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Introduction

The presence of fractures and/or shale are among the main causes of seismic anisotropy in geological media, as is the case for instance in the
recently discovered offshore pre-salt oil reservoirs of Brazil. Seismic anisotropy induced by the presence of shale is the topic of this study. By
combining two shale databases (Thomsen, 1986; Pervukhina et al., 2013), we aim to extract the major trends in the relation between seismic
anisotropy and compaction/diagenesis. More precisely the main objective of our work is to check if there is any major link between shale
anisotropy and compaction.

The Considered Experimental Databases on Shale

Two anisotropy databases are considered in this work. The first database (Thomsen, 1986) appeared to be a nearly exhaustive database at the
time of its publication (Thomsen, personal communication). It is composed of 59 samples of shales or shaly formations. The second database
(Pervukhina et al., 2013) is composed of 37 shale samples with different mineralogical compositions, silt, and clay fractions, and porosities.
Both databases are combined in order to analyze the major trends with respect to seismic anisotropy and compaction. Note that this composite
shale database is characterized by its great diversity, either in terms of mineral composition, or in terms of burial depth and geologic age, and as
a consequence in terms of level of compaction/diagenesis.

Definition of the Considered Anisotropic Parameters

All the considered rock samples are assumed transversely isotropic (TI) with a vertical symmetry axis. The anisotropy parameters considered in
the present work are the classical parameters ¢, 8, v, and o first introduced by Thomsen (1986), and illustrated by Figure 1.


mailto:Marina.Pervukhina@csiro.au

The first anisotropy parameter ¢ is roughly the relative difference between the P-wave velocities in the horizontal direction and in the vertical
direction. The anisotropy parameter v is the equivalent of the parameter ¢ for the SH-wave (i.e., the horizontally polarized S-wave). The
parameter y happens to be also equal to the S-wave birefringence coefficient for propagation in the horizontal direction. More precisely, v is
also roughly equal to the relative difference between the SH-wave velocity and the SV-wave (i.e., the vertically polarized S-wave) velocity for
propagation in the horizontal direction.

The third parameter 9, that is to say the P-wave moveout parameter, is roughly equal to the relative difference between the P-wave moveout
velocity and the P-wave vertical velocity. The last parameter o, that is to say the SV-wave moveout parameter, is the equivalent of the
parameter o for the SV-wave. Note that the SH-wave moveout parameter is also equal to y.

Effect of Burial and Compaction on Sediment Properties

One of the most important effect of burial on sedimentary formations is the reduction of porosity and the velocity and stiffening increase (e.g.,
Nafe et al., 1960; Gardner et al., 1974). In seismics, many empirical relationships between porosity, or velocity, and the depth of burial and
geologic age are used (e.g., Bourbi¢ et al., 1987; Mavko et al., 1998). Shale, as any sedimentary formation, is not an exception to the rule. A
practical consequence is the trend observed on the shale database, and illustrated by Figure 2, corroborating the simultaneous increase of both
P-wave vertical velocity Vp, and S-wave vertical velocity Vs, with the density p. The corresponding depth data being available for only some
of the considered samples actually corroborate the effect of burial both on densities and on velocities.

Effect on the Anisotropy Parameters

Up to now we did not deal with anisotropy. Here we check if the anisotropy parameters of shale follow some general trend linked with
compaction. For this, crossplots similar to those of the previous figure are shown on Figure 3 between the anisotropy parameters ¢ (blue
diamonds), & (red squares), y (yellow triangles) and o (green circles) and the gP-wave vertical velocity Vp (left), or the gS-wave vertical
velocity (right). In contrast with the previous figures, no clear trend is observed for any of the anisotropy parameters. The systematic absence of
anisotropy increase with velocity increase seems to imply that burial and/or compaction has no first order effect on seismic anisotropy increase.
In other words, contrary to what has been conjectured by some authors (e.g., Hornby, 1995), there is no first order correlation between
compaction and anisotropy strength. This is one of the main results of the present work.

Furthermore, there even seems to be a weak reversal trend between the anisotropy parameters ¢ (blue diamonds) and ¢ (green circles), and
both velocities. This very rough decrease of ¢ and o with velocity increase can simply be explained by the increase of both velocities Vp and
Vs with compaction/diagenesis. Because both velocities are present in the denominators of the mathematical expressions of the anisotropy
parameters (details to follow), an increase of both reference velocities Vp and Vs tends to slightly decrease any of the anisotropy parameters.
Another possible explanation of the anisotropy decrease with the velocity increase is that the latter is caused with the increase of silt fraction,
the fraction of nonclay minerals. Typically the increase of the silt fraction results in lower anisotropy parameters (Pervukhina et al., 2007).
However, this effect is small if silt inclusions are distributed as isolated inclusions floating in the clay matrix.



Relation between the Anisotropy Parameters

In contrast, the crossplot between the anisotropy parameters and ¢ exhibits clear positive correlation, as illustrated by Figure 4. In other words
one observes an increase of y with . Note that this is not the case for the remaining anisotropy parameters 6 and o (not shown here for
conciseness). This is in agreement with the theoretical work of Sayers (2005), who described the elastic anisotropy of shales, assuming
transverse isotropy for both the “crystal” symmetry and the Orientation Distribution Function of the “crystals.” We put the word crystal
between quotation marks because, instead of crystals, shale is arranged in groups of parallel clay platelets, called “domains” by Aylmore and
Quirk (1959). The main result, that the more aligned are the clay platelets, the larger the anisotropy parameters y and e, is corroborated by
many experimental results. Note that this is not so clear for the remaining anisotropy parameters. Thus the increase of y with ¢ observed in
Figure 4 is not really surprising and is linked with the orientation of the clay platelets. Furthermore, because neither y nor € increases with any
of the velocities Vp and Vs, the increase of the clay platelets alignment is definitely not linked to the level of compaction, at least to the first
order, as sometimes conjectured.

Discussion

First of all we are aware that the intrinsic anisotropy of the clay platelets and their orientation distribution function are not the only causes of
elastic anisotropy in shale. Some complicating factors, such as the anisotropic distributions of discontinuities/porosity and the presence of
aligned silt inclusions have drawn much less attention but have also been studied (e.g., Pervukhina et al., 2007; Pervukhina et al., 2013; Tiwary,
2007). However, because the shale samples of Pervukhina et al. (2013) have been included in our database, we think that these complicating
factors should not substantially change the above conclusions, at least to the first order. Furthermore, note that the actual existence of such
discontinuities in shale in natural conditions is still controversial (e.g., Zinszner et al., 2002; Rasolofosaon and Zinszner, 2014).

Because compaction can be excluded as a major cause of seismic anisotropy in shale, shale platelet alignment, clearly concomitant with the
presence of seismic anisotropy in shale, can simply be due, for instance, to the conditions of deposition of the sediments. For instance, in
turbiditic environment one would expect a stochastic misalignment of the clay platelets, inducing quasi-random Orientation Distribution
Function of the clay platelets. As a consequence we could expect weak overall seismic anisotropy. In contrast, in a quiet depositional
environment, one would expect a good alignment of the clay platelets in the direction perpendicular to the gravity at the time of sediment
deposition. As a consequence the resulting seismic anisotropy is expected to be stronger.

Conclusions

By combining the two shale databases (Thomsen, 1986; Pervukhina et al., 2013) we extracted the major trends in the relation between seismic
anisotropy and compaction. It clearly appears that compaction does not play a first order role in seismic anisotropy. As a consequence the
increase of the clay platelets alignment is definitely not linked to the level of compaction, at least to the first order, as sometimes conjectured.



Otherwise there would be a systematic correlation between the increase of anisotropy strength and the velocity increase, which is at odds of
what is experimentally observed. Furthermore, compaction/diagenesis tending to increase all the velocities, in particular the reference vertical P
and S-wave velocities in the definition of the anisotropy parameters, even somehow contributes to weakly decrease the anisotropy parameters,
which is roughly observed experimentally. In spite of some first attempts (Pervukhina et al., 2013). Rock Physics models that completely
describe these major trends are still lacking and are strongly encouraged.
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Figure 1. Definitions of the anisotropy parameters ¢, o, y, and o of VTI and their link with measurable quantities for the P wave (left) and for
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Figure 2. Left: Density p as function of the P-wave vertical velocity Vp. Right: Density p as function of the S-wave vertical velocity Vs. Both
from the shale database of Thomsen (1986) and Pervukhina et al. (2013).
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Figure 3. Left: Crossplot between the anisotropy parameters ¢, 3, y, and o and the gP-wave vertical velocity Vp. Right: Crossplot between the
anisotropy parameters ¢, 8, y, and o and the qS-wave vertical velocity Vs.
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Figure 4. Crossplot of the anisotropy parameters ¢ and y from the shale database of Thomsen (1986) and Pervukhina et al. (2013).



