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Abstract

The thermal evolution of the Paris Basin (PB) has been widely studied using 1D, 2D and, more rarely,
3D thermal models. It is well documented that the PB experienced higher temperatures in the past
compared to what is currently observed. However, a quantitative analysis of the main processes and
parameters that affect the temperature distribution, at the basin scale and over time, is still not
available. In this study, through basin modeling which accounts for the main processes of the thermal
evolution of sedimentary basins, we analyze and quantify the role of the different geological
mechanisms by discriminating the causes of abnormal temperatures during the Late Mesozoic. This is
done with a 3D basin model built from base Moho to present-day topography using the TemisFlow®
basin modelling software. The model includes thermal processes within an evolving upper crust
defined by three main structural domains. Each crustal sector presents radiogenic heat production,
conductivity and thickness values which are used as input parameters to reproduce the paleo- and
present-day basal heat flow variations observed in the basin. The model calculates heat flow through
time in both, crust and sedimentary column where the crust is coupled with the geological evolution of
the basin. This approach allows estimating the eroded thickness during the main Tertiary uplift event
and therefore the maximum temperature in the Late Cretaceous. The model is constrained by different

types of paleo-thermo-chronometers and by 52 wells that are regionally distributed over the entire
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basin, resulting in a new regional thermal history of the PB. The amount of missing section in the
Cretaceous chalk which mainly affected the eastern part of the basin is increased by up to 500m
compared with previous studies and constitutes the key controlling factor of the temperature evolution.
This new regional thermal history of the Paris Basin may be important for further analysis of the HC
generation from the Lower Jurassic Toarcian source-rock and bring new insights into the geothermal

potential of the basin.

1. Introduction

The Paris Basin has been widely studied over the past decades for its petroleum potential [Tissot, et al.
1987; Wendebourg and Lamiraux 2002; Delmas et al., 2002] and for geothermal energy studies [Lopez et
al. 2010; Réveillére et al. 2013; Boissavy and Griere 2014]. Understanding its present-day and paleo-
temperatures is crucial to assess both the location of sweet-spots of maturity and its hydrothermal potential.
Many evidences indicate that the basin experienced much higher temperatures in the past than today
[Guilhaumou and Gaulier 1991; Guilhaumou 1993; Demars and Pagel 1994; Gaulier and Burrus 1994;
Uriarte 1997; Gongalves et al. 2004, 2010]. Most of the previous studies tried to integrate various kinds of
paleo-thermometers to constrain as much as possible the thermal evolution during the Cretaceous, but the
basin thermal history remains uncertain. Demars and Pagel [1994] investigated paleo-temperatures from
fluid inclusions from 4 boreholes located in the centre of the basin. Their results highlighted a difference of
more than 40°C between the present-day and the past. Based on homogenization temperatures, they
reached the conclusion that both an important burial and a major erosion event affected the basin during the
late Cretaceous time. However, they did not estimate the amount of the eroded thickness. Uriarte [1997]
and later Blaise et al. [2014] integrated a whole set of thermal indicators (fluid inclusions, apatite fission
tracks, clay diagenesis, biomarkers) to more accurately estimate past temperatures and analyze the possible
effect of the Cretaceous chalk sediments (eroded thickness and thermal conductivity) and of the thermal
boundaries (surface temperature and basal heat flow). However, their studies were limited to 1D models
which are difficult to apply at basin scale. Gaulier and Burrus [1994], with 2D models, and Gongalves et al.

[2004, 2010], with a 3D model, discussed basin scale mechanisms and proposed a regional estimation of



52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

eroded chalk thickness. They concluded that an effort should be dedicated to better constrain these
estimates. In fact they used constant basal heat flow (in time) as bottom boundary condition which does
consider neither the thermal evolution of the basin (like the effects of sedimentation and erosion on the
basal heat flow) nor the regional geological differences within the PB (thermal subsidence, variation of
basement properties, crustal and mantle depth variations). Le Solleuz et al. [2004] and Bonté et al. [2010]
worked on the lithospheric part of the basin to better estimate its basal heat flow and make the link with the
sedimentary overburden. However, none of their work aimed at estimating thermal history as they are
focused either on the geometrical reconstruction of the crust or on the temperature distribution at present-
day only [Bonté et al. 2010]. Despite of all these studies, major uncertainties remain about the maximum
temperature reached by the sediments and the temperature evolution over time. What is lacking is a
comprehensive study that integrates the full set of thermal data in a 3D geological model that accounts for
the thermal mechanisms in both sediments and basement and reconstructs the past thermal regime of the

Paris Basin which in turn can be used for petroleum and geothermal applications.

In our study, a 3D numerical model of the Paris Basin is constructed that accounts for the history of
sediment deposition and erosion, of basal heat flow, of surface temperature and of thermal properties of the
sedimentary fill. Basement lithology is characterized by lateral compositional heterogeneities [Autran et al.
1986; Martelet et al. 2013] which can impact the thermal state of a basin [Welte et al. 1997; Allen and
Allen 2013; Dembicki 2016; Souche et al. 2017] and therefore we also included in the model an underlying
lithosphere which consists of upper crust, lower crust and upper mantle and whose base is given by the
Lithosphere-Asthenosphere Boundary (LAB). Basal heat flow through time depends on the geometry of the
lithosphere including any radiogenic heat production from the upper crust and on the transient effects of
deposition, compaction or erosion of overlying sediments. Lithosphere geometry is assumed to be constant
in time and therefore heat flow varies during geological times mainly as a function of (1) thermal
conductivity of sediments which itself depends on facies heterogeneities, porosity and temperature, and of
(2) sedimentation and erosion rates. By coupling a lithospheric model with sedimentation, the total amount
of eroded thickness during the Cretaceous and the thermal evolution of the basin through time is better

estimated while also calibrated to different published thermal data [Gable 1978, 1979, 1988, 1989; Gable et
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al. 1982; Guilhaumou 1993; Uriarte 1997; Mangenot et al. 2017, 2018]. The present-day thermal state is
calibrated using temperature data [Gable 1978, 1979, 1988, 1989, Gable et al. 1982] from 52 wells
regionally distributed in the basin. The paleo-thermal regime is calibrated integrating different kinds of
paleo-thermometers, such as vitrinite reflectance [Uriarte 1997], fluid inclusions [Guilhaumou 1993] and
temperature from clumped isotopes [Mangenot et al. 2017; 2018]. This reduces uncertainties related to any
single data type such as vitrinite reflectance which measures the maturity at the highest temperature to
which the rock was exposed [Jones and Edison 1979; Oberlin et al., 1980]. Surface temperature variations
through time [van Hinsbergen et al. 2015] are applied as top boundary condition of our model. Since
groundwater flow at regional scale may induce a heating or a cooling of the system [Allen and Allen 2013;
Dentzer et al., 2016] we also analyzed the impact of the fluid circulation which could play an important
role in the temperature distribution [Dembicki 2016].

Along with the geological information of the sedimentary history of the Paris Basin and a full description
of the lithosphere from the LAB to the top basement, we used different types of paleo-thermometers and
obtained a well constrained 3D model of the thermal evolution of the Paris Basin which allows us to

discuss and quantify the impact of the different mechanisms controlling the thermal evolution of the basin.

2. Geological setting

2.1. Geodynamic evolution

The Paris Basin is a Meso-Cenozoic intracontinental sedimentary basin that is characterized at the surface
by a pattern of concentric sediment outcrops [Megnien 1980; Brunet and Le Pichon 1982; Curnelle and
Dubois 1986; Delmas et al. 2002; Beccaletto et al. 2011; Teles et al. 2014] (Fig.1). The Meso-Cenozoic
section reaches a maximum thickness of 3 km in the central part of the basin. The basin is bounded by four
crystalline massifs (Fig.1), corresponding to the outcropping basement: the Ardennes (NE), the VVosges (E),
the Massif Central (S) and the Armorican Massif (W) [Guillocheau et al., 2000 Delmas et al. 2002;
Beccaletto et al. 2011; Teles et al. 2014]. During the Paleozoic, the area was affected mainly by the
Caledonian and Hercynian orogenies. During a post-orogenic rifting event, caused by the Hercynian

massive collapse, strong fault activity led to a rapid subsidence in some specific regions (e.g. Saar-Lorraine
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basin and Contres-Brecy basin). These small and deep Permo-Caboniferous basins were filled-in with
continental coal-bearing sediments [Perrodon and Zabek 1990; Delmas et al. 2002]. This phase strongly
impacted the basement structure [Autran et al. 1980] resulting in a complex structure of the upper crust
heritage of different Variscan domains [Guillocheau et al. 2015]: the central-Armorican zone and
Cadomian block in the western part, the Liguro-Arverne and Morvan-Vosges domains in the south-eastern
area (or internal domain), the Saxo-Thuringian zone in the west and in the central part of the basin and the
Rheno-Hercynian zone in the northern part [Beccaletto et al. 2011] (Fig. 1). The lateral contact between the
different basement domains results in a variable basal heat flow which is higher in the south-western part of
the basin compared to the north-eastern area. The Hercynian collapse also led to the creation of major
faults: the northwest-east Bray-Vittel fault, the northwest-south Seine-Sennely fault, the north-south Saint
Martin de Bossenay and the northeast-southwest Metz fault [Perrodon and Zabek 1990; Delmas et al.
2002]. These faults are the lateral boundaries of the crustal domains (Fig.1) that affect the sedimentary
filling of the basin up to the present day.

After the Permian phase, the basin experienced several episodes of thermal subsidence acceleration-
deceleration during the early Triassic [Prijac et al. 2000] due to major geodynamic events linked to the
western European plate movements, such as the opening and closing of the Tethys sea and the opening of
the Atlantic Ocean [Brunet and Le Pichon 1982; Guillocheau 1991; Loup and Wildi 1994; Prijac et al.
2000]. These events were recorded in the Mesozoic sediments with several transgression-regression cycles,
detailed in Guillocheau et al. [2015], resulting in a slightly asymmetric geometry of the basin due to
different erosion events which affected mainly the eastern edge during the Meso-Cenozoic period
[Perrodon, and Zabek 1990] (Fig.1).

The sedimentary cover described in our model includes the entire section from the Permo-Carboniferous to
the Neogene, since the sedimentary infill plays a crucial role on the heat flow distribution in the basin. The
model does not account for the Paleozoic rifting phase as the interest of this study is more related to the

thermal evolution of the basin during Mesozoic and Cenozoic times.

2.2. Lithostratigraphic evolution
During its early stages the Paris Basin constituted the western border of the German Basin, characterized

by deposition of sediments prograding from east to west [Megnien 1980; Ziegler 1980; Perrodon, and

5
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Zabek, 1990]. The three fundamental Triassic units consist of different types of deposits. The
Buntsandstein sandstones and conglomerates are typical of alluvial plain deposits. The Muschelkalk
formation marked the transition to an open sea environment with the deposition of marls, carbonates and
evaporitic sediments. The Keuper formation mainly consists of sandstone with black shale intercalations
deposited during a regressive trend which marked the transition from littoral facies to coastal/alluvial plain
sediments [Guillocheau et al. 2015].

During the Lower Jurassic, the Paris Basin experienced an increase in its subsidence rate, evolving into a
more extensive basin. From this time the sedimentation was characterized by deposition of marls and
organic matter rich-shales representing the three main source rocks of the basin: the
Hettangian/Sinemurian, the Pliensbachian and the Toarcian (Schistes Carton Formation) [Guillocheau et al.
2015]. The beginning of the Dogger marked the transition to a carbonate platform environment [Purser
1975; Curnelle and Dubois 1986] with episodes of drowning indicated by clay-rich deposits. The basin was
characterized by regressive sequences until the Middle Oxfordian and the depositional environment
gradually returned to carbonate sedimentation. During the Tithonian, the Paris Basin underwent a first
important regression period of accommodation space removal followed by detrital deposition during early
Cretaceous. From the Aptian time, an eustatic sea-level rise led to the accumulation of a thick chalk layer
in the entire basin. The boundary between the Mesozoic and Cenozoic is marked by the Laramide erosional
event. The exact eroded thickness of the chalk deposit is not clear but previous modelling results [Uriarte
1997; Gongalves et al. 2010], constrained by geochemical datasets [Demars and Pagel 1994; Uriarte 1997],
suggested that more than 300 meters were eroded in the central part of the basin and more than 500 meters
were eroded in the edges of the basin. Since this time, the basin has been under exposure and erosion with
the subsequent exhumation of the underlying sediments [Ziegler 1988; Blaise et al. 2014]. Considering that
erosion events are particularly important in the thermal evolution of this basin, this point will be

specifically addressed and discussed in the results and discussion sections.
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3. Data set

3.1. Temperature data

Temperature data from 52 wells are available in BRGM (Bureau de Recherches Géologiques et Miniéres)
and IFPEN (IFP Energies nouvelles) reports [Gable 1978 , 1988, 1989 ; Gable et al. 1982]. The data include
different kinds of present-day temperature measurements (Fig.2):

- 14 of the wells from the BRGM reports [Gable et al. 1982; 1988, 1989] provide temperature logs
registered every 0.16 m from the top to the bottom of the wells. These measurements were carried
out after reaching the thermal equilibrium state, and thus they give an accurate measure of the
present-day thermal state in the basin.

- Corrected Bottom Hole Temperatures (BHT) are available for 28 of the wells, for which the
uncertainty was estimated to be +4°C [Gable 1988].

- Uncorrected BHT are also available for 10 wells [Monnet, 2006]. According to Deming [1989],
BHT value correction can lead to an increase of more than 10% of the observed values in a well.
Since no information was available on how these measurements were performed, it was decided first
to correct these temperatures by adding 10% and to assume a +10% range of uncertainty. These
BHT measurements are of lower reliability but are the only ones to bring a better regional coverage
for the thermal model calibration along the border of the basin, which is an important contribution
for the regional estimation of basement properties and consequently of the eroded thickness.

Present-day crustal heat flow varies laterally in the basin as the result of basement heterogeneities [Gaulier
and Burrus, 1994; Lucazeau and Vasseur 1989] which lead to an important geothermal gradient variability in
the entire basin. Figure 3 shows the comparison between measured geothermal gradients from wells located
in the southwestern part of the basin (e.g. Sennely and Puiselet) and those located in the center and north-
eastern area (e.g. Montmirail and Morhange). Thermal gradient is much higher (40 °C/km) in the south-
western part of the basin than in the northern part (30°C/km). For this reason, it was important to include
wells that are located farther from the depocenter since they allowed the calibration of the thermal history of

the entire basin area (Fig.2).



184  3.2. Paleo-thermal regime

185  The paleo-thermal regime was calibrated using vitrinite reflectance data [Uriarte 1997], trapped temperatures
186  from fluid inclusions [Guilhaumou 1993] and clumped isotopes (A47) [Mangenot et al. 2017, 2018] (Fig.4).
187  Vitrinite reflectance measurements are one of the most common parameters used to calibrate the thermal
188 history of a basin. The vitrinite reflectance data are taken from Uriarte [1997], who divided them into two
189  main categories: measured on coals and measured on dispersed organic matter. Dispersed vitrinite are less
190 reliable since they can be related to reworked material. We calibrated the paleo-thermal regime with the
191  more reliable measurements made on coals. However, as vitrinite reflectance evolves following a kinetic
192  law which is function of time and temperature [Sweeney and Burnham 1990], it is not possible to directly
193  estimate the age of the maximum temperature reached by the sediments.

194  In contrast, the temperatures interpreted from fluid inclusions [Guilhaumou 1993] give the temperature of
195 the fluids when they were trapped during the crystallization of the cements. Thus, the sediment deposition
196  age may be correlated with the trapping temperature estimated from fluid inclusions but remains relatively
197  uncertain. The temperatures estimated by Guilhaumou [1993] and Demars and Pagel [1994] were
198  determined from samples hosted in diagenetic cements of main source and reservoir rocks of the Paris
199  Basin.

200  Clumped isotopes (A47) data [Mangenot et al. 2017] combined with U/Pb chronometric measurements
201  [Mangenot et al., 2018] is a very recent technique which relates measures of paleo-temperatures to their
202  age. This new technique has been analyzed, calibrated and tested for different inorganic and biogenic
203  carbonates in the 0°-350°C temperature field range [Ghosh et al. 2006; Dennis and Schrag 2010; Kele et al.
204  2015; Bonifacie et al. 2017; Mangenot et al. 2017]. The link between the temperature estimated from
205  clumped isotopes and the age determined by the U/Pb chronometers can produce a time-temperature
206  evolution path for each analyzed sample [Mangenot et al., 2018]. Mangenot et al. [2018] estimated paleo-

207  temperature and their correlated ages for carbonate samples of the main reservoir rocks.
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4. Basin modelling

4.1. Sedimentary model

An initial model was built with 12 interpreted horizons constructed from outcrops, wells and structural
maps based on the work of Teles et al. [2014]. Based on this initial model, we built an extended 3D model
in the TemisFlow® basin modelling software, ranging from the LAB to the surface. The model grid is
composed of around 3.5 M cells with a horizontal resolution of 2x2 km?. A total of 40 geological events is
represented (Tab.1): 29 depositional events, 7 erosion events, 3 erosion and deposition events (erosion on
the eastern edge during sediment deposition in the central part of the basin) and 1 hiatus. The extension of
the investigated area is approximatively 200,000 km?. The thermal simulation was performed using a fully
coupled lithosphere/sediment for the entire duration of the basin evolution of 330.0 My. The compaction
processes are accounted for using the approach of Schneider et al. [1996]. Thermal parameters of
sedimentary rocks are given in Table 2. Decompaction reconstructs the evolution of the basin geometry in
the geological past. A forward simulation of the basin evolution is then performed solving for a coupled
pressure-temperature system with Darcy’s equation for fluid flow in sediments, and the heat flow equation
for temperature in basement and sediments.

In the model, each layer is described by a depth map and a lithology map. Seven main erosional events are
taken into account (Tab. 1) [Delmas et al., 2002; Guillocheau et al. 2015]. Since Gongalves [2002, 2003]
showed that topography evolution strongly impacts groundwater flow, sixteen paleo-bathymetry maps are
used to better constrain the basin topography and flow history, which also impacts the evolution of the
sediment bulk thermal conductivity as porosity and effective stress are coupled. Four paleo-bathymetries
were digitized from Gongalvés [2002] for the Tithonian, Aptian, Cenomanian and top-Maastrichtian ages.
The remaining 12 paleo-bathymetry maps were constructed based on facies distribution and depositional
environments (Tab. 1). Since the beginning of the Tertiary, the paleo-bathymetry is assumed to be constant.
The final 3D model of the Paris Basin, from the Permo-Carboniferous basins until the Cenozoic cover, is

shown in Figure 5.

Lithospheric model



235 A full description of the lithosphere is included in our model which accounts for the thermal conductivity
236 and radiogenic heat production of the crust. This allows to compute the heat flow entering at the base of the
237  sedimentary column instead of imposing it, as in Gaulier and Burrus [1994], Uriarte [1997] or Gongalves et
238 al. [2010].

239  The basement structure beneath the Paris Basin is poorly known but several information are available in the
240 literature [Weber 1973; Debeglia 1977; Megnien 1980; Autran et al. 1986; Lucazeau and Vasseur 1989;
241 Demongodin et al. 1991; Gaulier and Burrus 1994; Delmas et al. 2002; Beccaletto et al. 2011; Martelet et
242 al. 2013]. Those works suggested that the lithosphere is characterized by heterogeneities in terms of
243  thickness and mineralogical composition as the result of lateral changes between different basement
244 domains that are controlled by the main faults (Fig. 1) [Autran et al. 1986; Delmas et al. 2002; Beccaletto
245 et al. 2011; Martelet et al. 2013]. These faults (Bray-Vittel and Seine-Sennely faults) also explain the
246  observed thermal gradient variations over the entire basin which was used to identify and map three main
247  upper-crust domains as shown in Figure 3.

248  The main basement deformations occurred during the Paleozoic but during the Triassic, the tectonic
249  movements were mostly due to thermal subsidence after a rifting phase that affected mainly the western
250  part of the basin [Brunet and Le Pichon 1982; Guillocheau 1991; Prijac et al. 2000]. Since most
251  deformations occurred during the Permo-Carboniferous age with localized effects, the crustal model was
252  constructed using the assumption that the lithosphere thickness is unchanged during the Meso-Cenozoic
253  [Gaulier and Burrus 1994; Prijac et al. 2000]. The heat flow at the base of the sedimentary column is
254  therefore the result of basement thickness, composition and radiogenic heat production [Debeglia 1977;
255  Autran et al. 1986; Gaulier and Burrus 1994; Martelet et al. 2013] as well as transient effects of
256  sedimentation and erosion.

257  The base of the model is defined by the LAB, adapted from Tesauro et al. [2009] which represents the
258  Dbottom thermal boundary condition (at 1333°C). The transition between the upper mantle and the lower
259  crust corresponds to the MOHO discontinuity taken from Bourgeois et al., [2007]. The difference between
260  the LAB and the MOHO represents the mantle lithosphere thickness. Its average value is around 100 km, in
261  accordance with other data published by Panza et al. [1980]. The thickness distribution between the upper
262 and the lower crust is not described in literature. Starting from the assumption that the commonly admitted

10



263 thickness for continental upper crust is 20 km and 12 km for the lower crust [Rudnick and Fountain 1995a],

264 a thickness ratio of 0.6 has been used.

265  4.2. Surface boundary conditions

266  The upper thermal boundary condition is applied to the surface topography as an imposed temperature over
267  time. In a marine environment, it is important to correct surface temperatures in accordance with the paleo-
268  bathymetry. Indeed, temperatures at the sea-bottom are usually much cooler than the temperatures in
269  onshore environments at the same latitude [Dembicki 2016]. Surface temperatures are defined from 330
270  Ma to Present-day, according to the Paleo-latitude Calculator for Paleoclimate Studies [van Hinsbergen et
271  al. 2015 and references therein). The temperature estimated for each geological time step (0.1 My) is
272 imposed as a constant value in the entire basin (Fig. 6). This reconstruction showed that the basin was
273 under tropical conditions during its early ages. Then, from the last 20 My, the surface temperature

274  progressively decreased to the current temperate climate.

275 5. Results

276  5.1. Present-day Temperatures

277  The calibration of the thermal properties of the lithosphere allowed us to match observed temperatures.
278  Since there are differences between the main lithospheric regions of the basin [Weber 1973; Megnien 1980;
279  Lucazeau and Vasseur 1989], the upper crust was defined with three regions with different thermal
280  properties (Tab. 3). Each region is characterized by a radiogenic heat production calibrated on temperatures
281  at wells. In the central and southern part of the basin, the upper crust is characterized by a mean thickness
282  of 19 km and a RHP of 3.7 pW/m?. The western part presents an average thickness of 26 km and an RHP
283 of 4.0 uW/m® (Duwiquet et al. 2019). The eastern part is characterized by an average thickness of 22 km
284  and a RHP of 3.4 uyW/m?®. The lower crust was assumed to be laterally homogeneous with a constant RHP
285  of 0.4 pW/m®[Rudnick and Fountain 1995; Le Solleuz et al. 2004].

286  In order to define the thermal state of the entire area, we used 52 regionally distributed wells of which six
287  are presented in Figure 7 coming from the BRGM report [Gable 1978]. Similar good fits between

288  simulated and measured temperatures were obtained for the other wells used in the calibration process.
11
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Within the Liassic and the chalk intervals, the thermal gradient is slightly higher than in other formations.
This effect, already described in Gaulier and Burrus [1994], is due to the lower conductivity of the chalk

and the Liassic organic matter rich-shale.

5.2. Deposition and erosion of the chalk

The following scenario for the evolution of the chalk deposit during the Upper Cretaceous calibrates the full
set of thermal data. A first sedimentation period lasts 11.5 My during which between 700 and 1000 meters of
chalk were deposited with an average sedimentation rate of up to 78 m/My, followed by a 20 My hiatus (Fig.
8a). A large part of this chalk was removed during the Upper Cretaceous erosional event (Fig. 8b). Erosion
ranges from up to 700 m in the SE wedge of the basin, to around 600 m in the center of the basin. In our
model, erosion stopped at 66 Ma in the center of the basin, corresponding to the beginning of deposition of
the Paleogene sediments, but erosion continues to occur on the margins of the basin until 47.8 Ma (Fig.8c,

8d). The final estimated missing section is shown in Figure 9.

5.3. Paleo-Temperatures

5.3.1. Vitrinite reflectance

Figure 10 shows the calibration results for six wells located in the southern and central parts of the Paris
Basin. The measured vitrinite reflectance values range from 0.39% in the shallow layers to 0.69% in deeper
layers. The present-day thermal maturity of the three Liassic source rocks (Hettangian/Sinemurian,
Pliensbachian and Toarcian Schistes Carton) is shown in Figure 11. These vitrinite data indicate the
beginning of the oil window (0.6 - 0.8 %R0) for the three source rocks, with higher maturity values for the

Hettangin/Sinemurian layer (0.8 — 1 %Ro) in the deeper part of the basin.

5.3.2.  Fluid inclusions

The modeled burial history has been compared to the burial analysis performed by Uriarte [1997] and to
the temperatures derived from fluid inclusions [Guilhaumou 1993]. As shown in Figure 12, for both the
Dogger and the Keuper formations, the modeled temperatures through time for Ambreville well are similar
to values obtained by Uriarte [1997] with small differences (£4°C). They may be related to a different

timing between the model proposed by Uriarte [1997] and our model. This is confirmed by the large
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315  difference of temperatures at a given age but a small difference of age for a given temperature. The
316  comparison between our model and the models proposed by Uriarte [1997] and Guilhaumou [1993]
317  highlights also the fact that the sediments reached higher temperatures during the Upper Cretaceous in the
318  Keuper formation (125/130°C) and within the Dogger (90/95°C). Since Guilhaumou [1993] did not
319  perform the pressure correction necessary to constrain the timing of mineral precipitation [Roedder 1984;
320  Guilhaumou 1993], there might be an important uncertainty on the cementation age but not on the trapping
321  temperature derived from fluid inclusions. Therefore, more attention is paid to temperatures than to timing.
322  Similar paleo-temperatures were determined by Gongalves et al. [2010] from fluid inclusions in the Keuper
323  formation, with an average value of 102/140°C (AT of 17/44°C) and in the Dogger layer with 68/88°C (AT

324  values of 0/18°C).

325 5.3.3. Clumped Isotopes

326  The Paris Basin thermal model has also been compared to the temperatures estimated by clumped isotopes
327  thermo-chronometers (A4/U-Pb) [Mangenot et al. 2017, 2018]. The paleo-temperatures and timing were
328  determined on samples from the Dogger formation in three wells located mostly in the central part of the
329  basin: Baulne-en-Brie, Rigny-la-Nonneuse and Fossoy. Figure 13 compares the simulated temperatures and
330 the estimated paleo-temperatures/time derived from clumped isotopes (A7) and U/Pb data. The Dogger
331  formation, sampled in the Baulne-en-Brie well, reached a temperature of 49 + 5°C during the Upper
332 Jurassic. It is followed by a temperature increase during the Lower Cretaceous, reaching approximately 66
333 £ 5 °C. The temperature estimated in the Rigny-la-Nonneuse well is lower during the Upper Jurassic,
334  reaching around 31 £ 6°C. It is followed by a peak of around 78 + 7 °C during the Upper Cretaceous and a
335  progressive cooling (70 = 7 °C) until the Eocene. The temperature estimated from clumped isotopes for
336  Fossoy is the highest, reaching approximately 88 + 7 °C during the Cretaceous (107 + 13My). The modeled
337  time/temperatures histories are in accordance with those estimated from clumped isotopes and U/Pb data in

338 all the wells except for Fossoy well where the maximum temperature is reached at 90 My.

339  5.4. Heat flow map at the base of the sediments
340  Figure 14 shows present-day modeled heat flow ranging from 65 to 85 mW/m?. The western region (AD
341  domain in Figure 14) has a mean heat flow of 80 mW/m?. It slightly decreases towards to the northeastern
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area (ID domain in Figure 14) with an average value of 70 mW/m?® The RHT/STZ domain (Figure 14)
which corresponds to the central area of the basin, has the lowest heat flow with a mean of 67 m W/m?. The
location of the three heat flow domains from the warmest area to the coldest is related to a large part to the
structure of the upper crust. The warmer area is located just above the upper crust defined by a high RHP.
However, the heat flow results also show the impact of the sedimentary cover on the thermal state of the
basin, justifying a coupled thermal modeling approach. The coldest parts of the basin correspond to the
central area where the basin has the thickest sedimentary cover, and to the Permo-Carboniferous rift basins

(e.g. Saar-Lorraine basin and Contres-Brecy basin) where the sedimentary cover exceeds 3 km.

6. Discussion

6.1.Heat flow map

The present-day temperatures of the 52 wells distributed over the entire area allowed us to identify the
boundary of the three different thermal domains of the upper crust. The contact between the three domains
follows the main faults structuring the basement (Bray-Vittel fault, Seine-Sennely fault and Saint Martin de
Bossenay fault) (Fig.1) that are inherited from the complex deformations at the junction between major
regions of the Variscan collision belt [Martelet et al. 2013]. First Autran et al. [1986] and then Martelet et al.
[2013] tried to reconstruct the geometry of the basement beneath the Paris Basin based on magnetic and
gravity data. Both groups of authors agreed that magnetic and gravity anomalies are linked to mineralogical
heterogeneities such as lateral variation of igneous rocks (intrusive and extrusive) characterized by different
density values. Thermal parameters from these different upper-crust domains, such as RHP and
conductivities were used as key controlling parameters to fit observed temperatures.

In a previous work, Lucazeau and Vasseur [1989] published a heat flow map of France, built on local heat
flow values from several thermal logs in shallow boreholes (with depths ranging from 100 m to 1000 m).
Their average heat flow was estimated between 60 and 70 mW/m?, with occasional higher values of 100-
110 mW/m? (e. g. for the Rhine Graben or the Massif Central) and occasional lower values of 40 mW/m?
(western part), but also local anomalies that reached 150 mW/m?in the same area. This approach is highly

dependent on the quality of the temperature correction which may result in large uncertainties of the true
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temperatures. Also, it does not take into account the temperature variations that are strongly correlated to
the sediment thermal conductivities of a 3km-thick sedimentary column. According to Gongalves et al.
[2010], the heat flow values which range from 60 to 100 mW/m?, are regionally variable due to basement
heterogeneities which however is not taken into account as basal heat flow maps are used. In our work, we
obtain the same order of magnitude but the heat flow map of the Paris Basin at present-day is the result of
the combined effects of basement and sedimentary cover. As shown in Figure 15, the resulting basal heat
flow appears to vary significantly both in time and in space. The description of the lithosphere
configuration was crucial to reproduce the effect of temperature variations in the basin already described by
previous authors [Lucazeau and Vasseur 1989; Demongodin et al. 1991; Gongalves et al. 2010; Martelet et

al. 2013].

6.2. Erosions

One of the challenges in basin modelling is to estimate erosion events and heat flow together as they
compensate each other. Using a lithospheric model coupled with sedimentation allows to better constrain
the eroded thickness which is done in two steps: first by fixing/calibrating the crustal properties (mainly
RHP) using temperature data (which mostly depend on RHP and on depth) and then using paleo-
temperatures and paleo-thermometers to estimate the eroded thickness.

In the Paris Basin, erosion events played a decisive role on the burial history and consequently on the
maturity reached by any organic-rich sedimentary layer. The Upper Cretaceous erosional event (amplitude,
timing and rate of erosion) strongly affects the evolution of the thermal history of the Paris Basin. Special
attention was therefore given to the description of the Maastrichtian erosion as it is the most recent erosion
event which has the most significant impact on the maximum burial of the basin. Demars and Pagel [1994]
suggested that an important event affected the basin during the Cretaceous time. Indeed, paleo-
temperatures from fluid inclusions show that the basin experienced higher thermal condition during the
Cretaceous than today. According to the authors, this effect could not be explained by migration of hot
brine fluids since they would only affect the basin at a local scale. Their assumption was that the basin
experienced a deep burial event followed by an erosion. However, they did not define average values for

the eroded thickness neither did they account for any surface temperature variation.
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395  After Demars and Pagel [1994], others studies such as Gaulier and Burrus [1994], Uriarte [1997] and
396  Gongcalves et al. [2010] tried to quantify and to describe the deposition of the chalk sediments during the
397  Upper Cretaceous, using a modelling approach. Gaulier and Burrus [1994] constrained the chalk erosion
398  properties in the eastern part of the basin by thermal modeling of an E-W cross section through the Paris
399  Basin using a few paleo-thermal constraints and a constant basal heat flow. Their model was calibrated
400  with a maximum eroded thickness of 350 meters during the Upper Cretaceous. With such a 2D setting, it is
401  possible to achieve higher temperatures that compensate the erosion effect with an over-estimated heat
402  flow at the base of the model, but it is difficult to accurately infer the amplitude of the erosion. In his 1D
403  thermal models of the southern central part of the Paris Basin, Uriarte [1997] used the same bottom heat
404  flow proposed by Gaulier and Burrus [1994] and increased the chalk eroded thickness during the Upper
405  Cretaceous to a maximum value of 600 m. Similarly, Gongalves et al. [2010], also with an imposed heat
406  flow at the base of their 3D model that varies in space but not in time, increased the eroded thickness from
407  the initial estimated value of 300 m [Gaulier and Burrus 1994] up to 650 m to reproduce the trapping
408  temperatures measured in fluid inclusions.

409  Due to the low maturity of the source rock (0.3 — 0.7%R0), the calibration of the vitrinite reflectance data is
410 relatively insensitive to assumptions on the chalk eroded thickness, therefore fluid inclusion and clumped
411  isotope data are crucial. Using such published data [Guilhaumou 1993; Uriarte, 1997; Mangenot et al.,
412  2017; 2018], we propose a new scenario for the erosion event during the Upper Cretaceous. The bottom
413 boundary condition of the sedimentary basin is computed with the lithospheric model and spatially variable
414  RHP (as discussed in the previous section) which prevents arbitrary (user-defined) compensation between
415  basal heat flow and eroded thickness. This new alternative scenario provides a temperature history in good
416  agreement with the temperatures inferred from the clumped isotopes study of Mangenot et al. [2017]. A
417  particular data point is the high temperature value encountered in the Fossoy well (88 + 7 °C). It was
418 interpreted by Mangenot et al., [2018] as a thermal anomaly probably due to local hydrothermal activity. In
419 this study, all clumped isotopes values measured in 3 different wells have been compared against the
420  temperature computed at the Ambreville well (Fig.3) that was used by Uriarte [1997] for his 1D thermal
421  model. However, these wells are not located in the same area, as they are 40km to more than 90 km away.
422 As shown in Figure 16, the thermal evolution of two wells located in different parts of the basin are quite
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423  different (see locations in Fig.1 and Fig.9). The central part of the basin (e.g. Montlevee) underwent a
424  maximum burial of more than 3 km as the result of the chalk deposition during the Upper Cretaceous and it
425  was almost not affected by the erosion event during the Paleocene. At a well located in the eastern part of
426  the basin (e.g. Silvarouvres), sediments experienced a lower burial, around 1.2 km, which lead to different
427  maximum temperatures and maturity conditions. With our geological scenario, all temperature histories are
428 in agreement with the paleo-temperatures estimated in each well from vitrinite data, fluid inclusions and
429  clumped isotopes (A47) with a slight shift in age in the Fossoy well (estimated age from U/Pb 107 + 13 My,
430  modeled age 90 My) (Fig.11). This discrepancy may be the consequence of a local effect such as a faster or
431  earlier deposition of the chalk sediments. Since all available thermal data can be explained with this
432  regional scenario which is geologically consistent with the current knowledge of the basin evolution, it is
433  therefore also reasonable to suggest that the Paris Basin experienced the highest temperature during the
434  Upper Cretaceous caused by an overburden event. This hypothesis of a large scale spatially distributed
435  deposition/erosion event was already proposed by Gongalves et al. [2010].

436  We conclude that, at the end of the Cretaceous, the basin experienced its maximum burial due to the
437  deposition of an important chalk section. This age corresponds also to the age of maximum temperature
438  recorded by the sediments which subsequently slowly decreased until the present-day (as showed for the
439  Dogger reservoir in Figure 17). The increase of temperature at the end of the Cretaceous can be explained
440 by two combined/coupled effects: an increase in burial and higher thermal gradients of the sediments below
441  the chalk caused by their lower thermal conductivity [Guilhaumou & Gaulier 1991; Guilhaumou 1993;
442  Goncalvés et al. 2010]. We neglected any variability of chalk thermal conductivity which may have an
443  impact on the final erosion estimate. The differences of the thermal evolution of each well highlight the

444  importance of a 3D assessment of the geodynamic, stratigraphic and tectonic evolution of the Paris Basin.

445  6.3. Surface temperature variations

446  In previous studies [Habicht 1979; Gaulier and Burrus 1994], the mean surface temperature of the Paris
447  Basin was considered constant at 15°C from the Triassic until the Upper Cretaceous. According to these
448  authors, the basin only recorded momentarily higher mean temperatures (reaching 20°C) but it decreased

449  during the Upper Cretaceous and decreased again during the Tertiary down to 5°C at the present day. In our
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450  study, the Paris Basin experienced a mean paleo-surface temperature of 20°C until the Cretaceous, with a
451  higher temperature of 25°C recorded during the Lower Triassic and the Upper Cretaceous (Fig. 6). This
452  higher temperature at 85 Ma also contributed to the higher paleo-geothermal gradient. However, this
453  contribution rapidly decreases with depth as surface temperature mostly controls shallow parts of
454  sedimentary basins.

455  In order to determine the surface temperature at the sea/sediment interface, the paleo-bathymetry of the
456  study area through time should be taken into account. In this study however, this correction was not
457  performed. It could slightly reduce past temperatures but should not have any impact on the maximum
458  temperature as we assume that it was recorded during the Upper Cretaceous which corresponds to a

459  depositional hiatus with a transitional setting from marine to continental environment.

460  5.4. Blanketing effect and the role of the chalk

461  As showed by Theissen and Riipke [2009], when the sedimentation rate exceeds 500 m/My it affects the
462  heat flow through the sedimentary column with a transient effect. This effect occurs when cold sediments
463  are being added to the column faster than they can be equilibrated thermally. Consequently, shallow
464  temperatures do not follow a normal thermal gradient but are lower than steady state. When the
465  sedimentation rate decreases, the thermal gradient progressively increases until the system reaches thermal
466  equilibrium.

467  According to our model, the Paris Basin recorded the deposition of 700 to 1000 m of sediments within 11.5
468 My during the Cretaceous interval which corresponds to an average deposition rate of 78 m/My (moderate
469  sedimentation rate according to Theissen and Ripke [2009]). Rather than from fast sedimentation, the high
470  temperatures estimated for the Paris Basin during the Upper Cretaceous can be explained by the physical
471  properties of the sediments that were deposited at this time. The high porosity of the chalk [Guilhaumou
472  and Gaulier 1991; Guilhaumou 1993; Demars and Pagel 1994] leads to very low thermal conductivity of
473 1.2 W m™C? compared to the average value of sediments of about 3.5 W m™ C™ [Thomas et al. 1973]. The
474  chalk therefore acts as a thermal barrier which prevents heat to reach the shallower part of the basin and
475  results in heat accumulating in the underlying formations.

476 In our model, after the deposition of around 1000 m of chalk over the entire basin, a hiatus of 20 My was

477 assumed. In this case, the thermal barrier induced by the chalk is one of the most important mechanisms to
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explain the high temperatures reached during the Upper Cretaceous. The Tertiary erosion along with a
decrease of the surface temperatures can then explain how the temperature slowly declined from the

Cretaceous until present day.

5.5. Fluid hydrodynamics and advection

The Paris Basin is considered an important geothermal resource [Contoux et al. 2013; Boissavy and Griére
2014]. In order to investigate the potential impact of water circulation on the Paris Basin thermal evolution
by heat transfer through gravity-driven groundwater flow, we compared two simulation results. In the first
simulation, both advection and conduction were simulated while, in the second one, advection was
deactivated considering only conduction. According to our results, the differences on the thermal regime
between the two simulations are negligible both for the temperatures, with differences lower than the
uncertainty on the measured temperatures (< 2°C), and for the maturity. Therefore, water advection does not
appear as one of the major mechanisms controlling the temperature distribution in the basin. However,
changes in boundary conditions may affect fluid flow and create transient effects [Jost et al. 2007]. Lavastre
et al. [2010] proposed a hydrodynamic model at small scale, mainly located in the central part of the Paris
Basin. They determined that the deeper Jurassic aquifers (mainly Oxfordian and Dogger) are characterized
by no convective mixing with a late water recharge at 10 ky. The estimated residence time of several 100 ky
implies slow water flow transfer with an order of magnitude lower than proposed by Gongalvés et al. [2004]
who set the boundary conditions far away from those of the present-day of the basin, with the main discharge
areas in the English Channel. Here, we did not try to reproduce the hydrodynamic pattern of the Paris Basin
but we do observe that, at the time and space scales of our basin model, water flow does not have a major
impact on the temperature distribution over time. This result validates the assumption that subsurface fluid
flow is slow enough for the water to be in equilibrium with rock temperature most of the time during the
geological evolution of the Paris Basin. This does not mean that water circulation cannot have local effects in

areas where the topographic gradient is locally higher [Marty et al. 1993].
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7. Conclusions

This study produced a well constrained thermal history of the Paris Basin using several types of thermal
data [Gable 1978, 1979, 1982, 1988, 1989; Guilhaumou 1993; Uriarte 1997; Mangenot et al. 2017, 2018]. A
3D numerical model provides new insights of the impact of different mechanisms on the thermal evolution
of the Paris Basin. The use of a coupled sedimentary-lithospheric model calibrated by a full set of good
guality thermal data allowed us to quantify and discriminate the contributions of surface temperature,
blanketing effect of the chalk deposits, Tertiary erosion and water flow. The new paleo-thermal constraints,
derived from the clumped isotopes (A47) technique [Mangenot et al. 2018], show that the basin exhibited
higher temperature during the Upper Cretaceous. These data, which have been interpreted as a possible
thermal anomaly due to hydrothermal effects [Mangenot et al. 2018], are essential to accurately calibrate the
thermal history of the Paris Basin as they give better constrains on the timing than vitrinite reflectance data.
These data also allowed us to propose a new scenario for the basin evolution, based on its burial history and
thermal rock properties.

The higher temperatures registered by the sediments during the Upper Cretaceous age are interpreted as a
consequence of an important depositional event. The deposition of a thick chalk layer with a very low
thermal conductivity acted as a thermal barrier, keeping the underlying sediment at higher temperatures.
This event was of a major importance to fit the available paleo-thermometers such as vitrinite reflectance
data, since the entire sedimentary column has been buried at high temperatures for an extended time,
allowing the sediments to mature early. During the Maastrichtian which we defined as a depositional hiatus
of 20 My, the basin changed from a marine setting to a subaerial environment. The subsequent erosion leads
to up to 1000 meters of uplift from Upper Cretaceous to Tertiary, and a decrease of about 10°C of the
surface temperature, which caused a strong decrease in the subsurface temperatures until today. Note that
these values represent about 500 m of additional erosion compared to previous studies. No significant
impact on the thermal regime has been observed in the model due to water flow.

The 3D nature of our model, the quality of the calibration and the variety of the constraints improve our
understanding of the thermal evolution of the Paris Basin. By constructing a geologically coherent
lithospheric model coupled with sedimentation, we can more accurately than before estimate the amplitude

of the Maastrichtian erosion at a regional scale while obtaining a good match between modeled and observed
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temperatures. Such a well-constrained thermal history will help any further analysis of the Lower Jurassic
Toarcian source-rock generation history and may bring new insights to the petroleum and geothermal

potential of the basin.
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Figure 1. Geological map and cross-section of the Paris Basin modified after Delmas et al., (2002)
and Beccaletto et al. [2011]. The basement domains (AD — Armorican Domain, ID — Internal
Domain, STZ — Saxo-Thuringian Zone, RHZ — Rheno-Hercynian Zone) are structured by the main
faults (the N-E Bray-Vittel fault and the NW-S Seine-Sennely fault). Note that these faults are not
affecting the present-day sedimentary cover. The dashed black polygon represents the modeled
domain. The cross section shows the projected location of Montlevée well (Mnt) and Silvarouvres
well (Slv).
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information on these domains is given in Table Ill). The yellow star indicates the location of the city

of Paris. The temperatures in Sennely and Puiselet (red symbols) are higher than those in
Montmiral and Morhange (blue symbols). The blue dashed line indicates the average geothermal
gradient of the colder area of 30°C/km. The red dashed line indicates the average geothermal

gradient measured in the warmer area, corresponding to 40°C/km.
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829  Figure 7. Temperature calibration results for 6 wells with corrected BHT values. The first column
830 represents the lithology and the second column the age (PC=Permo-Carboniferous; LT=Lower

831 Triassic; UT=Upper Triassic; LI=Lower Jurassic; MJ=Middle Jurassic; UJ=Upper Jurassic; LC=Lower
832  Cretaceous; UP=Upper Cretaceous, C=Cenozoic). The modeled temperature (red line) remains

833  within the uncertainty range both in the shallow and the deep parts of the wells. Cross-plot shows
834  measured vs simulated temperature (R? = 0.9431) for the 14 wells with temperature logs [Gable et
835 al. 1982; 1988, 1989] whose well locations are shown in Figure 2.
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continued until the Ypresian (47.8 Ma). The event affected more the border of the basin where the

total eroded thickness reached > 1000 m. Mnt=Montelée well; Slv=Silvarouvres well.
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876  Figure 10. Paleo-thermal calibration results of vitrinite reflectance data taken from Uriarte [1997].
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894  Figure 11. Present-day maturity map for the Liassic source rock. a) Hettangian/Sinemurian; b)
895  Pliensbachian; c) Toarcian (Schistes Carton). The wells are also shown along the cross-section in
896  Figure 1 and Figure 9 (Mnt=Montelée well; Slv=Silvarouvres well).
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Figure 12. Modeled temperature histories compared with temperatures estimated from fluid
inclusions (Guilhaumou 1993) (green rectangle) and temperature evolution over time for
Villenueve sur Yonne (black line) and Ambreville well (blue line) (Uriarte 1997). The modeled
temperature (red line) is extracted from Ambreville well for the Triassic and the Dogger that
reached a maximum temperature of 125/130°C and 90/95°C respectively during the Upper-
Cretaceous time.
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933  Figure 13. Modeled temperature histories compared with temperatures estimated from clumped
934  jsotopes (modified after Mangenot et al., 2018). The black line represents the temperature/time
935  path determined by A4;/ U/Pb as proposed by Mangenot et al., (2018) while the dashed black line
936 represents the modelled 1D thermal history for Ambreville well according to Uriarte (1997).
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Figure 14. Modelled present-day basal heat flow map (mW/m?) of the Paris Basin. The distribution
of heat flow highlights the effect of the crustal heterogeneities separated by the main deep faults

defined in the model (dashed lines). The higher heat flow area (AD block) is in the western part,
just above the more radiogenic crust. The effect of the sediment cover can also be seen in the
central segment and in the Permo-Carboniferous basins where the sedimentary cover is thicker
(RHZ/STZ blocks). The black dots show the distribution of the wells used to calibrate the thermal

regime of the basin.
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Figure 15. Modelled heat flow history of the Paris Basin for three wells located in the three
different crustal domains (see Figure 1). The yellow star represents the location of Paris.
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Figure 16. Burial history of two wells located in different parts of the basin. The well positions are
shown along the cross-section in Figure 1 and Figure 9. The Silvarouvres well, located in the
eastern part of the basin, experienced a lower burial and a higher erosion of the chalk sediments
compared to Montelevée well, located in the central area.
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1009  Figure 17. Modeled temperature distribution over time in the Dogger formation in Upper
1010  Cretaceous, end Cretaceous and present day, from left to right. The well position is shown along
1011  the cross-section in Figure 1 and Figure 9 (Mnt=Montelée well; Slv=Silvarouvres well).

1012 (2 columns)
1013
1014
1015

1016
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Table 1. Summary of the data used to build the 3D basin model.

Top
Age
(Ma)

Layer Name

Erosion Phase

Deposition

Erosion

Deposition/
Erosion

Hiatus

Paleo-
Bathymetry

0.0

Topography

13.7

Oligocene

27.5

Priabonian

41.3

Luthetian

AN RN AN

47.8

Ypresian

Laramide

56.0

Paleocene

Laramide

66.0

LowerPaleocene

Laramide

=

69.0

Laramide

89.0

Chalk

100.5

Gault Shale

103.0

Albian

113.0

Austrian

119.0

Aptian

132.0

Barremian

145.0

Neo-Cimmerian

148.5

Thitonian

152.0

Kimmeridgian

157.3

Oxfordian

==

160.0

Sequanian

S <=~ RS

163.5

Callovian

166.0

Bathonian

168.3

Upper-Bajocian

170.3

Lower-Bajocian

S =

174.1

Mid-Cimmerian

178.4

Toarcian

182.7

Pliensbachian

191.0

Hettangian-
Sinemurian

<~

201.3

Rhetian

S N B AN

206.5

Upp Paleo-
Cimmerian

208.5

Norian

227.0

Mid Paleo-
Cimmerian

228.0

Carnian

237.0

LowerPaleo-
Cimmerian

238.0

Ladinian

242.0

Anisian-Scythien

245.0

Red-Permian

272.0

Grey-Permian

298.0

Stephanian

309.0

‘Westphalian

S S S S
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1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

Table 2. Thermal parameters of fully compacted (zero porosity) rock matrix used in thermal model.

Thermal Radiogenic Heat

Conduetivity Production

(W/m."C) (uW/m?)
Limestone 3.5 0.6
Dolostone 5.5 0.3
Chalk 3.2 1]
Marl 1.9 1.3
Salt 6.1 1]
Silt 2.5 1.2
Sandstone 6.8 0.5
Shale 2.3 1.9
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1040

Table 3. Average thickness and average radiogenic heat production for the lower crust and the
three upper-crust domains (see Figure 1 for location).

UPPER CRUST

LOWER CRUST

Radiogenic Heat Production

Average Thickness

Radiogenic Heat Production

Average Thickness

(hW/m?) (km) (kW/m?) (km)
D 3.7 19 0.4 11
AD 4.0 26 0.4 16
RHT/STZ 3.4 22 0.4 13
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