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followed by deformation under greenschist and 
lower temperature conditions during final exhu- 
mation. On the basis of these observations and 
considering the short time gap between crystal- 
lization and exposure on the sea floor, we 
favour the interpretation that the gabbros were 
emplaced during or after continental break-up 
and cooled rapidly during their exhumation in 
the footwall of detachment structures active 
during extension. 

Basalt  extrusion and related dykes 

Our field observations document that the mas- 
sive basalts, pillow lavas and pillow breccias 
stratigraphically overlying the exhumed mantle 
rocks and the associated tectono-sedimentary 
breccias are younger than the gabbros that 
today are found in the Platta nappe: clasts of 
the previously deformed gabbros are found 
together with clasts of albitites in pillow brec- 
cias and sedimentary breccias associated with 
them. On the other hand, we found no basalt 
but only serpentinite and gabbro clasts in the 
tectono-sedimentary breccias overlying the 
exhumed mantle. Undeformed basaltic dykes 
show chilled margins along their contacts with 
the serpentinites and the gabbros. This clearly 
shows that the emplacement of the basalts and 
of the dykes related to them occurred after ser- 
pentinization of the mantle rocks, and after the 
intrusion, deformation, cooling and exposure of 
the gabbros on the sea floor. The latest basalts 
are thus clearly post-tectonic and are the 
youngest magmatic rocks emplaced at the foot 
of this passive margin. 

Magmatic sources 

The gabbros and the basalts yield the same 
high eNd values (Stille et al. 1989; Schaltegger, 
pers. comm.). This means that both were not 
contaminated by continental lithosphere and 
come from similar asthenospheric sources or 
from the same source. This geochemical signa- 
ture is similar to that of the magmatic rocks of 
the internal Liguride ophiolites (Borsi et al. 
1996; Rampone et al. 1998). Only in the 
slightly older magmatic rocks of the Gets 
nappe (166 ± 1 Ma, Bill et al. 1997) did pillow 
basalts and dykes intruding continental crustal 
rocks yield lower eNd values and rare earth 
element patterns indicating contamination of 
the magma by a continental component (Bill et 
al. 2000). Together, these data document an 
evolution similar to the evolution of the sources 
of the magmatic rocks recorded along the Gali- 
cia margin. There, the eNd of the syn- and 

post-rift gabbros and basalts suggests contami- 
nation of the liquids extracted from the asthe- 
nosphere by the overlying subcontinental 
mantle. However, the younger the magmatic 
rocks, the higher the eNd, suggesting a 
decrease in crustal contamination during rifting 
and thinning of the continental lithosphere 
(Charpentier et al. 1998). In the Platta nappe, 
the geochemical signatures of the magmatic 
rocks are compatible with the field and petrolo- 
gical observations that the magmatic rocks 
were emplaced when the continental lithosphere 
was extremely thinned, i.e. during or shortly 
after the break-up of the continental litho- 
sphere. 

Timing o f  emplacement  o f  the various 

rock types 

A relative chronology of the emplacement of 
the rocks of the Platta nappe at the deep-sea 
floor can be established that corresponds to the 
sequence of relative age proposed by Stein- 
mann (1927) for his trinity. Our data show that 
exhumation of the mantle rocks to the sea floor 
was accompanied by the intrusion of the gab- 
bros into an already cooled, serpentinized man- 
tle. These gabbroic rocks were exhumed to the 
sea floor before the extrusion of still younger 
basalts and deposition of the post-rift sedi- 
ments. Rates of processes, however, are more 
difficult to establish. The synrift sediments pre- 
served in the extensional allochthons and 
locally onlapping onto exposed inactive seg- 
ments of the low-angle detachment(s) are not 
directly dated but are younger than the Pliens- 
bachian hardground along the top of the pre-rift 
sediments of the distal margin (_190Ma  in the 
time scale of Gradstein et al. (1995)). Ar/Ar 
determination of phlogopite in a pyroxenite of 
the Totalp peridotite of the Arosa zone to the 
north yielded an age of 160 + 8 Ma (Peters & 
Stettler 1987; the error includes the mid-Batho- 
nian to late Oxfordian interval in the time scale 
of Gradstein et al. (1995)). This age is inter- 
preted as the age of mantle exhumation to 
10 km depth or less and fits well with the crys- 
tallization age of the gabbros of the Platta 
nappe (161 ± 1 Ma, Desmurs et al. 1999). 

Dating of the oceanic basalts by the age of 
the overlying oceanic sediments proves to be 
difficult. Both the transitional crust with its tec- 
tonically emplaced allochthons as well as the 
accumulations of pillow lavas present a pro- 
nounced submarine relief. The oldest sediments 
of slow-spreading oceans are typically ponded 
between the submarine highs of the volcanic 
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Table 3. Summary of the geochronological data from the south Pennine-Austroalpine boundary zone, 
Eastern Alps 

Evolution of the 
sedimentary cover 
, (Err, Platta,Totalp) 

1,2 
Evolution of the 
gabbroic rocks. 

(Platta) 
3 

Evolution of the 
mantle rocks. 

(Totalp) 
4 

Evolution of the 
pre-ri.ft crust- 

mantle oounoary. 
(Val Malenco) 

5 

? 

Syn-rift . . - -  Syn-rift I~el~osition of Radiolarite 
Proxima, margin) (distal margin) Formation 

Intrusion of 
gabbros 

Exhumat ion of mant le  rocks 

Initiation of rifting Exhumation of mantle rocks 

2 2 0  2 0 0  1 8 0  1 6 0  1 4 0  ( M a )  

1, Froitzheim & Eberli (1990); 2, Weissert & Bernoulli (1985); 3, Desmurs et al. (1999); 4, Peters & Stettler 
(1987); 5, Villa et al. (2000). 

basement on which they rest with an onlap 
(see, e.g. Lancelot et al. 1972, fig. 27); the 
same observation is made along distal 'non-vol- 
canic' margins (e.g. Whitmarsh et al. 1998). 
The age of the sediments directly overlying 
transitional or oceanic crust may thus vary over 
a short distance: in the Alps and Apennines 
within the same tectonic unit (see Decandia & 
Elter 1972). In the Platta nappe, the oldest post- 
rift sediments unconformably overlying the 
exposed mantle rocks and the pillow lavas are 
bedded cherts and siliceous shales of the Radi- 
olarite Formation. This formation is not directly 
dated in our area. In less deformed areas in the 
Alps, its base is dated to late Bathonian to early 
Callovian time (Bill et al. 1997; between 166.5 
and 162Ma in the time scale of Gradstein et al. 
(1995)) or younger. This age would be slightly 
older than or the same as our intrusion age of 
the gabbros. The base of the Radiolarite For- 
mation, however, is certainly diachronous and, 
in our area, most probably younger than early 
Callovian time. Nevertheless, we suspect that 
only a few million years separated the intrusion 
of the gabbros and the (late Callovian?) onset 
of deposition of the radiolarites (Table 3). A 
short time span for this entire evolution is 
suggested in the Gets nappe of the French Alps, 
where only a few million years separated the 
intrusion of the gabbros (166 _+ 1Ma) and 
deposition of the overlying radiolarites (166.5- 
162Ma, Bill et al. 1997). Some uncertainty, 
however, remains because of the still consider- 
able errors in the calibration of the biochronol- 

ogy of the mid-Jurassic time interval (+4Ma,  
Gradstein et al. 1995). 

Relat ionships  be tween  tectonic and  

magmat ic  processes  

Along non-volcanic margins, the transition 
from continental to oceanic crusts occurs over a 
transition zone with an intermediate, transi- 
tional crust that consists of serpentinized peri- 
dotites. Along the Iberian margin (Manatschal 
et al. 2001) and along the Err-Platta margin 
(Froitzheim & Manatschal 1996; Manatschal & 
Nievergelt 1997), these exhumed mantle rocks 
are overlain by extensional allochthons, 
stranded klippen of continental basement, 
emplaced along low-angle detachment systems. 
Magmatic rocks are subordinate in this type of 
crust, but increase in volume towards the future 
ocean, and in the case of the Platta nappe, they 
carry a typical isotopic MORB signature with- 
out indications of continental crustal contami- 
nation (Stille et al. 1989). Towards the ocean, 
and with continuing extension and mantle exhu- 
mation, we laterally pass from a regime in 
which extension was accommodated, by and 
large, by mechanical deformation to a regime 
in which it was more and more compensated by 
the emplacement of magmatic rocks. In the 
context of 'non-volcanic' margins, the passage 
from tectonic extension to sea-floor spreading 
appears to be gradual, and it becomes difficult 
to clearly separate continental and ocean 
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Fig. 16. Sketch illustrating the evolution of emplacement of the various basement rocks, to, detachment fault- 
ing leading to the exhumation of mantle rocks and intrusion of the gabbros near the serpentinization front, tl 
to t3, exhumation of the gabbros and emplacement of the pillow basalts. Two hypotheses are shown: on the 
left, gabbros and basalts are part of the same magmatic cycle; on the right, all the extrusive rocks were 
emplaced after the exhumation of the gabbros. Both scenarios can lead to the geometries and stratigraphic 
relationships observed today. 

lithosphere and to define continental break-up. 
Although it is evident that this transition 
records the processes finally leading to sea- 
floor spreading and the formation of oceanic 
lithosphere, we do not yet understand the pre- 
cise temporal evolution. 

Our chronological data do not allow us to 
clearly separate extensional and magmatic 
events (Table 3). During late rifting, extension 
and magmatic processes overlap in time: gab- 
bros intruding the exhumed mantle rocks were 
deformed at falling temperature conditions, and 
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were finally exhumed at the sea floor and cov- 
ered in turn by pillow lavas (Fig. 16). Cross- 
cutting relationships on an outcrop scale show 
that mantle exhumation started before the first 
mafic melts intruded during a late stage of rift- 
ing and into previously serpentinized mantle. 
These relationships also show that undeformed 
basaltic dykes and extrusive rocks are, on a 
local scale, distinctly younger than the 
deformed gabbros we observe today at shallow 
depth and at the surface of the former transi- 
tional crust. As gabbros and basalts crystallized 
at different crustal levels (the basalts at the sea 
floor, the gabbros within the serpentinized man- 
tle rocks) the gabbros could not have been the 
magma chambers of the basalts with which 
they are spatially associated today (e.g. Val da 
Natons). Unfortunately, we observe today only 
the uppermost few hundred metres of the for- 
mer transitional crust. We can therefore not 
decide whether gabbros and basalts record two 
different phases of magmatism separated by a 
phase of extension (Fig. 16, right) or whether 
gabbros and basalts were more or less contem- 
poraneous and the products of the same steady 
processes, i.e. of processes similar to those 
envisaged for slow-spreading ridges. In this 
case, gabbros and basalts that formed together 
were subsequently separated by faulting, 
whereas basalts directly overlying exhumed 
gabbros are younger (Fig. 16, left), an interpret- 
ation that we favour for the time being. These 
overlapping extensional and magmatic pro- 
cesses might record the initiation of a slow- 
spreading ridge. 

Conclusions 

In its type area, the south Pennine Platta nappe, 
the Steinmann Trinity is dominated by serpenti- 
nites and includes significant amounts of pillow 
basalts and oceanic sediments. Careful mapping 
of the field relationships shows that the subcon- 
tinental mantle rocks were exhumed to the sea 
floor along a low-angle detachment system 
similar to that observed along the Iberian non- 
volcanic margin. Gabbros intruded at shallow 
depth into the already serpentinized mantle 
rocks but were continuously deformed at 
declining temperatures and exposed at the sea 
floor during continuing extension. With the 
overlying locally younger basalts the gabbros 
share typical isotopic MORB signatures and we 
suspect that they are only the older intrusive 
members of a magmatic suite, which were 
deformed, brought to the surface and overlain 
by younger extrusive rocks of the same suite in 
a steady process of extension, magma gener- 

ation and emplacement leading to the evolution 
of a slow-spreading ridge. 
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