to medial and distal locations and at present
subsidence rates at natural calderas are poorly
constrained by limited observation. The global ef-
fects of caldera generated mega-tsunamis emphas-
izes the need for numerical modelling to study
the propagation of caldera subsidence generated
tsunamis and encourages innovative new tech-
niques to estimate subsidence rate during large
caldera forming events.
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Swarms of hundreds to thousands of igneous
sheet intrusions represent the main magma path-
ways through the Earth’s brittle crust. Field ob-
servations in extinct and exhumed volcanic areas
worldwide have identified different geometries of
sheet intrusions, among which (i) vertical dikes
[e.g., Pollard, 1987; Rubin, 1995], (ii) inclined
cone sheets [Burchardt et al., 2011], and (iii) ho-
rizontal sills [e.g. Burchardt, 2008; Galland et al.,
2009] represent the main types (Figure 1). The
spatial association and the close temporal rela-
tions between cone sheets and dikes led Walker
[1992] to propose that they may be fed by a com-
mon source. The following key question, however,
remains unsolved: what are the physical para-
meters that lead either to vertical dikes or cone
sheets in volcanic systems, and particularly those
fed from the same source?

Here we present scaled laboratory experiments
that reproduced dike and cone sheet intrusion geo-
metries under controlled conditions. The model
rock is crystalline silica flour. Its average grain
size is ~15 um. The flour fails according to a
Mohr-Coulomb criterion, and we measured its
cohesion (C) and friction coefficient (1) at 369 +
44 Pa and 0.81 + 0.06, respectively [Galland et
al., 2009]. The model rock is a vegetable oil. It is
solid at room temperature but melts from ~31°C.
The viscosity of the oil is poorly temperature-
dependant [Galland et al., 2006]; we injected it
at ~50°C, temperature at which its viscosity is
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Fig. 1.: a) Schematic drawing of the characteristic
structure of volcano plumbing systems [Galland et
al., in revision]. A shallow magma reservoir may feed
different conduits, such as dikes (blue) or cone sheets
(red). Some of the dikes and cone sheets may result
in eruptive fissures.

n~2-1072 Pa s and density is 890 kg m 3.
The experimental apparatus used in this study
is a modified version of that of Galland et al.
[2009], Galland [2012] and Galland et al. [in
revision|. The models laid in a 40 cm wide square
box filled with a layer of compacted silica flour
of variable thickness and controlled density of
1050 kg m—3 (Figure 2). A pump injected the
oil at constant and controlled flow rate through
a circular inlet of variable diameter (d) into the
model, and the oil intruded directly into the silica
flour. After the experiments, the oil solidified and
the intrusion was excavated to observe its shape.
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Fig. 2.: a) Drawing of the experimental apparatus used in this study [modified after Galland et al., 2009; Galland,
2012]. b) Schematic drawing (top) and photograph (bottom) of a typical dike produced during the experiments
and excavated from the host-powder after solidification of the oil [Galland et al., in revision]. The dike initiated
from the inlet at the bottom and fed an elongated v-shaped, or “boat"-shaped, sheet intrusion to the very top.
c) and d) Schematic drawings (top) and photographs (bottom) of typical excavated hybrid and cone sheet
intrusions, respectively.

Proceedings of GeoMod2014 (31.08.—05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001) 182



O. Galland, S. Burchardt, E. Hallot, R. Mourgues, C. Bulois

Volcanism and Volcanotectonics

10% -

| ® Dikes

¢ Hybrids
|| O Cone sheets
|| — Transition

0314
' 1, = 106.
IT,=1068 I1,, .

0O DO\ee

107

Fig. 3.: Log-log dimensionless phase diagram distin-
guishing the intrusion shapes obtained in the 52 ex-
periments of this study: dikes (red circles), hybrid
intrusions (orange lozenges), and cone sheets (yel-
low squares) [Galland et al., in revision]. II;=h/d
and IIo=vn/Cd. The dikes and cone sheet experi-
ments plot in two distinct fields, separated by a line,
expressed by the power law IT; = 106.8 - T19-314.

We present the results of 52 experiments, in
which we varied independently three controlled
parameters: the depth of the injection inlet (h)
below the free surface, the diameter of the in-
jection inlet (d), and the oil injection velocity
(v). The experiments produced two basic sheet
intrusion morphologies that compare to natural
dikes and cone sheets, as well as a transitional
type of intrusion referred to as hybrid intrusions
(Figure 2b, c, d).

We performed a dimensional analysis of the
studied system and identified two dimensionless
parameters that account for the coupling between
the host rock and the magma source: a geometric
dimensionless ratios (II;=h/d), which describes
the geometry of the magma source, and a dy-
namics dimensionless ratio (II=vn/Cd), which
compares the local viscous stresses in the flowing
magma to the host-rock strength. Plotting our
experiments against these two numbers results
in a phase diagram evidencing a dike and a cone-
sheet field, separated by a sharp transition that
fits a power law (Figure 3). This result shows
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that dikes and cone sheets correspond to two dis-
tinct physical regimes of magma emplacement in
the Earth’s crust. Cone sheets preferentially form
when their source is shallow relative to their size,
when the magma influx (or viscosity) is large, or
when the host rock is weak. In addition, both
dikes and cone sheets may form from the same
source, the shift from one regime to the other
being then controlled by magma dynamics, i.e.
different values of Ils.
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Fig. 4.: Graph comparing the experimental results of
this study (dashed line box) to characteristic geolo-
gical values of TI; and IIy [Galland et al., in revision].
The dike-to-cone sheet transition is extrapolated from
experimental phase diagram of Figure 3. Geological
boxes correspond to dike tips (red), magma reservoirs
in volcanoes (green) and shallow sills in sedimentary
basins (blue).

In order to test the relevance of our empirical
law highlighted in Figure 3, we extrapolate it over
the geological ranges of II; and Ils, and compare
it with magmatic feeders of dikes and cone sheets
of different scales and shapes. In Figure 4, we
consider three main types of magmatic feeders
leading to dikes and/or cone sheets: (i) magmatic
reservoirs in central volcanoes, which feed both
dikes and cone sheets (Figure la); (ii) sills in
sedimentary basins dominantly leading to the
formation of sub-circular inward-dipping inclined
sheets; (iii) dike tips, considered as local mov-
ing magma sources, which dominantly propagate
as dikes or sometimes split into V-shaped, boat-
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shaped or cup-shaped intrusions. The excellent Walker (1992), "Coherent intrusion complexes"
match between our experimental results and geo- in large basaltic volcanoes — a new structural
logical data from various magmatic feeding sys- model, J. Volcanol. Geotherm. Res., 50(1-2).
tems suggest that our empirical dike-to-cone sheet

power law transition can be extrapolated to a

wide range of magmatic settings. This indicates

that our experimental models capture general

magma emplacement mechanisms, reconciling ex-

isting specific models of distinct magmatic feeding

Systems.
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Shallow explosive volcanic processes, such
as kimberlite volcanism, phreatomagmatic and
phreatic activity, produce volcanic vents exhib-
iting a wide variety of morphologies, including
vertical pipes and V-shaped vents. So far, most
studies on explosive eruption dynamics have fo-
cused on the processes within existing magmatic
conduits, i.e. magma degassing and fragmenta-
tion, assuming that the walls were infinitely rigid
[Melnik et al., 2005, Starostin et al., 2005, Del-
lino et al., 2007]. Hence, these studies were not
suitable for unraveling the formation of explosive
vents.

In this study we report on experimental and
numerical models designed to capture a range
of morphologies in an eruptive system. Us-
ing dimensional analysis, we identified key gov-
erning dimensionless parameters, in particular
the gravitational stress-to-fluid pressure ratio (
Iy = P/pgh), and the fluid pressure-to-host rock
strength ratio ( IIs3 = P/C). We used combined
experimental and numerical models together to
test the effects of these parameters.

The experiments build on the experiments by
Haug et al. [2013] and were used to test the effect
of Ils on vent morphology and dynamics. Two
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10%
M,=Plpgh

distinct morphologies were observed in the exper- Fig. 1.: (a) Snapshots of experiments with relative high
pressure compared to thickness: the air carve straight

iments: vertical pipes (Figure 1a) and diagonal
fractures (Figure 1b). A phase diagram demon-
strates a separation between morphologies, with
vertical structures occurring at high values of Ils,
and diagonal ones at low values of IIy (Figure 1c).
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through the layer.

(b) Experiment with relatively

low pressure compared to the thickness of the layer:
diagonal fractures propagate towards the surface. (c)
Phase diagram showing that the two morphologies

are determined by II; and Il,
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yield stress = 30 MPa yield stress = 100 MPa
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Fig. 2.: Phase diagram showing snapshots of numerical simulations. It is observed that for high value of I3
vertical pipes, for low values of II3 diagonal pipes and for intermediate Il3 horizontal sills are produced.
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The numerical simulations were used to test
the effect of I3 on vent morphology and dynam-
ics. In the numerical models we see three distinct
morphologies: vertical pipes are produced at high
values of Il3, diagonal pipes at low values of Ils,
while horizontal sills are produced for intermedi-
ate values of IIz (Figure 2).

The distribution of stress (Figure 3) reveal that
vertical pipes form by plasticity-dominated yield-
ing for high-energy systems (high Iy and II3),
whereas diagonal and horizontal vents dominantly
form by fracturing for lower-energy systems (low
H2 and Hg)

Although our models are 2-dimensional, they
suggest that circular pipes result from plastic
yielding of the host rock in a high-energy regime,
whereas V-shaped volcanic vents result from frac-
turing of the host rock in lower-energy systems.
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morphologies observed in the numerical simulations.
The diagonal fractures, as well as the horizontal sills
have a distribution of stress compatible with elastic
fracturing. The vertical pipes, however, display dis-
tributed stress around the propagating fracture, sug-
gesting a plastic yielding.
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Temporal and spatial patterns of Neogene
ignimbrite magmatism in the Central Andes were
analyzed using GIS and geostatistical modeling.
We compiled a comprehensive ignimbrite data-
base using available literature, satellite imagery
and geochemical data. 203 individual ignimbrite
sheets were digitized in GIS, for which geochem-
ical, isotopic (partly), and geochronological data
are available from literature sources and own data
(http://www.arcgis.com/home/item.html?
1d=47038ddc0628473f9f0ce67aa2eff8be).
Based on this analysis, we estimate composition,
volumes and sources of erupted ignimbrite mag-
mas through space and time for five segments of
the Central Andes.

The total erupted ignimbrite magma volume
is estimated to be about 31,000 km?® for the past
30 Ma, with the highest average eruption rates
(r™) for the northern Puna segment (3.4 km?
Ma~! km (arc)™!), followed by 0.7 km?® Ma~!
km (arc)~! for the Altiplano. For Southern Peru,
™ is smaller (0.5 km3*Ma~'km (arc)~!), which
might be due to the lack of knowledge about
intra-caldera volumes. Furthermore there is a
clear N-S “younging” of ignimbrite pulses. Major
pulses of high magma eruption rate occurred at
19-24 Ma (e.g. Oxaya, Nazca Group), 13-14 Ma
(e.g. Huaylillas ignimbrites), 6-10 Ma (Altiplano
and Puna ignimbrites, e.g. Vilama ignimbrite)
and 3-6 Ma (e.g. Atana, Los Frailes, Toconao).
In contrast, small volume young ignimbrites from
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0-3 Ma (e.g. Lauca-Perez, Purico) do not show
the spatio-temporal pattern of eruptions that
are documented for the large- volume ignimbrite
flare-ups.

Compositional and Sr-O isotopic data indicate
that ignimbrite magmas are more crustally de-
rived in younger flare-ups in the Southern Central
Andes (up to 50 % crustal melts) compared to
older ignimbrites in the north (only up to 20 %
crustal melts). This suggests that thermal condi-
tions, juvenile magma production in the mantle,
thickness, and/or composition of the crust must
have been different along the Central Andes at the
time when ignimbrite flare up magmas formed.

The amount of juvenile magmas that entered
the crust and the degree and volume of partial
melting within the crust can thus in principle
be constrained in time and space by these data.
Such data are essential in order to understand the
thermal evolution of the Andean crust in space
and time.

The Miocene large-volume, plateau forming ig-
nimbrites always overly a pronounced unconform-
ity and occur after a time with no magmatism.
They are followed, however, by andesitic arc mag-
matism characterized during the Late Miocene by
low angle, large-volume (~2.2 km? per lava flow)
volcanic shields with long single lava flows up to
20 km. These shields are succeeded by younger
and more evolved steeply-sided strato-cones that
characterize much of the CVZ active volcanic
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front for Pliocene-Quaternary times. Andesites
in such young stratovolcanoes (~0.7 km? per lava
flow) are often characterized by amphibole pheno-
crysts.

In principle, the transition between these an-
desite regimes could be due to:

1. a change in the mantle melting regime from
decompression (hot and dry?) to flux melt-
ing (wet and lower T?),

2. different rates in magma production and ef-
fusion, and

3. different P-T-regimes of magma evolution
within the crust as is shown by the depletion
in HREE and Y from Miocene to Pleisto-
cene volcanic rock caused by a residual gar-
net after crustal assimilation in a thickened
crust.

To understand the shift from andesite shields
to stratovolcanoes we studied Miocene to mod-
ern Central Andean volcanic rocks that represent
different ages but are similar in petrography and
composition in order to test differences in pro-
cesses of magma generation. Based on a survey of
~1300 chemical analyses of lava samples (http:
//andes.gzg.geo.uni-goettingen.de/) we se-
lected three representative sample types: (1) most
mafic samples (50-55 % SiOg), (2) intermediate
andesites representing 63 % of the data (55-60 %
SiOs), and (3) felsic samples (60-65 % SiO3), all
of which were identified before as important end-
member magma type in the Central Andes. Us-
ing a range of geothermometers, hygrometers and
MELTS modelling we show that the P-T paramet-
ers at the time of eruption, for a given composi-
tion, remained surprisingly constant trough time
and throughout the Central Andes (e.g. 975 °C
to 985 °C for 2-px thermometry). Moreover, the
depth of the last (phenocryst) crystallization of
Miocene to Present magmas took place between 9
and 3.5 km throughout Andean history. These ob-
servations clearly indicate that estimated temper-
atures only reflect the late crystallization history
at shallow levels and that any distinct regimes of
magma formation in the mantle wedge that may
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have existed are entirely dampened out during
the passage through the crust. Density, viscosity
and degassing of andesite magmas control the
latest stages of ascent and crystallization and
these parameters are independent of crustal con-
ditions, subduction geometry and mantle wedge
conditions. Therefore, the thickened upper crust
not only serves as a chemical filter for mantle
wedge magmas but also controls (and synchron-
izes) P-T conditions of crystallization as recorded
in erupted products.

Deep evolution at the level of the magma
sources and lower crust, where assimilation and
magmatic differentiation takes place, is thus com-
pletely decoupled from the shallow processes of
late crystallization. Therefore only the rate of
effusion, and by implication, magma produc-
tion and upper crustal stress regime remain as
primary factors that may have influenced differ-
ences between Miocene and Recent magmatic
products.

Since the sequence of distinct magmatic re-
gimes (plateau-ignimbrites, shield andesites and
evolved stratovolcanoes) is diachronous during
the past 26 Ma of Andean evolution with ages get-
ting younger from N to S. This suggests control
by “deeper” processes guided by the geometry of
the slab and the thermal evolution of the upper
plate during Andean orogeny. As patterns, tim-
ing of events, subduction parameters and magma
production rates in the mantle wedge change
regionally and temporally during ongoing thick-
ening of the Central Andean crust, the upper
plate reacts at any given location individually to
these changes according to its present thermal
state, crustal composition, magmatic history and
tectonic stress conditions at that time and space.

We propose that large-volume ignimbrite erup-
tions occurred in the wake of subduction of the
Juan-Fernandez ridge that passed below the Cent-
ral Andes from N to S during the past 25 Ma.
This event resulted in compression, uplift, low
angle subduction (flat slab) and fluid release in a
first stage, followed by massive inflow and melting
of asthenospheric mantle after the passing of the
ridge when the slab again steepened rapidly. This
in turn caused massive melting within the crust
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aided by advective heat transport shortly after
slab steepening. Differences in chemical and iso-
topic composition of the large-volume ignimbrites
are related to changes in crustal thickness, and
its “preconditioning” during the Anden orogeny
over time.

The change in effusion rate during the Mio-
cene to Pliocene/Quarternary may be the only
parameter that relates to changing angles and/or
convergence rates of the slab. Since only conver-
gence rates changed during the last 26 Ma (Sér-
bier and Solar, 1991), this parameter likely con-
trols magmatic activity (Cagnoicle et al., 2007).
In southern Peru, Miocene voluminous magmatic
activity correlates with high convergence rates,
both decreasing in the last 10 Ma (Sébrier and
Soler, 1991).

Previous model predictions for arc magmatism
(Sobolev et al., 2006) follows from the compar-
ison between the evolution of tectonic shortening
and the evolution of the mantle temperature be-
neath the magmatic arc. Processing the delamin-
ation material throught the asthenospheric wedge
by corner flow results in an increasing shorten-
ing rate. Simultaneously, the temperature of
the asthenospheric wedge beneath the magmatic
arc decreases, which in turn should lead to re-
duced magmatic activity. However, apart from
the Puna (Kay and Kay, 1993) and Northern
Altiplano (Back and Zandt., 2002; Yuan et al.,
2002)) no evidence exists for mantle lithosphere
delamination in the Central Andes. Therefore
a new model based on our volumes, eruption
rates, petrological constraints and the movement
of the Juan Ferndndez ridge should give a better
understanding of the controlling factors of arc
magmatism.
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Introduction

Certain volcano-tectonic processes, such as cal-
dera collapse, flank spreading or sector collapse,
involve large discontinuous (i.e. fault- or fracture-
related) strains of rock masses. Analogue mod-
els can readily reproduce such deformation, but
their exact scaling to natural systems is often
uncertain. Numerical models scale more accur-
ately, but the continuum-based approaches typ-
ically used to date have an inherent difficulty in
simulating fracture or fault system development.
Moreover, since continuum-based analytical solu-
tions are routinely used to model geodetic data
from actively-deforming volcanoes, the effects of
fracturing (particularly in the sub-surface) on
deduced finite deformation sources may be un-
derestimated and misinterpreted.

Distinct Element Method (DEM)
models

The DEM simulates the finite displacements and
rotations of discrete particles[1]. In the 2D DEM
code PFC2DJ2], the particles are rigid discs (Fig.
1). The particles interact with each other and
with rigid boundary walls through a contact law
based on linear force-displacement and Coulomb
friction. Other contact laws are also possible.
Beam-like elastic bonds (‘parallel bonds’) can be
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added to hold the particles together. The bonds
transmit both forces and moment, and they break
if their tensile or shear strength is exceeded. As
broken bonds accumulate within a particle as-
sembly, they link together and promote further
strain localisation, such that large-displacement
fracture systems may ultimately develop. Con-
sequently, the DEM material undergoes a trans-
ition from quasi-continuum behaviour to discon-
tinuum behaviour, and so bridges past analogue
and numerical approaches.

An important feature of the DEM is that ma-
terial properties are defined and varied at the
bond and particle scale. Bulk material proper-
ties (elasticity, strength, friction) emerge from
the larger-scale interaction of particles and bonds
based on the micro-scale properties. Bulk prop-
erties must therefore be calibrated by means of
simulated rock deformation tests (Fig. 2). For
the caldera collapse model shown here, the bulk
material properties lie within the ranges charac-
teristic of natural rock masses on a large (c. 100
m) scale [3].

Application to Pit-crater and

Caldera subsidence

One suitable use of DEM models in volcano-
tectonic modelling is for the simulation of the
structural development of pit crater or caldera
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Fig. 1.: Overview of DEM as implemented in PFC-2D and applied to model caldera collapse. Left: Pre-depletion
view of a collapse caldera model. Shaded light grey are non-bonded, low friction (0.01) particles that make up the
simulated magma reservoir. Around this are bonded, higher-friction (0.5) particles that make up the simulated
host rock. Note that the layers here are passive markers and do not represent any material heterogeneity. The
boundary wall conditions are free-slip. Centre: Close up of particle-bond-boundary relations used in PFC-2D
calculations. M = moment, F = force, v = particle velocity, § = angular rotation, 6 = particle-particle or
particle-boundary overlap. Right: Schematic of PFC calculation cycle.
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Fig. 2.: lllustration of the process for bulk property calibration in DEM models (modified from [3]). Left:
Sample of the model assemblage in Figure 1 to be subjected to biaxial compression and tension tests. Centre:
Stress-strain plot for biaxial compression tests at various confining pressures, each with 10 realisations (i.e.
different particle arrangements). Symbols on stress-strain curves denote peak strengths at differing confining
pressures (03). Most of these curves' post-peak extents were removed for clarity. The pre-failure slopes of these
curves indicate a confining-pressure-dependent Young's modulus of 1 — 1.4 GPa. Right: A linear Mohr-Coulomb
failure envelope fitted to the biaxial compression test results. The envelope indicates a bulk material cohesion
of 3.31 MPa and a friction coefficient of 0.49 for this sample (sample has particle contact modulus of 1 GPa
and bond strength of 10 MPa).
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Fig. 3.: Structural development in DEM models of pit crater or caldera collapse (modified from [3]). Shown here
are three models that differ only in host-rock strength (unconfined compressive strength). Each model is shown
at reservoir area depletions of 20% and 50%. Strain localisation is shown by shading those particles around
which the maximum finite shear strain exceeds 0.75. Structures are annotated as follows: T= tensile fracture
(crevasse), RF = reverse fault, NF = normal fault, G = graben, FWD = footwall detachment, MB = marginal
bench, C = cavity, PU = pop-up structure. For this geometry of the reservoir roof, low to intermediate strength
models show a single central block collapse style, with near surface sagging at the lowest strength. In contrast,
high strength models show a collapse style comprising the upward-migrating detachment of multiple blocks
(resulting in opening and closure of ephemeral cavities) before finally forming a depression at surface.

subsidence [3, 4]. Here we illustrate the effects
of host-rock strength on this development with
models for which the initial model state shown
above (Fig. 1). Magma withdrawal in these mod-
els is simulated by incrementally reducing the
area of each reservoir particle. Resultant gravity-
driven failure and fault-controlled subsidence of
the overlying reservoir roof is explicitly replicated

(Fig. 3).

The DEM models reproduce the main struc-
tural features seen in both analogue models
and nature (cf. [3]). These include reverse
faults that are steeply outward-inclined from the
crater centre, as well as more peripheral near-
surface tensile fractures and inward-dipping nor-
mal faults. Moreover, the DEM also reproduces
strength related effect on the collapse style, such
as coherent collapse with sagging at low strength
and non-coherent collapse with cavity formation
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at high strength.

Such DEM models can also be used to ex-
amine how sub-surface fracturing may affect
analytically-inferred source models for deform-
ation at active volcanoes. By reproducing sur-
face displacements observed at active volcanoes,
such continuum-based analytical models are typ-
ically used to constrain the characteristics of the
deformation source(s), e.g. magma bodies, re-
sponsible for the surface changes (cf. [5]).

Here we similarly ‘blindly’ fit surface displace-
ments arising in DEM models of magma reservoir
deflation to those from an analytical solution
(Fig. 4), as for natural cases, but in which the
extent and nature of sub-surface fracturing are
known. To approximate the 2D conditions of
the DEM simulation, our analytical source model
comprises two intersecting rectangular disloca-
tion planes [6] that are fixed to be perpendicular
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to the 2D plane of interest and, in that direction,
are extremely long relative to the model scale.
In the absence of fracturing, the orientation and
location of the optimum analytical source model
are consistent with those of the DEM reservoir.
Where significant fracturing occurs, however, the
optimum analytical source may become strongly
tilted and be sited in the roof above the reservoir.
In such fracture-influenced cases in nature, ana-
lytical source models may hence underestimate
the true reservoir depth.

Wider Application of DEM in
Volcano-tectonics, Limitations and
Future Directions

Other recent applications of the DEM in
volcano-tectonics include simulations of volcano-
spreading[7], volcano flank collapse[8], and sill
intrusion[9]. That all applications published thus
far have been 2D studies reflects one of the main
limitations of the DEM: its computational in-
tensity. This necessitates a trade-off between
model size, particle resolution, and computing
time, which particularly impacts simulations at
length-scales typical for many volcano-tectonic
processes.

Advances in computing power are nonetheless
reducing DEM computing times, such that high-
resolution 3D-DEM modelling is now an increas-
ingly viable approach for volcano-tectonic studies.
These developments open the door for the closest
yet integration of volcano-tectonic models with
geodetic and seismic observations.
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Fig. 4.: 2D-DEM model displacements and ‘blindly-fitted’ analytical finite sources. (A) Close-up images of
deformation in a model set-up as in Figure 1, but with a height of 5 km and width of 15 km. Deformation is
visualised as the maximum finite shear strain around each particle (see colour scale). The low-strain yellow
areas correspond closely to areas of bond breakage. (B) Normalised horizontal and vertical components of
surface displacement in the 2D-DEM model. Note the asymmetry in the displacement profiles at 13% depletion.
This reflects the typically asymmetrical development of the sub-surface fracturing. (C) Optimum analytical
finite deformation sources inferred for the 2D-DEM surface displacement data at each stage of depletion.
The source models tested here comprise two rectangular dislocation planes[6] that are fixed to be mutually
perpendicular, but all other parameters are otherwise free. To approximate the 2D conditions of the DEM
models, the dislocation planes are infinitely long in the direction normal to the plane of observation. Note the
changes in shape, orientation and depth of the inferred deformation source at 13% depletion. These reflect the
combination of magma chamber depletion and host rock deformation.
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Mono Basin, Inyo Dike and the
Hartley Springs Fault

Mono Basin is a northward trending graben situ-
ated east of the Sierra Nevada, extending from
the northern edge of Long Valley Caldera to Body
Hills, north of Mono Lake (Bursik and Sieh, 1989).
The Mono-Inyo volcanic chain forms a northward
trending line of volcanic vents extending within
the Mono Basin (Figure 1). Several studies in-
dicate that the youngest eruptions in the Mono-
Inyo chain occurred, most likely around ~1350
A.D. (Bailey, 1989). The existence of a dike at
shallow depth between vents was confirmed by
the drilling program along the trend of the Inyo
Domes (Fink, 1985). Stratigraphic data suggest
that a series of strong earthquakes (M ~5.5-6.5)
occurred during the North Mono-Inyo eruption
sequence of ~1350 A.D. Several geomorpholo-
gic data suggest that more than 0.5 m of mean
slip occurred along the Hartley Springs Fault in
numerous events at the time of the ~1350 A.D.
eruption. The spatial and temporal immediate
proximity between earthquakes on the Hartley
Springs Fault and Inyo Dike intrusions suggest a
possible relationship between seismic events and
eruptions (Bursik et al., 2003).

Three-dimensional Finite Element
Method model

We use the Finite Element Method to develop a
three-dimensional model of the Mono Basin and
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Fig. 1.: The Mono Basin area: the Inyo Dike (red line),
trending approximately N-S, intercepts the Hartley
Springs Fault (black line), extending from the northern
rim of Long Valley caldera to the June Lake.

investigate the feedback mechanism between dike
intrusion and slip along the Hartley Springs fault.
The three-dimensional geodynamic model is im-
plemented using the Structural Mechanics mod-
ule of COMSOL Multiphysics (www.comsol.com).
The crust is modeled as an elastic medium (500
km of width and length, 200 km depth), divided
in cylindrical sub-domains with increasing radii
to achieve a gradual refining of the mesh toward
the center of the domain (Figure 2A). The me-
dium is not homogenous: a representation of the
mechanical heterogeneities in the region is ob-
tained by combining a 40-km-long density profile
across the Mono Basin (after McDonell et al.,
2013; Figure 2B) with a P-waves velocity profile
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Fig. 2.: 3D geodynamic model: (A) geometry; (A2) geometry of the Inyo Dike (red surface) and the Hartley
Springs Fault (light-blue surface) for the dike 10 km-length (Model 2) and 12 km-length (Model 3); (B)
40-km-long density data profile across the Mono Basin (after McDonell et al., 2013); (C) seismic profile velocities
(after Hill et al., 1985) along the profile A-A’" used in the models; (D) driving pressure applied as tensile
component to the vertical sides of the dike (after Reches and Fink, 1988).

with depth (Hill et al., 1985; Figure 2C). To in-
clude the topography in our model (Figure 3),
we used the Moving Mesh ALE module. The
module allows us to insert an external vector
function that assigns to each point on the surface
of the model a value of altitude (topography). Us-
ing the elevation data from the Digital Elevation
Model (DEM), the module distorts the mesh in
the z-direction simulating the topographic relief
that cover Mono Basin, Long Valley Caldera and
part of the Sierra Nevada. The georeferenced
topography has been exported as a CAD data
file and imported to be used in the next steps of
modeling.

We simulate the Hartley Springs Fault (HSF)
and the Inyo Dike (ID) as mechanical discon-
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tinuities. Following Bursik et al. (2003), we
approximate the HSF by a sub-vertical plane 9.5
km-long, 10 km-deep from the surface and with
a 60° dip. The top edge of the fault cuts and
follows the free surface to represent a relisting
escarpment (Figure 4B). The Inyo Dike is sim-
ulated by a rectangular cavity 10 m-wide, and
7 km-deep with the top of the dike between 300
and 500 meters below the surface. We used the
normal driving pressure values extrapolated from
the model of Reches and Fink (1988) to model
the opening of the Inyo dike (Figure 2D).
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Fig. 3.: 3D FEM model with topography using the Digital Elevation Model: (A) flat domain where, on the red
surface the deformed mesh is applied in order to build the topography; the light blue surface is left free to
deform in order to accommodate the connection with the topography; the blue surface is kept fixed at the sea
level; (B-C) mesh of red surface pre- and post-deformation; (D) domain with topography; (E-F) highlight of the

topography of Mono-Basin/Long Valley Caldera.

Case (1): Inyo dike intrusion
triggers earthquakes along the
Hartley Springs Fault

We analyze the distribution of the Coulomb stress
change (ACFS) along the fault plane (simulated
as a passive receiver fault) for different length of
the opening fracture (Model 1: dike 4, 6, 8, 10,
12, 14 km-long from the center of Mono Craters;
Figure 4). In particular, we compute the percent-
age of fault area encouraged to slip normally and
right laterally because of the dike intrusion for
ACFS> 0, 0.1, 1, 5, 10 bar (Figure 4A). We use
an effective friction coefficient of 0.5 (e.g., Bursik
et al., 2003). Positive Coulomb stress changes >
1 bar are considered to be significant to trigger
earthquakes (Walter et al., 2005). The ACFS
changes > 1 bar imply that the fault is encour-
aged to slip only when the dike is approaching the
fault. When the dike is near the south tip of the
Hartley Springs Fault, normal and right lateral
slips are more difficult to initiate. Since earth-
quakes can be triggered by ACFS as small as 0.1
bar (Walter et al., 2005 and reference therein),
our first numerical experiments investigate seis-
mic triggering for values of ACFS > 0.1 bar. In
this case, when the dike is 10 km-long, close to
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the location of the Obsidian Dome, about 46 %
of the fault plane may slip with a release of en-
ergy equal to an earthquake of magnitude 6.0,
consistent with observed geological data. When
the dike is 12 km-long, with its southern tip close
to Glass Creek, about 42 % of the fault may slip
with the possibility to trigger an earthquake of
magnitude 6.0.

Case (2): slip along the Hartley
Springs fault facilitates the
opening of the Inyo dike

The Hartley Springs Fault is simulated (in Model
2-3, Figure 2 A2) creating “master-slave” contact
pairs between subdomains to take into account
the ratio of contacts and stress transfer between
the planes. We move only the part of the fault
that may slip (ACFS > 0.1 bar; Figure 4B).
We run numerical experiments both for a 10
km long dike for a slip along the HSF equival-
ent to an earthquake of magnitude 6.0 (Model
2), and a dike 12 km-long for a slip along the
HSF equivalent to an earthquake of magnitude
6.0 (Model 3). The numerical results show that
when the dike is near Obsidian Flow (dike 10
km-long), a slip along the fault can increase the
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Fig. 4.: Analysis of Coulomb stress changes: percent-
age of fault area encouraged from a dike intrusion
for different lengths of the dike; (B) distribution of
Coulomb stress changes (ACFS > 0.1 bar) on the
fault plane for different lengths of the dike (red for
slip encouraged; blue for slip discouraged).

maximum tensile stress in correspondence of the
Obsidian Flow and Glass Creek domes (Figure 5
A,C). When the dike is near Glass Creek (dike 12
km-long) a slip along the fault can increase the
maximum tensile stress nearby this dome (Figure
5 B,D).

Conclusions

The quasi-static analysis of the Coulomb stress
change indicates that the opening of the Inyo
Dike could enable right-lateral and oblique-slip
motions along the Hartley Springs Fault. In par-
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ticular, slip along the fault is facilitated when the
dike is approaching the fault near Obsidian Flow
dome. However, the opening of the dike does
not promote slip along the fault when it reaches
the south tip of the Hartley Springs Fault. The
analysis of stress changes along the dike surface
indicates that slip along the HSF could increase
the local maximum tensile stresses facilitating
the opening of the Inyo dike. Furthermore, the
increase in tensile stress at the top of the dike
indicates local conditions promoting the propaga-
tion of the dike toward the surface, especially
near the southern tip of the fault, close to the
Obsidian Flow and Glass Creek Flow domes.
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Introduction

The southern part of China (South China) is
an excellent natural laboratory for studying
intra-continental geological processes. The intra-
continental magmatism in the South China is
characterized by huge volumes of Phanerozoic
granitoids, which indicate a widespread, episodic
crustal reworking.

The Nanling region in the central part of South
China is a most unique and very important W,
Sn, Mo, Bi, Pb, Zn, Cu, REE, and U metallo-
genic belt in the world (Chen et al., 2002; Hsieh
et al., 2008; Fig.1a). It occupied more than 60%
and about 20% of the world’s total W and Sn re-
serves, respectively, formed within a short period
which is known as the Early Yanshanian period
(aged at 190-140 Ma, between the middle to late
Jurassic periods) (Shu et al., 2011). The former
explorers and researchers have investigated lots
of representative granites and mineral deposits of
this area, and gained abundant information. The
Early Yanshanian magma activity is frequent and
is characterized by multiple stages and multiple
intrusions, resulting in lots of granite composite
and related resources (Fig.1b). Although the min-
eralization is widely known to be associated with
the Yanshanian intrusions, the genetic relation-
ships with the granitic exhumation and cooling of
the plutons remain poorly understood. Discrep-
ancies among various U-Pb ages and younger age
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determinations based on Rb—Sr, Ar—Ar and K-Ar
isotopic systems from granitoids of the Nanling
region have raised questions about the timing of
the most related mineralization of these rocks and
the details of their cooling path. In this study, we
systematically collected a wide variety of dating
data of some Early Yanshanian granitic intru-
sions in the central Nanling region, and based on
the different types of age results given by different
minerals with different closure temperature, we
try to rebuild the cooling history and calculate
the exhumation process for each representative
granite composite, and hopefully to give some
insight to the granite related mineralization and
the tectonic evolution in this area.

Data collection and
cooling—exhumation calculations

In this study, published zircon U-Pb, whole rock
Rb-Sr, and muscovite, biotite and K-feldspar
K—Ar or Ar—Ar age data for the different intrus-
ive stages of the respective granite composites
in the central Nanling region were systematic-
ally collected. These age data was deliberately
screened, and the unreliable data was removed.
Here, we assumed that the closure temperature
of zircon, Rb—Sr whole rock, muscovite, biotite
and K-feldspar are 800°C, 600°C, 350°C, 300°C
and 150°C, respectively.
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Fig. 1.: Distribution of Early Yanshanian granite composite and related ore deposits in (a) South China and (b)
central Nanling region (modified from Yu, 2011). Granite composites: 1=Qitianling, 2=Qianlishan, 3=Xianghual-
ing, 4=Yaogangxian, 5=Shuikoushan, 6=Tongshanling, 7=Baoshan, 8=Jinjiling, 9=Dupangling (eastern pluton),
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17=Huangshaping, 18=Xitian, 19=Dengfuxian, 20=Limu, 21=Wangxianling-Hehuaping, 22=Shangbao

Based on the above reliable age determinations
and estimates of closure temperature, estimates
have been done for the cooling rates of the com-
posites in the Nanling Region. Fig. 2 shows a
reconstruction of the cooling rates of these gran-
ite composites. Based on the modelling results
we can conclude that the cooling paths of the first
stages of these granites are steepest (e.g., BSI,
ZGS1, and TSL1), indicating the fastest cooling
processes. On the contrary, the cooling paths of
the followed intrusive stages gradually become
more flat, suggesting increasingly slower cooling
history. For the purpose of computing the cooling
path, we consider that the first stages of these
composite cooled from 800°C to 300°C within
a very short time span of 5 Ma. The followed
subsequently second stages experienced a time
span of 15 Ma from 800°C to 150°C. Collectively,
the temperatures go down from 800°C to 150°C
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for the third stages may spend a time span of
around 40 Ma, and 50 millions of years could
be taken for the final stages of these granites
to cool them down from 800°C to 300°C. The
average cooling rates of the first stages are about
100°C Ma~!, and the second, the third and the
fourth are around 45°C Ma~!, 15°C Ma~!, and
10°C Ma™!, respectively. In short, compared to
the granites in other areas, the cooling rates of
these granite composites in the central Nanling
region are markedly fast, especially for the first
two stages.

If we assume that the temperatures maintained
by granitic intrusions are mainly affected by the
geothermal gradients which are corresponded to
different burial depths, we can calculate the uplift
rates based on the cooling rates of the granites
in the central Nanling region. We assume the
geothermal gradient in the central Nanling region
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was 50°Ckm™'. Accordingly, we calculate that
the uplift rates of the first stages of the granite
composites are the fastest, with the value of ~ 2
mm y !, followed by 0.9, 0.3, and 0.2 mm y~! for
the rest stages, respectively. Active denudation
and erosion was due to ongoing tectonic uplift of
the area by thrusting and thickening of the crust.

Mineralization implications

The most famous peak episode of Mesozoic large-
scale magmatism and associated ore formation
in South China is 170-150 Ma. Mineraliza-
tion of the 170-160 Ma age range is mostly
of porphyry and skarn type (Cu—Au) and of
granite-related vein type (Pb-Zn—Ag), while the
160-150 Ma age range is characterized by granite-
related W—Sn polymetallic mineralization (Li et
al., 2012). According to this study, the 170-160
Ma Cu—Pb—Zn mineralization was related to the
earlier round quick ascended magmas, whereas
the later 160-150 Ma W-Sn polymetallic min-
eralization was resulted from the slower cooling
and ascending plutons.

Different ascent rates and evolutionary pro-
cess of the magmas and intrusions caused the
different mineralization related intrusions. If the
intrusions ascend slowly, the crystal fractionation
as well as upper crustal contamination and as-
similation would have enough time to occur. W,
Sn, Bi, Mo, As, and Sb become more enriched
during fractionation compared to the base metals
Zn, Pb, and Cu (Mustard et al., 2006). The
rift-related rapid extension of the crust caused
deep Cu source evoked and generated in a low-
pressure environment, while the extreme crys-
tal fractionation aided by high volatile activity,
coupled with crustal contamination and assimila-
tion under a relatively stable settings produced
the W—Sn polymetallic mineralization in the cent-
ral Nanling region.
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Mantle plume-generated triple
junction rifts: A new model

Intraplate lithospheric thickening events rather
than the subduction of the Pacific plate was pro-
posed for Nanling region (Shu et al., 2011). Based
on the distribution of major W—Sn polymetallic
deposits and deep faults in the central Nanling
region and the calculations of the cooling and
uplift rates, we proposed a new model for this re-
gion during the early Yanshanina period: mantle
plume generated triple junction rifts (Fig. 3).
This triple junction rift system was centered by
the Qiantianling granite composite and composed
of three major cross arms which extended to the
NE, SW, and SE directions, respectively, and
the extension length for each arm was more than
200 km. the NE and SW arms extended basic-
ally along the Chaling-Chenzhou-Linwu deep
fault, while the SE arm mostly overlapped with
the Channing—Lianping strike-slip fracture zone.
The basic supports for this model come from
the following two points: 1), the distribution of
the granite associated deposits. Fig.1b shows
that large scale deposits are concentrated and
surrounded in the Qitianling area, and diverging
to three different opposite directions which reach
at the Denghuxian—Xitian deposit, the Shanhu
deposit, and the Xihuashan—Dajishan deposit,
respectively. In the Qitianling area where the
mantle plume lies below, Cu, Pb, and Zn are also
largely outputted besides W-Sn mineralization
(Fig. 3). 2), the differences in the cooling and up-
lift rates. Most of the granite composites located
in the Qitianling area have very quick cooling
and uplift rates, especially for their first stage
of their intrusive activities. On the contrary, far
away from the center, granite composites such
as the Guposhan, the Huashan, the Dajishan,
and the Dengfuxian have much slower cooling
and uplift rates. They may be formed by more
highly evolved magma and have more discernable
intrusive stages. In our model of mantle plume
generated triple junction rifts system, the mantle
plume started its activities at the beginning of the
early Yanshanina period, causing large amount of
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magma activities and resulting in the most of the plume and lasted effectively for a short period
earlier stages of the intrusions of the granite com- of time. The intrusions ascended very quickly
posites. During this period (180-165 Ma), triple and cooled down fast, and also brought some Cu,
junction rift activity was generated by the mantle Pb and Zn base mental mineralization, forming
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the major parts of the Baoshan, the Shuikoushan,
the Huangshaping and the Shangbao deposits.
After this period, the extension activity slowed
down (165-150 Ma), and the following magmat-
isms have more time to extract more ore-forming
elements from the upper crust by contamination
and assimilation, resulting in the world-famous
Nanling W-Sn mineralization belt (Fig. 3).
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Introduction

Rift valleys are the surface expression of pro-
longed extension of the continents. During rift
initiation, the lithosphere thins by ductile stretch-
ing and normal faulting, creating a rift valley [1].
The upwelling asthenosphere melts by adiabatic
decompression, with the greatest degree of par-
tial melting beneath the most thinned part of the
crust [2,3]. Melt can accumulate at the brittle-
ductile transition, in magmatic reservoirs centred
on the rift axis. Crustal stretching and melt pro-
duction underneath the rift axis, often result in
the formation of volcanoes within the rift valley,
as observed, for instance, in the North Volcanic
Zone of Iceland. A not trivial but relatively com-
mon observation in continental rift zones, is the
occurrence of off-rift volcanism [4,5,6]: which is
the presence of volcanoes located out of the rift
border faults, displaced up to tens of kilometres
outside the rift valley (Fig. 1). Off-rift volca-
noes and off-rift volcanic provences are generally
aligned, parallel to the rift axis, and they are
often associated with early rifting [4,5]. In the
Red Sea Rift, ~25 Ma-old rift-parallel dykes fo-
cus near the ~30 Ma-old rift margins, while the
youngest volcanoes focus along the ridge axis
[7]. Even in far less magmatically active settings,
such as the Baikal Rift (Siberia) or the Chaine
des Puys (CdP) in the Cenozoic rift system of
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France, off-rift volcanism occurred after the onset
of rifting. The mechanism driving magma from
deep rift-centred magma reservoirs to feed off-rift
volcanic systems is still debated.

Methodology

We used a numerical (boundary element) model
to simulate the propagation of magmatic dykes
[8,9,10] starting from a deep magmatic reservoir
located at the base of the crust, and centred on
the rift axis. Our model gives as output the ex-
pected location of volcanism at surface, as well as
the path followed by dykes before getting arrested
within the crust or arriving at surface.

A fundamental input for our model is the stress
field within the crust, since dykes tend to orient
perpendicular to the direction of the minimum
compressive stress (03). We model the stress field
in the rift setting accounting for:

1. the lithostatic pressure;
2. the tectonic stress;

3. the mechanical effect due to the gravitational
unloading (decompression) induced by the
mass deficit at the rift valley.

The resulting stress field in the crust is the su-
perposition of 1, 2 and 3. Where 1 is assumed
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Fig. 1.: Topographic, structural and volcanic architecture of the Main Ethiopian Rift. Miocene border faults are
thick black lines with direction of down throw indicated and the Quaternary-Recent faults within the rift are
thin black lines. Early syn-rift volcanic edifices are purple and Quaternary-Recent volcanoes and cones are red.
Note that the early syn-rift volcanism ranges from being just outboard of the Miocene border faults, to as far as
100 km from the rift valley. (Figure from [13])
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Fig. 2.: Dyke trajectories for scenarios A, B, and C. Red squares indicate the upper tip of the dyke at injection,
red circles indicate that a dyke has been arrested as sill; red triangles indicate the position of the arrival at
surface. Black and gray segments show the directions of o1 and o3 respectively (a circle indicates direction
perpendicular to the page) for three nominal sets of graben width, W, and depth, D, (see insets). The dip angle
of 03 is color-shaded: where sub-vertical (reddish color), a stress barrier to vertical ascent of dykes is acting.
The stress barrier is expected to dissipate in a weak lower crust or mantle. (Figure from [13])

to be isotropic and therefore does not contribute
to the orientation of the principal stress; 2 is
the horizontal tension due to crustal stretching
(assumed to be in the range of 5 to 10 MPa) and
tend to favour the horizontal orientation of o3; 3
can be computed with the analytical formulas by
[11].

Results

The contribution of gravitational unloading is
the essential component in our study. When the
gravitational unloading dominates over the tec-
tonic stretching, o3 becomes vertical in a confined
volume beneath the rift. This volume constitutes
a sort of “stress barrier zone”, in which stacked
sills are favoured, and which deflects the ascend-
ing dykes to the rift sides. Sideways from the rift
centre, 03 becomes first inward dipping and then
horizontal (Fig. 2).

Depending on where the dykes nucleate relative
to the stress barrier zone, three scenarios for their
propagation and for the final surface distribution
of magmatism occur:

A If dykes start above the stress barrier (or if
the theoretical location of the stress barrier
is deeper than the crustal thickness) in-rift
volcanism occurs. Magma-filled dykes ascend
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subvertically, or propagate laterally within the
rift parallel to the axis (Fig. 2a), and the dyke
arrivals are spread within the graben.

If dykes start within the stress barrier (or the
stress barrier extends across the crust and
extends until the brittle-ductile transition),
our model predicts off-rift volcanism with sill
formation. The injected magma at the base
of the crust forms sub-horizontal magmatic
sheets that, depending on their initial distance
from the rift axis, get trapped as stacked sills
above the ponding zone or escape to the side
of the stress barrier, turning into subvertical
dykes and eventually reaching the surface (Fig.
2b). For a given set of parameters, dykes
emerge very tightly spaced at a distance from
the rift axis equal to about 1 to 2 (and up to
3) graben half-widths.

If dyke starts underneath the stress barrier,
off-rift volcanism occurs without sill forma-
tion: vertical dykes are deflected towards the
rift sides, with a more scattered arrival distri-
bution at the surface (Fig 2c). This occurs
with deep nucleation depths below shallow
and narrow grabens, and is the least likely
configuration for a reasonable range of val-
ues for graben depths and widths and crustal
thickness.
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Fig. 3.: Summary cartoon illustrating the magma paths
behind off-rift volcanism.

Conclusions

For deep grabens the upper limit of the stress bar-
rier (z1) is shallow (z1~10 km for a 100 km wide
and 1 km deep graben) so that in-rift arrivals
occur only for shallow nucleation depths. For a
nucleation depth in the range of 30 - 40 km, which
represent a reasonable estimate for the crustal
thickness at the early stage of continental rifting,
in-rift volcanism occurs only for wide (>100 km)
and shallow (<0.6 km) rift depressions, or for
graben depths which are too small to create a
stress barrier (i.e. the tectonic stretching domin-
ates over the gravitational unloading). A thinner
crust thickness or the presence of shallower reser-
voirs, result in favouring “in-rift volcanism”, as
expected for the North Volcanic Zone of Iceland
(NVZ) or for Quaternary volcanism in the MER.

According to our findings, the most likely con-
figuration for the early stages of continental rift-
ing is scenario B. This may result in the construc-
tion of large off-rift volcanoes aligned parallel to
the rift. Also, for this scenario, our model predict
that magmatic intrusion will get easily trapped
as stacked sills underneath the rift axis, above the
Moho (Fig. 2b and Fig. 3). Recent results from
seismic tomography at Baikal rift suggest that
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a deep, rift centred reservoir, at Moho depths,
formed by means of staked sills [12].

As the rift matures, the magma ponding zone
near the base of the crust becomes progressively
shallower due to crustal thinning and to sills
piling one above the other and functioning as new,
shallower reservoirs, driving the system towards
the condition of case A and to a transition to
in-rift volcanism.
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Introduction and Background

Olympus Mons volcano is located in the northern
hemisphere of Mars, west of the Tharsis volcanic
province. It is a basaltic shield volcano with a
height of 22 km, a diameter of 600 km, and an
average flank slope of 5° (Plescia 2004). The
main features of Olympus Mons include a sum-
mit caldera complex, upper- to mid-flank terraces,
lower-flank radial scarps, and a basal circumfer-
ential scarp up to 9 km high with a slope of about
30°.

The morpho-structural map of Olympus Mons
below (Fig. 1) shows radial scarps and mesas,
as well as circumferential graben and troughs on
the lower flanks that were previously interpreted
as extensional features, probably due to volcanic
spreading (e.g., Morris and Tanaka 1994, Borgia
et al. 2000, McGovern and Morgan 2009). On
the other hand, the terraces on the upper flanks
were interpreted as compressional features due
to lithospheric flexure (McGovern and Solomon
1993, Byrne et al. 2009, 2013). Lithospheric flex-
ure is observed from a prominent trough around
Olympus Mons that is filled by lava (Isherwood
2013).

Since the asthenospheric mantle behaves like
a fluid on long timescales, the overlying elastic
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lithosphere bends due to volcanic loading. A flex-
ural trough forms around the volcano and a bulge
forms further outside the trough. This flexure
leads to a lateral compression of the volcano and
a lateral extension of the upper lithosphere peri-
pheral to the volcano (e.g., Comer 1983, Watts
2001). Spreading affects the volcano when a basal
layer or interface characterized by low friction
decouples the volcano from the lithosphere, such
that the volcano can slide over the lithosphere
during flexure (e.g., Byrne et al. 2013).

The aim of our work is to understand terrace
development over time, and the relation of ter-
races and flank instability to volcano growth,
lithospheric flexure, and volcanic spreading (i.e.
basal decoupling).

Finite Element Modeling

The deformation of a volcanic cone under Martian
gravity was investigated with finite element mod-
els that take into account the combined effects of
lithospheric flexure and volcanic spreading. The
axisymmetric setup consists of three parts: an
elastoplastic volcano and lithosphere overlying
a viscoelastic asthenospheric mantle. Spreading
was realized by means of a frictional interface
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Fig. 1.: Mapping results. Structural mapping of Olym-
pus Mons based on a High Resolution Stereo Camera
(HRSC) slope map, and on Thermal Emission Imaging
System (THEMIS) daytime data.

between volcano and lithosphere. The interface’s
coefficient of friction was varied between 0 and
0.6 and in addition, a welded contact was invest-
igated. The cohesion of the volcano was varied
between 6 and 60 MPa (basaltic rock mass vs.
laboratory-measured basaltic sample, according
to Schultz 1995).

We simulated two cases of loading: (1) an
instantaneously-emplaced volcano and (2) an in-
crementally grown volcano. For the latter, the
volcano was constructed by successively adding
five parts of equal volume, and viscous relaxation
of the asthenospheric mantle was allowed between
the five loading steps. After emplacement of a
volcano load, the lithosphere and asthenospheric
mantle behave elastically in the beginning. As
the asthenospheric mantle relaxes and becomes
increasingly viscous, the volcano and lithosphere
develop plastic deformation. Isostatic equilib-
rium of the load and mantle is reached after
about 500,000 years. Further model details can
be found in Musiol (2013).
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Fig. 2.: Plastic shear strains at the end of isostatic
adjustment within models of instantaneous volcano
emplacement and varying basal friction. Shown here
are cut-away, vertically-exaggerated views of: a) a
model with welded contact; b-d) models with decreas-
ing coefficient of friction on the edifice-lithosphere
interface. Note the migration of the zone of high
plastic strain on the edifice flanks toward the sum-
mit with decreasing friction, and an increasingly large
plastic strain zone at the interface of volcano and
lithosphere.
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Results

We show the model results for the instantaneous
volcanic load as accumulated plastic shear strains
in the axisymmetric plane (Fig. 2). Highest
shear strain denotes potential faulting, which is
observed on the volcano flanks and at the inter-
face of volcano and lithosphere. With decreasing
friction at the interface of volcano and lithosphere,
the zone of plastic deformation on the flanks mi-
grates toward the summit area and the zone of
basal overthrusting increases. Terrace-bounding
faults can be seen at high resolution and are com-
patible with radial compression leading to thrust
faulting on the volcano flanks.

In the models with a growing load, and regard-
less of cohesion, the areas of observed faulting
for the first increment are in agreement with the
instantaneous model. As more layers are added,
no further plastic straining of the volcano flanks
is observed with high cohesion, but plastic strain
zones corresponding to terrace-related faulting
were produced on every incrementally-formed vol-
cano surface with low cohesion.

Conclusions

Terrace-bounding faults on Olympus Mons upper
flanks are explained with thrust faulting result-
ing from lithospheric flexure. The presence and
expression of terrace-bounding faults depends on
the coupling of volcano and lithosphere, on the
time of volcano growth relative to mantle relaxa-
tion, and on the edifice cohesion.
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Spatially and temporally dense observations
of crustal deformation events is an important
data source when trying through numerical mod-
eling to obtain insight into geological processes
working at depth, for instance by visualization of
magma transport and emplacement beneath vol-
canic structures, as well as simulations of tectonic
processes within plate boundary zones. Iceland is
an excellent target for remote sensing of crustal
deformation processes, especially for the use of
interferometric combination of synthetic aperture
radar images (InSAR). The Icelandic crust de-
form continuously due to a variety of volcanic
and tectonic processes, and the relatively barren
ground furthermore makes an ideal reflector for
radar beams emitted from SAR satellites. Three
recent Icelandic examples of crustal deformation
events related to active plate spreading processes
and subsurface magma movements, and the in-
ferences numerical modeling facilitate, will here
be demonstrated.

1

The Northern Volcanic Zone (NVZ) is an exten-
sional rift segment, forming a sub-aerial exposure
of a part of the mid-Atlantic ridge. The NVZ
is bounded to the south by the Icelandic mantle
plume, and to the north by the Tjornes transform
zone. The NVZ has typically been divided into
five partly overlapping en-echelon fissure swarms,
each with a central main volcanic production
area. A complex interplay of a number of tec-
tonic and magmatic processes in the NVZ has
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been revealed by a series of InSAR images: A)
two shallow sources experiencing subsidence co-
incides with known crustal magma chambers at
Askja and Krafla central volcanoes, B) elongated
subsidence signals within the relatively narrow
fissure swarms (15-20 km), inferred to be related
to plate spreading, C) horizontal plate spread-
ing distributed over a much wider zone (~80-100
km), and finally D) a wide area of uplift which
may reflect on processes near the crust mantle
boundary. Construction of finite element method
(FEM) models of the NVZ, have facilitated explor-
ation of the role spatial variation of rheological
properties may play, in modifying the style of
regional and local surface deformation at this
extensional plate boundary. The models indicate
that the observed inter-rifting plate spreading
deformation field is controlled by local rheolo-
gical variations within the arrangement of fissure
segments, and that a regional central ridge axes
model does not apply. The best fitting crustal
structure within the most active fissure swarms
consists of a wedge of weak elastic material on
top of a local visco-elastic ridge.

The Askja system is one of the five en ech-
elon volcanic systems making up the NVZ. It
consists of a fissure system elongated along the
plate boundary and a central complex of at least
three nested calderas. The smallest, most recent
caldera formed over an extended period of up
to 40 years following a highly explosive eruption
in 1875. The volcano has been somewhat of a
geodetic enigma for many years, as continuous
subsidence has been observed by dry-tilt level-
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ing there since 1983, and possibly been ongoing
since 1973. Seismic studies around Askja have
provided new information on possible magma
pathways from deep crustal levels, to inferred
storage zones in the upper crust. FEM mod-
els, simulating surface deformation locally at the
Askja volcano, indicates that the tectonic setting
with an established shallow magma chamber situ-
ated within a diverging plate boundary plays a
major role in the continuous, long-term high sub-
sidence rates observed at Askja for the past 30-40
years. In order to fully understand the cause and
effect of the complicated volcano-tectonic setting
additional advanced models integrating realistic
rheological subsurface structures are needed.

2

Since Iceland was settled in the 9th century
Hekla volcano has had 23 confirmed eruptions,
varying considerably from highly explosive (VEI
5) to calm effusive (VEI 1). Hekla produces
mainly andesitic melts, though products range
from basaltic to rhyolitic. The silica content is
directly correlated to the repose interval, provid-
ing a strong argument for the presence of a well-
established magma chamber. Numerous geophys-
ical studies have attempted to determine the
depth and location of the Hekla magma chamber,
but results are as many as the number of stud-
ies. Several other characteristics of Hekla volcano
make it unique in a global context. The ridge
shaped edifice is highly unusual, and the dual
nature of the seismicity is not only unusual but
also poorly understood. In inter-eruptive peri-
ods the volcano is practically aseismic, and the
few micro-earthquakes that do occur appear to
be related to a nearby transform-zone, whereas
co-eruptive earthquakes are clearly connected to
magmatic movements. No earthquakes occur be-
low 4 km depth before eruption onset, but during
eruptions most are located at 4-9 km depth.
Since InSAR imaging have been applied, a
highly improved map of the Hekla surface deform-
ation has been achieved. The spatial density of
deformation measurements obtained by this tech-
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nique revealed a rather complicated surface de-
formation pattern, which more than one process
is thought to contribute to. A roughly circular
area 20 km in diameter (centered at the summit)
subsides continuously during inter-eruptive peri-
ods. The subsidence peaks on the most recent
lava flows, primarily due to cooling and compac-
tion of the erupted material, although subsidence
is not confined to areas covered by recent lava
flows. A subtle, but continuous, uplift signal (~5
mm/yr) circumscribes the region of local subsid-
ence. This uplift region has a diameter of ~40
km (centered on the summit).

A relatively simple model capable of predict-
ing the observed deformation pattern combines a
contracting shallow magma chamber (local sub-
sidence of the edifice), a deeper chamber that is
expanding (regional uplift), and finally thermal
contraction of recent lava fields. However, this
model is problematic, because no independent
evidence for a shallow magma chamber exists.
An alternative model is here presented, where
the composite pattern of deformation is attrib-
uted to local thermal contraction of recent lava
fields combined with gravitational loading of the
volcano edifice and finally magma accumulation
at a deep-seated magma chamber. Finite element
models where a gravitational load on a 2D prob-
lem domain having an elastic upper crust, under-
lain by a viscoelastic mantle that hosts magma
accumulation within a deep-seated magma cham-
ber have been explored.

3

Eyjafjallajokull volcano is situated south of the
intersection between the South Iceland Seismic
Zone and the Eastern Volcanic Zone (EVZ). The
area is characterized by significant topographic
relief and a lower spreading rate than the EVZ.
As opposed to tholeiitic products in the axial rift
zone further north, volcanic products here belong
to the alkaline or transitional suite, and the area
is, based on the petrological difference as well as
poorly developed extensional fractures, character-
ized as a volcanic flank zone. Eyjafjallajokull is
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an icecap covered stratovolcano rising to an elev-
ation of 1666 m.a.s.l.. The icecap covers an area
in the summit region about 80 km2 in size, mak-
ing interferometric measurements unattainable
within this area throughout the year. The vol-
cano is characterized by its quiet nature. Activity
in the system is episodic, with only four eruptions
in the last 1400 years. About a handful of earth-
quakes associated with the volcanic system had
been detected prior to the 1990s. Earthquake
swarms did, however, occur in 1994, 1996, 1999
and finally in 2009-2010 preceding the eruption
in the spring of 2010 which caused an exceptional,
unprecedented disruption to European air traffic.
Ground deformation measurements through the
18 years of intermittent unrest have facilitated a
coarse mapping of the volcano’s current plumbing
system, through inverse modeling.

The typical pattern of surface deformation ob-
served prior to, spanning and following eruptions
of Iceland’s frequently active volcanoes, often re-
ferred to as “the volcanic cycle”, relates to melt
accumulation, drainage and renewed replenish-
ment from an established crustal magma cham-
ber, which can be reproduced by pressure changes
within a simple Mogi point source. However, such
a simple modeling approach cannot explain the
complex behavior observed at the moderately act-
ive Eyjafjallajokull volcano. Homogeneous elastic
half-space modeling of a complicated network of
sill intrusions forming at more than 5 km depth
explains the distinct behavior of the volcano. The
temporal development of the intrusive complex
over the 18 years of intermittent unrest will be
demonstrated.
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Introduction

Closed, near-circular, topographic depressions
are common features on Earth and other planets.
These are termed sinkholes or dolines in karst
rock regions, and pit-craters (diameter <~1 km)
or calderas (diameter >~ 1 km) in volcanic re-
gions. Past analytical, numerical and analogue
models mainly explored collapse caldera struc-
tures by documenting 2D and 3D model surface
deformation, and 2D model cross-sections (e.g.
Marti et al. 1994; Roche et al. 2000; Holohan
et al. 2011). Kinematic and dynamic aspects of
caldera collapse are less well understood, though
a necessity for the interpretation of recent monit-
oring data.

We present here a mnovel application of
computed X-ray micro-tomography (uCT) in
(volcano-) structural analogue modeling. In this
study, we illustrate the methodology through
models of volumetric depletion of a sub-surface
body and consequent destabilisation and gravita-
tional collapse of the overburden. We investigate
two end-member models: 1. Near-continuous
collapse into a depleting sub-surface body; and
2. Near-instantaneous collapse into a large sub-
surface cavity. Our model results correspond to
a natural length scale of ~< 2 km of the sur-
face depression’s diameter, hence applicable to
sinkholes, pit-craters and ‘small’ calderas.
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The X-ray micro-tomography
methodology

Our analogue model set-up is similar to the ‘sand-
box’ used in most analogue studies (e.g. Marti et
al. 1994; Roche et al. 2000). Two dry well-sorted
silica sand — plaster mixtures (SP-mix) with cohe-
sions of ~180 and ~300 Pa simulated brittle rock
in near-continuous and near-instantaneous exper-
iments, respectively. Golden syrup (GS) with
a viscosity of ~50 Pa.s (22°C) served as a fluid
analogue (i.e. rock salt, fluid magma; see Figure
1). Garnet sand was used to make passive marker
layers, as the difference in elemental composition
and density between silica and garnet sand en-
sured an easily detectable contrast in radiographs.
Drainage was initiated by lowering an external
GS reservoir below the model base. Geometric,
dynamic and kinematic scaling of the simulations
was ensured by dimensionless analysis (cf. Roche
et al., 2000).

Time-lapse radiographs taken at 2.5-minute in-
tervals documented ongoing model deformation.
Vertical subsidence rates were calculated from ver-
tical displacements of the garnet marker layers in
the radiographs. Volumes of the sub-surface fluid
reservoir, collapsing overburden column and sur-
face depression were calculated from surface areas
assuming an axi-symmetrical geometry. After de-
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Fig. 1.: X-ray tomography set-up: 1. X-ray beam
source; 2. Plastic stand with central outlet; 3. Plastic
tube; 4. SP-mix; 5. Thin garnet sand marker layers;
6. GS analogue fluid body; 7. Silo containing GS,
adaptable in elevation; 8. X-ray beam detector; H.
Overburden height; D. Fluid body diameter.

formation, models were scanned with the uCT
scanners of the UGCT (www.ugct.ugent.be; Mass-
chaele et al. 2006). The spatial resolution was
80 - 111 pm, higher than in medical CT scan-
ners. Data sets were reconstructed with the Oc-
topus software. The Morpho+ and VGStudio-
Max software were used for 3D rendering of model
volumes.

Results and Discussion

Near-instantaneous vs. near-continuous
collapse

Two representative end-member models are de-
picted in Figure 2. Despite their much-reduced
scale, our analogue models reproduced overall
structural and morphological characteristics as
modelled previously ((Fig. 2a-c); e.g. Marti et al.,
1994; Roche et al., 2000; Geshi et al., 2012), and
as observed or inferred from natural collapsed
sinkholes, pit-craters and small calderas. Our
highest-cohesion models reproduced sub-surface
meta-stable cavities (Fig. 2d-e), which collapsed
when triggered by mild tapping on the model (Fig.
2f). In these ‘near-instantaneous’ models, GS de-
pletion had initially resulted in the coherent sub-
sidence of a sub-surface block. Above this formed
a convex-upward cavity, with its apex half-way in
between initial reservoir level and the model sur-
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face. A 3D scan of a collapsed near-instantaneous
model into a cavity demonstrates how the overall
collapse structure resembles the near-continuous
one, however the initial stratigraphy is highly dis-
rupted on the small-scale (Figure 2f). Similar to
rockslide avalanches (Glicken, 1996), this effect
can be attributed to a rapid acceleration of the
collapsing roof into the unconfined cavity.

Syn-collapse velocity and volume
evolution

Patterns of vertical subsidence rate during deple-
tion in models of near-continuous collapse demon-
strate that, even within an apparently coherent
column, spatially and temporally distinct slip
events occur (cf. Ruch et al., 2012). The volumet-
ric growth of the subsiding overburden occurred
in our models through three processes: 1. Mater-
ial was added as the collapse propagated upward
and laterally within the overburden; 2. Mater-
ial within the subsiding overburden underwent a
volumetric expansion. This is seen as a decrease
in the grey value of the subsiding overburden
volume, (effective decrease of grain packing - cf.
Panien et al., 2006); and 3. Material was ad-
ded as debris from scarp failure of the surface
depression once the collapse reached the surface.
Differences between initial and final affected over-
burden column volumes in our models can be
mainly attributed to the volumetric expansion of
the brittle overburden within a collapse-bounding
ring fault system. Such volumetric expansion of
collapsing overburden is termed ‘bulking’, and has
been reported in studies of mining collapse (e.g.
Whittaker and Reddish, 1989), sinkhole forma-
tion (e.g. Andrejchuk and Klimchouk, 2002) and
debris avalanches (Siebert, 1984).

Conclusion

This study illustrates a first use of computer-
ized X-ray micro-tomography (uCT) to image
and quantify the evolution of deformation in ana-
logue models of overburden collapse induced by
sub-surface fluid withdrawal. 3D pCT scans of
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Fig. 2.: Representative models of (above) near-continuous collapse into a depleting sub-surface body and (below)
near-instantaneous collapse into a sub-surface cavity: (A, D) Radiographs before depletion; (B, C) Vertical
slices - V1 and V2, respectively, in part A - through a 3D scan of the near-continuously collapsed model. Note
the differences in apparent ring fault geometry depending on position of cross section from the collapse center;
(E, F) Vertical slices through 3D scans of the pre- and post-collapse stages of near-instantaneous collapse model.
Note the greater small-scale disruption of the initial stratigraphy in (F) compared with that in (C).
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models representing end-member styles of near-
continuous collapse into a depleting sub-surface
body versus near-instantaneous collapse into a
large sub-surface cavity reveal that the final col-
lapse structures are quite similar, except for a
more pervasive small-scale disruption of the over-
burden in the latter case. Subsidence velocity
patterns demonstrate subtle differential move-
ments of discrete sections of overburden columns
in 3D space, similar to previous results in 2D-
space (Ruch et al., 2012). Lastly, a volumetric
expansion of the collapsing overburden can be ac-
counted for by a density reduction, i.e. ‘bulking’,
of the brittle material. Further improvements of
this 4CT imaging methodology could lead to en-
hanced quantitative assessment of the geometry,
kinematics and dynamics of volcano-tectonic pro-
cesses, with the unique advantage of immediate
comparison of modelling results to monitoring
data in the field.
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Introduction

Pyroclastic density currents (PDCs) are gas-
particle mixtures generated during volcanic erup-
tions by gravitational collapse of a lava dome
or of an eruptive column, lateral explosion of a
pressurized magma body, or during caldera col-
lapse. They represent important natural hazards
because they can propagate on distances of sev-
eral kilometers from the eruptive vent, even on
relatively horizontal topographies. Mitigation of
hazards posed by PDCs, for instance through nu-
merical simulations that can predict areas covered
by the currents, requires a good knowledge of
their fundamental physics.

Field studies of PDCs deposits have led volcan-
ologists to propose two end-member emplacement
mechanisms of the parent flows (Figure 1). A
PDC is either a pyroclastic surge that is a fully
turbulent dilute mixture with low particle volume
fraction of ~0.1-1% and bulk density of ~1-10
kg/m3, or consists of a pyroclastic flow that is a
ground-hugging dense gas-particle mixture with a
bulk density of ~10% kg/m? and that is overridden
by a turbulent ash cloud. Particle transport away
from the eruptive vent is favored by turbulence
in dilute PDCs or by long-lived high interstitial
pore fluid pressure that reduces internal friction
of the dense basal flow of PDCs. These two mech-
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anisms have been proposed in particular for large
ash-rich PDCs, whose accumulation form ignim-
brites of volume up to several tens to hundreds
of km3. Such deposits often contain particles
of size of several centimeters to decimeters cap-
tured from an underlying substrate by the parent
currents. The substrate is commonly an earlier
coarse-grained pyroclastic fall or flow deposit, the
disaggregated surface of a debris avalanche or of
a lava field, or a sedimentary fluvial conglom-
erate. In contrast, granular substrates such as
fine-grained pyroclastic ash fall deposits are often
not reworked by PDCs. These counter-intuitive
observations serve as a base for the present study.
Here we investigate the interaction mechanisms
of PDCs with a granular substrate in order to dis-
cuss the mode of emplacement (dilute or dense)
of the currents.

Dense gas-particle flow on a
granular substrate

We carried out laboratory experiments to investig-
ate the propagation of a dense PDC on a granular
substrate. Experiments consisted on dam-break
flows generated by sudden release of a granular
material fluidized in a reservoir and that propag-
ated on a horizontal granular layer of particles
(Figure 2). The flow particles were fine glass
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(a) (b)
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Fig. 1.: End-member pyroclastic density currents
propagating on a granular substrate (not to scale). (a)
Pyroclastic flow (pf) with front velocity U, overridden
by a turbulent ash cloud. (b) Dilute turbulent current
on a substrate of particles of mean size D, with mean
velocity U(z) increasing upward.

beads of diameter d=80 um that conferred a low
material hydraulic permeability of ~10—11 m?,
which permitted slow diffusion of the interstitial
pore fluid pressure generated before release and
hence propagation in a fluid-like state at front ve-
locity U~(gH)Y/2, with H the height of the initial
reservoir height (Roche 2012). The flows were
non turbulent, according to the terminology used
for single-phase fluids. The granular substrate
consisted of particles identical to those of the
flows (d=80 pum) or were coarse glass or steal
beads of size d=1500-1590 pm.

Experiments filmed at 1000 frames/s revealed
different modes of interaction between the sliding
head of the flow and the substrate (Figure 2). In
case of a smooth substrate of fine particles, shear
wake-like instabilities of height of ~1 mm were
generated. These structures stretched so much
as the flow propagated that the final deposit
revealed almost no evidence of entrainment. In
contrast, flow particles penetrated into interstices
between coarse beads forming a rough substrate.
Most of the uppermost beads were first surroun-
ded by the fines and entrained from the substrate,
and then dragged very slowly (at ~0.07U) at flow
base. Many of the dragged beads were uplifted
within the flow to a height up to ~6-8 mm and
were transported downstream. These beads fi-
nally settled at flow base and stopped motion,
at the same time as the granular flow, at height
up to ~4-5 mm above the original top of the
substrate.

Pore fluid pressure measurements at flow base
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revealed that the sliding head generated a relat-
ive underpressure (i.e. pressure less than atmo-
spheric):

AP = ypU? (1)

where 7 ~ 0.06 was an empirical constant in
the experiments and p ~1400 kg/m?® was the
bulk flow density. This caused an upward pres-
sure gradient because (atmospheric) pore pres-
sure within the substrate was almost unchanged.
We made the hypothesis that this pressure gradi-
ent could cause uplift of the coarse substrate
beads dragged slowly at flow base (this implies
that the uplift mechanism was non operant in
case of a smooth substrate whose particles were
not entrained individually). Beads of volume
V and density p, could be uplifted at a critical
pressure gradient AP, = (pp — pair)V g/S, where
S = 7md?/4 was the effective area to which the
upward force due to the pressure gradient was
applied, so that AP, = 2(pp, — pair)gd/3. Experi-
ments involving substrates of coarse glass or steal
beads confirmed that onset of uplift did occur
approximately at AP,..

We used our experimental findings to infer
the velocity of pyroclastic flows as a function of
the characteristics of substrate-derived particles
found in PDC deposits. Assuming that particles
had the ideal shape of a parallelepiped and were
uplifted with their short axis a vertical according
to the condition of minimum energy, then
AP. = (pp — pair)ga, and from eq. 1,

(pp B pair)ga
vp

U= 2)

Results in figure 3 predict that the biggest blocks
of typical size a~1-1.5 m and density p, ~2000-
3000 kg/m? reported in literature can be en-
trained by dense PDCs of velocity of 25-30 m/s
(assuming p 875-1400 kg/m? for fluidized dense
pyroclastic flows, see Roche et al. 2013 for de-
tails). Comparison with natural data suggests
that our model is robust. The 18 May 1980 erup-
tion at Mount St Helens is a rare example where
velocity of pyroclastic flows was measured from
video analysis. Blocks of size a=0.25-0.35 m and
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Fig. 2.: Experimental dam-break dense gas-particle flows on a granular substrate. (a) General view of a flow
fluidized initially in the reservoir (left, not shown) and propagating at front velocity U=3.06 m/s. The double
arrow shows the sliding head. (b) Flow on a smooth substrate of fine glass beads, with small instabilities at
base (arrows). (c) Flow on a rough substrate of steal beads, with individual uplifted beads shown by arrows.
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Fig. 3.: Front velocity of pyroclastic flows as a function
of the size of substrate-derived particles of typical
density p,=2500 kg/m?>. p is the bulk flow density.

density p, ~2600 kg/ m? were captured by pyro-
clastic flows at ~5.6-7.2 km from the vent on
gentle slope <4° (Brand et al. 2014). According
to eq. 2, the corresponding velocity of the pyro-
clastic flows was ~10 m/s, in excellent agreement
with field observations.
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Dilute turbulent current on a
granular substrate

The case of a dilute PDC on a substrate of
particles is treated theoretically by considering
a hydraulically rough, turbulent fluid flow with
low particle concentration (Figure 1). The aim is
to determine the current velocity at some height
above the ground, where it can be measured in
nature, and the corresponding velocity profile re-
quired for entrainment of substrate particles of
mean size D. The velocity profile of the current

1S:
Us z
Ui = tn( )

(3)

where Uy, is the mean flow velocity at height z,
Uy is the shear velocity, k=0.4 is the von Kar-
man constant, and zp=D/30 is the hydrodynamic
roughness (Garcia 1999). The ability of the cur-
rent to entrain substrate particles through both
traction and saltation depends on the dimension-
less Shields number:

2
pu;

e R
(pp — p)gD

(4)

The critical Shields number required to set
particles in motion depends on the particle Reyn-
olds number Re, = usD /v, where v is the gas
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kinematic viscosity. Here we consider the di-
mensionless particle diameter R, = Re,/ 61/2 =
[(pp — p)gD?/p]'/? defined by Nifo et al. (2003)
because it is independent on u,, which is un-
known in the present case. For turbulent PDCs
and substrate particles of typical size of 0.1-1 m
and density of 2000-3000 kg/m?, R, > 10° (i.e.
Re, > 10%), which means that we have to con-
sider a range of critical Shields number 6.=0.052-
0.086 according to the extensive data compila-
tion of Buffington and Montgomery (1997). This
range reflects various arrangements and shapes of
the substrate particles. Combining eqs. 3 and 4
permits to eliminate u, and gives the critical ve-
locity profile required to set in motion substrate
particles of maximum size D,

1 [6.(p. — p)gD
- (p pp)g l”(i)

()

Results are presented in Figure 4 for a current
of bulk density of 2 kg/m? (larger than that of
atmosphere) or 10 kg/m?® (maximum value given
in literature) and considering typical substrate
particle density p,=2500 kg/m? and current thick-
ness of ~500 m. They show that even for relat-
ively small blocks of size of 10 cm, the flow velo-
city at height of a few hundred meters above the
ground required for entrainment is significantly
higher than the maximum velocity U,,q,=100
m/s commonly accepted in literature for dilute
PDCs. In fact, the size of substrate particles that
can be entrained by dilute currents is of a few
centimeters if U,,,q., for instance at height of 500
m typical of most currents, is assumed.

Conclusion

Our study suggests that substrate-derived
particles in PDC deposits can provide inform-
ation on the dynamics of the parent currents.
Dilute turbulent PDCs are able to entrain sub-
strate particles of size of a few centimeters if a
maximum current velocity of ~100 m/s at height
of a few hundred meters above the ground is con-
sidered. Therefore, we infer that blocks larger
than ~10 cm can be entrained by PDCs if these
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Fig. 4.: Conditions required for entrainment of substrate
particles of density p,=2500 kg/m? by a dilute PDC,
for ranges of bulk flow densities (p) and critical Shields
number (6.), with maximum velocity U,;,4,=100 m/s
indicated by a dashed line. (a) Critical current velocity
as a function of height z for particles of size D=10 cm.
(b) Size of entrained substrate particles as function
of the critical current velocity at z=500 m.

consist of a concentrated basal pyroclastic flow.
According to our experiments, capture can oc-
cur through uplift caused by an upward pressure
gradient at the flow-substrate interface once sub-
strate particles are dragged individually at flow
base. Considering the size and density of sub-
strate particles found in PDC deposits, we infer
front velocities up to ~25-30 m/s for pyroclastic
flows. In contrast, substrates of fine particles
of size similar to that of the flow particles are
not eroded because the flow slides on the smooth
substrate and renders the uplift mechanism non
operant.
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Introduction

The volcanic areas experience the greatest de-
formation in term of velocity and spatiotemporal
variability. Cyclic episodes of short-term inflation
and deflation, registered during eruptions, are re-
lated to magma chambers or dykes migration.
Long-term deformations are ascribable to intru-
sion of large subvolcanic bodies into the crust or
even to sub-crustal processes like the rise of a
mantle plume. Unfortunately, is not always pos-
sible to discriminate among all these processes
because they superimpose in space and in time.

In this research, bringing the example of Mt.
Etna volcano (Italy), we highlight the existence
of a source of deformation not directly related to
a volcanic process, but that is rather related to
the nature of the crust hosting the volcanism.

The occurrence of “anorogenic” volcanism such
Mt. Etna in the collisional context of the Central-
Mediterranean area can sometimes appear anom-
alous (Lustrino et al. 2011), and is a part of why
the tectonic origin of volcanism of Mt. Etna is
still debated. Also debated is the nature of the
crust on which Mt. Etna emplaced about 500 ka.
Several authors suggest that this crustal block
is not continental but it is rather a remnant of
an old, weathered oceanic crust (Sapienza and
Scribano 2000; Ciliberto et al. 2009; Manuella et
al. 2013; Barreca 2014).

In this work we are able to accurately describe
and model the altimetric distribution of a strati-
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graphic marker within the Etnean substratum
and, taking into account the geological features
of the area, we identify the different individual
Quaternary deformation processes that have in-
teracted.

Late quaternary deformation at
Mt. Etna

A basin filled with more than 1000 m of pelagic
sediments (dated at 1.2-0.6 Ma; Di Stefano and
Branca 2002) lie south of Mt. Etna. The marine
deposits are widespread below the entire volcanic
edifice although they crop out only locally where
they have not been covered by younger deposits
and lava flows. They comprise 600 m of marly
clays with rare, thin, sand levels evolving upwards
in tens of meter of thicker yellow sands with
intercalations of polygenic conglomerate. The
transition between marly clays and sand is easy
to detect in boreholes or geophysical surveys and
represents a very useful stratigraphic marker. We
detected this marker in 3056 borehole logs; the
overall altitude range of the data is between -98
m below and 452 m above sea level.

Knowing the deposition depth and the age of
the deposit we can estimate the vertical deform-
ation rate for the marker. Moreover, consider-
ing the main tectonic features of the study area
(Catalano et al. 2011), we are able to detect
sources of deformation with different magnitude
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(from 0.2 mm/y to 1.3 mm/y) and acting at dif-
ferent scale (local and regional). In detail we
recognize:

1. homogeneous, regional uplift (from 0.3
mm/y to 0.5 mm/y) interpreted either as
an isostatic response to the passive subduc-
tion of the detached Ionian slab (Wortel and
Spackman 2000) or as an asthenospheric flow
at the lateral edge accompanying the roll-
back of the slab (Shellart 2010; Faccenna et
al. 2011);

2. localized uplift coherent with the activity of
two local thrust ramps;

3. differential uplift component linearly increas-
ing northwards and not ascribable to the
known features of the area.

Other morphological markers (Late-Pleistocene
marine terraces and a submerged marine plat-
form of 20 ka) are consistent with the last, so far
unknown, source of deformation. Our study sug-
gests that it acted in the same area, constantly
over time, and with rates ranging from 0.16 mm/y
to 0.75 mm/y (De Guidi et al., 2014). Consid-
ering its bell-like pattern and its almost axial
position with the volcano, we propose a volcano-
related origin for this uplift component.

Certainly very short-term deformations affect
the volcanic edifice, (e.g. inflation and deflation),
but, it is reasonable to suppose that over long
periods these localized, cyclic deformations be-
come negligible and, we require a greater, stable
source of deformation to explain the pattern of
surface doming.

Modelling

To model the doming we performed an analytical
inversion of the whole buried sedimentary sub-
strate of Mt. Etna. To minimize effects of erosion
before the substrate was covered by lava flows
we selected only the ridges of the paleovalleys,
therefore avoiding the areas with greatest loss of
material.
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The estimated vertical component of the dom-
ical deformation was used as an input to constrain
an isotropic half-space elastic inversion model, as
is routinely done with GPS and InSAR ground-
deformation data. Values of 30 GPa and 0.25
were assumed for the shear modulus and Pois-
son’s ratio in the half-space, respectively. The
value of the shear modulus chosen corresponds
to a typical value of crustal rigidity commonly
used in modeling which is found to be an aver-
age rigidity value for Mt. Etna (Chiarabba et
al. 2000). The inversions were performed by
using the genetic algorithm approach. Because
of the data’s distribution and the 1D nature of
deformation data, to model the observed ver-
tical ground deformation pattern we adopted the
point source model (Mogi 1958), representing the
simplest source used in volcano deformation mod-
eling. In order to test biases due to our chosen
starting parameters, we performed several inver-
sions with different sets of model parameters. In
all inversions, the algorithm converged rapidly
to a similar solution. The best result indicates
a pressure source located at a depth of 16.4 km
b.s.l. beneath the upper western flank of the
volcano with a volume change of 3.8 - 106 m?/yr .
This source is able to explain a large amount of
the observed uplift and rates, reproducing well
the wavelength of the deformation pattern (Fig.

1).

Although a viscoelastic rheology could be more
appropriate to describe the medium at the mantle-
crust transition, we retain a simple elastic rhe-
ology because i) the deformation’s vertical com-
ponent alone is insufficient to constrain the depth
of the pressurized magma body using a vis-
coelastic rheology, because the main effect of
viscous deformation is to reduce the contribu-
tion of the horizontal component of deformation
with respect the vertical component as function
of the viscosity, and ii) there is little known about
the viscoelastic medium beneath Etna at depths
greater than 10 km.
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Fig. 1.: Observed deformation pattern of the buried sedimentary substrate (left), calculated deformation (centre)
and residual differences between observed and calculated (right); the white star represent the projection of the

source of deformation; black lines represent the faults.

Conclusions

Several authors suggest that the Hyblean crust
(i.e. the crust under Mt. Etna) is a remnant of
an old, weathered oceanic crust. It is also con-
firmed the existence of a Triassic hydrothermal
fossil system which reactivation, connected with
magmatic episodes, caused the diapiric emplace-
ment of serpentinized clays at shallow level in the
crust (Scribano et al. 2006; Manuella et al. 2012;
Barreca 2014).

The process and the mechanism leading to the
formation of serpentinites intrusions are consolid-
ated in the literature (Fryer and Fryer 1987; Fryer
2002). The increase of volume that drives the dia-
piric uprise has been estimated to be ~40% (Iyer
et al. 2010) and the uplift rate ranging from mm
to cm per year (Skelton and Jakobsson 2007). Gi-
ant diapirs up to 2 km in height have been recog-
nized worldwide showing conical shapes at surface
(Fryer et al. 1990; Fryer 2002; Schuiling 2011).
Within this frame, the doming of Mt. Etna could
result from a volcano-driven diapiric emplace-
ment of a notable amount of hydrothermal ma-
terial from the lower crust to the shallow levels.
In various areas of this crustal block (onshore
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and offshore) there are geological and geophys-
ical evidences of such intrusions (Catalano et al.
2000; Manuella et al. 2012). Minor evidences of
this phenomenon are represented by superficial
hydrothermal activity widespread all around the
volcanic edifice. Moreover the contemporaneous
beginning of the doming and of the volcanic activ-
ity at Mt. Etna (~ 600 ky) strongly support this
hypothesis.

Even agreeing with the mantle-plume origin of
Mt. Etna as suggested by some authors (Tanguy
et al. 1997; Clocchiatti et al. 1998; Montelli et al.
2003) a rising thermal anomaly would melt the
lithospheric mantle rather than provoke its volu-
metric expansion causing, in the long term, the
thinning of the overlying crust and not the crustal
arching (Burov and Guillou-Frottier 2005; Sleep
et al. 2006; Leng and Zhong 2010), therefore a
mantle-related process is definitely excluded.

Volcanic doming with similar uplift patterns
and magnitude is encountered in other volcanic
districts (Acocella and Mulugeta 2001; Zhong
and Watt 2002; Pim et al. 2008; Marturano
et al. 2011), but the causative mechanism has
sometimes been neglected. Therefore considering
the nature of the crust is of fundamental import-
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ance approaching the long.-term deformation of
a volcano.
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Rifts are typical features of divergent plate
boundaries that usually composed of normal
faults, graben and eruptive fissures. The relative
role played by magma and tectonics in controlling
the geometry, kinematics and evolution of rifts
are still unclear. Recent observations of rifting
events clearly associated to dike injections along
the divergent plate boundaries have highlighted
the importance of magma in shaping rifts. Rifts
are studied by means of the InSAR technique,
by seismology and structural geology. However,
geodetic and seismic data allow us to observe
only an instant frame of the entire rifting process,
in terms of geological times. Moreover, field ob-
servations along the rifts allow us to see only a
static photograph taken in a certain time of the
rift life, representing only the expression of the
cumulative long (or short) time surface deforma-
tion.

To better observe and understand the entire
rifting process from its beginning to its mature
stage, we use analogue and numerical modeling.
Since recent observations point out that dike in-
jections are intimately related to the surface de-
formation during the rifting episodes, we decide
to perform analogue and numerical models of
multiple dike injections and to observe the sur-
face deformation induced by them. The analogue
experiments allow us to reproduce in laboratory
the rift formation and evolution through time.
The numerical models help us to better under-
stand both the results of the analogue models
and the natural process. Moreover, both types
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of model, allow us to investigate one by one the
different parameters acting in the rifting process.

The main aims are to understand: 1) if dikes
are able to generate all the long term surface de-
formation observed on the field along the rifts and
2) how the diking process can eventually affect
the rift formation and its evolution. The starting
point for the analogue models are the physical
models performed by Mastin and Pollard, 1988.
They intruded cardboard sheets inside a sleeve
- able to dilate - consisting of two sheets of lino-
leum. We use the same concept of Mastin and
Pollard, 1988 aiming to improve their models
using new observation techniques and different
materials. The setup consists of a rectangular
glass box placed on a table and filled with crushed
silica sand, the host rock analogue. Using this ma-
terial, 1 cm on the model corresponds to ~200m
in nature. An intrusion apparatus is located in
the box center, in which the dike analogues (0.5
mm thick iron plates) are intruded one by one. In
this way, during the evolution of a single model
the dike depth remains constant while the in-
trusion thickness increases progressively (from 0
up to 1 cm at maximum). In order to test the
effect of the intrusion depth, different analogue
models have been performed varying the sand
thickness above the intrusion tip (from 1 cm to
8 cm). Two intrusion geometries have been also
tested, in order to investigate the effect of the
maximum dilation on the intrusion top: the final
shape of the intrusion apparatus tip is flat in one
case (rectangular shape) and sharp in the other
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case (triangular shape). The surface deformation
has been monitored by means of a laser scan with
a sub-millimeter resolution (for vertical displace-
ment) and the Particle Image Velocimetry (PIV)
technique (for horizontal displacement). The res-
ults of the analogue models show that, intruding
dikes, a depression with different geometry forms
above the dike tip. The depression geometry and
the relative fault kinematics vary according to
depth and shape of the intrusion. For our numer-
ical models we use the COMSOL Multiphysics
software. We reproduce the same geometries of
the analogue models (box included). In order to
model the flat intrusion tip we use the boundary
conditions that allow us to replicate the analytical
solutions for constant-opening rectangular dislo-
cations. To avoid artificially induced subsidence
we set the top of the intrusion fixed along the
vertical axis. Then, to numerically simulate the
triangular intrusion shape we use a mathematical
function imposing an opening that increases from
the top to the bottom of the intrusion. One of
the main aims of numerical models is to observe
the pattern of the stress induced by the different
intrusion geometries and to understand how these
can affect the depression geometries (e.g. control
on the fault trajectories by the maximum com-
pressive stress change) and the fault kinematics
(amount of stress induced at surface).

The results of the numerical models show that
the intrusion geometry affects the pattern of the
induced stress and the maximum compressive
stress change trajectories. We also observe that
for the same intrusion depths, the geometry of
the intrusion tip affects the amount of surface
deformation. These results are consistent with
those obtained by means of analogue models.

Finally, in order to simulate the long term rift-
ing cycle — based on the recent rifting events data
and the natural basalt properties — we perform
numerical models of dikes opening at different
depths. We model dikes with an elliptical geo-
metry (more similar to natural cases), applying
a progressive dike dilations from 1 to 10 m. By
means of these models we also aim to calculate
the critical dike depth (D) / thickness (T) ra-
tio beyond which it is possible to have surface
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fracturing induced by the dike injections.

Analogue and numerical models suggest that
the geometry of the faults observed in the ana-
logue models are compatible with some features
observed along the eruptive fissure (e.g. Laki, Ice-
land) and the fissural areas of the magmatic sys-
tems and central volcanoes (Krafla, Reykjanes in
Iceland; MER in Ethiopia; Hawaii). In addition,
the surface displacement observed in the models
is also consistent with the deformation pattern
observed by means of analytical and geodetic
data acquired during the recent rifting events (eg.
Krafla, Dabbhau). Moreover, the geometry of
the depression is strongly controlled by the D/T
ratio parameter because of different stress distri-
bution related to the different intrusion geometry.
The D/T ratio together with the least litostatic
load and the free surface effect near the surface
also controls the possibility to have or not brittle
failure at surface during dike injections.

These dataset allow us to suggest that diking
is the primary way to form rifts along magmatic
divergent plate boundaries and central volcanoes.
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e 10:40 - 11:00: Ylona van Dinther et al.: Seismo-thermo-mechanical modeling of subduc-
tion zone seismicily
11:00 - 13:00: (Seismo-)tectonics Posters (chairs: B. Kaus, O. Oncken)
13:00 - 14:00: Lunch break

14:00 - 16:00: Tectonics and Surface processes Orals (chairs: F. Graveleau, N. Hovius)

e 14:00 - 14:30: Ritske Huismans: Interaction and feedback between surface processes and
mountain building (keynote)

e 14:30 - 15:00: Stéphane Dominguez: Joint analogue modelling of marine and terrestrial
geological processes: state of the art and new developments (keynote)

e 15:00 - 15:15: Utsav Mannu et al.: Dynamic Modelling of Accretionary Prisms and
Stratigraphy of Forearc basins

e 15:15 - 15:30: Karen Leever: 3D Analogue Modelling of the Effect of Fan Sedimentation
on Accretionary Wedge Dynamics — the Magdalena Fan case, South Caribbean Margin,
Colombia

e 15:30 - 15:45: Frank Zwaan, Guido Schreurs: /D Transfer Zone Modeling in Continental
Rift Systems

e 15:45 - 16:00: Sergei Medvedev, Ebbe H. Hartz: Fvolution of topography of post-
Devonian Scandinavia: Effects and rates of erosion

16:00 - 18:00: Tectonics and Surface processes Posters (chairs: F. Graveleau,
N. Hovius)
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Scientific Programme

Tuesday 2 September 2014
09:00 - 11:00: Volcanism and Volcanotectonics Orals (chairs: O. Galland, E. Holohan)

e 09:00 - 09:30: Rikke Pedersen: Surface deformation simulations of volcanic and tectonic
processes in Iceland (keynote)

e 09:30 - 10:00: Olivier Roche, Yarko Nino: Mechanisms of entrainment of a granular
substrate by pyroclastic density currents: insights from laboratory experiments and models,
and implications for flow dynamics (keynote)

e 10:00 - 10:15: Rosanne Heistek et al.: Temporal changes in mantle wedge geometry and
magma generation processes in the Central Andes: towards linking petrological data to
thermomechanical models

e 10:15 - 10:30: Francesco Maccaferri et al.: The gravitational unloading due to rift
depression: A mechanism for the formation of off-rift volcanoes in (continental) rift zones

e 10:30 - 10:45: Lola Chanceaux, Thierry Menand: Solidification effects on sill formation:
an experimental approach

e 10:45 - 11:00: Max Gallagher, Ben Kennedy et al.: Megatsunami generation from caldera

subsidence

11:00 - 13:00: Volcanism and Volcanotectonics Posters (chairs: O. Galland,
E. Holohan)

13:00 - 14:00: Lunch break

14:00 - 16:00: Geodynamics Orals (chairs: F. Funiciello, S. Sobolev)

e 14:00 - 14:30: Anne Davaille: Plumes to Plate Tectonics: Insights from Laboratory
Ezxperiments (keynote)

e 14:30 - 15:00: Bernhard Steinberger et al.: On the relation between plate tectonics,
large-scale mantle flow and mantle plumes: Some recent results and many open questions
(keynote)

e 15:00 - 15:15: Paul J. Tackley et al.: Influence of Melting on the Long-Term Thermo-
Chemical Evolution of Farth’s Deep Mantle

e 15:15 - 15:30: Maria V. Chertova et al.: 3-D numerical modeling of subduction evolution
of the western Mediterranean region

e 15:30 - 15:45: Tobias Baumann, Boris Kaus, A. Popov: Constraining the rheology of the
lithosphere through geodynamic inverse modelling

e 15:45-16:00: Elisa Calignano et al.: Strain localization during compression of a laterally
heterogeneous lithosphere

16:00 - 18:00: Geodynamics Posters (chairs: F. Funiciello, S. Sobolev),
Methods and Materials Posters (chairs: M. Frehner, M. Rosenau)

19:00 - 22:00 Joint conference dinner in Potsdam on the ship ’Belvedere’ (Lange
Briicke 6, 14467 Potsdam)
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Scientific Programme

Wednesday 3 September 2014
09:00 - 11:00: Rheology Orals (chairs: G. Dresen, H. Sone)

09:00 - 09:30: Yuri Fialko: Numerical models of ductile roots of mature strike-slip faults
(keynote)

09:30 - 10:00: Laurent Montési: Localization processes on Farth, Mars, and Venus
(keynote)
10:00 - 10:20: Suzon Jammes et al.: Localization of deformation in a polymineralic
material

10:20 - 10:40: Sebastian P. Miiller et al.: Rheology of bubble- and crystal-bearing magma:
new analogue experimental data and an effective-medium model

10:40 - 11:00: Maria A. Nikolinakou et al.: Modeling stress evolution around a rising
salt diapir

11:00 - 13:00: Rheology Posters (chairs: G. Dresen, H. Sone)

13:00 - 14:00: Lunch break

14:00 - 16:00: Fluids and Deformations Orals (chairs: S. Miller, M. Moreno)

14:00 - 14:30: Boris Galvan et al.: Towards a general simulation tool for complex
fluid-rock lithospheric processes: merging pre-processing, processing and post-processing in
state-of-the-art computational devices (keynote)

14:30 - 15:00: Takeshi Tsuji: Digital rock physics: Insight into fluid flow and elastic
deformation of porous media (keynote)

15:00 - 15:15: Thomas Heinze et al.: Numerical Modelling of earthquake swarms in the
Vogtland / West- Bohemia

15:15 - 15:30: Samuel Angiboust et al.: Effect of Fluid Circulation on Intermediate-
Depths Subduction Dynamics: From Field Observations to Numerical Modelling

15:30 - 15:45: Magdalena Scheck-Wenderoth, Judith Sippel et al.: Heat transport
mechanisms at different scales — a 8D modelling workflow

15:45 - 16:00: Antoine Jacquey et al.: Modelling of fractured reservoirs: Fluid-rock
interactions within fault domains

16:00 - 18:00: Fluids and deformations Posters (chairs: S. Miller, M. Moreno)

The posters will be presented during the entire conference. Each poster session starts with a 1-2
min. short presentation of all participating posters.
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Short Course Programme

GeoMod2014 - Short course on ''Constitutive Laws: from Observation
to Implementation in Models"

Thursday 4 September 2014

Morning Session: Onno Oncken, Mathias Rosenau, and Fabio Corbi

09:00 - 10:00: Onno Oncken: Observing deformation kinematics and localization: Ob-
servations from the field, geophysical imaging, and geodetic monitoring

10:00 - 10:15: Coffee Break

10:15 - 11:00: Mathias Rosenau: Rheology of rock analogues 1: Elastoplasticity and its
application in seismotectonic simulation

11:00 - 11:15: Coffee Break

11:15 - 12:00: Fabio Corbi: Rheology of rock analogues 2: Viscoelasticity and its
application in seismotectonic simulation

12:00 - 13:00: Visit to the GFZ Analogue Lab

13:00 - 14:00: Lunch break

Afternoon Session: Georg Dresen and Erik Rybackii

14:00 - 15:15: Rheology of the lower crust : Reconciling laboratory data and field
observations

15:15 - 15:30: Coflee Break
15:30 - 16:45: Visit to the GFZ rock mechanics lab
16:45 - 17:00: Coffee Break

17:00 - 18:00: Rock fracture processes and stick slip sliding —~-What do we learn from
analyzing nanofemto seismicity?

Friday 5 September 2014

Morning Session: Stephan Sobolev and Sascha Brune

13:00 -

09:00 - 10:00: Stephan Sobolev: Rheology and geodynamic modeling: key controls in
plate tectonics and beyond

10:00 - 10:15: Coffee Break

10:15 - 11:30: Sascha Brune: Rock rheology in numerical models: PC exercises and
application to rift dynamics

11:30 - 11:45 Coffee Break

11:45 - 12:30: Stephan Sobolev: Rheology and cross-scale modeling: towards under-
standing of great earthquakes

12:30 - 13:00: Discussion

14:00: Lunch and end of the short course
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Short Course Programme

GeoMod2014 — Hands-on tutorial on"'ASPECT: a next-generation
geodynamic modelling software'" by Anne Glerum and Juliane
Dannberg

Thursday 4 September 2014
08:30 - 9:00: Registration

e 09:00 - 10:00: Tutorial 1: First Steps — Compiling and Running ASPECT, Lecture:
How to run and visualize simple models

e 10:00 - 11:15: Lecture ASPECT — A next-generation geodynamic modelling software,
Tutorial 2: Convection in a 2D box

e 11:15 - 11:30: Coffee Break

e 11:30 - 13:00: Tutorial 3: Using the adaptive mesh refinement and spherical shell
geometry Lecture: How to run and visualize simple models

13:00 - 14:00: Lunch break

e 14:00 - 15:15: Tutorial 4: Using the adaptive mesh refinement and spherical shell
geometry and using the function parser

e 15:15 - 15:30: Coffee Break

e 15:30 - 17:00: Tutorial 5: Averaging at the example of subduction and using a “sticky
air” layer

e 17:00 - 18:00: Voluntary: Installing ASPECT on personal computers

18:30: Joint Dinner (to be payed by the perticipants)

Friday 5 September 2014

09:00 - 18:00: ASPECT Strategy Workshop for Advanced Users: Perspectives for
Modelling with ASPECT
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