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The Earth=s deep interior is only accessible by indirect methods, first and foremost seismological studies. The interpretation of these seismic data and the corresponding numerical modelling requires measurements of the elastic properties of representative Earth materials under experimental simulated in-situ pressure-temperature conditions. Various experimental techniques for velocity measurements under crustal and mantle conditions and the results are described.

Introduction

Models of the Earth=s interior are primarily based on seismic measurements as these data supply a much more detailed image of the Earth=s interior than any other geophysical or geochemical method. Recent seismic tomography studies and corresponding numerical models have demonstrated that under certain conditions subducting slabs can reach the core mantle boundary (CMB) (van der Hilst, 1995; [START_REF] Lowman | Mantle convection flow reversals due to continental collisions[END_REF][START_REF] Van Der Hilst | Complex morphology of subducted lithosphere in the mantle beneath the Tonga trench[END_REF][START_REF] Lowman | Continental collisions in wide aspect ratio and high Rayleigh number two-dimensional mantle convection models[END_REF], 1999;[START_REF] Peacock | Partial melting of subducting oceanic crust[END_REF] van der Hilst and Karason, 1999). Furthermore, using short-and long-period precursors of PKP phases ultra-low velocity zones (ULVZ) at the core-mantle boundary beneath the Western Pacific [START_REF] Wen | Ultra-low velocity zones near the core-mantle boundary from broadband PKP precursors[END_REF] and central Africa [START_REF] Ni | Probing an ultra-low velocity zone at the core mantle boundary with P and S waves[END_REF] In spite of elucidating such geophysical features there is an increasingly convincing that the base of superplumes is related to these thermo-chemical piles at the CMB [START_REF] Kellogg | Compositional Stratification in the Deep Mantle[END_REF][START_REF] Romanowicz | Superplumes from the core-mantle boundary to the base of the lithosphere[END_REF]Lassak et al., 2007). Despite all enigmatic details, undoubtedly, the CMB features are not as simple and stratified as previously thought, i.e.

through out the whole mantle we probably have rocks of at least similar complexity as compared to those at crustal depths. High-pressure research in mineral physics faces challenging tasks for elucidating the mantle petrophysics and petrology and the elastic properties (v p , v s ) (complex mineral assemblages), i.e. under the in-situ P-T conditions involving various relevant degrees of partial melting at deep Earth=s conditions is a key question. The purpose of this study is to describe various experimental techniques for velocity and attenuation measurements under high P-T environments relevant to lower crust and upper mantle environments.

2 Experimental Techniques

Gas Pressure Systems

For petrophysical measurements, crustal P-T conditions (~ 1.2 GPa and 520 to 700°C) can be experimentally simulated by oil pressure vessels, gas pressure systems and piston-cylinder apparatus. The hydrostatic systems (oil and gas pressure) ensure a stress-free sample. Gas pressure vessels enable experiments at temperatures higher than 1000°C, but require stringent safety precautions because of the high energy capacity of compressed gases (Manghnani et al., 1974). Use of noble gases inhibits chemical reactions with sample and sensors (Mueller, 1995;Mueller andRaab, 1995, 1997;[START_REF] Mueller | Symmetric and asymmetric interferometric method for ultrasonic compressional and shear wave velocity measurements in piston-cylinder and multi-anvil high-pressure apparatus[END_REF]. Argon gas which is commonly used limits the maximum pressure to about 1.3 GPa because of freezing. Getting and Spetzler (1993) developed an argon pressure system with the peak pressure of 6 GPa, keeping the frozen gas at the sealings and gaseous around the sample by heating (Getting, and Spetzler, 1993; Getting and
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3 Burnley, 1994). We used a high performance gas pressure vessel (Fig. 1) with helium as pressure medium able to simulate the conditions through the whole crust down to the uppermost mantle up to about 80 km depth. The maximum conditions are 2.5 GPa and 1600°C (Mueller and Massonne, 2001).

Ultrasonic travel time measurement

Figure 2 shows a scheme of 2 typical setups for encapsulated samples. The ultrasonic waves transmitted through are generated and received by piezoelectric transducers. Lithium niobate (Curie temperature 1,142 °C) piezoelectric transducers were deployed for transmitting and receiving the ultrasonic waves in the sample for measurements up to 25 GPa and 1,400°C. Triple mode transducers generate compressional, shear waves and a useless mixed mode simultaneously (Mueller et al., 2007;Ishikawa et al., 2009). If the energy level of these transducers is not sufficient because of highly attenuating samples, separate pairs of single mode transducers have to be used. For velocity measurements on rock specimens to melting temperatures and above ceramic buffer rods were used to keep the transducers at cooler temperatures than the sample temperature. To measure the elastic wave velocities, the travel time of a pulse is measured resulting in an uncertainty of 1 to 2 %. The frequency of the ultrasonic waves is 1 MHz corresponding to a wavelength of about 7 mm inside the rock sample. To learn the relation between structural development under the influence of pressure and temperature during the experiments and the corresponding elastic wave velocity data after the runs petrographic thin sections of the samples were analyzed under a microscope, see Fig. 4. As an example Fig. 5 show a microsection of a granite with melt margins, the corresponding binary picture made by digital image processing, as well as the orientation distribution of these melt margins. This technique provides a quantitative analysis of the structural development during the experimental runs. To get information from previous stages additional experiments quenched at earlier stages of the process were performed. Fig. 6 demonstrates the results for granite Ki1.

Results

Fig

Between 750°C and 800°C at 0.5 GPa pressure, the total melt content increases from 2% to 6%. This is not only a quantitative effect, but also a qualitative one. The main orientation of melt margin=s long Aparticle@ axes turns from 350° to 355°. This is accompanied by a stronger alignment, i.e., secondary orientations become less important. In contrast, the development of granulite exposed to 1.5 GPa pressure in a long-term experiment of 48 h duration is totally different (see Fig. 7). Between 750°C and 800°C the melt content increases from 18% to 36%.

Contrary to that observed for granite, the orientation distribution of the melt margins in this case developes from a more or less uniform orientation around 0° to more or less even significant 3 orientations at 5°, 20°, and 120°. Considering the high total melt content of 36% this result is surprising. It clearly shows how important the Amemory@ of a rock is for its further development. Granulite is highly preferred orientated, whereas granite is not. Results of this type are quite interesting for crustal research. Establishing the deep mantle petrophysics and petrology as derived above we have to make artificial rocks of a mineral composition representative for the
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6 in-situ pressure and temperature conditions. For making these rocks also with a realistic texture we urgently need a detailed quantitative knowledge about the relation between texture, mineralogy and resulting physical properties in natural high pressure rocks.

Fig. 8 compares theoretical data from Mavko, 1980 with our experimental data for v p and v s in dependence on melt fraction. Our experiments verify the theory as follows: Small melt contents up to about 3% are exclusively located in thin layers (f -for foils); higher amounts create more and more spacy melt bodies (f+t -for foils and tubes) approaching a stage where this layers diminishes (t -for tubes).

Classical petrological experiments use powdered natural rocks or gels from oxide mixtures to accelerate the reaction kinetics. This way any dependence on texture cannot be studied. Our experiments show that mineral reactions accompanied by structural creation processes even in unprocessed natural rocks are observable evaluating long-term petrophysical experiments. Fig. 9 shows a granulite microsection of a sample exposed to 1.5 GPa pressure and 800°C for 48 h in two different magnifications. The detail-microphotograph shows how a garnet from the original rock is going to decompose and is now surrounded by several small garnets newly formed from the melt during the experiment. Already the appearance make two different garnet generations most likely, because similar structures could not be observed in the original rock sample.

Additionally we found a slightly different chemistry. The newly formed garnets and orthopyroxenes are rich in iron and magnesium from molten micas (see detailed melting reactions below). We also found newly formed corundum needles of about 30 μm length, see 

Ultrasonic interferometry

In contrast to the gas pressure system using the travel time technique is not reasonable. The 

Set-up

Measuring the elastic wave velocities of melts under simulated mantle conditions require some refinement of the set-up design. First of all the sample has to be encapsulated to prevent the melt from leaking out of the working section resulting in a blow-out of the whole set-up. With a molten sample the alignment of buffer and reflector becomes critical. Otherwise the reflected waves from the front and rear face of the sample would be no longer parallel to each other resulting in problems with the evaluation of their superposition. The high melting temperatures of basic rocks result in softening of the boron epoxy cubes of the set-ups accompanied by an increased blow-out hazard. Classical capsule materials used in experimental petrology -gold and platinum -drop out of the choice because of their high X-ray density. Even a thin metal sheet between buffer and sample for its encapsulation is a problem because of the short ultrasonic wave length of several tens of micrometers, i.e. metal foil and wave length are in the same order of magnitude and additional interfaces result in extra energy losses.

We designed a set-up with an encapsulation made from titanium covering the entire travel path including reflector and blow-out preventer (Fig. 15). It is sealed during the first stages of the high pressure run, ensures the alignment of the working section, and is sufficiently X-ray transparent.

For the first test runs we picked a material with a low melting point, but a very low viscosityhot-melt adhesive for optics. Any leaking or misalignment of the molten sample could not be observed.
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Results

Fig. 16 shows the elastic wave velocity results up to 0.5 GPa pressure and 400°C temperature.

Fig. 17 displays the X-radiographs taken before and after sample melting.

Triple-stage systems for present thrusts

There is a gap between the range of operation of LVPs and DACs. 

Summary and future prospects

We presented designs for measuring the elastic wave velocities of melts and partial molten 
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 4135 Fig.3shows the measured elastic wave velocity data for p-and s-waves, and the Poisson=s ratio
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 9 distance between transducer and sample is much longer than the sample. Additionally very often the travel path is composed of multiple parts. All that would reduce the accuracy of the measurement to 10% or worse. Ultrasonic interferometry evaluates the superposition of the elastic waves reflected from the front and rear face of the sample. The result is a periodical sequence of constructive and destructive interferences[START_REF] Mcskimin | Ultrasonic measurement techniques applicable to small solid specimens[END_REF][START_REF] Li | Elastic wave velocities of mantle minerals to 10 GPa in multi-anvil apparatus by in situ ultrasonic techniques[END_REF][START_REF] Mueller | Symmetric and asymmetric interferometric method for ultrasonic compressional and shear wave velocity measurements in piston-cylinder and multi-anvil high-pressure apparatus[END_REF] Mueller et al., , 2003 Mueller et al., , 2005a)). The technique require parallel sample faces. For known sample length the elastic wave velocity can be calculated from the distance between the maxima or minima in the interference pattern. That means the sample length under in situ conditions is strongly needed, i.e. precise high pressure ultrasonic interferometry require X-radiography at a light source (Fig.13). The practical uncertainty of the velocity measurements by interferometric technique used in LVPs is in the range of 0.2%, i.e. 10-times better than the travel time method, and is totally independent on the length of the entire travel path in particular. But there is a problem with classical ultrasonic interferometry, it is very time consuming. Sweeping through the frequency range of several tens of MHz costs about 30 minutes, much too long for transient measurements. The data transfer function (DTF) (Li et al, 2002; Mueller et al., 2005b) technique sends a calculated signal to the transducer comprising the entire frequency range, which was used by the classical sweep technique (Fig. 14). Consequently the reply of the system also comprises all the superpositions of the elastic waves reflected from both front faces of the sample. The superposition pattern of the classical sweep technique is recaptured by a post-convolution. So, the syn-experimental time and effort of the frequency sweep is shifted to a post-experimental calculation. Saving the highly resoluted transfer function to a PCharddrive costs about 1 minute.

  From geophysical point of view recent results on ultra-low velocity zones above the core-mantle boundary are the most challenging tasks for present day mineral physics. The fundamental phase transitions in that range of conditions are known from DAC experiments. For a comprehensive understanding of processes in complex mineral systems single crystal measurements with micrometer-sized samples are surely insufficient. Utsumi et al., 1986 published a technique to reach 60 GPa using sintered diamond anvils as additional stage in a single-stage DIA-type LVP. Wang and Utsumi, 2005 reported the further pressure increase by using deformation DIA systems. We performed triple-stage experiments using TC-anvils (Fig.18) and could reach nearly 50 GPa[START_REF] Mueller | Recent development of experimental techniques for high-pressure mineral physics under simulated mantle conditions[END_REF]. Using HIME-diamond (nano-polycrystalline diamond) the Irifune group published a peak pressure of more than 90 GPa (Kunimoto and Irifune, 2006) and reached nearly 100 GPa (pers. comm.) recently.
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 11 systems under high pressure conditions and their results. Depending on the maximum pressures different techniques have to be used for the experimental simulation of deep crustal to uppermost mantle-and deep mantle conditions. Many challenges still exist. One of the most important one with the most far-ranging general meaning for our understanding of the dynamics of the deep seems to be the material / structural interpretation of the ultra-low velocity regions above the core-mantle boundary.The conditions of the core mantle boundary -about 140 GPa and more than 2,000°C -are not accessible for recent LVPs. Triple-stage techniques are a promising way to simulate these conditions in a volume sufficient to investigate the processes in complex mineral assemblages under these extreme conditions. .M. Lassak, A.K. McNamara, and S. Zhong, Influence of thermochemical piles on stress development at Earth=s core-mantle boundary, Earth Planet Sci. Lett., 261 (2007), 443-455.
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