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Abstract. Mechanisms of overpressure build-up resulting frathemically-induced
compaction are investigated by considering thargranular pressure-solution, controlled by
temperature and effective stresses, is the domipamtess of chemical deformation in
sandstones. The numerical simulations are perforas@ty a thermo-poro-mechanical tool
based on the finite element method specificallyiskxl to deal with sedimentary basin
modeling. At the material level, purely mechaniaati chemo-mechanical deformations are
respectively addressed by means of plastic an@piastic constitutive components. Porosity
data of the Middle Jurassic Garn Formation from thaltenbanken area of the Mid-
Norwegian Continental Shelf are taken as referéoicealibration of the sandstone model to
be used on synthetic cases of a siliciclastic b@soedometric conditions. Two situations are
proposed involving different depositional sequencksandy and shaly sediments with the
aim to assess the permeability effect in the nurakmodel. The results have shown that
early overpressure development in low permeabililymations preserves sandstone
porosities by reducing effective stresses and tlet@rding pressure-solution compaction,
whereas higher effective stresses associated witmgable depositional environments may
lead to important chemo-mechanical deformationyltiesy in low porosity sandstones and
significant overpressure generation at later stagfebasin history. An additional case is
finally analyzed to investigate the consequencesprassure-solution inhibition due to
diagenetic grain coating in a sandstone reserviire simulation resulted in porosity
preservation and lower overpressure values, shothiiga sedimentary basin submitted to an
important level of chemo-mechanical compaction caresent substantially higher
overpressure distribution than basins where thenpmenon did not take place. The paper
highlights the importance of integrating stresskesg pressure and temperature to represent
the porous material evolution in order to desctiteegeological state of sedimentary basins.

Keywords. sedimentary basin, intergranular pressure-solutearpressure, chemo-
mechanical compaction, coupled geomechanics, fadment method.



1 INTRODUCTION

It is well known that dissolution and precipitatioh minerals may play an important role in
the porosity reduction of siliciclastic and carbtaneocks. Several works have been published
on this topic in the last decades, including micopsc models, laboratory tests and field data
in an attempt to describe the complex aspectsesktiphenomena (Dewers and Hajash, 1995;
Dove, 1999; Gratier and Irigm, 1986; Gundersenlet2802; Lehner, 1995; Meng et al.,
2003; Neveux et al., 2014; Raj, 1982; Rutter, 1986éhutjens and Spiers, 1999; Shimizu,
1995; Weyl, 1959; Zhang and Spiers, 2005). Howeves,still a difficult task to formulate a
macroscopic material model to include chemical cactipn in sedimentary basin simulators
and predict the impact of these diagenetic prosegseugh geological time on the evolution
of hydrocarbon systems. As a consequence, recotisttuof the porosity history is
commonly performed in basin modeling by consideonty mechanical compaction together
with simplified constitutive models that are cadited to fit available data without
distinguishing the different factors involved inrpsity change. In many cases these models
can provide good accuracy for porosity distributeord overall basin deformation down to a
certain depth but cannot predict overpressure fupldssociated with chemical compaction
which may strongly affect fluid migration and acauation, impacting on reserve assessment
and risk evaluation (Crook et al., 2018; Gavriler@kal Gueguen, 1993; Obradors-Prats et al.,
2017). Despite the difficulties in developing comipensive constitutive models for the
sediment material, integration of both mechanicad @hemical compaction in numerical
tools is essential to better describe the geolbgitate of sedimentary basins and further
progress must be achieved in that direction.

In this context, many efforts have been done toewstdnd the different deformation
mechanisms of sandstones since most of the hydrcaeservoirs can be found in this type
of sedimentary rock. However, some divergencesgiarsliterature concerning the nature of
the chemically-induced compaction leading to ima@otfporosity reduction of quartzose rocks
in deeper layers of sedimentary basins. The twdgmeénant theories agree that temperature
plays a key role on the whole process by affeatmigerals kinetics, the main difference lies
in the fact that some authors consider that thei@mmbh mechanism is a stress independent
phenomenon known as illite-mica induced dissoluidgmD) (Bjorkum, 1996; Bjorkum and
Nadeau, 1998; Maast, 2017), while others statesthagral evidences indicate that the process
is in fact a stress induced compaction, which isrred to as intergranular pressure-solution
(IPS) (Osborne and Swarbrick, 1999; Sheldon e2@D3; Stricker et al., 2016; Stricker et al.,
2017).

This work considers that IPS is the dominant meigmarmf chemical compaction and divides
the deformation processes of sandstones in twostypée first is purely mechanical
compaction through pore fluid expulsion and graarrangement associated to overburden
increase. The second is chemo-mechanical porasiyction resulting from three sequential
steps, the slowest of them controlling the ovgredlcess: mineral dissolution at grain contact,
material transport through diffusion and precipiaton the free walls of near grains. Purely
mechanical deformation prevails in the early stages newly deposited layer whilst chemo-
mechanical compaction takes place as progressival Increases sediments temperature and
effective stresses (Schmidt and McDonald, 1979aTad Siever, 1989).

Most investigations on pressure-solution in samstaefer to cases located in the North Sea
(Ramm, 1992; Ramm and Bjorlykke, 1994; Walderhaugle 2000). The process occurs
through dissolution and precipitation of quartz evhstarts at depths beyond 1.5 to 2 km at
temperatures around 60°C and can become the domdefarmation mechanism below 2 to
3 km burial depth where temperatures exceed 8006€siply preventing further mechanical



compaction due to the amount of grain cementatiorth@ reaction rates increase with
increasing temperature (Bjorlykke, 2014; Niemeigr al., 2002; Renard et al., 1997,
Schneider et al., 1996). Nevertheless, it seems shane factors, as the presence of
hydrocarbons or grain coating, may retard or tptadhibit pressure-solution even at great
depths (de Boer et al., 1977; Ehrenberg, 1993;i8Jull993; Worden and Morad, 2000). In
general it is acceptable to consider that an ingoaosity of 40-45% for sands decreases by
means of mechanical compaction alone down to 24-aA#othat further reduction is only
possible through mineral dissolution which can léadorosity levels of 4-10% at depths
below 4 km (Lander and Walderhaug, 1999; Ramm, 1B@phard et al., 1999; Schneider and
Hay, 2001; Walderhaug et al., 2000; Yang, 2000).

A proper modeling of mechanical and chemo-mechamegormation in the macroscopic
scale requires understanding their relation wifleative stresses and pore fluid pressure. In
the mechanical compaction sequence it is the ogsspre dissipation through fluid expulsion
that leads to higher effective stresses on the malirs¢ructure reducing porosity through grain
reorientation, sliding, deformation and breakage.the chemo-mechanical sequence the
current effective stresses promote the dissolutiominerals which will be transported and
precipitated in regions of lower concentration,u@dg the pore spaces and increasing fluid
pressure. The first deformation mechanism is rdladeoverpressure dissipation and the latter
to overpressure build-up. As a consequence, thdtires overpressure will increase fluid
flow rates in a permeable zone but will not be Igadissipated in a low permeability
environment. Eventually, it may decrease the dffecétress state to a certain level that will
stop the compaction process (Angevine and Turch®®3; Anzalone et al., 2006; Stricker et
al., 2016), but some authors report that the negufluid pressure may even induce fracturing
of top seal rocks (Bjorkum and Nadeau, 1998; Sderaand Hay, 2001; Wangen, 2000). The
reproduction of these geological scenarios is polgsible if both phenomena are accordingly
taken into account in the numerical basin simulator

Based on previous concepts presented in Maghaais @014) for mechanical compaction, a
macroscopic isothermal poromechanical constitutnedel and a three-dimensional finite
element algorithm have been developed in Briich.gR@16) to deal with mechanical and
chemo-mechanical deformations and later extend@&tiinh et al. (2018) to take temperature
effects into account. Purely mechanical and cheraokanical deformations are respectively
addressed by means of plastic and viscoplastic oaerds in the macroscopic state equations
of the sediment material. The proposed model f@ ddmpaction assumes solid volume
conservation by considering that the dissolved maige precipitate at short distances
compared to basin scale.

A synthetic case of a siliciclastic sedimentaryimas oedometric conditions is used to
illustrate the constitutive model behavior. Fisindstone and shale models are respectively
characterized through a single material basin ictiaes 3.1 and 3.2: the sandstone is
considered to compact through both mechanical @aetho-mechanical processes whilst the
shale model undergoes only mechanical deformatiban, two cases are presented in section
3.3 with different sandstone and shale stratig@asieiquences with the aim to change the
permeability of the system. The results are analyfoeusing on the connection between
effective stresses, temperature, pore fluid pressamd porosity change induced by
intergranular pressure-solution. For last, an @&mtad simulation is proposed in section 3.4 to
investigate the limit situation in which IPS pheremon is totally inhibited by grain coating.
The contribution of chemo-mechanical compactionptoosity reduction and associated
overpressure generation within sedimentary basirspecifically assessed by comparison of
the results obtained from the numerical simulaticarsied out in sections 3.3 and 3.4.



2 THEORETICAL ASPECTS

The thermo-poro-mechanical basin simulator andaateal theoretical framework presented
in Brich et al. (2018) will be used in the subsexquenalysis. The main difference with
respect to basin simulators that use classical actign models based on phenomenological
relationships relating porosity to effective veatistress is that the present relies on a tensorial
formalism of the constitutive model. This is nee@gsto model complex geological
configurations, including lateral deformations iodd by tectonics which may lead to
important overpressure build-up, seal rock fraomrand fault reactivation, which in turn
would directly affect the migration flow path (Ctoet al., 2018; Maghous et al., 2014;
Obradors-Prats et al., 2017).

The finite element numerical tool uses twenty-ndtkxahedra elements for geometry
discretization and unknown fields interpolation.splacement fields are approximated
through piecewise quadratic polynomial functionsilevhpiecewise linear polynomial
functions are adopted for the interpolation of pgyeessure and temperature fields
(Zienkiewicz and Taylor, 2000). The formulationbiased on the updated Lagrangian scheme
(Bathe, 1996). The poromechanical problem is solagglicitly and then explicitly coupled
with the thermal solution at the end of each tirtep qFelippa et al., 2001). An algorithm
developed by Bernaud et al. (2006) is used to sitausediments accretion periods by
progressive activation of the gravity forces witlanfictitious closed material system. The
numerical procedure makes use of shared memoryipmadessing OpenMP interface for
parallel computing (Chapman et al., 2008) with aromatic time-step algorithm that
constantly updates the thermal and poromecharioal $tep lengths based on the evolution
of the material properties and finite element mgsbmetry to reduce computational costs.

The sediment material is considered as an isotrolic saturated thermo-poro-elastoplastic-
viscoplastic medium undergoing large irreversilitaiss. The modeling is developed in the
context of a single and incompressible saturatioge gluid. The reversible (elastic) strains
and the reversible variations of porosity are agiito remain infinitesimal. A key aspect of
the model concerns the evolution of material couistie and transport properties according to
porosity and temperature changes by means of mexbanics reasoning and

phenomenological laws. The model is briefly desadilin this section. Further information

regarding the finite element algorithm and the peraonaterial constitutive model can be
found in Brich et al. (2018).

21 Field equations

At the macroscopic scale a porous medium is viewsdthe superposition of a solid
continuum deformable skeleton and a fluid continlagoupying the porous space in constant
thermal equilibrium (Coussy, 2004). Accordinglyetamount of fluid content in the current
configuration is defined by the Eulerian porosfly Assuming a quasi-static evolution of the

porous continuum, the equilibrium equation expresse
diva+p0g=0 (1)

where g is the Cauchy total stress tensgr= (1— ¢5),0S +gp' is the density of the porous

material, with 0° and p' respectively being the mass densities of the soii fluid phases,
and g is the acceleration of gravity.

The mass balance referring to the fluid flowingptigh the connected porous space reads:



%(pfqo)h]div(pfgf):O (2)

where @ is the Lagrangian porosity defined as the pone fitaction with respect to the initial
configuration of the porous medium particle. Ireésated to the Eulerian porosity through

the Jacobian of the transformatidn ¢= J¢ . Denoting byﬁf the permeability tensor of the

porous medium, the filtration vectg’ is connected to the gradient of the pore fluidspuee
p following Darcy’s law:

q' =K' {-Op+p' g) (3)

The temperature evolution is obtained disregardive poromechanical contribution in the
entropy balance of the porous material and by densig that conduction is the dominant
heat transfer mode in the basin:

dar . . o _
c—+divqg =r 4
pe-_-+divg (4)

where c is the specific heaf] is the temperaturegt is the heat flow vector and is the
heat generation per unit volume. The heat flowesngd by Fourier’s law:

q =-K'0OT (5)

Whereﬁt Is the thermal conductivity tensor of the porousdimm.

2.2  Congtitutive equations

Within the framework of large irreversible deformoat and porosity variation the state
equations of the porous material are defined ie fatm taking into account the effects of
microstructural changes on the evolution of thertteeporoelastic properties (Bernaud et al.,
2002; Dormieux and Maghous, 1999; Dormieux and Magh 2000). In the context of

isotropy, the thermo-poromechanical state equatasesformulated by considering the time
derivative of the following relationships (Cous2p04):

Ag=C:Ae” -bARL-3Ka°ATL (6)
| e AP
AgF' =birds" +5 ~3a*AT (7)

where Age' and A¢f' refer respectively to the local infinitesimal dlasstrain and porosity
variation, computed with respect to the unstressedfiguration of the porous medium
particle. In the above relationshigs, is the fourth-order tensor of the drained elastiiéness
moduli, K is the bulk modulushb and M denote respectively the Biot coefficient and Biot
modulus, a® is the thermal dilation coefficient of the solidhgse, a? is the volumetric
thermal dilation coefficient of the pores ahds the second-order identity tensor.



Under the assumption of infinitesimal elastic stsai the Jacobian of the skeleton
transformation defining the ratio between the psrelement volume in its current and initial
configurations can be approximated by the Jacolwfrthe irreversible transformation
J=J", which in turn can be split into its plastic angooplastic parts]” = J?J®. In
addition, the solid phase is assumed to be incossfiole during the irreversible
transformation, which means that any variationhe#f volume during plastic or viscoplastic
deformations is only due to pore volume change s&hmnsiderations allow to compute the

evolution of the Eulerian porosity as a functionddf (Briich et al., 2016):

_._1-4
¢_1 Jir (8)

2.3 Plastic model

An elastoplastic behavior is used to model pureBcihanical compaction of the sediment
material based on the Terzaghi effective str@ss g+ pl. The flow rule is associated and

the plastic yield surface is taken from the modified Cam-Clay medelessed as a function
of the deviatoric stress tensar= g—trg/?,:l and the mean effective stresp;':trg'/B

(Wood, 1990):
t*(g" pc)=§;s:=8+ M p( B+ R) 9)

where M is the slope of the critical state line arm is the consolidation pressure
controlling the size of the plastic yield surface.

The adopted plastic hardening law that describes the evolutioraraimpter p, with

irreversible densification of the material can be viewed as an extensioneomadel
originally proposed by Barthélémy et al. (2003) on the basis afomiechanical limit
analysis reasoning. This micromechanics-based law has proved attiactihes context of
sedimentary basin modeling since the consolidation pressurettemalsls infinity when the
pore space vanishes, thus preventing the development of negatogtips under high
isotropic compression (Deudé et al., 2004). A first extensioneofrtbdel has been proposed
in Bruch et al. (2016) in order to take into account the effect efdependent mechanical
and chemo-mechanical deformation processes on the porosity reductiorvetipwhe
original hardening law developed in Barthélémy et al. (2003) asasats extended version
from Brich et al. (2016) suffer mainly from the absence of calibration cesifs;iand for
this reason, they cannot represent accurately the specific behaviffecdrditypes of rocks.
As reported in Brich et al. (2018), this shortcoming leads tomaewadistic undeformed layer
on the upper part of the basin, making it difficult to represenistEaporosity distribution
such as those observed from sedimentary basins data. To circuhweatove difficulty and
based on the same reasoning developed in Briich et al. (2016), aastw Iphrdening law
involving an exponent parametet, is proposed:

_. [ng)"
p.(¢)= pco(ln%j (10)



24  Viscoplastic model

Considering that the driving force for IPS compawctiat the microscopic scale is the
difference in effective stress between grain cdeteend free pore walls, the chemo-
mechanical time-dependent compaction is addregsttk anacroscopic scale by means of a
viscoplastic model based on the generalized Pelzyvarstress theory (Perzyna, 1966) with
an associated flow rule (Brtch et al., 2016). Thedysurface is taken from the Cam-Clay

model with its size and the slope of the critidattes line being respectively defined kpj,

and M, . The viscoplastic strain rag”™ reads:

w_ 1 ofg"
d —,7Vp<q’(':)> Py (11)

where ( [) is the Macaulay brackets},, is the viscosity coefficientn,, is the viscosity
exponent andf,* is a dynamic loading surface with the same shapha yield surface but
with its size controlled by a dynamic consolidat'pmsessurc—:*pfp characterizing the magnitude

of the current effective stress state of the pommaserial (Adachi and Oka, 1982; Yin and
Hicher, 2008). A scaling functionD(F) is used to verify if the material is undergoing

viscoplastic deformation and to quantify the distamwf its stress state with relation to the
yield surface:

d
Pop

S
o

®(F)=F-1= 1 (12)

The static consolidation pressugg, represents the hardening parameter of the visstipla

model. It is considered that the rate of compactieareases with increasing deformation as
the contact surfaces between grains increase,réuuging local grain-to-grain stresses that
induce mineral dissolution (Dewers and Hajash, 1%8&nard et al., 1999). Relying upon a
reasoning similar to that developed in plasticitye following viscoplastic hardening law

expressing a logarithmic dependence pf with respect to current porosity has been
proposed in Briich et al. (2016):

Ing )™
P, (2)= P, (mj (13)

where exponenm,, is a model parameter ranging between zero i@mdthat controls the
relative magnitude of viscoplastic strains withpest to plastic strains in the constitutive
model.

25 Complementary laws

In this work, the temperature effects on the evoiubf the porous material properties will be
restrained to the macroscopic viscoplastic visgosefficient that affects the chemo-
mechanical strain rates and the pore fluid visgositpacting fluid transport through the
permeability law. The evolution of the viscoplastiscosity coefficient,, is given by an

Arrhenius law (Rutter, 1983; Schneider et al., 1996



- El1_ 1
M (T) =110 exp{ R (TK T OH (14)

whereT, is the absolute temperature expressed in Kelyjp, is the viscosity coefficient at a

reference temperaturg, , (K) E, is the activation energy anB=8.31 J Kx mo is the
universal gas constant. Typical values found in lttezature for the activation energy of
pressure-solution in sandstones range from 15 t&J8énol (Angevine and Turcotte, 1983;
Bjorkum and Nadeau, 1998; Nakashima, 1995; Renaat,e1997; Schneider and Hay, 2001,
Shimizu, 1995).

Water is the only fluid saturating the pore spdeat will be considered in the subsequent
analysis. lts viscosity coeficieny’ is determined as follows, withA=141.47uPaxs,

B =226.8 Kanda =-1.5914 (Ulamec et al., 2007):

n'(T)= A{TEK—lj (15)

The permeability coefficienk’ of the porous medium is modeled through Kozenyi@ar
formula (Coussy, 2004), wheré, =k' (¢, T,) and 7, =n'(T,) are respectively the

permeability coefficient and fluid viscosity at eeénce porosityy and temperaturg, .

#°(1-a) n
@(L1-¢)° ' (T)

The effect of microstructural changes on the postelgroperties are quantified as a function
of the porosityg according to the upper bounds of Hashin-Shtrikrfwanthe bulk K and

shear ¢ drained moduli (Hashin, 1983), and by means ofsital results of linear
poroelasticity for the Biot coefficientb, Biot modulusM and volumetric thermal dilation
coefficient of the poresr? (Coussy, 2004), wherk® and x° are the bulk and shear moduli
of the solid phase:

k' (6. T)=k (16)

(¢)= i:(’”;—m (17)
O os o “
o(g)=1-X12) 19)
M (#)= (20)



a’(¢)=a°(b(¢)-9) (21)

Regarding the thermal properties of the porous nadtehe specific heat is defined as the
mass average of the specific heat of the solidnd of the fluidc’ (Somerton, 1992):

o(9)=2 (1_¢); A 22)

The thermal conductivity coefficienk' is determined adopting micromechanical estimates

derived from Mori-Tanaka scheme, wheté® and k"' are the thermal conductivity
coefficients of the solid and fluid phases, respett (Stransky et al., 2011):

L3k +2(1-g) (K- k)
3kt,s +(1_¢)(kt,f _ kt,s)

k'(¢)=K (23)

3 FINITEELEMENT SOLUTIONS

Assessment of the geological history of the sedtargnbasin requires the solution of the
boundary value problems for large space domaindage time periods. The time evolution
of the displacement, pore pressure and temperfittids are respectively obtained from the
weak formulation of the equilibrium, mass and epyrdalance equations together with the
set of the constitutive equations, plastic and opbastic models, and complementary laws.
The thermo-poro-mechanical models presented in gbition are solved using the finite
element basin simulator presented in Briich eRall§).

The numerical simulations are restricted to thetexinof purely gravitational compaction
within oedometric setting. No lateral deformatiowuced by tectonic sequences or thermal
expansion are considered. All cases have the sauonedhry conditions, deposition rate and
total thickness of supplied sediments. The diffeeehetween each case lies only on the
stratigraphic distribution, which is achieved byyiag the amount and type of the deposited
materials.

The boundary conditions for the poromechanical #mermal problems are respectively
shown in Fig. 1 and Fig. 2. The plarze= 0 defines the basement rock assumed to be rigid

and impermeable, with a constant upward heat fip =70 mw/nt. The lateral surfaces
have no lateral displacements, are impermeableirsudated. The sea level coincides with
the top surface of the basin locatedzat H(t) which is kept atT® =10°C during all the

simulation.

The studied cases correspond to a material sysbemetl by the deposition of 8000 m of
sediments with constant accumulation rate alongNlypwhich results in approximately 47
m of deposited material per million years. Theiahifinite element mesh is a column 8000 m
height regularly divided into 80 cubic hexahedrangtnts of sideL =100 m along the
vertical direction. The total number of mesh nodegqual to 968, corresponding to 3552
total degrees of freedom: 2904 for displacement, 2 pore fluid pressure and 324 for
temperature.
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Figure 2. Thermal boundary conditions.

The fluid (water) saturating the connected porevoét is considered incompressible with the
following constant data: densityp’ =1000kg/n?, specific heatc’ =4200 J kg°C and
thermal conductivityk"' =0.6 W/n? C. The viscosity coefficient of the pore fluid issgh by
(14).

The thermo-poro-mechanical parameters of the sandsand shale models used on the
numerical simulation are given in Table 1. Data specified for initial porosityg and
reference temperaturdl, of each material. Regarding the permeability aheérmal
conductivity coefficients, only the values with pest to the vertical direction are provided as



the numerical simulations are carried out undeogegtric conditions. The fluid flow ability
of the porous medium is characterized by the isicipermeabilitys =k .

The behavior of the constitutive models is analytedugh the evolution of a single material
column for the sandstone in section 3.1 and shmalgection 3.2. Section 3.3 presents two
mixed lithology situations by varying the proporti@f each deposited material along the
stratigraphic sequences of the sedimentary basitidh 3.4 illustrates a theoretical limit case
on which chemo-mechanical compaction is totallyibited by grain coating during basin

evolution.

Table 1. Sandstone and shale model parameters.

Parameter Symbol Sandstone Shale
Porosity (%) ¢ 45 65
. 3

Density (kg/m’) Vo 1880 1560
Young modulus (MPa) E 5000 2500
Poisson's ratio v 0.33 0.32
Biot coefficient b 0.81 0.93
Thermal dilation coefficient of solid phase (ZI/°C) as 0 0
Thermal dilation coefficient of pores (]/°C) a® 0 0
Intrinsic permeability (mz) u 107 10718
Plastic critical state line M 1.2 1.2
Plastic hardening parameter (MPa) P, 0.25 0.1
Plastic hardening law exponent m, 9.2 3
Viscoplastic critical state line Mvp 1.2 -
Viscoplastic hardening parameter (MPa) p\fp 1 3
Viscoplastic hardening law exponent m, 2.6 -
Viscoplastic viscosity exponent Ny, 0.001 -
Viscoplastic viscosity coefficient (G Pax I\/I)o Moo 30 3
Activation energy (kJ/ mol) E, 10 )
Specific heat (J/ kQOC) C 1700 2300
Thermal conductivity coefficient (W/m°C) Kt 1.7 11
Volume heat generation (W/ms) rt 0 0
Reference temperature (°C) T, 10 10

3.1 Sandstone model

This section presents a pure sandstone model wirdémed conditions. The plastic and
viscoplastic parameters of Table 1 were choserpooduce the porosity curve presented in
Schneider and Hay (2001). These authors calibriegborosity profile using data obtained



from several wells of the Middle Jurassic Garn Fation from the Haltenbanken area of the
Mid-Norwegian Continental Shelf. It is emphasizbdttthe primarily purpose herein is not to
simulate this specific formation, but to obtainlig& order of magnitude for the viscoplastic
viscosity coefficient7,, and activation energ¥, with respect to available data for further

application in different synthetic cases. Fig.|@sirates the compaction history of the basin
predicted by the present constitutive and computati model. The 8000 m of material

deposited along 170 My resulted in a sedimentaginb@376 m thick, which corresponds to

32.8% of global deformation.
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Figure 3. Compaction history (sandstone model).

To facilitate data interpretation and discussitwe, basin profiles will be conveniently plotted
considering the top of the basin locatedzat0. The porosity profile is presented in Fig. 4
together with results from Schneider and Hay (2G01J Bjorkum et al. (1998). In the former
work, the authors adopted a macroscopic viscoelalsistic model for the simulation of

purely mechanical and chemo-mechanical compactwiuded by intergranular pressure-
solution in the Garn Formation. The latter workeglupon a clay-induced dissolution and
local silica redistribution model to provide a saft porosity predictions for quartzose

sandstones. It is noted that the porosity proffl8jorkum et al. (1998) refers to a 170 My
basin with a temperature gradient of 35°C/km.

The first observation that arises from the comparis Fig. 4 is the discrepancy regarding the
porosity profiles predicted by the present sandstawdel and that given in Schneider and
Hay (2001) along the upper 1800 m, where purelyhaeical compaction is the dominating
deformation process. As corroborated by the armlysdifferent porosity data from literature
(Chuhan et al.,, 2002; Ramm, 1992; Sclater and @#rid980), this discrepancy can
reasonably be attributed to the plastic hardenawg (9) adopted in the modeling, which is
likely not adequate to accurately represent thelgunechanical compaction of sandstones.
Actually, such a hardening law leads to high pdyokiss at low depths, which is mostly a
characteristic of argillaceous sediments (Mondoalet2007). Although the introduction of
exponent parametem; yields more realistic porosity profiles along thasin upper layers

than those presented in Brich et al. (2018), tesgmt analysis indicates that an improved
plastic hardening law should be formulated for sémaes. However, the results derived from
the current plastic hardening law are consideréidfaatory enough within the scope of the
present work, which primarily investigates the imipaf chemical compaction on the
evolution of the thermo-poro-mechanical state efsadimentary basin.



As regards the chemo-mechanical compaction pregadt deeper layers, Fig. 4 shows that
the viscoplastic modeling provides good fit witlspect to the above mentioned works. The
porosity value obtained at 2000 m is almost theesafithe other curves, 27.7%, decreasing
to 9.6% at 4000 m and reaching 2.2% at the bottbtheobasin. The porosity distribution in
the deepest layers below 4300 m reveals an imgorsmue for chemical compaction
modeling at large scale: how to reasonably sand for chemically-induced deformation on
the constitutive model. This is important in thentxt of basin modeling to avoid
computational problems such as failure of the nicakprocess or either the prediction of
negative porosities. In that respect, Schneider ldag (2001) have for instance arbitrarily
considered a residual porosity of 2% at which thenerical model does not allow further
deformation of the porous material. In the presentk, the magnitude of the mean effective
stress required to trigger and maintain chemo-machkhdeformation depends on current
porosity according to the viscoplastic hardening [A2), which automatically implies that
unlimited high effective stresses are requiredviscous deformation at low porosity values,
as clearly illustrated by the model results in Big.
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Figure 4. Porosity profiles: [1] sandstone model; [2] Bjorkum et al. (1998); [3] Schneider and Hay (2001).

Another interesting feature observed from Fig. 4his existence of an inflection point at
approximately 1800 m depth. The concavity changeeapng in all curves suggests that from
this point chemo-mechanical compaction becomesitiiinant deformation mechanism. To
better understand this change of behavior with ldefite evolution on time of the first
deposited (deepest) layer of the basin is invegiijand some fundamental aspects of the
constitutive model are illustrated. Fig. 5 presehts porosity evolution of the finite element
located at the base of the geometry model. Thesggrbeing calculated as a function of
J"=J°J", it is possible to verify the contribution of plyemechanical and chemo-
mechanical compaction processes on porosity chiaypgieawing in Fig. 6 the time evolution
of J? and J"™. The evolution of temperature at the bottom of llasin is shown in Fig. 7,
while that of the mean effective stress is showhigq 8.

Starting at initial value of 45%, the porosity mdiyi decreases due to mechanical compaction
resulting from increasing overburden, which leaddar drained conditions to instantaneous

increase of the local mean effective stress. Thodugen of J** shows that IPS slowly starts



after 15 My of sediment accretion with 33% of pagsemperature around 30°C and mean
effective stress of 4.2 MPa. However, its contiifutto porosity reduction remains non-
significant along the next million years when comgohto that of purely mechanical

deformation, as illustrated in Fig. 6 where tdé curve continues to decrease with an
important rate. After 30 My, when porosity reach#3%, temperature 50°C and mean
effective stress 9 MPa, the chemo-mechanical cotgmagrogressively becomes the
dominant deformation process at the bottom of th&irb Concurrently, the contribution of
purely mechanical compaction decreases until it ptetaly stops at 50 My, presenting
@ =28%, T=75°C and p'=15 MPa. The inflection point in the porosity curve shown
Fig. 5 reflects locally the same feature observetha basin scale in the porosity profile of
Fig. 4. After temperature exceeds 90°C, the pressalution rate significantly increases,
leading to rapid porosity reduction until the pregas abruptly attenuated at 130 My and
corresponding 3.3% porosity. The bottom layer sjogdntinues to compact, finally reaching
2.2% of porosity after 170 My of basin historyidtinteresting to observe in Fig. 6 that 115
My of sediment deposition were necessary for tHe and J* curves to intersect, which
means that at this stage the contribution of mechhand chemo-mechanical compaction to
porosity reduction turn equivalent. The maximum penature and mean effective stress
reached at the bottom of the basin are respectivédyC and 50 MPa.
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Figure5. Porosity evolution at the bottom of the basin (sandstone model).
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Figure 6. Evolution of the Jacobian of plastic and viscoplastic transfor mation at the bottom of the basin
(sandstone model).
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Figure 7. Temperature evolution at the bottom of the basin (sandstone mode!).
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Figure 8. M ean effective stress evolution at the bottom of the basin (sandstone model).

The same interpretation regarding the purely machhrand chemo-mechanical specific
contributions to porosity change can be made anlssle by analyzing the profiles df

and J" depicted in Fig. 9, together with the temperatprefile of Fig. 10 and the mean
effective stress curve of Fig. 11. From top to @wit the curves indicate that chemo-
mechanical contribution is negligible along thestfil000 m, followed by a transition zone
where both phenomena simultaneously occur and mediaompaction rate decreases as a
consequence of grain rearrangement, quartz digsoland cementation. Beyond depth of
1800 m wherep =28%, T =75°C and p'=15 MPa, there is no further purely mechanical
deformation. The chemical process acceleratesdefith as effective stress and temperatures
increase and decelerates after 4300 m as a comsmgatthe hardening law. As regards the
temperature distribution, it can be observed frag EO that the temperature gradiéit/oz

is not constant, with a mean vald /Az along the basin thickness equal to 30.5°C/km.

The obtained results for the sandstone model aaedordance with the literature description
presented throughout this work regarding the dep#hs which each phenomenon
predominates, their contribution to porosity reduttand the associated temperatures and
effective stresses. However, the high permeabilftghe sandstone material led to drained
behavior (i.e., no fluid overpressures) even at ponosity layers, which is not the case of the
Garn Formation taken as reference for porosityridigfion. This resulted in very high



effective stresses as shown in Fig. 11. The choia®nsidering such a high pemeability for
the sandstone material and to calibrate the visstipl parameterg, and E, under drained

conditions has been made with the purpose to imgatst in section 3.3 the impact of
overpressure development on IPS mechanism anditsequences on basin evolution by
mixing high permeability sandstone and low permiggitshale layers.
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Figure 9. Profiles of the Jacobian of plastic and viscoplastic transfor mation (sandstone model).
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Figure 11. Mean effective stress profile (sandstone mode!).

3.2 Shale modd

This section is devoted to the numerical simulatdrihermo-poro-mechanical behavior of
sedimentary basins formed by shale-like rocks. $ake of simplicity, chemo-mechanical
compaction is not considered for this material @itth shale formations may present
important chemically-induced deformation (Goulty at, 2016; Kalani et al., 2015). The
plastic parameters were chosen to fit the geneealdt of the porosity-depth compilation
presented by Mondol et al. (2007) for several shated argillaceous sediments from different
parts of the world.

The compaction history predicted by the numericatiet is presented in Fig. 12. After 8000
m of material deposition with a constant rate ofrd/My, the final thickness of the basin is
3420 m, which corresponds to 57.2% overall defoiwnat This compaction level is
qualitatively consistent with the levels reported Hamilton (1959) who concluded, at the
basis of geochemical analysis of several sedimgiitasins data, that more than 5000 m of
clay sediments would be necessary to form a baskm2thick, representing an overall
deformation of about 60%. The porosity-depth peofitesented in Fig. 13 is consistent with
argillaceous sediments data (Nooraiepour et all,7R0thus indicating that the proposed
hardening law (9) proves relevant as regards thdetimg of clays behaviour: the initial
porosity value of 65% decreases to 28.6% at 50@pthg 20.5% at 1000 m and 13% at 2000
m. The porosity predicted at the bottom of the tdm the numerical simulation reaches
7.2%.
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Figure 12. Compaction history (shale modd!).
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Figure 13. Por osity profile (shale model).

The temperature distribution of the shale columshiswn in Fig. 14. The maximum value at
the bottom layer is 134°C, the mean value of geathk gradientAT/Az in the basin
thickness being equal to 36.5°C/km. The temperateation is higher for the shale
formation than for the sandstone case. Keeping indnthat similar thermal boundary
conditions were prescribed in both cases (top teatpee and bottom heat flow), this result
could be naturally expected because shale rockscamemonly less conductive than
sandstones (Gallagher et al., 1997). It is notedhever, that the temperature reached at the
bottom of the basin reveals lower for shale thardseone since the resulting basin thickness
is significantly smaller.
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Figure 14. Temperature profile (shale model).

The mean effective stress profile is illustrated=ig. 15, whereas the overpressure profile is
depicted in Fig. 16. It can be observed that tiiectéfe stress values are significantly lower
than those mobilized in the sandstone model. dictsially a straightforward consequence of
the overpressure development associated with tlwepkrmeability of the material model.
The maximum values reached for mean effective stes overpressure at the bottom of the
basin are respectively 20.2 MPa and 17.7 MPa. Thdigied porosity change, temperature
distribution as well as magnitude of the mean ¢iffecstress and pore fluid pressure are
consistent with available data from North Sea fdroms (Daniel, 2001; Goulty and Sargent,
2016). Overall, the numerical results obtained withthe framework of oedometric
deformation indicate that the constitutive materraddeling captures the essential features
described in the above-cited literature regarding évolution of fundamental geological
parameters, thus providing validation of the slwalestitutive model that will be used in the
composite lithology analyzed in next section.
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Figure 15. M ean effective stress profile (shale modd!).
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Figure 16. Overpressure profile (shale model).

33 Mixed sandstone and shale modéds

The sandstone and shale models defined in thequg\gections are used to investigate the
connection between material permeability and thelutmn of thermo-poro-mechanical
fields, such as the effective stress distributipare fluid pressure and chemo-mechanical
compaction induced by intergranular pressure-smutiFor this purpose, two composite
lithologies shall be considered. In both cases, lihsin is formed from the continuous
deposition of 8000 m sediment material, accordm@ fpredefined stratigraphic distribution
that is repeated every 1000 m. The models areiftdhby their sandstone/shale proportion.
The so-called 80/20 model has 80% of sandstone2&8d of shale with the following
configuration: every 1000 m of material compris@8 & of sandstone followed by 200 m of
shale. The same is done for the 40/60 model: feryext000 m of sediments, 400 m of
sandstone are covered by 600 m of shale, resuitiagght sandstone compartments separated
by eight shale cap rocks. Similarly to the situagi@nalyzed in sections 3.1 and 3.2, the basin
is formed along 170 Ma with constant sediment acdation rate.

The compaction histories associated with the twten® configurations are given in Fig. 17.
The final thicknesses of the basins are 5235 m 44@0 m for the 80/20 and 40/60,
respectively, which correspond to 34.5% and 44.9%érall deformation. As it could be

expected, these deformation levels fall within thege 32.8% - 57.2% obtained for the
sandstone and shale models. For comparison putpgbsdsasin profiles will be conveniently
presented by normalizing the depth (z-coordinategach lithography configuration by the
corresponding basin thickness that is reachedeagrid of the numerical simulation.
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Figure 17. Compaction histories (80/20 and 40/60 models).

It is possible to distinguish in Fig. 18, displayithe porosity profiles related to each model,

the eight stratigraphic sequences of high porosatydstones and low porosity shale layers.
The results indicate more porosity preservatiorthim sandstone compartments covered by
higher amounts of shale material, suggesting tlbverpressure generation associated with
these low permeability layers restrained both meidah compaction of the top layers and

chemical compaction at greater depths. The porasithe deepest sandstone layer is 5.1%
for the 80/20 model and 9.1% for the 40/60 basin.
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Figure 18. Por osity profiles (80/20 and 40/60 models).

As regards the connection between the porosity taedmal evolution in the basin, the

temperature distributions shown in Fig. 19 sugdeser porosities associated with higher
temperatures for the 80/20 model. This featurénefrhacroscopic behavior can be explained
as follows: heat modifies the fluid viscosity andagz kinetics, accelerating overpressure
dissipation and mineral dissolution, thus incregsine rates of mechanical and chemical
deformations. The maximum temperatures that arehezhat the basin bottom for the 80/20
and 40/60 models are respectively 180.8°C and 162.6nd the corresponding average
geothermal gradients are 32.6°C/km and 34.6°C/kis.ihteresting to note that, although the



80/20 model resulted in a smaller column when coepdo the sandstone case, the less
conductive shale layers led to higher temperatutieeabottom of the composite basin.
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Figure 19. Temperature profiles (80/20 and 40/60 models).

The mean effective stress and overpressure profitesshown in Fig. 20 and Fig. 21,
respectively. As the effective stress depends ah lize lithostatic stress and pore fluid
pressure, it is expected, and corroborated by Hig.that model 80/20 will exhibit higher
effective stresses since it contains larger quastiof sandstone (characterized by higher
density and permeability) and less of shale compbfieving lower density and permeability
values). Regarding the pore pressure distributtas,expected that model 40/60, with higher
amount of low permeability shale component, woutdspnt along all normalized depths
significantly higher overpressures than 80/20 modlkls feature is actually not observed in
all sandstone compartments. Referring to Fig. 21 aralyzing from bottom to top, the first
compartment of the 40/60 model presents higherpoessures than for the 80/20 model,
followed by three compartments where overpressaresalmost the same, presenting once
again higher values in the last four compartments.

The results illustrated so far are consistent whthfact that a sedimentary basin with higher
permeability, temperature and lithostatic stressuldiogenerally exhibit lower porosity
sandstone formations and higher effective stredéegertheless, it may appear at first glance
intriguing that both models resulted in very simitaverpressure distributions along the deep
layers, while model 40/60 has three times the amofirshale material of the 80/20 one.
Interpretation and explanation of predicted fluregsure distributions in light of the multiple
coupled processes involved in the basin formatisnomly possible by analyzing the
geological history of the numerical models.
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Figure 20. M ean effective stress profiles (80/20 and 40/60 models).
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Figure 21. Overpressure profiles (80/20 and 40/60 models).

Following the same procedure described in sectidn tBe evolution on time of the finite
element located at the base of the geometry maehvestigated. Fig. 22 to Fig. 25
respectively show the porosity, temperature, mdtattese stress and overpressure values at
the bottom of the basin for both models. During fiirg millions of years the overpressure
development associated with overburden is not fsogmt, leading for both models to similar
effective stress and porosity evolutions resultirgn purely mechanical compaction. As
overpressure evolves with different rates accordmthe amount of low permeability shale
material in each basin model, the lower effectiress evolution of model 40/60 leads to
lower porosity reduction in comparison to model280/However, the difference observed on
the porosity curves remains relatively constanil agproximately 60 My, age after which
chemo-mechanical compaction starts to predominatieicing higher porosity reduction in
the 80/20 model as a consequence of increasingrelifte in effective stress and temperature.



After 150 My, the rate of deformation induced byessure-solution diminishes for model
80/20 while for model 40/60 it continues to increastil the end of the simulation.

The overpressure development along the basin lageasconsequence of overburden and
subsequent chemical compaction of the sandstonerialathrough intergranular pressure-
solution. The resulting fluid overpressure accurradan the sandstone compartments because
purely mechanical deformation in the overlying shdhyers progressively reduces the
permeability of the cap rocks, thus hindering ovespure dissipation of the system. The
figures indicate that the early overpressure deraknt due to progressive overburden in the
40/60 model resulted in low effective stresses,cihin turn leads to lower rates of porosity
change over time. On the other hand, the highengability of the 80/20 model led to higher
effective stresses, increasing the rate of chemchareécal compaction, which resulted in
important overpressure generation at later stafjgsedoasin.

It is interesting to note that the evolution ofeetive stresses and temperature accelerated
pressure-solution deformation at the base of thdein®0/20 after 60 My, increasing the rate
of overpressure development until the latter exsdld values predicted in the 40/60 model
at 120 My and then slows down after 150 My. Inltkst range of sediment accretion process,
that is between 150 My and 170 My, the overpresgygreration rate becomes more
important in the model 40/60, resulting in highatues at 170 My. A similar behavior was
presented by Wangen (2000), concluding that ovespire build-up associated with porosity
reduction through quartz cementation rapidly acedés with increasing kinetics rates but
reaches its maximum at low porosities as the piatlefar fluid expulsion is exhausted. This
explains the overpressure profiles of Fig. 21, whye sandstone formations dominated by
purely mechanical compaction exhibited higher valéte the 40/60 model, whereas those
undergoing important chemical compaction presengadly the same values for both cases.

0.4+ — 80/20
— 40/60

0.3

0.2

0.1

0 T T T T T T
0 30 60 90 120 150 180
t (My)

Figure 22. Porosity evolution at the bottom of the basin (80/20 and 40/60 models).
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Figure 23. Temperature evolution at the bottom of the basin (80/20 and 40/60 models).
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Figure 24. M ean effective stress evolution at the bottom of the basin (80/20 and 40/60 models).
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Figure 25. Over pressure evolution at the bottom of the basin (80/20 and 40/60 models).



34 Pr essur e-solution inhibition

The three main causes of pressure-solution inbib#éind consequent porosity preservation in
sandstones are early overpressure developmenidartiion emplacement and grain coating
(Stricker and Jones, 2016; Bloch et al., 2002). fiisedriving mechanism has been discussed
through the numerical examples presented in se@&i8n Regarding the second one, it is
known that hydrocarbons may hinder pressure-solutiat there still exist some controversy

about its effectiveness with respect to significpotrosity preservation since in general

sandstone reservoirs are predominantly water w@rkBm et al., 1998; Osborne and

Swarbrick, 1999; Ramm, 1992). The third cause eggure-solution inhibition is recognized

to be the most effective mechanism of porosity emestion in deeply buried sandstone

reservoirs, where the presence of clays suchitesalhd chlorite reduce the available surface
of grains for authigenic quartz cementation (Woiolgee et al., 2017; Dowey et al., 2012).

Aiming to illustrate this phenomenon, a numerigaidation of the 80/20 model described in
section 3.3 will be reproduced in the limit sitoatiwhere IPS is totally inhibited. The so-
called 80/20[b] model presents exactly the samentiary conditions and depositional history
as before, the only difference lying in the deaation of the viscoplastic behavior in the
constitutive model presented in Table 1 for thedstone material, so that only purely
mechanical compaction is allowed to take placéénsedimentary basin.

The compaction history of the 80/20[b] model is gerted in Fig. 26 together with the
obtained results from the original 80/20 model. Tnesent simulation resulted in a basin
5406 m thick, slightly thicker than the previouseavhich resulted in 5235 m. The overall
deformation is 32.4% against 34.5% of section Bi8ferently from the previous section,

where the basin profiles were presented with naeedldepths in order to investigate the
evolution of different thermo-poro-mechanical agpewvithin corresponding sandstone
compartments of each case, the results will beepted hereafter by providing the total depth
of the basins, allowing to establish direct comgans between the two configurations.
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Figure 26. Compaction histories (80/20 and 80/20[b] models).

The porosity profiles are given in Fig. 27, wherean be seen that the upper part of the
basins controlled by purely mechanical compactioasented nearly the same porosity
distribution down to 2500 m depth. In contrast, thieibition of IPS compaction in model
80/20[b] led to important porosity preservation dey this point. While model 80/20
submitted to chemo-mechanical compaction providemgty of 22.2% at 3500 m (base of
the fourth compartment from bottom to top), 16.7% 4400 m (base of the third
compartment) and 8.7% at 4700 m (base of the secontpartment), the corresponding



porosities for the 80/20[b] model are 26.8%, 26.280 25.6%. The porosity reached at the
bottom of the basin is 5.1% for the first model.aenduas it is 25% for the latter. It is interesting
to note that the shale layers between each samdstumpartment presented lower porosity
values when IPS was inhibited. As previously mara in section 3.3, this feature may be
attributed to higher effective stresses since IB&paction leads to overpressure build-up
along the basin.
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Figure 27. Por osity profiles (80/20 and 80/20[b] models).

The profiles of Fig. 28 show that both cases resulh similar temperature distributions
through depth, with some differences at the lowaat pf the basins: as minerals have higher
thermal conductivity than water, the lower porosgndstone compartments of model 80/20
turned out more conductive than the 80/20[b] onesylting in lower temperatures between
4200 m and 5235 m (base of the 80/20 model). Therman temperatures reached at the
bottom of the 80/20 and 80/20[b] models are respalgt 180.8°C and 192.2°C with
corresponding average geothermal gradients equi.65C/km and 33.7°C/km.
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Figure 28. Temperature profiles (80/20 and 80/20[b] models).



The overpressure build-up resulting from chemo-raadal compaction and the associated
effective stress relaxation can be quantitativetglgzed from Fig. 29 and Fig. 30, which
respectively display the mean effective stressampressure profiles. The results show that
the inhibition of IPS compaction in model 80/20fbsulted in significant lower overpressures
and consequently higher effective stresses, whrclviges once again explanation for the
lower porosity shale layers predicted from this elahd depicted in Fig. 27.

Regarding the lower four sandstone compartmentseMi®S compaction prevailed in model
80/20 of section 3.3, the overpressure values foothom to top are 27.6, 26, 22 and 17.3
MPa, whilst those of the 80/20[b] model are 16,714.2.6 and 10 MPa, corresponding
respectively to 72.5%, 76.8%, 74.6% and 73% of pnessure increase due to chemo-
mechanical compaction. It is however important menthat even though the porosity
distributions of both cases were nearly the sarargathe top four sandstone compartments
where purely mechanical compaction dominated, tfiecteve stress and overpressure
distributions were in fact also affected by the lation of the lower part of the basin
submitted to pressure-solution. From bottom to thp,overpressure values at these layers are
12.3, 7.4, 3.1 and 0.2 MPa for model 80/20, and4.£ 1.9 and 0.2 MPa for model 80/20[b],
which correspond respectively to 70.8%, 68.2% ah®% of overpressure increase for the
first three compartments. This is actually an int@or feature in basin modeling and
understanding of the mechanical evolution of basistems as it indicates that important
chemically-induced compaction at deep layers magcafthe thermo-poro-mechanical
behavior of the top layers. The associated conseggsecan be even more important in the
case of seal rocks fracturing and reservoirs carereampacting on overpressure distribution
and fluid migration.

Keeping in mind that both models have exactly tl@me boundary conditions and
depositional (overburden) history, the definitioh effective stress indicates that its value
decreases as a consequence of overpressure buildiigh explains the differences between
the mean effective stress profiles of Fig. 29.sltiriteresting to observe that, although the
mean effective stress of the 80/20[b] model sigaifitly increases with depth, it does not
translate into important porosity decrease as pumechanical compaction approaches its
limit between 2000 to 3000 m depth, for which tloeresponding values arp'=12.9 MPe¢
and ¢ =28.8% at 2000 m, andp'=17.5 MPe and ¢ =27.6% at 3000 m. The bottom of the
basin presents 33.4 MPa of mean effective stres&% of porosity for the 80/20[b] model

in contrast to 25.9 MPa and 5.1% for model 80/2@oanting for chemo-mechanical
compaction.
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Figure 29. M ean effective stress profiles (80/20 and 80/20[b] models).
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Figure 30. Overpressure profiles (80/20 and 80/20[b] models).



4 CONCLUSIONS

Mechanisms of overpressure generation associatdd aliemo-mechanical compaction in
siliciclastic rocks have been studied assuming thtrgranular pressure-solution is the
dominant process of chemical deformation in samsto controlled by temperature and
effective stresses. Numerical simulations of sec8@3 emphasized two different scenarios
according to the permeability of each depositioealironment resulting from different

amounts of sandy and shaly sediments. The low paitity scenario presented early

overpressure development as a consequence of psogreoverburden, reducing effective
stresses and preserving sandstone porosities, agdre more permeable configuration led to
higher effective stresses and chemo-mechanical actiop rates, resulting in low porosity

and high fluid pressure sandstone formations. Degspe significant difference in the total

amount of low permeability material, both configimas presented very similar overpressure
distribution in the deepest sandstone compartments.

The limit case analyzed in section 3.4 in which I®&s totally inhibited (theoretically

attributed to the presence of clay minerals prongptirain coating) allowed to quantify the
overpressure build-up associated to pressure-soluthrough comparison with the

corresponding original model of section 3.3. Thsules indicated that chemo-mechanical
deformation led to an increase of more than 70%h& overpressure distribution along
several sandstone compartments of the basin. Aaresting remark is the fact that the
chemically-induced compaction at deep layers afeltformation in the upper part of the
basin controlled by purely mechanical compactios, veell as the effective stress and
overpressure states. This is an important aspgerdag sedimentary basin modeling as it
may lead to significant differences in the thernmwepmechanical evolution of the numerical
model during the reproduction of the geologicatdmg of the basin.

Differently from the case of the Garn Formationsar@ed by Schneider and Hay (2001), the
overpressure generated by porosity reduction hiagulirom quartz cementation did not
induce fracturing of the overlying low permeabilitycks. However, keeping in mind that the
numerical simulations were carried out in the sifirgd framework of a column under
oedometric conditions, the possibility for the hgfdacturing phenomenon to occur in the
case of a more complex geological situation is distegarded. The resulting overpressure
build-up associated with chemical compaction cdagdsufficiently high to promote top seal
fracturing and leakage, which in turn would affdtiid migration and hydrocarbon
distribution within the basin.

Although divergences still exist regarding the dast controlling chemically-induced
deformation in several sedimentary rocks, furthegpess must be achieved to properly deal
with this important diagenetic process in basin elod. The present thermo-poro-
mechanical model may be viewed as a preliminasngit to couple purely mechanical and
chemo-mechanical deformation in sedimentary basiitisin a tridimensional setting. The
implemented constitutive and computational modeliages into account local coupling
effects between effective stresses, pore fluidgumesand temperature in the assessment of
overall basin evolution. Different issues still r@mto be addressed from both theoretical and
numerical viewpoints. In that respect, the develeptof a viscoplastic flow rule based on
alternative yield surface shape and hardening lawmiodel chemical compaction in
sedimentary basins involving some specific rockbésobject of on-going research.
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