
1. Introduction
Linking elastic properties of rocks with pore-space parameters is a longstanding focus when characterizing 
hydrocarbon reservoirs, exploring geothermal resources, assessing volcanic and hydrothermal processes, and 
applying CO2 sequestration techniques. This link requires evaluating the role of pore space for permeability 
models (e.g., Sarout, 2012) and characterizing carbonate rocks (e.g., Baechle et al., 2008) in which pore type and 
shape dominate the effective rock properties (Xu & Payne, 2009). The pore structure is also relevant in civil and 
geotechnical engineering, where pore size distribution influences how waves propagate in construction materials 
(e.g., Zhao et al., 2014). Recent studies provide numerical algorithms to evaluate changes in pore space topol-
ogy as a function of flow parameters (reactive transport—Lisitsa et al., 2020; Prokhorov et al., 2021). However, 
many of these studies have focused on sedimentary rocks (as main reservoirs targets) and overlooked volcanic 
rocks, even though large porosities characterize the latter. Recent studies have focused primarily on the fluid-rock 
interaction within such rocks (e.g., Adam & Otheim, 2013; Adelinet et al., 2010; Benson et al., 2008; Clarke 
et al., 2020; Fazio et al., 2017).

Rock physics models typically relate velocities of elastic waves with porosity (Nur et al., 1998). However, such 
relations are often disregarded due to variations in rock texture, comprising pore space topology and mineral 
composition. For natural rocks, elastic properties cannot be accurately predicted by a single pore-space property 
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on the recorded wavefields is determined by rock-fluid interactions. Understanding this influence in dry rocks 
is instrumental for assessing the impact of pore topology on waves propagating in heterogeneous environments, 
such as volcanoes. Here, we simulated the propagation of shear waves as a function of pore space parameters 
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performed computational simulations that show the individual contribution of the amount, size, location, 
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the responses of volcanic rocks to stress.
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such as the porosity value, and rock physics models should include additional parameters dependent on the 
topology of inclusions or pores (Dou et al., 2011; Durán et al., 2019; Ju et al., 2013; Zhang & Sharma, 2005; 
Zhao et al., 2014). Heap and Violay (2021) recently discussed how the pore size, shape and distribution can also 
influence the mechanical properties and failures modes of volcanic rocks. Several theoretical models describe 
effective elastic moduli in media characterized by inclusions (pores) interacting with the host matrix (e.g., Kuster 
& Toksöz, 1974; differential effective medium—DEM: Norris, 1985; Zimmerman, 1991) and have been used to 
explore the influence of pores on elastic wave velocities. Berryman (1995) summarized the expressions for the 
most used inclusion shapes in these models, in which the interactions between pores and the background medium 
are limited within effective medium approximations (Adelinet & Le Ravalec, 2015; Cheng et al., 2020; Fortin & 
Guéguen, 2021). Dry volcanic rocks have a complex pore system characterized by large pores (or vesicles) (Shea 
et al., 2010) where the effective medium approaches can provide reliable estimates in case of fluid-saturation 
(Hurwitz et al., 2003). However, numerical modeling and analyses of phase and amplitude of elastic waves can 
reduce gaps between data and models in these media. When coupled with field-scale seismic modeling (e.g., 
Rasht-Behesht et al., 2020), they become instrumental to understanding the imaging and interpretational potential 
of seismic waves propagating within fluid reservoirs and melt.

Several studies have described volcanic rocks in terms of texture, porosity, permeability, elastic moduli, and 
ultrasonic velocities (e.g., Durán et al., 2019; Fortin et al., 2011; Heap et al., 2020; Rossetti et al., 2019; Vanorio 
et  al.,  2002). Body wave velocities have been estimated as a function of porosity and pore shape in basaltic 
rocks, even as a representation of Martian rocks (Heap, 2019). However, few studies have targeted the effect of 
pore space topology on seismic-wave propagation in volcanic rocks. Working with dry samples and separating 
mineral texture and fluid interactions is one approach to constraint the effect of pore space on the effective elastic 
properties of rocks. Pore fluids have a prevailing effect on wave velocities, hiding the effects of pore geometry 
on waveforms (David & Zimmerman, 2012). While fluids are often present in volcanic rocks, they are not omni-
present (e.g., Delcamp et al., 2016; Hurwitz et al., 2003; Rowley et al., 2021). Thus, such modeling might help 
calibrate field measurements and recognize the difference in elastic wave signatures of saturated versus dry rocks.

Volcanic rocks are usually characterized using laboratory measurements (core analysis) or microscopy (on thin 
sections). More recently, digital rock physics (DRP) has proven to be a good approach to estimate physical prop-
erties without compromising the samples (e.g., Andrӓ et al., 2013; Ikeda et al., 2020). However, DRP methods 
are expensive and often unavailable to researchers. Computational simulations of ultrasonic wave propagation 
are a non-invasive way of testing the elastic response of rocks under different scenarios. Such simulations allow 
unraveling the effect of pore space topology parameters on the waveforms and, in turn, on the elastic properties of 
the rocks. Simulations of waves can be performed at different scales, for example, from ultrasonic to sub-seismic 
frequencies. Apart from wave arrivals and direct amplitudes, ultrasonic waveforms present coda waves that are 
caused by dispersion of the coherent waves and are highly sensitive to small-scale heterogeneities (Aki, 1969). 
These waves are key to characterize media at all scales. For example, at the mantle scale, wave scattering marks 
compositional heterogeneities (e.g., Faccenda et al., 2019). In the laboratory, these heterogeneities are the pore 
space and mineral grains of sizes comparable with the wavelength size (e.g., Di Martino et al., 2021).

In this study, we performed computational simulations to illustrate the effect of pore space topology on the 
propagation of ultrasonic waves in synthetic analogs to dry volcanic rocks. We used the software SPECFEM2D 
(Komatitsch & Vilotte, 1998) based on the spectral element method (SEM—Tromp et al., 2008) to simulate 2D 
elastic wave propagation, which allows us to accurately model ultrasonic propagation in a heterogeneous medium 
(Rosenkrantz et al., 2019). This approach allowed us to evaluate the impact of different pore space parameters 
on the full ultrasonic wavefield. We simulated shear waves propagating in synthetic samples, creating a medium 
described by properties previously characterized in a rock sample in the laboratory. We identified the individual 
contributions of pores number, size, and location; the results show that the transmitted waveforms depend on the 
distribution and geometry of the pore structure.

2. Methods
We performed simulations of the ultrasonic wavefield in synthetic samples resembling the ultrasonic S-wave 
transmission method. Full wavefields were simulated using the 2D spectral-element method code SPECFEM2D 
(Komatitsch & Vilotte, 1998; Implementation details in Supporting Information S1 SM-1). The source is a Ricker 
time wavelet with a dominant frequency of 100 kHz. Sources and receivers covered a line of 13 mm length (i.e., 
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half of the width of the sample), centered along the vertical axis of the sample to simulate the recording at the 
laboratory scale and obtain a plane-wave. In such a way, we obtained a quasi-plane wave source, where the single 
wavelets received at the nodes representing the receiver were averaged into one waveform.

The 2D model is rectangular (25 mm wide and 50 mm long) and represents a 2D section of a rock sample. 
The model is meshed using GMSH (GNU finite element mesh generator—Geuzaine & Remacle, 2009), and 
it includes 8,945 elements, with a maximum and minimum grid size of 0.96 and 0.11 mm, respectively. We 
compute waveforms of 4 ms discretized with 100,000-time steps (i.e., each step has a duration of 4 ns), satisfying 
the stability conditions in space for the fourth-order grid and in time for the Newmark second-order stepping 
scheme (Berland et al., 2006). Stacey absorbing boundary conditions (Komatitsch & Tromp, 2003; Stacey, 1988) 
were applied along the physical boundaries of the sample to limit reflections and conversions at the bounda-
ries of the samples that perturbed the wave propagation. We neglect the effect of internal interactions into the 
sample mesh (pore-mineral interfaces) because the SPECFEM code imposes smoothness at such sharp bounda-
ries (Rosenkrantz et al., 2019). The synthetic media mimics a basaltic rock resembling the rock sample 1H of lava 
flows facie in Di Martino et al. (2021). The elastic model represents a homogenous rock matrix with the elastic 
properties corresponding to the core rock (S-wave velocity Vsr = 1,490 m/s and density ρr = 2,940 kg/m 3), while 
the pores are considered free surfaces.

3. Results and Discussion
We present three case scenarios in which the geometry of the samples is constant, but their pore distribution and 
characteristics vary to test the hypothesis that the pore space topology controls the ultrasonic waveforms. The 
sensitivity of the S-waveform to pore space was investigated by changing one characteristic of the pore topology 
at a time. The results (Figures 1–3) correspond to SH-wave propagation in 15 synthetic samples made for 2D grid 
meshes, where the pore space occupies 22% of the area (i.e., representative of a sample with 22% porosity). We 
kept porosity constant to diminish its influence on the effective properties and to focus on the topology of the pore 

Figure 1. Simulations for Case-1. Top: synthetic samples, the rock mineral matrix occupies the red area while the void pores 
are the blue circles. Bottom: S-wave waveform acquired for each sample (left) and their energy envelope (right) for the first 
second of propagation.
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space. In the same way, the aspect ratio of the pores has been kept constant (α = 1): we represent spherical pores 
in all the scenarios. The amplitude (or energy) decay observed in the following results is highly associated with 
the ratio (λ/d) between the seismic wavelength (in this study, λ = f/v = 15 mm) and the size of the scattering heter-
ogeneities (d-here the diameter of the pores): when λ >> d the medium behaves like an effective homogenous 
medium, for λ > d the medium falls in the Rayleigh domain, while for λ ≈ d the medium response is described 
by Mie scattering (Mavko et al., 2009). The Pearson correlation coefficient (cc) between the different waveforms 
and the energy ratio of direct and coda waves for each case quantifies the statistical relation between the samples 
for the three cases (see SM-2).

3.1. Case-1: Pore Location

With the first simulation, we test if the location of the pores in the sample plays a role in the transmitted wave-
form. This case consists of 5 wave-propagation models in synthetic samples (L1, L2, L3, L4, and L5, Figure 1) 
having 22% porosity and 10 pores with size d = 6 mm; however, pores are located randomly in the grid to evaluate 
the effect of the pore location on the wave propagation. The correlation coefficient between samples shows that 
there is a strong to very-strong correlation between the waveforms (see SM-2). The S-wave velocities, measured 
from the arrival time of the first break in the waveform and the propagation distance, range from 1,350.0 to 
1,359.6 m/s. Waveform shapes are similar, especially in the arrival of the wave package; however, there is still 
a shift in phases and amplitude in the maximum of the envelope signal and the coda. To assess if the amplitude 
changes were driven by the closeness of the pores to the sensors, we run a similar simulation (see SM-3) in which 
the pores were kept at least half-wavelength away from source and receiver to remove their near-field influence 
on the sensor, we found that the observation is the same for both scenarios, thus validating the acquired wave-
forms for the study of synthetic samples. From Case-1, we conclude that the location of the pores influences 
ultrasonic S-wave propagation after the first arrival. The fact that the distribution of the pores into the samples 
can create a variation in the acquired waveforms (even a small one) strengthens the idea that pore space topol-
ogy must be considered and likely modeled when analyzing the full waveform. This observation is especially 
relevant for applying and interpreting coda wave interferometry results in heterogeneous Earth environments, 
where the travel-time perturbation and changes in velocities vary with the scattering paths (Azzola et al., 2020; 
Snieder, 2006).

3.2. Case-2: Pore Sizes

For Case-2, we evaluated the effect of the pore size distribution by keeping constant the number and location 
of pores (the total porosity remains 22%). We modeled five samples (p12s1, p6s2, p4s3, p3s4, p2s6—Figure 2), 
having pores with sizes ranging from d = 2.42 to 7.82 mm, with the center of the circles located at the same posi-
tion in the mesh of the five samples. The lowest correlation between waveforms was between samples p12s1 and 
p6s2 (cc = 0.68—interpreted as a moderate correlation): while p12s1 shows a quasi-homogeneous distribution of 
pores in space, p6s2 has two characteristics pore sizes (16% and 50% the size of the wavelength) and the larger 
λ/d ratio between the samples in Case-2. The correlation between samples is strong in all other cases and highest 
between samples p4s3 and p2s6 (cc = 0.91). The wave propagation in the four samples of Case-2 is affected by 
Mie scattering, the differences observed between the waveforms is related to the effect of the ratio λ/d on the 
dissipation of energy during the wave propagation. The inhomogeneity in pore sizes can redistribute energy later 
in the coda or dramatically increase the recorded energy (envelope of p4s3). The S-wave velocity ranges from 
1,345.1 to 1,353.3 m/s, which is a close match, but after the first wavelength, there is no simple relationship 
between the size of the pores and the temporal redistribution of energy, with its description requiring a complete 
understanding of the multiple-scattering process. From Case-2, we conclude that the size of the pores has a small 
effect on the wave arrival time but a larger effect on direct and coda wave energies.

3.3. Case-3: Pore Number

With case-3, we confirm the hypotheses that: (a) porosity cannot predict the full-wave propagation of an elastic 
wave; and (b) pore space topology has a significant influence on waveforms (e.g., Di Martino et al., 2021). Case-3 
consists of five wave-propagation models in synthetic samples with the same porosity but a different number of 
pores randomly placed in the samples. The samples named N4, N8, N16, N32, and N64 have 4, 8, 16, 32, and 
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Figure 2. Same as Figure 1 for Case-2.

Figure 3. Same as Figure 1 for Case-3.
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64 pores, respectively (Figure 3). To keep the porosity constant, the pore sizes are different between the samples 
but constant in each sample, with diameters ranging between 2.34 and 9.4 mm. Therefore, the elastic response of 
Case-3 samples can be described by different scattering theories.

The recorded waveforms vary considerably with the number of pores (Figure 3), indicating that the wave propaga-
tion in samples with the same porosity varies considerably with pore distribution. The lack of a progressive, smooth 
increase of the maximum amplitudes or phases with the number of pores (Figure 3) shows that the location and 
dimension of pores matter even when wavelengths are of the order of the sample dimension. The amplitude changes 
dramatically for sample N64: the density and small size of the pores (d = 2.34 mm) make this sample behave as an 
effective homogenous medium with a short correlation length. Then the measured amplitude is a strong function of 
the reflection coefficient, the product of the proximity of the pores to the source and the receiver. This observation 
trades off with the high number of pores that work as scattering points, changing amplitudes and phases of the 
propagating wave dramatically close to the limit of the Rayleigh scattering domain (λ/d ≈ 2π). There is no gradual 
increase in amplitudes between the other samples (N4, N8, N16, N32), whose elastic responses are better described 
by Mie scattering. For sample N4, in which the pores have the largest size d = 9.40 mm, we observe the lowest 
amplitude, suggesting that the presence of large pores (vesicles) has the strongest effect on phase and amplitude 
variations. The results for sample N64 can be associated with those obtained for a periodic structure in triangular 
lattices with metamaterials or arrangements of cavities with sub-wavelength (smaller than half the  wavelength) 
spacing (Colombi et al., 2016). In these arrangements, the inclusions are not considered scatterers but resona-
tors (Achaoui et al., 2013). They are often studied under effective media approximations, with some composites 
presenting both a Bragg scattering (originated from the structure) and local resonances (Kaina et al., 2013). Further 
analysis of porous samples with periodic structures could offer more insights into these processes.

The correlation coefficient between samples shows that there is a weak-to-moderate correlation between the 
waveforms (see SM-2). The S-wave velocity ranges from 1,302 to 1,362 m/s, a variation change much larger than 
the maximum one (10 m/s) observed in Cases 1 and 2. From Case-3, we conclude that, for rock samples of equal 
porosity, the acquired waveforms are different when the samples have a different number of pores; however, we 
demonstrated that there is no simple relation between the number of pores, phases and amplitudes. Thus, porosity 
and the number of pores cannot describe full-wave propagation.

3.4. Case-4: Pore Space Topology Resembling the Rock Sample

In Case-4, we simulate the wave propagation in a rock sample mimicking the pore-space topology of the basaltic rock 
sample 1H (Di Martino et al., 2021). To create the mesh, we used a 2D optical image under plane-polarized light and 
selected the 45 largest pores (pores with an equivalent diameter smaller than 1.5 mm are not comparable with the 
wavelength) to relate the waveform acquired on the real sample with that obtained in a synthetic sample with spheri-
cal pores (Figure 4a, SM-4). In this case, the mesh comprises 136,854 elements, with a maximum and minimum grid 
size of 0.21 and 0.013 mm, respectively. We computed a waveform of 3 ms using 800,000-time steps with a duration 
of 0.38 ns each. The area occupied by each of the pores was estimated using ImageJ (Rasband, 2018). Spherical 
pores of the same area were placed in the grid, mimicking their position on sample R1H. The primary differences 
are caused by the shape (sphericity level) of the pores as: (a) the locations of the pores have the lowest impact on the 
waveform shape (Case-1); and (b) the number of pores and area occupied for each pore is the same for both samples. 
These differences are apparent in the coda, while real and synthetic S waves have similar direct wave packets.

Figure 4b, which summarizes our results, shows that the estimated velocities are lower than those predicted with 
theoretical models (Kuster & Toksöz, 1974, called K&T in Figure 4, see SM-5). The observations (R1H) cannot 
be reproduced by the same models as: (a) they describe effective media, which is not the case here given the large 
size of the pores; (b) they are developed for inclusions with specific aspect ratios (like spheres, disk, and penny 
cracks), which are not representatives of the shapes of the pores found in natural volcanic rocks; and (c) they 
assume that the pores act as isolated heterogeneities, while our methodology can handle the stress field between 
heterogeneities close to each other.

It is necessary to use numerical simulations to constrain or predict the elastic behavior of porous samples. 
However, a simple replica of the amount, location, and size of the pores can fit the S-wave packet in this simple 
scenario (Figure  4). Forward modeling travel time and direct-wave amplitude information, thus inverting for 
pore space, is possible with a relatively simple physical description and ready-to-use computational tools, like 
SPECFEM2D (Komatitsch & Vilotte, 1998). On the other hand, the analysis of coda waves is more complicated. 
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The non-sphericity of the pores increases reverberations in the early coda, slightly increasing peak delays, but it 
also drastically reduces peak amplitudes at later times (e.g., before and after 150 μs in Figure 4a). Energy ratios 
for R1H and R45p differ despite having similar S-wave velocities (1,312 and 1,318 m/s respectively, Figure 4b). 
These results have major consequences on the potential, applicability and interpretation of techniques using scat-
tering as a primary physical trigger at rock and field scales, such as seismic interferometry (Azzola et al., 2020; 
Snieder, 2006) or absorption imaging (Sketsiou et al., 2020).

From Case-4 we conclude that it is necessary to include a pore-space representative of a realistic propagation 
medium when analyzing the full waveform because coda waves depend on the pore space geometry. Wavefront 
distortions are also observed at a regional scale by deviations in the wave propagation path between the source 
and receiver caused by the Earth's structure's heterogeneities (Magrini et al., 2020). In the same way that petro-
physical parameters estimated from rock samples or outcrops represent the properties at the field scale, our results 
can be upscaled to the reservoir scale, helping constrain petro-elastic and seismic models.

4. Conclusions
In this study, we analyzed the pore space as the main driver of the S-wave velocity and amplitude perturbations. 
We defined the individual contribution of the number of pores, pore sizes and location of the pores on the acquired 
waveforms by using 2D synthetic samples that resemble volcaniclastic rock samples. The conclusions are that:

1.  It is not solely porosity that controls elastic wave propagation in heterogeneous samples, as rock samples of 
equal porosity but different pore space topology produce different waveforms.

2.  The size of the pores is a primary contributor to changes in S-wave propagation and therefore a trigger of the 
changes in direction and phase of the propagating wavefield, as suggested by scattering theories.

Figure 4. (a) S-wave propagation in a synthetic sample representing the rock sample 1H. In R1H the pore space is 
reconstructed from digital images while in R45p is simulated; (b) Velocity versus λ/d (λ: wavelength, d: average diameter 
of the pores in the sample). The color scale represents the ratio between the energy in the main wave package and the coda 
waves. The dashed line indicates the K&T bound, while the maximum expected velocity is ∼1,687 m/s. The range of the λ/d 
axis going toward Mie scattering and effective medium theories (EMT) is shown for reference.
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3.  The location of the pores has the lowest impact on amplitudes and phases of the direct wave; hence its effect 
could be overlooked when estimating the velocity of elastic waves from ultrasonic wave propagation. However, 
the increased effect on later wave propagation could be of greater significance at the field scale.

4.  Energy ratios change with pore space topology as coda waves are influenced by the topology of the pores more 
than the S-wave package.

5.  The S-wave arrival is the only waveform parameter that can be satisfactorily reproduced using an average size 
and number of pores in a dry volcanic sample without the need for a replica of the pore network.

This work establishes explicit constraints of wave propagation modeling on dry volcanic rocks having a complex 
pore network. We conclude that models incorporating porosity and pore topology as separate factors must be 
developed to characterize volcanic materials.

Data Availability Statement
The data generated and analyzed in this study (mesh and waveforms) is publicly available at https://doi.
org/10.17632/b5p54xtvv9.3.
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