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The Po Plain in northern Italy is one of the most populated and industrialized European regions and hosts
numerous gas fields, which have been in production for decades. Several reservoirs were subsequently converted
into underground storage sites for natural gas (UGS) while others are currently candidates for future storage of
CO> or Hp. In all cases, the reservoir caprock confining the fluids underground is the Argille del Santerno for-

Sonic logs . . i - . . )
Deformagtion-depth relation mation. The Argille del Santerno is a good-quality shale; it has a thickness ranging from several tens to hundreds
Diagenesis of meters and it extends across a large part of the subsurface of the Po Plain. The part of the formation that acts as

a caprock for the main reservoirs lies at an average depth of 1200-1500 m.

The scope of the present work was to obtain a sound evaluation of Young’s modulus of the Argille del Santerno
based on experimental data so as to describe the deformation behavior of the formation at current or prospective
storage sites. To this end, we collected and analyzed a wide range of data from triaxial tests, ultrasonic laboratory
analysis, and well logs from 6 different locations (corresponding to 6 reservoirs) in the Po Plain. Our dataset was
enriched by publicly available log data, which we used for stratigraphic correlation purposes and identification
of the Argille del Santerno throughout the Po Plain. An empirical relation between Young’s modulus from log
data and depth was inferred. Discrepancies among the results of the analyses are presented and discussed. We
investigated the effects of alteration of cementation, diagenetic and aging behavior due to sampling operations,
and the impact of the investigation techniques at the specimen scale (triaxial test and sonic wave propagation
data) on Young’s modulus values. This was done to explain the differences between lab and well values.

This paper provides a unique characterization of the Young’s modulus of the Argille del Santerno at a regional
scale, to serve as a reference for reliably predicting ground-level movements induced by underground storage
activities.

1. Introduction

In the last decades, the Po Plain (northern Italy) has been subject to
numerous studies that investigated every aspect of its complex geolog-
ical evolution in detail from the tectonic and stratigraphic points of view
(e.g., Fantoni and Franciosi, 2010; Ghielmi et al., 2010, 2103; Turrini
et al., 2014; Amadori et al., 2018, 2019 and references therein) (Fig. 1).
The particular tectonostratigraphic framework of the Po Plain has given
birth to numerous hydrocarbon traps that have made Italy one of the
countries that are richest in hydrocarbon fields in southern Europe. Most
of the onshore gas reservoirs are located within the foredeep basins
associated with the Apennine chain and along the Adriatic foreland (e.
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g., Casero, 2004; Picotti et al., 2007; Bertello et al., 2010; Cazzini et al.,
2015). The hydrocarbon traps are usually a combination of anticline
structures and faulting but stratigraphic traps are also common. In
almost all the caprock-reservoir systems the sealing rock which prevents
hydrocarbon migration towards overlying porous layers is the Argille
del Santerno formation. During the Late Miocene/Early Pliocene pe-
riods, the deposition of basinal turbiditic-semipelagic clays or
condensed clays occurred throughout the entire foreland area (Ghielmi
et al., 2013). Such clays constitute the Argille del Santerno formation.
The thickness of this formation varies between several tens to a few
hundred meters in some depocenters across the Po Plain, reaching
almost 1000 m near Bologna.
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Nowadays, many of the gas fields have been converted into under-
ground storage sites (UGS) while some depleted reservoirs have become
candidates for future storage of CO, and Hs. In other cases, underground
formations such as deep saline aquifers are under investigation with the
same scope. In all cases, the presence of a sealing caprock is of funda-
mental importance to guarantee the confinement of the injected fluids.
The ability of the Argille del Santerno to hydraulically confine hydro-
carbons is confirmed by natural gas being trapped underground over
geological eras. The study of the caprock physical and mechanical
characteristics is of fundamental importance for assessing safety con-
ditions when the caprock is subject to unloading and/or loading as a
consequence of storage operations in the underlying reservoir. This in-
duces pressure increase (fluid injection) and decrease (fluid withdrawal)
even if the fluid is Hy or CO3 instead of natural gas.

Similar to famous international case studies, such as the Opalinus
Clay in Switzerland (Soler, 2001;Bossart et al., 2004; Favero et al., 2016;
Corkum and Martin, 2007; among the others or other cases worldwide
(Gautam and Wong, 2006; Islam and Skalle, 2013; Gong et al., 2020)),
the Argille del Santerno Formation has been the object of numerous,
widespread yet local investigation surveys, often related to the hydro-
carbon production target. As a consequence, unlike the Swiss case study,
an overview of its physical properties at a larger scale is still missing.

A thorough characterization of the Argille del Santerno caprock has
been undertaken within extensive research on safe Hy and CO; storage
(Benetatos et al., 2021). This paper focuses on one specific aspect of the
characterization of the Argille del Santerno, namely the deformation
behavior. Deformation data represent one of the key parameters for
analyzing and forecasting the response of deep formations and the sur-
face movements induced by storage operations.

The target of the study was to delineate a general deformation
behavior of the Argille del Santerno at a regional scale through the
analysis of all the available deformation data (mainly Young’s modulus
and Poisson’s ratio). To this end, we collected more than 150 existing
values of Young’s modulus obtained via triaxial and ultrasonic lab tests:
these values were determined from more than 60 specimens retrieved
from the caprock of 6 hydrocarbon fields distributed across the Po Plain
area (F1-F6 in Fig. 1), thus offering a wide sampling distribution.
Furthermore, numerous log acquisitions were available in the same
wells, allowing us to calculate the dynamic Young’s modulus at the
wellbore scale. All the values of Young’s modulus were then compared.
The effects of the sampling operations in terms of alteration of
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cementation, diagenetic and aging behavior, investigation techniques
(triaxial test and sonic wave propagation), and acquisition scale were
discussed to explain some discrepancies that were consistently found in
Young’s moduli. This dataset was further integrated and extended using
public well log data from the VIDEPI database. The logs were used to
reconstruct the regional stratigraphy and to identify the Argille del
Santerno at the wellbore scale. Then, an empirical correlation of Young’s
modulus with depth was obtained and compared with previous findings.
Finally, two representative case studies, for which static and dynamic
Young’'s moduli were available, are presented and discussed to validate
our findings. Based on the surveys in the areas of the Po Plain where UGS
were developed, an insight on faulting is provided to highlight its spatial
relationship to the Argille del Santerno deposits.

Representative static and dynamic models to forecast the reservoir
performance (e.g., Rocca et al., 2019; Benetatos and Giglio, 2021) and to
accurate predict ground-level movements are required by regulatory
authorities as it can help to gain social acceptance for underground
activities, especially in a highly urbanized and industrialized region
such as the Po Plain. The present research can therefore define reliable
input parameters for the geomechanical models used to calculate the
deformation of underground systems and ground-level movements,
caused by fluid injection and withdrawal.

2. Geological setting

Northern Italy is characterized by the presence of two large fold-and-
thrust belts, the south-verging Southern Alps belt and the north-verging
Northern Apennines belt (e.g., Pieri and Groppi, 1981; Castellarin et al.,
1985; Carminati and Doglioni, 2012; Fantoni and Franciosi, 2009, 2010;
Amadori et al., 2018, 2019). The Po Plain is situated on the Adria
microplate which lies between the African and Eurasian plates and is
considered the African plate promontory (Dercourt et al., 1986). The
evolution of both belts was linked to the interaction between the African
and Eurasian plates and resulted in the formation of the Neogene Po
Plain foreland basin which is characterized by a complex tectonic and
stratigraphic history.

During the Mesozoic era (Triassic-Jurassic period) the broader re-
gion experienced an extension phase (Bertotti et al., 1993; Fantoni and
Franciosi, 2010) due to the opening of the Tethyan Ocean. This led to the
creation of a series of platform basin systems where extensive deposition
of carbonate successions occurred. This extension phase persisted until

Fig. 1. Map of the Po Plain (Northern Italy). White triangles indicate the sampled locations while the crossed circles indicate the location of regional wells with

publicly available sonic log data (UNMIG).
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the Early Paleogene when compressional tectonics affected the area due
to the convergence between the European plate and Adria microplate.
During the Cenozoic, the subsurface architecture of the Po Plain and the
northern Adriatic Sea was shaped by the evolution of fold-and-thrust
belts, thrust-top basins, and foreland areas. Compressional tectonics
affected the area since the Middle Eocene characterized by the devel-
opment of thrust faults in the Southern Alps front while during the
Oligocene-Late Miocene by the development of thrust fault systems at
the Northern Apennines front (e.g., Carminati et al., 2012; Maesano and
D’Ambrogi, 2016). The two main fronts eventually became nearly par-
allel, facing each other, and locally collided during the Messinian period
(e.g., Carminati and Doglioni, 2012; Toscani et al., 2014 and references
therein). Since then, only the Northern Apennine front remained
tectonically active.

From the stratigraphic point of view, the deposition of carbonatic
sequences during the Mesozoic period was followed by thick Cenozoic
successions of clastic sediments, made up of sands and shales that were
deposited during the thrust belt activity. In the eastern part of the basin
(northern Adriatic) thick marl-dominated sequences developed within
shelfal, marginal, and marine successions while in the central part of the
Po Plain (Apennine foredeep) thick sequences dominated by sand were
deposited as turbidites.

During the Early Pliocene, an significant tectonic episode impacted
the entire Apennine fold-and-thrust-belt resulting in rapid subsidence of
the foreland areas and a sudden marine transgression. This transgression
led to the deposition of marine clays in a large portion of the foreland,
known as Argille del Santerno. During this time, the Apennine foredeep
was divided into separate depocenters that forming a large, elongated
basin, referred to as Modern Apennine Foredeep (MAF) (Ghielmi et al.,
2010, 2013), stretching parallel to the main axis of the Apennines
Mountain range. The basin underwent little or no deformation from the
Late Miocene to today. Since the Early Pliocene, thick sand-dominated
turbiditic sequences deposited in the migrating foredeep while shale
deposition occurred in the foreland, foreland ramps, and paleo-high
areas. During the Late Pliocene-Pleistocene period, the buried
fold-and-thrust-belt experienced a complete deformation and at the
same time, a new foredeep basin was created in the northern Adriatic
Sea (Ghielmi et al., 2010).

During the Middle-Late Pleistocene, the growth of the buried belt
was decreased and there was a rapid southeastward progradation of
slope, shelfal and coastal deposits. This transitioned the sedimentation
in the Po Plain from marine to continental resulting in the basin being
complete filled, and the migration of the foredeep depocenters towards
the central Adriatic Sea (e.g. Bertello et al., 2010; Fantoni and Franciosi,
2010; Ghielmi et al., 2010). In general, during the period from Late
Messinian to Pleistocene, foredeep turbidites of the Po Plain-Adriatic
foredeep reach a maximum thickness of 7000-8000 m (Cazzini et al.,
2015).

The main stratigraphic units in the Po Plain, starting from the oldest
to the youngest are:

- The Variscan crystalline basement, is overlaid by the carbonate
platform (mostly limestone and dolomites) of the Triassic to Eocene
age. During the Miocene, it was deposited the Marne di Gallare Fm.,
which consists mostly of marls and clayey/sandy marls with sand
intercalations. From Late Miocene to the Late Pliocene, the basin
experienced clastic formations deposition that include the Santerno
Fm. (clay-rich units), sand-rich formations or sand/shale alternates
(e.g. Bagnolo Fm., Porto Garibaldi Fm., Porto Corsini Fm.). In more
recent times during the Pleistocene sand-rich sequences were
deposited consisting of sands with clay interlayers (Sabbie di Asti)
while the younger part of the stratigraphic record is occupied by
recent clastic deposits of gravel and sands with clay intercalations of
the continental, deltaic, and marine environment (Ghielmi et al.,
2010 and references therein).
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In Fig. 2 the upper portion of the stratigraphic record until the base of
the Pliocene is presented. This geologic time frame hosts the majority of
the hydrocarbon reservoirs in Po Plain.

The geologic formation under investigation in the present study is
the Argille del Santerno (Santerno/Argille Azzurre Fm. in Fig. 2), which
consists of clay-rich units mostly made of silty clays with a small per-
centage of sand.

3. Dataset

The dataset comprises well logs and laboratory data from wells
drilled in various areas of the Po Plain basin (Fig. 1). The well data in-
cludes both propriety and public well logs. Public data were retrieved
from the VIDEPI database (ViDEPI, 2023) and were utilized for the
reconstruction the regional stratigraphy and the identification of the
Argille del Santerno Fm. The calculation of dynamic elastic moduli from
well logs was based on the analysis of sonic P-wave logs from Benetatos
et al. (2019). Triaxial and ultrasonic lab tests were performed on
numerous specimens extracted from the Argille del Santerno.

The VIDEPI database is a project managed by the Italian Geological
Society (SGI) and the Ministry of Economic Development of Italy, fun-
ded by the Italian Petroleum and Mining Industry Association (Asso-
mineraria). It includes a significant number of documents related to
hydrocarbon exploration in the Italian peninsula including technical
reports, over 2200 well log profiles (1:1000), and around 3000 seismic
sections from the onshore and offshore areas of Italy. Well profile data
were all downloaded and digitized. The spontaneous potential (SP) and
gamma-ray (GR) logs were used for stratigraphic correlation purposes
and lithological identification. Resistivity logs (Res) were used to iden-
tify possible hydrocarbon-bearing intervals and exclude them from the
analysis since the presence of hydrocarbon alters the measured rock
properties. Sonic logs (Sonic) were used for the sonic velocity analysis
and the calculation of the dynamic elastic moduli. To ensure consistency
and the best possible correlation between laboratory and well data, only
proprietary log data were used in the subsequent analysis.

The cores used for laboratory analyses were retrieved from depths
ranging between 1000 m and 1700 m. Static values were derived from
deformation measurements obtained performing triaxial compressive
tests, with increasing confining pressures from 5 MPa to 25 MPa (in-
crements of 5 or 10 MPa). The standard test conditions involved a single
loading phase, with only a limited number of experiments conducted
under cyclical unloading-reloading confinement. Given the clayey
characteristics of the caprock, undrained conditions were maintained
during testing. Sonic measurements were taken during the compressive
tests at confining pressures between 5 MPa and 20 MPa enabling the
calculation of the dynamic Young’s modulus at the plug scale. For the
dataset construction, lab data were selected based on the representa-
tiveness of the cores and test confinement conditions; only the values
obtained from the first loading cycle of the triaxial tests were considered
to maintain coherence. The dataset consists of 82 static values of
Young’s modulus acquired from 41 laboratory tests on samples extrac-
ted from 11 wells (6 reservoirs), and nearly 64 dynamic values of
Young’s modulus acquired from 18 ultrasonic tests on samples retrieved
from 3 wells (1 reservoir).

4. Methodological approach

The pseudo-elastic parameters of clastic formations are linked to
several factors such as: the nature and the structure of the porous media,
the saturating fluids, and the in-situ stress conditions. These factors can
be also influenced by external parameters such as the induced strain
amplitude. In the scientific literature can be found an extensive research
on the effects of lithology, saturating fluid, and in-situ stress conditions
on deformation parameters (i.e. Jardine et al., 1984; Fjaer et al., 2008;
Lancellotta, 2012). In the Italian territory, the Po Plain basin has been
the subject of extended experimental and theoretical research by various
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Fig. 2. Simplified Plio-Pleistocene stratigraphic framework for the central part of the Po Plain along a general SE-NE direction shown in the inset map (Fig. modified
from Ghielmi et al., 2013). The names of the stratigraphic sequences are after Ghielmi et al. (2010, 2013).

scientific groups, such as, Bau et al. (2002), Ferronato et al. (2002);
Teatini et al. (2011); Cardu et al. (2012); Codegone et al. (2016); Coti
et al. (2018); Antoncecchi et al. (2021). For example, Bat et al. (2002)
statistically analyzed in-situ deformation measurements carried out
using the radioactive marker technique in different hydrocarbon wells
drilled in the off-shore area of the Po plain basin. They established a
correlation between the uniaxial compressibility, Cp,, and the effective
vertical stress, ¢, as follows

- —1.1347
v

Cn = 1.0044 1026 [MPa™] ¢9)

The compressibility derived from marker measurements was
assumed to represent the first loading cycle. Uniaxial compressibility is
related to the Young’s modulus, E, and to the Poisson’s ratio, v, through
the following equation:

1 (14+v)(1-2v)
Cn= E 1—v 2

Bau et al. (2002) studied a depth interval ranging from 1000 m to
4000 m ssl, which primarily comprised silty to fine-grained sandstone
formations. Their results indicated a negligible impact of lithology
variation compared to depth variations on the elastic modulus values.
The findings of Bati et al. (2002) were used as a basis for comparison in
the present research.

The effects of investigation techniques (i.e., triaxial test and sonic
wave propagation) were inferred through the analysis of laboratory
data. The standard terminology distinguishes static moduli, Es, as the

values obtained from stress and strain measurements in rock mechanical
tests in the laboratory, from the dynamic moduli, Ep, that is obtained
from acoustic velocity data (Lancellotta, 2012). The latter better
represent material deformation behavior at (very) small strains; while
the former are associated with increasing strain levels. In medium to
poorly consolidated rocks, the difference between static and dynamic
values can be an order of magnitude or more (Fjaer et al., 2008; Marzano
et al., 2020).

The evaluation of dynamic moduli can be performed at either the
core or the well scale, and comparing the two sets of values can provide
insights into scale effects. For the calculation of Young’s modulus from
the available sonic logs, the following procedure was followed. The
original sonic log reports the formation slowness, in psec/ft, which were
converted to P-wave sonic velocities (km/sec). Since S-wave measure-
ments were absent, the formula proposed by Castagna et al. (1993) was
used to calculate the S-wave sonic velocities necessary for the calcula-
tion of the dynamic Young’s modulus:

v, = 0.804 v, — 0.865 3

where v, is the sonic P- wave velocity.

The dynamic Young’s modulus, Ep, was calculated using the formula
proposed by Darracott and Orr (1976), Fjaer et al. (2008) and Marti-
nez-Martinez et al. (2012):

242
3v, —4v;
2
Vp

Ep :Pvf @

— 2
Ve
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where p is the density of the rock and it was calculated following
Gardner et al. (1974) who proposed the following formula for sedi-
mentary rocks:

p=1740% (5)

The theory of seismic wave propagation was also adopted for the
calculation of the dynamic elastic moduli at the core scale, and the sonic
tests provided both the P-wave and S-wave measurements.

5. Results and discussion

The Young’s modulus values are analyzed and discussed considering
the distribution in relation to the induced strain magnitude (i.e, acqui-
sition methodologies) and the investigated scale (namely, specimen or
well). The effects of the measurement procedure were quantified based
on the laboratory data. Furthermore, the influence of the confining
stress applied during the determination of Eg and Ep in the laboratory
was analyzed. The relationship between Young’s modulus values and
depth was also investigated, for both lab and log data, leading to the
identification of an empirical correlation. Furthermore, two case studies
are presented where static and dynamic values (when available), ob-
tained through laboratory tests, are compared with dynamic data com-
ing from well logs at the same wells. X-Ray Diffraction Analysis data
were used to gain insight into diagenetic processes. Lastly, an overview
of the characteristics of the main thrust faults of the Po Plain is
presented.

5.1. Young modulus values distribution

The Young’s moduli were measured on several samples (labeled from
A to AD) under different levels of confining stresses. The core samples
consistently indicated that the caprock is composed of rather homoge-
neous and unfractured shales. Fig. 3 (left) shows the distribution of the
static Young’s modulus: data are clustered around a mean value equal to
1.45 GPa with a standard deviation equal to + 0.99 GPa. In the same
figure (Fig. 3 right), the effects of the confining stress on Young’s
Modulus are illustrated. The confining stresses range from 5 to 25 MPa
with incremental steps of 5 or 10 MPa. Although these effects are sig-
nificant it is important to note that the Young’s modulus values are
extremely low, rendering the variations induced by confining stresses

04 —

0.3 —

N (%)

Young's modulus - triaxial tests (GPa)
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negligible for practical applications (such as subsidence analyses).

Fig. 4 shows the distribution of the static Poisson’s ratio obtained
from triaxial tests: during the quality check phase, numerous tests were
excluded because they gave unreliable values (higher than 0.5). A mean
value equal to 0.35 was derived by a statistical analysis of the data. This
value was adopted for further investigation.

The dynamic values of Young’s modulus were determined by per-
forming ultrasonic lab tests on numerous plugs from 3 wells in the same
reservoir, with increasing confining pressures in the range of [5-30]
MPa. Fig. 5 presents the comparison between static and dynamic values
for this particular subset of data. The distribution of the static Young’s
moduli shows a mean value equal to 1.77 GPa with a standard deviation
equal to +0.61 MPa, in agreement with the values derived from the

0.4 —
03

Z
01—
| |

0 0.1 0.2 0.3 0.4 0.5

Poisson's ratio - triaxial tests (-)

Fig. 4. Distribution of the static Poisson’ratio from lab tests. (N is the rela-
tive frequency).

Young's modulus - triaxial tests (GPa)

Fig. 3. (Left) Distribution of the static Young’s Moduli from lab tests (N is the relative frequency). (Right) Effect of confining stress on Young’s moduli with con-

finements in the range of [5-25] MPa (letters refer to samples).
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Legend

I Dynamic values
I static values

04 —

N (%)

0 1 2 3 4 5 6

Young's modulus (GPa)

Fig. 5. Comparison between static and dynamic Young’s Modulus values from
lab tests. (N is the relative frequency).

complete dataset (Fig. 3). The distribution of the dynamic values is
characterized by a mean equal to 3.92 GPa with a standard deviation of
40.79 GPa. Furthermore, in accordance with the theoretical literature
(Fjaer et al., 2008), Fig. 6 depicts the effect of confinement stresses
within the range of 10-20 MPa with incremental stress steps of 5 or 10
MPa. This effect is evident in the case of lower static values (samples
from A to D). However, it becomes negligible in the case of higher dy-
namic moduli (samples from A* to D*).

Fig. 7 presents the distribution of the dynamic Young’s modulus
calculated from the sonic logs in the depth interval 1000-1700 m. The
values are concentrated mostly between 8 and 14 GPa. It is worth noting

Geoenergy Science and Engineering 229 (2023) 212109

0.3 —
Legend
Dynamic 'E' from well logs
0.2 (depth range 1000-1700 m)
S
=z
0.1 —
O —h

0 4 8 12 16 20 24 28 32
Sonic log dynamic Young's modulus (GPa)

Fig. 7. Dynamic Young’s Modulus distribution from sonic logs. (N is the rela-
tive frequency).

that there is a significant difference compared to the values obtained
from lab test analyses. This difference can eventually attributed, to scale
effects, which will be further discussed in the following sections.

5.2. Depth-related Young’s modulus variations

In Fig. 8 the comparison between depth-related static values and the
experimental correlation derived by Bati et al. (2002) as expressed by eq.
(2), is presented.

The correlation proposed by Bati et al. (2002) was applied assuming
Poisson’s ratio equal to 0.35 and 0.3, respectively. The first Poisson’s
ratio was derived statistically from our analysis of the lab data, while the
second is a reference value for clastic consolidated material available in

8 — 8 —
- ©
g 3
6 — = 66—
e 2
2 3
(2}
£ ©
© [ ol
8 S
£ g
T 4 £ 4 = - _ - ==
g ' B -
= El -
3 g
€ <]
0 £ - .
2 »
S 2— 2 2
5 H S =
> o
>
0 0
\ \ \ \ 1t 11 11T 17T 17T 1T 1T T 171
A B c D A* B* C* D* E* F* G* H I* J K L* M N O
Samples Samples

Fig. 6. Effect of confining stress on Young’s modulus from lab tests in case of static (left) and dynamic values (right) (letters refer to samples and N is the rela-

tive frequency).
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also available or nearby. As expected, the results demonstrate a
continuous increase of the dynamic Young’s modulus values with depth
following the general trend of the sonic velocities.

The interval transit time (ps/ft) values from the sonic log show a
continuous decrease with depth due to the compaction of the sedi-
mentary layers, which also results into an increase in rock density.
Benetatos et al. (2019) analyzed data coming from a large dataset of
wells from the Po Plain (data available in Livani et al., 2023): it was

Legend
O  Field1(F1)- 10 MPa
1000 — T Field 2 (F2) - 10 MPa
@ ! <7 Field 3 (F3)- 10 MPa
' VW Field 3(F3)- 15 MPa
o © @ Field4(F4)-20 MPa
o@m <<>/ B Ficld5(F5)- 10 MPa
ol Bl Field 5(F5) - 15 MPa
1200 @<>‘\ ; &> Field 6 (F6) - 10 MPa
— — — Bauetal. (Poisson=0.3)
€ -I L - - - Baetal (Poisson=0.35)
~ (I
% | [
2 Nl A
D M |
AN
1400 — "
| 1
| 1
\ \
Y.
"
\ 1
1 1
.. Lo
1600 — % . ®
Lo [}
\ \
\ \
T b '
\ \ \ \
0 2 4

Young's modulus (GPa)

Fig. 8. Comparison between static Young’s modulus values vs depth and Bat

et al. (2002) relation. The confining pressure for the laboratory analyses is
indicated next to each group of samples.

the technical literature (Fjaer et al., 2008). The variation of rock density
with depth was determined using equation (5). Overall, the data show
consistency with only minor discrepancies observed at higher investi-
gated depths. However, it is important to note that the lab values appear
to be unrelated with depth for the analyzed depth interval.

In Fig. 9 a comparison is made between the static lab data and the
dynamic values from the sonic logs, clearly illustrating a difference of
one order of magnitude. For this analysis we selected only the well log
values that corresponded to the fields where static measurements were

Legend
Field 1 (F1) - 10 MPa
Field 2 (F2) - 10 MPa
Field 3 (F3) - 10 MPa
Field 3 (F3) - 15 MPa
)_
)_
).

1000 —

<Oo

Field 4 (F4) - 20 MPa
Field 5 (F5) - 10 MPa

Field 5 (F5) - 15 MPa

Field 6 (F6) - 10 MPa
Dynamic 'E' from sonic logs
Average 'E' and sd

<OHEO <

1200

<&

Depth (m)

1400

Fo
o+
B
Fo
Fo
o
}_e_!
-
o
}_e_{
e
ko
o=
g1
s
1600 — !

o £
T

20 30
Young's modulus (GPa)

40 50

Fig. 9. Comparison between the Static Young’s modulus from core samples and

dynamic Young’s modulus from sonic wells as a function of depth. The

confining pressure for the laboratory analyses is indicated next to each group
of samples.

shown the characteristic reduction of the transit time values, reaching

approximately 40 ps/ft at around 7 km depth, which corresponds to the

deepest logged part of the wellbore. Since sonic velocity is inversely
proportional to interval transit time, we observe an increase in the ve-
locities moving deeper in the subsurface geological formations. We
converted all transit time values into sonic velocities (km/sec), keeping
only the values that correspond to the shale intervals, and then used
them to calculate the dynamic Young’s modulus. The S-wave velocity

and the density of the formations were determined through the empir-
ical relations, presented in Section 3.

At a depth of approximately 1600 m, a change in the slope of Young’s
modulus vs depth relation is observed: it can be attributed to the gradual
transition from shale to conglomerate lithologies observed in field 4 (F4
in Fig. 1). The sonic log values corresponding to shale lithologies are
probably affected by the sonic velocities related to the conglomerate
lithologies. The higher velocities that characterize the conglomerate li-

thologies contribute to the sudden increase of the sonic velocities and
thus of the dynamic Young’s modulus values.

To derive an empirical correlation between the dynamic Young’s
modulus and depth for the Po Plain, a linear regression analysis was
performed within the depth interval of 1000-1600 m. The log data from
the last 100 m was excluded from the linear regression analysis to
eliminate the influence of the conglomerate lithologies in the
1600-1700 m interval. The identified correlation between the in-situ
dynamic Young’s modulus Ep and depth is:

Epin siny = 0.0127d — 5 (6
where depth (d) is in (m) and Ep in (GPa).
The data and the correlation are shown in Fig. 10.
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5.3. Case studies

Two case studies are presented in Figs. 11 and 13, related to the fields
F1 and F3 respectively, for which both lab and log Young’s modulus
values were available at the same wells.

In the case study related to field F1 (Fig. 11) the correlation between
depth oand the Young’s modulus values is not significant for the labo-
ratory values due to the limited investigated depth interval (approx. 80
m). However, a slight correlation can be observed for the well log values.
The average ratio Ep/Eg at the lab scale is approximately 3 and the same
ratio is also observed between log and lab dynamic values. Therefore the
Young’s modulus values obtained from well logs are approximately one
order of magnitude higher than those obtained from the triaxial tests in
the laboratory. Additionally, in field F1 the availability of both static and
dynamic laboratory measurements at the same well allowed the defi-
nition of a mathematical relationship between them (Fig. 12). To this
end, we used only the samples for which static and dynamic measure-
ments were available at the same depth and we also added the samples
tested at a higher confinement pressure (20 MPa).

Similar observations were made also at Field F3, where no ultrasonic
data at the plug scale were available. Due to the wider investigated
depth interval, the effect of depth on log values is more evident (Fig. 13).

These case studies show the differences between the lab and well log
values of Young’s modulus, with the well log values generally being
higher and showing a stronger correlation with depth. The ratio between
dynamic and static Young’s moduli provides insights into the scale ef-
fects and the differences in measurement techniques.

5.4. Diagenetic processes

To verify the occurrence of diagenetic processes, we followed the
approach described by Favero et al. (2016), who examined the miner-
alogical composition of the rock samples. According to Ali et al. (2010),
diagenetic processes can lead to (1) recrystallization of the particles
without any composition alterations; (2) precipitation of new minerals
due to the circulation of pore fluids, and (3) replacement, which occurs
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Fig. 11. Comparison between static and dynamic Young’s moduli from samples
and dynamic Young’s moduli from sonic logs, at the same well, at field F1.
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if the sediment particles change their chemical composition. The first
two processes usually affect carbonate and quartz grains, while the third
one mostly affects calcite that is transformed into dolomite (dolomiti-
zation). The identification of diagenetic processes in shale samples can
be deduced from the increase of the quartz and dolomite quantities in
the tested samples. In total, we collected 37 measurements taken from
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cores extracted from two wells. We observed a general increase with
depth in quartz and dolomite concentrations in samples taken at depths
spanning the range from 1000 m to almost 1700 m (Fig. 14). The trend
suggests possible influence of diagenetic effects. However, it is worth
noting that the deepest sample (core 6 in Fig. 14) exhibits unexpectedly
low values of quartz and dolomite compared to the samples retrieved at
shallower depths. To investigate further, we examined the
high-resolution density log (RHOS8) recorded at the same well (Fig. 15).
The log indicates an upper part of core 6 characterized by low densities
that can be attributed to a higher porosity. Possibly sandy lithologies
prevail at those depths potentially impacting the mineralogical analysis
of the samples.

5.5. Regional faulting

The Po Plain basin is characterized by the presence of the buried
fronts of the southern Alps and of the northern Apennines which inter-
sect in central Lombardy over an extensive E-W area of approximately
100 km length.

Many studies have been dedicated to the Southern Alpine margin of
the Po Plain foreland (e.g., Quattrone et al., 1990; Fantoni et al., 2004;
Bresciani and Perotti, 2014; Toscani et al., 2014). Amadori et al. (2018)

Geoenergy Science and Engineering 229 (2023) 212109

performed a palaeo-topographic reconstruction of the Po Plain and the
northern Adriatic Sea during the Messinian salinity crisis and they
defined the Latest Messinian Unconformity (LMU) surface through the
interpretation of seismic lines and well data. The structural system of the
area demonstrates that in the area of the convergence between the two
buried fronts, the southern Alpine structures remain active until the Late
Messinian. Similar observations were reported by Bresciani and Perotti
(2014) in the area of the Romanengo anticline showing that the buried
thrusts reach the base of Messinian deposits but do not affect the over-
lying Argille del Santerno (Fig. 16).

The northern Apennines margin is a fold-and-thrust mountain range
that was generated during the Eocene period due to the convergence of
the African and European plates (Carminati and Doglioni, 2012). It
consists of three main arcs, known as the Monferrato, the Emilian, and
the Ferrara arcs, arranged from west to east. The activity of the northern
Apennine fronts is currently concentrated along the thrust faults buried
under the Po Plain and along the partially exposed structures that form
the mountain front delimiting the Plain to the southwest (Maesano et al.,
2015). In recent years, numerous structural studies have been carried
out at a regional scale based on re-interpretations of seismic lines (e.g.
Picotti and Pazzaglia, 2008). Boccaletti et al. (2011) focused on the
external part of the Northern Apennines using an integrated analysis of
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Fig. 14. Mineralogical composition of the tested shale samples versus depth: (top) all data, (bottom) mean values and standard deviations.
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Fig. 16. Cross section of the Romanengo anticline where 15 stratigraphic
markers from the well Gallignano 02 are also shown. The markers from 9 to 15
(blue color) indicate the Argille del Santerno stratigraphic zone (fig. modified
from Bresciani and Perotti, 2014).

morphotectonic, geological-structural, and stratigraphic data compared
to the current seismicity of the area. Their work includes a seismic
section illustrating that the main thrusts in the region extend to the Early
Pleistocene without reaching the Top of the Argille del Santerno Fm.
And thus not causing displacement in the Quaternary sequence (Fig. 17).

The examples presented above, derived from seismic interpretation

10

Geoenergy Science and Engineering 229 (2023) 212109

and structural analysis, indicate that in the proximity of the hydrocar-
bon fields (located in the broader studied areas) the vertical continuity
of the Argille del Santerno Fm. is not compromised by the presence of
major faults, which they terminate below the top of the shale deposits.
Thus, the sealing capacity of the Argille del Santerno is guaranteed.

5.6. Final remarks on Young’s moduli

The mechanical properties of the Argille del Santerno are the result
of the sedimentation, burial and diagenesis processes that occurred in
their geological history. Both the mechanical loading and diagenetic
processes which developed during their burial/uplift/erosion history
contribute to the mechanical behavior of the shale. As well documented
in the technical literature (Gibson, 1958; Skempton, 1969; Jones and
Addis, 1985; Burland, J., 1990, among others), the mechanical load and
consequent rock compaction affect the formation porosity and stiffness,
together with the rock fluid-flow and mechanical resistance. Super-
imposed diagenetic processes are also responsible for the cementation
and bounding of the material structure, which ultimately impact the
petrophysical properties and deformation behavior of the formations.

Core sampling and remolding processes can modify the structure of
the original material, and consequently influence the experimental re-
sults (Schmertmann, 1991; Hong et al., 2012; Favero et al., 2016, among
others): if the cementation and the diagenetic bounds are compromised
by these processes, lab experiments show higher porosity and
compressibility compared to the undisturbed formation. Furthermore,
swelling and creep phenomena are mitigated in some way by diagenetic
effects; conversely, alterations of the material structure may enhance
swelling and creep effects during experimental tests. The effects of stress
conditions and diagenetic processes experienced by the Argille del
Santerno have been extremely heterogeneous due to its regional
extension. Some samples from X-Ray Diffraction Analysis consistently
show considerable percentages of quartz, calcite and dolomite as
diagenesis markers. In fact, recrystallization and precipitation phe-
nomena mainly involve quartz and carbonates grains, whereas the
replacement process predominantly occurs via the transformation of
calcite into dolomite (Favero et al., 2016).

Furthermore, the studies developed on an Adriatic offshore gas field
by Cassiani and Zoccatelli (2000) and Hueckel et al. (2001) corroborate
the hypothesis that lab compaction data could be overestimated
compared to the in-situ behavior. Experimental evidence of this
discrepancy is attributed to aging effects which could be missed by a
standard lab test. Aging, or secondary compression for geological scale
periods, was defined as a change in mechanical properties resulting from
secondary compression under a constant external load (Lambe and
Whuitman, 1969; Terzaghi et al., 1996). Sedimentary formations, sub-
ject to a constant in-situ stress level, generally experience a
time-dependent deformation (secondary compression). When loaded
above the in-situ effective stress over certain stress ranges, as in the case
of gas or oil extraction, the material exhibits a much higher “apparent
pre-compression stress”’, and also a much lower compressibility
(Hueckel et al., 2001).

Cementation, diagenetic and aging effects, together with the scale
effect, can explain the observed discrepancy between the lab data (at
confining pressure coherent with depth) and the dynamic values at the
well scale.

However, lab data are particularly significant when quantifying the
effects of both confining pressures and acquisition techniques, in terms
of induced strain magnitude. Static values are in the order of a few GPa
and they suffer considerably from the effects of confining pressure; dy-
namic values can reach 5 GPa and are barely affected by the confine-
ment. In agreement with the reference technical literature (Fjaer et al.,
2008), the average ratio between the dynamic and static values at the
specimen scale is in the order of 2-3, and it decreases from 2.8 to 1.9 as
the confining stress increases from 10 to 20 MPa. In fact, the static and
dynamic Young’s moduli for clastic consolidated material converge to



C. Benetatos et al.

sw
TWT.
sec. 0.0

Bologna
Py

Geoenergy Science and Engineering 229 (2023) 212109

San Pletro

Baricella2 Pr.  in Casal NE

TWT

Reno River

0s

00w

|- 08
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Boccaletti et al., 2011).

their maximum values as the confining pressure increases. Furthermore,
the comparison between Ep vs depth and the Bat et al. (2002) correla-
tion proves consistent. Overall, lab data defined a rather homogeneous
and well-predictable behavior, in line with the theoretical studies.

6. Conclusions

Our work was focused on the deformation behavior of the Argille del
Santerno shales on the Po Plain (northern Italy), which are the caprock
of numerous onshore and offshore gas reservoirs. Currently, depleted
gas reservoirs are being considered for prospective underground storage
of CO, and hydrogen. Thus, the need arises to characterize the shale
deformation response to the stress variations induced by fluid injection
and withdrawal.

The main results of our analysis of log and core data can be sum-
marized as follows:

1. The Argille del Santerno Fm. exhibits a rather homogeneous and
well-predictable deformation behavior;

2. In line with previous research and theoretical studies, the ratio be-
tween the dynamic Young’s moduli (typically measured at the wells)
and the static Young’s moduli (typically measured in the lab) can
reach an order of magnitude. Cementation, diagenetic and aging
effects, together with scale effects, are responsible for this systematic
discrepancy;

3. Deviations from the average values of static Young’s moduli depend
on the sampling procedures and laboratory testing conditions, which
can alter the properties and the mechanical response of the in-situ
undisturbed formation;

4. Young’s modulus of the Argille del Santerno linearly increases with
depth; an empirical relation was obtained to describe this
correlation;

5. The analyses of the termination of the main thrust faults on the Po
Plain show that the vertical continuity of the Argille del Santerno Fm.
is not compromised by the presence of major faults.

Based on our correlation of Young’s moduli with depth, the defor-
mation characteristics of the Argille del Santerno can be predicted when
lab or field data are lacking. The quantitative results obtained on the
Young’s modulus of the Argille del Santerno provide the input data
needed for the geomechanical models which are then used to assess the
potential impact and safety of underground operations. Thus, this work
offers a valid contribution to making reservoir conversion into CO3 e Hy
storage an achievable and socially acceptable option.
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