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ABSTRACT: Examination of petrophysical properties (acoustic velocity, porosity, permeability, and density) and
petrographical characteristics (texture, facies composition, and diagenesis) of more than 250 core plugs from the Middle
Jurassic carbonates of the eastern Paris Basin provides insights into the parameters controlling acoustic velocities in relatively
low-porosity carbonate rocks (® < 20%). The pore-type observations reveal distinct acoustic velocities in samples with
intergranular macropores and samples with micropores in subhedral micrite, such that velocities in microporous mudstone—
wackestone (lagoonal) deposits are greater than in macroporous grainstone (shoal) samples, at a given porosity range (15—
20%). The standard Wyllie and Raymer transforms fit very well with the linear regression between acoustic velocity and
porosity from mudstone or lagoonal facies. Marls and fine-grained deposits interpreted as lagoonal facies include statistically
significant correlation (r = 0.9) between velocity and porosity. However, the data suggest that the wide scatter in velocity—
porosity relationship from grainstones are not the result of different sorting, grain size, pore type, dolomite content, or clay
content. Instead, early cementation greatly influences acoustic properties during diagenesis, and are interpreted to account for
the high variability of velocities over a given porosity range. Specifically, at a given porosity, acoustic velocities in compacted
grainstone that did not undergo early cementation are higher than in early-cemented grainstone.

Petrographic observations suggest that early cementation limits mechanical compaction, creating a heterogeneous medium
from the earliest stages of diagenesis (non-touching grains, preservation of intergranular macropores that are partially to
totally filled by later blocky calcite cement). The abundant interfaces between micritized ooids, early cement fringes, and
blocky calcites in grainstones may induce significant wave attenuation. As a result, the standard time-average equations fail to
predict the effect of diagenetic features such as early cementation on sonic velocity. Conversely, an absence of early
cementation favors mechanical compaction, grain-to-grain contact, and suturing. The result is a homogeneous micritized grain-
supported network that may facilitate wave propagation.

Through demonstration of the key role of early cementation in the explanation of variability in acoustic properties, the
results of this study illustrate the complicated factors influencing velocity transforms in carbonates (Wyllie and Raymer), i.e.,
classical tools for predicting reservoir properties. These insights on the interpretation of Vp and the refinement of velocity—
porosity transforms in grainstone units may be broadly applicable to enhancing seismic-based exploration in carbonate
successions.

INTRODUCTION (velocity—porosity transform). With these transforms, impedance data

Seismic reflectors result from variations in acoustic impedance, which is
the product of sonic velocity and bulk density. In relatively pure
carbonate successions, because density variations are relatively small,
rock velocity is a key parameter for better constraining the origin of
reflection patterns on seismic sections. Wyllie et al. (1956, 1958), Gardner
et al. (1974), and Raymer et al. (1980) have investigated the primary
factors controlling acoustic velocity in siliciclastic and carbonate rocks,
and demonstrated that porosity is a crucial factor. These studies have
derived empirical equations such as the “time-average equation”
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from seismic data can be used to predict porosity distribution, used for
modeling hydrocarbon reservoirs (Bashore et al. 1994; Robinson et al.
2008). These relationships are extracted mostly from siliciclastic data sets,
but over the last decade or so, several studies have identified parameters
controlling velocity—porosity transforms in carbonate strata (Anselmetti
and Eberli 1993; Kenter et al. 1997a; Kenter et al. 2002; Kenter et al.
2007; Verwer et al. 2008; Weger et al. 2009). These studies demonstrate
that the complex diagenetic alteration pathways in carbonate rocks
explain the wide range of velocity values at a given porosity, i.e., the wide
scattering of data evident in porosity-velocity transforms. In these
systems, diagenetic phenomena such as early cementation, burial
cementation, compaction, dissolution, and dolomitization control the
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evolution of rock fabric, pore space, and pore type, the latter being key
parameters to understand the acoustic properties of carbonates (Ansel-
metti and Eberli 1993; Kenter et al. 1997a; Kenter et al. 2002; Baechle et
al. 2008; Fournier and Borgomano 2009; Weger et al. 2009). Since this
realization, numerous case studies have focused on highly porous
(® > 15%) relatively young (Cenozoic) carbonates (Anselmetti and
Eberli 1993; Anselmetti et al. 1997; Anselmetti and Eberli 2001; Kenter et
al. 2002; Verwer et al. 2008; Verwer and Braaksma 2009) or ancient
carbonates (Carboniferous, Permian, Middle Jurassic, and Cretaceous
strata) (Rafavich et al. 1984; Kenter et al. 1997a; Kenter et al. 1997b;
Assefa et al. 1999; Kenter et al. 2001; Assefa et al. 2003; Regen et al. 2005;
Braaksma et al. 2006; Weger et al. 2009). Investigations of highly
cemented, ancient carbonates with low porosity (® < 15%) are less
common, however (Fig. 1).

To explore controls on petrophysical properties of low—porosity
carbonates, this study reports on examination of about 250 petrophysical
samples from the Middle Jurassic carbonates of the Paris Basin, focusing
on the role of cement types and especially of early cements in grainstone
on acoustic velocity. Middle Jurassic carbonates of the eastern part of the
Paris Basin are extensively cemented, with low porosity and permeability
(® < 15% and K < 0.05 mD). Specifically, this study investigates (1)
the power of the existing velocity transform on recognition of texture,
depositional facies, and/or diagenesis, and (2) the influence of both
depositional environment characteristics (texture, clay content, grain size,
and sorting) and diagenetic alterations (early cementation, compaction,
blocky calcite burial cementation) on acoustic velocity. The results of this
study provide new insights about the behavior of acoustic velocity in
cemented limestone, improving the knowledge of the relationships among
petrophysics (sonic velocity and porosity) and early diagenetic processes
(cementation and mechanical compaction).

GEOLOGICAL SETTING

The Middle Jurassic of the eastern Paris Basin consists of carbonate
and marl deposits (Fig. 2A), and is well-known in terms of depositional

Fic. 1.—Velocity-porosity transform in
carbonate, comparing the data set of our study
with data from the literature (Verwer et al. 2008).
WTA, Wyllie time-average equation for calcite;
RHG, Raymer equation for calcite.

environment and diagenetic characteristics (Guillocheau et al. 2002;
Buschaert et al. 2004; Brigaud et al. 2009a; Brigaud et al. 2009b). During
the Bajocian—Callovian interval, the Paris Basin was an epicontinental sea
located at subtropical latitudes (28-32° N) and open to the Atlantic,
Tethys, and Northern Oceans (Fig. 2B); (Contini and Mangold 1980;
Thierry and Barrier 2000). The early Bajocian limestones are composed
mainly of bioclastic calcarenites and coral buildups (the Calcaires a
polypiers; Fig. 2C) that were deposited on a vast intracratonic carbonate
platform (Durlet and Thierry 2000; Brigaud et al. 2009a). The Late
Bajocian Marnes de Longwy and Oolite miliaire (75 m thick) comprise
aggrading and prograding marls and oo-bioclastic deposits that represent
a ramp dipping gently southwards from the London—Brabant landmass.
During the Bathonian, three main depositional environments are
recognized (Fig. 2C) (Purser 1967, 1975, 1989; Gaumet et al. 1996;
Gaumet et al. 2001; Brigaud et al. 2009a): (1) a typical platform barrier
environment with abundant ooids (Oolite Blanche and Oolite de Fréville);
(2) behind the barrier, a protected lagoon with fine sedimentation
characterized by mudstone facies with oncoids and large benthic
foraminifera (Calcaires de Chaumont and Calcaires de Neufchateau);
and (3) a more proximal lagoon setting with supratidal to intertidal muds
(fenestral structures and stromatolites) and intraclastic washover deposits
that formed low islands bordered by beachrock (Purser 1975). Early
Callovian carbonates, confined to the southeastern part of the study area
(Pierre de Dijon-Corton and Pierre de Ladoix; Fig. 2C), displays mainly
ooids, bryozoans, and bivalve-rich calcarenites.

A detailed sedimentological and stratigraphic study of the Middle
Jurassic of this part of the Paris Basin has been carried out on cores drilled
by the French National Agency for Radioactive Waste Management
(Andra), and the reader should refer to the recent resulting papers for more
detailed information (e.g., Brigaud et al. 2009a). This succession is of
primary importance because these carbonate formations form the basement
of the natural clay barrier chosen by the French National Agency for
Radioactive Waste Management (Andra) as a target for a natural
laboratory to study the feasibility of future deep disposal of radioactive
wastes. As seismic lines are available across this part of the Paris Basin,
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FiG. 2.—A) Schematic NE-SW transect illustrating the lithostratigraphic architecture during the Bajocian-Early Callovian interval (modified from Brigaud et al.
2009a, b). B) Location of the four study cores in the eastern part of the Paris Basin (Lorraine and Champagne-Ardennes regions) on a simplified geological map
(modified from Brigaud et al. 2009a, b). C) Paleogeographic map of the Bathonian (modified after Purser 1975; Enay and Mangold 1980; Thierry and Barrier 2000).

constraining the physical causes of seismic reflectors in these carbonates is
crucial for geologists and hydrologists who aim to use these seismic data to
accurately illustrate the porosity distribution in these strata. In addition, the
Middle Jurassic limestones are currently studied as (1) potential targets for
CO, storage (Sterpenich et al. 2009), (2) a possible geothermal resource
(Menjoz et al. 1992), and finally (3) residual minor oil reservoirs (Granier
1995; Mougenot 1999; Wendebourg and Lamiraux 2002).

METHODS
Laboratory Data

Samples described in this study come from four cores of the Eastern
Paris Basin: EST210, EST433, HTM102, and L.LL.CD.001 (Fig. 2A).
Collectively, these cores capture the range of variability in depositional
and diagenetic character.
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Acoustic Velocity, Porosity, Permeability, and Grain Density

Acoustic velocity was measured on 262 one-inch (2.54 cm) plugs drilled
using a water-cooled diamond coring drill and oriented vertically with
respect to the bedding. All plugs were cut to a maximum length of § cm,
and part of each was used to make a thin section. The samples were dried
in an oven at 60 °C for 72 hours and equilibrated at ambient temperature
and humidity before measurement. Ultrasonic compressional (P-wave)
velocities were measured with a transducer that propagated the
compressional waves along the plug axis. During the measurement, a
compression was applied and a coupling fluid was used to maintain a
good contact between transducers and plugs. Ultrasounds were produced
under 500 kHz, and the precision of velocity measurements in these data
sets is about 1.25%.

Porosity and permeability were measured on 251 of the plugs at
Panterra Laboratory, Leiderdorp (The Netherlands). Porosity of dry
samples was measured by the helium expansion method at ambient
temperature and pressure. Permeability tests were performed with an
unsteady-state air permeameter (lower limit of 0.001 mD) for 176 samples
(EST210 and HTM102 cores) and on a steady-state permeameter (lower
limit of 0.01 mD) for the other 75 samples (EST433 and L.LI.CD.001).
The 251 air-permeability measurements were made at a confining
pressure of 400 psi, including the Klinkenberg slip factor. Grain density,
the ratio of the plug weight to its grain volume, is deduced with the
helium porosity measurement in plug.

Detailed Petrography and Diagenesis

Thin sections were impregnated with blue epoxy to visualize the pore
space. Thin sections were prepared from all measured plugs, and
microfacies were analyzed for a total of 266 thin sections. Texture and
grain compositions were estimated from these thin sections. Diagenetic
features are described in detail in Brigaud et al. (2009b).

Carbonate content was measured on cuttings during drilling with a 2 m
sample interval. The samples analyzed for carbonate content during
drilling do not correspond exactly to the plug sampling, but the interval
between a plug and a CaCO; value is invariably less than 1 m. Sample
powders were reacted with acid (HCI), and a pressure sensor measured
CO, volume after 1 minute to determine the calcite percentage and after
15 minutes to determine the dolomite and insoluble percentages.

In the present study, composition was detailed on a restricted set of 229
thin sections (excluding marls) by point-counting quantification of
micritic grains (ooids, peloids, pellets, oncoids, bioclasts), micrite matrix,
blocky calcite cement, early calcite fringe, recrystallized bioclasts, and
macroporosity, using JmicroVision Image analysis software, with a
minimum of 100 counts per thin section, and expressed in percentage
(Roduit 2008); (Figs. 3, 4). The term micrite is used in a nongenetic
descriptive sense (Loreau 1972) for a limestone composed of calcite
microcrystals (crystal size < 4 um). Here micrite defines both the fine
crystalline matrix of limestone and the fine crystalline constituent of
carbonate grains. Micrite content in sample is then the addition of
microcrystalline matrix, micritic clasts, and micritized bioclasts (Figs. 2,
3). Microporosity was estimated as the difference between measured
helium porosity and macroporosity estimated by point counting. Finally,
grain size was measured from grainstone samples only (n = 107) along
the longest axis of 150 grains within a rectangle window and mean grain
size and sorting (one standard deviation of grain size, Melzer and Budd
2008) were calculated.

795

Wireline Logs

The sonic log corresponds to average velocity measured over several
meters from the borehole and at lower frequency (10 kHz) than the
discrete measurement on core plugs at higher frequency (500 kHz). This
difference in the scale of investigation can be important when attempting
to explicitly compare velocity data from different sources (Bourbié et al.
1986; Kenter and Ivanov 1995; Kenter et al. 2002; Zinszner and Pellerin
2007).

RESULTS

The raw environmental and petrophysical data (Appendix) are
available in the JSR data archive online (see Acknowledgments section).

Petrophysical Properties

Measured P-wave velocities (n = 262) range from 2460 to 6477 m/s
(Figs. 3, 4). In the EST433 core, Vp values are high (about 6000 m/s) in
mudstone-packstone of the Bathonian Calcaires de Chaumont and in
grainstone of the Bajocian Calcaires a polypiers (Fig. 3). Velocities are
low in the upper part of the Oolite de Fréville in EST433 core (Porous
Level 1: PL1 with ¢ > 15% and Vp = 3000-4000 m/s; Fig. 3), where the
dominant texture is grainstone and in the middle interval of the fine
limestone of the Calcaires de Chaumont (Porous layer 2: PL2 with
¢ > 15% and Vp = 4000-5000 m/s). Samples of the Calcaires de
Chaumont of EST210 core also exhibit high velocities (about 6000 m/s;
Fig. 3). Velocity decreases in the Oolite miliaire (3000 to 5000 m/s) and
reaches very low values in the Marnes de Longwy and Oolite a Clypeus
ploti (< 3000 m/s; Figs. 3, 4). Along the HTM102 core, the P-wave
velocity appears relatively homogeneous (5000 to 5500 m/s; Fig. 3).
Velocity ranges from 5000 to 6000 m/s along the L.LI.CD.001 core.

Porosity displays a wide range of values from 0.4% to 19.9%, with a
mean value of 6.0% and a standard deviation of 4.6%. However, the
median value is 5.1%, and 80% of the samples (n = 251) include less than
10% porosity (Fig. 5).

Permeabilities are also very low, with a median value of 0.03 mD.
Eighty percent of the samples (n = 251) are below 0.16 mD. High
permeabilities occur only in PLI, with a maximum value of 690 mD
(Fig. 5). This layer corresponds to a water flux in the well (transmissivity
of 10™*m?s; Scholz and Garry 2009).

Density ranges between 2.3 g/em® and 2.9 g/em® with a mean value of
2.7 glem® and a standard deviation of 0.04 g/lem®. The extraordinary
homogeneity of the laboratory density values at 2.7 glem® along the
EST433 and EST210 cores (Fig. 3) is noteworthy, emphasizing the key
role of velocity in impedance calculations in many carbonates.

Quantitative Petrography and Facies Associations

Five facies associations (F1 to F5) were defined from the Bajocian—
Callovian succession exposed in the eastern part of the Paris Basin
(Brigaud et al. 2009a), representing five major depositional environments
from distal to proximal environments along a ramp (Brigaud et al.
2009a). F1 is represented mainly by heavily bioturbated marls with
quartz, bivalves, echinoderms, and clay content of about 45%. This facies
association is interpreted as being deposited in an outer-ramp setting
below storm wave base (lower offshore). F2 consists of oncoid grainstone
to wackestone including bivalves and echinoderms, with an average clay
content of about 20%. It corresponds to an upper offshore environment,

<«

Fic. 3.—Sedimentological log of the Middle Jurassic limestone from EST210 and EST433 cores, with P-wave velocity from plugs, sonic, insoluble content, helium
porosity, air permeability, and grain density. Proportions of macroporosity, early cement, blocky calcite, micrite matrix, micritic clast, and micritic bioclast, are expressed
in percentage. Facies associations and sequence stratigraphy after Brigaud et al. (2009a). PL: porous level.
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Fic. 5.—A) Porosity-permeability analyses in cores from Middle Jurassic limestones in Eastern Paris Basin, sorted by texture (cores EST210, EST433, HTM 102, and
L.Li.CD.001). B) Frequency distribution of plug permeability (80% of the data set is lower than 0.35 mD). C) Frequency distribution of plug porosity (80% of the data set

is lower than 10%).

deposited above storm wave base in a mid-ramp setting. F3 is
distinguished by ooid-rich grainstone including bivalves, echinoderms,
and coral debris, with a clay content of less than 5%. This facies
association is interpreted to represent shoreface shoals in an inner-ramp
setting. F4 is mudstone to grainstone dominated by oncoids, pellets, and
foraminifera with very high carbonate content (about 95%). It
corresponds to subtidal to supratidal inner-ramp environments. F5 is
composed of oncoids-gastropods, algal laminated stromatolites, and
lignite and a few grainstones—rudstones. Collectively, it was interpreted to
have been deposited on beaches bordering low washover islands in
intertidal to supratidal inner ramp, with local early cementation by
meniscus and microstalactitic cements (Purser 1975).

Grainstone is a common texture, representing 46% of the data samples
(n = 122). In grainstones, a 15 m-thick layer with permeability of more
than 100 mD constitutes an aquifer network (Porous Layer 1, PL1).
Grains commonly are micritized (Figs. 6, 7), and micritic ooids, clasts, or

micritized bioclasts may represent about 60% of the total facies volume of
the inner-ramp setting.

The Porous Layer 2 (PL2) developed within the Calcaires de
Chaumont, corresponding to mudstone-wackestone deposits with high
microporosity (Figs. 3, 5). SEM observations reveal intercrystalline
microporosity in these micritic facies. In this porous level, micrite crystals
are subhedral according to the classification by Lambert et al. (2006),
contrasting with nonporous mudstone composed of compact anhedral
micrite crystals (Fig. 6G, H).

Petrography and Diagenesis

A detailed diagenetic study of the Middle Jurassic limestone revealed a
succession of about 10 diagenetic cements that altered their permeability
and porosity properties (Brigaud et al. 2009b). The low porosity and
permeability of grainstone (¢ = 7% on average) is related to the

<«

F16. 4—A) Sedimentological log of upper part of the Middle Jurassic limestone from HTM102 cores with P-wave velocity from plugs, sonic, insoluble content,
helium-porosity, air-permeability, grain density, facies associations, and sequence stratigraphy (after Brigaud et al. 2009a). B) Sedimentological log of the Middle Jurassic
limestone from L.Li.CD.001. C) Key to the sedimentological log and geochemical values.



798 B. BRIGAUD ET AL.

., ®=15.7% K=690mD Vp£4930_m_/s ! ©=16.7% K=651mD Vp=?T‘(_s‘Jo'(‘J‘m/s

) 3
o “‘_.( . b

P ds

&

O®2.2% K=0.01mD Vp=6190m/s*

.




CARBONATE DIAGENESIS AND ACOUSTIC PROPERTIES

extensive development of blocky low-magnesium calcite (LMC) cement.
In grainstone, blocky calcite cement can represent up to 40% of the
sample volume. Three blocky calcite zones represent about 80% of the
total cement volume (Brigaud et al. 2009b). An exception is the porous
layer (PL1) at the top of the Oolite de Fréville, which consists of a poorly
cemented grainstone composed of micritic ooids and bioclasts (Figs. 3, 6,
7). Three zones of blocky calcite (Bcl, Bc2, and Bc3) are present but in
minor proportions given the large interparticle pore spaces (Figs. 3, 6, 7).

Four types of early cements occur in grainstones of an inner-ramp
setting (Brigaud et al. 2009b), but they rarely constitute more than 5% of
the total cement volume. The first type consists of inclusion-free bladed to
scalenohedral calcite (Fig. 7A, C, D). The second type consists of
inclusion-rich isopachous fibrous calcite (IFC; Fig. 7), and corresponds
to recrystallized high-magnesium calcite (HMC) of marine origin. The
third type of early cement corresponds to microstalactitic cements,
displaying radiaxial to bladed fabrics, and occurring just below the
sequence boundary SB7 (Fig. 3). The fourth type corresponds to
inclusion-free LMC forming meniscus cements, and occurring just below
the sequence boundary SB8 (Figs. 3, 7B).

Sonic-Log Data.—Sonic velocities range from about 2000 m/s in the
Callovian-Oxfordian (COX) clays to 6000 m/s in the Pierre de Dijon-
Corton, Pierre de Ladoix, the Calcaires de Chaumont, and the Calcaires a
polypiers (Fig. 3). Velocities are generally higher in these carbonate
formations than in the marl units, except in the two porous levels (PLI,
PL2; Fig. 3). Log velocity is inversely correlated with the insoluble
content (mainly clays in this study). Sonic logs are consistent with discrete
measurements of P-wave velocity measured on plugs.

Factors Controlling Velocity
Facies Association, Texture, and Clay Content

The porosity—Vp plot of all plug samples show a first-order trend of
decreasing Vp with increasing porosity (Fig. 8). On a porosity-Vp cross-
plot displaying sample textures, mudstone and marls define clear trends
(Vp = 5220-1937 log ¢, r = 0.9 for marls and Vp = 6100-98 ¢,
r = 0.9 for mudstone), whereas grainstone (50% of the whole data set)
displays a poorly defined cloud (Fig. 8A). For instance, for a porosity of
10%, Vp for grainstone samples ranges from about 3500 to 5800 m/s.
Finally, wackestone and packstone include two subtle trends: the first
follows the mudstone data, and a second suite of samples form a steeper
slope and reaches the marls transform, probably reflecting an increase in
clay content (Fig. 8C). Collectively, these trends are consistent with the
results of Anselmetti and Eberli (1993) and Kenter et al. (1997b), who
show that, for a given porosity, carbonate minerals have higher velocity
than siliciclastic minerals. The standard Wyllie (WTA) and Raymer
(RHG) transforms for limestones are plotted with rock matrix and fluid
velocities of 6700 m/s and 1520 m/s for Wyllie and RHG transforms,
respectively (Fig. 8A).

A cross-plot of porosity versus Vp in which the five facies associations
are subdivided reveal distinct trends for each facies (Fig. 8B). The
standard Wyllie and RHG transforms fit very well with the linear
regression from mudstone (Vp = 6100-98 ¢, r = 0.9; Fig. 8A) and/or
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lagoonal facies (Vp = 6098-95 ¢, r = 0.9; Fig. 8B). Marls, whose clay
content exceeds 30%, display the lowest P-wave velocity, and are easily
differentiated from limestone by their acoustic properties (Fig. §C). All
the other samples, with clay contents of less than 30%, do not follow a
clear porosity—Vp transform, as previously pointed out by Anselmetti and
Eberli (1993). No direct correlation between clay content and velocity
exists for the entire dataset (Fig. 8C). For example, for porosities around
10% and clay content = 5%, velocities range from about 3200 to 6000
m/s. This same characteristic is true for subsets of data as well; a cross-
plot of clay content versus velocity clearly shows that there is no
correlation between clay content and velocity in the grainstone samples
(Fig. 9A). Grainstone displays a wide range of velocities at a given
porosity, without clear relationship between Vp and porosity (Fig. 8A),
or between dolomite content and velocity (Fig. 9B).

Influence of Pore Type (Microporosity versus Interparticle Macropo-
rosity).—Previous studies have shown that the variability of pore types
may explain part of the dispersion of acoustic velocity of carbonates
(Anselmetti and Eberli 1993; Anselmetti et al. 1997; Anselmetti and Eberli
2001; Kenter et al. 2002; Weger et al. 2009). In these Middle Jurassic
carbonates, pores are mainly composed of (1) microporosity (intermicrite
crystals porosity; < 10 um; Fig. 6G), and (2) interparticle macroporosity
(several tens of um to 5 mm; Fig. 6A). Consequently, pore-typing does
not explain the entire variability of Vp in these carbonates, except for the
highest porosity (15-20%), where macroporous samples display lower Vp
than microporous samples (Fig. 8D) of the same porosity. Thus, the two
porous levels PL1 (macroporous and high permeability) and PL2
(microporous and low permeability) can be differentiated by their
acoustic velocities, which is locally crucial for the prediction of their
distribution.

Influences of Grain Size and Sorting.—Grain size and sorting do not
control the velocity—porosity relationships in the Middle Jurassic
grainstones of the Paris Basin (Fig. 9C, D). Well-sorted samples display
a range of Vp between 3000 to 6200 m/s; similarly, each grain-size class
displays wide ranges of Vp values (Fig. 9D).

It is noteworthy that the most porous samples (> 15%) are all fine
grained (grain size < 0.4 mm) and well sorted (> 0.2 mm; Fig. 9C, D).
These samples correspond to the porous level PL1, developed in oolitic-
shoal deposits, which may explain the good sorting, whereas the porosity
merely reflects incomplete cementation (cf. Petrography and Diagenesis).

DISCUSSION

Origin of the Wide Range of Acoustic Velocity in Grainstone

The Role of Calcite Cements.—The Middle Jurassic carbonates of the
Paris Basin underwent successive cementation phases (Fig. 7). After a
minor early synsedimentary cementation (10% of the total cement
volume), two extensive blocky calcite cement phases (80% of the total
cement volume) developed as a result of meteoric circulation during Early
Cretaceous uplift phases (Vincent et al. 2007; Brigaud et al. 2009b).
Lateral meteoric water recharges seeped into Middle Jurassic limestones

<«

Fic. 6.—Petrographic character of the various facies associations from the Middle Jurassic of the Paris Basin. A) Ooid and bioclast grainstone (facies association F3)-
Oolite de Fréville, E409 sample, EST433 core, 699.6 m. B) Non-cemented ooid grainstone (facies association F3)-Oolite de Fréville, E412 sample, EST433 core, 703 m. C)
Early-compacted bioclastic and oolitic grainstone (facies association F3) with substantial blocky calcite development. The blue color of micritic bioclasts and ooids
indicates microporosity-Oolite de Fréville, CARS sample, L.Li.CD.001 core, 23.9 m. D) Early-compacted ooid grainstone, with burial cementation (facies association
F3)-Oolite de Fréville, HTMO011 sample, HTM102 core, 483.3 m. E) Microporous mudstone with miliolid foraminifera (facies association F4). This sample characterizes
the Porous Level 2 (PL2), Calcaires de Chaumont, E445 sample, EST433 core, 769.9 m. F) Mudstone with miliolid foraminifera (facies association F4), Calcaires de
Chaumont, E435 sample, EST433 core, 756.5 m. G) Detailed microstructure of sample E445 described in Part E. The porous mudstone displays subrounded and
subhedral micrite. H) Compact micrite. Crystals are anhedral, and microspar indicates cementation.
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Fic. 7.—Photomicrographs of early and burial cements in the Middle Jurassic limestones. A) Cementation in ooid grainstone, isopachous fibrous cement (IFC),
bladed ferroan calcite (BFC), blocky calcite 1 and 2 (Bcl and Bc2), Oolite miliaire inférieure, E068 sample, EST210 core, 683 m. B) Meniscus cement in oolitic limestone.
Note the limited blocky calcite development, Oolite de Fréville, E409 sample, EST433 core, 699.6 m. C) Cementation in ooid grainstone, IFC, BFC, Bcl, and Bc2, Oolite
Miliaire, EST210 core, E078 sample, 689.5 m. D) Early cementation in ooid grainstone. IFC, BFC, Bcl, and Bc2, Oolite Miliaire, EST210 core, E078 sample, 689.5 m. E)
Scanning electron microscope (SEM) observation in sample E413, Oolite de Fréville, 704 m, ooid is micritized, and porosity is partially filled by blocky calcite. F) Vug in
ooid grainstone filled by the first (Bcl), second (Bc2), and third (Bc3) stages of blocky calcite, Calcaire de Chaumont, E028 sample, EST210 core, 649 m.
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Fic. 8.—Velocity—porosity relationships from the Middle Jurassic limestones. A) Cross-plot of He porosity versus P-wave velocities from plug data in cores EST210,
EST433 and HTM102. Data are sorted by texture (marls, mudstone, wackestone, packstone, grainstone, boundstone). B) Cross-plot of He porosity versus P-wave
velocities from plug data in cores EST210, EST433, and HTM102. Data are sorted by facies. C) Cross-plot of He porosity versus P-wave velocities from plug data in cores
EST210, EST433, and HTM102. Data are sorted by clay content (0-5%, 5-7%, 7-30%, > 30%). D) Cross plot of He porosity versus P-wave velocities from plug data in
cores EST210, EST433, HTM102, and L.Li.CD.001. Data are sorted by porosity type (microporosity versus macroporosity).

from the southern border of the London-Brabant Massif, which was
exposed and karstified during the uplifts of the Early Cretaceous (Thiry et
al. 2006; Theveniaut et al. 2007). These two distinct paleohydrological
circulation periods led to precipitation of blocky calcite in the captive
phreatic aquifers, and are responsible for a marked reduction of porosity
(from initially 40% to about 10%). The third zone of blocky calcite
cement (Bc3) is related to Oligocene tectonic extension and fracturing
(Buschaert et al. 2004; Brigaud et al. 2009b) which have a very limited
influence on porosity (10% of the total cement volume). Currently, most
of the studied limestones have porosity values lower than 10%. However,
two porous levels (PL1 and PL2) with reservoir and aquifer properties
occur in the upper part of Middle Jurassic sections (in Bathonian
limestones), with porosity higher than 15%. For these porous layers, the
occurrence of vadose cementation at the top of the PL1 and PL2 suggests
a possible link with synsedimentary cementation and emersion, as in
petroleum reservoirs of the Paris Basin (Purser 1978; Budd 1989). Early
LMC meteoric cements and stabilization of metastable HMC in meteoric
water during exposure periods rigidified the sediment, preventing
compaction and pressure-solution processes, which restricted the
potential source of carbonate for cementation and favored the

preservation of the primary porosity in limestones (Purser 1978; Budd
1989; Alsharhan and Magara 1995; Volery et al. 2009, 2010). Determining
the origin of highly porous levels is beyond the scope of this paper, and it
is not discussed here.

Blocky calcite cements influence porosity and velocity in grainstone
samples (Fig. 10A), yet in counterintuitive ways. For example, at porosity
lower than 10%, the samples with a greater abundance of blocky calcite
cement (above 20% of total volume) display lower velocity than samples
with a lower proportion of blocky calcite contents (less than 20%;
Fig. 10A). In fact, distinct porosity—velocity transforms are defined for
those grainstones cemented early by isopachous fringes around grains and
those non-early-cemented by isopachous fringes, only cemented by late
blocky calcites after an early compaction stage (Fig. 10B). Discriminant
analysis between early-cemented and early-compacted samples indicates a
statistical difference, clearly forming two subsets (Fig. 10B).

These effects may be related to the timing of diagenesis, for at a given
porosity, the lowest Vp are systematically associated with samples with
early cement (Fig. 10B). Specifically, it appears that early cementation
indurates the initial oo-bioclastic sands, making them more resistant to
subsequent compaction. In these samples, the residual pore space is
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Fi6. 9.—Velocity—porosity relationships from the grainstone samples of the Middle Jurassic limestones. A) Cross-plot of clay content versus P-wave velocities in
grainstone samples only. B) Cross-plot of dolomite content versus P-wave velocities in grainstone samples only. C) Cross-plot of He porosity versus P-wave velocities
from grainstone plug data in cores EST210, EST433, HTM102, and L.Li.CD.001. Data are sorted by grain size (< 0.4 mm, 0.4 mm to 0.6 mm, and > 0.6 mm). D) Cross-
plot of He porosity versus P-wave velocities from grainstone samples in cores EST210, EST433, HTM 102, and L.Li.CD.001. Data are sorted by sorting group (standard
deviation of grain size; sorting < 0.2 mm, sorting between 0.2 mm and 0.4 mm, sorting between 0.2 mm and 0.4 mm, and > 0.6 mm).

cemented by at least two of the three successive blocky calcite cements
(Brigaud et al. 2009b).

In contrast, poorly or later cemented grainstones mechanically
compacted and experienced pore space reduction. In these rocks, ooids
and/or bioclasts are generally micritized (Fig. 7). The early-compacted
grainstone is thus volumetrically dominated by micrite (micritic ooids and
micritic bioclasts), whereas the early-cemented grainstone, even though
dominated by micrite (micritic ooids and micritic bioclasts), displays a
much lower micrite/cement volume ratio (Fig. 10C).

Two distinct rock fabrics are defined in the grainstone dataset:
(1) grainstone affected by early cementation (velocity transform:
Vp = 5222-84¢; r = 0.6), and (2) compacted grainstone with grain to
grain contact (velocity transform: Vp = 5968-98¢, r = 0.8). The subset
affected by early cementation plots below the trend predicted by the
Wyllie and Raymer time-average equations (Fig. 10B), and these
standard time-average equations fail to predict the early cementation
effect on sonic velocity (Fig. 10B). By contrast, the standard Wyllie and
Raymer equations fit very well with the linear regression between porosity
and velocity from early-compacted grainstones (Fig. 10B).

Porosity-Velocity Evolution through Diagenesis: From the Case Study to
General Concepts.—The porosity-velocity cross-plot of grainstone
illustrates the current stage of rock evolution. However, keeping in mind
the distinct trends described above, i.e., early-cemented versus compacted
grainstone, this cross-plot can also be interpreted as illustrating the
evolution of the porosity and velocity during diagenesis with various
fabrics reflecting variable degrees of diagenesis and two major diagenetic
trajectories.

At deposition, oolitic and bioclastic sand includes about 40%
porosity and velocity around 3000 m/s (Lucia 2007; Zinszner and
Pellerin 2007) (Fig. 11A). There are two possible diagenetic pathways:
early cementation and early compaction. In the case in which the oo-
bioclastic sand was cemented immediately after sedimentation, this
cement reduced porosity, from 40% to 15-20%, and thus also tended to
raise Vp slightly (Fig. 11B). The remaining pore space was then cemented
by burial cements, with the exception of the grainstone of the porous level
PL1. The complete cementation by extensive blocky calcite(s) reduced
porosity to 0-5%, and a coeval increase of Vp to 4500-5000 m/s
(Fig. 11C, D).
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Fic. 10.—Influence of cements in velocity—porosity relationships. A) Cross-plot of He porosity versus P-wave velocities from grainstone samples in cores EST210,
EST433, HTM102, and L.Li.CD.001. Data are sorted by blocky calcite content (low, medium, high, and very high). B) Cross plot of He porosity versus P-wave velocities
from grainstone samples in cores EST210, EST433, HTM 102, and L.Li.CD.001. Data are sorted by presence of early cement. The velocity transform is different between
grainstone samples with and without early cementation. C) Cross-plot of He porosity versus P-wave velocities from grainstone samples in cores EST210, EST433,
HTM102, and L.Li.CD.001. Data are sorted by micrite (micritic ooids and micritic bioclasts)/blocky calcite ratio (bubble size proportional to ratio).

In contrast, in the case in which no early cementation occurred,
compaction would have caused grain-to-grain contacts and suturing,
essentially forming a second diagenetic pathway (Fig. I11E-G). This
compaction resulted in a grain-to-grain rock fabric (Fig. 11E), with
porosity and Vp are 15-20% and 5000 m/s (as described in young
limestones by Kenter 2002). These compacted samples had lower
permeability, and so after limited burial cementation (5-10% of the rock
volume) in the remaining pore space, acoustic velocities increased slightly
to about 5500 m/s despite a porosity of 10% (Fig. 11F). After complete
cementation, the velocities reached the highest values of the dataset (up to
6000 m/s; Fig. 11G), probably because the micritic network formed a
relatively homogeneous physical medium without interfaces or disconti-
nuities, favoring wave propagation (Fig. 11E-G).

Early Cementation and Rock Fabric.—The explanation for the two
distinct trends is interpreted to be related to the evolution of the media
during diagenesis, and to wave attenuation and velocity dispersion by
diffraction (Bourbié et al. 1986; Zinszner and Pellerin 2007). In the first
diagenetic phase, the decline in porosity with compaction and early
cementation was the primary cause of Vp increase. However, for a similar

porosity, this increase is less pronounced in early-cemented grainstone
than in compacted grainstone. The compacted grainstone displays a
continuous micritic network, favoring compressional wave propagation,
whereas the early-cement fringes prevent such continuity, creating
interfaces with micritic grains. On the contrary, due to the early cement
connected pores inhibit development of a rigid micritic grain structure,
favoring lower Vp. The first burial cements may not greatly modify the
Vp, unless they markedly or completely fill pore space in the early-
cemented grainstone. However, the early-cemented grainstone remains
very heterogeneous, compared with the compacted grainstone, possibly
including: (1) micritized grains (the structure of which depends on both
the initial grain and the micritization process and degree), (2) early calcite
fringes (the structure of which is also variable, fibrous and bladed for
instance), and (3) burial calcite cements. These abundant interfaces
between micritized grains, early calcite fringes, and blocky calcite cements
may favor dispersion and wave attenuation, which could explain lower
Vp than for the compacted grainstone with a continuous micritic
network.

In sum, the data and interpretations suggest that the earliest diagenesis
controls subsequent changes in pore and matrix structure, and hence
porosity evolution and velocity, through the entire diagenetic history of
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Fic. 11.—Velocity—porosity diagenetic trajectories in carbonate grainstones. Early cementation induces a different frame path compared to early-compacted
grainstone. Two distinct diagenetic trajectories can be described from an initial point (a: ooid deposit): (1) grainstone rock fabric with early cement (b-c-d) and (2)

grainstone rock fabric without early cement (e-f-g).

these carbonates (Anselmetti and Eberli 1993, 2001; Kenter et al. 2002).
These earliest modifications explain the pronounced scatter of grainstone
samples on the porosity—Vp cross-plots.

Velocity—Porosity Transforms in the Middle Jurassic Carbonate

Empirical equations for porosity—velocity transformation are
provided in the literature (Wyllie et al. 1956, 1958; Gardner et al. 1974;
Raymer et al. 1980), and can be used to predict porosity using inversion
from seismic data. However, these relationships are far too general to
be used blindly in every case study (Anselmetti and Eberli 1993; Kenter
et al. 1997a; Anselmetti and Eberli 2001; Kenter et al. 2002; Lucia
2007). The detailed investigation of Middle Jurassic limestones of the
Paris Basin presented here illustrates the distinctive controlling roles
exerted by depositional environment and diagenesis on the details of
the nature of the porosity—velocity transform. These two factors
(depositional environment and diagenesis) summarize several possible
factors that influence the porosity—velocity transform (texture, micropo-
rosity, macroporosity, early cementation, or meteoric-water input on
grainstone and mudstone) (Fig. 12), which are likely to be distinct in
many successions.

For porosity exceeding 15%, two distinct velocity domains occur. The
higher velocities correspond to the microporous mud-lagoonal facies of
porous level PL2 (Fig. 12). The presence of vadose cements at the top of
the PL2 indicates an influence of local exposure during the Bathonian (see
above). Above 15% porosity, the lower velocities correspond to the
macroporous grainstone of the porous level PL1 (Fig. 12). Here again,

exposure at the top of the interval promoted early vadose cementation
and early mineral stabilization, limiting mechanical and chemical
compactions. These two porous levels correspond to the intervals with
highest formation water flux in the wells drilled by the Andra
(transmissivity: 10™* to 10~ "m?/s; Scholz and Garry 2009). A porosity
cutoff of 15% may then represent with potential aquifer zones. In this
domain (¢ > 15% and Vp < 5000 m/s), two distinct velocity domains
could be defined depending on the pore type involved. This point is key
for the Andra, which might easily use these transforms to calculate the
porosity of the porous levels and predict their distribution from seismic
data.

CONCLUSIONS

Petrophysical examination of the Middle Jurassic carbonates of the
Paris Basin, France, reveals several intriguing results. In this succession,
mudstones and marls define two clear velocity—porosity transforms
(Vp = 6100-98(¢); r = 0.9 and Vp = 5220-1937 log (¢)). The standard
Wyllie and Raymer transforms fit very well with the linear regression
between porosity and velocity from mudstone texture or lagoonal facies.
These existing velocity transforms predict the acoustic velocities of
muddy lagoonal facies relatively well.

In contrast, the velocities in microporous mudstone-wackestone of
lagoonal facies are greater than in macroporous grainstone samples, at a
given porosity range (15-20%) and grainstones display a wide range of
both porosity and velocity. This large velocity variation in grainstone
cannot be explained by variation of sorting, grain size, dolomite content
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or clay content. Instead, early cementation plays an important role in
acoustic velocity variation in grainstone. Early cements limit mechanical
compaction, preserving a continuous macroporous network. Conversely,
lack of early cementation favors mechanical compaction with grain-to-
grain contacts, creating a continuous network which favors wave
propagation (Vp = 5968-98(¢); r = 0.8). As such, the standard Wyllie
and Raymer equations fit this linear regression from compacted
grainstones. Where completely cemented during burial, the homogeneity
of the micrite network formed by compacted micritic particles is
preserved; in contrast, early-cemented grainstone is extremely heteroge-
neous, and includes non-touching grains, presence of isopachous fringe
around grains, and blocky calcite cement. Such heterogeneity, with
multiple interfaces and propagation media, favors diffraction and P-wave
attenuation. As a result, the linear regression from early cemented
grainstone (Vp = 5222-84(¢); r = 0.6) plots below the trend predicted
by the Wyllie and Raymer time-average equations. Consequently, at a
given porosity, velocities in compacted grainstone without early
cementation are higher than in early-cemented grainstone. These results
provide insights for the interpretation of Vp and the definition of
transforms in grainstone bodies that could be applied to better

understand seismic-based exploration and more accurately predict
porosity in other carbonate successions.
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