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The Glarus Overthrust: Field Evidence and Mechanioal Model

By STETAN M. Scr dDr)

AASTRACT

The results offield idvelieations in .h€ Glarus u@ (qsted Switzerland) aie prGented to provid€
a frameeork for a disusion ol the m@haDics of movemedt alone the main Gluus thrust. The
thrust conhcr is everywh€re marked by a layor of calc-mylonne (bch*ilen lim$tone) with a thick-
ness of 1-2 melr6, The r@ks b€low ir show ib@ phases of dofomlion: l. edly di\erticulation,
empleemenl of rhe slip sh@lsi 2. p€.etrative ductile defomalion, major folding and dev€lopmenr
of penetrative cl€qsF; 3, complex heterogeneous deformation, affecling the phas 2 cl€vage in a
hne about 300 m thick below the ltulst. Only lhas 3 is related io thJusting) allhoug! the sltuctms
in no way suggst larse rotational bulk strain- Similady, in the rocks abore the th.ust (nainly
Permian "Veruano" cldtico, an intens€, prc-thiusting phs of ductile deformation and a nuch
wsker, thrusr-rclated ph6e can be iecognized. Detailed study of the Lochsiien calcbylonite
reveled that on the whol€ the ider ol an extr€nely dlctile myloniie layer along the interfae b€iven
two more or l6s.isid blocks t.king up aI dnerential moEment alone the be ofthe upper block is
cot€t, Ex@pt in lhe sout!, poslthusting f€atures d. rcmdkauy absnt, dd the broad arching
shape of lhe thrust plme is probably d orisinal f€ture. Thc main phe ofthrustins (Mio@ne) with a
minimum displa@ment of 35 km oeuEed in a max'mal t'me span of thc order of l0 m.y. This more-
ment vu laken up by pseudoviscous flow in the I metre thick @lemylof,ite giviDg a minimum shear
strah @le around 10 !0 ss r. CompeisD with lhe resulls of t idial tqls on Solnhofolimstone
iev@ls that such rocks e much too strong to flow at such a fdt strain ra1e,Il is supposed lh.t this
disc@pan@ betwn nature and expe.iment h mainly due lo differcnt deformation mehdisms
opcratins in lhe two siluaiions.

ZUSAMMENFASSUNG

Die Resulrate von Feldunte$uchuned im Kt. Gldus (Osischwiz) sollen dd Rabmen fiir
n@bdi*he Uberlesungon an der Glaner Llb€.schiebDng lielm. Der Uberschiebuneskontakt ht
nberall durch eine Lase von Kalkmylonil (Inchsilen-Kalk) b€Cleitel, die elwr l-2 Meter bachtis ist,
Die Cesteine im LieseDden zieen dr€i Deford*ionsphasn: 1. tuine Dildtilolation ud Plalz-
nabme lon GLitbrcttem; 2, duktil-pdelrati@ Delomalion, Hauptfallunesphas€ mit Eriwickluns
einer lmetratireD Drucks.hieferong; 3. konplexe ud hetdo€EDe Vdfomung, *elche die in
Pl6e 2 anspleete Dtuckschiefdong in einer unC€fihr 300 Metd milchligen Zore dirckt untd dem
l%erehiebunsskontakt erereift. NDr Plas 3 kdn mit der Ubershiebungsphase koreliert errdd,

r) Gslogiai Inslitute, Swis Federal lnstilute of Tcchroloey and Univmily, SomegCslr. 5,
8006 Zurich, Switzerldd.

Present addrss: The Aust€lian National Utriv.Eity, Reedch Sclool of Eeth Scienc63,
P.O. Box 4 Canbdra 2600, Australia,
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never visited Glarus, reintc.p.clcd l{cinis proliles by postulaling a singie overthrust
because he was n1ore familiar with discontinuous structur€s.

DuriDg thc errly 20th cenlury. more and nore geologists became familiar with
the idea of lafge overthrusts and, as a reaclion to lhe early ideas, thc rolc oflhrusling
was ofren overeslinralcd in tlre Alps. New objections arose nainlyfronihe mechanical
viewpoint. pafticulafly regarding the s!ability of overthrusl blocks, slarting with
SMor-uKowsKy s work in 1909. All mechanical models of overthrusting up to quire
recently \!ere bascd on the assumplion of a rigid block moving over a ri-sid sub-
stratum. The resistance to ove(hrustiDg was c^lculalcd by con sideriDg thc "frictiona1".
aDd by somc aulhors also the "cohesion' .  term in the w€l lknown Mohr Coulomb
equation for brittle fractufe. HuBDrRr & RuBny (1959) look into consideration thc
elTecr " f  t ,  c nrc*ure in lo$er.ng f-  cr .onal  re 'srarce.

1t $as Hsil (1969d) who first proposed an allemntive treannent oftlrc rcsistance
to ovcrthrusting. by introducing a thin layer ofductile material between thetwoblocks,
inspircdbythcl2nret .est l r ickbandof lnyloni i ic l imestonealongtheClarusover-
thrust .  Only dur ing a laLer phascdidhccal l  upon nr inor rh rust ing along a cohcsionlcss
shcrr plane, as is seen clearly cutting through the Lochseiten limesione at lhe type
localiry near SchrvaDdcn, Cl.tn,s (scc I{sij 1969a. Fig. l). KEHLE (1970) p.oposed a
siDrilar nodel, assuning pseudoviscous flow of much thicker intermediate "layers".
It is interestiDg to notc that these new approaches are a slep iowards the early ideas
of ALB. HErM. who never believed in a completely detached overthrDst.

1l is the aim of this contribution to provide iield obse.vations in rhe particular
case of the clarus ovcrthrusl casr of the Linth v:rllcy and to confront thcsc dala wilh
possible mechanical models. Many of lhe observations are valid only in this very
specialcasc. In particular no1 all thrust plsnes are assoc;aled with a nrylonilic layel
and even less show clear evidence that myloni!e formation is synchronous wirh and
dircctly relaled to overthrustjng.

The ficld work was crrricd out lvitb the followiDg problcms in mind:

a) An inportant assumption behind the mechanical analysis of overlhrrsting con-
cefns lhe r ig id i ly  of lhc substratunl  below ihc th.ust  p lanc. AsKErrr . r  (1970)pointed
ort. displacement of a thrusi block could also be achieved by simple shear llow of a
decollemcn! zonc several hLrndreds ofmctres thick. So lhc qucstion arjses whether ihe
highly defonned and incompetent "Flysch" uriis below the Clarus thrust represent
such a dicollement zone or whether all horizonlal displacenrent was taken up solely
by movenrcnt on llrc thrust planc and/of Row in llrc Lochsejten IimestoDe. In the 6rst
case. folding below the tbfust plane should be synchronous with and directly relaled
!o thc thrusl ing.  This conclusion has, in fact ,  becn drawn by STFGENTH^r.rR ( in p.ess)
and par l ly  a lso by WERNER (1973),  who both carr ied out structural  inv€st igat ions in
rhc Clarus area. If this view is right, net displacenent along thc CIlrus ovefth.ud
could be reduced by a considerable amouDl. depending on ihe bulk shear sirain in
the ddcol lement zone. l t  wi l l  be shown however that  nrost  of the internaldeformat ion
in the "Flysch" unils pre-dates ovcrtlrrusling-

b) Since the overrhrust blockalso suffered internal delbrnratioD the qucsl;on ofhow
thjs deformrtion rehics 1o ovcrthrusling rrises here again.In particularit is important
10 know whetfier the overthrust block remained stable during ovcrthrusting or not.
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c) Th€ thrust contacr was folto\ved over the whote area ot ourcrop in order ro
obtarn a represenrative picture of the Dnture of this discontinuily. In pa.tjcutar the
qu€slion of the relative importance of rhe rwo mectunisns lnenrionned above
arose: thrusting by flow of the inrcmediate Iimesrone tayer and lat€r frjcrional move_
ments along a post mylonitic shear ptane. No imporrrnr rraccs of such a second
lrictional phase of overthrusling were found howevcr.

d) Since bolh TRi lMpy (1969) and Hsi l  (1969a) bet ieve that upheaval of  rhe Aar
massif caused arching of rhe preexisring overrhrust plane jnducing tater frictional
sl id ing along the norl ld ipping stope of 10. or mo.e i t  was jmporlaDt io know whelhc.
rhe shape and orientarion ofthe thrust plane were really affecled by lare. dilterential
vertrcal movements or not. It was found ihat essenrially one singte phase oflhrusting
along aD arched surface largely una[ecred by larer tectonism is more ljkcly.

B. cenerat g€ology

_ A modern description ofrhe geomerrical pnttern oflhe Hetvetic nappes in castern
Switzerland, togelher with a kinemaric jDterpreratjon, has been gjven by TRitMpy
(1969), so only a brief sunrmary of the geologicat setriig is n€eded herc (see Fig. l).

The main Glarus rhrust separrtes the permian Verrucano ar the blse ofrbe H;lv;_
iic nappecomplex veryclearly alonga singte plane from the undertying heLerogeneous
lcctonjc uni1s. Seconda.y thrusr planes subdivide the dilTerenr Hetveiic nappe;mainly
at a higher strarigraphic level and rowards the front ofrhe Hetverides (s; Fig. 2).

The units below the main Clarus thrusr can be subdivjded inro the fotlowing iec_
lonic and paleogeographic units, also separared by thrust plancs:

L Parautochthonous and autochrhonous cover of Aar massil consjsling a) of
strongly folded Mesozoic and Eocene fonnations with associared minor tlrusting
and b)_a Tertiary sandstone Flysch sequence (Nofth Helvelic Flysch), pa.tlt
stripped oF la.

2. Blaltengrat (South Helveric) and Sardona (Ulrrahelve.ic or penDinic) stjp sheels
superimposed on I a1 an earlief stage by stripping ofi ofthe uppermoit strati_
graphic levels from the arca faf south of l, in the case ofrhe Sardona nit even
south of the nrea which later formed the Hclvetic orppes. Those two stip sheets.
although only partly of flysch type, :rnd unil lb are grouped rogether rs the
"Fll,sch" units in the following.

3. Allochrhonous sljces ofmosrly Mesozoic cover ofthe Aar nrassif_ rhe Subhetvetic
nappes also transported northwards before rhe main Ctarus thrust forned.

Il is importan! to stress rhat none ofthe secondary thrust planes betow and above
the main Clarus thrust seem to be connected geomerrjcally wirh rhe n1ain thrusr jtself,
where exposed. The frontal p4rt ofrhe main rhrust is unfortunately not exposed and
the frontal rhrust of the Helvetjc nappes along rhe Alpine border is probabty not
directly connected wilh it (Fig. 2).
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FiE. 2. Schcmatic,c'oss sc.tion ol Olarls ovctrhru( (frainty al.td OlrR oLztsR t93l !nd TRijMpy1969). For lhe n.ac. ot lhe l,ofite scc line tabe cd A B in Fis. i.

C. Ii.td eyidence

L S 1!(ttn.c i, ttt?,,Ft).s(h.. ufiit.l

Detai led studics we.c carr icd ou1 in thc . .Ft lsch..  
Lui ts mainly in a smalt  area onrhe \e.rer . i . lc  or  Scrn.r : r t  be $ccn I  r r , i  rnJ I  t r ) r  I  or  uc.rrr ie.  , . . , . " , , . . .d , ,  r . , , , ..ce I  rg.  lur .  Here r l  \ . . .  to, . ibte lo dininsLi , \  t , , ree ntr$e, oi lc(ron.r  . rcr i \  r \ .  unlv

r le r , ' |e. l  bfrn!  rc i . r red l .  r le , , \  e I ,  r . . rng JuJLinS "ror r lore r .otatcd ob.er\  Jr :on\
In ornerf , rer \ .  lh. \  r  t \  ! .  r \ : . \ . . reorc,enlrr i \e i , r  tne re\ t  o. lhe. . t  l \ .c l l . .  tcr-r ,n
rn the Ciarus are.

a) Pha!( l: Ditcniotatia" ol the. Ft!s(.i, ts

. l  
lc  qhlcn!r .  |  . , . ,d S"rdon:,  . t .p , t reet ,  sere cn p.rced , t  rn c-r . \  . raqc on roD1no c\en n ' r lh o rhe .edi f fcnrrn ni te \ \ ' r :cn hrer ronrcJ r fc Her\c; ic n: ;ppe, I .ee

TRi jNrPy.1969).  and were la ler  overr idden by rnen ouf lng movemenr oD the lnain

Thc leLtnl ic cor l , r r .  re. ,  cd .o r t i ,  e, , r l !  I ,hr .e. , r  orob.rb,)  !11\ i . r l ioni . ,  . t ru , i r
: r rc (rei f l )  retutded dr i r  n!  j  Jrer Fnclr . r l i \e deformJr . , , r  iph:r .e 2.  .ee t .  rer / .  wtrer;
rcc oni \  co c l .  nt  l fe Bl i  cncr.  |  . t rn . teer $irn r t .c Di I rL lor t , lhon, ju. . , rndno.re
r ry\cn i 'e e\p.  \ed.  l t re l .  er  pene.rJr ' \ r  cte:r ,  r !e c err t )  r fo*cur.  ,hc cor rJ.  r ,  q hi .  Litselfis often_obliqLrc to bcdding ptanes in the sand(onc Flysch. No si-sns ofcaiaclasis
or nryloni tcJormal ion rvere found . t tong rhose otd r l .usr pranes 

" i t t re i  
Oeca".e t r . , ,s_po.t w:rs aided by high porc pressures in a sli unconsotidaled and wet sedjnrcn;;rsecru{oi .hcove r . rn| | r .  b)  r t ,e.eco d rhr.e, le,o,rur ()1.

.  
r Idtrrp t ror ,  l t ,e hir ,h \ ,  i -b t r )  ot  t , , ld.r , i \  or ier l  r . , . r  in thr .c )  totJ,  i t  r ru.r

bc assumed rhat rhe beddjng pianes were rr  leasr t i t led inro; i ferenl  or ienlat ion;
durn-" thr .n-. r  I .h i .e-  \ icord:ngroBrsrurros-r , t , . r . , . . . . . , , f .p,r , "p, .a"," , , " , , " , i , i .
rn c\ lonc^tr)€r\  In.  dc the Btut .enfr i r  un r  r i r )  bc a.  lc , , . t  p: ,  .y dLe rr .Jrse )cJterLocrn: , r  totdi , ts rnLi  or  nrbr ic. , l ion, jurrrg rh. .  e:rrLer rh. ,  e.
b) Ph.tsa 2: Fol.litlg aj.todeterl r.ith a rchcttdt!tt,(tcaroge

srrJ l 'cJ lc, fucrure.  ur  r t r i .  t  r r r \e ure rhedomir. . ,n.  fe u-eor rhe$tr , . tecu| l rDtcr
er-Lcrr  for  !  /one in,medir  et)  uraert \  ne rhe n-rn i , taru,  r t r rL.r  

" , , . "h;" .  
i ; ; ; ; l ;

: r r rected b\  t r ter  deh nJr i , r  tohr\e r .  ,ee I . ler / .

[!.i] %,.'

graincd sandsio

ofLen fal t  inLo ct

The iDre. t inr
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]RgoLzER I93] and TRiJMPY

-B i. Fig. l.

ninly in a small area on
dities mentioned in text,
of tectonic activity, only
)re isolated obs€rvations
t of the "Flysch" terrain

at an early stage on lop
the Helvetic nappes (see
movemenl on IDe marn

Almost ideal similar folds (half wivetenglhs in ihe I 100 nrerre size orderl are
a,sociured $irh r  pene| lar i \e d\ iat  phne cte-\aee in.hi l ]  an, l  , i t ry taycr,  Coar"er
grained sandstone layers show spaced and refracted cleavage planes. Nowhere were
displacements of bedding planes along cleavage plancs observed. The sandy layers
often fall ;nto class lC, incompetenr shaty layers into class 3: this teads to an ovirall
geometry ofclass 2, similar folds (fold ctassification afrer RAMsAy 1967). Second order
fold, are very scJrce. In rhe more uniform ,h:, te,  of  rhc Bt jr .engr-.  . t io , fcer.  bedding
is completely overprinted by cleavage.

The interlimb.rngle js often arouDd 35" bur rh€ iDvefted limb forms a much
smaller angle (less than 10") with rhe axial plane rhan the normat timb does (Fig. 3). As

Fig.3. Sinilarlold in Engislales (Nonh Hetvotic Ftysch), Noreincr€ased intcnsity ofrhc axiat plane
clcavaee nea. dre hinse and in lhe invcrted limb (S : beddinJ.

rbly gravitalional sliding
,hase 2, see later). where
.utochthonous sandstone
sscrts the conlact, which
:h. No signs ofsataclasis
nes dther becaus€ trans-
t€d and wet sediment or

r in phase 2 folds it must
Lto dilTerent orientations
lepi l ing up of nummuli t ic
partly due to large scale

ure ofthe whole complex
hrust which was strongly

i;.
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consequencc of  lh isr  shor lening perpendicular lo bedding is more intense in the in_
\e| |ed Ln b. .  shere hcdd.ng !nd ctcavrpe ptarc\  atmn, Loincrdc.  the {e. t  known
rool | | rB \ la le\  r"D,rr  |  {  hrctei  r  t r  om I  Fi  were e r .c.ed from rt  e in\  erred i i ,  o,  of
Inerc rold\ .  No l  rerrron\ reldreJ lo r t  i ,  pna,csere found e\cepr tor  r t ,e se Jevetoned
crcr\ate beddrng Inrer\ccr ion\ .  but  wt | | .U.t !  |  t8dbr Jenved \ t rer .h inq.ubp,rr ;  e
10 the dip azinrutb of cleavage planes indicated by defornred fishes (r,l *t"f ,"ri.
betwcen i .3 and 2).

The phase 2 fo lds face Dofthwest.  and whcre rhc. . t : r t renspicgel . .car be dist in,

t i l l l l :1 i . : : " ,h.  " : , , rhmb,r i ,d, f .se1c,r . r )"" ' , r , " . . , , , ,1" i . , , , , i ,^ . , "p," , . r ..  hr \e.  r r ik  nf t \  cor. l rnt  d i t  drrecl .or  Lourt ,e,nl  bur J\ore$ rrr l  nore \  dr i :b le J i t  Jng c.  s r th j ,  nrean onenlar io l  I4-  40 Lee Fi ! .  . r  Ar.  \o
sysrematic change iD the dip was observed approaching 1l* .rt" ,fr*rt, .-"p, f.,
ocrrno- ia l  more , .eenl)  inc ined ctc"\ i rc t tdne. prodJc:ng incre,r .eo .c, , r .en, . r  of
to les{hrg.4B).Undcfthel ikel) . r . ,umpr:nnrf ,  r fe.epJJnc,nrar(rp, ,n.o. .n"n-ai .
ur .  I  lo nrz\ 'n un ,ho c r ing.  : r  uni loIn di , l r ibur ion of . l rarn rejulLr.

. 
The fold rxes detire a nearty comptere grcat circte ideDtical with the mean axjal

plnne orieotation. This high variabilily of fotd axis orientation i"a;""t* 
" 

*ri"Ui"

Flysch unit.

level around 3
donrinant in th
this phase 3 dei

nal boudinage,
ihe Blartengrat !
on the lirhology

in style allowed

It is somewh

''calcire-fi1led join
slaty horizons (Fii
such joints_ Becau
kink bands (t f ie k

' " ' **  " ' -  - "  f -*

. Fig.4, A/8. pekotab.ic dias.ads ofphasc 2 srructu.es.
A: Drcasr(enrcnls made mo.c than 100 mches bctow lhe overthusl, wtrere phas 3 dctonnation islery w€ak o.absmr B: upp.,!on 300 mer.es, in places wl.* pr"*: *-o*;, 

"i" 
,,trr ,."1e" J.U"l

^,  
. - . ._- , f19:0, . , f  

* , ' r ,o lcdi ,sd,^fp. ,s.cJs, ,u-u.e.nc. . rnco,e, , r ru.rptd.( .
! re iqrrmcn .  

' l  
JrJArrm. A.B ond r  nor, , , r !  5rc1we.r  . ,  se.nf ,  .d|cr  oetu"el  I_r , r ,  cnd Ll' 'dnlr  n r l 'c  \o, , ,  He.\e, ic )5- un..  v(a,u.c . ! r , \  ndiaecrr  r" . , r"  r* i - ,* ; , . .1," .

lo\d ) .  ncor s hr"-d.n.  I  ou3..r ,er  r roF. i " , .  i " ""  r , . , ,  . , . , .
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or iental ion ol  bedding planes previous to fo ld ing also inside the Nor lh Helvet ic
Flysch uni t .

O Phdse 3: Defumdtion ,elate.l to arcrth tstitls

Struclures which clcady posldale the penelrative cleavage start to appear a1 a
level  around 300 melfes underneath thc main Clrrus thrusL rnd rrc absolulely
doninanl in the uppermost 50 metres. This aloDe suggesls a sirong relationship of
this phase 3 deformalion witlr overthrusling. 1n lower iectonic levels only a faw and
isolated traces of post-cleavage deformation are found (€lcite filled join!s aDd inter-
nal boudinnge. nainly in the slaty Engi-"Dachschiefer";conjugare kink bands, in
the Blattengrat shales). Phase 3 structures va.y strongly fronr plrce 1o place, depending
on the Uthology and on the orienlation ofearlier structures. The deformational style
stronSly contrasts with phasc 2 in that delbrmalion was nuch less duclile and pcr-
vasive, and seems to have been acconprDied by rcdistributioD ofcrlcitc. This conlrasl
in style allowed for a distinclion between structures ofthe !\yo phases in places where
th€ age r€lationship was nol direclly deduced.

It is sonrewhat dimcult to name planar structures developed during phase 3, since
many iransitions are observcd. The planar structures plotled in FigLrre 5, and nanlcd

,  conjusate kr ik pranes

, where plrase I dcfoi,nalion is
rdructdes are slill recosnizablc

l valley bcl*€en Ensi and Elm,
Ld E from lhe Lochsciten lvpe

Fig. 5. Pet.ofabric diagrams olphasc 3 srructurcs from thc arca $cst ofScmit lallcy bcrwccn llnsi
and Elm, mainly in rhe Norrh Helveric Flysch unjt. Equal area nrojecrion, l.wer heoisJrhere.

"calcite lilled joinls . often appear in badly orienled conjugate sets and mostly in
daty hor izons (Fig.6D).  The olde. c lerv.rgc plancs arc ol tcn d.rggcd and bent ne^r
such jo ints.  Because of  th is,  and since they show ihe same or ienlat ions as conjugate
l ink bands (be lat ter  are developed mainly in the Blat tengrai  shales),  they are best
interpreted as poorly devclopcd conjug.ttc shcar plancs vilh later mlcitc iDfilling
(possjbly due 1() suddently raised pore pressure). True tensionjoints, filled with calcite
6bres and without aDy bcnding of oldcr cleavrge planes, arc also found. Thc o.icntr-
t ion of these nbres,  which may be sometimes sl ighr ly cu.ved, together wi !h s l ickenside-
like fibres ovcrgrowin-q old cleavage planes, is plolted in Figure 5.
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Tlre planar structures plolled i Figure 4C are best dcscribed togetherwith phase l
lolds starting further away and approaching the main thrust. Mosr of the follo'v;ng
obs€rvations were made on the southeasl Rrnk ol Kerpf, west of Elm.

About 300 metres bclow lhe overthrust spaced. subparallel sets of planes, some-
rimes calciicjllled, appear. They arc naned and plotted in Figure,lC as cleavrge planes

bccruse they grade inlo crenulation cleavagc or a)iial plane cleavage of sinusoidal
folds in higher levels. They alwrys c.osscut phase 2 cleavage plaDcs .tt higher angles
of dip and develop preferably in places \vhcfe tbe older cleavag€ planes dip at rela-
t ively low angles.

ln aD inlermediale zone, bexutiful crenulition cleavage wilh pressue solution
along cleavage planes develops jr lrlorc slaiy horizons, again consistently more
steeply inclined than ihe old schistosily. Where the angle of dip of the plrase 2 and 3
cleavages nearlycoincides a lensoid, somewlrat und ulaling parting develops. Sinusoidal
buckles develop in regions wirh strong lithological contrasls (srndstonehhale inter-
beddins witlr thin sandstone lnyers. Fig. 6A). lt is characterislic for these folds (half
wavel€ngth varying from a few cm to a few n) that axial planes divere€ and converge
and caD only b€ traced ovef very short distances. TeDsionjoiDts related to the buckling
of compelenl hye.s are common. The phase 2-3 cleavage rclationship is clearly
exposed in individunl bLrckles (Fig.68). Both cleavages, or ihe phase 3 cleavages
only, often have calcile infillings, which may bebuckled again by furthef deformation
(Fig.  6E).  This indicates a very complex deformat ioDnl his lorydur ingphase 3,al though
jt could not be saiisfactofily subdivided into sub-phases. Anothef Lypc of fold inler-
mediate betweeD lrue buckles and cfenulation occurs in regions with less pronounced
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compclcnce cootrasts but with a ltrong previous schistosity. This lype grades tow:rrds
r nicrolithon (CIeilb.erler) struclure (Fig. 6C). Shearins of rolds is obseNed ollly
except ional ly (Fig.  6E).

ln the uppe.mosl  50 netres and especial ly just  below lhe Lochsei len l inreslone the
lecronic slyle is rather chaotic. Rcnnrants ofphase 2 structu.es a.e seldom recognised.
The steeply (60 80") inclined, no\y penetmtilc. ph:tsc 3 schistosily is oftcn lcDsoid
and curving a.ound boudinaged compelenr layers or detached small scale buckles
(Fig.6F).  Refolded folds are commoo. indicat ing that more than one general ion
developed during this latest phase, since the refolded folds.Lre ofphase 3 type. Refol-
ded calcite veins are abundanl in this zonc. However, bere {rgxin, it seemed impossible
to obtain a coherent subdivision of sub phases. Pfobably lhe zone Dcar the main
thrusr sufi'ered a continous detbnnalion with redeformation of earlier fornred
struclures. This very chaotic dcfo.malional piclure seems 3ko 1(] be due to the com-
plete conliDcmenl ofthe "Flysch" belo\y the LochscitcD mylonilc hycr. Thc rclnlion
ship of rhese phase 3 structures $ith the mylonite layer will be discussed latef.

Calc i tc l ibres str ik€ predominant ly SE Nw (Fig.  5)  probabl) ,  bcsl  indicai iDg the
direction of relative displxccnenls (DrrRNry & R^NrsAy 1973). Their exacl orientation
dcpends on the orientarion of lhe c.rlcilc lcins lilled wiLh Ilbrcs. Tension joiDLs.

conjugate k ink bands and boudinrSe axes slr ike SW NE ( l ig.  5) .  This di fect ion is
perpendicular to thc or ient : r l ion of  f ibres and also 1o the direcl ion of lhrusl ing along
thc Clarus thrusi infened frorn thc geDerrl geological setUng of the ClarLrs .r|clt.
Hence th€ ofienlation of the internediale slrain axis ir lhe lrlysch ' during phase 3
was probably Sw NE and subhor izonlx l .

Foid axir land cleavage planes have roughLy the srmc dip dirccl ion but a higher
dip angle than the cor.esponding phase 2 structures (Fig.4). This tendency tbr the fbF
marion ofa ser of  sreeply incl ined slcavagc pluncs dur ing and rehted to ovcrthusr iDg
is di f i icul l  !o understand. The only th ing i !  c lear ly demons!.ale!  is  tha!  no s igni f icanl
s imple shear deformALion paral le l  1()  the over lhrust  p lane occurred in the 'Flysch'
units, since such a flolv lield lvould rolatc rlrc^dy fttnlcd planar structurcs ptugres
sively into an at t i tudc subparal le l to the thrust  p lame. l t  is  a lso unl ikely ihr t  the phase
3 cleavage planes represent a set of shcar planes because the bo dinage ofconrpctcnl
layers and fold hingcs nerr the overthfusl su$ests that the cleavage planes are
or ienled perpendicuh. 10 thc direct ion ol  naxi  um shoftening. Also occasional ly
obscrved displacements along thosc plancs a.c conlrrdiclory. Possibly, in tiDrc aDd
space. very vadable pore pressufes (prcssure solulion ard calci!e infillings along ihe
sa e set of cleavage plancs) cotuplic.rlc lhc strain picture. logether with thc scvcre
boundary condilion that nralerinl is complelely coDfined below lhe overlhrus! phne,
10 such an extent that  rD overal l  Inr i le s l ra in f ie ld cnnnol  be der ived at  a l l .

The orienlalion offold axes is signilicrDtly dilicrcnt frcnr phrsc I axes; tfiey dip
steeply southwards (belween SE and SW). I - rom the at l i tudes of the two sets of
c leavage planes (Fig.4D),  fo ld rxcs would no1 be expected to be plunging S or SE.
Addi t ional l l , ,  lhe SE plunging fold axes have a t rend subparal le l  to the supposed
direct ion of  re lat ive disdaccnlcnr,  rs do.r lso iokls in the Locbsei len calc-nr) lonirc
(opcD srnbols in Fig.  4) .  Al thourf i  an cxplaD;LUoD is di f f icul !  to l ind (rolat ion of
fo ld hinees inside the lb ld axial  p lane in lo a di .ect ion paral le l  !o maximum er lension
is jusl  x possibi l i ty) ,  th is shows oncc asaiD LhrL lb ld ares are misleading in . rn cvalua'
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l ion of  t ranspo. l  d i recr ion oD the basjs of  the assumptioo that their  or ienlat ioD is
Frpendicular to a ! 'nrovement dircct ion .

2. S tkturc ofthc ?aftLttochthonou.t.:otu d Aat nns.\if

In recent years a series of detaited slructural sludjes have bcer carricd out in rhe
soulhefn part  of  the Chfus area (BrtRcrssER 1973, FELDER 197j,  L^MBERT 197i,
SrR^ssER 1972, PFITfNER 1972r, ,. and BijRcrssER & FFTDER I974). The recloric srylc
of this region contrasrs nrongt! wiih rhat of 1hc Helvetic nappes above tlre nr;in
Clarus thrus! in rhat a sr.ong axiat ptane cleavrge is devcloped, related to l;rrge scale.
ncarly isoclinal folding, ofteD of simil:rr type evcn in the Mesozoic carbonrles,
including T.issic dolonrilcs. This hishty duclilc and penelraiive dcformalional sryle
is conrparable !o the phase 2 deformation in the..Flysch. 'uni ls,  at though the str ike
(E W) aDd dip ( less than 10' ,  usual ly 20'  30')  are sonewhar di f lefent (see Fis.  l0).
It is probable that this delb.nrarion is conrempoftrneous lviLh or immediately followed
by a nretamorphisn (M. FREY et at. I97l). characterjzed by thc paragenesis stilpno-
Dclan biot i te alkal i  feldspar in lhe sou!h.

Thal this phase of ductile defo.mation pre dates rhe Clarus rhrusi a1 tenst in ils
Jnral stage is provcd by lhe discordance bcrween the nxial plaDe cteavage, ajor folds
and associaled minor thrusrs, and lhe nrain thrusl itsetf. Ho\yever, in this area. a \yell
defined zone ofpostcleavage defo.nratioD has nor been rcporred. Onty in the Terliary
a secoDd crenulalion cleavage, more steeply inctined than the firstcleavage. is observed
al least in isolated places rhc aurbor visited. In mnny places the oldcrcleavage steepens
upwrrds towards Lhc thrust plane (see FELDTR 1973) and only jn the zone abour 1
metfe below the Verrucano is it suddenly rurned inro pa.a elisnr with the coDtact!
where it also grades into a myloniliclaminarion(see prge 263.). H ence we reach t he sanrc
coDclusion as in the "Flysch'  uni !s,  ihal  s igni t icanl s impte shcar defonnat ion durjng
overt|rusring is confined ro rhe myloniric layer, xbout I melre thick, below the rhrusi

3. Th( Subh(h,etic thrun sh.et\

The ternr "subhelvetische Decken,,was inrroduced by TRUNrpy (19.15, 1969) to
denote detached thrusr sheers or nappes. lyins below rhe main Clarus th.usr and
composcd 

'nainly 
of calcareous Mesozoic formations of Helvelic facics rype_ To_

gelher lvith the paraurochthonous units, they rep.esent a possible rou."".oir. f.on,
which the Lochseiten clrlc mylonile was derived.

They outcrop in the form of rnajor rhrust sheers only wesl and sonlhw€si of rhe
present i rea (Criessrock nappe, F. FREy i965;Cavislrau nappe, KACH 1969, t972;
rhrust sheets in the a.ca of Piz d'Artgas, TRijMpy 1945). Only a few rennanB jn the
forn of isolated lenses are found betwecD the ..Flysch., unirs and the majn Clarus
thfust east ofLinth valley (Foosrock, Segnespass, see Fig. 2), wherc Verrucrno fornrs
the basc of the Helvetic thrust block. Thesc unirs seenr to have been dchched before
the main Clarus thrust moved (..friihhetverkchc 0berfaltungsphase'., see TRUMpy
1969).

Below the nrain Cla.us rhrust on thc sourhe.n and easlcDr ilank of Fooslock, a
sheet of honrogeneous Unrestone (probably 1owe. Crchceous ..Schraftenkalk'.) up

to 70 me
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to 70 mctres thick is preserved. quickiy thinniDs out to the west and nordr (see

oBERHoLzER 1933. Atlas table 27, Figs. 4. 6). one has to distiDguish in fact two over-

thrust contacts here, one bclow the limestone shect, culting phase 2 folds in the

"Flysch", and one above this limeslone shcel, identicalwilh the Drain Clarus thrust.

Only the uppermosi I 2 nretres of this limestonc shcel are mylonitiTed (i.c true

Lochseilen calcrnylonite) and this nytonilization post-dalcs highly ductile straining
recorded by deformcd ooids. This Subhclvelic linrestone shee! was Lhcrcfore jntemally

slrained before thrust;ng occrrred along the top conlact and probably also rlons rhc

base. All rhis suggests ihrusting of this Subhelvetic unit in an intermediate phase be-

lween phase 2deformation in the "Flysch" rnd final novenents along t he main Clarus

thrust, in front of lhe advancing thrusl block. Comparing this ocurrence with thc

Subhetvetic Griesstock nappe further rvest, one has 1,J note that a Lochseiten-type

myloniteis absent along its base, whereas it is nicely dcvcloped at the base of thc

Griesstock nappe (F. FREY 1967, p. 665 667).
A similar Subhelvetic lens occurs soulhwest of Segnespass (Tschingelh.jrner).

there mainly consisting of upper Jurassic limc!!d]e. Llere again it is complctcly
detached. and sbows no geometfic relationship with adjacent pamutochlhonous foLd

strucl res (see BiiRcIssER & FELDTR 1974). Thc possibility that these Subhclvetic
sheets are ihc remains of the inverlcd linrb ofa huge recunbeni fold with I Verrucaro
core, otherwise dfawn out 1o form lhe LochseiLen calc-myLonite. is vc.y slighl con-

sidering the absence of Triassic and lo wer J urnssic rcm nants. However a not he I bcality
(Saasberg), west of K;irpf, seems to supporl such an idea (scc SCHIELLY 1961)

4. The Ilelretic thtu\t block

where the nlain Glrrus tbrust is exposed erst of Linlh villey, Vefrucaro direclly
overlies lhc thrust contact wilh thc cxcepLion of the Karrf are.t already nenlioned.
A subdivision iDlo diferent nappe units is no more possible near the brsc ofthc th.usr

block since the inrernal lhmsts die out southlvards and downwards (Fig. 2). Thus it

is appropriatc 1() use the term Hclvelic thrust block. The thickncss of the detached
Ver.ucrno reaches 1500 metres and in most placcs Lhis sedimenlary sequence js in a

WERNER (1971) carr ied out st fuctural  invest igat ions in the Clarner Frcibc.gc

between the Sernft aDd Linlh valleys, mainly in the Verrucano sedimenis. He distin-
guished four deformalional phascs. rlhich t believe can be snmmarized into nvo n]ain

Phasa I an.l 2: The coilbined ellect of those two phascs is 1(r produce a strong
axial plane clcavage. now in a subhorizonlal posilion, associaied in placcs with nea.ly

isoclinal folding Gee Fie.2). Additionaliy s!.etchcd pebbles and reduction spots
indicale a N S or iented intcrnrcdiale strain axis.  Dur ing WERNERs phase 2local
thrusting occurred.

Pha* 3 ahl 1: Defofmation during those phascs is essenlislly brittle (kink{ype

folding in plrase 3 and conjugalc minor fauhing suggesting an ESE WNW oriented
intermediate stfain rxis, combined with northward shearing during phase 4).

HELv.63tr  r !?s
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WERNTR comes to rhc conclusion that his phases I  I  pre-dared rhc Dr in c larus
lhmst and that his phase 4 was synclrronous with over lhrust ing.  Also lny owD
observalions, conlined to r zone very close to llrc rhms! contacl. Icad me ro the
conciusion thai cleavage foflnalion in thc Verrucano pre-dalcs overthrusting. since
this fabr ic is al lecred by hLer smal l  scale fo ld ing and cataclasis near the thrusr.
I-lowclcr, ii most flaces. the earlier cleavage phncs lic subparallel 1(] rhc thrusr plane_
Nearly isocl inal  large scale tb lds,  wi lh associr led subho. izontalaxial  p iane cleavrge.
are beaulitully devclopcd ar thc casterD flank of Piz Segnes.

This highly ducl i le deformat ional  s ly le of  prc overrhrusr agc is also found iD
highe. tectonic levels oflhe I-lelvclic block. at least up 1(r thc Quartenschiclcr forma-
rbn (Trinlsic) ofthe Clarus. Axen and Miirtsclrcn nappes. These slarcs, lirhologicatiy
analoguous to s lates in the Ver.ucaDo, sholv the same penetr . r t ive axialplane clcavage
wi lh N S elongatcd reduct ioD spots (see Ryr 1965. MARKU5 1967).  Sonewhcre in the
.lur.rslic lclcl, the traces of this earlier deformrtioD die out and lhe Cretaceous se-
di ents are bare of any signs of pcnct.ati!e cleavage formarion.

Al l l rough dcLai lcd s! .uctufal  work in the HelveLic thrust  b lock is sr i l l  outstanding.
apart from WIRNLR s invesligations. and my olvn observalions are very Iimircd, ir
seenrs likely thrl onc has to distinguish essentially trvo deformalional s!yles and
phases. Evidence lor separate phases nrainly conres from invesligarions on low gradc
Dreta morphism in the Helv.-lic A 1ps of Eastern Switzeria nd ( FRry er al. I 973 a nd pe.s.
colnln.). nrdic.tling tha! thi! netamorphism js postkinemalic in respecl io some
internal  nappe boundar ies wi th in the Helvct ic thrus!  b lock,  but prcdaies c lear ly rhc
nlain Glarus thnrsl .

Plarf /. P.c ovcrth.ust defofmarion Gee phase I and 2 above) acconrpaDied by
thrusl ing.  pr ior  1o and dur ing low srade mclamorphism.

Pras? 2r Contcnrpor^neous witfi the main lnovcmcnt on lhe Clarus thrust, thrust-
jng and nrajof  fo ld inr  at  h igher levels and iD lhe f ronral  par ls of  thc rhrusr btock.
leading to the l inal  iodiv idur l iz l l ioD of  the di l ierent nappcs. These internal  nappe
boundaries, howevef. have no geomet.ical conncclion with the basal lhrust plane.

1t is pfemature to clearly assign intcrDal !hrust pl nes in lhc ljelvetic thrusl block
1.)  onc of  thcse two phascs but the !hmstcontacts shown in Figure 2 betwccn the indi-
vidual Hclvctic Dapl)es are probably of syn-ovc.thrust age (or at lc,rsl reacrivaled
dur ing ove|1hfusi ing).

An esl imale of thc thrust  b lock th ick|ess musl  l rkc into consideral ioD that not
only Helvetic Verrucano and Mesozoic lbrnred lhe thrust block (wi!h a probablc
thickness ol  r round 3 km. af tcr  rcnroval  of  the over laps caused by thrusrnrg dur ing
the second phase mentiored above) bul ako scdinreDts of nore southcrly, Pennine
and Auslroalpine. origin. now nrostly c.odcd (TRLlNrry 1969). Lligher recronic units
ar€ slill prcservcd south of thc ove(hrust culmination. nr the Rhine valley north of
nanz 0lanzcr Vcrucano. cover ofCotthard "nrassi f  )  and north ofrhc cul ln inar ion in
the Sintis area (higher Flysch unitt. More widespread nofthlvard rhrusling of
PeDninc rnd Auslroalpine nappes occurs easi  o l  Rhine val ley (Fig.  l )  {nd west ofour
area in Central Switzerland. So lhc cstilnate of 5 6 km (TRriMpy 1969) musr probably
be regarded as r mininrtll thickness.

is locat€d, th
replaced by a

5.

Roughly t

This is the nl
Schwanden.

T!rc 2: A
"Flysch" and

in a sini lar p

TVe 3: l,t

pr€dominatinl

the lhrust bl(
nrylonitizatior

Two devia

snrall scale im

Inside and
lies subparalle



-dat€d rhe main Clarus
Lrusting. Also n1Y owD
onucl. lead me to the
tes ove(hmsling. since
aclasis near the thrust.
al le lro the thrust p1ane.
lal axial plane cleavage.

!t age is also found nr

QLrartenschiefcr lbrma-
lese slatcs, lithologically
!ive axial planc cleavage
t96?). Somewherc in lhe
and thc Cretaceous se-

,lock is still outstanding,
ions are very lilnited, jt

eformational stylcs and
esdgarions on low grade
]REY etal .  1973 and pers.
ltlc rn respec! to sone
but predates clearly thc

above) accompanicd bY

the Glarus thrust, llrrust-
arts of thc thrust block.
rs. These intern.tl nappe
fte basal thrusi planc.

the Helvetic thrust block
riSurc 2 betweeD the indi-
(or at least react'valed

) consideralioD tlrat not
block (with a probable

used by thrusting durnrg
more southerly, Pcnnine
9). Higher lcctonic uD'ts
he Rhine valley north of
orth ofthc culnination in
northward thrusting of

y (Fis.  I )and wesi oiour
MPY 1969) nust probably

GlarN Ov€rthrusl 261

Towards the Rhine val ley in the south.  lvhcrc thc root zone ol-1he Helvel ic nappes
is localed. the Helvetic paft of tlre thrust block gets very ihin and Probably was
replaced by a now eroded pile of Pennine (and Auslroalpine ?) units. The foot zoDe
becamc cxtremely thinned out aftcr the Helvetic nappes wc.e emfl.tced (for a dis-
cussion of lhe root problem see TRUTIPY 1963. 1973).

5. Th? nah Glarus oi'?rthnttt and th? Lo(hltiten tak',r o,it(

a) Descriptioil oJ thtust cotltacts

Roughly thre€ types of thrust contac! can bc distinguished:

r ]p? / r  A th in layer of  Lochlei tcn nryloni le (1.2 In th ick) forms thc oDly iDtcr-
nediate layer betwccn "Flysch ' units and the Vc..uc.rno of the thrust block (Fig. 7).
This is the nornal situ.tlion, as found at the fanxrus Lochscitcn type locality near

Typ! 2: A thicket layer of Mesozoic limestone (np Lo I few netres) separates
"Flysch" and Verrucano. The uppcrmost one or two metres are mylonilized and

show the characterjstic lanrination Gee lateD. Thc unm),lonirized linrestone below is
in a s imi lar  posi t ion to the Subhelvel ic thrust  sheets already dcscr ibcd.

O?? Jr Mcsozoic linesiones of thc pa.autochlhonous zone are separaled nom

the Verfucano by I 2 m mylonite obviously derivcd f.om thcn. Here nylonitization
occufred more or less in situ. This typc is. of course. resrricted to thc 5()uthcrnmosl

It is common Lo all thrust contacls thrl tlrc calc-nrylonile is always pfeseni. wilh
a few exceptions only, aDd never exceeds a ihickrress ol2 DrcLres. even if ore line-
stone is available in situ (as jt is tbc case in contacts oftype 2 and 3). Whcrcas thc
predominating type I contacis are compilible \!itlr the iden that limestone is dragSed
and sneared out along thc brse of the thrust block. thc other conlacls indicate lhat
ihe thrust block pa.tly ovenode limcstone occurrences alfeady emplaced beforc
mylonitlzation started.

Two devialions from ihe olher$isc srrprisingly uniform appearance ofthe thrust
contact as a straighl and simple subhorizontal cul acco panied by a lhin layer of
Lochsei len myloDite havc ro be n1ent ioned. Firs l ly ,  Lochseircn myloni te is absenl
over a longer distance in Chr.ruclrlal (between Gulderstock and lrooslock). Thcfc.
extrenre cataclasis. b.eccialion and complete disintcgrationofVerrucano and "Flysch"
occur in a zone a few iens of mclres thick along the thmsl contacL. This beaulifully
demonstrates wh:r1 happeos along the thrust contact if difereniial movement is nc
longer taken up by flow of rhe ylonite. ln places $41c.e thc nylonite is present.

no such loss ofcohesion and brecciation in the surrou nd ing focks is observed. Secondly.
snai l  scale inrb. icat ions ofalready formed Lochsci len y loni le wi th Flysch'andi  of
V€r.ucano can be observcd in a few places. Such 

^n 
imbriut ion zonc. only a lcw

metres wide, is beaulifulLy exposed Dorlh of Foosrock.
Inside and towards thc top of the mylonitic layer, whc.c Lhe nylonite laninalion

lies subparallel 10 the overthrust phDc. r sharp planar septum is observed in many
places, somelimes filled witb a few millimetres off.tult gouge (Fig. 7 and Hsi i9694,
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l

liig. 7. (-o'nposile diagram ol a type I olcrthrust.onlacr slrowing synoprica|y the nrain fearurcs,
l: Chaoric phase I dcfonnarion in rhc ..Flysch ., boudins ot L.chseircn nrytonil..

2: Lochscircn nrylonile ldyer: drin later Nirhour a tob!le inle.tacc wnh the . Ftysch-.(teft. develop-
Dent ofa lobare inlerhcc and ioldins ol rtre ahcady fornied nryloniri. lanrinalion at the basc Genrre)
and remnantsofunnylonitizcd linrenoneal thc bascGighl) a: planarseptuDroftcn prescnt in zone2

(see rexr and Fig. 8).
3: Verucano .lasrics, showins folding, caractasis and desrrucrion of pre,overrhrusl cteavasc al lhe

baso.

Fig.  l )  Hor lever,  brccciar ion ofrhc nryloni te leadjng !o cohcsionless kakir i res,  as
seen frequenLly along latest lect)Dic disconrinuities devciopcd unde. brittle conditions
in Umestone formalions (for instance, Dear Obstalden along Watensee, sce TRrjMpy
1969. pp. l l l .  134).  was nowhcrc observed.

Bccause rhe traces of pos!-mylonitic movements under briute condirions are so
weak, they cannol rcpresenr a major subsequenr phase of friclional slidjng over any
signilicanl dislaDce (more than a few merres). Additionally, if major post-nylonite
no\]emcnt had occured. thcre is no reason why rhis slroutd have !aken place ,tlways
inside the still cohercn! and, unde. brittle condirions, very strong Lochseiten mylonile
Gee p.277) and no! inside the "Flysch" uni ls or inside shrty formal jons in the l - telver ic
thrust block which arc weaker and by far more suitable tbr building up high porc
pressures. Under low tempelatu.es. rhe Lochsciten mylonire layer was cerrainly nor
a zone of preexisting weakDcss.

The lower boundr.y of rhe Lochseilcn mylonite jn type I coDtacts ofrcn shows a
lobate interface wi!h the "Flysch' sedimenls. rvith sourheast dipping and upwafds
closcd. pinched in Flysch rvedges, especially where rhe myionile Iayer exceeds I metre
in thickress. The wcdges rever reach the Verrucano/mylonire nnerface_ Ceometrically
lhis lobatc iDtefface is srriknrgly sinrilar b the folded jnleface belrveen rwo layers
with a high viscosiLy contrast, whereby the Lochseiien myloDile woutd have the
higher viscosity. Often boudins of Lochseiten lnylonire are found insidc the ..Ftysch"
sediments near the base of the Lochseiren layer also suggesring a higher .etative
viscosity for the nrylonite. Such a deduction howevcr is in colnplele contradiction to
ihe evidence that Lochseilen nr)rlonite took up major djsplacenrenr atong rhe oveF
thfust coDtact separariDg lrfo rigid blocks, and therefore represents a layer of low
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sslnopric!lLy lhe main lilrurcs.
oi Lochscrlcn nrylon,le.
rnh llic FLrs.h (bn). delclop
iclaninalion at Ihc basc (culrc)
arseprum olien present in zone 2

oipro olenhrrsl clcavasc rl lhe

One could argue ihat this appareni contradiclion shows that one has to :tssume a

two phase model. rvilh relatively ductile and low viscosity bchaviour ofihe mylonitc

during a 6rct phase, followed by buckling and boudinage of lhe already formcd and

now hi-qh viscous nylonite at a Ialer slage. This succession ofcvcnts, however. is slill

difllcult to naintain, sincc no buckling or homogeneous shorteniDg iD I dirccLion
parallel to the nylonite/Verrucano boundary is obscrved

Slructures insidc tlre n]ylonite layer itsclflead 1o a sinrilar conclusion Themylonite

lamination is folded especially at the base of the Lochseiten layer and nrside lhe

lobes (Fig. 7). Those lolds show a silnilar ofientatioD to the phase 3 iolds iDsidc thc

"Flysch" (Fig.4C),  wi lh steeply incl incd fold axes and SE dippi1rg axial  p lanes Also

at rhe Lochscilen locality (Fig. 4E), where the ovetall oricnlalior of the structurcs is

very alypicat  (nainly E dipping planars.  l rere suggesl ing east wcn.clr l ive displace'

ments, see WERNER 1973), there is a good confornlily between slruclurcs in the
''Flysch" and lhe nryloniie. This. together wilh ralely obscrled inlerfolding of Loch

seilen nylonite wiih "Flysch" gives aD additionaL argumeDt fof the pbase 3 structures

in the "Flysch" being conlcnrporaneous with ovc.tlrrusung.
The axial planes ofthese, striclly speaking, post-lnylonilc folds turn in an uf'vard!

direction asymptotically subparaUel to the V.rrucaoo/LochseiteD mylonitc contact

and the only sliglrtly undulaiing laninalion in the top p.rr1 of the ylonite layer
(Fig. 7). This rotation and transition of rxi.tl planes into the lamiDrrion at the top

indicates thal  fo ld ing at  the base js not consisrent ly younger than yloni te fo.nral ion,

and that mylonite formation .ind folding of already formcd nyioni(e us! hrvc

occurred simultaneonsly.  Geometf ical ly a s in i lar  obselval ioD i t  mrde in lype 3

contacts, lvhere steeply inclined (60' 80') S dippine axial planes ol pfobably syn-

overthrust folds srddently tum tamllcl to lhe ovefthlust fhnc logethe. \rith a
progressive development of  the myloni te lanr inar ion (Fig.  8,  bot toD).  Al l  th is indi-

cat€s an extremely inhomogeneors finite sl.ain field with rotation of the plane

perpendicular to maxilnuln shortening nlclined al a high angle al ihc base into an

orientation subparailel to thc overthrust ToDe al thc top. whe.e simple sherr withoul

tolding jn a di.eclion parallel to thc overthrust zone occurrcd

Thus the more conrpcleni behaviour of Lochseiten mylonile al lhc intcrl-ace with

the "Flysch" scdinenls still rerrains problenatic. Appa.cntly, low viscosi!y iD a

sinple shear coniguraUon at the top does not autonraiically imply lorv viscosity in a

buckl ing conf igurat ion a!  thc nryloni le i 'F lysch'  in ler tucc.
It must be noted that the "Flysch ilochseiten mylonilc interlace is often abso

lutely planar, especially in places wherc thc tolal ihickness of the mylonitc does rot

exceed I mclre. Beautifully delcloped and measufablc inlernal fold structures in the

Lochseiten myloDitc are ralhe. exccptional and chaoric. uDmcasur.tble drag folds

with axial planes wlich cannol be lraced over morc Llran i few m and slight un-

dulat ions of  thc hminal ion are by far  more widespread. I -o ld ing is also absent in

type 2 contacls, wherc a lanrinalion parallel to thc Verrucano base graduaUy develops

in the uppermost I -2 mclrcs bclow it.
In spire of  the par l ly  confusing struclural  evidence. thc fo l lowing conclusions

L Simple shear florv rvillr ftnation ol already formcd planar srructures is con-

6ned 1() a zone approxnnaleLy t metfe !hick below the VefrucaDo aDd ncithcr in the
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Fig. 8. Polished surface of two Lochseiten nrylonile specimens (NNW lo the 1e11. cm scale).
Top: rcDrc$ntalive sDecimen of Lochseiten nylonite found in _type l and 2 contacts (liom
Foosrock). Thc rop surface ro the rieht rep.esnrs the int€rface wnh the base ofverrlcano, Nole
the thin planar scptum (arrowt cutrins drroueh rhe undulatins lanrination and 6lled wilh redepo

ied cdcite.
Bottom: Lochsiten mylo.ite from a'1ype S contact (Ringelspilz). Nole loldine of the lami.alion al
the bas and asynptotic tuming of the axial planes into an atlitude subparallel to th€ Verucano-
Lchseiten nylonite conracl, whicb is localed a lew cenlimeires above lhe uppe! boundaryoftie

specimen.

Flysch structures nor often even in the basai zone of the Lochseiten mylonite are
indications of such a simple shear flow field to be found. It must be emphasized that
'tinple shear flow" h€re just means flow with a strong simple shear conponent.
Since no elongation parallel to the movement direction is observed, significant
fiatt€ning across the lamination could also occur Gee p. 267).

2. Th€ planar s€ptum inside the Lochseiten mylonite cannot account for the
minimal horizontal displacement of at least 35 kln nor for significanl final displac€-
rnents. Probably ihjs cui represents ihe very last increments of displacement when con-
ditions becane unfavourable for now and overthrusting stopped. Therefore the
assumption that the total overthrusting ofthe upper over the lower block took place
by flow in an intervening calc-mylonite Iayer approximately I metre thick (Hsij 1969a,
his major phase ofthrustiDg) is correct.

3. Not only the parautochthonous limestones which would have to be smeared
out for s€v€ral kilometres underneath the advancing thrust block can be taken as a
possible source for mylonite formation. but also Subhelvetic linestone occurrences
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emplaced either by earlier thrusting or ai the front of lhe advancing nappe. Bu1 sli11,
the presence of linestone mylonite over such a wide area, in nos! places with a
thickness of l-2 m, strongly suggests high rnobility of this linestone under lhc pre-
vai l ing condit ions.

b) Lithology of Lachseiten cabmjlonile

The term "Lochseitenkalk" is norrnaliy used as a general designaiion for the band
of limestones separating the Vef.ucano xnd "Flysch" units along the nlain Clarus
overthrust and includes unnrylonitized limestones ir type 2 contacts. The tefrr
"Lochseiien calc-mylonite" used he.e is restricled to cohe.ent iecloniles wilh a
characteristic lamination usually a few millimetres rhick produced by dark finegrained
and light coarser grained carbonale nalerial (Fig. 8, 9a). Such mylonites however are
not r€stricted io the main Clarus thrusti they are also found along olhcr thmn plancs
in the eastern Helvetic nappes, alrhough only locally (for iDstaDce, at the base of
Griesstock nappe and along the basal thrust of Miirlschen and Axen nappet-
Incoherent tectonic breccias and kakirites were not found along the main Clarus
thrust in the area irvestigated, except for some few outcrops along lhe eastern side
of Linth valiey between Schwanden and Linthal (for the westerD side ofLinlh valley
see SCHTNDLER 1959).

Individual, slishtly undulating or folded laninae cannot be traced over longef
distances, they often are cut at low aDgles by other scls of laminac or thcy a.e ollsct
by microfractures o. stylolites. The appearance of this laminaiion is probably best
described by rhe term 'KDetstruktur" (kneading slructure) uscd by HflM (1922.
p. 388). In soutbcrn areas, along type 3 contacts, the mylonite lamiration is generally
less p.onounced, and nore honrogcneous, very fine grained white or yellowish
Iimestones similar 1() very fine grained marbles occur.

By some aut lrors (nolably HrirNr 1878, l92l)  an extremely reduced inverted
stratigraphic succession was posLulaled inside rhe band of lineslone following the
main Glarus thrust and the mylonire was believed to rep.esent the smeared out
inverted ljmb ofa la.gc fold nappe. Evidence for this was given by ihe presence ofi
thin yellow band of carbonates, irterpreted ns being derived from Triassic Rdti
dolomite, between Verrucano and the normally grey coloured nylonjte. inlerpreted
as derived from Jurassic limestone. This yellow colour. howcvcr. is not due to :t
dolomilic conposition but to small contents of impure quartz. ArouDd 50 X-ray
diflraction analyses wcrc nade on mylonite samplesi dolomite was found in only a
few samples (especiauy from lhe Pizol area) and tlrcn rlways ]css than 25 pcrccnt. .tnd
many yellowish samples contain no dolo ite at all. but traces of albile and quartz.

In the few places where trasitioDs bctwcen well preseNed and determinablc sorrce
material into mylonile can be studied, the unmylonitized limestone was found to be
eithe. a line grained upper Jurassic liniestone or a lower Cretaceous arenitic limestone
wilh a coarse grained spariiic matrix (Oh.likalk .tDd Schrrttcnkalk fo.mrlions).
Dolomitic. shaly or quarlz rich fo.mations were never found mylonitiz€d to give a
Lochseiten-type rock.

Unfortunately. systernatic petrofabric analysis of this ylonite lvith X-ray and
electron microscope meihods is still oulstanding so that only nic.oscopic observa-
tions are available (see Fig. 9):
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Fle.9, Thin smtions, Lochseitcn mylonite.
a: Thin s{tion ol Locllscitcn mylonitc (same specinren as Fis. 8, lop). Light ladinae with coarse.
erained redepositedcalciteasarcsatcsj atrcctcd bysubsequcntshearing, and sranulation. Darklaminae

with vory finc sraincd calcite aesresates Gee Fis. 9.). Normal lighl.
b: inlraclasr of a calcitc sinslc crystal as a relict of the sparnic halrix ol a Crelacco!s jimenone,

wirh a Dorlar lexlure dcvclopins around it and along disrinct planes (ransirion inro Lochsenen
mylonne). Similar piclures alc sccn in rhc lisht lanrinae ofalready forhed mylonne (Fig.9a). Crossed

c: Fine sraincd calcite fab.ic as found in lhe dark lan ae ol Lochseilen myionitc. Notc hcavy
twnrning and defonation of lwin larnellae. Oosscd nicoh.

d: Granobl,nic texture lound in nrarble-like LochseiFn mylonitc in southcrn a.cas. Isolalcd quarlz
grains with und!latory cxti.clion arc recosni^d. Top: crossed nicolsr base: nonal li8nt.

The sparilic matfix of tlrc Crctaccous limestone iirsl becones straincd, wilh hcavily bcnt twin
lamellae indicalins lranslation alons other intrac.ystalline glide planes. Alons srain bounda.ics of
inside ,ic grains a modar lcxrure develops (Fis. 9b). In an in€rnedialc slase,lcnsoid doDains of
single crysrals. clonsalcd pamllel to a developing lanin.lion,are sutroundcd by thh lerynnegrained
mareial (onc or a iew rnr. In dre .rylonile as such no relicls of thc old fabric (such as ooids or
inlraclasrs) arc sccnany Drore butsimilar lransilions fro coalser eraincd calcite cryslals redeposiled
along le jns 0.05 lnnn$idcarcsen.Thoseveinsareor ientedpreferent ia l lyparal lc l lothefol ia l ion.
Somelinres vcry 6nc srain€d calcile aggregales wilh a nrons prcfcrcd crystallosrapbic o.icntation
look likc sinslc crysrah under 10{ magnificaliod. Slyloliles orienred always parallel to lhe foliation
in dark lanrinac nrdicale p.c$u.e solution. Theage relationships bctwccn slylolilesand calcneveins
are soconiFlcx Gometinres p.essu.c solLrlion and redeposirion occurs alons thc samc plane) lnal Ihe
t\!o proccsFs mFt harc occurr€d losedrer,
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cp). Lisht laminac wilh coarser

,a.d granulalion. Darl lannnae

trix of a Cduceous lincstone,
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Lookingal asinsl€ thin eclion, one sees all drose p.oc!$es - granulalion. pre$u.e solution and
redepositiod in coars erain€d vcins wnich subsequcnrly are granularcd again togcthd nr di$crcnt
domains. Microfractures usually indicalins slrelcbins null dncctions p,raLlcl to thc folialion arc
aho hequ€nt, indicating flatrening perpendicular to rhe rbliation, as also the stylolitcs. As in nrany
quarlzitic mylonitcs, no strelching lincalion is dcvcloped. This addilionalflatlcnnrsand,/orcontinuous
lranslornation of the iabric could be an €xDlanalion ror thr.

The marble like l4tonnes in rhe sourhern arc8.re cqu.lLJ line srained (around 0.01)mm, \yith
a granoblas(ic t4(ure similar lo nuny nurbles (Fis. 9d). The srains are slishlly fla(lencd parallel to
the laminalion and show no firsr-sighl inrlicalions of a Drelerred orienlalion. Slylolires are rarely
developrd and calcite veins are absenr. Possibl! somc rcqystnllization u.der sonrewhar hishcr
lemperalures occurred here.

Isolaled posllectonic porphyroblasls of iresh albrre (grain size up lo 0.05 nrm) occur lrequenrly
in the uppernosl few cm ol lhe nrlonne. The only orher nin$als lbund \ycrg quanz and dolomire.
aparl from clay ninerals and orher inrpuriries conce.r.ared along nylolnes. Qrarlz h ofrcn s(rained
and ffno3raincd, polycrystallinc aasroAates occur as c.riFoncnis.aa 

'nidobreccia 
or as inlraclrsrs

in a calcilic nat.ix nca. thc bas of vcr.ucano. ln orhc. cascs dcinirclv oon recroiic silincation is
obsrrcd. Dotonritc gcncrally occurs as coasd sraincd snrelc cryslah of asgreslles, oiren cleany ol

In order 10 eslimate the remperirlure offofnlatioD ofthe mybnite. the magDesiunr

content ofcalcite in the presence ofdolo ite was dete.mined using X'ray dilliaclion
analysis. The method used is described in THEoDoRE (1970) and bascd oD crpc.inicntal
work by ColDsMrrr'r and othcrs (for rcfercnccs see THr,oDoRF 1970). A maxinum
content oI2.4 mole percent MgCO3 was found in 15 ditrerent specinens, giving a
temperature of around 390'C. Since the nragnesiunr conlenl is lowcrcd by post
metamorphic exsolution, no geographic variation can be deduced. lt is neverlheless
interesting thal the highest magnesium contents were found h southcrn rnd crslcrn
areas. The accrracy of this temperrture determiDalioD is probably not too good. but
the f igure obtained compa.es wel l  wirh the conclusion of  FREY et al .  (1973),  that  1em-
peratures of 300'-400"C were required for the formalion of biolilc prior to ovcr
thrusling in the paraulochlhonous uni1s.

c\ Topogrcpht af thc oruthrun plan! an.l tlt? qu.stion d N,|-oratthnlst noft' eIt!

The topography of the main Glarus thrust is quite sinrple and smoolh. rvith a
WSW ENE trending culnination and irn depressioD around ScgDespass (see Fig. 10).
The southern flank has an averase slope around t5'. but further south and near thc
Rhine the slope must steepen io at least 20" in order to acom odatc thc ovc.lhrust
Dlane and the Darautochlhonous cover of Aar lnassif Lrndcrncath the Pennine Bilnd-
nenchiefer.  The nor lhefn f lank dips 10" t5 ' .  Except for  the areas north of  Engi .
south ofSegnespass and north ofRotstock,  no s igni l lcant second ordcr lopographical
features were delecled by conlouriDg. hr lhe firsl lwo cases, the contours have been
smoothly bent al though in the area north of  Engi  dextral  o l lset  a long:r  pos!-ovef-
thnrst fault, whose geometry is nol wcll cnough knorvD for an exact coDstruction. is
more likely. joining the lvell-kDown Murgsee fracture further north (see TRaMpy 1969.
Fig.2). South of Segnespass such an oflset along a sinple stfikc slip fault can be
excluded because no signs of such a discontinuity are found in the units below thc
overthrust (FDLDER 1973). North of Rotstock i secondary deprcssion is developed
whose significance is unknown.

It js surprising how few traces of posi-overthrust deformition are found cvcn
on a small scale. The only signs of clearly posl-overlhrusl movcmeDts, apan ffom

. l
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is qlr i te strong and t i l t ing cannot be excluded Also i l  is  qui te possible that  d i f ferent ia l

uplifi .rlter e placenrcnt of the Hclvetic nappcs is respoDsible for ihe axial cul ina-

t ion oi the nrassih in Cenlr . r l  S$i tzerhnd Such a di f lcrent ia l  upl i f r  could go logcrher

\vith lblding of !h€ brsal overihrust of thc Hchreric nappes as obseNed onlv west of

Reuss val lcy (SpoRI I  1966. TRi ivPY l97l) .

6. D^("ssia" o1tr.!.1 (tilttut and tinlitry a.l t(tottic arcnti

Teclolric phases werc nurnbered only in the Flvsch units \!hcrc geonretr icrl rnd

agc rc la i ionships c lear ly suggcsl  Lhfee scParale tecloDic events of  which only the

lates!  is  rc laLed io nrovcment along lhe nrain Clarus thfust  The phase I  cvcnL is

youngef thaD loNer Ol igoccne. the l in lc ol  sedinrenLrt ion for  thc voungen Flvsch

scdi lncnls invohccl  (Engi  ! l^Lcs).  Slral ig.aphical  e! idcnce dat ing !hc cnd of  ovet

thrusl ing is less precise.  TRiMPY (1969, 1971) phces Ihe Drain fhase of  thfuslnrg (our

fh.rse 3) somcwhc.e in the Miocene (  Burdigal ian).  brsed on lhc lacl  that  lhe

f i rs!  fcbbles of  Helvet ic or ig in appcar io Molassc of  Helvel ian agc (LrLrPoLD. TA\NrR

& S|tcK 19,12).
Absolute dating ol low gr^dc netanlorPhisn in the canern Helvelic nappes is

sr j l l  1I  d i f f iculL task.  FREY el  r l .  (1973) ca e io lhc conclusioD that lhe peak of th is

cvent las to bc placed bclreen 3l  and 36 my ( lower io iddlc Ol igocene).  posG

dnt ing what they cr l lcd 'Helvel ische Hauptphase '  Since thcn further work was done.

!nd M. Frey (pcrs.  conrn.)  now suggesLs a younger : rgc around 20 25 n v for  the Pcak
of mclamo.phism. dcl in i te l ) ,  prc dat ing f inal  ovemenls alo|g ihe mxnr Clafus

ihrus!  bui  st i l l  posl-dal ing solne in lernal  nappe boundar ies insidc the Helvet ic Lhrusi

block.  Post- lcclonic grot f lh of  s l i lpnonrelxne in the partulochlhonous cover ol  A{r

nrnssif has been dcscribed by BilRc;rssrR & FTLLTH{ (1974).

Al l  th is mggests r  f in.r l  phase of  overthrusl ing post-dal iDg r  per iod of  duct i le,

pcneLral i le defornal ion aDd of1o$'  gtadc neta orphisnr rest f ic ted lo the south So

rhe f  l . i \ rn!  i | .e- t , r ' , ron . .  f i \c1 l rdble l \ '

Pra(, / does not seem to have a dirccL relatioD !o hlcr lecionic activity and proba

bly rcpresen!s g. . rv i iat ional  movement i  induced by thrust ing of  morc interral

(PcnDiDic Nnd Austfor lp lne) uDits (TRi jNrPY 1969),  probablv . t long a pre'exjsLIng

slope incl incd to$ards thc {breland.

?rrr( , .? in the Flysch" uni ls is assumcd ro be coDleDrforaneous wi lh duct i le and

peneirr t i le defonnat ion in the other lcclonic uni ts,  nainly becausc of  the s imi lar i ty

in rhe defor.raLion.rl style. Bccause of the high ductility it is likelv thtrl low grade

nrei^Drorplrism \!as prrlly contemporaneous (and partly youngc.)

Pra'z J events can probably only be sepafated clcrrly ffom phrse 2 events in rhc

"Fl) 'sch uni ls.  Duct i le dcfonnai ion could representthe in i t ia lphase ofoverthrust iDg

fo.  thc fo l lowing rcrsons:

a) The zonar ion of  index nr incr l ls  (FREY et r l .  1973, 1- ig 3) stronglv suggesLs rhal

the seclinerts of the Helvelic lhnbr block had already escapcd their or;ginal

posi l ion sdth ol  Aar massi f  $hen metamorphism occurrcd The highcst neta-

nbrphic grade is found in the lalLcr and a melamorphic grade incrcasing io\vards

Ihe fo.c l rnd seems unUkelr .

b) Dnctile folding
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plrrse. before fin.tl tlrrusting starlcd. Although the duratioD of ovcrlh.usting is un-

knolvn.  a l igure afound 10 n.y.  is  probably a rcal ist ic upper l imi t  This rcsui ts in a

nr in imum shcar strain rate a(nutd l ,  :  I  !  l0 ! 'scc I  ( : tssuning 35 km disphccnlcnt

aDd r  l lor l ing myloni lc l . lyer I  m thick). tnd a displacement r{ te of3.5 m/y.  The

re perarure cst imate of  400'c inside the myloni lc rcpresents,  probably.  
^D 

upper

linrir, lhe ihickness of Lhe block is eslimatc.l to be 6 kln at le^st.

Post overlhrust teclonirn did nol .eactivale thc rnain Glarus thrusr :tnd did not

chaDge its shape appreciably: it occurred along ffactu.cs such as the Rhonc Rlrine

faull zone and thc Murgsee stfike-slip fault.

D. Discussio of a mcchrnical model

t. Lit itt al the Malt CauloDll) .tituion of tocli lailut ns a ba.ti\ fot a ne.hI"i.al
tno.lel lbt ar. htxeitls

There arc two nech anical problenrs assoc irtcd w ilh overthfust iDg : .t) thc initiai ion

of ovcrtlrrusts and b) the problenrs of stability iD a moving and already detached

overthrus! block along an :rlready formed planc of weakness
As a cr i ter ion for  rock fa i lute iDi t iar ing a thrust  faul t .gcncraUy the Mohr Coubnrb

cr l ter ioD is used (ANDrRsoN 1951, H^FN|R 1951- MiILLER 197'1).  ln our exanple ihe

icld evjdence suggests tha! overlhrusling is essentially the result ofcrustal shortcning

but that a period of duclile folding frcceded and prob{bly cvcn initiated thrusrins-

Thefeforc, in our case. this crilerion for b.itllc fraclure is an inadcquate basis for the

analysis of ovcrtlrrust initialnrn. Because there is no adequate basis for treating

ductile folding aralyticaliy. nain emph:tsis is laid here on thc problem how this

thrust block could possibly move when alleady enrplaced on top of the footwall, in

other lvords- on lop of Mesozoic limcslones able to form lochseilen-type calcrnvlo

Tlre c lassicr l  pape. by HuRuERr & RUSEY (1959) gives a mechanicr l  analvsis

espcci.tlly applicable 1(r already delachcd overthrusts. b.tsed on a nrodified Mohr

Coulonrb c.ilerion (omission ol lhe cohesioD' tcrnr ro and accouni for the effect of

porc pressure). Their nodel has bccn repealedly nrodilied, for instance, by ]-Isil

( 1969r). Nho argues ihn! z, cannol be neglcctcd for calculatinS the shcar resistance at

thc base of an ovcrrhrust on thc b.tsis of the Mohr Conlomb crilerion in thc fornr

r l  :  r !  + ( l  2)dr lant  ( l )

where 7" is the critical shcar slress necessary to rrlitiate rock failurc. d' tbe normal

stress on the faul t  sufaace. tan ? thcrnglc of inter l ra l f r ic t ion,and ( l  , l )a iermfeduciDg

Lhe norJnal stress by the rction of pofe pressurc. I being the ratio offluid pressure to

Onc oflhe nain geological afgumenis for not neglecling ro was given by lhe correct

obse.varion Lhat lbe Clarus overthrust did not move along a cohesionlcss thrust plane

bur "by fiow of a thin layer of pscudoviscous matcrial bettleen the plales" (Hst

1969b, t .941),  vhercby resis lance to f low is given by equat ioD ( l ) .

This criterion has in facl bccn verified experimcntally at low tempertrturcs and

relarively iow coniining pressures for dcscribing the streDgth of rocks also in rhe

ductile field. H(

This means thal
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ductilc field_ Howeve.. il is knorvD ihlrt rhe valuc of tan ? decrcrses and approaches
zero wrlh increasing temperatures rnd,ior confining pressurcs (e.S. H^NDiN 1969).
This m€rns tbat the yield strenglh for plasLic flow is no torger govonerl by the :rbso_
lutc value of lhe leasl  pr incipat stress but by the st fess di ferencc.1. ,  :  d]  

-o.  
r l i l j I .oa,

to lhe well known Tresca criierion. which srates that flo$,occLrr,i wben rhe srress
dilTerence exceeds a crilical value.

ln addition flow of rocks under elevaled re peratures is also known to be
strongly strain rrte dependent (for calcile rocks scc Hr^RD 1963, I-tE^RD & R^Lrr(iH
1972. RurrER 1972, 1974. RurrER & ScnMrD t975).  tD this case. rhe marcr ia l  is
sa'd to behave pscudovhcously and its nory srrength. sri delincd by ttre srress
ditrerence, is related ro strain rate. Thcrefore. lhe Mohr Couknnb criterior. ako
when it is used as a criierion fo. plastic yjetd. is a fundancDtally diflerenr conccpt.
even abstracting from the srrain .a|e depcndencc not bcing described.

Hence one has 1() make a choice bclween I yietd criterion for pseudoviscous flow
or the Mohr Coulonb crilc.ion. Here, ihe li|It is used sincc 6eld cvidencc suggesls
connnuous f low undef etevated tenpc.^ lures wi !hou1 st .a i t r  hardcnirg.  i r ra;n
hardcning would lead ro b.irtte fajture nrsi{tc rhe nrylonile rny., ,,ir", n i"rnt;""ty
small slrair increment_ The Moh. Coutomb crilcrion wilt be uscd only ro esLinrate
the slability of the overthrusr btock.

2. Sheat rclktak< sarankrt hr lto,n o1 a r,*u(t.t.ikots ta.\.u

The const i tut ive law fo.  rhefmalty acr ivalcd plast ic f low ofmater iats undcrconsLrnl
stress can be written as

. = ;l crp (C,lo) e)

where ? is tbe srrain rate at differenliat stress /ld and ,4 is a connaDL inco.noratine
the tempcralure et fecr on the v iscous beh{viour rDd vaf ious nrater ia l  consLaDt;
Cis a constanr describing tfie sl.ess dependence ofsrrain .are. This fiow law has been
successfully applied to calcite rocks in t.iaxial rcsts in the len]pcraiurc range belwecn
300'and 600'C aL low srrain rales ( for  derai ts see H[^RD & n. \ r r rcn tSZ-2. nurrr i i
& SCHMTD i975).  RlrrrR ( t974).  conrpa. ing r l re exper imenrat resulrs for  Solnhol in
limestone with those for Carrara nrarblc and yute inarble worked our rhar the
rheological behaviour of such catcire rocks is similar in thar I slope of C,/IDfl0) =
3.5kb r logl0secrgivesabasisforexrrrpolar iontogeoiogicalsrrainmtes.ptouingihe

strenglh ofcalcile rocks on a stressr'log stranr rate diagram (Fig. I l) above diti.erc;rial
stresses around 800 bars.  where an exponcnt ia l  descr ipt ion ofstrcss dependance hotd!
(equation (2)). Addilionally rhe samc aurhor found thlt rhe prcsence ofpressurized in-
terstitial water docs not g.catty afcct the rlrcotogicul behaviour ar higheiLemperarures.

I f the erpcr imenral  resulrs f rom rhesc focks rre appt icd to calculaLc shear lesisrance
1o flow in Lochseiten mylonite. and hence .csislancc ro ovenhrusriDg as a funclion of
srrain rate, thc followins assunptions have to bc made:

1.  The value of  rhe consraDi , .1 in equar ion (2) is nor ye!  known tb.  Lochsei ten
myloni te.  Hsa ( l969dJ had to use the only dala avai table ar that  r inre,  whjch wcre
HEARD'S (1963) data on Yule nrarble. ltcre, rhe data on Sotnhofen Iimestone are
used because the struclure of th is rock is nore s imi lar  to rhe strucrure of  Lochseircn
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T
(bar)

q-4
(kb)

2 (Rdr. feschhid)

-  log a

I

Fis. I L StBs^train rate diagms showing lirce ietberms on a emilog s.de fitted to data poitrt3
obtained by tndial laloetory tesis (for details s HEARD 1963 and Rllr:m & ScHim 197t.
For extrapolation into mtu.al strain .ale nns€s a slope of C/n00) = 3 5 dd 3.0 kb-r 1o8r sc I
was u*d for Solnhofcn limestone and Yule mrue rsFctively (s€e eqlation 2). In the uppq diasam,
th. rriaxial datE have b@n converled into a simple sh@ co!figuration. For horihntal md rerti€l

dashed liNs s tqt,

mylonite, especially with respect to the grain size (10-20 tm in Solnlofen lime-
stone). Additionally the room tempemtule sttength of both rocks is similar
(Fig. 12, Table 2) and higher than the strength ofmarbles which tend to be sigliff-
cantly weaker also at high temperatures.

2- Deformation mechanisms must be assumed to be the same iD both labomtory
expedments and in naturc, since deformation mechanisms rcally determine xhe
rheological behaviour. Thermally activated flow involves intraoyslallineprocesses,
whereas it is possible from the microscopic observations that cataclastic flow was
important in tle Lochseiten mylonite at least towards the etrd of overtbrusting.
UDfortunately, tle observable textures Fobably reflect oDly the last strain ilcre-
ments in this mylonite and tell us litde about the enormous amount of defolmatiol
which prec€ealed them.



In a next step axial short€ning or ext€nsion performed in the laboratory has io be

converted into the simple shear configuralion assumed here Such a conversion was

dore following NYE (1951) who did the same on the ffow law of ice governed bv a

similar pseudoviscous relationship (power law stress dependeDce of s!'ain rate)'

Thereby the flow law for axial shortening or erlension (equation 2) is generalized and

stress dependence is given in terms ofthe octahedral shear slress. TheD rhe special case

of simp[ shear flow is rederived. This is an alternative method of calculriing the

"equivalent viscosity" used by CRrcGs (1939) This conversioD thcn leads 1o the

215

( l )r ' \  = . ,1l /3 €xp(al  I  r ' )

where i,y is ihe shear srrain rate and 7x' the corresponding sheaf stress- '4 and C

are the experimentally determiied constanti al a given tcnperature in equation (2)

Thh conversion is gtaphically illustrared nr Figu.e ll for the 400'C and 500'C

isotherms of Solnhofen linestone (based on expcrinrentaL results in RurrER &

SCHMD l9?5) and Yule marble (based on H|ARD 1963. Fis 19)

3. Contradictory apprcadles towat.ls an cstinlate o1 J1.'u teinanQ at the hos! Lt/ th'
oretthrust black

It can be seen from Fjgure ll that the diflerence in slrength ofthe two rocks at a
given temperature and st.ain rate is enormous Under the assumplion that rhe 400'C

isotherm of Solnhofen limeslone is valid for our nrodel. the straiD rate estimalcd

from field evidence can be related to shea r stfess The ve rtica l dashed l ines in Figure I I

indicate strain rates corresponding to overthrust t.tles of 0 2 citvear Gomewhat
below ou. estirnate) and 2 cmi year (Hsil\, 1969r, ligurc using the 400'C isotherm of

Yule marble at a shear slress of 360 barsi)). Tliis strain rale interval. the srrajn rates

bejng remarkably high and well above the ligufe of i : l0 r{ sec l generaUv given for

natu;al environments (e.g. HEARD & R^IFTGH 1972), gives stresses bctween I l and

1.3 kb. Th's stress ngure is very high indeed and alternative estinates ofthe maximal

shear strcss are car.ied out itr the foilorving:

a) Maxinal shcar strcss all.)r'irry fat th( \tahiln.r of thc ov hrun black

The stability ofthe overthtusl block can beassumed 1() be maintained duringover-

thrusting although locally this assunplion is noi.justified Hsii (1969d) made thesame

approach using tlre equation of LAUuscITER (1961. p 244) allowing fo. the etrecls of

t l.1, ' ' , ,  ' '  , ' ,  " ' ,
where r is the length of the overthrus! block (35 knr). : the ihickDcss (6 kn), ('r, thc

density of \laler-satu.ated sedimcntary rocks (2 3 g cm ')' s the gravilalional acce-

leration (980 cm scc r), d and , constants in the Mohr CouLolllb cquation' wherebv

a = 2x. l /b nnd b = ( l  + sing r  I  s in?).  However,  instead ofusingihe sl . tndard'

L H.il (tlAS,l nltuin.,i o netrrc ol 360 baG fionr applvins the Mohr Coulomb crilerion as a

-T--_ r-- 
-

a semi-los s.alc 6oed to dala poinls

963 and Rlrln & SCHMID l9?5)
(10) = 1.5 and 3 o kb I log,o $c L

eeequalion 2). ln the Dpper d'agram,

:uralion. For horizonlal and leflical

fl0-20 r.m in Solnhofen lime-
rstl' ot totn rocks is similar
;rbleswhich tend !o be si-qnifi-

3 the same in both laboratorY
:chanisns really deternlne the
r'olves intraclysl alline processcs '
/ations that cataclastic llow was
vards ihe end of overthrusting
effect only th€ last strarn tncre_
ormous amount of deformatron
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constants for a and , suggested by HUBBBRT & RuBEy (1959), and also by many others,
we can use the contants experimentally de ved by room temperature testing ol rocks
from ttre Helvetic nappes (unpublished data ftom Bnrncn & Scnrm, see ible 21.

Table 2, Approximre value of the constalts a and , for a straigbt iin€ approximatior of ihe Molr_
Coulomb ditdio4 in the form 6\ = a + b6s.

b.itdo-ductile traBition (bm)

Otutikark
Sobhofm limsione'*)

1000-1300*)

r000-1200
8G1000

28@
27@
3000
2900
7@

3.5
4,0
2.4
2.2
3,0

') duclile tor les !b@ l0 pecnr oDly, w h subs.qumr fracrue.
!') drta from Rrrfti (udDublishedr,

Using constants d and 6 for Ohdikalk (V€rucano has a still higher strcngtt) in
equation (4) this leads to the following values, considerably higher thsn tle values
obtained using tlrc "standard" constants:

Table 3. values ofz-." derhd by eqlation (4) a1 vdious pore E€ssurc ro load pressue r.tios:

Ohilikalk

1=O
l, = 0.5
1=1.0

780 bd

630 bar

TIe trgure arolnd 700 bars is possibly too high for the following rcasons : I . Equa-
tion (4) is va.lid only for horizo ally moviDg overthrusts along a flat thust surface ;nal
2. Urc assumption behind this equation, ihat 01 acts parallel to tle thflst plane, has
been shown to be invalid by FoRRrsrAL (1972). Otr tle other hand, failure really
occurred (syn-overtbrust defomation iD the Verrucano), indicating that the block di;
not necessarily rcmaitr stable everywhere, and that a figure around 700 bars still
might be realistic.

b) The Mohbcoulonb cfterton applied to Iachseiten mytonite gbing a fgtte for the
m.aimal shear stress

Thb approach resuhs from the argument that high temperature flow haal to
successfully compete against Mobr-Coulomb bittle ftacture in the Lochsaiten
mylonite. Thercfore the strength of this rock detived at room temperature and
described by (be Mohr Coulomb criterion gives a maximum figure ior the shear
stess as well.

Inserting the constants obtained from experim€ntal deformation of Lochseiten
mylonite (Fig. 12) in equation (l), whereby on is taken to be equal to (pb g z), gives
the folowing figures:



2',11

, aodaho by many others,
nperature testing of rocks
& ScHMrD, see table 2).

i approxination ofrhe Mohr

d+ducrile transition (bas)

01300)
Lre 2000
01200
0 1000

a still higher str€ngth) iD
ly higher than the values

tre to lo.d trcssu.e ralios:

L

Fis. 12. The room tempe.ature st.ensth of Loch-
silen nylonile cylinders on artrr diasram (r1 =
axial plus confinins prssure, dr = conininc pres-
surc). Points labelled by "s" show tho strensth of
sp€cimens with fractu.c alons a stylolite plane.
The straight line rcpresenis lhe lisual besl fil to
poinls obtainod with the laninalion parallel to
rho cylinder axis (sc table 2). Unpublishcd data:
U. Briegel and S. Schmid.

r owing reasons: L Equa-
rgaflatthrust surface and
el to ihe thrust plane, has
other hand, failure really
ticating that the block did
rre around 700 bars still

nite siins a Jisurc fot the

temperature flow had to
icture in the Lochseiten
t room temperature and
num figure for the shear

eformation of Lochs€iten
be equal to (pb g z), gives

7n!x = 1640 bar, fo. x = 0
z-'* = 1195 bar, for,l = 0.5

"n'" :  
750bar. forZ:1.0

From those approaches a maximun shear stress is given by 700 to 750 bars
arsuming I to be 0.5 in the overtlrust block and 1.0 inside the Lochs€iten mylonite
layer (horizontal dashed line in Fie. I l). Tbe results plotted in Figlre 12 areahoimpor-
tant as an arglment against a phase of later thrusting under brittle conditions inside
the Lochseiten mylonite layer, since this rock is extremely strong at low tempe(atures,

The maximal possible shear stress at the base of the overthrust together with the
minimum strain rate deduced frorn field evidence clearly indicaies that the 400"C
isottrerm for Solnhofen limestone is far outside thefield which is geologically realistic.
This how€ver does trot mean that Yule marble is a better approximation for Loch-
seiten mylonite since the two rocks are too different in structure.

4. Conclusiotls

The conclusion from these simple calculations is that the assumptions nade for
usins equation (2) in this natural environment were not fullyjustified. The resulting
shear stresses at the bas€ of th€ ov€rthrust are too hieh. The following considerations
might be helpful in formulating the problems to be solved by further investigations:

l. Assunption I (p.273) has to be tested by directly deformins Lochseiten mylonite
at high tlnpemtures. Unfortunately tlis could notyet be done. It is possible however
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rhar. the viscosiry retat ion eslabt ished experimenra y on Lochsei ien mytonire wi l lstill lead to a figu.e too hish ror rhe basal shear stress, consid;; ,h; ;;;;;;;;slrenglh of this rock ar roonr temperarure.

..i.JHTll:11,,:TiJ::i:i::lJ#:: g: *fonna,ion mcchanisms opera,ins in
lnurrr* a dcu,,-,;;;;.'il';;;;;; ;;:fii,:::'iilj"Y1;1i,*:"J.Ti:,1fi:
deforntation alone was no1 .espons;tr" ror ,r" r,rr 

"r 
ii.'"."j" ;;l;;ii:;
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