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On the efficiency of shock magnetization processes

The acquisition of remanent magnetization caused by hypervelocity impacts may be a major contribution to the remanent magnetization of planetary surfaces and meteorites. In this paper, we investigate the properties of shock remanent magnetization (SRM) and in particular the relative efficiency of this phenomenon with respect to thermoremanent magnetization (TRM), a parameter of interest for the understanding of the magnetic signatures of impact basins on extraterrestrial bodies. We imparted shock remanent magnetization on basalt and microdiorite samples using laser shock in controlled magnetic field. Shock modeling indicates a pressure range of 0.6-1.5 GPa for our experiments. The results confirm that the SRM is parallel to the ambient magnetic field. SRM increases inearly with the ambient field in the 1 µT-2500 µT range. The intensity of SRM is independent of the angle between the shock direction and the direction of the ambient field. The coercivity spectrum of SRM is shifted towards lower values compared to the coercivity spectra of TRM and isothermal remanent magnetization.

For the two studied lithologies, the efficiency of SRM vs TRM acquisition is ≥17% for the basalt and is 36% for the microdiorite. This efficiency depends on the magnetic mineralogy and increases with decreasing coercivity. The rather high efficiency values that we obtained show that a significant remanent magnetization can be acquired by the crust during an hypervelocity impact on a planetary surface in the presence of an ambient field.

Introduction

The effect of shock waves on the remanent magnetization of rocks has implications for the understanding of the magnetic anomalies associated with impact basins on Mars [START_REF] Hood | Distribution of crustal magnetic fields on Mars: shock effects of basin-forming impacts[END_REF], the Moon [START_REF] Halekas | Magnetic fields of lunar multi-ring impact basins[END_REF] or Earth [START_REF] Pilkington | The geophysical signature of terrestrial impact craters[END_REF], and also for the interpretation of the paleomagnetic signal of meteorites and lunar rocks that have all been shocked to a variable degree.

Leaving aside the possible thermoremanent magnetization (TRM) carried by the central volume of rock that was heated above blocking temperatures during the impact (if it is preserved), the magnetic anomalies observed above impact basins are mainly attributed to the A c c e p t e d M a n u s c r i p t much larger volume of surrounding rocks that were affected by relatively low to moderate shock pressures (typically > 1 GPa). The interpretation of this magnetic signature in terms of magnetic mineralogy of the crust or in terms of presence/absence of a magnetic field (global field created by a dynamo or transient field created by the impact) is closely related to the efficiency of shock remanent magnetization (SRM) acquisition. Yet this efficiency has never been determined precisely.

Since the 1970's, a number of studies have dealt with the demagnetization by shock waves of natural (e.g. [START_REF] Cisowski | The effect of shock on the magnetism of terrestrial rocks[END_REF][START_REF] Pohl | Shock magnetization and demagnetization of basalt by transient stress up to 10 kbar[END_REF][START_REF] Hargraves | Investigations of the effect of shock on natural remanent magnetism[END_REF][START_REF] Gattacceca | The effects of explosive-driven shocks on the natural remanent magnetization and the magnetic properties of rocks[END_REF] or artificial (e.g. [START_REF] Nagata | Introductory notes on shock remanent magnetization and shock demagnetization of igneous rocks[END_REF][START_REF] Gattacceca | Investigating impact demagnetization through laser impacts and SQUID microscopy[END_REF], Louzada et al., 2006) remanent magnetization. Much less has been done on the acquisition of remanent magnetization upon shock. Only few papers address this particular issue: [START_REF] Nagata | Introductory notes on shock remanent magnetization and shock demagnetization of igneous rocks[END_REF] who actually named this type of magnetization "shock remanent magnetization" (SRM), [START_REF] Pohl | Shock magnetization and demagnetization of basalt by transient stress up to 10 kbar[END_REF] and [START_REF] Nagata | Shock remanent magnetization of meteorites[END_REF]. In these works, demagnetized rock samples were submitted to shock in a controlled magnetic field. Although the work by [START_REF] Nagata | Introductory notes on shock remanent magnetization and shock demagnetization of igneous rocks[END_REF] was pioneering and set the basis of the understanding of SRM, the maximum shock pressures were in the 45 MPa range, which is about two orders of magnitude lower than the pressures experienced during natural hypervelocity impacts (several GPa). Moreover, no information was provided about the magnetic properties of the target rocks, which are necessary to fully understand the phenomena. [START_REF] Pohl | Shock magnetization and demagnetization of basalt by transient stress up to 10 kbar[END_REF] conducted experiments on basalt with shock pressures up to 1 GPa but did not discuss the efficiency of the SRM acquisition. In order to determine the efficiency of SRM acquisition, we conducted shock experiments with a pulsed laser in controlled magnetic field on previously demagnetized samples.

Description of the target rocks

Our shock experiments were conducted mostly on a Pleistocene basalt from Chanteuges (Haute-Loire, France) and to a lesser extent on a microdiorite from the Esterel range (France).

The basalt is an alkaline basalt containing less than 5% of phenocrystals (mainly olivine and clinopyroxene in equal proportion and up to 1.5 mm in size, and some rare opaque minerals).

The matrix is finely crystallized with an intergranular texture. It contains clinopyroxene (about 20%), plagioclase, olivine and opaque minerals. The microdiorite has a microgranular matrix composed of plagioclase and quartz. The phenocrystals in the microdiorite consist in large zoned automorphic plagioclase crystals, green hornblende crystals, and a few large opaque crystals.

The magnetic properties of the basalt and the microdiorite are synthetized in Table 1 that also provides some petrophysical parameters of interest for shock wave propagation (density, sound speed, porosity). Based on experimental work and numerical simulations, [START_REF] Berthe | Mechanical characterization of basalt using shock wave induced by laser, Application to planetary hypervelocity impact effect[END_REF] describes the mechanical behaviour of this particular basalt under short (ns) and moderate-pressure (~GPa) shock wave comparable to pressure loadings used in the present paper. The mechanical properties and modeling parameter obtained by [START_REF] Berthe | Mechanical characterization of basalt using shock wave induced by laser, Application to planetary hypervelocity impact effect[END_REF] are given in Table 2.

Hysteresis properties and thermomagnetic analyses indicate that titanomagnetite is the main magnetic mineral in the basalt. The thermomagnetic curves display two Curie temperatures at 60°C and 150°C (Fig. 1). However TRM acquisition experiments show that only 10% of the TRM is acquired below 150°C. The fact that most of the TRM is acquired above the thermomagnetic Curie point, up to 300°C evidences that a minor population of titanomagnetite pseudosingle-domain grains carries the remanence (Fig. 1). The microdiorite is described in details in [START_REF] Gattacceca | The effects of explosive-driven shocks on the natural remanent magnetization and the magnetic properties of rocks[END_REF] and its physical properties are given in Table 1. The main magnetic mineral in the microdiorite is multidomain magnetite. As shown by the small standard deviations in Table 1, these two rocks have homogeneous magnetic properties at the ~50 mg scale. Therefore we can consider that for each rock all samples (~2g) used in the shock experiments have the same magnetic behaviour.

All magnetic measurements have been performed at CEREGE (Aix-en-Provence, France) with a 2G cryogenic magnetometer (remanent magnetization), Micromag Vibrating Sample Magnetometer (hysteresis properties) and a KLY2 Kappabridge (magnetic susceptibility) equipped with a CS2 furnace (thermomagnetic analyses). Thermal demagnetization and acquisition of artificial TRM were performed with a MMTD furnace.

Shock waves induced by laser

Pressure shock waves in the range of 1-5 GPa can be easily produced by laser induced plasma in the well-known water confined regime [START_REF] Anderholm | Laser-generated stresses Waves[END_REF][START_REF] Fabbro | Physical study of laserproduced plasma in confined geometry[END_REF][START_REF] Berthe | Shock waves from a waterconfined laser-generated plasma[END_REF]. It consists in irradiating by a focused and pulsed (ns range) laser (GW.cm-2), the target material covered with few mm of water. The energy of the laser induces material ablation into a high-pressure plasma generating a compressive wave inside the target by the action/reaction principle. The expansion of the plasma, limited by the presence of the confining water, allows the generation of a pressure loading higher and longer than in the direct regime for same laser parameters (peak power density, pulse duration, wavelength).

The maximum pressure generated by laser plasma in the water confinement regime is given by the following relation [START_REF] Fabbro | Physical study of laserproduced plasma in confined geometry[END_REF]) validated experimentally [START_REF] Fabbro | Physical study of laserproduced plasma in confined geometry[END_REF][START_REF] Berthe | Shock waves from a waterconfined laser-generated plasma[END_REF]
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where  is the fraction of the internal energy devoted to thermal energy (typically =0.25), I 0 is the incident power density and Z is the reduced shock impedance between the target and the confining water (2/Z=1/Z water +1/Z target ). For basalt target in water confined regime, Z water =0.165 10 6 g.cm -2 .s -1 , Z basalt = 0 C 0 =Z target =1.8 10 -6 g.cm -2 .s -1 and Z=3.04 10 5 g.cm -2 .s -1 .

Equation (1) provides a link between the laser-matter interaction and the pressure loadings induced at the surface of the target material. Pressure increases with power density. At 1 and 2 GW.cm -2 , pressure is 1.5 and 2.2 GPa respectively.

The propagation of shock wave in the target basalt has been simulated using SHYLAC (Shock Hydrodynamic LAgrangian Code), a software developed at LCD (Laboratoire de Combustion et de Détonique, Poitiers, France). A good review on methods used in SHYLAC to simulate shock waves propagation in solids is presented also in [START_REF] Cottet | Spallation study in aluminium targets using shock waves induced by laser irradiation at various pulse durations[END_REF], [START_REF] Antoun | Spall fracture[END_REF] and [START_REF] Zel'dovich | Physics of shock waves and high-temperature hydrodynamic phenomena[END_REF]. SHYLAC is a 1D finite difference code solving hydrodynamics conservative laws including a Mie-Grüneisen equation of state and a perfectly elasto-plastic constitutive law for metallic materials (von mises Criteria and hooke law). Main data required for SHYLAC simulations are: the pressure loading profile (obtained from equation (1) and [START_REF] Fabbro | Physical study of laserproduced plasma in confined geometry[END_REF] and physical and mechanical material properties: density   , yield strength Y 0 , shear modulus G, Mie-Grüneisen coefficient, bulk sound velocity C 0 and material constant S. For the target basalt, these parameters are reported in Table 2. SHYLAC calculates the state of matter as a function of time and location in the target. In particular, pressure attenuation in the basalt can be computed (Fig. 2). The pressure decreases down to a depth for which it becomes constant at 0.6 GPa. This level corresponds to the pressure of the elastic wave propagating without attenuation [START_REF] Berthe | Mechanical characterization of basalt using shock wave induced by laser, Application to planetary hypervelocity impact effect[END_REF]). This depth of elasto-plastic transition depends on the incident loading: it is 8.8 mm at 4 GW.cm -2 (3 GPa) against 0.86 mm at 0.16 GW.cm -2 .

Clearly, the laser beam and high-pressure plasma induce a temperature increase in the material that is negligible in the present case. Indeed, the heated zone consists of a thin layer of only 10-20 µm [START_REF] Peyre | Influence of thermal and mechanical surface modifications induced by laser shock processing on the initiation of corrosion pits in 316L stainless steel[END_REF], to be compared to the thickness of sample (10 mm).

Besides, the shock wave itself induces a temperature increase that is negligible (typically about a few °C) for the pressures encountered in this work (e.g. [START_REF] Stöffler | Shock metamorphism of ordinary chondrites[END_REF].

Experimental protocol

The experimental protocol can be decomposed into two main steps: laser shock treatment in a controlled magnetic field followed by measurement of the remanent magnetization of the shocked sample. Oriented cylindrical samples (10 mm high, 9.5 mm in diameter, mean mass 2.14±0.05 g for the basalt and 1.98±0.01 g for the microdiorite) were subjected to laser shocks in the water-confined regime in a magnetic field controlled by three orthogonal pairs of Helmholtz coils (Fig. 3). The sample is held in place by a plastic device. There are no metallic parts inside the Helmholtz coils system. The experiments have been performed with a Ndglass laser at LCD (Laboratoire de Combustion et de Détonique, Poitiers, France). The pulse duration is 30 ns, the maximum energy is 21.5 J and the spot diameter is 4.25 mm at the surface of the sample. This setting is described in more details in [START_REF] Gattacceca | Investigating impact demagnetization through laser impacts and SQUID microscopy[END_REF]. For each laser shot, the pulse duration and shape and energy are recorded. The energy of the laser at the surface of the sample is adjusted by intercalating along the laser path calibrated neutral densities. Power densities used in this work are in the range 0.1-4 GW.cm -2 .

In order to isolate the shock magnetization process without interference of the original magnetization of the basalt, the samples were fully demagnetized before the experiments and the residual remanent magnetization was measured. The basalt samples were demagnetized using thermal demagnetization at 290°C followed by alternating field (AF) demagnetization at 150 mT. The microdiorite samples were demagnetized using thermal demagnetization at 590°C followed by AF demagnetization at 150 mT. We checked on test samples of basalt and microdiorite that these thermal treatments had no effect on the intrinsic magnetic properties (hysteresis, magnetic susceptibility). The residual remanent magnetization is 5.20 ± 2.16 10 -5 Am 2 kg -1 for the basalt and 7.83 ± 1.13 10 -5 Am 2 kg -1 for the microdiorite. The lower detection limit of the 2G DC SQUID magnetometer is about 10 -11 Am 2 , i.e. 4 orders of magnitude lower than these residual magnetization.

After the shock experiments, the remanent magnetization of the oriented samples was measured. If we suppose that the residual pre-shock magnetization is not affected by the shock (in view of its high coercivity), the vectorial difference between the post-shock magnetization and the pre-shock magnetization provides the SRM moment. The SRM was subsequently stepwise demagnetized with AF fields or thermal treatments.

Results

Although repeated shocks with the same intensity can create an increasing SRM [START_REF] Nagata | Introductory notes on shock remanent magnetization and shock demagnetization of igneous rocks[END_REF][START_REF] Pohl | Shock magnetization and demagnetization of basalt by transient stress up to 10 kbar[END_REF], we performed a single shock experiment on each sample because the goal of this study is to model experimentally single natural impacts.

Pressure and SRM homogeneity in the sample

A first set of 12 basalt samples was submitted to shock of different intensity in a magnetic field of 200 µT oriented parallel to the direction of shock. The intensities of the resulting SRM show that for an energy flux above ~1 GWcm -2 there is no significant increase of the SRM (Fig. 4). As a consequence, we used for all the other shock experiments a laser pulse with a constant energy flux of ~1.9 GWcm -2 , which is enough to impart an almost complete SRM (an analogy for acquisition of TRM would be heating above the maximum blocking temperature). For an energy flux of 1.9 GWcm -2 the pressure in the sample decays from 2 GPa at the surface to 0.6 GPa at the bottom of the sample (Fig. 2).

In order to study the possible decay of SRM with distance to the impact, we cut 1 mm-thick parallelepipedic sub-samples (with mass ~ 20-30 mg) from two shocked basalt samples using a wire saw with a wire diameter of 220 µm. For sub-samples located straight below the impact spot, the intensity of SRM is higher for the first upper mm and is fairly constant from 1 to 10 mm with a mean deviation of 5% around the mean intensity (Fig. 5). Referring to the pressure model of Fig. 2, this indicates that the SRM acquisition is approximately constant for pressures in the range 0.6-1 GPa, whereas it is ~20% higher at 1.7 GPa. The same experiments for the microdiorite show a constant SRM from top to bottom of the shocked sample with a mean deviation of 10% around the mean SRM (Fig. 5), indicating almost complete shock magnetization even at the lower pressure suffered by the bottom of the sample (~0.6 GPa if we consider that the propagation of shock wave in the microdiorite is similar to the propagation in the basalt).

Unexpectedly, the SRM intensities of sub-samples taken directly straight below the laser spot or on the edges of the sample (more than 1 mm away from the loaded spot) show no significant difference (Fig. 5). The diameter of the loaded spot at the surface of the sample is 4.25 mm, so that the volume located straight below the impact spot represents only 20% of the total volume of the sample. The fact that the whole volume of the samples is homogeneously affected by shock magnetization is probably linked to multiple 3D reflections of the elastic compression wave throughout the sample, which could result in a minimum peak pressure of ~0.6 GPa in the whole volume of the sample. Further work has been planned to clarify that point.

In conclusion, with an energy flux of 1.9 GW.cm -2 the SRM acquisition is rather homogeneous in the cylindrical sample, as the whole volume of the sample seems to be affected by a minimum peak pressure of 0.6 GPa. This homogeneity justifies that the SRM intensity can be computed directly as the SRM moment measured on the bulk sample divided by the sample mass. With these shock settings, SRM in the microdiorite samples seems to have reached its maximum value whereas the SRM in the basalt samples is shy by at least 20% from its maximum value.

SRM properties

A second set of 54 basalt samples was submitted to shock with a mean energy flux of 1.89±0.16 GWcm -2 in an ambient field varying in strength between 10 nT and 2.5 mT, and varying in direction between 0° and 90° away from the direction of shock. For a given magnetic field, we do not observe a significantly lower SRM when the ambient field is perpendicular to the direction of propagation of shock than when it is parallel (Fig. 6). [START_REF] Nagata | Introductory notes on shock remanent magnetization and shock demagnetization of igneous rocks[END_REF] had observed a decrease of SRM by a factor of ~0.75 when the ambient field was perpendicular (for pressures up to 45 MPa). Our results indicate that this observation may be relevant only for low shock pressures (<< 1 GPa).

The SRM increases linearly with the ambient field in the 1 µT-2500 µT range (Fig. 7), confirming previous results [START_REF] Nagata | Introductory notes on shock remanent magnetization and shock demagnetization of igneous rocks[END_REF][START_REF] Pohl | Shock magnetization and demagnetization of basalt by transient stress up to 10 kbar[END_REF] and extending them to higher and lower magnetic fields. It is noteworthy that within this field range, isothermal remanent magnetization is about one order of magnitude lower than SRM and does not contribute significantly to the magnetization of the shocked samples. Below 1 µT, the lack of linearity is likely attributable to poor control of the ambient field (see a similar discussion about TRM acquisition in [START_REF] Tauxe | A linear field dependence of thermoremanece in low fields[END_REF] and/or to an increasing relative contribution of a transient field possibly created by the laser shock itself [START_REF] Srnka | Magnetic field and shock effects and remanent magnetization in a hypervelocity impact experiment[END_REF][START_REF] Crawford | Laboratory observations of impact-generated magnetic fields[END_REF]. Also, at low fields the expected SRM becomes lower than the residual magnetization before shock (Fig. 7) so that slight differences in orientation when measuring the residual magnetization and the post-shock magnetization vectors may result in a large error in the SRM computed as the difference between these two vectors. Moreover the subtraction does not take into account a possible shock demagnetization of the residual pre-shock remanence, even though the very high coercivity of the pre-shock remanence probably limits this effect.

Alternating field and thermal stepwise demagnetization show that samples have acquired a single component of magnetization during the shock (Fig. 8). SRM has a coercivity spectrum dominated by coercivities below 20 mT with a median destructive field of 5 mT compared to A c c e p t e d M a n u s c r i p t 11 mT for TRM and 9 mT for saturation isothermal remanent magnetization (sIRM) (Fig. 9).

For a magnetizing field above 1 µT, the direction of the SRM is parallel to the direction of the applied field, with a mean angular departure of 3.8° between the direction of impact and SRM, which is easily explained by the orientation errors during the shock experiments and magnetic measurements. For magnetizing field below 1 µT, the angular departure increases significantly for the above-mentioned reasons (poor field control and/or transient field).

In order to compare SRM acquisition with TRM acquisition, we conducted TRM acquisition experiments on a set of 5 other basalt samples, using fields between 10 µT and 150 µT. The results are plotted in Fig. 7. The same set of experiments was conducted on 6 microdiorite samples. The data for the acquisition of SRM and TRM by the microdiorite are presented in Fig. 10. The AF demagnetization data of SRM, TRM and sIRM for the microdiorite are presented in Fig. 11.

For both the microdiorite and the basalt, the hysteresis properties and magnetic susceptibility show no variation with depth and are identical to the properties of unshocked samples, as expected in the pressure range used in this study (< 2 GPa), and in contrast with the permanent modification of magnetic properties observed for pressures > 10 GPa [START_REF] Gattacceca | The effects of explosive-driven shocks on the natural remanent magnetization and the magnetic properties of rocks[END_REF].

Discussion

The existing works about SRM acquisition [START_REF] Nagata | Introductory notes on shock remanent magnetization and shock demagnetization of igneous rocks[END_REF][START_REF] Pohl | Shock magnetization and demagnetization of basalt by transient stress up to 10 kbar[END_REF][START_REF] Nagata | Shock remanent magnetization of meteorites[END_REF]) allowed the main properties of SRM to be defined. SRM is parallel to the ambient magnetic field present at the time of shock, and its intensity is proportional to the strength of this field. The intensity of SRM increases linearly with pressure below 45 MPa [START_REF] Nagata | Introductory notes on shock remanent magnetization and shock demagnetization of igneous rocks[END_REF][START_REF] Nagata | Shock remanent magnetization of meteorites[END_REF]. For higher pressures, the intensity of SRM still increases with pressure, though with a decreasing rate. This was observed up to 1 GPa [START_REF] Pohl | Shock magnetization and demagnetization of basalt by transient stress up to 10 kbar[END_REF] and it is probable that above a given pressure the intensity of SRM does not increase any more. Lastly, repeated shocks with the same intensity create higher and higher SRM. This effect is most dramatic at low pressures [START_REF] Nagata | Introductory notes on shock remanent magnetization and shock demagnetization of igneous rocks[END_REF] but remains visible for pressures up to at least 0.25 GPa [START_REF] Pohl | Shock magnetization and demagnetization of basalt by transient stress up to 10 kbar[END_REF].

The relative efficiency of SRM versus TRM acquisition is a valuable parameter for the interpretation of magnetic anomalies observed above impact basins. In the following, we define this efficiency (noted ) as the ratio of SRM intensity to TRM intensity acquired in the same field. The absence of magnetic anomalies above extraterrestrial impact basins are generally interpreted as evidence that the dynamo had shut down at the time of impact (e.g. [START_REF] Acuña | Global distribution of crustal magnetization discovered by the Mars Global Surveyor MAG/ER experiment[END_REF], but this cannot hold if  is << 1. In that case additional information about the magnetization in the rock melted during the impact (if they are preserved) is necessary.

Data on SRM acquisition are scarce and no reliable data is available about the efficiency of SRM acquisition.  has been estimated between 1 and 10% for fine particle iron (Dickinson and Wasilewski, 2000), but [START_REF] Martelli | Hypervelocity cratering and impact magnetisation of basalt[END_REF] have found, by impacting magnetitebearing basalts, that TRM and SRM acquisitions were equally efficient. Data from [START_REF] Pohl | Shock magnetization and demagnetization of basalt by transient stress up to 10 kbar[END_REF] on a titanomagnetite-bearing basalt indicate that  increases with pressure (up to 1 GPa) and does not depend on the ambient field, at least between 100 and 700 µT.

The comparison between the SRM and TRM acquisition curves (Fig. 7 and 10) provides a precise estimate of the SRM efficiency  for a shock pressure of ~0.6 GPa (noted  0.6 ). The data show that  0.6 is independent of the magnetic field on the 1-1000 µT range.  0.6 values are 0.14 for the pseudosingle-domain titanomagnetite-bearing basalt, and 0.36 for the multidomain magnetite-bearing microdiorite. As discussed in §5.1, for the basalt  0.6 is shy by at least a factor 1.2 from the true  value that may be reached at higher pressure, whereas for the microdiorite  0.6 is probably close to the true  value. The differences between the values for the microdiorite and the basalt indicate that  is sensitive to the intrinsic magnetic properties of the rock and that no general value can be proposed. For the basalt and the microdiorite, SRM has a coercivity spectrum shifted towards low coercivities with respect to TRM (Fig. 9 and 11). The median destructive field of SRM (resp. TRM) are 5 mT (resp. 11 mT) for the basalt and 7 mT (resp. 10 mT) for the microdiorite. This shift suggests that SRM will be more sensitive to viscous decay than TRM. As a consequence a SRM acquired in and around an impact basin may undergo more viscous relaxation than the surrounding TRM and may be relatively difficult to detect by now for impacts that are several billions years old (see [START_REF] Shahnas | Viscous and impact demagnetization of Martian crust[END_REF] for a quantitative estimate of TRM viscous demagnetization of the Martian crust for instance).

From the SRM and TRM alternating field demagnetization data, the efficiency of SRM versus TRM acquisition can be computed on different coercivity windows as the ratio of the SRM and TRM moments demagnetized over the same coercivity window, noted ' (Fig. 12, following the concept of REM' introduced by [START_REF] Verrier | Estimating peak currents at ground lightning impacts using remanent magnetization[END_REF][START_REF] Verrier | Estimating peak currents at ground lightning impacts using remanent magnetization[END_REF]Gattacceca and[START_REF] Gattacceca | Toward a robust normalized magnetic paleointensity method applied to meteorites[END_REF]. It clearly appears that the acquisition of SRM is more efficient at lower coercivities. The two rocks display contrasting behaviour: for the basalt ' decreases quickly and is below 0.1 at 10 mT whereas for the microdiorite ' almost plateaus around 0.3 between 5 mT and 40 mT. This conclusion is valid for the moderate shock pressures involved here (2 GPa maximum) that do not result in "shock hardening" (shock-induced coercivity increase) as demonstrated in the higher pressure range (10 GPa) used in [START_REF] Gattacceca | The effects of explosive-driven shocks on the natural remanent magnetization and the magnetic properties of rocks[END_REF]. When shock hardening is involved, SRM intensity and coercivity may become similar to the one of TRM [START_REF] Gattacceca | The effects of explosive-driven shocks on the natural remanent magnetization and the magnetic properties of rocks[END_REF]. In any case, even for the pressure range used in this work, it is noteworthy that SRM acquisition may be of the same order of magnitude as TRM acquisition for samples dominated by low-coercivity grains.

Conclusion

We have performed laser shock experiments on igneous rocks in controlled magnetic fields and studied the subsequent acquisition of remanent magnetization (SRM). Shock modeling indicates a pressure range of 0.6-1.5 GPa for our experiments. Our results confirm that the SRM is parallel to the ambient magnetic field. SRM increase linearly with the ambient field in the 1 µT-2500 µT range, confirming previous results [START_REF] Nagata | Introductory notes on shock remanent magnetization and shock demagnetization of igneous rocks[END_REF][START_REF] Pohl | Shock magnetization and demagnetization of basalt by transient stress up to 10 kbar[END_REF] and extending them to higher and lower magnetic fields. Contrary to previous studies [START_REF] Nagata | Introductory notes on shock remanent magnetization and shock demagnetization of igneous rocks[END_REF], we do not observe a lower SRM when the ambient field is perpendicular to the direction of propagation of shock than when it is parallel, which suggests that this observation may be relevant only for low shock pressures (<<1 GPa). The coercivity spectrum of SRM is shifted towards lower values compared to the coercivity spectra of TRM and isothermal remanent magnetization.

Comparison of SRM and TRM acquired in the same magnetic field provides a precise value of the efficiency (noted ) of SRM acquisition with respect to TRM acquisition, a parameter of interest for the understanding of the magnetic signatures of impact basins on extraterrestrial bodies. For the two studied lithologies,  is ≥17% for the basalt and is 36% for the microdiorite.  depends on the magnetic mineralogy and increases when coercivity decreases in agreement with a lower coercivity of SRM versus TRM. The range of observed values shows that a significant remanent magnetization can be acquired by the crust during an hypervelocity impact on a planetary surface in the presence of an ambient field. As a consequence, this magnetizing mechanism must be considered when studying the magnetic signature of planetary surfaces submitted to impacts (on Mars, Earth, the Moon) or the paleomagnetism of meteorites that have almost all been shocked to pressures higher than a few GPa. horizontal planes, respectively. The post-shock magnetic moments are 5.81 10 -6 Am 2 for the basalt sample and 7.56 10 -7 Am 2 for the microdiorite sample. 
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Figure 1 -

 1 Figure 1 -Thermomagnetic curve for the basalt (susceptibility vs. temperature). Empty circles indicate the beginning of the heating curves. Heating = thick line, cooling = thin line.Progressive TRM acquisition is also plotted (dotted line, with standard deviation for the 3 measured samples).

Figure 2 -

 2 Figure 2 -Peak pressure in the basalt sample as a function of depth for different energy densities applied by the laser at the sample surface. The pressure values are derived from the experimental calibration of Berthe et al. (2007).

Figure 3 -

 3 Figure 3 -Sketch of the experimental setting used in this work.

Figure 4 -

 4 Figure 4 -Shock remanent magnetization (SRM) acquired by the basalt samples in an ambient field of 200 µT as a function of the energy flux applied by the laser pulse. Standard deviations are plotted when several samples were measured for the same energy flux.

Figure 5 -

 5 Figure 5 -Shock remanent magnetization (SRM) of sub-samples located straight below the impact spot as a function of depth below the surface for a basalt sample (solid line) and a microdiorite sample (dashed line). The horizontal line is the mean value (with s.d.indicated by the grey band) of the sub-samples that are not located straight below the impact spot. The SRM are normalized to the remanence at saturation (Mrs) in order to take into account the natural variability in magnetic mineral content and properties at the scale of the ~20 mg sub-samples.

Figure 6 -

 6 Figure 6 -Shock remanent magnetization (SRM) acquired in an ambient field of 100 µT and a laser energy flux of 1.9 GW.cm -2 as a function of the angular deviation between the direction of shock and the direction of the ambient field. The dashed line is the linear best fit. Several samples have been measured for each orientation and the standard deviations are indicated by the vertical "error bars".

Figure 7 -

 7 Figure 7 -TRM upon heating at 280°C (solid circles, solid line) and SRM upon laser shock with a mean energy density of 1.89 GWcm -2 (open circles, dashed line) acquired by the 54 basalt samples as a function of the ambient magnetic field. Several samples have been studied for each field value and the standard deviations are indicated by the vertical "error bars". The residual remanent magnetization of the samples before the shock experiment is indicated by the thin horizontal line (with standard deviation indicated by the grey band).

Figure 8 -

 8 Figure 8 -Orthogonal projection plots of stepwise demagnetization data of a basalt and a microdiorite cylindrical samples shocked with a laser energy density of ~1.9 GW.cm -2 in a vertical magnetic field of 200 µT. Open and solid symbols are projections on vertical and
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Figure 9 -

 9 Figure 9 -Alternating field demagnetization data of SRM acquired by the whole cylinder samples of basalt during the shock experiments. The data for saturation IRM (acquired in a 3T field) and artificial TRM (acquired upon heating at 290 °C in a field of 100 µT) are given for comparison.

Figure 10 -

 10 Figure 10 -TRM upon heating at 590°C (solid circles, solid line) and SRM upon laser shock with a mean energy density of 1.81 ± 0.02 GWcm -2 (open circles, dashed line) acquired by the 6 microdiorite samples as a function of the ambient magnetic field. When several samples have been studied for the same field value, the standard deviations are indicated by the vertical "error bars". The residual remanent magnetization of the samples before the shock experiment is indicated by the thin horizontal line (with standard deviation indicated by the grey band).

Figure 11 -

 11 Figure 11 -Alternating field demagnetization data of SRM acquired by the acquired by the whole cylinder samples of microdiorite during the shock experiments. The data for saturation IRM and artificial TRM (acquired upon heating at 590 °C in a field of 100 µT) are given for comparison.

Figure 12 -

 12 Figure 12 -Efficiency of SRM acquisition versus TRM acquisition in a given coercivity window (') for the basalt (solid circles) and the microdiorite (empty circles). The alternating field value is the middle of the coercivity window of interest. The negative ' values are attributable to measurement noise for high AF values. The total  values are indicated by the horizontal solid line (basalt) and the horizontal dotted line (microdiorite).
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