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Abstract Fluid substitution processes have been investigated in the laboratory on 14 carbonate and
siliciclastic reservoir rock analogues through spontaneous imbibition experiments on vertical cylindrical
specimens with simultaneous ultrasonic monitoring and imaging. The motivation of our study was to
identify the seismic attributes of fluid substitution in reservoir rocks and to link them to physical processes.
It is shown that (i) the P wave velocity either decreases or increases when the capillary front reaches the
Fresnel clearance zone, (ii) the P wave amplitude is systematically impacted earlier than the velocity is, (iii)
this precursory amplitude decrease occurs when the imbibition front is located outside of the Fresnel zone,
and (iv) the relative variation of the P wave amplitude is always much larger than that of the P wave
velocity. These results suggest that moisture diffuses into the pore space ahead of the water front. This
postulate is further supported by a quantitative analysis of the time evolution of the observed P wave
amplitudes. In a sense, P wave amplitude acts as a precursor of the arrival of the capillary front. This
phenomenon is used to estimate the effective diffusivity of moisture in the tested rocks. The effective
moisture diffusivity estimated from the ultrasonic data is strongly correlated with permeability: a power law
with exponent 0.96 predicts permeability from ultrasonic monitoring within a factor 3 without noticeable
bias. When the effective diffusivity is high, moisture diffusion affects ultrasonic P wave attributes even
before the imbibition starts and impacts the P wave reflectivity as evidenced by the variations recorded in
the waveform coda.

1. Introduction

Fluid substitution processes can lead to significant modifications in the physical properties of porous rocks
which can impact gas and oil recovery [Doornhof et al., 2006], groundwater management [Novakowski and
Gillham, 1988], CO2 geosequestration operations [JafarGandomi and Curtis, 2011], and geothermal energy
extraction [Jaya et al., 2008]. Remote seismic monitoring has been proposed as a tool to characterize fluid
substitution processes in underground reservoirs [Rasolofosaon and Zinszner, 2004], as the elastic properties
of reservoir rocks are very sensitive to the nature of the fluids saturating the pore space [Mavko et al., 2009;
Rasolofosaon and Zinszner, 2012]. Fluid substitution in porous rocks, driven by either natural (e.g.,
wetting/drying processes) or man-induced (e.g., water flooding in hydrocarbon reservoirs) forces, commonly
occurs in nature. One way to address this problem in the laboratory is to perform spontaneous imbibition
experiments in which a wetting fluid (e.g., water) replaces a nonwetting phase (e.g., air) originally present
in the pore space. Assessing fluid substitution and redistribution processes in underground reservoirs
requires the implementation of remote surface geophysical monitoring techniques such as seismic surveys.
A laboratory equivalent of a seismic survey is achieved by using an array of ultrasonic transducers (source/
receiver pairs) coupled to a rock sample during a simulated fluid substitution experiment under well-
controlled conditions. Such a setup can be used during fluid substitution experiments on rock specimens
at room conditions (e.g., spontaneous imbibition reported here) or at the in situ stress conditions during
forced fluid injection experiments in a triaxial stress vessel [David et al., 2015a]. For a correct interpretation
of the seismic signals, it is also necessary to link the variation in seismic attributes (velocity and attenuation)
to the actual distribution of fluids in the rock. The feasibility of ultrasonic monitoring in laboratory experi-
ments was assessed in water flooding experiments byWulff and Mjaaland [2002] and in fluid injection experi-
ments with simultaneous acoustic emissions and ultrasonic monitoring by Stanchits et al. [2011]. Ultrasonic
monitoring of injection experiments was also recently conducted by Lopes et al. [2012, 2014], and the
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effect of capillarity on P wave attenuation and dispersion has been studied theoretically by Qi et al. [2014].
Our recent works [David et al., 2015a; Dautriat et al., 2016] showed that during water injection into a poorly
consolidated sandstone originally saturated with air or oil, the P wave velocity decreases. In sedimentary
rocks, the P wave velocity decrease induced by water injection is often referred to as chemical weakening
[Knight and Dvorkin, 1992; Mavko et al., 2009]. Water vapor has also a significant weakening effect when
adsorbed on mineral surfaces and/or at grain contacts. In the laboratory experiments they conducted on a
set of sandstones and limestones, Pimienta et al. [2014] found that relative humidity impacts significantly seis-
mic attributes (P wave and S wave velocity and amplitude), especially in poorly cemented sandstones. In
these experiments the water saturation is lower than few percent, and the weakening is essentially due to
moisture diffusion in the pore space. A grain contact theory [Digby, 1981], extended to include the effect
of surface energy reduction by moisture adsorption, successfully models the experimental observations
[Pimienta et al., 2014]. The impact of moisture diffusion on the nonlinear elasticity in porous rocks was studied
by van Den Abeele et al. [2002].

In addition, for a successful application in the field, the remotely monitored variations in seismic attributes
have to be correlated with the actual evolution of the distribution of the fluid within the porous rock during
fluid substitution [Avseth et al., 2005]. To this end, imaging techniques are well suited for characterizing the
fluid distribution in the pore space. At the laboratory scale, this can be achieved using attenuation maps
obtained by exposing the tested rock to X-ray [Mees et al., 2003] or neutron [Hall, 2013] beams during the
fluid substitution process. In a recent study, David et al. [2015b] recorded the P waveforms transmitted
between two pairs of ultrasonic transducers (~0.5 MHz) located at two heights along vertical rock specimens
subjected to spontaneous water imbibition experiments. Simultaneously, X-ray CT images were acquired
with a Siemens SOMATOM Definition AS 64-slice. They showed that the P wave amplitude drops systemati-
cally before the P wave velocity is impacted by the approaching water front. Furthermore, this amplitude
drop occurs when the fluid front appears to be located well below the zone probed by the two ultrasonic
source/receiver pairs. A similar behavior was reported in a companion paper of the same special volume
[David et al., 2017] on two additional rocks, the Majella grainstone and the Sherwood sandstone. Whereas
the relationship between the fluid front position and the onset of velocity decrease could be explained by
taking into account the size of the Fresnel clearance zone [Spetzler and Snieder, 2004], no clear explanation
could be given for the decoupled evolution of P wave amplitude and velocity. The overall conclusion drawn
from these results is that the P wave amplitude (related to the P wave attenuation) is more sensitive to fluid
substitution processes than the Pwave velocity. This conclusion is consistent with that ofWulff and Mjaaland
[2002]. No physical explanation was given for the early amplitude decrease observed in all the rocks studied
so far.

In the present work we postulate that the observed P wave amplitude decrease during spontaneous imbibi-
tion experiments is related to moisture (water vapor) diffusion ahead of the water front. To support this pos-
tulate, new experimental results are presented, and a unified interpretation is devised for the complete data
set, including our recently published results. Our analysis shows that at the laboratory scale, fluid substitution
processes can be well detected by remote ultrasonic methods, with amplitude variations being a precursory
signal ahead of the arrival of the fluid front. Furthermore, the analysis of amplitude variations provides a
robust way to estimate the effective diffusivity of water vapor in porous rocks. For our data set, the effective
diffusivity-permeability relationship is a power law, which suggests a convenient and cost-effective method
for predicting permeability from ultrasonic measurements during spontaneous imbibition experiments,
within a factor 3 uncertainty.

2. Materials and Methods

An experimental protocol was designed for conducting simple fluid substitution experiments, i.e., sponta-
neous imbibition, with simultaneous ultrasonic monitoring and imaging of the inner structure of the rock.
Such experiments have been conducted in Commonwealth Scientific and Industrial Research
Organisation’s (CSIRO) Geomechanics and Geophysics Laboratory located in Perth (Australia). All experiments
were done on unjacketed samples, under room pressure and controlled temperature (25°C). Two pairs of P
wave ultrasonic transducers (two source/receiver pairs) are attached to vertical rock samples (length
~80 mm) at two different heights (~25 and 50 mm). A specific stand is designed to allow water to be in
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contact with the bottom end of the rock specimen, allowing a spontaneous water imbibition process to occur
[David et al., 2015b]. In addition, this arrangement allows for a time-lapse imaging of the water distribution
within the rock specimen using, for instance, X-ray CT monitoring. These images represent density maps of
the inside of the rock sample taken every 5 s during the imbibition process. The same time-lapse interval
is used for the ultrasonic P wave monitoring: every 5 s the waveform transmitted between each of the two
pairs of source/receiver is recorded, and the P wave velocity and amplitude are calculated. The first results
of this kind of experiments on four rock samples were published by David et al. [2015b, 2017]. Here we
present unpublished results which allow us to extend our data set to 14 different rock samples that
experienced similar spontaneous imbibition tests with imaging and ultrasonic monitoring (Table 1). Seven
carbonate rocks and six sandstones were selected in order to cover a wide range of porosity and
permeability relevant for reservoir analogues. Two orthogonal samples of Sherwood sandstone were
tested to assess the effect of anisotropy. The so-called vertical specimen (SH-ver) is cored parallel to the
bedding plane so that the bedding appears vertical. The opposite holds for the horizontal specimen (SH-hor).
Table 1 summarizes the properties of our sample set, listed in decreasing order of permeability.

Note that the results for SMX, MAJ, and SH-hor have been published in David et al. [2015b, 2017]; the others
are unpublished results. This sample set covers a porosity range between 14% and 39% and a permeability
range between 26 mD and 3400 mD. The permeability data were obtained using the steady state flow
method at low confining pressure.

3. Results From Spontaneous Imbibition Tests
3.1. Result for the “Vertical” Sherwood Sandstone

As the sample set is large, it is unpractical to present extensively our observations for all the samples. We
therefore report all measurements in Appendix A and present and discuss in detail the results for one repre-
sentative example: SH-ver the vertical Sherwood sandstone (Figure 1). This experiment was done on a sample
cored from the same block as the SH-hor sample studied by David et al. [2017] but in a direction parallel to
bedding. Therefore, on CT images the bedding appears to be vertical. Comparing the results for SH-hor
and SH-ver allows us to discuss the impact of anisotropy in our experiments.

In Figure 1a, the height of the water front imaged by X-ray CT is plotted as a function of the square root of
time clearly: this figure clearly illustrates the anisotropic nature of the Sherwood sandstone. The kinetics of
water imbibition in the vertical specimen of Sherwood sandstone (SH-ver) is significantly faster than in the
horizontal specimen (SH-hor). Note that at the beginning both plots look similar; then they diverge after
water has reached a height of about 10 mm. This contrast in kinetics is in good agreement with the

Table 1. Selected Rocks for the Imbibition Experiments With Imaging and Ultrasonic Monitoringa

Rock Sample
(S)andstone
(C)arbonate Reference

Porosity
(%)

P Wave Velocity
of Dry Rock (m/s)

Permeability
(mD)

Boise S BOI 28.9 2770 3403
Bentheimer S BEN 24.4 2780 2370
Saint-Maximinb C SMX 37.0 2740 2100
Castlegate S CSG 25.1 1660 1193
Majellac C MAJ 30.0 2100 450
Sherwood vertical S SH-ver 30.0 1800 350
Leopard S LEO 21.1 2570 347
Sherwood horizontalc S SH-hor 30.0 1400 200
Silurian dolomite C SID 14.3 5240 199
Berea S BER 18.6 2240 107
Carbon Tan C CAT 16.6 2160 55.2
Edward Brown C EDB 25.9 3560 30.8
Savonnières C SAV 32.2 3160 28.2
Tuffeau C TUF 38.9 1920 25.6

aBoth permeability and Pwave velocity are measured along the sample axis. The sample list is ordered with respect to
permeability, from the most permeable to the least permeable sample.

bDavid et al. [2015b].
cDavid et al. [2017].
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permeability contrast between both samples (Table 1). This is an expected result: permeability along the
bedding is almost always larger than across the bedding in sedimentary rocks. Figure 1b shows the
evolution during the imbibition process of seismic attributes (velocity and amplitude), derived from the
analysis of the waveforms recorded by each pair of ultrasonic transducers located on planes 1 and 2
(more details on data processing are given in David et al. [2015b]). X-ray CT images are shown in Figure 1
c at five selected times: tA, when the first peak amplitude starts to decrease (images 1 and 3), and tV,
when the P wave velocity starts to decrease (images 2 and 4). The last image presented (image 5)
corresponds to the time at which the velocity drop is the sharpest in plane 2. From this experiment and
the others already published, very reproducible observations can be made on the evolution of seismic
attributes:

1. The P wave amplitude is systematically affected by the approaching fluid front before the velocity is.
2. The water front at time tA is located well below the corresponding ultrasonic transducers’ plane.
3. The P wave velocity is affected at time tV when the water front appears to be located within the Fresnel

clearance zone of the corresponding ultrasonic transducers’ plane. The Fresnel clearance zone is an ellip-
soidal region (see the ellipses drawn in Figure 1c) centered along a line joining the centers of the source
and receiver transducers. It is the zone in which Pwave propagation is affected by heterogeneities present
in this volume [Spetzler and Snieder, 2004].

4. The relative variation of the Pwave amplitude is systematically and significantly greater than that of the P
wave velocity.

In the following section, we will show that all these observations were consistently confirmed, with very few
exceptions, on the extended data set. Concerning the influence of anisotropy, the velocity and amplitude var-
iations for sample SH-hor [David et al., 2017] are plotted in Figure 1b for comparison. Both amplitude and
velocity drops in sample SH-ver occur much sooner compared to sample SH-hor, consistently with the fastest
imbibition kinetics in the former sample.

Figure 1. Imbibition experiment with ultrasonic monitoring and X-ray CT scan for the vertical Sherwood sandstone sample SH-ver with bedding parallel to the core
axis. (a) Evolution of the water front height measured on the images versus square root of time; for comparison the height evolution for the “horizontal” Sherwood
sandstone sample SH-hor is also plotted. (b) Evolution of Pwave amplitude and velocity (normalized to their value when imbibition starts) versus time (thick blue and
orange lines). For comparison the results for the SH-hor samples are shown as well (thin purple and brown lines). (c) Selected CT-scan images during the imbibition
process in SH-ver. The ellipses centered on the transducers planes represent the Fresnel clearance zone.
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3.2. Results for the Complete Data Set

For sake of completeness, the P wave amplitude and velocity evolutions for the new samples are provided in
Appendix A. Note that some curves are noisy: this is due to the fast acquisition rate of ultrasonic waveforms in
these experiments, which did not allow for sufficient waveform stacking to improve the signal-to-noise ratio.
We will focus here on the analysis of this new data set following the same procedure as for the Sherwood
sandstone detailed in the previous section.

Figure 2a shows how the distance dA (respectively dV) is defined, between the highest position of the water
front and plane 1 or plane 2 at time tA (respectively tV) when the seismic attributes depart from their initial
value. The half-width RF of the Fresnel clearance zone (Figure 2a) is calculated using the following relation:

RF ¼ 0:5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λDþ λ2

4

s
(1)

where D is the distance between the ultrasonic sensors and λ is the wavelength estimated by the ratio
between the Pwave velocity and the resonance frequency of the transducers (0.5 MHz). The numerical values
for these parameters are given for all the tested samples in Table 2. For both P wave amplitude and velocity,
we indicate for “plane 1/plane 2” if the property is decreasing (D) or increasing (I), the time (tA or tV) when the
property departs from the initial value, the distance (dA or dV) of the water front at time tA or tV, and the
Fresnel zone half-width RF.

Negative distances correspond to a water front located below the transducers’ plane. Time t = 0 corresponds
to the time of contact between water and the bottom end of the rock sample. The general conclusions drawn
from this analysis on all rock specimens are as follows:

1. The P wave amplitude systematically drops, whether the P wave velocity increases or decreases (except
for SID where a slight and temporary increase is observed prior to a significant decrease).

2. The P wave velocity increases, decreases, or remains almost constant depending on the rock tested.
3. The P wave amplitude drop occurs systematically before the Pwave velocity varies (except for BEN where

it is quasi simultaneous).
4. At time tV the water front is located within the Fresnel clearance zone.
5. In general, at time tA the water front is located below the Fresnel clearance zone.
6. The time difference Δt = tV � tA tends to be larger for rocks with lower permeability.

In Figure 2b, parameters dA and dV are plotted versus RF: with very few exceptions this plot confirms that
the P wave amplitude is impacted when the capillary front is below the Fresnel clearance zone, whereas
it is located above the Fresnel clearance zone when velocity is impacted. Therefore, our former observa-
tions derived from ultrasonic monitoring of imbibition experiments on a limited number of samples

Figure 2. (a) Schematics defining the parameters tA, dA, tV, and dV listed in Table 2. (b) Crossplot of parameters dA and dV versus RF for all themeasurements made on
our sample set.

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014193
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[David et al., 2015a, 2017] are confirmed with this extended data set including 14 different carbonate and
sandstone samples.

4. Discussion: The Impact of Moisture Diffusion

Our extended data set confirms, on a larger number of sandstones and carbonates, that the P wave ampli-
tude is systematically impacted before the velocity is during capillary imbibition experiments. Concomitant
imaging of the sample’s inner structure reveals that this early amplitude variation occurs when the water
front is well below the zone probed by the ultrasonic transducers. The evolution of P wave velocity (either
increase or decrease) is consistent with a water front located close to or above the Fresnel clearance zone
[Spetzler and Snieder, 2004]: whether a velocity decrease or increase occurs depends on the competition
between bulk moduli and density increase during fluid substitution [Mavko et al., 2009]. P wave velocity is
strongly dependent on water saturation [Le Ravalec et al., 1996] which was shown to vary with the fluid injec-
tion rate [Lopes et al., 2014]: for spontaneous imbibition experiments the fluid injection rate is driven by the
magnitude of capillary forces which depends on the rock microstructure. A thorough analysis of CT images
after calibration can provide an estimate of the saturation profile in the rock samples [Lopes et al., 2013],
which can be linked to the observed velocity variations (work in progress). In contrast, the time of occurrence
of the P wave amplitude drop requires additional investigation. In the following we examine the experimen-
tal evidences supporting the postulate that moisture diffusion is likely the key to understand this
puzzling observation.

4.1. Evidence of the Impact of Moisture Diffusion on P Wave Amplitude

Water vapor is present in the air as a result of evaporation which takes place, for example, at the surface of a
water tank. The amount of water vapor present in the atmosphere depends on the ambient conditions
(atmospheric pressure and temperature) and can be related to the relative humidity (RH) parameter.
Moisture diffusion in the air is a well-known phenomenon that can be quantified by Do, the diffusivity of
water vapor in the air, equal to 2.82 · 10�5 m2/s at 25°C and atmospheric pressure [Cussler, 1997]. For moisture
diffusion in a porous medium, an effective diffusivity needs to be defined because of the presence of obsta-
cles (the solid phase) to diffusion [Perkins and Johnston, 1963; Weissberg, 1963]. A general definition for the
effective diffusivity in porous media can be found, for example, in van Brakel and Heertjes [1974]:

Deff ¼ ϕδ
τ2

Do (2)

where ϕ is the porosity, τ2 is the tortuosity, and δ is the constrictivity. In this equation, both the tortuosity
(related to the increased diffusion path due to obstacles, τ2 ≥ 1) and the constrictivity (related to the pore

Table 2. Seismic Attributes at the Onset of P Wave Amplitude and Velocity Variations During the Imbibition Processa

Sample

Amplitude Variation
(D)ecrease
(I)ncrease

Time tA at
Amplitude
Variation (s)

Distance dA
From Sensors

(mm)

Velocity Variation
(D)ecrease
(I)ncrease

Time tV at
Velocity

Variation (s)

Distance dV
From Sensors

(mm)

Half-Width
of Fresnel
Zone (mm) Group

BOI D/D 14/80 �4/�7 I/I 29/96 +6/�3 6.2 blue
BEN D/D 15/96 �7/�5 I/I 16/95 �8/�5 6.3
SMX D/D 55/160 �11/�6 D/D 75/180 �1/�1 7.5 green
CSG D/D 60/335 �6/�13 D/D 89/499 �2/�6 4.7
MAJ D/D 65/390 �9/�17 D/D 165/695 �3/�3 6.6
SH-ver D/D 35/170 �16/�26 D/D 125/662 �6/�5 5.9
LEO D/D 178/2718 �10/�17 D/D 614/4968 �3/�6 5.9
SH-hor D/D 235/1802 �5/�15 D/D 345/3962 �6/�6 5.2
SID I, D/I, D 182/2051 �11/�14 I/I 353/2582 �7/�7 8.8
BER D/D 1005/7015 �7/�13 D, I/D, I 1411/11494 �3/�3 5.7 red
CAT D/D 984/4892 �5/�7 I/I 1066/6233 �4/�2 5.5
EDB D/D 1660/13797 �8/�13 D, I/D, I 2735/20822 �4/�5 7.2
SAV D, I/D 1452/9073 �6/�6 D, I/D, I 2161/9812 �2/�5 6.7
TUF D/D 1085/5977 �6/�8 D/D 1354/7589 �4/�2 5.2

aThe groups in the last column correspond to different behaviors as explained in section 4.1. Slash symbols separate the properties obtained from analyses on
plane 1 and plane 2, respectively.
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size variability, δ ≤ 1) are unknown and cannot bemeasured directly. AsDeff scales with porosity times intrinsic
diffusivity in air, let us define a reduced diffusivity D*, which can be estimated from the porosity alone:

D� ¼ ϕDo (3)

Then Deff = α.D*, where α = δ/τ2 is an unknown coefficient. Our postulate is that the early P wave amplitude
variation occurs when the moisture diffusing in the sample pore space reaches the zone probed by the ultra-
sonic transducers, first, near plane 1 then near plane 2. As we know the distance L between each plane and
the bottom end of the sample where moisture diffusion starts once contact is established between sample
and water, we can estimate the diffusion time from

Tdiff ¼ L2

D� (4)

This diffusion time is expected to be different for each rock and for each pair of transducers. Then we can nor-
malize the time scale for each experiment by dividing it by the corresponding diffusion time Tdiff and plot the
P wave amplitude data set for all the samples on a single plot as a function of the dimensionless “reduced”
time t/Tdiff (Figure 3). Doing so, it is possible to group all the samples into three subsets: the “green,” the
“red,” and the “blue” groups (Table 2), which are well defined in terms of permeability range.

1. The green group includes all the samples with permeability between 199 and 2100 mD. For this group,
Figure 3a shows that in 12 cases out of 14, the decrease of P wave amplitude occurs within a narrow

Figure 3. Variation of Pwave amplitude as a function of the reduced time t/Tdiff estimated from the vapor diffusion time to
reach the sensors planes. (a) Green group, samples with permeability between 199 and 2100 mD, (b) blue group, samples
with permeability higher than 2370 mD, and red group, samples with permeability lower than 107 mD. Numbers after
sample acronym refer to plane 1 or plane 2.
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reduced time interval between approximately 0.33 and 3. This data clustering when time is normalized by
diffusion time supports our postulate; i.e., water vapor diffusion is a good candidate for explaining the
wave amplitude decrease, given reasonable experimental uncertainties. As the diffusivity used in the cal-
culation was D*, this subset of data is consistent with an effective diffusivity Deff such that α ranges
between 0.33 and 3. Note that most of the curves are clustered at reduced time larger that 1, correspond-
ing to α< 1. This is in good agreement with the dependence of α with tortuosity and constrictivity (equa-
tion (1)). One outlier is the horizontal Sherwood sandstone—plane 2 (SH-hor2): the reason for this
behavior is attributed to the heterogeneity induced by the layering [David et al., 2017] which could
explain (i) the nonlinear and irregular rise of liquid water in the specimen during spontaneous water imbi-
bition (Figure 1a) and (ii) the transient amplitude increase in plane 1 at early stages (SH-hor1 in Figures 1b
and 3a). The denser layers probably slow down the overall upward migration of liquid water as well as
moisture diffusion due to lower local permeability and/or larger tortuosity of the pore space in these
layers.

2. The red group includes all the samples with permeability lower than 107 mD. Figure 3b shows that for
these samples the amplitude curves cluster at much higher reduced times, which means that the
effective diffusivity is strongly reduced. Here α is much smaller and tortuosity is significantly larger
according to equation (1). As the samples in this group are those with the lower permeability, this is
in good agreement with the permeability dependence on tortuosity in the equivalent channel model
[Walsh and Brace, 1984].

3. The blue group is composed of two rock samples exhibiting the highest permeability: the Boise and
Bentheimer sandstones. The Pwave amplitude decrease occurs at very early stage of the imbibition (small
reduced time, Figure 3b). For this group, the data compiled in Table 2 show that the amplitude and the
velocity decrease almost simultaneously. A possible explanation of this discrepancy could be that the
kinetics of capillary rise in the samples BOI and BEN is very fast, most likely faster than the kinetics of
moisture diffusion. Therefore, the analysis of this subset of samples in terms of effective moisture diffusion
is not relevant and leads to effective moisture diffusivity values larger than the free moisture diffusivity
in air. Further evidence of the effect of moisture diffusion on the seismic attributes of the tested rocks
was found at the very early stages of the imbibition experiments, well before liquid water is in contact
with the rock samples. These results are reported in Appendix B.

4.2. Effective Moisture Diffusivity From Ultrasonic Data

The observed data clustering when time is normalized by the diffusion time supports our postulate: moisture
diffusion is responsible for the precursory P wave amplitude drop when the front of liquid water is still far
from the zone probed by the ultrasonic transducers. Assuming that this postulate is correct and pushing
the rationale developed so far one step further, the effective moisture diffusivity within the porous rock
can be estimated for each rock. Indeed, knowing the location of the transducers’ plane (distance L from
the bottom end), and the time of occurrence of the amplitude drop tA (Table 2), the effective moisture diffu-
sivity is given by

Deff ¼ L2

tA
(5)

This equation gives a first-order estimate for the effective diffusivity, assuming that the distance L from the
bottom end to the transducers plane is the correct length scale for the diffusion processes; doing so, we
neglect the possible impact of the Fresnel zone. Another underlying assumption is that moisture diffusion
processes are faster than capillary processes (not true for the blue group), so that we can neglect the addi-
tional contribution of the moving capillary front pushing the water vapor cloud upward. Finally, we also
neglect the complications that arise from the open boundary conditions (unjacketed samples) which allow
part of the moisture to escape from the sample and also the potential impact of the vibrations induced by
the transducers on vapor diffusivity. Given these limitations, as the measurements of L and tA for each plane
1 and plane 2 are available, equation (4) provides two independent estimates of the effective moisture diffu-
sivity for each rock sample. The results for the green and red groups are given in Table 3. As expected, the
effective diffusivity values are lower than the free moisture diffusivity in airDo. Several models have been sug-
gested in the literature to relate the effective moisture diffusivity in porous media to microstructural or bulk
parameters like tortuosity and porosity (for a review of such models, see Shen and Chen [2007]). For the sake
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of simplicity we use equation (2) and calculate the tortuosity from Deff and ϕ, assuming the unknown
constrictivity δ = 1. We also estimate the increased diffusion path length Δλ/Δx as the square root of
tortuosity [Ghanbarian et al., 2013].

1. Overall, samples in the green group have a relatively large effective diffusivity and low tortuosity, with one
noticeable exception. The horizontal Sherwood sandstone, as noted earlier, has a peculiar behavior in this
respect, attributed to its layered structure. The most permeable samples exhibit values of the pore net-
work tortuosity lower than 1, which is theoretically unrealizable [Ghanbarian et al., 2013]. This suggests
a breakdown of equation (1) for these particularly permeable rocks with very low tortuosity (nearing 1).
Presumably, porosity becomes the key controlling parameter in this case as suggested in Shen and
Chen [2007].

2. Samples in the red group have a relatively small effective diffusivity and large tortuosity. Tortuosity ranges
between 5 and 29, leading to an increased diffusion path length between 2.2 and 5.4, which seems to be a
reasonable range [Ghanbarian et al., 2013].

4.3. Permeability From Effective Moisture Diffusivity

Figure 4 represents in a log-log plot the measured permeability against the effective moisture diffusivity nor-
malized by Do as derived from ultrasonic data (Table 3) for the 12 rocks studied here (i.e., green and red
groups). The effective diffusivity values are the average of the values derived from analyses on plane 1 and
plane 2. The permeability appears to correlate reasonably well with the effective moisture diffusivity. The
uncertainty in the estimation of the effective moisture diffusivity is represented by horizontal error bars in
Figure 4 and corresponds to the standard deviation of the values obtained on planes 1 and 2.

Permeability is therefore a power function of effective moisture. This empirical law holds over 2 orders of
magnitude in terms of both permeability and effective moisture diffusivity (Figure 4). Using SI units for per-
meability (m2) and diffusivity (m2/s), we find that

k ¼ 4:39 · 10�8 Deffð Þ0:96 (6)

A similar result was obtained by Boving and Grathwohl [2001] for the diffusion of tracers in sedimentary rocks,
although the exponent was higher (1.8 instead of 0.96). Equation (6) can be used to predict permeability from
effective moisture diffusivity. The predicted permeability values (Table 3) agree within approximately a factor
3 with the measured permeability. The predicted-over-measured permeability values range between 0.44
and 3.17, with an average of 1.17 and median 1.07. In the worst cases, permeability is either

Table 3. Values of the Effective Diffusion Coefficient Estimated From the P Wave Amplitude Analysis on Each Sensors
Plane, From Which Average Diffusivity and Tortuosity Are Derived for Each Samplea

Effective Diffusivity
Deff—Plane 1

(m2/s)

Effective Diffusivity
Deff—Plane 2

(m2/s)
Average
Deff/Do

Average
Tortuosity t2

Average
Δλ/Δx

Predicted
Permeability

(mD)

Predicted/
Measured

Permeability

Green Group
SMX 1.14E�05 1.56E�05 0.4785 0.77 0.88 928 0.44
CSG 1.37E�05 1.04E�05 0.4270 0.59 0.77 831 0.70
MAJ 9.62E�06 6.41E�06 0.2841 1.06 1.03 562 1.25
SH-ver 1.79E�05 1.47E�05 0.5774 0.52 0.72 1111 3.17
LEO 4.50E�06 1.21E�06 0.1012 2.09 1.44 209 0.60
SH-hor 2.66E�06 1.39E�06 0.0718 4.18 2.04 150 0.75
SID 5.18E�06 1.73E�06 0.1224 1.17 1.08 251 1.26

Red Group
BER 8.84E�07 5.05E�07 0.0246 7.57 2.75 54 0.50
CAT 8.96E�07 6.95E�07 0.0282 5.88 2.43 61 1.11
EDB 5.39E�07 2.54E�07 0.0141 18.43 4.29 31 1.02
SAV 5.28E�07 3.23E�07 0.0151 21.34 4.62 34 1.19
TUF 7.80E�07 5.71E�07 0.0240 16.24 4.03 52 2.04

aThe correlation between the effective diffusion coefficient and the permeability (Figure 4) allows one to predict per-
meability values from effective diffusivity.
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underestimated by a factor ~2 or overestimated by a factor ~3 at most with little bias, which can be
considered as satisfactory regarding permeability prediction in reservoir rocks. The scatter in the data
could be related to the uncertainty in defining the time at which moisture diffusion starts (taken here
when water contacts the bottom of the sample): our results in Appendix B show that in some samples
moisture diffusion can sometimes start before the beginning of capillary rise. Interestingly, a nearly linear
relationship between permeability and effective diffusivity is in agreement with the theory of critical path
analysis (CPA) [Katz and Thompson, 1986; David et al., 1990], taking into account that diffusivity scales as
electrical conductivity: the scatter in the data observed in Figure 4 may be explained by variations of the
critical pore radius (the characteristic length scale for permeability according to the CPA theory), which is
neglected in our analysis.

In summary, the analysis of the results obtained on 14 different rock samples suggests that the precursory
drop in P wave amplitude can be attributed to a faster diffusion of moisture (water vapor) ahead of the front
of liquid water. Moisture adsorption on the surface of the minerals was shown to weaken rocks [Clark et al.,
1980; Pimienta et al., 2014], leading to a drop in the amplitude of the probing ultrasonic waves before the
liquid water visible in the images reaches the Fresnel zone. The arrival of liquid water in the Fresnel clearance
zone subsequently induces significant changes in velocity, either decreasing or increasing, depending on the
rock. Theoretically, vapor adsorption on mineral grains within the pore space is known to lower the surface
energy and therefore the elastic moduli and wave velocities [Johnson et al., 1971; Murphy et al., 1984;
Pimienta et al., 2014] as a result of moisture-induced microforces like molecular attraction-repulsion forces
[van Den Abeele et al., 2002]. Experimentally, the decrease of both wave velocities and amplitudes was
observed from moisture adsorption [Clark et al., 1980; Pimienta et al., 2014] at low water saturation where
capillary and swelling microforces are negligible [van Den Abeele et al., 2002]. Here all the tested sandstones
and carbonates present elastic weakening bymoisture adsorption. Comparatively to these earlier studies, our
results suggest that water adsorption on mineral grains has a stronger impact on wave amplitude than it has
on wave velocity.

5. Conclusions

A series of spontaneous imbibition experiments were conducted on 14 different rocks with simultaneous
ultrasonic monitoring using two pairs of ultrasonic P wave sensors located at different heights. Imaging
the fluid substitution process was possible through the acquisition of density maps, which conveniently
allowed us to relate the evolution of seismic attributes (P wave amplitude and velocity) to the distribution

Figure 4. (a) Experimental correlation between the effective diffusivity normalized to water vapor diffusivity in air and per-
meability for the green and red groups. The horizontal error bars are obtained from the standard deviation of values
derived for planes 1 and 2. (b) Predicted versus measured permeability with statistical attributes for the permeability ratio
kpred./kmeas.(vertical and horizontal scales are identical, and the dashed line corresponds to kpred = kmeas).
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of fluids in the pore space. The analysis of the evolution of P waves attributes during the imbibition shows
that (i) the P wave velocity is systematically impacted when the capillary front reaches the Fresnel clearance
zone associated with the probing ultrasonic transducers, (ii) the Pwave amplitude is systematically impacted
before velocity is, and (iii) this early amplitude drop occurs when liquid water appears to be located well
below the Fresnel clearance zone. When plotting the P wave amplitude evolution as a function of the time
scaled by a characteristic diffusion time, the data for both ultrasonic monitoring planes on 14 different rock
samples conveniently cluster into three groups depending on the permeability. Precursory moisture diffusion
ahead of the front of liquid water is a simple mechanism accounting well for the experimental observations
reported here. To our knowledge, this phenomenon has not been previously documented in the
geoscience literature. Amplitude drop induced by moisture diffusion can be considered as a precursory
signal for the arrival of the capillary front (liquid water). Furthermore, this phenomenon can be used to
estimate the effective diffusivity of moisture in rocks, a physical property which depends on the free
diffusivity of moisture in the air, the rock porosity, and the tortuosity and constrictivity of the pore network.
The effective moisture diffusivity derived from ultrasonic data correlates well with permeability in a range
spanning 2 orders of magnitude. This empirical correlation is therefore used to predict permeability from P
waves amplitude measurements. For this data set a power law with exponent 0.94 was found, and the ratio
of predicted to measured permeability ranges between 0.4 and 3 with a median value close to 1. This
uncertainty range is reasonable in view of the notorious variability in permeability usually reported for
rocks. For rocks with high effective diffusivity, moisture affects the rock properties at the very early stages
of the imbibition experiment, i.e., before liquid water is in contact with the rock. This behavior is attributed
to moisture diffusion in the air gap between the sample and the rising water level. Subsequent moisture
diffusion near the bottom end of the rock specimens is detected through the changes recorded in the coda
of the waveform. Although precursory moisture diffusion has been evidenced in spontaneous imbibition
experiments, it is likely to also be acting during forced fluid substitution experiments under triaxial stress
states in which precursory P wave amplitude drops have been observed [Dautriat et al., 2016]. Such a
diffusion-driven mechanism is likely to occur as well during fluid substitution operations at reservoir scale
(e.g., enhanced oil recovery). This study suggests that continuous seismic monitoring involving P wave
amplitude analysis is suitable for the early detection and characterization of the distribution of the water
injected underground.

Appendix A

The evolution of the normalized P wave velocity and amplitude with time during spontaneous imbibition
experiments is presented in Figure A1 for the complete sample set (except for already published data).
The results for samples SH-hor, SH-ver, SMX, and MAJ have already been presented in published work
[David et al., 2015a, 2017]. The name of the tested rock appears in the same color as the group to which it
belongs (blue, green, or red; see section 4).

Appendix B

Moisture diffusion within the rock porous matrix was suspected to occur even before the liquid water
rising in the tank had contacted the bottom end of the rock sample. Ultrasonic data and images were
recorded during this early stage of the imbibition experiments. These ultrasonic data were analyzed
using the methodology developed by David et al. [2017], which is briefly recalled here. Each recorded
waveform is separated into different wavelets corresponding to different P wave travel paths within
the sample (direct wave and reflections). The late wavelet arrivals recorded in the coda correspond to
reflections at the bottom end of the sample potentially affected by the diffusing moisture. For the sake
of simplicity these late wavelets are referred to as “coda.” Figure B1 shows for a selection of rock
samples the evolution with time of the energy carried by the coda, normalized by its initial value.
This energy is calculated as the time integral of the squared amplitude. At t = 0 liquid water in the tank
contacts the bottom end of the rock sample. At this time, the energy carried by the coda drops sharply
for all the samples. Before the contact (t < 0) this energy is constant in all samples but BOI, BEN (blue
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group), and MAJ (green group). For these samples the energy carried by the coda starts decreasing
before the rock-water contact.

Let us consider the case of MAJ in more detail because the precursory drop of the energy carried by the P
wave coda before the contact with liquid water is most pronounced. Figure B2 shows the coda waveforms
recorded on plane 1 at five consecutive time steps before and at the time of contact. For each time step,
the waveform color corresponds to the color of the X-ray image insert.

Figure B2 clearly shows that the waveform’s coda is continuously changing while liquid water has not yet
reached the bottom end of the rock sample. This additional observation suggests that moisture diffuses first
in the air gap between the rising water front and the bottom end of the sample then within the lower part of
the rock sample so that the waveform coda (reflection) recorded at the location of the ultrasonic transducers
in plane 1 is impacted.

Figure A1. Evolution of normalized P wave amplitude and velocity for the extended sample set.
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To assess further this interpretation, a quantitative analysis of moisture diffusion length and time is carried
out. The location of the water level in the tank is derived from the X-ray images and yields the free diffusion
length L of water vapor in the air below the bottom end of the sample. Considering the first time step, the
distance L is the largest (~10 mm), the diffusion time in air is L2/Do = 3.5 s which is smaller than the time
lag between two consecutive images in Figure B2. Therefore, moisture diffusion is likely to impact the bottom
end of the sample on a time scale compatible with our data sampling rate. On the other hand, the time of
impact of moisture on seismic attributes recorded within the rock is controlled by the rock-dependent effec-
tive moisture diffusivity discussed in the main article. This is consistent with the early impact observed on
samples belonging to the blue and green groups (high effective diffusivity) and lack of effect observed on
samples belonging to the red group (low effective diffusivity). When the rock effective diffusivity is high,
moisture measurably affects the wave attributes of the reflected waves: to our knowledge, this phenomenon
has not been documented so far in the literature.

Figure B1. Energy of the Pwave coda before (t< 0) and after (t> 0) water contacts the bottom end of the rock sample. The
color coding is the same as in Figure 3.

Figure B2. Evolution of the coda for Majella grainstone before the arrival of the water at the bottom of the sample. The
color of each waveform corresponds to the background color of the CT-scan images. The inserted graph represents the
full waveform from which the coda is extracted.
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