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Abstract

Although it is generally accepted that many distahgma-poor rifted margins are asymmetric
and can be divided into lower and upper plate mardittle is known about the details of how
and when this asymmetry evolves and how upper @wdrl plate margins can be distinguished.
This is due to the fact that most papers focusetherso called lower plate margins, while the
upper plate margins remained less well understownly due to the lack of public accessible
drill hole data. The aim of this paper is to pravid first order description of the global

architecture and stratigraphic evolution of an uggate, magma-poor rifted margin. In order to
provide such a template, we focused on 2 seisngtioss, the ION-1000 line (East Indian

margin), and the SCREECH 2 line (Newfoundland nmgrgnd describe key, km-scale outcrops

from the fossil European margin exposed in the Bvaftentral Alps, all of which document



classical upper plate margins. Based on thesevaatshow that upper plate magma-poor rifted
margins can be characterized by a staircase tyjt@cture with terraces (T, T3) and ramps
(R1, Ry) that result as a consequence of an evolutiorugir@ coupling, exhumation and breakup
stage. We also defined key stratigraphic levelswleatry to link with the evolution of the margin
which enables us to link the tectonic evolutionhwilhe creation of accommodation space and
formation of the staircase architecture that charaes the upper plate margin. From these
observations we develop a conceptual model foettodution of upper-plate margins and discuss
the applicability of this model for different stnarates, rates of subsidence and sedimentation

rates.

1. Introduction

During the last decades research on rift systermdirlg to plate separation and formation of
oceanic domains went through several paradigmssHiftthe late seventies and early eighties,
debates were mostly related to puws- simple-shear models and the question if lithospher
scale detachment faults exist or not. In the laghtees and early nineties, the question about
volcanicvs. non-volcanic rifting dominated the research otedfmargins. These earlier models
were either based on physiasg( McKenzie, 1978 Buck, 1991), on field observations.d.
Basin and RangeWernicke, 1981) or some few drill holes and lovalifjy seismic sections. The
increasing number of high quality long offset sesata, mainly due to the increasing interest
of industry to explore the deep-water parts okedfimargins, enabled to answer some of these
previous questions. Moreover, the development afadyc modeling enabled to get a better
understanding of the crustal-scale processes atestasome of the basic assumptions made in

extensional tectonics. Key questions addressedeaept are related to the coupling/decoupling



between crust and mantle and lithosphere and astpbere during advanced rifting, the
importance of magma and fluids for the evolutiorir@ rheology at the transition from rifting to
seafloor spreading, and the relationships betwgtmsion and creation of accommodation space
in time and space in hyper-extended systems. lerdodfind answers to these questions, some of
the basic assumptions of extensional systems ¢t the foundation of existing models need to
be scrutinized and new interpretations are necgskarexplain some of the fundamental

observations made in the new data sets.

The aim of this paper is to describe the first ordgatigraphic architecture and structural
evolution of so called “upper plate” magma-pootedf margins. We focus on three examples that
we consider as typical upper-plate magma-poordifteargins: one fragmented during Alpine
collision, but partly exposed in the Western andt€é Alps in Western Europe, one seismically
imaged offshore eastern India, and a last one sm#y imaged and drilled offshore
Newfoundland. Because none of the 3 examples peevadcomplete dataset and cannot therefore
be used to explain the detailed relationship betmedension and creation of accommodation
space, we integrate the different observations/data “type” section in order to define and
discuss the first order tectono-stratigraphic etrofuof upper plate margins. Initial assumptions
that are made in this study are that: 1) margimsvstirst order architectural characteristics and
processes that can be found and described, am 2)ype” section proposed here represents an
idealized, non-unique section, which does not eristature, but includes the key building blocks
and structural and stratigraphic relationships tttaracterize upper plate, magma-poor rifted
margins. We are aware that our approach suffersoafe limitations that are important to
consider when the results and concepts establishesl are used to describe a margin with a

defined history and inheritance. The main limitaicare to: 1) not consider the nature of the



sediments filling the accommodation space, 2)rutlto magma-poor systems, and 3) to ignore
the geological inheritance and the 3D lateral @echirre of a margin segment, which is related to
a variability of the large-scale structure alongkst Indeed, the described characteristics may
vary along strike and may therefore also be geducafly dependent. Thus, rather than to
explain a detailed description of one particulapempplate margin, here we try to develop a
conceptual framework to make first order descripgiand predictions of the structural and
stratigraphic evolution of an upper plate, magmearpafted margin. The idea is to create a
template and to develop a methodology to recogazeinterpret magma-poor, upper plate rifted

margins.

2. Models, concepts, terminology and methodology

2.1. Development of models and concepts

The description of rift systems is strongly linkeml two end-member models, the McKenzie
(1978) and Wernicke (1981) models that describe ftunolamental different ways of how strain
is partitioned in the crust and lithosphere. TheKiglnizie model is depth-uniform and symmetric,
assuming that crustal and lithospheric thinningigrsely proportional to horizontal extension.
On the contrary the Wernicke model is more conadpaimd assumes that deformation in the
crust and lithosphere is coupled and fundamentdlymmetric. Based on observations in the
Basin and Range and at rifted margins, Lister.gtl&Ii86) proposed a rift model that accounts for
a “lower-plate” and an “upper-plate” margin (Figa)llndeed, several authors found similarities
between the Basin and Range tectonics and strgctlogerved at passive margins (e.g.Buck et

al., 1988; Pubellier and Ego, 2002; Pubellier et al., 2003). In particular, extensional detachment



faults, similar to those well exposed in the Baasimil Range, have also been recognized along
present-day and fossil rifted margins (Masini et 2012 and references in there). Such faults are
associated with the formation of metamorphic careyolexes (Crittenden et al., 1980) in the
footwall (i.e. the “lower plate”) while their hangg wall, (i.e. the “upper plate”) is considered as
largely brittle and less deformed (Reynolds andnSpe 1985). However, it's important to note
that the hanging-wall is still affected by extemsib structures including normal faults and
associated shear zones in more ductile crustalslelecontrast to the McKenzie model that can

successfully explain the structural style of No@&&a type rift systems, the “upper-lower plate”

model of Lister et al. (1986) was used to explams first order observations made at present
day rifted margins (Fig.1a). Typically, the Listeodel accounts for wide vs. narrow conjugate
margins, exhumation of mantle rocks and contrastingsidence histories observed at both

margins.
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Fig.1 a) The classical “Upper-Lower plate” model proposed by Lister et al. (1986) with key characteristics
of the two conjugate margins separated by a lithospheric scale detachment-fault. b) Bathymetric-
topographic map of the world (map from National Geophysical Data Center) showing the distribution of
magma-poor, magma-rich and transform margins. Transform margins can also be classified as magma-
poor or magma-rich, however, the present statenofdedge about these margins is meager and prevent
such a classification at the momeBlack squares localize the sites discussed in this paper (A=Alps,

I=East Indian margin, NF=Newfoundland margin).

The archetypal examples of asymmetric, magma-poor rifted margins became the Iberia-

Newfoundland conjugate margins (Boillot et al., 1987) and the Alpine Tethys margins exposed in



the Alps (Lemoine et al., 1987). However, since ‘theper-lower plate” model of Lister was
intimately linked to the Wernicke model, i.e. tod8a and Range tectonics and to low-angle
extensional detachment faults that violate finsteo mechanical principles, many researchers
discarded this model. Moreover, since most of tfidasins located at the proximal domains at
conjugate rifted margins look relatively symmettiaad can be explained by pure shear, Driscoll
and Karner (1998) introduced the so-called “upgate) paradox. Nevertheless, Huismans and
Beaumont (2002) showed that the capacity of annelktg crust to couple or decouple
deformation on a crustal scale depends, at adidsr, on the rates of extension and the rheology
or the lithosphere. These parameters therefore laawtrong control on the symmetry vs.
asymmetry of rifted margins. Recent studies shetkw light on the lateral variation of the
architecture of rifted margins. Transitions fronagma-poor to magma-rich and changes from
upper to lower plate can be observed followingedftnargins along strike (see Fig; {lReston,
2009, 2007; Franke, 2013; Peron-Pinvidic et al., 2013). Nevertheless, on a fintear, it appears
that magma-rich rifted margins tend to be more swgtniay while magma-poor systems are
typically asymmetric in their distal parts. Howevebservations and dynamic models show that
rifted margins are not the result of a single psscand/or event, but of polyphase rift events.
Lavier and Manatschal (2006) and Péron-Pinvidic Biashatschal (2009) developed a model in
which rift systems go through different stagesemefd to as stretching, thinning and exhumation
modes before breakup occurs (Fig. 2). Peron-Pionadd Manatschal (2010), Sutra et al. (2013)
and Tugend et al. (2015) described and characteftzglding blocks” and “rift domains” that
result from the polyphase evolution and can be wgatescribe the architecture of magma-poor

rifted margins.
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Fig.2 Type section across a magma-poor rifted margin, after the first three stage of deformation
(stretching, thinning and exhumation) (modified after Sutra et al., 2013), showing the main terminology
used in this paper to describe domains, domain boundaries and crustal blocks. For definition of terms see

text.

2.2. Definition of an “upper-plate” margin

As mentioned in the previous section, the “upper-plate” concept, as introduced by Lister et al.
(1986) (Fig.1a), was strongly linked to the Wernicke model and lithospheric-scale extensional
detachment faults. Since the existence of such faults was for a long time a matter of debate, in
this study we refine the original “upper-plate” concept in order that it can be used to properly
describe the evolution of rifted margins in a much wider context. Using the term “upper-plate”
already begs the question: upper-plate to what? In its pristine concept, the term “upper-plate” was
used as a synonym of “hanging wall” of a major, lithospheric scale extensional detachment fault.
However, in contrast to the Basin and Range, where extensional detachments are exposed, at

rifted margins these structures are buried underneath thick sediments, magma and water and are



split during breakup between the two futures coajaegnargins (Fig.1a). The lower plate usually
carries remnants of the former hanging-wall (i>emsional allochthons or rafts(Wernicke,
1981, 1985; Wernicke and Burchfiel, 1982; Davis, 1983). Thus, “upper-plate” does not
exclusively refer to the position of a block relatito a major extensional detachment system, but
refers to a position in a conjugate magma-pooedifinargin. A second limitation is that “upper”
and “lower” do not apply to proximal domains thammonly do not show any asymmetry,
neither from the architectural point of view, noorh their subsidence history (Lister et al. 1986
Karner et al. 2003). Therefore the “upper-platelingted continental ward by the necking zone,
defined by the Coupling Point (CP) and its oceandwawsition is defined by the Exhumation
Point (EP), which is the “hyperextended” portiontleé margin (see Fig. 2, and for definition of
CP and EP see Sutra et al. 2013 and Tugend e®Hb).2Another characteristic of upper plate
margins is the narrower and sharper transition éetwthe continental crust and exhumed mantle
and/or oceanic crust. However, in order to safedyitguish, using this characteristic, between
upper and lower plate margins, one has to see botlugate margins. It is often by the
comparison of the geometries and widths of theatldmains that one can decide which is the

upper plate and which is the lower plate.

In magma-rich systems or in margins with thick seshtary successions, especially with
evaporites, the crustal structure is often masketitis difficult to define a real asymmetry of
the distal parts of the margin. Therefore, inteigttens of margins that are not well imaged often
suggest that they are, on a global scale, symmatiicthat upper and lower plates do not exist
(see Péron-Pinvidic et al. 201Gillard et al., 2015). Thus, the recognition of apand lower

plate-margins also depends on the quality of tha.da



2.3. Methodology

The major problem in defining the tectono-stratojna evolution of upper-plate margins is the
lack of data. In the ideal case this should incladgh quality seismic imaging combined with
drill hole data. While such a data set exists ¢ovdrplate margins (e.g. Iberia margin; Tucholke

and Sibuet, 20QButra et al. 2013) at present it is not available for an upper-plate nrargi this
study, we chose three different “upper plate” masgeach one unique and complementary at the

same time.

Thanks to the support of ION and in collaboratiathvindustry, we had access to the East-India
ION-1000 line (Fig. 3). We consider this line asanf the world best imaged lines across an
upper plate magma-poor rifted margin. Unfortunatety drill-hole data exist from its distal part.
At present, drill sites are only localized in thema proximal part and access to these data do not
provide insights into the tectono-stratigraphi@teinships, type of contacts and rocks imaged in

the deeper and more distal parts of the section.

Rocks and contacts that we interpret to have deérfvem similar settings are exposed in the
Western and Central Alps in Western Europe and lheaem extensively studied (Lemoine and
Trimpy, 1987 Roux et al., 1988Lemoine and Tricart, 1988). Insights coming fronctlsu

outcrops are a key to understand the evolutionpaiodesses controlling the formation of upper
plate margins. Unfortunately, the European margis heen reactivated, deformed and partly
subducted during the Alpine convergence. Therefondy remnants of the former margin are
preserved, providing only punctual information ohe tformer margin architecture. The

integration of these data into an overall pictua@ either be done by restoring the deformed



margin, or by comparing it with present-day anaEgy@oillot et al. 1987 ; Lemoine et al. 1988

Boillot and Froitzheim, 2001; Manatschal and Miintener, 2009).

A hybrid dataset, unique and therefore very impurta link the different scales of a magma-
poor conjugate margin comes from the Newfoundlamdgm (Fig. 4). It accounts for refraction
and reflection seismic data as well as ODP (Ocedhng Project) drill hole data. In this study
we focus on the upper plate, which correspondsiedNewfoundland margin (Van Avendonk et
al., 2009 PéronPinvidic and Manatschal 2009; Sutra et al. 2013). This margin has been imaged

by the SCREECH projec¢Funck et al., 2003; Hopper et al., 2004; Shillington et al., 2006; Van
Avendonk et al., 2009) as well as drilled during®Deg 210 (ODHIrill Sites 1276 and 1277;

Hopper et al., 2004).

Based on the observations from the Indian examyhch is unique due to the high quality of
seismic imaging, the Alpine example due to its soipritcrops and the Newfoundland margin
due to the deep drilling (ODP Leg 210), we propastemplate for magma-poor, upper-plate
rifted margins. In order to up and down-scale teepiysical and geological data, we followed a
methodology introduced by Tugend et al. (2015a)wadurther develop it to apply it to upper-
plate margins. The criteria to define rift domaarsl domain boundaries for the three examples

are used following the work of Sutra et al. (2013).

3. Examples of “upper-plate” magma-poor rifted marg

3.1. The East-India ION |E1-1000 line

3.1.1 Data and context



With permission of ION Geophysical, we had accesthé ION IE1-1000 section located at the
East-India margin (for location see Fig.3). Thigssec section is part of the India-Span, a
reflection seismic imaging survey that extends leetwlatitude 10°N and 21°N and longitude
80°E and 90°E along the East-Indian margin (for endetails see Nemcok et al., 2013
Mangipudi et al. 2014). This long offset seismievgy images the transition from the shelf to
unequivocal oceanic crust.

The East-Indian passive margin is the result ofoanglex poly-phase rifting including a
transtensional component. The breakup between &idarand East-India occurred during Early
Cretaceous timéAcharyya, 1998; Powell et al., 1988; Storey et al., 1995; Subrahmanyam and
Chand, 2006). The East-Indian margin is the congugathe East Antartica’s Enderby basin, the
Princess Elizabeth Trough and the Davis Sea bBsiména et al., 1994, Gaina et al., 2007). The
break-up and formation of first oceanic crust isgaded by the exhumation of subcontinental
mantle during Early Cretaceous tirfurray et al., 1982; Pateria et al., 1992). In this study, we
chose the ION IE1-1000 section that we consider anine world champion lines, preserving
characteristic features of an “upper plate” margine ION IE1-1000 section images the entire
continental crust down to mantle depths (18s TWIHe acquisition parameters and further
details about data and imaging methods are descib&lemcok et al. (2013) and Pindell and

Kennan (2009). The section described in this stéty. 3) is depth migrated.
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Fig.3 a) Map showing the localization of the East India ION IE1-1000 section. b) Zoom on a fault
bounded basin (tilted block) located below the first terrace (Ty;). Top basement is tilted together with the
TPRS along an ocean ward dipping normal fault and filled by a syn-tectonic sequence and capped by the
TSTS. Location of BPRS cannot be defined. ¢) Zoom on the top basement of the second terrace (T,;) and

relations to overlying sediments. Note that tilted blocks are smaller, syn- and antithetic normal faults can



be observed and erosional surfaces can be obseitretbcale toplaps. d) Crustal scale view of tENk
IE1-1000 line showing the typical staircase topea@snt architecture with three terraces; (T Tsi)
bounded by 2 major escarpments; (&d R;) that are associated with fault systemg @Ad ;). Note
also that location of CP, EP and BP is closelyteeldo the major fault systems and ramps and enable
define rift domains and domain boundaries. €) Zaosnthe most distal part of the margin showing the
transition from the 7 to theTs which corresponds to a major escarpmenf) @rmed by major normal
faults that are truncated at the base by a streihection (red line in section), interpreted as Mheho that
projects towards the seafloor. Oceanwards gj (Rere is a change in the top basement architeétam
fault bounded blocks that are over-tilted and mteted to be formed by extensional allochthons of
continental crust overlying an exhumation fault aslumed mantle. The exhumation fault correspomds t
the top of the mantle. Oceanwards the top of basest®ws more symmetrical built ups with passive
infill that may correspond to magmatic addition®t&lalso that on the oceanward part the sedimentary
infill down(on)lap onto basement. The BPRS is ipteted to correspond to the first sediments thewbar

first oceanic crust.

3.1.2 Crustal architecture

The ION IE1-1000 line shows marked changes in thstal architecture from its proximal to its
distal domain. These changes are best depictechlijcaease of total accommodation space
(sediment plus water) oceanwards, a change in tirphnlogy of the top seismic basement and
characteristic intra-basement reflections.

Top seismic basement can be observed at approXymatém below sea level at the most
proximal part of the line and drops to about 10fkmher distal. At the most oceanward part top
basement is at 8.5 km below sea level. At its pnakipart (between km 00 and 30 in Fig. 3d) top

basement is dissected by two major normal faullesé faults are not cutting across the entire



continental crust but affect only its upper pare.(ithe brittle upper crust). Further oceanwards,
between km 30 and 60, top basement is limited lmyrtvajor normal fault systems referred to as
Fii and k; (Fig. 3d). Between these two faults, top basenemtissected by several smaller,
synthetic and antithetic faults, and the overgl bmsement is at about 7 km depth. Across both
Fii and F; major thinning of the crust can be observed. Oaearmls of k;, between km 66 and
90, top basement reaches the deepest point adressettion (down to 10km) and is heavily
structured. While the continent ward part is forntgdover tilted, crustal blocks truncated by
ocean ward dipping faults, the oceanward part isasher and controlled by symmetric build ups
with passive infill and minor faults. Between km &3d 150 the basement rises approximately to
8km depth and becomes sub-horizontal from km 1®@uwards (Fig 3).

Intra-basement reflectors are observed across thelewsection as shown in the seismic
interpretation (Fig 3d). Reflectivity in the crustill defined and difficult to interpret. From km
20 to 60, a major reflector can be observed rifiomm more than 25 km depth to approximately
14 km depth. Since the rise of this reflector impensated by a deepening of top basement and
an increase in total accommodation space, we irdethis reflector as a Moho reflection that
juxtaposes rocks of different densities. This iptetation is in line with previous interpretations
by Nemcok et al. (2013) and Pindell et al. (200Bhe Moho reflection is also cut, in our
interpretation, by normal faults that dip continevdrds, opposed to the faults observed in the
upper crust (e.g.iFand k) (Fig 3d). On the deepest part of the margin (ketwkm 70 and 92)
an upwards continuation of the Moho reflection barobserved approaching top basemenisF
truncated by the upward continuation of the Mohiteotion that can be projected to cut out at
top basement at km 92. In our interpretation, thantte is overlain by continent-derived
allochthonous blocks. From km 92 to 150, basemeayt be formed by exhumed serpentinized

mantle, which may explain the lack of potential Moreflections (see Sutra et al. 2013).



Oceanwards of km 150, a weak reflectivity at abéub 7 km below top basement can be
observed, which is parallel to top basement and beainterpreted as base of the oceanic crust,
i.e. oceanic Moho.

Based on the definition of top and base of thetcnue can define, following the approaches
developed by Sutra et al. (2013) and Tugend €R@lL5) margin domains as well as the location
of the CP, the EP and the BP (Fig. 3). Four domeamsbe distinguished: the proximal domain,
the necking and hyper-thinned domains, here refeweas distal domain, the exhumed domain
and the oceanic domain. In contrast to lower phaéegins described by Sutra et al. (2013), the
distinction between the necking and hyper-exterdtadains is difficult and therefore we do not
separate these two domains. The location of thés@Hficult to define in upper plate margins
due to the fact that it is masked by the residudétk (see H(r) in Fig. 2). In this study we
define the location of CP as the focal point of ondj; faults). In contrast, the EP can be well
defined in the section (intersection of; With the upward projection of the Moho reflection)
Since the CP, as defined by Sutra (2013), desctiteegassage from the decoupled to the coupled
domain, ductile layers are not present anymoréeénctust oceanwards of the CP, and the major
faults can truncate the whole thinned continentastc(e.g. k). The EP meanwhile defines the
boundary between the distal domain and the exhumaatle domain and corresponds to the
termination of the autochthonous Indian continectalst. Oceanwards of the EP, remnants of
continental crust may occur only as allochthonolscks overlying exhumed mantle and
associated with possible magmatic additions. Thec&Rcides with the location where steady
state seafloor spreading occurs. In the ION IE1010%: we define the BP as the location where
top basement becomes sub-horizontal and underlaia Moho reflection that parallels top-
basement. Along the ION IE1-1000 line, the firseamic crust is about 8.5 km thick, which is

unusually thick comparing to the 6 to 7 km expedtdnormal oceanic crust (see Dick et al.,



2003). However, Bronner et al. (2011) showed thathagma-poor rifted margins this initial
thicker crust may be related to the breakup proeess may result from an excess magmatic
event related to breakup.

It is important to note that each of the domainsssh characteristic crustal thickness. Due to the
fact that the East Indian margin is thermally equéited, the different crustal thicknesses also
result in a characteristic accommodation space réfldcts the isostatic equilibrium of each of
the domains (e.g. Tugend et al., 2015). This resnla stair-type top basement geometry that can
be defined by terraces (T) and ramps (R), whiaghai characteristic for an upper-plate margin.
While the terraces occur over domains with simdarstal thickness, the ramps coincide with
parts of the margin where abrupt crustal thickrekesges occur. Across the East Indian section,
three terraces placed at different bathymetriclleam be defined: i, T and &i. The three
terraces are limited by two major ramps &d R that coincide with the locations of fault
systems | and F;. The terraces are also characterized by distotbasement topographies.
While Ty; is defined by large-scale fault bounded basinsctifig the uppermost brittle crust; T
shows smaller, scattered faults and occurs ovetlebdrust, and F shows a wide and back
rotated top basement topography and magmatic additiThe transition from T3i to oceanic
crust is defined by the inflection point betweensing top basement (from 10 km to 8 km) and a
sub-horizontal top basement over the oceanic daritaia rise of top basement suggests either a
thickening of basement or a change in density efrtitks forming the basement between the EP
and the BP (3). The thickening is best explained by possible maic additions becoming

more important oceanwards (Fig. 3).



3.1.3 Stratigraphic architecture

The total accommodation space, including sedimami$ water, increases fromy;,T
through B to T3 and remains, on a locale scale, constant overnaceaust. In classical
interpretations, stratigraphic units are subdividedpre-, syn- and post-rift. However, as
discussed in many papers (see Masini et al., 20iBraferences there in) the problem in
subdividing units in pre-, syn- and post-rift isathsedimentary units showing syn-tectonic
geometries are not necessary of the same age anterafore not be correlated across the whole
margin. While this problem has been discusseddweel plate margins (see Masini et al., 2012,
2013) it has not yet been discussed for upper pategins. In this study, we will use the terms
pre-, syn- and post-rift strictly as time sequenddse term syn-rift refers to the time between
onset of rifting and onset of steady state seapoeading. The syn-rift sequence is limited at its
base by the Top of the Pre-Rift Sequence (TPRS)aarits top by the Base of the Post-Rift
Sequence (BPRS). While the TPRS is best expressadTg, where tilted sections underlie a
growth sequence, the BPRS is defined as the fdingentary sequence overlying oceanic crust
at the BP. Therefore, the age of the BPRS stromglgends on the location of BP and
consequently on the definition of breakup. Claskidhe BPRS coincides with the sequence that
caps the growth sequence in the proximal marginveyer, Wilson et al. (2001) and Masini et al.
(2013) showed that this sequence is in many maajdes than the BPRS. The correlation of the
BPRS from ; across 7 to Ty is in many margins, in the absence of drill-hadgad difficult and
depends on the tectonic model. Therefore, for é& Ehdian ION IE1-1000 line, the correlations
of the TRPS and BPRS are not possible across tiire emargin. A stratigraphic model for an

upper-plate margin will be proposed and discusseashapter 4.



3.2. The Newfoundland margin (SCREECH 2 line)

3.2.1. Data and context

The Iberia-Newfoundland conjugate rifted marginsuie from a protracted rift evolution
(Triassic to Late Jurassic) and final separatiorthef Iberia and North-America plates during
Early Cretaceous. The exceptional dataset an@lhkence of salt in the distal parts makes this
conjugate margin system one of the best-documestedstudied worldwide. In particular the
basement architecture, its nature, and the tecmrotution of this system have been studied by
many researchei@$opper et al., 2004; Huismans and Beaumont, 2011; Lavier and Manatschal,
2006; Ranero et al., 2006; Shillington et al., 2006; Sutra and Manatschal, 2012). In this paper we
will focus on the Newfoundland margin and more ipatarly on the SCREECH 2 line that we
consider as another champion line across an ugaer-magma-poor rifted margin (Hopper et
al.,2004; Schilligton et al., 2006; Lau et al., 2006).

The SCREECH survey (Study of Continental Riftingl dExtension on the Eastern Canadian
sHelf) was conducted in 2000 on the eastern Graamk&Newfoundland basin margin. Three
transects of coincident multichannel seismic andevangle reflection and refraction data were
collected using bottom hydrophones and seismometers

Of major importance for the interpretation of theREEECH 2 line are the ODP drill holes that
have been drilled on the most distal part of thetige at the transition to first oceanic crust
during ODP Leg 210 (Tucholke et al., 2004). In thamtext it is important to note that the
SCREECH 2 line is conjugate to a drilled transémb@the Iberia margin that was drilled during
a DSDP Leg 48 (Deep See Drilling Project, (Sibuet Ryan, 1979) and ODP Legs 149 and 173
(Beslier et al., 1994; Whitmarsh and Sawyer, 1996; Minshull et al., 1998). These drill holes
provide important information about the tecton@sgraphic evolution of the conjugate lower

plate margin (Péron-Pinvidic et al., 2007).



ACCEPTED MANUSCRIPT

3.2.2. Crustal architecture

The SCREECH 2 line shows, similarly to the East Indian ION- 1000 section, a stair-type top
basement geometry and an increase in total accommodation space oceanwards (Fig. 4c). This
enables us to describe the SCREECH 2 line using the same approach and terminology. It is,
however, important to note that the SCREECH 2 line is less well imaged, its most continent ward

part is missing and the line is in two way travel time.
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Fig.4 a) Reconstruction of the Newfoundland-Iberiasifstem at anomaly MO (from Bronner et al. 2011).
b) Interpreted section across the Iberia-Newfoumtlidfted margin showing SCREECH 2 section and the
conjugate TGS/LG12 sections and the location ofQBé Sites (where ODP Site numbers are in brackets
the sites are projected into the line) (modifieaindr Sutra et al. 2013). ¢) Seismic section SCREECH 2
with interpretation of top basement, Moho, majoulffeasystems E and kb, and the BPRS and the
locations of the CP, EP and BP (for more detaits explanations of the locations of the latter all ae

the interpretation of the rift domains and domagurdaries see text). d) Interpretation of SCREECH 2

section integrating the velocity from van Avendortlal (2006) and the drill hole data.

The top basement is not well imaged on the contimeard side and as a consequence, the
detailed structure is difficult to describe. Howeitecan be seen that top basement is dissected by
two major fault systems (fFand k) that define two ramps ¢Rand R) separating three terraces
(T1n, Tonand Ey) (Fig. 4c). Details of the top basement are diftito define on the continental
side, although it can be seen that the total accmsation space increases abruptly across the
ramps. Oceanwards of CMP number 226 top basememlismaged. From CMP number 226 to
235 the latter coinciding with ODP Site 1277, tagsément rises from 7.5 to 4.8 sec. The top
basement is dissected by low-angle faults and aer-mmtated top-basement that carries
continentwards tilted sections. Ocean ward of ODf %277 top basement is formed by
basement highs up to 4 km wide and 1.5 sec vettgaigraphy lying at a medium depth of 6.5
sec.

Intra-basement reflections are ill defined, apaotif a strong reflection that is at about 10 sec
depths at CMP number 218 underlying the ocean wartof T,,. Refraction seismic data show
that the reflection corresponds to a Moho reflectamd the velocity structure enables to define

top seismic basement at about 4.5 sec (Van Avendbak, 2006). Oceanward of CMP number



218, sediment reflections can be seen dropping downore than 7 sec, however, top basement
is not well imaged on the section. Oceanwardsectility in the seismic basement is sparse and
does not show clear intra-basement or Moho reflasti Velocity contours are shown in Fig. 4d
that are taken from Van Avendonk et al. 2006 ($e@ Bronner et al. 2011). As expected, velocity
of 8km/sec (top of unserpentinized mantle) is aiualdl sec. While reflection seismic data is
unable to resolve the precise structure of thetcths refraction seismic data enables to define
unthinned, necked and hyper-extended crust anddtigrence of exhumed serpentinized mantle
(Van Avendonk et al. 2006). The first order arcttitee shown by the refraction seismic data
confirms the stair-type geometry of top basemeti Wi, Ton and &, Rin and Ry (these latter
corresponding to the location of,Fand k). The location of the CP is difficult to define Fig.

4 it has been located in the prolongation gfd& about 4sec below top basement (about 10 to 15
km, corresponding to the assumed brittle ductdedition assuming a quartzo-feldspathic crust
and a normal geothermal gradient of 30°C/km). Tl i€ located at CMP number 221 and
corresponds to the intersection of, Wvith the projection of the Moho-reflection towartise
seafloor. The BP has been set at CMP number 23&sponding to ODP Site 1277. Indeed, the
transition between 3|, and the first oceanic crust corresponds to a basemigh that is located
between CMP number 230 and 238. During ODP Leg 24jll holes penetrated the complete
stratigraphic section down to the top Aptian (ODE 2276 at CMP number 228.5 and top
basement at ODP Site 1277 at CMP number 235). @serbent at ODP Site 1277 is made of
serpentinized mantle rocks intruded and overlaingbgous rocks. Dating of the igneous rocks,
by U-Pb and®Ar-*°Ar measurements, suggest an emplaced age of thekse lvetween 126 Ma
and 113 Ma (Jagoutz et al. 2007). The older ag#isate that the basement underlying the high
had to be accreted at least at 126 Ma, which ispedilrie with the occurrence of Aptian

sediments over this basement and other basemerits higross the conjugate Iberia-



Newfoundland margins (Péron-Pinvidic et al. 200He younger ages suggest that this high had
a protracted magmatic history, which is well ddsedi and further supported by the occurrence of
sills drilled at ODP Site 1276 (Péron-Pinvidic adMdnatschal, 2010). Refraction seismic data
show that the 8km/sec contour, which defines gesighly Moho, is at about 3sec (about 9 km,
assuming average velocities of 6km/s) below tolesnt drilled at ODP Site 1277. Since the
crust below this site is too thick to be explairedy by serpentinization, Bronner et al. (2011)
proposed that the exhumed mantle was underplatedabypro bodies. This hypothesis was
further supported by the occurrence of the J-magaebmaly. Bronner et al. (2011) were able to
model this anomaly successfully as a magnetic ahonetated to an excess magmatic event
triggering lithospheric breakup. These authors pseg that the excess magmatic event occurred
simultaneous and was responsible for the uplifthef basement high, which is documented by
the occurrence of tectono-sedimentary and sedimeriigeccias reworking the underlying
basement, interleaved with mafic flows at ODP 32&7 (Robertson, 2007). These breccias are
in the same position as those drilled over baseimights floored by serpentinized mantle at the
conjugate Iberia margin (ODP Sites 897 and 89881&&d 1070), altogether dated as Aptian.
The fact that the Late Aptian was drilled at ODReS1276 and can be observed to be
continentward tilted on the western flank of thghhdrilled at ODP Site 1277, suggests that the
high was formed after deposition of the Aptian seshts, but before the deposition of the Albian
sediments that represent the first sedimentary esexgufilling passively the exhumed mantle
domain along the Iberia-Newfoundland margins. Basedthese observations the breakup is
suggested to coincide with an excess magmatic etheit resulted in a thickening of the
previously exhumed mantle, the formation of a basgnhigh and is recorded by a magnetic
anomaly (J). These observations, so far the onlgena such a distal part of the margin, have

important implications for the location and agebwéakup and the geometrical relationships



between sediments and fault structures. Therefoey twill be used in the stratigraphic

interpretation.

3.2.3 Stratigraphic architecture

As discussed by Wilson et al. (2001), Tucholke &itlet (2007), Péron-Pinvidic et al. (2007)
and Alves et al. (2009) the stratigraphic architextof the Iberia-Newfoundland margins is
complex and polyphase. In this section, we willtfirst define the TPRS and BPRS horizons.
The age of the TPRS is difficult to define, sinbe tift in the southern North Atlantic was poly-
phase and different TPRS can be defined correspgrtdi different rift events. Thus, over the
whole area the TPRS does not necessarily corregjgoode horizon and it can therefore not be
considered as a time marker. It may correspondtie@reTriassic or Jurassic depending on the
location and/or the definition of the TRPS. Thus;an be labeled as TRP8r TRPS or, when

not further defined as TRRPS.

The age of the BPRS corresponds to the Aptian-Ali{itucholke and Sibuet, 2007, Péron-
Pinvidic et al. 2007). It is important to note, thhe BPRS, also referred in the literature as the
“U” reflection along the Newfoundland margin (segcholke et al. 2007), has been drilled along
the Iberia-Newfoundland margin. In addition theREPdoes not correspond to the base of the
passive infill across the whole margin. Indeedpeeviously reported by Péron-Pinvidic et al.
(2007) (see also their Fig. 11), the BPRS corregdpamly at the most distal, exhumation domain
where breakup occurred, to the base of the pagsiNe(see observations reported from ODP
Site 1277 above). Further continentward, the BPRSlies sediments that are pre-BRPS but still
show a passive infill that we refer to as “sag”tgmace (for a definition of a sag sequence see

Masini et al. 2013).



A key stratigraphic horizon that can be definedasitthe Iberia-Newfoundland sections shown at
Fig. 4 is the top Jurassic (Tithonian). This styaphic horizon has not been drilled along the
Newfoundland margin, but along the Iberia Abysdalr? where it has been recovered at ODP
Sites 901, 1065, 1069 (Mohn et al., 2015). ThisZeor changes oceanwards and from south to
north from syn-tectonic in the proximal margin andhe south to pre-tectonic across the CP and
moving northwards (Sutra et al. 20Nohn et al. 2015). At ODP Sites 901, 1065 and 1069 the

Tithonian had been drilled and it is clearly trumchby the major exhumation fault. Thus, the

Tithonian changes from syn- to pre-tectonic actb&snecking zone, suggesting that necking
occurred during Tithonian time between SCREECH @ @e conjugate TGS-LG12 lines (Fig.

4b). This observation indicates that time correladi across the margin, and more particularly
across the distal margin are problematic and cap@atescribed by using the classical pre-, syn-

and post-rift terminology.

3.3. The European margin

3.3.1. Data and context

In contrast to the previous two examples, wherectiistal structure can be imaged by seismic
methods, in the example of the European margin. )ighe crustal rift architecture had been

destroyed during Alpine reactivation. Neverthelassjated fragments of the former margin

survived within the Alpine nappe stack preservinigngary, rift-related stratigraphic contacts and

rift structures (Lemoine et al., 1986 and for a encecent reviewed see Mohn et al., 2010). The
paleogeographic reconstruction of the remnantshef European margin has been done by
defining their position in the nappe stack andh& stratigraphic content. This concept did not

significantly change since the early days of Alpgeology (Argand, 1911, 1916, 1920). The



restorations resulted in debates about the existenaon-existence of a Cretaceous Valais basin
(Stampfli et al., 1991; Triimpy, 1980), as well as the lateral correlation of some rdtréins, in
particular of the Brianconnais domain (Fig.5a, 9d@vertheless, there is a general consensus
about the first order distribution of the paleogemipic rift domains of the former European
margin within the Alps (Lemoine et al. 1986), whidre from proximal to distal the
Provence/Dauphinois/Helvetic domain, the Brian¢camed. domain, and the exhumed and proto-
oceanic Prepiemontais and Piemonte Ligurian dom@tigs5a). Moreover, since the work of
Lemoine et al. (1987) it is generally accepted thatEuropean margin corresponds to an upper-

plate margin (for more details see also Manats@@04)).



(b)

] Briangonnais s.str unit (T2)
[ Liguria-Piemonte
oceanic domain (T3)

=~ Penninic Front
"~~~ Prepiemontais Front

[ Molassic and Quaternary basin
] European proximal margin (T1)

[
1
]
[
[
[
1

— < G

N 7 w

necking
zone

30km

Brittle/upper continental crust
Ductile/lower continental crust
Brittle extended continental cruszl

Serpentinized mantle
Subcontinental mantle
Asthenospheric mantle

Undifferentiated sediments
Faults

Top basement
Moho
Unconformity

Peyre-Eyraute (2903 m)

Decoupled
domain

Coupled
domain

CP. Coupling Point

@ Exhumation Point
EP Breakup Point
BP.

BourgdOisans 7 ..

TPRS v

sea level

1 Upper Cretaceous
[ Upper Jurassic
[ Lower Jurassic
[ Upper Triassic

[ crystalline breccia
[ continental crust
[ serpentinized mantle

—

LT

Alpine thrust
TPRS (PL)

UTD Upper Tasna Detachment
=~ LTD Lower Tasna Dectahment

2nd unconformity

1st unconformity



Fig.5 a) Map of the Alps showing the principal paleogephic domains of the European margin. The
stars show the location of the 3 sites where tiiftcsures discussed in the paper are exposed.hangatic

section across an upper plate of a magma-pood iftargin with projected location of the discussed
Alpine sites. ¢) Google Earth view of Bourg d’Oisan the former proximal European margin preserving
a fault bounded basin (modified from Chevalier let 2012). d) Panoramic view of the Peyre Eyraute
summit south of Briancon in the former distal Ewwap margin showing the major Briangonnais
unconformity. €) Panoramic view of the Tasna OCTthe Lower Engadine valley (SE Switzerland)
preserving the most distal margin and exhumed masdimain of the European margin. For a more

detailed description of the outcrop observatiorstsst.

In this section, we will neither focus on the distadf possible restorations of the former
European margin, nor on the description of theietarustal structure that remains hypothetical
and depends on the restoration of the Alpine napgek. The aim of this paragraph is to focus to
three km-scale outcrops that represent the chaistatetectono-stratigraphic relationships of

each of the 3 main paleogeographic domains foriadossil European margin.

3.3.2. Outcrops preserving the structure and stratigraphic architecture of the former margin

Bourg d’Oisans: fault bounded basin in the proximdiomain

The Bourg d’'Oisans area (Fig.5c) preserves a sefid¢ault-bounded basins that structure the
proximal European margin and that are relativelyleli affected by Alpine deformation
(Montadert et al. 1979 .emoine et al., 1986; Bellahsen et al., 2012; De Graciansky etl., 1979;
Dumont et al., 2008). These basins are preservabdinvithe external crystalline massifs
(Belledonne, Grandes Rousses and Pelvoux), whiehcamposed of Palaeozoic basement

separated by a regional unconformity from its Up@arboniferous to Mesozoic sedimentary



cover(Chevalier et al., 2003; Dumont et al., 2011). The TPRS within these basins corresponds to
the top of a thin sequence of Middle to Upper Biaglolostones and evaporites (Fig.5c). The
Lower Jurassic limestones and marls overlying tR®S$ mark the deepening of the depositional
environment within a fault-bounded basin as evigenby angular unconformities and sharp
facies change@arféty and Gidon, 1984; Chevalier et al., 2003; Gillcrist et al., 1987; Lemoine et

al., 1986). Rifting within this domain stopped @&&nurian to Pliensbachian time (see Chevalier
et al. 2002), which is about 20 Ma before the BRR&diolarian cherts dated as Bathonian to
Callovian in the European margin (Bill et al., 2)0TThe BPRS is not preserved directly in the
Bourg d’Oisans area due to erosion, however, th&-gpid stratigraphic section within the
proximal European margin is formed by an Upper skicaLower Cretaceous pelagic to
hemipelagic succession composed of limestones aamtk rfollowed by a thick succession of
platform carbonates of Cretaceous age. The ocaerehn these latter shows that this domain
remained at relatively shallow-water depth duringl aalso after rifting indicating that the
underlying crust was not significantly thinned chgriJurassic rifting. This is also supported by
the observation that these basins are overlyinggpteday normal thickness crust (e.g. ECORS-
Crop section Group et al., 1989) and lie in an external parthef Alps that was not heavily

thickened during Alpine convergence.

Fond Froid — Lac de I’Ascension : major rift uncomirmity

Fond Froid (Fig. 5d) and Lac de I'’Ascension beltmghe Briangonnais domain. They are part of
a thrust-stack, including the Champcella and Péjaete units (Claudel, 1999). The
Briangonnais units consist of a discontinuous Caifecous-to-Eocene sedimentary succession,
with important unconformities and hiatuses. TheniRer Triassic sequence is locally very thick

and includes a basal siliciclastic succession, iiisplays a rough fining-upward arrangement



that is followed by quartzites, pelites and thickdiMe-to-Upper Triassic carbonate platform
successions interleaved by Carnian evaporites. ddoeirrence of such a thick sedimentary
succession leads to the question about the ages#t @f rifting, which is, across the Alpine
margin, diachronous (Tricart et al., 2007). Indetbe, definition of the TPRS is difficult due to
the poly-phase and protracted rift evolution of Aigine domain, including a Triassic rift system
located in the east (Meliata system) that was oudga at its western side by a Jurassic rift
system (Piemonte-Ligurian systeafr. Decarlis et al. 2015). In this study we defineRRB{,.)
and a TPR${) related to Triassic rifting in the Meliata andrfy to Middle Jurassic rifting in
the Piemonte-Liguria domains. While the TPRS3(is at the base of the thick Mid Triassic
dolomites and yet little understood, the TPRB(s at the top of the Triassic carbonates and
commonly referred to as the onset of rifting (Fe).5Although we do not go into further detail, it
is important to note that such type of complexitgynbe more common at rifted margins (e.g.
Iberia margin). As a consequence the stratigrapgord of rift systems can be highly complex
due to the polyphase nature of rifting.

The most prominent feature in the Briangonnais isn@or unconformity/hiatus, which is
commonly interpreted to be related to a major t@id erosion/karstification of the Triassic
carbonate platform during Early Jurassichi&egans, 1933; Barféty et al., 1970, 1972; Baud and
MegardGalli, 1975; Baud, 1976; Claudel and Dumont, 1999). From Bajocian/Bathonian
onwards, a generalized transgression onto the @arais domain led to the deposition of
neritic limestones (Barfgt 1965; Bourbon, 1980, 1977; BOURBON, 1972; Bourbon, 1971) that
correspond to the BPRS (Fig. 5d). The late-Middde Upper Jurassic sedimentary record,
belonging to the post-rift sequence, is charaadriby pelagic clayey limestones overlain by
Upper Jurassic limestones with nodular Ammoniticos$d facies. The occurrence of Upper

Cretaceous limestones directly on top of the Jira&mmonitico Rosso, indicates a major



sedimentary hiatus of Lower Cretaceous age, oftark@d by a hardgroun@arfety, 1965;
Bourbon, 1971, 1972, 1977, 1980). Upper Cretacéolswer Eocene sediments are mainly of
pelagic origin (“marbres en plaquett@ermier, 1903) indicating deeper water and/ordinsent
starved environment. However, the precise pale@walepth cannot be determined with
confidence.

The “unconformity” observed in the Briangonnaistanthat can be found throughout the Alps, is
a key to understand the margin evolution and t@@se correlations between the proximal and
distal parts of the margin. As shown in Fig. 5di0as the Brianconnais units, the TPR¥(is
locally eroded and capped by the BPRS. The symtectsequence is only locally preserved.
These relationships are either the result of cosaksan and/or non-deposition or deposition and
erosion. It is important to note that the unconfityris not observed in the adjacent proximal or
more distal domains. In detail, the observed urmonity includes two parts. An erosional
unconformity at the top of the Triassic to Loweralsic carbonates, usually referred to as the
“Brianconnais gap’(Ellenberger, 1952; Debelmas, 1955, 1987; Barbier et al., 1963; Vanossi,
1965; Baud and Masson, 1975; Baud et al. 1979; Jaillard, 1985; Lemoine et al., 1986; Faure and
MégardGalli, 1988; Masson et al., 1980). This unconformity is often accompanied by a
prominent karstification that reaches locally 30Geep into the underlying Triassic carbonates
(Baud and Megard-Galli, 1975). This unconformitys lieeen classically interpreted to be related
to a prolonged subaerial exposure of the platforime oldest sediment found on top of the
unconformity is a Bathonian transgressive conglatee(Claudel and Dumont999; Debelmas,
1983), which dates the first drowning. Since thed Murassic Bathonian sediments are overlain
by Upper Jurassic pelagic limestones, that drapewtiole Brianconnais domain, a second main
unconformity exists that is early Late Jurassic dhdt has been related to a submarine

condensation. The Upper Cretaceous clayey limestones (“Calcschistes planctoniques”; cft.



“Marbres chloriteux! Ellenberger, 1958) lie locally directly on toptbe Upper Jurassic pelagic
carbonates separated by a para-conformity or kptgila thin hardground (siliceous-phosphatic
Bourbon, 1980). The Lower Cretaceous successiooften not present in the Briangonnais
domain, with local exceptions represented by the Wpper Berriasian Calpionella limestone
levels and the scattery-outcropping Aptian-Albiandstones cited by Bourbon (1980). Claudel
and Dumont (1999) interpreted this unconformityttees result of a prominent post-rift tectonic
phase that affected the margin since Callovian-@kém time. An alternative interpretation is
that the deposition of Upper Jurassic pelagic ltovess and the lack of Lower Cretaceous

sediments is the result of starvation and passifile (see discussion below).

Tasna Ocean Continent Transition (OCT): exhumati@mnd sealing by post-rift sequence

The Tasna OCT is exposed in southeastern Switwkdad has been described as belonging
to the most distal European margin (Florineth ancitEheim, 1994; Froitzheim and Rubatto,
1998; Manatschal et al., 2006). It is one of the rxamples where an extensional detachment
fault is exposed and can be observed on a kilorsegde without a major Alpine tectonic
overprint. The first order structure shows a wedfyeontinental crust that is bounded at its base
and top by extensional detachment faults showirgstlime kinematics and referred to as the
Upper Tasna Detachment (UTD) and the Lower Tasradbenent (LTD) (Fig. 5e). While the
LTD separates the continental crust from the sempiead mantle, the UTD forms the top of the
basement that is continental in the south and sérpeed mantle in the north. The most
important observation is that both the continefi@téement and the serpentinized mantle are
strongly deformed along their top, being overlamdlly by tectono-sedimentary breccias and
sealed by shales (Tonschiefer Formation; Floriretld Froitzheim, 1994). These sediments

unconformably overlie the whole Tasna OCT and areturn overlain by grey shales,



calciturbidites and breccias forming the TristelrfRation dated as Late Barremian to Early
Aptian (Waibel and Frisch, 1989; Schwizer, 1983))e youngest sediments in the Tasna OCT
are Aptian to Eocene siliciclastic sandstones aadyntimestone containing mega-breccias (for a
more detailed description see Gurler, 1995 and&&004). These sediments belong to the post-
rift sequence.

The key observation that can be made at the Ta€ih i® that top basement is formed by an
exhumation fault that is sealed by post-rift seditaeSyn-tectonic sediments only occur locally
between the exhumed basement and the post-tectedicnents as polymictic breccias that
rework and overlie the exhumed basement. They angposed of angular and rounded clasts
derived from the underlying basement, indicatingt thhey were formed during or after
exhumation. Since along the Tasna OCT, mantlehsieed at the seafloor, this outcrop belongs,
with no doubt, to the deepest part of the margiBased on the hiatus in the sedimentary
sequence, Manatschal et al. (2006) proposed teatdsna OCT may have formed a basement
high that didn’t retain sediments. This can expkai@ hiatus between syn-tectonic breccias and
post-rift sediments, and point to a strong basenwgugraphy and starvation of the sedimentary

system along the most distal European margin.

From outcrops to the margin architecture

While present-day margins preserve the rift architee that can be imaged on seismic sections,
outcrops within orogens can provide direct accessreimnants of former rifted margins.
However, despite of the high-resolution at the mpcthe observations are often disassociated
from the original context and difficult to integeain a larger crustal scale picture of the former
margin. If we use the East Indian ION IE1-1000 ahelvfoundland SCREECH2 lines as a

structural template for the former European margfie, Bourg d’Oisans (proximal European



margin) would be placed imTthe Fond Froid — Lac de I'Ascensi@@rianconnais domain) inzT
and the Tasna OCT (Prepiemontais domain)zirBy adapting this analogy,F1 may represent
the transition between the Dauphinois and Brianga@mlomain corresponding to a proto-
Penninic Front (PF) and they/R, to a proto Prepiemonte Front (PPF) in the Westdps
transect (Fig. 5). We are aware that the margihitecture has important along-strike variations
and that in particular the domains betwegraiid T, evolved along strike to a basin separating
these two domaing.g. Valais basin; Trimpy (1980). However, as already proposed by Pgim
et al. (1980), we believe that the paleogeogragbimains can be correlated, using first order
structural and stratigraphic criteria, at leastugetin the Western and Central Alps. The locations
of the CP and the EP cannot be defined anymoteeilpinesection; however, they are likely to
occur along the RF; (proto-Penninic Front) and,f&, (proto Prepiemonte Front)

In contrast to present-day margins, where the TBREthe BPRS correspond to reflections in
seismic lines, in the Alps their definition andparticular their correlation is mainly based on age
data and/or lithostratigraphic considerations thim Alpine Tethys domain, like in the case of the
Iberia-Newfoundland, the TPRS is difficult to definrAlthough commonly the top Triassic has
been considered as the TPRS (Masini et al.,, 2@ arlis et al. 2015), the thick Triassic
succession observed in the distal margin and onctimugate Adriatic margin suggests that
rifting was polyphase and can be subdivided in &vents (for discussions see Decarlis et al.
2015). Therefore, two TPRS can be defined, on¢aelo a Triassic event (TPRSand the other
related to the Jurassic event (TBR®& contrast, the BPRS is well considered in Alhgs and
corresponds to the Radiolarian Cherts dated asMatdle Jurassic (Callovian/Bathonian). The
more complex distribution of the syn-tectonic sewes across the margin will be discussed

below.



4. Discussion

4.1. Crustal and stratigraphic architecture of an upper-plate magma-poor rifted margin
Based on the description of two crustal sections and three km-scale outcrops we propose a
template for the crustal architecture and discuss the structural and stratigraphic relationships and
evolution of upper-plate, magma-poor rifted margins (see Fig.6). Although we are aware that
margins are in reality 3D, here we integrate our observations in a 2D dip section.
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Fig.6 Schematic section across an upper plate magma-poor rifted margin with zooms (a), (b), (c) on the

stratigraphic architecture of each of the three terraces (T}, T, and T3).



The first order characteristic of an upper platagma-poor rifted margin is the stair-type top
basement geometry that enables to define thremctesr(T, T, and &). Each of these terraces is
characterized by a different top-basement morphokgl crustal architecture. The terraces are
limited by major ramps (Rand R) coinciding with major fault systems(Bnd F). These faults
are responsible for the changes in the crustakiiegs from about 30+5km beneath
10+2.5km beneath ;Tto 1.5km +1.5km beneath3;T(Fig.6), leading to the juxtaposition of
domains of different thickness and/or density. Aoven for the ION IE1-1000 line, these
changes in crustal thickness are also associatéd avchange in the mode of extension from
decoupled, to coupled, to exhumed and finally &fleer spreading. The limits of these domains
coincide with the CP, the EP and the BP. It is ingrtt to note that there is a direct relationship
between the location of the CP and the EP andaimps (R and R) and fault systems;Fand k
defining the limits of the terraces. This is duethe fact that there is a link between the bulk
rheological evolution of the extending crust, theda of extension, the thickness of the crust and
consequently the isostatic level at which the d#fe domains equilibrate. Linking top-basement
morphology, style of deformation with total accondaton space, enables to characterize, using

different observational criteria, rift domains ags@n upper plate margin.

For this study the most interesting part of the gmars the one between the CP and the EP,
referred to as residual H-block (Péron-Pinvidic &fahatschal, 2010), corresponding to the T
level and its transition towards thg [Bvel. These parts of the margin are diagnostet emable

to distinguish between an upper plate and a lowse pnargin. The residual H-block is limited
on its continentward side by the &), which coincides with the necking of the cruste@n
wards, it is limited by the R(F;,). In the ION IE1-1000 and SCREECH 2 sections, ti@assition

is defined by a sharp, fault controlled terminatafnthe block with off-lapping sequences that



inter-finger with aggradational sequences in theuexed domain (J). In the example of the
Alps, the residual H block may correspond to theuByonnais domain exposed in the Western
Alps. This domain shows a complex architecture ihatrongly variable along strike (see Fig.3
and discussion in Mohn et al., 2014), including ighh(Briangonnais s.str.) that is bounded
continent and oceanwards by lows, in the literataferred to as the sub- and ultra-Briangconnais
domains (Lefevre and Michard, 1976). In particulae ultra-Briangconnais domain is strongly
controlled by fault systems (e.gp)Fand is characterized by the occurrence of graeital
sedimentary systems that are inter-fingered wifinad sedimentary sequences (Lemoine, 1961,
1967, 1960). While in seismic sections the tophef block is defined by a major unconformity,
that is, however, difficult to interpret withoutilliihole data, in the example of the Briangonnais
the stratigraphic relationships are well exposed lzave been described in the previous section.
The key observation is that the unconformity (Figsformed by an erosional unconformity,
associated with a karst, indicating either uplifedo tectonic activity or a global sea level drop.
Since the proximal margins do not show any eviddocean unconformity, we exclude the sea
level drop. The hiatus may, in contrast, be intetgut by a passive infill of an existing basement
high, which is also compatible with the observeatds in the Tasna OCT. One consequence is
that across this high ¢), the TPRS can be locally eroded and the BPRS mo&aype recorded
(Fig. 6).

The exhumation domain §Tlevel) on the upper plate margin has, with theepxion of the
Newfoundland margin, never been drilled and ligl&nown about the structure and stratigraphic
evolution of this domain. While Masini et al. (2Q018.ggested that this domain remains over a
stable, continentward dipping exhumation fault|l&d et al. (2015) showed, using the example
of the southern Australian margin that exhumatigstesms in upper plate margins are unstable

and step oceanwards. This would explain the obdettogvn(on)lapping of the syn-exhumation



sediments in this domain (see Figs 3 and 4). FerAllps, Decarlis et al. (2015) showed that

within the exhumation domain {Tevel), the TPRS is, if present, discontinuous aacurs only

in allochthonous blocks (see also review paper @fr8ndo et al. 2014). The fact that the most
distal parts are sediment-starved makes that tHRBIB very deep and some of the basement
highs are passively onlapped/sealed by post rdinsents. This is the case for the Tasna OCT
(Fig. 5e) where the post-rift sediments directheie an exhumation surface. In examples with

higher sedimentation rates (e.g. ION IE1-1000 eagtisyn-tectonic packages can be observed
forming locale growth structures over tilted blockéowever, most of the sediments in this

domain show passive infill and down(on)lap ontodmasnt (see also Gillard et al., 2015).

4.2. Stratigraphic horizons and correlations across an upper -plate margin

4.2.1 Atectono-stratigraphic model for a magmarpdted margin

In order to define a tectono-stratigraphic modekt forder stratigraphic horizons need to be
defined. In this study we defined the Top Pre-FS&iquence (TPRS), the Top Syn-Tectonic
Sequence (TSTS), and the Base Post-Rift SequeRirIB(Fig. 6). The terms “pre-rift*, “syn-
rift“ and “post-rift” are used as time intervalgfthing onset and termination of a rift system, the
latter defined by the onset of steady state seafipeeading. As a consequence the TPRS and the
BPRS can be considered as isochrones. Howeverewthé final lithospheric breakup is
considered to be unique, i.e. it occurs only omcine lifetime of a rift systemhe onset of rifting

is more difficult to define and in poly-phase rdystems, different rift events can be defined,
leading to different TPRS horizons (see exampleshef Iberia and Alpine rift systems). In

contrast to present-day margins, where the TPRStlaedBPRS correspond to reflections in



seismic lines, in the Alps their definition andparticular their correlation is mainly based on age

data and/or lithostratigraphic considerations.

4.2.2 First order correlation of TPRS, TSTS and BRRross an upper plate margin

The TPRS typically occurs over top basement irptieximal margin (T level). It shows,
ideally, a wide lateral continuity, constant thieks and consists typically of sediments
originating from sub-areal to shallow marine deposal environments. At some margins (e.g.
Iberia-Newfoundland and Alpine Tethys) the TPR3nigre difficult to define due to the poly-
phase and/or protracted history of the rift syst€or. these margins, two or more TPRS can be
defined. Due to the lack of good seismic and thdalle data, the TPRS is more difficult to define
in distal parts of the margin. In the example & Briangconnais, the TPRS is uplifted and partly
eroded during early rifting. In the most distal tgaof the Alpine margin (Jlevel) the TPRS is
discontinuous and occurs only locally as extengiatlachthons overlying exhumed crustal or
mantlerocks (see Err nappe in the Alps, or ODP Site 1069 block offshore Iberia; Manatschal et

al. (2007)).

The BPRS is defined as the first sedimentary sampienerlying the first oceanic crust at the BP.
The correlation of this reflection continent wardables to define the base of the post-rift
sequence. In the East Indian ION-1000 line, the 8RRBn be mapped from the BP to km 40 as
one continuous reflection. Its correlation furtlentinent ward is difficult (Fig.3d). However,
from the observations made in the Alps, where tRR8B is formed by Radiolarian cherts, it is
clear that this level does not coincide with thdisents that cap the fault-bounded basins in the

distal margin (Masini et al.,, 2013). This has alsmen shown for the Iberia-Newfoundland



margins, where the BPRS corresponds to the AptiardA horizon, which lies in the proximal

margin in the post-tectonic sequence (Alves eR806).

The TSTS corresponds to the horizon capping thetesstonic sequences across the margin.
Masini et al. (2013) showed that the TSTS is welfirled in the proximal margin, where it
corresponds to an event that we refer to as th&ihgdnconfamity (NU; for a more detailed
discussion see below). For the distal lower plaéegm, Péron-Pinvidic et al. (2007), Ranero and
Pérez-Gussinyé (2010), and Masini et al. (2013ysldothat the TSTS is getting younger ocean
wards. The TSTS splits the syn-rift sequence o parts: 1) a lower part floored by the TPRS
and limited at its top by the TSTS that correspotwsa true syn-tectonic sequence, i.e. a
sequence that contain tectonic growth structumes,23 an upper part that is floored by the TSTS
and limited at its top by the BPRS. This sequealtpugh part of the syn-rift sequence, does not
show any evidence of syn-tectonic structures ard referred to as the “sag sequence”. It is
fundamental to note that the TSTS is diachronoussacthe margin and that syn-tectonic
sequences are not of the same age across the margin

The TSTS, separating a syn-tectonic from a sagesem has been defined on lower plate
margins (Masini et al., 201®¢éron-Pinvidic et al., 2007) but it has not been diseds®r upper-
plate margins. The major problem to distinguishdime-tectonic and sag sequences at upper plate
margins is that the sedimentary succession oveiT4Hevel is often reduced or eroded, in the
latter case coinciding with an unconformity.g. India and Alpine examples; Figs. 3 and 5).
Indeed, for these examples the TSTS correspondshiatus/unconformity. The nature of this
unconformity seems to be the result of two procgssguplift and erosion that occur during the
syn-tectonic phase that is responsible for thei@nas unconformity, and 2) passive infill on the

edges of the high during deposition of the “sagisfgtectonic) sequence (see Fig. 3). These two



processes result in a major unconformity/hiatusr dge which makes that correlation between
the Ty and T levels is difficult at many margins.

At the Ts level, syn-tectonic sequences can be definechdri®N IE1-1000 section (Fig. 3), the
syn-tectonic sedimentary wedges seem to get youogesnwards. They overlie remnants of
continental blocks and/or pre-rift sediments furtbentinentwards and exhumed mantle with
variable amounts of magmatic additions further aeeads. In the SCREECH 2 section (Fig. 4),
it can be observed that a post-tectonic sequeneelafes oceanwards into a pre-tectonic
sequence. This depositional pattern is very simdahat observed along the southern Australia
margin (Gillard et al. 2015). The major characteriss the oceanward down(on)lapping onto
basement resulting in a younging of the first sexita overlying basement. This geometry can be
explained by either the existence of a basemeiit &ighe future distal margin (would result in
an onlapping), or by the creation of new real estatould result in a downlapping). In the case
of SHREECH 2 and the Tasna examples, the existeiheghumed material (new real estate) at
the Tz level is supported by drilling and field obsereats respectively. At both, the ION IE1-
1000 and SCREECH 2 sections, sedimentary sequeacebe defined at thes;Tevel that are
post-tectonic but pre-dates the BPRS, correspondirsgg-sequences. The sag sequences wedge
out oceanwards and show similar geometries as idedcon lower plate margins (e.g. Péron-
Pinvidic et al.2007; Masini et al., 2012 and 2013). This observatiorgssts that the creation of
accommodation space at thgl&vel is symmetric and not, as commonly propossgimmetric.
Another point that is important and needs to beuwised is the control of the relative rates of
sedimentation relative to the rates of creation astommodation space controlling the

stratigraphic architecture of deep-water rifted ginas.



4.3. Tectono-stratigraphic evolution of an upper-plate margin: a conceptual model

Fig. 7 shows a sequential, conceptualized restoratf the section shown in Fig. 2 that displays
different stages of rifting from the onset of stfehg (TPRS), to the onset of necking (NU), to
coupling (CP), to exhumation (EP), and finally teedkup and seafloor spreading (BP and
BPRS). This sequential restoration is similar tattbroposed by Sutra et al. (2013), but in this
study we include the restoration of stratigraph@arker horizons and their relation to the main
extensional structures. Four points are importarmonsider: 1) the two future conjugate margins
develop through an asymmetric evolution only betwedke coupling and early stage of

exhumation, while during the rest of their evoluatitheir evolution is symmetric, 2) there is a
direct link between the formation of the CP andfhé 3) during asymmetric migration between

coupling and exhumation the stratigraphic evolutadnthe two margins is very different and

asymmetric, and 4) during exhumation between theuiPthe BP the stratigraphic evolution is
controlled by the oceanward migration of deformatai both margins. The conceptual model
shows the time-space evolution of the stratigrapmacker horizons and their final position in a

passive margin.
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formation of a major necking unconformity across the future proximal margin. At the onset of the



exhumation stage the margin has acquired its maxasygmmetry and the depositional systems at the
upper and lower plate are very different. While thggper plate (residual H-block) is relatively tl
deformed during the final stage of rifting and efgty subsides, the lower plate (delaminated H-blask
more severely deformed during final rifting and thyn-tectonic sequence migrates oceanwards (e.g.
Mohn et al. 2012). During the breakup stage, exMigmas symmetric, as indicated by the oceanward
migration of the syn-tectonic sediments on bothjugate. It is important to note that an asymmetric
evolution of the margin is only observed betweendbupling and the early exhumation stage. Thesgfor
the upper - lower plate concept can only be apgiteeen the CP and the EP, which is a transiagest

in the evolution of a margin. As a consequencej@er plate margin is characterized by the occagen
of a staircase architecture of the top basemetit, 8vierraces ([T, Ts) separated by two major ramps

(R; and R). In contrast a lower plate margin does not prasarT, terrace and a Ramp.

Fig. 8 shows the time-space relationships of tifferéint time markers, which are the TPRS, the
TSTS/NU, and the BPRS. The TSTS, which separatsynatectonic sequence from a sag
sequence between the TPRS and BPRS is not anasoichthe distal margin. It is also important
to note that at most margins the BPRS was commasdymed to cap the rift structures in the
proximal margin (T level) and the rifting event was considered to diegle-phased and
widespread, thus, the BPRS was referred to adiiteaKup unconformity”.

Observations from the Iberia-Newfoundland and Adpmargins clearly show that the BPRS is
much higher in the stratigraphic section as prestipassumed in the proximal margin. Another
important observation is that, as a general rdlldasins overlying little extended crust (proximal
domain) stop their tectonic activity when neckingiates. The so-called necking unconformity
(NU) has been used to define the age of neckirtgarNorth Atlantic (Chenin et al. 2015). The

idea behind the definition of the NU is that neckiaccurs when the strongest layer in the



lithosphere breaks and that subsequent deformation occurs only over the area where the strongest
layer broke. In rift systems where the initial thermal conditions are equilibrated (< 650°C at base
lithosphere, Lavier and Manatschal, 2006) this may occur over the area and at the moment when

the upper lithospheric mantle yields, giving rise to the subsequent localization of deformation

over this domain.
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Fig.8 Stratigraphic model for a magma-poor rifted margin showing the first order stratigraphic

architecture of different parts of a rifted margin and the distribution of TPRS, TSTS (including NU) and

the BPRS across the margin.

While the tectono-stratigraphic evolution of the proximal and the distal lower plate margins are

described by Masini et al. (2013), the evolution of the distal upper plate margin is not captured by



their model. In respect to their model, major difeces concern the,&nd T levels in the upper
plate margin. The stratigraphic evolution obseradhe T level includes two processes: 1)
uplift during the thinning stage that can explaie erosion and formation of toplaps observed
across the JFlevel. It is important to note that no evidencedplift and erosion can be observed
over the proximal parts (Tlevels), indicating that erosion over the [€vel cannot be due to
global sea level drop or large scale dynamic topolgy (see discussion below).

A second important observation is that at thelével the deformation migrates outboard, as
indicated by the ocean ward migration of the TSiW& the wedging of the “sag” formation in the
same direction. This indicates that mantle exhwnatiannot be explained by asymmetric in-
sequence stepping of normal faults as suggest¢Rdnero and Pérez-Gussinye, 20Masini et
al., 2013; Brune et al., 2014). A more likely mechanism is out of sequence fagltsuggested by

Reston (2007) and Reston and McDermott (2011) bar@iet al. (2015).

4.4. Controlson sediment architecture on upper plate margins

The stair-type architecture of upper plate margisscribed by terraces (TT,, and T),
ramps/faults (RF, and R/F;), and domain boundaries (CP, EP, BP) is a direstlt of a
succession of rift modes (e.g. stretching, thinniaugd exhumation) within a localizing
extensional system that is magma-poor. In suchsgesy the stratigraphic architecture can be
described by key stratigraphic marker horizons #rat the TPRS, the NU, the TSTS and the
BPRS (see Figs 7 and 8). However, this first ooe=cription of the stratigraphic architecture is
2D and does not account for: 1) architectural \mlitg, 2) creation of accommodation space, and

3) filling of accommodation space. While the fitsto are mainly controlled by tectonic



processes, the last one depends on sedimentargsgexscas well the production and availability

of sediments.

Architectural variability

As shown by Huismans & Beaumont (2002), the archital variability depends, on a first
order, on the inheritance and the rift induced psses, in particular the occurrence or absence of
ductile layers, rates of extension, potential teate magma (Fig. 98lanatschal et al., 2015).
Thus, not all rifted margins go through asymmestisges and consequently define upper plate
margins. Along strike changes make that at thesitian between an upper and a lower plate
margin, the rift architecture can be complex (séeoR-Pinvidic et al. 2015). Moreover, the
occurrence of magma may not only mask the pre-magragolution of the margin, but it may
also change and control the rift evolution. Anothmeportant factor is the occurrence of strong
inheritance (Manatschal et al., 2015) or obliqueesion (Jammes et al., 2010) that have the
tendency to accentuate the symmetry or asymmetrthefmargin during the necking stage.
Thus, not all margins show upper and lower plateggries as described in this paper, and along
strike variations, including various widths of neakzones, need to be considered. However, the
fact that the range of rheologies and strain rateslimited in geological systems may explain
that many orthogonal, magma-poor margins show amaitustal scale architectures with upper
and lower plate margins (e.g. Mohn et al. (2012hjs is not only true for natural examples but
also for dynamic and analogue modéBeslier and Brun, 1991; Brun and Beslier, 1996;

Huismans and Beaumont, 2002; Lavier and Manatschal, 2006; Brune et al., 2014).
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Fig. 9 a) Architectural variability of magma-poor riftedargins depending on rates of extension and
rheology (modified from Huismans and Beaumont, 2002 Factors/processes that control apparent
vertical movements and create accommodation spgc&he role of sedimentation rates relative to
extension rates in controlling the stratigraphichéecture of rifted margins (NU : necking uncomity,

TPRS : Top of Pre-rift Sequence, TSTS : Top of S&gienic Sequence, BPRS : Base of Post-rift

Sequence). For explanations see text.

Creation of accommodation space

Key parameters defining the creation of accommodagpace are the thinning of the crust.gy

and lithosphere (w) as well as changes in base level. The former ridpen rates and
localization of thinning, which are different fohd crust (mechanical-magmatic) and the
lithosphere (thermal). While in the McKenzie mo@dicKenzie, 1978) the two are supposed to
be coupled, in the “real world” they can be decedpleading to two end member cases where
Viith > VerustOF  Mith < VerustWith major implications for the subsidence hist{ffig. 9b). In the case
of Viin > Verust the rise of the lithosphere can partly countem@gathe subsidence due to crustal
thinning and the accommodation space created dgnetectonic thinning is smaller and the
post-tectonic subsidence that is related to théirepof the lithosphere, will be more important.
For the opposite casefv< Veus), the amount of syn-tectonic subsidence respedtvpost-

tectonic subsidence is minor.

Another, important factor controlling the creatiofh accommodation space is the sea-level
relative to the base level. In some examples (pialecandidates are the central segment of the
South Atlantic north of the Walvis Ridge or the Gofl Mexico (Karner and Watts, 1982; Karner

and Driscoll, 1999; Pindell and Kennan, 2009) sea-level can be below global base level, leading

to air filled holes. The best example is the Mdssirof the Mediterranean (Cornée et al., 1994).



In order to create such extreme conditions, seiparabr isolation of basins and elevated
evaporation are necessary, conditions that ardylitce happen during early stages of hyper-
extension, when basins are segmented and not geected to the global ocean. In such systems
the control of the accommodation space is more t@mand not a simple control of tectonic
subsidence. Since these systems are often assbuwidte evaporites, their recognition is quite

simple.

Another process that may be important in contrgllcreation of accommodation space is
dynamic topography, which is related to deep mamtteessesBurgess et al., 1997; White and
Duncan, 1996). Since this process is, by definjti@tated to large-scale anomalous uplift or
subsidence it can easily be detected at the préxinaagins (Fig.9b). In the case of positive
dynamic topography, it should be expected thatpgieximal parts of the margins should be
uplifted and eroded during such events (e.g. Sikahn and Eyal (1981). Vertical movements
such as those observed in the Briangonnais donfaiteyel) cannot be explained by dynamic
topography, since uplift is limited to the futurestdl parts of the margin {Tlevels) and no

erosional unconformity is observed over the proxipaats (T, levels) (Fig.9b).

Filling of accommodation space

A key factor defining the stratigraphic architeetun seismic sections is the relative rates of
creation of accommodation spacgcQvand sediment infill () also referred to the “A/S ratio
concept” of Muto and Steel (1997). The relativeoedles control the continuity of markers. In
the case of m/vac=1 (filled basin) stratigraphic markers tend todmmtinuous and correlations
are simple (Fig. 9c). In contrast, in the case i@fw<<1 (underfilled basins) correlations are

more difficult and the first order architecturetbé basin is more complex. In the case of strong



sediment starvation (see Alpine and lberia Newféamd examples), unconformities are more
pronounced. In such cases the BPRS goes very aekth@ sag-sequence is very thin or absent
(Fig. 9¢). In the case where sedimentation rateshagh, TSTS can correspond to the BPRS in
the proximal margin, but oceanwards, over T2 angarticular over T3, a thick sag formation

can be identified.

5. Conclusions

The aim of this contribution was to provide a fister description of the stratigraphic and
crustal architecture of an upper plate magma-pdtedr margin, develop a methodology to
integrate different data/observations, and propmd@st order tectono-stratigraphic model to
describe the evolution of these margins. In ordepropose such a model, we used the seismic
section ION IE1-1000 from the East Indian margiatthve consider as the champion line
imaging upper plate magma-poor riftedargins; the SCREECH 2 section across the
Newfoundland margin that had been drilled at theaogvard end during ODP Leg 210 and km-
scale outcrops from the European margin today egas the Western and Central Alps. The
observations of these present-day and fossil mangermit us to define key morpho-tectonic
characteristics of margins that are: terraces 17 and &), ramps (R and R) and the location of
coupling between crustal and mantle layers (e.gploog point, CP), exhumation of mantle (EP),
and breakup (BP). Moreover, we defined key strapgic levels that are the Top Pre-Rift
Sequence (TPRS) and the Base of the Post Rift 8equ@BPRS) that we consider as time
markers. In between these two time markers we édfie Top of the Syn-Tectonic Sequence
(TSTS) that separates sedimentary packages that skimence for growth structures (syn-

tectonic sequence) from sediments that show pastiliebut are pre-breakup defined as the sag



sequence. It is important to note that the TSTi$tsan isochron and has the tendency of getting
younger oceanwards. The description of these fewt érder levels enables to describe the
temporal and spatial evolution of the rifting presealong an upper plate margin. Our
observations suggest that the evolution of thesgimaevolve through a stage of localization
and uplift of the margin that predates fast subsideand delamination of the future distal margin
leading to the development of a major, late fayfiteam delimiting a basement high from an
exhumation system that is at abyssal depth. Thadugen leads to two major characteristics of
upper plate margins: the staircase type architectirupper plate margins and the distinct
structural and stratigraphic architecture thainkdd to each of the terraces; (T, and &) and
intermediate ramps ¢Rand R). These first order relationships can be usedetme upper plate
margins and to establish their tectono-sedimentarglution. These relationships are best
preserved in margins with low magmatic budget aigth lsedimentation rates. In margins with
high magmatic budgets or very low sedimentatioagdhese observations may be more difficult

to be done.
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