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ABSTRACT

We present an analysis of the consequences of foreland basin development on thinned continental lithosphere, inherited
from pre-orogenic phases of extension. Bathymetry at the transition from pre-orogenic extensional basin to foreland basin and
compaction of pre-orogenic sediments contribute to the accommodation space for foreland basin sediments and thrust loads.
In addition. the extension-induced transient thermal state of the lhithosphere, results in ongoing thermal subsidence, and a
flexural rgidity which changes through time. Quantitative modelling of the phase of extension and the foreland basin stage of
the Aquitaine basin (southern France) shows that the inherited transient thermal state of the lithosphere contributes
significantly to (1) the total foreland basin depth and width, (2) the post-compressional subsidence history, and (3) the
cratonward onlap pattern. Accounting for the thermo-mechanical effects of pre-orogenic extension significantly reduces the
estimates of both the flexural ngidity (30-43% for the Aquitaine basin) and the required topographic or thrust load (40% for
the Aquitaine basin) at foreland basins. Emplacement of thrust loads below sea level, as expected in a pre-orogenic extensional
basin setting, further reduces the required topographic load. This sheds light on the wide range of flexural rigidity values
reported for continental lithosphere from foreland basin modelling studies, and explains, in many instances, the inferred
‘hidden load’ or subsurface load in flexural modelling studies at foreland basins. The present study has shown that
pre-orogenic extension phases significantly affect the record of vertical motion and the stratigraphy of the Aquitaine basin and
1s probably important for foreland basin evolution in general.

1. Introduction

During the last decade considerable progress
has been made 1n understanding the subsidence
mechanisms of foreland basins [1, 2, 3]. Numerous
studies have revealed that subsidence of foreland
basins 1s mainly controlled by the flexural re-
sponse of the lithosphere to topographic loading.
However, i1t has also been shown that topographic
loading only is not always sufficient to explain the
observed deflection and /or gravity data [4, 5, 6].
The required subsurface or ‘hidden’ load has been
attributed to either dense obducted blocks [4, 7, 8]
or forces acting on the subducted slab [9, 5, 10]. A
feature in foreland basin evolution, which has
been largely ignored up to now, with the excep-
tions of Stockmal et al. [11] and Chery et al. [12],
1s the generally observed phase of extension pre-
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ceding the compressional phase of mountain
building. In western Europe, many orogenic belts
are emplaced nearby or on top of extensional
structures. The Betic chain in southern Spain and
1ts prolongation to the northeast (Balearic chain)
was emplaced during the Cenozoic in an area
subjected to Mesozoic extensional tectonics [13,
14]. North of the Betic zone, the Iberic Cordillera
was formed close to an Early Cretaceous aulaco-
gen [15]. The Pyrenees are another clear example
of this type of orogenic belt. The Pyrenean chain,
at the boundary between the Iberian and European
plates, resulted partly from inversion of Late
Jurassic to Albian deep basins [16].

In many cases, the insufficient topographic load
can be largely due to the fact that a significant
part of the overthrusted load has been emplaced

on a passive margin [11]. A phase of extension has

© 1991 - Elsevier Science Publishers B.V. All nghts reserved
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implications not only for crustal thickness and the
distribution of pre-orogenic sediments, but also
has a strong bearing on the thermal structure of
he lithosphere during and probably even after the
orogenic phase. In the following we will first dis-
cuss the effects of a pre-orogenic phase of exten-
sion on: (1) the accommodation space for sedi-
ment during the foreland basin stage; (2) the
evolution of flexural rigidity of the lithosphere
during the foreland basin stage. Both of these
aspects are of importance for the history of fore-
land basin subsidence and for the stratigraphic
record. Subsequently, we will quantify the in-
fluence of inherited thermal structure of the litho-
sphere on the thermo-mechanical evolution of
foreland basins, using the Aquitaine basin as an
example. To analyse the thermal history and flex-
ural rigidity of the area, we first model the exten-
sional tectonics of the Aquitaine basin using con-
straints provided, amongst others, by deep seismic
data. Finally, we will discuss the model predict-
ions in the light of foreland basin subsidence 1in
general and the subsidence history of the Aqui-
taine basin in particular.

2. Pre-orogenic extension and foreland basin sub-
sidence

2.1. Effect of extension on accommodation space for
sediments

Extensional basins, in particular those involved
in a subsequent orogeny, are often associated on
the seaward side with a deep water slope and rise
setting, such as at rifted continental margins (Fig.
1). This water body provides accommodation
space, not only for advancing thrust loads, but
also for early foreland basin sediments. In this
context it is important to realize, based on simple
isostatic principles, that bathymetry provides
accommodation space for a sediment thickness of
at least 2—3 times the available water depth.

A second contribution to the accommodation
space for foreland basin sediments is provided by
compaction of the sediments deposited during the
extensional basin phase upon subsequent burial.
Given the observed foreland basin sediment thick-
ness z,, the foreland basin sediment thickness in
the absence of compaction of underlying sedi-
ments z, and the underlying extensional basin
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Fig. 1. Schematic illustration of three features associated with

pre-orogenic extensional basins, which contribute to the

accommodation space for foreland basin sediments and thrust

loads: (1) pre-orogenic bathymetry; (2) compaction of pre-oro-

genic sediments; (3) ongoing thermal subsidence induced by
pre-orogenic lithospheric extension.

sediment thickness z. as shown in Fig. 2a; for
mechanical compaction following a given poros-
ity—depth relation we can calculate the relative
contribution C. to the observed foreland sediment
thickness due to compaction of underlying exten-

sional basin sediments:

~{o
C. =

-
~10

“1 % 100% (1)

When a solidity—depth relation (solidity (§); the
complement of porosity) i1s adopted for normal
shale as given by Baldwin and Butler [17]:

z=kS* (2)

with & =6.02 km and ¢ = 6.35, then the following
relation can be derived:

h 1 /b
C—[(H:") -zt -1 i G
LAT 7 3y AeiTrgaRy Zs
b=1+1/c (3)

Figure 2b illustrates how C, is controlled by the
ratio of observed foreland basin sediments and
extensional basin sediments z. and Fig. 2c¢ shows
a contourplot for C. for several values of z;, and
z.. Both figures demonstrate that, at foreland
basins, C. can reach values of the order of 50%
(z. =1/30), specially when the thin veneer of
foreland basin sediments at the cratonward side of
the basin overlies thick extensional basin strata.
A third contribution to the accommodation

space for foreland basin sediments 1s due to ongo-
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Fig. 2. Relative contribution of compaction of pre-orogenic
sediments to accommodation space for foreland basin sedi-
ments. (a) Defimition of varables: z,, and :z, are observed
thicknesses of foreland basin sediments and extensional basin
sediments, respectively, and z, their ratio; z; is thickness of
foreland basin sediments in absence of underlying compacting
sediments; C, 1s relative contribution to z, due to compaction
of underlying sediments. Compaction calculations for normal
shale following [17]. (b) C, as a function of z_. (¢) Contour plot
of C; as a function of z, and z.. Shading is for 10% intervals.
Note that thin foreland basin sediments z;, overlying thick
extensional basin sediments z, (i.e. small z ) can be largely the

result of compaction of extensional basin sediments.

ing thermal subsidence induced by the pre-oro-
genic phase of extension. This contribution is
especially of importance when the time span be-
tween the rifting phase and the onset of thrust
loading 1s relatively short (i.e. shorter than the
thermal time constant of the lithosphere, which is

2, DESEGAULX ETAL.

of the order of 60 Ma). A high transient heat
content of the lithosphere due to extension also
contributes to significant thermal subsidence rates
during the foreland basin stage. Such a high tran-
sient heat content, in turn, is dependent on the
magnitude of lithospheric stretching. High stretch-
ing factors B [18], such as at the oceanward side of
rifted continental margins, fortify thermal subsi-
dence. Thus, finally, also the location and orienta-
1on of the extensional basin with respect to the
'oreland basin area are important for the contri-
bution of ongoing thermal subsidence to foreland
basin subsidence.

2.2. Effect of extension on flexural rigidity

Studies of flexure in response to seamount
loading and subduction in the oceanic domain
have established that the flexural rigidity of oc-
eanic lithosphere is controlled by the thermal state
of the lithosphere [19]. The rheology of continen-
tal lithosphere i1s much more complicated than
oceanic rheology. Intrinsically, continental litho-
sphere 1s relatively weak compared to oceanic
lithosphere, due to its rheological stratification
[20, 21]. For a pure elastic plate rheology, arbi-
trarily high stress levels can be supported and an
elastic plate 1s therefore characterized by an in-
finite strength. By contrast, for oceanic or con-
tinental depth-dependent rheology, bending
stresses and hence the bending moment are limited
by brittle and ductile yield criteria. Consequently,
the strength of continental or oceanic lithosphere
1s finite, which is expressed at sufficiently high
stress levels in the failure of the lithosphere. How-
ever, reduction of flexural rigidity is already oper-
ative at any level of intraplate or bending stress.
Furthermore, continental lithosphere due to its
often complex petrological composition can con-
tain weakness zones, which can act as detachment
horizons, thereby further reducing the flexural
rigidity [22, 23]. In spite of these mechanical com-
plexities, especially for continental lithosphere,
thermal control on flexural rigidity is similar to
oceanic lithosphere. At the same time, modelling
studies of flexure at sedimentary basins in re-
sponse to sediment loading [24] have also con-
firmed that the flexural rigidity of continental
lithosphere following rifting is thermally con-
trolled. Hence, a pre-orogenic phase of extension
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1s expected to influence the flexural response of
the lithosphere on both nappe and sediment load-
ing during the foreland basin stage [see also 25]
and might consequently have an expression in the
stratigraphy.

3. Thermo-mechanical evolution of the Aquitaine
basin

3.1. Tectonic setting

Table 1 schematically summarizes the timing of
tectonic events in the Aquitaine basin. The Aqui-
taine foreland basin 1s underlain by a Mesozoic
rifted basin that was initiated in the early Meso-
zoic 1n relation with the Tethyan rift system [26].
This initial extension phase was followed by a
minor phase of Kimmeridgian extension that sep-
arated the Parentis and the Adour—Mirande sub-

TABLE 1

Timing of tectonic events in the area of the Aquitaine basin

AGES

'
b

Quaternary Neogene 24-0

Paleogene
Paleocene

[Late Senonian
Early Senonian
Turonian
Cenomanian
Cretaceous .
Albian
Aptan
Barremian
Neocomian

Kimmeridgian

36-24
58-36
66-58
84-66
88-84

Oligocene

Eocene

113-98
119-113

144-119

156-144
204-156
Early Lias 208-204
Trias 245-208

basins (Fig. 3a). The Kimmeridgian extension also
induced deposition of sediments of fairly uniform
thickness over a wide area. A subsequent quies-
cence period was followed by renewed rifting ac-
tivity 1n the Barremian, Aptian and probably also
the Albian, contemporaneously with the opening
of the Bay of Biscay. This period of rifting is
characterized by block-faulting and extremely high
subsidence rates 1n relatively restricted de-
pocentres (the Parentis and Arzacq basins; Fig.
3a) and sinistral movements of Iberia with respect
to Europe were probably associated with a belt of
pull-apart basins [27, 28]. In the Late Cretaceous,
convergence of Iberia and Europe commenced.
During Cenomanian—Turonian times, compres-
sion started i1n the eastern part of the Pyrenees [29]
after which thrust loading propagated progres-
sively to the western part of the Pyrenees until the
Oligocene [30]. The period of time between the

MAIN EVENTS

Post compressive phase: unflexing

Main phase of compression in the western part of the basin

Propagation of the flexuration westward

98-88 Beginning of the compression in the eastern part of the Pyrenees

Strike slip faulting in the Adour-Mirande Sub-Basin

Rifting in the 2 Sub-Basins

Inination of the 2 Sub-Basins

Initiation of the Aquitaine Basin
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Fig. 3. (a) Map of the Aquitaine basin and surroundings showing the approximate positions of the Parentis and Arzacq sub-basins
and the locations of the profiles used in the modelling. Profile 1 across the Arzacq basin is used to constrain the modelling of the
pre-orogenic extension period and the period of foreland basin evolution. Profiles 2 and 3 traversing the Parentis basin are used in
modelling of the extension period only. NPZ: North Pyrenean Zone; NPF: North Pyrenean Fault; PAZ: Pyrenean Axial Zone;
SPZ: South Pyrenean Zone. AMW and AME denote the western and eastern part of the Adour—Mirande sub-basin. respectively. (b)
Schematic evolution of the Aquitaine domain. Above: (Permian—Early Cretaceous) pre-orogenic extension phase; rifting of the
European domain. Middle: (Late Cretaceous—Eocene) compression; formation of the Aquitaine foredeep. Below: (Eocene—Present)
post-compressive phase associated with unflexing.
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end of extension and the onset of the compres-
sional period 1s, therefore, of the order of only 10
Ma. During the post-deformation phase of the
Pyrenean orogeny, erosion of the overthrust loads
and of large parts of the basin has been observed,
contemporaneous with sedimentation and in more
distal parts of the basin [31, 32]. During this so
called period of ‘unflexing’, sedimentation was
only significant in the western part of the Aqui-
taine basin. Figure 3b schematically summarizes
the tectonic evolution of this region.

3.2. Phase of extensional tectonics (156-98 Ma)

We have analyzed three cross-sections (Fig. 3a),
using a stretching model of basin subsidence [18,
33]. Two of these sections cover the onshore and
offshore parts of the Parentis basin, the former
being parallel to the ECORS deep seismic profile
[34]; the third section 1s chosen perpendicular to
the Pyrenean fold belt, crossing the Arzacqg basin.
We have incorporated lateral variation of stretch-
ing parameters B, multiple stretching phases with
a finite duration [35], lateral heat flow [36] and the
effects of lateral and temporal changes of flexural
rigidity (Appendix 1) (see also [37]). We have used
paleobathymetry estimates from Mathieu [38] and
Brunet [39]. Compaction of sediments has been
accounted for by using an exponential porosity—
depth relation [40] with a surface porosity and
characteristic depth constant chosen to fit poros-
ity-data from the Parentis basin: ®(z) = 38 e~ 4!-,

TABLE 2

Stretching factors Arzacqg basin model (Fig. 5a)

Position 3 B S
(km) (156-144 Ma) (119-98 Ma) (total)
405 1.10 2.20 2.42
420 1.10 2.20 2.42
430 1.10 1.43 1.57
440 1.10 1i:32 1.45
450 1.10 1.21 133
460 1.10 1.12 1.23
470 1.10 1.05 1.16
480 1.10 1.00 .10
600 1.10 1.00 1.10
610 1.00 1.00 1.00

We have constructed the stratigraphic section
through the Arzacq basin from BGRM et al. [41]
isopach maps (Fig. 4). For the modelling, the
southern part of the Arzacq basin, which has been
overridden and deformed during the Pyrenean
orogeny, has been reconstructed by symmetrical
extension of the basin north of the North Pyrenean
Fault to the south. We have employed both a
Kimmeridgian /Portlandian (156-144 Ma) and an
Aptian/Albian (119-98 Ma) stretching phase.
Total crustal thinning values were estimated from
Moho depth data [42] and depth estimates for the
top of the Paleozoic [41]. We have tested several
rigidity models (constant effective elastic thick-
nesses (EET) and EET’s controlled by the depth
to various i1sotherms) in combination with various
total B-estimates (keeping within the bounds set

4|
] POST OLIGOCENE
:3:: _ 2
tee | | .[uunncsus
i . B
i 21 U EOCENE
¥ 777771 11 EOCENE
} o] 4
£pa /] L EOCENE
'.‘é pe
5 D
3 I.' PALEOCENE DANIAN
61 6
7 UPPER SENONIAN
11 JCENOMANIAN TO LOWER SEN
7 - O 20 KM LOWER SENONIAN 7
KM O 0O O (
o o o J LOWER CRETACEOUS KM

Fig. 4. Stratigraphic section across the Arzacq basin (cross-section 1 in Fig. 3a), constructed from BGRM et al. [41] isopach maps.
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for crustal thinning), and obtained the best fit for
a total B of 2.42 (Table 2) and an EET of ap-
proximately 15 km (isotherm controlled; Fig. 5).
This rigidity estimate is in accordance with find-
ings by Brunet [43] and Desegaulx et al. [31].
Table 3 shows a comparison of averaged thickness
data and predictions from the modelling. Figure
5b shows a comparison of the pre-Eocene subsi-
dence data and the model predictions. The Paleo-
cene sediment thickness seems to be overesti-
mated. which 1s probably the result of uncertain-
ties in paleobathymetry. In contrast, the predicted

P. DESEGAULX ET AL.

Eocene sediment thickness 1s too small by a factor
three, because the modelling 1gnores Pyrenean
thrust loading and flexing of the lithosphere at
that time. The subsequent post-orogenic subsi-
dence evolution of the foreland basin stage is
depicted 1n Fig. Sc.

For the profiles crossing the Parentis basin we
obtain similar results. We have tested two tectonic
scenarios that share a common Kimme-
ridgian /Portlandian stretching phase (156-144
Ma), but that differ in the timing (Barremian /Ap-
ttan (124-113 Ma) or Barremian/Aptian/Albian

Synthetic stratigraphy of the Arzacq basin
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Fig. 5. (a) Stratigraphy of the Arzacq basin predicted by the stretching model (stretching factors are given in Table 2). A low effective
elastic thickness (EET), of approximately 15 km is required to reproduce the overall stratigraphic pattern (Table 3). The basin north
of the North Pyrenean Fault (Fig. 4) has been symmetrically extended to the south. (b) Comparison of basement subsidence data
(squares) and synthetic model predictions (solid line). (¢) Tectonic basement subsidence for the section crossing the Arzacq basin for
the early-Oligocene and the present-day situation. The curves demonstrate the post-orogenic unflexing phase (modified after [30]).

































