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Introduction

For isotropic rocks in dry conditions, upscaling of elastic properties can be done on the assumption that the velocity acquired at ultrasonic (MHz), sonic (kHz) and seismic (Hz) frequencies are the same. Indeed, if the investigated porous medium is homogeneous and dry, it is theoretically not dispersive, i.e.

the velocity does not depend on the frequency [START_REF] Bourbié | Acoustics of porous media[END_REF]. This assumption is widely used in the literature (e.g. [START_REF] Wang | Seismic velocities in carbonate rocks[END_REF][START_REF] Marion | Acoustic properties of carbonate rocks: Use in quantitative interpretation of sonic and seismic measurements[END_REF][START_REF] Baechle | Changes of shear moduli in carbonate rocks: Implications for Gassmann applicability[END_REF][START_REF] Adam | Gassmann's fluid substitution and shear modulus variability in carbonates at laboratory seismic and ultrasonic frequencies[END_REF][START_REF] Verwer | Acoustic properties of carbonates: Effects of rock texture and implications for fluid substitution[END_REF][START_REF] Adelinet | Dispersion of elastic moduli in a porous-cracked rock: Theoretical predictions for squirt-flow[END_REF][START_REF] Regnet | Acoustic and reservoir properties of microporous carbonate rocks: Implication of micrite particle size and morphology[END_REF][START_REF] Borgomano | Dispersion and attenuation measurements of the elastic moduli of a dual-porosity limestone[END_REF] for inferring frequency dispersion of elastic wave velocity in homogeneous porous and fluid saturated rocks.

This equality of dry elastic moduli at all frequencies is only valid if the Representative Elementary

Volume is uniform at each investigated scale (REV: volume of rock for which a physical property is constant, e.g. [START_REF] Bear | Dynamics of Fluids in Porous Media[END_REF], in other words if a rock is homogeneous at all scales. As outlined by [START_REF] Corbett | Petroleum Geoengineering : Integration of Static and Dynamic Models[END_REF], this statement is far from true in geological medium which present "multiple length scales and multiple scales of homogenization". Indeed, following the conceptual geological scales of [START_REF] Haldorsen | A New Approach to Shale Management in Field-Scale Models[END_REF], several scales of geological heterogeneities exist (Figure 1a), including : i) the microscopic scale (i.e. pore scale, µm to mm); ii) the macroscopic scale (i.e. the plug scale, cm); iii) the megascopic scale (i.e. outcrop scale, m to dm) until iv) the gigascopic scale (i.e. regional scale, km).

These different geological scales imply different heterogeneities that may impact the upscaling of the elastic properties of rocks. This point is of importance for the characterization of reservoirs based on a deterministic approach, i.e. the use of velocity-porosity relationships based on laboratory and/or well data (e.g. [START_REF] Wyllie | Elastic wave velocities in heterogeneous and porous media[END_REF][START_REF] Raymer | An Improved Sonic Transit Time-to-Porosity Transform[END_REF][START_REF] Anselmetti | Controls on sonic velocity in carbonates[END_REF] for inferring petrophysical properties (like porosity) from seismic data through impedance inversion (e.g. [START_REF] Marion | Acoustic properties of carbonate rocks: Use in quantitative interpretation of sonic and seismic measurements[END_REF][START_REF] Cichostępski | Simultaneous Inversion of Shallow Seismic Data for Imaging of Sulfurized Carbonates[END_REF]. Indeed, as outlined by [START_REF] Wollner | Seismic-scale dependence of the effective bulk modulus of pore fluid upon water saturation[END_REF], a rock-physics model built from a given scale (i.e centimetric in the laboratory) may not be applicable to another scale (i.e. pluri-metric at seismic). According to [START_REF] Matonti | Heterogeneities and diagenetic control on the spatial distribution of carbonate rocks acoustic properties at the outcrop scale[END_REF], the direct comparison of P-wave velocities acquired on carbonates at two different scales (plug versus outcrop) highlights a decrease of the P-wave velocity with scale. These authors pointed out here a "scale effect" that they partly attribute to the presence of structural features (fractures). This finding joins the conclusions of previous authors, who suggest that the presence of cracks/fractures in crystalline rocks, due to upscaling, decrease of P-wave velocity [START_REF] Stierman | An in situ velocity study: The Stone Canyon Well[END_REF]Moos and Zobach, 1983). [START_REF] Haldorsen | A New Approach to Shale Management in Field-Scale Models[END_REF], highlighting the different scales of heterogeneities, including microscopic scale (pore size), macroscopic scale (plug size), megascopic (outcrop size) toward gigascopic scale (i.e. regional scale). (b) Frequencies and wavelengths for an elastic wave propagating at ultrasonic, sonic and seismic scales at a velocity of 1000 m.s -1 . The four different scales investigated in the present study are highlighted in different colored stars. They are associated with their frequencies and wavelengths for a P-wave velocity ranging between 2000 and 6000 m.s -1 . (c) Wavelength sketches of the four different scales studied on this work. Indeed, a P or S wave velocity measurement is representative of the elastic properties at a scale close to the wavelength. On one hand, seismic measurements (low frequency, f, and thus large wavelength -λ=c/f, where c is the velocity of the wave -in the order of several meters) will tend to erase small scale heterogeneities [START_REF] Sheriff | Encyclopedic Dictionary of Exploration Geophysics[END_REF] (Figure 1b,c). On the other hand, ultrasonic measurements (high frequency, small wavelength) on samples are representative of the elastic properties at a scale of the order of the millimeter (Figure 1b,c). Using a multi-scale geophysical dataset, it is thus possible to relate the elastic properties acquired at different frequencies, and so defining effective elastic properties at different scales of investigation. This purpose follows the previous works of [START_REF] Nordahl | Identifying the representative elementary volume for permeability in heterolithic deposits using numerical rock models[END_REF] and Ringrose et al. (2008) who argued that a multiscale geological medium has to be related to multiscale REVs. A fundamental challenge here is to measure elastic properties of the same geological object across all scales [START_REF] Corbett | Petroleum Geoengineering : Integration of Static and Dynamic Models[END_REF]. To do so, we study Miocene lacustrine carbonates from Samos Island (Greece).

We measure their dynamic elastic properties using several geophysical tools at different scales, from field to laboratory (Figure 1): seismic refraction method (~ 100 Hz), sonic/ultrasonic measurements directly on outcrop (54 kHz and 250 kHz), and ultrasonic measurements on plugs (500 kHz). These measurements enable us to link and discuss the impact of different geological features (such as pores, cracks and fractures) on the measured P-wave velocities from millimetric scale to decametric scales. Finally, based on asymptotic approximations of Differential Elementary Medium scheme (DEM, David and Zimmerman, 2011a,b), we compare the multi-scale elastic properties of the studied carbonates using a concept of multi-scale REVs that take into account different scales of heterogeneities. In the following manuscript, the terms "cracks" and "fractures" will refer to the occurrence and modeling of very low aspect ratio inclusions isotropically distributed.. The cracks correspond to small-scale inclusions (mm to cm scale) while the fractures are attributed to large-scale inclusions (dm to m scale).

Study framework

Our study is focused on lacustrine carbonates of Samos, a Greek island located on the eastern part of the Aegean Sea, near Turkey (Figure 2a). This island presents two sedimentary basins in which lacustrine sedimentation occured during the Upper Miocene (Weidman et al., 1984). Figure 2b points out the study site on which we perform a seismic survey together with an outcrop description (Figure 2c). This study site is localized on the Mytilini Basin, infilled with a huge diversity of rocks (such as volcaniclastic, siliciclastic and carbonate rocks, Figure 2d). Our study focuses on the topmost part of the Hora Formation composed of lacustrine and palustrine carbonates (Figure 2d). These carbonates are deposited right before a major exposure, expressed as an erosional surface (Hora-Mytilini transition) according to Weidman et al. (1984) and [START_REF] Stamatakis | Geochemistry and diagenesis of Miocene lacustrine siliceous sedimentary and pyroclastic rocks, Mytilinii Basin, Samos Island, Greece[END_REF]. This emergence may result from a tectonic uplift (compressive phase of [START_REF] Ring | Structural analysis of a complex nappe sequence and late-orogenic basins from the Aegean Island of Samos, Greece[END_REF]) and/or an increase in aridity causing a global drying of the lake [START_REF] Owen | Late Miocene lacustrine sedimentation in the Mytilinii Basin, Samos Island, Greece[END_REF]. 

Multi-scale methodology

The study site enabled us to acquire acoustic measurements at different scales while keeping a geological control thanks to the outcrop. The frequencies of the different tools used in this work are summarized in Figure 1 and are paired with their wavelengths. A thorough description of this multi-scale geophysical methodology is highlighted in Figure 3. All the acoustic measurements presented in this work were acquired under dry conditions. The field campaign was carried out during the end of June 2018, with an average temperature of 25°C and an average humidity of 70 %. Last rainfall occurred 2 days before the measurements, with an amount of water lower than 0.3 mm.

Outcrop characterization & sampling

A sedimentary description of a 40 m thick sedimentary succession was undertaken ('Studied outcrop', Figure 2c) alongside a high-resolution sampling in order to acquire physical properties (one sample every 20 cm along a vertical section). Depending on the sample size, plugs were cored with a diameter of 23 mm for 81 samples and 40 mm for 20 samples. Furthermore, panorama pictures aim to highlight outcropping structural features (e.g. bedding planes, fractures and faults), showing the structural heterogeneity at outcrop scale (Figure 4).

Seismic refraction acquisition

We carried out a seismic survey that encompasses an 80 m long line ('seismic line', Figure 2c). The sound source is a 4 kg sledge-hammer striking a Teflon plate (central frequency of 100 Hz, Figure 1). Fortyeight geophones with a natural frequency of 10 Hz were regularly spread along a line with a 1 m-spacing and recorded the wave acceleration (Figure 3a). They were covered with sandbags to ensure a good coupling with the ground and limit the ambient noise. Seven shots were done along the seismic line. In order to increase the signal/noise ratio of the recorded waveforms we stacked three times each shot (21 hammer strikes). Refraction processing was then done using Pickwin and Plotrefra software packages from SeisImager, following the processing used by [START_REF] Adelinet | Seismic-refraction field experiments on Galapagos Islands: A quantitative tool for hydrogeology[END_REF]. The seismic refraction processing only allowed us to characterize an increase in P-wave velocity with depth. This method provides a wavelength in the range of 20-60 m (decametric wavelength of Figure 1) that offer the opportunity to characterize a large REV (REV 4 of Figure 3).

Outcrop acoustic measurements

While the seismic refraction survey was carried out at the top of the outcrop (Figure 2c), P-wave velocities were directly measured on the outcrop surface using a Pundit PL-200 [START_REF] Jeanne | Multiscale seismic signature of a small fault zone in a carbonate reservoir: Relationships between V P imaging, fault zone architecture and cohesion[END_REF][START_REF] Matonti | Heterogeneities and diagenetic control on the spatial distribution of carbonate rocks acoustic properties at the outcrop scale[END_REF] and two types of transducers (Figure 3c). To probe alteration of the outcrop, freshening of the rock surface was done with a hammer. The travel-time (first break) was directly pointed out on the oscillograph and the P-wave velocity is obtained by using the total distance travelled (L of Figure 3). The measurements were obtained with a high vertical sampling (one measurement every 20 cm) and two different spacings between the receiver and transmitters. The 54 kHz transducer were used for measuring P-wave velocity with a spacing of 40 cm between the transducers and two kinds of measurements: i) a vertical transect (orange points of Figure 3b) and ii) a horizontal transect (yellow points of Figure 3b). In parallel, the 250 kHz transducers allowed the measurements of P-wave velocity with a spacing of 20 cm along a horizontal transect (green points of Figure 3b). The peak shape of the 54 kHz transducers made it possible to perform measurements without a coupling gel. However, coupling gel was used for the 250 kHz transducers (Sonctec 54-T04). For the spacing between the transducers, we assume an error of 1 cm. The travel-time error is lower than 5 %. The resulting mean errors are equal to 10 % for the 54 kHz and 250 kHz.

These sonic (54 kHz) and ultrasonic (250 kHz) outcrop measurements give us centimetric and millimetric wavelengths (Figure 1) that offer the opportunity to characterize the intermediate length scale (REVs 3 and 2 of Figure 3).

Laboratory measurements

Measurements were done in the laboratory on samples cored blocks coming from the outcrop.

Porosity and density of 101 were measured with the Archimedes' method (plug mass obtained under three conditions: dry, fluid-saturated and suspended in the saturating-fluid). P-and S-ultrasonic wave velocities were obtained on oven-dry samples (60°C during 48 hours) using 500 kHz transducers connected to an oscilloscope (Figure 3c). The arrival times of P-waves (first break) were directly measured on the oscillograph and divided by the length of samples to calculate P-wave velocities. As indicated by [START_REF] Bailly | Combined control of sedimentology and diagenesis on seismic properties in lacustrine and palustrine carbonates (Upper Miocene, Samos Island, Greece)[END_REF], the error of this dataset is mainly related to the first break picking (lower than 5 %). Ultrasonic measurements provide millimetric wavelengths that are used to characterize the smaller scale (REV 1 of Figure 3).

Kernel smoothing

We applied non-parametric Kernel regressions to smooth the vertical trends of the P-wave velocities acquired at plug and outcrop scales. Then, based on the standard error measured on the smoothed curves, a calculation of the 95 % confidence interval was done using R software. 

Results : Multi-scale dataset, from megascopic scale to microscopic scale

Structural features at outcrop

Seismic refraction dataset, a 2D characterization of elastic properties

Figure 5 presents the P-wave velocity profile obtained after inversion (seismic line of Figure 2a).

The topography is nearly flat. The first meter of depth correspond to a P-wave velocity equal or lower than 12 1200 m.s -1 . Then, the P-wave velocity quickly increases up to 2000 m.s -1 between 2 to 5 meters of depth, depending on the horizontal location. Finally, P-wave velocity increases more slowly, up to 2400 m.s -1 between 5 to 10 meters depth depending also on the horizontal localization. 

Log dataset, a 1D vertical evolution of P-wave velocities

Figure 6a introduces the sedimentary log described on the field and the associated physical measurements acquired at multi-scale. The 40 meters thick sedimentary column exhibits mainly carbonate rocks. The lower part of the sedimentary column shows muddy and grainy carbonates with episodic exposure surfaces associated with pedogenesis (between 0 and 14 meters). Because of the vegetation cover, a part of the sedimentary succession has not been studied between 23 and 29 meters; we recognize some metric beds of grainy carbonates. Then, the top of the sedimentary section highlights again grainy and muddy carbonates alternating with beds of marls (between 32 and 40 meters). Note that [START_REF] Bailly | Combined control of sedimentology and diagenesis on seismic properties in lacustrine and palustrine carbonates (Upper Miocene, Samos Island, Greece)[END_REF] give a more detailed description of the studied outcrop.

Vertical evolution of porosity acquired in the laboratory are displayed (Figure 6b). From the base of the outcrop up to 5 m, porosities between 10 % and 25 % are observed and the associated smooth curves don't show an obvious vertical evolution. Then, between 5 and 14 m, the porosity presents higher values (up to 35 %) and lower values (down to 5 %) as well as some noticeable vertical fluctuations (metric decrease and increase of porosity). Then, between 24 and 30 m, the smooth curve does not a show significant vertical evolution of porosity (average value of 10-15 %). Between 32 and 36 m, porosity decreases from 25 % down to 5 %. Finally, the last part of the sedimentary column exhibits higher values of porosity centered around 20-25 %.

Beside the porosity curve, the P-wave velocity acquired on plug, outcrop and seismic scales are displayed. Vp500 (plug measurements) exhibits ultrasonic P-wave values between 2900 and 5600 m.s -1 (Figure 6c). Its metric vertical evolution is related to the porosity changes described above: when porosity increases, P-wave velocity decreases and vice versa (see also Figure 7b). Vp250 (in-situ horizontal outcrop measurements) shows P-wave values between 1000 and 5000 m.s -1 (Figure 6d), its fluctuations are higher than Vp500. From the base of the outcrop up to 14 m, the smoothed curve associated with Vp250 presents metric fluctuations of P-wave velocity with values centered around 2000 and 4000 m.s -1 with values up to 4500 m.s -1 between 10 and 12 meters. Later, between 24 and 30 meters, Vp250 presents obvious vertical fluctuations that were not recorded with Vp500. Between 32 and 40 meters, Vp250 highlights meter-scale fluctuations with values up to 5000 m.s -1 and down to 1000 m.s -1 .

Vp54H (horizontal in-situ outcrop measurements) presents P-wave values between 500 and 4500 m.s -1 (Figure 6e). For the first part of the sedimentary column (0 to 14 meters), most of the vertical fluctuations of Vp54H are similar to Vp250, showing P-wave velocity values centered around 2000 and 3000 m.s -1 . Then, between 24 and 30 meters, the fluctuations of Vp54H mimic Vp250 with lower P-wave velocity values (500 to 4000 m.s -1 ). Between 32 and 35 meters, Vp54H presents a more chaotic vertical fluctuation not similar to Vp250, with P-wave velocity values comprised between 500 and 3500 m.s -1 .

Vp54V (vertical in-situ outcrop measurements) presents P-wave values between 1000 and 3500 m.s -1 (Figure 6f). Its vertical fluctuations are partly similar to Vp54H (e.g. between 3 and 6 meters, around 25 and 28 meters, between 32 and 34 meters) but present a more chaotic fluctuation in the remaining part of the sedimentary column.

Finally, Vp100 (seismic data) is also presented for comparison of the overall P-wave velocity dataset on a vertical way (Figure 6g). Because of the vertical resolution, the lower part of the sedimentary column is not imaged (non-visible zone in Figure 6g). As previously showed in Figure 5, the highest P-wave velocity value of Vp100 is about 2400 m.s -1 , reached between 25 and 28 meters. Then, between 28 and 37 meters, Vp100 decreases linearly down to 2000 m.s -1 . At the top of the sedimentary column (37 to 40 meters), Vp100 decreases drastically down to 800 m.s -1 . 

Porosity-ultrasonic velocity relationship at plug scale

Figure 7a shows the P-and S-wave velocities acquired on plugs. Vp500 values range between 2800 and 5600 m.s -1 , while Vs500 values range between 1600 and 3100 m.s -1 . The Vp500 versus Vs500 plot exhibits a good linear trend (R 2 =0.89) that indicates a Vp/Vs ratio equal to 1.84, consistent for carbonate rocks (assuming a Poisson ratio equal to the one of pure calcite, a ratio of Vp/Vs=1.91 is expected, [START_REF] Mavko | The Rock Physics Handbook: Tools for Seismic Analysis of Porous Media[END_REF]. Curves of constant aspect ratio of pores are indicated for a pure calcite matrix.

Statistical distribution of the multi-scale P-wave velocity

The boxplots, of each P-wave velocity dataset acquired in this work, are shown in Figure 8a. For Vp500, half of the dataset is comprised between 3800 and 4700 m.s -1 , with a median of about 4300 m.s -1 .

Then, Vp250 displays lower values of velocity, with half of this dataset comprised between 2500 and 3800 m.s -1 , and a median of 3200 m.s -1 . The interquartile of Vp54H is comprised between values of 1500 and 2900 m.s -1 , and partly overlaps Vp250 with a median equal to 2300 m.s -1 . Vp54V completely overlaps Vp54H, with half of its values comprised between 1500 and 2600 m.s -1 , and a median equal to 2000 m.s -1 . Finally, half of the values of Vp100 are comprised between 1700 and 2300 m.s -1 , with a median of 2200 m.s -1 .

The normal laws of each dataset are shown in Figure 8b. Data acquired in the laboratory and outcrop exhibit a nearly symmetrical distribution (median ≈ mean). Contrarily, Vp100 shows an asymmetric distribution, (median < mean). It has to be noted that Vp500, Vp54V and Vp100 show less scattering than Vp250 and Vp54H (flattening of the curves). Figure 9 summarizes the descriptive statistics of P-wave velocity of each dataset (Figure 8a) versus their corresponding wavelength. In addition, the four curves of constant frequency induced by the different geophysical tools are plotted. An overall decrease of P-wave velocity is observed, from ultrasonic to seismic frequency (Figure 9). This shift of P-wave velocity is particularly well-defined by the interquartile domain and the median of each dataset. The main decline of the P-wave velocity is observed between Vp500 and Vp54H, with a decrease of about 2000 m.s -1 , associated with an increase of the wavelength size, from 6-10 mm for λ500 to 2-6 cm for λ54. Then, between Vp54 and Vp100, the P-wave velocity decreases to a lesser extent (decrease of 200 m.s -1 ) despite that, the associated wavelength increases from 2-6 cm for λ54 to ~20 m for λ100. This last result (comparison between Vp54 and Vp100) suggests that the elastic properties characterized at a sonic frequency are representative of elastic properties acquired at seismic frequency, at least for the study site that we investigate. The descriptive statistics of P-wave velocity of each dataset can be also investigated through probability density maps (PDM, Figure 10). In Figure 10a, most of the dataset exhibits Vp500 higher than Vp250 even if a few data points are located close to the line of equality. The highest values of PDM indicate Vp500 between 4000 and 5000 m.s -1 while Vp250 scatters between 2000 and 4500 m.s -1 . This observation is further reinforced by Figure 10b, showing Vp500 always higher than Vp54H. Again the highest values of PDM suggests Vp500 between 4000 and 5000 m.s -1 while Vp54 scatters between 1000 and 3500 m.s -1 . Figure 10a,b clearly shows that there is no direct relationship between plug and outcrop measurements, an observation that points to a scale effect. Indeed, outcrop measurements take into account greater scales of heterogeneities than plug measurements, including the impact of interfaces at the outcrop scale (e.g. cracks, fractures, Figure 4). 

Discussion: Upscaling of physical properties in carbonates

Insight through the pore compressibility evolution from plug scale to outcrop scale

We use a simple effective medium model to determine the evolution of the pore compressibility with scale: from plug to outcrop, assuming a homogeneous, isotropic and dry medium. According to the Mori-Tanaka scheme, [START_REF] Benveniste | A new approach to the application of Mori-Tanaka's theory in composite materials[END_REF] shows that the effective bulk modulus, Keff, is related to the porosity, F, the bulk modulus of the pore-free matrix, i.e. the bulk modulus of the calcite (K0 = 71 GPa) and the pore compressibility (P) is normalized to the compliance of a spherical pore (David and Zimmerman, 2011a): represent the aspect ratio determined for spheroidal pores at the plug scale (Figure 7b).

𝐾 # 𝐾 $%% = 1 + F (1 -F) 𝑃(𝑣 # ). (1) 
The P-wave velocity acquired at plug and outcrop are plotted versus their associated pore compressibility (Figure 11a). Results show that there is an increase of the pore compressibility with upscaling, implying a softening of the porous network from laboratory scale to outcrop scale (porous medium containing more and more compressible/soft pores, e.g. cracks). Indeed, from Vp500 to Vp54, P increases and can reach values up to 600. The Figure 11a shows that for P-wave values range between 1000 and 2000 m.s -1 , the associated P values tend to be higher than 50-100 (threshold value). According to David and Zimmerman (2011a), we can relate P with the aspect ratio (α) of an equivalent ellipsoidal pore. We use their asymptotic approximations to compute an "effective" aspect ratio for a given P (red curve of Figure 11c). For plug data, the equivalent aspect ratios calculated using the model of David and Zimmerman (2011a) are slightly lower than the effective aspect ratios previously obtained with DEM modeling (David and Zimmerman, 2011b). Comparing the threshold value observed on Figure 11A (P around 50-100) with the Figure 11C allows us to conclude that upscaling from the plug to outcrop scale is characterized by an addition of very soft pores (α < 0.01, cracks). These very soft pores may be linked with the structural features observed on the outcrop (Figure 4).

Upscaling modeling of elastic properties, from ultrasonic to seismic frequencies

As stated before, the upscaling of elastic properties in carbonates need to take into account different geological scales (Figure 1). Using an effective medium model, it is possible to model the evolution of Pwave velocity with scale, as described by the Figure 12. At the matrix scale, the elastic properties of the medium are equal to the one of a pure calcite mineral (K0 = Kcalcite = 71 GPa, G0 = Gcalcite = 30 GPa; [START_REF] Mavko | The Rock Physics Handbook: Tools for Seismic Analysis of Porous Media[END_REF]. Then, at plug scale, the elastic properties K1, G1 are assumed to be the one of a calcite matrix containing spheroidal pores of a given equivalent aspect ratio. These elastic properties are computed employing the asymptotic expressions given by David and Zimmerman (2011b). In Figure 7b, the obtained results show that most of the plug-scale data corresponds to an aspect ratio between 0.1 and 0.2, a range close to the reference of carbonates (αref ~ 0.15)

given by [START_REF] Xu | Modeling elastic properties in carbonate rocks[END_REF] and [START_REF] Fournier | The equivalent pore aspect ratio as a tool for pore type prediction in carbonate reservoirs[END_REF] who also used DEM modeling. This first step of inverting P-wave velocity and porosity data in terms of equivalent pore aspect ratio is now widely used in the literature (e.g. [START_REF] Baechle | Effect of microporosity on sonic velocity in carbonate rocks[END_REF][START_REF] Fournier | Elastic properties of microporous cemented grainstones[END_REF][START_REF] Fournier | Pore space evolution and elastic properties of platform carbonates (Urgonian limestone, Barremian-Aptian, SE France)[END_REF][START_REF] Fournier | The equivalent pore aspect ratio as a tool for pore type prediction in carbonate reservoirs[END_REF]Regnet et al., 2019a;[START_REF] Xu | Modeling elastic properties in carbonate rocks[END_REF]. It aims to explain the scattering of P-wave velocity for a given porosity and is of crucial importance for reducing the uncertainties in inverting and interpreting seismic data [START_REF] Eberli | Factors controlling elastic properties in carbonate sediments and rocks[END_REF].

Nevertheless, the aspect ratio obtained, at plug scale, are representative of a small REV containing millimetric pores, and are not necessarily equal to the one of a larger volume (Figures 8,9,10 and 11).

At the outcrop scale, one should take into account a second family of inclusions, characterized by a low aspect ratio (α < 0.01, Figure 11) related to the cracks/fractures observed in the field (Figure 4). We can use the crack density (ρc) defined by [START_REF] Walsh | The effect of cracks on the compressibility of rock[END_REF] for quantifying the amount of circular cracks at different scales (Figure 12, equation 5):

𝜌 = = 1 𝑉 > 𝑐 @ A B @CD , ( 5 
)
ρc is the crack density for n cracks of radius c in a volume V. Following David and Zimmerman (2011b), asymptotic solutions for the DEM in the case of crack-like pores (α < 0.01) give us expressions of the effective moduli K and G as explicit functions of ρc:

𝐾 @ED 𝐾 @ = (1 -2𝑣 @ ) 𝑒 G DH I J K 1 -2𝑣 @ 𝑒 G L M J K , (6) 
𝐺 @ED 𝐺 @ = (1 + 𝑣 @ ) 𝑒 G DH I J K 1 + 𝑣 @ 𝑒 G L M J K , (7) 
where Ki, Gi and vi are the effective elastic moduli of the lower scale (i=1, 2, 3). Note that in the set of equations 6 and 7, we remove the previous assumption of constant Poisson ratio that was only used to compute pore compressibilities. In the following, the plug scale (Vp500) corresponds to the scale 1 (REV 1 of Figure 12), the first outcrop scale (Vp250) corresponds to the scale 2 (REV 2 of Figure 12), the second outcrop scale (Vp54) corresponds to the scale 3 (REV 3 of Figure 12) and the seismic scale (Vp100) corresponds to the scale 4. As an exemple, for the upscaling from scale 1 to scale 2: K1 and G1 are taken as the median value deduced from the data obtained on plugs (Vp500) ; K2 is taken as the median value deduced from the data obtained on outcrop (Vp250); then, using equation 6 and 7, one can compute the crack density ρc2 (Figure 13).

Figure 13 shows the calculated ρci between scales based on the median values of P-wave velocities obtained for each dataset. First, the decrease of P-wave velocity with upscaling from scale 1 to scale 2, is associated with a ρc2 value of 0.27 related to the presence of cracks with a size ≤ 2 cm (l250, Figure 9). The resulting medium, REV2 of Figure 12, thus presents cracks ≤ 2 cm embedded within a porous carbonate with spheroidal pores ≤ 1 cm characterized by an aspect ratio around 0.15 (αref).

Then, the P-wave velocity decreases again with upscaling between Vp250 and Vp54. The transition from scale 2 to scale 3 is linked with an addition of another crack density ρc3 = 0.3 related to the presence of cracks with size ≤ 6 cm (l54, Figure 9). The resulting medium, REV 3 of Figure 12, thus contains two different scales of crack density, ρc2 and ρc3, embedded in a porous medium. Finally, passing from scale 3 to scale 4 implies again an addition of another crack density (ρc4 = 0.07) related to cracks/fractures of a size ≤ 20 m (l100, Figure 9). The resulting REV 4 includes three different scales of cracks, ρc2, ρc3 and ρc4, embedded within a matrix porosity characterized by pores with an equivalent pore aspect ratio equal to 0.15. This multi-scale concept aims to explain the overall decrease of P-wave velocity from plug to seismic scale by taking into account different scales of heterogeneities, corresponding to different REVs, that have geological and physical significances (i.e. pores, cracks and fractures). It is therefore of importance for understanding of the physical properties of subsurface reservoirs (i.e. fractured carbonate reservoirs).

Figure 13. P-wave velocity versus computed crack densities for the median of each acoustic dataset.

From elasticity to reservoir properties of carbonates, implications of the crack porosity

As shown by several authors, reservoir properties (like porosity and permeability) are controlled by different factors (e.g. pore types and sizes) regarding the scale of investigation [START_REF] Corbett | Petroleum Geoengineering : Integration of Static and Dynamic Models[END_REF][START_REF] Haldorsen | A New Approach to Shale Management in Field-Scale Models[END_REF][START_REF] Nordahl | A petrophysical evaluation of tidal heterolithic deposits: Application of a near wellbore model for reconciliation of scale dependant well data[END_REF][START_REF] Ringrose | Multiscale geological reservoir modelling in practice[END_REF][START_REF] Ringrose | Reservoir Model Design: A Practiotioner's Guide[END_REF]. The multi-scale elastic properties obtained in this work are similar to what is found in the literature. At the lower scales of investigation (microscopic and macroscopic scales of Figure 1), the microstructure controls the physical properties of carbonates [START_REF] Anselmetti | Controls on sonic velocity in carbonates[END_REF][START_REF] Regnet | Microstructures and physical properties in carbonate rocks: A comprehensive review[END_REF]. Indeed, the microstructures present a huge diversity of sedimentary textures that may be modified by diagenetic processes, implying an important heterogeneity of their physical properties. DEM modeling shows that most of the dataset indicates an equivalent pore aspect ratio range equal to the reference value of carbonates (αref = 0.15), despite samples present a high variability of microstructures. Then, for higher scales of investigation, the presence of large scale structural features impact the elastic properties (Figure 4). Again, using DEM modeling, we invert the P-wave velocity evolution with scale in terms of crack density, highlighting that the different scales are impacted by structural features (Figures 12 & 13). Furthermore, based on the assumption that the cracks and fractures have an aspect ratio equal to 10 -3 (Figure 11) we can compute the crack porosity thanks to the following equation (David and Zimmerman, 2011b):

F =NO=P = 4 3 𝜋 𝜌 = 𝛼 STUSV , (8) 
where Fcrack is the computed crack porosity, ρc is the crack density and αcrack is the crack aspect ratio (here assumed to be equal to 10 -3 ). Using equation ( 8), with the values of crack density previously obtained, (Figure 13) give us a total amount of megascopic crack/fracture porosity equal to 0,27 % (Fcrack2 + Fcrack3 + Fcrack4). This value is close to the one recently obtained by [START_REF] Panza | Meso-to-microscale fracture porosity in tight limestones, results of an integrated field and laboratory study[END_REF], who used a stochastic approach (Discrete Fracture Network modeling based on field structural analysis) to compute the fracture porosity of a 1 m 3 block of tight carbonate (mean Fcrack = 0.3 %).

The estimation of the crack-fracture porosity done above is computed using the median Vp value for each dataset. We can also compute "local" crack porosity for scales 2 and 3. For example for scale 2, (i=1, in equation 6 and 7) we can use the plug values for K1, and K2 from local log measurement (instead of using the median value of the dataset), then we can compute local crack/fracture porosity. Figure 14 shows the dataset for scales 1, 2 and 3 in a velocity-porosity plot. As expected before with the Figure 10a, b, the primary control of matrix porosity on the P-wave velocity tends to be lost with upscaling (Figure 14).

Indeed, for the scale 2, almost all Vp250 values are lower than the αref=0.15 curve (Figure 14b). In the upper part of the PDM, most of the dataset presents Fcrack values lower than 0,1 % and tends to mimic the matrix trend. In the lower part of the PDM, the scattering increases and is associated with an increasing Fcrack (up to 0,6 %). For the scale 3, all Vp54 values are lower than the αref=0.15 curve (Figure 14c). The highest velocity values shown in the PDM do not highlight any links between P-wave velocity and porosity. Furthermore, for medium porosity (between 10 and 20 %), the Figure 14c shows a huge fluctuation of P-wave velocity (between 3500 and 1000 m.s -1 ) associated with an increase in Fcrack (from 0,1 to 0,6 %). The progressive correspond to seismic velocities (here of 100 Hz), while ultrasonic measurements on plugs and outcrops (respectively of 500 kHz and 250 kHz) do not fit with seismic acquisition.

This brings the usual question of the representativeness of plug measurements for reservoir characterization [START_REF] Ringrose | Multiscale geological reservoir modelling in practice[END_REF][START_REF] Corbett | Microbial carbonates: a sampling and measurement challenge for petrophysics addressed by capturing the bioarchitectural components[END_REF]. Indeed, by analogy, several authors show that multi-scale geological medium implies different fluid-flow properties that has to be related to multiscale

REVs [START_REF] Nordahl | Identifying the representative elementary volume for permeability in heterolithic deposits using numerical rock models[END_REF][START_REF] Ringrose | Multiscale geological reservoir modelling in practice[END_REF][START_REF] Corbett | Petroleum Geoengineering : Integration of Static and Dynamic Models[END_REF][START_REF] Claes | Pore classification and upscaling strategy in travertine reservoir rocks[END_REF][START_REF] Ringrose | Reservoir Model Design: A Practiotioner's Guide[END_REF]. Similarly here, the upscaling of elastic properties of lacustrine carbonates shows that we need to take into account several scales of rock heterogeneities, from microscopic to megascopic scales, including pores, cracks and fractures, following thus the early works of [START_REF] Stierman | An in situ velocity study: The Stone Canyon Well[END_REF] as well as [START_REF] Moos | In Situ Studies of Velocity in Fractured Belair Belt[END_REF]. The present work highlights the need to interpret and model multiscale elastic data with regards to the different length scales related to geology (Figures 1 and12). This is of importance for linking high frequency and low frequency elastic moduli because an elastic wave with different frequencies will not necessarily characterize the same geological object. This fact goes against the assumption often made that the drained moduli (equal to the dry elastic moduli) is the same whatever the frequency. Indeed, the geological medium is not homogeneous with scale, implying that it does not necessarily have the same multi-scale elastic properties (Figure 15). 

Conclusion

This multi-scale geophysical characterization enables the linkage of elastic properties of dry lacustrine carbonates to relative proportions of crack/fracture porosity. If upscaling of the elastic properties is largely discussed in the literature, there is a paucity of multi scale acoustic field datasets.

Indeed, the originality of this work is to compare different scales of acoustic measurements, from ultrasonic to seismic frequency, acquired on the same geological object, keeping in mind the size of the elastic REV -the wavelength size -induced by the used geophysical tools. The large dataset acquired at all scales allow us to have an approach which is statistically effective. Results show that P-wave velocities decrease with decreasing frequency, so that the acoustic measurements are related to the REV evolution and thus to the size of geological features. Indeed, upscaling of elastic properties from ultrasonic (microscopic scale) to seismic (megascopic scale) frequencies means increasing the REV, from pluri-millimetric to pluri-metric.

Furthermore, results also show that acoustic measurements done at a frequency of 54 kHz (scale of ~ 40 cm) are really close to the one acquired at 100 Hz, suggesting that sonic velocities can be extrapolated to the seismic frequencies at least for the study site that we investigated. Using effective medium theory, a model based on the comparison of the multiscale datasets is presented (concept of multi-scale REVs). It aims to upscale P-wave velocity assuming that inclusions with different aspect ratios (αmatrix pores = 0.15 and αcrackfractures = 10 -3 ) control the elastic behavior of the studied lacustrine carbonates. In our study, model-based results suggest that the crack density/porosity becomes the main controlling factor of P-wave velocity at seismic scale. Finally, the inherited different scales of geological heterogeneities (pores, cracks, fractures) impact differently the elastic properties. This implies that the common matrix porosity control on ultrasonic wave velocities may be lost with upscaling because of the presence of larger structural features (cracks, fractures and bedding planes), a result that is of importance for the understanding of subsurface reservoir properties (i.e. porosity and permeability) using solely sonic and seismic data. 

Figure 1 .

 1 Figure 1. Comparison between upscaling in geology and geophysics. (a) Conceptual geological scales (from Haldorsen and Lake, 1984), highlighting the different scales of heterogeneities, including

Figure 2 .

 2 Figure 2. General framework: (a) Location of Samos Island in the Aegean Sea. (b) Sedimentary basins of Samos Island and location of the study area (N37°44'21"; E26°53'45"). (c) GoogleEarth© view of the study area showing the studied outcrop and the location of the seismic line. (d) Stratigraphic column modified after Weidmann et al. (1984) showing the sedimentary infill of Mytilini Basin divided into four lithostratigraphic formations. The stratigraphic location of our studied section is highlighted in red.

Figure 3 .

 3 Figure 3. Applied methodology for this work and corresponding relative evolution of the Representative Elementary Volume (REV): (a) Seismic measurements. On the left, sketches of the refracted wave propagation (SR) produced by a sledgehammer source. The acquisition system (DAQLINK IV and geophones) and a field view of the seismic line are indicated on the right. (b) Outcrop measurements. On the left, sketch of the wave propagation in outcrop (with L corresponding to the covered distance). On the middle, outcrop view in reality with examples of the transducer positions during measurements. On the right, 250 kHz and 54 kHz transducers used for P-wave acquisitions. (c) Plug measurements. On the left, sketch of the wave propagation in plug (average length of 5 cm). On the right, acquisition device used for P-wave and S-wave measurements.

Figure 4

 4 Figure 4 highlights the studied section and a thorough description of the observed structural

Figure 4 .

 4 Figure 4. Outcrop view highlighting the presence of bedding planes (in dark), fractures and faults (in red).

Figure 5 .

 5 Figure 5. Seismic section obtained after inversion. P-wave velocities are indicated in colors.

Figure 6 .

 6 Figure 6. (a) Sedimentary log compared with vertical variations of (b) plug porosity and P-wave velocity acquired at (c) laboratory (500 kHz), (d) (e) and (f) outcrop (250 and 54 kHz) and (g) seismic (100 Hz) frequencies. Smooth curves with their 95 % confidence interval are also indicated in order to describe the vertical variations of each dataset.
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  Figure 7b exhibits Vp500 versus porosity. It shows a clear decrease of velocities with an increase of

Figure 7 .

 7 Figure 7. Plug data: (a) Vp500 versus Vs500 and associated trend (red line). (b) Vp500 versus porosity.

Figure 8 .

 8 Figure 8. Statistical distribution of P-wave velocities at all scales. (a) Boxplots of each dataset with mean indicated . (b) Normal laws of each data set, showing the difference of mean and standard deviation.

Figure 9 .

 9 Figure 9. P-wave velocities of four datasets versus wavelength size (REV). Only the descriptive statistics of P-wave velocity and wavelength are displayed. The grey area corresponds to the interquartile range and the red curve shows the median. Curves of constant frequency are also indicated. Boxplots showing the evolution of the wavelength with scale are displayed on the top.

Figure 10 .

 10 Figure 10. Comparison of P-wave data acquired at the outcrop and laboratory with probability density maps (PDM). Line of equality between datasets are also indicated. (a) Vp500 versus Vp250. (b) Vp500 versus Vp54H. (c) Vp250 versus Vp54H. (d) Vp54H versus Vp54V.

Figure 11 .

 11 Figure 11. Pore compressibility control on P-wave velocity. (a) P-wave velocity versus pore compressibility for three datasets calculated for a Poisson ratio of 0.29. (b) Real versus modelled pore compressibility for ultrasonic laboratory data. (c) Relationship between aspect ratio and pore compressibility for a calcite medium (red line calculated for an equivalent ellipsoidal pore). The blue dots

Figure 12 .

 12 Figure 12. Modeling of the elastic properties at different scales by adding pores (0.01 < α < 0.3) and cracks/fractures (α < 0.01) of different sizes relating to the REV.

Figure 15 .

 15 Figure 15. Upscaling of (a) the wavelength size (REV), (b) P-wave velocity, (c) major controlling factors and (d) porosity versus arbitrary scale of measurements. The curve starts from the pure calcite value and fluctuates with scale changes. For the REV, the descriptive statistics introduced in Figure 9 are used to symbolize the variability. Then, for P-wave velocity and porosity, each fluctuation of the curve represents 10 % of the dataset (deciles), until arriving on the median value symbolized by a plateau.

  

  

The effective bulk (Keff ) and shear (Geff) moduli are related given by the following set of equations ( 2) and (3):

where ρb is the density of the studied medium. At the plug scale, Vp, Vs and F are measured. Using equations ( 2) and (3) one can compute the effective bulk modulus, and then compute the pore compressibility at plug scale (P500), using equation (1). Results are plotted in Figure 11a (dots in blue) and

show values for P500 between 12 and 17.

Then, for computing P at outcrop scale without knowing Vs, we make the approximation that the Poisson ratio (v) obtained at plug scale is constant whatever the scale. At the plug scale, Vp/Vs = 1.84, leading to veff equal to 0.29, a value close to the one of a pure calcite mineral (vCalcite = 0.31). Equations ( 2) and (3) can be combined to get :

At the plug scale, the comparison of the "real" pore compressibility P (i.e. the one calculated by using Vp and Vs data) and the one calculated under the assumption that veff is constant and equal to 0.29 ("Modelled pore compressibility" in Figure 11b) aims to show that the "modelled" P is slightly underestimated, i.e.

under the assumption that veff is constant, pores appear slightly stiffer than they are in reality (Figure 11b).

We also assume that there is no significant porosity change between the plug and the outcrop scale, which is a valid approximation, as the porosity of the plugs are in the range 10-30 % and at larger scale the additional porosity due to the cracks and fractures is expected to be ≤ 3 %. Thus, we can use the set of equations ( 1) and ( 4) to compute the pore compressibility at an outcrop.

scattering of the velocity-porosity data, in Figure 14b, c, shows that the "matrix-porosity" control does not affect the elastic properties anymore with upscaling from laboratory scale to outcrop scale. (Grey dots = no crack porosity; red = crack porosity of 1 %).

How to define the elastic properties of carbonates at different scales?

Figure 15 summarizes the upscaling of the wavelength size, P-wave velocity and porosity and their associated major controlling factors (porosity of the matrix, cracks and fractures). In order to be representative of a medium, the geological interpretation of an elastic measurement needs to be within the constraints of the REV size (λ, Figure 15a) which depends on i) the tool frequency (f) and ii) the P-wave velocity (v) using the well-known relationship : λ=v/f. Following the theory of homogenization, the upper limit size of an elastic REV has to be lower than the wavelength size induced by the used geophysical tool.

Conversely, by analogy with seismic investigation, the lower limit of an elastic REV has to be higher than the quarter wavelength size [START_REF] Sheriff | Exploration seismology[END_REF]. Indeed, this resolution corresponds to the minimum interval between two interfaces to be seen as two separate objects and not a single one, it therefore can be used as the minimum size of an elastic REV [START_REF] Al-Chalabi | Principles of Seismic Velocities and Time-to-Depth Conversion[END_REF]. Furthermore, as defined by [START_REF] Sheriff | Encyclopedic Dictionary of Exploration Geophysics[END_REF], the detectable limit in seismic is "the minimum thickness for a bed to give a reflection that stands out above the background". It has a size equal to a thirtieth of the wavelength size [START_REF] Sheriff | Exploration seismology[END_REF].

Between ultrasonic (~MHz) and seismic (~Hz) measurements, the change of frequency implies a variation of wavelength size, from millimetric to metric (Figure 15a). This upscaling implies a change of the characterized geological object. At plug scale (~ 5 cm of investigation, blue zone of Figure 15), the Pwave velocity is lower than the velocity of calcite and fluctuates because of the intrinsic variability of matrix porosity composed of micro/millimetric pores (Figure 15b). It has to be noted that the fluctuations observed in this dataset are related to the variation of the total porosity and the pore shapes, as already suggested by several authors [START_REF] Anselmetti | Controls on sonic velocity in carbonates[END_REF][START_REF] Eberli | Factors controlling elastic properties in carbonate sediments and rocks[END_REF][START_REF] Fortin | Effects of pore collapse and grain crushing on ultrasonic velocities and Vp/Vs[END_REF][START_REF] Soete | Acoustic properties in travertines and their relation to porosity and pore types[END_REF][START_REF] Fournier | The equivalent pore aspect ratio as a tool for pore type prediction in carbonate reservoirs[END_REF]Regnet et al., 2019a, b). Then, the upscaling to the outcrop scale 2 (~ 20 cm of investigation for the green zone of Figure 15) is again associated with a decrease of the P-wave velocity.

Indeed, for that scale, the fluctuations of the P-wave velocity (Figure 15b) are controlled by both the crack and matrix porosity (Figures 14b and15c, d). Going a step further with measurements at the outcrop scale 3 (~ 40 cm of investigation for the yellow zone of Figure 15) aims to highlight this conclusion. The P-wave velocity decreases because of an increasing crack-related porosity. These "scale effects" were already pointed out by [START_REF] Matonti | Heterogeneities and diagenetic control on the spatial distribution of carbonate rocks acoustic properties at the outcrop scale[END_REF] who also attribute the upscaled P-wave velocity decrease to the occurrence of outcropping structural features. Finally, at the seismic scale 4, the pluri-metric REV 4 highlights P-wave velocities is slightly lower than outcrop scale 3, implying that another scale of crack porosity materialized by metric fractures and bedding planes. Despite this slight difference, the mean Pwave velocity of the outcrop scale 3 is very close to the one acquired at seismic scale (Figure 15b), suggesting that a medium of 40 cm in length is representative of the seismic scale. This finding is of importance for upscaling procedures because it shows that sonic measurements (here of 54 kHz) may better