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Abstract we investigate the thermal and structural evolution of asymmetric rifted margin using
numerical modeling and geological observations derived from the Western Pyrenees. Our numerical
model provides a self-consistent physical evolution of the top basement heat flow during asymmetric rifting.
The model shows a pronounced thermal asymmetry that is caused by migration of the rift center toward the
upper plate. The same process creates a diachronism for the record of maximum heat flow and maximum
temperatures (Tpay) in basal rift sequences. The Mauléon-Arzacq basin (W-Pyrenees) corresponds to a
former mid-Cretaceous asymmetric hyperextended rift basin. New vitrinite reflectance data in addition to
existing data sets from this basin reveal an asymmetry in the distribution of peak heat (T,,y) With respect to
the rift shoulders, where highest values are located at the former upper- to lower-plate transition. This data
set from the Arzacq-Mauléon field study confirms for the first time the thermal asymmetry predicted by
numerical models. Numerical modeling results also suggest that complexities in synrift thermal architecture
could arise when hanging-wall-derived extensional allochthons and related T,,x become part of the lower
plate and are transported away from the upper- to lower-plate transition. This study emphasizes the
limitations of the common approach to integrate punctual thermal data from pre-rift to synrift sedimentary
sequences in order to describe the rift-related thermal evolution and paleothermal gradients at the scale of a
rift basin or a rifted margin.

1. Introduction

Over the past decade, our understanding of hyperextended rift systems greatly improved, thanks to a combi-
nation of new seismic interpretations from present-day rifted margins (e.g., Autin et al., 2010; Osmundsen &
Ebbing, 2008; Reston & McDermott, 2011), field observations from fossil analogs (e.g., Clerc et al., 2016;
Frasca et al., 2016; Masini et al., 2014), and novel numerical modeling techniques (Duretz et al., 2016;
Huismans & Beaumont, 2014; Lavier & Manatschal, 2006). The first-order architecture of rifted margins
has been widely described and subdivided into “structural” rift domains (Péron-Pinvidic et al., 2013, 2017;
Sutra et al., 2013; Tugend et al., 2015), one of which being referred to as the “hyperextended domain.”
Hyperextended rift systems have been reproduced in various numerical experiments, which demonstrated
that these systems show an overall asymmetry of the conjugate margin architecture and a shift of the rising
asthenosphere (Brune et al., 2014; Jammes & Lavier, 2016; Svartman Dias et al., 2015; Tetreault & Buiter,
2017). A diachronous evolution is also observed in the overlying sedimentary sequence as indicated by the
migration of the syn-tectonic sequence toward the exhumation point, which corresponds to the newly
exposed surface in the footwall of a detachment fault.

Previous studies explored the distribution of heat within present-day (Leroy et al., 2010; Lucazeau et al.,
2008) and fossil rift systems (Beltrando et al., 2015; Chelalou et al., 2016; Clerc et al., 2015; Hart et al.,
2016, 2017; Vacherat et al., 2014) to define the thermal architecture of hyperextended rift basins. Despite
these recent studies, the thermal evolution and architecture of rifted margins and especially the consequence
of asymmetric rifting remain poorly understood. Notably, the spatial and temporal evolution of rift systems is
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shown to be complex (Alves et al., 2009; Mohn et al., 2015; Naliboff et al., 2017; Savva et al., 2014; Tugend,
Manatschal, Kusznir, & Masini, 2015) and its control on the rift-related thermal evolution remains at present
unconstrained. Simple correlations between isolated, punctual observations within a rift system and the
overall thermal architecture and evolution of the entire basin are not straightforward. This is particularly
important for rifted margins where several heat sources with different thermal amplitudes and durations
are recognized (Ungerer et al., 1990) and where the structural evolution is shown to be complex through time
(e.g., Péron-Pinvidic et al., 2013). All these complexities do not favor 3-D extrapolation from local thermal
measurements only and ask for a better understanding of the processes controlling the thermal evolution
during rifting and particularly during extreme crustal thinning and mantle exhumation. From an industrial
perspective, understanding the processes controlling the thermal evolution of basins is fundamental to
model and predict petroleum systems that could be extremely different between conjugate pairs of asym-
metric rifted margins (e.g., maturation and timing of migration of hydrocarbons). Thus, progress on this
topic has strong impact on the exploration potential of ultradeep offshore settings. In that aspect, the former
Arzacq-Mauléon hyperextended rift basin preserved in the Western Pyrenees represents a unique opportu-
nity to assess the entire pre-rift to synrift sedimentary sequence, which is a prerequisite to unravel the ther-
mal evolution of these systems during their formation.

In this study, we modified a 2-D numerical model of Brune et al. (2014) to analyze top basement heat flow
evolution and to define the first-order heat distribution during asymmetric lithospheric thinning based on
1-D thermal basin models. In parallel, we investigate the thermal structure of the fossil asymmetric
Arzacq-Mauléon rift basin for which we present unpublished vitrinite reflectance data (proxy for Ty,,y) from
boreholes acquired by Elf Aquitaine (now Total) in the 1980s. This study allows us to test the numerical
model predictions and to highlight some geological and thermal complexities using a natural example. We
then emphasize implications of the results concerning the thermal evolution of extensional allochthons or
more generally of allochthonous extensional units. Note that we explicitly focus in this study on the synrift
evolution and do not aim to predict the final thermal architecture of the whole basin, which depends also on
its post-rift infill history. Through this work, we emphasize the necessity of understanding the rift evolution
to better constrain the crustal/lithospheric thermal architecture of hyperextended rift basins.

2. Asymmetric Rifted Margins: Observations and Concepts

Numerous examples of conjugate asymmetric rift systems have been observed and described worldwide
across the North and South Atlantic margins (e.g., Blaich et al., 2011; Chian et al., 1995; Péron-Pinvidic
et al., 2013, 2017) or the Australia-Antarctica margins (e.g., Espurt et al., 2012; Gillard et al., 2016). This
asymmetry is noticeable from a crustal and structural point of view (Figure 1; Nirrengarten et al., 2016).
One of the margins shows a generally wider crustal taper, mainly exhibiting oceanward dipping detachment
faults rooting onto the Moho (Figure 1, right side: Iberia, Labrador, and Celtic platform margins). The con-
jugate margin generally shows a sharper crustal taper and a complex structural pattern with oceanward and
continentward dipping high-angle normal faults (Figure 1, left side: Newfoundland, West Greenland, and
Porcupine High). This asymmetry was classically interpreted as related to different geometries between
lower and upper plate margins, respectively, based on the concept first introduced by Lister et al. (1986).
As such, upper and lower plate margins can be defined relatively to a major (or a succession of) detachment
fault system(s), respectively, corresponding to the hanging wall and footwall of the major active
detachment fault.

Recent studies suggest that this asymmetry is mainly acquired during the formation of the hyperextended
domain (e.g., Nirrengarten et al., 2016), bounded landward by the necking domains and seaward by the ocea-
nic domain (e.g., Péron-Pinvidic et al., 2013; Sutra et al., 2013). Numerical models suggest that the asymme-
try of a rifted margin is mainly controlled by the extensional rate and the rheology (Huismans & Beaumont,
2002). In the hyperextended domain, the crust is sufficiently thinned so that brittle behavior prevails and
deformation is largely coupled at the scale of the crust (Pérez-Gussinyé & Reston, 2001; Sutra &
Manatschal, 2012). The formation of upper and lower plates in the hyperextended domain is associated with
progressive rift migration and sequential normal faulting (Brune et al., 2014; Haupert et al., 2016; Lister et al.,
1986; Ranero & Pérez-Gussinyé, 2010; Svartman Dias et al., 2015). Furthermore, applying the critical
Coulomb wedge theory to predict deformation in hyperextended domains, Nirrengarten et al. (2016) showed
that extensional allochthons can form and migrate from the upper to the lower plate. Once mantle is
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Figure 1. Examples of asymmetric rifted margins and basins from the Northern Atlantic. The asymmetry is interpreted as
related to differences between lower- and upper-plate architectures formed during hyperextension. Iberia-Newfoundland
after Sutra et al. (2013); Labrador-West Greenland after Keen et al. (2018); and Porcupine basin after McDermott et al.
(2014). The hyperextended domain corresponds to the coupled domain defined by Sutra et al. (2013).

exhumed and no crust remains, out-of-sequence faulting may occur and can lead to a more symmetric
structural evolution (Gillard et al., 2016).

Coincident with this asymmetric crustal structure, the overlying stratigraphic architecture differs between
upper and lower plates. The first order stratigraphic architecture of the lower and upper plate margins is
schematically shown in Figure 2 together with the terminology used to describe the synrift stratigraphic
sequence. Most of the crustal thinning in the upper plate is interpreted as accommodated by intracrustal
extension associated with simultaneous detachment faulting on the conjugate lower plate. This leads to
the preservation of an upper crustal block with a generally more continuous/preserved pre-rift stratigraphy
(Haupert et al., 2016; Péron-Pinvidic et al., 2017). As such, sediments deposited onto the upper plate are pro-
gressively stacked and include pre-rift to synrift sediments. On the lower plate, progressive in-sequence
detachment faults result in complex stratigraphic architectures combining classical growth strata and sub-
horizontal deposition of synrift sediments (e.g., Masini et al., 2011; Tugend, Manatschal, Kusznir, &
Masini, 2015) onto exhumed deep crustal and mantle rocks. The sediments deposited onto the active exhu-
mation fault are younging toward the hanging wall (i.e., upper plate) and are mainly synrift to post-tectonic.
During the exhumation process, crustal blocks can be pulled out from the upper plate and loaded onto the
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Figure 2. (a) Concept of upper/lower plate showing the related asymmetric crustal and sedimentary architecture. For sim-
plicity, in this model, no decoupling level is considered between the sediments and the basement. Deep crustal rocks can be
exhumed in the footwall of detachment faults on the lower plate. Allochthonous blocks are progressively delaminated and
migrate from the upper to the lower plate (Nirrengarten et al., 2016). (b) Wheeler diagram showing the expected strati-
graphic architecture of pre-rift, synrift, and post-rift sediments. The top of the pre-tectonic sequence delimits sediments
that are not affected by extensional deformation. The top of the syn-tectonic sequence corresponds to the limit between
sediments deposited during active faulting and those deposited during the post-tectonic “sag” phase (as defined in Masini
et al., 2014). Note the younging of the syn-tectonic sequence toward the exhumation point.

lower plate (Nirrengarten et al., 2016). Thus, such blocks change from an upper to a lower plate position. The
stratigraphic architecture associated to these so-called extensional allochthons is complex (e.g., Masini et al.,
2011), as they can preserve pre-rift to synrift sediments over exhumed surfaces and they are often overlain by
post-rift sediments.

These structural and stratigraphic observations allow the identification of key criteria to discriminate upper
and lower plates. To summarize, the lower plate shows a complex structure and abundant accommodation
space, generally associated with a wider zone of exhumed deep basement rocks capped by a detachment sur-
face and extensional allochthons (Péron-Pinvidic et al., 2017). The architecture of the upper plate shows pre-
served upper crustal rocks overlain by typical syn-tectonic sedimentary wedges associated with tilted blocks
and little syn-tectonic accommodation space compared to the lower plate margin (Péron-Pinvidic et al., 2017).

3. Numerical Model of Asymmetric Rifting
3.1. Setup, Inputs, and Updates

The numerical model presented here provides a dynamic description of an asymmetric rift system, which
captures the first-order rift architecture and evolution of the hyperextended basins such as described in
the previous section. The simulation is based on the Iberia-Newfoundland model presented in Brune et al.
(2014); Brune et al., 2017) and employs the finite element code SLIM3D (Popov & Sobolev, 2008). This code
captures viscoelastoplastic deformation processes of the lithosphere such as ductile flow in the lower crust
(Clift et al., 2015) and the asthenosphere (Brune et al., 2013; Koopmann et al., 2014), normal faulting
(Brune, 2014), and associated evolution of lithospheric stress (Brune et al., 2012, 2016). Brittle deformation
is represented through Mohr-Coulomb plasticity and localization of faults is further facilitated via the stan-
dard approach of strain-dependent friction softening (Huismans & Beaumont, 2003). All model parameters
are provided in the supporting information Table S1.

The computed 2-D model is 500 km wide, 150 km deep, and uses four distinct layers and flow laws: upper
crust (22 km thick, wet quartzite flow law of Gleason & Tullis, 1995); lower crust (11 km thick, wet anorthite
flow law of Rybacki & Dresen, 2000); strong lithospheric mantle (dry olivine flow law of Hirth & Kohlstedt,
2003), and weak asthenospheric mantle (wet olivine flow law, Hirth & Kohlstedt, 2003). The lithosphere-
asthenosphere boundary (set to 1300 °C) is initially located at 105 km depth. The employed values for pre-
rift layer thicknesses lie within the possible range suggested by geophysical models of neighboring less
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deformed areas (Diaz & Gallart, 2009; Tesauro et al., 2009; Torne et al., 2015); however, it has to be noted that
layer thicknesses at rift onset and associated rheological flow laws are among the most poorly constrained
model parameters.

The surface temperature is set to 0 °C and the bottom temperature to 1300 °C. Between these top and bottom
boundary conditions, the initial thermal state is controlled by heat advection, radiogenic heat production,
and heat conductivity of each specific layer. As such, the initial Moho temperature corresponds to 600 °C
and the initial surface heat flow to 67 mW/m?>.

The setup reproduces a passive rift where the rise of the lithosphere-asthenosphere boundary is controlled by
lithospheric thinning due to a prescribed full extension velocity of 8 mm/year. The asymmetry of the model
develops self-consistently and is controlled by crustal rheology, thermal configuration, and strain-dependent
softening. A randomly distributed small amount of initial strain is used to break the symmetry such that the
fault orientation and distribution is not predetermined by the model and asymmetric rifting can freely pro-
ceed. Evolution of topography is allowed via a free surface boundary condition and the isostatic equilibrium
at the bottom boundary is controlled by the Winkler foundation including in and outflow of material (Gerya,
2019; Popov & Sobolev, 2008; Yamato et al., 2008).

In order to keep the model as transparent and simple as possible and to stay general rather than focus on spe-
cific rift settings, we do not account for some processes that are generally thought to affect the dynamics of
rift systems. For instance, magmatic additions are not included in the model, as their volumes are highly lim-
ited in magma-poor rift systems. Also, the role of fluids on local heat flow variations is not represented as it is
probably of subordinate importance at the scale (time and space) of the model. The reference model does not
take into account sedimentary infill and related loading blanketing by the sedimentary infill, nor the burial-
related thermal history. However, models with low and high sediment infills have also been performed
(Figure S2), but the results show that including a realistic sedimentary infill for asymmetric rifting (<6 km
of synrift sediments) does not affect our conclusions on the top basement heat flow evolution. In order to
avoid the strong thermal impulse involved by the formation of oceanic crust and to consider only the thermal
evolution associated to rifting, the modeled extension stops shortly prior to lithospheric breakup inducing
thermal relaxation that lasts until the end of the model run. In the following, we describe the heat flow as
well as its evolution at different locations at the base of the basin (top basement).

3.2. Thermal Evolution of Rifted Margins: Numerical Model Results

The model (Figure 3 and Movie S3) illustrates that the deformation localizes onto major asymmetric border
faults, while shearing occurs in the ductile layers of the model. It should be noted that the top of the crust
always displays an elastoplastic behavior in the model. Rapid rheological coupling accounts for the forma-
tion of in-sequence faulting associated with upwelling of the lithosphere-asthenosphere boundary at the
tip of the active fault. Antithetic normal faults control the deformation of the brittle upper crust in the hang-
ing wall of the active extensional fault, while a low-viscosity pocket forms in the lower crust (Figure 3, stage 2
and Brune et al., 2014). As suggested in Brune et al. (2014), rift migration could be caused by the lateral
strength gradient between the low-viscosity pocket and the cooling mantle at the footwall of the active fault.
As a consequence, the rift shows a typical upper- to lower-plate architecture and a crustal scale detachment
that is well expressed on the 13.5 Myr snapshot (Figure 3, stage 2). On the lower plate (left side), detachment
faults thin the crust to a thickness <10 km at the center of the basin.

The overall geometry reveals a wide lower plate and a relatively sharp upper plate margin configuration once
hyperextension begins (i.e., at about 9 Myr). From that moment on, the distribution of the heat flow at each
time step remains asymmetric with respect to the rift shoulders (Figure 3, stages 2 and 3). The location of the
maximum heat flow corresponds to the active deformation area, that is, at the limit between the upper and
the lower plate. Regarding the displacement of markers A, B, and C, we see that A is moving toward the left
(with the lower plate) from x = 240 to x = 220 km between stages 1 and 2, while B and C slightly move toward
the right during this time. From stage 2 to stage 3, markers A and B move for about 25 km toward the left
while C is only slightly displaced.

We extract the evolution of heat flow experienced by each marker (A, B, and C) through time (Figure 4). We
find that marker A records heat flow, which starts at 70 mW/m?, reaches 110 mW/m? at about 10 Myr and
then slowly decreases to 90 mW/ m?. The heat flow at marker B is at first almost constant at 70 mW/m?, and
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Figure 3. Snapshots of the dynamic model (see supporting information Movie S3) at 9.01 Myr (stage 1: early rifting, top panel), 13.5 Myr (stage 2: intermediate stage
of rifting, middle panel), and 18.5 Myr (stage 3: end of rifting, bottom panel). The deformation of the different lithospheric layers is displayed in terms of semi-
transparent strain rate (i.e., the logarithm of the second invariant of the strain rate tensor) at each time step. The evolution of the topography and the distribution of
heat flow at the top of the basement are also shown. The topography highlights the tilted blocks and the location of the major faults at surface. Markers A, B, and C
within the crust illustrate the formation of extensional allochthons due to the migration of the deformation toward the upper plate via in-sequence detachment
faulting. Note the higher horizontal thermal gradient on the upper plate and the position of the maximum heat flow with respect to the deformation during
hyperextension.
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Figure 4. Heat flow evolution for the three markers A, B, and C during rifting (see Figure 3 for location). A general
increase of the maximum heat flow through time is highlighted. Maximum heat flow for each marker A, B, and C is
diachronous.

from 10 Myr on it increases to reach a maximum of about 225 mW/m? at 13.5 Myr. The heat flow quickly
decreases even before the end of rifting at 19 Myr to a value of 165 mW/m?. Similarly, marker C shows a
rapid increase from 12 Myr to a maximum of 325 mW/m? at 19 Myr.

These results evidence a diachronism (Figure 4) in the record of maximum heat flow for the three markers in
the asymmetric rift model. Moreover, maximum heat flow at the base of the basin is constantly increasing
with time due to the progressive thinning of the lithosphere. Such basal heat flow trend is similar for the
model with moderate sedimentation rates (Figure S2) except that the heat flow value remains high for much
longer due to the lower thermal conductivity of the sediments and the limitations of the model to progres-
sively fill the basin. The diachronous migration of markers from the right side of the main detachment fault
to the left (i.e., from upper to lower plate) is due to rift migration. This shows that rocks from the upper plate
at the beginning of rifting are eventually transferred to the lower plate where they form extensional alloch-
thons (Brune et al., 2014; Nirrengarten et al., 2016). Maximum heat flow (Figure 3, stages 2 and 3) occurs at
the location of maximum strain rate, that is, near the detachment fault system along which deep crustal and
mantle rocks are exhumed. For a similar crustal thickness, the top basement heat flow can display very dif-
ferent values (e.g., in Figure 3, for crustal thickness of about 6 km at 18.5 Myr: for x = 250 km, heat
flow ~ 150 W/m?; for x = 270 km, heat flow ~ 190 W/m?; for x = 305 km, heat flow ~ 170 W/m?).
Moreover, it is important to note that, at 13.5 Myr (stage 2), the location of the maximum heat flow
(250 mW/m?) is very close (less than 50 km) to the rift shoulder of the upper plate, where heat flow is less
than 70 mW/m?. This generates a horizontal gradient for heat flow of about 3.5 mW/m? per kilometer for
the upper plate (rift shoulder to upper- to lower-plate transition) and of about 1.4 mW/m? per km for the
lower plate (distance of 125 km).

In summary, numerical modeling illustrates a strong asymmetry on the distribution of maximum basal heat
flow during asymmetric rifting, considering a low to moderate sedimentation rate (Figures 3 and S2). Indeed,
the maximum heat flow is located in and around the active exhumation point, which corresponds to the
upper- to lower-plate transition in our interpretation (Figure 2). This results in an asymmetric thermal
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configuration with a sharp horizontal gradient in heat flow on the upper plate and a significantly smoother
variation on the lower plate. This relationship mirrors the crustal architecture of the model with a sharp
upper plate and a wide lower plate margin. As expressed in the graph in Figure 4, a consequence of this
model is the successive migration of upper plate rocks undergoing very high heat flow onto the lower plate,
where heat flow is quickly decreasing leading to a diachronous heat flow evolution for each
extensional allochthon.

3.3. Influence of Rift Asymmetry on Ty, in Synrift Basins

In contrast to the previous section, where we described the results of an asymmetrical rift model, this section
aims to deduce the implications for the thermal architecture of a synrift basin. In particular, we investigate
when and where the highest temperatures (Tp,,y) are recorded in the basin. Based on the modeled heat flow
histories of points A, B, and C (Figure 5a), we compute the temperature at the base of the sedimentary col-
umn by means of a simple 1-D basin model that solves the heat equation for a homogeneous sedimentary
column that is submitted to a time-dependent modeled basement heat flux from below and a fixed surface
temperature of 5 °C at the top. We set the conductivity of the sediments to 2.77 W-m™ "K' (Pasquale et al.,
2015) corresponding to marls and the radiogenic heat production to 1.392 pW/ m’ (Vila et al., 2010). We use a
1 km thick pre-rift sequence that is covered at constant rate by synrift sediments involving two end-member
scenarios (Figure 5b). The resulting temperature is measured at the base of the pre-rift sediments.
Compaction, fluids, or thermal blanketing that are known to influence heat distribution at local scale are
not taken into account for simplicity.

Two models are presented (Figures 5b and 5c), the first one corresponding to a low sedimentation rate
(1,500 m of synrift sediments in the most distal part, i.e., ~78 m/Myr) and the second to a high sedimentation
rate (5,500 m of synrift sediments in the most distal part, i.e., ~286 m/Myr). For low sedimentation rate
(Figure 5c, left panel), the temperature evolution of points B and C mimics the heat flow evolution with a
maximum temperature (B = 175 °C and C = 300 °C) recorded when the rock undergoes the highest heat flow
(i-e., at the upper- to lower-plate transition). Then, a slight decrease of the temperature occurs until the end of
rifting (e.g., post-tectonic evolution of point B, Figure 5c, left panel). For high sedimentation rate (Figure 5c,
right panel), the temperature is reaching a maximum value of 400 °C for point B and 750 °C for point C when
the heat flow is maximum, followed by an increase of the temperature for point B during its post-tectonic
evolution. The temperature of point A shows a general increase during rifting in both the low and high sedi-
mentation rate models.

It is important to note that, for low sedimentation rates, the temperature in the pre-rift sediments of the
extensional allochthons B and C decreases during rifting despite the continuous basin infill (Figure 5c, left
panel). It suggests that the decrease of the heat flow values related to the migration of the allochthons on
the lower plate and to the increasing distance from the active heat source of the asthenosphere is not counter-
balanced by the thermal effect of burial. For high sedimentation rates, the maximum temperature (Tyax) at
the base of the pre-rift sequence mostly increases during rifting and can eventually be overprinted by the
post-tectonic thermal evolution related to burial (Figure 5c, right panel). These simplistic 1-D models suggest
that Tp,.x can be transported and diachronously recorded by extensional allochthons during hyperextension
due to rift migration.

4. Fossil example of Asymmetric Rift: Observations From the Arzacq-Mauléon
Basin

4.1. Geological Context

Few examples exist where the thermal record of asymmetric rifted margins can be accessed and compared to
results from numerical modeling experiments. Here, we focus on an onshore fossil example of an asymmetric
hyperextended rift system: the Arzacq-Mauléon basin, located in the Western Pyrenees. This basin mainly
formed during Aptian to Cenomanian time as part of the Pyrenean rift system, simultaneous to the opening
of the Bay of Biscay. Its southern part was subsequently inverted and integrated in the Pyrenean orogen dur-
ing Late Cretaceous to Miocene convergence (Puigdefabregas & Souquet, 1986).

The inversion of the Arzacq-Mauléon basin as a pop-up structure (Daigniéres et al., 1994; Seguret, 1972)
enabled the exposure of rift-related sedimentary and basement rocks and partial preservation of several

LESCOUTRE ET AL.

4574



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Geochemistry, Geophysics, Geosystems

10.1029/2019GC008600

IE‘ 400 T T T —
Syn-tectonic
<300k Syn-tectonic ¢ ]
E B
S |
£
< 200F 1
o
2
8
T 1001 1 b
0 ) ) _ Syn-rift  Post-rift
0 5 10 15 20 25
[b] Low sedimentation rate Model Time (My) High sedimentation rate
8 1 T T T
§7 T g
=6r *Uw«)G 1
- x
B4 1 £4 1
£ ! =
BNl ] ¢
E2r ] 1 52 1
34 : @
o ) ) ) Syn-rift J E’ost-rift 0 ) ) ) Syn-rift E’ost-riﬂ
0 5 10 15 20 25 0 5 10 15 20 25
800 '
Tmax C
600
o
=
©
£
=
Postjtectonit
400 R E
I
Tmax C |
300r '
I
250 ! |
I
§200 ' 77777777777777 ctonic 200 i
& 150 :
£
= 1 |
100 |
I ! |
50 : ' I
| Syn-rift | Post-rift Syn-rift | Post-rift
0 . . 1 ) 0 . . . L ]
0 5 10 T s 20 25 0 5 10 15 20 25
Diachronous syn-rift Tmax recording Model Time (My)

Figure 5. Temperature evolution in pre-rift sediments for two end-members of sedimentation rate. (a) Heat flow evolution for points A, B, and C extracted from the

numerical model of Figure 4.

(b) Sedimentation rates assuming 1 km of pre-rift sediments and a lower sedimentation rate for point A due to a lower accommodation

space. (c) Temperature evolution at the base of the pre-rift sedimentary cover for points A, B, and C function of rifting evolution. For low sedimentation rates, the
peak temperature (Tp,ax) in pre-rift sedimentary rocks can be recorded at the upper- to lower-plate transition associated with extensional allochthons. As a con-

sequence, the Ty, recorded

by extensional allochthons is diachronous during hyperextension as exemplified by points B and C in the model. In case of high

sedimentation rates, the model predicts that burial-related temperature evolution can overprint the temperature recorded at the upper- to lower-plate transition.

rift structures, allowing for the restoration of the former asymmetric rift structure (Masini et al., 2014). The
southern boundary of the basin includes a series of Paleozoic massifs (Figure 6, Aldudes, Mendibelza,
Igountze) that are thrust toward the south (Daigniéres et al., 1994; Johnson & Hall, 1989a; Mufioz, 1992;
Teixell, 1990, 1998). The Mauléon basin is bounded to the west by the Labourd massif and by the
Pamplona fault zone (Claude, 1990; Jammes et al., 2009; Masini et al., 2014; Razin, 1989; Schoeffler,
1982). To the north, the Mauléon basin is thrust onto the Arzacq basin along the north vergent North
Pyrenean Frontal Thrust system, consisting of the St Palais and the Ste Suzanne thrusts (Figure 6b). The
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Figure 6. (a) Geological map of the Mauléon-Arzacq basin (compiled from Genna, 2007 and own observations). The locations of Raman Spectroscopy on
Carbonaceous Material data (T,ax) from subsurface rocks (Figure S4) and selected boreholes of this study are indicated. Coordinates are in meters (Lambert 93
projection). (b) Geological map of the Pyrenees with location of the study area. Coordinates are in decimal degrees (WGS84 projection). (c) Interpreted ECORS
Arzacq-Western Pyrenees seismic profile, modified after Masini et al. (2014). Note that part of the pre-rift sedimentary cover is composed of the Late Triassic eva-
porites responsible for the thickness variation.

presence of exhumed granulites (Ursuya Massif, Figure 6) and mantle rocks in the basin are interpreted as
fingerprints of extreme crustal thinning of this basin (Jammes et al.,, 2009; Lagabrielle et al., 2010;
Lagabrielle & Bodinier, 2008; Masini et al., 2014; Tugend et al., 2014; Tugend et al., 2015). The end of
rifting was associated with an alkaline magmatic activity (Montigny et al., 1986) and a high
temperature/low pressure metamorphism of Mesozoic pre-rift and early synrift sediments (Albaréde &
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Michard-Vitrac, 1978; Azambre & Monchoux, 1998; Azambre & Rossy, 1976; Golberg & Maluski, 1988;
Montigny et al., 1986; Thiébaut et al., 1988).

The occurrence of this rift-related high temperature/low pressure metamorphism resulted in the acquisition
of an increasing amount of data aiming to investigate the rift-related thermal structure of this basin and more
generally of the Pyrenean rift system (Clerc et al., 2015; Hart et al., 2017; Vacherat et al., 2014). Clerc et al.
(2015) provided new constraints on peak temperatures (Ty,ax) from Raman Spectroscopy on Carbonaceous
Material from the Mauléon basin (Figures 6a and S4). The authors showed that relatively high temperatures
in sedimentary rocks are systematically associated with the occurrence of mantle rocks and granulites. They
interpreted medium to high geothermal gradients associated with mantle exhumation and a thick pre-rift
(Upper Triassic to Barremian) to synrift (Apto-Cenomanian) sedimentary cover acting as a thermal blanket.
Vacherat et al. (2014) and Hart et al. (2017) performed detrital zircon fission track and (U-Th-Sm)/He, and
detrital zircon (U-Th)/He thermochronology, respectively, in order to define the paleothermal gradient.
Their results show a thermal gradient ranging between 80 to 100 °C/km for rifting in the hyperextended
domain of the basin.

4.2. Rift Evolution and Former Architecture

Based on previous studies (e.g., Ducasse et al., 1986; Jammes et al., 2009; Johnson & Hall, 1989b; Velasque
et al., 1989) and new field data, Masini et al. (2014) argued that the Arzacq-Mauléon basin developed asym-
metrically via north dipping detachment faults, implying the formation of a upper- to lower-plate architec-
ture. Masini et al. (2014) evidenced two main detachment faults along the southern border of the Mauléon
basin, referred to as the South and the North Mauléon Detachment faults (SMD and NMD, respectively;
Figure 6a). They are associated with cataclasites, gouges and tectonosedimentary breccias affecting and
reworking the Paleozoic basement (Figure 7). The sedimentary architecture and facies evolution from
Upper Aptian to Albian sediments record the progressive creation of accommodation space. Masini et al.
(2014) proposed, based on the migration of the syn-tectonic sedimentary facies tracts, a northward migration
of the deformation associated with these north dipping detachment faults delimiting tilted blocks (Jara-
Arbailles, Figure 7; see also Hart et al., 2016).

The detailed architecture of the northern Mauléon basin, interpreted as floored by the NMD, is hardly
accessible due to the thick Albo-Cenomanian cover. However, Jammes et al. (2009) and Masini et al.
(2014) suggested that the Labourd massif might represent the western lateral prolongation of the base-
ment located below the northern Mauléon basin. In this area, the authors described evidence for fluid
and reaction assisted brittle fault rocks and associated tectonosedimentary breccias, diagnostic of exten-
sional detachment faults in hyperextended settings (Jammes et al., 2009; Pinto et al., 2015; Tugend
et al., 2014). The description of depositional contacts between Albo-Cenomanian sediments and exhumed
midcrustal granulites (Jammes et al., 2009) and the reworking of these granulites in the overlying sedi-
ments argue for laterally discontinuous and allochthonous pre-rift cover sequences separated by exhuma-
tion windows (Figure 7). These observations have been interpreted as evidence for extensional
detachment faulting leading to exhumation of deeper crustal and mantle levels in the Mauléon basin
(Jammes et al., 2009). The cooling ages of the footwall (i.e., Ursuya granulites, Ar/Ar on biotite:
200 Ma > ZHe: 51 Ma; Masini et al., 2014; Vacherat et al., 2014; Hart et al., 2016) may correspond to
the age of the subhorizontal synexhumation deposits of the Bonloc trough (Albo-Cenomanian). The cur-
rent occurrence of a positive gravimetric anomaly in the Mauléon basin, attributed to a high-density body
at shallow depth below the basin, has been interpreted by some authors (Casas et al., 1997; Chevrot et al.,
2015; Jammes et al., 2010; Pedreira et al., 2007; Wang et al., 2016) as the evidence for extreme crustal thin-
ning and likely mantle exhumation during rifting. Moreover, magmatism within Albo-Cenomanian sedi-
ments in the northern part of the Mauléon basin (Figures 6 and 8) attests for major lithospheric thinning
in the hanging wall of the NMD. In summary, the overall first-order architecture of the Mauléon basin,
that is, the creation of accommodation space and the exhumation of crustal and mantle rocks linked to
basinward dipping faults, is compatible with a lower plate setting (Figure 2; Jammes et al., 2009;Masini
et al., 2014 ; Tugend et al., 2014).

Crustal extension factors below the Arzacq basin, that is, f3 factors of ~2 have been estimated from subsidence
analysis (Brunet, 1984), suggesting that the crust beneath the Arzacq basin has been less thinned than the
Mauléon basin (Masini et al., 2014), the latter reaching mantle exhumation. Drill holes located between
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extended Arzacq-Mauléon basin. Squares (a) and (b) correspond to key observations illustrating the main rift geometries
preserved for the lower plate and square (c) for the upper plate.

the Arzacq and the Mauléon basins (e.g., Le Rouat, Figure 8) document a major unconformity between
basement rocks (especially Lower Triassic sandstones) and subhorizontal, late synrift to post-rift
Cretaceous sediments (Figure 7). This suggests that the Grand Rieu was a relative topographic high until
late stages of rifting (Masini et al., 2014; Tugend et al., 2014) and created a topographic boundary between
the Arzacq and Mauléon basins. This also reveals that the basement is not capped by a major detachment
fault at this place, as it is the case for basement highs in the southern Mauléon basin (e.g., Labourd
massif, Jara tilted block, Aldudes exhumed basement, Figure 6). It also points out the role of Late Triassic
evaporites during mid-Cretaceous extension decoupling extension between the subevaporite and
supraevaporite sedimentary cover (i.e., from Jurassic to Aptian; Jammes et al., 2010; Lagabrielle et al.,
2010; Masini et al., 2014). However, the overall preservation of the pre-rift stratigraphy, together with
little, observable rift deformation and minor crustal thinning suggests a typical upper plate architecture
for the northern margin of the Mauléon basin (Figure 2).

4.3. Vitrinite Reflectance Data (Proxy for Ty,.x)

4.3.1. Data Set and Method

We provide unpublished vitrinite reflectance data (courtesy of Total) from sedimentary rocks of selected
boreholes from the Mauléon-Arzacq basin (Figures 8 and S5). These four boreholes are located along the
dip direction with respect to the former rift orientation and provide information about the sedimentary
and basement architecture of both the upper and lower plates. Thus, these boreholes can represent a
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Figure 8. (a) Synthetic well logs shown for the Arzacq-Mauléon basin: Ainhice (Aie 1), Uhart-Mixe (Um 1), Les Cassiéres
(L.Cs.2), and Le Rouat (LRt 1; location in Figure 6). See Figure S6 for Ty, conversion. See caption in Figure 6 for the color
code of sedimentary sequences. (b) Restored cross section of the Arzacq-Mauléon basin before compression (i.e., before
Santonian), with approximate location of the boreholes.

section through the basin, from proximal to distal in the hyperextended domain that has not been strongly
inverted during convergence and that are documenting structural levels that are not outcropping at
present. The vitrinite reflectance (in %) measures the thermal maturation of organic components. It can
be used as a proxy for source rock maturation and maximum temperature history (Tp,.x) of sedimentary
rocks (Taylor et al., 1998). The evolution of vitrinite reflectance values (%VR) in boreholes provides a
constraint on the relative Ty, reached by the samples within the stratigraphic log within the inverted basin.
Figure 8a shows the four simplified stratigraphic logs from the Mauléon (Ainhice 1, Uhart-Mixe 1, Les
Cassiéres 2) and Arzacq basins (Le Rouat 1). Le Rouat 1 is located on the Grand Rieu High. Wells are not
significantly deviated and thus we can assume that distance corresponds, in a first approximation, to
vertical depth. Although we prefer to deal with raw vitrinite reflectance data in the following to study the
first-order thermal architecture of the Arzacq-Mauléon basin, we also provide the conversion of %VR to
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Tmax based on the formulas of Barker (1988) and Barker and Pawlewicz (1994) in Table S6 so it can help com-
pare with Raman Spectroscopy on Carbonaceous Material data of Figure 6a (also in Table S4).

4.3.2. Borehole Description

The Ainhice 1 borehole (Aie 1) shows 1,700 m of Cenomanian Flysch Noir to Lower Jurassic calcareous
marls with a major erosional unconformity between the Oxfordian and the Middle-Albian. This
sequence is duplicated below a thrust fault with %VR values reaching 4,43%VR in the Middle-Albian
and 4,57%VR in the Jurassic. This sequence lies onto a 400 m thick chaotic evaporitic layer composed
of shales, evaporites, and ophites, unconformably lying above a 640 m thick sequence of quartzites
and black shales (4,42%VR) attributed to the Paleozoic, with the omission of Lower Triassic sandstones
and conglomerates.

The Uhart-Mixe 1 borehole (Um 1) reaches 1,868 m depth. The top of the sequence is composed of Turonian
limestones, less than 300 m thick, followed by Cenomanian to probably Albian flysch and marls at the bot-
tom. The %VR go from 3,75 to 5,09 with a general increase of the value with depth even though strong var-
iations are observed within the log (Um 1 on Figure 8a).

The Les Cassiéres 2 borehole (L.Cs.2) penetrated down to 5,692 m depth. The upper part of the drill hole is
composed of about 1,200 m of Turonian to Campanian flysch (shales, sandstones, and marls) with %VR of
2,13 to 2,55. A very thick Cenomanian Flysch Noir sequence (1,700 m) is represented with the occurrence
of an episyenite sill at its base. Vitrinite reflectance values range from 2,6 at the top to 3,51 at the base.
The top Albian (%VR of 4,09) is also composed of magmatic dykes. The underlying Albo-Aptian marls show
evidence for an intense fluid circulation that may be responsible for the silicification of limestone beds and,
toward the base, an increase of dolomitized fractures and marly beds. Available %VR values are about 5,40%
VR. Neocomian limestones (Lower Cretaceous) display VR values of 5,15 to 5,83 and are unconformably
lying over Lower Jurassic limestones (5,77%VR).

The Le Rouat 1 borehole (LRt 1) is composed of Eocene sandstones and mudstones that overlie Upper
Cretaceous marly flysch. The base of the Upper Cretaceous unit (~5,000 m) is characterized by rounded clasts
of dolostones, limestones, and red mudstones attributed to Lower Jurassic, Upper Jurassic, and Permo-
Triassic, respectively. This 5,000 m thick sequence shows a value of 2,67%VR at the base. This sequence is
unconformably deposited onto Permo-Triassic sandstones (2,35%VR) that are unconformably lying onto
black schists attributed to the Devonian.

4.3.3. Results

From south to north, we observe a deepening of the Mauléon basin associated with crustal thinning and
mantle exhumation. Likewise, vitrinite reflectance (or Tnay) shows a downward and northward increase
south of the St Palais thrust. In detail, Aie 1 shows high %VR (3,44 to 4,44%VR, i.e., ~276 to 303 °C according
to Barker's formula) in Albo-Cenomanian and Jurassic marls and limestones, suggesting the erosion of quite
thick post-rift sequences during Pyrenean convergence. Moreover, duplication of the sedimentary sequence
at the base of the Early Jurassic is due to a northward thrust fault located at about 1,700 m and may control
the overlying erosion. At the bottom of the borehole, below the Triassic Keuper, there is no evidence for the
Permo-Triassic red beds. This supports the existence of an extensional contact north of the Jara block, which
can be related to the NMD (Masini et al., 2014). We suggest that the heterogeneity of %VR values in the Um 1
borehole might be related to multiple small-scale thrusts due to Pyrenean convergence. Northward, the L.
Cs.2 borehole displays intense silicification and dolomitized fractures, which attest for fluid migration in
Apto-Albian sediments. It is important to note that the %VR steadily increases from the surface to 3,200 m
(i.e., Late Albian) and that they reach a maximum value of 5,15 to 5,83%VR (~331 °C) from 5,000 to 5,692
m in the Apto-Albian to Lower Jurassic units. This %VR trend between post-Albian (depth-dependent %
VR) and pre-Albian (maximum constant %VR) rocks has been observed in few boreholes from the
Mauléon basin (e.g., Moncayolle).

On the LRt 1 borehole, in the Arzacq basin, the thick (about 5 km) Late Cretaceous to Eocene sedimentary
sequence displays a constant increase from top to bottom but merely reach 2,67%VR (~250 °C). Additionally,
the Permo-Triassic conglomerates reach values of 2,35%VR, which evidence a relative low Ty, that has not
been overprinted by the mid-Cretaceous thermal event. Thus, we can infer that the Late Cretaceous sedi-
ments did not experience significant heat flow. Interestingly, a quite high and abrupt change in %VR is
observed in the Devonian metasediments below the Triassic conglomerate, arguing for a Variscan
thermal imprint.
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Figure 9. Figure showing conceptually the distribution of Tyjax/heat flow as
a function of the extensional evolution in an asymmetric rift system. Warm
colors represent relative high T, or high heat flow, while cold colors
represent low Ty or heat flow. The horizontal gradient at the bottom of the
figure represents a theoretical maximum basal heat flow distribution during
hyperextension (based on the numerical model shown in Figure 3). (top)
Theoretical Tp,ax distribution onto the typical Wheeler diagram for hyper-
extended domains at late synrift (see Figure 2). The general asymmetry in
the distribution of Ty, between the lower and the upper plate is repre-
sented. We suggest a steep horizontal Ty, ,x gradient on the upper plate due
to the rapid crustal thinning and the proximity to the active exhumation
zone, where the maximum heat flow and temperatures are located (see
Figures 3 and 5). Highest Tjy,,x are recorded at the upper-lower plate tran-
sition (Figure 5). Blocks originating from the upper plate and transported as
extensional allochthon blocks onto the lower plate represent Ty, ,x anoma-
lies. While the pre-tectonic sequence shows asymmetric and diachronous
peak heat events controlled by the asymmetric basal heat flow, the syn-tec-
tonic to post-tectonic sediments are in addition also controlled by burial.
Thus, the main signal investigated in this study is recorded in the basal, pre-
tectonic to syn-tectonic sequence of the hyperextended basin.

These observations evidence a progressive deepening of the Mauléon
basin from south to north as expected for a lower plate, associated with
a general increase of Ty (in this study %VR) and first occurrence of mag-
matism. The highest T\, are observed at the transition between the lower
plate and the upper plate (Figures 8b and S6, L.Cs.2 borehole). North of
the St Palais thrust (i.e., upper plate), the rift-related crustal thickness
abruptly changes and the recorded Ty, are very low in the synrift to
post-rift sediments (LRt 1 borehole). This structural and thermal relation-
ship points to a general asymmetry of the Arzacq-Mauléon rift system that
is not consistent with symmetrical rifting.

5. Discussion

5.1. First-Order Rift-Related Thermal Structure and Evolution of
Hyperextended Systems

5.1.1. Thermal Asymmetry

The numerical model shows that in relation to asymmetric rift evolution,
the maximum heat flow location at the base of the basin increases during
hyperextension and tends to migrate toward and to stabilize over the
upper- to lower-plate transition (Figure 3). This results in a higher hori-
zontal thermal gradient on the upper plate than on the lower plate
(Figure 9). Interestingly, the heat flow evolution of asymmetric hyperex-
tended rifts does not strictly correlate with crustal thinning as, for a similar
crustal thickness, various heat flow values can be observed. In that sense,
this evolution cannot be accounted for using depth uniform models (e.g.,
McKenzie, 1978).

In the Arzacq-Mauléon basin, the asymmetry is also expressed in the dis-
tribution of Ty, once restored back into their former rift context
(Figure 8b). The highest Ty,ax values were located at the inferred upper-
to lower-plate transition, associated with deep crustal and mantle rocks.

They were later transported during convergence onto the upper plate along the St Palais thrust and juxta-
posed to sediments showing lower Ty, values.

Both the numerical model and field observations show an asymmetric heat distribution with respect to the
upper- to lower-plate transition (Figures 3, 8b and 9). This strongly suggests a relationship between rift asym-
metry and thermal asymmetry that cannot be explained by pure shear depth uniform thinning. This asym-
metric evolution during rifting may be applicable to the heat flow evolution of other asymmetric magma-
poor rift systems such as the Parentis basin (Jammes, Tiberi, & Manatschal, 2010), the Newfoundland-
Iberia conjugate margins, the Labrador Sea, the Porcupine Basin (Figure 1), the Central South Atlantic
magma-poor segments (Péron-Pinvidic et al., 2017), the Australia-Antarctica margins (Direen et al., 2013),
the Australian North West Shelf (Karner & Driscoll, 1999), or the East Australia-Lord Howe rise conjugates

(Gaina et al., 1998).

5.1.2. Formation of Extensional Allochthons, Role of Sedimentation and Ty, Distribution

The numerical model shows that top basement rocks are submitted to locally very high heat flow, especially
at the tip of the upper plate (Figure 3). In low sedimentation rate settings, 1-D thermal models (Figure 5c)
demonstrate that pre-tectonic rocks can record their highest temperature (Ty.x) at the upper- to lower-plate
transition. Due to their position, they can become part of the lower plate (e.g., allochthon formation) at any
time (Figure 3). Once they are transported on the lower plate where heat flow decreases, they are submitted
to temperatures that are lower than the Ty, recorded at the upper- to lower-plate transition (Figure 5c, left
panel). This results in a thermal event recorded in the pre-tectonic sediments controlled by the basal heat
flow that is diachronous and short-lived (Figures 5 and 9).

Syn-tectonic to post-tectonic (synrift) sediments that seal the extensional allochthons can be deposited under
conditions with lower heat flow values once on the lower plate (Figures 3 and 5). They can therefore record
Tmax values that are mainly controlled by the sedimentary thickness (burial dominated; Figures 9 and 10).
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[ Pre-rift ] Mantle

A
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[ Syn-rift ] Upper crust[ ] Top pre-tectonic
[ ]Top syn-tectonic

Juxtaposition of
thermal diachronous thermal
gradient histories

This second thermal event is regional (at the basin scale) and lasts longer.

A B Tmax from these two thermal events can be juxtaposed on the lower plate

between the extensional allochthon and the overlaying sedimentary
sequence and can potentially result in very sharp limits between high
and low Ty, values occurring over short distances (Figures 9 and 10).
As a consequence, paleothermal gradients determined from such data sets
might provide unrealistic values and lead to the overestimation of the
background heat flow at the base of the basin (Figure 10).

In case of high sedimentation rates, the burial related thermal event can
eventually overprint or obliterate the former thermal event due to the

Figure 10. Role of sedimentation rates on the thermal architecture of hyper-

basal heat flow (Figure 5c, right panel and Figure 10). As such, the synrift
thermal architecture will be controlled by the burial history and Ty, will

extended domains at the end of rifting. In low sedimentation rates, Tmay in D€ mostly synchronously recorded at the end of hyperextension through-
the pre-tectonic sediments (extensional allochthon) have been recorded at out the basin.

the upper- to lower-plate transition and transported onto the lower plate. . . . . . .
Tymax Within the syn-tectonic to post-tectonic sediments are diachronous and To summarize, sedimentation can either reveal, obliterate or overprint

depend on sedimentation rate (burial) during hyperextension. Gradient A these diachronous thermal events (heat flow vs. burial dominated) related
shows a typical burial-related thermal gradient under moderate heatflowon  to rift migration. However, further works integrating complex thermal

the lower plate (late rifting). Gradient B juxtaposes two diachronous thermal
histories. In low sedimentation rate systems, the determination of the
paleothermal gradient using Ty, can be misleading. In high sedimentation

models of basins and realistic sedimentary infill evolution will be neces-
sary to investigate these extreme cases.

rate systems, the burial thermal history can overprint the former thermal L. L. 3
event and Ty can be synchronously recorded at the end of rifting 5.2. Implications and Limitations Derived From the Pyrenean Case

throughout the rift basin.

New vitrinite reflectance data from the Arzacq-Mauléon basin show an

asymmetry of the Ty, distribution within the pre-rift to synrift sequences
of the basin, likely due to asymmetric heat flow evolution associated with northward migration of the north
dipping Mauléon detachment faults (Masini et al., 2014). Despite a well constrained metamorphic zone
(NPMZ) in the eastern Pyrenees and in the Basque-Cantabrian basin, its continuation in the Mauléon basin
was questioned (Albarede & Michard-Vitrac, 1978; Golberg & Leyreloup, 1990). Based on this new thermal
data set derived from boreholes, we can suggest that the so-called NPMZ and consequently rocks with high-
est Tpax are not exposed but are buried deeper in the northern part of the Mauléon basin.

In order to compare the Ty,,x measured in the asymmetric Arzacq-Mauléon basin with the thermal data
extracted from our numerical model, we combined the heat flow evolution from the model and the synrift
sedimentary thicknesses defined in the Mauléon boreholes to calculate the theoretical Ty, in the pre-rift
sediments (Figure 11). Results suggest Thax values ranging from 200 to 490 °C depending on the maturity
of hyperextension and are in accordance with T,y from pre-rift sediments of the Mauléon basin ranging
from 288 to 330 °C (Figures S4 and S6). Our generic model of asymmetric rifting can explain the first-order
thermal evolution of Arzacq-Mauléon basin, even if thermal blanketing and fluid circulation are not taken
into account and might have played a role in the distribution of Ty,,x in the North Pyrenean basins (e.g.,
Boulvais, 2016; Clerc et al., 2015).

Although we demonstrate a structural and thermal asymmetry of the Arzacq-Mauléon rift system similar to
the numerical model, the complexity raised by the presence of allochthons has not been evidenced in our
study area. We suggest that gravity gliding and migration of the pre-rift sedimentary cover on Upper
Triassic evaporites might result in additional complexity to the tectonic and thermal history. Such a process
has been recently proposed and discussed by Duretz et al. (2019) based on a numerical model and the obser-
vations from the eastern Pyrenees. However, our field observations and the existing data set are not able to
resolve the impact of such an allochthony on the thermal architecture of the basin.

5.3. Tmax, Thermal Gradient and Heat Flow: General Implications

Thermal parameters such as Ty,,y, thermal gradient and heat flow are commonly used to define the thermal
state of rift basins with the assumption that crustal thinning and radiogenic heat production are the main
controlling factors (e.g., McKenzie model). However, data from numerical models imply a more complex
architecture, where allochthonous structural units and diachronous thermal events can be observed on a sin-
gle vertical section.
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Mauléon basin experiment Indeed, the thermal gradient and top basement heat flow values are
400 ' ‘ ' 2 increasing during rifting but their locations vary due to rift migration.
I Especially in asymmetrical hyperextended rift basins, a strong variation
(\2300' : ] of the thermal gradient from the lower to the upper plate must be
= | expected. Moreover, this first-order thermal structure can be modified by
%200 L | i fluid circulation (Boulvais, 2016; Person et al., 1996; Souche et al., 2014)
2 T or magmatic additions at various time leading to local perturbations of
E 100l : | the Tax values. Type and rate of sedimentation can also affect the surface
R | and top basement heat flow, such as evidenced by the thermal blanketing
‘ Syn-rift | Post-rift effect (e.g., Hutchison, 1985; Souche et al., 2017). However, in systems
% 5 10 15 20 25 with low sedimentation rates, the top basement heat flow can slightly
5 . i — decrease with respect to models without sedimentation (e.g., Souche
Syn-rift sedimentary I et al., 2017; Theissen & Riipke, 2009) but follows a trend that is similar
54 - thicknesses obtained from JI : to our model (Figures 4 and S2). In this study, we only investigated the
2 Mauléon boreholes _ - ] synrift thermal evolution based on simplistic 1-D thermal models of basin.
E 3r P I T Further studies should be undertaken considering the entire rifting evolu-
E ~ ' tion and taking into account fluids, sedimentation rates and synrift to
5 2r - - : i post-rift magmatic activity.
%1.// : _ Tmax iS commonly used to constrain paleothermal gradients and the
Syn-rift | Post-rift thermal architecture of fossil rift basins. However, our analysis high-
0 : : : L lights that the maximum temperature recorded by a rock does not
0 5 10 15 20 25 . .
500+ . refl?ct the corTlplete t.hermal hlstOI:y f)f the roc'k anc.i is henc'e prone to
| misinterpretations (Figure 10). This is exemplified in the diachronous
s00b I tectonic and thermal histories of our study, where rocks with Tpax
' acquired at different moments and in different thermal contexts have
0300 Uobtaee Jbg)E Sob (LS L ‘ been juxtaposed (see Figures 9 and 10). The resulting paleothermal
E Maulon Sediments gradient extracted with these two values might be unrealistically high
& 200 ! and does not represent a real paleothermal gradient at any time of
: the rift evolution.
100 s ' ' ' We propose that the thermal asymmetry observed in pre-rift to synrift
o — . _ Syn-rift | Posterift sequences is a good indicator to define the polarity (upper vs. lower plate)
0 5 10 15 20 25

of hyperextended rift systems. Moreover, abrupt changes of Tp.x values
could suggest the occurrence of an allochthonous extensional unit on
Figure 11. Theoretical 1-D thermal model of the Mauléon basin based on ~ tOP of a detachment fault in a lower plate setting.

heat flow values from the numerical model. See the similarities between

measured Tyax values based on the heat flow values of the numerical model ¢, Conclusions

and the Ty,,x converted from the Mauléon boreholes and from subsurface
Raman Spectroscopy on Carbonaceous Material measurements (~300 °C, Both numerical model and field study show a thermal asymmetry with the

see Table S4 and Figure S6). Conductivity, radiogenic heat production and ~ maximum heat flow and the highest T,. located at the upper- to lower-
surface temperature are identical to the 1-D thermal models of Figure 5. plate transition. Modeling results also highlight a strong diachronism in
the record of the maximum heat flow and T, for each extensional
allochthon in hyperextended domains. These results might also apply to present-day asymmetric, hyperex-

tended magma-poor rifted margins.

Model Time (My)

We suggest that the peak heat in sedimentary rift basins is controlled by the relative importance of two
processes:

« A local and short-lived thermal event located above the focus of hot asthenospheric upwelling at the
upper- to lower-plate transition that leads to very high heat flow, which is likely amplified by fluid circu-
lation. Upper plate blocks made of pre-tectonic material recording very high Ty« values might be trans-
ferred during rift migration from the upper to the lower plate. Once this transfer is completed, heat flow
within these blocks is rapidly decreasing as the upper- to lower-plate transition migrates further away.

« Aregional event affecting the entire basin and related to basin infill and burial. The resulting thermal gra-
dient in these sediments notably depends on the timing and rate of sedimentation, the lithology and the
basal heat flow.
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Both thermal events can be juxtaposed on the lower plate after the formation of allochthons and may lead to
unrealistic or not representative paleothermal gradients in case of low sedimentation rates. Such a diachro-
nous and asymmetric evolution of the thermal parameters (T, heat flow, and thermal gradient) in asym-
metric rift systems leads to a complex final thermal architecture that cannot be understood through depth
uniform models or extrapolation of 1-D Ty, values.
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