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Introduction
The low-frequency experiments based on the forced-oscillation method to measure the elastic properties of fluid-saturated rocks became a common laboratory practice in recent decades (see Subramaniyan et al. (2014) for a review). The dispersion of moduli and attenuation observed in these experiments are often crucially dependent on the boundary conditions of the tested rock sample, whether the sample surface is properly sealed (White, 1986) or surrounded by rigid pore-fluid containers connected with the pore space of the rock, so-called “dead volumes” (Pimienta, 2016). As a rule, these dead volumes are represented by the segments of the fluid line located between the sample ends and the nearby valves. White (1986) showed that open boundary conditions cause radial fluid flow due to the pressure difference between the center and the surface of the tested sample, which results in dispersion of moduli and attenuation. Using the results of the experiments carried out on water- and glycerol-saturated Fontainebleau and Berea sandstones with a dead volume of 6.6 ml at frequencies of 0.004 Hz to 0.4 Hz, Pimienta et al. (2016) demonstrated that the dead volume can also be accountable for the flow of the pore fluid, even under conditions of а fully saturated rock and a closed pore-fluid line, and, as a result, for the observed attenuation and bulk modulus dispersion. 
The purpose of this study is to quantify the dead volume effect in a seismic frequency range of 0.1 to 120 Hz. We estimate the impact of the size of dead volume on the frequency dependences of the bulk and shear moduli and on the deviation of the measured bulk moduli from the Gassmann prediction. The measurements are carried out on the Savonnieres limestone saturated with n-decane. 
Experiment
In this study, we used the low-frequency apparatus described in detail in Mikhaltsevitch et al. (2014). The low-frequency experiments were carried out on a Savonnieres limestone sample at a differential pressure of 7 MPa (differential pressure =confining pressure – pore pressure). The physical parameters of the dry sample are as follows: the density is 1920 kg/m3, porosity and permeability are 29 % and ~450 mD, correspondingly.  The diameter of the sample is 38 mm, the length is 71 mm, and the pore space is 23 cm3. The pore fluid used in these experiments was n-decane. In our low-frequency system, the storage capacity of the pore fluid can be varied from 2 cm3 to 270 cm3. We used this capacity as a variable dead volume to estimate the impact of the dead volume on the measured elastic moduli of the fully n-decane saturated sample. First, we measured the bulk and shear moduli of the sample with the dead volume incrementally changed from 2 cm3 to 260 cm3 at a frequency of 0.1 Hz. Then, the frequency dependences of the bulk and shear moduli were measured at five values of the dead volume (2, 5, 30, 100 and 260 cm3) in the frequency range of 0.1 Hz – 120 Hz at a confining pressure of 10 MPa and a pore pressure of 3 MPa. Finally, the fluid line was opened and the measurements were repeated in the same frequency range at a confining pressure of 7 MPa. In our calculations of the Gassmann predictions, we used the moduli measured with open fluid line at 0.1 Hz as drained moduli. 
Results and discussion
The results of the measurements are presented in Figure 1. In Figure 1a, we compare the Gassmann bulk modulus and the bulk moduli measured with different dead volumes at a frequency of 0.1 Hz. The frequency dependences of the bulk and shear moduli obtained for five values of the dead volume and the open fluid line are presented in Figure 1b. 
[bookmark: _GoBack][image: ]   
Figure 1:(a) The bulk and shear moduli dependences on the size of the dead volume at 0.1 Hz; (b) the frequency dependences of the bulk and shear moduli measured for the dead values ranged from 2 to 260 cm3. All measurements are performed at a differential pressure of 7 MPa.
As can be seen in Figure 1a, the moduli measured at 0.1 Hz are in good agreement with Gassmann’s predictions when the dead volume does not exceed 30% of the pore space of the sample. We also found that the bulk modulus measured at the dead volume exceeding four volumes of the pore space, is virtually equal to the drained bulk modulus. The frequency dependencies of the bulk moduli demonstrate strong dispersion at frequencies > 20 Hz when the dead volume is larger than the pore space of the sample. In accordance with Pimienta et al. (2016), this dispersion can be attributed to the transition from drained to undrained regime. Our measurements show that the size of the dead volume does not affect the central frequency of this transition but completely determines the magnitude of the bulk modulus dispersion.  
Conclusions
We investigated the influence of the dead volume on the low-frequency measurements of the elastic moduli of the Savonnieres limestone fully saturated with n-decane. The measurements were carried out at frequencies of 0.1 Hz to 120 Hz under a differential pressure of 7 MPa. We found that the bulk moduli measured at 0.1 Hz are in good agreement with the Gassmann prediction if the dead volume does not exceed 30% of the pore space of the sample. We also found that the bulk modulus exhibits strong dispersion at frequencies above 20 Hz when the dead volume is larger than the pore space of the sample. We assume that the observed dispersion is associated with the transition from drained to undrained regime.
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