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ABSTRACT

Fluid flow in reservoir rocks are mainly cc oll< 1 by heterogeneities present at all scales,
especially for carbonate reservoirs. Predicting = >servoir and acoustic properties becomes
tremendously difficult in complex. environments = like vadose zone. We investigated
petroacoustic properties coupled to mac. »scopic descriptions of limestone samples from the
Beauce aquifer vadose zone of the O-ZNS  »servatory (Villamblain, France). At first sight,
the different samples present highly }_w. oeneous features defined as macropores (fractures,
cracks, dissolution vugs). The petrop iysi‘al « ..uracterization shows that the reservoir properties
are scattered for the samples with imj Hrtz t macropores resulting in a poor permeability-
porosity relationship. However. .c | ~rmeabpility prediction is improved by using pore size as a
second controlling factor. Inde>d, it 1s he case for different samples with micritic matrices
associated with more or less now. ~onnected micropores. The velocity-porosity correlation and
relationship with empirical " Jels s, 0ows correlated relations allowing to differentiate samples
with respect to their stru¢ ures. k. wever, we highlighted that the presence of macropores tends
to minimize the control ¢ “the ef’ ctive porosity. The influence of density on velocities is very
difficult to establish .nd nouc of the empirical models allow a satisfying estimation. Finally,
applying petroaco’ stic ..« dels highlights a close relationship between the presence of
macropores and ‘e aispers onof reservoir and elastic properties.
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1 INTRODUCTION

The critical zone is the external layer of the Earth's crust where water, gases, and minerals
interact with living beings to produce soil, sediments and nutrients (National Resear.  Council,
2001). It is characterized by its multiple processes, resulting in a complex ecosyster. Tk :
vadose zone refers to the partially water saturated zone, located within the critical _v.. -between
the soil surface and the water table. The complex vadose zone plays crucia role i vater
resources monitoring and management (Stephens, 1996).

To characterize fluid flow involved in the recovery and the recharge of . 'se resources,
permeability and porosity are the key petrophysical parameters (Bourbi# 't al., 1952). Porosity
represents the volume of voids over the total volume of the rock whereas, »rmeability defines
the ability of a rock to allow a fluid circulation through it (Ber ab¢ « : Maincalt, 2015). The
porosity connectivity and pathways for fluid flow is expec. 1 to se the first controlling
parameter of permeability. However, it is not always the case for c. wlex sedimentary rocks,
especially in carbonates. Indeed, these two properties are the result of i ig-term sedimentary,
tectonic, and diagenetic processes conferring them storage an’ delivering capabilities for
different fluids (Chilingar, 1964; Moore & Wade, 2002+ . ‘ed Nations, 2022). Thus, the
overall permeability-porosity relations and the fluid flc v 2 ¢ ccatrolled by the multi-scale
geological and structural heterogeneities in sedimer¢ary rocl, (Yu et al., 2018). These
heterogeneities are defined by the granulometry,. 1e pore geometry (size, distribution,
tortuosity and constrictively) and the presence of #actui« = They are present at all scales (micro,
meso and macroscopic), especially in carb nates (Domi.guez et al., 1992; Lucia, 2007).
Depending on the scale, these heterogeneitic. 4o nc . have the same influence on the porosity-
permeability pattern (Berg, 1970; Bloch, 1991; = =lson, 1994; Lucia, 1995), which calls for
adequate investigation methods (Archie, 1950; Tiab ¢ Donaldson, 2015).

More often, to be integrated into reservoir . ~dels, these petrophysical properties are estimated
at field scale using geophysical techpiones su ™ as electrical, magnetic or seismic methods
(Lake, 2012; Binley et al., 2015). Taese . ~thods, can provide indirect access to important
petrophysical parameters with relatively 2ooc resolution in 2D, 3D, or 4D (Kearey et al., 2002;
Fan et al., 2020; Hermans et al., 2223). . = ever, they are often accompanied by uncertainties
for reservoir properties inversi n an. mterpretation that must be calibrated and quantified in
the laboratory by petrophysic..” models (Bosch et al., 2010; Rasolofosaon & Zinszner, 2004).
Among the geophysical methods, . »oustic method is well suited for reservoir characterization
as there is a strong link F.owee - transport and elastic properties (Mavko et al., 1998). Elastic
waves are indeed very se isitive t¢ the internal structure of the rock material especially the pore
structure (Guéguen et.al., -9 yerman Rubino et al., 2013). Reservoir characterization based
on petroacoustic m¢ delline has been discussed for several decades. Pioneer studies based on
well and laboratory '+ ., he e proposed empirical petroacoustic models, which actually serve
as areference in he scient’.ic community (Wyllie et al., 1956; Gardner et al., 1974; Raymer et
al., 1980; Grec rerg & Castagna, 1992). These models are often limited to homogenous
systems with a simp. norosity system. For silico-clastic reservoirs, much more adapted models
can be fou d 17 the literature (Castagna et al., 1985; Han et al., 1986; Vernik & Nur, 1992).
For carboi ~t« rocl ,, however, the task is more difficult, although there are many works that
pre oo dempal petroacoustic models linking acoustic velocities to porosity (Rafavich etal.,
1°84; Wng et al., 1991; Anselmetti & Eberli, 1993; Palaz & Marfurt, 1997; Baechle et al.,
20v . Veger et al., 2009), to permeability (Fabricius et al., 2007) or to the rock fabric
(Anseli. i & Eberli, 1993; Fabricius et al., 2010; Fournier et al., 2011; Regnet et al., 2015;
Baillyet al., 2022). Indeed, carbonate reservoirs, in particular lacustrine limestones due to their
geological history, are more complex and heterogeneous in terms of texture and microstructures
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than silico-clastic reservoirs (Moore & Wade, 2002; Tucker & Wright, 2009; Regnet et al.,
2019). These heterogeneities are enhanced by diagenetic processes and weathering in ~omplex
environments like the vadose zone, making reservoir and acoustic properties +ediction
uncertain.

The objectives of this paper are (i) to combine rock structure heterogeneities anc petro. 2oustic
properties in order to model and predict the structure of different limestones fa' 2s in complex
settings, and (ii) to infer the influence of the fracturing on both reservoir an'' elastic ~roperties
at laboratory scale. To this aim, the present approach combines petrophysical (p. osity, density,
permeability and acoustic velocities) measurements, and macrosco, ic obseivations on
limestones samples from the O-ZNS platform (standing for “Observaton. des transferts dans
la Zone Non Saturée”, in French). Based on these measurement, the mphas.; is first placed
on the reservoir properties characterization in order to develo, nerm ability-porosity models
adapted to our samples. Then, we analyze the acoustic behavior ot .. se limestones and finally
discuss their controlling factors through petroacoustic models.

2 MATERIAL AND METHODS
2.1 Study site and geological context

The vadose zone of Beauce aquifer is an extremely co nplex puious and fractured medium. Its
study requires the complementarity of various discipli. 's. To tackle this challenge, the O-ZNS
platform is set-up at Villamblain (Loiret, Frar' C). 1. s con,, »sed by a main well of 20 m-depth
and 4 m-diameter and 9 cored boreholes (E* mire 1 It adopts an innovative multidisciplinary
and multi-scale approach to assess and monito. ' ¢ Beauce aquifer and characterize the heat
and mass transfers through its vadose zone. Vario. -ongoing research projects from diverse
disciplines are applied to O-ZNS chara ‘erization such as hydrology (Aldana et al., 2021; Isch
et al., 2022), geomechanics (Mallet et al., 7022a), site instrumentation (Abbar et al., 2022),
geophysics (Abbas et al., 2022 ; Mall=" =t al., . "22b), geology and digital outcrop modelling
(Laurent et al., 2023).

“<~ FRANCE

Soil pit Lysimeters

o

d

Ficuc  A) o _cmap of the O-ZNS platform with the location of the different boreholes (Bc).
T ie blar < circle shows the location of the main well made after the boreholes and destroying
Bco T ¢ red line is the well-well correlationline used for Figure 2. B) Sketch of the main well
with tho wrface instrumentation and future boreholes (Abbar et al., 2022).


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

This work is licensed under a Creative Commons Under review (Jan 2024)

@@ Attribution-NonCommercial-NoDerivatives 4.0 at Near Surface Geophysics

O 0O NOOULLDS WN -

[ el o
U WNREL O

16
17
18
19
20
21
22
23
24
25

26

27
28
29
30
31
32
33
34
35
36
37
38
39

40
41
42
43
44

45
46
47

International License.

The Beauce Limestones formation is one of the four major carbonate platform of the Paris
Basin, namely the Grossier, Saint-Ouen, Brie, and Beauce. The Beauce Limestones ~rmation
is a lacustrine to palustrine formation, deposited from the end of the Oligocene (34-23. "2).7)
the beginning of the Miocene (Aquitanian: 23-20 Ma) with the withdrawal of the/ .. mian Sea
(Ménillet & Edwards, 2000). Located in the south of the Paris Basin, the Beat ;e Limc. ones
formation occupies a large area with an extension of 160 km from Nortk ‘o Sou.. »and 130 km
from East to West (Lorain, 1973). This formation has undergone minor ~>ctonic episodes
resulting in very localized structures and probable fractures. However, it ] s unac. ent several
periods of erosion and weathering (both chemical and mechanical) w’ - h lead to important
fissuration, karstification and mineral transformation. At Villambl« .. “O-Zi~" site), the Beauce
Limestone formation starts around 2 m deep (with a unit know: as th¢ Pithiviers Limestones)
and reaches up to 25 m. It is underlain by a marly to siliciclastic. it ' qjown as the Molasse du
Gatinais, also part of the Beauce Limestones formation (Méniller * Edwards, 2000). The
current level of the water table varies between 17 and 20 m dee s depending on the season
(Aldana et al., 2021).

The Beauce Limestones formation is very heterogeneous 1te .ns ¢ € lithofacies and rock fabric
with great lateral and vertical variabilities making t2 o inct’ n between lithofacies very
complex. Ménillet & Edwards (2000) define two nains primary lithologies consisting of
cemented micrite and microsparites (beige in colar) ana “omicrites (grey to dark grey in color)
which are very abundant depending on the lit* sfacic 1. Thesc rock fabrics show that the Beauce
Limestones is globally mud supported limesic »s. F .rthermore, based on drillings and previous
works on Beauce Limestones, Trautmann (1974, _-oups the numerous lithofacies into families
including carbonate lithofacies and alteration/disa.regation lithofacies. In the carbonate
lithofacies, we find compact, fine-grai.. 1 beige to yellowish limestones and heteromorphic
limestones mainly brecciated limestones.

2.2 Sample selection

In the boreholes, well logs have been ac nir< d including electrical resistivity, neutron, density,
caliper, direct imagery and radis .cu ty logs, summarized by Malletet al., (2022b). According
to these logs and based on the 2 alysis o. their variations, we identified two layers. A first layer
corresponding to the soil and thc mconsolidated (powdery) limestones located between 0 to 7
m deep and a second laye: _ 'aw cuiresponding to the consolidated limestones on which we
focus this study. To ass ss the |, 2ological lateral continuity of the investigated formation, a
well-well correlation usii = sever ul boreholes has been proposed (Figure 2). On this well-well
correlation, we notic/ u that uw soil and unconsolidated limestones layers keep approximatively
the same thickness wh.C.: the levels of consolidated limestone vary in thickness over a
relatively small listance, i aplying important lateral heterogeneities. In order to investigate
strongly differer rock suuctures, we selected in the consolidated part three different facies.
These petrophysic ' facies were chosen based on the variations of the density, neutron and
caliper logs . 2y, 1uey are from the top to the bottom:

e 7-C ~ mas 1ve limestone with less/without fractures noted facies A in this study

e  2.5-1,.0 m: less massive/consolidated limestone corresponding to facies B

e 1-20 m: fractured massive limestone in which the fracture density increases with
depth. We chose to select samples at two different depths in order to cover different
ac_ree of fracturation. We obtained then a C and C’ facies.

In total, 24 samples (six per facies) were cored from limestones blocks obtained during the
excavation of the main well. The 24 samples are subdivided into 3 groups according to their
diameters (1.5, 2.5, and 4 cm-diameters) and the corresponding lengths are given in Table 1.


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

This work is licensed under a Creative Commons Under review (Jan 2024)
@@@@ Attribution-NonCommercial-NoDerivatives 4.0 at Near Surface Geophysics
BY NC ND

A W N P

10

11
12

13

14

15

16

17
18
19

20

21
22
23

International License.

Samples of 2.5 and 4 cm diameter were used for porosity, permeability, and acoustic
measurements and the smallest samples of 1.5 cm diameter were used for mercury poresimetry.
Table 1 (in appendix) reports the sample code, facies, depth, number, sizc and the
characterization method used.

NNE SsSw
Bcl | 4M | Bea | 4™ | Bc7 10m B8 10m Bc5 Son.
LT Unconsolidated
Litho Litho Litho Litho Litho limestone
Om Massive limestone
= without fractures
Less consolidated
Limestone
— Fractured massive
7m 7m 7m €m 3.3 m e Q limestone

* Samples
* Facies A

12.5 m == —
* FaciesB

13.5m : 12 _—
//— 15.5 m 15.7 m [/L* Facies // 7

16.5m 16.7 m

lgmfff F/( -

e = 19
TEE (1

21m

12.5m
13 m

14 m

20m

Figure 2. Well-well correlation based nn five borehoies and the depth of different rock type,
highlighting the facies selection.

2.3. Methods
Effective porosity and bulk de ...~ (hyurostatic weighing)

The sample were weighted unc - three conditions: dry, saturated and immersed in water. Then,
we computed the effective porosic, 0, ¢ (%), the bulk density of the sample, p;, (kg/m’), and

the grain density p, follo'/ing ¢. ations (2.1), (2.2) and (2.3).

Wsat - Wdry
Peff = —Wsat W, (2.1)
Wdry
) 2.2
P Pw VVsat - VVim ( )
War
T (2.3)

where Wy, .« V4. and W;,,, are the saturated, dry and immersed mass (kg), respectively, and
Py s u.wale. Lonsity (kg/m?®). Considering the accuracy of the balance (0.001 g), the porosity
7 d the | ensity are known with an accuracy of +0.5% and +25 kg/m® respectively.

Totai | ~vosity and pore structure (mercury injection porosimetry)

A mercury porosimeter (or mercury injection capillary pressure: MICP) was used to determine
porosity, bulk density and grain density of our samples as well as the distribution of their pore
sizes. The principle of measurement consists in introducing mercury (a non-wetting fluid)
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through the pores of the rock by incrementing the injected pressure. The experimental protocol
is based on the use of the Autopore IV 9500 device from Micrometrics which a'lows to
investigate pore diameters from 3 nm to 400 um (Beck & Al-Mukhtar, 2010). A dr. ample is
introduced into a tube in which vacuum is made thanks to the device (air pressure: 0.4 i<,
Then, liquid mercury is injected with increase of pressure until 60000 psia, and *.c ( santity of
injected mercury in equilibrium with the pressure variation is automatically reco ‘ded acc. :ding
to a predefined computation program. The collected data were used to o fain the »orosity, the
bulk density on one hand and the pore size distribution curve and the averag nore s. e on the

other hand by using the Washburn equation (Webb, 2001).
Permeability (steady flow method)

The permeability was measured in steady flow condition (APL * 998). ' consists of imposing a
constant water pressure difference at the inlet of a saturated sa. »!'. Then, the flow rate is
measured at the outlet. The system is maintained unchanged until it 1< ches a stationary state.
The validity of Darcy's law is verified when a linear relationship b< .ween the pressure gradient
and the flow rate is obtained, and the equation (2.3) allowed=to compute the intrinsic/absolute
permeability, k, in mD (1 mD = 9.8692 x 107'® m?). The / ppa  atus used is a non-conventional
triaxial cell equipped with volumetric pumps (Aldana eta .~ 021>

2_tpry

where Q is the flow rate (m’/s), S is the cros. ~ectic . of the samples (m?), p is the fluid (water)
dynamic viscosity (Pa.s), AP is the difference o1, =ssure between the inlet and outlet (Pa), and
L is the length of the samples (m). Knowing the acc racy of the different pumps (0.15% for
pressure and 0.25% for volume) and thc ncertainties related to the sample dimensions (0.001
m), the uncertainty of the permeability meas. »ment is +0.02 mD.

Acoustic measurements

The measurements were performed ' itb- DPR300 Pulser/Receiver device, a Tektronix
DPO 20248 oscilloscope and 0 .. "7 piezoelectric transducers designed for P- and S-waves.
Acoustic measurements were carriea sut on each sample in dry and saturated (water)
conditions. We picked the first ¢ ~ak to get the travel-time in the samples (corrected thanks to
aluminum calibration) and "= wing eir length, the P- and S-wave velocities were deduced
from their ratio. By comt ning ti.  relative uncertainty/accuracy associated with each source of
errors (e.g., the position « € the t insducers, the picking, the sampling rate of the oscilloscope
(2 us) and the length of the sainples), the velocity measurement uncertainty is about = 55 mv/s
for P-wavesand £ 0 m'. . r S-waves.

3D images (pho ogramm «(ry)

Based on photogra. metry techniques, 3D images of the different samples have been done. We
then, obtai’.ca = eir orthomosaic (i.e. a projection in the plane along an axis of the 3D object
without di tor (on) The photogrammetry technique consists in reconstructing a 3D image of an
obie " fron. <er_ral photographs taken from different complementing view points by
st reosc py. The camera is a SONY A7-RIV apparatus with a resolution of 61 M pixels and a
fi.d 2 mm lens. The photogrammetry processing was performed thanks to the Agisoft
Metas.. e Pro® software. The processing consisted in following a predefined workflow which
begins wiu the repositioning of the 2D images by comparing some remarkable points or tie
points. Then, a dense cloud of point was built from which the 3D image of the sample is
reconstructed. Finally, the 3D textured images were projected onto a cylindrical surface aligned
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on the core geometries to unwrap their borders into a flat image. From these orthoimages and
3D images, a naked eye macroscopic description was made (Figure 3).

3 RESULTS

The average uncertainties/errors related to the measurements are recalled as: 7 v.o “ for the
effective porosity, + 25 kg/m’® for the bulk density/grain density, +0.02 mD for#! = permeavility
and £ 55 and 30 m/s for the P- and S-wave velocities respectively. Finally, (he dep. ncertainty
is = 0.35 m for the facies A, + 0.65 m for the facies B, = 0.70 m for the facic. < ana = 0.25 m
for the facies C’.

3.1 Macroscopic description

Figure 3 shows the orthoimages obtained from the 3D images: f four { cm-diameter samples
(one per facies). We consider each presented sample as represc. 2 .ve of its corresponding
facies.

All these samples are made of limestone matrices and clasts whici. are essentially composed of
low-Mg calcite mineral. A low proportion of detrital mir cral: such as quartz, phyllosilicates
(palygorskite, kaolinite, illite, smectite) and iron oxides (g »e ate) .re also present (Ménillet &
Edwards, 2000; Aldana et al., 2021). These sampl's ca. = classified as either micritic
limestones according to Folk (1959) or mudstones/v.» kestones according to Dunham (1962)
and may correspond to the carbonates lithof = s deiw. »d by Trautmann (1974). For our
samples, beyond the rock fabrics, it is rather ae dia enetic elements caused by the weathering
in the VZ and/or the minor tectonic even. ~w .ach make it possible to differentiate or
discriminate our petrophyiscal facies or (electrofac »<). The alteration/weathering results in the
presence of dissolution vugs (<5 mm) and some mincralogical transformations (Aldana et al.,
2021), whereas the fractures (>> 1 mm), ¢. <ks (> 1 mm) and microcracks (about 15 um) origin
remains unknown as they are either linked to 1. »al tectonics or mechanical weathering (Lorain,
1973; Trautmann, 1974).

Facies A

We can see in Figure 3a that s¢ nple. ~f facies A, located between 7.80 and 8.50 m deep, are
characterized by a rather unifc' » micritic texture of beige to yellowish color. It may correspond
to the compact and fine-grained 1. =stones defined by Trautmann (1974). Moreover, itis quite
easy to distinguish cracks icu. rows) and open cavities (yellow arrows). These structures may
be related to weathering and tec onics phenomena. These cracks appear to be filled with a
different material based oi. he ct.nge of color, which could result from recrystallization of new
minerals different /.rom_the matrix ones. These minerals may be diagenetic silica or
phyllosilicates higl ‘<" .cd Hy Aldana et al (2021). Regarding the vugs, one may note the
presence of red¢ sh color aside, characteristic of iron oxides. Finally, the cracks seem to be
penetrative anc. * erefore potentially connected.

Facies B

Facies B (. ‘e ae 3! ) is defined as less consolidated on well logs (Figure 2). However, it appears
the w . tan. . samples, located between 11.80 and 13.10 m deep, are rather
¢ nsolic .ted/lithified with a uniform and homogeneous matrix covering the whole samples.
The < olor s greyish and differs from facies A color. The facies B may correspond to the
biomici. » facies or a monogenic brecciated limestone. We find in this matrix, white or light
grey angular clasts which may have a biological origin. There are few vugs highlighted with
yellow arrows. They are lower in number compared to those of samples of facies A. The
presence of cracks is almost non-visible on this facies.
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- Facies A

Facies B

Figure 3. 3D images (left) and orthoimages (right) of a 4 cm-diameter samples for from a to d:
facies A, B, C and C’. Red arrows highlight the fractures and cracks, yellow arrows highlight
the dissolution vugs and orange arrows highlight the black inclusions.
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Facies C

Located between 14.50 and 15.90 m deep, samples of facies C (Figure 3c) are also characterized
by a micritic texture and seems to be much more altered and fractured than the ¢ er facies
when considering the number and size of vugs and fractures/fissures. We can observe fir ¢
matrix of grayish color, as for facies B, which is replaced in some places by anc ... matrix of
lighter color. This later matrix is more sensitive to the alteration. The presence ¢ f two mw rices
suggests a polygenic brecciated limestone corresponding to two episode: of sea.. =ntation. As
for the facies A, it is easy to note the presence of fractures and cracks (reu =rows, ind vugs
(yellow arrows) of all sizes. Within the fractures, we find the light matr’ . whic. =eems to be
less compacted and more affected by cavities than the grey matrix. On t.° sample, the fracture
highlighted in red crosses the entire volume.

Facies C’

Finally, samples of facies C' (Figure 3d), located between 17.0 and 1. S0 m deep, are slightly
different from the other facies in terms of color as it is a mosaic ¢ . different variations (grey,
light grey, beige). The samples are characterized by a verr=weii consolidated matrix with a
micritic texture in which we see angular to sub-angular c! stsJ.5 to 3 mm of diameter). They
are limestone fragments of diverse origins trapped ina ma :i* whi' n may suggests a polygenic
brecciated limestone in terms of lithofacies. Other circ: (ar cla... ot a dark/black color and small
in size (highlighted in orange on the figure) are pres. ts with a probable organic origin may
suggest ooids/oncoids. The fragmented clasts 2 s netime surrounded by a beige colored film
corresponding to biological or microbiologic’ « const uctions or alate sedimentation of a second
matrix. We also find this film in a more diti.. > .nd extended shape forming rings in some
places. Finally, this facies is almost devoid ot = os and visible cracks at this scale of
observations.

Regarding the discussion ahead and from a pu. »ly petrophysical point of view, fractures, cracks
and dissolution vugs will be referred < u. ~macroporosity while the microporosity will refer to
microcracks and micropores inside t..e n'.cr1 .o matrices.

3.2 Reservoir properties of the ™ auce . ..estone
Effective porosity, bulk dens¥ v and pcrmeability

As seen on Figure 4a, the efrctive | ~rosity of 2.5 and 4 cm diameter samples ranges between
3.83 to 11.96 %, with ar avera, » value of 7.81 %. There is no clear trend with depth for the
three first facies A, B a 1 C as wve have close average values. The facies C has the lowest
average effective por sity . 7 'u4 %, with a dispersion of 1.53% while facies C’ stands out as
the most porous on witt " value of 11.67% in average and a dispersion of 0.18%. We note a
small porosity veria.on bet seen the samples of 2.5 cm diameter and 4.0 cm diameter. Indeed,
the average porc sity of th. 2.5 cm samples is more important than the average porosity of the
4 cm samples (o. 7% for the 2.5 cm samples and 7.36% for the 4 cm). This variation is more
pronounced "= facic. 'C where the samples of 4.0 cm and 2.5 cm diameter have an average
porosity o 4.6 % and 7.45%, respectively.

For .ic 2.5 a. "7 ¢m diameter samples, the dry bulk density (Figure 4b) ranges between 2326
a'd 252 kg/m’. As for the effective porosity, no specific trend is found with depth. However,
fac. = ¢ has a lower dry bulk density than the other facies. A variation of the dry bulk density
with sa. nle size is observed for facies C and B.

The intrinsic permeability, presented on Figure 4c, is globally low and ranges between 0.08 and
7.66 mD. Facies B and C’ have the two lowest average permeabilities of 0.43 and 0.29 mD
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respectively. The dispersionin their permeability values is also very low compared to the others.
In contrast, the facies A and C have the highest average permeabilities (3.66 and 2.53 mD,
respectively) and the strongest dispersion, especially for facies A. Regarding the si . there is
a clear difference of average permeability as the 2.5 cm samples have a lower permeav. ‘tv.'a
average than the 4 cm samples (1.40 against 2.10 mD, respectively).

Porosity (%) Total Dry Density (kg/m) Perm. ity (mD)
4 6 8 10 12 14 2200 2300 2400 2500 2600 0 1 3 4 5 6 7 8
6 1 T T 1 T T T T T T 1 T T T
s F
10 f [
£
=
S12F 3
= * * @®O0 (] * 00 o]
14k Facies A
@® Facies B
Facies C
16} 1
@® Facies C'
ok &« X = % 1.5 cm samples
18 |
O 2.5 cm samples
a b C @ 4.0 cm samples
20 | 1 1 1 1 1 1 1 1 I I I

Figure 4. Variations with depth of the measured ei. ~tive porosity (a), dry bulk density (b) and
absolute permeability (c) for the differ nt facies.

Mercury (Hg) porosity, bulk densif; ar . ~ore size

Porosity and dry bulk density obtained ' sith' dg-injection are plotted in Figure 4A and B with
stars.

The porosity accessible to me: +y varies from 4.02 to 13.61% and the dry bulk density varies
from 2260 to 2520 kg/m’. In ter. = of order of magnitude, these ranges are similar to the
previously obtained ones’ dow. -er, there are some differences between the facies. Indeed, the
Hg-porosity of facies As ow a hi her value and dispersion. For facies B, C, and C’ Hg-porosity
is lower than the effective | »=o ty. This is more pronounced for facies C’.

The Hg-dry bulk d¢ 1sit sc. ms to be in a better agreement with the water saturation method. It
is also the case/ f the gre’a density (in average ) for both measuremnt. Indeed, adding the
mercury bulk d= sity values doesn’t change the global trend, neither the average value for each
facies. We may no. e that the dispersion of facies A bulk density is, as for the porosity, largely
increased y . i mercury measurement. Finally, facies C and C’ dry bulk density are slighlty
increased  Hy..nis / neasurement, especially for facies C while facies C’ keeps its strong
hor>_oneit,

I om a  aeoretical point of view, it is expected to have a good agreement between mercury
porc.  etry and hydrostatic weighing dry bulk density as the latter is not affecting by the non-
wetting . ~perty of Hg. However, it is not the case for the porosity as Hg-porosity is comptuted
based on both bulk density and grain density. We note that the grain density values are almost
systematically underestimated in the case of mercury injection method. The latter is less
accurate than hydrostatic weighing method (if pore vacuum has been made correctly) because
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of the limits of the accessibility of mercury. Indeed, we cannot access pores belor 4 nm,
especially clay materials (Leroy et al., 2019). Morever, the Beauce limestones ‘fructure,
showing localised large pores and fractures, create an obvious size effect that strongly #fe ¢
the porosity more than the dry bulk density.

001 L] L] L] L L
Facies A ]
= Facies B
0.008 F Facies C I
— Facie’ _
. |
E
= 0.0006
2
w
—]
]
£
@
i
= 0.0004 |
=
£
=
&}
0.0002 |
0 = __ e =
0.001 0.01 S| 1 10

Pore size (um)

Figure 5. Pore size distribution obtained from .~ mercury measurement of the 8 (2 samples per
facies) smallest samples.

The Hg measurement gives ¢.cess ~ other reservoir properties which are the pore size
distribution and the average ¢ = diameter (with respect to the previous cited limitations). We
can see that the pore size distribu. »n (Figure 5) are quite uniform from one facies to another,
although not of the same .npi. de. All facies mainly present two peaks: the first one around
0.003 to 0.01 um and th  secona one around 100 to 300 um and above. There are in addition
few specific variations wi. com  additional small peaks (for example, at 30 um for one sample
of facies A and at 1© um for facies C). Considering the limits of the Hg injection method, the
peaks around 300 |, =>und nore can be considered as not representative of our pore space.
Indeed, these p’ aks corre,pond to the surface conformance effects observed at very low
pressure causew.. Vv the presence of macrospores or vugs on the edge of the sample (Zinszner &
Pellerin, 2007).

Regarding the aver ge pore diameter, we noticed that facies A and C have the largest average
pore-“iame. <. v ale B and C’ have the smallest ones. From this average pore diameter, it is
o} vious hat mainly the microporosity (porosity found in the matrices) of the different samples
Iw »bee assessed by the Hg injection method and only a small porportion of the macropores

has be = integreted.
3.3 Elastic properties of the Beauce limestones

The acoustic measurements allow us to obtain P- and S-wavevelocities of the different samples.
They are plotted as function of depth in dry and saturated condition in Figure 6 and Figure 7,
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respectively. As for the petrophysical properties there are no clear tendency regarding the depth
and dispersion between the samples are important and even more depending on the  -ies.

A detailed analysis shows that facies C’ has the lowestP- and S-wave velocities ba*in dry «ud
water saturated conditions with the lowest dispersion, especially for P-waves. In .eed, .. > other
facies are much more disperse, especiallythe facies C with P- and S-wave dry vi' cities varying
from 4800 to 5800 m/s and 2750 to 3700 nvs, respectively. This facies C igalso c¢i. =acterized
by the highest P- and S-wave velocities in average, although it must be corside. d with caution
in the view of the huge dispersion.

Facies A and B have very similar P-wave velocities in average bs .. . dry a. ' water saturated
conditions, with similar dispersion for both. The difference i more pronounced in S-wave
velocities, especially in dry conditions where we have 3110 m/s 1 ».f cies A against 3308 m/s
for facies B. We can note that the dispersion in saturated conditions = the lowest for the P-
waves of facies B. Regarding the ratio Vp/Vs, the values are ¢ obally higher in saturated
conditions than in dry ones. Facies A and B have similar ~2rage values in both conditions,
whereas the facies C and C’ are close in saturated conditi¢ as ( .60.and 1.58 respectively). The
dispersionis globally high for all facies both in dry and sc  ated © onditions. We note that our
Vp/Vs ratio is globally in good agreement with sever u stua.c. made on carbonate reservoirs
(Rafavich et al., 1984; Anselmetti & Eberli, 1993; A =fa et al., 2003) showing a Vp/V; ratio
values between 1.6 to 2.2. However, these ar. 1 deepc reservoirs at higher pressures and
therefore certainly more compact and rigid t' in our samples.

Dry P-wave velocity (m/s) v S-wave velocity (m/s) Dry V,/Vy
4400 4800 5200 5600 2500 20 3300 3700 1.3 1.5 1.7 1.9
6 T T 1 T T T T 1 1 T T T T T
Facies A |
@® FaciesB )
s8I ¢
Facies C |
@® Facies C'
10
- QO [ semsa. s |
E
= [ ] 0 em samples
% 12 o L
a (@] ce [ ] | [ ] @0 @ oo
14 F
] )
16 | o
® @ [ ] (o) [ ] ® O O o« O
18 |
20 1 1 1 1 1 L L L 1 L L 1 1

Figure 6. ‘ari .ton" with depth of the Dry P-waves velocities (a), S-waves velocities (b) and
Vp/Voratic o).
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Saturated P-wave velocity (m/s) Saturated S-wave velocity (m/s) Saturated V,/V
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2 Figure 7. Variations with depth of the saturated P-wa' es velocities (a), S-waves velocities (b)
3 and Vp/Vs ratio (¢).

5 4. DISCUSSION
6 4.1 Effective porosity-bulk density 1. ~tionship: method limitations

7 It is expected, at constant mineralogy, that = increase of total porosity linearly leads to a
8 decrease of bulk density. This is not t' ¢ ¢ =e for our samples as we can see on Figure 8.

16 T - T
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@ FaciesB O 2.5 cm samples
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2 ] L L L
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10  Figure 8. Petrophysical relations between effective porosity and dry bulk density. Red line:
11  regression line without the five samples in the dashed red ellipsoid with the following
12 corresponding equation: @.sr = -0.0386 pp ary + 105.71 and R*=0.84.
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A variation in the sample mineralogical composition (presence of other minerals than calcite),
could explain this out-trend of some samples. This is well correlated with the grain ¢ ~sity that
is not the same as pure calcite density (2710 kg/m®). Only, facies C’ samples are the clo.2st/)
pure calcite with an average grain density of 2647 kg/m’. It is also in good agree .. with the
study of Aldana et al (2021) showing that the consolidated part of the Beauc: Limes. ae is
composed by almost 90% of calcite and the remaining is made of quartz and cic <. However,
this mineralogical composition should still lead to a good linear relations.. > and ..is slight
variation (from 100% of calcite) is not enough to explain the large devia‘ on ot s me samples.
This indicates that the mineralogical aspect is not the only factor affecti. = the porosity results.
The method limitation and the sample size could affect the effe<. . porc. *v measurements
and explain this result.

Considering effective porosity, the samples canbe divided into two < ‘sters. On one side, facies
C’ appearing as homogeneous both in terms of pore structure (Figure 4). 1d grain density. This
results in a relatively better linear relationship (although not exact  vith R>=0.68) for this facies.
On the other side, only facies A follows the expected linear * c.. when 3 samples are considered
instead of 4 samples. The out-trend samples (a 4 cm d wmr .er s mple) has probably a low
effective porosity, related in some way to the sampl® si. (to* 1 volume). Indeed, we saw
(Figure 8) a clear segregation between the two types of samples (2.5 and 4 cm diameters) which
is more pronounced for the facies B and C. Furthermorc, ‘his segregation is highlighted also by
the grain density as an average, the 2.5 cm dia eter amples Jave a grain density of 2652 kg/m?
whereas the 4 cm diameter samples have & main/ .ensity of 2563 kg/m’. Our interpretation
behind these observations is that, the presence o1~ os and fractures leads to an underestimation
of samples effective porosity and then grain der.'ty. Moreover, this underestimation is
exacerbated by size effect as large sai. »les incorporate more vugs, fractures or weathered
minerals (with lower density minerals repla. =g the calcite mineral) than smaller ones. Thus,
there may be a measurement bias or ... ‘t of t.c hydrostatic weighing method due to vugs,
fractures or dead (disconnected) p'res' nc observed with this method. The method may
encounter problems when dealing with ' seat iered and/or fractured samples with large vugs or
fractures which can make the s« ... *od o: 1mmersed weight measurements more challenging
(Amyx et al., 1960; API, 199{). How. rer, efforts (repeating saturation and weighting step)
have been made to mitigate thc. > problems. Finally, by removing the five encircled samples
(causing the deviation), wa“nd a _so0d correlation between effective porosity and dry bulk
density, materialized by / e red . ne (R>=0.84) for the remaining samples.

4.2 Permeability-porasity 21> .onships and pore size effect

Figure 9a shows pe¢ me<".. 'y with respect to the effective porosity. We first saw a really poor
correlation betw en logar’ hm of the permeability and effective porosity with a similar
clustering effect as seen previously (A-B-C on one side and C’ on the other). This is not
surprising becausc ‘hese types of relationships are often linear for homogeneous reservoirs like
silico-clast'_ i< ervous (Berg, 1970; Nelson, 1994). For carbonate reservoirs, the effective
porosity ¢ ntr/ « on yermeability is more questionable. Other factors like texture, pore size, pore
connoativity or + rtuosity may have a greater influence (Lucia, 1995, 2007; Bernabé &
M aneur  2015; Cardona & Santamarina, 2020; Bohnsack et al., 2020; Rembert et al., 2023).

Thio ! sence of correlation is highlighted by facies C* which shows the highest porosity but the
lowest . meability. To assess this, it is necessary to consider the structure and microstructure
of the pore space (connectivity, geometry, tortuosity) which can be approached by the pore size
(average pore size) obtained from the mercury injection method (Figure 5). Thus, considering
an average pore diameter by facies, we compute a predicted permeability based on the Kozeny-
Carman (KC) relationship (Carman, 1997; Zinszner & Pellerin, 2007):
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k=so——,
ngzr(l - (p)z

(4.1)

where S, is the specific surface area per unit of grain (um') and is equal to ,«0 Yeing the

¢
r(1-¢)
porosity (%) and r being the pore radius (um).

We compared it to, a very used empirical permeability model for carbon « i rervoirs,
integrating also the pore size information, known as Winland model (Kolodzie. r, 1980).

log(rss) = 0.723 4+ 0.588 log (ky;r) — 0.864log(¢p), (4.2)

where k,;, is the air permeability (mD), and 735 is the pore radius at 35% aturatio.. of mercury
injection.
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Figu = 2. a) Measured permeability versus effective porosity. b) Measured permeability versus
Kozeny-C rman (KC) predicted permeability. ¢) Measured permeability versus Winland (R35)
empirical permeability. Black line: 1:1 line.
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Winland predicted permeabilities are globally better than the KC ones. Permeabilities ~btained
by KC model (Figure 9b) always underestimate (sometimes by two orders of mag, ude) the
measured ones, while the permeabilities obtained by Winland model (Figure 9c) are g, »al’y
in the same order of magnitude than the measured ones. Although KC model fails<_ v. !l predict
the measured permeabilities, it explains to a lesser extent the influence of mic oporos:..- and
macroporosity on permeability. Indeed, facies B and C' characterize¢ by ve. .small pore
diameters and a more homogeneous effective porosity (which coula  =mgges. 'a more
homogeneous pore structure) show pertinent prediction (same orde¢ of 1. onitude) of
permeabilities than for facies A and C. The latter are more heterogene¢ = (more macropores)
in terms of pore structure, therefore more difficult to model by th= ..~ moa<™ Thus, for facies
B and especially facies C', the microporosity found in the ms rices, :ssentially controls the
permeability. In the case of an homogeneous facies with maini, =i roporosity as these two
facies, they can be modelled as reservoirs with an intergranular/interc. *alline porosity (Lucia,
1983; Ehrenberg & Nadeau, 2005; Baechle et al., 2008).

The Winland predicted permeabilities show a clear segr... on related to the structure or
microstructure of the different facies with facies B and ' ©* ¢ 1 on side, and A and C on the
other. The latter are less recovered by the KC model by wi' estiated by the Winland model.
A slight overestimation is observed and may be due to ‘he uncorrected air permeability used in
the Winland model. In addition, other studies hax= shov. » that the mercury injection saturation
to be considered for the choice of pore radius < an va y depei.ding on the structure of carbonates
reservoirs (e.g.: 25% of saturation for Pitma. > (12 2); 15% for Jaya et al., (2005) ; 50% for

Rezaee et al., (2006) and 20% for Miaomiao et a. 2022)).

We highlight here, that the permea. lity-porosity relationship of our carbonates is very
dependent on the microporosity which is n. =ly linked to the micritic matrices of our rocks and
the macroporosity due to weathering-2nd 1. >turation. This micritic texture controls the
microporosity therefore the effecti e » . »sity. We have also a great influence of the
macroporosity controlled by the presenc: of f actures, cracks and vugs which probably connects
the microporosity as shown by ‘e prc = .ce of iron oxides and phyllosilicates near those
macropores. Therefore, the f esenc .of macropores increases the permeability without
increasing the overall effective »orosity as shown by Lucia (1983).

We can summarize these _"ervauons with on one side, microporous and homogeneous
samples for which perr eabilit, is controlled by the microporosity and can be correctly
approached by KC-modc .~ On 7 e other side, heterogeneous samples are more difficult to
describe, but their r.rmeabiy order of magnitude can be correctly recovered by Winland
model with strong | mit=.u. 5 as the heterogeneities growth.

4.3 Acoustic pr( perties < aalysis
Vp, Vsrelationshy, ~ and pore fluid effect

Crossing | atur .ted.velocities and their ratio (Figure 10) shows no clear linear correlation
between P- »d S- ave velocities. On Figure 10a, the regression (best fit) leads to a R>=0.5 (not
sh-wn 1 the nigure). On Figure 10b, no clear relation is found (best fit with R>=0.01, not shown
i the f mure) with again five samples which exhibit relatively low Vp/Vs ratio. Once these
samp . areremoved, the correlation improves but is still low (R>=0.59, red line). This difficulty
to direcu, 'ink Vp to Vs is interpreted in terms of heterogeneity (macropores and mineralogical
variation) characterizing the Beauce Limestones. It is highlighted also by the empirical models
of Castagna & Backus (1993) :

Vs = —0.055V2 + 1.017V, — 1.031, (4.3)
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and Pickett (1963) :

with Vs and Vp in kins.

Indeed, these two models significantly underestimate, the S-wave velocitic . regarc »ss of the
facies and overestimate P-wave velocities, even though the Picket’s (Roc’ Mea. Square Error:
RMSE=27) is slightly better than the Castagna’s one (RMSE=31). The m neralogical variation
(due in particular to the alteration in the vadose zone) present in-=ome s. »les could partly
explain this difference. Indeed, the empirical models are based o a mo omineral (pure calcite)
composition which we saw, is not our case. Moreover, the prc. »nce. /f fractures/fissures and
vugs on certain samples influences the rigidity of these samples, wi. ~h causes low Vp values,
which results in lower values of the Vp/V; ratio for certain samples.. The ..ve encircled samples
(Figure 10b) show high Vs values with respect to Vp explaining the low Vp/Vs ratio values.
This observation shows that the mineralogy and the mac’,po ssity have more impact on Vp
than Vs. Indeed, these samples have the lowest grain' ler ities and are more affected by
macropores in particular facies A and C (Figure 3)  Th.. =2 be linked to the increased
weathering and fracturing undergone by facies A, R and C unlike facies C’, located in the
phreatic zone, so more preserved and devoted o€ macrop =es.
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Figure 10. a) Saturated V; versy Saturated Vs. Dashed lines: empirical model of Castagna &
Backus (1993) and F.ckett (1963). Black line: best fit line of the plotted data with the equation:
Vp = 0.0007Vi? - 27,8 s + 10729. b) Saturated Vp/Vs versus saturated Vp. Red line:
regression line ¢ the plott' d data without the five encircled samples leading to the following
equation: V,/V_: = 0.0004Vp - 0.5097 and R*>= 0.59.

Pore fluid -f ect

F:.ure 1 shows the comparison between dry and water saturated Vp and Vs velocities. We see
a clat ely better linear correlation for Vp than for Vs. Moreover, saturation tends to
homog nize Vp but not Vs. This homogenization of the P-wave velocities is in particular more
visible fo. facies B and C'. In addition to this homogenization, saturation has the effect of
increasing P-wave velocities. This is consistent with several studies carried out on both silico-
clastic and carbonates reservoirs (Cadoret et al., 1995; Domenico, 1976; Assefa et al., 2003;
Lebedev et al., 2009). This effect is also consistent with the theory (Gassmann, 1951; Biot,
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1956). Indeed, saturation tends to increase the effective pressure by increasing the pore
pressure, which has the effect of increasing the stiffness of the rock and therefore increases the
bulk modulus. This phenomenon was observed on carbonates by Cadoret et al. ( ‘95) who
suggest a competition between the stiffness effect observed at high saturation and the so.. nir g
effect at low saturation which is characterized by an increase of the bulk density . ‘heretfore
a decrease of Vp. Thus, depending on the saturation pattern (which itself depet ds on tic pore
structure, pore connectivity, especially non-connected pores) saturated > may . >t be always
higher than dry Vp. Regarding Vs, the saturation is only manifested by = decrec.e in the
velocities which is also consistent with the theory. According to the theq y (Gas. mann, 1951;
Biot, 1956), a change of fluid has no effect on the shear modulus of tl. -ock (shear modulus
equals to zero for fluids). However, Verwer et al. (2008) shows . " at thc “hear modulus in
limestones can be sensitive to saturation and this variation may. ven b: related to rock texture.

So, for complex reservoirs as the Beauce limestones, the behav. - of the P- and S-wave
velocities as function of the water saturation is very complex and therei. ‘¢ may depend on the
porosity, the pore structure, the texture, the saturation pattern ar . even the frequency which
could explain why in our case few samples do not follow t' " _ «eral trend.
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Figure 11. Comparison betwe  dry ana saturated velocities for Vp (a) and Vs (b). The black
lines correspond to the 1:1 line.

4.4 Controlling facters 0. ~f* acoustic properties of Beauce Limestones
Effective porosity 'nd _o.  structure effect

Porosity is the fi st contre’iing factor of the elastic properties of sedimentary rocks (Wyllie et
al., 1956; Pickc . 1963; Gardner et al., 1974). However, Anselmetti & Eberli (1993) have
shown the ra'= vlay. ' by the pore structure in the dispersion of the acoustic velocities for a
given pore sity: n carbonate reservoirs. Indeed, carbonate reservoirs have a very complex pore
structure  'oque e & Pray, 1970; Lucia, 1995; Leney, 2006) making velocity-porosity
re! aor hip Ieos predictable.

Ui Mig e 12a, we note a decrease in Vp when the porosity increases that is consistent with
severa. orks on carbonates (Rafavich et al., 1984; Wang et al., 1991; Anselmetti & Eberli,
1993; Palaz & Marfurt, 1997; Assefa et al., 2003; Baechle et al., 2008; Regnet et al., 2019). On
Figure 12b, we notice a very poor relationship between Vp/Vs and the effective porosity,
imputable probably to S-wave velocities (much more scatter). The control of the effective
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porosity over Vs is less effective, resulting in low values of the Vp/Vs ratio of some samples.
Moreover, as in the previous relationships removing these samples, leads to a better trend where
a decrease in the ratio produces an increase in effective porosity, consistent with s. se works
for low porosity carbonates (<15%) (Tatham, 1982; Rafavich et al., 1984; Assefa et al., . 207 .

To infer porosity from P-wave velocities, the WTA (Willie Time Average) and ' HG (. »vmar-
Hunt-Gardner) empirical models are used (Mavko et al., 1998). The WTA rc. ‘ion (equation
4.5) is a heuristic relation and considers that the transit time (inverse of theseloci., > of a rock
is the sum of the transit times of each constituent. The RHG relatior (eq. “ion 4.6) is a
modification of the WTA relation, intended for low porosity values. Thes. relations are written
as:

1 o 1—¢
—=—+ , (4.5)
Voo Vbr Vpp

Vb = (1 — @)*Vpp + @Vpy, (4.6)

where Vpe (m/s) and Vp,, (m/s) are the P-wave velocity <. "= fluid (water) and the matrix
(calcite). For these relations, the acoustic properties of the ma“ 1x ave those of pure calcite with
Vr and Vs equivalent to 6640 and 3440 nv/s respective’ ac rdir . to Markov et al. (1998).

The RHG relationship overestimates (about 11% on = -erage, RSME=142) quite significantly
the velocities obtained while the WTA relatic’ ui, overc “mates them slightly (about 4% on
average, RSME=27) with some discrepancie’ depen ing on the facies (Figure 12a). Two factors
can explain this overestimation, starting with .. 11 of a unique and homogeneous mineralogy
for the two models, which is, again, not the case 1. our samples. Then, these two models are
suitable for rocks under high effective’ »ressure (compact and stiff rocks) which minimizes the
effect of cracks and microcracks resulting » higher velocities (Mavko et al., 1998). Thus, our
samples located in the vadose zone are chara. erized by the presence of these microcracks,
cracks and vugs which tend to lower ne y ¢ ~city as shown by Anselmetti & Eberli (1993) and
Panza et al. (2019).
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the following equation: V,/Vs =-0.051¢cs+ 2.1775 and R*=0.59.


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

This work is licensed under a Creative Commons Under review (Jan 2024)

@@ Attribution-NonCommercial-NoDerivatives 4.0 at Near Surface Geophysics

O 0O NOOULLDS WN -

R R R R R R R R R R
O o0WNOOULLDE WN RO

20

21
22
23
24
25
26
27
28
29

30
31
32
33

34

35

36

37

38
39
40
41
42
43

International License.

As for the permeability-porosity relation, especially for facies C, the velocity prediction is not
obvious due to the type and pore structures. Based on the macroscopic description >rformed
on the 3D images, our samples can be grouped into two classes. On one hand, s ml<s
characterized by micropores and microcracks related to the micritic texture (F.w. et et al.,
2011; Regnet et al., 2019) and on the other hand, vuggy and fractured samples. We fow. this
segregation on Figure 12a with on the one side the very homogeneous C facies haracterized
by micropores, resulting in low velocities and close to the WTA mode¢.. This 1 sult was
highlighted by Baechle et al. (2008) and Weger et al. (2009) who showec that ca. »onate rocks
with more than 80% microporosity have lower velocities for a given porc: ‘y. They also showed
that the decrease in the microporosity associated with an increase . = mac. norosity leads to
an increase of the velocities. This is the trend we observed in t - secc d cluster composed by
the facies A, B and C. The facies C which is furthermore, th¢ »os scattered and the most
heterogeneous facies, appears also as the most weathered facies. Morc. zer, one could even link
the relative samples weathering (i.e., the proportion of macropore ) to ne facies discrepancy
observed. Indeed, we have facies C which is the most weathered a.id the most dispersed in term
of petroacoustic properties, followed by the facies A’ the B and finally C', the most
homogenous facies. Conversely to the trend observe ' “r tk. pore diameters and the
permeability. Indeed, the latter increases with the wea. ~'.g and the increase of the
macropores.

Bulk density effect

Figure 13 shows the relationships between satui. 2 Vp and bulk density. Globally, itis difficult
to find any relationship between these two proper.. = Indeed, there is almost no relationship
between velocities and density as the” =st fit shows a R>=0.4. It is also the same observation
for Vs. P-wave velocities vary very sligi. = with bulk density as we probably have a much
greater influence of effective porosity £2= show. by the facies C'). On the other side, we have a
greater influence of fractures, cracks and . ‘crocracks. Indeed, the effects of these structures
are more preponderant at low effectiv/ pr¢ssure than at high effective pressure where the
velocity-density relationships ara.bettc. “cfined as for the velocity-porosity relationships
(Mavko et al., 1998).

The empirical models of Gardnec. “1974) , Castagna & Backus (1993) and Anselmetti & Eberli
(A-E) (1993) were also »"_ 4 (equations 4.7 to 4.9). The latter is a modification for high
velocities of Gardner’s rn bdel wi ch is an average model calibrated over multiple sedimentary
rocks:

pp = 1.741V,0-25, (4.7)
pp = —0.0296V2 + 0.461V, + 0.963, (4.8)
Vp = 524p2-58, (4.9)
where p,, 7 the oulk density (g/cm’).
As. > ca. cee  the Gardner’s model largely underestimates (RMSE=58) our velocities

w ateve the facies. Castagna (RMSE=41) and A-E (RMSE=62) models are much better
b and’ 2440 kg/m’. Below, we have a tendency with a deviation towards high velocities for
low b. = densities materialized by the same particular samples which we have previously
discussed. Not considering them, we found more realistic linear relationships (red line on the
figure) close to Castagna’s model.
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Figure 13. Effect of the bulk density on saiw. = ed P-wave velocities and three empirical
petroacoustic models (dashed lines for the empiric.” models of Gardner, /974, Castagna &
Backus, 7993 and Anselmetti & Eberi., 7993). Bold line: best fit of the plotted data with the
equation: Vp = 0.0702py° - 351.66 pp + 44_ 10 and R?> = 0.41. Red line: regression line of the
plotted data without the five encircled = mples . ith the equation: Vp = 2.4606p, - 926.85 and
R?=0.40.

4.5 Size effect: towards an uo caling . “the transport properties

Figure 14 shows the bulk density «. ! porosity logs, presented by Mallet et al. (2022b), obtained
for Be8 borehole located in uw center of the main well (Figure 1a) where the samples were
taken. By comparing the = logs t« the laboratory measurements of the different facies, one can
notice a consistency betw »n t''C laboratory measurements and the logs data, especially for
facies B and C'. In ¢ ntrast._facies A and C show a relative difference between the two scale of
measurement. Indec ' or 1 cies A, the average density measured in the laboratory is higher
than log’s densi y and the average porosity is almost the same for both laboratory and log
porosity measu.. ment. For facies C, the average density of both measurements is close and the
average effective . osity measured in the laboratory is lower than the log’s value. As we
discuss it, 1e p zasured discrepancies are linked to the presence of macropores which are more
important - dr hese two facies and tends to control the porosity and the bulk density. Indeed,
2.5 .0 cm o octer samples include relatively a low proportion of macropores whereas for
]- 2 data he investigated volume is bigger, therefore including even more macropores as well
as .. =s .. This could explain the relative low density and high porosity found on the field. This
variatio. ~reinforces the observed issue of size (both of sample and observed/considered
heterogeneities). Many authors (Brown et al., 2000; S. Ehrenberg, 2007; Nordahl & Ringrose,
2008; Ringrose et al., 2008; Vik et al., 2013; Bailly et al., 2019) have studied this issue for
reservoir and acoustic properties and its importance for carbonate reservoirs characterization
and upscaling. Thus, our next step for the O-ZNS reservoir modelling is to improve the
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understanding of the size effect by comparing field, log and laboratory (on metric to centimetric
samples) measurements in order to evaluate how macropores and karsts control at each scale,
reservoir properties in the VZ as shown in recent study (Flinchum et al., 2022).
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5 CONCLUSION

Petroacoustic characterization of the Beauce limestones, especially for the consolita. d par*,
allows obtaining important information for transport properties modelling r+=ior to w.cir
integration into a reservoir model in a complex setting such as the vadose zo € (mu ‘nhase
hydrosystem). A total of 24 samples of different structures and different si.. - are cored at
different depths and analyzed through macroscopic descriptions <nd pc aphysical
measurements.

Reservoir properties (effective porosity, bulk density, and permeability, -e globally scattered
and heterogenous, and do not show particular trends with depth. T' _'« »oest i vies (C’), located
at the water table level is the most homogenous one. Comr wing = etrophysical results to
empirical models highlights the effect of mineralogical varia.. =< that are related to the
presence of detrital minerals due to geochemical and physical weati. “ing of the matrix. We
also prove, especially with permeability-porosity relations,  the 1mportance of both
microporosity linked to the matrices and the macroporosity ~ontrotled by fractures, cracks, and
vugs. In the case of homogeneous and microporous sar ple, it is possible to predict their
permeability using Kozeny-Carman type models.. Crverse y, heterogenous samples
incorporated macropores are better predictby Winland s type ...odels, even though they remain
difficult to describe and to model. In both cases itis . sible to infer the permeability order of
magnitude choosing the correct model depend” .z « » our | =e-structure and size.

Regarding the P- and S-wave velocities, the « =pe: . facies is still the most homogeneous with
the lowestvelocities whether in water saturated o1 =v conditions. From a general point of view,
Vp-Vs relationship is quite difficult o establish anu none empirical models yield a good
prediction of Vs. We observe that satuw ‘ing the pore with water tends to homogenize and
increase Vp whereas Vs decreases and remai.. »scattered. However, the water saturation effect
is very complex to predict and depen<’s . many factors.

The primary control of the elastic proy erti o 'is the porosity which results in a decrease in
velocities when the effective porosi - ir :reases, especially for Vp even though some
discrepancies are observed. Tk _sc ‘iscrepancies are linked to the pore structure of which
macropores tends to scatter val ies and ..inimize the control of the effective porosity. Finally,
by applying petroacoustic modei. we were able to demonstrate close relationship between pore
type, structure and petre . stic properties. This may be a tool for carbonate facies
discrimination and can t ; used v improved fluid flow simulation models in the vadose zone.
However, further develo, ment * needed in order to assess the size effect and permeability
models using electri<ul methou.
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Table 1. Description of the different samples and characterization method

Diameter | Length £
Code | Facies Depth (m) Nb of Char; cteriz. “on
samples (cm) (cm) ~thod
A20 A 7.80-8.50 2 1.49 1.65 Jerc. injection
A25 A 7.80-8.50 2 2.50 500 Porosity
7.80-8.50 permeability
A40 A 2 4.00 >0 )
acoustics
B20 B 11.80-13.10 2 1.46 172 Mercury injection
B25 B 11.80-13.10 2 250 17 4l0 Porosity
permeability
B40 B 11.80-13.10 2 4.0 10.05 i
acoustics
C20 C 14.50-15.90 2 1.45 1.71 Mercury injection
C25 C 14.50-15.90 2 2.50 5.10 Porosity
permeability
ca0 | C 14.50-15.90 2 400 | 10.10 Acous
coustics
c20| 17.0-17.50 | [ 2 1.44 1.78 | Mercury injection
C25 C 17.0-17 /9 2 2.50 5.30 Porosity
17.0-1,.°9 permeability
C’40 C 2 4.00 10.40
acoustics
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