Simultaneous acoustic emissions monitoring and synchrotron x-ray diffraction at high pressure and temperature: calibration and application to serpentinite dehydration
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Abstract:

    We have successfully developed an experimental setup that allows collecting in situ X-ray powder diffraction and simultaneously recording, full waveform acoustic emissions (AE) at high pressure and temperature (PT) in a DIA multi-anvil device. This setup is a powerful tool for investigating rock embrittlement at high PT due to phase transitions and/or mineral reactions since both reaction progress (and kinetics) and AE triggering can be simultaneously monitored. The dehydration of natural serpentinite samples (antigorite-rich) under deviatoric stress has been investigated by this method since antigorite dehydration is believed to trigger intermediate depth earthquakes through dehydration embrittlement. We performed, beforehand, a series of tests on the cold compression of reference materials with contrasted mechanical behaviors (quartz beads and kaolinite powder). Due to grain crushing, cold compression of quartz gave rise to numerous AE events (several hundreds), which were located within the sample. Cold compression and heating of kaolinite, a ductile material, yielded no AEs, demonstrating that the pressure assembly is noiseless. Unexpectedly, antigorite-rich serpentinite samples produced no detectable AEs in the course of their dehydration under the differential stress imposed by alumina waveguides. The only AE’s that were recorded occurred during cold compression. Sample microstructures indicate that conjugate faults inherited from the cold compression stage are activated during or after dehydration of the sample. The “aseismic” slip along these faults could be attributed to the presence of talc (or a talc-like phase) or of fine grained materials (dehydration reaction products) in the fault gouge. Furthermore, AE triggering can also be influenced by hydraulic diffusivity and the differential stress level on the sample, two parameters that are not controlled in conventional multi-anvil experiments. Our results highlight the fact that coupling between dehydration reactions and seismicity might not be as straightforward as previously thought, because fast reaction kinetics or high reaction extent may, in fact, inhibit the nucleation of mechanical instabilities through rapid stress relaxation of the solid matrix.
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1. Introduction

    Seismic activity has been evidenced along subducting plates at depths up to 700 km 
 ADDIN EN.CITE 
(Green, 2007; Kirby, 1995; Kirby, 1987; Meade and Jeanloz, 1991; Obara, 2002)
, under conditions where plastic deformation is expected (Paterson and Wong, 2005). To reconcile this apparent paradox, it has long been proposed that at least part of the subducting slab seismic activity, which also includes non-volcanic tremor (NVT) generation, could be triggered by phase transformations and mineral reactions 
 ADDIN EN.CITE 
(Obara, 2002; Peacock, 2001)
. Indeed, the generation of intermediate depth earthquakes (shallower than 300 km) occurs within the pressure and temperature (PT) stability field of serpentine and other hydrous minerals (Hacker et al., 2003). A significant seismic activity is also evidenced between 450 and 660 km (i.e., in the transition zone), which correlates with the PT range of olivine transitions towards its high pressure modifications (Green, 2007). However, the way mineral reactions can modify the deformation regime of deep rocks from ductile to brittle (embrittlement) remains poorly understood. 
Raleigh and Paterson (1965) showed that, below confining pressures of 2 GPa, hydrofracturing can occur because the overall volume change of the dehydration reaction is positive and can thus promote an increase in pore pressure. This mechanism referred to as “dehydration embrittlement” has since been documented by several laboratory studies for variety of hydrous mineral breakdowns, including serpentine-group minerals 
 ADDIN EN.CITE 
(Ko et al., 1997; Murrell and Ismail, 1976; Raleigh and Paterson, 1965; Rutter and Brodie, 1988)
.
 However, this can only occur if: 1) dehydration is fast enough so that the fluid pressure build-up cannot be compensated by plastic flow relaxation 
 ADDIN EN.CITE 
(Perrillat et al., 2005)
, and 2) the hydraulic diffusivity is low enough that the system remains macroscopically undrained (Wong et al., 1997). 

    On the contrary Chernak and Hirth (2010) recently emphasized that semi-brittle deformation of antigorite, the high pressure and temperature polytype of serpentine, only occurs below its dehydration temperature, whereas dehydration is accompanied by homogenous deformation at 700°C and 1.5 GPa where the volume change of the reaction is positive (V > 0). Above 2 GPa of confining pressure, V becomes strongly negative and recent laboratory studies have shown that brittle failure can nevertheless occur under pressures ranging from 2.5 to 8.5 GPa 
 ADDIN EN.CITE 
(Jung and Green, 2004; Jung et al., 2004)
. This apparent paradox remains largely unsolved; however, Jung et al. (2004) observed cracks that developed through deformed and partially dehydrated antigorite samples. They demonstrated that during the deformation of their samples, the dehydration fluid is segregated from the solid reaction products allowing for generation of mode I cracks on one hand (lower pressure range, (V > 0) and en echelon anticrack type lenses of solid reaction products on the other hand (upper pressure range, (V < 0). Another interesting lead might be that of Rutter and Brodie (1988), who initially pointed out that the localized embrittlement did not occur so much because of the water overpressure but because of the mechanical weakness of the fine-grained reaction products. In this case however, embrittlement may be slow enough to be accompanied by aseismic deformation.

    A number of recent in-situ acoustic emission (AE) studies have shown that serpentinite dehydration could be a viable mechanism for earthquake 
 ADDIN EN.CITE 
(Dobson et al., 2002; Jung et al., 2006, 2009; Jung et al., 2004)
 and non-volcanic tremor generation (Burlini et al., 2009). In situ AE monitoring during high pressure experiments was proven to be an efficient technique to investigate the possible seismogenic instabilities generated by the dehydration of serpentinite rocks under high pressure (P) and high temperature (T) conditions 
 ADDIN EN.CITE 
(Dobson et al., 2004; Jung et al., 2006, 2009)
. These studies all recorded AEs, arguably related to antigorite dehydration, even for pressure conditions up to 8.5 GPa (i.e., with a highly negative volume change for the reaction). Jung et al. 


(2009) ADDIN EN.CITE  also highlighted that brittle deformation mechanisms were coupled to dehydration of the sample since the dehydration products were located within the fault gouge material in the recovered samples. However, the fault itself may have formed during cold compression which would be consistent with the formerly mentioned work of Chernak and Hirth (2010) who showed that faulting only occurs prior to dehydration.
 Nevertheless, the apparent contradiction between these studies may come from the differences in the conditions tested, notably the strain rate and the dehydration kinetic.

    There are two important limitations in the studies described above that used AE recording. First, the absence of in-situ X-ray diffraction does not allow direct correlation between dehydration onset and AE generation. Second, AEs were generally recorded using 2 to 4 sensors only, providing poor 3D location precision and no focal mechanism analysis. Recent work by de Ronde et al. 


(2007) ADDIN EN.CITE  emphasized the importance of using more sensors to locate AEs. In their study, they showed that both the location of AEs and corresponding calculated focal mechanisms based on eight sensors are in good agreement with the observed faults generated during the cold compression of olivine and corundum samples
.

    In this study, we simultaneously collect time resolved X-ray diffraction
 patterns (XRD, using an energy-dispersive spectrometer) and AE full waveforms using six sensors for chosen reference materials (cold compression) as well as for serpentinite rock samples (cold compression and dehydration). XRD analysis provides information about reaction progress and, qualitatively, about deviatoric stress acting on the sample. Thus, the simultaneous acquisition of both time-resolved XRD and acoustic data allows us to correlate any eventual AE triggering to deformation and/or dehydration reaction onset and provides a powerful tool to better constrain the correlation between dehydration and seismicity.
2. Experimental procedures
2.1 Starting materials
    We first performed tests on reference materials, namely quartz beads and kaolinite powder, which were selected for their contrasting mechanical behavior. Quartz displays a brittle behavior at room temperature and is expected to generate a large number of AEs due to grain crushing associated with porosity loss during compression (Wong et al., 1997). On the other hand, kaolinite is a ductile material that should not generate AEs upon deformation since it deforms plastically, even at room temperature
 (Buessem and Nagy, 1954). Quartz samples were composed of beads with a diameter of 200 µm. The natural kaolinite powder has an average grain size of 1 µm. Additional experiments were run with an unground mixture of these two materials, the kaolinite content of which being either 20 or 42 wt.%.

    Five experiments were run on 2 mm diameter serpentinite samples drilled from a block of rock sampled close to Patrimonio (Cap Corse), in Alpine Corsica. The serpentinite is mainly composed of Mg-rich antigorite (i.e., the serpentine polytype having the largest PT stability field)
 as identified with micro-Raman spectroscopy (Auzende et al., 2004) with a Fe/(Fe+Mg) ratio of 0.03 (EDS-SEM). The sample also contains Fe-Ni oxides that are aligned along apparent foliation planes.
2.2 Multi-anvil experiments (MAX80)
    High pressure and temperature conditions were achieved using the MAX80 multi-anvil (MA) press installed at the synchrotron beamline F2.1 at HASYLAB (Hamburg, Germany). Boron-epoxy cubes with 8 mm edge-lengths were used as pressure transmitting medium. The samples are 2 mm diameter cylinders with a maximum length of 4 mm, which fit directly into a graphite heater (Figure 1).
Figure 1
Temperature was measured with a type-N thermocouple. The maximum temperature uncertainty due to both the thermal gradient across the sample and the intrinsic thermocouple uncertainty is ~20 K.
 In the experiments where no thermocouple was used to avoid fluid migration along the thermocouple sheath, temperature was determined using a heating power - temperature calibration for the pressure assembly. In that case, the temperature uncertainty is higher. However, temperature is not that critical here since the onset of serpentine dehydration is monitored by in-situ XRD in contrast with previous studies where it was estimated from the sample temperature (and pressure). 
Heat was generated with a DC power supply, manually controlled. Some of the experiments were performed with the addition of rigid non-porous Al2O3 (corundum) pistons placed on the top and bottom of the sample in order to generate non-hydrostatic stress conditions. The use of alumina pistons (waveguides) has been shown to generate significant differential stress onto the sample 
 ADDIN EN.CITE 
(Dobson et al., 2002, 2004; Jung et al., 2006, 2009)
. Effective hydrostatic pressure (listed in Tables 1 and 2 for each experiment) has been retrieved from a pressure-load calibration obtained from previous experiments where pressure could be retrieved from the equation of state of NaCl (Decker, 1971). All experiments were conducted by first compressing the samples at room temperature (cold compression) and then subjecting the samples to one or more heating cycles. Heating cycles on reference materials were run with a constant load. For the serpentinite experiments, during the heating stage, at a temperature between 773 and 873 K (i.e., below the dehydration temperature), the load on the sample was increased by ~5 tons to ensure that the samples experienced significant differential stress conditions upon reaching the dehydration temperature (referred to as the reloading stage hereafter). All experiments were terminated by switching off the DC power.

2.3 Synchrotron XRD data collection
    Energy dispersive diffraction patterns, in the 15–75 keV range, were collected every 30 to 45 s during the most critical stages of the experiments, including cold compression and heating cycles. Time-resolved XRD data are displayed on 3D plots where counts on the detector are plotted as a function of both time and energy. As described in section 3.1.1, the evolution of the diffraction peak width can be used for a rough estimate of the stress evolution 
 ADDIN EN.CITE 
(Chen et al., 1998; Zhao and Zhang, 2008)
. For each serpentinite run, the length of the sample and therefore its axial shortening and the average strain rate were deduced for both cold compression and heating + reloading stages (Table 2) by performing X-ray scanning along the vertical sample axis at the beginning of the experiment (fixed beam position and moving the press along the z-axis with a stepper motor of known z increment), at the end of the cold compression, and after termination of the experiment (room conditions).

2.4 AE recording and data processing

    A total of six piezoceramic lead-zirconate transducers (PZT) were positioned at the rear side of each anvil to monitor AEs arising from the sample. We used ceramics with resonant frequencies of 2–4 MHz (PI Ceramic PI255, 10 mm diameter, 0.5 mm thickness). One of the main challenges when using acoustic emission techniques in multi-anvil experiments is the isolation of the sensors, since a strong electrical current runs through the press to allow for heating of the sample. For electrical insulation, the sensors were glued onto 0.25 mm thick Al2O3 disks. The rear side of the anvils were mirror-polished to create a perfectly planar interface between the anvil and the Al2O3 disk. Fifty Ohms coaxial cables were used to connect the transducers to a custom made Physical Acoustics eight channel pre-amplifier (Figure 1). The amplifier filtered analogically (100 kHz–20 MHz) and amplified the raw acoustic signal (30 to 45 dB). The acoustic system was powered by a battery power supply to avoid any potential noise coming from the on-site electrical power supply.

    Two types of acoustic data were acquired. Continuous acoustic waveforms were recorded at 10 MHz sampling frequency using a Mini-Richter streamer (ASC ltd.) during both cold compression and heating cycles. This type of data removes some of the limitations of trigger type systems. In particular, it allows detecting non-impulsive and/or long period signals during post-processing 
 ADDIN EN.CITE 
(Benson et al., 2008; Brantut et al., 2010; Schubnel et al., 2006; Thompson et al., 2005)
. However, it requires a large amount of numerical space: a continuous recording of 20 minutes duration leads to approximately 50 GB of data. Hence, the amount of data that could be collected was limited by the storage capacity of the device. And, in order to increase streaming duration over the course of an experiment, only a single channel was used for continuous recording. As a result, AE waveforms were also acquired simultaneously in triggered mode from all six transducers using an eight channel digital oscilloscope. In that case, the recording was triggered when the amplitude of the signal was higher than a fixed arbitrary level on a chosen channel. The waveform data have a resolution of 2000 to 8000 points at a sampling rate of 50 MHz. These data were subsequently processed to determine the source location and when possible, the focal mechanism of the corresponding AE event.

    P-wave velocities were measured during the experiments by sending a 500 V pulse through one of the sensors. P-wave velocities were used to build a velocity model, which is necessary to locate the AEs using differences in arrival times. An automatic picking of the arrival times was performed using a root mean square (RMS) function. In some previous studies, authors have located AEs using two piezoceramic transducers only, which allows positioning the events along one single direction 
 ADDIN EN.CITE 
(Dobson et al., 2002, 2004)
. In our case, only the events with a sufficiently good signal to noise ratio were located, allowing for a 3D location of the AEs. The location uncertainty is on the order of magnitude of a couple of times the sensor thickness (i.e., a couple of mm only) as each sensor is assumed to be a point receiver. In this way, the AE arrival time differences obtained on each sensor are interpreted only in terms of travel-time difference within the assembly, the travel-time being assumed to be the same within the six anvils. Each facing pair of sensors enables us to precisely locate the AE along the axis between these two sensors. Thus, the main error on the AE location comes from the velocity model within the assembly and not from the sample/sensor size ratio; our AE locations can therefore be confidently used to determine whether the acoustic signal arises from the sample or from the assembly.
    Focal mechanisms were also calculated from first motion amplitudes, which were picked manually to prevent any potential error coming from automatic picking. We have chosen here to show these results in the form of Hudson TK type plots (Hudson et al., 1989) where the whole isotropic component of the first movement tensor is represented on the K axis and the deviatoric component is represented on the T axis. Hence, this graphic representation is particularly useful to distinguish the acoustic events depending on the volume variation related to the first motion. An event corresponding to pore collapse (implosion) would fall close to K = –1 on the plot (lower dark grey area on figures 5c, 5d and 8b). Inversely, an event having a positive volume variation, such as mode I cracks opening due to fluid overpressure, would fall close to K = 1 (upper dark grey area on figures 5c, 5d and 8b). Pure shear mechanisms (tensile/compressive crack propagation with no volume variation) would fall on the horizontal line corresponding to K = 0. The central area in between solid grey lines on Figures 5c, 5d and 8b corresponds to focal mechanisms presenting > 80% of shear (almost no volume variation). Finally, a focal mechanism corresponding to a double couple event would fall at the center of the plot (i.e., K = 0, T = 0).

3. Acoustic set-up calibration on reference materials
    The results presented in this section were obtained either with or without axial pistons (waveguides) over a large range of pressure and temperature. Experimental conditions are listed in Table 1.
Table 1

3.1 
Quartz

    Time-resolved XRD data show a broadening of the diffraction peaks during cold compression (Figure 2), which is attributed to the development of a heterogeneous stress distribution within the sample; i.e. some grains sustain higher differential stress and, consequently, larger elastic deformation 
 ADDIN EN.CITE 
(Budrovic et al., 2004; Zhao and Zhang, 2008)
. It is important to note that differential stress builds up continuously up to the nominal pressure (ca. 4 GPa). Peak broadening can be used to estimate elastic strain, (, using the relation given by Chen et al. (1998):

[image: image1.wmf]2

/

1

2

2

)

(

2

1

i

o

B

B

E

-

=

e


where E is the energy of a given reflection, B is the reflection breadth corresponding to the full width at half maximum (FWHM), and subscripts o and i stand for observed and initial values, respectively. Bo is determined from the diffraction data collected at room conditions. Using the [001] reflection of quartz at ~42 keV in experiment Z15 (Figure 2), an elastic strain 
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 of 3.4% is obtained that corresponds to an apparent differential stress of approximately 1.29 GPa at a confining pressure of 4.2 GPa, according to the quartz bulk modulus given by Levien et al. (1980). Upon heating at 4.2 GPa, peak thinning at ~970 K marks a differential stress drop related to the plastic flow of quartz. Plastic deformation in the quartz sample is also indicated by the progressive vanishing of the acoustic activity (Figure 3c) with increasing temperature; AEs are not observed at T > 673 K.

Figure 2
    A large number of AEs were recorded during the cold compression of quartz. For instance, during experiment AA5Q (Table 1), compression produced more than 2000 events, which were recorded (Figure 3a) from the triggered system only. The frequency of the AE events as well as their amplitude increases with increasing pressure up to approximately 1 GPa. At P > 1 GPa, the largest events reach almost 5 V in amplitude (30 dB amplification). A simple interpretation is that the lower amplitude AE events, recorded during the early stages of cold compression, are related to grain crushing due to pore collapse in the quartz bead network. Considering that most pores have collapsed below 1 GPa, the variation in AE amplitude observed above 1 GPa, implies either a change in the crack propagation distance or velocity (Kanamori and Brodsky, 2004). The drastic porosity reduction observed on the recovered samples (see below) is expected to allow a transgranular propagation of the cracks, increasing the crack propagation distance accordingly (i.e., possibly across the entire sample).

Figure 3
    Using a 30 dB amplification, the noise level is about 0.01 V. Events having an energy below 0.1 V could not be automatically located due to their poor signal/noise ratio, which hampers a precise automatic picking of the arrival times. Consequently, due to the large amount of AEs recorded, we only located the largest ones. These events are discussed below. Most of the recorded events are located within the sample and tend to cluster at the interface between the sample and the Al2O3 pistons (Figure 3b). Considering the relatively high location uncertainty (i.e., a couple of mm) compared to the sample size (~2 ( 4 mm), some of these signals could be attributed to fracturing of the alumina piston. However, SEM observations show little fracturing of the pistons and high crack density in quartz in the vicinity of the piston edge (Figure 4), which seems to confirm the AE location data.

Figure 4
    The focal mechanisms of the largest events have been calculated. The waveforms of AEs recorded at ~1 GPa display a negative first amplitude on every sensor (Figure 5a). This implies that the associated focal mechanism corresponds to an implosion type event. As shown by Figure 5c, the same observation is made for all the most energetic events recorded during the first stage of cold compression (i.e., below 1 GPa), which present focal mechanisms characterized by K ( 0
. This confirms the notion that the acoustic activity recorded during this part of the experiment is directly related to porosity collapse. At higher pressures, the focal mechanisms indicate an important shearing component with almost no volume variation (Figures 5b and 5d). In addition, the amplitude of the events is higher than at lower pressure. Clearly, at this stage of the experiment, the initial porosity has disappeared and most of the AEs are due to dynamic fracture propagation through several grains. Experiments performed without pistons also generate a large number of AEs since, even in the absence of pistons, cold compression is not hydrostatic. This is supported by the presence of a peak broadening effect, which highlights the fact that the heterogeneous strain (i.e., microstrain) distribution is mainly caused by the initial porosity of the sample rather than the presence of the pistons (Weidner et al., 1994). These observations are consistent with the density of AEs, which does not seem to be influenced by the presence or absence of alumina pistons.

Figure 5
3.2 Kaolinite

    The addition of 20 wt.% kaolinite powder to the quartz starting material resulted in a strong decrease in the number of AEs produced during cold compression (Figure 6a), which is consistent with the ductile behavior of kaolinite even at room temperature. XRD data for the quartz + 20 wt.% kaolinite experiments show a peak broadening of the quartz reflections. Estimated stress values are comparable to those obtained for pure quartz, 270 MPa and 460 MPa for experiments Z07 and Z08, respectively. However, the lowest stress value is obtained for a sample with 42 wt.% kaolinite (Z07). During this experiment, only six AEs were recorded. This observation points out a correlation between the stress level on the quartz grains and the number of AEs. Compared to quartz-only experiments, experiments on quartz + kaolinite mixtures are characterized by fewer AEs. In addition, the energy of AEs recorded is lower than AE energy for quartz-only tests; the maximum amplitude of AE for the two-phase samples is approximately 1 V. Most of the low energy events locate within the sample (Figure 6b) and likely correspond to fracturing of the isolated quartz grains that compose the starting material. Experiments on pure kaolinite did not produce any AEs, neither upon cold compression nor heating
. The absence of AEs demonstrates that the pressure assembly is acoustically noiseless, at least in the investigated frequency range. Kaolinite dehydration was achieved for all of the experiments but was never correlated with any AE burst.

Figure 6
4.Experimental results on serpentinite
4.1 Cold compression

    As observed for quartz (section 3.1), a broadening of the antigorite diffraction peaks was observed during the cold compression stage
. Stress levels were retrieved from the FWHM values (Table 2) using a bulk modulus of 50 GPa, as given by Escartin et al. (2001). Samples compressed to 1.3 GPa as well as sample AA6S compressed to 4.3 GPa with 2(2 mm pistons show stress values that are below the maximum strength given by Chernak and Hirth (2010) for their core samples deformed at 573 K and 673°K. The sample that experienced the largest deformation (AA6S, 4.3 GPa, 2(3 mm pistons) shows a stress value comparable to the value given by Chernak and Hirth (2010) for their core sample deformed at 573 K.
 In contrast to quartz, where a microstrain field develops due to the initial porosity (independent from the presence of the pistons), in the serpentinite rock samples, the stress level is thus sensitive to the presence or absence of the pistons. It is important to note that shorter samples (i.e., longer alumina pistons) experienced a larger amount of strain. Vertical strains ranging from 7 to 31% were measured after the cold compression stage of the serpentinite experiments (Table 2). According to these values, average strain rate is 5.7 × 10–5 s–1. The lowest strain rate was achieved for the experiment in which a single alumina piston was used (AA3S).
Table 2

Figure 7
    Serpentinite cold compression was accompanied by a few AEs. These events were highly energetic with amplitudes ≥ 2.5 V at 40 dB (Figure 7a). As observed for quartz (Figures 3b and 6b), these AE clusters are centered on the sample and most of the events are located inside it, supporting the notion that acoustic activity is due to fracturing of the sample itself (Figure 7b). Additional events, which apparently locate outside the sample, could arise from the sample as well if the location uncertainty, of approximately 2 mm, is applied.
    Unfortunately, for the serpentinite samples, only one experiment (AA3S) was run to completion with six active transducers. During all other experiments, at least one sensor died out. AEs recorded with at least four valid sensors can still be located but the uncertainty of the location increases. This is demonstrated by the location obtained for AA8S (Figure 7b), which utilizes only five channels (the top transducer had died out) and where the uncertainty is consequently larger along the vertical axis (which may explain why some events locate above the sample)
. Compared to previous AE studies that used only two or four sensors (Dobson et al., 2002; Dobson et al., 2004; Jung et al., 2006; Jung et al., 2009), the use of six independent transducers provides stronger support to infer a sample origin of the AEs. However, even when the six sensors remained valid during the experiment, the precision of the location did not allow imaging crack propagation as achieved by De Ronde et al. (2007) who used eight sensors. This highlights again the importance of the number of sensors in order to accurately locate AEs. As mentioned above, the location uncertainty is also related to the accuracy of the determination of the arrival times. For high amplitude events, the signal/noise ratio being higher, the arrival times are picked more precisely, allowing for more accurate location. For example, five AEs were recorded during cold compression of experiment AA3S to 4.3 GPa
. All events had a high amplitude (> 2V at 40 dB), comparable to that of AE events recorded for quartz compression (Figure 8a). The five events locate within the sample in the vicinity of the upper piston (Figure 8c); a sample origin is likely because the observed arrival time difference between each channel is below 0.5 µs (Figure 8a). Corresponding focal mechanisms fall close to the double couple point on the TK plot (Figure 8b), indicating that these events correspond to pure shear mechanisms with no volumetric component. These results are in good agreement with Jung et al. 


(2009) ADDIN EN.CITE  who interpreted
 this type of acoustic feature as the initial faulting of the sample and suggested that unstable frictional sliding (stick slip) along the fault produced additional AEs in their experiments. Unlike quartz, no low energy events with negative volumetric component were observed in serpentinite mainly because initial porosity is negligible and the few highly energetic events correspond to fault propagation across the entire sample rather than to single grain fracturing or crushing.
Figure 8
4.2 Dehydration
    As shown in Figure 9, under the PT conditions investigated in this study, the nature of the antigorite dehydration products can be either olivine and talc (below ~2 GPa) or olivine and pyroxene above 2 GPa (Wunder and Schreyer, 1997).

    The equilibrium dehydration temperature (i.e., ~873 K) was crossed at a heating rate of ~60 K/min. As a consequence, in all experiments, the onset of the dehydration was observed around 1073 K (i.e., in the field of orthoenstatite + forsterite, Figure 9) with a temperature overstep of ~200 K. Dehydration was completed within less than a minute, as shown by the XRD data (Figure 10). It is important to note here that mechanical behavior and the possibility of fluid overpressurization (and thus hydrofracturing) will depend on the kinetics of the reaction 
 ADDIN EN.CITE 
(Wong et al. 1997; Chollet et al., 2009)
 and, therefore, on how much the dehydration reaction is overstepped. Using the thermodynamic database of Berman (1991), volume changes associated with the serpentinite dehydration of +5% and –1%
 were obtained at 1073 K using, for water, the compensated Redlich-Kwong equation of state of Holland and Powell (1991),
 from reaction:
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at 1.3 GPa and 4.3 GPa, respectively.

Figure 9
    Dehydration products are mainly composed of forsterite and orthoenstatite. The presence of minor amounts of talc, or a talc-like phase 
 ADDIN EN.CITE 
(Comodi et al., 2006; Fumagalli and Stixrude, 2007; Fumagalli et al., 2001; Perrillat et al., 2005)
, is clearly evidenced by XRD peaks around 30 keV in the experiments performed at 1.3 GPa (Figure 10a) whereas for experiments run at 4.3 GPa, the presence of talc could not be unambiguously established (Figure 10b). Considering the high temperature conditions experienced by the samples at the end of the experiments and the PT range where the talc-like phase is stable 
 ADDIN EN.CITE 
(Inoue et al., 2009; Perrillat et al., 2005)
, the talc-like phase may have formed transiently and then decomposed.

Figure 10
    Strain ranged from –4.2 to 17% for the heating and reloading stages, which corresponds to an average strain rate of 7.1 × 10–6 s–1 (Table 2). A negative strain rate of –2.9 × 10–5 s–1 was found after the heating cycle of AA3S, indicating an elongation of the sample, which is likely due to the positive volume change associated with dehydration (provided that the created porosity has not entirely collapsed) and thermal expansion. Based on these values, deformation mostly occurs during cold compression. Nevertheless, a significant amount of strain occurs during the heating stage, when dehydration occurs.

    As observed for quartz, peak thinning (Figure 10b) is observed upon heating here, slightly before the onset of the dehydration reaction. For experiment AA4S, for example, FWHM values of the [–102] antigorite peak at ~40 keV decrease from 1.25 keV (at 873 K) to 0.96 keV (at 973 K). Again, this can be attributed to stress homogenization across the sample and implies that plastic deformation becomes significant above 873 K.

    Diffraction data during heating indicated fast dehydration (within less than a minute); however, no AEs were recorded. During experiment AA8S, at 4.3 GPa and 993 K, the sample pressure was increased by ~300 MPa (up to ~4.6 GPa), after dehydration had initiated to induce strain of the sample. According to previous studies, deformation under these conditions can lead to the sample embrittlement and to AEs production 
 ADDIN EN.CITE 
(Jung et al., 2009; Jung and Green, 2004)
, but in our case, no AEs were generated.
 In our experiments, if AEs were produced in relation to dehydration embrittlement or fluid migration, their amplitude was below the detection level of our device.
    Cut and polished deformed samples were examined in the SEM to look for textures revealing any correlation between dehydration and deformation processes. Sample AA3S (1.3 GPa, 1123 K), which experienced the least strain, did not show any fracture or shear band, i.e., deformation appears to be rather homogeneously distributed (Figure 11a). However, fractures generated during cold compression, as indicated by the AE production, may have been obliterated by the crystallization of the reaction products (Figure 11b) and were apparently not reactivated during or after dehydration. This is consistent with overall sample expansion during the heating ramp. The nature of the dehydration products is consistent with the XRD data, they are composed of 10 µm large prismatic olivine and elongated enstatite grains (Figure 11b) 
. Interestingly, an important porosity has remained in the dehydrated and undeformed areas (Figure 11b), suggesting that the sample was not efficiently drained.

Figure 11
    The other samples, that experienced larger finite strain (Table 2)
, display localized deformation structures and fractures. Some large shear bands aligned at 40 to 45° with respect to the maximum compressive stress are present. They are composed of fine-grained (~1 µm) dehydration products that are aligned along the shear direction (Figure 11d). This indicates that the fault zones were active after dehydration had initiated due to the reloading stage at high temperature. The width of the corresponding shear bands is too large (> 50 µm) to account for any frictional sliding processes. Unlike the undeformed areas observed in the AA3S sample, the absence of porosity in the shear bands indicates that fluid could migrate outwards these zones due to deformation.
 It is hard to find definitive evidences that these bands developed during cold compression and not during the heating and reloading stages. However, these features are consistent with the recording of highly energetic AEs during cold compression. In addition, considering the relatively small amount of strain experienced by the samples during the heating and reloading stage, these fractures were less likely generated during these stages. (Figure 11c).

5. Discussion and conclusions

    For the first time, an experimental setup that combines AE recording and in situ XRD in a DIA multi-anvil device has been successfully developed. The use of six piezoceramic sensors allowed us to determine the location of the AE events and their focal mechanism. These data are helpful to interpret AEs, since the up-scaling between AE production and seismicity is not straightforward. Small AEs may correspond to grain crushing, pore collapse and fluid flow and not to brittle faulting and dynamic fracture propagation per se. In this case, it would be hard to conclude that, because of AE generation, the dehydration of serpentine has a direct seismogenic character.

    The sensitivity of the apparatus has been tested by cold compressing quartz beads and kaolinite powder. Thousands of AEs were recorded during the quartz experiments, which clearly indicates brittle fracturing of quartz samples. We infer from the absence of AEs for the kaolinite samples that the pressure assembly and the pistons are acoustically noiseless.
    During cold compression of the serpentinite samples, the presence of large AEs confirmed the efficiency of the experimental setup. The main result of this study is the absence of AEs during serpentinite 
dehydration, both under positive and negative reaction volume change (∆V = +5% and –1%, at 1.3 GPa and 4.3 GPa respectively);
 this clearly differs from previous work. Sample AA3S that experienced the least strain showed homogeneous deformation which is in good agreement with the absence of acoustic emissions. This is also consistent with former results of Chernak and Hirth (2010) who documented homogeneous deformation on a partially dehydrated sample deformed at 1.5 GPa and 700°C.
 However, as shown by Jung et al. 


(2009) ADDIN EN.CITE  and confirmed in this study, under differential stress, serpentinite deformation can proceed during or after the dehydration by sliding along faults inherited from the cold compression stage. The absence of AEs during or after dehydration in this study suggests “aseismic” slip along these faults whereas previous studies found that serpentinite dehydration produces AEs 
 ADDIN EN.CITE 
(Burlini et al., 2009; Dobson et al., 2002; Jung et al., 2009)
. There are many reasons which could explain this difference:

1) The fast heating of our samples triggers fast dehydration kinetics (or high reaction extents), which may be responsible for the rapid stress relaxation observed before dehydration in our experiments. These, in turn, may inhibit the nucleation of mechanical instabilities within the solid matrix. The high dehydration rates and reaction extents we probed here may rather favor distributed plastic deformation as recently observed in gypsum by Milsch and Scholz (2005). The development of localized shear instabilities might thus only be activated for a very limited range of reaction kinetics. Consequently, fast dehydration kinetics could explain why the mechanism proposed by Jung et al. (2004) does not seem to occur in our experiments. It should be noted here, that the reaction extents and the reaction kinetics investigated in the present study are substantially larger than in previous studies that evidenced AEs associated with serpentine dehydration (Dobson et al., 2002; Dobson et al., 2004; Jung et al., 2006; Jung et al., 2009). In these studies, small fraction of the samples had reacted and the reaction products were only present along preexisting faults.
2) 
3) 
4) There are significant differences in the amount of differential stress (and strain rate) during dehydration, which could not be monitored in any of the multi-anvil studies performed so far. It should be noted that the pressure was increased only by a few hundreds MPa upon heating here. Consequently, strain-accompanying dehydration was likely significantly lower in our experiments compared to stage III of the Jung et al. 


(2009) ADDIN EN.CITE  experiments.
5) Burlini et al. (2009) observed NVT like AEs during serpentine dehydration under hydrostatic stress conditions only, in a paterson gas apparatus.
 Although high fluid production rates were achieved during our experiments due to fast dehydration kinetics, no long period AEs and NVT-like signals were recorded. It is, thus, likely that the sensitivity of our set-up is still too low to record such type of long period low amplitude AE signals generated by dehydration fluid production and migration. 
6) Differences in the composition of the reaction products that compose the fault gouge might also be another explanation. In particular, the possible presence of transient talc or talc-like phases in our experiments may result in softer assemblages than forsterite + enstatite only and may have favored AE-free sliding along the shear bands. We note here, however, that stick-slip instabilities have been recently observed in talc at 300 MPa and 873 K (Escartin et al., 2008).

7)  The level of drainage of the dehydration fluid within the sample is another parameter that is not controlled in multi-anvil experiments; samples are often considered to be fully drained. However, the full drainage assumption may not be valid for high fluid production rates as those encountered for dehydration reactions with high kinetics, such as serpentinite dehydration 
 ADDIN EN.CITE 
(Inoue et al., 2009; Perrillat et al., 2005)
. Effective stress on the fault may therefore vary from one experiment to the other depending on the assembly geometry, the sample microtexture (drainage level) and on the heating rate (dehydration kinetics).

8) 
    Despite these differences, our results indicate that serpentinite dehydration may not be systematically accompanied by large AEs. Instead, we document an interplay between dehydration and ductile deformation under deviatoric stress in our samples. Although AEs may have occurred in our experiments below the detection limit of our device, our results suggest that fast kinetics may not favor dehydration embrittlement
. However, in our experiments, serpentinite dehydration was systematically accompanied by an initial phase of softening (stress relaxation) that could be observed from the diffraction patterns. This has important implications, because if a dehydrating serpentinite body can be considered a soft phase, due to solid volume compaction, this may trigger mechanical instabilities in surrounding more brittle materials (Rutter et al., 2009).

    Finally, a possible reconciliation between seemingly contradictory experimental results obtained during serpentine dehydration might be provided by Rutter and Brodie (1988), who emphasized the role of reaction kinetics in controlling the size of the reaction products. If there is a mechanical instability during serpentinite dehydration, it might only be triggered within a narrow PT window, when the kinetics are slow, i.e., when the reaction products are extremely fine grained. Interestingly, this also seems to be the case during the germanate olivine to spinel transformation, as observed by Burnley et al. (1991), i.e., in the absence of any fluid phase, and for an exothermic reaction with negative volume change.
    Our future perspective is to use a setup similar to that developed for this study, but within a D-DIA apparatus (Wang et al. 2003), in order to perform controlled deformation experiments and confirm or infirm whether intermediate depth seismicity may be reproduced experimentally by running experiments with slower kinetics at higher deviatoric stresses.
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Figure captions
Figure 1: Schematic representation of the experimental setup. The left upper part shows the pressure assembly as well as the upper and lower anvils and two lateral anvils. The lower part shows a detail of the pressure assembly.

Figure 2: Diffraction data collected during cold compression of quartz beads up to P = 4.2 GPa (Z15). (a) Time resolved XRD data. (b) Broadening of the [001] quartz reflection between room conditions and 4.2 GPa used for differential stress estimate. Bi and B0 are the FWHM values at room conditions and 4.2 GPa respectively (see section 3.1.1 for details).

Figure 3: AEs recorded during cold compression and heating of quartz beads at 3.7 GPa and 723 K (AA5Q). (a) Continuous acoustic record during cold compression. Full scale is 5 V, at 30 dB. (b) Location of AEs; the cylinder represents the sample (2 mm diameter and 4 mm length). The largest events are displayed in red. (c) Continuous recording during sample heating.

Figure 4: SEM images of recovered quartz beads (AA5Q, 3.7 GPa, 723 K). The maximum compressive stress is horizontal on the two images. (a) Sample overview including the Al2O3 piston (arrow on the left-hand side of the image). The average quartz grain size is the smallest in the vicinity of the piston,. The main compressive stress is horizontal; large vertical cracks form during cold decompression of the sample. (b) Porosity reduction (pore collapse) occurs by heterogeneous crushing; some grains are pulverized whereas others are mostly preserved (dashed arrows). Cracks longer than the initial grain size are observed (arrows).

Figure 5: Typical waveforms (a, b) and TK focal mechanisms plots (c, d) for cold compression of quartz beads (AA5Q, 3.7 GPa). (a) AE recorded below 1 GPa. (b) AE recorded at ~2.5 GPa. In (a) and (b), left panels represent the signal on the six sensors over the entire triggering window and right panels are 2 µs zooms on each window showing the arrival times (vertical solid lines) and the first amplitudes (dashed lines) picked. (c) Focal mechanisms for the most energetic AEs recorded below 1 GPa; the blue dot corresponds to the event detailed in (a). (d) Focal mechanism for the AEs recorded from 1 to 3.7 GPa; the blue dot corresponds to the event detailed in (b).

Figure 6: In situ results for a quartz + 20 wt.% kaolinite sample (Z02, 0.97 GPa, 1279 K). (a) Continuous recording during cold compression. (b) Location of AEs shown in (a). The cylinder represents the sample (2 mm diameter and 4 mm length).

Figure 7: AEs for cold compression of serpentinite at 4.3 GPa (AA8S). (a) Continuous acoustic record. (b) Location of corresponding AEs; the cylinder represents the sample (2 mm diameter and 4 mm length). Red dot corresponds to the largest event.
Figure 8: (a) Typical waveforms of an AE recorded during cold compression of serpentinite at 1.3 GPa (AA3S). Left panels represent the signal on the six sensors over the entire triggering window and right panels are 2 µs zooms on each window showing the arrival times (vertical solid lines) and the first amplitudes (dashed lines) picked. (b) TK focal mechanism plot for the largest events from AA3S. All events plot close to a double couple type mechanism. (c) Location of the corresponding AE events; the cylinder represents the sample (2 mm diameter and 4 mm length).

Figure 9: P-T diagram showing the stability field of Fe-bearing (3 wt.%) antigorite (Atg) and its dehydration products calculated using PerPleX (Connolly, 2005). Talc (Tc) and anthophyllite (Anth) are stable below 1.6 GPa. Antigorite, olivine (Ol) and orthopyroxene (Opx) coexistence field is due to the presence of FeO. Arrows indicate PT paths followed during serpentinite experiments (AA4S and AA6S). Note the reloading stages at 773 K and 873 K, corresponding to a pressure increase of 300 MPa. The dashed arrows represent the cooling paths and the stars indicate the conditions at which the reaction proceeds (i.e., in the Ol + Opx field).

Figure 10: Time resolved diffraction data and identification of the serpentinite dehydration products. (a) Data corresponding to the reloading, heating cycle and decompression stages of experiment AA4S (1.3 GPa). The dashed lines indicate the correspondence with each stage. Dehydration is observed at ~1073 K. The upper plot shows a detailed diffraction pattern at room temperature and after decompression over a wide range of energies. The reflections have been identified mainly as forsterite (black labels) and orthoenstatite (red labels) along with minor amounts of talc (blue labels). (b) Heating diffraction data for experiment AA6S (4.3 GPa). Dehydration is marked by the vanishing of the main antigorite reflection at 40 keV at ~1073 K. The upper plot shows a diffraction pattern acquired at the end of heating. Phase identification shows the presence of forsterite and orthoenstatite as well as the possible presence of minor talc.



Figure 11: SEM images of recovered serpentinite samples. The bright material in the samples represents either Fe or Ni oxides. The white arrows indicate the maximum compression direction. (a) and (b): AA3S sample; 1.3 GPa. (a): Overview of the sample. The bottom part represents the Al2O3 piston. (b) Enlargement of relatively undeformed part of the sample. Prismatic grains are olivine (black solid arrow) and finer grains are orthoenstatite (black dashed arrow). (c) and (d): AA8S sample; 4.3 GPa. (c) Sample sandwiched between the two corundum pistons. (d) Detail of a shear band displaying alignment of the reaction products along the shearing direction.
















�I don’t want the reader to get confused between D-DIA experiments and “classic” DIA experiments where deformation is induced by the presence of additional alumina pistons
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