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Abstract

The break-up of continental lithosphere in magma-poor margins is accompanied by the exhumation of mantle and crustal rocks in the foot-
wall of large-scale detachment faults. Although these structures have been described from many modern and ancient margins, little is known
about how they accommodate strain and evolve in time and space during continental break-up. The Tasna OceaneContinent Transition
(OCT) in southeastern Switzerland is one of the rare examples where such detachment faults are exposed and can be observed on a kilometre
scale. In this paper we describe the deformation structures and their evolution observed along detachment faults in the Tasna OCT. Our results
show that continental break-up was attained by a series of detachment faults. These detachment faults accommodated extensional strain in fault
zones formed by a localized core zone that is surrounded by a several tens to hundred metres wide damage zones. The core zone corresponds to
the zone of highest strain and is well defined structurally by the occurrence of gouges and/or foliated cataclasites and physically by separating
a hanging wall from a footwall. Deformation in the fault zones occurred under greenschist facies to seafloor conditions and within the stability
field of serpentine. U/Pb ages on zircon from a garnet-bearing pegmatite cross cutting high-temperature shear zones (upper amphibolite facies
and higher) provide Carboniferous ages and demonstrate that these shear zones are neither kinematically nor genetically related to the detach-
ment faults observed in the Tasna OCT. Ar/Ar ages on phlogopite from spinel websterite suggest that mantle exhumation occurred during Middle
Jurassic time. Our data show that the detachment faults observed in the Tasna OCT formed during latest rifting, post-date major thinning of the
crust and onset of mantle serpentinization. These results compare well with those from the deep Iberia margin. Our observations support the idea
that rifting leading to continental break-up is a multi-phase process, and that serpentinization is the consequence rather than the reason for strain
localization at non-volcanic margins. Apart from the more general implications for the tectonic evolution of continental break-up, our results
have some important consequences for the palaeogeographic reconstruction of certain Alpine domains and question the existence of an inde-
pendent Early Cretaceous Valais ocean in the Alpine realm.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Magma-poor rifted margin; OceaneContinent Transition; Detachment faulting; Serpentinite gouge; Cataclasite
* Corresponding author. Fax: þ33 3 90 24 04 02.

E-mail address: manatschal@illite.u-strasbg.fr (G. Manatschal).
0191-8141/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jsg.2006.07.014
1. Introduction

Exhumation of mantle rocks along fault systems has been
reported from slow-spreading ridges (Karson, 1990; Cannat,
1993), oceanic megamullions (e.g. Tucholke et al., 1998),
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Alpine ophiolites (Decandia and Elter, 1972; Barrett and
Spooner, 1977; Lagabrielle and Cannat, 1990; Lagabrielle
and Lemoine, 1997) and oceanic transform faults (Bonatti
et al., 1971; Bonatti, 1976). In contrast to these systems, where
the exposure of the basement structures on the seafloor can be
observed directly, OceaneContinent Transitions (OCTs) of
modern oceans have the disadvantage that they are usually
covered by a thick pile of sediments and lie at abyssal depth.
Drilling into the deep Iberia margin during ODP Leg 103
(Boillot et al., 1987) led to the discovery of the exhumation
of serpentinized mantle rocks along an OCT. After ODP Leg
103, refraction seismic surveys (e.g. Discovery 215 Working
Group, 1998; Chian et al., 1999; Dean et al., 2000) combined
with a drilling transect across the Iberia Abyssal Plain (ODP
Legs 149 and 173, Sawyer et al., 1994; Whitmarsh et al.,
1998) confirmed the results obtained during ODP Leg 103
and showed that mantle rocks may be exhumed over more
than 100 km across an OCT. Many authors suggested that
other rifted margins in the Atlantic and elsewhere may have
analogous characteristics that are at least partially similar to
those described from the Iberia margin (Whitmarsh et al.,
2001). Thus, exhumation of mantle rocks along detachment
faults associated with serpentinization has to be considered
as a major process in magma-poor margins.

In the past, processes similar to those observed at slow-
spreading ridges have been proposed to explain mantle
exhumation in OCTs (e.g. Sawyer et al., 1994). However, the
thermo-mechanical structure of the lithosphere during conti-
nental break-up is likely to be different from that of mature
Mid Oceanic Ridges (MORs). Therefore, although there are
many similarities in the final structures, the associated deforma-
tion processes and their interaction with magmatism and/or ser-
pentinization are not necessarily the same in OCTs and MORs.

Most of the studies related to the interaction between de-
tachment faulting, mantle exhumation and serpentinization
associated with continental break-up focus on the large-scale
geometry of faults (Boillot et al., 1980; Reston et al., 1995,
2001; Manatschal et al., 2001), the tectono-metamorphic evo-
lution of serpentinized peridotites (Beslier et al., 1996), the
petrological and geochemical characterization of serpentinites
(Gibson et al., 1996; Milliken et al., 1996; Seifert and Bru-
notte, 1996; Skelton and Valley, 2000), or the modelling of
the serpentinization processes and their implications for the
rheology of an extending lithosphere (Pérez-Gussinyé and Re-
ston, 2001). However, few studies exist on how strain is dis-
tributed through time and accommodated during mantle
exhumation, and how deformation and serpentinization inter-
act during continental break-up. Because such studies depend
on direct observations on the scale of the studied structure,
they are difficult to perform in a modern margin.

Direct observation and unlimited sampling is possible in
ancient OCTs exposed in collisional orogens. A remnant of
such an ancient OCT is spectacularly exposed over 5 km in
the Tasna nappe in the Alps of eastern Switzerland (Florineth
and Froitzheim, 1994) (Fig. 1). This structure, referred to as
Tasna OCT (Hölker et al., 2002b), serves as a natural ana-
logue of modern OCTs in magma-poor rifted margins.
Structural and petrological observations, combined with
new radiometric ages, enable us to reconstruct the tectonic
and metamorphic evolution related to mantle exhumation
during continental break-up. Based on this reconstruction
we discuss the relevant processes and hope to further con-
strain the strain evolution during continental break-up at
magma-poor margins.

2. The Tasna OCT

2.1. Geological setting

The Tasna OCT is exposed along a southwest-northeast
trending mountain ridge between Piz Clünas and Piz Nair in
the area north of Scuol in the Engadine window in southeast-
ern Switzerland (Figs. 1a and 2). This spectacular structure,
first described by Florineth and Froitzheim (1994), is at pres-
ent the only known example preserving the transition from
a thinned continental crust to an exhumed subcontinental man-
tle undisturbed by later Alpine deformation.

The Tasna nappe, of which the Tasna OCT is a part, was
emplaced during Eocene to Oligocene Alpine convergence
within a north to northwest-vergent stack of thrust sheets
(Fig. 1). This thrust stack is composed from top to base by:
(1) Austroalpine units derived from the Adriatic, i.e. the south-
eastern continental margin of the Piemonte-Liguria branch of
the Alpine Tethys ocean; (2) the south Penninic Arosa zone
consisting of strongly tectonized remnants of the southeastern
OCT of the Piemonte-Liguria basin; (3) the Tasna-Ramosch
zone including the Tasna Flysch, the Tasna nappe s.str., the
Ramosch zone derived from a complex realm associated
with exhumed continental and mantle units from the north Al-
pine Tethys (see Fig. 1 and discussion in Florineth and Froitz-
heim, 1994); (4) the Roz-Champatsch/Stammerspitz zone,
a mélange zone dominated by flysch-type sedimentary rocks
including allochthonous fragments of continental and oceanic
basement rocks; and (5) the Bündnerschiefer, a several kilo-
metres thick, strongly tectonized succession of calcareous
schists, containing some metabasalt bodies, classically inter-
preted as representing the fill of the north-Penninic Valais ba-
sin (Trümpy, 1972).

The Tasna OCT is formed by continental basement rocks
and serpentinized peridotites (Piz Nair serpentinite of Flori-
neth and Froitzheim, 1994) (Fig. 2). Triassic dolomites and
Liassic limestones do not occur in the Tasna OCT, but are
observed elsewhere in the Tasna nappe. In the Tasna
OCT, the basement is sealed by undated dark shales, the
Tonschiefer Formation, that are overlain by calciturbidites,
siliciclastic sandstones and marly limestones containing
breccias together spanning the time interval from Early Cre-
taceous to Eocene (Fig. 2b) (Hesse, 1973; Rudolph, 1982;
Schwizer, 1983).

2.2. Palaeogeographic position

Staub and Cadisch (1921) interpreted the Tasna nappe
as a Lower Austroalpine unit, i.e. a unit thatdin modern
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Fig. 1. (a) Tectonic map of the northwestern Grisons area in Switzerland showing the major Alpine tectonic units and the location of the Tasna OCT (modified after

Trümpy, 1972; Froitzheim et al., 1994). Inset in upper right corner shows the location of the Tasna OCT in Switzerland. Inset in the lower left corner shows dis-

tribution of European/Iberian and African/Adria continental fragments in Western Europe and location of the Tasna OCT and the Iberia Abyssal Plain. (b) Palae-

ogeograpic reconstruction for the Alpine Tethys and adjacent areas during Late Cretaceous time (from Frisch, 1979). (c) Palaeogeographic reconstruction for the

Alpine Tethys and adjacent areas as proposed in this paper.
terminologydwould be derived from the former distal Adri-
atic margin. Trümpy (1972) interpreted the Tasna nappe to
form the lateral continuation of the Falknis-Sulzfluh nappes
exposed further to the west (Fig. 1) and suggested that these
units came from the Briançonnais domain (Trümpy, 1980),
an interpretation that is at present generally accepted. The
main argument for this correlation is the similarity between
the Upper Jurassic to Lower Tertiary facies associations of
the Briançonnais and the Falknis-Sulzfluh-Tasna nappes.

The palaeogeographic position of the Tasna OCT is, how-
ever, not fully understood. This is mainly because of the con-
troversy about the nature of the Valais domain situated
between the Briançonnais continental fragment and the Euro-
pean margin (see Fig. 1b and c for more details). Frisch
(1979) and Stampfli (1993) suggested the opening of an oce-
anic domain between Europe and Iberia/Briançonnais during
Early Cretaceous time that was kinematically linked with the
opening of the Bay of Biscay and the North Atlantic between
Iberia and Newfoundland. In their interpretation, the Valais
basin was an Early Cretaceous oceanic basin (Fig. 1b). In
line with this interpretation, Florineth and Froitzheim
(1994) assumed that the Tasna OCT formed the southeastern
OCT of this oceanic basin, i.e. the transition between the Va-
lais ocean and the continental Briançonnais fragment. Like
Florineth and Froitzheim (1994), we place the Tasna OCT
also at the northern margin of the Briançonnais fragment;
however, our data do not necessarily support the opening
of an independent Valais ocean during the Early Cretaceous
(see Fig. 1c). Therefore, in a later part of this paper, we pro-
pose an alternative interpretation for the position of the Tasna
OCT and its significance for the palaeogeographic interpreta-
tion of the Alpine domain.



Fig. 2. (a) Geological map of the Tasna OCT and (b) stratigraphic section of the Tasna OCT (modified after Florineth, 1994). (c) Panoramic view of the Tasna OCT

(view towards the northwest) and line drawing of the panorama showing the wedge of continental crust and serpentinites covered by Cretaceous to Eocene sed-

iments (modified after Manatschal, 2004).
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2.3. Present-day structure of the Tasna OCT

The structure of the Tasna OCT visible today has been de-
scribed by Froitzheim and Rubatto (1998) as a wedge of con-
tinental crust bounded by two detachment faults, the Lower
Tasna Detachment (LTD) separating the crustal rocks from
serpentinized mantle rocks, and the Upper Tasna Detachment
(UTD) which truncates the LTD and caps the basement over
4 km (Fig. 2c). Florineth and Froitzheim (1994) described
the main field relationships between mantle and continental
rocks forming the basement, and the overlying sediments.
The most important observation is that both the continental
basement and the serpentinized mantle are strongly deformed
along their top and sealed by one and the same sedimentary
formation, a weakly to undeformed shale, less than 10 m thick
(Figs. 2a,b and 3). This thin shale layer, referred to as the
Tonschiefer Formation, is overlain by the Tristel Formation,
dated as Late Barremian to Early Aptian (Schwizer, 1983)
(Fig. 2b). Based on the observed unconformity, covering
both crustal and mantle rocks, Florineth and Froitzheim
(1994) concluded that the basement structures in the mountain
ridge between Piz Clünas and Piz Nair preserve an ancient
transition from a continental crust to an exhumed mantle. Be-
cause the exhumed rocks in the Tasna OCT are sealed by Late
Barremian sediments, they proposed that the exhumation of
the mantle rocks north of the Briançonnais domain had to oc-
cur in Early Cretaceous time, an interpretation which is not
corroborated by the data presented in this paper. For their
part, Froitzheim and Rubatto (1998) proposed a model in
which the juxtaposition of continental and serpentinized man-
tle rocks occurred along a lithosphere-scale detachment, the
LTD being comparable to the seismically imaged S reflection
Fig. 3. Lithologies and low-temperature deformation structures in the Tasna OCT. Sections A and B show the relationships between the lithologies and the struc-

tures: A for the continental section and B for the exhumed mantle section.
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in the Iberia margin (Boillot et al., 1987; Reston et al., 1995).
In this paper, we will demonstrate that simple models for de-
tachment faulting, as proposed by Froitzheim and Rubatto
(1998), are incompatible with the data presented in this paper.

3. Lithologies in the Tasna OCT

The Tasna OCT comprises a wedge of continental crust that
is underlain by serpentinized peridotites and unconformably
capped by post-rift sediments (Fig. 3). In the following sec-
tions we describe the major rock types and present new petro-
logical and age data.

3.1. Serpentinized mantle peridotites

The mantle rocks in the Tasna OCT are altered spinel-
lherzolites with abundant spinel websterite layers and
a well-defined high-temperature spinel foliation. The rocks
are strongly serpentinized (>90%), but the original textures
are largely preserved. Olivine is completely replaced by chrys-
otile/lizardite and spinel is rimmed by opaque magnetite.
However, pyroxenes, rare Ti-hornblende and phlogopite are
sometimes preserved. High weight percentages of incompati-
ble elements such us sodium in clinopyroxenes indicates a fer-
tile composition, similar to those of Malenco, the Upper Unit
of the Platta nappe, Totalp and the External Ligurides (Fig. 4).
A fertile composition of the Tasna peridotite is also supported
by whole rock major and trace element data. Calculated tem-
peratures from coexisting pyroxenes from lherzolites and
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pyroxenites indicate 900 � 50 �C, in agreement with rather
cool equilibration temperatures found in subcontinental peri-
dotites exhumed adjacent to the continent during Jurassic
rifting (Müntener et al., 2004).

3.2. Continental crust

The continental crust in the Tasna OCT consists of two
groups of rocks; one formed by variably deformed and meta-
morphosed migmatites that are intruded by granites and a sec-
ond one formed by meta-gabbros intruded by garnet-
plagioclase-quartz pegmatites (Fig. 3). The cross-cutting rela-
tionships between these two groups of rocks are shown in
Fig. 3 and discussed below. The two groups of rocks record dif-
ferent deformation histories before their final juxtaposition and
exhumation at the seafloor in Mesozoic time. The pre-rift upper
crustal position for the migmatites and associated granites is in-
dicated by their stratigraphic contact to Triassic sediments out-
side the considered section further to the south in the Tasna
nappe (Cadisch et al., 1968). In contrast, the original position
of the meta-gabbros and associated garnet-plagioclase-quartz
pegmatites before onset of rifting is a matter of discussion in
our paper (see Section 4.2). The meta-gabbros consist of
strongly deformed igneous relics of clinopyroxene, Ti-rich
hornblende, FeeTi oxide and (altered) plagioclase. Preliminary
major element mineral chemistry of primary and metamorphic
minerals indicates that the meta-gabbros are differentiated Fee
Ti gabbros (Desmurs, unpublished data). Late igneous horn-
blendes are ferroan pargasites, while dynamically recrystallized
amphiboles can be classified as Mg-hornblende. Application of
the semi-quantitative Al and Ti geothermobarometer of Ernst
and Liou (1998) indicates metamorphic conditions of
T w500 �C and p w 0.4e0.8 GPa. Because the regional Al-
pine metamorphic conditions did not exceed greenschist facies,
these conditions document a pre-Alpine history.

The meta-gabbros preserve locally a high-temperature my-
lonitic foliation defined by syn-kinematic recrystallization of
pyroxene and plagioclase. These mylonitic domains are embed-
ded in a matrix of dynamically recrystallized Mg-hornblende,
epidote, chlorite and albitic plagioclase that partially replace
the high-temperature foliation. Kinematic indicators such as
s-type clasts and shear bands show consistently a top-to-the
southeast sense of shear. This is opposite to the later brittle fault
zones overprinting the ductile shear zone showing a top-to-the-
northwest transport direction. An important field observation is
that the high-temperature mylonites are cut by weakly de-
formed, zircon-bearing garnet-plagioclase-quartz pegmatites
that we dated with U/Pb on zircons (Fig. 5). Despite the strong
oceanic alteration and later Alpine metamorphic overprint,
pyrope-almandine rich garnet is still preserved.

3.3. Age determinations

3.3.1. U/Pb on zircons from the garnet-bearing pegmatite
and from a meta-gabbro

Age determinations were carried out on 12 single grains
and microfractions (2 to 3 grains) from two samples,
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a garnet-plagioclase-quartz pegmatite and a meta-gabbro
(Fig. 5a). The age data of these zircons are all biased by
both lead loss and inheritance. The data presented in
Fig. 5b also include the results of Froitzheim and Rubatto
(1998; TSN samples) (for analytical data see Table 1).
Analyses TSN4/3B, 2, 3 and 7 point to an inherited compo-
nent of Late Proterozoic age, also analyses 6, 5 and TSN4/
3A are thought to be influenced by this component. The rest
of the points from both samples (analyses 1, 4, 8e12) as
well as TSN4/1 and 2 from Froitzheim and Rubatto
(1998) define a discordia line intersecting the concordia at
ages of 310 � 21 Ma and 221 � 51 Ma. We thus interpret
these dykes to be part of the Variscan basement of the
Tasna nappe that has undergone thermal alteration during
rifting; i.e. during the Jurassic. A comparison of our own
data with those of Froitzheim and Rubatto (1998) also dem-
onstrates that their interpretation of a 253 Ma intrusion age
for the meta-gabbro is not valid. Despite the complex zircon
populations with multi-component mixing and lead loss, the
intrusion of the dyke into the meta-gabbro and its myloniti-
zation can not be related to Mesozoic exhumation, as
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previously suggested by Froitzheim and Rubatto (1998), but
must record an older, probably Variscan or post-Variscan, i.e.
Carboniferous to Permian event.

3.3.2. Ar/Ar on phlogopite
Ar/Ar dating of phlogopite separated from a spinel webster-

ite gave two plateau segments that yielded ages of 169.1 � 0.4
and 170.5 � 0.4 Ma, respectively (Fig. 6) (for analytical data
see Table 2). These Jurassic ages, interpreted as cooling
ages, are comparable to the 160 � 8 Ma obtained from Ar/
Ar dating of phlogopite from a pyroxenite of the Totalp ser-
pentinite (for location see Fig. 1) (Peters and Stettler, 1987).
In addition to similar cooling ages, the mantle rocks in both
areas also show comparable fertile mineral compositions
(Fig. 4), and rather cool equilibration temperatures (around
900 � 50 �C), suggesting that the mantle rocks from both
areas represent subcontinental peridotites that were within
the uppermost mantle before being exhumed during Jurassic
rifting to the seafloor (Müntener et al., 2004).

3.4. The sediments of the OCT

Pre- and syn-rift sediments do not exist at the contact be-
tween basement and sediments in the Tasna OCT; however,
they occur not far away in the remainder of the Tasna nappe.
Polymictic breccias are observed to locally overlie the ex-
humed basement (Figs. 3 and 7l). These breccias include an-
gular as well as rounded clasts of continental basement. The
size of the clasts is typically less than 12 cm across. The brec-
cias are densely packed, contain little or no matrix and the
clasts are progressively flattened towards the contact with
the basement rocks. Upwards, the breccias show a more
open, however, chaotic framework, with a shale matrix similar
to the shale forming the Tonschiefer Formation overlying the
breccias and covering the Tasna OCT. Because these breccias
do not show textures reminiscent of a purely tectonic or sedi-
mentary origin, we describe them as ‘‘tectono-sedimentary
breccias’’. They may result from the repeated tectonic fractur-
ing of basement rocks, the re-assemblage of the clasts at the
seafloor by gravitational movements, and deposition on a tec-
tonically active surface and further reworking. Sub-marine
erosion of the exhumed detachment may explain the local ab-
sence of fault gouges and the occurrence, in the overlying sed-
iments, of well-rounded clasts, similar to those observed in the
gouges. In a later part of this paper, we propose that the Tasna
OCT may have formed a basement high that did not retain sed-
iments. This can explain the relatively long time interval of the
basement at the seafloor responsible for the intense alteration
of the basement.

The tectono-sedimentary breccias are overlain by undated
dark shales, the Tonschiefer Formation of Florineth and Froitz-
heim (1994). These sediments unconformably overlie the
whole Tasna OCT and are in turn overlain by grey shales, cal-
citurbidites and breccias forming the Tristel Formation dated
as Late Barremian to Early Aptian (Schwizer, 1983)
(Fig. 2b). The youngest sediments in the Tasna OCT are Ap-
tian to Eocene siliciclastic sandstones and marly limestone



Table 1

U/Pb isotopic data of zirco

Number Descriptiona Apparent ages Error

corr.d Error 2s (%) 207/206d Error 2s (%) 206/238 207/235 207/206

Tonalite Muotta da Ri (T

1 Round, big,

clrls

0.45 0.05175 0.42 263.7 264.7 274.3 0.68

2 Pr, clrls 0.37 0.06060 0.26 531.8 549.8 625.1 0.81

3 Small, pr, clrls 0.36 0.05933 0.83 298.7 324.1 579.4 0.46

4 Round, clrls,

incl

2.29 0.05165 2.47 265.7 266.2 270.0 0.52

5 Round, clrls 0.35 0.05372 0.30 309.0 315.0 359.3 0.79

6 Small, round,

clrls

0.52 0.05332 0.61 287.9 294.0 342.6 0.60

7 Round 0.33 0.06050 0.15 401.2 435.5 621.5 0.93

Gabbro, Fuorcia da Cham

8 Spr and tips,

frags

0.33 0.05217 0.13 288.3 288.8 292.9 0.94

9 Prism, clrls 0.43 0.05282 0.13 297.4 300.1 321.2 0.96

10 Spr 0.34 0.05221 0.22 287.3 288.1 294.8 0.86

11 Round 0.37 0.05190 1.11 276.9 277.3 281.1 0.36

12 Round 0.48 0.05188 2.77 275.5 276.0 280.2 0.17

a abr, abraded; anh, anhe .
b Calculated on the basis
c Corrected for fractiona
d Corrected for fractiona
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ns from a garnet-plagioclase-quartz pegmatite and a meta-gabbro from the Tasna OCT

Weight (mg) No. of

grains

Concentrations Th/Ub Atomic ratios

U Pb rad.

(ppm)

Pb nonrad.

(pg)

206/204c 207/235d Error

2s (%)

206/238

ASNA-1)

0.0119 2 174 7.12 1.3 0.28 2057 0.2979 0.57 0.0418

0.0025 2 336 29.13 1.5 0.34 3111 0.7186 0.44 0.0860

0.0096 3 274 12.16 22.6 0.10 353 0.3761 0.93 0.0460

0.0061 1 77 3.92 5.1 1.09 262 0.2997 2.69 0.0421

0.0063 1 335 16.07 3.4 0.25 1934 0.3637 0.49 0.0491

0.0084 2 101 7.60 5.0 0.23 847 0.3358 0.76 0.0457

0.0132 3 275 17.59 2.6 0.26 5795 0.5356 0.39 0.0642

patsch (TASNA-2)

0.0068 3 938 39.27 1.4 0.04 13271 0.3290 0.38 0.0457

0.0066 3 771 33.81 1.4 0.08 11348 0.3439 0.46 0.0472

0.0024 2 985 41.56 2.2 0.08 3055 0.3281 0.43 0.0456

0.0024 1 1176 47.06 27.3 0.03 306 0.3141 1.19 0.0439

0.0008 1 1026 41.00 20.5 0.04 129 0.3124 2.81 0.0437

dral; clrls, colourless; euh, euhedral; frags, fragments; incl, inclusions; pr, prisms; unabr, unabraded

of radiogenic 208Pb/206Pb ratios, assuming concordancy.

tion and spike.

tion, spike, blank and common lead (Stacey and Kramers, 1975).
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containing megabreccias (for a more detailed description see
Gürler, 1995; Bertle, 1999).

4. Deformation structures in the Tasna OCT

In this paper we mainly focus on the rift-related structures
preserved in the Tasna OCT. A prerequisite to study the pre-
Alpine structures is, however, that these structures can be map-
ped and distinguished from Alpine structures. The Alpine
structures are typically related to fault propagation folds, i.e.
reverse faults that cut and displace the basement/sediment con-
tact and propagate into large-scale folds affecting the sedimen-
tary cover. Small-scale normal faults are observed as well.
Thus, deformation structures related to Alpine convergence
are restricted to a few localized faults in the basement, but
are more distributed in the sedimentary cover. Even though
the major part of the structures observed in the basement is
pre-Alpine in age, we have to admit that a diffuse Alpine over-
print may have modified some of the brittle pre-Alpine struc-
tures. The following structural interpretation will mainly focus
on meso- to large-scale structures that are sealed by pre-
Alpine sediments along the basement-sediment contact indi-
cating that the structures have to predate Alpine deformation
as well. In a later part of this paper we propose a model that
may explain why the Tasna OCT was spared from a major
Alpine tectonic overprint.

4.1. Deformation structures in the
serpentinized peridotite

Textures and structures in the serpentinized peridotites
were studied in profiles perpendicular to the top of the
serpentinized mantle in the field as well as in thin section.
In the following description we distinguish between defor-
mation structures formed under anhydrous or granulite
facies conditions, here referred to as ‘‘high-temperature
mantle structures’’ and deformation structures formed in
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Fig. 7. Deformation structures and fault rock types observed in the exhumed mantle rocks in the Tasna OCT (for further descriptions see text). (a) spinel foliation,

w100 m below LTD; (b) pyroxenite in serpentinized mantle peridotites, w100 m below LTD; (c) serpentinite cataclasite, w50 m below LTD; (d) serpentine clast

within a pseudo-matrix of smaller serpentine clasts, w42 m below LTD; (e) foliated serpentinite in the core zone of the LTD; (f) foliated serpentinite cataclasite,

0.3 m below UTD; (g) serpentinite gouge, w15 m below UTD; (h) transitional fabric between gouge and cataclasite, w33 m below UTD; (i) brecciated serpentine

with calcite veins, w14 m below UTD; (j) red microsparitic calcite vein, w20 m below UTD; (k) serpentine vein rimmed by calcite, w15 m below UTD; (l)

tectono-sedimentary breccia overlying the UTD.
the presence of fluids within the stability field of serpentine
minerals, here referred to as ‘‘low-temperature mantle struc-
tures’’. The distribution of the low-temperature structures is
shown in Fig. 3.
4.1.1. High-temperature mantle structures
The most prominent high-temperature mantle structure is

a spinel foliation that is well developed in the serpentinized
peridotites (Fig. 7a). The spinel foliation is defined by
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elongate spinels, up to 0.5 cm long. Dip and intensity of the
spinel foliation are strongly variable and no systematic trends
and/or relations with the low-temperature deformation struc-
tures are observed. In the vicinity of the LTD and UTD the spi-
nel foliation is transposed mechanically during low-
temperature deformation and is oriented parallel to the major
fault surface.

Mylonitic peridotites are rarely observed in the Tasna OCT.
Ultra-mylonites, commonly observed in ultramafic units in the
Alps, were not found.

Pyroxenites are common everywhere in the serpentinized
mantle of the Tasna OCT (Fig. 7b). They can be traced over
tens of metres and are generally sub parallel to, but occasion-
ally discordant to the spinel foliation. These rocks show nei-
ther macroscopic nor microscopic evidence of a strong
tectonic overprint apart from some local occurrence of elon-
gated pyroxenes that show a preferred orientation.

4.1.2. Low-temperature structures in serpentinized
mantle rocks

Mapping of the intensity and distribution of low-tempera-
ture deformation structures shows that these structures are bet-
ter developed and increase in abundance towards the top of the
exhumed mantle (Fig. 3). In profiles perpendicular to the top
of the mantle, serpentinite cataclasites grade upwards into ei-
ther foliated serpentinites (LTD) or serpentinite gouges and fo-
liated serpentinites (UTD). Transport directions determined in
the foliated serpentinites (shear bands) and gouges (mainly
book-shelf faults) show a consistent top-to-the-northwest
transport direction. Both gouges and foliated serpentinites oc-
cur in a well-defined narrow zone at the top of the mantle. The
width of these zones ranges from several centimetres to a few
metres. The zone affected by cataclastic deformation is more
difficult to define. A strong and penetrative cataclastic over-
print is only observed from several metres to several tens of
metres below the top of the mantle (damage zone shown in
Fig. 3), implying that the thickness of this zone is variable
along the top of the mantle. A diffuse cataclastic overprint
and localized bands of serpentinite cataclasites occur through-
out the exposed mantle section. Hence, the thickness of the
zone affected by brittle deformation is difficult to determine;
however, the intensity of the brittle overprint seems to de-
crease significantly below approximately 40e70 m from the
top of the mantle.

Because low-temperature deformation in serpentinites re-
sults in a wide range of structures and textures, applying a con-
sistent terminology can be problematic. At present only few
descriptions of naturally deformed serpentinites exist (Norrell
et al., 1989; Hoogerduijn Strating and Vissers, 1994; Reinen,
2000). In the exhumed mantle rocks of the Tasna OCT,
a wide variety of fault rocks can be distinguished, which we
describe as foliated serpentinites, serpentinite cataclasites,
foliated serpentinite cataclasites, and serpentinite gouges,
respectively.

Serpentinite cataclasites (Fig. 7c) range from fractured ser-
pentinites that preserve the mineralogy, structure and texture
of the serpentinized lherzolite to intensely brecciated rocks
forming cataclasites with sub-angular to sigmoid-shaped
clasts. These rocks are typically clast-supported, exhibiting
a fractal grain-size distribution. Locally, larger clasts are ob-
served, embedded in a pseudo-matrix composed of smaller
clasts of serpentinite (Fig. 7d). Where elongated, they show
a weak preferred orientation parallel to the fault zone. The cat-
aclasites show transitions into serpentinite gouges and are
more frequent adjacent to high-strain zones. Although the
term ‘‘foliated cataclasite’’ would adequately describe this
transitional structural type, we have (for reasons of clarity) re-
stricted our usage of this term to cataclasites that show transi-
tions to foliated serpentinites (see below).

Foliated serpentinites and foliated serpentinite cataclasites
(Fig. 7e and f, respectively) are strongly foliated serpentinites
that occur in a narrow, less than a metre thick zone, along the
LTD (Fig. 7e) and UTD (Fig. 7f). The foliation is defined by
serpentine minerals, talc and Fe-oxides. Clasts are difficult
to define within the strongly foliated serpentinites, but they oc-
cur at the transition to the serpentinite cataclasites. In contrast
to the serpentinite gouges discussed below, foliated catacla-
sites neither show rounded clasts nor matrix-supported fabrics.
The foliation clearly overprints the pre-existing cataclastic tex-
ture. This indicates that the foliation and the transposition and
rotation of elongated clasts parallel to the foliation occurred in
a high-strain zone after an initial stage of cataclastic
deformation.

Foliated serpentinites are also observed along the UTD
(Fig. 8b and c). The foliation is defined by talc, chlorite, Fe-
oxides and serpentine minerals. The latter are almost com-
pletely replaced by calcite. Remnants of core-and-mantle
structures and both d- and s-type porphyroclasts occur in
these rocks. Although chlorite wraps around these clasts, the
texture is reminiscent of a high-temperature peridotite-mylon-
ite fabric (lower part in Fig. 8c). These porphyroclasts show
a top-to-southeast transport direction, consistent with the
transport direction obtained from shear bands. Extensive re-
placement of serpentine by calcite makes it difficult to decide
whether the present-day foliation mimics a pre-existing high-
temperature foliation or whether it formed by recrystallization
under greenschist-facies conditions in the stability field of ser-
pentine and chlorite. However, because the foliation is oblique
to the top of the basement and truncated by the brittle UTD
(Fig. 8b), we assume that this foliation formed under high-
temperature condition and was reactivated at lower tempera-
ture before it was exhumed along the UTD to the seafloor.
The foliation is overprinted by normal faults leading to book-
shelf-type structures showing a top-to-the northwest transport
direction.

Serpentinite gouges (Fig. 7g) are characterized by well-
rounded clasts of serpentinized peridotite and serpentinites
that range from several millimetres to several decimetres
across and are embedded in a fine-grained serpentine matrix.
In comparison with the cataclasites the matrix is more fine-
grained, does not contain angular clasts and is mainly com-
posed of serpentine minerals. The existence of transitional
fabrics between cataclasites and gouges (Fig. 7 h) suggests
that these two rock types are genetically linked. However,
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mature gouges do not preserve any of the characteristic fea-
tures of cataclasis, such as angular clasts or clast-supported
fabrics. Well-developed serpentinite gouges are only exposed
in the area near Piz Oscar along the UTD (Fig. 3) where they

Fig. 8. Deformation structures in the continental basement and the exhumed

mantle associated with the UTD. (a) Scanned image of thin section emphasiz-

ing the sharp contact between gouge and cataclasite. (b) Basement-cover con-

tact in the Tasna OCT showing exhumed foliated mantle rocks,

stratigraphically overlain by shales (e.g. Florineth-outcrop in Fig. 3). (c)

Thin section of the basement-cover contact shown in (b). The section shows

undeformed shales overlying a foliated serpentinite replaced by calcite. Note

the imbricated and rounded clasts at the interface between sediments and

exhumed mantle. The large clast to the left is granite. All clasts are continent-

derived detritus. In the exhumed mantle, talc, chlorite, Fe-oxides and serpen-

tine minerals define the foliation. The latter are almost completely replaced by

calcite. Remnants of core-and-mantle structures and s-type porphyroclasts

occur in these rocks. Plane polarized light.
are up to 20 m thick and stratigraphically overlain by the
Tonschiefer Formation, thus of clearly pre-Alpine age.
Gouges are not observed along the LTD. The contact with
the underlying serpentinite cataclasite is gradual and charac-
terized by the occurrence of calcite veins and calcite replace-
ment that are less common in gouges. Laterally, the
serpentinite gouge thins or is absent, which might be related
to primary thickness variations and/or later erosion (see sec-
tion B in Fig. 3).

4.1.3. Veins and ophicalcite
Serpentine and calcite veins are common in the mantle

rocks in the Tasna OCT. Serpentine veins occur throughout
the serpentinized peridotite. No relation between frequency
and depth could be established. Both straight and anasto-
mosing networks are observed. The restored orientation of
several, millimetre-thick, straight serpentine veins along ver-
tical profiles indicates that the most abundant generation of
serpentine veins was precipitated normal to the detachment
surface suggesting a direct link between veining and exhu-
mation. There is a late generation of serpentinite veins
that cut across all other structures including the above cal-
cite veins. We assume that these veins are unrelated to
exhumation, and of Alpine origin, as suggested by Hölker
et al. (2002a).

Calcite occurs as a vein mineral, as a replacement and lo-
cally as infill, e.g. in geopetal fabrics, that are filled with ser-
pentine detritus and calcite. The association of calcite and
serpentinite, referred to as ophicalcite in the literature (e.g.
Lemoine, 1980; Lemoine et al., 1987), can result from differ-
ent processes (Bernoulli et al., 2003). Ophicalcite occurs
most commonly within the uppermost few metres of the ex-
humed mantle along the UTD, but calcite veins and serpen-
tine replacement by calcite is also observed to occur within
a narrow zone (<1 m) along the LTD below the continental
wedge.

Calcite veins range in width from several millimetres to
15 cm and are straight, anastomosing or form networks sur-
rounding brecciated serpentine clasts (Fig. 7i). Several gener-
ations of calcite veins can be distinguished. Light-grey veins
with clasts of serpentinite are cut by reddish micro spar veins,
which are most frequent within the uppermost 3 to 4 metres
but are also observed 20e25 m below the top of the exhumed
mantle along the UTD (Fig. 7j). Calcite is also observed to rim
vein-serpentine (Fig. 7k). The complete lack of any preferred
alignment of calcite crystals in the veins might suggest that
calcite recrystallized very late, but serpentine veins are also
observed to cut across calcite veins. Thus, serpentine recrystal-
lization may be older, coexist or postdate the formation of cal-
cite veins.

Replacement of serpentine minerals by calcite is very com-
mon within the uppermost few metres of the mantle exposed at
the seafloor by the UTD. A particularly good example is seen
in Fig. 8b. In thin section it can be observed that serpentine
minerals were almost completely replaced by calcite while
chlorite and iron oxides define a foliation and spinel and py-
roxene form s-type porphyroclasts (Fig. 8c).
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4.2. Deformation structures in the continental basement

4.2.1. High-temperature structures
An entire range of deformation structures is preserved in

the continental basement. Because Triassic pre-rift sediments,
exposed south of the study area, unconformably overlie both
the Tasna granite and the migmatites, the high temperature
structures in these rocks must be pre-Mesozoic in age and
are not discussed further in this paper.

The high-temperature mylonites in the meta-gabbros are
cut by a garnet-plagioclase-quartz pegmatite dated as Carbon-
iferous (Fig. 5). Therefore, the mylonites must be Carbonifer-
ous or older. Syn-kinematic crystal-plastic deformation of
pyroxene and amphibole in these mylonites indicates that
these rocks were deformed under upper amphibolite-facies
conditions during or following the Variscan orogeny. Kine-
matic indicators such as s-type porphyroclasts shear bands
and pressure-shadow tails related to this high-temperature my-
lonitization show a consistent top-to-southeast sense of shear.
Thus, these rocks were in a mid-crustal position before final
exhumation to the seafloor in Mesozoic time. Deformation un-
der greenschist-facies conditions (at <400 �C) is only ob-
served in quartz-rich rocks characterized by ribbon-quartz
and feldspar clasts forming typical greenschist-facies mylo-
nitic fabrics.

4.2.2. Low-temperature structures
Brittle deformation structures are very common in the con-

tinental rocks of the Tasna OCT. Some may be Alpine in age,
some, especially in the granites and migmatites, may also pre-
date Mesozoic rifting. However, the observation that the inten-
sity of brittle deformation increases towards the top and the
base of the wedge of continental crust, clearly suggests that
there is a link between low-temperature deformation structures
and active deformation along the UTD and the LTD. The cata-
clastic overprint within the basement is manifested by the oc-
currence of fractures, which are related to the formation of
veins and cataclasites. The veins are filled by epidote, calcite,
chlorite and quartz; however, the cross-cutting relationships
between the veins are difficult to establish. Epidote veins un-
affected by later brittle deformation are found in the central
section of the basement. Outside this zone, quartz � calcite
veins cut across epidote veins in several samples. Epidote is
both pre- and syn-kinematic.

Gouges occur mainly at the top of the continental basement
associated with the UTD. They form narrowly spaced anasto-
mosing zones within cataclastically-deformed host-rocks
(Fig. 3). The gouges show strong lateral thickness variations
ranging from zero to several metres. The local absence of
gouges along the UTD may be due to erosion during their ex-
posure at the seafloor. The contact between gouges and cata-
clasites are always sharp (Fig. 8a). The texture of the gouge
is characterized by rounded or ellipsoid-shaped clasts embed-
ded in a fine-grained foliated matrix defined by the preferred
orientation of muscovite, biotite and chlorite. Very fine-
grained rounded clasts resulting from mechanical grinding
and fluid-assisted deformation are also observed in the matrix.
The occurrence of injection structures indicate that the gouge
material was mechanically weak during deformation and may
have been deformed under high transient fluid overpressure.

In some examples, the matrix is also observed to form pres-
sure-shadow tails flanking the clasts or wrapping around them.
Where ellipsoid-shaped clasts exist, they define an NW-SE
directed lineation (Fig. 9a). Using this lineation and the

UTD stretching lineation
LTD mineral lineation

a

LTD contact between mantle and basement
UTD contact between basement and sediment
Shale (Tonschiefer Formation)

b

Fig. 9. Stereonet showing an equal area lower hemisphere projection. (a) Elon-

gated clasts in gouges along the UTD defining stretching lineations and min-

eral lineations in foliated serpentinites and continental rocks along the LTD.

(b) Pole to plane representation of the UTD and LTD surfaces displayed to-

gether with measurements of bedding within the overlying sediments sealing

the OCT.
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asymmetry of the clasts in the gouge, a top-to-the northwest
transport direction can be determined for the UTD. Bookshelf
faults, showing the same transport direction, are consistently
observed to overprint the gouge zone.

4.3. Fault zone architecture of the LTD and UTD

The intra-basement LTD and the top-basement UTD form
the most prominent tectonic structures within the Tasna
OCT. These two structures share some common features
such as: (1) a planar sub-horizontal fault architecture that is
sub-parallel to the overlying sediments (Fig. 9b); (2) the
same fault kinematics; and (3) a complex relationship with
older high-temperature upper amphibolite-facies deformation
structures. In particular the distribution of late and ‘‘cold’’ de-
formation structures shows that detachment faults, such as the
LTD and UTD can not be considered as simple planes. On the
contrary, they need to be described as fault zones composed of
a core zone that is surrounded by a damage zone (e.g. Caine
et al., 1996).

4.3.1. The core zone
The core zone is interpreted as the zone that accommodated

the highest strain. It is well defined structurally by the occur-
rence of gouges and/or foliated cataclasites and foliated ser-
pentinites, physically by separating hanging wall and
footwall, and chemically by distinct isotopic and geochemical
signatures (cf. Manatschal et al., 2000; Skelton and Valley,
2000). Although the textural transition from the damage
zone to the core zone shows commonly an increase in the in-
tensity of the deformation, on an outcrop scale, the contacts
between the fault rocks forming the core (foliated serpentin-
ites, foliated cataclasites or gouges) and the surrounding cata-
clasites are commonly sharp. This is particularly the case
where gouges form the core zone (Fig. 8a).

The core zone of the UTD is formed, where not eroded, by
gouges and/or foliated cataclasites that of the LTD by foliated
cataclasites only. The lack of gouges along the LTD may be
explained by the fact that the observed part of this fault was
only active at deeper levels and that it was exhumed passively
in the footwall of the UTD to the seafloor.

4.3.2. The damage zone
The damage zone is characterized by a strong cataclastic

overprint, which did not result, except for a few cataclastic
bands, in a strong strain localization. Where the brittle over-
print is the strongest, the rocks are heavily fractured and
form tectonic breccias. This overprint gradually decreases
away from the core zone, over 40 to 70 m in the mantle,
and over 5 to 10 m in the continental rocks. Thus, the heavily
cataclastically overprinted zone is wider in the mantle than in
the continental crust. Because the brittle deformation increases
towards the detachment faults (UTD and LTD) but does not
significantly affect the overlying sediments, this deformation
is interpreted to be unrelated to the later Alpine overprint.
However, a weak and diffuse brittle overprint related to Alpine
deformation cannot be excluded.
The superposition of damage zones belonging to different
detachment faults may complicate the application of the con-
cept introduced by Caine et al. (1996). In the area of Piz Clü-
nas for instance, two distinct damage zones related to the UTD
and the LTD can be distinguished (Fig. 3). Further north, these
two zones merge, resulting in a strong brittle overprint of the
tip of the continental wedge. This may result in a reduction of
the seismic velocities of this zone as predicted by Hölker et al.
(2002a).

4.3.3. Veins
Serpentine, calcite and epidote veins occur throughout the

deformed zone; they were formed before, during and after de-
tachment faulting and can therefore not be described with the
damage zoneecore zone concept proposed by Caine et al.
(1996). In contrast to the serpentine veins that occur through-
out the deformation zone, calcite veins are more frequent in
the vicinity of detachment faults. However, a comparison be-
tween the Tasna OCT and Hobby High drilled during ODP
Legs 149 and 173 in the Iberia Abyssal Plain (Whitmarsh
et al., 1998) shows striking differences in vein frequency
and orientation patterns between the two areas. Therefore,
veins cannot be considered as very reliable structural features
in OCTs and do not show any particular relationship to the
fault zone architecture.

5. Discussion

In the previous sections we described deformation struc-
tures in mantle and continental rocks and presented petrolog-
ical and age data from the Tasna OCT. Based on these data, we
first discuss the tectono-metamorphic evolution leading to
continental break-up (Fig. 10). Later, we compare this evolu-
tion with that of analogue structures drilled and seismically
imaged in the modern OCT in the Southern Iberia Abyssal
Plain (Fig. 11a) and examine the implications of our observa-
tions for the palaeogeographic and tectonic history of the
Tasna OCT (Fig. 11b).

5.1. The tectono-metamorphic evolution of continental
break-up

5.1.1. Pre-rift conditions (Fig. 10a)
The pre-rift conditions of the basement rocks forming the

Tasna OCT can be constrained as follows: The Tasna granite
shows intrusive contacts to the migmatites to the south of
the study area and the two rocks are unconformably overlain
by Triassic pre-rift sediments (Cadisch et al., 1968). Thus,
the migmatites and Tasna granite had to be near the surface
at the onset of rifting. U/Pb ages on zircons from the meta-
gabbros show that these rocks intruded into continental crust
during or shortly after the Variscan orogeny (Fig. 5). These
rocks equilibrated at T w500 �C, p w 0.4e0.8 GPa, i.e. at
about 12 to 24 km in the middle crust.

The mantle rocks are altered spinel-lherzolites with abun-
dant spinel websterite layers. The clinopyroxene composition
of the peridotite is very similar to that of well-studied
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Fig. 10. Conceptual model for the tectonic evolution of the Tasna OCT showing: (a) the pre-rift conditions and the crustal levels from which the rocks in the

present-day Tasna OCT are derived; (b) an early thinning phase not directly preserved in the Tasna OCT, but observed on more continentward parts of the margin

(e.g. Manatschal, 2004; Lavier and Manatschal, 2006). This phase leads to the pre-detachment conditions that explain the subsequent evolution of the margin

observed in the field; (c) the syn-detachment evolution with some additional steps showing the deformation observed in the Tasna OCT (this step coincides

with the cooling of the mantle dated at 170 Ma; Middle Jurassic); and (d) the post exhumation history (for a more detailed discussion see Section 5.1).
examples of subcontinental mantle (e.g. Fig. 4) interpreted by
Müntener et al. (2004) and Manatschal (2004) to represent the
uppermost lithospheric mantle directly underlying the conti-
nental crust before onset of rifting. This interpretation is also
compatible with the calculated temperatures on coexisting
pyroxenes from these lherzolites and pyroxenites that are typ-
ically in the range of 900 � 50 �C. Such temperatures suggest
a rather cool equilibration for the mantle rocks.
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Fig. 11. (a) Lusigal 12 seismic section with ODP drill sites and geological interpretation of the depth-migrated Lusigal 12 profile (Krawczyk et al., 1996). Geo-

logical interpretation shows the distribution of mantle and crustal rocks, the existence of an allochthon (Site 1069) and of a high (e.g. Hobby High). Inset shows the

position of the Lusigal 12 section in the Iberia margin. (modified from Manatschal, 2004). (b) Schematic cross section across the Alpine Tethys showing the Brian-

çonnais/Tasna as an allochthon separating the Valais and the Piemonte-Liguria basin.
5.1.2. Early thinning phase (Fig. 10b)
High-temperature mylonites that formed under upper am-

phibolite-facies conditions (>500 �C) are observed in the
meta-gabbros and, only rarely, in the mantle peridotites. In
the meta-gabbros, the mylonites are cut by garnet-plagio-
clase-quartz pegmatites that were dated by U/Pb on zircons
as Carboniferous (Fig. 5). This observation shows that the
high-temperature deformation structures observed in the Tasna
OCT are not related to Mesozoic rifting as proposed by Froitz-
heim and Rubatto (1998) but are more likely related to a late-
Variscan event that seems to be widespread all over western
Europe (Féménias et al., 2003). Thus, despite of the fact that
the detachment faults exhumed mantle rocks during Mesozoic
time to the seafloor, there is no evidence for high-temperature
deformation structures of Mesozoic age related to these de-
tachment faults. The available data show no evidence for these
detachment faults being rooted at deeper levels than greens-
chist facies conditions. This leads to three possibilities, either
that: (1) high-T structures related to rifting were eventually
overprinted by low-temperature deformation structures and
are not preserved; (2) the thermal gradient was extremely
low and the entire crust was in the brittle field at greenschist
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facies or lower; or (3) detachment faults are late structures and
post-date previous thinning of the crust.

The first hypothesis seems rather unlikely. If Variscan struc-
tures are still preserved, why should the younger structures be
erased? However, since the lack of evidence is not a proof, we
cannot exclude this hypothesis, despite of the fact that we do
not find any arguments supporting the existence of high-tem-
perature mylonitic structures related to Mesozoic detachment
faulting.

Concerning the second hypothesis, Müntener et al. (2000)
determined the temperature and pressure conditions at the
crust-mantle boundary (T: 550 to 600 �C at 0.9 to 1 GPa) at
the onset of rifting in the Alpine realm. Their results suggest
a normal geothermal gradient for equilibrated continental crust
that is still too high to stabilize serpentine deeper than 20 km
(O’Hanley, 1996; Evans, 2004). Refraction seismic experi-
ments from present-day OCTs show that serpentinization oc-
curs only beneath thinned crust (e.g. Chian et al., 1999).

We therefore favour hypothesis three, suggesting that the
UTD and LTD are late structures and post-date previous thin-
ning of the crust. This is compatible with the observation that
all deformation structures related to the UTD and LTD formed
in the stability field of serpentine. It is also in line with the in-
terpretation of the rift evolution on the conjugate Adriatic mar-
gin where Manatschal (2004) demonstrated that the
detachment faults related to mantle exhumation are late, shal-
low-crustal structures. Moreover, based on large-scale recon-
structions and numerical modelling of the Iberia margin
Manatschal et al. (2001), Pérez-Gussinyé and Reston (2001)
and Lavier and Manatschal (2006) concluded that detachment
faulting related to mantle exhumation post-dates thinning of
the crust to less than 10 km. Thus, in analogy with Lavier
and Manatschal (2006), we assume that this early event of
thinning of the crust was accommodated by a separate set of
faults that soled out in middle crustal levels (Fig. 10b). The
structures leading to this initial thinning of the crust are not
observed in the Tasna OCT, but they are inferred to occur fur-
ther continentwards (e.g. Fig. 8b in Manatschal, 2004). The
previous thinning of the crust is necessary in order to explain
that the LTD and UTD were able to exhume mantle without
cutting down at levels hotter than greenschist facies and with-
out exhuming lower crustal rocks in the OCT.

5.1.3. Detachment phase (Fig. 10c)
There is a close genetic link between the UTD and LTD and

the distribution of low-temperature structures that is indicated
by a mappable increase of their intensity towards the detach-
ment (Fig. 3). In addition, there is a kinematically consistent
relationship between small-scale and large-scale structures.
Deformation structures that can be assigned kinematically to
detachment faulting never have been found to form at higher
temperatures than greenschist-facies conditions. The ‘‘hottest’’
and probably also deepest deformation structures that are not
cut by the Carboniferous pegmatites and that are kinematically
and spatially related to detachment faulting are quartz mylon-
ites containing quartz ribbons and asymmetric feldspar clasts
in tonalite, foliated serpentinites in ultramafic rocks and
epidote and chlorite veins associated with a penetrative hydro-
thermal alteration in the gabbroic rocks. All these structures
were strongly overprinted by later brittle deformation during
their exhumation to the seafloor.

In the mantle rocks mylonitic shear zones are rare. They are
neither kinematically nor geometrically related to the detach-
ment faults. All deformation structures associated with the
LTD and UTD formed in the stability field of serpentine
(<450 �C and at less than 10 km depth beneath a brittle crust).
The Ar/Ar ages of 169.1 � 0.4 and 170.5 � 0.4, respectively,
obtained from phlogopite from a spinel websterite are likely
to date cooling related to the exhumation of the mantle rocks
in the footwall of the LTD. Therefore, we suggest that exhu-
mation of the mantle rocks in the Tasna OCT is related to Ju-
rassic rifting and opening of the Alpine Tethys ocean. Because
the Ar/Ar ages, the clinopyroxene compositions and the calcu-
lated temperatures on coexisting pyroxenes from lherzolites
and pyroxenites from the Tasna OCT are similar to those
from the Totalp unit (Fig. 4) (Peters and Stettler, 1987), we
suggest that these subcontinental mantle rocks share an analo-
gous history before being exhumed during Jurassic rifting to
the seafloor (Fig. 10d). While the age of exhumation of the
mantle rocks in the Totalp unit is dated by Middle to Upper
Jurassic radiolarian cherts, the Tasna OCT is covered by
Lower Cretaceous sediments. If our hypothesis is correct,
i.e. if the Ar/Ar ages date cooling and exhumation of the man-
tle during the Middle Jurassic, a time gap of about 40 Myr be-
tween exhumation and sealing of the peridotite basement has
to be postulated. Below we test the feasibility of this hypoth-
esis by comparing the Tasna OCT with a modern OCT seismi-
cally imaged and drilled in the Iberia Abyssal Plain.

5.1.4. Seafloor processes related to exhumed detachment
faults (Fig. 10d)

The exhumation of the UTD and related mantle rocks to the
seafloor is documented by their stratigraphic contact with sed-
iments (Fig. 8b and c). As discussed before, there is a discrep-
ancy between the age of mantle exhumation and the age of the
sediments overlying the mantle of about 40 Myr. This suggests
that the exhumed mantle remained exposed at the seafloor over
tens of millions of years, a time scale, which is similar to that
found in the Iberia OCT (Whitmarsh et al., 1998). The long
seafloor exposure may explain the strong seafloor alteration
and in particular the formation of ophicalcites (e.g. Abbate
et al., 1980; Lemoine, 1980; Bernoulli and Weissert, 1985;
Lemoine et al., 1987; Treves and Harper, 1994). Calcite veins,
white calcite cements and grey or red-coloured calcareous in-
ternal sediment characterize the ophicalcites. Ophicalcites are
very common in the damage and core zones of the UTD and
less frequent along the LTD indicating that they are closely as-
sociated with detachment faults. However, ophicalcites always
post-dates deformation and emplacement of mantle rocks at or
near the seafloor, suggesting that their formation is favoured
by the existence of high-permeability zones (i.e. damage zones
of detachment faults) and the vicinity to the seafloor. Thus,
ophicalcites may be regarded as a fingerprint of top-basement
detachment faults that exhumed mantle rocks to the seafloor.
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5.2. Comparison with the Iberia OCT

The most prominent structures that can be observed in the
Tasna OCT are the UTD and LTD. They can be directly com-
pared to analogous structures drilled and seismically imaged
in the Iberia Abyssal Plain. Hölker et al. (2002b) proposed
that the LTD is an equivalent structure to reflection HD, and
the UTD is comparable to the drilled top-basement reflection
HHD capping Hobby High (Fig. 11a). The remarkable similar-
ity between the Tasna OCT and Hobby High with respect to
exposed rock types, dimensions and geometry of the observed
structures suggests that similar processes were involved in the
formation of these structures. In the Tasna OCT, the observed
structures cover only about 5 km. Thus, in order to better un-
derstand the large-scale geometry and tectonic significance of
the UTD and the LTD we may compare the detachments of the
Tasna OCT to the HHD and HD reflections in the Iberia Abys-
sal Plain (Fig. 11a). These seismic reflections, interpreted as
detachment faults, can be described, on the scale of the mar-
gin, as planar, upward- or downward-concave structures. Man-
atschal et al. (2001) showed that they are late structures in the
evolution of the margin and post-date the thinning of the crust
to less than 10 km. The HD reflection (equivalent of LTD) jux-
taposes rocks derived from different lithospheric levels, i.e.
upper crust against lower crust and mantle (Reston et al.,
1995; Manatschal, 2004). The HHD (equivalent of UTD)
forms the top of the basement over tens of kilometres and is
overlain by extensional allochthons and covered by sediments
that are up to 60 Myr younger than the exhumation of the un-
derlying basement (Manatschal et al., 2001). Like along the
UTD, tectono-sedimentary breccias were also recovered at
ODP Site 1068 from the top of the UTD and were interpreted
by Manatschal et al. (2001) as the result of a conveyor-belt-
type sediment accumulation whereby the exhumed footwall
rocks were exposed, eroded, and re-deposited along the
same active fault system. A similar interpretation may also
be applicable to the tectono-sedimentary breccias overlying
the UTD in the Tasna OCT.

5.3. Geological and palaeotectonic implications

Previous authors interpreted the Tasna OCT as the southern
margin of the Valais ocean, a small Early Cretaceous ocean
that was interpreted to be kinematically linked to the opening
of the North Atlantic separating the Iberia/Briançonnais mi-
croplate from the European and North American plates
(Frisch, 1979; Stampfli, 1993) (Fig. 1b). The existence of
the Valais ocean remained highly disputed, on the one hand
because of the badly constrained plate kinematic framework,
on the other hand because of the lack of convincing field evi-
dence. Therefore, the discovery of Lower Cretaceous sedi-
ments sealing the exhumed mantle in the Tasna OCT
became one of the most important arguments in favour of
the existence of an Early Cretaceous opening of the Valais
ocean in the Alpine domain (Florineth and Froitzheim,
1994). However, the age of sediments overlying detachment
structures in OCT’s place only an upper time bracket on
footwall exhumation, but a lower time bracket is given by
the cooling ages of the footwall. We think that our phlogopite
cooling ages of 169 to 171 Ma (errors included) are reliable
and take them at face value for the exhumation of the mantle
rocks to 10 km depth. In view of similar ages in the Piemonte-
Liguria basin (168 � 8 Ma, Peters and Stettler, 1987; see also
Desmurs et al., 2001; Schaltegger et al., 2002), where ex-
humed mantle is overlain by mid-Jurassic radiolarites, we
may speculate that the Tasna rocks were also exhumed to
the seafloor already during the (late) Middle Jurassic. The
Tasna OCT may therefore not have formed in Early Creta-
ceous time, as proposed by Florineth and Froitzheim (1994),
but already during Middle to Late Jurassic time. Indeed, as
the data from the Iberia OCT show (Fig. 11a), a long period
of non-deposition and/or submarine erosion may separate
mantle exhumation and post-rift sedimentation on submarine
highs composed of exhumed mantle and lower crustal rocks
(e.g. ODP Sites 900, 1067, 1068; Whitmarsh et al., 1998). If
this is the case at Tasna, as we think, we must revise our views
on the origin and the age of the Valais ocean. In the following
section we propose a reinterpretation of the palaeotectonic sig-
nificance of the Tasna OCT and discuss its implications for the
palaeogeographic and tectonic evolution of the Alpine domain.

By and large, our data suggest that the Tasna OCT formed
in the Middle Jurassic contemporaneously with the south-Pen-
ninic Piemonte-Liguria ocean (Schaltegger et al., 2002 and
references therein). We think that this coincidence is not fortu-
itous but that there must be a connection between these more
or less contemporaneous events. Although our age data are dif-
ficult to reconcile with a late opening of the Valais ocean in the
Early Cretaceous, we do not question the palinspastic position
of the Tasna OCT at the northwestern margin of the Briançon-
nais domain, as previously proposed by Florineth and Froitz-
heim (1994). We therefore have to look for a solution that
takes into account the occurrence of Middle to Late Jurassic
extension and mantle exhumation and documented Jurassic
and possible Early Cretaceous magmatic activity in the Valais
domain (Steinmann, 1994).

Given the 3-D segmentation of rifts and continental mar-
gins and using the Iberia margin as an analogue (Fig. 11a),
we consider the possibility that (at least) the eastern tip of
the Briançonnais in Grisons was an extensional allochthon
that was emplaced during Middle Jurassic time in the Alpine
Tethys and separated the Piemonte-Liguria basin to the south-
east from the Valais basin to the northwest (Fig. 11b). Accord-
ing to this view, the eastern tip of Briançonnais would be
comparable to the extensional allochthons occurring along
the Cretaceous OCT of the Iberian Abyssal Plain that separate
a window of exhumed mantle from the ‘‘true’’ oceanic crust to
the west (see Figs. 1c and 11a).

Such a tentative interpretation, that clearly needs further ex-
ploration, questions the existence of an independent Valais
Ocean coming into existence only during Early Cretaceous.
This interpretation is in line with the Middle Jurassic age of man-
tle exhumation in both the Piemonte-Liguria basin and at Tasna
and with the palaeogeographic position of the Tasna OCTon the
northwestern side of the Briançonnais. It would also explain
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a hiatus of some tens of millions of years during which the ex-
humed basement was heavily affected by seafloor alteration be-
fore it was covered by Lower Cretaceous sediments. Last but not
least, this interpretation may also explain why this unit escaped,
in contrast to most of the adjacent oceanic and distal European
units, Alpine subduction. Such an allochthon may have been ac-
creted in front of the subduction zone within the accretionary
wedge before it was thrust during Alpine collision onto more
proximal parts of the European margin.

6. Conclusions

The investigation of the deformation structures in the Tasna
OCT confirms hypotheses derived from drilling, seismic sur-
veys and modelling of the present-day Iberia OCT showing
that detachment faults are late shallow-crustal structures that
are rather the consequence than the reason for localization
of deformation in evolving margins. Our observations show
that the LTD represents a classical intra-basement detachment
fault that juxtaposed mantle rocks in the footwall against var-
ious types of crustal rocks in the hanging wall. The UTD caps
the basement in the Tasna OCT representing an exhumed top-
basement detachment fault. A comparison of the rock types
and deformation structures of the Tasna OCT with those recov-
ered at Hobby High in the Iberia Abyssal Plain shows for both
locations: (1) serpentinized subcontinental mantle peridotites
preserving a well-developed spinel foliation; (2) a complex
continental basement composed of mafic rocks (meta-gabbros
and amphibolites) preserving relics of high-temperature defor-
mation structures that are intruded by garnet-plagioclase-
quartz pegmatites dated as Variscan or post-Variscan; (3) an
intense brittle overprint in mantle and continental rocks
that formed under greenschist-facies to seafloor conditions
showing an increase in the intensity of strain towards the de-
tachment surfaces; and (4) the occurrence of tectono-sedimen-
tary breccias overlying exhumed continental or mantle rocks,
the absence of syn-rift sediments and a large time gap between
exhumation and the emplacement of the first post-rift sedi-
ments covering the tectonically exhumed basement.

Our structural observations show that the UTD and LTD are
late shallow structures that were active under greenschist to sea-
floor conditions and were accompanied by serpentinization of
the mantle. Deformation along these detachment faults occurred
in the brittle field, although, on the scale of the fault zone, defor-
mation was localized along the core of a fault zone composed of
foliated cataclasites or gouges that weakened the fault.

Last but not least, our study also resulted in the reinterpreta-
tion of the palaeogeographic setting of the Tasna OCT. We pro-
pose that the Tasna OCTis not related to the opening of a separate
Valais ocean in Early Cretaceous time, but may have formed as
part of a complex Middle Jurassic Alpine Tethys ocean.
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Pérez-Gussinyé, M., Reston, T., 2001. Rheological evolution during extension

at nonvolcanic rifted margins: Onset of serpentinization and development

of detachments leading to continental break-up. Journal of Geophysical

Research 106, 3961e3975.

Peters, T., Stettler, A., 1987. Radiometric age, thermobarometry and mode

of emplacement of the Totalp peridotite in the Eastern Swiss Alps.

Schweizerische Mineralogische und Petrographische Mitteilungen 67,

285e294.

Reinen, L., 2000. Seismic and aseismic slip indicators in serpentine gouge.

Geology 28, 135e138.

Reston, T.J., Krawczyk, C.M., Hoffmann, H.J., 1995. Detachment tectonics

during Atlantic rifting: analysis and interpretation of the S reflection, the

west Galicia margin. In: Scrutton, R.A., Stoker, M.S., Shimmield, G.B.,

Tudhope, A.W. (Eds.), Tectonics of the North Atlantic Region. Geological

Society London Special Publication 90, pp. 93e109.

Reston, T.J., Pennell, J., Stubenrauch, A., Walker, I., Pérez-Gussinyé, M.,
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