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According to the stress state, deformation mode observed in rocks may be very different. Even in the brittle part
of the crust a differential stress can induce shear failure but also localized compacting deformation, such as com-
paction bands in porous sedimentary rocks. Themode of deformation controlsmany hydrodynamic factors, such
as permeability and porosity. We investigate in this paper two different modes of deformation in an Icelandic
basalt by using laboratory seismological tools (elastic waves and acoustic emissions) andmicrostructural obser-
vations. First of all, we show that at low effective confining pressure (Peff=5 MPa) an axial loading induces a
shear failure in the basalt with an angle of about 30° with respect to the main stress direction. On the contrary,
at high effective confining pressure (Peff≥75 MPa andmore) an increase of the axial stress induces a localization
of the deformation in the form of subhorizontal bands again with respect to the main stress direction. In this
second regime, focal mechanisms of the acoustic emissions reveal an important number of compression events
suggesting pore collapse mechanisms. Microstructural observations confirm this assumption. Similar compac-
tion structures are usually obtained for porous sedimentary rocks (20–25%). However, the investigated basalt
has an initial total porosity of only about 10% so that compaction structures were not expected. The pore size
and the ratio of pore to grain size are likely to be key factors for the particular observed mechanical behavior.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Basaltic rocks are the main component of the oceanic upper crust.
During cooling, the basalt lava flow is highly fractured. Thus, at shallow
depth they can host fluids (Geoffroy and Dorbath, 2008; Adelinet et al.,
2011a, 2011b). This is of potential interest in water resources
(D'Ozouville et al., 2008) or in CO2 storage issues (Matter et al., 2007;
Goldberg et al., 2008). Elastic properties of basalt have been investigated
in the laboratory through different experiments: (i) evolution of elastic
parameters during increasing confining pressure (Vinciguerra et al.,
2005; Stanchits et al., 2006; Adelinet et al., 2010; Fortin et al., 2011)
and (ii) differential stress cycling (Vinciguerra et al., 2005; Heap et al.,
2009) and also (iii) evolution related to increasing temperature
(Pinkerton and Norton, 1995; Lore et al., 2000; Kato et al., 2003; Violay
et al., 2010, 2012). In addition, in order to constrain the behavior of
natural volcanic systems (during pre- and post-eruptive time intervals
notably), some experimental studies of rupture have also been per-
formed on volcanic rocks (Rocchi et al., 2002, 2004; Balme et al., 2004;
Smith et al., 2009).
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Beyond a defined stress threshold, rock deformation becomes irre-
versible. Then the increasing differential stress can induce a non-elastic
deformation of the rock. Different deformation regimes are possible.
Dilatancy and brittle faulting typically result in shear bands characterized
by stress softening (Paterson, 1978). A fundamentally different failure
mode develops if a porous rock is stressed under relatively high confine-
ment and low temperature. The pore space compacts and ductile failure
develops. In this ductile regime, characterized by strain hardening, dam-
age can be distributed in non-localized manner (Handin and Hager,
1963; Wong et al., 1997) or can be localized, i.e. under the form of com-
paction bands. Compaction bands are areas of material which extend
perpendicular to the main compressive stress. From microstructural ob-
servations, a compaction band appears as a crushed zone of reduced
porosity. Such structures have only been observed up to now in the labo-
ratory in porous sedimentary rocks (Klein et al., 2001;Wong et al., 2001;
Baud et al., 2004; Fortin et al., 2006, 2009) or in porous material like
honeycombs (Papka and Kyriakides, 1998) or aluminum foams.

These different regimes correspond to specific stress conditions
characterizing the yield envelope of the rocks in the (P,Q) plane,
where P is the mean effective pressure and Q the differential stress.
Laboratory conditions allow sometimes to describe the full yield en-
velope of a rock, as for some limestones or sandstones (Wong et al.,
1997; Baud et al., 2004; Vajdova et al., 2004; Fortin et al., 2005,
2006, 2009). At low confining pressure, these rocks exhibit a brittle
behavior. At higher confining pressure, increasing axial stress induces
the formation of compaction bands. However, at room temperature
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only brittle regime has been observed on basalts (Stanchits et al., 2006;
Benson et al., 2007, 2008; Heap et al., 2011). Note that Violay et al.
(2012) shows that basalt submitted to high temperature exhibits a duc-
tile behavior even at low confining pressure.

Deformation in rocks is not only controlled by the differential stress
Q but also by the effective pressure P and is consequently related to the
fluid pressure (Secor, 1965), as the effective pressure is defined by the
mean stress minus the pore pressure. Note that pore pressure is one
of the most variable parameter in the earth crust. The role of pore
fluid in the mechanics of the crust has been extensively studied in the
past (Rocchi et al., 2002; Kato et al., 2003; Balme et al., 2004; Ramsey
and Chester, 2004). More recently, a specific fluid-induced rupture ex-
periment was performed on a Fontainebleau sandstone recording
acoustic emissions (Schubnel et al., 2007).

This paper presents the results of triaxial experiments performed on
an Icelandic basalt. Depending on the confining and fluid pore pressure
values, different deformation modes have been evidenced. Strain and
elasticwave velocities have beenmeasured. Simultaneously,we recorded
acoustic emissions to monitor and analyze the failure processes. Micro-
structure analysis of deformed samples has also been conducted and cor-
related to acoustic emissions locations.
2. Samples and experimental methods

2.1. The Reykjanes basalt

2.1.1. Description of investigated basalt
The basaltic block was extracted on a road outcrop in the Reykjanes

peninsula (southwestern part of Iceland), in the vicinity of the road
connecting the cities of Keflavik and Vogar. Due to its particular geolog-
ical context, Iceland is the ideal natural laboratory to study interplays
between fluid, basalt and deformation. Extracted samples were fresh
and young (less than 10,000 years; Sigurdsson et al., 2000). The studied
rock is amicrolitic alkali basalt containingmm-sized phenocrysts of py-
roxene and albite (identified with X-ray method, see Fig. 1B) and also
microliths of feldspar (thin section in Fig. 1A). We also investigate the
microstructure and the chemical composition of an intact Reykjanes
sample through a Scanning Electron Microscope (SEM) installed at the
Laboratoire de Géologie of École Normale Supérieure (Paris, France).
The chemical composition of the microlitic matrix is presented in
Table 1 in oxide weight percentage. Fig. 2 present a large scale view of
the microstructure (top figure) and a detail of a pore where we the
microlitic texture (bottom figure) can be identified. The mean size of
A)

Fig. 1. Petrographical description of the Reykjanes basalt: A) thin section picture showing t
diffractogram.
grains is about 100 μm. At the resolution of optical and electron micro-
scopes, neither phenocrysts of pyroxen and albite nor feldspar micro-
liths appear cracked.

2.1.2. Porosity analysis
Based onmercury intrusion porosimetry data, the sample presents a

bimodal distribution of porosity. Initial porosity is about 8% made up of
1% crack porosity and 7% equant pores. This bimodal distribution con-
fers some interesting properties to the rock in terms of elastic wave
velocity dispersion for instance (Adelinet et al., 2010). Note that more
details on mercury porosimetry results are presented in Adelinet et al.
(2010). The average inclusion entry diameters are 0.1 and 100 μm,
respectively for cracks and pores. The porosity accessible to helium
gas of the Reykjanes basalt has been investigated by He-pycnometry
(equipment installed at IFP Energies Nouvelles). The porosity value is
10.3±1%. Note that the porosity values of the Reykjanes basalt range
is typical for basaltic rocks coming from lava flows (Saar and Manga,
1999). Around 2% of the porosity is unconnected to mercury but
connected to helium gas. The difference can be explained by the differ-
ent sizes of helium andmercurymolecules according to surface tension.
Very thin cracks accessible to helium are not accessible to mercury. Fur-
thermore volatile exsolution during magma ascent can lead to isolated
vesicleswhich are not accessible to gases or liquids. Additional processes
such as thermal cooling can induce thin cracks to themagma eventually
connecting some of these isolated vesicles. Consequently, depending on
their aperture, cracks are accessible to gas only or gas and liquid leading
to a difference in porosity measurements.

2.2. Experimental set-up

Cylindrical specimens of 80 mm in length and 40 mm in diameter
were cored into the Reykjanes basalt block. The experiments were
performed in a triaxial cell installed at the Laboratoire de Géologie of
École Normale Supérieure (Paris, France) and exhaustively described
in Ougier-Simonin et al. (2011) and Brantut et al. (2011). A schematic
diagram of the setup is presented in Fig. 3. This apparatus allows for hy-
drostatic and differential stresses to be applied independently on the
cylindrical sample. The hydrostatic and differential stresses are servo-
controlled with an accuracy of 0.01 MPa. The confining medium is oil.
Pore pressure is driven by one precision volumetric pump. Pore fluid
is introduced into the sample through hardened steel end pieces placed
on the top and bottom of the rock sample. Maximum pore pressure in
the system is 100 MPa. Axial strain is measured by three gap sensors
B)

he microlithic texture with phenocrystals of pyroxen and the equant porosity, B) X-ray



Table 1
Chemical composition of the microlitic matrix observed on an intact sample of the
Reykjanes basalt. Data are expressed in oxide weight percentage.

Na2O MgO Al2O3 SiO2 CaO TiO2 FeO

1.91 7.52 16.29 51.34 12.44 0.80 9.68
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mounted externally and also locally by strain gauges glued directly to
the sample. Strain gauges allow also to measure local radial strain.
Uncertainty in strain measurements was estimated to be 10−5 for exter-
nal strain data and 10−6 for strain gauges data. In addition, if the pore
pressure is kept constant, the variation of the pore volume during a test
allows the evolution of volumic strain to be monitored.

A network of 16 piezoceramic transducers is used to measure high
frequency P-wave velocities along several directions. Using this net-
work, acoustic emissions (AE)were captured by the ASC©GigaRecorder
(Mini Richter system), which stores continuous ultrasonic waveform
data onto a 1 TB hard disk. AE absolute source locations were obtained
with an average accuracy of 2 mm using a homogeneous transversely
isotropic velocity profile. Source focal mechanisms are also deduced
from moment tensor data (first motion polarization and amplitude of
the first P-wave arrivals).
A

Fig. 2. SEM pictures of the intact Reykjanes basalt. Detail a has been subjected to an
image processing to enhance the contrast between pore space and microlitic matrix.
Grain size and pore size are respectively about 100 μm and 1 mm.

Fig. 3. Schematic diagram of the triaxial cell ST100.
All experiments were carried out at room temperature and at a
constant axial strain rate of 10−6 s−1. The confining and pore pres-
sures are respectively denoted by Pc and Pp. Hereafter results from
four experiments would be presented. The different experimental
conditions are summarized in the following list and in Table 2:

• experiment T1: Pc=10 MPa, Pp=5 MPa
• experiment T2: Pc=80 MPa, Pp=5 MPa
• experiment T3: Pc=100 MPa, Pp=5 MPa
• experiment T4: Pc=80 MPa, Q=120 MPa and the pore pressure is
increased until reaching failure.
Table 2
Compilation of mechanical data for Reykjanes basalt: confining pressure Pc, pore pres-
sure Pp, effective mean pressure (P) and differential stress (Q) values for the critical
stress state C′ and the peak stress (T1–T4); and the critical stress state C∗ (T2–T3). Sam-
ples deformed during T1 and T4 failed by shear localization whereas samples deformed
during T2 and T3 failed by localized deformation bands.

Test Pc (MPa) Pp (MPa) Onset of dilatancy C′ Peak stress

P (MPa) Q (MPa) P (MPa) Q (MPa)

T1 10 5 20 45 45 120
T4 80 76 18 42 43 118

Test Pc (MPa) Pp (MPa) Onset of compaction C∗

P (MPa) Q (MPa)

T2 80 5 156 243
T3 100 5 186 273
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3. Results

3.1. Mechanical and velocities data

We use the convention that compactive strains and compressive
stresses are positive. Maximum and minimum principal stresses are
respectively denoted by σ1 and σ3. The effective mean pressure
σ1þ2σ3

3 −Pp is denoted by P and the differential stress σ1−σ3 by Q.
We also introduce two specific states, C′ and C∗ as presented in
Wong et al. (1997): beyond the critical stress state C′ the differential
stress field is responsible for pore space dilation (commonly observed
in brittle failure regime) and beyond the critical stress state C∗ the differ-
ential stress field results in significant contribution to the irreversible
compactive strain.

Fig. 4 reports mechanical data obtained during experiments T1, T2
and T3: volumetric strain versus effective mean stress (Fig. 4a) and
axial strain versus differential stress (Fig. 4b). The deformation observed
for the experiment performed at 10 MPa of confining pressure (T1) is
characteristic of the brittle failure regime. The differential stress reaches
a peak stress just before the macroscopic failure occurs. We identify the
critical state C′ from which the compaction begins to reverse into dila-
tion, with respect to the hydrostatic state. For experiments T2 and T3
performed at high confining pressure, a critical stress level C∗ is observed,
from which the differential stress induces a significant irreversible
compactive strain, described in Wong et al. (1997) as shear-enhanced
compaction. Experiment T2 has been stopped just after reaching the C⁎

point at an axial strain of 1.4%. Experiment T3 has been performed up
to an axial strain of 2.7%. Beyond C⁎, the strain–stress curve exhibits sev-
eral drops (Fig. 4b).

The following section shows that the acoustic emissions rate can be
correlated to these stress drops (Fig. 7). Table 2 summarizes the critical
stress state C′ and the peak stress for experiments T1 and T4; and the
critical stress state C∗ for experiments T2 and T3. These values allow
us to propose a yield envelope for the Reykjanes basalt, as discussed
below in Section 3.2.4.

Fig. 5 reports the axial P-wave velocity data of experiments T1 and T3
as functions of differential stress Q. The figure shows also the volumetric
strain versus Q. For test T1 (Fig. 5A), the axial P-wave velocity remains
almost constant at 5400 m·s−1 until the stress state reaches the critical
level C′. Then velocity decreases from 5450 to 5100 m·s−1 just before
the failure occurs. The evolution of the velocity is in agreement with
a) b)

Fig. 4. a — Volumetric strain as a function of effective mean stress for experiments T1,
T2 and T3. For reference, the hydrostat is shown in dashed curves. The critical stress
states C′ and C∗ are indicated by the arrows. b— Axial strain as a function of differential
stress for experiments T1, T2 and T3.
the evolution of the volumetric strain: during the axial loading, micro-
cracks nucleate and propagate leading to dilatancy and a decrease of
the velocity. Once failure is reached, P-wave velocity sharply decreases
to the value of about 4500 m·s−1. Fig. 5B shows the evolution of the
P-wave velocity during the experiment T3 performed at Pc=100 MPa.
We observed the same behavior for experiment T2. At the beginning of
the axial loading, velocity tends to slightly increase to the value of
about 5700 m·s−1, probably due to the closure of pre-existing cracks.
However, once the stress state is close to the critical stress C∗, velocity de-
creases, whereas inelastic compaction is observed. This result is in agree-
mentwith the observation done onporous sandstone (Fortin et al., 2005)
and illustrates the complex correlation between porosity and elastic
properties. It can be explained by two simultaneous processes: pore col-
lapse and crushing of the surrounding material.

3.2. Acoustic emissions (AE)

The experimental set-up available at ENS allows to record acoustic
emissions (AE) continuously. However, due to the limitation of the
hard disk (1 TB), this record is limited to about 1 h. For longer experi-
ments the AE are triggered. Thus for experiments T1 and T2, AE were
continuously recorded and acoustograms are available (Section 3.2.1).
T3 was a longer experiment (5 h), thus only the AE rate is presented
(Section 3.2.2). Note that in the 3 experiments, the AEs can be located
(Section 3.2.4).

3.2.1. Acoustograms
Based on mechanical data gained in our experiments two different

deformation modes could be identified, a brittle failure one and a duc-
tile one. These two modes are very different on the macroscopic scale,
but they both involve microcracks at grain-scale, as seen from the elas-
tic wave velocity behavior. As a consequence these two regimes lead to
radiation of acoustic emissions. The AE activity during rock deformation
is due to damage processes, such as microcracking or pore collapse.
Fig. 6 presents the acoustograms obtained during the experiments T1
(Pc=10 MPa) and T2 (Pc=80 MPa). AE continuous recording involves
very large recorded data size, so that it was performed only for the 100 s
interval containing the maximum of deformation. This figure shows
that there two very different acoustic signatures for the Reykjanes ba-
salt. They depend strongly on the stressfield applied to the rock. Indeed,
for test T1 the pre- and post-failure activities are very weak. The major-
ity of the AEs are generated only during one burst occurring just before
the macroscopic failure.

3.2.2. AEs rate
We investigated the AE rate evolution during the experiment T3

(Pc=100 MPa). The results are plotted in Fig. 7 that shows the AE
rate recording during about 5 h and the differential stress versus strain.
Fig. 6 focuses on the 100 s just before themaximum strain. Fig. 7 shows
the AE activity occurring during the full experiment. The AE rate in-
creases before C∗ and drops just after this critical stress state. Beyond
C∗, several surges of AE events can be seen and can be correlated to
stress drops. Fig. 7 is comparable to the observations done on Bentheim
sandstone by Baud et al. (2004) in which compaction bands were ob-
served. In both cases, the overall hardening trend is punctuated by epi-
sodic stress drops which are associated with surges in AE rate. Baud et
al. (2004) interpreted each individual stress drop event as an unstable
propagation of a compaction band normal to the axial stress associated
to intensive grain-scale cracking that induces a burst of AEs.

3.2.3. AE focal mechanisms
To characterize the source type from the moment tensor, we need

to introduce two parameters, k and T which are expressed as func-
tions of the three real eigenvalues and the trace of the moment tensor
(Hudson et al., 1989). Both quantities vary between −1 and 1. The
pure double couple sources are described by k=T=0. If k=1, the
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source is purely explosive while k=−1 corresponds to a pure implo-
sion (Baig and Urbancic, 2010).

The variety of source mechanisms obtained during experiments
T1 and T2 are illustrated in Fig. 9 in the Hudson diagram, also called
source-type diagram. The vertical axis represents k and T is on the par-
allel axis. This diagram has a peculiar shape in order to ensure the even
probability distribution of source types. Double-couplemechanisms are
located in the center, purely explosive and implosive events are at the
top and the bottom of the parallelogram respectively. Thus, whereas
most of events recorded during T1 are shear events, a largest number
of the events recorded during T2 are in the compression part of the
diagram. The focal mechanisms observed during compaction of the
Reykjanes basalt are in agreement with the observation done on the
Fig. 8. 3D view of the sample with AEs localizations for test T1 (left) and test T2 (right). Resp
are located along an oblique shear plane for test T1 and in the central part of the sample fo
acoustic signature of porous sandstones (Wong et al., 1997; Baud et
al., 2004; Fortin et al., 2009).

3.2.4. AE location
The locations presented in Fig. 8A reveal that AEs are located on an

inclined plane with an angle of about 30° with respect to the main
stress direction, characteristic of the brittle failure. Conversely, the
acoustic background noise is much more pronounced for the experi-
ments at high confining pressure (Fig. 6B). The AEs are not located
on a plane but in a cluster located in the central part of the sample
(Fig. 8B). For the most precisely located events we investigated the
focal mechanism of the source.

Fig. 10 reports results of the location and focal mechanisms obtained
for experiment T3. Only the AEs located on a plane crossing transversally
the center part of the sample have been represented. Note that the ma-
jority of the AEs are located in the white areas corresponding to material
crushing areas. Focal mechanisms are represented with the following
color code: in orange, events with a main shear component, in blue and
green, events with respectively a main compressive and tensile compo-
nent. In the material crushing areas, both shear and compressive events
are present. The next section focuses on the microstructure analysis
related to these different mechanisms based on SEM pictures.

3.3. Microstructure

Fig. 11 presents macroscopic views of intact and deformed samples.
For intact, T2 and T4 samples, it consists of simple photographs of exter-
nal sample views. For T3, it is a picture of the sagittal cross section. Finally
for T1, the view is an X-ray scan picture emphasizing the shear failure.
The brittle behavior is clearly visible for T4 sample. The failure occurs
with a classical angle of about 30° with respect to the main stress direc-
tion, splitting the sample into two pieces. Shear failure also occurs during
test T1. However we stopped axial loading just after the first evidence of
rupture so that the fault plane is only visible on the X-ray scan sagittal
cross section. Another mode of deformation is clearly observed on T2
and T3 samples. White structures are plainly visible in the central part
ectively the 271 and 407 biggest events are located into the 3D structure. Note that AEs
r test T2.



A) - BRITTLE regime (T1) B) - DUCTILE regime (T2)

Fig. 9. Focal mechanisms deduced from the biggest acoustic emissions during test T1 (left part) and test T2 (right part). Focal mechanisms are plotted in the Hudson diagram
(Hudson et al., 1989). Shear and compression areas are respectively represented in light gray and dark gray.
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of the sample. These structures might be interpreted as thick deforma-
tion bands (between 2 and 3 mm). The white zones are approximately
subhorizontal and present crenulations at a smaller scale. White color
is due to crushing of the materials. The macroscopic view of the sample
deformed during test T3 (performed at Pc=100 MPa) is very similar to
that of the sample deformed during test T2 (performed at Pc=80 MPa).

Figs. 12 and 13 are SEM pictures taken respectively on samples T1
and T2. Fig. 12 illustrates the damage evolution in the sample that failed
Fig. 10. Focalmechanisms and locations of acoustic emission recorded in the center part of the s
a main shear, compressive and tensile component.
by shear localization. During compression loading equant pores induce
tensile stresses, which initiate vertical cracks (Fig. 12A). With an in-
crease of differential stress, vertical cracks propagate and coalesce lead-
ing to the development of shear zones. Two shear zones are observed in
Fig. 12, the first seem to be stopped by an equant pore (Fig. 12B)where-
as the second one lead to the macroscopic failure of the sample. The
central part of the shear zone shows grain crushing (Fig. 12C), in agree-
ment with previous observations (Stanchits et al., 2006; Benson et al.,
ample during test T3. Orange, blue and green circles correspond respectively to eventswith

image of Fig.�9


Fig. 11. Macroscopic views of the deformation observed in the Reykjanes basalt. Red and white arrows emphasize modes of deformation to observe on each sample. (A) Intact sample.
Initial sample diameter is 40 mmand length is 80 mm. (B) samples showing brittle behavior: X-scan viewof T1 sample (Pc=10 MPa and Pp=5 MPa) andmacroscopic viewof T4 sample
(Pc=80 MPa and Pp=75 MPa). As T1 sample does not break at macroscale, the shear plane is only visible on X-scan pictures. Conversely, the macroscopic failure is clearly visible for T4
sample, it is broken into twodistinct pieces. (C) samples showing ductile deformation: viewof T2 sample (Pc=80 MPa and Pp=5 MPa) and T3 sample (Pc=100 MPa and Pp=5 MPa) on
a sagittal cross section, localized compaction areas appear in white due to pore collapse.

Fig. 12. SEM pictures taken on the sample deformed in test T1. The mean stress inducing rupture is vertical. A: Detail of early vertical crack network. B and C: SEM pictures obtained
after image processing to enhance the details of the shear zone. Note the termination of cracks within pores.
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2007, 2008;Heap et al., 2011). Fig. 13 presents SEMpictures correspond-
ing to the sample deformed at 75 MPa effective confining pressure. In
these pictures, a clear sub-horizontal deformation band is visible and is
indicated bywhite arrows (Fig. 13A). Fig. 13B and c clearly showpore col-
lapses. These pore collapses induce crushing of the surroundingmaterial.
For example, in Fig. 13B the limit of the former pore is visible but almost
all the volume is filled with small grains.

Fig. 13C is a picture taken with secondary electron and allows to vi-
sualize the 3D microstructure. In this case, the pore is not totally filled
with fine material but it is elongated perpendicular to the main stress
direction. Cracks seem to be nucleated at the edge of the collapsed
pores. They propagate sub-perpendicularly to the maximum compres-
sive stress direction (which is vertical on the pictures). As a conse-
quence, localization of the compaction in a porous basalt seems to be
Fig. 13. SEM pictures taken on the sample deformed in test T2. The direction of main stress is
with crushed material. Note that picture B has been modified to enhance the contrast betw
the result of pore collapse and propagation of sub-horizontal shear
cracks. This mechanism is in agreement with the AEs focal mechanisms
(Fig. 9B). Compaction events are mainly the result of pore collapse
whereas shear events may be due to propagation of subhorizontal
shear cracks between the collapsed pores.

Moreover, some information on the chemistry of the infilled grains
are inferred from an ion microprobe associated to SEM. Aluminum and
silicium are predominant in the composition. Based on the initial com-
position, we assume that the major part of the infilled grains come
from feldspar microliths. This observation is in agreement with some
other studies done on basaltic rocks. Indeed, Cordonnier et al. (2009)
show that feldspars crushed under an increasing of stress, in three 3
main stages: initial crystal, puzzle form, powder and flow banding. In
our experimental conditions, we probably reached the puzzle stage.
vertical. A: Detail of a compaction band. B and C: Details of two collapsed pores infilled
een former pore space and matrix.
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4. Discussion

Our experimental data obtained on the Reykjanes basalt provide
some indications about the yield envelope although this one has not
been fully determined. Reykjanes basalt fails by brittle failure at low
effective pressures. At higher effective pressures, localization of the de-
formation occurs in the form of subhorizontal bands. Figs. 10, 11 and 13
show that the deformation bands are not perfectly planar. This suggests
that they may be partly composed of pure compaction segments and
partly of shear segments. Moreover, the existence of both shear and
compressive AE events within the localized deformation areas leads to
conclude that, as in sandstones, probably a range of mixed mode of de-
formation regimes exist between pure shear failure and pure compac-
tion bands (Issen and Rudnicki, 2000; Bésuelle, 2001). As basalt has a
higher strength than sandstone and due to its lower porosity, the pure
compressive domain is expected to occur at large confining pressure
values, i.e. more than 100 MPa (not reached by our triaxial cell). In
order to determine P∗ (limit of the elastic domain forQ=0), an isotropic
loading of 200 MPa was performed but the regime remained elastic
(Adelinet et al., 2010). The value P∗ corresponds to the mean stress at
the beginning of material crushing and pore collapse under hydrostatic
pressure. If we make the assumption that the critical pressure P∗ is pri-
marily controlled by the porosity Φ and the grain size R (Wong et al.,
1997; Wong and Baud, 1999), P∗ can be expressed as P∗∝(ΦR)−3/2.
Based on pycnometry and SEM analysis, we assume that Φ≈0.1 and
that R≈100 μm (average size of microliths, see Fig. 2) for our basaltic
sample. Indeed, we assume that microliths of the matrix play a key
role in the failure processes. It results that ΦR≈10−2 mm. Note that
the value of R is very close to the one of the Bentheim sandstone
(Baud et al., 2004). If we follow the empirical law presented in Wong
et al. (1997) for sandstones, we predict an approximate theoretical
P∗ value of about 400 MPa, which is relevant to what is observed
on the Yakuno basalt which presents nearly the samemicrostructure
(Shimada, 2000). This theoretical value is denoted in Fig. 14 as Pth

∗ ,
that is well beyond our experimental capabilities. The full shape of
the yield envelope remains thus unknown (cf. Fig. 14). The parabolic
envelope appears to be well constrained by the four points (T1, T2,
T3 and T4). As we know that a mixed deformation regime appears
close to Q=250 MPa (T2), it is thus suggested that a cap exists
between T3 and the theoretical critical pressure Pth

∗ (Wong et al.,
1997; Issen and Rudnicki, 2000). Further experiments are required
to check the existence of a cap envelope.

The deformationmodes in basalt appear to be controlled by the orig-
inal rock microstructure, and in particular by the equant porosity. The
volatile exsolution from the basaltic melt phase leads to the formation
of vesicles within the basalt. Some of them are connected by so thin
cracks that mercury cannot reach them, that can explain the difference
of about 2% between He-pycnometry and mercury porosimetry. This
equant probably which is hardly accessible plays a key role in the for-
mation of localized compaction areas. If we consider a mean value of
grain size of 100 μm (feldspar microlites) and a mean value of equant
pores of 500 μm, this ratio is about 1:5 whereas in sandstones it can
reach 10:1. This ratio probably plays a role in the geometry of the local-
ized compaction areas and in the threshold values of critical stress.

5. Related seismological implications

All our experiments have been performed at room temperature. To
extrapolate the behavior of basalts to the Earth's interior, we keep in
mind that temperature is a key parameter which plays a leading role.
For instance, an increasing of temperature decreases the P∗ point. Thus,
(Violay et al., 2010, 2012) present very interesting experimental data
on the brittle–ductile transition of basalt which are fully complementary
to our results. However, the room-temperature behavior of basalt in
terms of deformation have some interesting geological implications.
Indeed, it is generally known that below a temperature of 200 °C the
micromechanisms of deformation remain the same without occurrence
of crystal plasticity. Crustal oceanic earthquakes are widely explained
to occur in the brittle part of the crust, and few historical earthquakes
have been recorded after the brittle/ductile transition. Nevertheless,
our experiments lead to high confining pressure – the equivalent of
about 3 km depth – and show that pore collapse and associated crack
formation in the ductile regime emit a lot of acoustic emissions. Further-
more,whereas an increase of the differential stress leads to amacroscopic
failure in the brittle regime, no such consequence is observed in the
ductile regime. Thus, if the porous state of basalt is preserved in depth,
we can imagine that ductile deformation occurring at high depth within
Icelandic basalt can induce some acoustic activities which could be
considered as instabilities in the ductile crust. Yet, in the hydrothermal
Icelandic context a lot of secondary phases may crystallize and fill the
pore space.
6. Conclusion

The experimental results obtained in a triaxial cell on the Reykjanes
basalt providenew insights on the deformationmodes of basalt according
to stress state. On the one hand, a classical brittle failure mode occurs at
low effective pressure. On the other hand, subhorizontal deformation
bands occur at higher effective pressure. Pure compaction bands have
not been observed probably due to limited experimental conditions.

Thedeformationmodes of porous rocks have important consequences
for hydrodynamic properties. In a basaltic context, fluid flow is usually
controlled by the macroscopic tectonic fractures which act as drain.
Nevertheless at depths,where fractures are closed or inexistent, deforma-
tion of the basaltic matrix becomes important. Compaction bands can re-
duce or enhance the fluid flow at a reservoir scale. In any case, they
control the ratio between horizontal and vertical permeability depending
on their orientation. Our preliminary experimental study shows that such
localized deformation bands could occur in basalt at confining pressure
corresponding to an overburden of about 3 km depth. In hydrothermal
volcanic areas, the development of localized deformation bands can
strongly influence the fluid paths and consequently the localization of
potential overpressure zones which can trigger fluid-driven earthquakes.
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