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Tomographic imaging of a carbonate core using different ultrasonic seismic sources at the laboratory

scale : piezoelectric vs point-like pulsed-laser

Chengyi Shen*, Daniel Brito, Julien Diaz and Clarisse Bordes, Université de Pau et des Pays de I’Adour, E2S UPPA,
CNRS, Total, LFCR; Jean Virieux and Stéphane Garambois, 1STerre, Université Grenoble Alpes

SUMMARY

Carbonate rocks are of particular interest in exploration geo-
physics due to the prosperity of carbonate reservoirs in oil
& gas industry. Such rocks are generally heterogeneous,
anisotropic, porous and fractured, with complicated sedimen-
tary compositions. Imaging their petrophysical properties can
therefore be challenging with classical techniques. We pro-
pose here to proceed to the V,, seismic tomographic imaging
of a circular section of a carbonate core of diameter 10.7 cm
based on the first arrival travel times of seismic waves. A
point-like pulsed-laser and a piezoelectric transducer are alter-
natively used as seismic sources and a laser vibrometer records
the travelling waves at the periphery of the carbonate core. V,,
images obtained with both sources are then analyzed and com-
pared to an X-ray CT-scan tomography.

INTRODUCTION

Reproduction of seismic explorations at laboratory scale (Bre-
taudeau et al., 2011; De Cacqueray et al., 2011; Holzhauer
et al., 2017) is a promising approach that could lead to signif-
icant progress in the development and evaluation of imaging
methods for complex media, such as monitoring at the near-
surface and the crust scales, especially in case that difficul-
ties are encountered during quantitative analyses on seismic
exploration data. Besides, a high-resolution seismic dataset
recorded in laboratory can reveal small-scale geophysical prop-
erties such as elastic wave velocities, porosity or permeabil-
ity that could be efficiently retrieved by numerical inversions
on seismic attributes (Dupuy et al., 2016a,b). To some ex-
tent, results obtained at laboratory scale may be transferred
to the field scale through upscaling methods (Backus, 1962;
Tiwary et al., 2009; Capdeville et al., 2010; Dvorkin and Woll-
ner, 2017; Bailly et al., 2019). The quality of the inversion
relies strongly on seismic attributes estimations, which in turn
depends on several factors such as the seismic source quan-
tification, the sensitivity of the receivers and the acquisition
setup (Dupuy et al., 2016a). Seismic tomography is one of the
widely-used inversion methods to image the interior of geolog-
ical elements at various scales. In this work we proceed to a
high-resolution V, seismic tomography of a carbonate core us-
ing an original experimental set-up where two kind of seismic
sources are successfully used (pulsed-laser and piezoelectric
transducer) and a moving laser vibrometer acts as receivers.

X-RAY CT-SCAN

The carbonate core of 10.7 cm in diameter used in the present
study was first processed in TOTAL CSTIJF (Centre Scien-

tifique et Technique Jean Féger) by means of X-ray CT-scan
tomography through a medicine scanner from General Elec-
tric’s Discovery® series. Fig. 1 displays the image of one slice
from the CT-scan dataset, the spatial resolution being ~260
pum. The color scheme reveals the linear attenuation coeffi-
cients scaled to the color range [0, 255]. Red colors imply
stronger X-ray attenuation while blue color weaker ones. The
slice shows a relatively high contrast between the light-red side
and the blue side, the latter indicating lower density or/and
stronger porosity given the associated weaker attenuation. We
focus on probing this core slice with ultrasounds.

Week attenuation Strong attenuation
A slice of X-ray CT-scan image on the carbonate core

Figure 1: CT-scan tomography slice of the carbonate core. The
slice features a moon-like area on the right and appears to
be heterogeneous. The CT-scan images manifests the “beam
hardening” artifact (Ketcham and Carlson, 2001) forming the
“red ring” around the core, which is the most common default
of an uncorrected X-ray CT-scan reconstruction.

EXPERIMENTAL SET-UP

We developed an experimental prototype allowing dense seis-
mic scanning around core samples under a cylindrical coordi-
nate system. After experimental calibrations on an aluminum
core (Shen, 2020), the angular error of the prototype’s rota-
tional platform was estimated to be less than 1° per cycle.

Two types of seismic source are used in the laboratory-scale
experimentation: a piezoelectric source (PZT hereafter, effec-
tive diameter = 10 mm, central frequency f. ~ 0.5 MHz) and
a pulsed-laser source (PL hereafter, diameter < 1 mm, f, ~ 1
MHz). Despite the availability and simplicity of PZT sources

for laboratory-scale geophysical experiments, those planar sources

are not ideal to stick them correctly on the curved surface of
a cylinder core, even harder to guarantee the stability of the
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PZT on the surface to ensure a constant and reproducible cou-
pling. Another important constraint of the PZT sources lays in
the seismic field measurement uncertainty induced by the rel-
ative large size effect of the source as compared to the wave-
length (Dellinger and Vernik, 1994). In terms of numerical
modelling, a PZT may not be always simplified to a point-
source, adding some difficulties to the source representation
when accurate wave propagation modeling is expected.

In order to overcome the disadvantages of the conventional
PZT sources, Scales and Malcolm (2003) proposed to inves-
tigate wave propagation in geophysical media with an alter-
native seismic source: the PL source. A laser can generate
a mechanical wave when hitting a target either by ablation
or thermoelastic effect, whose major advantages include the
non-contact and the point-like features that counterbalances
the weakness of the PZT sources.

Source | Number of sources | Number of receivers
PZT 6 (divided to 7) 73 @ 2.5°
PL 8x9 109 @ 3°

Table 1: Number of sources and receivers by source
type: two configurations are explored with respectively
the PZT and the PL sources.

The deployment of sources and receivers using Laser Doppler
Velocimetry or LDV (Shen, 2020) around the core is one of the
key elements of the core-scale tomography. The configuration
will have a strong impact on the uniformity and the rate of il-
lumination inside the core by seismic probes. Experimentally,
it is rather difficult to be extremely precise on the location and
the effective energy of a PZT source in contact with the car-
bonate whereas it is straightforward with the PL source.

Tab. 1 summarizes the two source-receiver configurations that
were used in our experiments. The same core slice is sub-
jected to 2D scans. The PZT and the PL sources are respec-
tively applied on the same section. Fig. 2 pictures the two
source-receiver deployments. The PZT source is used in Fig.
2 a), where each source is divided into 7 secondary sources ac-
cording to the receiver spacing so that each secondary source
is connected with a unique receiver. The PZT source is then
modelled in the following way: the two external secondary
sources (for example srcll and srcl7 in Fig. 2 a)) will be
linked to most of the receivers which are located outside the
cylindrical beam of the PZT; the other secondary sources (for
example src12 to srcl6 in Fig. 2 a), only the sources with odd
indices are displayed for readability) will be connected to the
receiver right on the opposite side of each source. Regarding
the PL sources in Fig.2, 8 aluminum flakes are stuck onto the
carbonate core and each flake receives 9 distinct pulsed-laser
sources. Since the laser source is punctual when well focused,
it is much more convenient to model it in space as shown in
Fig. 2 b), where each single source will be simply linked to
all the receivers concerned. Meanwhile, Fig. 2 outlines the il-
lumination rate inside the core by the source-receiver arrange-
ments: they correspond actually to the rays in a homogeneous

Figure 2: The two experimental configurations: a) employs
the PZT source while b) features the PL source. Receivers are
Laser Doppler Vibrometer laser beams for both. Obviously,
a) shows lower ray densities than b). In terms of ray distri-
bution, the PZT source seems to deteriorate the homogeneity
of ray distribution along the source beam as shown in a); con-
figuration b) featuring the pulsed-laser source shows a more
homogeneous ray distribution.

medium (straight path, constant velocity).

In the case of PZT sources, the central area of the core is al-
ways poorly illuminated by ray intersection points with respect
to most of the other areas in the same core since Fig. 2 a)
shows that the corridors formed by the PZT beam are signifi-
cantly less illuminated than the areas outside. Fig. 2 a) high-
lights also six weakly-illuminated shallow zones between two
PZTs neighbours due to the narrow azimuth range of receivers,
namely 90° for PZT source instead of 300° for PL sources.
Both Figs. 2 a) and b) present very high ray densities at the
vicinity of each point source, especially in a). Rays in Fig. 2
b) are better distributed than in a) due to the sparser spacial
distribution of the point sources.



Seismic tomography on a carbonate core

21X21 31X31 41X41

\

dl ~4.24 mm

Q

dl ~6.36 mm dl ~3.18 mm

1X51 i
L PZT 75X75 56
r42
) r28
' rl4
dl ~2.54 mm "
61X61
F-14
r-28
,D F-42
dl ~2.12 mm dl ~1.72 mm F-56

14 28 42 56

3800 4100 4400 4700 5000 5300 5600
V, tomography

—ob 42 -28 —14 ()
X (mm)

I'Il

Figure 3: V, tomography on the carbonate core slice featuring
a moon-like area. The experimental configuration is depicted
in Fig. 2 a), with the PZT source. The tomography grid is grad-
ually refined to reach finally 75x75 where the grid side-length
approximates 1.72 mm. A boot-like pattern is reconstructed
instead. The pattern features lower V), and is positioned differ-
ently compared to the moon-like pattern in the CT-scan.

SEISMIC TOMOGRAPHIES

A multi-level First Arrival Travel-time Tomography (FATT)
tool is used to estimate the elastic V), in the carbonate core
slice. FATT is aray-theory based (Virieux et al., 1988; Kravtsov
and Orlov, 1990; Cerveny, 2005) indirect inversion method
that will minimize the difference between the observed First
Arrival Travel-times (FAT) and the simulated FAT. We added
a multi-level feature into the tomography tool: the tomogra-
phy will be performed on progressively refined multi-grids.
FAT are carefully picked on the seismograms from both of the
two experimental configurations and the results of multi-level
FATT are shown in Fig. 3 & 4.

Fig. 3 displays six of the multi-level tomographic images from
the core-probing configuration a) featuring six PZT sources
and 73 receivers for each source. At first glance the images
of each grid appear to have similar patterns, with a boot-like
lower velocity pattern in the upper right part of the core do-
main. Another lower velocity area is visible in the lower part,
which is connected with the boot-like pattern. Two main higher
velocity areas can be distinguished: the first one neighboring
the boot-like pattern on the upper right corner, the second one
surrounded by the lower velocity patterns. Despite the over-
all similarity among the six images, local differences can be
seen if we look into the details of each pattern. The outline
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Figure 4: V, tomography from the experimental configuration
depicted in Fig. 2 b), with the PL sources. A moon-like pattern
is successfully reconstructed with a relevant position.

profile of the slice is efficiently achieved after the very first
multi-level iterations. The further refinement of the grid will
mainly contribute to local improvement, namely the resolution
on smaller objects. The whole velocity model shares some
common points with the CT-scan image in Fig. 1. However,
the position of the boot-like lower velocity pattern is too close
to the core center compared to the moon-like pattern on the
edge of the CT-scan image.

Similarly, Fig. 4 illustrates six multi-level tomographic images
from the core-probing configuration b) featuring 8x9 laser
pulsed sources and 12~13 receivers for each source. Simi-
lar to Fig. 3, the images in Fig. 4 show the same outline pro-
file, with a moon-like lower velocity pattern in the upper right
part of the core domain and some patches featuring higher ve-
locities in the center and on the left. As the grid refines, the
tomography change in details, focusing on smaller and smaller
objects. We can see contrast enhancement of V), model as the
grid goes finer. The whole velocity model shares good resem-
blance with the CT-scan image in Fig. 1. Not only the lower
velocity pattern is moon-like as in Fig. 1, but also the position
of this pattern is well constrained. If we look into the details
of smaller patterns in Fig. 4, we see that their contours get bet-
ter and better determined with the grid refinement. These de-
tailed patterns do not always match with the patterns that can
be seen in Fig. 1 b), even if some similarities express vaguely.
Nevertheless, one should keep in mind that the physical quan-
tity expressed by Fig. 1 is the attenuation coefficient to X-ray
of the material, which can hold a nonlinear relation with the
elastic wave velocity; the FATT reconstructed a fairly precised
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Figure 5: FAT picking error assessments by reciprocal source-
receiver couples. The errors are half the absolute differences
between the reciprocal travel-times. Blue scatter points and
box plot correspond to the PZT source; red ones show thus the
results from the PL source. The straight ray-lengths are added
as an extra dimension to better distinguish the scatter points.

V model under the core-probing configuration b) with respect
to Fig. 3 from configuration a). The resolution is consider-
ably improved by this core-probing configuration, making the
whole tomographic velocity values more reliable.

ERROR ANALYSIS

The ending of the multi-level FATT depends actually on the
errors in FAT data. Here we will address exclusively the uncer-
tainty in FAT pickings. Hermans et al. (2012); Nguyen et al.
(2009) proposed and used a “reciprocal error” estimation in
electric resistivity measurements, which can also be applied
to estimate errors efficiently on our FAT pickings for both the
two configurations of Fig. 2: among the valid source-receiver
groups, there are 15 reciprocal couples in the configuration a)
while 28 in the configuration b).

Fig. 5 shows that the FAT picking error medians are respec-
tively 0.07 us and 0.12 us for the two configurations. These
error estimations have been taken into consideration during the
multi-scale FATT to avoid largely over-estimated tomography:
the RMS errors yielded by the final FATT are smaller than the
FAT picking error medians.

On the other hand, we can compare directly the FAT of the two
configurations illustrated in Fig. 2. Even though all the rays are
not comparable due to the difference of the source-receiver ar-
rangements, nearly 90 couples of comparable rays are found,
which is enough for a quantitative comparison of the FAT from
the two sources. Fig. 6 displays the FAT for each compara-
ble ray couples as well as their differences: the pulsed-laser
source and the PZT source yield similar FAT curves following
the comparable rays; the majority of the absolute half differ-
ences between the two are beneath 0.5 us. This indicates that
the two datasets, one from the PZT source and the other from
the PL source, are consistent with each other.
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Figure 6: Differences between the FAT of comparable ray
couples from the two configurations featuring respectively the
PZT and the PL sources: the FAT curves follow a similar trend
and the FAT differences are small (median~0.16 ps)

CONCLUSIONS

The tomography results and error analysis show that the PL
source is successfully applied onto a laboratory-scale geophys-
ical experiment aiming at elastic V, assessment of a hetero-
geneous carbonate core. The tomography result from the PL
source is consistent with the X-ray CT-scan images. In paral-
lel, a PZT source is also used in the same experimental con-
text. The First Arrival Travel-times from the two ultrasonic
sources follow a similar trend, which indicates that both of
them allowed to measure correctly the arrival time of direct P-
waves to a certain extent. Despite the similarity of FAT from
the two datasets, the tomography result from the PZT source
is different from both the one from the PL source and the CT-
scan image. The lack of illumination in the PZT-beam corri-
dors and the near-surface areas between neighbor PZT sources
has certainly contributed to this difference. The flexibility of
the point-like pulsed-laser source makes it more convenient to
achieve a better illumination inside the medium. In addition,
the modelling in space of a pulsed-laser source is straight-
forward, which can reduce considerably the uncertainties of
source locations compared with the PZT source.

In terms of short-term perspectives, first, other seismic attributes,
such as the amplitude and frequency, may be explored to es-
timate other geophysical properties including Quality Factor
and porosity; second, more advanced inversion methods such
as the Full Waveform Inversion could also be applied to laboratory-
scale datasets.
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