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Highlights:  

- First 3D process-oriented model of organic matter in Lower Jurassic European basins 

- Influence of paleogeography and slope geometry on the source rock characteristics 

- Organic matter distribution/heterogeneity processes are identified and quantified 

 

 

ABSTRACT 

 

The source rock characteristics (e.g. thickness, lateral extension, richness) are known to be highly 

variable in both time and space. The Lower Jurassic formations of north-western Europe contain 

source rocks with organic-rich intervals showing different characteristics from one region to another: 

the Paris Basin differs from the South-East Basin of France, but organic content and hydrogen index 
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also vary within a single basin. During the Early Jurassic, the overall depositional environment of 

north-western Europe corresponded to an epicontinental domain at the western extremity of the 

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

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

associated sedimentary settings, this domain occupied a key position for the deposition of organic-

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

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

favouring the accumulation of organic-rich layers. However, the roles of these factors remain to be 

assessed and the processes leading to accumulation and preservation need to be quantified.  

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

amount of data to calibrate the 100-kyr time step model in terms of an accurate framework including 

paleogeography, stratigraphy, lithology, palaeontology, mineralogy and geochemistry.  

Results show that favourable conditions for the deposition of organic-rich sediment can occur even 

with moderate primary productivity and without requiring anoxic conditions. These windows are 

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

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

oceanic anoxic events or enhancement of primary production to account for the deposition of 

organic-rich sediments. 
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1. Introduction 

 

Several organic-rich layers were deposited in the north-western European basins during the 

Early Jurassic due to their key position in an epicontinental sea at the north-western tip of the 

Tethys Ocean (e.g. Fleet et al., 1988; Korte and Hesselbo, 2011; Silva et al., 2011) (Fig. 1). 

Since the area was rather flat, the size and geometry of the basins were strongly dependent on 

sea-level variations. While only a few areas remained continuously above sea level, others 

emerged from time to time, leading to temporary isolation of the north-western European seas 

from the open ocean or to the development of thresholds. The European domain was located 

at the western extremity of the domain affected by opening of the Tethys Ocean as well at the 

north-eastern margin of the future Atlantic Ocean between North America and Africa/north-

western Europe. Although this domain was only weakly affected by rifting, some small 

extensional faults are observed bordering the depocentres (Fig.1). The transgressive phase of 

the Lower Jurassic occurred during sedimentation of the organic-rich deposits. Pre-existing 

crustal heterogeneities (related to age of the lithosphere and faulting) induced differential 

responses to the sedimentary loading (Guillocheau et al., 2000).  As a result, the bathymetry, 

connections and thresholds of the European basins evolved rapidly during the transgression, 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 

 

leading to sedimentary settings changes which have favoured the formation of organic-rich 

source rocks.  

 

 

Fig. 1. a. Paleogeography of the western margin of Tethys Ocean during the Early Jurassic 

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

after Thierry et al., 2010). Red and green dots indicate the studied sections and wells. 
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Many studies have been carried out on Toarcian source-rocks in north-west Europe (e.g. Fleet 

et al., 1988; Bessereau et al., 1992), but less research has been focused on the several other 

organic-rich deposits of the Lower Jurassic. In the case of the Paris Basin, where the 

petroleum system is relatively prolific, a synthesis of the well data allows an overview of the 

thicknesses and richness of the three main organic-rich intervals (Bessereau et al., 1995; 

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

 

Fig. 2. Thickness variations of the three main Lower Jurassic source rocks of the Paris Basin. 

The thicknesses are computed from the cumulative thicknesses of intervals with TOC > 1 wt. 

% (modified after Bessereau et al., 1992; Delmas et al., 2002).  
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The spatial and temporal distributions and characteristics such as the Total Organic Content 

(TOC) of these organic-rich source rocks, result from a complex interaction between the 

processes that lead to organic matter accumulation in sediments, i.e.: primary production, 

transport, sedimentation, burial and degradation of organic matter. Previously, these 

processes were studied using specific approaches, by taking into account empirical equations 

or physical laws defined in the literature (e.g. Martin et al., 1987; Betts and Holland, 1991; 

Mann and Zweigel, 2008). Tyson (1996) proposed a theoretical model including all these 

processes (Fig. 3). Opposite models are those which assume that processes associated with 

anoxia lead to organic-rich deposits, and those where primary productivity is the main factor 

explaining high organic matter contents. In these conceptual models, different factors could 

be involved such as the presence of sills (e.g. Pompeckj, 1901; Röhl and Schmid-Röhl, 

2005), basin topography (e.g. Hallam and Bradshaw, 1979; Wignall, 1991; Röhl and Schmid-

Röhl, 2005), variations of sea level and primary productivity (e.g. Wignall, 1991; Röhl and 

Schmid-Röhl, 2005) and oceanic anoxic events (e.g. Schlanger and Jenkyns, 1976). Although 

the conceptual model has been improved over recent decades, highlighting the relationships 

between the processes involved and empirical equations, there have been only few advanced 

numerical modelling studies (e.g. Mann and Zweigel, 2008; Bruneau et al., 2016). Thus, 

despite all the research carried out to date, the history of organic matter deposition processes 
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need to be integrated into a 3D forward model to allow the identification and quantification 

of the key factors responsible for the heterogeneity of organic-rich deposits. 

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

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

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

Brabant Massif, Armorican Massif and Central Massif) (Fig. 1). This case study allows us to 

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

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

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

2009; Granjeon and Joseph, 1999; Granjeon and Wolf, 2007) and its new module, which 

includes the simulation of organic matter contents (Granjeon and Chauveau, 2014; Bruneau 

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

Nouvelles and ENGIE legacy databases containing field and well studies and 

geochemical/mineralogical analyses.  
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Fig. 3. Main processes affecting organic matter history, as simulated in DionisosFlow© 

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

 

The global data set shows that organic-rich deposits are not equally distributed in time. Three 

main periods appear to account for the deposition of about 80% of organic-rich sediments 

giving rise to marine source rocks (end-Devonian, Jurassic and Late Cretaceous). Global 

oceanic anoxic events have been proposed to explain some of these synchronous deposits 

(e.g. Schlanger and Jenkyns, 1976). However, as discussed by these authors (op. cit.), when 

using a higher resolution for the time frame, the source rocks do not appear quite so 

synchronous and other parameters influence the deposition and preservation of organic 

matter. 
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2. Geological setting  

 

2.1 Structural and stratigraphic setting 

 

The hinged position of Europe during the opening of the Tethys and Atlantic oceans led its structural 

development (Fig. 1). Many horsts and grabens define areas of subsiding basins and areas of 

structural highs or emerged lands (Fig. 1) (e.g. Bernoulli and Jenkyns, 1974; Bassoulet and Baudin, 

1994; Dromart et al., 1996). The structural setting induced differential responses to the sedimentary 

loading and the soft extensional tectonic context led to the reactivation of some faults which localize 

the subsidence (e.g. Wilson et al., 1989; Kullberg et al., 2001). Although some lower order cycles are 

defined (e.g. Guillocheau et al., 2000) that are often specific to each basin, two second-order cycles 

can be observed in most of the basins (e.g. Hardenbol et al., 1998; Guillocheau et al., 2000) (Fig. 4). 

The first cycle corresponds to a regressive episode at the end of the Pliensbachian, coming to an end 

at the Pliensbachian - Toarcian boundary. This episode is marked by a non-deposition in the 

proximal parts and limestone deposits in the distal parts of the basins. The transgressive second-order 

cycle following this regressive episode marks the maximum flooding of the Liassic transgression and 

is observable throughout Europe in the lower Toarcian. This surface marks the maximum flooding of 

European platforms and the beginning of the Toarcian anoxic episode (T-OAE) (e.g. Hesselbo et al., 

2007). A further regressive phase recorded by oolitic deposits across Europe marks the end of the 

Early Jurassic.  
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Fig. 4. Lower Jurassic sequence chronostratigraphy and 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 Europe attain high TOC values (up to 25 wt. %), in 

common with other organic-rich deposits observed worldwide. Jenkyns (1988) suggested an episode 

of worldwide anoxic conditions named the Toarcian Anoxic Oceanic Event (T-OAE). Numerous 

studies have provided constraints on the timing of the T-OAE , proposing a duration of around  200 

kyrs to 1 Myrs (Jenkyns, 1988; McArthur et al., 2000; Bailey et al., 2003; Mattioli et al., 2004a; 

Kemp et al., 2005; Boulila et al., 2014) and a synchronous development at the European scale 

according to the biostratigraphy (Mattioli et al., 2004a and 2004b; van Breugel et al., 2006), except 

for the final stages of this event (Baudin, 1989; Jenkyns et al., 2002; Mailliot, 2006; Hesselbo et al., 

2007). However, the T-OAE shows a very particular context: the accumulation of organic-rich 

deposits occurred in epicontinental basins in Europe. Even if the T-OAE is well identified in Europe, 

there is a marked variability and heterogeneity of the organic matter content in sediments from one 

basin to another (Baudin, 1989; Baudin et al., 1990; Bassoulet and Baudin, 1994). Many models 

have led to hypotheses on the local and global factors explaining the T-OAE as well as other more 

localized anoxic events that may have occurred in Europe during the Early Jurassic (e.g. Fleet et al., 

1988). 
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2.3 Biostratigraphy 

 

Many studies establish a detailed biostratigraphic zonation with precise resolution for this time 

interval (e.g. Domergues et al., 2004; Elmi, 2005; Comas-Rengifo et al., 2013; Duarte et al., 2014). 

Hence in this study, chronozone intervals are determined according to the biostratigraphy of the 

International Commission on Stratigraphy and from recent studies or revisions of the 

biochronostratigraphy (see Ogg and Hinnov, 2012) (Fig.5). 
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Fig. 5. Chronostratigraphic chart for the Lower Jurassic series of the north-western European 

basins. The ages given for the top of Ammonite Zones are from Ogg and Hinnov (2012). The 

different names for ammonite biozones in the same time interval refer to different basins. 
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2.4 Sedimentary deposition model 

 

The facies distribution of the Lower Jurassic is influenced by eustatic variations and local fault 

activity. The shallow marine and confined depositional environments with dolomitic limestones and 

evaporites are replaced by carbonate ramp facies which back-step onto emerged lands. At the scale 

of the whole of France, the facies are mainly composed of marl-limestone alternations. In this paper, 

the depositional model is built from our dataset combined with field studies (Fig. 6). The subdivision 

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

 

Fig. 6. Carbonate ramp settings (modified after Burchette and Wright, 1992). Inner Ramp 

corresponds to a very shallow environment with potentially high-energy conditions and subaerial 

emergence. The most representative facies are made up of coarse limestones and dolostones, which 

can be bioclastic or reworked by wave action. Midramp is a transitional shallow environment with 

bioclastic and bioturbated limestone facies. Ramp Slope and Basin are deeper environments below 

fair weather wave base. The marly component increases with 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 to each basin. The organic matter is mainly of marine 

type with some local influence from terrestrial inputs. In general, the organic-rich facies are 

attributed to episodes where marly sedimentation takes place in parallel with a substantial production 

of phytoplankton, in settings favourable for the development of anoxic environments. These deposits 

are often attributed to transgressive periods in the basins. The TOC values and mineralogical 

compositions within the same interval can be very variable (e.g. Espitalié et al., 1987; Hollander et 

al., 1991; Hanzo and Espitalié, 1993; Bessereau et al., 1995; 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 Thickness 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

16 

 

area (wt. %) TOC (wt. %) (m) 
Paris Hettangian 2.5 1 to 4 4 to 15 
Paris  Upper Sinemurian 3 2 to 6 20 to 60 
Paris Lower Pliensbachian 2 0.5 to 4 10 to 30 
Paris Lower Toarcian 5 3 to 7 20 to 70 
Aquitanian Lower Toarcian 1.2 0.5 to 2.8 ? 
Aquitanian Upper Pliensbachian 1 0.5 to 2 5 to 10 
South-East Lower Toarcian 0.2* 0 to 5.5* * 
English Channel Hettangian/Sinemurian 3 1 to 8 5 to 40 
Bresse/Jura Lower Toarcian 1.5 0.7 to 4.8 5 to 20 
Causses Lower Toarcian 2 1 to 12 2 to 10 
 

Table 1. Source rock characteristics of the different basins. The TOC values show strong variations 

from one basin to another and also over time in the same basin. The Liassic succession of the Poitou 

sill is nowadays eroded. * In the South-East Basin, the initial TOC values are not comparable to 

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

 

In the Paris Basin, the lowermost organic-rich level (a few metres thick) in the Hettangian is located 

in the eastern part of the basin and is strongly influenced by terrestrial organic matter inputs with 

strong variations in TOC (from 0 up to 4 wt. %). A thicker interval (up to 60 m) is observed within 

the depocentre in the Upper Sinemurian, with an average TOC of 3 wt. %. The base of the 

Pliensbachian shows a more distinct organic-rich interval attaining a thickness of 30 m in the 

southern part of the basin, with a TOC of up to 4 wt. %. The richest interval is located at the base of 

the Toarcian, in the Schistes Carton Formation that can be observed throughout the basin, reaching a 

thickness of 70 m with TOC values ranging from 3 to 7 wt. %. In the South-East Basin, thermal 

maturation of the Lower Jurassic deposits has led to the expulsion of most of the organic matter 
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present in the source rocks, and the initial TOC is difficult to determine (e.g. Wannesson and 

Bessereau, 1999). However, on the northern edge of the South-East Basin, in the Bresse/Jura area, 

the observations are similar to the eastern part of the Paris Basin. In the Causses area, whose 

connection with the South-East Basin developed during the Early Jurassic and which was less deeply 

buried, the TOC is very variable and, within the Toarcian, it can locally reach 12 wt. % in certain 

intervals several meters thick. In the English Channel Basin, the main organic-rich interval is located 

in the Upper Hettangian – Lower Sinemurian, and may reach a thickness of 40 m. The TOC is very 

variable, with an average value of 4 wt. % and pulses reaching 25 wt. %. In the Aquitaine Basin, two 

organic-rich levels are located at the top of the Sinemurian and at the top of the Pliensbachian, 

showing very variable TOC (from 1 to 5 wt. %) over an interval of around 10 m. Another interval is 

located in the Toarcian in the centre of the basin, yielding 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 1,000×1,000 km extending over the whole of France (Fig. 1), and 

lays particular emphasis on the Lower Jurassic interval from the Lower Hettangian (201.3 Ma) to the 

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

 

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

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

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

than 3000 Rock-Eval and mineralogical analyses). This dataset is built from the compilation of 

numerous studies cited below as well as our own field and laboratory investigations. These data are 

summarized in the geological setting section. They are used in the model for calibration and 

chronostratigraphic, lithological and geochemical control.  

 

3.2 Stratigraphic forward modelling 

 

We use the DionisosFlow© 3D stratigraphic forward modelling software (Granjeon, 1996, 2009; 

Granjeon and Joseph, 1999; Granjeon and Wolf, 2007) to reconstruct the stratigraphic and palaeo-
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geographical evolution of the studied basins during the Early Jurassic. DionisosFlow© simulates the 

evolution of the basin geometry through time, using long-term and large-scale sediment transport 

equations. The results of this simulation allow us to model 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 same period. The sea covers between 60 and 80% 

of the studied area during the Early Jurassic. The modelling starts at 200.9 Ma (Early Hettangian) 

and ends at 174.2 Ma (Late Toarcian), with a time step of 0.1 Ma (Fig. 5). The horizons dated at 

200.9 Ma and 174.2 Ma represent the first and last time markers of the studied interval, respectively, 

and 7 additional horizons are used to constrain the modelling of basin evolution: 199.3 Ma 

(Hettangian-Sinemurian boundary), 195.3 Ma (Middle Sinemurian), 190.8 Ma (Sinemurian-

Pliensbachian boundary), 187.6 Ma (Middle Pliensbachian), 183.5 Ma (Late Pliensbachian), 182.7 

Ma (Pliensbachian-Toarcian boundary), and 176.2 Ma (Middle Toarcian). Bathymetry and thickness 

maps of these horizons are used to compute the accommodation space, to estimate sediment 

production and construct the general geometry of the study area. The nine bathymetric maps (Fig. 7) 

are created and extrapolated from palaeo-environmental maps and the estimated water depth of each 

specific facies association (Thierry, 2010; Thierry and Barrier, 2010; Enay and Mangold, 1980). The 

nine thickness maps (Fig. 8) are created and extrapolated from subsurface data.  
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Fig. 7. Paleo-bathymetric maps of the Lower Jurassic.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

21 

 

 

 

Fig. 8. Sediment thickness maps of the Lower Jurassic. 

 

Using a backstripping methodology applied to bathymetries and thicknesses, these data allow us to 

compute the available accommodation. In this way, we are able to perform simulations of sediment 

production and diffusion. Backstripping is generally used to estimate tectonic subsidence by 

accounting for and removing the effects of other causes of subsidence, such as loading due to the 

sedimentary column. Here, we compute the evolution of accommodation space (Eustasy + tectonic 

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

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

(3) Accommodation[t] = Accommodation [t-1] + DeltaAccommodation [t] 

were the thickness is corrected of the compaction effect. Sediment was assumed to be composed of 

three main sediment classes: sand, shale and limestone/dolostone. Compaction of each class was 

defined using porosity (Φ) vs. burial depth curve (z), as described in the Figure 9 for parameters of 

each lithology. 

 

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

facies.   
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3.2.2 Sediment production and diffusion 

 

The sediments simulated in DionisosFlow© models are defined as a function of production and 

diffusion processes. Sediments are divided into in six classes for this study:  

1) Fine carbonate: associated with pelagic biogenic deposits formed by primary producers in very-

low-energy environments, composed of mud-supported carbonate with wackestone to mudstone 

textures. This sediment can be found in the low-energy basin facies; 2) Bioclastic carbonate: 

associated mainly with pelagic biogenic deposits but also with bioclasts, composed of mud-

supported carbonates with wackestone to packstone textures. It can be found in all the facies of the 

ramp but mainly in the ramp-slope facies; 3) Shallow carbonate/dolostone: associated mainly with 

dolomite but also oolites, bioclasts, bivalves and other producer organisms in high-energy 

environments, composed of grain-supported carbonates with packstone to grainstone textures mainly 

corresponding to the inner to mid-ramp facies; 4) Shale: associated with fine clastic components of 

sediments associated with low-energy conditions of the basin facies; 5) Sand: associated with 

medium to coarse clastic component; 6) Evaporite: associated with evaporitic deposits located in 

confined environments. 

These sediments have different transport properties based on the coupling of slow downslope linear 

diffusion and fast fluvial nonlinear water-driven diffusion, which allows the simulation of sediment 

movement at the kilometre scale and over long time spans (e.g. Rabineau et al., 2005; Alzaga-Ruiz et 

al., 2009). The sediments are assumed to be composed of a given number of grain-size fractions. The 
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mass conservation equation is applied to each grain-size fraction. Diffusive coefficients are 

discriminated according to grain size (e.g. fine-grained fractions such as shale are transported more 

easily because of the greater degree of sediment suspension). 

The diffusion coefficients, Ks and Kw (Table 2), were defined using a simple geometrical rule 

assuming that sediment transport is ruled by a linear slope-driven and, for clastic inputs, a nonlinear 

water-driven diffusion law (n = 1.5): 

�� = 	� × �� + � × �	

 × �� 

where Qs is the volume sediment flux (km2.kyrs-1), S the slope gradient, Qw the dimensionless water 

flow.  

 

 
Fine 

carbonate 
Bioclastic 
carbonate 

Shallow 
carbo/dolostone 

Shale Sand Evaporite 

Marine Ks 
(km².kyrs-1) 

0.075 0.1 0.05 0.5 0.05 0.1 

Marine Kw 
(km².kyrs-1) 

   1000 200  

 

Table 2. Diffusion coefficients for the different sediments. 

 

3.2.3 Facies and thickness calibration 

 

Trial and error simulations are used to determine sediment production and to reproduce the 

thicknesses and facies observed in well and field data. Simulated Facies are defined for each cell of 

the model according to the bathymetry and percentage abundance of each simulated sediment type 
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(Table. 3), and the simulated facies are compared against the observed facies. Figure 10 presents the 

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

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

 

 Shoreface Inner 
Ramp 

Mid- 
Ramp 

Ramp 
Slope 

Basin Subsiding 
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 
carbonate 

0-30 0-30 0-30 0-30 0-60 0-30 

Shallow 
carbo-dolo 

0-30 30-100 0-30 0-30   

Bioclastic 
carbonate 

0-50 0-30 30-100 0-30   

Evaporite 0-50 0-50 0-30    
 

Table 3. Sediment composition of the simulated facies (%). 
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Fig. 10. Sediment production evolution function of time and bathymetry. 

 

3.3 Organic matter modelling 

 

The stratigraphic forward modelling approach provides most of the parameters required for organic 

matter simulation (e.g. water depth, basin morphology, sedimentation rate). New parameters are 
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added into our best fit-model to simulate all the processes needed for organic matter modelling 

(Granjeon and Chauveau, 2014; Bruneau et al., 2016): primary productivity, carbon flux, organic 

matter transport, dissolved oxygen level and burial efficiency (which corresponds to degradation 

within the topmost metre of burial). All these processes and their parameters are based on empirical 

equations or observations summarized in Granjeon and Chauveau (2014) and in Bruneau et al. 

(2016).  

 

Primary productivity  

We define the sea-surface primary productivity near the shore as remaining constant with time at a 

value of 400 gC.m-2.yr-1, and a seaward stepwise decrease of 100 gC.m-2.yr-1 is imposed every 50 km 

with a minimum value of 200 gC.m-2.yr-1. This seaward decrease is representative of long time scales 

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

 

Carbon Flux 

After primary production, the organic particles sink to the seafloor (carbon flux; e.g. Martin et al., 

1987; Berger et al., 1989; Honjo et al., 2008). The exported production (CF) reaching the sea-floor 

interface is determined using the Martin equation (Martin et al., 1987) (i.e. an exponential decrease 

with water depth): 

�
 = 0.409���.��(
�

100
)�
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where CF is the exported organic flux (gC.m-2.yr-1), PP is the primary productivity (gC.m-2.yr-1), z 

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

 

Organic matter transport  

Once the organic remaining matter reaches the seafloor in the form of flocs, it is eventually 

transported. The diffusion coefficient of silt is used to mimic the transport regime of flocs at 

the sediment/water interface (Schieber et al., 2007). In our model, diffusion coefficients of 

flocs (organo-mineral aggregates) are: 

Marine Ks = 0.02 km².kyrs-1 

Marine Kw = 500 km².kyrs-1 

 

Oxygen level 

In DionisosFlow© Organic-Rich Sediment, a mass balance equation between oxygen renewal 

and oxygen consumption allows us to determine the relative oxygen depletion based on the 

studies of Mann and Zweigel (2008). This depletion is currently estimated without 

considering any water current so it is merely 1D (vertical): 

����(�)

��
= ��(�) × �� !" − $� × ���(�) 

where Oxz is the oxygen level at sea-floor (expressed in nondimensional units, with values 

varying from 0 for fully anoxic environment to 1 for fully oxic environment), Az(z) is the 

mixing rate coefficient, OxREF the reference oxygen level and Dz(z) the oxygen consumption 
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linked to organic matter degradation by organism. In our model, the mixing rate is constant in 

time and space and the dissolved oxygen level is therefore dependant only on bathymetry and 

primary productivity. 

 

Burial efficiency  

The amount of organic matter preserved after the first few metres of burial (i.e. during early 

diagenesis) is called burial efficiency; this parameter is mainly controlled by the 

sedimentation rate (Betts and Holland, 1991) and local oxygen level/redox conditions (Tyson, 

1995) according to the equation: 

��%&'

��
= −(�%&'
 → �

��%&'

��
= −(�%&'
 

where Corg is the quantity of available organic Carbone, k the degradation coefficient (itself 

function of the burial depth into the sediment, k = k0 e
-z/z0) and S the sedimentation rate. 

Modelling of these processes allows us to compute a theoretical 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 determined with the amount of preserved organic 

matter diluted depending on the sedimentation rate. It corresponds to an initial TOC after the first 

few metres of burial of the marine organic matter fraction. Bruneau et al. (2016) provided detailed 

sensitivity analyses of this initial TOC distribution with several sets of parameters for the processes 
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described before. In the rest of the study, “simulated TOC” refer to TOC obtained by modelling. This 

TOC is calculated as an average value by cell (10×10 km) and by time step (100 kyrs). This 

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

However, the equations described in this section, are proper to large time and space scales, and the 

simulation of the processes governing organic matter distribution is relevant. 

 

 

4. Results 

 

4.1 Best fit-model 

 

Following the above detailed methodology, the 3D model is computed for the basins studied here 

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

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

observed thicknesses and facies. The simulated facies, which are used to compare observed facies, 

are defined for each cell of the model according to the percentage of each simulated sediment. The 

average sediment thickness error between simulation and real thickness is usually less than 10% 

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

simulated facies variations match with interpreted data from field studies and the literature. Only few 

cells show discrepancies linked to the difficulty in precisely reproducing the lateral facies changes. 
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In such cases, cells with appropriate facies can be found within a maximum radius of 2 cells (10 km) 

from the calibration point.  

In detail, some local discrepancies remain concerning the modelled thickness and facies compared 

with the present-day situation, since changes of thickness due to post-depositional deformation are 

not taken into account (except for effects due to compaction). In the eastern part of the South-East 

Basin, the discrepancy reaches 10 % due to deformation of the Cretaceous-Cenozoic Alpine orogenic 

phase. Other minor differences in thickness may be due to the difficulty of assigning production 

values for each sedimentary facies in all the basins. In spite of this complexity, the facies and 

thicknesses computed from the 3D model are in agreement with all the major geological features 

observed in the basins.  
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Fig. 11. 3D block of the best-fit model of the depositional environments for the end of the 

Sinemurian, calibrated using facies distribution and thickness. 

 

4.2 Global organic matter distribution and content 

 

Despite constant boundary conditions in terms of primary productivity and dissolved oxygen 

variation, the simulated TOC shows a broad range of values (from 0 to 20 wt. %). Areas with high 

TOC content (source rock) can be simulated using internal factors alone (e.g. basin morphology, 

bathymetry and sedimentation rate) without involving external factors (e.g. oceanic anoxic events, 
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upwelling). TOC maps show organic-rich areas that are relatively limited in space even during the 

Toarcian. These areas are most often located in the depocentres and less frequently in the proximal 

areas of the basins.  

Our results cannot be compared against data from areas that are nowadays eroded or highly 

deformed (e.g. current rim of the Paris Basin, eastern part of the South-East Basin, Bresse-Jura and 

Poitou threshold). However, despite the constant primary production and the absence of any 

variations of dissolved oxygen level linked to other factors such as primary productivity or 

bathymetry, the distribution of organic-rich sediments given by our model fits with available data. To 

highlight the reliability of the model, we present close-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 in current structural position and at the end of the 

Toarcian (modified after Gély and Hanot, 2014). b. Simulated thickness and initial TOC distribution.  
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Fig. 13. a. Cross-section of the South-East Basin in current structural position and at the end of the 

Toarcian (modified after Benedicto et al., 1996). b. Simulated thickness and initial TOC distribution. 

Black line: current position of the Lower Jurassic, but abrupt changes corresponding mainly to post-

depositional faults are not modelled here. 
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Fig. 14. a. Simulated initial TOC distribution of the north-eastern sector of the Paris Basin at the 

end of the Early Toarcian. b. Comparison between simulated initial TOC and measured TOC. 

Discrepancies are mainly due to the input of terrestrial organic matter in the lower part of the well 

section, which enhances the TOC value but which is not simulated in our model. 
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Fig. 15. a. Simulated initial TOC distribution of the South-East basin at the end of the Early 

Toarcian. b. Comparison between simulated initial TOC, measured TOC and initial TOC calculated 

with Jarvie et al. (2007) computation (TOC0). 
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Nonetheless, we can note a misfit between the simulated TOC and the well data. The first difference 

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

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

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

20 wt. % as against 5 wt. % in wells. The burial and maturation history leads to expulsion of a large 

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

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

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

from a few cm to more than 10 m depending on the sedimentation rate. Hence, higher frequency 

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

performed using the trends and average measured values of each interval (the TOC curve is derived 

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

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

scale in comparing the simulated and measured TOC remains an open question. Furthermore, to 

achieve an accurate fit with the TOC data, we need to consider the time-evolution of primary 

production and dissolved oxygen levels (e.g. Toarcian anoxic event). 
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5. Discussion 

 

5.1 Organic-rich sediment depocentres 

 

The main organic-rich deposits are located in depocentres of the basins. This is particularly well seen 

in the Paris and South-East basins (Fig. 12, 13, 16 and 17-f.) in the models. The initial TOC values 

exceeds 4% and can reach 6 wt. % over intervals up to tens of metres thick. These areas are mainly 

composed of shaly-marly to shaly facies with high sedimentation rates (around 50 to 70 m.Myr-1), 

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

Therefore, in our modelling, the primary productivity at the sea surface directly above these deposits 

is quite low and never higher than 200 gC.m-2.yr-1, since it decreases as a function of distance from 

the coast (Fig. 17-d.). The depocentres also correspond to the deepest part of the basins, with 

minimum water depths varying from 150 m for the Paris Basin (Fig. 17-b.) to 400 m for the South-

East Basin. Under these conditions, the dissolved oxygen level can become drastically lowered (e.g. 

South-East Basin) or simply depleted (e.g. Paris Basin, Fig. 17-e.). This oxygen depletion is due 

solely to bathymetry because the high primary productivity zones are too far away to have a 

noticeable effect on oxygen consumption. However, the highest TOC values are not found in the area 

with optimum sedimentation rate (between 40 and 60 m.My-1), but in areas with lower sedimentation 

rate (>40 m My-1, Fig. 17-c.)  In such environments, the preservation of organic matter is already 
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ensured by oxygen-depleted conditions, thus the lower sedimentation rate results in less dilution of 

the TOC signal. 

In terms of sequence stratigraphy, these conditions are developed during transgressive phases, and 

the maximum spatial extent of these deposits is reached during or at the end of the maximum 

flooding tract. These criteria are also reached during regressive phases provided there is still a 

significant subsidence and sediment accumulation in the deepest part of the basins.  
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Fig. 16. Thickness and TOC distribution of Sinemurian and Toarcian source rocks in the Paris 

Basin. The Sinemurian organic-rich deposits are located in the same area, while the Toarcian 

organic-rich deposits follow the migration of the depocentres. Very thin layers with high TOC 

content are also found in proximal areas in the western part of the basin. 
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Fig. 17. Modelling results for a time slice in the Late Sinemurian. Facies TOC0 map after Espitalié et 

al., 1987). 
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In view of these results, it seems that the accumulation of thick organic-rich layers is more closely 

related to the transport of shales in the deepest part of the basin. Passey et al. (2010) has described 

this type of distribution as a distal parasequence on the platform ramp. When the carbonate ramp 

attains a greater water depth, this leads to preferential accumulation of shales and organic matter. 

This setting is therefore more closely related to water depth than the development of a 

chronostratigraphic sequence. In the model results, we observe organic-rich depocentres in both 

regressive and transgressive phases. However, these phases have an effect on the distribution of the 

organic-rich deposits: their accumulation is always associated with the onset transgression (when 

bathymetry is sufficient to ensure gradation of carbonate ramp into basinal facies) and then spreads 

during the rest of the transgression as described by Wignall (1991) and Röhl and Schmid-Röhl 

(2005). But, as the carbonate ramps invade the emerged land, the shaly and organic-rich facies also 

shift towards the proximal domain. According to two main scenarios, sedimentation is a function of 

the slope gradient and the size of the basin (which themselves depend on sediment accumulation and 

subsidence): (i) if the slope gradient is steep enough, the shales and organic matter continue to be 

accumulated on top of the previous depocentre and can even spread toward the proximal part (e.g. 

South-East basin) (Fig. 14) as described by Wignall (1991), (ii) if the slope is gentle in the deepest 

part, the organic matter is accumulated directly at the extremity of the carbonate ramp and a smaller 

proportion is transported basinwards where it is further diluted by shales (e.g. Paris Basin) (Fig. 16 

and 17). This results in an organic-rich “ring” surrounding moderately rich deposits in the core of the 
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basin (Fig. 17). Clearly, the relatively shallow epicontinental basin setting allows the development of 

organic-rich deposits, which might not be the case in other sedimentary basins. This phenomena also 

reflects the impact of sedimentation rate: in the case of the Paris Basin, under fairly well oxygenated 

conditions, sedimentation rates higher than 40 m.My-1 increase the preservation of organic matter 

due to fast burial and isolation from oxygen. However, if the sedimentation rate exceeds 60 m. My-1, 

even if the preservation is increased, dilution will reduce the TOC of the sediment (Ibach, 1982; 

Zonneveld et al., 2010). This optimal window allows a good preservation of organic matter in areas 

where dissolved oxygen levels remain high. In dysoxic to anoxic environments, the preservation is 

already ensured and lower sedimentation rates lead to lower dilution at higher TOC (Fig. 17).  

Furthermore, a migration of organic-rich sediment can be observed across the basin. This is clearly 

seen in the Paris Basin (Fig. 16), where the Toarcian high-TOC deposits migrate in the same 

direction as the depocentre, associated with good preservation conditions. In this way, while any 

given  organic-rich horizon can be followed throughout the basin, the deposits are diachronous as 

already assumed in the literature (e.g. Jenkyns et al., 2002; Mailliot et al., 2006; Hesselbo et al., 

2007). 

 

5.2 Proximal areas 
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Other organic-rich deposits can sometimes be observed in proximal areas at distances of 10 to 30 km 

from the coastline. In such settings, the initial TOC values are around 3 to 6 wt. % and the organic-

rich layers are never more than a few meters thick, but can be followed for several km parallel to the 

shore. These deposits formed in shallow-water environments are composed of carbonates and/or 

clastics, with sedimentation rates of less 20 m.My-1. The water depth can vary from a few to several 

tens of meters. Because of the proximity to the coastline, the sea-surface primary productivity in 

these areas is high (from 300 to 400 gC.m-2.yr-1). Even if this high primary productivity leads to high 

consumption of oxygen, the shallow water depths allow an efficient renewal, and these environments 

are fully oxygenated. These depositional environments develop during transgressive phases, when 

the accumulation of thin organic-rich layers is favoured by the topography of the carbonate ramp. 

Since the proximal deposits of the ramp are relatively flat, restricted depressions can form because of 

differential subsidence or clastic supply. In this case, even if the level of dissolved oxygen 

theoretically leads to the total degradation of organic matter, the accumulation of sediments is 

concentrated in local depressions, especially since organic matter is transported as silt-sized particles 

that are abundant in high primary productivity areas. The sedimentation rate can locally reach the 

optimal windows described above and thus enhance the preservation of organic matter.  

The same process can be observed during regressive phases on confined sills (e.g. modelled Causses 

and Poitou sill). Here, the proximity of emerged land leads to high primary productivity (300 to 400 

gC.m-2.yr-1) over very large areas. TOC values higher than 5 wt. % can be found because of the high 

organic matter content of sediments deposited on this threshold. Organic-rich layers can be deposited 
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even if the environment is fully oxygenated and with sedimentation rates below the optimal 

windows. However, more open thresholds (e.g. modelled Bresse-Jura area) do not display the same 

feature, even in cases where primary productivity is high and sedimentation rates are more 

favourable for organic matter preservation. These observations imply that, under the right conditions, 

an extensive sea area (at least 5,000 km²) with moderate primary productivity can lead to high TOC 

rather than localized areas with higher primary productivity. 

 

6. Conclusion 

 

This study aims to analyse the processes controlling organic matter distribution and heterogeneity 

through a numerical quantitative approach applied to the Lower Jurassic succession of north-western 

Europe. The 3D modelling approach allows us to incorporate a large amount of data and test multiple 

coupled processes. A high primary productivity as well as factors favouring organic matter 

preservation could theoretically create conditions for the development of high organic carbon 

contents in sediments. Modelling results and associated interpretations allow us to draw several 

conclusions concerning the evolution of organic matter and the key factors controlling its distribution 

and heterogeneity:  

(1) Accumulation of thick organic-rich layers in depocentres are correlated with shaly-marly to 

shaly facies with high sedimentation rates (around 50 to 70 m.Myr-1) as well as areas with 

decreased dissolved oxygen levels due to isolation and/or consumption. These settings are 

developed during transgressive phases, and also during regressive phases if significant 

subsidence and sediment accumulation continues in the deepest part of the basins.  
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(2) During transgression, organic matter are accumulated in depocentres on the top of previous 

depocentres but can also spread toward the more proximal parts of the basin.  

(3) If the slope is gentle, an organic-rich “ring” is accumulated at the break-in-slope of the 

carbonate ramp, and a smaller proportion is transported basinward where it is further diluted 

by shales. 

(4) Organic-rich carbonate and/or coarse clastic layers a few meters thick can be followed over 

several kilometres parallel to the shore; these layers can be observed during transgressive 

phases or during regressive phases on confined threshold. They are related to restricted 

depressions linked to differential subsidence and/or clastic supply in the proximal flat part of 

the ramp. In this setting, the water depth (from a few to several tens of meters) and 

sedimentation rates (less than 20 m.My-1) hinder the preservation of organic matter but, 

because of the proximity of the coast line, the primary productivity at the sea surface is high. 

Several different favourable conditions are highlighted for the accumulation organic-rich deposits. 

The main factors leading to thick organic-rich deposits are sedimentation rate (between 40 and 60 m. 

My-1 for a good preservation) and basin geometry (depocentre position). The main factors leading to 

restricted and thinner organic-rich deposits in proximal settings or on thresholds are primary 

productivity and the existence of local depressions. These depositional environments for organic-rich 

sediments are compatible with many of the conceptual models currently proposed in the literature 

(e.g. Wignall, 1991; Röhl and Schmid-Röhl, 2005; Passey and Bohacs 2010).  

This study highlights the need for a relative quantification of the palaeo-environmental conditions 

and processes that lead to the widespread accumulation of organic matter. For the time interval 

studied here, covering 25 Myr during the Early Jurassic without any major tectonic event and 

without assuming any variation in primary productivity or open ocean oxygen levels, the model 

predicts several source rocks and TOC ranging from 0 to 20 wt. %.  
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Clearly, some of our hypotheses could be challenged and the approach used to study certain 

processes such as organic-matter transport merits further investigation and improvement. Variations 

of primary productivity have an impact in the proximal parts of basins and in threshold areas, while 

climatic change and other external causes may also have an influence. 
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