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Abstract Mountain belts are often the result of former inverted rifts or rifted margins. Up to
date, relics of magma-poor rifted margins have been found in orogens allowing the investigation
of how these margins reactivate and control the formation of mountain belts. In contrast, magma-
rich rifted margins have barely been recognized within orogenic systems, and consequently how
these margins reactivate and control subsequent orogenesis is poorly understood. We use a
thermo-mechanical model to investigate the mechanical behaviour of reactivated magma-rich
versus magma-poor rifted margins during early orogenesis (i.e. margin inversion). Input data
for our modelling experiments are obtained from two natural laboratories. One is the Demerara
Plateau characterized by a mildly shortened magma-rich rifted margin. Its décollement level is
observed at the top of the syn-kinematic volcanics, which propagates downwards into a frozen
incipient subduction. The other study-case is the Basque-Cantabrian Belt consisting of a reacti-
vated magma-poor hyper-extended rift system with the décollement level at the bottom of the
syn-rift sediments. Our modelling results, for inverted magma-rich rifted margin, show that the
syn-kinematic volcanics undergo subduction as they are mechanically coupled with the underlying
rifted lithosphere. Hence, only post-rift sediments are accreted within the early orogenic accre-
tionary wedge. In contrast, both the syn- and post-rift sediments from a reactivated magma-poor
rifted margin are expected to be preserved within the accretionary wedge. Therefore, we conclude
that the presence or absence of syn-rift sediments within an accretionary prism may represent a
robust indicator to determine the nature of reactivated rifted margins within orogens. We believe
that our results may strongly contribute to recognize, the so far poorly identified, magma-rich
rifted margins within present-day orogenic systems.

1 Introduction Kusznir, 2004; Kusznir and Karner, 2007; Péron-Pinvidic

and Manatschal, 2009; Mohn et al., 2010; Ranero and

Passive margins are extensively distributed world-
wide and can be classified as magma-poor, magma-
rich or transform (Figure 1). Almost half of the
worldwide rifted margins are magma-rich (Figures 1a
and 1c). However only a very few relics of magma-
rich rifted margins within Paleozoic orogens have so
far been reported (in the Caledonides mountains as
shown by Jakob et al. (2019, 2022)). A key question is
why magma-rich rifted margins have not been found
within Meso-Cenozoic orogens, while the magma-
poor end-member is well recognized? Are all magma-
rich rifted margins fully subducted and thus their ini-
tial record cannot be found in orogens, or have they
not been identified yet?

Due to an increase of offshore seismic reflection
data acquisition, mostly by industry, magma-poor
rifted margins have been extensively studied for the
last three decades (Figure 1a and 1b). This has al-
lowed to define their crustal and basin architecture,
the stratigraphic record, key structural domains, and
thus better understand their formation (e.g. Davis and
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Pérez-Gussinyé, 2010; Osmundsen and Redfield, 2011;
Sutra and Manatschal, 2012; Huismans and Beaumont,
2014; Tugend et al., 2014; Jeanniot et al., 2016; Gillard
etal., 2017; Nirrengarten et al., 2017). The recognition
of deformed magma-poor rifted margins relics ac-
creted within mountain belts such as in the Alps (e.g.
Lemoine et al., 1987; Manatschal, 2004; Mohn et al.,
2010; Beltrando et al., 2014; Manatschal et al., 2022;
Chenin et al., 2022) and in the Pyrenees (e.g. Jammes
et al., 2009; Masini et al., 2014; Tugend et al., 2014;
Jourdon et al., 2019; Lagabrielle et al., 2020; Lescoutre
and Manatschal, 2020; Saspiturry et al., 2020; Ducoux
et al., 2021), has allowed the interplay between rift
inheritance and plate convergence from subduction
to continent-continent collision to be investigated.
The pre-orogenic rift template of the Pyrenees and
the western Alps consists of a magma-poor rift sys-
tem (Figure 1b) that evolved up to the formation of
the exhumed subcontinental mantle (i.e. an ocean-
continent transition) and a narrow oceanic domain,
respectively (Jammes et al., 2009; Masini et al., 2014;
Mohn et al., 2010; Chenin et al., 2017). Despite this
different divergence maturity between the Pyrenees
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Figure 1 - a) Bathymetric global map showing the different types of passive margins worldwide (modified after Haupert et al.
(2016) who used the map from the National Geophysical Data Centre). DP: Demerara Plateau, BCB: Basque-Cantabrian Belt.
b-c) A schematic magma-poor and magma-rich rifted margins respectively. SDRs: Seaward Dipping Reflectors; D: Domain.

and the Alps, it has been shown that the present-
day orogenic architecture resulted from the sequen-
tial reactivation of pre-existing rift domains for both
cases, from distal to proximal (e.g. Mohn et al., 2010,
2012; Tugend et al., 2014; Masini et al., 2014; Gémez-
Romeu et al., 2019; Tavani et al.,, 2021), and conse-
quently that rift inheritance strongly controlled the
formation of these orogens.

Rifted margins can also be magma-rich when as-
sociated with significant amounts of magmatic addi-
tions during their formation, modifying crustal thick-
ness, its composition and obscuring tectonic struc-
tures (Figure 1c). Some studies, mostly based on
seismic reflection, refraction and radiometric data,
have shown the architecture of magma-rich rifted
margins and proposed conceptual models to explain
their formation (Shillington et al., 2009; Stica et al.,
2014; Reuber et al., 2016; Stab et al., 2016; Norcliffe
et al., 2018; Lundin et al., 2018; Kjoll et al., 2019;
Gouiza and Paton, 2019; Tugend et al., 2020; Tomasi
etal., 2021; Watremez et al., 2021; Gémez-Romeu et al.,
2022). The architecture of magma-rich rifted mar-
gins stands out by the presence of Seaward Dip-
ping Reflectors (SDRs) on top of intrusive and un-
derplated magmatics in the distal part of the mar-
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gin (Figure 1c). In contrast, its distal magma-poor
end-member margin is characterized by extensional
fault blocks on top of hyper-thinned continental crust
and serpentinized exhumed mantle (e.g. Sutra et al.,
2013) (Figure 1b). A recent study, using a numeri-
cal modelling approach, reported how magma-rich
rifted margins interact with the onset of subduction
and suggested that subduction initiates within the
oceanic lithosphere (Auzemery et al., 2022). Never-
theless, still many questions remain, such as, how do
inverted magma-rich rifted margins evolve during a
more mature collisional stage and lead to the forma-
tion of orogens?

To address this question, a better understanding
of the mechanical behaviour of reactivated magma-
rich rifted margins during orogenesis, from subduc-
tion initiation until eventual orogen formation, is
needed. We believe that better understanding how
magma-rich and magma-poor rifted margins reac-
tivate may provide insights on identifying relics of
magma-rich rifted margins within present-day oro-
gens worldwide.
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Figure 2 - a) Bathymetry and free-air shaded relief map of the southern Central Atlantic Ocean, Demerara Plateau and
northern Equatorial Atlantic Ocean (modified after Gdmez-Romeu et al., 2022). The black dashed line shows the position of
the seismic profile used in b and c. b-c) Line-drawing of an ION seismic profile and its interpretation in ¢). DMT: Demerara
Main Thrust. In c) thick red line: tickskin deformation, thin red line: thin-skin deformation.
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2 Research Strategy

The research strategy of this study consists of using
a thermo-mechanical modelling approach to investi-
gate how magma-rich and magma-poor rifted mar-
gins reactivate during early orogenesis. In particu-
lar, we investigate the mechanical behaviour of these
two end-member rifted margins during early orogen-
esis, orimmature collision (Gémez-Romeu et al., 2019),
which results from the inversion of distal rifted mar-
gins that are nowadays preserved in orogenic sys-
tems. To achieve our research aim, we use two
natural laboratories that underwent first rifting and
then early orogenesis. They consist of the offshore
western Demerara Plateau, located in eastern South
America, and the onshore Basque-Cantabrian Belt in
northern lberia (Figure 1a). The former is character-
ized by a mildly shortened distal magma-rich rifted
margin (Figure 2) while the latter is characterized by a
reactivated magma-poor hyper-extended rift system
(Figure 3). The analysis of seismic data of the west-
ern Demerara Plateau and the Basque-Cantabrian
Belt allows us to determine key observations such
as the location of the main convergence décollement
level. Determining this allows us to distinguish be-
tween the subducted units from those accreted in the
accretionary wedge and thus gain insights on how
rifted margins deform under shortening. Our mod-
elling strategy consists of using large-scale present-
day observations from our case studies to constrain
our modelling experiments. The modelling input data
corresponds to the pre-orogenic rifted margin archi-
tecture and the location of the convergence décolle-
ment level. Note that we do not aim to reproduce the
detailed geology of the western Demerara Plateau
nor the Basque-Cantabrian Belt. Through this mod-
elling approach we determine (i) how the position of
the convergence décollement level evolves through
early orogenesis and (ii) the units preserved in the
early orogenic wedge and those that subduct. The ex-
ploration of late orogenesis, or mature collision, con-
sisting of shortened proximal rift domain leading to
crustal thickening (Gémez-Romeu et al., 2019) is out of
the scope of this study.

3 Geological Setting and Orogenic

Architecture of Two Natural
Laboratories

A brief geological setting of both study-cases is given
below, followed by key orogenic observations ob-
tained from literature and based on our own assess-
ment.

3.1 Magma-rich Rifted Margin: the
Western Demerara Plateau Example
3.1.1 Geological Setting

The Demerara Plateau is characterized by a west-
ern Jurassic magma-rich rifted segment, formed dur-
ing the opening of the Central Atlantic Ocean, and
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a northern transform margin juxtaposing Jurassic
Central Atlantic with Cretaceous Equatorial Atlantic
oceanic crusts (Figure 1) (Gouyet et al., 1994; Green-
royd et al., 2007; Basile et al., 2013; Nemcok et al.,
2016; Mercier de Lépinay et al., 2016; Loncke et al.,
2022; Loparev et al., 2021). Crustal-scale shortening
offshore the Demerara Plateau has been reported
by Museur et al. (2021); Loparev et al. (2021); Trude
et al. (2023), among others. This event occurred in
late Lower Cretaceous, and it was suggested to result
from the anticlockwise rotation of Africa with respect
to South America (Trude et al., 2023). This compres-
sional event is recorded and shown in Figure 2b and
2c where well-preserved and mildly shortening fea-
tures are observed, involving former distal magma-
rich rifted domains (including SDRs and the Jurassic
OCT, see details in Gdmez-Romeu et al., 2022). This
shortening stopped before reaching a mature sub-
duction in the Demerara Plateau (this is further ar-
gued in Section 4), in contrast with the neighboring
Caribbean subduction further north. Based on this,
we believe that the western Demerara Plateau is key
to study how magma-rich rifted domains interact with
early orogenesis.

3.1.2 Orogenic Architecture

The observed shortening in the Demerara Plateau
(Figure 2b and 2¢) is achieved by a crustal-scale thrust
(i.e. thick-skin deformation), defined here as the De-
merara Main Thrust (DMT). This structure leads into
an under-thrusted footwall block made of basement
and overlain by syn-kinematic deposits consisting of
SDRs. Here we distinguish between a sub-SDRs base-
ment, the nature of which is not addressed, from
an undifferentiated mantle below (for a detailed dis-
cussion of the Demerara basement composition see
Basile et al., 2020; Museur et al., 2021; Gémez-Romeu
etal., 2022) (Figure 2b and 2c).

On top of the SDRs, a post-rift unit consisting of
a bottom sub-horizontal layer and an upper layer
characterized by gravity-driven extensional deforma-
tion can be distinguished (Figure 2b and 2c). This
deformed layer and the syn-shortening sediments
above are affected by contractional structures that
detach into a basal décollement level (Figure 2b
and 2¢). We interpret this structure as the bottom
bound of thin-skinned orogenic deformation, that
gives place to the early accretionary prism consisting
of post-rift sediments (Figure 2b and 2c). In the pro-
file used, the syn-kinematic SDRs are unfolded and at-
tached to its underlying basement, both correspond-
ing to the DMT lower plate (Figure 2b and 2c). This
implies that, across the seismic profile shown in Fig-
ure 2, the syn-kinematic SDRs are mechanically cou-
pled with the basement and mechanically decoupled
from the overlying post-rift sequence, allowing for
their subduction below the DMT hanging-wall. The
DMT upper plate is considered here as an undifferen-
tiated basement block overlain by thin SDRs but thick
post-rift sediments (Figure 2b and 2c). Distally, the
DMT upper plate is crosscut by a Cretaceous trans-
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form fault bounding Cretaceous Equatorial oceanic
crust.

3.2 Magma-poor Rifted Margin: the
Basque-Cantabrian Belt Example

3.2.1 Geological Setting

The northern lberian rifted margin of the Bay of
Biscay is characterized by several Late Jurassic to
Early Cretaceous magma-poor rift basins, such as
the Basque-Cantabrian Basin which is today inverted
within the Basque Cantabrian Belt (BCB) (Figure 3).
These rift basins are related to the Late Jurassic to
Cretaceous polyphase opening of the Southern North
Atlantic Ocean and the relative motion between Iberi-
a/Ebro and Europe (Olivet, 1996; Srivastava et al.,
1990; Roest and Srivastava, 1991; Sibuet et al., 2004;
Macchiavelli et al., 2017; Barnett-Moore et al., 2018).
Firstly, a Late Jurassic to Early Cretaceous left-lateral
transtensional rifting phase took place, followed by a
a roughly NNE-SSW oriented hyper-extension rifting
phase that led to mantle exhumation, while breakup
and seafloor spreading occurred further NW in the
Bay of Biscay (Verhoef and Srivastava, 1989; Whitmarsh
etal., 1990; Vissers and Meijer, 2012; Vissers et al., 2016;
Tugend et al., 2014; Cadenas et al., 2020; Pedrera et al.,
2017; Tavani et al., 2018; Miré et al., 2021). From the
Late Cretaceous to Cenozoic, N-S convergence be-
tween |beria and Europe occurred (Macchiavelli et al.,
2017), leading to the inversion of the hyper-extended
rift to form the present-day BCB (e.g. Pedreira et al.,
2007; Roca et al., 2011; Pedrera et al., 2017; DeFe-
lipe et al., 2019; Ducoux et al., 2019; Lescoutre et al.,
2021). No major crustal thickening related to crustal
nappe-stacking is observed in the BCB, which indi-
cates that mature continent-continent collision was
not recorded. A key feature of the BCB is that most
of the rift architecture remains preserved, as shown
by Lescoutre and Manatschal (2020) and Mird et al.
(2021). This is due to the low-orogenic maturity, in
addition to the occurrence of a pre-rift salt layer that
acted as a very efficient décollement level during both
the rifting and orogenic stages. It triggered strain
localization along the décollement, with limited brit-
tle faulting of the Basque-Cantabrian Basin strata lo-
cated above (Ducoux et al., 2019; Labaume and Teix-
ell, 2020; Izquierdo-Llavall et al., 2020; Cdmara, 2020).
These features make the BCB a good natural labora-
tory to investigate the interaction between a magma-
poor hyper-extended rift basin with early orogenesis.

3.2.2 Orogenic Architecture

Different tectono-sedimentary units are identified in
the BCB, as defined by Bodego et al. (2015); Pedrera
et al. (2017); Martin-Chivelet et al. (2019); Ducoux et al.
(2019); Lescoutre et al. (2021), among others. For this
study, we only distinguish three sedimentary units,
consisting of (1) merged pre- and syn-rift (from Up-
per Triassic to Cenomanian), (2) post-rift (Turonian to
Santonian), and (3) syn-shortening sediments (post-
Santonian). The lowermost pre-rift sediments (Mid-
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dle Triassic and older) are considered as undifferen-
tiated basement as they are mechanically coupled
with it (Figure 3). The distinction between the upper
and lower pre-rift sediments is due to the presence
of a pre-rift salt layer (Ducoux et al., 2019; Labaume
and Teixell, 2020; Izquierdo-Llavall et al., 2020; Cdmara,
2020; Ducoux et al., 2021).

Tugend et al. (2014) investigated how the Basque-
Cantabrian rift system reactivated under compres-
sional tectonics, suggesting that the initiation of
convergence nucleated within the serpentinized ex-
humed mantle, as previously proposed by Péron-
Pinvidic et al. (2008) and Lundin and Doré (2011) for
other rift settings. Field observations, seismic inter-
pretation and cross-section construction of the BCB
(Figure 3) show a present-day continental subduction
fault plane that accommodates the underthrusting
of the Iberian thinned basement. This fault plane
propagates upwards as a décollement at the near
basement/syn-rift sedimentary cover interface, here
corresponding to the Upper Triassic evaporites, dur-
ing orogenesis (see details in Lescoutre et al., 2021).
Consequently, most of the pre- to syn-rift sedimen-
tary units are sampled and accreted within the early
orogenic accretionary wedge through thin-skinned
tectonics. Thrusted sediments are located on top of
the lower plate while back-thrusted sediments are
above the undifferentiated upper plate basement
(Figure 3e).

4 Particularities and Strengths of
our Case Studies

The local plate kinematic setting that both case stud-
ies underwent, and the justification of why they are
good natural laboratories to study the reactivation of
magma-rich and magma-poor rifted margins during
early orogenesis, is described below.

4.1 The Western Demerara Plateau

Shortening in the Demerara Plateau (DMT) occurred
due to a change of plate kinematics, characterized
by the anticlockwise rotation of Africa in respect to
South America (Trude et al., 2023). Note that short-
ening in the Demerara Plateau took place simultane-
ously with the onset of the Caribbean mature sub-
duction in the north. The orientation of the DMT (Fig-
ure 2) is the same as the regional Jurassic transform
that occurred due to the NNW-SSE kinematic event
(Trude et al., 2023). Based on this, we propose that
the DMT resulted from a reactivated Jurassic trans-
form structure, leading to a forced incipient and failed
mature subduction. Subduction initiation at former
fracture zones, where flooding of oceanic plates by
melt is likely, was already proposed by Hynes (2005)
and Zhou et al. (2018).

4.2 The Basque-Cantabrian Belt

Convergence between Iberia and Europe, from east
to west, led to continent-continent collision in the
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Pyrenees, early orogenesis characterized by the in-
version of the hyper-extended Basque-Cantabrian
basin in the BCB, and immature subduction in the
Bay of Biscay (Pedreira et al., 2007; Roca et al., 2011;
Tugend et al., 2014; Macchiavelli et al., 2017; Pedrera
etal., 2017; Defelipe et al., 2019; Ducoux et al., 2019). A
low-orogenic maturity system recorded in the BCB is
likely due to the presence of a wider hyper-extended
rift basin, this is in comparison with the neighbor-
ing Pyrenees, which is characterized by a narrower
hyper-extended rift basin, and thus is a more mature

54 |

orogenic system (Masini et al., 2014; Lescoutre et al.,
2021). To achieve continent-continent collision in the
BCB, as occurred in the Pyrenees, additional con-
vergence would have been needed (Lescoutre et al.,
2021).

The shortening in the western Demerara Plateau
and Basque-Cantabrian Belt froze at the margin in-
version stage (Figures 2 and 3). Therefore, neither
mature subduction nor a mature collision was de-
veloped, which favors the preservation of the early
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orogenic and previous rift record in both case stud-
ies. The driving mechanism that prevented the de-
velopment of a mature subduction and continent-
continent collision is likely due to the plate conver-
gence stopping too early.

5 Numerical Modelling Method
and Experiments Setup

We carried out forward thermo-mechanical models
to investigate the mechanical behaviour of inverted
magma-rich and magma-poor rifted margins during
early orogenesis. The model experiments were per-
formed with an extended version of the numerical
code PARAVOZ for Elasto-Visco-Plastic material called
geoFLAC (Fast Lagrangian Analysis of Continua) (Poli-
akov et al., 1993; Tan et al., 2012; Svartman Dias et al.,
2015). The properties of the materials used to set
up the models are given in Table 1. The aim of our
modelling approach consists of determining; (i) how
the location of the convergence décollement level
evolves through early orogenesis, and (ii) the result-
ing sedimentary record of the early orogenic wedge
and the subducted units.

5.1 Numerical Method

The thermo-mechanical experiments shown in Fig-
ures 4 and 5 were performed with an extended ver-
sion of the numerical code PARAVOZ for Elasto-Visco-
Plastic material, called geoFLAC (Fast Lagrangian
Analysis of Continua) (Poliakov et al., 1993; Tan et al.,
2012; Svartman Dias et al., 2015). It is a free-access
code and can be download at https://github.com/-
tan2/geoflac.

At low temperatures, all materials follow Coulomb
elastic plastic rheology (Choi et al., 2013) as follows:

7 =C + tan(p)o™

where 7 is the shear stress at yield, C the cohesion,
o the friction angle, and ¢™ the normal stress. When
temperatures are high enough to activate dislocation
creep, materials deform by Maxwell viscoelastic ther-
mally activated creep. This is approximated as a non-
linear temperature and strain rate dependent flow
low (Choi et al., 2013; Svartman Dias et al., 2015). In
this case, the viscosity n is calculated as:

1/ 4\ i E
= — —_— X _—
T=a\34) 10 CP\GRT ¥ 273)

where ¢;; is the second invariant of the strain rate,
n the stress exponent, A the viscosity pre-exponent,
E the activation energy, R is the universal gas con-
stant and T the temperature in Celsius. n, A and
E are viscosity parameters from laboratory experi-
ments. These different deformation mechanisms oc-
cur as a function of energy or effective stress (square
root of the second invariant of the stress tensor).
The deformation mechanism that requires less en-
ergy or effective stress is favored. The PARAVOZ code
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incorporates the sediment-schist metamorphic pro-
cess and the mantle olivine-serpentinite hydration-
dehydration process which fits for subduction mod-
elling (Tan et al., 2012; Tan, 2017).

The model setup of our experiments (Figures 4 and
5) is 320 km deep, 960 km long and composed of 74
by 448 elements with the finest grid (3x1.5 km) lo-
cated in the middle (between 300 and 660 km) up
to 50 km depth. Velocity boundary conditions are
imposed on the left side of the models (velocity =
5 cm.yr’, in compression following Tan et al. (2012)
and Tan (2017). To allow for topographic build-up of
the lithosphere, the top surface of the lithosphere is
treated as an internal free surface by using a top layer
(of 20 km thickness) with low viscosity (1018 Pa.s) and
low density (1 kg.m3 for air). A Winkler foundation
is imposed at the base of the model to maintain iso-
static equilibrium. The crustis 30 km thick in the prox-
imal domain, but towards the distal domain it grad-
ually decreases to 0 km which leads to a taper ge-
ometry typical of rifted margins. The initial temper-
ature is set up at 10°C at the surface of the continen-
tal plate and at 550°C at the continental crust- mantle
boundary while it increases up to 1330°C at 100 km
depth. Strain softening is introduced in the models
by a linear decrease of cohesion and friction angle to
account for the formation of faults. It occurs when
the plastic strain is higher than 0.1 with a loss of co-
hesion from C = 40 MPa to C = 4 MPa and a change
of friction angle from ¢=30°C to ¢=15°C (Lavier et al.,
2000; Lavier and Manatschal, 2006). All the materials
used in our modelling experiments have been used
in previous studies (Lavier and Manatschal, 2006; Tan
et al., 2012; Tan, 2017). The density and rheological
parameters of those materials are listed in Table 1.
Note that we use two distinct materials for the up-
per and lower crust, however, for simplicity purposes,
they are both represented in brown in Figures 4 and
5.

5.2 Input Data and Modelling Setup

Large-scale present-day observations from our case
studies, presented in sections 3 and 4, are now used
as input data of our modelling experiments. These
consist of the pre-orogenic rifted margin architecture
and the location of the décollement level. Note that
in the initial templates of both models (Figures 4a and
5a) a short slab is simulated in the mantle to facilitate
subduction initiation in the distal oceanic crust, con-
sistent with Tan (2020) and Auzemery et al. (2022).

5.2.1 Magma-rich Rifted Margin Model

The modelling setup shown in Figure 4a consists of
a pre-reactivated magma-rich rifted margin, charac-
terized by a continental crustal taper thinning out
towards a wide oceanic domain. In between the
crustal tapper and the ocean, the accommodation
space formed by lithospheric stretching is filled in
by thinning out syn-kinematic magmatic SDRs which
are overlain by post-rift sediments. In contrast with
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Table 1 - The density and the rheological parameters of the materials used for the models shown in Figures 4 and 5.
The flow law parameters (n, A and E) used in the models are from Goetze (1978), Shelton (1981), Ranalli (1995), Kirby and

Kronenberg (1987), Chen and Morgan (1990).

. Density et Cohesion, C(Mpa) Friction angle, ©(°)
Material Flow Law (kg/m3) n A (MPa™s™) E()/mol) Initial Weakened Initial Weakened
ﬁg::':‘g:'::t' Plagioclase 2800 320  3.30e4 238 40 4 30 15
Continental A 5
lower crust Gabbro 2900 3.05 1.25e 3.50e 40 4 30 15
Basaltic SDRs/ A +5
N e — Basalt 2880 3.05 1.25e 3.76 40 4 30 15
Sediments Sediments 2600  3.00 5.00e*? 2.00%> 4 4 3 3
Mantle Dry Olivine 3300  3.00 7.00e** 5.20e* 40 4 30 15
serpentinized Weak 3200  3.00  7.00e*  120e* 4 4 3 3
mantle Olivine
Metasediments Schist 2900  3.00 7.00e** 3.76e* 40 4 30 15

the western Demerara Plateau example, we model a
wide oceanic domain following the distal magma-rich
rifted margin. This allows us to account for a full ma-
ture rift system where an oceanic domain is expected.

As a consequence of the margin architecture setup
and the rheological characteristics (i.e. parameters
of the viscous flow law) of the material used in the
model (see Table 1), the main rheological contrast
(MRCQ) is located at the base of the post-rift sediments
(i.e. top magmatic SDRs) (Figure 4b). This is consis-
tent with the western Demerara Plateau observations
and implies that the SDRs are coupled with the base-
ment.

5.2.2 Magma-poor Rifted Margin Model

The modelling setup shown in Figure 5a consists of
a pre-reactivated magma-poor rifted margin, char-
acterized by a continental crustal taper thinning out
towards a wide oceanic domain. In between the
crustal tapper and the ocean, the accommodation
space is filled in by thinning-out syn-rift sediments
that are distally above exhumed mantle and contin-
uously overlain by post-rift sediments. In contrast
with the BCB example, we model a wide oceanic do-
main following the hyper-extended basin floored by
exhumed mantle to show the same rift maturity as its
end-member magma-rich rifted margin (Figure 4a).
Due to the margin architecture setup and the rhe-
ological characteristics of the materials used in the
model (see Table 1), the main rheological contrast
(MRCQ)is instead located at the base of the syn-rift sed-
iments (Figure 5b). This inherent weakness implies a
decoupling between the syn-rift sediments and the
basement in agreement with the observations from
the BCB example.

6 Modelling Results

We present below how a magma-rich and a magma-
poor rifted margins reactivate during early orogene-
sis through three different model stages presented
below (Figures 4 and 5).

In the first model stage, as predetermined in our
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model setup for both magma-rich and magma-poor
rifted margins, subduction of the oceanic crust initi-
ates at the pre-existing slab (Figures 4a and 5b). Af-
ter 20 Myr of shortening, the oceanic crust is largely
subducted below the thick continental crust upper
plate and the highest strain rate is focused on the
subduction plane (Figures 4c-d and 5c-d). Note that
at around 200 km in the x axis of the model, a high
strain rate is also observed, leading to crustal thick-
ening (Figures 4c-d and 5c-d). This occurs due to in-
heritance, characterized by the edge of the post-rift
basin.

The second model stage occurs after 30 Myr of
shortening, as the inversion of both distal margins,
magma-rich and magma-poor, starts (Figures 4e-f
and 5e-f). The subduction of oceanic crust is almost
achieved for both end-member models, however,
note that some oceanic remnants are still preserved
in the lower plate (Figures 4e and 5e). At this stage,
the localization of the strain-rate of the magma-rich
rifted margin (Figure 4e-f) indicates that the defor-
mation propagates upwards into the post-rift sedi-
ments, leading to the formation of the very early-
stage accretionary wedge (Figure 4e-f). For the reac-
tivated magma-poor rifted margin end-member, the
deformation propagates both into and at the base
of the post-rift sediments (Figure 5e-f). Note that
the latter deformation laterally migrates towards the
distal taper of syn-rift sediments (Figure 5e). This
shows that at this stage the deformation localizes; (i)
at the interface between the sedimentary cover and
the exhumed mantle, and (ii) within the post-rift sed-
iments as a fore-thrust leading to the early-stage ac-
cretionary wedge formation (Figures 5e-f).

The last model stage displays the deformation after
40 Myr of shortening, showing the end of early oroge-
nesis where both distal rifted margins are reactivated
(Figures 4g-h and 5g-h). At this stage the subduction
of all oceanic crust is achieved for both magma-rich
and magma-poor rifted margins (Figures 4g and 5g).
The evolution of the magma-rich rifted margin strain-
rate suggests that the deformation is now localized
at the interface between the post-rift sediments and
the syn-kinematic magmatic SDRs (Figures 4g-h). This
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Figure 5 - Same as Figure 4 but showing the evolution of a reactivated magma-poor rifted margin.
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indicates that, at the end of early orogenesis result-
ing from a reactivated magma-rich rifted margin, the
main décollement level (MRC in Figure 4b) is at the
base of the post-rift sediments controlling the ar-
chitecture of the early orogenic wedge (Figures 4g-
h). Consequently, the syn-kinematic magmatic SDRs
and the underlying crustal taper, both correspond-
ing to the lower plate, start to subduct below the up-
per plate, consisting of thick continental crust, while
the post-rift sediments are thrusted and deformed in
the accretionary wedge (Figure 4g-h). After 40 Myr
of magma-poor rifted margin shortening, the evolu-
tion of the strain rate shows that the deformation
propagates from the post-rift sediments-mantle in-
terface (model stage after 30 Myr of shortening) to
the bottom of the syn-rift sediments (Figures 5g-h).
This indicates that, at the end of the early orogene-
sis stage, the deformation localizes at the interface
between the sedimentary cover and the continental
crust, giving place to an early orogenic wedge made
of both syn- and post-rift sediments above the con-
vergence décollement level (Figures 5g-h). In this set-
ting, the lower plate is made of a crustal taper that
starts to subduct below the upper plate consisting of
thick continental crust (Figure 5g).

Our modelling results show how distal magma-
rich and magma-poor rifted margins reactivate prior
to the onset of late orogenesis consisting of crustal
thickening (Figures 4 and 5). For the case of a reac-
tivated magma-rich rifted margin, after oceanic crust
subduction, the deformation occurs within the post-
rift sediments before localizing on top of the syn-
kinematic magmatic SDRs (Figures 4c-h). For the case
of a reactivated magma-poor rifted margin, after the
subduction of the oceanic crust, the deformation ini-
tially localizes at the top of the exhumed mantle and
below the sedimentary cover. When the exhumed
mantle is fully subducted, the deformation localizes
at the top of the continental crust and below the sed-
imentary cover (Figures 5c-h). Note that remnants
of oceanic crust can be expected in the early accre-
tionary wedge of both end-member cases (Figures 4g
and 5f).

7 Discussion

Our thermo-mechanical modelling results show how
magma-rich and magma-poor rifted margins reacti-
vate during early orogenesis, using two natural lab-
oratories as input data. Below we first discuss the
learnings of this study for recognizing magma-rich
rifted margins within orogens, followed by discussion
of the applicability and limitations of our modelling
results.

7.1 Insights to Recognize Magma-rich
Rifted Margins Within Orogens

The difficulty of recognizing magma-rich rifted mar-
gins within orogenic systems worldwide comes from
the lack of finding large exposures of syn-kinematic
volcanics in early orogenic wedges and/or internal
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orogenic units. Interestingly, almost half of the world-
wide passive margins are magma-rich rifted mar-
gins (Haupert et al., 2016, Figure 1). Therefore, it re-
mains unclear why magma-rich rifted margins have
not been found within Meso-Cenozoic orogens, while
the magma-poor end-member is well-recognized.

Based on this study we provide insights on why
magma-rich rifted margins may not be easily iden-
tified in orogens by showing the importance of the
stratigraphic content of the early orogenic wedge
formed during margin inversion (Figures 4, 5, and
6). Only post-rift sediments are preserved when a
magma-rich rifted margin is inverted, whereas both
syn- and post-rift sediments are sampled in the oro-
genic wedge as the result of an inverted magma-
poor rifted margin (Figures 4g-h and 5g-h). Note that
as a result of an inverted magma-poor rifted mar-
gin, slices of continental crust and exhumed mantle
may also be present as relics of former rift domains
(Figure 6¢ and 6d), however, these are not included
in the modelling experiment for simplicity purposes
(Figure 5). Reciprocally, we believe that slices of rift-
related volcanics below post-rift sediments may also
occur in early orogenic wedges, resulting from reac-
tivated magma-rich rifted margins. Our work shows
that the different stratigraphic content of early accre-
tionary wedges is controlled by the distinct location of
the main convergence décollement level, which local-
izes below the syn-rift sediments for a distal magma-
poor case (Figure 6¢ and 6d) but is on top of the syn-
kinematic magmatics for a distal magma-rich case
(Figure 6a and 6b). Additionally, we demonstrate
that most of the syn-kinematic magmatic SDRs are
expected to be underthrusted beneath the subduc-
tion upper plate and therefore are not expected to be
found within the accreted material of fold and thrust
belts (Figures 4 and 6a-b).

Based on our results, we suggest that the strati-
graphic content of an early orogenic wedge is key to
determine whether an orogenic system resulted from
an inverted magma-rich or magma-poor rifted mar-
gin (Figure 6b and 6d). An early orogenic wedge with-
out syn-rift strata formed above a shortened rifted
margin may indicate that it derived from a former
magma-rich rifted margin (Figure 6a-b). In contrast
to that, an early orogenic wedge made of both syn-
and post-rift sediments may have resulted from the
inversion of a magma-poor rifted margin (Figure 6c-
d).

7.2 Applicability and Limitations of our
Modelling Results

Our modelling strategy consists of using large-scale
present-day observations from our case studies to
obtain the input data for our modelling experiments.
Below, we explain the similarities and differences be-
tween the modelling results and the case study ob-
servations which allow us to assess the worldwide ap-
plicability and limitations of our approach. These in-
clude mainly three parameters: (1) the syn-rift sedi-

| volume 1.1 | 2023


https://doi.org/10.55575/tektonika2023.1.1.12

| RESEARCH ARTICLE | Gbmez-Romeu et al., Inverted Magma-rich Versus Magma-poor Rifted Margins

Proximal Domain

SDRs-OT Domain

Oceanic Domain

Convergence

Magma-rich Rifted Margin

Upper Plate

Proximal Domain

Distal Domain

Oceanic Domain

Convergence

Figure 6 - a-c) Schematic magma-rich and magma-poor rifted margins respectively. The dashed red line corresponds to
the future convergence décollement level, located above the SDRs in a) and below the syn-rift sediments in c). This structure
is active during convergence in b) and d). b-d) The early accretionary prism resulting from a reactivated magma-rich and a

Magma-poor Rifted Margin

ale|d Jaddn

magma-poor rifted margins respectively.

60 |

Post-rift Sediments

- Syn-kinematic SDRs or
Ss . .
syn-rift sediments

Magmatics (intrusives)
Continental Crust
Oceanic Crust

Mantle
Serpentinized Mantle

| volume 1.1 | 2023


https://doi.org/10.55575/tektonika2023.1.1.12

| RESEARCH ARTICLE | Gbmez-Romeu et al., Inverted Magma-rich Versus Magma-poor Rifted Margins

mentation rate, (2) the role of an oceanic domain, and
(3) the nature of the upper plate in the resulting archi-
tecture of the early orogenic wedge.

7.2.1 The Syn-rift Sedimentation Rate

A low syn-rift sedimentation rate at a magma-poor
rifted margin is a parameter that may alter our mod-
elling results. Syn-rift sediment starvation would im-
ply thin syn-rift deposits along rifted margins. Con-
sequently, the reactivation of a magma-poor rifted
margin, characterized by a low syn-rift sedimentation
rate, would produce an early orogenic wedge made
of mostly only post-rift sediments. In contrast, our
modelling results show that this stratigraphic content
is expected as the result of reactivated magma-rich
rifted margins and not of reactivated magma-poor
margins. To be able to distinguish between the two
end-member reactivated margins in the case of low
sedimentation rate, it is therefore also important to
investigate the nature of the basement of the mar-
gin within slivers in early orogenic thrusts. Slices of
serpentinized mantle in addition to syn-rift sediments
(as for the BCB example) would indicate a reactivated
magma-poor rifted margin, whilst the occurrence of
syn-rift volcanics as basal slices below post-rifts sedi-
ments would be characteristic of reactivated magma-
rich rifted margins.

7.2.2 The Role of an Oceanic Domain

Orogens resulting from margin inversion generally
initiate with the closure of wide oceans, followed
by a mature subduction, when shortening is driven
by slab-pull forces. Consequently, the setup of our
modelling experiments consists of pre-reactivated
magma-rich and magma-poor rifted margins, includ-
ing a wide oceanic domain. However, the rift and
early orogenic record of mature subduction systems
is either pervasively overprinted or destroyed by sub-
duction dynamics (e.g. Manatschal et al., 2022). To
overcome this problem, and obtain the record of
early orogenesis and the former rift history, it was im-
portant that our chosen two case studies had not un-
dergone mature subduction or continent-continent
collision (for details see Sections 3 and 4). Shortening
in our case studies is controlled by plate convergence.
The final modelled stages for both end-member mar-
gins (Figures 4g-h and 5g-h) show the same first-order
architecture as the observations from our case stud-
ies (Figures 2 and 3). This consists of the position
of the convergence décollement level, the resulting
sedimentary record of the early orogenic wedge, and
the nature of the subducted units. These similari-
ties between the models results and the case studies
suggest that the presence or not of an oceanic do-
main does not impact the resulting first-order archi-
tecture of the early orogenic wedge. Based on that,
we assume that the mechanical behaviour of reac-
tivated rifted margins is controlled by the lithologi-
cal composition and the thermal state, rather than
by the driving mechanism by which the margin in-
verts. Therefore, we suggest that our results apply
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not only to our case studies, corresponding to an im-
mature subduction and an early orogenic system, but
also to orogenic systems resulting from the closure of
wide oceans, following the terminology of Chenin et al.
(2017).

7.2.3 The Nature of the Upper Plate

Our modelling experiments are focused on the evo-
lution and nature of the lower plate and the resulting
sedimentary record of the early accretionary wedge.
The nature of the upper plate is not addressed in this
study, thus, for simplicity purposes, we model the up-
per plate as homogenous undifferentiated continen-
tal crust (Figures 4 and 5). We believe that consid-
ering the upper plate as either continental crust or
magmatic-intruded basement would not impact the
modelling results from this study. Additionally, re-
gardless of the original nature of the upper plate, sub-
duction dynamics produce melt and magma that can
intrude the upper plate. These intrusions would likely
affect the deformation of the upper plate during oro-
genesis, but investigating the role of the upper plate
in early orogenesis formation is out of the scope of
this study.

7.2.4 Future Perspectives

We studied how two end-member cases of magma-
rich and magma-poor rifted margins reactivate dur-
ing early orogenic processes. We believe, however,
that investigating how these end-member margins
evolve into late orogenesis would be also important
and should be explored in the future. Addition-
ally, gaining insights on how transform margins and
transform-overprinted rifted margins reactivate dur-
ing orogenesis should be the next research step.

8 Conclusions

Numerical modelling results, constrained by obser-
vations from two end-member natural laboratories,
allow us to better understand the mechanical be-
haviour of magma-rich and magma-poor rifted mar-
gins during early orogenesis. The key conclusions of
this study are:

* The location of the main convergence décolle-
ment (thin-skinned deformation) during early
orogenesis occurs below the syn-rift sediments
for distal magma-poor rifted margins, whereas it
localizes on top of the syn-kinematic SDRs (vol-
canics) for distal magma-rich rifted margins.

+ Syn-kinematic SDRs (volcanics) are mechanically
coupled with their underlying basement, imply-
ing that they are likely to be subducted and
not accreted during orogenesis. Therefore, they
are not expected to be found extensively within
mountain belts.

* The accretionary prism stratigraphic content of
an orogenic system is key to determine whether
the former rift domains were magma-rich or
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magma-poor. An accretionary prism made of
only post-rift sediments is a key signature of in-
verted magma-rich rifted margins, whereas the
presence of both syn-rift and post-rift sediments
rather indicates a former inverted magma-poor
margin.

Results from our work show, for the first time, why
magma-rich rifted margins are not easily recognized
within orogenic systems. This is because only post-
rift sediments (and not syn-kinematic volcanics) are
expected to be accreted within the early orogenic ac-
cretionary wedge as the result of an inverted magma-
rich rifted margin.
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