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This article presents an integrated approach based on stratigraphic forward modeling and
reactive transport modeling to adequately represent the development of a mixed siliciclastic-
carbonate sedimentary system and its diagenesis. This work was realized on a realistic case study,
the Oligo-Miocene series of Carry-le-Rouet, South-East of France, characterized by a complex pattern
of bioclastic, bioconstructed and siliciclastic deposits, and affected by several exposure surfaces and
associated meteoric diagenesis. A first phase consisted in building a stratigraphic forward model

Flow

(SFM), using the software Dionisos °". The construction of the model was based on sensitivity tests
on the two main parameters controlling basin sedimentation: 1) competition between carbonate
production and siliciclastic supply; 2) subsidence. The results of the simulations, especially the facies
distribution, the thickness of the deposits and the sedimentary architectures were compared with
the observed data to validate the model. A second phase consisted in focusing on a specific
stratigraphic event and performing reactive transport modeling (RTM) on a 2D section extracted

Flow

from the Dionisos ™" model to evaluate the mineralogical transformations and resulting
petrophysical evolutions created by early diagenesis. The calculation results show the occurrence of
two domains of salinity, that were associated with two distinct diagenetic environments: marine and
meteoric phreatic. Globally, the simulated diagenetic trends are qualitatively consistent with the
petrographic observations, except for the replacement of aragonite by a calcite cement, that
systematically occurred in the model and is not always observed in thin sections. This preliminary
study emphasizes the issues associated with the application of RTM to diagenetic phenomena, linked
with the uncertainties inherent to specific parameters, such as minerals kinetic properties, and the
mismatch between the space and time scales of the modeled processes and the upscaled description
of each SFM cell. These results argue in favor of an alternative solution, that could conciliate the
different processes. The combination of the various SFM output properties with simplified chemical

reactions whose rates have been tuned for specific diagenetic processes of interest could provide

diagenetic risk maps that would constitute useful guides for exploration at basin scale.
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1. INTRODUCTION

Exploration of carbonate prospects in remote basins is classically considered complex, with
geological heterogeneities coming in several types (stratigraphic architecture, facies distribution and
heterogeneity, diagenetic overprint) and at several scales (field scale, well scale, microscale), sparse
data in subsurface, and difficulties of seismic interpretation due to their large variability of acoustic
properties (Yose et al., 2006). Numerical modeling can be used to tackle such challenges and to
mitigate risk, but one of the fundamental conceptual and technical challenge is to be able to consider
the impact of diagenesis in such models (Nader, 2017). There is a wealth of published work about

this topic, depicting different approaches according to the scale and purpose of the study:

Carbonate sedimentary facies and their related diagenetic heterogeneities can be modeled using
geostatistical approaches. A wide range of methods and algorithms have been developed in the past
(Lantuéjoul, 2001), up to advanced geostatistical techniques, such as nested, plurigaussian and bi-
plurigaussian simulations used to reproduce diagenetic trends (Barbier, 2012; Blazquez-Fernandez et
al., 2013; Hamon et al., 2016; Carrera et al., 2018). However, such numerical models are based on
geostatistics and only give multiple equiprobable representations of the reservoir, without
considering the specificities of each diagenetic process. Moreover, they require a quantification of
the diagenetic products (i.e. petrographic estimations, well-log interpretation) often rendered
difficult by the scarcity and the poor representativity of the data (Nader, 2017; De Boever et al.,

2018). Thus, the resulting images can be unrealistic and unreliable in predictions.

Reactive transport modeling (RTM) has been widely used as it is a powerful tool to evaluate
mineralogical and petrophysical transformations induced by fluid-rock interactions in geological
phenomena (Steefel et MacQuarrie, 1996). Its use in 1D or simplified 2D models mainly aims to
validate conceptual diagenetic models or discuss the influence of the factors involved in a diagenetic

process. Thus, dolomitization processes has been extensively modeled (Whitaker et al., 2004):
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geothermal convection (Caspard et al., 2004; Whitaker and Xiao, 2010), hydrothermal dolomitization
(Salas et al., 2007; Blomme et al., 2017), burial compaction-driven dolomitization (Consonni et al.
2010), early evaporative and reflux dolomitization (Al-Helal et al, 2012; Gabellone and Whitaker
2015; Lu and Cantrell, 2016; Yapparova et al., 2017), and even dedolomitization (Ayora et al., 1998).
Far less has been published concerning meteoric or mixing zone diagenesis (Rezaei et al., 2005; Xiao
and Jones, 2006; Cooper et al., 2014; Zhao et al., 2017). Moreover, given the usual 1D or 2D aspect of
this approach, these models generally do not consider the sedimentary background (i.e.
environments and processes), or the common impact of extrinsic factors (i.e. spatial distribution of
fluids, temperatures). Finally, those models are generally outcrop- or well-scale models and are

therefore limited in size (Gabbelone et al., 2016).

A few papers developed a dual approach, with numerical forward modeling of carbonate
sedimentology and diagenesis, mainly in two dimensions (Matthews and Frohlich, 1987; CARB3D+ of
Whitaker et al., 1999; Paterson et al., 2008, Berra et al., 2016; Facies-3D of Matsuda et al., 2004). The
main drawback of these approaches is that they require some major assumptions on input
parameters when performed on fossil case studies (i.e. original mineralogy, depositional
petrophysical properties, fluid chemical compositions, diagenesis rates). These parameters can be
derived from outcrop analog studies (Berra et al., 2016) or from uniformitarian hypotheses (using
present-day values) but remain unsure. New types of rule-based models, such as cellular automata,
have also been developed to represent the interaction of many different elements of carbonate
deposition and diagenesis. The idea here is to mimic fluid flow and diagenetic effect without an
explicit model of the flow and the physico-chemical reactions (Planteblat et al., 2012; Planteblat,

2013; Lanteaume et al., 2018).

Finally, the combination of stratigraphic forward modeling (SFM) and reactive transport
modeling (RTM) to jointly represent the development of a carbonate sedimentary system and its

early diagenesis has been rarely done (Nader, 2017). This article presents the results of an integrated



10

15

20

study, based on a geological characterization and modeling of a well-constrained, real (not generic)
case study, namely the Oligo-Miocene series of Carry-le-Rouet, South-East of France. The SFM is used
to obtain a realistic sedimentological framework at a given time step, at which, RTM is used to
simulate the effect of meteoric diagenesis associated to exposure. This methodological study aims at
evaluating how RTM could be added to a SFM workflow to assess the impact of early diagenesis
processes on mineralogy and petrophysical properties, at basin scale. Specifically, we aim to shed
light on the constraining data that can be used at large-scale and the way they can be derived from
outcrop data, as well as uniformitarian constraints from modern analogues. Finally, the scale
compatibility between both approaches (SFM and RTM) is discussed to define the limits and the type

of results we can expect from such an approach.

2. METHODS

2.1. Stratigraphic forward modeling
SFM is designed to integrate data with different scales and resolutions and is used to provide a

better understanding of the sedimentary processes and resulting architectures (quantitative point of

Flow

view) where data are scarce. The modeling software used in this study is Dionisos ", a 3D process-

based stratigraphic forward model (Granjeon, 1997), which simulates the long-term (100 ky to

Flow

100 My) and large-scale (10 to 100 km) evolution of sedimentary basins. Dionisos " can reproduce
both siliciclastic and carbonate deposits, the concentration of sediments in each cell depending on
the erosion, production, transport, and depositional processes. Several authors have presented their
works with Dionisos™" in lacustrine systems (Yin et al., 2015; Csato et al., 2015), deltaic systems

(Burgess et al., 2006), marine carbonate systems (William et al., 2011; Seard et al., 2013), mixed

siliciclastic-carbonate systems (Kolodka et al., 2016) and turbidite systems (Deville et al., 2015).



10

15

20

A forward stratigraphic simulation is performed from an initial sedimentary topography within a
specific time interval subdivided in a set of time steps. At each time step, three main physical
processes are simulated (Granjeon and Joseph, 1999; Granjeon, 2014): (1) the creation or removal of
accommodation space controlled by eustasy and tectonics, defined through the input of a user-
defined sea-level curve and subsidence maps generated from geological or seismic information; (2)
the sediment supply located at the model boundaries and the in situ carbonate production, which
could be simulated as a function of age, water depth, and environmental conditions such as waves
and drift energies (e.g. Seard et al., 2013; Liechoscki de Paula Faria et al., 2017); (3) the transport of
sediments, modeled by the diffusion equation that determines the sediment flux from the water flow

(rivers, streams) and slope.

2.2, Reactive transport modeling

Reactive transport simulations were performed using Coores-Arxim software, that couples a
geochemical calculation code (Arxim-LMA, for Law of Mass Action; Moutte, 2009) with the
multicomponent, multiphase, non-isothermal reservoir simulator Coores through a sequential
splitting strategy solving successively the multiphase flow and the reactive transport (Trenty et al.,
2006). In this method, the Law of Mass Action approach (LMA) calculates the solution speciation
under the constraints of mass conservation and chemical equilibrium between agueous species.
Fluid-rock interactions are accounted for through kinetic reactions depending, among other
parameters, on the distance to equilibrium, mineral reactive surface area and catalytic or inhibiting
effect of specific aqueous species (Lasaga, 1984). Coores-Arxim software has been applied to study
various geosciences problems, such as CO, geological storage (Estublier et al., 2013), dolomitization

(Blomme et al., 2017) or hydrogen genesis in ophiolites (Bachaud et al., 2017).
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3. THE CARRY-LE-ROUET CASE STUDY

This modeling work is based on the Oligo-Miocene succession, outcropping in the region of
Carry-le-Rouet (South-East of France). This succession is characterized by a complex pattern of
bioclastic, bioconstructed and siliciclastic deposits, organized in numerous depositional cycles of
mixed carbonate-siliciclastics (Oudet et al., 2010). Moreover, recent studies have highlighted the
importance of several sedimentary discontinuities, considered as exposure surfaces, and potentially

associated to early meteoric diagenesis (Santerre, 2010; Hamon et al., 2013).

3.1. Geodynamic and structural setting

The Oligo-Miocene series outcropping in the Carry-le-Rouet — Sausset-les-Pins region had been
deposited unconformably on the early Cretaceous limestones of the Nerthe Massif, a Pyrenean E-W
trending thrust structure (Fig. 1A). The Nerthe area also corresponds to the northern margin of the
Liguro-Provengal Basin (Fournier et al., 2016). The latter is localized in the northwestern part of the
Mediterranean Sea. Its northern and southern margins correspond to the modern Golfe du Lyon and
West Sardinia, respectively. The Liguro-Provencal Basin opened during Late Oligocene and
Aquitanian stages, by anticlockwise rotation and southeastward drift of the Corsica-Sardinia
continental block (Séranne et al., 1995; Gattacceca et al., 2007). This basin is a half-graben
characterized by a rollover process and a syn-tectonic diverging basin-fill, indicating the control by an
extensional listric fault. During the rifting period, pre-existing NW-SE structures are preferentially
reactivated by extension which might have an impact on the stratigraphy. Indeed, the discontinuities
SBO, SB2 and SB3 (Fig. 1C) correspond to low-angle (1° to 9°) angular unconformities (Oudet et al.,
2010). Moreover, during this rifting period, most of the Golfe du Lyon is exposed and suffered an
important subaerial erosion potentially providing a high siliciclastic sediment flux and explaining the

mixed sedimentation (Bache, 2008).
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3.2 Stratigraphy and sedimentary conceptual model

The Carry-le-Rouet Oligo-Miocene succession (Fig. 1C) has been the object of numerous studies,
as it is one of the only onshore, continuous series of the northern margin of the Liguro-Provencal
Basin. Facies, depositional environments and associated paleogeography have been extensively
examined by many authors, who described more than twenty different facies (Andreieff et al., 1972;
Nury, 1990; Nury and Thomassin, 1994; Galloni, 2003; Conesa et al., 2005; Oudet et al., 2010;
Demory et al., 2011; Conesa et al., 2014). In the present study, for modeling purposes, they have
been summarized and grouped into a synthetic facies’ classification composed of only ten facies
(Table 1), used hereafter as modeling inputs. Limited additional field work was performed, to quality

check the previous works and the consistency of the classification proposed in Table 1.

In order to constrain the facies spatial distribution and relationships, a 3D conceptual geological
model of the Oligo-Aquitanian series in the Carry-le-Rouet area is proposed in Figure 2. This scheme
illustrates the general architecture of the sedimentary system and emphasizes the mixing of
carbonate and siliciclastic deposits. As proposed by Oudet (2008), the study area may be considered
as the northern termination of a SW-NE elongated gulf, opened to the marine domain toward the
South (Fig. 1B), in which a carbonate shelf system settled down. This system is affected by an
important fluvial siliciclastic input that mixed with the background carbonate sedimentation (Oudet,
2008, Santerre, 2010). Coralgal patch reefs developed in a fringing position or as isolated patch reefs
in this lagoonal setting. Barrier reefs that isolated this area from the open sea were not observed at
the study outcrop but were mentioned and associated with domal morphologies on seismic
interpretation (Chevalier, 1961, Oudet, 2008). The presence of conglomeratic deposits in the most
proximal setting suggests that the coastline was locally bordered by littoral cliffs. This is also

consistent with the observation of a low-relief escarpment (Fig. 2).
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The study series have been divided into four stratigraphic units, following the sequence
stratigraphic framework of Oudet et al. (2010). The first one lies on a basal unconformity, affecting
the Lower Cretaceous limestones of the Nerthe Massif onshore and potential Lower Oligocene
(Rupelian) continental deposits in the Bay of Marseille (e.g. Fournier et al., 2016). It corresponds to
terrigenous alluvial and fluvial deposits (well stratified clays and sandstones) and freshwater
palustrine limestones. Based on cored samples and structural continuity with the Rupelian
continental deposits from L'Estaque area (15 km East of our study area), the first unit is dated from
the Late Rupelian to Early Chattian period (Fournier et al., 2016). On our study area, this unit is only

observed offshore on low resolution, old industrial seismic data (Oudet, 2008).

The second unit corresponds to the “S-0lig.” sequence of Oudet et al. (2010) (Fig. 1C), who dated
it from Late Chattian to Early Aquitanian (based on palynologic and magnetostratigraphic studies).
The base of the unit (Conglomeratic Rouet lithologic unit) is mainly composed of channelized
conglomerates (F1) and sandstones (F2), embedded in clayey siltstone matrix, interpreted as
sheetfloods at the mouth of a gravely river or a small fan delta. Progressively, marine influences are
present, marked by the appearance of marine bioturbation (Thalassinoides), marine fauna
(Ostreidae, Serpulidae) and the onset of scattered coral colonies (bafflestones) occurring in a coral-
rich rudstone (F7). The top of the S-Olig unit (Parareefal Cap de Nautes lithologic Unit) is dominated
by the alternation of quartz-rich bioclastic wackestones (F4 and F5) and silty marls beds (F6),
moderately to heavily bioturbated and rich in coal fragments. Facies F4 exhibits mixed faunal
remains, with bioclasts of gastropods, bivalves, echinoids, Teredinidae shelly tubes, Vermetidae
shells, coral debris and Serpulidae. F4 has been interpreted as deposited in a shallow inner-shelf
setting with moderate-energy. Facies F5 is characterized by the presence of many benthic
foraminifers (Miliolidae, Austrotrillinidae, Amphisteginidae, Lepidocyclinidae, Myogypsinidae)
associated with bioclasts of bivalves, echinoids, and red algae. These deposits are interpreted as low-
energy, stenohaline, inner- to mid-shelf deposits, emplaced in slightly deeper and distal conditions
than F4. Finally, based on the lack of fauna, the presence of lignite clasts and the fine-grained

9



10

15

20

25

texture, facies F6 is interpreted as a low-energy, badly oxygenated deeper inner-shelf facies. At two
different stratigraphic level of the unit (from 14 to 20 m and from 31 to 32 m; Fig. 1C), laterally
discontinuous beds of facies F7 and F8 are interbedded in these lithologies. Facies F8 consists of coral
and red algae framestones to bafflestones, forming flat layers of low topographic relief (maximum 2
m thick), and a few hundreds of meters of lateral extent. This facies has been interpreted as isolated
frame-building coral carpets in inner-shelf setting. Facies F7 mostly consists of coral-rich rudstones,
interpreted as reworking breccia, in which isolated, non-frame-building coral colonies are present
(coral bafflestones). Facies F7 can covered several hundreds of meters to a few kilometers of lateral

extent.

The third unit correspond to the “S-1 Aquit.” sequence of Oudet et al. (2010), dated from
Agquitanian (Fig. 1C). Its basal part (Brackish Rousset lithologic unit) is composed of a monotonous
succession of thin-bedded silty limestones and sandstones, sometimes bioclastic with gastropods
(Potamides), bivalves, and stromatolite intraclasts (F3). It is classically interpreted as a low-energy,
anoxic to dysoxic shallow environment, with brackish conditions. It is followed by bioclastic
rudstones and fine-grained quartz-rich packstones particularly rich in Bryozoan debris, associated
with coral debris and mixed bioclasts (F9). This facies has been interpreted as the reworking and
mixing of Bryozoan (Smittina) colonies formed in lower infralittoral to upper circalittoral
environment. It is overlain by a thick package of marly siltstones to fine-grained sandstones rich in
planktonic foraminifers (F10), deposited in low-energy, open-marine, and relatively deep conditions
with episodic storm events. The upper part of this unit (Bioclastic Carry lithologic unit) comprises
lobe-shaped, cross-bedded sandstones and bioclastic limestones with turritellids, bryozoans and

coral-rich rudstones (F7), and two coral carpets (F8).

Finally, the fourth unit correspond to the “S-0 Aquit.” sequence of Oudet et al. (2010) and to the
Biodetrital Sausset lithological unit. It is dated from Aquitanian. It exhibits two sub-units made of: 1)

silty, marly intervals with rare globigerinids (F10); 2) lobe-shaped quartz-rich, bioclastic limestones

10
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(F4 and F5). The top of this unit is eroded and overlain by a marine conglomerate forming the base of

the Burdigalian Plan de Sausset Unit (the latter is not included in this study).

3.3. Diagenesis overprint
A thorough diagenesis characterization of the studied succession was performed by Santerre (2010)
and Hamon et al. (2013). They highlighted that sedimentary discontinuities act as major controls on
the repartition of the diagenesis. Indeed, the early timing of the diagenetic modifications, the
different diagenetic patterns observed in each interval and the absence of common trends in the
series tend to indicate multiple episodes of early diagenesis, associated to sedimentary
discontinuities. The succession may be divided into two parts: the base of the succession
(Conglomeratic Rouet Unit and Parareefal Cap de Nautes Unit) and the middle-upper part of the
succession (Brackish Rousset Unit, Bioclastic Carry unit, and Biodetrital Sausset-Les-Pins Unit). The
basal part is dominated by diagenetic processes initiated by the mixing of seawater and meteoric
water, in a proximal and restricted lagoonal setting. The middle-upper part of the succession is
affected by several exposures, associated with the development of meteoric vadose and phreatic
conditions. A representative example can be found at the top of the Bioclastic Carry unit (Fig. 1C),
with the occurrence of a major exposure surface (SB2). This surface is associated to a well-expressed
early meteoric diagenesis and has thence been selected as the target for the reactive transport

modeling.

This surface affects the top of a 7 m thick coral-dominated package (F7 and F8) and consists of an
angular unconformity with mean angles of dip varying from 9° to 3° across the surface (Oudet et al.,
2010). Several decimetric reliefs are observed and filled by the overlying grey to ochre fine
sandstones of facies F2. The surface itself shows a reddish, oxidized aspect and some detrital
sediments (quartz and urgonian limestone clasts) are present between the coral colonies of facies F8.

Partial or complete dissolution of corals may occur below the surface, and the created moldic

11
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porosity is filled by a fine sandstone with a clayey, silty matrix (Facies F2). Numerous small-scale
fissures (centimetric width, with a few decimeters of penetration depth, and a few decimeters to one
meter of lateral extent have been observed. They affect indifferently the intra- and inter-colony
sediment of the coral colonies. Two different infilling of these fissures co-occur: a blocky non-ferroan
calcite cement and a fine sandstone derived from the overlying bed. Neomorphism phenomena are
particularly intense below the surface and expressed in two ways: 1) recrystallization of micrite to
microsparite, composed of subeuhedral crystals slightly inferior to 5 um in size and showing a fused
aspect, with no microporosity; 2) replacement of mineralogically-unstable allochems (aragonite and
high-magnesium calcite/HMC), mainly displaying a fine microsparitic fabric, with dirty inclusion-rich
low-magnesium calcite/LMC crystals. From a petrographic point of view, this cement is a non-ferroan
and non-luminescent calcite. Both the recrystallization and the replacement decrease vertically, in
the 3 to 5 m thick interval below the discontinuity. In this interval, dissolution of aragonitic bioclasts
follows an opposite trend. The created moldic porosity is partially or totally filled by a drusy to blocky
non-ferroan calcite (crystal size between 100 and 500 um), non-luminescent in the topmost part of
the interval, changing downward to a concentric-zoned cement with thin bright orange luminescent
bands similar to the older banded cement (OBC) of Meyers (1991). Micrite recrystallization,
replacement, dissolution and OBC are typical features of meteoric conditions. The results of the
diagenetic study performed by Hamon et al. (2013) have been used as constraints for the validation

of the modeling phase.

Flow

4. Stratigraphic forward modeling with Dionisos

12
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4.1. Input parameters

Zone of interest — Domain definition

The geological data, combining onshore sedimentological descriptions and offshore seismic data,
cover an area of 10x15 km” (red rectangle in Fig. 1B). However, for modeling purpose, we extended
this zone in order to benefit from the paleogeographic reconstructions available at larger scale from
Oudet (2008), and to position more accurately the sediment sources (blue rectangle in Fig. 1B). The
size of the model is therefore 40x25 km?, with a cell size of 500x500 m* and a time step of 100 ky.
The total duration represented by the stratigraphic model is 9.8 My, with a beginning of simulation at

23.6 My and an end at 13.8 My (Upper Oligocene - Lower Miocene).

Map of initial topography and subsidence maps

The initial topography map corresponds to the elevation of the substratum just before the
beginning of the studied succession at 23.6 My. This surface corresponds to a basal unconformity,
affecting Lower Cretaceous limestones of the Nerthe Massif on the North and potential Lower
Oligocene (Rupelian) continental deposits in the Bay of Marseille (e.g. Fournier et al., 2016). The
initial bathymetry is set above 0 m on almost the whole model, as the substratum is exposed at the
beginning of the sedimentary succession and the first deposits correspond to continental facies.
Maximum of altitude is around 200 m and correspond to relief surrounding the subsiding area
(Figure 3). Subsidence maps correspond to the position of the substratum at selected intermediate

ages. In our case study, four maps have been generated, one for each sequence boundary.

These maps are based on 3D reconstructions of a seismic dataset, integrating three sources of
information: 1) low resolution, old industrial seismic data; 2) high resolution, shallow seismic data
that have been previously acquired offshore Carry-le-Rouet; 3) available onshore outcrops and
geologic maps. We used the available seismic interpretations from Oudet (2008), Oudet et al. (2010)
and Fournier et al. (2016), that were cross-checked with onshore outcrops to obtain a consistent

onshore-offshore link. The identification of the reflectors was mostly based on the stratigraphic

13
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relationships of the different units and on seismic morphologies (Oudet et al., 2010). Then, we
compiled depth points for the different horizons, which come either from local, high-resolution
seismic profiles or low-resolution seismic interpretations. The conversion from reflection time to
depth used the simplified velocity model proposed by Oudet (2008). The different subsidence maps
were then extrapolated from these point sets and qualitatively modified to ensure a consistency with

paleogeographic reconstructions by comparing location of the main depocenters and main reliefs.

Accommodation space

Accommodation space in the model is defined using (1) a set of subsidence/uplift maps that
characterizes the substratum elevation at different key ages, and which were defined from a

backstripping of the seismic horizons; and (2) a sea-level curve.

Through a series of trial and error runs, the average subsidence rate were set to vary from 15
m/My to 87 m/My, based on average subsidence rate in rift settings proposed by Hiscott et al. (1990)
for the Mesozoic rift basins of North Atlantic (50 to 100 m/My) or Person and Garven (1992) for the
Rhine graben (50 m/My). The two first units correspond to the beginning of the syn-rift phase,
characterized by a high tectonic subsidence (respectively 31 and 87 m/My). On the contrary, Units 3
and 4 show lower subsidence corresponding to the end of the syn-rift and transition to post-rift

phase (respectively 15 and 23 m/My).

The sea-level curve used in the model was firstly based on the eustatic curve of Haqg, which
represents global second and third-order sea level fluctuations (cycle duration about 0.5 to 5 My). In
order to reflect the specific local paleogeography (termination of a narrow, protected gulf) and local
tectonic effects, some minor modifications to this global curve were adapted to represent more
accurately the duration and importance of the exposure events, observed onshore. The duration of
these exposure phases has been estimated by Oudet et al. (2010) using biostratigraphy and

magnetostratigraphy.
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Carbonate production and siliciclastic input

Flow

In Dionisos ", the facies classification corresponds to the final step of the simulation. It is based
on the fraction of each sediment class present in each cell, which is mainly controlled by depositional
parameters such as water depth and wave energy. It is thus necessary to describe the sedimentary
influx in terms of sediment classes, for carbonates as well as for siliciclastic sediments. The classes
considered in our model are: bioconstructed carbonates (mostly in-situ reefal carbonates), carbonate

grains (bioclasts) and carbonate muds (micrite) on the one hand, conglomerate, sand, and shale on

the other hand.

Carbonate production was controlled by two main parameters: water depth and wave energy.
Different production-depth profiles were tested with variation of the bulk production rates per
sequences. These production rates were estimated based on the facies composition (biotic and
abiotic components) and bibliographic data. As shown by Schlager (2000) and Schlager (2003), due to
the episodic, pulsating nature of sedimentation, carbonate production rates tend to decrease as the
time span of observation increases, which make difficult the direct use of modern production rate,
considering the modeling time step of 100 kyr. Therefore, we rather considered the lowest

endmembers of modern production rates or accumulation rates of ancient systems.

The production of the carbonate grain sediment class was difficult to define. Even if the
Aquitanian climate was tropical to subtropical (Akgiin et al., 2007), the dominant grains observed in
the succession are benthic foraminifers, bivalves and red algae, lacking green algae or non-skeletal
grains (lumps, ooids), which are components rather associated to foramol carbonate systems.
Moreover, the production rate decrease because of the mixing with siliciclastic sedimentation
(Simone and Carannante, 1988; Leinfelder et al., 2004). Nelson (1978) estimated a maximum global
production rate of 0,05 mm/yr for a Cenozoic carbonate shelf dominated by benthic foraminifers,
bryozoan, echinoderms, and bivalves, with a significant content of terrigenous material. Collins
(1988) proposed a global production rate of 0,5 mm/yr for a Holocene, non-tropical carbonates
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formed of red algae, bryozoans, and lime mud, with subordinate benthic foraminifers and a low
terrigenous input. These estimations are in line with the ones of Smith and Nelson (2003) for Tertiary
temperate carbonates of Australia and New Zealand (0.01 to 0.1 mm/yr) and also of Read et al.
(1991) who compiled modern sedimentation rates of tropical carbonates in bays with various
terrigenous inputs comprised between 0.04 mm/yr and 0.4 mm/yr (Florida Bay, Carrie Bow Cay in
Belize). We therefore set the production rates for carbonate grains used in the modeling between

0.02 mm/yr (unit 1) to 0.07 mm/yr (unit 4), in a range of bathymetry comprised between 0 to 20 m.

Bioconstructed carbonates (reefal carbonates dominated by coral and red algae) are generally
associated with the highest production rates. Vertical reef accretion rate for modern tropical reefs
averages 5.05 mm/yr (Belize, Maldives, French Polynesia; Gischler and Hudson, 2019), with a
background sedimentation adjacent to the reef averaging 0.89 mm/yr. Maximum values up to 20
mm/yr for the modern Tahiti reef (French Polynesia) have been proposed by Seard et al. (2013).
Smith and Nelson (2003) compiled accumulation rates for quaternary tropical shallow reefs
comprised between 1 to 11 mm/yr, in line with values proposed by Read et al. (1991), comprised
between 0.8 mm/yr to 3 mm/yr. Finally, considering a time integration on an interval of 100 kyr
(modeling time step), Schlager (2000) or Enos (1991) estimated a range of carbonate accumulation
rate under tropical conditions between 0,01 to 1 mm/yr. We therefore set the production rates for
bioconstructed carbonates used in the modeling, from 0.1 (unit 1) to 0.9 mm/yr (units 3 and 4), in a

Flow

range of bathymetry comprised between 0 to 5 m (Schlager, 2003). In Dionisos ", production rates
can be modulated by wave energy so that carbonate production may only be active in a specific

wave-energy range. This dependency was activated for the production of the bioconstructed

carbonate sediment class.

Finally, the production rates given in the literature for carbonate mud are highly variable. Read et
al. (1991) proposed a range of 0,02 mm/yr to 0.1 mm/yr for outer-shelf mud (tropical conditions)

mud, in line with the estimations of mud production on modern carbonate platform (Enos, 1977 and
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Halley et al., 1977 for tropical platform). Blom and Alsop (1988) estimated a maximum production of
0,1 mm/yr for carbonate mud on non-tropical shelf. The production rates for carbonate mud were
therefore set from 0.01 mm/yr (unit 1) to 0.04 mm/yr (units 3 and 4), in a range of bathymetry from

O0to30m.

Siliciclastic supply has also been estimated using the facies composition, thicknesses and duration
of each unit. Based on Oudet (2008), three sources were considered, two coming from the
northeastern part of the modeled area (paleo-Durance and Marseille Basin; S1 and S2 on Fig. 3) and a
last one coming from the northwest (northwestern termination of the Nerthe Basin and possible
secondary pathway for the paleo-Durance; S3 on Fig. 3). The total supply (resulting from the three
sources) varies from 0.5 to 3 km?/My. The nature of the sedimentary load and the sedimentary

supply are also variable and depend on the source and the stratigraphic units.

Sediment transport

Sediment transport can be modeled with Dionisos™" by a long-term water- and slope-driven
diffusion equation (Granjeon & Joseph, 1999). The corresponding parameters are presented in Table
2. The wave propagation angle was set as coming from the southwest (opening of the gulf) and the

wave base was set at 20 m with a maximum of energy around 10 m of bathymetry.

4.2. Simulation results

The construction of the model was based on independent tests on the two main parameters
controlling basin sedimentation: 1) competition between carbonate production and siliciclastic
supply; 2) subsidence (sea-level curve). Eleven experiments were performed, by changing one
parameter at a time while keeping the others constant. The results of these simulations were
validated qualitatively by comparison between the modeled facies distribution (relative proportions

of carbonate vs. siliciclastic sediments) and paleogeography, and the conceptual sedimentary model.
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Quantitatively, the thickness of the deposits and their geometry, as well as the timing of reef
geographic distribution, were compared with the stratigraphic architecture observed on seismic
profiles. These series of trial and error runs to develop the best-fit case will not be discussed here, as

the objective of the paper is to use this best-fit simulation as a basis for reactive transport modeling.

The best-fit model is presented in Figure 4. The onset of modeling at 28.1 My (Late Oligocene) is
associated with the start of the basement subsidence in the NW-SE gulf, which subsequently
captured most of the sourced sediments. The first deposits in the center of the basin are of alluvial
type, partially reworked in a shallow coastal setting (F1; 27.1 My). The basin is progressively
drowned, and at 24.3 My, the Carry-Le-Rouet section is located on the seashore. There, the facies
correspond to a mixing of conglomerates and sandstones (F1 and F2), with quartz-rich carbonates,

deposited on a shallow inner-shelf (F4).

After a sea level drop at 23.7 My associated to sequence boundary SBO on the Carry-Le-Rouet
section, the Early Miocene transgression favors the development of inner-shelf marls (F6), bordered
by shallow-inner shelf carbonates (F4; 23.3 My). Localized development of coral carpets (F8), coral-
rich rudstones associated with localized scattered coral colonies (F7), and background inner- to mid-
shelf sediments (F5) are also reproduced. The facies F8, that is characterized by a maximum lateral
extent of a few hundreds of meters is here over-represented, which is due to the coarse grid used in
the simulation, with a cell size of 500x500 m. This coarse grid also generated an artificial lateral
continuity of the facies F8, which was not observed at outcrop. In a lesser extent, the distribution of
the facies F7, is over-estimated for the same reason. A better representation could be produced
using a finer grid resolution, but it implies a higher computation time (see discussion part).
Sandstones (F2) and Potamides-rich wackestones (F3), typical of low-energy, shallow brackish
conditions can be observed upstream or during lowstand. This configuration is persistent until

22.5 My, corresponding to a relative sea-level drop and the development of sequence boundary SB1.
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A renewed progressive flooding occurs until 22.1 My (maximum flooding surface) due to active
rifting and eustatic rise. Some transgressive distal deposits, such as mid-shelf (F9) and outer-shelf
(F10) facies are recorded on the Carry section. Subsequently, the sequence progrades during the
highstand, with the occurrence of facies F5 (low-energy, marine, inner- to mid-shelf (kilometric

lateral extent) and localized development of coral carpets (F8).

At 21.5 My, the development of sequence boundary SB2 is marked by a general exposure,
observed on the Carry section (meteoric diagenesis) and a hiatus. From 21.1 to 20.1 My, a new
transgression is observed on the Carry section with the development of littoral coral-rich facies (F4
and F7), until the maximum flooding marked by the deposition of open-marine, distal facies (F9 and
F10). The model ends at 18.3 My, which corresponds to the final exposure of the succession and the
formation of sequence boundary SB3, after the deposition of littoral quartz-rich bioclastic

wackestones to packstones during a late highstand (facies F5 and F4).

5. Reactive transport modeling with Coores-Arxim

The detailed diagenetic study of outcrop data demonstrated that the overall rock properties are
mainly defined by the depositional conditions of sedimentary layers, and by a few diagenetic events
such as the major sea-level drop and exposures of the sedimentary systems (Hamon et al., 2013).
One of these events is recorded by the exposure surface SB2 (21.5 My), and an important
sedimentary hiatus, estimated to have a duration of 800 ky by Oudet et al. (2010), associated with a
meteoric diagenesis. To better evaluate how RTM could be used in combination with a SFM, we

focused our reactive transport modeling on this SB2 surface and time interval.
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5.1. Input parameters

Grid and simulation time

The reactive transport model was built from the geometry and facies distribution calculated by

Flow

Dionisos °" at 21.5 My. Nevertheless, as reactive transport simulations are associated to very long

computation times, several simplifications had to be adopted.

Firstly, geochemical calculations were not performed on the entire 3D model, but only along a

Flow

2D-section extracted from the Dionisos " mesh. Secondly, every cell located below sea-level was

considered to be water saturated, while the other ones were excluded from the reactive transport
model. The resulting mesh is a 36.5 km long, 500 m large (1 cell only) and between 4 to 132 m high
vertical 2D-section (Fig. 5A; Table 2). Cell size is 500 m long in X- and Y- directions and from 0.10 to

3.5 min Z-direction. Finally, the time period covered by the reactive transport simulation is limited to

about 27 ky (9.9x10%days).

Boundary conditions

Meteoric effective recharge is modeled by a constant flow rate of 0.34 m/y imposed on the
continental section of the top layer of the model (Fig. 5B; Table 2). This flow rate corresponds to a
mean annual precipitation close to 1200 mm (in line with the paleoclimate estimation during the
Early Miocene; Kroh, 2007), with an important run-off. The injected fluid composition corresponds to
rainwater equilibrated with a 107 bar partial pressure of CO,, in accordance with the atmosphere
composition estimated by Pagani et al. (1999) for Miocene. The permeability of the substratum was
considered much lower than the ones of the sedimentary pile, which was represented through a
closed bottom boundary condition. The effect of groundwater venues was investigated considering
influx velocities of 0, 25 or 250 m/y at the eastern boundary. The associated flow rates remain
negligible when compared to the meteoric recharge, as it is applied on the eastern boundary, which

represent a small portion compared to the topographic surface. It had therefore no effect on the
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simulation. The results presented here have been obtained with the no-flux condition on this eastern
boundary (Fig. 5B; Table 2). Finally, the western boundary and the one corresponding to the seafloor

were always considered at hydrostatic pressure (Fig. 5B).

Initial conditions

The Dionisos™" facies distribution was used to define the initial conditions of the Coores-Arxim
model (Fig. 5A). In that regard, it was necessary to characterize each facies in terms of reactive
transport parameters (Table 1): 1) a quantitative mineralogy, derived from point counting of the
different allochems on thin sections, and visual estimation of the initial mineralogy following Fliigel
(2004). Even if, the dominant initial phase of shallow-marine-carbonate muds is either aragonite or
HMC, an initial alteration of the metastable muds producing LMC "micrites" was considered (Folk,
1965); 2) a depositional porosity, using empirical relationships with depositional textures from
modern sediments (Enos and Sawatsky, 1981; Lucia, 2007), which was translated into an effective
initial porosity to simulate the effect of early compaction, using a compaction law ®(z), adapted from
Ricken (1987) to take into account higher initial depositional porosity; 3) an effective initial porosity
and permeability using a standard Kozeny-Carman K(®) relationship and a reference value of 100 mD
for a porosity equal to 25%. The Kozeny-Carman relationship is usually valid for a floating sphere
model, and its use is debatable for muddy textures. However, the Coores-Arxim model is based on
such a floating sphere model. It obviously represents an intrinsic limitation to the modeling, but we
followed here the assumptions made by Gabellone et al (2006) and Al-Helal (2012) who also used
this type of relationship for such textures. Moreover, considering the many uncertainties and strong

assumptions made for RTM, we considered the use of this law acceptable in this context.

In addition, this model was considered always isothermal at 25°C, initially at hydrostatic pressure
with a reference pressure equal to 1 bar at the surface (depth = 0 m), and initially fully saturated with
modern seawater (composition taken from Blomme et al., 2017), modified using batch geochemical

modeling to be at thermodynamic equilibrium with LMC and quartz. Table 3 gives the elementary
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composition of the solutions used in the reactive transport simulations to represent the initial water

in the system and the rainwater invading the model.

Thermodynamic and kinetic parameters

Four minerals were considered in this study: aragonite, HMC, LMC and quartz (Table 4). The
thermodynamic database used in the reactive transport simulations is SLOP98 (www.predcent.org),
and the activity model for aqueous species is the B-dot model. This thermodynamic database was
completed with an equilibrium constant for HMC proposed by Walter and Morse (1984). The kinetic
models for dissolution of minerals are based on the USGS compilation of Palandri and Kharaka
(2004). The product of aragonite kinetic constant and reactive surface area was then adjusted to
achieve an approximate half-life for aragonite of 6700 years (duration estimated from field data;
Vacher et al., 1990). These modified aragonite kinetic parameters were used for HMC as well. LMC
and quartz were respectively attributed the original calcite and quartz kinetic models of the USGS
compilation of Palandri and Kharaka (2004). It is common knowledge that precipitation kinetics are
poorly constrained. As a first approach, the same kinetic models were considered for dissolution and
precipitation. The latter process is nonetheless overall slower in the simulations, as the secondary
minerals, initially defined as germs in very low quantities, show a much smaller reactive surface area
than primary minerals. Reactive surface areas are notoriously highly uncertain parameters: previous
works evaluated a difference of up to three orders of magnitude between estimated reactive surface
area (laboratory experiments) and lab-measurable BET-surface area (White and Peterson, 1990;
Gaus, 2005). In the absence of direct measurement methods of the reactive surface area, the
classical way is to approximate it from simple geometric texture models. In the present study, a
floating sphere model was used, with an initial grain radius of 100 um and 0.01 um for respectively
primary and secondary minerals. The use of such mainstream approaches seems adequate in regard
with the methodological philosophy of this work. More advanced texture models are amongst the

improvements that could be made in future studies.
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5.2, Simulation results

Calculation results at the end of the simulation (27 ky) show the occurrence of two domains of
salinity, that were associated with two distinct diagenetic environments: marine and meteoric
phreatic. This configuration is a very simplified representation of the real hydrozonation occurring in
a littoral setting, with a marine wedge, overlain by mixing and meteoric environments. However, the
RTM code used at the time of the study had some limitations. It was not possible to simulate: 1) the
mixing zone as the density effect is not taken into account in this calculation, which explained this
vertical boundary between the marine and meteoric waters; 2) the non-saturated zone, that was
excluded from the reactive transport model. The calculation results are thus discussed only in the

two modeled hydrozones.

Whatever the diagenetic domain, an overall stabilization of aragonite to LMC cement is observed
(Fig. 6A, 6B and 6E), associated with a porosity decrease up to 3% (Fig. 6D). On the opposite, HMC
remains stable and unaltered in the marine zone, whereas it is progressively dissolved and stabilized
as LMC cement in the topmost part of the meteoric zone (Fig. 6C, 6D and 6E). This stabilization
process is associated with a porosity increase (up to 4%) that depends on the cell proximity to the

surface (Fig. 6F).

The mineralogical variations with time for two representative facies and different diagenetic
environments are presented in Figure 7. The initial grain mineralogy of the coral facies (F8) is
dominated by aragonite, representing coral colonies and debris. The results show that the alteration
of this facies is almost identical (replacement of aragonite by LMC cement) whether it is located in
the meteoric phreatic zone (graph 3 of Figure 7) or in the marine phreatic zone (graph 4 of Figure 7).
This can be explained by the lesser thermodynamic stability of aragonite compared with LMC, which
leads to a systematic replacement process controlled by the reaction kinetics (and thus not

influenced by advective transport of species). The shallow quartz-rich bioclastic wackestone-
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packstone (F4) contains initially some carbonate grains possibly made of HMC (mainly benthic
foraminifera and Corallinaceae). Contrary to coral carpets (F8), F4 shows a different behavior
according to the diagenetic environment. HMC is a mineral thermodynamically stable in seawater,
and no mineralogical transformation is thus observed for the facies located in the marine phreatic
environment (graph 4 of Figure 7). In contrast, in the meteoric phreatic zone, progressive dissolution
of HMC and replacement by an LMC cement are observed. Replacement is pronounced in the first
line of cells below the topographic surface (graph 1 of Figure 7) and tends to decrease with depth
(graph 2 of Figure 7). In fact, the rainwater entering the model is undersaturated with respect to
LMC, and thus induces dissolution processes in the immediate vicinity of the topographic surface,
that is the most exposed to meteoric recharge (Figure 7). This also highlights the important role
played by transport of chemical species in this process. Indeed, rainwater reaching buried cells
containing HMC has partly reacted along its migration path and is therefore less prone to cause

mineralogical destabilization.

6. Discussion

6.1. Mineralogical transformations

Due to the dynamic nature of a sedimentary basin and the relatively small period covered by the
reactive transport simulation, only a qualitative evaluation of the numerical results is possible.
Regarding the mineralogical reactions, the quality of the model was evaluated by comparing
numerical results with petrographic observations characteristic of either marine or meteoric phreatic
zones (Hamon et al.,, 2013). The decreasing trend of replacement and matrix recrystallization
observed downward from the exposure surface (Fig. 8A) is notably correctly reproduced in the
simulation (Fig. 6C). The development of an important neomorphism immediately below the surface

is also observed. It can contribute significatively to form porosity/permeability barriers and generate
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reservoir compartmentalization. Such barriers have been described on other real case studies

(James, 1972; Wendte and Muir, 1995; Wagner et al., 1995).

Petrographic observations of thin sections coming from the presumed meteoric phreatic zone
showed that neither aragonite nor HMC is preserved. In addition, dissolution of HMC seems to
systematically lead to porosity creation. These observations are in line with simulation results. On the
contrary, some discrepancies with the aragonite behavior are observed. In the simulation, the
dissolution of aragonite is compensated by the precipitation of LMC in the same cell, and no or very
little porosity is created (Fig. 8B). However, in thin sections, aragonite is not always replaced by a
LMC cement and moldic porosity may be observed (Fig. 8C). As indicated by Moore (2001), the rate
of calcite growth from a solution in equilibrium with aragonite is at least 100 times slower than the
rate at which aragonite will dissolve. This large kinetic difference between aragonite dissolution and
calcite precipitation implies that the species liberated in solution by aragonite destabilization are
generally transported away from the reaction sites. This observation highlights the sensitivity of
some diagenetic processes to kinetic effects, unfortunately poorly constrained in reactive transport

simulations.

Petrographic observations of thin sections (made by Hamon et al., 2013) of samples not affected
by meteoric diagenesis, at the base of the sedimentary succession, revealed that some HMC bioclasts
are preserved (Fig. 8D and 8E), whereas aragonite ones are not, which is in line with simulation
results. The preservation or dissolution of HMC in the marine environment is a matter of debate.
Some uncertainties remain on its intrinsic thermodynamic parameters. The variable composition of
HMC, that may contain from 2 to 24 mole % of Mg, induces changing solubility (Plummer and
Mackenzie, 1974; Morse and Mackenzie 1990) and thus different behavior. According to the results
of Morse et al. (2006), the solubility of HMC is a function of the molar content of MgCO; and it can

exceed that of aragonite. Thus, in modern tropical environments, HMC can be dissolved or preserved
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(metastable state) (Haese et al., 2014) and can even be preserved in case studies of ancient systems

(Stanienda-Pilecki, 2018).

6.2. Input parameters and scale compatibility

This work aimed at exploring the possibility to couple SFM and RTM at basin-scale. The objective
was methodological, and the study aimed at identifying the difficulties to use RTM in combination
with a classical SFM approach. As demonstrated in this study: 1) 3D SFM simulations reproduced
adequately the facies distribution and sedimentary architectures; 2) 2D RTM simulations provided
correct overall trends and spatial distribution, but with discrepancies and inaccurate discrete values
(porosity, percentage of the different mineral phases) compared to the present-day measured
values. One can discuss if these results can be generalized to other case studies and in which

conditions.

Present-day rock properties (mineralogy, porosity, and permeability) are representative of a
cumulative diagenetic history, with eogenetic and mesogenetic modifications. However, when the
petrophysical properties are mainly driven by the facies and one specific diagenetic event, it seems
possible to rely on the SFM-RTM simulation to describe the main diagenetic and petrophysical
trends.Hamon et al. (2013) demonstrated that the studied sedimentary succession underwent a low
burial depth and that overall rock properties were mainly defined by the eogenetic modifications
associated to exposures of the sedimentary systems, well-reproduced by our modeling approach. In
the same way, Gabellone et al. (2016) reproduced an overall correct pattern of dolomitization due to
brine reflux, this dolomitization being one major diagenetic driver of the petrophysical properties

(Barbier et al, 2015).

Even if RTM is theoretically applicable across a great range of scales (Xiao and Jones, 2006), SFM
and RTM are generally poorly compatible in terms of space and time scale. Indeed, SFM usually deals

with characteristic time scale (time step) of 100 ky to 1 My and characteristic space scale (cell size) of
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hundreds of meters to several kilometers, whereas RTM is associated with finer grid cells and time
steps. The combined use of SFM and RTM thus requires some simplifications to make both
descriptors compatible. Particularly, it is important to better understand how to characterize the
facies modeled by SFM at basin-scale, in terms of textural, mineralogical and petrophysical

properties and how to define the fluids used as inputs in RTM.

The first question is how SFM translates sedimentary processes into first-order physics to
characterize sedimentary systems, in 3D, at basin to appraisal scales (Granjeon and Joseph, 1999).
This implies an upscaled, low-resolution representation of the heterogeneities of textural,
mineralogical and petrophysical properties, as each cell is the equivalent of several sedimentary
facies. Upscaling and downscaling problems are well-known in subsurface modeling and simulations
and lot of work has been dedicated to these questions (Renard and de Marsily, 1997; Bloschl and
Sivapalan, 1995; Durlofsky, 2002; Noetinger and Zargar, 2004; Noetinger et al., 2005; Qi and Pei,
2008; Mikes, 2011; among others). However, most of them deal with facies heterogeneities and only
a few works have been done in upscaling-downscaling issues of quantification of mineral data
(Butcher, 2020). In our case study, we thus considered stabilized LMC micrite and estimated the
effective initial porosity, derived from the depositional porosities and the compaction effect
occurring in the first 10s centimeters to few meters of the sedimentary pile. Simplifications of the
depositional texture were also mandatory, with the use of a floating spheres texture model in
Coores-Arxim. This last point is problematic to accurately represent the complex carbonate textures,
particularly for boundstone textures or for mixed textures (wackestone, packstone) that may affect
the diagenetic process through the combined control of fluid flux and effective reactive surface area
(Gabellone and Whitaker, 2016). All these considerations may explain some of the inaccuracies in our

simulations, even if the general trends are honored.

The second question deals with the definition of the fluid geochemistry used as inputs in RTM.

Here, the most reasonable hypotheses are considered, given the information we have from the fossil
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record (modern rainwater at equilibrium with Miocene atmospheric pCO,, modern seawater
equilibrated with the most stable primary minerals). Residence time of each cell in each hydrozone

Flow

can also be estimated using a groundwater model, integrated in Dionisos . Again, this seems
enough to reproduce correct trends at basin-scale, but insufficient to obtain a fully calibrated model.
Moreover, at the basin-scale several high-order sea level variations and exposures could develop,

leading to additional high-order water composition variations and difficulties to precisely reproduce

the actual data (such as petrographic observations).

This work illustrates how the simulation results are conditioned by the accuracy of the input,
themselves controlled by both the model space and time scale. This preliminary, mainly
methodological study implied simplified parameters and the use of a coarse-, low-resolution, SFM
grid, that can be considered adequate to test our geological hypotheses at basin-scale, but
insufficient to reproduce detailed heterogeneities at a finer scale. The use of a higher grid resolution
(cell size of 100x100 m) may help to bridge the gap between SFM and RTM, but it implies a much
higher computation time (from 35 minutes to 2 hours for SFM and from 5 hours to more than a day
for RTM). This increase of the computation time can be partly attenuated for SFM using a larger time
step of 20 ky, but not for RTM, as it is fixed by the software. At reservoir-scale, alternative methods
exist, as for example the use of the SFM model as framework for detailed geostatistical lithofacies
and petrophysical modeling in a finer, high-resolution grid (Doligez et al., 1999; Sacchi et al. 2016).
Such an approach can help to tackle the scaling issues and enables to propagate and quantitatively
assess the uncertainty associated with each SFM parameter. The main drawback of such
geostatistical approaches is that the diagenetic reactions are only represented by their effect on
reservoir properties and are not explicitly modeled. A 3D quantitative geochemical calculation at the

Flow

scale (both in space and time) of a Dionisos model is still out of reach due to important
computation time. Such a combination has a lot of potential for the future to better characterize

diagenetic overprints at basin and reservoir scale. This will significantly improve our reservoir
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characterization and modeling capacities and the presented work constitutes a first step in this

direction.

7. Conclusion

The approach proposed in this article is based on modeling, using a combined approach: 1) firstly

Flow

a 3D stratigraphic forward model (Dionisos ") to simulate the Upper Oligocene - Lower Miocene,
mixed siliciclastic-carbonate shelf system that developed in the northern termination of the Liguro-
Provencal Basin; 2) secondly a 2D reactive transport model (Coores-Arxim) at a key geological age

characterized by a major sea-level drop and exposure, to represent the associated meteoric

diagenesis.

Flow

The Dionisos " model is based on a 40x25 km? grid with a cell size of 500x500 m and a time step
of 100 ky. Three stratigraphic units are modeled, consisting of shallow carbonates mixed with
important fluvial siliciclastic inputs. The model reproduced adequately the main sedimentary trends,
namely the facies distribution, the thickness of the deposits and the sedimentary architectures, but
failed to represent accurate fine-scale sedimentary heterogeneities, such as localized small-scale

Flow

coral carpets that are below the model resolution. This study demonstrates that Dionisos ", which is
generally used to simulate the long-term and large-scale evolution of sedimentary basins, can also be

considered as a reliable tool to model shallow carbonate systems, even in a complex mixed

sedimentary setting, where competition between siliciclastic and carbonate sedimentation occurs.

The Coores-Arxim calculations aimed at modeling the early meteoric diagenesis associated to a
major exposure of the succession, and its marine counterpart where the shelf remained submerged.
Processes of dissolution, recrystallization, cementation and resulting petrophysical evolutions were
examined. The simulations presented here provide a correct representation of the observed

diagenetic trends, as they are, at least qualitatively, in agreement with the petrographic
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observations. An exception is the replacement of aragonite by a calcite cement, that systematically

occurred in the model and is not always observed in thin sections.

This methodological study provided some interesting and consistent low-resolution diagenetic
and petrophysical trends, at large-scale. It emphasizes the issues associated with the parameter
definition and scale mismatch of the two modeling approaches, that preclude an accurate
quantification of the resulting properties (porosity, permeability) at finer scale. However, it is a first
step toward a full 3D integration of geochemical calculations in stratigraphic forward model, that

represent a challenging and promising R&D topic.
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10. Figure captions

Figure 1: A) Geological map of Carry-le-Rouet area, showing the repartition of the different
lithostratigraphic units (modified from Andreieff et al., 1972), the sedimentary sections and seismic
lines used for the geological characterization (Oudet et al., 2010) and the Dionisos™" modeling. B)
Paleogeographic map of the Liguro-Provencal Basin area, during the rifting period (Late Oligocene to
Aquitanian). The proximal sub-basins are progressively invaded by the sea, coming from the South
(From Oudet, 2008). Red rectangle corresponds to Fig. 1A. Blue rectangle is the area modeled in

Flow

Dionisos . A.B.: Arlesien Basin; M.B.: Marseille Basin; V.B.: Villeneuve Basin; G.F.B.: Grand Faraman
Basin; N.M.: Nerthe Massif. C) Late Oligocene-Early Miocene sedimentary succession of Carry-le-

Rouet, with sequence stratigraphy framework and estimated ages of each sequence boundary

(biostratigraphy and magnetostratigraphy; Oudet et al., 2010). The colour code refer to Table 1.

39



10

15

20

Figure 2: Conceptual depositional model for the Oligo-Aquitanian series in the Carry-le-Rouet area,

and distribution of the main facies. Not to scale. The colour code refer to Table 1.

Figure 3: Restored initial substratum position for the modeled area, compared to the
paleogeographic map of the Liguro-Provencal Basin area. Grey triangles correspond to the different

Flow

siliciclastic sources, modeled in Dionisos .

Flow

Figure 4: Best-fit Dionisos™ " model, showing the facies distribution at different time steps of the
model. The black arrow corresponds to the location of the Carry-Le-Rouet section used as a

reference section for the model validation (Fig. 1C and Fig. 8A). The colour code refer to Table 1.

Flow Flow

Figure 5: A) Grid used for Coores °"-Arxim simulations, built from a 2D-section of the Dionisos
model. A rough representation of the hydrologic zonation is also represented. The colour code refer
to the facies, mineralogical and petrophysical conditions (Table 1) used as the initial conditions of the
reactive transport model. The black arrow corresponds to the location of the Carry-Le-Rouet section
Flow_

used as a reference section for the model validation. B) Boundary conditions used in the Coores

Arxim model. The eastern groundwater flow rate is set to nil.

Figure 6: A) and B) Initial aragonite volume fraction in the model (A) and after 27 ky (B). C) and D)
Initial HMC volume fraction in the model (C) and after 27 ky (D). E) LMC cement volume fraction in

the model after 27 ky. F) Porosity variation in the model after 27 ky.

Figure 7: Mineralogical evolution vs. time for two representative facies: “coral carpets” (F8) and
“shallow quartz-rich bioclastic Wst.-Pst.” (F4), in different position of the meteoric and marine

phreatic zones.

Figure 8: Main petrographic and petrophysical features of the Carry-Le-Rouet succession (from
Hamon et al., 2013 modified) used to validate qualitatively the RTM results. A) Vertical distribution of
leached, inverted or preserved mineralogically-unstable allochems and microsparitization of the

matrix. B to E) Plane-polarized light (PPL) photomicrographs of representative samples taken just

40



10

15

20

below the exposure surface, affected by an intense meteoric diagenesis (B and C) or away from the
meteoric zone, with remaining marine affinity (C and D). F) Values of initial depositional porosity and
final values after diagenesis effect (RTM calculation). C.= LMC cement in a moldic pore (dissolved
coral) growing on a crystal silt (C.S.) that suggest dissolution; ®m= Moldic porosity; Fo.= Preserved

foraminifers (HMC or aragonite).

Flow

Table 2: Facies description and interpretation used for the Dionisos simulations, and

corresponding quantitative mineralogy and depositional porosity used for the Coores ™ -Arxim
simulations.
Table 2: List of the parameters and boundary conditions used in Dionisos™" and Coores™"-Arxim

simulations.

Table 3: Elementary compositions of the solutions used in the reactive transport simulations.
Modified seawater corresponds to the solution initially saturating the porosity, and rainwater to the

solution invading the model through recharge.

Flow

Table 4: Thermodynamic and kinetic parameters for the minerals considered in Coores ~"-Arxim

simulations.
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Facies Lithology Components Interpretation Quantitative mineralogy Depositional
porosity
F1 Clast-supported, - Clast supported, polygenic, - Rounded, Urgonian limestone Sheetfloods at the mouth of a | - Quartz: 10% O dep: 10 %
polygenic, moderately sorted clasts, granule to cobble in size gravely river accumulated - Grains (pluri-cm; 60%):
moderately sorted conglomerates - Quartz-rich bioclastic matrix and reworked in a shallow, LMC
conglomerates - Sheet morphology, (Ostreidae, gastropods, miliolids, coastal setting - Matrix (30%): LMC
channelized bedforms Microcodium)
F2 Azoic, fine to - Well-sorted, fine to medium | - Rare unidentified bioclasts and Moderate to high-energy - Quartz: 80% O dep:35%
medium sandstones | sandstones Microcodium debris shoreface, closed to fluvial - Grains (mm; 20%): LMC
- Wave ripples - Subangular quartz and feldspars, mouth
- Thalassinoides and 50 to 250 um
Ophiomorpha burrows - Urgonian micritic lithoclasts
F3 Quartz-rich - Quartz-rich bioclastic wst. to | - Potamides and Neretidae Low-energy, anoxic to dysoxic | - Quartz: 30% O dep: 40 %
bioclastic pst., wave ripples - Ostreidae, other bivalves, shallow environment- - Grains (mm; 20%):
(Potamides and stromatolite clasts Brackish conditions aragonite
lignite) - Poorly-sorted quartz grains (50 to - Matrix (50%): LMC
wackestones to 500 um)
packstones - Millimetric clasts of lignite
F4 Quartz-rich - Quartz-rich bioclastic wst. to | - Bioclasts of bivalves, benthic - Moderate-energy, - Quartz: 10% O dep: 40 %
bioclastic (bivalves- | pst., wave ripples foram., Corallinaceae, coral debris, | stenohaline, infralittoral - Grains (mm; 30%): HMC
corals) - Thalassinoides bioturbations | rare Cirripedia environments - Grains (mm ; 10%):
wackestones- - Peloids, subangulous quartz grains | - Shallow inner-shelf setting aragonite
packstones (50-250 pm) - Matrix (50%): LMC
F5 Quartz-rich - Quartz-rich bioclastic wst. to | - Miliolidae, Austrotrillinidae, Low-energy, marine setting - Quartz: 10% O dep: 40 %
bioclastic pst. Amphisteginidae, Lepidocyclinidae, | emplaced in a deeper inner- - Grains (mm; 20%): HMC
(foraminifers- - Badly expressed wave Myogypsinidae shelf to mid-shelf - Grains (mm; 15%):
echinoids) ripples - Bioclasts of bivalve, echinoids, aragonite
wackestones- and red algae (Corallinaceae) - Grains (mm; 5%): LMC
packstones - Matrix (50%): LMC
- Dark, greyish silty marls - Local lumachellic lags (bivalves) Low-energy badly oxygenated | - Quartz: 40% O dep: 30 %
- Thalassinoides burrows - Millimetric to centimetric clasts of | deeper inner-shelf - Grains (mm; 10%):
lignite aragonite
- Matrix (50%): LMC
F7 Coral-rich rudstones | - Coral bafflestones, coral- - Corals: Porites, Tarbellastraea, Non-framebuilding coral - Quartz: 10% O dep:30%

with scattered coral
communities

rich rudstones
- Patchy, non-framework
communities

Caulastraea, Mussimilia

- Acropora debris, red algae,
serpulids, Ostreidae, rare
echinoids, Lepidocyclinidae

communities, passing
laterally into one another or
into coral-rich rudstones
(reworking breccia)

- Grains (mm; 50%):
aragonite
- Matrix (40%): LMC
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F10 | Siltst. to fine
sandstones with
planktonic
foraminifers

- Coral framestones—
bafflestones

- Flat layers of low
topographic relief, 500 m of
lateral extent

- Corals (s.l.): Porites,
Tarbellastraea, Millepora...

- Red algae, serpulids, Ostreidae,
rare echinoids

Isolated frame-building coral
carpets (maximum two to
three generations) in inner-
shelf setting

- Quartz: 5%

- Carbonate grains - mm;
aragonite : 65%

- Matrix (30%): LMC

Odep:35%

- Quartz-rich bioclastic rst. to | - Monogeneric bryozoan debris Reworking and mixing of - Quartz: 10% O dep:30%
pst. (Smittina) Smittina colonies formed in - Carbonate grains - mm;
- Flat layers of low - Coral debris (Porites, lower infralittoral to upper aragonite : 10%
topographic relief, 300 m of Caulastraea), echinoderms circalittoral environment - Carbonate grains - mm;
lateral extent (Scutella), Ostreidae, Pectinidae, LMC : 50%
Gastropods, red algae debris - Matrix (30%): LMC
- Yellowish, unconsolidated, - Globigerinidae, silty quartz, Low-energy, open-marine, - Quartz: 40% O dep:30%

well- sorted, siltstones to fine
sandstones

- Planar lamination, episodic
HCS

- Heavily bioturbated
(Thalassinoides)

glauconite grains

offshore, and relatively deep
conditions with episodic
storm events

- Carbonate grains - mm;
LMC: 10%
- Matrix (50%): LMC

Table 3
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Parameters ‘ Values

Dionisos™"

Model type and size 3D block - 40x25 km?

Cell dimension 500x500 m

Display time 9.8 My

Time step 100 ky

Subsidence 15 m/Ma (Unit 3) to 80 m/Ma (Unit 2).

Minimum wave energy
threshold

10 to 40 kW.m™

Wave action depth

20 m with a maximum of energy at 10 m

Wave propagation angle

Az : 30°

Maximum production rate

0.01 to 0.7 mm/yr

External sediment supply

$1:0.25 to 1,64 km?/My
$2:0to 0,75 km*/My
$3: 0,25 to 2 km*/My

Total Fluvial discharge

200 to 700 m*/s

Erosion

0

Water-driven transport
K (diffusion coefficient)

0to 0,01 km?/ky

Coores-Arxim

Model type and size

Vertical 2D-section
36.5 km long x 500 m (1 cell) wide x 4 to 132 m high

Cell dimension

500x500 m

Display time

27 ky (9.9x10°days)

Time step

1 day

Meteoric recharge

0.34 m/yr (1200 mm mean annual precipitation)

Groundwater recharge

Flow rate of 0 m/y at the eastern boundary

Table 2
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pH and pHat | C Ca cl K Mg Na S Si
elementary 25°C
concentrations
(in mol/kgH,0)
Modified 7.56 | 2.1x10° | 9.8x10° | 5.472x10™ | 1x10™ | 5.29x10” | 4.700x10™ | 2.83x10” | 1x10™
seawater ?
Rainwater 6.63 | 1.0x10° | 2x10" | 1x10° 1x10° | 1x10° 1x10° 1x10° 1x10°
Table 3
Reactive mineral | Formula logk @ Dissolution Precipitation Initial grain
25°C kinetic kinetic radius (m)
constant constant
(mol/m?/s) (mol/m?/s)
Aragonite CaCO; 8.34 109 107 10™
Mg-rich Calcite | CagssMgo.1,CO; | 8.34 10°°* 1077 10™
(HMC)
Low-Mg calcite | CaCO; 8.48 109 107 10™
(cement calcite)
Quartz Si0, 4.00 10* 10 10™

Table 4
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