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ZUSAMMENFASSUNC

Indersiidliche. Adula- und Sinanodeck€ sind drei Phasor imcnsiver Dcfo.
malion mit Dekodpre$ion bei Temperarure. lib€r 600 .C verbundcn. Die
zapportphae (lokal Dl) lollzog sich zwischen 40 and 35 Ma und aiihne zur
Bildung von cngen bis noklinalen Falten, einer ausgepregred Achsenebe.en-
Ioliadon und N-S streichend€n Stleckurgslidearen pamllet zur Orientielung
der Fahenachpn. Schesinoindikalor€n zeigen Top N g€richterc Bewesunsen
.n, die zur Dakenstapelung Inhaen- W:thrend dieses EreiAnisses wurlje die
Aduladecke b€zdglich der Einheiten,die nur ih Hangenden (Tambo- und Su-
retladccke) hd im Licgenden (Sinanodect€) zu fi.dcn sind,differenriel ex,
humierl. Dabei erfuhr sio cine isothe.me D€kompre$ion von ektogirfazielt€n
Bedingungen von T > 600 oC/ P > 20lbar bis hinauizu 6ff!j5o,O 12 kbai.
was€iner Exhumationsolc vonerw, 7 nm/a enrsprichr.

Stlukruren der Niemet. B everinpbase (lokalD2) cnrshnden zwischen ls
and 30Ma und verfalten die besrehende Deckengrenz zwischen Adula- und
Sinanodccke. Enge siidwesvcrge.re Falren lnt€nchicdticher Crijse sind nn
einem Top-SE genchtet€n Sche6inn asziien. Defomarion fand bei meia-
morphen Bedinguneenvon 65G7m "C/3-t2kbar ft( und wtrd einer Deh-
nung schriis zum orcgen zBeschrieben

Zwiscben 30 und 25 Ma bildeten sich dio Ruckrrtren der Cressinphase
(lokal D3). Sie bringcn die nd$is einfall€nden shukruren rtcr esren beiden
Phasen in eine subvertikale Oienrierung in der Sldlichen SreilzoDc. Ih unte,
ren Val Misox ist dic Bildung der D3 Fahen mn cinen E w nrcrhcnden
Streckurgslinear verbund€n, obwohl sich keine ncue Achsenebencnfotidion
bildelc.wihre.d D3 urde. in sodlicben Albeilsaebicr tu.rantorphc Bcdin-
gungen von 650 Co/.4 i kbar €rrcichr. In dieser letzren Phasc Nar die Exhu-
mation di€ Folgc vo. nscherErosion. dic mit R0ck0be6chicburgcn cnrtang
der ln.Lb'A.hcn Vvlodire in dr' Sddli.hen Src't/or. -inhflg'r!

Dic Exhunration der Adllad&ke rff oi. t.neanh.trcndcf prozc$ und
Scsch.h z$kchen 40 und 25 Ma *ehren'i dreiDcformrrnrNphas.i bei ciner
Exhum.rionsrare von durcbschnntlch etwa 4 mm/a. Dic Prou e$.. dic zur Ex-
humatlon l0hnen, waren fur jede Phase venchicdcd. C.rvikrivcr KoLtaps
$heinlnureinelnt€r3eordncr€Rol legespiel lzuhabcn(D2) tcreu"r iveD€
fomation konzenrrieie sich im veilautder E unurion nn Siidcn. sodas im
Norden ,ltcrc SrukruEn erhalten sind.

Structural and metamorphic evolution during rapid exhumation in the
L epontine dome (southern Simano and Adula nappes, Central Atps,
Switzerland)

THoRSTEN NAcELl, CHRTSTIAN DE CAprrANt2, Mentrr Fnry3, NrroLeus Ftorrzuervl,
HoLGER SToNrrz2 & Srer,q.l M. Scnurp2

Krr,rrr'! C€nlral Alps, Adulr Nappe,€xhumalion,deonpression, higb-pie$ure netamotphirm

The rhree nain defornation pbases recolded in rhe soulhern Sinano and
Adula nappes are all ds@iated wirh deconpre$ion at higb reoperatur€s
above 600'C. Detomation relol€d to the zappon pha* (leal Dt ) l@k Dtae
between 40 and 35 Ma and appearas tight to isclinal lolds, an inrefte axial
planrr loliaiion, aod a N-S,rending dietcb inB I inea tion paralletto fotd axes.
Sh.ar f.ns indi€toF denote lop-N direcred shearin8. We anribure nappe
stackilg ol lh. lower Penninic nappes ro D1. Durins lhn ev€nt the Adlla
napp€ was differenlially €rhlned Nith rdpecr ro nappes pr*ntly lound i. irs
hangingwall (TaDbo-Suretla .appe) and in ns raorrall (Simano napp€).
Thereby n ltdeNent isothemal deonpression rrom eclogite lacies condi-
rions of T > 601) "C /P > 20 kbar dowo lo T > 6m "C/ 12 kbar corespondinB to
an exnunation rate of ca. 7 nftta.

Structlres oI rne Niemel-Beverin phase (local D2), acrive berween 35 a.d
30 Ma ago, refold the Adula-Sin.no nappe boundary. Naiiow ro iigbt$utb-
we$ veigine rolds ar difier€nt sd6 are Nocialed with rop sE di.ecred sheaF
ing and .rc relared to exhunalion by orogen oblique srerchidg. Defomatio.
o@red at P-Tcodditioos of 650-700.O 3 12 kba.during rbisseco.d naae.

Betw€en 30 and 25 Ma large scale folds ol rhe Cresim backtotding phase
(l@lD3) relold lhe ge,tlysouth dippins D1/D2lolilrions i.ro the sub-ve(i
el o.ienlation wnich n chatuteristic lo! thc Sourhern Sreep B€lL In rhe lowei
ValMesolcina inlense D3lolding is Mciat€d enh an E W lrending slretch
ing lideation parallel to the lold axes Hoqever, no axial planarloliatio. de-
reloped. Durina D3l-T ondnions of650-750.O 4 5 kbar *ere rcach€d it
rhe southeas€rn part ollhe studt area. Exiumarion during rhis lasr srage wos
nairlyrho icsuh ofrapid erosion,coupled wirfi backlotdi.g and brckrhrurinA
along th€ Insubric mylonites in th€ Soutbcin Sreep Belr.

Exhumationoflhe Adula nappe was lonAlsrinA rnd Nu(ed bcrwoen40
rnd 25 Ma wilh an averagc exbtrqarion rate of,l mm/a during rhree distincr
hajoi dlcrile deiormation ph,ses. The mccharrns ol exhumario. diltei tor
each.f rhese stages. U.roofi.g by glavirarion. sprcrdin8 rnd cru$at n€rch
ing only pl.ys a subordinalc rolc (D2). Penelrarive dcrormation (Dl-D3) Dio-
grc$ivelyconenkated in thc sourh leading to otdcr fabrics presened further
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This work focuses on the dcformation and metamorphic hislo
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aaut"  and simano nappe\ dunnB deconpre" ion

rlhesc two Lower Penninic nappes (Fig- 1) are well exposed 
'n

rr'" sorthe.r Mocsano (Val Mesolcina and val Calanca in

.lutl'er. Cra'tiinacnlS*itzerland: Fig 2) Thc earlv stages of

the elolution of these lwo nappes are very contrasting l-he

Aduld rdDDe undcrw'rr l  an Alprnc e ' logire Iacie '  mer-mnr
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fuh t98o: Nins & I  omm'dor l f  2001 )  Th '  l i r  J meldmorl l ' rc

overprint predates nappe stackins Relicts ol such extrcme

r'islr'p.""ru'" ut" ,tr.ni in the underlving Simano nappe and

alioiher lower Penninic nappes as well as in the overrv'ng

'"iaOrc 
nna upp* r"..lnic nappcs Thc exact agc ol tltis hiSh-

oressure eveni in the ,q.dula nappe is srili a matter ot debate

i,ut an Eocene aee is indica(ed bv radiomelric datingin the la(-

erallv adiacefll Cinra Lunga unit (Gebauer 1996) as rvellas bv
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.o*iaer"tlons lschmid et al 1996) Subsequent Bar-

rovian trpe metamorphism of Late Eocene to Oligocene age

tLA.\ ,Agl t& \ iggl i  luh5).  refcrrPd ro J lcponr i  'Ln' la_
, ' . lnr," l i  ,  p"ua:'r" '  

""rp" 
sricrrns lr i '  nne or rrL i im' or

rh is:Ludy 1o unravcl  the cxhumation his lorv of  the cclogi tc ta-
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pcats: coordinales arc fron rhe ssisntrional topographic nap snd

Iower grade regions where Mesozoic sediments a1 least partly

preserve their original characterhtics and may serve as siruc'

irrar rnarkcr horiions Such markers are not available within

the comDlex eneissseries The exisrence otdismembered slices

or Mesozoic merasedimenls can only rarely bc inlerred on

purel)  l i thologrcal  argumenr '  Hence rhe large{ 
' le 

geomel-v

i . ,  rh ' . .u lUpry to lded nappe.racl  cdn oiren b '  deciohercJ

with onlv limited certaintY
Strain masnjrudes associated with the three nr.in delorma

rion ohases viry srrollglv in differcnt pans of the sludv arca

This;arialion fscilitates theestablishmentof relalionshiPs be

lween mi.eral Srowth and deformation phases liowevcr' a

oarticular defor;ation pbase mav displav differcn! P 'f co'di

iions from place to place and this should be raken into account

whcn comoat ins re 'u l r ' .  
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. r :n be art , l tc id l  In lhJr rhe equi l ihr ' r ron ol  rhc merJnrorpl  
'c

asscmblages may nol have occurred simultaneousl) at diltcr

cnr localities iTodd & Engi 1997) we have usc'i nrcr:per'tcs

1o correlate deformation slructures with mctanrorPhisn First

ly. thcir asscmbtages arc panicularly sensitivc 1() P l changes

;nder amphiboiite lacies condirioDs and, secondlv abutrdanr

mica Drovicles Sood conLrolfor rclatnrg microstructures ro paF

ticular defor alion phases .trd associated P'T 
'dnditbns
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A rmphiboliks: E: Elo8iIesiKfsAG: K h{usensne iss! Krsc: Krs etrehsiM: nadles: MP: mebp.tirsrsPl aripctiiA
iBG, arsEiaei$i CA, Cre$im imiromi csz, c,Lv!ros..Solza zoner

cPz. canatr Parins.m bnei cz, co iia anrifomr Mz.Misordbnc:
la su,rdh,niironr sN. simrno naptsi zBD. zoie of B.llinzona-Drcio.

Fig S schenatic lirhological equences in 5 ar€as.loui ol which (2 5) are lcared in thestudy area. Tticknc$esare ciude eeid es.They vary alo.g srike and
rntcnsc rolding nayconluse the coftlalion Gee t€xo- (1i: cima diCagnone (airer Grond et rl. 1995). (2): Area nodheas ot Piz Cla.o (Cdoni l93t). (3): Area
can or v. Calanca between A. Trescolnen and Selma (Frirhknechr l92l: Kiindis 1926). (4): V. Mesolcina around soaza (weber 1966; Bettin 1929). (i): Area
aroutrd Paso dcua Fo(ola (Hrnny 1972; Weber 1966).

Ihe earliest workers in lhe Lepontine Alps (e.g- Sruder & Es
cher 1853) already distinguished three tectonic domains, larer
defined by Milnes (1974) as Northern Steep Be11, Fla! Bclr,
aDd Southern Steep Beh. The Northern Steep Beh is situated
south oflhe Gotthard massifand separated from rhe souihern
steep belt adjacent lo lhe Insubric Line (.,root zone") by dre
fhr lying part of the Penninic nappe stack (Milnes 1974). Pio-
neering work by Rolle (1881) and Heim (1891) led to the in
terpretation of the Adula gneiss conplex as a norlhwards clos-
ing. huge recumbent anlicline (a fold nappe or.,Deckfalte") by
Schardt (1898) a.rd Lugeon (1901). However, Wilckens (1907)
aod Heydweiler (1918) already showed that rhe bulk of rhe
Adula nappe does nol rcprcsent a coherent pre-Alpine gneiss
core bul rarher consisrs or several thin slices (,,Teildecken ).
separated Irom each olher by sediments of inferred Mesozoic
a8c. Preiswerk {1921) and Kopp (1923a) correlarcd pafr iculal

ftarble horizons found within the Southern Sieep Belt wilb
cor.esponding sedimentary zones, separaling individual nat
Iying Lepontine nappes lurrhcr north. From 1923 onwards rhe
Sq rss pda ot  the Adula .atpe wds complerely mdpped wirhin
a shorl lime span, mostly by students of Schardl (Jenny 1921a
Kopp 1923b: Frischknecht l92l: Kiindig 1926; Srrasser 1928;
Bellin 1929; Knoblauch et al. 1939). A second period of de-
tailed research took place belween 1960 and 1980 under thc
guidance ofA. Cansserand E. Wenk and most oflhe southern
Adula was femapped (Hiinny 1972j Brug8mann 1965; Funra
soli 1974i Blattner 1965t Codoni 1984 weber 1966).

Mjlocs (1974. 1978) published the tirst moden srrucrural
analysis of the enti.e kponrine area and iotroduced lhe con
cepr olnappe retolding. Hc dcmonstrated thal lhe evolulioo of
the Soulhern Steep Belt is not genelically related to nappe tor
marion but rarher postdares ir (Milnes 1974). Ar rhe same tirDe
pctrologjcal invest;galions iocussed on the cxrre.rety high
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FiA.4. Structural maps ollhe sludy arca. The dara arc compilcd fiom Hrnnt
(1972), webd (1966), Codoni (1931), Knoblauch cr al. (192?), Bruggnann
(1965). Kiindis (r926). Bellin (1929). Jekcr (2000). Nicderbcr8cr (2000),
Frnchbulrer (2000). Damo (2000) and th( investisation. Lesend k rhe same as

Fig ,1d Schemaric tecronic mrp of rhe iudv rrcr. Pornions or cros sectons
(FiE sa-5c) and kaces oraxialplancs ror largc s.alc D2 folds (thin linet rn{l
Dl folds (thick linct dc i.dlcarcd. Blsck sdrsdcnoto occurcnces ofocbg
ircs. !hilc ones occuiiences ofuhramafics.

Fig 4b. Mapofnrain foliation (S1?or3). Stereorlots Ar Grbareasgiven by
i ' .  )  I loe.  o io[ . l ron. Ink^alberseenconron hne. | . . .

metamorphic field gradienl obscrved in our study .rca (e.9.
Ni88li & Niggli 1965) and on thc possibility to study isograds
in three dimensions (Klein 1976: Thompson 1976).  Van der
Plas (1959), Heinrich (1986) and Litw (l9tl7) showed that the
Adula nappe underweni regional  h igh-prcssufc condi t ions
dur ing the Alpinc orogenic cyclc I r inal ly.  several  wo.kers
s1a.1ed lo combine s!ructural  and pelrological  mclhods in
ordcr (o unravcl  rhc complcx hisrdy of  rhe Adula nappe
(Ldw 1987i  Plas 1992: Huber 1993: Grond ct  a l .  1995i
Par(zsch 1998).

Th€ dappc edificc within the workirs.rea

(;(rrntl rtttutks airl rcLtidatl t.t!ittr

Thc lower Penninic Sinrano rnd Adula nappcs const i rute mosl
oi  thc s ludy area (Fig.  :1.  Fis. .1) .  Thc! are arrr ibulcd lo rhc dis

1al European continenlal margin and were subducled towards
the south, benealh the Apulian microplate and previousiy ac-
crcted middle and upper Penninic units during rhc late Eocene
(Schmid elal. 1996). The Adula nappc does not represenr a
coherenr thrusl unit or nappe like mosL of rhe orhcr Penninic
basenrent nappes. It consisls ot Inh()logicrlly beterogeneous
and intenscly deformed imbricates. Ilowever. {e collectively
reltr to these imbricates as the Adula nappe. Ihe imbricates
arc m.de up of numerous thin slices of Variscan metagrani-
loids. paragncisses, of n.fics and ulrra
nafics. and probably Mesozoic mel.rscdinren(s. Lcnses ofpan-
ly preserved nafic eclogiles are comnxDly cnrbedded wirhin
nelapcUtcs of unknown but p.obably Mesozoic age. In con-
trast, the Simano nappe is a rclativcly coherenl thrust sheet
and prcdoninantly conshts of thick pre'Mesozoic metagrani-
to1ds. In ils uppcr part p.e-Mesozoic nrelaclaslics:nd anphi-
bol i tcs are f requent (Jenny e1al .  L92l) .  In rheir  i ronlal  parts
the Adula and Sinano nappcs arc scparrLcd by rhe Mcsozoic
cover of the Simano nappe, rererrcd ro rs the ..Soja syncline '
(Fig. l). Towards the south these sedinrcnls wcdee oul nnd the
nappe boundary becomes ambiguotrs.

Iowards the no(heast lhe Aduh nappc is ovedain by tbe
Mlsox zone, which is also a zonc ol  imlr f ic . tes (Fis.  l .  F ig.4).
These inrbricates largely consisr ol .lrnic nrarine scdimenrs



Fig. ,1c:Mapof . ra i .nrelchingr inear ions(Ll .2or3).stereopto6A t(subaF
cas giren by inscD li.earions, imelal beNeen contour tines is 2.5.

(Biindnenchiefer) deposired in the Norlh penninic (or Vnlais)
basin located south of the Europcan margin (Steinmann &
stille 1999). Also gneissic sliccs indjslinguishable from rhose
in the Adula nappe occur (Parrzsch 1998). Schmid et at. (1996)
also attribute the lithologically helcrogeneous Zone of
AeUinzona Dascio. juxtaposed with the Adutn nappe in the
southern part ofrhe working area, to lhe North penninic barin
/ l - rg.  Lf ig aa) lowardslh(.o.  hed{,r , reMho\/one r . .dt
off by the Miocene Forcola normal fautt (Meyre er al. 1999a)
and the Adula oappe is directty juxlAposed ro the next higher
nappe. dre nliddle Penninic Tambo nappc. which is rcgarded
as a pan ot the Briangonnais microcontinen! (Schreurs 1993:
schmid ct  ar .  1996i  Baudin cr  a l .  1993).

Regional  h igh,pressoremeranrorphjsnof lheAduta nappe
6 altribulcd 1() Palcocene lo Eocene subduction (Froitzheinr er
al. i996). From nonh to south pcak p-T condilrons rerarco ro
lhis high'pressure stage progressivety increasc f.om btucschisr
iacics condi t ions (12 kbar,500.C) io the norrh to ectogi !e f i l
c ics condi t ions (800'C/ >30 kbar)  in the south (Van der ptas
19591 Hcinr ich 1986j  Lcjw 19i17: Meyre er at .  1997: Ninrs &'rromnrsdortf 2001). This high-pressure nrcramorphisnls nor
documented jn the Simano n.ppe white rhe fambo ndppc
records nrofe moderare peak presures around l t  kbar
(B!udin.(  a l .  199: l ) .

Lithobgical tuccessiohs withi rht A.lukt rotpe ant t, qpntg
oJ happe bouatloies ni the stur\ ared

The Adula nappe predominanlty consists oi prc Mesozojc
metagranrloids and Aluminium-poof meractasrics. Thcse dom
inating lirhologies are locally interlayered wirh nrel pclites.
panlyeclositic amphibolites and scarce utrranrarics whose pro
lol i ,h dgcs 1re unknown. ds wel t  d.  r  h Mp.o,ur.  qdlrr /  c\
and ma.bles. In the following we willdiscuss thcse tirhological
sequences n conjuncrion wilh the question of lhe position ol
the nappe boundary between the Adula and thc Simano nappc
south ot Lhe Soja syncline (Fig.3 & Fig. a).

The prominen! and up lo 15 m thick marbte horizon ex
posed al dre top of Pizzo Claro is generally acccpled lo repre-
sent the nappe bounda.y with the undertying Simnno nappc
(e.9. Spicher 1980). we have some objecrions ro thrs vrew.
These marbles are ernbedded within a strongly fotiated se-
quence ofparagneisses and layers of Kfs augengneisses and all
units are inlenselyfolded rogerh€r during our second dcforma
(ion phase D2 (see Strasser 1928;Codo.i 1982). Amphibolites
are frequent and up to 30 mete6 lhick lenses of uhramafics
(e.g. above Alpe Simidi) may atso be found in rhis sequence
which overlies a several hundreds of meters rhick unir domi-
nated by less intensely fotiated Kfsr.orthogneisses, (Codoni
1982). Several additional layers of marble, often associated
with calcs;licates, are present above and betolr this prominenl
marble (Kopp 1922; Codoni 1982). Jenny el al. (1921) and
Strasser (1928) traced the sediments of the Soja synctinc into
another marble horizon found ina higher slrucrurat position ar
Piz Termin Gee Sraub 1930i Heinrich 1986). Addilionatry.
marbles are commonty found further away irom lhe suspected
nappe conract within the srrongly sliced Aduta napte. so lhal
the significance of the marble at Pizzo Claro as a marKer De
lween the Adula und Simano nappe is highty qucsrionabtc. As
depicted in Fig.3. the sequence in rhe CIarc area resemDtcs
very much rbat found at Cima di cagnone. rvest of the study
area, where various gneisses, containing ullramaiics and ma.
bles, lie on top of a monolonous Kfs-gneiss, the so caltcd
,.Verzasca Gneiss ' (crond e! al. 1995). tJtlramaiic bodics rnd
eclogites ftrnd immediarety above thc top of rhc Vrrzlsca_
Gneiss display high pressure assemuagcs rypicat tbr thc
Adula nappe (e.g.  Hein. ich 1986).  Hencc,. t  Cima diGagrone
the nappc boundary is ge.eral ty dcf ined at  rhe rop ot  rhc
Verzasca'cnciss (crond er al .  l99j) .  In rnNlogy rv.  s.r  rhc
nappe boundary ar Pizzo Claro in a deeper poslon thrn Lhe
predomiranr marble horizon and immedirletv abovc rhe lcs
intensely foliatcd Kfs]orthognejsses.. of Codon i ( | 9ll2 ). rrow-
ever, no r.l'cls of high pressure have ycr bccr found In lhc
over lyrng strongly fo l iared base of  rhc Adut l  natpe in rhe

Based on lirhological differences rhe succcssion rou.o easr
ol  Val  Cr l .nc.  are groupcd inro i ivc subunic (Fig . l | )  d, ld
correlsted in Fi8- 3.  Ihe . ,croven zone. (( ;Z:  . .croveno
nappes 

'n 
lhe scnse of  Kt jndiS, 1926) aid lhc . . ( .at !arcse_

Soazza zonc- (CSZ) (Fr ischknechl  192:t :  wcbcr 1966: l t . .n\ .

\ \ ,



1972) display similarities ro rlre misce,laneous gneisses at the

base of lhe Adula nappe at Pizzo Claro Th€ stronSly hele'o_

geneous CSZ consists of metapelites wh;ch conlain lenses of

part ly eclog' l rc dmphrhol i les semipel i les dnJ augengneisses

and ako includes marbles at irs base which reach a thickness of

20 m at Passo Calvarese The Croven zone (GZ) doninantlv

consists of well foliated augengneisses and garnel-plagioclase'

mica schisls (semipelites), locally interlave.ed w h ha'ded am-

phrbol i les. I t  a l5o conlains an uhramaf ic bodv 300 m in rze.  ar

Pi7 Croten. This GZ is les\  abundanr in Al-r ich pel i te\  and no

marbles or eclogites have been found vet.
East of val Calanca a 200 300 meters thick band of pale'

masrive lwo mica orrhogners'. paflly developed as augengneiss

(,,Basalgneiss", Kiindig 1926: Rnli 2001) represents the base

ofthe Adula nappe (Fig 3) and is locallv underlain bv amphr-

bolites and calcsilicares (e.g. at the top of Pizz di Riiss) which

mark the nappe boundary between the Simano and ihe Adula

nappe. However, this Basalgneiss cannot be traced westwards

cross Val Calanca and is absent at Pizzo Claro- ConveNely' the

tliick ,.orthogneisses" which deline the toP of the Sinano

iappe west of Val Calanca cannot be traced eastward across

this valley. The nappe boundary is stronglv folded bv D2 folds

in many places and no original structure such as a distinct ny-

lonite horizon, as found ai the base of the Adula nappe further

in the north (Partzsch 1998), is present in our study area lt is

possible thal the complications descdbed above odginate ftorn

isoclinal large scale foldingofthe base oI the AdulanaPpe dur

ing D2 in Val Calanca
However. rhe Basalgneis is a valuable narker honzon east

of Val CaLanca. There, Frischbutter (2000) was able to trace

the Sinano Adula nappe boundary into the eastern flank of

Val Mesolcina and back westwards into marble lavers which

deline rhe base of tbe Adula napPe in the towernost Val

Calanca Gee Fis. 4a). A najor D3 antiform. the Paglia an-

tiforn, is responsible for this large scale excursion of the nappe

contact. The marble horizon in the lowermost Val Calanca is

already part ol the Soulhetn Steep Belt (see Fig 4a) and cor

responds !o the so_called ,,Algaletta-marble"' defined in the

Val Leventina section (Codoni 19821 Staub 1916: Kopp 1922:

Strasser 1928).
Across Val LeventinA the AduLa (= Cirna Lunga) nappe

becomes extrencly thi.. The Algaletta and the Castionesmar_

ble define rhe upper and lower boundary of the Adula nappe'

respectively (e.g. Kopp 1922). Eastwards the Castione'narble

which defincs the top ol the Adula nappe remarns n a sreep

orientalion and continues slraight into the 
',Paina-marbie"

found east ot Val Mesolcina The Paina marble was mvlonr'

tized under grecoschisl facics conditions and marks a late d€x_

tral strikc slip raull (Fumasoli 1974: Heitzmann i974 1975'

1987) defning rhe southern boundary of the Adula nappe

against the Zonc of Bellinzona'Dascio (Fig 4a) all the wav to

Val le del l .  Mcra (Fumnsol i  1974i  Hei tzmann 1974)

The subunils torming the flat lyingpart otthe Adula naPpe

between Val Calanca and Val Mesolcina ;n the no.thern part

of llre study atea can bc followed with som€ certainlv lurther

towards the easi (northern part of Fig 4a and Fig l) The

mapping proposed i6 figure 4a and based on the correlat'on

siven in figure 3, implies the existence of ? window of the

Simano nappe in the middle Val Mesolcina, lhe I'stallo w'n_

dow (Kiindig 1926). According to our strucrural mapping the

eastward extension of this window must be much larger than

proposed in previous studies (Bellin 1929: Bruggmann 1965)'

The core of this window. exposed in upper Val Bodengo, is

nade up by thick, nassive Kfs'gneisses while its westem and

nonhern margins dominanlly cons;st of semipelitic schisls

(Hanny 1972). However, the southwestern boundary of the

window remains highly ambiguous The lower BasaLgneiss'

which stilt defines the base of the Adula napPe west of Val

Mesolc ina, can be l raced ean*atds In lo monolonou( gnei \ses

in Val Cama and g.adually loosesils characteristics in terms of

a narker horizon forthe base ofthe Adula nappe The l,ostal

lo-window primarily results from a huge D2 antiform' as will

The existence of the lostallo window is additionallv sup-

ported by the distribution of high-pressure assemblages Ret-

rogressed eclogites (Fig. 4a) are present in the CSZ close to

Passo della Forcola (weber 1966; Heinrich 1986) north of the

supposed window and again south of this window at Piz Duria

(e.g. Heinrich 1986). Additional localities with high-pressure

assemblages have been documented in our studv (Fig 4a)

Garnet-amphibole symplectites in Vai Grono. fi^r described

by Bruggmann (1965), turned oul to contain fresh domains

showing the eclogite facies assenblage Omp + Crt + Rl.

Thc structural buildup

Rocks in the studyarea, Particularly in the Adula nappe'exPe-

rienced exrreme deformation and comnonlv dispLav a well de

veloped foliation and stretching lineation. Intense and rePeat-

ed folding developed almost exclusivelv under amphibolite fa

cies cond;tions. We found three najor ductile delormation

phases in our working area which nav correspond to lhose

fi.st described by Ayrton & Ramsay (1974)

l- The first deformation phase D1 is associated with isoclinal

folding and the fornalion of the main loliation 51 and a

stretchi.g linealion L1 in most parts ofdre study area. Du

ring ihis phase the Adula nappe was thruste.l towards

north onto the Simano nappe Simullaneously, substantial

exhumalion fron eclogite 10 amphiboiite facies condition

occuned in the Adula nappe-
2. Duridg lhe second deformation phase D2 the established

nappe pile was affecled by tight soutbwesrverging folds at

diiferent scales. This deformation intensifies towards the

south where a new strechiog linealion L2 and a new axial

planar toliation 32 developed Top'SE shearing parallel to

the oricntalion of fold axes accompanied D2 we propose

thar the Sourhern Steep Belt was aclive as a soulh dipping

ductilc shear zonc with a nornal sense offsel during this

sraJ( 
^t  

dclot  narron
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3. Folds of the third deformation phase D3 relare the flar belt
in the north with the Steep Belr in the south. In the south-
eastern study area, where tighl D3 folds are formed, a new
streching lineation L3 is observed. The so called "Paglia-
Schlingenkonplex" (Bruggmann 1965) results from D2-D3
interference of large scale folds.

At first sight ir may appear odd to p.esent foliation and lin-
eation maps (Figs.4b and 4c)in an area which underwenr mul
tiple deformation without all.ibuting rhe displayed strucrurat
elements to particular defo.mation phases- However, rocks ex-
hibiting more than one foliation can only be found in fotd
hinges of D2 rolds and, generally. no foliation is associaled
with D3 foldin8. Rocks with morc rhan one linealion are virtu-
ally absent in the study a.ea and it turned our thar atl fold axes
and/or sketchinS lineations ot rhe three deformation phases
(D1 to D3) are comrnonly coaxial. Fold interference patterns
are of lype 3 (Ramsay & Huber 1987). Hence, the lineation
nlap simultaneously illuslrates rhe orientalion of allsr.erching
lineations and fold axes (wenk 1955) forrned du.ing D1 to D3.
The stereoplots in iigures 4b and 4c illustrare thal foliations
generally define great circlcs with an axis subparallel to ihe
nain stretching lincation (Ll o. L2) in any given area. L1 and
i-2aregenerally assocrared wilh a considerable strcrch paraltet

sr oi;

to the D1 or D2 fold axes. We suppose rhal rhis linear
anisotropy forced D3 fold axes to form in a sub-parallel orien,
tation (Cobbold & watkinson 1981).

The folialion map (Fig. 4b) map displays the main folia,
tion, connonly subparallelto layering, and the composiie D1-
D2foliation. Thegentle dipstowards northeast in rhe norrnern
part are reoriented into steep to overturned posilions cha.ac-
teristic for the Southern Sreep Belt by backfolds whose fold
axes closely follow the pre-eiisling trend of rhe D1-D2 lin
eations (conpare wirh Fig. 4c). East of Val Mesotcina a series
of large scale backtolds of rhe third generation (D3). rather
than a single backfold. are seen to affecr the foliations and
hence .he entire nappe pile - north of the Paina marbte (see
Cressim- Paglia- and Guardia,antiforms depicted in rhe c.oss
sections of Fig. 5) At least one of these antiforms seems to be
cut by the post Dl Paina marble strike slip fault (sec southern
end ofprofile C'C'in Fig.5). West ofVal Mesolcina, howcvcr.
one s'ngle antiform. whose axialtrace dies our easlward, con-
nects the fla{ lying nappes to the Southern Steep Belr.

All lineations shown in the map of Fig. 4c are defincd by
elongated mineralaggregates (e.g. qrz or pl) or atigned acicu
lar minerah (e.g. am). while rhe fold axes which folow rhe
same rrend are nol included. The srrike of the lineations pro-
gfess'vely rotales from N-s oler Nw-sE to E-w. Thc Nw

Ft!  "-ez
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Fis.5.Sch€naIiccrossecrionstbrouahstudyaroa.fiepositionsofclossections(AA,B,B',c-c,DD)areindicatedinFie.4a.bgendnthesamersforFig.3
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We now describe the macro- and nesoscopic aspects ofthe
three najor deformation phases Dl to D3 in more deiail. Mi'
crostructures and precise P-Tconditions related to thesepene-
trative ductile structures will be discussed later. In this work
we concentrate on the amphibolite g.ade defornation history
of the Simano and Adula nappes. The Dl of this study post
dates earlier high pressure deformation phases such as the
Sorreda phase of Lijw (1987) and/or the Trescolmen phase of
Partzsch (1998) and Meyre el al. (1997). Post-D3 defornation,
e.8. dextral strike slip along the Paina rnarble and related
faults. took place at considerably lower grade metamorphic

tue Dl on.|Dl stnrctules

In a purely siruclural sense the Dl structures correspond to
the Zapport phase or Low (1987). They are best prererved in
the .orthern part of the study area (Alp de Trescolmen, Alp
de Ganan) where the 51 schistosity is not strongly overprinled
by subsequent defornation as is the case furthersouth.In this
norlhern area, the dominant foliation is related to isoclinaL,
D1, sinilar folds (Fig.6a,b). The stretching lineation tpically
dips N ro NNE and is consistently oriented parallel to the N-S
striking Dl fold axes. Disnembered folds (Fig- 6a) indicatein-
tense deformation during D1 and no large scale Dl folds have
been found. Abundanl shear sense indicators Ghear bands, o-
clasts, asymnetric boudins) on a nesoscopic and microscopic
scale indicate top-lo N shearing (Fig. 6c). rclaled to nappe
stacking during D1. The L1 stretching linearion is derined by
elongaled quartz and feldspar aggregates, amphiboles and
strings of boudinaged competeDt mateial. In metasediments
and amphibolites found in the northem part of the siudy area
all 

'ninerals 
with a platy and acicular shape are commonly

aligned parallel to ihe Sl-foliation and even within D1 fold
hinges no pre-Dl minerals are discemible. Only metaclaslics
occasionally contain white micas forming discordant mi
croliihons predating S1.

FiE. 6. Pholographs illust!atirg Dl !ructures:
(a) koclinal disnembered Dl rolds in nctapclircs (AlP crlvaresc/ Cl.lanca).
rcloldinA a prc Dl rolidion.
(b) hoclinal D1 rolds, relolded by . righr D2 lold Lorer Aurigliilsorsc

(c) sherrb.nd and a$ocided oblique boudinuge in Krs-gncnscs indrcll'nsa
sinistalshearsense (= bp Nl Pas dc Oanan. Crlrncr)

plunge changes into a SE plunge alo.ga culminalion situated a
few kilomeren north of the Southern Steep Belt. This general

feature ot progressive anticlockwise rotation of the predomi-

nant strelching lineations is typicalfor the entire southempan
of the Leponline dome (wenk 1955). Note. however, rhai

these predominant linealions are not attributed to one single

Bending of the 51 foliation around eclogitic boudiDs docu
ments thal Sl postdates high'pressure conditions in the
nappe (Partzsch 1998). Along their rimssucb bon.lins,re
monly relrogressed to garnet bearing anphibolites during D
(Hei.rich 1986). Garnet-onphacite-bearing assernblages wi

(pre'D1 Trescolmen-phase of Partzsch 1998), completely
in eclogitic boudins sonetimes define an older planar fabri

membered fron Dl and onlv found in isolated boudins.
conclusion, Dl is related to nappe stacking in the lower
ontine area and postdates an earlier eclogitic event in
Adula nappe. The subsequent phases (D2 and D3) descri
below overyrinl the nappe boundaries established during D
(see also AyrtoD & Ramsay 1974i Grujic & Mancktelow 1

Structures of this phase are dominant in the centralpartof

308 l .Nrsdleral .

study area where subsequent D3 overprint is weak. This
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ond phase relolds rhe Simtrno-Adula nuppc boundary on a
ldryc scllc. In particular, wc conlirn thc cxistence ol . wirdos
ol  the Simano nrpfe around Loslr l lo prcposcd by Ki jndig
(1926). Thc lvindow rcsulls lrcm rn antilor [omcd &rrnrs
D2. 1hc northcm l inrb ol  th is ant i l i )nn is al laclcd bv.  ser ies ol
soulhwest-vefgjng lafge scale ib lds (Ki indig 1926).  Onc oi
I l t r r  , . . . \pu'JJr ip l  r . l Iu{ . ' lu( i  I i r . - l  s le-F r lc u,e. . l
subvert ical  to overturned (= steeply NE'dipping) o. ienlal ion
ol  lhe Dl  lo l iat ion on the easiern s ide otValMcsolcn (Fig.4
& Fig.5r) .  Fur lhcr sourh.  r r l  Sonc iD Val  Mesolc ina. fb l ia l ions
display subve ical  d ip over .n afproxi 'nalc l !  3 k i lomctrcs
wide zonc (Fig.  4b).  This sLecp zone. s i tualcd scvcrdl  k i lonrc
ters north ol  rhc Southcrn Stccp Bcl t .  is  in leneted as the
southem l imb ol  the huge D2 anl i lor  lorming Lhc Lost. l lo
window .Dd .D adjrccDl isoclin.l synfonn south of it. The
Adula nappe is lbl.led do$D and below lhe vauey floor in thc
core or this tighl D2 slnlbrm. This leads 1(] lhc scplrllion of
thc Lonallo BirdoN lioDr lhc rcst of the Sinrno nrtte (Fig.
4a). The so crlled ..Paglia Schlingcnkomplcx (B.usgnrun
1965) in lbc soulhc$lcrD part  of  thc studv arca is Iormcd by a
supeTositnD of D2 rnd Dl ldds. Thc ..Duria-svnform_ (Fu
masol i  1974) i r l$ rcpresenls a l . rse scalc D2 Iold.  fo ldcd
around a D: anLifom (..llorgo aDriiorm ). rcprcscDring the
eastward cont intr . t ion ol  dre D3..Pagl ia rnt i lornr_ (Fig. . la i
Fig.5c). Hence. the ..Durin-slinloln] in facl rcprcscrls a lor
mer D2 antilom cxposcd oD the sonthem linrb ol a D: an'

D2 tokl slylc stroDgly vari.s on a mcsoscopic scalc. lionr
nore open 10 t iSht i$cl inal f t tds.  as N resul l  ot l i lhokJgicaI  hcl-
erogetrcitics. Ir lh. Adul nnppc D2 is no! thc main folding
phxse in conlrusr lo olhcr parls ol thc Lepontinc .rca (Ayrton
& Ramsat,  197.+r Mi lncs 197t j :  Gruj ic & Manckelow 1996).
While a new ixial planar iolialion 52 clearll is prcscnt in the
hirgcs ol opcD to nlrrow D2 lblds. Sl is rotated nrto .n oien-
lat ior  taral le l to S2 i r  the l i rnbs and the olerr l l  schinosi lv is
!on!:dl r (J ru t 'L r lJ r . lu l r  uI  Dr r . l  D). l i i " rnr . ,Ln' , .

Nor th ol  thc Southcnr Steep ael t  D2lblds are consincnl ly
southwest lergent lFig.6b.7b).  Thc 52 axi{ lp lnnc fo l ia l ion is
mdinl)  L l ! I inL( l  h)  . \nk nrm:.r :J f i  i  r (  in l \ , . . .  .  . , r t r  tn,  .  ,  .
Elen rclal'vcly opcn D2 tdds oUen display a tronounced
str€tching linealion L2. suggesling lhrl D2 iold axcs initiallv
delclopcd parallcl 1o thc slrelchilg lirreatioD (see Stiirilz
1991).  L2 is easi ly dist inguished l ronr L1 snrce shearsense indi-
cators relaled b I-2 consislenth !lro{ lop-SE dircctcd molc
mcnt (Fig.  7c).  Sincc SE dirccted shear sense indicalors are
dea y present on both l iDnx ol  D2 lo lds.  th is fo ld ing is;ncr
prcLcd 10 bc coclrl with t(4) b SE shca ng. Withi'r
netafc l i lcs thcsc shcar indicalors are c lea' ly asociated wi lh
th€ S2- lo l ia l ion nnd i ts characler in ic mincral  !sscmbl.gcs.

ln lcrcst iDgly. lhc locus ol  lhc onsct of  strong D2 deibrma'
tion coincides with tbat of tlre anticlockrvise rolalion of lhc
dominanl strelching lincrlion lion1 N'S lo NW SE. Because
the stretching l ineal ions t rend NW SE (Fig.4c) in thc ccnlr !1
pan ol lhc working nrca wherc D2 is bcsl dcrelqcd. wc pro
posc lhat this bcDdiDg of thc liDcrtions rcsults 1rcn D2. We

Irig 7 Phol.!,rths illuirrlltrs D2 nrrcru.c\:
(x)v ' .Nr)ur sSw ir  1 l r .  Clr ioxrQ: A1T.tronr Ros$rhc ur tccr0.sed
11 rhe r)f.r Przo arrr. s dolb !d drr tu D2 foldnrg b! thr lllhr t)2 rorh.
si|d cl$nrg s!inrn nodh of l'z7o Cl.ro (a\irl Dla0c i'rdlurcd) I 

'erd\neDrtr)1.d hv K.t t  l lq l l ) .
(bl Tvplcxl SN \cre ns. trnIos Dl lda in x:en,lpeliric Lrci\\ (Rorc.lr doL
Lrgo l: xhncxr \ ic\r r,w {ls Doj(h: rolc lrrnlmrr ntr \crlc) suclr tolds rj\Jll)
xJnt i . ( r \ i r  f lxnel in i r l i , )nrnd{|ronotrrccf  n 'crchnrgl inor lnJnf i fu lc l ro
thr tuld di\. xso!irrol \ylrh bp sI dircdcd nr.a'i' ig.
l ! )o. l r {s i f  Kfsr t r { .n!nois\  i , l l i . r l insLlcr l ' r lshcnr i i r .g dunrg lornurn)n of
l l re Sl  lchinosirv Sl  (= l r f  SEiMolk ' rd.  axlxne)

concludc th. t  1of  N and N-S or iented Ll  srrcrching l ineat ions
bcco'ne progressively olcrprirrcd by top,Sw and Nw SE
lrending L2 l incat ioDs.

SrudrfulrndDrdrrrnorphicevotuioni t r rh.  Lct)onr incdon,c l (Xl
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duction iD slrajn intensitv: D3 ftrlds at Nll scalcs beco e pro
gfcssivel) morc open and ccasc lo cxisl nor0rwards.

'l'hc Cressim aDlilitn] is the most hmous of these D3lolds
(Kopt 1923b) :rnd we propose the tenn ()cssim phase lbr this

slage of delbrmllion. At Piz Crcssinr this lold is ralhcr open
(Fig.  iJa),  rhc idd axis dips ro the Nw and the axial  l lanc is

vcr l ical .  In thc lowef Vnl  d Arbola l l re ant i lonn is hardly v is i

ble anl more and ccascs lo exisl across the Val Mesolcina

Conlerscly.  lhe anl i lom l ig l r lens lowards southeast i t r  l ta ly

and lhe .xial phne progrcssivcl,r rolatcs lrom a NW_SE strike
into a W-E str ike (Hnnnv 1972i  Bl . thcr 1965: I le i tznr:rnn

19711 Berger cL:r l .  1996).  lhc Pagl ia-rnl i larm si lualcd 1u(her

wcsL (Kopp 1923b: Bruggmann 1965) cxhibits exaclly lhc sane

char.c lcr ist ics nnd crn bc t raced ovef.  d istrnce ol  25 kDr

thrcugh ihc s lud) uca. Wes1ofVr lCnhnca one largc scale E

W str ik ing backldd. rcfcr tcd to as. .Lcrcnl in.  Ant i tonn -  re_

lnres thc f l . l  bel t  i r  lhc noih lo the steeP bcl{  in the soulh
(Codoni l9tj2i Fig..1). The L.!cntiDa btrcklbld displays consid

erable gcoDlelric diitcrcnces 1() and is discoDnccled hom lhc

otlrer D3lolds siluaLcd lurrhercasl. ln spile ol th's d'slrarnrory
$c fcg.rd all otlhe abovc dcscribed iolds to have fonncd con

lenpomncously during D3 Lrccause they all reprcsenl b.ck

iokk which rcor icnl  the ger l le dips iD the norrh lo thc South

enr Stcep llelt. East ot tlrc wotkirg rfea D3 iolding is syntnag'

al ic s i th thc Bcrgel lnr l rusnm rnd tdds i ts basc (Dal idson et

al .  1996).  Since thc Bcrgel l  bathol i th iDtrudes a preet ist 'ng

srcep zone, Ilcrger et al. (1996) argucd 0raL 1hc lomnlion of
parts ol  lhe Southeni  SLeep Bel t  f rcd. tcs lhc Bcrgcl l  int .usion

and hcncc thc above Drer l ioned Dl tb lds.  Ih is indlc lcs that

thc s lccpcniDg oi  lhe sonthcrn parts ot  thc Soulhern Slcep
Bclt. in parlicular thc Tonale serics adilrcent to thc Insubr'c

line. ffe dstcs Di fttdnrg (conlpare $itlr thc pre-32 Ma old ..2
b.cklolding fhasc oi  Spi l l 'nann 1993).

whilc D3 folds do not show a pronotDccd axial plane lol'_

alion they exhibil i distnrcl lincalion parallel lo F3 $ilhi'r the

Pagl i r -Schl i .genkomplex.  This l inc. t ion is dcl incd by s lnkin€'
mat ic biot i tc f lakes. quar lz l iben and quarLz_si l l i t rar i le rods
(so called ..l"rscrkieser'). It has been irterpcrcd ts.r crctrula
tior or inrcl'scction lincrlion bl'trelious aulhoA (Hubcr I993i

Grond e1 al .  1995).  Ho$ever.  quadz{ i l l imaDitc rods. c lea' ly
postdr l ing D2. lornr c longaled fressure shadoss paral le l  to

Dl fb ld axes in nretapel i tcs (Fig.3c).  indicathg a col is iderable
slfetch parallcl lo D3 fold rxcs rssocial.d wilh conslriclional
stfai! in the southc.slern pa{ ol lhc sttld! arc. Gee xlso Steck

1999). Granitoid focks cxpcrienced nigmrtisation dutnrg Dl

folding. as docuDcntcd b], nelt pockels orientcd Parallcl to
Dl axi . l  p lancs (Huber 1993).

In lhc ccnnalprr !  o l  lhe study area the opeD D3 lo ld a\es
occasionr l ly  d ist lay a smul l  but  d iscenrrble angle wi th the

domin.nl liDeation. This indicarc! th.1 Di rclolds L1 and/or

L2. elen thoush rhe D: lold rxcs !rc cornnonlv coaxirl with

L1 atrd/or L2 . At Piz Crcssim. fbr cxdDrplc. dominart loldirg
risiblc on lhe outcrop scale is rchled lo D2 whilc thcse D2

axial rlancs ar€ benr around ihe larSc scale Dl Ctcssim an-

IifoJn which formed coaxially wiLh F2 (Damo 2000). Hcnc..

l 'Lgs I'horogn0h\ ilLuifutdg Dl nrrcrurts:

lx)Lxrgos.r lc. . | rcnDrnr i tornrdPt( ' .$ in(ufP.r \ r l t l  Arh. lx I l .n) l '

ci',r: vic$ r. rirc ! h) CrcJ\n rnrilo' rrl rrrtcsofln. Dl n]l lnrr (thn

drshcd l lno\)  xr . ,ddrr . i l

lb){)peD D:l!nillscr t n,!ds (vi d ,^rlioll iqc\)lcnrr).

{c) Sil Orz ro{ti ( .fr\.'lL.:cl ) ir P,.sur. .doss ol gxriutr d.lnrnr! D:l

nr .drnr! lu{rnn, inn. l . | t lnes Dl in l l l ! ! rLtn) l !Ltr is isr ighl .nxrxl l3 l roLi

an!L\ynDrignl t r t i . i ' i rh(xr$(Lplr t '  \ i r l ( i rooo.Vr lNl .sokinr)

ll1 the !)uthcaslcnr par t ol lhe studt, area D3 fttds nr ikc E w

and lorm l ighl  l i ) lc ls in the. .Pagl ia_Schl ingcnkonplcx (B'ugg-

mann 1965). ' fowards Dotth ihey gmdual ly chatrse their  or icn

tat ion lowards r  NW'SE and. l inal ly.  I  N_S or ientcd s l r ike
(Fig. 4). This rotation of thc lakl rxcs js asoci.led $ith a rc



Tablc L Roprcscnrativc chcmicatatrrtyses of rhc samples1.N212.TNl49. and TN2t6.

TNzIz

ky bl Cx{hell

sio2
Tio2

Mgo

120

si
Ti

Me , '

59.39 5t,97
o,79 0,1I

2021 2722
5,t3 2.01

1,75 3,16

0,30 0,43
4.93 I I ,09

2421

0,65

6,37

51.31 49;19 47,t4
0,t6 0,45 0,53

28.63 28,97 32J0
1,90 t.62 r21
0.t0 0,00 0,03
2.6t 2.45 1.20
0.00 0.00 0.@
4.12 0,83 1.23

10,20 10.23 9,96

95,61 9434 93,36

nfi 22$
13,96 14,01

100,90 100,t3 100.07 l0o,o5 94,75

38,64 36,09 3131
0,00 r,27 t,5

1999 t1.34 t1,65
32,41 11,6i 16,3t
1,53 0,14 0,08
s,76 12,83 12,6t
2,O1 0 0,04
0,05 0,3 0J3
0.00 9,15 9,07

6,12 5,48
0,00 0,15
3J3 3,10
4,25 2,24
0,2t 0,02
rJ6 2,90
0,34 0,00
0,02 0,09
0,c0 1.77

91,96

5,60
0,17

2!J4
0,01
2,42
0,01
0,10
1.13

61,7 62.11 23,54
0,03 0,05 0,25

23,13 24,01 53,06
0,21 0,23 11,02

0.00 0,01 2.03
4,96 5.33 o1](l
9,04 8,73 0.00
0,09 0,03 0,00

2,74
99,2t 100,58 97.91

2.16 2:14 8,01
0,00 0,00 0,05
122 1,25 t7,54
0,01 0,01 2,59
0.00 0,00 0,05
0,00 0,00 0.85
024 025 0,00
0,?8 0,?5 0,00
0.01 0,00

8,00 8,00 46J0
5.02 5,01 29,6?

:17,66

32,41
2,47
4,41
].54
0.02

38.r6

2034
32,31
l.ll5
5,01

38,17

20,31
31,35

3,80
0.01
0!)2

3,80

0,2a
1,17

0,00
0,00

6.33 6.19 6,69 6,36
0,01 0,a2 0,0s 0,05
4,25 4,41 4J9 5,17
o.22 O.2t 0,18 0,14
0.00 opl 0.00 0.00
032 0,51 0,49 O,U
0,00 0,00 0,00 0,00
0,1r 0,t3 0,22 0,32
I,gt rJ2 1,75 1.72

3,88

0,23
1,05

0,01
0,00

0,00
3,31
4,36
0,25
1,19
0,33
0,01
0,00

24,00
16,03

o 163,34 22,00 22,$
Snn alioff 100,00 13,97 t3,9t

24fi 24,00 22,00 22,(n
16,0"r t6,a 15.75 15,59

24,00
16,02

TN349 TN236
G.l Pl an {

si02
Tio2

Meo

K20

3.1.54

19,32
21,]4

3,21
0

0. l l
3.51
2,18
0.0t

22,cfi
t5.76

59,22 46,93

1917 32,7
i.28 t.26
0.02 0,03

0,62 0.63
5.13 I1,22

_ 0,06
2:1.81 5,21

2.95 0.t6
1.05 0,01
t.2l  0. t7

37,49 31A9
0,05 0,@

19,91 2029
34,27 32,91
n,62 A3r
3;47 4,32
3,9r 3A1
0,03 0,00
0,01 0,00

100,16 9891

6,08
0,01
3,76

0,08
0.33

0,01

24.{D 24.m
16,0.1 16,01

37.56 56.29
0.17 0,00

19,32 26,55

3,15 0,00
3.68 8.59
0,00 6,32
0.00 0.29

t00,33 98.92

24.rX)
t6.0i

1,,12

o.1)2

65.24
0,78

17,59

0,| l
1.39

0.53
2.90

2, l l
0,43
t. l5

36,46 35,94
0.0? 0,0?

20,20 t9,93
35,53 36,61
t,t5 2,32
4.03 3,C0
1.53 1,36
0.05 0,00

t.95 5,92

r.88 3.a?

0.16 A32

0.21 024
0.02 0.00

37,45 45.38 34,33 62,16
0,04 lJ5 2,78 qoo

20.45 33,49 18,59 23.43
36,39 1,45 21,50 o,t2
rJo 0,02 0,01 0,00
3.06 0,79 7,t9 0.00
1,49 0,00 0,c0 4.39
qm 0,70 0.25 3,68

11,03 9;14 0,27

e9.r2 9929 100,83 94.e6 94J9 99.55

0,00 0,02
3.86 3.16

0,05 0,20

0,60 0,63
0,00 0,00

si
Ti 692 6.18 5.36 2,17

0.00 0,16 0,33 0.00
3.87 5.31 1,42 1.23
4.96 0,16 2.81 0,m
02o 0,m 0,00 0.oo
0,71 0,t6 t.61 0.00
0,26 0.00 0,oo a,2J
0_m 0.13 0.03 0.7i
0,00 1.90 1,94 0.02

24,00 22,0024!X) 22ln
15,61

5un'. ions l0{JD 11,04

sr'trc(0nlrnd mcramorphic evoruriotr tn rh. Lcponlino dome 3tl



Fr! q. l,hot)miuognph of \nD]pl. l NlLl. Prcl tr.D Lic thcr!ir. (Plr!l ) L\

.Drb.dd.d i ' ,  x  d in l f  r  . l  nne,tr  l .$ 
' .cr \n i l l l /cd 

thcr l t t  lPr. l )  K] .  I 'g
( i  r . )nd O^ \ \ ' i rh ln rro d.xtx lsh.r fbr t rJ l= lof  NNE) hidi lc ! (N\\ \n l i

f !nxr i .x l l t .  l lotr !y. , .  m\L of  rhc hidi le | l {drr ts rh.  lo i { rn)n lo l l r t  s. . -

rnni. \YLrlLh .l scrlcbxr 5 nnr

although lo lded try l \ !o phascs (D2.nd D: l )  th.  nuin to l ia_
rn)ns iD Lhis afea torm tr great circlc Glcreotlol F nr Fig. 4tr).

This clcarly indicales that opcn D3lolds dcvcloped subpttfrllcl

to . trec.\islirg D2 pli af and lincrt slructurc Cobbold &
watkinson (  l9Sl)  prcscnlcd r  possible eaPhnrl ion fbr  n 'ch N

bcl  r ior  by proposing th.1 rn cxis l ing .x ia l  rn isolrop.v ot
rccks may conlrol thc oricnlalion ol Nbscquenl tblding ph.s

cs.  Hence Nc bel ieve th. t  i t  is  lhc pf .  .x is l ing NW_SE{Ir ik ing
Ll  and the N S slr ik i .g Ll  ( rcching l incat ions {hich nray

hNlc iftluced the dcllcclion of th. D3 ldd tr\cs (sc. Fig ic).

Thi !  hypothcsis is in accokl .nce with thc obscr\ . r l ior  thr t

nr : t lo D3 f( tds opcn loNrrds nol lh because th.  Di  io ld axis

orierlations bccoDrc frogrcssilel] less suilrble lbr acconnno

daling N S dircclcd \hoflcning rsocialed $'ith lhc lirnrtior
ol  drc Southenr Stccp Bcl l .

Subscquent to D3 lo ld inB thc Sout l ie in Stcct  Bcl l  wtts al lcct
cd hy consldcrablc derlr,il strikc sliP nrovenrcnLs Nhiclr 1()ok
plac.  rncler grccrsch ist  lacic!  condi t ions.  North. f rh.  I fsrbr ic

l ine rhcsc dcxl f t l  nrolemcnLs produced dist i rc l  rnnlof  sh.r l

zoDcs rnd as!)c i r lcd Ricdel  i ru l ts.  o l  \ !h ich thc Pr ina l iu l l  is

{he nnst promincnt one (Funrnsol i  1971: Hei tTmann l97l

I t )7 i ) .  ln thc Sor l lhenr Slccf  Bcl l  thtse. lextr . l  move erts

clead) oycrpf i r t .af l icr  neet lv l luDging l i r icr t ions lonncd

dur ing backthtusl lng.  Sincc lhe l i r l tc f  d. !c loPcd urrdcr cond'

l ions ol lhe higlrcn rmphihol i tc lacics.  !s indicr lcd bl  s lnk 'ne_
orar ic K tc ldspar s i l lnnanire-beer ing asscmblrg.s.  $c considcf

bickthrust ing rcrcss the lnsubr ic nryloni tc bel l  1o bc cocvNl

wi lh D:1.  Howclcr.  $c conelale 1hc.bove descr ibcclposl_D3
drike s l ip wi lh br i l i lc  dcxtrr l  over ln int  o l  lhe Insubf ic mv

loDi lcs r lorg thc . . ' lonale l ru l t*  and fc la l td Riedcl  ht . l ls  (Fu'

Drasol i  197,1:  Schnr id cL r l .  1989).

Corel.rtion ofthc nretamoryhic cvolution silh the

Wc Dorv corelatc nrnrcrrl assenrbldgcs and associrlcd P-T
corditions rvilh nricrostfucturcs i(nmcd duriog thc thrce n jor

dclonni l ion phases out l ined rhole.  Fol  crch dclor ul ]on
phNsc Dl D3 onc l l 'p ical  sanrplc is presented in dctai l  iDclud_
ing Scochcnicr l  rcsulrs (Table l ) .  Each sccl ion ni '1s wl lh d
dcscr ipt ion ol  the olcral l rn ic(x l  rc luralappcrrrncc ol  a paL
t icular dci(nmrl ion phase. lbcsc oblerval lons are dclrcd
l ionr mor. lhan 200 srnrplcs oi  nretapcl i tcs (Nagel2000iNagcl

et  a l  20{12).  For rh.  0rrcc sclccLcd srnr es cqui l ibrnrm Phi\e
diagfnns (Dc C.pi l rn i  & Buln l9 iJ7r Dc Capi l t rn i  1994) arc
uscd Lo discus P l condiLions and Ph.sc rclali(nN. Such di.r_
grtrms frovidc s l rb le nsenrblagcs. nrnreral  rnodcs. rnd com
positions ol solid solulions lb a iixed bulk chemicnl conrl)()si
t i (nr  in P-T space. W. uscd lhc co rposi t ions of  rcPrcsenlr l i !e
J ' | , ' r1. i ' r ,  I  r l .  i r . fJ L^r ' . . r run pJ'

senled in T bl .  |  (Nrgcl  c l  a l .2002).  Wc locussed on such

thasc diagfums. as th. !  Nl l (N hoth lhc quirr l i rat ive t |eatncnl
of l lingle samplc .Dd the discussion ol nuc gcDc.al trsPech
of phasc rclalions and thcir signilicrncc. Thc thcrmxlvnan'0
prcper l ics ol  mi iernh werc takcD l ronr lhc dNtNbasc oI
Bcruran (198t j .  upgrrc lc 1992) and sl iSht ly modi l icd t rs prcscnl
cd iD Nrgcl  e l  r l .  (2002) Al l  phnses present iD lhc dalabirsc
$erc considcr ccl  in lhc cr lculat ions.

Fittl (l( lbnrdtitri lhtsl

I  R \ .  ru i . r i . r  r . ' , . r ls l r lJ , . ' r r ! .q,  r /  | I  l i i | . . |  
'  ' r

orile. plagiocl.se bioiite. and kyrnilc \!erc 'iltrbl. as rcck
io r ing nr i rerx ls in pcl i lcs and seni fe l i tcs.  Strurol i tc and
chldi lc conn only overgro$ Sl .  Phcngi ie\  a l igned nr S1 ! l '
rvar',s sho\! hiShcf Si conlcnls wher comParcd Lo posiklne'nat
ic oncs (scc r l i )  Prr tzsch 1993: LoN 1987).  ln Sl .  s) 'Dkincnal 'c
gfowth ol  b io l i lc  !nd plrgbclasc at  Lhc crpense ol  ganrel  and
Nhite mica is l lcqucnl ly ob\cNcd. Howcvcr.  the whi le
nric!/bidite ratio is gcDcrall] high in Sl and llrcrc js no cvr
derce tbr biolile or plngiocl^sc t() cocxin {ilh kynnilc tilhir
Sl (Palzsch 1998: Mcvrc l99t)b. Nagel 2002). Nlct.brsic rocks
.qui l ibratcd lo grrnel-beaf iDg .  mphibol i l  es dur ing Dl

Wc s. l .c l  samplc TN212 l ion a local i ty in thc ' l rescolnren
zonc. cbsc to ('inr. dc Ga-qcla. fol discusing Dl qurnl'linve'
l \ ' . lh is speci  c n cor t r  ins gaNct.  qu rr  lz .  p h eng' te.  paragonr lc,
krani te.rd rut i lc  Nhic l r  rnakc ut  nrore thaD 95% ol  lh€ th in-
scct ion (Fig.9).  In .ddi l iotr  h id iLc.  Dlagiochsc, staurol i lc .  i l_
nlenite .nd zircon occur. The loliALidr is dcfiDcd bt qu.r'17 rib
LroDs rnd al igred largc phcngi le nnd kvani lc grrms. S al l
aNrnts oi  phengi le afe aho prcscDl .s toslk inemrt ic i ine
grained a8gfegatcs.  Klani le displays s l iShl ly cor(x led gmins
wiLh ragged gfain boundar ics rDd is c l€ar l f  detbrDcd dunng
D1. .s is incl icalcd by k inkirg.  SwlrDrs oi  s 'nr l l  garnets are
monlt  ns$ci . tcd rv iLh boudiragcd 9urr l7 donrains.  Prr !goni le
is scarcc and .rhra!s nssocirLcd * i1h r l igncd phcngi{e.  The nra-
jor i ty ol  b ior i tc and plagioclase lbndtr lcs S1. but thc]  mrl , r lso



appear dulng shear band formarion in a talc stage ot Dl (Fig.
9). A few smalt sraurolite c.ysrats overgrow syn-D1 pbensir;.
The chemical coftposilion of phengiles varies berween 6.20
and 6.90 Sia.p.f.u_ (Tablel) with prekinematic porphyrobtasrs
showing the highest Si,content. Even in direct conract to kyan-
i1€ Si'contents up to 6.70 Si a.p.tu. were easured. perfeclly
aligned grains display tower Si-contents of 6.55 6.70 Sia.p_f.u.
while in conlact to biotire the Si,conrenr ofphengiie is rhe tow
est (6.2iM.45 Si a.p.f.u_). Garnel zonation is comptex. In most
grarns two distincr sheth with a .etatively high Ca_contenl a.c
present. The second Ca-rich generation represenrs the tan
growth-stage ofgarnet (Tabte t). Lare. resorbtion otgarner is
reco.ded by g.ain boundaries discordant to the jnrernal zona-
tjon pattern and by a rise in abundance ofMn conrenr rowards
the grain boundary. This fearure is best devetoped where ph
I'oclase and biolite are present, which obviously grew at the
expcnse ofgamet. Thus. the entire zonarion paltern predares
tbe growlhs ofbiotite and plagioclase_

The phase diagram for sample TN2l2 (Fig. 10) predicts an
oldest asembldge ca -  Qrz -  phe 

-  
pg ,  Ky {  t }  to be \ lab'e

dbo!e (emperalure\  ot  580 C. and pressure\  of  I7 kbar.  phen
gites with Si-€on.ents of6.70 a.p.tu. in this assemblage indjcale
pressures of around 22 kbar(see Si contouNin Fi8. t0). Carner-
Phengite thermomeky (creen & Hellman 1982) at grain
boundaries berween garnet and prekinemaric high Si_phe;gite
yields lemperatures around 650 C.. These conditions (650;C/
>20kbar) agree wellwith P T estimates of the pre,D I high pres
cu'e srage in rhis area rVe]re el  a l .  tosT: Meyre er at .  tgaqbr.
DUfln8 decompresion. phengi te In as,embtape I  rhould br
come Al riche. rhrough kyanite,consumption.-For the prese.t
bL' lk compo(ir ion kvanIe i (  used up uhen phenSire reache. a 5l
conlent \ l ighr l !  les\  rhan 7.0 Sr a.p. f .u.  ar  pressurcs hetow ,-
kbar- The resulring assembtage is crt + pbe + pg + etz (2). tn
sample TN2l2 kyanite of rhe high pressure assemblage I was
coroded but a considerable amount stilt remained as a
metastable phase in lh€ .ock. This prevenled conplele equit!
bration ofphengire during decompression. We irfer that eclog-
rte facies conditions, preseNed jn pre-Sl phengite po.phyrob
rasls, ga.net. and kyanite predare 51.The Si-contenls in large re-
crystallized phengite defining S1 are generally lower (6.50_6.70
si  d.p. f .u.)  dnd Indkdre recrvsra i .a ' ron du ng decompre.!on.
Bror 'e and plagiocta\e onty occur in shedr bdnds ounng l t , "
I inal stages ot D l deformalion a! p-T conditions of 600_650 C.
and 12 kbar Gee assemblages 3 and 4 in Fig. l0). Howevcr,
rhese P-Tenimares regafding the final stages ofDl are onty at-
Proxrnrale bccause biorire probabtygrew at rhe expenseofa not
!lly equilbratcd phengite with a Si conlent higher lhan prc-

ilictcd in ligure 10. We enphazise that rhe observarrons rD snm
ple TN212 arc not in conflict wirh our sratcment rhar kyanirc
does notcoexist wilh biorile or plagioclase in Sl since kyanxe is
intc.preled as a melastabte high pressure relict. pressufes rnust
cc(arnly have exceeded l0 kbaf dur ing Dl .  This is indicarcd l ) \
I ro\r \ rnen r .  " r ru,ot , re grouth.  ar  ,h< erpn.c ot  orrugor:r ,
rnd garnet (Nagcl et al. 2002), and addiriona y. by rhc synkin.
rauc presencc or garnct In ampbiboliter.

Temperature I C]

FiA. In Eqd"ibnum pt-ase di:g,.m .rhrtared ior d rcp,..c a,,.c dorJ L or
\imolr TI\2t2 (tabtp tr. fh. diagr.tr di.ptay" rhe pFJ.crcd JFhourn n ol
-r"brc ArmbhAts e6.ding b rhe rh. ,modvnami.  p,ope.rc, . r  pha.c. .  d! .
r red 

'n 
r leda'abd\. IBermar to8r.upeEdeq2 idedt.otL, ion n odet.r . ,  br

or ' le.  !h lor i rc.  rnd chlo ' r tord:  nun iocrt  5oluuon modek ,or ga.1 (&,Td Ir0) phpngte tMa*6ne dd s/ tur td a7t.  ptag,dta.c rFuhrn.n & I  InJ. teJ

.cxdr.srJrot i r0(NaSotaat.200.,  Fa.t  f ietden^tor.  rh.D.t  .p,c.(  r led
di . , i1!r ,*enoldAe i .  . 'ahte Da.heo hne ep(senr conroL.. . .  \  c^nrcnr,n
nhr ls i .  p. f  u )  Thea(oN 

'ndtr  
<s rhcsdpposed p T parh.

Assuming Iocal equitibrium with kyanite, the posrKrncmat-
rc assemblage crl + Qrz + phe + Bt + pl + Ky could be used ro

'nier 
postkinematic p-T conditions with thermobaromeh.y.

INvEQlhermobarometry (cordon 1992) on such rssem-
blages yields conditions of approximarely 650 C"/10 kbsr
HoNe\er.  a l l  

'esutrs 
have unsdl i ( fyrng tdrge uncerr iJnl . r .

s,rch mav indicdle lhdl  nor cven tocat .qui t ib um $., .
achreved $i lh kyanire rr  anrphroot i re racies conl l i r .on\ .

We conclude that although rhis sanple exhibits signilicanl
dilequilibrium, the equitjbrjum phase djagram predicrs rhe ob
served m'neral sequence in a correct ofder. Hence. il can bc
used to derive approximate p T condirions in retation to rhc
observed defo.malion slrucrures. In lhc northern sludy :rrea
the folialion S1 formed during decompression al rcmperarures

'n 
excess of600 C.. tn mcrapelites lbis is irdi*ted by rwo ob_

se.valions Firstly, in kyanite-bearing assemblages Al,conlents
, , r  pnengrtp rncreased synkinemaricdly l t . rou!h kydn e Jr
.o 'npoir ion.  Secondtv. lhc onset otconrrnuous whi lc mrca o.
.omposroon srarred during Dl (e.g. Ms + Grt = Bt + Atror I
Qrz) leading to the highesl  At-contenrs in the rcnarn,ng whrrc
nlcn. Ihe resuhinS synkinemnric succcssion of assembtagcs is
Qrz + Grt + Phe + Pg 1 Ky -+ Otz + Grr + phc + pg + etz +

3p
c

I '  r , th.  rv.r 'n1,  .  , r . .  I  j t "1 rr . (  J ,n ,  t l :



Lg l l  \ \ rL i , r rd .  gnNL, . l  t , .  L oL, l ln i .  r i ,n.  xrJ l  r i l i  1r  th.  . r

| r r i  r l  t ih. i ! , r !  xf t l ! r ,n.r  ! l t r r i r i r  J) l  \ \  r l r .

( i i I  + Phe + l ' !  1 Br 1 Pl .  , \L lhc l inre Dl  delor rr i ,nr  cci ,s.d

Ff c.Ddir ions ol  r t fn) \ inrr t . l \  60{)  651) C'r td 1l  1-1 kba'
\ rcrc re.chcd. SL clcar l t  fo\ tdr t .s perk .c logi1.  l rc l .s P I '
.ondir idL o1 651) ( ' r  >:0 kbrr .  I  h.  . \n. t  . .ncl i t ions r l  l l ic
olscr oi  I l l  dclomul ior .  hoN.\cr .  could nol  bc iLt .nLi l icd.
Top N shcar brnds havc e!ol \ed duf inS lNLc slage\ ol  Dl  d.

. \ ( . , I  l t l innrtn, t  t ) I Iu!  D2

D: nr ic.oslructNc\ rrc bcsl  cs.N.d in lhc \oulh\veslen Pd t
ot  th.  sLud) rreir ' l  hcrc.  ( i r l  + Ol7 + Ph. + I IL I  Pl  1 I ( t  is  l l re
nrble asembldg. i r  mel.pcl j lcs c lur ing lhc d. ! . lofnrct l  o l
rhc 52 lo l i r r ion.  r rYo prrrgonr le \ ! rs Iorna rn]  n](ne i tnd l l .
g io.hs.  r fpcrrs rs the onl t  N. bear lng lhrs.  in al l  lc l i l ic
sanr l ) lcs.  Howc\ ' . r .  hr  hcf  ro h.  r l  AlP ar l ! i fcs. .  lhc conr

t lcLc t  rg(nrt .  brcxl idoNi seenE k,  postdr lc l ) l  l iecrus.
s l rutr t i lc  rncl  thsio.hsc.  growiDg i r l  the e\p.nsc ol  Prrrqo_
ni lc rnd q.nct .  tosldal .  (hc c.Dlposi tc Dl / I ) l  lb l i r tbn louDd
in th. t  r rcN (Nagclc l  a l .2001).  Blol i lc  rnd thgn)clasc r ' 'e t ) te_
scr l rcgafdlcsoirock'c.  l \ )s iL i ( ! r .  Ih!bio( l le/  rcngircrrLio
is highcr th i ,n rh. t  lound i f  s l .  l rhengi t . .  though rcct !nr l l i / .d.
out l incs Dl  fo lds i r  sect ions fcr le. ! l icuhr lo D2 i ( ) ld r \ . \ '
I 'hSio.hsc of tcn cont. i .s pl .n l \  01 s l r ( ,1!Ly cof l r  .d grrncl

l r rgDrcnts rs lnclusions. Biol i le is.o[ ! ronh al igne( l  i .  S]  A
s\rk incnral ic nrochl  in.rcrsc ol  b io l i rc . .d t l ignchsc ' \  

ac '
comprnicd b) dcc.Drfol i l io i  o l  gt [ . t  rnd \ !h i l .  . ]1c.  lh.
Alunr i l iunrrelcrsc through lh is uhi1. . r i . r  brcrkdo\n oLrer
lc!d\r . Ih.gnNlhol  k\rni l t ln52(c.g. lv l \+G =Bt t  K\ ,

OLz).  In.ort f rn t ( )  Sl . l \ar i1. .oc\ isLs \ i (h l rn)r i l .  rnd ph
giochsc (Fig.  I  1) .  Slruf t t i l .  rnd \ lL l l  r . i l .  fostdr lc Sl  in lh i \
!N1h\cst . r r  xrcr .  though th.  nr ic()snlc lu] i l j losl l iot  . l  s lau
rni lc in r$l)ccl  lo Sl  is  locr l l !  rNbiguous Ihc rchl l ( t r  b.

l {ccn k!rniLc (=strr-Dl) , r t l  sLrurol i le (=l)osl  D2lposL k\rn '
i1.)  in thc u1h.rn s lud!  r t$ indLcrtcs thr l  D2l(r)k t l tc .  on

rhc hi ! :h P T sid.  o l  Lh.  nrurol i lc  nrbi l i l l  f ieki  (Nagcl  . t  .1.
t01)2).

\ . ' r ' t (  l \ ' r ' , . - .  . l l .  , r , " ' r ' r r ! .1\ ,  i r ' .  {
l i r ins thr  Din.r ! ls  garnct .  ktani lc.  ( tLr i l / .  1)hcnaiLc.  b ioLiLc.
phgioclasc.  r ' ! r i le.  i lm.ni1. .  nron.zi t . .  rnd / i rcon. Thc Sl  l ( ) l i
r r lon is det ined bt  phcngj lc rnd b!  r !af .gNlcs ol  hroLi lc.
ALrundanl  polk i l { t i l .s t ic  kyrni tc is !s$cir led Ni lh bior i l . .
Thc\c lggrcgarcs ref lacc t ) l 'ergi le 1n grncl  f ich donrr in\ .

t rc le,cnl i r l l r '  jn sh.Nf baDd! rn( l t ) r .s$re shrdo$s ol  Suncl
(1: ig.  I  I  ) .  Gr.rels disphv sign!) ichl  inclusl(nr l . . i ls  ot  qui  7.
AL !Lrxin l roundr i ies l l r i \  l r l .nrr l  s.his losi ty is c l iscorchnl l \
cul  h\  Sl  Al lhough th.  s lnr f l .  conlcs l ioN rhc ( 'hro rr .N
( l locchcrLa dcl  Lrg())  locir lcd n)ulh ol  lhc s i l l inrniLc in. f ! l
zone l ) .undxN. thc rrck conlr ins plc.r \  o l  k)rnj l .  bu( l .cks
si l l iNrni lc.  I  c()nnn.D le. tur .  in Lhis I r r l  r ) l  thc l -c l ) .n l1Dc
(s. .  Io. ld & Engi  l t l97:Nrgeler. l .200:)  &) lhrul i le andi l -
nre. i t .  r r .  pr .scnl  in Lhc ma1! i \  shi le iD. l l rnons in k! .n i l .
! .c1 thgiochsc r .e donr ln int lv rul ' lc .  hcnce rn lhe nr. t i r \
co.r inuous NLi l .  brcrkdo\ ln (( in + Rt = K! + l lnr  ,  OLz)
stxr lccl .  Whl lc l )hc.gi l .  rnd bioLiLc ue chcnl icr l l \  honroge
reous. f l .g iocl .sc shor\  incrcir \ ing ( ' r  conL.nts l i  i 'n  (n.  1 i )
r inr .  ( i  ners i r  th is srmf lc dj \  r )  rLn).h.nr i . r l  .v  .nc.  o l
considcrrblc rcv 'br ion.  lh is is incl icr lcd b) \1,( ' rq l \  ln.rcrs
i rg \ l r  cor lcDLs rnd inc.easirg l . r ( l r .  Nlg) rdl io\  

"ghl  
a l

rhe grr in bourdircs (  l  aLr lc l ) .  r  con'r lor  t . . tur .  o l  garncls

Thc c.rr tLt .  .qui1i1)r iunr phrsc diugfrnr cr lcul i tcd lor
' l ) : r l9 ( f ig.  l2)  i \  s in) ihr  to Lhrt  calcu[ lcd lor  TN] l l  (Fig.

1l)) .  lhc s lnkircnrr l lc  r \scnrbh!.  t ;  r  Qlr  + Phc -  Bl  + Pl  +
K\ ( f i .k l  1 i  in l r ig.  l2)  i )Lr  d i r  \ rnr  c TNi]9 is stablc ! t  pr .s-
$nes i (nhd 10 kbrf  and Lcmferr lurcs in c\ .c\s ol  650 ( ' .

Pfc\ idrs r l rcrmob:ronrelr ic in!cs1ig! l ions \ ic1cl  concl i l i . r \
uound 6i0 ( '  ard i  6 kbar iD the CLi.o rrcr .  i . . .  wr lh in lhc
si l l im.nirc nrbi l i l )  l ie ld ( lodd . t  LDgi 1997).  . \ccording to
thcsc iuthors.  (h. .qui l ibral ior  o l  lhe sanrd.s tosldr les lhc S:
f() l i .  ion.  HcD.c Lh. i r  r .sul ts rr .  nor in co. l l ic l  wi th our P l '
esr imrrc\  1 i r  Dl  Th. . r lculr tcd nulal  rnuLrnl !  o l  l ) Ienl l te
(Fiq l2r) .  b i ( i r i lc  ( l  ig.  l lb) .  garrcr  (Fi ! .  l2c) indicalc c l .coru-
prc\s lon rs$cirr .L lNiLh Dl rs rhc ol) \erv.d dt .onrposjr ion. l
gemcr rnd phcngi le i , i  i lsseinnrg!  l : l  is  Nlmal ! )Lcl !  t rcsufc
dcpe.dent.  Duc ro thc chcnr icr l r l )pel f r icc olSrr tcL.  ga'ncl
in\olv ing lhcnnonieteis should not bc. f fL ic(1 l i )  lh is sr t r t l t
(Spcrr  & Prr ish 1t196) i rd we abandon dcLcrnr indl ;on ol  lL l '
c(nrdiLi{ ,ns NLlh lh.r  m)lrrronclq '

\ !c concludc thrt  P I  concl i t i ( r rs ol  rp|rcr in ' r le l t  6 i0
7l)0 ' ( ' rnd l l )  kbor crn hc hl . i 'cd lar  D2 i r  lhc $ulh\ .s lern

tarr  . l  lhc s lud\  r fu.  S\rk inenrdl ic grosth ol  b lo l i tc.  1) l rg io
.hs.  rnd kvrnrrc rr  rh.  e\ I l isr  o l  ph.ngi t .  rnd g.rnel  i rd i -
cr lc dcconrt) i rssion rc l . led l ( )  l ) l  ( lc lnnnrr ion.  Subsc!u.nt
gro!rh ol  st .urol i re.nd si l l inr .n i le fon( l l1c\  I ) l  CoDdxions
rr  thc onsc( oi  Dl  del{  nr l ,or  coul . l  nol  t rc dclcrnr ln.d ( l i '

r .ct l \ .  btr l  rh.  nrrx inrum prc!$,rc ls l in ' i red l ) \  lhe $eU con
srrr in.c l  cnl l  o l  D |  ( lcL(nrrr l ion dl  i rcund l2 kbrr  ! r  lhc noi  lh
(n r l i .nud\ ucr.  l lo$. !cr . t rc$t ' rc\  .ould hr\ .  be.n highcl
I r  the \ .urh i r1 rh.  s l r r r . l  Dl  d. lormrLi(nr.
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1 h i t rl I t.li),t xuit, t t)l L^t D.1

\ ,1 icro\ l rucLLrr .s l \p lcr l  lof  Dl  i re lound in lhc nJurncrsrcD
tar l  ot  t l re s lud\  r f .a (e.r .  l .  lhc ufper Vr l  C(!r))  Nhcr.  Dl
del i rmrLion is nro\ l  in lcnsc !nd rs! ic i r tcd \ \ i rh the occur
rcDcc ol  r lsDrrotcs i r  . t lhognciss. \ .  N,] , r to l  pnrses i
nrerrpchrcs l ronr rh. l  r rcr  r re qu.n7. bidi tc.  pherct lc_ ph
eoclasc.  s i l l ' runirc.  rnd g.m.t .  Nor lh ol  rhe Pairr  mublc
phengi tc is s l i l l  \ r idch fr .se. t .  Onc sdnrple conlr in ing K
l . ldst : r r  rnd s i l l inrrni t .  hr \  b.cD tbund ln lhc upJLr VrL
Grono (Jck.r  20lJ l ) )  rDd lor thef e\r | r rp lcs Nr.  r . t ( f led kom
rh. l i t . ra lure (HinrnI  1972i  Thonrpn)n 1976).  Withjn lhe
So!rher n Slccp Bel l  $ulh oi  Lhc Pr in l  mlr  b lc pcl i t lc  . r  \emi
fc l i l ic  ml loni les comNrnh'  \h(^r  s i l l imani te + l (  lc tdsprf
bcrrnS r$cDrbhgcs (s.c Funr!) l i  197.1).  F. \cept lor  one s. . i -
f le sLrurdi tc $as nor f ( r [d in Lh! D. l r ] \  o l  rocks i in l  lh is
nrca. KrNri t .  i \  n i l l  \ idch frcse^cd. t ld\e!ef .  nr  rocks. l
I tcL.d b!  intcnsc 1).1 d. lamrr l ioD klrr i te r tnGL conrt lc lch
rrarsl(mr.d 1o l ibrc l l lc  ( l . i ! .  1: l )  Fibrol i tc is conr i !n l \  intcr
gro\r  wrth qL ru or bbt i te.  r r rch x ls)  \v i r l  thcDgirc In sec-
tnrs.r icnrcd parr l le l  lo thc srrcrchirs l lDeat ion rDd I)- ]  jo ld
r \ ls  micNs rnd espccir l l )  ( turr l r  \ i l l inr .n iLe uts rec, \nNl l ized
svnk!re . r i . iL l ly  lur ins Dl  (Fi ! .  l : ) .  1h.  r lnnbj  icNLc as$. j -
r led Ni lh D: is kyrnr le lhroughouL rh.  s lud\  r r . r .  Sj t t t , r rn i lc
, rch srmpl.s $i lh onl \  Ncrk D: l  . lc l i rnr . t ion.  e.g ! l  Piz (  rcs
snr.  nr()$ comfl . rc l !  ! l r1 ic cqni l ibf  ioD. No si ! i i l icrnL
i , , . \ l . l  .Jr .  r l . r .  t^ , , r . . .  D. i . . . r r . , . i r  ! .

SrmpLe lNl i6.  t .ken i rorD rhc rpt) . ,  Vr l  ( i rono. disf t r \s
rhc l ! f icr l  .sse.ntrgcs rrx l  nr1.n\ l rucLur.s d.scr ibcd rbor. .
ln contmsl 1o olhcr rocks i r  lhc ucr thc s ln) t lc conlains t r rsc
giLtrrc ls up b I  .n i  r r  sz.  r l rhouh thengi t .  s r lnrost  conr
pl . tc lv l r . r r lor  mcd to t r iorr lc.  t icDcrNlh, .  nr t rcrr ts ol  rh is th in-
sect i (D rrc orh \ !ukl !  / (Dcd (  I  rb le 1).
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Fig. 14. Equilibrium pnase diagtad calculaled for thecomposnio. oIa ofase-
lecred pa( a thin sclion ol samplc TN2l6 (Table l). Do ed tine sarks the
wer solidus of Branild (Jonannes & Holtz 1996), dash€d lines i.di@re experi.
nehrally d€remin€d wel neltingofphegire (Padno-Douc & Hrfis 1998).

P-Testimates related to D3 deformationcan be derived ac-
curately from the abundant assemblage Grt + Qtz + B. + Pl +
Phe + Sil (assemblage 14 of Fig. 14) and from ihe following
field observatiors: presence of sillimanite and white mica, ab-
sence of staurolite in melapeUtes, and eutectic melting in or-
thogneiss. These constrainrs resarict the P,T conditions to 650-
7s0 C' and 43 kbar (Fis. l4).

Todd & Engi (1997) derived conditions of > 650 C. and 5
kbar for this area using multi-equilib.ium thermobaromerry
and we obtained the same .esult with our samples. Ir seems
that chemical equilibration took place during D3 in the sourh-
eastern study area. Elsewhere, it can only be said that rhe (heF
mobarometric resulrs posldate D2. It is generally stated thar
th€ peak of amphibolite facies crystallization in the Leponrine
occured between D2 and D3 (Ayrlon & Ramsay 1974; crujic
& Mancktelow 1996). Thc southeasrern part ofour study area
represents an exception irom this observation since D3 defor-
mation and €rystallization is inrense ar a microscopic scale and
since high temperature conditions stillprevailed durinB D3 de-
formation. Todd and Engi(1997) also suggested rhar chenical
equilibration in this speciiic area is younger rhan in the major
part ofthe Lepontine dohe because they oblained lower pres-
sures compared to more norlherly areas.

We conclude rhar the nrelamorphic conditions rclated to
Dl in the southeasrern pa of thc study area arc around 650
700 C'and 4 6 kbar. Equilibration of mineral composition is
concurrent wilh D3 since the rmoba rometric studies yield iden-

Temperature [C]

Fig,15. ?-T paths ror the lhree loalilies di$uscd in the lerr and intered P T
condilions asociated with a particular d€fomation phase al €ach t@tiry.
Pi6sures ren€d prog.e$ive erhumation durinsDl-D3, whil€ incleasing €m-
peratuB are oppaEnr and refle.l difierent slarring temperalurB lor the rhee

tical P-T conditions. This reequilibration of microstructures
and nineral chemistry during D3 postdates the establishment
of peak metamorphic conditions between D2 and D3 as ob-
served in the cenkal and norrhern parts of the Lepontine

Owra evolution of metanoryhi. gro.le durin? defomation

The evolution of tbe metamorphic condirions during the three
detormarion phases is summrr ized In Fig.  I5.  Decreasing pres-
sures and increasing temperarures are indicated by th€ three
small portions of the P-T loops, obtained for Dl, D2 and D3 in
three different subareas. Nore rhar rhese parlial loops, and as-
sociated P-T conditions, were no1 obs€rr'ed wirhin a sinsLe re-
Bion of  the srudy area. Morco.er.  po.rron. of  rhe p-T' toops
calculated for the particular specimens discussed earlier indi
cate different P,Tevolutions for these different regions (Nagel
ela|.2002). Consequendy. rhese P-T estimates cannot be com
bined into a single P-T loop valid for rhe entne working area.
In spite of this complication, the dala presenred above indicate
lhal  rhe pressure decreaseJ Ju'rng al l  deformarion srages.
recorditrg progressive exhumation of the enrire area during
Dl, D2 and D3. The temperature, however. cannor unequivo-
cally be inferred to have incfeased or dccreased during ex,
humarion at any given locatity lnsread. the shifr of rhe th.ee
decompression loops towards higher remperarures (Fig_ t5) is
rnterpreled to result from the fact thar the initiateclosite facies
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remperatures have been higher in the south (Heinr ich 1986).
This interprelation is based on the observalion that individual
samples record isothe.mal decompressioD ralher tban heating
(Nagelet  aI .2002).

Time conskaints $nd conp!.ison with the lectono-
mctamorphic cvolution of surrounding a.ers

We now discuss lime constraints by comparing the srructural
and mctamo.phic evolution in the study area with rhat ofsur-
rounding regions: (1) the deeper Lower Penninic nappes ofrhe
Lepontine dome situated furlher to the wesr (e.g. Ayrton &
Ramsay 1974: Grond et al. 1995; Grujic & Manckblow 1996);
(2) the northern and easternmost parrs ofthe Adula nappe, in
cluding the Bergell pluton (e.g. bw 1987t Parrzsch 1998j Berg-
er el al. 1996), and (3). the middle Penninic Tambo and Surer-
ta nappes (e.g. Schreurs 1993; Baudin et al. 1993, Marqueret al
1994).

The characleristics of Dl to D3 in the study area corre-
spondverywell to defornation phases reporred fron the Mag,
gia andlebendun nappes (Grujic & Mancktelow 1996) or the
Cima Lunga uni. (Grond et al. 1995) fur.her wesr. Problems
arise concerning the correlation wilh some of the deformation
phases round in the rest of Adula nappe. around the Bergell
intrusion, and in the structurally higher Tambo and Suretta
nappes where better absolute dme constraints are available
(e.9. discussion in Schmid et al. 1996).

Northwards and within the Adula nappe Dl of our study
area corresponds in all respects to rhe zapport phase (D2 in
Low 1987i D3 in Partzsch 1998). originally defined in the
northern and middle Adula nappe. The onset of the Zapport
phase (our D1) postdates peak eclogire conditions in rhe
Adula nappe at about 40 Ma (Becker 1993; cebauer 1996:
Schmid et al. 1996). The next younger Leis phase (D3 of Ldw
1987i D4 of Partzsch 1998) is associared wilh norrh vefgent
folding and lh.usting. which affecl rhe norrhe.n parts of (he
Adula nappe. This phase is absent in most parls of our srudy
a.ea as ir is completely dissimilar to the south easr directed
shearing observed during our D2. This is in accordance wirb
our observation ihat D2 overprint becomes weaker rowards
the north within the southern Adula nappe. Only ar rhe north-
ernmosl rim of our study area south vergent D2 folds and
north-vcrgent Leis folds locally coexisl, but untorrunatelv tro
direct overprinting structures and thus rclarions coutd be ob
served. The Leis phase of the northern Adula nappe indicales
N-S compression and is inrerpreted ro be conlemporancous
with backfolding and backthrusting i. rhe southern Lepontine
area (e.9. Schmid el al. 1996i Partzsch 1998), hence conrempo
raneous with the D3 defined foc ouf study area. such a corre-
lalion implies thal lhe Leis phase postdares D2 in the southern

B:sed on struciDral and perrologic.l observAlions partzsch
(1998) proposcd that a distinct mylonitc horizoo ar the conlact
belween thc Donhern Adula nappe and the sedimcnrs of the
Soja SyDcline is relaled ro tf,is phase north directed thrusting

of the Adula nappe over the Simano nappc. According to our
findings such a la1e northward dircctcd thrusting of lhe Adula
nappe during lhc Leis phase musl have locally resorkcd an
older nappe contact because the stacking of the Adula over
Sirnano nappe is syn-D1 in our working a.ea (i.e. syn-Zapport
phase).

As we associate the formation of the Lower Pcnninic
nappe slack with Dl (-Zapporl phase), we conclude thal lhis
phase predates the onset of thc formarion of rhe Sourhern
steep Belt (Milnes 1974). The Bergell batholiih, which is de-
formed by several large scale synmagmatic folds corresponding
to the D3 folds of this study. started its ascen! ;nto an already
exist'ng steep zone al around 35 Ma (Berger er al. 1996. rheir
Fig. 13: see also discussion in Steck & Hunziker 1994). This in
dicates that syn-Dl nappe stacking in our area pre dares 15
Ma.

In the higher Tambo and Suretta nappes the so called
Niemel-Beverin phase is infered to having been acrive be
tween 35 and 30 Ma (e.g. Schmid et al. 1996; Weh &
Froiahein 2001). Ir definirely terminated before 30 Ma. This
is indicared by the observalion rhat the Bergell g.anodiorile
truncates Niemet-Beverin structu.es (Turba nornal faulr of
Nievergelt et al. 1996). The Niemet-Beverin phase (local D2)
displays intense top-SE shearing, posrdating rop-N nappe
stackingduring the local D1 (Schr€urs 1993i Baudin eral.1993;
Ferrera phase of Schmid et al. 1996). On the basis of these
kinernat;c similariry (bp SE extensional shearing), we suggest
thatD2observed in our working area coresponds to rhe 35-30
Ma old Niemet-Beverin phase, as does rhe geometrically simi-
la '  D7 phase observed in lhe deepe'  lo{er Ppnninrc ndppes.
Such a correlation corresponds to the model already proposed
by Grujic & Mancktelow (1996).

We point out tha( pre 35 Ma nappe stacking in rhe Surelta
and Tambo nappes (Ferrera phase) may have predaled nappe
slacking in the Lower Penninic nappes, since these middle
Penninic unils were accreted to the Ausrroalpine upper plate
earlier (Schmid et al. 1996). Receni iso.opic srudies seem to
confirm this concepl. White micas defining rhe myloniric Sl
(Ferrera phase) toliation in a sample from rhe Surefta nappe
yielded an age ol46 r 5 Ma (Challandes 2000). In contrasl, rhc
Zapport phase in our sludyarea musl be considerably younger
and cerrainl)  to.r-40 Md a,  d iscussed previor ' l ) .

Reliable conslraints on the absolule riming ofdetbrmation
events arc available regarding the D3 backfolding phase (Cres-
snn phase). Folds of this generation affect the base ot rhe 30
Ma old sranodiorite of the Be.gell intrusion (von Blanckcn
burg 1992r Davidson et al. 1996; Berger er at. 1996) but are
truncated by the 24.0 11.2 Ma old Novale granilc (Liati er a1.
2000). The D3 delormalion corresponds ro rhe Pcschiera
phase. the backfoldi.g phase asdefined by Bcrger er al. (1996)

In the study.rca.  undeformed pegmati t ic  dykcs dated 25.1
10.6 Ma (Geb.uer 1996) intruded normal ro D3 lbtd axes and
po{d.r .  D.1.  l  hr ,  t t .ct \  ot  posl-25 Mr dptor n .on rrc r ,nnr
in the working area apart from the Forcola nornr.t taull al thc

stuctrr  r f l ln.hmoohicerolurnrn n r t r !  t_ l fodrnoJoN l l7



40-35 Ma

Fis. 16. Skelch€s illuslrarins the major nases or exhunalion ro.lhe Adula
nappe (nodincd aiier schmid cr al. 1996). slare indicare rhc posnio. ol tbe
base olthe Adula nappe wirhin our sorking area afier each iep duuapro-
grc$ivc crhumation. Sl: Simano nappci A: Adula nappei B: Briadqonnais
units (Tanbo and Surerta nappe).
(a)Dldcrorma. io. lzapponphasc)andexhumarionar40to3sMa.so.Dur
ing rhe earlier and main nage or rhe Zappon phxe ascent ofthe Adula nappe
*ithin rbc subducrion channcl crhumcs rhc Adula nappc fion 22 to 12 kbar
Gtippled outlines or Adula nappe) Nole thal top S shealinsafthe topofthc
Adola .appc nrst h.vc occuiicd bctwccn thc Adula nrppc and fomer lower
crun:l and manrle underpinnings of the Sure(a and Tambo naptes (top.S
shc.r zonc labcllcd 1). During thc.losing (aecs of zappon phasc rhese !n
derpinnine.s becanre complerely subducrdd ( blind extensional allnhthor" ac-
cordingro Micbard cr al. 1993). Nore rliar rhis mcchanism rcsulrs in a subftn
rialanounl ol venicalshonenrng. Ar rhe same time theTambo and Surcna
uppcr(und llakcs w*c cnlplrcd odro rhc Adula.appc Gripplcd oudiresof
Tambo and Suretla names). overprinrins the tormer rop Sshcarzone in the
roofof thc Adula nappc by rop-N shcaring (op-N shear zonc ldbelled 2).
O) Sntration or rhe eeomery at rhe end exrensional unroorins (ftom 12 to3
kb) by elavirarional collaps. (15-10 Mr old Nicmc!Acvcdn phasc). rsdiated
lith rop SE shearing ncrr rhe Simano Adula nappe boundrrv (our D2) and
ncir rhe basc of(hc or+rnic rid (r fl[ nornt hu()
(d) Siitr.rion.ftcr rhc n,nd $gc ofcrhun,.rn'n (ftun 3 !),1kh)by erosion.
cruscd by backfoldingrnd brckrhrunlnq bcrwccn 3{) rnd 25 Ma rgo.

Adula-Tambo nappe boundary (Meyre e( al. 1999a) and dex-
tral shearing within the Paina marble mylonite (Heitzmann
1987). Howeve., backthrusting wilhin the Insubric mylonite
belr (Schmid et al. 1989), although associaled with greenschisr
and subgreenschist facies conditions, is syn-D3 (see discussion
in Berger et al. 1996) and hence directly relaled to syn D3 ex
humation. Post-D3 (post 25 Ma) deformation is restricted to
dextralstrike slip movenents at the Insubric line-

Conclusions

Pervasive ductile deformation in the sludy area becomes pro'
gressively younger from norlh to south. Microstructural and
pelrological evidence shows that penelrative structures that
developed during our D1 (Zapport) phase are associated with
decompression under relatively high pressures (22-12 kbar,
see also Pa zsch 1998). Shear senses (top-N shearing) and
structural evidence indicate that the Zapport phase is related
to nappe stacking. Hence, exhumation by extensional urroof'
ing in the sense of norrnal faulting and/or overall crustal thin-
ning (gravitational spreading) is ruled out for this first aod very
fast stage of exhumation of the Adula nappe betw€en 40 and
35 Ma (? mE a, @nesponding to deconpression by l0 kbar
within 5 Ma). Since erosion in combination with thrusting can
not explain the jump to lower peak pressures across the top of
the Adula nappe (Tanbo-suretta nappet we can only envis-
age exhumation within the subduction channel by active ,,ex
trusion" or buoyant ascent ofthe Adula nappe within the sub-
duclion channel (return of a ,,pip" or ,,con.inental sheef' ac
cording to Wheeler 1991, his Figure 13; also see Chemenda et
al. 1995).

This interpretation is in accordance with the observation
that underthrusling of the Adula nappe wilh the dowogoing
plate predates Zapport phase nappe stacking (see pre-Zappo
phases discussed by Li,w 1987r Partzsch 1998; Meyre et al.
1997, Mey.e 1998). Ongoing top N unde(hrusting of the Eu-
ropean foreland in the deeper lower Penninic and Helvetic
nappes (i.e. Simano nappe), as proposed by Schmid et al.
(1996) during Dl/Zappor! phase nappe stacking leads to in-
creasing pressures and lemperatures within those lower tec-
tonic units. Contemporancous decompression in the Adula
nappe is caused by the differential ascena of this nappe within
the subduclion channel. Serious problemes arise in regard to
the top-N shearing also observed at the top of the Adula
nappe (Partzsch 1998j Meyre 1998i Meyre et al. 1999b and own
observalions). The top-S shearing, necessary for differential
ascetrt ofthe Adula nappe in.espect to theTambo nappe in its
hangingwall, has neither yet been obseryed near the roof of
the Adula nappe nor within the Misox zone. This rises the
question about the exacl natu.e of the P-T evolution during
the Zapport phase top-N shearing observed near the rop of the
Adula nappe. Lacking a viable alternative nodel for exhuma-
tion by ascent wilhin the subducrion channel in order to ex
plain decompression durins thc Zapport phase we propose the
tbllowing scenario illustraied in figure 16a. Top N shearing

100 km

50 km

50 km

50 km

30-25 Ma



ne.lr rhe 1op of the Adula nappe is only relArcd to the closing
sta8es of Zapporl phase deformation (top N shear zone 2 in
Fig. 16a) and is asociated with late stage north directed thrusr
ing ol the Tambo nappe. This late stage top N thrusting fol-
lows earlier decompression associated witb top-S shearing
(top-S shear zone 1 in Fig. l6n). and it completely overprinls
torme. top S shear sense ind;carors. This earlier stage com
bincs ascenr oi the Adula nappe wilhin the subduciion zone
with vertical thinnin8 due to the complete subduction of the
lithospheric mantle of the Tambo and Suretta nappes ("blind
exteDsional allochlhon" of Michard er al. 1993). Interestingly,
substantial decompression during top-N llJ top-W nappe stack
ing has ako been reported from other eclogilic units (Dora
Maira,  e.g.  wheeler 19911 M. Rosa, eg. Kel ler  & Schmid
2001).

Strain intensity during D2, corresponding 1o the 35 30 Ma
old Niernel Beyerin phase, incrcases southward and progres-
sively overprints SL. This D2 is accompanied by th€ formation
of a new axial plana. foliation 52. a rotation of the finite
stretchinglineation from a N-S into a NW-SE orientation. and
a reversa/ of the sense oishearing from top-N to top-SE. This
NiemetrBeverin phase represents Ihe only slage of exhuma-
rion (from 12 to 8 kb) which has to be related to extensional
unloofing by gravitational spreading and/or orogen oblique
stretch- We propose that. between 35 and 30 Ma, the area ad
jacent to the Soulhern Steep Belt was active as a south dip-
ping fault zone with a normal sense of shear during D2. Col
lapse of the overlhickened nappe pile most likely caused this
extension (Fig. 16b).

The synmagmatic and synmignalitic D3 backfolding phase
(Cressim phase) is active during in the 30-25 Ma time intenal.
Il is particularly well developed in the southeasternmost part
of the studyarea, where E-'W'trending, tight D3 iolds are asso-
ciated with a stretching lineation lJ. orienied parallel to fold
axes. Further towards the N strain intensity decreases while
the axes of major and rninor D3 folds swing towards a NW-SE
ro N-S orienlation, pre determined by the orientation of pre
existing L2 and Ll lineations. Backlhrusting within the Insub-
:ic mylonite bclt (Schmid er al. 1989) coupled with rapid ero
sion seems to be the dominant exhumation mechanism (from 8
10 4 s kb) durins D3 (Fis. i6c).

FinaUy. we conclude that, allhou8h rapid exhumanon isas-
socialed with the three major ductile deformation phases D1
D3, the locus ofpe.ehative defornation migraled southwards.
'I he mechanisms of exhumation changed during these ihree
\lages of dre exhumation hisrory.
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