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a  b  s  t  r  a  c  t

The  accuracy  of elastic  analytical  solutions  and numerical  models,  widely  used  in volcanology  to  interpret
surface  ground  deformation,  depends  heavily  on  the  Young’s  modulus  chosen  to  represent  the  medium.
The  paucity  of  laboratory  studies  that provide  Young’s  moduli  for  volcanic  rocks,  and  studies  that  tackle
the topic  of  upscaling  these  values  to the  relevant  lengthscale,  has  left volcano  modellers  ill-equipped
to  select  appropriate  Young’s  moduli  for their  models.  Here  we present  a wealth  of  laboratory  data
and  suggest  tools,  widely  used  in  geotechnics  but adapted  here  to  better  suit  volcanic  rocks,  to  upscale
these  values  to the scale  of a  volcanic  rock  mass.  We  provide  the means  to  estimate  upscaled  values  of
Young’s  modulus,  Poisson’s  ratio,  shear  modulus,  and  bulk modulus  for a volcanic  rock  mass  that  can  be
improved  with  laboratory  measurements  and/or  structural  assessments  of  the  studied  area,  but  do  not
rely  on  them.  In the absence  of  information,  we  estimate  upscaled  values  of  Young’s  modulus,  Poisson’s
ratio,  shear  modulus,  and  bulk  modulus  for volcanic  rock  with  an  average  porosity  and  an  average  fracture
density/quality  to be  5.4  GPa,  0.3, 2.1  GPa,  and  4.5 GPa,  respectively.  The  proposed  Young’s  modulus  for  a
typical  volcanic  rock  mass  of 5.4 GPa  is  much  lower  than  the  values  typically  used in  volcano  modelling.
We  also  offer  two  methods  to estimate  depth-dependent  rock  mass  Young’s  moduli,  and  provide  two
examples,  using  published  data  from  boreholes  within  Kı̄lauea  volcano  (USA)  and  Mt.  Unzen  (Japan),
to  demonstrate  how  to apply  our approach  to real datasets.  It is  our  hope  that  the  data  and  analysis

presented  herein  will  assist  in the  selection  of  elastic  moduli  for volcano  modelling.  To this  end,  we
provide  a Microsoft  Excel©  spreadsheet  containing  the  data  and  necessary  equations  to  calculate  rock
mass  elastic  moduli  that  can  be updated  when  new  data  become  available.  The  selection  of  the  most
appropriate  elastic  moduli  will  provide  the  most  accurate  model  predictions  and  therefore  the  most
reliable  information  regarding  the unrest  of  a particular  volcano  or volcanic  terrain.

©  2019  Elsevier  B.V.  All  rights  reserved.
. Introduction

The ascent of magma  from depth towards the Earth’s surface
s inevitably associated with crustal deformation, often detectable
y various geodetic techniques such as the global positioning sys-
em (GPS) or interferometric synthetic aperture radar (InSAR).

nderstanding and modelling the surface deformation signals
ccompanying magma  migration is a key component of modern
olcanology, as it provides one of the principal tools by which we
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can interpret deformation patterns and evaluate the potential for
future volcanic activity. Elastic analytical solutions and numerical
models are widely used in volcanology to interpret ground defor-
mation signals detected at the surface (e.g., Amelung et al., 2000;
Bazargan and Gudmundsson, 2019). Fundamentally, these models
are underpinned by the elastic moduli of the volcanic medium. For
example, the inflation and/or deflation of a magma body is often
modelled as a pressurised spherical cavity within a homogeneous
elastic half-space. With the assumption that the chamber is sub-

ject to uniform internal pressure, an approximate solution to this
problem is given by McTigue (1987), equivalent to the point-source
approximation popularised by Mogi (1958). The so-called “Mogi
model” (see Fig. 1) describes vertical displacement above a spheri-

https://doi.org/10.1016/j.jvolgeores.2019.106684
http://www.sciencedirect.com/science/journal/03770273
http://www.elsevier.com/locate/jvolgeores
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2019.106684&domain=pdf
mailto:heap@unistra.fr
https://doi.org/10.1016/j.jvolgeores.2019.106684
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Fig. 1. Schematic diagram (redrawn from Mogi, 1958) showing a pressurised sphere
(white circle) within a semi-infinite elastic body (in grey). Uz and UR are the displace-
ments in the direction vertical and radial to the surface, respectively. a is the source
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Fig. 2. Effect of the elastic parameters on the pressure change inferred inside a
spherical magmatic source assuming a unit vertical displacement of 1 cm. (a) Pres-
sure change as a function of elastic parameters, Young’s modulus and Poisson’s ratio.
The source has a fixed depth, h =5 km,  and a fixed radius, a = 1 km.  The two  black dots
mark the pressure change for a Poisson’s ratio of 0.25 and Young’s moduli of 5 (lead-
ing to a pressure change of 0.67 MPa) and 30 GPa (leading to a pressure change of
4  MPa). (b) Pressure change as a function of Young’s modulus for a fixed source radius
(a  = 1 km)  and source depths ranging from 3 to 10 km. Red line (h =5 km) corresponds
to the data plotted in panel (a). (c) Pressure change as a function of Young’s modulus
for  a fixed source depth (h =5 km)  and source radii ranging from 0.5 to 1 km. Red
adius, h is the source depth (from the surface, A, to the centre of the sphere, O),
nd E and v are the Young’s modulus and Poisson’s ratio of the elastic medium,
espectively.

al source in an elastic half-space, and may  be cast in terms of either
 pressure change (Eq. (1a)) or a volumetric change (Eq. (1b)):

zmax = �P
a3

h2

2(1 − �2)
E

(1a)

zmax = �V

�

(1 − �)
h2

(1b)

here �P  is the source overpressure (overpressure is defined as
he pressure above lithostatic pressure), a is the source radius, h
s the source depth, and E and � are the Young’s modulus (the
atio of stress to strain) and Poisson’s ratio (the ratio of trans-
erse strain to axial strain) of the elastic medium, respectively.
he source volume change of an incompressible magma  source
n an elastic medium is related to pressure change as a function
f both E and � such that �V  = ��Pa3

[
(1 − �) /E

]
, making Eqs.

1a) and (1b) equivalent. Eq. (1a) shows that the pressure change
nferred from the inversion of geodetic data depends on the Young’s

odulus and Poisson’s ratio of the elastic medium. Eq. (1b) shows
hat the volume changes of a pressure source or magma  body, �V ,
an be inferred without constraints on the Young’s modulus of
he half-space. However, the sought-after parameter is often the
ource or magma  body overpressure, �P,  which depends heavily
n the chosen Young’s modulus, but less so on the chosen Pois-
on’s ratio (Eq. (1a); Fig. 2a). Overpressure, �P, is of importance
ecause failure of the host-rock followed by intrusion/eruption

s considered to occur when the overpressure reaches a thresh-
ld value (e.g., Gudmundsson, 1988; Tait et al., 1989; Pinel and
aupart, 2000; Grosfils, 2007; Albino et al., 2010; Gudmundsson,
012; Albino et al., 2018). We  also highlight that Mogi source mod-
lling that assumes a viscoelastic half-space (e.g., Bonafede and
errari, 2009) often necessitates the bulk modulus, K , which repre-
ents the ratio of volumetric stresses and strains (i.e. the inverse
f material compressibility). The Mogi model described above,
hich uses the concept of a “nucleus of strain”, represents one

ype of analytical model and is primarily used to interpret surface
eformation obtained from geodetic data. Another, the “cavity” or
two-dimensional hole” model, calculates the stresses at and away
rom the boundary of a finite-size magma  body within an elastic

alf-space (see Gudmundsson, 2006). The tensile stresses calcu-

ated using cavity or two-dimensional hole models also depend
eavily on the elastic moduli used to describe the half-space (e.g.,
udmundsson and Brenner, 2004; Gudmundsson, 2006).

line (a = 1 km)  corresponds to the data plotted in panel (a). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of  this article).
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A second commonly modelled scenario is the intrusion of a dyke.
he importance of the elastic properties of the host rock for dyke
ropagation has been highlighted in experimental studies (e.g.,
avanagh et al., 2006; Taisne et al., 2011; Kavanagh et al., 2013,
018), and they are required in numerical models designed to study,
or example, dyke overpressure and the propensity for dyke prop-
gation or stalling (e.g., Taisne and Jaupart, 2009; Maccaferri et al.,
010; Gudmundsson, 2011; Rivalta et al., 2015). Numerical mod-
lling has shown that dyke-induced surface stresses, the depth of
he dyke tip, and the displacement measured on the surface depend
ery much on the chosen Young’s moduli for the edifice-forming
ayers (Bazargan and Gudmundsson, 2019). Recently, numerical

odels that require values of Young’s modulus have also been used
o better understand the origin of tilt signals at Tungurahua volcano,
cuador (Neuberg et al., 2018; Marsden et al., 2019).

Even in the simplest case (the Mogi model), poorly selected val-
es of the relevant Young’s modulus can result in drastic differences

n the estimated source parameters. We  illustrate this in Fig. 2. First,
e show in Fig. 2a, for a pressure source with a radius of 1 km

nd a depth of 5 km,  that the calculated pressure change would be
.67 and 4 MPa  if the Young’s modulus of the medium were set
t 5 and 30 GPa, respectively (for a Poisson’s ratio of 0.25). Fig. 2b
nd c show how the Young’s modulus can influence the calculated
ressure change in more detail. Fig. 2b shows the pressure change
s a function of the Young’s modulus of an elastic medium con-
aining a spherical magmatic source (with a fixed radius of 1 km)
or different source depths, ranging from 3 to 10 km,  and Fig. 2c
hows the pressure change as a function of the Young’s modulus
t a fixed depth of 5 km for different source radii, ranging from
.5 to 1 km.  Fig. 2 highlights the first-order control of the Young’s
odulus on the pressure source characteristics, and therefore the

ccuracy of the model predictions (e.g., eruption forecasting) very
uch rests on the accuracy of the Young’s modulus (or Young’s
oduli if a layered medium is considered) used to describe the

lastic medium.
In reviewing the methods typically used to ascertain the elas-

ic properties of a given elastic half-space (using a sample of 50
apers that focus on ground deformation modelling; Table 1), we
ote a very wide range of Young’s modulus was  used in the sam-
led studies, spanning about three orders of magnitude (from 0.1
o 90), while a Poisson’s ratio of 0.25 was used in the majority of
he studies. Of these 50 papers, ten did not provide the Young’s

odulus used in their modelling (Table 1), although we  note that
oung’s modulus is not required for studies interested in calculat-

ng volume changes only. Half of the papers either did not state the
lastic properties they used or stated that “standard values” were
sed without any further justification or reference (Table 1). The
emaining studies used one of three methods to help guide their
hoice of elastic properties. The most common method (used in
ight of the sampled studies; Table 1) is to derive the Young’s mod-
lus from seismic wave velocities using local tomography surveys
e.g., Ellis et al., 2007; Grandin et al., 2010; Masterlark et al., 2012;

authier et al., 2015; Albino et al., 2018):

d = Vp
2�r

(1 − 2v)(1 + v)
(1 − v)

(2)

here Ed is referred to as the “seismic Young’s modulus” (also
eferred to as the “dynamic Young’s modulus”), Vp is the mea-
ured P-wave velocity, and �r the density of the host rock. Although
omography surveys are increasingly available for active volca-
oes, a major limitation of this method is that moduli calculated
sing elastic wave velocities are associated with a sampling fre-

uency much higher (on the order of seconds) than the duration
f the modelled volcanic processes (days to years). The elastic
oduli determined using laboratory deformation data (stress and

train; often called the “static Young’s modulus”) are considered
ology and Geothermal Research 390 (2020) 106684 3

more appropriate when modelling crustal scale processes that are
characterised by a propagation or displacement rate slower than
several kilometres per second (e.g., Gudmundsson (2011) and ref-
erences therein). Manconi et al. (2010), for example, highlighted
the absence of available elastic moduli determined using labora-
tory deformation data for tuff from Campi Flegrei (Italy) as one of
the potential limitations of their study. Elastic moduli determined
from elastic wave velocities (high sampling frequency) are typi-
cally higher than those determined from laboratory stress-strain
data (low sampling frequency) (e.g., Cheng and Johnston, 1981;
Eissa and Kazi, 1988; Ciccotti and Mulargia, 2004; Gudmundsson,
2011; Martínez-Martínez et al., 2012), even at effective pressures
(assuming a simple effective pressure law where the effective pres-
sure is simply the confining pressure minus the pore fluid pressure)
as high as 130 MPa  (Blake et al., 2019). Therefore, because mod-
uli measured using laboratory stress-strain data are considered
more relevant for modelling volcanic processes (e.g., Manconi et al.,
2010), a correction factor or a frequency dependence relationship
is necessary to convert the moduli inferred from seismic waves
to the moduli required for modelling. Unfortunately, there is no
universal correction factor. Laboratory experiments indicate that
this correction factor could vary between 0.25 and 1, depending on
the confining pressure, pore fluid pressure, and microcrack den-
sity (e.g., Cheng and Johnston, 1981; Gudmundsson, 1990; Adelinet
et al., 2010). A second strategy, used in a limited number of papers
(four of the studies sampled; Table 1), consists of deriving elastic
parameters from the modelling of long-term ground deforma-
tion (crust loading/unloading) related to ice-cap retreat or aquifer
recharge. In such cases, the model used—a surface point load—has
fewer variables than the models of magmatic sources and permits
the estimation of the elastic parameters. This method has been
mainly used for volcanoes in Iceland, where surface ground dis-
placements caused by the variations of ice-cap thickness during
the year can be modelled to derive the crustal Young’s modu-
lus (e.g., Grapenthin et al., 2006; Pinel et al., 2007; de Zeeuw-van
Dalfsen et al., 2012). However, the extent of this approach is limited
as it requires a crustal deformation signal independent from vol-
canic processes and very accurate geodetic data (in both time and
space). A third and final approach uses elastic properties taken from
experimental studies on rock samples and is used in seven of the
studies sampled (Table 1). However, this method suffers from scal-
ing issues: the mechanical properties of a laboratory rock sample
(typically cylinders that have a diameter between 10 and 50 mm;
i.e. sample volumes between ∼1.5 and ∼200 cm3) are measured
on a lengthscale shorter than the macroscopic fracture spacing (i.e.
laboratory measurements are made on nominally intact materials).
Laboratory-derived elastic moduli will therefore, in most circum-
stances, grossly overestimate the Young’s modulus of a rock mass.
Only one paper in our sample, by Holohan et al. (2011), clearly
refers to a study that considers the elastic properties of a rock
mass (the work of Schultz, 1996). We  additionally note that elastic
analytical solutions and numerical models often assume a uniform
and constant Young’s modulus for the entire medium. Although
such models necessitate a degree of simplification, and models
that assume a constant Young’s modulus have provided valuable
insight, the mechanical properties of a volcanic edifice vary in space
and time. Manconi et al. (2007) found, for example, that using lay-
ers characterised by different elastic moduli can significantly affect
the pattern of vertical and radial displacements (see also, for exam-
ple, Crescentini and Amoruso, 2007; Geyer and Gottsmann, 2010;
Hautmann et al., 2010; Bazargan and Gudmundsson, 2019) and
studies by Carrier et al. (2015) and Got et al. (2017) adopted a model

in which the elastic parameters of the medium varied as a function
of the observed seismicity rate to help explain the observed sur-
face displacements at Piton de la Fournaise (La Réunion, France)
and Grimsvötn volcano (Iceland), respectively.
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Table 1
Summary of the elastic parameters, and their justification, used in 50 volcano modelling papers.

Reference Context Volcano Young’s modulus
(GPa)

Poisson’s ratio (-) Shear modulus
(GPa)

Constraints

Yun et al. (2006) reservoir Sierra Negra
(Galapagos)

75 0.25 30 No justification

Jónsson et al. (2005) reservoir Sierra Negra
(Galapagos)

25-37.5 0.25 10-15 No justification

Jónsson (2009) reservoir Sierra Negra
(Galapagos)

25 0.25 10 Laboratory values (Rubin and
Pollard, 1987)

Bagnardi et al. (2013) reservoir Fernandina
(Galapagos)

25 0.25 10 Laboratory values (Jónsson, 2009;
Rubin and Pollard, 1987)

Baker and Amelung (2012) reservoir Kı̄lauea (Hawai‘i) 75 0.25 30 No justification (volume
calculation)

Amelung et al. (2007) reservoir Mauna Loa
(Hawai‘i)

Not mentioned Not mentioned Not mentioned No justification (volume
calculation)

Davis (1986) reservoir Kı̄lauea (Hawai‘i) 0.75 0.25 0.3 “Substantially less than the seismic
modulus”

Pagli et al. (2006) reservoir Askja (Iceland) 75 0.25 30 No justification (volume
calculation)

De Zeeuw van Dalfsen et al.
(2012)

reservoir Askja (Iceland) 30 0.25 12 Ice load variation (Pinel et al.,
2007; Grapenthin et al., 2006)

Grapenthin et al. (2010) reservoir Hekla (Iceland) 40 0.25 16 Ice load variation (Grapenthin
et al., 2006)

Pinel et al. (2007) reservoir Katla (Iceland) 24-34 0.25 9.6-13.6 Ice load variation
Cayol and Cornet (1998a) reservoir Mt.  Etna (Italy) Not mentioned 0.21 Not mentioned No justification (volume

calculation)
Lundgren et al. (2003) reservoir Mt.  Etna (Italy) 75 0.25 30 No justification (volume

calculation)
Obrizzo et al. (2004) reservoir Mt.  Etna (Italy) 25 0.25 10 No justification
Palano et al. (2008) reservoir Mt.  Etna (Italy) 75 0.25 30 “Typical value of crustal rigidity

which is found to be an average
rigidity value for Etna”

Todesco et al. (2004) reservoir Campi Flegrei
(Italy)

12.5 Not mentioned 5 No justification

Elsworth et al. (2008) reservoir Soufriere Hills
(Montserrat)

7.5 0.25 3 No justification (volume
calculation)

Masterlark et al. (2012) reservoir Okmok (Aleutian
Islands)

3D distribution 0.29 (crust) and
0.15 (caldera)

20 Seismic velocities (Christensen and
Mooney, 1995; Christensen, 1996;
Wang, 2000; Masterlark et al.,
2010)

Delgado et al. (2014) reservoir Hudson (Chile) 25 0.25 10 Fractured crust (Segall, 2010)
Galgana et al. (2014) reservoir Taal (Philippines) 75 (crust) and 12.5

(reservoir)
0.25 30 (crust) and 5

(caldera fill)
Previous work (Bonafede, 1986;
Masters and Shearer, 1995)

Grosfils (2007) reservoir Model 60 0.25 24 “average value” (Newman et al.,
2001; Gudmundsson, 2002)

Ellis et al. (2007) reservoir Taupō (New
Zealand)

75 (crust) and 12.5
(caldera fill)

0.25 30 (crust) and 5
(caldera fill)

Seismic data (Newman et al., 2006)

Newman et al. (2006) reservoir Long Valley (USA) 12.5 0.25 5 Previous work (Bonafede et al.,
1986)

Bonafede et al. (1986) reservoir Campi Flegrei
(Italy)

25 0.25 10 No justification

Holohan et al. (2011) reservoir Model (elastic and
frictional)

0.7-12.9 0.15-0.25 0.3-5.2 Scaled laboratory experiments
(Schulz, 1996)

Folch and Martí (2004) reservoir Thermoelastic
caldera model

60 0.25 24 No justification

Nakao et al. (2013) reservoir Shinmoedake
(Japan)

Not mentioned Not mentioned Not mentioned No justification (volume
calculation)

Lu et al. (2000) reservoir Westdahl (Aleutian
Islands)

Not mentioned Not mentioned Not mentioned No justification (volume
calculation)

Peltier et al. (2009) reservoir Whakaari (New
Zealand)

30 0.25 12 No justification (Cayol and Cornet,
1997)

Newman et al. (2012) reservoir Santorini (Greece) Not mentioned Not mentioned Not mentioned No justification (volume
calculation)

Bagnardi and Amelung (2012) reservoir and
intrusion

Fernandina
(Galapagos)

Not mentioned 0.25 Not mentioned No justification (volume
calculation)

Bagnardi et al. (2014) reservoir and
dyke

Kı̄lauea (Hawai‘i) Not mentioned 0.25 Not mentioned No justification (volume
calculation)

Puglisi and Bonforte (2004) reservoir and
dyke and sill

Mt.  Etna (Italy) Not mentioned Not mentioned Not mentioned No justification

Hautmann et al. (2013) reservoir and
dyke

Soufriere Hills
(Monserrat)

25 0.25 10 Seismic velocities and
dynamic/static correction (Paulatto
et al., 2010; Wang, 2000)

Ukawa et al. (2006) reservoir and
sill

Iwo-jima (Japan) Not mentioned Not mentioned Not mentioned No justification

Nishimura et al. (2001) reservoir and
faults

Miyakejima (Japan) Not mentioned Not mentioned Not mentioned No justification (volume
calculation)
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Table  1 (Continued)

Reference Context Volcano Young’s modulus
(GPa)

Poisson’s ratio (-) Shear modulus
(GPa)

Constraints

Wauthier et al. (2013) shallow dyke Nyamulagira (DR of
Congo)

5 0.25 2 Seismic velocities and
dynamic/static correction (Cheng
and Johnson, 1981; Mavonga,
2010)

Wauthier et al. (2012) shallow dyke Nyiragongo (DR of
Congo)

5 0.25 2 Seismic velocities and
dynamic/static correction (Cheng
and Johnson, 1981; Mavonga,
2010)

Wauthier et al. (2015) deep dyke Nyamulagira (DR of
Congo)

90 0.25 36 Seismic velocities and
dynamic/static correction (Cheng
and Johnson, 1981; Mavonga,
2010)

Fukushima et al. (2005) dyke Piton de la
Fournaise (La
Reunion, France)

5 0.25 2 Laboratory values (Cayol and
Cornet, 1998)

Cayol and Cornet (1998b) dyke Piton de la
Fournaise (La
Reunion, France)

5 0.25 2 Laboratory values (van Herdeen,
1987; Cheng and Johnston, 1981)

Jousset et al. (2003) dyke Usu volcano
(Japan)

75 0.25 30 No justification (volume
calculation)

Bonaccorso and Davis (1999) conduit Mt.  Etna (Italy) and
Mt.  St. Helens
(USA)

0.1 (fill material) 0.25 0.04 (fill material) Previous work (Davis et al., 1974;
Rubin and Pollard, 1988;
Bonaccorso, 1996; Chadwick et al.,
1988)

Chadwick et al. (1988) conduit Mt.  St. Helens
(USA)

1 (crust) and 0.1
(crater fill)

0.25 0.4 (crust) and 0.04
(crater fill)

Rock/soil properties (Vyalov, 1986;
Birch, 1966; Oddsson, 1981)

Anderson et al. (2010) conduit Mt.  St. Helens
(USA)

1 0.25 0.4 Previous work (Chadwick et al.,
1988)

Grandin et al. (2010) rift Mando-Hararo
(Ethiopia)

30 0.25 12 Seismic velocities (Berckhemer
et al., 1975; Stein et al., 1991;
Touloukian, 1981)

Hamling et al. (2009) rift Dabbahu (Ethiopia) 80 0.25 32 No justification
Keir et al. (2011) rift Afar (Ethiopia) 75 0.25 30 No justification
Cayol and Cornet (1997) circular model (mixed 50 0.21 20 Laboratory values (Touloukian,
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Beauducel et al. (2000) volcano model Merapi (Indonesia) 30 

We  consider that our review of the modelling literature does
ot reflect a lack of will or understanding on the part of the authors
f these studies, but rather highlights the paucity of studies that
1) provide laboratory-derived Young’s moduli for volcanic rocks
from stress-strain data) and (2) tackle the topic of upscaling these
alues to the relevant lengthscale: the “volcano scale”. It is clear
hat there is a need for a study that not only provides a large
ataset of Young’s moduli derived from laboratory experiments
erformed on different types of volcanic rocks (compiled datasets
or the elastic properties of rocks (e.g., Gudmundsson, 2011; Schön,
015) highlight that rock physical property measurements are typ-

cally biased towards sedimentary rocks and that few data exist
or volcanic rocks), but also a user-friendly method (i.e. a method
hat can be improved with detailed prior information, such as the
orosity or the structure of the volcanic rock mass in question, but
oes not demand it) with which these data can be upscaled to the
olcano lengthscale. The selection of the most appropriate elastic
oduli will, in turn, provide the most accurate model predictions

nd therefore the most reliable information regarding the unrest of
 particular volcano or volcanic terrain.

We will focus here on providing values of Young’s modulus
or volcano modelling, due to its aforementioned importance (Eq.
1a); Fig. 2). This review paper is structured to first discuss the
nfluence of various parameters (porosity, rock type, microcrack
ensity, pore shape, alteration, temperature, confining pressure,
ater-saturation, and strain rate) on the Young’s modulus deter-
ined using laboratory stress-strain data (on the lengthscale of a
aboratory sample). In the interests of self-consistency and com-
arability, this contribution will largely focus on measurements
ade in the laboratory at the University of Strasbourg (France). We
1981)

0.25 12 No justification

will then present a method, which takes into account the structural
state of a rock mass, to upscale the Young’s moduli measured in the
laboratory: the Hoek-Diederichs equation (Hoek and Diederichs,
2006), a tool borrowed from the geotechnical toolbox. We  then
outline how this method, and our dataset, can be used to derive
values of elastic moduli (Young’s modulus, Poisson’s ratio, shear
modulus, and bulk modulus) for the modelling of volcanic systems,
even when the a priori knowledge of the rock characteristics or
rock mass structure is zero or almost zero. We  then present two
methods to estimate depth-dependent elastic moduli. We  also pro-
vide two examples, using published data from boreholes within
Kı̄lauea volcano (Hawai’i, USA) and Mt.  Unzen (Japan), to demon-
strate how to apply our approach to real datasets. Finally, we outline
the limitations of our approach and possible directions for fur-
ther improvements. A Microsoft Excel© spreadsheet containing the
data and necessary equations to calculate rock mass elastic mod-
uli accompanies this contribution as Supplementary Material. This
spreadsheet, and the aforementioned equations, can therefore be
easily updated when new data become available.

2. Factors influencing Young’s modulus on the sample
lengthscale

The experimental data that form the basis of this study are
unpublished values of Young’s modulus calculated from 276 uni-
axial compression experiments performed on volcanic rocks in

the laboratory at the University of Strasbourg. To ensure self-
consistency and maximise comparability, we  chose here to restrict
our analysis to measurements performed using the same defor-
mation apparatus and, importantly, to measurements of Young’s
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Fig. 3. Backscattered scanning electron images of selected rock types from this study, highlighting the variability in the microstructure of volcanic rocks. Black in the
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mages  represents void space (pores and microcracks) (a) Low-porosity andesite fro
igh-porosity andesite from Volcán de Colima. (d) Low-porosity basalt from Mt. E
lock-and-ash flow (BAF) from Mt.  Meager (Canada). (g) High-porosity tuff from M

odulus determined using the same method. The dataset includes
acites, andesites, basalts, tuffs, and welded pyroclastic rocks.
lthough the Young’s modulus from these experiments is, for the
ost part, unreported, the mechanical data typically originate from
ublished works. The samples originate from the following volca-
oes/volcanic areas: Mt.  St. Helens (USA; Heap et al., 2016), Chaos
rags (Lassen National Park, USA), Volcán de Colima (Mexico; Heap
t al., 2014a, 2015a, 2018a), Gunung Merapi (Indonesia; Kushnir
lcán de Colima (Mexico). (b) Medium-porosity andesite from Volcán de Colima. (c)
taly). (e) High-porosity dacite from Mt.  St. Helens (USA). (f) High-porosity welded

eo (Italy). (h) High-porosity tuff from Whakaari volcano (New Zealand).

et al., 2016), Whakaari/White Island volcano (New Zealand; Heap
et al., 2015b), Mt.  Ruapehu (New Zealand; Farquharson et al.,
2019), the Kumamoto prefecture (Japan), Kick ‘em Jenny volcano
(Grenada, Lesser Antilles; Dondin et al., 2017), Mt. Etna (Italy; Zhu

et al., 2016), Stromboli (Italy), Krafla (Iceland, from the 1975-84
fissure eruption), Volvic (Chaîne des Puys, France), Campi Flegrei
(Italy; Heap et al., 2018b), Mt.  Epomeo (Italy; Marmoni et al., 2017;
Heap et al., 2018c), and Mt.  Meager (Canada; Heap et al., 2015c).
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Fig. 4. (a) A schematic diagram of the uniaxial compressive loading apparatus at the
University of Strasbourg. LVDT—linear variable differential transducer. (b) A uniaxial
stress-strain curve for a sample of andesite from Volcán de Colima (Mexico). The
M.J. Heap, M. Villeneuve, F. Albino et al. / Journal of V

ackscattered scanning electron microscope (SEM) images of select
amples, showing the range of microstructures and microtextures,
re provided in Fig. 3.

The connected porosities, �, of the samples (cylinders with a
iameter of 20 or 25 mm and a nominal length of 40 or 60 mm,
espectively) were first measured using either the triple weight
ater saturation technique or helium pycnometry. The triple
eight method requires the dry and wet mass of the sample (mdry

nd msat , respectively), and the wet mass of the sample while sub-
erged in water, msub (see Guéguen and Palciauskas, 1994), such

hat:

 = msat − mdry

msat − msub
(3)

he samples were dried in a vacuum oven at 40 ◦C for at least 48 h
rior to the measurement of dry mass. To saturate the samples,
acuumed-dried samples were placed inside a belljar that was  vac-
umed for at least 12 h before degassed deionised water (using

 Venturi siphon with municipal water as the motive fluid) was
ntroduced into the belljar whilst under vacuum. For the helium
ycnometry method, connected porosities were calculated using
he skeletal (connected) volume of the sample measured by the
elium pycnometer, Vpyc , and the bulk volume of the sample deter-
ined from the sample dimensions, Vb:

 = 1 − Vpyc

Vb
(4)

he samples were dried in a vacuum oven at 40 ◦C for at least 48 h
rior to their measurement in the pycnometer.

The samples were then deformed in a uniaxial loadframe
Fig. 4a; �1 > 0 MPa; �2 and �3 = 0 MPa; where �1, �2, and �3 are
he maximum, intermediate, and minimum principal compres-
ive stresses, respectively) at a constant strain rate of 1.0 × 10−5

−1 until macroscopic failure. We  consider compressive stresses
nd strains as positive. Samples were either deformed dry (i.e.
ven-dried for at least 48 h in a vacuum at 40 ◦C) or wet
i.e. vacuum-saturated in deionised water). Wet  samples were
eformed inside a deionised water bath (Fig. 4a). A lubricating wax
as applied to the end-faces of the dry samples to avoid problems

ssociated with friction between the sample and the pistons dur-
ng loading. We  consider that the permeabilities of the saturated
wet) samples were high enough to avoid problems of desatura-
ion during deformation at the imposed strain rate (i.e. the samples
ere “drained”; see Heap and Wadsworth, 2016). All experiments
ere conducted at ambient laboratory temperatures. During defor-
ation, axial load and axial displacement were measured using

 load cell and a linear variable differential transducer (LVDT),
espectively (Fig. 4a). These measurements were converted to axial
tress and axial strain using the sample dimensions. The axial dis-
lacement associated with the deformation of the load chain was
emoved from the measured values. The Young’s modulus was
aken as the slope of the uniaxial stress-strain curve within the
inear elastic portion of the curve (Fig. 4b). This method provides
he Young’s modulus of volcanic rock on the sample lengthscale,
eferred to in this paper as the “intact” Young’s modulus, Ei. “Intact”
efers here to the absence of macrofractures within the laboratory
ample, rather than the absence of natural microscale defects (e.g.,
icrocracks).
However, there are many parameters that can influence the Ei

f volcanic rock, including porosity, rock type, microcrack den-
ity, pore geometry, alteration, temperature, confining pressure,

ater-saturation, and strain rate. The influence of each of these
arameters will now be reviewed in turn (using a combination of
ata unique to this study and, where needed, previously published
ata from the literature).
intact Young’s modulus was determined from the elastic portion of the curve (shown
in  red). (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web  version of this article).

2.1. The influence of porosity on intact Young’s modulus

The intact Young’s modulus as a function of connected porosity
for volcanic rocks is shown in Fig. 5 (data in Table 2). These data
show that intact Young’s modulus increases nonlinearly as porosity
decreases, in agreement, for example, with data for sedimentary
rocks (e.g., Wong et al., 1997; Chang et al., 2006; Heap et al., 2019a),
dacites from Mt.  Unzen (Coats et al., 2018), andesites from Soufrière

Hills volcano (Montserrat) (Harnett et al., 2019), and basalts from
Pacaya volcano (Guatemala) (Schaefer et al., 2015). Low-porosity
volcanic rocks (porosity of 0.01−0.02) can have an intact Young’s
modulus as high as almost 50 GPa, while high-porosity (porosity of
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Table 2
Summary of the experimental data (porosity and intact Young’s modulus) used for this study.

Rock type Volcano Experimental condition Porosity (-) Intact Young’s modulus (GPa)

andesite Volcán de Colima (Mexico) wet 0.07 17.2
andesite Volcán de Colima (Mexico) wet 0.07 17.6
andesite Volcán de Colima (Mexico) wet 0.07 19.4
andesite Volcán de Colima (Mexico) wet 0.07 17.1
andesite Volcán de Colima (Mexico) wet 0.07 17.4
andesite Volcán de Colima (Mexico) dry 0.07 19.2
andesite Volcán de Colima (Mexico) dry 0.07 20.2
andesite Volcán de Colima (Mexico) dry 0.07 20.5
andesite Volcán de Colima (Mexico) dry 0.07 19.6
andesite Volcán de Colima (Mexico) dry 0.07 20.0
andesite Volcán de Colima (Mexico) dry 0.21 7.8
andesite Volcán de Colima (Mexico) dry 0.21 7.9
andesite Volcán de Colima (Mexico) dry 0.22 7.1
andesite Volcán de Colima (Mexico) dry 0.22 6.8
andesite Volcán de Colima (Mexico) dry 0.22 6.8
andesite Volcán de Colima (Mexico) wet 0.22 8.3
andesite Volcán de Colima (Mexico) wet 0.21 8.9
andesite Volcán de Colima (Mexico) wet 0.22 6.8
andesite Volcán de Colima (Mexico) wet 0.23 7.1
andesite Volcán de Colima (Mexico) wet 0.22 7.1
andesite Volcán de Colima (Mexico) dry 0.10 21.8
andesite Volcán de Colima (Mexico) dry 0.11 20.3
andesite Volcán de Colima (Mexico) dry 0.12 18.5
andesite Volcán de Colima (Mexico) dry 0.09 23.9
andesite Volcán de Colima (Mexico) dry 0.08 19.9
andesite Volcán de Colima (Mexico) dry 0.08 19.7
andesite Volcán de Colima (Mexico) dry 0.08 21.1
andesite Volcán de Colima (Mexico) dry 0.08 20.4
andesite Volcán de Colima (Mexico) dry 0.09 26.7
andesite Volcán de Colima (Mexico) dry 0.08 28.7
andesite Volcán de Colima (Mexico) dry 0.09 30.2
andesite Volcán de Colima (Mexico) dry 0.10 33.1
andesite Volcán de Colima (Mexico) dry 0.18 5.6
andesite Volcán de Colima (Mexico) dry 0.18 9.7
andesite Volcán de Colima (Mexico) dry 0.18 10.9
andesite Volcán de Colima (Mexico) dry 0.18 7.2
andesite Volcán de Colima (Mexico) dry 0.25 9.0
andesite Volcán de Colima (Mexico) dry 0.25 9.3
andesite Volcán de Colima (Mexico) dry 0.25 10.8
andesite Volcán de Colima (Mexico) dry 0.25 10.9
andesite Volcán de Colima (Mexico) wet 0.18 7.4
andesite Volcán de Colima (Mexico) wet 0.08 19.7
andesite Volcán de Colima (Mexico) wet 0.12 16.9
andesite Volcán de Colima (Mexico) dry 0.08 18.5
andesite Volcán de Colima (Mexico) dry 0.08 19.3
andesite Volcán de Colima (Mexico) dry 0.08 16.9
andesite Volcán de Colima (Mexico) dry 0.08 17.2
andesite Volcán de Colima (Mexico) dry 0.08 17.7
andesite Volcán de Colima (Mexico) dry 0.07 19.7
andesite Volcán de Colima (Mexico) dry 0.09 18.7
andesite Volcán de Colima (Mexico) dry 0.08 19.7
andesite Volcán de Colima (Mexico) dry 0.08 19.8
andesite Volcán de Colima (Mexico) dry 0.07 17.0
andesite Volcán de Colima (Mexico) dry 0.08 20.0
andesite Volcán de Colima (Mexico) dry 0.08 19.4
andesite Volcán de Colima (Mexico) dry 0.08 20.4
andesite Volcán de Colima (Mexico) dry 0.09 19.5
andesite Volcán de Colima (Mexico) dry 0.07 18.0
andesite Volcán de Colima (Mexico) dry 0.08 19.6
andesite Volcán de Colima (Mexico) dry 0.08 20.2
andesite Volcán de Colima (Mexico) dry 0.07 20.5
andesite Volcán de Colima (Mexico) dry 0.07 19.8
andesite Volcán de Colima (Mexico) dry 0.08 17.2
andesite Whakaari (New Zealand) dry 0.07 35.4
andesite Whakaari (New Zealand) dry 0.08 30.9
andesite Whakaari (New Zealand) dry 0.08 28.0
andesite Whakaari (New Zealand) dry 0.08 25.7
andesite Whakaari (New Zealand) dry 0.02 38.2
andesite Whakaari (New Zealand) wet 0.05 21.3
andesite Kick ‘em Jenny (Lesser Antilles) wet 0.14 23.2
andesite Kick ‘em Jenny (Lesser Antilles) wet 0.14 18.0
andesite Kick ‘em Jenny (Lesser Antilles) wet 0.12 10.2
andesite Ruapehu (New Zealand) wet 0.17 18.3
andesite Ruapehu (New Zealand) wet 0.19 19.4
andesite Ruapehu (New Zealand) wet 0.21 17.6
andesite Ruapehu (New Zealand) wet 0.14 20.7
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Table  2 (Continued)

Rock type Volcano Experimental condition Porosity (-) Intact Young’s modulus (GPa)

andesite Ruapehu (New Zealand) wet 0.13 19.5
andesite Ruapehu (New Zealand) wet 0.20 18.1
andesite Ruapehu (New Zealand) wet 0.16 23.0
andesite Ruapehu (New Zealand) wet 0.19 18.6
andesite Ruapehu (New Zealand) wet 0.19 16.3
andesite Kumamoto (Japan) dry 0.13 16.9
andesite Kumamoto (Japan) dry 0.13 16.6
andesite Kumamoto (Japan) dry 0.13 16.2
andesite Kumamoto (Japan) dry 0.14 19.0
andesite Kumamoto (Japan) dry 0.14 16.8
andesite Kumamoto (Japan) wet 0.13 12.6
andesite Kumamoto (Japan) wet 0.13 9.2
andesite Kumamoto (Japan) wet 0.13 9.4
andesite Kumamoto (Japan) wet 0.14 8.6
andesite Kumamoto (Japan) wet 0.14 9.5
basaltic-andesite Merapi (Indonesia) dry 0.24 8.9
basaltic-andesite Merapi (Indonesia) dry 0.23 9.0
basaltic-andesite Merapi (Indonesia) dry 0.25 6.3
basaltic-andesite Merapi (Indonesia) dry 0.09 28.1
basaltic-andesite Merapi (Indonesia) dry 0.08 29.2
basaltic-andesite Merapi (Indonesia) dry 0.09 27.0
basaltic-andesite Merapi (Indonesia) dry 0.19 18.3
basaltic-andesite Merapi (Indonesia) dry 0.18 20.0
basaltic-andesite Merapi (Indonesia) dry 0.19 14.3
basaltic-andesite Merapi (Indonesia) dry 0.16 15.0
basaltic-andesite Merapi (Indonesia) dry 0.15 17.5
basaltic-andesite Merapi (Indonesia) dry 0.18 14.6
basaltic-andesite Merapi (Indonesia) dry 0.08 27.8
basaltic-andesite Merapi (Indonesia) dry 0.09 24.8
basaltic-andesite Merapi (Indonesia) dry 0.08 27.8
basalt  Mt.  Etna (Italy) wet 0.05 26.1
basalt  Mt.  Etna (Italy) wet 0.05 25.1
basalt  Mt.  Etna (Italy) wet 0.05 26.0
basalt  Mt.  Etna (Italy) wet 0.05 26.0
basalt  Mt.  Etna (Italy) dry 0.05 31.4
basalt  Mt.  Etna (Italy) dry 0.05 30.8
basalt  Mt.  Etna (Italy) dry 0.05 29.0
basalt  Mt.  Etna (Italy) dry 0.05 29.2
basalt  Mt.  Etna (Italy) dry 0.05 31.5
basalt  Mt.  Etna (Italy) wet 0.10 18.7
basalt  Mt.  Etna (Italy) wet 0.07 18.3
basalt  Mt.  Etna (Italy) wet 0.14 16.1
basalt  Mt.  Etna (Italy) dry 0.10 19.7
basalt  Mt.  Etna (Italy) dry 0.14 16.2
basalt  Mt.  Etna (Italy) dry 0.14 17.0
basalt  Mt.  Etna (Italy) dry 0.15 16.6
basalt  Mt.  Etna (Italy) dry 0.12 15.1
basalt  Mt.  Etna (Italy) dry 0.14 14.0
basalt  Mt.  Etna (Italy) dry 0.15 15.0
basalt  Mt.  Etna (Italy) dry 0.12 14.9
basalt  Mt.  Etna (Italy) dry 0.13 13.9
basalt  Mt.  Etna (Italy) dry 0.12 14.9
basalt  Mt.  Etna (Italy) dry 0.12 16.0
basalt  Mt.  Etna (Italy) dry 0.04 36.9
basalt  Stromboli (Italy) dry 0.13 27.3
basalt  Volvic (France) wet 0.20 15.0
basalt  Volvic (France) dry 0.20 17.1
basalt  Volvic (France) wet 0.21 13.9
basalt  Volvic (France) wet 0.20 14.4
basalt  Volvic (France) wet 0.21 15.0
basalt  Volvic (France) dry 0.21 15.4
basalt  Volvic (France) wet 0.21 14.7
basalt  Volvic (France) dry 0.20 16.8
basalt  Volvic (France) dry 0.21 15.2
basalt  Volvic (France) dry 0.21 16.1
basalt  Volvic (France) wet 0.21 15.1
basalt  Volvic (France) dry 0.21 16.1
basalt  Krafla (Iceland) dry 0.39 10.0
basalt  Krafla (Iceland) dry 0.40 9.8
basalt  Krafla (Iceland) dry 0.40 10.3
basalt  Krafla (Iceland) dry 0.40 10.4
basalt  Krafla (Iceland) dry 0.40 9.4
basalt  Krafla (Iceland) dry 0.42 9.1
basalt  Krafla (Iceland) dry 0.43 9.8
basalt  Krafla (Iceland) dry 0.39 9.9
dacite  Mt.  St. Helens (USA) wet 0.31 5.3
dacite  Mt.  St. Helens (USA) wet 0.37 2.3
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Table 2 (Continued)

Rock type Volcano Experimental condition Porosity (-) Intact Young’s modulus (GPa)

dacite Mt.  St. Helens (USA) wet  0.22 9.3
dacite  Mt.  St. Helens (USA) wet  0.18 13.5
dacite  Chaos Crags (dome C) (USA) dry 0.15 9.0
dacite  Chaos Crags (dome C) (USA) dry 0.15 9.9
dacite  Chaos Crags (dome C) (USA) dry 0.15 9.4
dacite  Chaos Crags (dome C) (USA) dry 0.15 9.0
dacite  Chaos Crags (dome C) (USA) dry 0.15 10.0
dacite  Chaos Crags (dome C) (USA) dry 0.15 9.3
dacite  Chaos Crags (dome C) (USA) dry 0.16 10.2
dacite  Chaos Crags (dome C) (USA) dry 0.16 9.5
welded BAF Mt.  Meager (Canada) dry 0.11 12.9
welded BAF Mt.  Meager (Canada) dry 0.13 12.7
welded BAF Mt.  Meager (Canada) dry 0.10 17.4
welded BAF Mt.  Meager (Canada) dry 0.11 15.1
welded BAF Mt. Meager (Canada) dry 0.13 13.6
welded BAF Mt.  Meager (Canada) dry 0.13 12.2
welded BAF Mt.  Meager (Canada) dry 0.12 15.4
welded BAF Mt.  Meager (Canada) dry 0.15 15.3
welded BAF Mt. Meager (Canada) dry 0.12 13.6
welded BAF Mt.  Meager (Canada) dry 0.11 15.6
welded BAF Mt.  Meager (Canada) dry 0.23 4.8
welded BAF Mt.  Meager (Canada) dry 0.19 5.8
welded BAF Mt.  Meager (Canada) dry 0.22 5.2
welded BAF Mt.  Meager (Canada) dry 0.24 4.1
welded BAF Mt.  Meager (Canada) dry 0.17 7.2
welded BAF Mt. Meager (Canada) dry 0.16 6.9
welded BAF Mt.  Meager (Canada) dry 0.10 6.6
welded BAF Mt.  Meager (Canada) dry 0.16 5.1
welded BAF Mt.  Meager (Canada) dry 0.18 6.1
welded BAF Mt.  Meager (Canada) dry 0.07 20.2
welded BAF Mt. Meager (Canada) dry 0.09 17.3
welded BAF Mt.  Meager (Canada) dry 0.08 18.8
welded BAF Mt. Meager (Canada) dry 0.07 14.5
welded BAF Mt.  Meager (Canada) dry 0.04 21.5
welded BAF Mt.  Meager (Canada) dry 0.03 12.5
welded BAF Mt.  Meager (Canada) dry 0.03 17.4
welded BAF Mt.  Meager (Canada) wet  0.13 14.8
welded BAF Mt. Meager (Canada) wet  0.14 10.8
welded BAF Mt.  Meager (Canada) wet  0.14 13.7
welded BAF Mt.  Meager (Canada) wet  0.13 14.8
welded BAF Mt.  Meager (Canada) wet  0.11 14.6
welded BAF Mt.  Meager (Canada) wet  0.12 13.8
welded BAF Mt.  Meager (Canada) wet  0.10 13.6
welded BAF Mt.  Meager (Canada) wet  0.13 14.1
welded BAF Mt. Meager (Canada) dry 0.15 12.6
welded BAF Mt.  Meager (Canada) dry 0.13 13.0
welded BAF Mt.  Meager (Canada) wet  0.14 12.0
welded BAF Mt.  Meager (Canada) wet  0.10 16.0
tuff  Campi Flegrei (Italy) wet  0.46 1.3
tuff  Campi Flegrei (Italy) dry 0.46 1.6
tuff  Campi Flegrei (Italy) wet  0.44 1.5
tuff  Campi Flegrei (Italy) dry 0.47 1.3
tuff  Campi Flegrei (Italy) wet  0.47 1.1
tuff  Campi Flegrei (Italy) dry 0.45 1.3
tuff  Campi Flegrei (Italy) dry 0.46 1.6
tuff  Campi Flegrei (Italy) wet  0.45 1.1
tuff  Campi Flegrei (Italy) dry 0.45 1.8
tuff  Campi Flegrei (Italy) wet  0.50 4.1
tuff  Campi Flegrei (Italy) wet  0.50 4.1
tuff  Campi Flegrei (Italy) wet  0.50 3.8
tuff  Campi Flegrei (Italy) wet  0.50 4.1
tuff  Campi Flegrei (Italy) dry 0.50 4.0
tuff  Campi Flegrei (Italy) dry 0.50 4.0
tuff  Campi Flegrei (Italy) dry 0.50 4.0
tuff  Campi Flegrei (Italy) dry 0.50 3.2
tuff  Campi Flegrei (Italy) dry 0.50 4.2
tuff  Campi Flegrei (Italy) wet  0.47 1.1
tuff  Campi Flegrei (Italy) wet  0.47 0.6
tuff  Campi Flegrei (Italy) wet  0.46 1.2
tuff  Campi Flegrei (Italy) wet  0.47 1.4
tuff  Campi Flegrei (Italy) wet  0.46 1.2
tuff  Campi Flegrei (Italy) wet 0.46 1.3
tuff  Campi Flegrei (Italy) wet  0.45 0.5
tuff  Campi Flegrei (Italy) wet  0.45 1.0
tuff  Campi Flegrei (Italy) wet  0.46 0.6
tuff  Campi Flegrei (Italy) dry 0.47 1.0
tuff  Campi Flegrei (Italy) dry 0.45 1.4
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Table  2 (Continued)

Rock type Volcano Experimental condition Porosity (-) Intact Young’s modulus (GPa)

tuff Campi Flegrei (Italy) dry 0.46 1.3
tuff  Campi Flegrei (Italy) dry 0.46 1.1
tuff  Campi Flegrei (Italy) dry 0.45 1.1
tuff  Campi Flegrei (Italy) dry 0.45 1.3
tuff  Campi Flegrei (Italy) dry 0.45 1.5
tuff  Campi Flegrei (Italy) dry 0.46 1.7
tuff  Campi Flegrei (Italy) dry 0.50 1.3
tuff  Campi Flegrei (Italy) dry 0.46 1.2
tuff  Mt.  Epomeo (Italy) dry 0.48 2.6
tuff  Mt.  Epomeo (Italy) wet 0.44 2.1
tuff  Mt.  Epomeo (Italy) wet  0.49 1.0
tuff  Mt.  Epomeo (Italy) dry 0.45 1.2
tuff  Mt.  Epomeo (Italy) dry 0.21 14.7
tuff  Mt.  Epomeo (Italy) dry 0.21 11.4
tuff  Mt.  Epomeo (Italy) wet  0.21 11.0
tuff  Mt.  Epomeo (Italy) dry 0.20 9.5
tuff  Mt.  Epomeo (Italy) dry 0.44 0.8
tuff  Mt.  Epomeo (Italy) dry 0.44 0.5
tuff  Whakaari (New Zealand) wet 0.41 2.3
tuff  Whakaari (New Zealand) dry 0.42 2.4
tuff  Whakaari (New Zealand) wet  0.42 1.7
tuff  Whakaari (New Zealand) dry 0.39 3.3
tuff  Whakaari (New Zealand) wet  0.44 1.8
tuff  Whakaari (New Zealand) dry 0.41 1.7
tuff  Whakaari (New Zealand) dry 0.40 2.7
tuff  Whakaari (New Zealand) dry 0.44 1.7
tuff  Whakaari (New Zealand) dry 0.49 1.0
tuff  Whakaari (New Zealand) dry 0.44 0.7
tuff  Whakaari (New Zealand) dry 0.37 2.1
tuff  Whakaari (New Zealand) dry 0.36 2.1
tuff  Whakaari (New Zealand) dry 0.39 1.6
tuff  Whakaari (New Zealand) wet  0.47 1.0
tuff  Whakaari (New Zealand) dry 0.47 1.4
tuff  Whakaari (New Zealand) wet  0.47 1.4
tuff  Whakaari (New Zealand) dry 0.46 1.5
tuff  Whakaari (New Zealand) wet  0.46 1.3
tuff  Whakaari (New Zealand) dry 0.49 1.4
tuff  Whakaari (New Zealand) dry 0.47 0.8
tuff  Whakaari (New Zealand) dry 0.45 1.5
tuff  Whakaari (New Zealand) wet  0.46 1.2
tuff  Whakaari (New Zealand) wet  0.47 1.3
tuff  Whakaari (New Zealand) wet  0.45 1.3
tuff  Whakaari (New Zealand) wet  0.46 1.3
tuff  Whakaari (New Zealand) dry 0.46 1.5
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tuff  Whakaari (New Zealand) dry 

tuff  Whakaari (New Zealand) wet  

.4−0.5) volcanic rocks are typically characterised by intact Young’s
oduli as low as only a couple of GPa (Fig. 5). We  further highlight

hat there is a large degree of scatter within the overall trend of
he data. For example, the intact Young’s modulus for a volcanic
ock with a porosity of 0.02 can vary from ∼12 GPa up to ∼40 GPa
Fig. 5). The scatter in these data for a given porosity is the result of

icrostructural differences (e.g., pore shape and size, porosity type
pores and microcracks), isolated porosity) (e.g., Fig. 3).

.2. The influence of rock type on intact Young’s modulus

The elastic properties of different rock-forming minerals are
ifferent (e.g., Anderson et al., 1968; Bass, 1995). Therefore, since
ifferent volcanic rock types can contain different minerals, and

n different proportions, it is reasonable to assume that rock type
ill exert an influence on the elastic properties measured on the

ample lengthscale. Fig. 6 also shows the intact Young’s modulus

s a function of connected porosity (i.e. the same graph as Fig. 5;
ata in Table 2), however, unlike Fig. 5, the data points are now
rouped by rock type: dacite, andesite, basalt, tuff, and block-and-
sh flow (a welded granular material of dacitic composition). It is
Fig. 5. The intact Young’s modulus for various volcanic rocks (see Table 2) as a
function of connected porosity.
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Fig. 6. The intact Young’s modulus for various volcanic rocks (see Table 2) as a func-
tion of porosity. The data are separated by rock type: basalt (red symbols), andesite
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blue symbols), tuff (green symbols), dacite (white symbols), and welded block-and-
sh  flow deposit (BAF; grey symbols). (For interpretation of the references to colour
n  this figure legend, the reader is referred to the web  version of this article).

lear from the data in Fig. 6 that the Young’s modulus of volcanic
ock cannot be differentiated solely based on rock type (at least for
he broad-stroke rock type classifications used herein). For exam-
le, the Young’s modulus of andesite can vary from ∼1 GPa up to
lmost 50 GPa (Fig. 6). This assertion agrees with data for sedimen-
ary rocks: low- and high-porosity sandstones and limestones can
e very stiff and very soft, respectively (e.g., Wong et al., 1997; Baud
t al., 2000a; Vajdova et al., 2004; Chang et al., 2006; Baud et al.,
017; Heap et al., 2019a).

.3. The influence of microcrack density on intact Young’s
odulus

It is well known that microcracks lower the Young’s modu-
us of rock (e.g., Walsh, 1965a; Budiansky and OöConnell, 1976;
udmundsson, 2011). The influence of microcrack density on the
oung’s modulus of volcanic rock has been investigated using cyclic
tressing experiments (e.g., Heap et al., 2009, 2010; Kendrick et al.,
013; Schaefer et al., 2015; Cerfontaine and Collin, 2018). These
xperiments allow the Young’s modulus of the same sample to
e determined as a function of progressive damage (microcrack)
ccumulation. Mitchell and Faulkner (2012), for example, showed
hat the microcrack density increased from 3 to 15 mm−1 as granite
as repeatedly cycled towards macroscopic failure. Fig. 7a shows

he intact Young’s modulus of a basalt from Mt.  Etna as a func-
ion of increasing amplitude stress cycles (data from Heap et al.,
009). Heap et al. (2009) did not quantify the microcrack density
s a function of cycle number and so Young’s modulus is plotted as

 function of cycle number in Fig. 7a (although it is assumed here
hat microcrack density increased with increasing cycle number).
he sample (25 mm in diameter and 75 in length) was first loaded
t a constant strain rate of 7 × 10−6 s−1 to a uniaxial stress of 20 MPa
nd then unloaded to 8 MPa  at the same rate. The maximum stress
as increased by 10 MPa  in each subsequent cycle until the sample

ailed macroscopically. The results show that the Young’s modu-
us of the basalt was reduced from ∼32 GPa to ∼23 GPa (a decrease
f about 30%) with progressive pre-failure microcrack accumula-

ion (Fig. 7a). Similar experiments performed on dacite from Mt.  St.
elens also show that Young’s modulus decreases with increasing
icrocrack accumulation (data from Kendrick et al., 2013; Fig. 7b),

n accordance with other cyclic stressing experiments on volcanic
ology and Geothermal Research 390 (2020) 106684

rocks (e.g., Heap et al., 2010; Schaefer et al., 2015). A decrease in
Young’s modulus was  also observed in dacites from Mt.  St. Helens
(Kendrick et al., 2013) and Mt.  Unzen (Coats et al., 2018) and
andesites from Volcán de Colima (Heap et al., 2014a) following
thermal-stressing experiments (experiments designed to impart
thermal microcrack damage into a rock sample).

2.4. The influence of pore geometry on intact Young’s modulus

Volcanic rocks often contain pores that display a wide variety
of geometric characteristics (e.g., Wright et al., 2009; Shea et al.,
2010; Colombier et al., 2017). The stiffness of a volcanic rock con-
taining elongated pores will depend on the orientation of the pore
major axis relative to the loading direction (e.g., Bubeck et al., 2017;
Griffiths et al., 2017). Bubeck et al. (2017), for example, showed that
the intact Young’s modulus of basalt samples (37 mm in diameter;
deformed at a strain rate of 5 × 10−6 s−1) from Kı̄lauea volcano was
almost double when measured on cores prepared perpendicular to
the flow direction (so that the pore major axis was  subparallel to
the loading direction). Griffiths et al. (2017) showed, using numeri-
cal modelling, that the Young’s modulus of a sample with a porosity
of 0.1 can vary between ∼70 and ∼28 GPa depending on the pore
aspect ratio and the direction of the pore major axis relative to
the loading direction. Despite the large effect documented in these
studies (Bubeck et al., 2017; Griffiths et al., 2017), the anisotropy
of Young’s modulus in volcanic rocks remains largely unstudied in
the laboratory and offers an inviting avenue for future research.

2.5. The influence of alteration on intact Young’s modulus

The circulation of hydrothermal fluids can alter the rocks
through which they pass (e.g., del Potro and Hürlimann, 2009; Pola
et al., 2012; Wyering et al., 2014; Frolova et al., 2014; Mayer et al.,
2016; Mordensky et al., 2019; Heap et al., 2019b). Depending on the
style of alteration, alteration may increase or decrease the Young’s
modulus of volcanic rock (Frolova et al., 2014). Since porosity exerts
a first-order influence on the Young’s modulus of a volcanic rock
(Fig. 5), pore- and microcrack-filling alteration (porosity decreasing
alteration) increases the Young’s modulus, while alteration lead-
ing to mineral dissolution (porosity increasing alteration) decreases
the Young’s modulus (Frolova et al., 2014). Values of Young’s moduli
for altered volcanic rocks are rare and, without an unaltered sam-
ple with which to compare, it is difficult to assess the influence of
alteration in detail. Recently, Mordensky et al. (2018) measured the
intact Young’s modulus of variably altered andesites from Pinnacle
Ridge on Mt.  Ruapehu. The samples measured by Mordensky et al.
(2018) were 20 mm in diameter and 40 mm in length, and were
deformed in uniaxial compression at a strain rate of 1 × 10−5 s−1. A
subset of their data, showing the intact Young’s modulus of unal-
tered and altered rocks from the same rock unit, is shown in Fig. 8a.
These data show that the alteration reduced the connected poros-
ity, as a result of hydrothermal precipitation (Mordensky et al.,
2018), and increased the Young’s modulus (Fig. 8a). Pore-filling
alteration has also been observed to increase the elastic moduli
of tuffs from Ngatamariki (New Zealand) (Durán et al., 2019). Heap
et al. (2019c) showed that hydrothermal alteration (silicification)
increased the stiffness of an essentially cohesionless ignimbrite
deposit (the Ohakuri ignimbrite in New Zealand) to a rock with
a Young’s modulus of up to 20 GPa. Although these data (Fig. 8a;
Durán et al., 2019; Heap et al., 2019c) show that Young’s modulus
increases with increasing alteration, we  stress that these data rep-
resent only one type of alteration (pore- and microcrack-filling).

Porosity-decreasing acid sulphate leaching, for example, reduced
the Young’s modulus of andesites and opalites from the Upper-
Koshelevsky geothermal field (Kamchatka Peninsula; Frolova et al.,
2014; Fig. 8b). More data now are required to fully understand the
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Fig. 7. (a) The intact Young’s modulus of a basalt from Mt.  Etna (Italy) as a function of increasing amplitude stress cycles (data from Heap et al., 2009). (b) The intact Young’s
modulus of a dacite from Mt.  St. Helens (USA) as a function of increasing amplitude stress cycles (data from Kendrick et al., 2013).

Fig. 8. (a) The intact Young’s modulus of andesites from Mt.  Ruapehu (New Zealand) as a function of connected porosity (data from Mordensky et al., 2018). Red
symbols—altered andesite; white symbols—unaltered andesite. (b) The intact Young’s modulus of andesites and opalites from the Upper-Koshelevsky geothermal field
(Kamchatka Peninsula) as a function of alteration intensity (data from Frolova et al., 2014). White symbols—average values; grey boxes—maximum and minimum values.
Alteration intensity was  determined using detailed petrological and geochemical analyses (see Frolova et al. (2014) for details). (For interpretation of the references to colour
in  this figure legend, the reader is referred to the web version of this article).
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physical properties of materials, including rocks (e.g., Evans et al.,
1990). In the case of volcanic rocks, groundmass glass, if present,
ig. 9. (a) The intact Young’s modulus of a basalt from Snæfellsjökull volcano (Icel
odulus of an andesite from Volcán de Colima (Mexico) as a function of temperatu

nfluence of alteration on the Young’s modulus of volcanic rocks.
hen more data are available, the Young’s modulus for altered

olcanic rocks could be incorporated into numerical models using
eophysical methods that can provide a detailed spatial distribu-
ion of hydrothermally altered zones, such as electrical tomography

e.g., Rosas-Carbajal et al., 2016; Byrdina et al., 2017; Ghorbani et al.,
018; Ahmed et al., 2018).
s a function of temperature (data from Bakker et al., 2016). (b) The intact Young’s
ta from Heap et al., 2018a).

2.6. The influence of temperature on intact Young’s modulus

High temperature can greatly influence the mechanical and
can behave as a liquid at high temperature as long as the defor-
mation proceeds at a rate slower than the relaxation timescale of
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Fig. 10. (a) The intact Young’s modulus of an andesite from Volcán de Colima
(Mexico) as a function of effective pressure (confining pressure minus pore fluid
4 M.J. Heap, M. Villeneuve, F. Albino et al. / Journal of V

he melt (e.g., Dingwell, 1996). Since we focus herein in the elastic
eformation of a volcanic edifice, we do not consider deforma-
ion experiments performed above the threshold glass transition
emperature of the amorphous glassy groundmass (e.g., Lavallée
t al., 2013), experiments more relevant to study the deformation
f magma  rather than the edifice rock. The data in Fig. 9a, from
akker et al. (2016), show the Young’s modulus of an oven-dry
ample of basalt from Snæfellsjökull volcano (Iceland) deformed in
ompression at a confining pressure of 50 MPa, temperatures from
00 to 1000 ◦C, and using a constant strain rate of 1 × 10−5 s−1. The
amples deformed in Bakker et al. (2016) were 12 mm  in diameter
nd 30 mm in length. An important feature shown by these data is
hat the intact Young’s modulus is largely unchanged until 900 ◦C
Fig. 9a). The Young’s modulus is reduced from ∼40 GPa (<900 ◦C)
o ∼28 and ∼5 GPa at temperatures of 900 and 1000 ◦C, respectively
Fig. 9a). These authors explain the reduction in Young’s modulus
t high temperature as the result of the activation of deforma-
ion mechanisms associated with the switch from sample-scale
rittle (localised microcracking and shear fracture formation) to
ample-scale ductile (distributed microcracking or cataclastic pore
ollapse) behaviour (Bakker et al., 2016). Experiments performed
n basalt from Pacaya volcano (Schaefer et al., 2015), basalt from
eljavellir (at the base of Eyjafjallajökull, Iceland) (Lamur et al.,
018), and dacite from Mt.  Unzen (Coats et al., 2018) also showed
hat the intact Young’s modulus was lower at high temperature
>800 ◦C) than at room temperature. Similarly, the Young’s modu-
us of andesite from Mt.  Shasta (USA) was reduced from ∼21 GPa
t a temperature of 20–300 ◦C to ∼17 GPa at 600 ◦C and, finally,
o ∼7 GPa at 900 ◦C (Smith et al., 2009). Fig. 9b shows data from
igh-temperature uniaxial experiments on oven-dry andesite from
olcán de Colima (Heap et al., 2018a). These experiments were per-

ormed on samples 20 mm in diameter and 40 mm in length at a
train rate of 1 × 10−5 s−1 and temperatures between 20 and 700 ◦C.
he data of Fig. 9b show that the Young’s modulus increases with
ncreasing temperature. Young’s modulus increases from ∼17 GPa
t room temperature to ∼35 GPa at a temperature of 700 ◦C (Fig. 9b).
hese authors attributed the increase in Young’s modulus at high
emperature as the result of the closure of microcracks due to the
hermal expansion of the material at high temperature (Heap et al.,
018a). Whether the Young’s modulus of volcanic rock increases
r decreases as a function of temperature may  therefore be related
o the pre-existing microcrack density. However, we note that the

agnitude of the increase in Young’s modulus as a function of tem-
erature for the andesites shown in Fig. 9b (Heap et al., 2018a) may
e reduced if the experiments were performed at elevated pres-
ure (which should serve to close some of the microcracks prior
o heating). High temperatures may  also induce chemical reac-
ions in volcanic rocks that can influence the Young’s modulus. For
xample, dehydroxylation reactions in zeolite-bearing tuff (from
ampi Flegrei) reduced their Young’s modulus following exposure
o high temperature (Heap et al., 2012, 2014b). Further work is now
equired to better understand the influence of high temperature on
he Young’s modulus of volcanic rocks.

.7. The influence of confining pressure (depth) on intact Young’s
odulus

Confining pressure is well known to close microcracks (e.g.,
inciguerra et al., 2005; Nara et al., 2011; Fortin et al., 2011), which
an be abundant in volcanic rocks (e.g., Fig. 3; Heap et al., 2014a;
ushnir et al., 2016). Since microcracks can decrease the stiffness of
ock (see above), an increase in confining pressure is therefore likely

o increase the intact Young’s modulus of volcanic rock. Fig. 10a
nd b show the intact Young’s modulus of, respectively, a micro-
racked andesite from Volcán de Colima (porosity of ∼0.08) and
icrocracked basalts from Mt.  Etna (porosity of ∼0.04 to ∼0.08)
pressure). (b) The intact Young’s modulus of basalts from Mt.  Etna (Italy) as a func-
tion of effective pressure.

as a function of effective pressure (up to 150 MPa; data available
in Table 3). These constant strain rate (1 × 10−5 s−1) experiments
were performed in a triaxial deformation apparatus under a con-
stant pore fluid pressure (deionised water) of 10 MPa  and confining
pressures up to 160 MPa  (Heap et al., 2015a; Zhu et al., 2016). The
results show that the Young’s modulus of the andesite increased
from ∼20 GPa at room pressure to ∼50 GPa at an effective pres-
sure of 70 MPa  (Fig. 10a), equivalent to a depth of about 2.5 km.
The Young’s modulus of the basalts from Mt.  Etna increased from
∼20 GPa at room pressure to ∼40–55 GPa at an effective pressure
of 150 MPa  (Fig. 10b), equivalent to a depth of almost 6 km.  Heap
et al. (2011) also measured an increase in intact Young’s mod-
ulus with increasing confining pressure for microcracked basalt
from Mt.  Etna. It is likely, however, that the intact Young’s mod-
ulus of volcanic rocks that do not contain a pre-existing network
of microcracks will not increase significantly as confining pressure
(i.e. depth) is increased. Heap et al. (2014b) found that the Young’s
modulus (measured using elastic wave velocities) of porous tuff
(from Campi Flegrei) increased with increasing confining pressure
as a result of porosity reductions associated with inelastic pore

collapse. More experiments are now needed to fully explore the
influence of confining pressure on the Young’s modulus of a range
of volcanic rock types (with varying microcrack densities).
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Table  3
Summary of the experimental data (porosity and intact Young’s modulus) collected at elevated effective pressure used for this study (the data of Fig. 10).

Rock type Volcano Experimental condition Effective pressure (MPa) Porosity (-) Intact Young’s modulus (GPa)

andesite Volcán de Colima (Mexico) wet  5 0.07 28.0
andesite Volcán de Colima (Mexico) wet 10 0.07 35.4
andesite Volcán de Colima (Mexico) wet  30 0.08 44.6
andesite Volcán de Colima (Mexico) wet  50 0.08 43.6
andesite Volcán de Colima (Mexico) wet  70 0.08 49.9
basalt  Mt.  Etna (Italy) wet  0 0.05 21.6
basalt  Mt.  Etna (Italy) wet  0 0.08 17.5
basalt  Mt.  Etna (Italy) wet  10 0.05 27.6
basalt  Mt.  Etna (Italy) wet 10 0.05 26.2
basalt  Mt.  Etna (Italy) wet  20 0.05 29.8
basalt  Mt.  Etna (Italy) wet  25 0.05 30.7
basalt  Mt.  Etna (Italy) wet  30 0.05 33.8
basalt  Mt.  Etna (Italy) wet  40 0.05 35.4
basalt  Mt.  Etna (Italy) wet  50 0.05 37.2
basalt  Mt.  Etna (Italy) wet  50 0.05 37.0
basalt  Mt.  Etna (Italy) wet  50 0.05 39.7
basalt  Mt.  Etna (Italy) wet  50 0.08 32.1
basalt  Mt.  Etna (Italy) wet 60 0.05 36.7
basalt  Mt.  Etna (Italy) wet  80 0.05 39.5
basalt  Mt.  Etna (Italy) wet  80 0.05 38.8
basalt  Mt.  Etna (Italy) wet  80 0.05 41.1
basalt  Mt.  Etna (Italy) wet  80 0.08 33.3
basalt  Mt.  Etna (Italy) wet  100 0.04 42.8
basalt  Mt.  Etna (Italy) wet  100 0.05 48.6
basalt  Mt.  Etna (Italy) wet 150 0.05 45.7
basalt  Mt.  Etna (Italy) wet  150 0.05 56.1
basalt  Mt.  Etna (Italy) wet  150 0.05 50.1
basalt  Mt.  Etna (Italy) wet  150 0.08 40.9
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ig. 11. (a) The intact Young’s modulus for various volcanic rocks (see Table 2) as a 

ymbols.  (b) The intact Young’s modulus for Kumamoto andesite (see Table 2) as a f
ymbols. (For interpretation of the references to colour in this figure legend, the rea

.8. The influence of water saturation on intact Young’s modulus

The presence of water in the void space of porous rock can influ-
nce its mechanical behaviour (e.g., Baud et al., 2000b; Zhu et al.,
011, 2016; Nicolas et al., 2016; Castagna et al., 2018). Since the
ocks comprising a volcanic edifice are likely water saturated (e.g.,
elcamp et al., 2016), the influence of water on the Young’s moduli
f volcanic rock is therefore an important consideration. Fig. 11a
hows a graph of intact Young’s modulus as a function of con-
ected porosity (the same data presented in Figs. 5 and 6; Table 2)

n which the data are separated into “wet” (blue symbols) and
dry” data (grey symbols). Although the presence of water has been
hown to reduce the strength of tuff from Campi Flegrei (Heap et al.,
018b), for example, there appears to be no discernable influence
n its Young’s modulus (Table 2). However, samples of Kumamoto

ndesite (20 mm in diameter and 40 mm in length; deformed at a
onstant strain rate of 1 × 10−5 s−1) show a systematic reduction in
oung’s modulus upon saturation with water, from ∼17 to ∼10 GPa
on of porosity. Samples deformed dry—grey symbols; samples deformed wet—blue
n of porosity. Samples deformed dry—grey symbols; samples deformed wet—blue

 referred to the web version of this article).

(Fig. 11b). These data for Kumamoto andesite (Fig. 11b) are in accor-
dance with the data of Zhu et al. (2011) and Zhu et al. (2016), which
show a small, but systematic, decrease in Young’s modulus for tuff
(from Colli Albani, Italy) and basalt (from Mt.  Etna) upon satura-
tion with water, respectively. A small decrease in Young’s modulus
upon saturation has also been reported for porous sandstone (Heap
et al., 2019a). It is unclear at present as to why the Young’s modulus
of some volcanic rocks decreases upon saturation (Fig. 11b), while
others show no discernable change (Fig. 11a; Table 2). The absence
of a measurable difference in some volcanic rocks may, in part,
be related to the heterogeneity of volcanic rock samples prepared
from the same block of material, suggesting that many more experi-
ments would be required to understand how the presence of water
influences the intact Young’s modulus of volcanic rock. We  note
that, although we  observe no measurable difference between the

dry and wet Young’s modulus measured using laboratory stress-
strain data (Fig. 11a), it is well known that the P-wave velocity
of microcracked rocks will increase upon saturation, especially if



1 olcan

t
b
v
c
s
f
v
e
s
d
l

2

e
i
t
C
s
T
r
s
o
U
t
a
s
T
s
a
f
s
m
s
o

2

i
v
p
(
p
r
a
m
t
G
w
p
l
p
c
r
t
r
t
c

m
p
t
i

6 M.J. Heap, M. Villeneuve, F. Albino et al. / Journal of V

he rock contains microcracks, resulting in a pronounced difference
etween dry and wet Young’s modulus calculated from elastic wave
elocities. For example, the P-wave velocity of andesites from Vol-
án de Colima increased from 2.34–3.11 to 3.91−4.98 km·s−1 upon
aturation with water (Heap et al., 2014a). If moduli determined
rom stress-strain data are considered more relevant for modelling
olcanic processes, a potentially large difference between the influ-
nce of water saturation on the Young’s moduli measured using
tress-strain data and elastic wave velocities poses a problem when
eriving the Young’s modulus from seismic wave velocities using

ocal tomography surveys (see Eq. (2)).

.9. The influence of strain rate on intact Young’s modulus

Few experimental studies exist that have investigated the influ-
nce of strain rate on the intact Young’s modulus of volcanic rock
n the brittle regime. One such study, Lavallée et al. (2019), found
hat the intact Young’s modulus of andesite samples from Volcán de
olima increased from 12.0 to 19.0 GPa as the uniaxial compressive
train rate was increased from 1 × 10−6 to 1 × 10−1 s−1 (Fig. 12a).
hese authors attributed the reduction in stiffness at lower strain
ates as the result of the increased efficiency of time-dependent
ubcritical cracking. Coats et al. (2018) showed that the influence
f strain rate on the Young’s modulus of dacite samples from Mt.
nzen was unclear (Fig. 12b). Although the stiffest samples were

hose deformed at 1 × 10−1 s−1, high-porosity samples deformed
t 1 × 10−1 s−1 had a lower Young’s modulus than similarly porous
amples deformed at 1 × 10−3 s−1 (Coats et al., 2018; Fig. 12b).
he scatter in these data (Fig. 12b) may  reflect a high sample-to-
ample heterogeneity, as discussed in Coats et al. (2018). However,
lthough such fast strain rates (e.g., 10−1 s−1) have high relevance
or volcanic processes adjacent to the magma-filled conduit (where
train rates can be very high), we consider it unlikely that Young’s
oduli determined from these very fast strain rate experiments are

uitable for elastic models that consider deformation on the scale
f the volcanic edifice.

.10. Summary of experimental observations

Based on the observations presented above, it is clear that poros-
ty plays a key role in dictating the intact Young’s modulus of a
olcanic rock (Fig. 5). Rock type is a classification too coarse to
rovide useful insights on the Young’s modulus of a volcanic rock
Fig. 6), but may  exert some influence as to whether the rock is
orous, microcracked, and/or altered. Microcracks will serve to
educe the Young’s modulus (Fig. 7). If the pores within the rock
re elongate (pore aspect ratios less than unity), then the Young’s
odulus will depend on their aspect ratio and the angle between

he pore major axis and the direction of loading (Bubeck et al., 2017;
riffiths et al., 2017). The influence of alteration will depend on
hether the alteration increases (Fig. 8a) or decreases (Fig. 8b) the
orosity, resulting in increases or decreases to the Young’s modu-

us, respectively. The influence of temperature (Fig. 9) and confining
ressure (depth) (Fig. 10) likely depend on the pre-existing micro-
rack density of the rock. The Young’s modulus of some volcanic
ocks may  be reduced upon saturation with water (Fig. 11), but
here are not yet enough data to draw any firm conclusions. Strain
ate increases the Young’s modulus (Fig. 12); however we suggest
hat such fast strain rates (e.g., 10−1 s−1) are largely irrelevant when
onsidering edifice-scale deformation.

Although it is well known that volcanic rocks are very

icrostructurally and texturally complex (e.g., see Fig. 3), we

ropose here, based on the first order influence of porosity in con-
rolling the intact Young’s modulus of volcanic rock (Fig. 5), and,
mportantly, its relative ease of measure in the laboratory (and
ology and Geothermal Research 390 (2020) 106684

field), that porosity is the metric of greatest interest for our upscal-
ing analysis.

3. Young’s modulus on the rock mass lengthscale

We  have shown that the intact Young’s modulus, Ei, depends
on rock physical attributes, such as porosity (Fig. 5), and environ-
mental conditions, such as pressure (Fig. 10). However, since these
values are measured on the sample lengthscale, they very much
overestimate the Young’s modulus of rock masses that, invariably,
contain macroscopic fractures that serve to lower the Young’s mod-
ulus. It is the Young’s modulus of a rock mass, Erm (or the “effective
Young’s modulus”), which is required for volcano modelling. A
method to upscale laboratory measurements of Young’s modulus
was proposed by Priest (1993):

Erm =
(

1
Ei

+ 1
s̄k

)−1
(5)

where s̄ and k are the average fracture spacing and the fracture stiff-
ness (in Pa m−1), respectively (see also Gudmundsson, 2011; Liu
et al., 2000). Although the average fracture spacing can be deter-
mined using fracture counts along line transects, or using more
sophisticated techniques (e.g., Sanderson and Nixon, 2015; Healy
et al., 2017), experiments designed to determine fracture stiffness
are non-trivial and have shown that fracture stiffness depends on
factors such as normal stress and surface roughness (e.g., Yoshioka
and Scholz, 1989). It is also likely, for example, that fracture stiff-
ness will vary from fracture to fracture within the same outcrop
(due to differences in roughness and fracture filling). We  opt here,
therefore, to upscale our values of intact Young’s modulus deter-
mined from laboratory experiments (Table 2) using the empirical
Hoek-Diederichs equation (Hoek and Diederichs, 2006), a widely
used tool in geotechnics. The advantages of this method, which
is described in detail below, is that it requires a relatively quick
assessment of the structure of a rock mass and does not necessitate
additional experiments that require expensive laboratory equip-
ment.

3.1. Presentation of the Hoek-Diederichs equation

The Hoek-Diederichs equation (Hoek and Diederichs, 2006) was
formulated using measurements of the Young’s modulus of a rock
mass, Erm, from in situ plate loading and jacking tests conducted
in China and Taiwan. The rock masses for each in situ measure-
ment were assigned a Geological Strength Index (GSI), a unitless
value, described in detail below, that describes the rock mass struc-
ture (e.g., fracture density and quality) (Marinos et al., 2005). These
Erm data (n = 494) were plotted as a function of GSI and a sigmoid
function was  used to describe the data. The constants in the sig-
moid function were then replaced by expressions that incorporate
the GSI and the disturbance factor, D (a unitless parameter that
describes the extent of blasting damage during large mining/tunnel
excavations). Finally, Ei was incorporated into the equation using
laboratory measured values, or by estimating Ei from the uniaxial
compressive strength, �c , of the intact rock, using the follow-
ing relation: Ei = MR�c (see Deere, 1968; Palmström and Singh,
2001), were MR is the modulus ratio (i.e. Erm/Ei). The final Hoek-
Diederichs equation (Hoek and Diederichs, 2006) is as follows:
Erm = Ei

(
0.02 + 1 − D

2

1 + e((60+15D−GSI)/11)

)
(6)
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ig. 12. (a) The intact Young’s modulus for an andesite from Volcán de Colima (M
b)  The intact Young’s modulus for dacites from Mt.  Unzen (Japan) as a function o
ompressive strain rate: 10−5 (white symbols), 10−3 (grey symbols), and 10−1 s−1 (b

Since anthropogenic damage using explosives is not relevant to
ur volcanic case study, we let D = 0 (we provide the full equation
ere for completeness). If D = 0, then Eq. (6) can be simplified to:

rm = Ei

(
0.02 + 1

1 + e((60−GSI)/11)

)
(7)

Our laboratory measurements (Table 2) provide the values for
i; the other unknown in the Hoek-Diederichs equation (Eq. (7))
s the GSI (Marinos et al., 2005). The GSI is a unitless value that
epends on the rock mass structure (i.e. fracture density) and the
uality of these fractures (i.e. whether they are weathered and the
resence/nature of fracture filling material) (Marinos et al., 2005)
Fig. 13). The GSI is a number from 0 to 100, where 0 represents
n essentially cohesionless rock mass and 100 represents a pristine
fracture-free) rock mass (Fig. 13). Since volcanic rock masses are
ypically fractured and often disturbed, estimates of their GSI have
een found within the range 8–80 (Moon et al., 2005; Apuani et al.,
005a, 2005b; del Potro and Hürlimann, 2008; Justo et al., 2010;
chaefer et al., 2013; Miranda et al., 2018) and are in agreement
ith values of Rock Mass Rating (RMR), another metric for describ-

ng the structure of a rock mass, found for volcanic rock masses
Watters et al., 2000; Okubo, 2004; Thomas et al., 2004). Schaefer
t al. (2013), for example, found GSI values of 8–20 and 45–60
or, respectively, pyroclastic rocks and lavas and lava breccias from
acaya volcano.

Since this method may  be unfamiliar to a volcanological audi-
nce, we not only provide the GSI chart, but also examples of
ractured volcanic rock masses for which we have assigned values
f GSI (Fig. 13). Based on the GSI schemes of Marinos et al. (2005)
nd Hoek et al. (2013), and the more recent clarifications in Hoek
nd Brown (2019), we  split volcanic rock masses into one of four
ategories: “blocky”, “very blocky”, “extremely blocky/disturbed”,
nd “disintegrated” (Fig. 13). Hoek et al. (2013) proposed that the
op and bottom row of the GSI scheme of Marinos et al. (2005)
termed “intact or massive” and “heavily fissured but unblocky” in
ur volcano GSI chart; Fig. 13) should not be included in the chart
hen GSI is to be used for strength or deformability assessments.
s a result, these two categories are excluded in our GSI scheme

or volcanic rock masses (Fig. 13). In any case, most volcanic rock
utcrops typically range somewhere between blocky (GSI = 65–85)
nd disintegrated (GSI = 20–40) (Fig. 13; Moon et al., 2005; Apuani
t al., 2005a, 2005b; del Potro and Hürlimann, 2008; Justo et al.,

010; Schaefer et al., 2013; Miranda et al., 2018).

The GSI estimate for the lengthscale of a laboratory sample (i.e.
n the centimetric scale) would be, in general, 100. We  highlight
n Fig. 14 how GSI estimates can be influenced by the considered
 as a function of uniaxial compressive strain rate (data from Lavallée et al., 2019).
nected porosity (data from Coats et al., 2018). The data are organised by uniaxial
ymbols).

lengthscale. In this example, we  show how increasing the length-
scale from about 20 m to about 150 m decreases the GSI estimate
by about 20 (Fig. 14). In the example of Fig. 14, this is because the
longer lengthscale includes a broader range of rock masses (and
therefore incorporates more discontinuities between the different
lava units, for example) that the shorter lengthscale does not. As a
result, it is important to consider the appropriate lengthscale when
making GSI assessments using the chart provided in Fig. 13. For
modelling problems that require a single value of Young’s modu-
lus to characterise the modelled half-space, we  recommend that
the GSI estimate is made on the lengthscale of at least a couple
of hundred metres, if possible. In engineering problems, however,
rock masses are typically divided into domains of similar rock mass
characteristics (see, for example, the Katse Arch Dam (Lesotho)
case study in Schlotfeldt and Carter, 2018). Although this domain
approach may  not be straightforward for an active volcanic system
(rock masses in engineering projects, unlike volcanic rock masses,
are often easily accessible and observable), we  encourage modellers
to split their modelled half-space into GSI domains guided by either
geological (e.g., site analysis) or geophysical (e.g., muon, electrical,
and/or seismic tomography) methods. As outlined above, mechani-
cal layering can greatly influence model output and interpretations
(e.g., see Manconi et al., 2007; Bazargan and Gudmundsson, 2019).

Although there are several empirical equations for estimating
rock mass deformability (see the reviews by, for example, Zhang
(2017) and Kayabasi and Gokceoglu, 2018), one of the reasons we
opted to use the Hoek-Diederichs equation (Hoek and Diederichs,
2006) is because it uses GSI to characterise the rock mass. Other
approaches to estimate rock mass Young’s modulus use other rock
mass classification schemes (e.g., using RMR; Bieniawski, 1978;
recently updated in Galera et al., 2007), a measure of joint spacing
(e.g., using Rock Quality Designation, RQD; Deere and Deere, 1988;
Zhang and Einstein, 2004), a mean spacing between discontinuities
(e.g., Kulhawy and Goodman, 1980), or seismic characteristics (e.g.,
Bieniawski, 1984; Barton, 2006). We  prefer to use GSI because its
descriptive nature lends itself to rapid field or remote assessment.
Galera et al. (2007) argue that RMR  is more quantitative than GSI
and is therefore preferable for engineering applications. However,
all of the techniques that relate rock mass condition to deforma-
bility are empirical and, for application to volcano modelling, we
consider that a simple descriptive method of rock mass classifica-
tion is sufficient as along as a range of values is used that captures
the inherent uncertainty. We  further note that RQD has several
weaknesses, such as requiring drill core (although it can be esti-

mated in the field using the method developed by Schlotfeldt and
Carter, 2018), as outlined in Pells et al. (2017) and in Schlotfeldt
and Carter (2018), and that joint spacing methods do not take joint
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Fig. 13. Chart and photographs to be used to estimate the Geological Strength Index (GSI) of a volcanic rock mass (modified from Marinos et al., 2005). (a) The volcanic GSI
chart.  (b) Photograph of a massive lava outcrop (GSI = 75–85) (basalt flow near Húsafell, Iceland). (c) Photograph of a blocky dyke (GSI = 65–75) (dyke in Hvítserkur mountain,
B rop (G
i ) Pho
Z h the G

c
a
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w
s
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m

orgarfjörður Eystri, Iceland). (d) Photograph of a very blocky/disturbed lava outc
ntrusion (GSI = 25–35). (f) Photograph of a “good-very good” fracture surface. (g
ealand). We  have straightened the lines defining the GSI values in accordance wit

ondition into account. For applications where only RMR is avail-
ble, GSI can be derived for RMR  > 25 using: GSI = RMR89’ - 5, where
MR89’ is the version of RMR  in Bieniawski (1989) with the ground-
ater rating set to 15 and the adjustment for joint orientation rating

et to 0 (Hoek and Brown, 1997).

.2. Estimating the Young’s modulus of a fractured volcanic rock

ass

To illustrate the influence of rock mass structure on the Young’s
odulus of a volcanic rock mass, we chose here a GSI value of
SI = 45–75) (ignimbrite near Húsafell, Iceland). (e) Photograph of a disintegrated
tograph of a “very poor” fracture surface (andesite lava from Mt. Ruapehu, New

SI scheme of Hoek et al. (2013).

55 (a value that we consider represents a reasonable average for
lavas and lava breccias; Moon et al., 2005; Apuani et al., 2005a,
2005b; del Potro and Hürlimann, 2008; Justo et al., 2010; Schaefer
et al., 2013; Miranda et al., 2018). We consider that, without prior
knowledge of the structure of a volcanic rock mass, a GSI of 55 rep-
resents a reasonable estimate. The values of Young’s modulus in the
graph of intact Young’s modulus as a function of connected porosity

(Fig. 5) can then be recalculated, assuming a GSI of 55, for a typically
fractured volcanic rock mass (Fig. 15; using Eq. (7)). Fig. 15 shows
that the Young’s modulus of a typically fractured (GSI = 55) volcanic
rock mass is much lower than the Young’s modulus of a volcanic
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Fig. 14. Photograph of a rock outcrop (overthickened basalt lava flows near Núpsstaðu
estimation of the Geological Strength Index (GSI).

Fig. 15. The Young’s modulus for rock masses with a Geological Strength Index (GSI)
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mentary Material). We  chose to use empirical fits to our data, rather
f 100 (i.e. intact rock; white symbols) and 55 (a typically fractured volcanic rock
ass; black symbols).

ock on the sample lengthscale. The Young’s modulus of a typically
ractured volcanic rock mass varies from a couple of GPa (for the

ost porous host rocks) to ∼15 GPa (for the least porous host rocks)
Fig. 15). The range of Young’s modulus values has therefore been
educed from ∼1 to ∼50 GPa for intact rock to ∼1 to ∼15 GPa for a
ypically fractured rock mass (Fig. 15).

The ideal solution to determine the Young’s modulus for volcano
odelling would be to first determine the intact Young’s modulus

or the most representative material (or materials, if there is jus-
ification for mechanical layering, e.g., Manconi et al., 2007) for a
iven volcano and then upscale this value, or these values, using
he Hoek-Diederichs equation (Eq. (7)) and estimates of the GSI
etermined from rock outcrops of the same volcano (using the GSI
hart provided as Fig. 13). However, not only is this ideal solution
ot always feasible (the rock masses of interest may  be entirely
elow the subsurface), but problems also exist when choosing a
ock sample or rock samples that best represent a volcano com-

osed of rocks of varying porosity, a factor that exerts a first-order

nfluence on the Young’s modulus (Fig. 5), and when choosing a rock
ass structure or range of rock mass structures that best represent
r, Iceland) showing how window-of-interest (i.e. lengthscale) can influence the

the structural state of a volcano. In other words, because volcanoes
are extremely heterogeneous, it is often difficult to select repre-
sentative intact rocks and representative GSI values. Nevertheless,
we consider this approach will yield the most accurate model pre-
dictions. In the likely scenario that the authors of a particular study
cannot measure the Young’s modulus of a representative rock in the
laboratory, or provide a representative GSI, we outline approaches
below that can be used to determine upscaled Young’s moduli esti-
mates in the scenario when (1) the porosity of a representative
rock(s) is known and the GSI value(s) is known (i.e. the ideal sce-
nario), (2) the porosity of a representative rock(s) is known and
the GSI value(s) is unknown, (3) the porosity of a representative
rock(s) is unknown but the GSI value(s) is known, and (4) both
porosity and GSI are unknown. This approach can be used to pro-
vide a single value of Young’s modulus for an elastic half-space or, if
there is geological or geophysical justification for splitting the half-
space into domains characterised by different porosity and/or GSI
values (such as, for example low-density/high-porosity zones iden-
tified by muon tomography; Lesparre et al., 2012; Rosas-Carbajal
et al., 2017; Le Gonidec et al., 2019), then the approach can also
be used to assign Young’s modulus values to the different domains
within the half-space. The data and equations required for esti-
mating rock mass Young’s modulus in the four scenarios described
below can be found in the Microsoft Excel© spreadsheet available
as Supplementary Material.

If the porosity of a rock considered representative of the volcano
or volcano domain is known, or an average porosity is taken from a
larger dataset (using, for example, the weighted abundance analysis
presented in Bernard et al., 2015), and the GSI is known, empirical
fits to our experimental data (Young’s modulus as a function of
porosity; Fig. 5) will offer reasonable estimates of the intact Young’s
modulus (Fig. 16a) for a given porosity. We  present, respectively,
both the power law and exponential fits to the experimental data
(Fig. 16a):

Ei = 0.89 × �−1.27 (8)

Ei = 35.11 e−6.47� (9)

These empirical fits were determined using Microsoft Excel©
(see the spreadsheet that accompanies this contribution as Supple-
than adopting theoretical approaches (e.g., Hashin and Shtrikman,
1963; Kemeny and Cook, 1986; Mavko et al., 2009; Torquato,
2013; Vasseur et al., 2016), because empirical fits do not assume
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Fig. 16. (a) The intact Young’s modulus for various volcanic rocks (see Table 2) as
a  function of porosity. The power law (long dashes) and exponential (short dashes)
fits to the data are shown. (b) Residual Young’s modulus (the difference between the
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then we  first recommend that the intact Young’s modulus be esti-
odel prediction and the data) for the power law (white symbols) and exponential
grey symbols) fits shown in panel (a).

 microstructure. For example, the approach of Kemeny and Cook
1986) assumes interacting microcracks and the cluster expansion

ethod of Torquato (2013) assumes spherical cavities within a
omogeneous medium. Volcanic rocks, however, often contain a
ombination of pores and microcracks (see Fig. 3). The residuals of
hese empirical fits show that (1) the fits to the data can vary by
p to 15 GPa from the intact Young’s modulus measured in the lab-
ratory and (2) the power law fit considerably overestimates (on
ne occasion by more than 100 GPa) the Young’s modulus when
he porosity is below 0.05 (Fig. 16b). Even when the low-porosity
≤0.05) data are excluded, the exponential fit to the data still out-
erforms the power law fit (the residual average is 0.6 for the
xponential fit and, excluding the low-porosity data (≤0.05), the
esidual average for the power law fit is 1.4). We  therefore recom-
end that Eq. (9) is used ahead of Eq. (8) when estimating the intact

oung’s modulus. However, we also note that the exponential fit
nderestimates the Young’s modulus when porosity is zero, or very
lose to zero (several of the rocks measured have a higher Young’s
odulus than the ∼35 GPa estimated by the exponential fit when

orosity equals zero; Fig. 16a; Table 2). Based on the data provided

n Fig. 10, we consider it likely that, when porosity is at or very close
o zero, the intact Young’s modulus of a volcanic rock will be in the
ange 40–60 GPa (similar to the ranges presented in González de
ology and Geothermal Research 390 (2020) 106684

Vallejo and Ferrer, 2011). The data are available as Supplementary
Material in case a theoretical approach is preferred (i.e. if there is
justification to assume a specific microstructure).

It is often easier to measure the bulk density of a rock than to
measure its porosity. For example, in the laboratory and in the field,
the dry bulk density of a rock, �b, can be simply determined using
Archimedes principle, such that:

�b = W

W − W1
(10)

where W is the weight of the dry rock and W1 is the weight of the
rock submersed in water (see Kueppers et al., 2005; Farquharson
et al., 2015). Furthermore, geophysical methods such as muon or
gravity surveying provide estimates of the density, not porosity, of
a volcano or volcanic rock mass (e.g., Tanaka et al., 2007; Lesparre
et al., 2012; Nishiyama et al., 2014; Rosas-Carbajal et al., 2017; Le
Gonidec et al., 2019). We  therefore provide here a means to esti-
mate porosity, for use in Eq. (9), when only the density of the rock,
or rock mass, is known (Fig. 17). We  first measured the density of
powders of volcanic rocks chosen to span the common volcanic rock
types: tuff (the Neapolitan Yellow Tuff, Italy), basalt (from Mt.  Etna),
andesite (from Volcán de Colima), dacite (from Mt.  St. Helens), and
obsidian (from Hrafntinnuhryggur, Iceland). Powdered aliquots of
these samples were prepared, weighed, and their volumes mea-
sured using a helium pycnometer. These measurements permit the
calculation of the solid (skeletal) density, i.e. the density of the rock
when the porosity equals zero. The solid densities, �s, for the tuff,
basalt, andesite, dacite, and obsidian were measured to be 2307,
2909, 2669, 2614, and 2393 kg.m−3, respectively. Total porosity,
�T , can then be plotted as a function of bulk sample density, �b,
using the following relation (Fig. 17a):

�T = 1 − �b

�s
(11)

To estimate total porosity using geophysical data, for which
the saturation state of the rocks cannot be considered as dry, we
also provide total porosity as a function of bulk density for com-
pletely water saturated rock (assuming a water density, �w , of
1000 kg.m−3; Fig. 17b). We  note that these data can also be used to
provide total porosity estimates for rock masses characterised by
different degrees of saturation:

�psat = �b + c�T �w (12)

where �psat is the density of a partially saturated rock and c is the
degree of saturation. Therefore, if �psat is measured using muon
tomography, for example, then the total porosity can be estimated
using the bulk density of the rock type (see data provided above)
and an estimate of the degree of saturation. Using the GSI deter-
mined for the volcano (or domain, if the volcano is to be split into
different domains characterised by different values of GSI) under
investigation and the intact Young’s modulus estimated using the
porosity or density, as described above, the rock mass Young’s mod-
ulus can be determined using Eq. (7). It is important to note that
volcanic rocks, depending on their genesis, can contain variably
quantities of isolated porosity (see, for example, Colombier et al.,
2017), where total porosity is the sum of the connected and iso-
lated porosity. Because Eqs. (8) and (9) are fits to intact Young’s
modulus as a function of connected porosity, using total porosities
in these empirical equations may  underestimate the intact Young’s
modulus if the rock contains significant isolated porosity.

If the porosity (or density) of a rock considered representative
of the volcano or volcano domain is known, but the GSI is unknown,
mated as described above. In the absence of site investigations to
determine a representative GSI value, we  propose herein that a GSI
of 55 likely best represents the structure of a volcanic rock mass
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F  Italy), basalt (Mt. Etna, Italy), andesite (Volcán de Colima, Mexico), dacite (Mt. St. Helens,
U  for the dry case (pores filled with air) and panel (b) shows modelled curves for water-
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Fig. 18. The intact Poisson’s ratio for various volcanic rocks (see Table 4) as a function

son’s ratio of common crustal minerals and rock types are known
ig. 17. Total porosity as a function of bulk density for tuff (Neapolitan Yellow Tuff,
SA),  and obsidian (Hrafntinnuhryggur, Iceland). Panel (a) shows modelled curves

aturated case (pores filled with water). See text for details. (For interpretation of t
his  article).

Fig. 15), which are typically highly fractured (e.g., Moon et al.,
005; Apuani et al., 2005a, 2005b; del Potro and Hürlimann, 2008;
usto et al., 2010; Schaefer et al., 2013; Miranda et al., 2018). A
SI of 55 is typical of a “very blocky” rock mass with a “good” to

fair” structure quality, as defined by our volcanic GSI chart (Fig. 13).
lthough this GSI estimate may  appear low, we  highlight that vol-
ano modelling often considers very large rock masses (on the scale
f a couple of hundred to a couple of thousand metres) and GSI
stimates are often reduced as the scale of interest increases (e.g.,
ig. 14). Using the intact Young’s modulus estimated using the
orosity or density, as described above, and a GSI of 55, the rock
ass Young’s modulus can be determined using Eq. (7).
If the porosity (or density) is unknown but the GSI is known, we

ecommend that the average porosity derived from large datasets
e used. Field studies have provided the average porosity of rocks
ampled in block-and-ash flow deposits for Volcán de Colima and
t.  Unzen (Kueppers et al., 2005; Mueller et al., 2011; Farquharson

t al., 2015; Lavallée et al., 2019). These studies have shown the
verage porosity and the predominant porosity class of dome rocks
rom Volcán de Colima to be 0.2 (Lavallée et al., 2019) and between
.1 and 0.25 (Heap et al., 2015a), respectively. The porosity of dome
ocks from Unzen volcano was found to be bimodal, with peaks
t porosity values of 0.08 and 0.2 (Kueppers et al., 2005). Based
n these studies, we propose herein that a porosity of 0.15 is a
easonable estimate for the average porosity of the rocks that typ-
cally form a volcanic edifice. A porosity of 0.15 is also the median
alue for the porosity of the samples listed in Table 2. This esti-
ate is in general agreement with geophysical data collected at

ctive volcanoes, although porosity is rarely reported. Setiawan
2002) determined porosity of 0.1–0.2 within the shallow subsur-
ace of Gunung Merapi, in line with an average edifice porosity
alue of 0.21 reported by Tiede et al. (2005) for the same volcano,
ased on gravimetric inversion. Using a similar two-phase effec-
ive medium estimation, Arnulf et al. (2013) calculated porosities
f 0.1–0.2 for the upper parts of the edifice of Lucky Strike volcano
located on the Mid-Atlantic ridge). Finally, neutron porosity logs
ollected at Mt.  Unzen during the Unzen Volcano Scientific Drilling
roject revealed average in situ porosities of lava flows and dykes
f 0.15–0.20 (Nakada et al., 2005; Sakuma et al., 2008). Therefore,
f values of GSI are known, but porosity or density values are not,

e suggest that a porosity value of 0.15 is used, which corresponds
o an intact Young’s modulus, Ei, of 13.3 GPa using the empirical
xponential fit to our experimental data (Eq. (9)). Using the GSI
etermined for the volcano or volcano domain and an Ei of 13.3 GPa,

he rock mass Young’s modulus can be determined using Eq. (7).

In the scenario in which both GSI and porosity are unknowns,
 scenario to be avoided if possible, we consider it reason-
of porosity. The data are separated by rock type: basalt (red symbols), andesite (blue
symbols), and tuff (green symbols). Dotted line shows the average Poisson’s ratio
of  the presented data (0.21). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

able to assume a GSI of 55 and a porosity of 0.15 (i.e. an Ei

value of 13.3 GPa). Using Eq. (7), this yields a rock mass Young’s
modulus estimate of 5.4 GPa. We  highlight that our estimate
of 5.4 GPa for the Young’s modulus of a volcano is generally
low compared to the values typically used in volcano modelling
(Table 1).

3.3. Estimating the Poisson’s ratio and Young’s, shear, and bulk
modulus of a fractured volcanic rock mass

Although this review has focused on the Young’s modulus, the
most important elastic constant for volcano modelling (Eq. (1);
Fig. 2), we can also discuss the upscaling of Poisson’s ratio, shear
modulus, and bulk modulus. In collating the rare published values
of Poisson’s ratio for volcanic rocks determined from laboratory
stress-strain data (data from Nordyke and Wray, 1964; Saito and
Kawamura, 1986; Ito and Hayashi, 1991; Özsan and Akın, 2002;
Siratovich et al., 2014; Mordensky et al., 2018), we found that Pois-
son’s ratio does not appear to depend on porosity or rock type
(Fig. 18; Table 4). This may  be considered surprising, since the Pois-
to differ (e.g., Gercek, 2007), and Poisson’s ratio should also depend
on microstructural parameters such as the microcrack density (e.g.,
Walsh, 1965b). The absence of a discernable trend in Fig. 18 is there-
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Table 4
Collated experimental data (porosity and Poisson’s ratio) used in this study (see Fig. 18).

Rock type Volcano/rock source region Experimental condition Porosity (-) Poisson’s ratio (-) Reference

andesite Rotokawa geothermal field (New Zealand) dry 0.11 0.24 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.13 0.26 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.07 0.19 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.06 0.25 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.13 0.18 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.06 0.09 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.06 0.27 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.07 0.34 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.07 0.20 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.07 0.24 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.07 0.14 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.07 0.17 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.06 0.22 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.08 0.23 Siratovich et al. (2012)
andesite Rotokawa geothermal field (New Zealand) dry 0.06 0.18 Siratovich et al. (2012)
andesite Ruapehu (New Zealand) dry 0.06 0.29 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.08 0.17 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.03 0.18 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.04 0.18 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.01 0.26 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.03 0.19 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.09 0.38 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.06 0.20 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.19 0.16 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.20 0.27 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.15 0.06 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.16 0.49 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.03 0.16 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.10 0.38 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.11 0.16 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.04 0.36 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.01 0.16 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.01 0.17 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.02 0.21 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.01 0.14 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.02 0.11 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.04 0.33 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.01 0.13 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.07 0.18 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.05 0.20 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.10 0.20 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.06 0.07 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.06 0.21 Mordensky et al. (2018)
andesite Ruapehu (New Zealand) dry 0.03 0.23 Mordensky et al. (2018)
andesite Uruş Dam (Turkey) dry 0.04 0.22 Özsan and Akın (2002)
andesite Not mentioned dry 0.00 0.30 Saito and Kawamura (1986)
andesite Not mentioned dry 0.05 0.14 Saito and Kawamura (1986)
andesite Kofu andesite (Japan) dry 0.05 0.22 Ito and Hayashi (1991)
andesite Honkomatsu andesite (Japan) dry 0.05 0.18 Ito and Hayashi (1991)
basalt Uruş Dam (Turkey) dry 0.03 0.30 Özsan and Akın (2002)
basalt Nevada Test Site (USA) dry 0.16 0.25 Nordyke and Wray (1964)
basalt Nevada Test Site (USA) dry 0.09 0.18 Nordyke and Wray (1964)

f
a
r
a
i
n
P
p
P
d
e
s
V

�

basalt Nevada Test Site (USA) dry 
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tuff Uruş Dam (Turkey) dry 

ore likely the result of a combination of the paucity of currently
vailable data and the variability and complexity of volcanic mate-
ials. In the absence of a larger dataset, we consider it reasonable to
ssume that a sensible value for the Poisson’s ratio of volcanic rock
s 0.21, the average value of the collated values (Fig. 18; Table 4;
ote that the median and mode are 0.2 and 0.18, respectively). A
oisson’s ratio of 0.21 is also within the range for volcanic rocks
rovided in Gudmundsson (2011). We  again highlight that the
oisson’s ratio of the elastic medium only plays a small role in
etermining, for example, source/magma overpressure (Fig. 2). An
mpirical equation to upscale the Poisson’s ratio measured on the
ample lengthscale, �i, to the rock mass scale, �rm, was proposed by

ásárhelyi (2009):

rm = − 0.002GSI + �i + 0.2 (13)
0.06 0.08 Nordyke and Wray (1964)
0.09 0.25 Nordyke and Wray (1964)
0.16 0.21 Özsan and Akın (2002)

The shear modulus, G, and the bulk modulus, K , can then be deter-
mined using the relationships between the elastic properties:

G = E

2(1 + �)
(14)

K = E

3(1 − 2�)
(15)

Therefore, if we take values of Ei and �i for volcanic rocks con-
taining a porosity of 0.15 (a reasonable estimate for the average
porosity of volcanic rock; Ei = 13.3 GPa; �i = 0.21), we  can determine
upscaled estimates for the four elastic moduli (i.e. Erm, �rm,Grm,

and Krm) as a function of GSI (Fig. 19). We  find that Poisson’s ratio
increases and the Young’s, shear, and bulk modulus decrease as
GSI decreases (Fig. 19). An increase in Poisson’s ratio with increas-
ing damage was also observed during stress-cycling experiments
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Fig. 19. Young’s modulus, shear modulus, bulk modulus, and Poisson’s ratio as a
function of the Geological Strength Index (GSI). The intact (GSI = 100) elastic modulus
was  taken as 13.3 GPa (the intact elastic modulus for a rock with 0.15 porosity)
and the intact (GSI = 100) Poisson’s ratio was taken as 0.21 (the average of the data
presented in Fig. 18). The intact (GSI = 100) shear and bulk modulus were calculated
using Eqs. (14) and (15). The change in Young’s modulus and Poisson’s ratio as a
function of GSI were calculated using Eqs. (7) and (13), respectively. The rock mass
shear and bulk modulus were then calculated using Eqs. (14) and (15). The dark
grey  zone (GSI = 40–60) highlights the elastic properties for what we consider as
typically fractured volcanic rock masses. These estimates will change for different
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porosity of 0.15 (considered herein as a reasonable estimate for the
average porosity of a volcanic rock, see above) of 13.3 GPa (using
ock masses characterised by different porosities. The light grey zones (high and
ow values of GSI) do not meet the criteria for the generalised Hoek-Brown failure
riterion (see also Fig. 13).

erformed on volcanic rocks (e.g., Heap et al., 2009, 2010; Kendrick
t al., 2013). For intact rock (i.e., on the lengthscale of a labora-
ory sample), the values of Erm, �rm, Grm, and Krm are 13.3 GPa,
.21, 5.5 GPa, and 7.6 GPa, respectively. At the other end of the
cale, where GSI = 10, the �rm increases to about 0.4 and Erm,
rm, and Krm all decrease to below 1 GPa. The 75% reduction in

he shear modulus of the elastic medium in the model of Got
t al. (2017), as a result of progressive damage (i.e. the progres-
ive generation of new fractures) over a seven-year period (at
rimsvötn volcano), is therefore consistent with the decrease in

ock mass shear modulus as a function of GSI predicted herein
Fig. 19). At typical values of GSI for volcanic rock masses, a GSI
f 55, the values of Erm, �rm, Grm, and Krm for a rock mass with an
ntact rock porosity of 0.15 are 5.4 GPa, 0.3, 2.1 GPa, and 4.5 GPa,
espectively (Fig. 19). The equations for calculating rock mass
oung’s modulus, Poisson’s ratio, bulk modulus, and shear mod-
lus are available in accompanying Microsoft Excel© spreadsheet
see Supplementary Materials).

. Rock mass Young’s modulus as a function of depth

The depth of interest for volcano modelling typically ranges
rom the surface down to several kilometres (see the papers listed
n Table 1). However, our suggested approach to upscale Young’s

oduli—the Hoek-Diederichs equation—relies on empirical rela-
ionships between the rock mass Young’s modulus measured in situ
n tunnels within the subsurface (depths of a few hundred metres)
nd the intact Young’s modulus measured under room pressure
onditions (Hoek and Diederichs, 2006). Here we present two
ethods that could be used to provide values of Young’s mod-

li that may  better represent rock at depth. Both methods rely on
odifying the intact Young’s modulus, Ei, to be used in the Hoek-
iederichs equation (Eq. (7)).

First, since it is generally accepted that porosity decreases as a
unction of depth in the Earth’s crust, decreasing the porosity used

o determine Ei (Eqs. (8) and (9)) could provide a means to estimate
he rock mass Young’s modulus, Erm, at depth. The bulk density, and
Fig. 20. Intact Young’s modulus as a function of depth for basalts from Mt.  Etna
(Italy) (the same data shown in Fig. 10b). Line is an empirical second-order polyno-
mial fit to the data. See text for details.

therefore porosity, at depth can be estimated using the following
relation (Wilson and Head, 1994):

�b(z) = �s[
1 +

{
�s − (1 − �s)

}]
exp(−��sgz)

(16)

where �b(z) is the bulk rock density at a given depth, �s is the
porosity at the surface, g is the acceleration due to gravity (taken
as 9.81 m.s−2), z is the depth, and � is a constant assumed to be
1.18 × 10−8 Pa−1 (Head and Wilson, 1992). As an example, if we
assume that �s is 2909 kg.m−3 (the solid density of basalt, see
above) and �s is 0.15 (considered herein as a reasonable estimate
for the average porosity of a volcanic rock, see above), the bulk rock
density at a depth of 2000 m using Eq. (16) is 2669 kg.m−3. Using
Eq. (11), the porosity of the basalt at a depth of 2000 m is 0.08.
Using the exponential fit to our data (Eq. (9)), the intact Young’s
modulus is increased from 13.3 GPa at the surface to 20.9 GPa at
a depth of 2000 m.  The rock mass Young’s modulus (Eq. (7)) is
therefore increased from 5.4 to 8.4 GPa at depths of 0 and 2000 m,
respectively.

Another method to provide estimates of the rock mass Young’s
modulus of volcanic rocks at depth is to interrogate the data shown
in Fig. 10. The experimental data presented in Fig. 10 show that the
intact Young’s modulus of volcanic rocks, which are often microc-
racked (e.g., Fig. 3), increases as a function of effective pressure or
depth. An increase in Young’s modulus as a function of increasing
confining pressure has been observed previously for basalt (e.g.,
Adam and Otheim, 2013), granite (e.g., Blake et al., 2019), and vari-
ety of metamorphic and sedimentary rocks (Wu et al., 2019 and
references therein). If effective pressure, Peff , is converted to depth
using Peff = �b × g × z, where g and �b are taken as 9.81 m.s−2

and 2700 kg.m−3 (i.e. the bulk density of the basalts in Fig. 10b),
respectively, we can plot the Young’s modulus as a function of depth
for the basalts from Mt.  Etna (Fig. 20). We  chose to perform this
analysis on the basalt data due to the large range of effective pres-
sure (from 0 to 150 MPa; Fig. 10b). An estimation of intact Young’s
modulus for a given depth, Ei(z), can therefore be provided by the
empirical second-order polynomial fit to these data (Fig. 20):

Ei(z) = − 6.07 × 10−7z2 + 7.90 × 10−3z + Ei (17)

For example, using the intact Young’s modulus determined for a
Eq. (9)), Eq. (17) predicts an intact Young’s modulus of 26.7 GPa for
rock at a depth of 2000 m.  Using a GSI of 55 (considered herein



2 olcan

a
m
a
W
d
v
m
s

t
g
Y
h
s
c
l
o
(
m
u
b

m
p
j
o
i
t
b
w
o
t
(
R
s
d
m
(
m
m
t
(
m
o
A
b
m
F
m
v
a

u
v
o
t
t
Y
n
o
b
d
fi
u
v
1

4 M.J. Heap, M. Villeneuve, F. Albino et al. / Journal of V

s a reasonable estimate for the average GSI of a volcanic rock
ass, see above), this provides rock mass Young’s moduli of 5.4

nd 10.9 GPa at depths of 0 and 2000, respectively (using Eq. (7)).
e highlight that the estimate of rock mass Young’s modulus for a

epth of 2000 m is slightly higher using this latter technique (10.9
ersus 8.4 GPa). The equations for estimating rock mass Young’s
odulus at depth are available in accompanying Microsoft Excel©

preadsheet (see Supplementary Materials).
However, it is unclear to what extent the Hoek-Diederichs equa-

ion is suitable for predicting rock mass Young’s moduli at depths
reater than a few hundred metres. For example, the rock mass
oung’s modulus for rock at a depth of several kilometres may  be
igher than that measured in subsurface tunnels, because macro-
copic fractures at several kilometres depth will more likely be
losed or “locked”. As such, estimations of rock mass Young’s modu-
us that use either of the methods described above to provide values
f intact Young’s modulus for the Hoek-Diederichs equation (Eq.
7)), or those that simply use an intact Young’s modulus of a rock

easured in the laboratory at an elevated confining pressure, may
nderestimate the rock mass Young’s modulus at depth and should
e treated with caution.

Several studies provide empirical relationships to estimate rock
ass Young’s modulus at depth. Verman et al. (1997), for example,

rovide an empirical depth correction factor to be used in con-
unction with assessments of rock mass structure. The approach
f Verman et al. (1997) shows that rock mass Young’s modulus
ncreases with depth and that the pressure dependence is related
o the competence of the rock. However, a robust relationship
etween rock mass structure and the correction factor proposed
ould be required in order to apply the correction factor to sites

ther than the two investigated by Verman et al. (1997). Further,
he maximum depth of the in situ data provided in Verman et al.
1997) is less than 500 m.  Other approaches, such as that of Asef and
eddish (2002), compare the Young’s modulus of intact and jointed
amples (containing one to four joints) deformed in laboratory
eformation experiments. This approach estimates the Young’s
odulus of a “jointed rock mass” under a given confining pressure

up to 30 MPa), but does not, however, provide estimates for rock
asses characterised by a range of rock mass structures (i.e. rock
asses characterised by different GSI values). Further, although

he maximum confining pressure used by Asef and Reddish (2002)
30 MPa, equivalent to a depth of about 1.2 km)  is applicable to the

odelling of volcanic systems, their experiments were performed
n sandstone. Nevertheless, Asef and Reddish (2002), as well as
rora (1987), show that jointed rock Young’s modulus can increase
y a factor of up to 5, 20, or even 200 at high confining pressure,
uch higher than the increases in intact Young’s modulus shown in

igs. 10 and 20. More work is needed to assess the effect of confine-
ent on fractured rock masses comprising interlocking blocks of

olcanic rock in order to determine the magnitude of the increase
nd to confidently include this in our proposed method.

To conclude, although the above-described methods could be
sed to provide depth-dependent rock mass Young’s moduli for
olcanic rock, caution is required due to the uncertain applicability
f the Hoek-Diederichs equation to rock masses at depths greater
han a few hundred metres. Resolving this issue is certainly non-
rivial and would require numerous measurements of rock mass
oung’s modulus (using in situ jacking tests, for example) in tun-
els or boreholes at depths of several kilometres within a volcano
r volcanic terrain. We  additionally note that it may  not be possi-
le to infer the Young’s modulus required for volcano modelling at
epths of a few kilometres using seismic velocities: experiments on

ne-grained granite have shown that Young’s modulus determined
sing stress-strain data (dry and water-saturated) and elastic wave
elocities still differ (by about 20%) at effective pressures as high as
30 MPa  (Blake et al., 2019).
ology and Geothermal Research 390 (2020) 106684

5. Case studies: Kı̄lauea volcano (Hawai‘i, USA) and Mt.
Unzen (Japan)

We  provide analysis of two case study volcanoes—Kı̄lauea vol-
cano and Mt.  Unzen—to demonstrate how our proposed method
can be used to provide intact and upscaled Young’s modulus esti-
mates. To do so, we  use density data from an experimental drill
hole at the summit of Kı̄lauea volcano (from Keller et al., 1979) and
porosity data from the USDP-4 borehole drilled within Mt.  Unzen
(from Sakuma et al., 2008).

The borehole at Kı̄lauea volcano was drilled to a depth of 1262 m
approximately 1 km from the south edge of Halema‘uma‘u Crater
between April 6 and July 9, 1973 (Keller et al., 1974, 1979). The
vast majority of the rocks penetrated by the borehole are olivine
basalt, with minor amounts of olivine-poor basalt, olivine diabase,
and picrite diabase (Keller et al., 1979; Fig. 21). Geophysical log-
ging provided bulk density as a function of depth (Fig. 21a; data
from Keller et al., 1979). First, we  converted these data to porosity
using Eq. (11), assuming a �r of 3000 kg.m−3 (Fig. 21b). A solid den-
sity slightly higher than the 2909 kg.m−3 measured for the sample
of basalt of Mt.  Etna (Fig. 17) was used to avoid negative porosities:
some of the measured bulk densities were as high as 3000 kg.m−3

(Keller et al., 1979). We assumed that the rock was dry (pores
filled with air) and wet (pores filled with water with a density of
1000 kg.m−3) above and below the water table (at a depth of 491 m;
Keller et al., 1979), respectively. Intact Young’s modulus was  then
estimated using Eq. (9) (black line in Fig. 21c). In the absence of GSI
assessments, we  upscale our values of intact Young’s moduli using
Eq. (7) and GSI = 55 (the GSI proposed for an average volcanic rock
mass, see above) (blue line in Fig. 21c). We provide in Fig. 21d, as a
function of depth, “depth-corrected” values of intact Young’s mod-
uli, estimated using Eq. (17), and values of “depth-corrected” rock
mass Young’s moduli (calculated using Eq. (7) and a GSI of 55). We
highlight that we do not favour the approach of Eq. (17) over that of
Eq. (16): we  simply use one of these proposed methods to provide
an example of how such data can be “corrected” for depth. We  note
that the Young’s moduli calculated for the very low porosity zone
between a depth of 460 and 480 m are likely underestimated as a
result of using the exponential fit to the experimental data (Eq. (9);
see Fig. 16 and above discussion).

The borehole at Mt.  Unzen was drilled to a depth of 1995 m
between 2003 and 2004 (Nakada et al., 2005; Sakuma et al., 2008).
The rock types intersected are lava flows, lava dykes, pyroclastic
rocks, and volcanic breccias (Sakuma et al., 2008; Fig. 22). Geo-
physical logging provided porosity as a function of depth between
a depth of ∼800 and ∼1780 m (Fig. 22a; data from Sakuma et al.,
2008). Intact Young’s modulus was then estimated using Eq. (9)
(black line in Fig. 22b) and we  upscaled these values using Eq.
(7) and GSI = 55 (blue line in Fig. 22b). “Depth-corrected” values
of intact Young’s moduli, estimated using Eq. (17), and values of
“depth-corrected” rock mass Young’s moduli (calculated using Eq.
(7) and a GSI of 55) are provided in Fig. 22c as a function of depth.

The data of Fig. 21c and Fig. 22b reveal that the average intact
and rock mass Young’s modulus for the basalts of Kı̄lauea vol-
cano and the volcanic rocks of Mt.  Unzen are 10.8 and 8.0 GPa,
respectively, and 4.4 and 3.3 GPa, respectively. Interestingly, there
is no systematic reduction of porosity, and therefore increase in
Young’s modulus, with depth (Figs. 21b and 22 a). The presence
of porosity in volcanic rocks at depth is consistent with experi-
ments that have shown that lithostatic pressures of 200–400 MPa
(depths between 7500 and 15,000 m)  are required for the cataclas-
tic collapse of pores (i.e. porosity reduction) in basalts (Zhu et al.,

2016 and references therein). For Kı̄lauea volcano, the units that
contain ash layers (units I and II; Fig. 21) are characterised by low
values of Young’s modulus and high values of Young’s modulus
characterise the thick, dense lavas (units IV, V, and VI; Fig. 21). For



M.J. Heap, M. Villeneuve, F. Albino et al. / Journal of Volcanology and Geothermal Research 390 (2020) 106684 25

F ” You
d mmit
f . Inta
e

M
l
M
e
“
i
F
Y
r
6
t
“
u
i
d
a
o
i
t
l
m
b
i

(Hoek and Diederichs, 2006). There is therefore a possibility that
ig. 21. (a) Bulk density, (b) porosity, (c) Young’s modulus, and (d) “depth-corrected
ensity  data are from geophysical logging within a deep borehole drilled into the su
rom  Keller et al. (1979). Porosity is calculated from the density data using Eq. (8)
stimated using a GSI of 55 and Eq. (7). See text for details.

t.  Unzen, high values of Young’s modulus are observed for the
avas and dykes (Fig. 22). The lower average Young’s modulus for

t.  Unzen is a consequence of the higher porosities of the rocks
ncountered by the borehole (Figs. 21b and 22 a). If these values are
corrected” for depth using Eq. (17), the predictions of the values of
ntact and rock mass Young’s modulus increase (Figs. 21d and 22 c).
or example, the average “depth-corrected” intact and rock mass
oung’s modulus for the basalts of Kı̄lauea volcano and the volcanic
ocks of Mt.  Unzen are 15.2 and 15.7 GPa, respectively, and 6.2 and
.4 GPa, respectively. Therefore, although the rocks encountered by
he borehole are of higher porosity at Mt.  Unzen, when the data are
corrected” for depth using Eq. (17), the estimates of Young’s mod-
lus for Mt.  Unzen are higher than those for Kı̄lauea volcano. This

s the result of the relative depths of the datasets: the maximum
epths of the Mt.  Unzen and Kı̄lauea volcano boreholes are ∼1780
nd 1262 m,  respectively. We  highlight that the estimated values
f rock mass Young’s moduli are low compared to the values typ-
cally used in volcano modelling (Table 1). However, we  note that
he rock mass Young’s moduli below a few hundred metres are
ikely underestimated due to the “locking” of fractures at depth, as
entioned above and discussed in the “Method limitations” section
elow. Further, the depth “corrections” assume that the increase in

ntact Young’s modulus with depth can be described by Eq. (17),
ng’s modulus (using Eq. (12)) as a function of depth for Kı̄lauea volcano (USA). Bulk
 of Kı̄lauea volcano in 1973 (data from Keller et al., 1979). Geological interpretation
ct Young’s modulus is estimated using Eq. (9), and rock mass Young’s modulus is

an empirical relationship that describes data from triaxial experi-
ments performed on basalts from Mt.  Etna (Fig. 20). Volcanic rocks
with different microstructural characteristics (e.g., microcrack den-
sities) than the basalts from Mt.  Etna used in these experiments will
likely be described by different empirical relationships. However,
we consider that the estimates of rock mass Young’s modulus pre-
sented in Figs. 21 and 22 as the most robust estimates possible with
the data and tools currently available.

6. Method limitations

Although we  have presented a useful and practical tool to esti-
mate the Young’s moduli of a volcanic rock mass, the method suffers
from several limitations. First, the Hoek-Diederichs equation (Hoek
and Diederichs, 2006) is an empirical relation that was  built using
data collected in tunnels through mainly sedimentary rocks (260
tests in sedimentary rock, 179 in igneous rock, and 55 in metamor-
phic rock; Hoek and Diederichs, 2006). Of the 179 igneous rocks,
only 46 were basalt, 11 were andesite, and 5 were “andesite-tuff”
Eq. (7) would differ if the data used in its formulation were volcanic
rocks only. Volcanic rock masses may  be generally more fractured
and therefore less stiff than metamorphic rock masses, for example.
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ig. 22. (a) Porosity, (b) Young’s modulus, and (c) “depth-corrected” Young’s modu
eophysical logging within a borehole drilled into Mt.  Unzen in 2003–2004 (data
oung’s modulus is estimated using Eq. (9), and rock mass Young’s modulus is estim

The Hoek-Diederichs equation (Hoek and Diederichs, 2006) also
elies on an accurate assessment of the structure (fracture den-
ity and fracture quality; Fig. 13) of a rock mass, which can lead to
ome subjectivity (see also Marinos et al., 2005). A key strength
f the GSI scheme is its descriptive aspect; however, continued
iscussion within the engineering community has prompted the
evelopment of quantified GSI methods to remove subjectivity or
o aid inexperienced users. The most commonly used are: Sonmez
nd Ulusay (1999), Cai et al. (2004), Russo (2009), and Hoek and
iederichs (2013). Bertuzzi et al. (2016) compared the descriptive
nd quantified schemes and the greatest weakness they found was
he disassociation of the vertical axis—the rock structure—from the
cale of the problem. This arises because the quantified schemes
ll use scale-independent measures of joint spacing, joint volume,
r RQD, whereas the GSI should be assessed according to the scale
f the problem investigated. If possible, and especially for inexperi-
nced users to aid user calibration, one of the quantitative methods
eferenced above could be used alongside, but not in place of, the
escriptive method. Bertuzzi et al. (2016) have shown that differ-
nces in GSI of up to 10 points should be expected between the

uantitative and descriptive results.

Eqs. (8) and (9), which estimate the intact Young’s elastic mod-
lus, are based on connected porosity and Young’s modulus data
or 276 rock samples. Although we consider the porosity as the
sing Eq. (17)) as a function of depth for Mt.  Unzen (Japan). Porosity data are from
 Sakuma et al., 2008). Geological interpretation from Sakuma et al. (2008). Intact

 using a GSI of 55 and Eq. (7). See text for details.

most useful metric to estimate the Young’s modulus, this is clearly
a simplification. Indeed, we  have shown here that Young’s modu-
lus depends on rock microstructure (the microcrack density (Fig. 7)
and pore geometry, for example), explaining the high degree of
scatter seen in Fig. 5. Additionally, the Young’s modulus predicted
by the empirical power law (Eq. (8)) and exponential (Eq. (9)) fits to
the data and the Young’s modulus measured in the laboratory can
differ by up to 15 GPa (Fig. 16b). Although more data may help fine-
tune the presented empirical relations (and can be implemented
using our accompanying Microsoft Excel© spreadsheet), we high-
light that such simplifications are a necessary evil in developing
an easy-to-use tool that well describes volcanic rocks, which are
invariably microstructurally and texturally complex and hetero-
geneous (see, for example, Fig. 3). We  outline above a multitude
of avenues for future laboratory experiments, which may  also help
improve the predictions provided by the presented technique. With
regard to the suitability of our dataset (Table 2), we also highlight
that the majority of the data are for andesite and that data for sev-
eral volcanic rock types, such as pumice and obsidian, are absent.
More data, on more rock types, will further improve the predictions

provided by Eqs. (8) and (9).

Our data and analysis focuses on providing upscaled Young’s
moduli for volcanic rock masses. However, for some volcanoes or
volcanic terrains, volcanic rocks may  only occupy the top few kilo-
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ig. 23. Flow chart outlining the method to estimate the Young’s modulus of a volca
bout  the studied volcano or volcanic terrain, but we also provide average values for
re  unknowns. We highlight that, if of interest, values of intact Young’s modulus, Ei

ext  for details.

etres. Mt.  Etna, for instance, is underlain by thick successions
f sedimentary rocks (the sandstones and clays of the Apenninic-
aghrebian Chain and the carbonate rocks of the Hyblean Plateau;

ranca et al., 2011; Heap et al., 2013; Wiesmaier et al., 2015). There-
ore, it is likely that, for very deep elastic half-space models, the
lastic moduli of the rock types beneath the lava pile should also
e considered.

Finally, as highlighted above, the depth of interest for volcano
odelling typically ranges from the surface down to several kilo-
etres (see the papers listed in Table 1). However, it is unclear

t present as to whether it is appropriate to use values of intact
oung’s modulus measured at elevated confining pressures (or

ntact Young’s modulus at depth using the methods described
bove) in the Hoek-Diederichs equation (Eq. (7)). The refinement of
he Hoek-Diederichs equation to provide upscaled Young’s modu-
us for deep volcanic rock masses would not only require numerous

easurements of rock mass Young’s modulus in tunnels or bore-
oles at depths of several kilometres within a volcano or volcanic
errain (if possible), but also many more studies that investigate
he pressure-dependence of the elastic moduli of volcanic rock in
he laboratory (i.e. triaxial deformation experiments on suites of
ommon volcanic rock types). We  consider estimating rock mass
lastic moduli for deep volcanic rock masses as the main outstand-
ng challenge in providing more realistic elastic moduli for volcano

odelling.

. Concluding remarks
We  propose herein an easy-to-use tool to determine the Young’s
odulus for volcanic rock masses for use in elastic analytical solu-

ions and numerical models that are widely used in volcanology
ck mass presented herein. Estimates can be fine-tuned using additional information
rosity and Geological Strength Index (GSI) for scenarios for which these parameters
e first “depth-corrected” using one of the two  methods described in Section 4. See

to interpret ground deformation signals detected at the surface. To
date, modellers have used a variety of techniques, reviewed here
(Table 1), to obtain a value or values of Young’s modulus to repre-
sent their elastic medium. Unfortunately, and due to the paucity of
laboratory studies that provide Young’s moduli for volcanic rocks
and studies that tackle the topic of upscaling these values to the rel-
evant lengthscale, these methods are often non-ideal. Our proposed
method relies on a new suite of experimental data for volcanic rocks
and a widely used tool in geotechnics, the Hoek-Diederichs equa-
tion (Hoek and Diederichs, 2006). The Hoek-Diederichs equation
requires two input variables: the intact Young’s modulus of the
rock (i.e. the Young’s modulus of a rock on the lengthscale of a lab-
oratory sample) and the Geological Strength Index of the rock mass
(an assessment of the structure of a rock mass based on the fracture
density and fracture quality). Importantly, the proposed method
can be improved with laboratory measurements of Young’s mod-
ulus for representative materials and/or structural assessments of
the studied area, but do not rely on them. In the absence of this
information, we  suggest what we consider as reasonable values
for the intact Young’s modulus and the Geological Strength Index
for a typically porous volcanic rock and a typically macrofractured
volcanic rock mass, respectively. The former is determined using
empirical relationships, developed herein using 276 experiments
on volcanic rocks, between porosity and the intact Young’s modu-
lus. An instructive flow chart for our proposed method is provided
as Fig. 23. Based on the limitations outlined above, there may  be
some justification for using values of rock mass Young’s modu-
lus slightly higher than those estimated using the method outlined

herein (for the modelling of deep pressure sources, for example).
However, although we  have proposed two methods to account for
the depth-dependence of intact Young’s modulus, the inclusion of
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depth-corrected” values into the Hoek-Diederichs equation may
ot be entirely appropriate (see discussion above). Those interested

n using our approach to provide values of Young’s modulus for their
odel are, of course, welcome to increase or decrease the estima-

ions the method provides, within reason and with accompanying
ustification, to suit their volcano case study. However, unless there
s a clear justification, such as a rock mass characterised by a very
ow porosity and a very low fracture density, we  advise against
sing values of Young’s modulus in excess of 20–30 GPa. Using
nother empirical relationship to estimate the Poisson’s ratio of a
ock mass (from Vásárhelyi, 2009), we also provide a means to esti-
ate upscaled values of Poisson’s ratio, shear modulus, and bulk
odulus for a volcanic rock mass (Eqs. (13), (14), and (15); Fig. 19).
hichever value is adopted for a particular study, we  encourage the

uthors not only to provide their values (in a table, for example), but
lso to outline their justification for choosing these parameters. We
rovide a Microsoft Excel© spreadsheet (as Supplementary Mate-
ials) containing the data and necessary equations to calculate rock
ass elastic moduli that can be updated when new data become

vailable.
The goal of this contribution is to provide data and analysis

o assist the selection of elastic moduli for volcano modelling.
he selection of the most appropriate elastic moduli will, in
urn, provide the most accurate model predictions and therefore
he most reliable information regarding the unrest of a partic-
lar volcano or volcanic terrain. Although our contribution has
ocussed on Mogi source modelling, we highlight that the data
nd analysis provided in this review can be used to provide
lastic moduli for a wide variety of geological, geophysical, and
ngineering applications. Finally, we stress that the approach pre-
ented herein is by no means complete. More laboratory data
nd a more satisfactory method to account for the pressure-
ependence of elastic moduli at volcanoes and volcanic terrains
re now required (which can be included in our accompanying
icrosoft Excel© spreadsheet). We  hope this review will inspire

ew research in this direction and new interdisciplinary collabora-
ion.
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