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Highlights:
- First 3D process-oriented model of organic matidrawer Jurassic European basins
- Influence of paleogeography and slope geometrjersource rock characteristics

- Organic matter distribution/heterogeneity processesdentified and quantified

ABSTRACT

The source rock characteristics (e.g. thicknessrdhextension, richness) are known to be highly
variable in both time and space. The Lower Jurdesioations of north-western Europe contain
source rocks with organic-rich intervals showinffedent characteristics from one region to another:

the Paris Basin differs from the South-East Bas$iRrance, but organic content and hydrogen index



also vary within a single basin. During the Eaulyaksic, the overall depositional environment of

north-western Europe corresponded to an epicortathdomain at the western extremity of the

Tethys Ocean. The early transgressive phase diufassic induced flooding of this European realm.

Because of the evolution of the connections arestiold of the European basins and their

associated sedimentary settings, this domain oedupkey position for the deposition of organic-

rich layers. Using a forward modelling approach,aima to predict the heterogeneous characteristics

of such sediments. It is widely accepted that prynpeoductivity and preservation are key factors

favouring the accumulation of organic-rich layefewever, the roles of these factors remain to be

assessed and the processes leading to accumwatigereservation need to be quantified.

We focus on the Lower Jurassic (Hettangian to Tiaajan France, since this provides a vast

amount of data to calibrate the 100-kyr time stelehin terms of an accurate framework including

paleogeography, stratigraphy, lithology, palae@muy] mineralogy and geochemistry.

Results show that favourable conditions for theodé@pn of organic-rich sediment can occur even

with moderate primary productivity and without r@fug anoxic conditions. These windows are

firstly dependent on internal factors directly ktkto the basin morphology, such as sedimentation

rate, bathymetry and distance from the coastline.dé/not need to evoke external factors such as

oceanic anoxic events or enhancement of primargymtoon to account for the deposition of

organic-rich sediments.
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1. Introduction

Several organic-rich layers were deposited in thithawestern European basins during the
Early Jurassic due to their key position in an epimental sea at the north-western tip of the
Tethys Ocean (e.g. Fleet et al., 1988; Korte anskElbo, 2011; Silva et al., 2011) (Fig. 1).
Since the area was rather flat, the size and gegrokthe basins were strongly dependent on
sea-level variations. While only a few areas remaioontinuously above sea level, others
emerged from time to time, leading to temporaryaison of the north-western European seas
from the open ocean or to the development of tlodsh The European domain was located
at the western extremity of the domain affecte@pgning of the Tethys Ocean as well at the
north-eastern margin of the future Atlantic Oceatween North America and Africa/north-
western Europe. Although this domain was only wealklected by rifting, some small
extensional faults are observed bordering the dagoes (Fig.1). The transgressive phase of
the Lower Jurassic occurred during sedimentatich@brganic-rich deposits. Pre-existing
crustal heterogeneities (related to age of thedphere and faulting) induced differential
responses to the sedimentary loading (Guillochéaii,€2000). As a result, the bathymetry,

connections and thresholds of the European basoigesl rapidly during the transgression,
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leading to sedimentary settings changes which fexaired the formation of organic-rich

source rocks.

[ ] Emerged lands
[ ] Epicontinental seas and margins '\
[ Oceans N

— Present day coastlines s

AB: Aquitanian Basin; AM: Armorican Massif: . .

Bla: Bresse Jura area; Ca: Causses area: |:| Emerged land :
CB: Channel Basin: CH: Cornubian High; . Sectious
CM: Central Massif; CPp: Corbieres-Provence platform; D Shallow marine (terrigenous)

CSH: Corso-Sarde High; EH: Ebro High: © Wells

IR: Therian Range; LBM: London Brabant Massif: [:l Shallow marine (platforms and ramps)
PB: Paris Basin: Ps: Poitou sill; RM: Rhenish Massif; : : D Modelled area
SEB: South-East Basin |:| (hemi)pelagic oozes
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Fig. 1. a. Paleogeography of the western margimethys Ocean during the Early Jurassic

(modified after Baudin et al., 1990). b. Paleogequty of the Upper Sinemurian (modified

after Thierry et al., 2010). Red and green dotsaatk the studied sections and wells.



Many studies have been carried out on Toarciarncsenacks in north-west Europe (e.g. Fleet
et al., 1988; Bessereau et al., 1992), but legsmrek has been focused on the several other
organic-rich deposits of the Lower Jurassic. Inghse of the Paris Basin, where the
petroleum system is relatively prolific, a synttsesi the well data allows an overview of the
thicknesses and richness of the three main orgastidntervals (Bessereau et al., 1995;

Delmas et al., 2002; Fig. 2).

Source rock thickness

[ Jo-tom [ 30-40 m [} 60-70 m
[ ]10-20m [ 40-50 m
[ 2030m [l 50-60m o

s Upper Pliensbachian erosional limit

Fig. 2. Thickness variations of the three main Lodeassic source rocks of the Paris Basin.
The thicknesses are computed from the cumulatickenisses of intervals with TOC > 1 wit.

% (modified after Bessereau et al., 1992; Delmaa.eR002).



The spatial and temporal distributions and charesttes such as the Total Organic Content
(TOC) of these organic-rich source rocks, resoitfla complex interaction between the
processes that lead to organic matter accumulatieadiments, i.e.: primary production,
transport, sedimentation, burial and degradatioorginic matter. Previously, these
processes were studied using specific approackieaking into account empirical equations
or physical laws defined in the literature (e.g.rifaet al., 1987; Betts and Holland, 1991;
Mann and Zweigel, 2008). Tyson (1996) proposeckarttical model including all these
processes (Fig. 3). Opposite models are those vasishime that processes associated with
anoxia lead to organic-rich deposits, and those&pgemary productivity is the main factor
explaining high organic matter contents. In thesgceptual models, different factors could
be involved such as the presence of sills (e.g.feek), 1901; Rohl and Schmid-Rahl,
2005), basin topography (e.g. Hallam and Bradsi&#9; Wignall, 1991; Rohl and Schmid-
R6hl, 2005), variations of sea level and primamyductivity (e.g. Wignall, 1991; Réhl and
Schmid-Rdhl, 2005) and oceanic anoxic events Echglanger and Jenkyns, 1976). Although
the conceptual model has been improved over remades, highlighting the relationships
between the processes involved and empirical expgtthere have been only few advanced
numerical modelling studies (e.g. Mann and ZweigeQ8; Bruneau et al., 2016). Thus,

despite all the research carried out to date, itery of organic matter deposition processes



need to be integrated into a 3D forward model immathe identification and quantification

of the key factors responsible for the heteroggradibrganic-rich deposits.

For this purpose, we focus on north-western Euvapere four main basins developed

during the Early Jurassic (Paris Basin, AquitaimsiB and South-East Basin) separated by

thresholds (e.g. Poitou sill, Bresse-Jura area fittree main emerged land masses (London-

Brabant Massif, Armorican Massif and Central Mgs@tig. 1). This case study allows us to

define various conditions for the deposition ofanig-rich sediments. A 3D stratigraphic

forward model of this area (1,000x1,000 km) frora Hettangian to the Toarcian was

computed with a 0.1-Myr time step. We used the BosFlow© software (Granjeon, 1996,

2009; Granjeon and Joseph, 1999; Granjeon and \2@0f7) and its new module, which

includes the simulation of organic matter conté@isanjeon and Chauveau, 2014; Bruneau

et al., 2016). The validity of the model was enduséth data compiled from IFP Energies

Nouvelles and ENGIE legacy databases containird éied well studies and

geochemical/mineralogical analyses.



Oxygen Carbon Primary productivity ‘Wave and tide
level flux at sea-surface turbulence

<— River flow

Fig. 3. Main processes affecting organic mattetdng, as simulated in DionisosFl@v

Organic-Rich Sediment (modified after Tyson, 1995).

The global data set shows that organic-rich depasé not equally distributed in time. Three
main periods appear to account for the depositi@bout 80% of organic-rich sediments
giving rise to marine source rocks (end-Devoniamassic and Late Cretaceous). Global
oceanic anoxic events have been proposed to exgiaie of these synchronous deposits
(e.g. Schlanger and Jenkyns, 1976). However, asisied by these authors (op. cit.), when
using a higher resolution for the time frame, tberse rocks do not appear quite so
synchronous and other parameters influence thesttepoand preservation of organic

matter.



2. Geological setting

2.1 Structural and stratigraphic setting

The hinged position of Europe during the openinthefTethys and Atlantic oceans led its structural
development (Fig. 1). Many horsts and grabens defreas of subsiding basins and areas of
structural highs or emerged lands (Fig. 1) (e.gnBelli and Jenkyns, 1974; Bassoulet and Baudin,
1994; Dromart et al., 1996). The structural settimyiced differential responses to the sedimentary
loading and the soft extensional tectonic conteattb the reactivation of some faults which localiz
the subsidence (e.g. Wilson et al., 1989; Kullbargl., 2001). Although some lower order cycles are
defined (e.g. Guillocheau et al., 2000) that aterospecific to each basin, two second-order cycles
can be observed in most of the basins (e.g. Haoletlal., 1998; Guillocheau et al., 2000) (Fig. 4)
The first cycle corresponds to a regressive episddee end of the Pliensbachian, coming to an end
at the Pliensbachian - Toarcian boundary. Thisogl@ss marked by a non-deposition in the

proximal parts and limestone deposits in the disaals of the basins. The transgressive second-orde
cycle following this regressive episode marks tteximum flooding of the Liassic transgression and
is observable throughout Europe in the lower T@arcr his surface marks the maximum flooding of
European platforms and the beginning of the Toarai#oxic episode (T-OAE) (e.g. Hesselbo et al.,
2007). A further regressive phase recorded byioagposits across Europe marks the end of the

Early Jurassic.
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Fig. 4. Lower Jurassic sequence chronostratigraphgt eustatic variations (modified after

Hardenbol et al., 1998).
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2.2 Toarcian oceanic anoxic event

The Lower Toarcian sediments of north-western Eeiiatpain high TOC values (up to 25 wt. %), in
common with other organic-rich deposits observeddwade. Jenkyns (1988) suggested an episode
of worldwide anoxic conditions named the ToarciaroRic Oceanic Event (T-OAE). Numerous
studies have provided constraints on the timinthefT-OAE , proposing a duration of around 200
kyrs to 1 Myrs (Jenkyns, 1988; McArthur et al., @DBailey et al., 2003; Mattioli et al., 2004a;
Kemp et al., 2005; Boulila et al., 2014) and a $yonous development at the European scale
according to the biostratigraphy (Mattioli et @004a and 2004b; van Breugel et al., 2006), except
for the final stages of this event (Baudin, 198hkyns et al., 2002; Mailliot, 2006; Hesselbo et al
2007). However, the T-OAE shows a very particutartext: the accumulation of organic-rich
deposits occurred in epicontinental basins in Eergven if the T-OAE is well identified in Europe,
there is a marked variability and heterogeneittheforganic matter content in sediments from one
basin to another (Baudin, 1989; Baudin et al., 1#8#3¥soulet and Baudin, 1994). Many models
have led to hypotheses on the local and globabfa&xplaining the T-OAE as well as other more
localized anoxic events that may have occurreduimoe during the Early Jurassic (e.g. Fleet et al.,

1988).
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2.3 Biostratigraphy

Many studies establish a detailed biostratigrapbitation with precise resolution for this time
interval (e.g. Domergues et al., 2004; Elmi, 2006mas-Rengifo et al., 2013; Duarte et al., 2014).
Hence in this study, chronozone intervals are detexd according to the biostratigraphy of the
International Commission on Stratigraphy and frezent studies or revisions of the

biochronostratigraphy (see Ogg and Hinnov, 201R). 5.
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Ammonite Top age
Chronostratigraph . .
sraphy Biozonation (Ma)
AAT ENIAN
Aalensis 174.2
UPPER Mfzne ghini ," Pseudoradlosfil 174.4
Speciosum / Dispansum / Insigne 174.7
Bonarellii / Thouarsense 175.0
Gradata / Variabilis 176.2
MIDDLE -
Bifrons 1782
LOWER Levisionis /Serpentinus .r'F alciferum| 180.4
S Polymorphum / Tenuicostatum 181.7
7 Spinatum / Emaciatum 182.7
72 UPPER ; .
Margaritatus / Algovianium 183.5
g Davoei 187.6
LOWER Ibex 188.5
o Jamesoni 189.4
% Raricostatum 190.8
) UPPER Oxynotum 192.8
Obtusum 193.8
Turneri 195.3
LOWER Semicostatum 196.3
Bucklandi 197.8
UPPER Angulata 199.3
HETTANGIAN MIDDLE Liasicus 200.1
LOWER Planorbis 200.9
RHAETIAN 201.3

Fig. 5. Chronostratigraphic chart for the Lower assic series of the north-western European
basins. The ages given for the top of Ammonite Zareefrom Ogg and Hinnov (2012). The

different names for ammonite biozones in the sameinhterval refer to different basins.
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2.4 Sedimentary deposition model

The facies distribution of the Lower Jurassic ifu@nced by eustatic variations and local fault
activity. The shallow marine and confined depositiloenvironments with dolomitic limestones and
evaporites are replaced by carbonate ramp facieshvsack-step onto emerged lands. At the scale
of the whole of France, the facies are mainly cosepoof marl-limestone alternations. In this paper,
the depositional model is built from our datasehboed with field studies (Fig. 6). The subdivision

of environmental settings used here is derived fBurchette and Wright (1992).

~100 km
INNER RAMP MIDRAMP | RAMPSLOPE | BASIN
peloidal carbonate i i
grainstone-packstone ooid i i
/dolostone grainstone-packstone bioclastic calcareous

grainstone-packstone

e Ee B mes B P e B G e

laminated shalylime
mudstone-calcareous marl
i

marly bioclastic
wakestone-packstone

_50m

= Sequence Boundary

Fig. 6. Carbonate ramp settings (modified after @watte and Wright, 1992). Inner Ramp
corresponds to a very shallow environment with piaédly high-energy conditions and subaerial
emergence. The most representative facies are nadécoarse limestones and dolostones, which
can be bioclastic or reworked by wave action. Midgais a transitional shallow environment with
bioclastic and bioturbated limestone facies. Rangpé&and Basin are deeper environments below
fair weather wave base. The marly component ineagasth water depth in these alternating marl-

limestone facies.
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2.5 Characteristics of organic-rich facies

The record of organic-rich facies is specific talehasin. The organic matter is mainly of marine
type with some local influence from terrestrialug In general, the organic-rich facies are
attributed to episodes where marly sedimentatikes@lace in parallel with a substantial production
of phytoplankton, in settings favourable for theelepment of anoxic environments. These deposits
are often attributed to transgressive periodsenbidisins. The TOC values and mineralogical
compositions within the same interval can be venyable (e.g. Espitalié et al., 1987; Hollander et
al., 1991; Hanzo and Espitalié, 1993; Bessereall,et995; Disnar et al., 1996). We present here a

summary of our dataset (see Table 1)

Basin, sill or Source Rock Age Av TOC Min/max Thickess
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area (wt. %) TOC (wt. %) (m)

Paris Hettangian 2.5 lto4 4to0 15
Paris Upper Sinemurian 3 2t06 20 to 60
Paris Lower Pliensbachian 2 0.5t04 10 to 30
Paris Lower Toarcian 5 3to7 20to 70
Aquitanian Lower Toarcian 1.2 0.5t02.8 ?
Aquitanian Upper Pliensbachian 1 0.5t02 5to 10
South-East Lower Toarcian 0.2* 0 to 5.5* *

English Channel Hettangian/Sinemurian 3 1to 8 &0o
Bresse/Jura Lower Toarcian 15 0.7t04.8 5to 20
Causses Lower Toarcian 2 1to 12 210 10

Table 1. Source rock characteristics of the diff¢teasins. The TOC values show strong variations
from one basin to another and also over time inddu@me basin. The Liassic succession of the Poitou
sill is nowadays eroded. * In the South-East Bat$ig,initial TOC values are not comparable to

current TOC contents because of the strong impllstioal and maturation in this area.

In the Paris Basin, the lowermost organic-rich I¢adew metres thick) in the Hettangian is located
in the eastern part of the basin and is strondlyemced by terrestrial organic matter inputs with
strong variations in TOC (from O up to 4 wt. %)thcker interval (up to 60 m) is observed within

the depocentre in the Upper Sinemurian, with amaageeTOC of 3 wt. %. The base of the
Pliensbachian shows a more distinct organic-rithrual attaining a thickness of 30 m in the
southern part of the basin, with a TOC of up tot4%. The richest interval is located at the bdse o
the Toarcian, in the Schistes Carton Formation¢hatbe observed throughout the basin, reaching a
thickness of 70 m with TOC values ranging from 3 tet. %. In the South-East Basin, thermal

maturation of the Lower Jurassic deposits hasddtd expulsion of most of the organic matter
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present in the source rocks, and the initial TO@iffscult to determine (e.g. Wannesson and
Bessereau, 1999). However, on the northern edgeedouth-East Basin, in the Bresse/Jura area,
the observations are similar to the eastern patieParis Basin. In the Causses area, whose
connection with the South-East Basin developedhguthe Early Jurassic and which was less deeply
buried, the TOC is very variable and, within theafiaan, it can locally reach 12 wt. % in certain
intervals several meters thick. In the English GtgBasin, the main organic-rich interval is lochte
in the Upper Hettangian — Lower Sinemurian, and neaigh a thickness of 40 m. The TOC is very
variable, with an average value of 4 wt. % and gait®aching 25 wt. %. In the Aquitaine Basin, two
organic-rich levels are located at the top of the®urian and at the top of the Pliensbachian,
showing very variable TOC (from 1 to 5 wt. %) owarinterval of around 10 m. Another interval is
located in the Toarcian in the centre of the bageiding a narrower range of TOC values (from 3 to

5 wt. %).
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3. Dataset and methodology

3.1 Dataset

The study area covers an area of 1,000x1,000 kemdixtg over the whole of France (Fig. 1), and

lays particular emphasis on the Lower Jurassicuatdrom the Lower Hettangian (201.3 Ma) to the

Upper Toarcian (174.2 Ma) (Fig. 5).

The study is based on data from outcrops and bteehothe different basins (red and green dots in

Fig. 1), including structural setting, biostratighg, sedimentary characterization and

mineralogical/geochemical analyses (29 wells inicigavireline logging, 12 carbologs, and more

than 3000 Rock-Eval and mineralogical analysesis @ataset is built from the compilation of

numerous studies cited below as well as our owd &iad laboratory investigations. These data are

summarized in the geological setting section. Téreyused in the model for calibration and

chronostratigraphic, lithological and geochemicaitcol.

3.2 Stratigraphic forward modelling

We use the DionisosFlow®© 3D stratigraphic forwarddelling software (Granjeon, 1996, 2009;

Granjeon and Joseph, 1999; Granjeon and Wolf, 2@0f@construct the stratigraphic and palaeo-
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geographical evolution of the studied basins dutimegEarly Jurassic. DionisosFlow© simulates the
evolution of the basin geometry through time, usorgy-term and large-scale sediment transport
equations. The results of this simulation allowaisnodel changes in facies distribution and

sedimentation rate at the basin scale.

3.2.1 Basin morphology construction

Water depth varies between 0 and 250 m over the gamod. The sea covers between 60 and 80%
of the studied area during the Early Jurassic.mbdelling starts at 200.9 Ma (Early Hettangian)
and ends at 174.2 Ma (Late Toarcian), with a titep sf 0.1 Ma (Fig. 5). The horizons dated at
200.9 Ma and 174.2 Ma represent the first andtiiast markers of the studied interval, respectively,
and 7 additional horizons are used to constraimtbdelling of basin evolution: 199.3 Ma
(Hettangian-Sinemurian boundary), 195.3 Ma (Mid&iieemurian), 190.8 Ma (Sinemurian-
Pliensbachian boundary), 187.6 Ma (Middle Plienkay, 183.5 Ma (Late Pliensbachian), 182.7
Ma (Pliensbachian-Toarcian boundary), and 176.AMiddle Toarcian). Bathymetry and thickness
maps of these horizons are used to compute theragodation space, to estimate sediment
production and construct the general geometry@tthdy area. The nine bathymetric maps (Fig. 7)
are created and extrapolated from palaeo-envirotaheraps and the estimated water depth of each
specific facies association (Thierry, 2010; Thieand Barrier, 2010; Enay and Mangold, 1980). The

nine thickness maps (Fig. 8) are created and eniatgul from subsurface data.
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Fig. 7. Paleo-bathymetric maps of the Lower Jurassi
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Fig. 8. Sediment thickness maps of the Lower Jigass

Using a backstripping methodology applied to batéyras and thicknesses, these data allow us to
compute the available accommodation. In this wag/ave able to perform simulations of sediment
production and diffusion. Backstripping is genegralsed to estimate tectonic subsidence by
accounting for and removing the effects of otherses of subsidence, such as loading due to the
sedimentary column. Here, we compute the evolutfcaccommodation space (Eustasy + tectonic

subsidence) with the equations:
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(1) Thickness]t] = Depth[t-1] - Depth][t]

(2) DeltaAccommodation[t] = Thickness|t] + Bathymeth{Bathymetry[t-1]

(3) Accommodation[t] = Accommodation [t-1] + DeltaAccarodation [t]
were the thickness is corrected of the compactifatie Sediment was assumed to be composed of
three main sediment classes: sand, shale and tine#dblostone. Compaction of each class was
defined using porosityX) vs. burial depth curve (z), as described in tigeife 9 for parameters of

each lithology.

Porosity @ (%)
X 10 20 30 40 50 60
20004
40004
E — [imestone / dolostone
< 6000+ - Sand
8 —— Shale
2
8000+
100004

Fig. 9. Porosity function of depth for the differdéiead member sediments of the Lower Jurassic

facies.
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3.2.2 Sediment production and diffusion

The sediments simulated in DionisosFlow© modelsdafened as a function of production and
diffusion processes. Sediments are divided in&rclasses for this study:

1) Fine carbonateassociated with pelagic biogenic deposits formegrimary producers in very-
low-energy environments, composed of mud-supparéedonate with wackestone to mudstone
textures. This sediment can be found in the lowggnbasin facies; 2Bioclastic carbonate:
associated mainly with pelagic biogenic depositsatgp with bioclasts, composed of mud-
supported carbonates with wackestone to packsexteres. It can be found in all the facies of the
ramp but mainly in the ramp-slope faciesSBallow carbonate/dolostonassociated mainly with
dolomite but also oolites, bioclasts, bivalves atiter producer organisms in high-energy
environments, composed of grain-supported carbenaté packstone to grainstone textures mainly
corresponding to the inner to mid-ramp faciesSAale:associated with fine clastic components of
sediments associated with low-energy conditionh®eibasin facies; Band:associated with

medium to coarse clastic componentE&paporite:associated with evaporitic deposits located in
confined environments.

These sediments have different transport propdrtassd on the coupling of slow downslope linear
diffusion and fast fluvial nonlinear water-driveiffdsion, which allows the simulation of sediment
movement at the kilometre scale and over long spans (e.g. Rabineau et al., 2005; Alzaga-Ruiz et

al., 2009). The sediments are assumed to be comhjedsegiven number of grain-size fractions. The
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mass conservation equation is applied to each-gramfraction. Diffusive coefficients are
discriminated according to grain size (e.g. finahged fractions such as shale are transported more
easily because of the greater degree of sedimeptasion).

The diffusion coefficients, Ks and Kw (Table 2),ne@lefined using a simple geometrical rule
assuming that sediment transport is ruled by afis®pe-driven and, for clastic inputs, a nonlinea
water-driven diffusion lawr(= 1.5):

Qs = SXKs+SxQ), XxKw

where Qs is the volume sediment flux (kkyrs'), S the slope gradient,,Qhe dimensionless water

flow.
Fine Bioclastic Shallow _
carbonate  carbonate  carboldolostone A C Sand Evaporite
Marine Ks
(kmz.kyrs™) 0.075 0.1 0.05 0.5 0.05 0.1
Marine Kw
(km2.kyrs™) 1000 200

Table 2. Diffusion coefficients for the differeatiBnents.

3.2.3 Facies and thickness calibration

Trial and error simulations are used to determéatirnsent production and to reproduce the
thicknesses and facies observed in well and fiatd.dSimulated Facies are defined for each cell of

the model according to the bathymetry and percendhgindance of each simulated sediment type
24



(Table. 3), and the simulated facies are compagathat the observed facies. Figure 10 presents the

final sediment production history (function of tiraed bathymetry) used for the model calibration.

The best fit-model is presented in the 3D strafigraforward modelling section.

Shoreface Inner Mid- Ramp Basin Subsiding

Ramp Ramp Slope Basin
Sand 50-100 0-50 0-50 0-40 0-50 0-30
Shale 0-40 0-40 0-40 0-30 40-70 70-100
Fine 0-30 0-30 0-30 0-30 0-60 0-30
carbonate
Shallow 0-30 30-100 0-30 0-30
carbo-dolo
Bioclastic 0-50 0-30 30-100 0-30
carbonate
Evaporite 0-50 0-50 0-30

Table 3. Sediment composition of the simulatec$a(o).
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Fig. 10. Sediment production evolution functionimie and bathymetry.

3.3 Organic matter modelling

The stratigraphic forward modelling approach presidnost of the parameters required for organic

matter simulation (e.g. water depth, basin morpimlsedimentation rate). New parameters are
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added into our best fit-model to simulate all thegesses needed for organic matter modelling
(Granjeon and Chauveau, 2014; Bruneau et al., 2pti&)ary productivity carbon flux organic

matter transportdissolvedxygen leveandburial efficiency(which corresponds to degradation
within the topmost metre of burial). All these pesses and their parameters are based on empirical
eguations or observations summarized in GranjedrClrauveau (2014) and in Bruneau et al.

(2016).

Primary productivity

We define the sea-surface primary productivity riearshore as remaining constant with time at a
value of 400 gC.fh.yr?, and a seaward stepwise decrease of 100 g@rthis imposed every 50 km
with a minimum value of 200 gC:fiyr*. This seaward decrease is representative of lorgdcales

(e.g. Berger et al., 1989; Pilson, 2012; Sathyemattaand Platt, 2013).

Carbon Flux

After primary production, the organic particlesksto the seafloor (carbon flux; e.g. Martin et al.,
1987; Berger et al., 1989; Honjo et al., 2008). €kported production (CF) reaching the sea-floor
interface is determined using the Martin equatidartin et al., 1987) (i.e. an exponential decrease

with water depth):

z
CF = 0.409PP¥*41(—)™
(100)
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whereCF is the exported organic flux (gChyr?), PP is the primary productivity (gC.tayr?), z

the water depth, andis assumed to be constant and equal to 0.86.

Organic matter transport

Once the organic remaining matter reaches theageafl the form of flocs, it is eventually
transported. The diffusion coefficient of silt isadl to mimic the transport regime of flocs at
the sediment/water interface (Schieber et al., 2d@7ur model, diffusion coefficients of
flocs (organo-mineral aggregates) are:

Marine Ks = 0.02 km2.kyrs

Marine Kw = 500 km2.kyrs$

Oxygen level

In DionisosFlow© Organic-Rich Sediment, a mass @aequation between oxygen renewal
and oxygen consumption allows us to determinedlaive oxygen depletion based on the
studies of Mann and Zweigel (2008). This deplet®aurrently estimated without
considering any water current so it is merely 1Br{jeal):

d0x,(2)
dt

= A;(2) X Oxggr — D, X 0x,(2)
whereOx; is the oxygen level at sea-floor (expressed irdimaensional units, with values

varying from O for fully anoxic environment to 1rftully oxic environment)ALz) is the

mixing rate coefficientODxzer the reference oxygen level abg(z) the oxygen consumption
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linked to organic matter degradation by organismour model, the mixing rate is constant in
time and space and the dissolved oxygen levekietaore dependant only on bathymetry and

primary productivity.

Burial efficiency

The amount of organic matter preserved after tisé few metres of burial (i.e. during early
diagenesis) is called burial efficiency; this paeden is mainly controlled by the
sedimentation rate (Betts and Holland, 1991) andlloxygen level/redox conditions (Tyson,
1995) according to the equation:

dCor dCor
T 9 _ —kCorg™ - S g

= —kCorg™

whereCorgis the quantity of available organic Carbok#)e degradation coefficient (itself
function of the burial depth into the sedimént k,€7?9 andSthe sedimentation rate.
Modelling of these processes allows us to comptitearetical initial TOC after the first few metres

of burial of the marine organic matter fraction.

Total organic carbon

The Total Organic Carbon (TOC) is eventually deiegd with the amount of preserved organic
matter diluted depending on the sedimentation fat@rresponds to an initial TOC after the first
few metres of burial of the marine organic mattacfion. Bruneau et al. (2016) provided detailed

sensitivity analyses of this initial TOC distribani with several sets of parameters for the prosesse

29



described before. In the rest of the study, “sitadar OC” refer to TOC obtained by modelling. This

TOC is calculated as an average value by cell (Q0x1) and by time step (100 kyrs). This

resolution imply some caveats when comparing sitadldOC with TOC from well and field data.

However, the equations described in this sectimpeoper to large time and space scales, and the

simulation of the processes governing organic mdisgribution is relevant.

4. Results

4.1 Best fit-model

Following the above detailed methodology, the 3Ddetias computed for the basins studied here

based on subsurface data, field observations aadumnements (Fig. 11). The volume and the

distribution of sediments in the basin are definsithg trial and error simulations to reproduce

observed thicknesses and facies. The simulategsfawhich are used to compare observed facies,

are defined for each cell of the model accordinthtopercentage of each simulated sediment. The

average sediment thickness error between simulatidireal thickness is usually less than 10%

(around 50 m on the total sediment column simulatede Paris Basin). Both vertical and lateral

simulated facies variations match with interpredath from field studies and the literature. Onhly fe

cells show discrepancies linked to the difficuttyprecisely reproducing the lateral facies changes.
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In such cases, cells with appropriate facies caiotred within a maximum radius of 2 cells (10 km)

from the calibration point.

In detail, some local discrepancies remain conogrttie modelled thickness and facies compared
with the present-day situation, since changesiokiiess due to post-depositional deformation are
not taken into account (except for effects duedimgaction). In the eastern part of the South-East
Basin, the discrepancy reaches 10 % due to defarmat the Cretaceous-Cenozoic Alpine orogenic
phase. Other minor differences in thickness magiuzeto the difficulty of assigning production
values for each sedimentary facies in all the Isasmspite of this complexity, the facies and
thicknesses computed from the 3D model are in ageaewith all the major geological features

observed in the basins.
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4.2 Global organic matter distribution and content

Despite constant boundary conditions in terms whary productivity and dissolved oxygen
variation, the simulated TOC shows a broad rangealfes (from 0 to 20 wt. %). Areas with high
TOC content (source rock) can be simulated usitegnal factors alone (e.g. basin morphology,

bathymetry and sedimentation rate) without invajvaxternal factors (e.g. oceanic anoxic events,
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upwelling). TOC maps show organic-rich areas tihatralatively limited in space even during the
Toarcian. These areas are most often located iddpecentres and less frequently in the proximal

areas of the basins.

Our results cannot be compared against data freasdhat are nowadays eroded or highly
deformed (e.g. current rim of the Paris Basin,eraspart of the South-East Basin, Bresse-Jura and
Poitou threshold). However, despite the constantany production and the absence of any
variations of dissolved oxygen level linked to atfectors such as primary productivity or
bathymetry, the distribution of organic-rich sedimtsegiven by our model fits with available data. To
highlight the reliability of the model, we presefhbtse-up views of some cross-sections and wells

(Figs. 12, 13, 14 and 15).
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Fig. 12. a. Cross-section of the Paris Basin inreat structural position and at the end of the

Toarcian (modified after Gély and Hanot, 2014)Sbmulated thickness and initial TOC distribution.
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Discrepancies are mainly due to the input of temiakorganic matter in the lower part of the well

section, which enhances the TOC value but whidetisimulated in our model.
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Nonetheless, we can note a misfit between the st@dITOC and the well data. The first difference

stems from the burial effect, which is particulaglident in the Aquitaine and South-East basins

where organic-rich layers can be buried under rtitae 10 km of Mezosoic and Cenozoic deposits

(Fig. 13 and 15). In these areas, our model shbiek brganic-rich layers with initial TOC reaching

20 wt. % as against 5 wt. % in wells. The buriad amaturation history leads to expulsion of a large

proportion of the organic matter, which hinders aagnparison between modelling and well data. In

the rest of the model, the overall trends of orgamatter content in the sediments are well

reproduced (Fig. 12 and 14). The 0.1-Myr time stgpkl an average TOC over intervals ranging

from a few cm to more than 10 m depending on tkh@sentation rate. Hence, higher frequency

variations are not taken into account in our madelfOC values, and comparisons need to be

performed using the trends and average measuradsvaf each interval (the TOC curve is derived

from logging data, with a value every 0.1 to 5 rheweas the thickness of the model grid cells, based

on time steps, varies from 0 to 10 m). The duratibfOC pulses and the importance of the time

scale in comparing the simulated and measured B@@ins an open question. Furthermore, to

achieve an accurate fit with the TOC data, we rieadnsider the time-evolution of primary

production and dissolved oxygen levels (e.g. T@aranoxic event).
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5. Discussion

5.1 Organic-rich sediment depocentres

The main organic-rich deposits are located in deptyes of the basins. This is particularly wellrsee
in the Paris and South-East basins (Fig. 12, 1&ntb17-f.) in the models. The initial TOC values
exceeds 4% and can reach 6 wt. % over intervate tgns of metres thick. These areas are mainly
composed of shaly-marly to shaly facies with higtimentation rates (around 50 to 70 m.Myr

which are always located several hundreds of km fiftve coastline (from 100 to 300 km).

Therefore, in our modelling, the primary produdihat the sea surface directly above these deposits
is quite low and never higher than 200 g&.yni®, since it decreases as a function of distance from
the coast (Fig. 17-d.). The depocentres also quoresto the deepest part of the basins, with
minimum water depths varying from 150 m for thei®&asin (Fig. 17-b.) to 400 m for the South-
East Basin. Under these conditions, the dissolxgden level can become drastically lowered (e.qg.
South-East Basin) or simply depleted (e.g. Par@mBa&ig. 17-e.). This oxygen depletion is due
solely to bathymetry because the high primary petidily zones are too far away to have a
noticeable effect on oxygen consumption. However Highest TOC values are not found in the area
with optimum sedimentation rate (between 40 anch@@y™), but in areas with lower sedimentation

rate (>40 m My}, Fig. 17-c.) In such environments, the preseovatif organic matter is already
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ensured by oxygen-depleted conditions, thus thel@&dimentation rate results in less dilution of

the TOC signal.

In terms of sequence stratigraphy, these conditoasieveloped during transgressive phases, and

the maximum spatial extent of these deposits ish@d during or at the end of the maximum

flooding tract. These criteria are also reachedhguregressive phases provided there is still a

significant subsidence and sediment accumulatidhardeepest part of the basins.
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Fig. 16. Thickness and TOC distribution of Sinemiand Toarcian source rocks in the Paris
Basin. The Sinemurian organic-rich deposits arated in the same area, while the Toarcian
organic-rich deposits follow the migration of thepwcentres. Very thin layers with high TOC

content are also found in proximal areas in theterspart of the basin.
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In view of these results, it seems that the accatimr of thick organic-rich layers is more closely
related to the transport of shales in the deepsiop the basin. Passey et al. (2010) has desktribe
this type of distribution as a distal parasequancéhe platform ramp. When the carbonate ramp
attains a greater water depth, this leads to mefed accumulation of shales and organic matter.
This setting is therefore more closely related &dewdepth than the development of a
chronostratigraphic sequence. In the model resuésybserve organic-rich depocentres in both
regressive and transgressive phases. However, phases have an effect on the distribution of the
organic-rich deposits: their accumulation is alwagsociated with the onset transgression (when
bathymetry is sufficient to ensure gradation obcauate ramp into basinal facies) and then spreads
during the rest of the transgression as descrigafignall (1991) and R6hl and Schmid-Ra6hl
(2005). But, as the carbonate ramps invade thegaddand, the shaly and organic-rich facies also
shift towards the proximal domain. According to tmain scenarios, sedimentation is a function of
the slope gradient and the size of the basin (wthemselves depend on sediment accumulation and
subsidence): (i) if the slope gradient is steepughothe shales and organic matter continue to be
accumulated on top of the previous depocentre andceen spread toward the proximal part (e.qg.
South-East basin) (Fig. 14) as described by Wigid@®91), (ii) if the slope is gentle in the deepest
part, the organic matter is accumulated directiypratextremity of the carbonate ramp and a smaller
proportion is transported basinwards where it ithier diluted by shales (e.g. Paris Basin) (Fig. 16

and 17). This results in an organic-rich “ring” sumding moderately rich deposits in the core ef th
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basin (Fig. 17). Clearly, the relatively shallowcgmtinental basin setting allows the developmént o
organic-rich deposits, which might not be the dasgther sedimentary basins. This phenomena also
reflects the impact of sedimentation rate: in thgecof the Paris Basin, under fairly well oxygedate
conditions, sedimentation rates higher than 40 rit. Mgrease the preservation of organic matter
due to fast burial and isolation from oxygen. Hoe\f the sedimentation rate exceeds 60 m:*My
even if the preservation is increased, dilutiorl vétiuce the TOC of the sediment (Ibach, 1982;
Zonneveld et al., 2010). This optimal window allosvgood preservation of organic matter in areas
where dissolved oxygen levels remain high. In distxanoxic environments, the preservation is

already ensured and lower sedimentation ratestéelmver dilution at higher TOC (Fig. 17).

Furthermore, a migration of organic-rich sedimeart be observed across the basin. This is clearly
seen in the Paris Basin (Fig. 16), where the Taarhigh-TOC deposits migrate in the same
direction as the depocentre, associated with goeskpvation conditions. In this way, while any
given organic-rich horizon can be followed throaghthe basin, the deposits are diachronous as
already assumed in the literature (e.g. Jenkyak,e2002; Malilliot et al., 2006; Hesselbo et al.,

2007).

5.2 Proximal areas
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Other organic-rich deposits can sometimes be obdarvproximal areas at distances of 10 to 30 km
from the coastline. In such settings, the initi@ld values are around 3 to 6 wt. % and the organic-
rich layers are never more than a few meters tiigkcan be followed for several km parallel to the
shore. These deposits formed in shallow-water enuiients are composed of carbonates and/or
clastics, with sedimentation rates of less 20 m*Myhe water depth can vary from a few to several
tens of meters. Because of the proximity to thesttmee, the sea-surface primary productivity in
these areas is high (from 300 to 400 g&yri*). Even if this high primary productivity leadshigh
consumption of oxygen, the shallow water depthmaalin efficient renewal, and these environments
are fully oxygenated. These depositional envirorisidevelop during transgressive phases, when
the accumulation of thin organic-rich layers isdaked by the topography of the carbonate ramp.
Since the proximal deposits of the ramp are redtitiflat, restricted depressions can form becatise o
differential subsidence or clastic supply. In ttése, even if the level of dissolved oxygen
theoretically leads to the total degradation ofamig matter, the accumulation of sediments is
concentrated in local depressions, especially singanic matter is transported as silt-sized pasic
that are abundant in high primary productivity ateEhe sedimentation rate can locally reach the

optimal windows described above and thus enharmcprfservation of organic matter.

The same process can be observed during regrggsges on confined sills (e.g. modelled Causses
and Poitou sill). Here, the proximity of emergedddeads to high primary productivity (300 to 400
gC.m2yr?) over very large areas. TOC values higher thar. 8can be found because of the high

organic matter content of sediments deposited isrthiheshold. Organic-rich layers can be deposited
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even if the environment is fully oxygenated andwsedimentation rates below the optimal
windows. However, more open thresholds (e.g. meddliresse-Jura area) do not display the same
feature, even in cases where primary productigityigh and sedimentation rates are more
favourable for organic matter preservation. Thdsseovations imply that, under the right conditions,
an extensive sea area (at least 5,000 km?) witrenadel primary productivity can lead to high TOC

rather than localized areas with higher primarydpitivity.

6. Conclusion

This study aims to analyse the processes contgadiiganic matter distribution and heterogeneity
through a numerical quantitative approach applietth¢ Lower Jurassic succession of north-western
Europe. The 3D modelling approach allows us torpoate a large amount of data and test multiple
coupled processes. A high primary productivity &l as factors favouring organic matter
preservation could theoretically create condititovghe development of high organic carbon
contents in sediments. Modelling results and aasediinterpretations allow us to draw several
conclusions concerning the evolution of organicteraand the key factors controlling its distributio

and heterogeneity:

(1) Accumulation of thick organic-rich layers in depotres are correlated with shaly-marly to
shaly facies with high sedimentation rates (arob®do 70 m.Myt') as well as areas with
decreased dissolved oxygen levels due to isolatmaior consumption. These settings are
developed during transgressive phases, and alsmydegressive phases if significant

subsidence and sediment accumulation continudideepest part of the basins.
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(2) During transgression, organic matter are accumdiiateélepocentres on the top of previous
depocentres but can also spread toward the moxapabparts of the basin.

(3) If the slope is gentle, an organic-rich “ring” iscamulated at the break-in-slope of the
carbonate ramp, and a smaller proportion is tramsgdrasinward where it is further diluted
by shales.

(4) Organic-rich carbonate and/or coarse clastic lagdesv meters thick can be followed over
several kilometres parallel to the shore; theserlagan be observed during transgressive
phases or during regressive phases on confineshibice They are related to restricted
depressions linked to differential subsidence andastic supply in the proximal flat part of
the ramp. In this setting, the water depth (frofeva to several tens of meters) and
sedimentation rates (less than 20 miylginder the preservation of organic matter but,
because of the proximity of the coast line, thenary productivity at the sea surface is high.

Several different favourable conditions are higiegl for the accumulation organic-rich deposits.
The main factors leading to thick organic-rich dgfare sedimentation rate (between 40 and 60 m.
My for a good preservation) and basin geometry (daqtoe position). The main factors leading to
restricted and thinner organic-rich deposits irxprmal settings or on thresholds are primary
productivity and the existence of local depressidinese depositional environments for organic-rich
sediments are compatible with many of the concéptoaels currently proposed in the literature

(e.g. Wignall, 1991; R6hl and Schmid-Rdhl, 2005592y and Bohacs 2010).

This study highlights the need for a relative qifemation of the palaeo-environmental conditions
and processes that lead to the widespread accuomutdtorganic matter. For the time interval
studied here, covering 25 Myr during the Early 8si@without any major tectonic event and
without assuming any variation in primary produityivor open ocean oxygen levels, the model

predicts several source rocks and TOC ranging dm20 wt. %.
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Clearly, some of our hypotheses could be challemgedthe approach used to study certain
processes such as organic-matter transport meritef investigation and improvement. Variations
of primary productivity have an impact in the prmal parts of basins and in threshold areas, while

climatic change and other external causes maytage an influence.
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