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PART	
  A	
  :	
  INTRODUCTION	
  TO	
  THE	
  FIELD	
  TRIP	
  
	
  

THE	
  PYRENEAN	
  PERIDOTITES	
  :	
  	
  
SOME	
  BASIC	
  DATA	
  AND	
  MORE	
  RECENT	
  CONCEPTS	
  

	
  
The	
   Pyrenean	
   peridotites	
   consist	
   of	
   about	
   40	
   fragments	
   of	
   generally	
   well-­‐preserved	
  
subcontinental	
  mantle,	
  a	
  few	
  hundred	
  meters	
  to	
  3	
  km	
  across	
  (Lacroix,	
  1883;	
  Monchoux,	
  
1970;	
   Fabriès	
   et	
   al.,	
   1991,	
   1998;	
   and	
   many	
   others).	
   Most	
   of	
   these	
   peridotites	
   occur	
  
within	
   a	
   narrow	
   belt	
   of	
   Mesozoic	
   sediments	
   running	
   over	
   ~	
   400	
   km,	
   parallel	
   to	
   the	
  
North	
  Pyrenean	
  Fault	
  (NPF)	
  that	
  marks	
  the	
  limit	
  between	
  the	
  Iberia	
  and	
  Eurasia	
  plates	
  
(Fig.	
   1,	
   2	
   and	
   3).	
   The	
   significance	
   of	
   these	
   small	
   mantle	
   fragments	
   scattered	
   along	
   a	
  
major	
   tectonic	
  boundary	
  has	
   long	
  been	
  a	
  matter	
  of	
  debate.	
  Various	
   scenari	
  have	
  been	
  
proposed	
   for	
   their	
   emplacement,	
   ranging	
   from	
   purely	
   tectonic	
   mechanisms,	
   such	
   as	
  
solid	
  intrusion	
  of	
  hot	
  or	
  cold	
  mantle	
  rocks	
  into	
  sediments	
  (Minnigh	
  et	
  al.,	
  1980;	
  Vielzeuf	
  
and	
  Kornprobst,	
  1984),	
   to	
   tectono-­‐sedimentary	
  processes	
   involving	
  disintegration	
  and	
  
transport	
   of	
   mantle	
   rocks	
   previously	
   exhumed	
   on	
   the	
   seafloor	
   (Choukroune,	
   1973;	
  
Fortané	
  et	
  al.,	
  1984	
  ;	
  Lagabrielle	
  and	
  Bodinier,	
  2008	
  ;	
  Jammes	
  et	
  al.,	
  2009	
  ;	
  Lagabrielle	
  et	
  
al.,	
  2010).	
  
	
  
1.	
  Composition	
  

	
  
All	
   the	
   massifs	
   are	
   composed	
   of	
   layered	
   spinel	
   lherzolites.	
   Layering	
   is	
   defined	
   by	
  
ubiquitous	
   centimetre	
   to	
   decimetre	
   thick	
   parallel	
   beds	
   of	
   spinel	
   websterite.	
   Locally,	
  
concentrations	
   of	
   clinopyroxene	
   and	
   spinel	
   in	
   very	
   thin,	
   numerous,	
   and	
   diffuse	
   layers	
  
are	
  observed,	
   leading	
   to	
   clinopyroxene-­‐rich	
   lherzolites.	
   In	
   the	
  Lherz,	
  Freychinede,	
   and	
  
Moncaup	
  bodies,	
   there	
  are	
   thicker	
   layers	
   (up	
   to	
  1	
  m)	
  of	
  garnet-­‐rich	
  pyroxenites	
   (after	
  
Fabriès	
   et	
   al.,	
   1991).	
   Continuous,	
   thick	
   bands	
   of	
   harzburgites	
   or	
   clinopyroxene-­‐poor	
  
lherzolites	
   lie	
   parallel	
   to	
   the	
   spinel	
   websterite	
   layering,	
   especially	
   in	
   the	
   Lherz	
   and	
  
Fontete	
   Rouge	
   bodies	
   (Ave	
   Lallemant,	
   1967;	
   Conquere,	
   1978).	
   These	
   bands	
   attain	
  
thicknesses	
   up	
   to	
   some	
   20	
  m,	
   and	
   also	
   contain	
   narrow	
   layers	
   of	
   spinel	
  websterite.	
   In	
  
Lherz	
   and	
   Freychinede	
   bodies,	
   the	
   layering	
   is	
   cross-­‐cut	
   by	
   a	
   later	
   generation	
   of	
  
amphibole-­‐bearing	
  pyroxenite	
  dykes,	
  up	
  to	
  30	
  cm	
  thick,	
  and	
  of	
  thin	
  hornblendite	
  veins	
  
(Lacroix,	
   1917;	
   Ave	
   Lallemant,	
   1967;	
   Conquere,	
   1971a,	
   1978).	
   The	
   harzburgites	
   are	
  
affected	
  by	
  a	
  foliation,	
  represented	
  by	
  a	
  general	
  flattening	
  of	
  minerals.	
  The	
  elongation	
  of	
  
spinel	
  defines	
  a	
  mineral	
  lineation	
  in	
  the	
  foliation	
  plane.	
  	
  
Lherz	
   belongs	
   to	
   the	
   Eastern	
   Lherzolites.	
   By	
   contrast,	
   the	
   Western	
   Lherzolites	
   are	
  
characterized	
  by	
  a	
  predominance	
  of	
  clinopyroxene-­‐rich	
  spinel	
  lherzolites,	
  an	
  abundance	
  
of	
  coarse-­‐granular	
  textures,	
  the	
  absence	
  of	
  thick	
  harzburgitic	
  bands,	
  lower	
  proportions	
  
of	
  pyroxenites,	
  the	
  absence	
  of	
  high-­‐pressure	
  amphibole-­‐pyroxenite	
  dykes,	
  and	
  a	
  greater	
  
development	
   of	
   high-­‐stress	
   deformation	
   textures	
   which	
   define	
   100	
  m-­‐scale	
  mylonitic	
  
shear	
  zones	
  (Turon	
  de	
  la	
  Técouère)	
  (after	
  Fabriès	
  et	
  al.,	
  1998).	
  Similar	
  shear	
  zones	
  also	
  
exist	
  in	
  the	
  Lherz	
  body.	
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2.	
  Petrological	
  Evolution	
  :	
  refertilization	
  processes	
  and	
  late	
  Cretaceous	
  melting	
  	
  

	
  
At	
   Etang	
   de	
   Lherz,	
   the	
   peridotites	
   show	
   petrological	
   and	
   geochemical	
   characteristics	
  
typical	
   of	
   sub-­‐continental	
   lithosphere,	
   such	
   as	
   low	
   equilibration	
   temperatures	
   (800-­‐
900°C),	
   a	
   wide	
   range	
   of	
   isotopic	
   compositions,	
   old	
   osmium	
   ages	
   and	
   vein-­‐related,	
  
metasomatic	
  features	
  comparable	
  to	
  those	
  observed	
  in	
  mantle	
  xenoliths	
  (Bodinier	
  et	
  al.,	
  
1988,	
  1990,	
  2004;	
  Downes	
  et	
  al.,1991;	
  Fabriès	
  et	
  al.,	
  1991;	
  Reisberg	
  and	
  Lorand,	
  1995).	
  	
  
	
  
The	
  most	
   fertile	
   lherzolites	
   (15%	
   clinopyroxene)	
  were	
   generally	
   regarded	
   as	
   pristine	
  
mantle,	
   only	
  weakly	
   affected	
   by	
   partial	
  melting.	
   In	
   an	
   important	
   contribution	
   in	
   year	
  
2007,	
  the	
  Montpellier	
  team	
  led	
  by	
  J.L.	
  Bodinier	
  presented	
  new	
  consistent	
  structural	
  and	
  
geochemical	
  data	
  from	
  the	
  Lherz	
  massif	
  indicating	
  that	
  the	
  lherzolites	
  do	
  not	
  represent	
  
pristine	
   mantle.	
   Detailed	
   structural	
   mapping	
   clearly	
   shows	
   that	
   the	
   lherzolites	
   are	
  
secondary	
  rocks	
  formed	
  at	
  the	
  expense	
  of	
   the	
  harzburgites.	
  Variations	
  of	
  major,	
  minor	
  
and	
   trace	
   elements	
   through	
   the	
   harzburgite–lherzolite	
   contacts	
   indicate	
   that	
   the	
  
lherzolites	
   were	
   formed	
   through	
   a	
   refertilization	
   process	
   involving	
   interaction	
   of	
  
refractory,	
  lithospheric	
  mantle	
  with	
  upwelling	
  asthenospheric	
  partial	
  melts	
  (Le	
  Roux	
  et	
  
al.,	
  2007).	
  
	
  
Thus,	
   the	
   lherzolites	
  are	
   formed	
  at	
   the	
  expense	
  of	
  old,	
  ~	
  2.5	
  Ga	
  (Reisberg	
  and	
  Lorand,	
  
1995),	
   harzburgitic	
   lithosphere	
   by	
   igneous	
   refertilization	
   indicating	
   significant	
  mantle	
  
uplift.	
  This	
  process	
  probably	
  occurred	
  during	
  the	
  post-­‐Variscan,	
  post-­‐collisional	
  thermal	
  
event	
   responsible	
   for	
   granulitic	
   metamorphism	
   in	
   the	
   western	
   Pyrenees	
   (Pin	
   and	
  
Vielzeuf,	
   1983).	
   After	
   this	
   event,	
   the	
   peridotites	
   underwent	
   cooling	
   in	
   the	
   mantle	
  
lithosphere	
  before	
  being	
  cross-­‐cut	
  by	
  a	
   late	
  generation	
  of	
  amphibole-­‐pyroxenite	
  dykes	
  
(Conquéré,	
  1971;	
  Bodinier	
  et	
  al.,	
  1987;	
  Vétil	
  et	
  al.,	
  1988).	
  These	
  dykes	
  are	
  considered	
  to	
  
represent	
   melt	
   conduits	
   for	
   mid-­‐Cretaceous	
   (Albian)	
   alkaline	
   magmatism	
   in	
   the	
  
Pyrenees	
  (Golberg	
  et	
  al.,	
  1986;	
  Montigny	
  et	
  al.,	
  1986;	
  Bodinier	
  et	
  al.,	
  1987).	
  	
  
	
  
Henry	
  et	
  al.	
  (1998)	
  focused	
  on	
  these	
  anhydrous	
  and	
  amphibole-­‐bearing	
  pyroxenites	
  that	
  
represent	
   the	
   high-­‐pressure	
   segregates	
   of	
   successive	
   tholeiitic	
   and	
   alkaline	
   magmas	
  
under	
   mantle	
   conditions,	
   respectively.	
   In	
   two	
   localities	
   (Caussou	
   and	
   Montaut)	
   the	
  
peridotites	
   themselves	
   contain	
   several	
  percent	
  of	
  modal	
   amphibole.	
   40Ar–39Ar	
  ages	
  on	
  
amphiboles	
  from	
  Lherz	
  and	
  Caussou	
  samples	
  cluster	
  in	
  the	
  103–108	
  Ma	
  range	
  and	
  Sm–
Nd	
  internal	
  isochrons	
  on	
  garnet	
  amphibole	
  pyroxenites	
  from	
  Lherz	
  yield	
  ages	
  of	
  104	
  +-­‐5	
  
Ma	
  with	
  initial	
  εNd	
  values	
  between	
  +5	
  and	
  +7.	
  Middle	
  Cretaceous	
  ages	
  recorded	
  by	
  both	
  
dating	
  methods	
  argue	
  for	
  a	
  rapid	
  uplift	
  of	
  ultramafic	
  slices	
  into	
  the	
  crust.	
  In	
  agreement	
  
with	
  previous	
  studies,	
   the	
  ages	
  and	
   the	
  range	
  of	
   initial	
   εNd	
  values	
  confirm	
  the	
  genetic	
  
link,	
  in	
  this	
  area,	
  between	
  the	
  crystallization	
  of	
  amphibole	
  under	
  mantle	
  conditions	
  and	
  
the	
  Cretaceous	
  alkaline	
  magmatism	
  known	
  in	
  the	
  North	
  Pyrenean	
  Zone	
  (NPZ)	
  since	
  ca.	
  
105	
  Ma	
  (text	
  after	
  Henry	
  et	
  al.,	
  1998)	
  
	
  
	
  
	
  
	
  
	
  
	
  



 4 

3.	
  Serpentinization	
  
	
  
Most	
   of	
   the	
   eastern	
   bodies	
   (Ariège	
   Department)	
   are	
   weakly	
   serpentinized.	
   This	
  
alteration	
   is	
  much	
  more	
   pronounced	
   at	
   the	
   periphery	
   of	
   the	
  massifs	
   and	
   along	
   faults,	
  
thus	
   preserving	
   large	
   internal	
   areas	
   nearly	
   free	
   of	
   serpentine.	
   The	
   protogranular	
   and	
  
coarse-­‐textured	
   peridotites	
   are	
   generally	
   <5%	
   serpentinized.	
   The	
   porphyroclastic	
  
peridotites	
  are	
  slightly	
  more	
  serpentinized,	
  the	
  average	
  degree	
  of	
  this	
  alteration	
  ranging	
  
from	
   5-­‐15%	
   in	
   the	
   lherzolites	
   to	
   20-­‐30%	
   in	
   the	
   harzburgites.	
   The	
   average	
   degree	
   of	
  
pseudomorphic	
   serpentinization	
   considerably	
   increases	
   in	
   the	
   Western	
   Pyrenean	
  
massifs.	
   Actinolitic	
   amphiboles	
   may	
   also	
   replace	
   pyroxenes	
   (e.g.,	
   Urdach	
   massif).	
  
Moreover,	
   a	
   rodingitic	
   alteration	
   giving	
   rise	
   to	
   grossular	
   +	
   diopside	
   +	
   chlorite	
   +	
  
vesuvianite	
   assemblages	
   has	
   partially	
   affected	
   spinel	
   pyroxenite	
   parageneses	
   in	
   the	
  
Sarraille	
  and	
  Urdach	
  massifs	
  (Western	
  Pyrenees)	
  (Gaudichet,	
  1974).	
  
	
  
4.	
  Geological	
  setting	
  and	
  processes	
  of	
  emplacement	
  at	
  crustal	
  levels	
  
	
  

Two	
   types	
   of	
   geological	
   settings	
   have	
   to	
   be	
   distinguished	
   among	
   the	
   Pyrenean	
  
ultramafic	
  bodies.	
   In	
  the	
  first	
  type	
  (Sedimented	
  type	
  =	
  S	
  type),	
   the	
   lherzolites	
  occur	
  as	
  
clasts	
  of	
  various	
  sizes,	
  ranging	
  from	
  millimetric	
  grains	
  to	
  hectometric	
  olistoliths,	
  within	
  
monogenic	
   or	
   polymictic	
   debris-­‐flow	
   deposits	
   of	
   Cretaceous	
   age,	
   reworking	
  Mesozoic	
  
sediments	
  in	
  dominant	
  proportions	
  as	
  observed	
  around	
  the	
  Lherz	
  body	
  (figure	
  1).	
  In	
  the	
  
second	
  type	
  (Tectonic	
   type	
  =	
  T	
  type),	
   the	
  mantle	
  rocks	
   form	
  hectometric	
   to	
  kilometric	
  
slices	
  associated	
  with	
  crustal	
  tectonic	
  lenses.	
  Both	
  crustal	
  and	
  mantle	
  tectonic	
  lenses	
  are	
  
in	
  turn	
  systematically	
  associated	
  with	
  large	
  volumes	
  of	
  strongly	
  deformed	
  Triassic	
  rocks	
  
and	
  have	
  fault	
  contacts	
  with	
  units	
  of	
  deformed	
  Jurassic	
  and	
  Lower	
  Cretaceous	
  sediments	
  
belonging	
   to	
   the	
  cover	
  of	
   the	
  NPZ.	
  These	
  deformed	
  Mesozoic	
   formations	
  are	
  not	
  older	
  
that	
   the	
   Aptian-­‐Early	
   Albian.	
   They	
   are	
   unconformably	
   overlain	
   by	
   the	
   Albian-­‐
Cenomanian	
   flysch	
   formations	
   and	
   have	
   experienced	
   HT-­‐LP	
   mid-­‐Cretaceous	
  
metamorphism	
   at	
   variable	
   grades.	
   Such	
   a	
   tectonic	
   setting	
   characterises	
   most	
   of	
   the	
  
lherzolite	
   bodies	
   exposed	
   in	
   the	
   western	
   Pyrenees	
   (Lagabrielle	
   et	
   al.,	
   2010,	
   de	
   Saint	
  
Blanquat	
  et	
  al.,	
  2016).	
  	
  
	
  
The	
   processes	
   of	
   emplacement	
   of	
   the	
   Pyrenean	
   lherzolite	
   bodies	
   have	
   long	
   been	
   a	
  
matter	
   of	
   debate	
   and	
   led	
   to	
  highly	
  differing	
   interpretations	
  with	
   two	
   contrasting	
   end-­‐
members	
  as	
  follows	
  (Lagabrielle	
  and	
  Bodinier,	
  2008):	
  
	
  
1.	
   The	
   lherzolites	
   have	
   been	
   emplaced	
   tectonically	
   within	
   the	
   Mesozoic	
   sedimentary	
  
sequences.	
  Brecciation	
   is	
   regarded	
   as	
   the	
   result	
   of	
   the	
   intrusion	
  of	
   solid	
  mantle	
   rocks	
  
into	
   upper	
   crustal	
   levels	
   during	
   rifting	
   processes	
   preceeding	
   the	
   Pyrenean	
   orogeny	
  
(Vielzeuf	
  and	
  Kornprobst,	
  1984,	
  and	
  references	
  herein).	
  	
  Minnigh	
  et	
  al.	
  (1980)	
  proposed	
  
that	
  the	
  breccias	
  derive	
  from	
  in-­‐situ	
  disaggregation	
  of	
  carbonate	
  sediments	
  as	
  the	
  result	
  
of	
  quenching	
  due	
  to	
  endothermic	
  decomposition	
  reactions	
  of	
  the	
  carbonates.	
  This	
  would	
  
imply	
  heat	
  transfer,	
  fluid	
  circulation	
  and	
  brecciation	
  by	
  hydraulic	
  fracturing	
  of	
  both	
  the	
  
peridotites	
  and	
  the	
  sedimentary	
  host-­‐rocks	
  at	
  a	
  very	
  large	
  scale.	
  This	
  interpretation	
  is	
  in	
  
conflict	
   with	
   the	
   results	
   of	
   later	
   investigations	
   showing	
   that	
   the	
   Pyrenean	
  
metamorphism	
   is	
   not	
   related	
   to	
   direct	
   contact	
   between	
   hot	
   mantle	
   rocks	
   and	
  
sedimentary	
   formations	
   (Golberg,	
   1987	
  ;	
   Dauteuil	
   and	
   Ricou,	
   1989	
  ;	
   Golberg	
   and	
  
Leyreloup,	
  1990).	
  Gravity	
  modelling	
  also	
  confirms	
   that	
   the	
  size	
  of	
   the	
  Lherz	
  body	
  was	
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not	
   sufficient	
   to	
   allow	
  heat	
   transfer	
   leading	
   to	
   the	
  HT-­‐LP	
  metamorphism	
  of	
   the	
  entire	
  
Lherz	
  region	
  (Anderson,	
  1984).	
  
	
  
2.	
  The	
  lherzolites	
  are	
  not	
  intrusive	
  bodies	
  but	
  are	
  clasts	
  within	
  sedimentary	
  formations	
  
and	
  have	
  been	
  exhumed	
  as	
  portions	
  of	
   the	
  Mesozoic	
  basement	
  of	
   the	
  Pyrenean	
  basins	
  
before	
   or	
   during	
   the	
   Cretaceous.	
   Indeed,	
   some	
   authors	
   report	
   primary	
   sedimentary	
  
contacts	
  between	
  the	
  lherzolites	
  and	
  surrounding	
  sedimentary	
  formations	
  (Choukroune,	
  
1974;	
   Duée	
   et	
   al.,	
   1984	
  ;	
   Fortané	
   et	
   al.,	
   1986).	
   Choukroune	
   (1973,	
   1980)	
   proposed	
   a	
  
sedimentary	
  origin	
   for	
  the	
  breccias	
  around	
  Etang	
  de	
  Lherz,	
  arguing	
  that:	
  (1)	
   lherzolite	
  
clasts	
  and	
  monogenic	
   lherzolitic	
  breccias	
   layers	
  are	
  abundant	
  in	
  a	
  wide	
  area,	
  some	
  km	
  
away	
   from	
   the	
  main	
   body	
   of	
   Lherz,	
   (2)	
   the	
   breccias	
   are	
   associated	
  with	
   fine-­‐grained	
  
ultramafic	
   clastic	
   rocks	
   showing	
   graded	
   bedding	
   and	
   flute-­‐casts	
   typical	
   of	
   sediment	
  
transport	
   in	
  an	
   subaquaeous	
  environment	
  and,	
   (3)	
   the	
  breccias	
   systematically	
   contain	
  
pebbles	
   of	
   deformed	
   marbles	
   exhibiting	
   Pyrenean	
   metamorphic	
   mineralogical	
  
assemblages	
  in	
  a	
  matrix	
  that	
  experienced	
  weaker	
  metamorphic	
  overprint.	
  
	
  
In	
  their	
  2008	
  Terra	
  Nova	
  paper,	
  Lagabrielle	
  and	
  Bodinier	
  proposed	
  for	
  the	
  first	
  time	
  that	
  
exposure	
   of	
   the	
   Pyrenean	
   subcontinental	
   mantle	
   to	
   the	
   Albian	
   basin	
   floor	
   occurred	
  
following	
  exhumation	
  along	
  a	
  mantle/crustal	
  detachment.	
  This	
  hypothesis	
  was	
  based	
  on	
  
field	
  observations	
  in	
  various	
  sites	
  that	
  will	
  be	
  visited	
  during	
  this	
  field	
  trip.	
  Since	
  2008,	
  
numerous	
   articles	
   have	
   been	
   published	
   confirming	
   or	
   assuming	
   such	
   an	
   hypothesis.	
  
However,	
   it	
   must	
   be	
   noticed	
   that	
   some	
   authors	
   do	
   not	
   agree	
   with	
   the	
   observations	
  
conducted	
   in	
   these	
   places.	
   In	
   a	
   comment	
   to	
   Clerc	
   et	
   al.	
   (2013)	
   paper	
   describing	
   the	
  
ultramafic	
   bearing	
   sediments,	
   Debroas	
   et	
   al.	
   (2013)	
   argue	
   on	
   the	
   occurrence	
   of	
  
cataclastic	
   breccias	
   invided	
   by	
   deposits	
   of	
   recent	
   karstic	
   origin.	
   These	
   points	
   will	
   be	
  
observed	
  and	
  discussed.	
  
	
  
5.	
  Emplacement	
  of	
  the	
  lherzolite	
  slices	
  and	
  major	
  synchronous	
  events	
  in	
  the	
  NPZ	
  
	
  
The	
   pre-­‐rift	
  Mesozoic	
   sequences	
   of	
   the	
   fossil	
   Cretaceous	
   passive	
  margins	
   forming	
   the	
  
Northern	
  Pyrenean	
  belt	
  are	
  characterized	
  by	
  high	
  temperature	
  deformations	
  in	
  relation	
  
with	
  thinning	
  of	
  the	
  continental	
  basement	
  (figure	
  4).	
  This	
  was	
  outlined	
  by	
  Vielzeuf	
  and	
  
Kornprobst	
   (1984)	
   and	
   clearly	
   established	
   by	
   Golberg	
   and	
   Leyreloup	
   (1990).	
   The	
  
compilation	
   of	
   chronological	
   and	
   geological	
   data	
   from	
   the	
   North	
   Pyrenean	
   Zone	
  
confirms	
   the	
   clear	
   correlation	
   between	
   the	
   distribution	
   of	
   the	
   highest	
  
paleotemperatures	
   in	
   the	
   pre-­‐rift	
   sedimentary	
   cover	
   and	
   the	
   loci	
   of	
   extreme	
   crustal	
  
stretching	
  (Clerc	
  et	
  al.,	
  2014).	
  Geological	
  evidence	
  such	
  as	
  the	
  occurrence	
  of	
  peridotite	
  
bodies	
  directly	
  underlying	
  metamorphic	
  pre-­‐rift	
  sediments	
  indicate	
  an	
  early	
  attenuation	
  
of	
  the	
  rifted	
  continental	
  crust	
  in	
  the	
  most	
  internal	
  regions	
  of	
  the	
  Cretaceous	
  basins.	
  This	
  
led	
  Clerc	
  and	
  Lagabrielle	
  (2014)	
  to	
  propose	
  a	
  mechanism	
  of	
  crustal	
   thinning	
   involving	
  
lateral	
   extraction	
   of	
   the	
   continental	
   crust.	
   The	
   boudinage	
   of	
   the	
   continental	
   crust	
  
occurred	
  under	
  thermal	
  conditions	
  allowing	
  coeval	
  ductile	
  deformation	
  of	
  the	
  Paleozoic	
  
basement	
  and	
  of	
   the	
  pre-­‐rift	
   sediments	
   leading	
   to	
   the	
  widening	
  basins	
  devoid	
  of	
   large	
  
faulted	
  blocks	
  and	
  lacking	
  scarps	
  exposing	
  the	
  Paleozoic	
  crustal	
  rocks.	
  	
  
	
  
In	
   the	
   North	
   Pyrenean	
   Zone,	
   Albian-­‐Cenomanian	
   flysch	
   sequences	
   were	
   deposited	
  
synchronously	
  with	
  the	
  syn-­‐metamorphic	
  ductile	
  deformation	
  of	
  the	
  pre-­‐rift	
  sequences.	
  
(Clerc	
  et	
  al.,	
  2016).	
  Since	
  the	
  base	
  of	
  the	
  flysch	
  deposits	
  also	
  recorded	
  locally	
  the	
  high-­‐
temperature	
   tectonic	
   event,	
   the	
   evolution	
   of	
   the	
   basins	
   involves	
   continuous	
   basal	
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extraction	
   of	
   the	
   pre-­‐rift	
   metamorphic	
   sediments.	
   This	
   early	
   high-­‐temperature	
  
deformation	
   event	
   which	
   is	
   now	
   clearly	
   linked	
   to	
   extensional	
   tectonics	
   under	
   high	
  
geothermal	
   gradient,	
   relates	
   to	
   the	
   “phase	
   anté-­‐Cénomanienne”	
   as	
   described	
   by	
  
Pyrenean	
   geologists	
   from	
   observations	
   in	
   the	
   Mesozoic	
   cover	
   all	
   along	
   the	
   North	
  
Pyrenean	
  Zone	
  since	
  1930.	
  
	
  
An	
  updated	
  map	
  of	
  HT-­‐LP	
  metamorphism	
  based	
  on	
  a	
  dataset	
  of	
  more	
  than	
  hundred	
  peak	
  
temperature	
   estimated	
   using	
   thermometric	
   approach	
   of	
   Raman	
   spectroscopy	
   of	
   the	
  
carbonaceous	
  material	
  (RSCM)	
  collected	
  during	
  the	
  past	
  5	
  years	
  has	
  been	
  published	
  by	
  
Clerc	
   et	
   al.	
   (2014).	
   This	
   dataset	
   is	
   completed	
   by	
   previous	
   PT	
   estimates	
   based	
   on	
  
mineralogical	
   assemblages	
   (mainly	
   Golberg	
   and	
   Leyreloup,	
   1990)	
   and	
   by	
   the	
  
chronological	
   constraints	
  obtained	
  so	
   far.	
  Ages	
  are	
   ranging	
  mainly	
   from	
  110	
   to	
  90	
  Ma	
  
and	
  no	
  westward	
  or	
  eastward	
  propagation	
  of	
  the	
  metamorphism	
  and	
  magmatism	
  can	
  be	
  
clearly	
  identified.	
  In	
  contrast,	
  it	
  seems	
  possible	
  to	
  emphasize	
  progressive	
  propagation	
  of	
  
the	
  thermal	
  anomaly	
  from	
  the	
  base	
  to	
  the	
  surface	
  of	
  the	
  continental	
  crust.	
  The	
  highest	
  
grades	
   of	
   metamorphism	
   are	
   always	
   associated	
   to	
   the	
   regions	
   where	
   subcontinental	
  
mantle	
  rocks	
  have	
  been	
  unroofed	
  or	
  exhumed. 
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  PART	
  B	
  :	
  FIELD	
  TRIP	
  
Day	
  One	
  :	
  Yves	
  Lagabrielle	
  

	
  
	
  

Field	
  evidence	
  of	
  mantle	
  denudation	
  with	
  special	
  attention	
  to	
  
serpentinization	
  imprint	
  in	
  the	
  Lherz	
  lherzolite	
  body	
  

	
  
	
  

	
  
A.	
  Introduction	
  
	
  
We	
  will	
  start	
  in	
  the	
  Etang	
  de	
  Lherz	
  area	
  with	
  an	
  overview	
  of	
  the	
  geological	
  setting	
  of	
  the	
  
mantle	
  bodies	
  in	
  the	
  North	
  Pyrenean	
  Zone	
  :	
  Axial	
  Zone	
  basement,	
  granulite	
  lenses,	
  HT-­‐
LP	
  metamorphic	
  Mesozoic	
  marbles,	
  polymictic	
  sedimentary	
  breccias.	
  	
  
Geological	
   and	
   chronological	
   constraints	
   obtained	
   so	
   far	
   in	
   the	
   region	
   and	
   proposed	
  
geodynamical	
  evolution	
  according	
  to	
  recent	
  models.	
  Discussion	
  about	
  some	
  implications	
  
on	
  mantle/crust	
  coupling	
  in	
  relation	
  with	
  the	
  processes	
  of	
  crustal	
  thinning.	
  
Several	
   stops	
   along	
   the	
   Etang	
   de	
   Lherz	
   mantle	
   body	
   will	
   allow	
   the	
   following	
  
observations	
  :	
  
	
  	
  
-­‐	
  harzburgites/lherzolites	
  relationships	
  and	
  evidence	
  of	
  refertilization,	
  	
  
-­‐	
  the	
  late	
  melting	
  stage	
  of	
  the	
  mantle	
  rocks	
  during	
  the	
  Cretaceous	
  event	
  (emplacement	
  of	
  
alkaline	
  melt	
  products	
  :	
  «	
  lherzites	
  »,	
  	
  
-­‐	
  development	
  of	
  shear	
  bands	
  with	
  tectonite-­‐type	
  foliation	
  related	
  to	
  the	
  exhumation,	
  
-­‐	
  serpentinization	
  along	
  the	
  tectonite	
  corridors,	
  	
  
-­‐	
  development	
  of	
  fracturation,	
  initiation	
  of	
  carbonation	
  and	
  related	
  ophicalcites.	
  
	
  
We	
  will	
  then	
  focus	
  on	
  the	
  relationships	
  between	
  the	
  mantle	
  rocks	
  and	
  their	
  sedimentary	
  
cover	
  :	
  	
  
	
  
-­‐	
  observation	
  of	
  various	
  types	
  of	
  ophicalcites,	
  ultramafic	
  sandstones,	
  microbreccias	
  and	
  
polymictic	
   breccias	
   deposited	
   on	
   the	
   ultramafic	
   basement,	
   including	
   the	
   saphirine-­‐
kornerupine	
  sandstones.	
  	
  
-­‐	
   field	
   evidence	
   for	
   various	
   sources	
   of	
   the	
   clastic	
   sediments	
  :	
   fresh	
   or	
   serpentinized	
  
mantle	
   rocks,	
   gabbros,	
   meta-­‐ophites,	
   meta-­‐evaporitic	
   sediments,	
   meta-­‐dolomites,	
  
marbles,	
  etc…	
  
	
  
At	
  the	
  end	
  of	
  the	
  trip,	
  all	
   the	
  geological	
  observations	
  will	
  be	
  compiled,	
  and	
  additionnal	
  
informations	
   will	
   be	
   provided	
  including	
   geochronological	
   and	
   geochemical	
   data	
   and	
  
isotope	
  mineralogical	
  compositions	
  of	
  the	
  observed	
  rocks.	
  A	
  model	
  for	
  the	
  emplacement	
  
of	
  the	
  NPZ	
  mantle	
  bodies	
  will	
  be	
  proposed.	
  	
  
	
  
	
  
B.	
  Geological	
  setting	
  of	
  the	
  Lherz	
  body	
  
	
  
The	
  Lherz	
  body,	
  in	
  the	
  central	
  Pyrenees,	
  is	
  a	
  S-­‐type	
  body	
  that	
  appears	
  on	
  the	
  1/50.000	
  
map	
  of	
  the	
  French	
  BRGM,	
  Aulus	
  sheet,	
  by	
  Ternet	
  et	
  al.,	
  (1997).	
  The	
  Lherz	
  massif	
   is	
  the	
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type-­‐locality	
   of	
   lherzolites	
   and	
   one	
   of	
   the	
   most	
   studied	
   occurrence	
   of	
   mantle	
   rocks	
  
worldwide.	
   It	
   is	
   only	
   1.5	
   km	
   long	
   and	
   belongs	
   to	
   a	
   series	
   of	
   ultramafic	
   bodies	
   of	
  
restricted	
   size	
   (a	
   few	
   m	
   to	
   some	
   hundred	
   of	
   m),	
   occurring	
   within	
   sedimentary	
  
formations	
   of	
   the	
   Mesozoic	
   platform,	
   mostly	
   limestones	
   and	
   dolomites	
   (i.e.	
   Fontête	
  
Rouge	
  body).	
  	
  
	
  
The	
   clastic	
   formations	
   also	
   include	
   numerous	
   layers	
   of	
   polymictic	
   breccias	
   reworking	
  
lherzolitic	
   clasts.	
   These	
   layers	
   are	
   found	
   far	
   from	
   any	
   lherzolitic	
   body,	
   implying	
   that	
  
lherzolitic	
   clasts	
   cannot	
   derive	
   from	
   the	
   in	
   situ	
   fragmentation	
   of	
   an	
   ultramafic	
   body	
  
alone,	
  but	
  might	
  also	
  have	
  been	
  transported	
  far	
  away	
  from	
  their	
  sources	
  by	
  sedimentary	
  
processes.	
  	
  
	
  
A	
   detailed	
   analysis	
   of	
   the	
   contacts	
   between	
   the	
   Lherz	
   ultramafic	
   body	
   and	
   the	
  
surrounding	
  limestones	
  confirms	
  that	
  there	
  is	
  no	
  fault	
  contact	
  there	
  and	
  that	
  sediments	
  
composed	
  of	
  ultramafic	
  material	
  have	
  been	
  emplaced	
  into	
  fissures	
  within	
  the	
  brecciated	
  
carapace	
  of	
  the	
  peridotites.	
  These	
  observations	
  bear	
  important	
  constraints	
  for	
  the	
  mode	
  
of	
   emplacement	
   of	
   the	
   lherzolite	
   bodies.	
  We	
   infer	
   that	
   mantle	
   exhumation	
  may	
   have	
  
occurred	
  during	
  Albian	
  strike-­‐slip	
  deformation	
  linked	
  to	
  the	
  rotation	
  of	
  Iberia	
  along	
  the	
  
proto-­‐North	
  Pyrenean	
  Fault.	
  
	
  
Lagabrielle	
  et	
  al.	
  (2016)	
  show	
  that	
  the	
  massive	
  marbles	
  of	
  the	
  Aulus	
  basin,	
  in	
  the	
  vicinity	
  
of	
   the	
   Lherz	
   body,	
   display	
   an	
   evolution	
   from	
   hot	
   and	
   ductile	
   to	
   cold	
   and	
   brittle	
  
deformation,	
   indicative	
   of	
   an	
   exhumation	
   process	
   ending	
   with	
   the	
   sedimentary	
  
reworking	
  of	
  both	
  the	
  deformed	
  Mesozoic	
  metasediments	
  and	
  the	
  exhumed	
  ultramafic	
  
rocks.	
   Crystal	
   Preferred	
   Orientations	
   (CPO)	
   measured	
   in	
   the	
   marbles	
   support	
  
deformation	
   mechanism	
   by	
   dislocation	
   creep	
   of	
   calcite	
   which	
   are	
   dominant	
   between	
  
400°C	
   and	
   600°C	
   ;	
   these	
   deformation	
   temperatures	
   are	
   within	
   the	
   range	
   determined	
  
earlier	
   by	
   Clerc	
   et	
   al	
   (2015),	
   using	
   RSCM	
   (Raman	
   	
   Spectroscopy	
   of	
   Carbonaceous	
  
Material)	
   geothermometry.	
   	
   As	
   a	
   consequence,	
   the	
   transition	
   from	
   ductile	
   to	
   brittle	
  
deformation	
  in	
  the	
  prerift	
  marbles	
  and	
  the	
  origin	
  of	
  the	
  syn-­‐rift	
  breccias	
  are	
  clarified.	
  	
  
	
  
Due	
   to	
   continuous	
   exhumation	
   along	
   detachments	
   faults,	
   the	
   brecciated	
  metamorphic	
  
carbonates	
   of	
   the	
   pre-­‐rift	
   NPZ	
   sedimentary	
   cover	
   were	
   passively	
   uplifted	
   towards	
  
shallower	
  levels	
  and	
  progressively	
  unroofed	
  while	
  transported	
  passively	
  on	
  the	
  back	
  of	
  
the	
  exhumed	
  ultramafic	
  footwall.	
  This	
  is	
  consistent	
  with	
  the	
  interpretation	
  of	
  the	
  North	
  
Pyrenean	
  peridotites	
  as	
   remnants	
  of	
   subcontinental	
  mantle	
   rocks	
  exhumed	
  within	
   the	
  
pre-­‐Pyrenean	
   rift	
   system.	
   The	
   tectonic	
   decoupling	
   between	
   the	
  Mesozoic	
   sedimentary	
  
cover	
  and	
   the	
  Paleozoic	
  basement	
  plays	
  a	
  major	
   role	
  and	
   leads	
   to	
   the	
   juxtaposition	
  of	
  
metamorphosed	
  and	
  deformed	
  Mesozoic	
  sediments	
  (ductilely	
  deformed	
  and	
  cataclastic)	
  
directly	
   on	
   top	
   of	
   the	
   exhumed	
   mantle	
   rocks.	
   It	
   finally	
   appears	
   that	
   the	
   Lherz	
   area	
  
exposes	
   evidence	
   of	
   tectonic	
   denudation	
   of	
   the	
   peridotites	
   below	
   pre-­‐rift	
   sediments	
  
metamorphosed	
   during	
   the	
   extension	
   of	
   the	
   basin	
   floor	
   in	
   a	
   thermal	
   regime	
  
characterized	
  by	
  a	
  very	
  high	
  gradient.	
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C.	
   Breccias	
   in	
   the	
   Etang	
   de	
   Lherz	
   region	
   and	
   contact	
   between	
   lherzolite	
   and	
  
limestones	
  (text	
  after	
  Lagabrielle	
  and	
  Bodinier,	
  2008)	
  (figures	
  5	
  to	
  11).	
  
	
  
1.	
  Various	
  types	
  of	
  breccias	
  (figure	
  9)	
  
	
  
The	
   lherzolites	
  of	
   the	
  Etang	
  de	
  Lherz	
  region	
  are	
  exposed	
  within	
  the	
  Aulus	
  basin,	
  a	
  Mesozoic	
  basin	
   inverted	
  
during	
   the	
   Pyrenean	
   orogeny.	
   The	
   former	
   basin	
   now	
   corresponds	
   to	
   a	
   narrow	
   belt	
   of	
   Jurassic	
   and	
   Lower	
  
Cretaceous	
  limestones,	
  marbles	
  and	
  dolomites	
  which	
  have	
  been	
  deformed	
  and	
  brought	
  into	
  a	
  vertical	
  position	
  
between	
  the	
  Paleozoic	
  units	
  of	
  the	
  Trois	
  Seigneurs	
  to	
  the	
  North	
  and	
  of	
  the	
  Axial	
  Zone	
  to	
  the	
  South.	
  The	
  meta-­
sediments	
  are	
  characterized	
  by	
  a	
  wide	
  variety	
  of	
  breccias,	
  as	
  shown	
  on	
  the	
  BRGM	
  geological	
  map	
  (Colchen	
  et	
  
al.,	
  1997;	
  Ternet	
  et	
  al.,	
  1997)	
  (Fig.	
  5).	
  The	
  lherzolites	
  appear	
  as	
  numerous	
  small	
  bodies,	
  ranging	
  in	
  size	
  from	
  a	
  
few	
  meters	
   to	
   several	
  hundreds	
  of	
  meters,	
   some	
  of	
   them	
  exhibiting	
  a	
  brecciated	
   fabric.	
  Massive	
  ultramafic	
  
bodies	
   frequently	
   appear	
   in	
   close	
   association	
  with	
   layers	
   of	
   breccias	
   having	
  a	
  mixed	
  ultramafic-­carbonate	
  
composition.	
   Ultramafic	
   breccias	
   may	
   also	
   form	
   mappable	
   lenses,	
   up	
   to	
   300	
   m	
   long,	
   aligned	
   within	
   the	
  
limestones.	
  The	
  largest	
  peridotite	
  exposure,	
  with	
  a	
  rectangular	
  shape	
  and	
  1.5	
  km	
  long,	
  forms	
  the	
  Lherz	
  body.	
  
Beside	
  the	
  lherzolitic	
  bodies,	
  minor	
  ophitic	
  and	
  gabbroic	
  bodies	
  are	
  also	
  observed	
  (Fig.	
  5).	
  	
  
	
  
We	
  studied	
  breccias	
  located	
  at	
  various	
  distances	
  from	
  the	
  lherzolite	
  body,	
  as	
  well	
  as	
  within	
  the	
  massif	
  itself.	
  	
  
Detailed	
  observations	
  along	
  the	
  trail	
  from	
  Port	
  de	
  Lherz	
  to	
  Pic	
  de	
  Girantes	
  (ravin	
  de	
  Paumères,	
  north	
  of	
  the	
  
Fontête-­Rouge	
   summit),	
   reveal	
   that	
   the	
   entire	
   peridotite-­bearing	
   section	
   consists	
   of	
   clastic	
   rocks	
   with	
   an	
  
overall	
  vertical	
  bedding	
  (Fig.	
  5	
  and	
  8).	
  There	
  is	
  no	
  massive	
  carbonate	
  formation	
  exposed	
  here.	
  Therefore	
  the	
  
Jurassic	
  age	
  of	
  the	
  host-­marbles	
  of	
  the	
  peridotite	
  bodies	
  cannot	
  be	
  proven.	
  The	
  largest	
  volume	
  of	
  clastic	
  rocks	
  
consists	
   of	
   breccias	
   and	
  minor	
   conglomerates	
  mainly	
   composed	
   of	
   fragments	
   of	
  white	
   to	
   pink	
  marble	
   and	
  
dolomite,	
  with	
  additional	
  ultramafic	
  fragments.	
  Carbonate	
  clasts	
  are	
  angular	
  to	
  subangular,	
  rarely	
  rounded,	
  
with	
  sizes	
  ranging	
  from	
  one	
  mm	
  to	
  a	
  few	
  dm.	
  The	
  breccias	
  are	
  generally	
  poorly	
  sorted,	
  but	
  locally,	
  ultramafic	
  
sandstones	
  sequences	
  show	
  graded	
  and	
  cross	
  bedding,	
  and	
  slumps.	
  Some	
  large	
  marble	
  clasts	
  are	
  foliated	
  and	
  
exhibit	
  mm-­sized	
   retromorphosed	
   scapolites,	
   confirming	
  post-­metamorphic	
  brecciation,	
  as	
   earlier	
   reported	
  
by	
  Choukroune	
  (1973;	
  1980).	
  Dark-­grey	
  clasts	
  of	
  metapelitic	
  rocks	
  (Liassic,	
  Aptian?)	
  are	
  abundant	
   in	
  some	
  
layers,	
  and	
  in	
  such	
  cases,	
  graded	
  bedding	
  is	
  observed.	
  Locally,	
  the	
  ultramafic	
  breccias	
  form	
  m-­thick,	
  vertical,	
  
monomictic	
   layers	
   and	
   lenses	
   interbedded	
   within	
   the	
   carbonate	
   clastic	
   formations.	
   The	
   breccias	
   contain	
  
various	
  proportions	
  of	
  matrix,	
  and	
   in	
  matrix-­supported	
  breccias,	
   the	
  composition	
  of	
   the	
  matrix	
  varies	
   from	
  
pure	
   carbonate	
   to	
   pure	
   ultramafic	
  material.	
   Isolated	
   blocks	
   of	
   breccias	
  made	
   up	
   of	
  marble	
   clasts	
   floating	
  
within	
  a	
  monomictic	
  graded,	
  ultramafic	
  sandstone	
  matrix	
  are	
  abundant	
  close	
  to	
  the	
  Port	
  de	
  Lherz.	
  	
  
Various	
  breccia-­types	
  are	
  observed	
  close	
  to,	
  and	
  within	
  the	
  main	
  body	
  of	
  Lherz.	
  	
  
	
  
-­	
  Type	
  1	
  is	
  found	
  along	
  the	
  southern	
  and	
  eastern	
  borders	
  of	
  the	
  ultramafic	
  outcrops,	
  where	
  it	
  forms	
  a	
  50	
  to	
  
200	
  m	
  thick,	
  continuous	
  carapace	
  of	
  monomictic	
  breccias	
  (Le	
  Roux	
  et	
  al.,	
  2007)	
  (Fig.	
  8).	
  These	
  breccias	
  never	
  
include	
  carbonate	
  clasts	
  and	
  often	
  appear	
  as	
   layers	
   sandwiched	
  between	
  panels	
  of	
  massive	
  peridotite.	
  The	
  
continuity	
  of	
  mantle	
  structures	
  is	
  generally	
  preserved	
  throughout	
  these	
  breccias,	
  at	
  least	
  at	
  the	
  outcrop	
  scale.	
  
Websterite	
   layers	
   and	
   hornblendite	
   (“lherzite”)	
   dikelets,	
   for	
   instance,	
   can	
   be	
   followed	
   over	
   several	
  meters	
  
within	
  the	
  breccias,	
  being	
  only	
  slightly	
  offset	
  along	
  brittle	
  faults,	
  which	
  indicates	
  little	
  displacement	
  between	
  
clasts.	
  This	
  type	
  of	
  in-­situ	
  formed	
  breccias	
  bear	
  characteristics	
  of	
  cataclastic	
  breccias.	
  	
  
	
  
-­	
  Type	
  2	
  breccias	
  are	
  observed	
  close	
  to	
  the	
  contact	
  with	
  the	
  carbonate	
  sediments	
  (Site	
  LHZ	
  6).	
  Their	
  aspect	
  
resembles	
   that	
   of	
   the	
   cataclastic	
   breccias	
   but	
   they	
   typically	
   include	
   isolated	
   clasts	
   of	
   limestones	
   and	
   look	
  
more	
   heterogenous.	
   The	
   transition	
   between	
   type	
   1	
   and	
   2	
   is	
   not	
   sharp,	
   suggesting	
   that	
   the	
   source	
   of	
   the	
  
ultramafic	
  debris	
  can	
  be	
  found	
  within	
  internal	
  cataclatic	
  fault	
  zones	
  cross-­cutting	
  the	
  lherzolitic	
  body.	
  
	
  	
  
-­	
  Type	
  3	
  breccias	
  are	
  observed	
  in	
  restricted	
  places	
  within	
  the	
  massif	
  (for	
  instance	
  at	
  Sites	
  LHZ	
  4	
  and	
  LHZ	
  5,	
  
where	
   they	
   appear	
   to	
   fill	
   large	
   fissures	
   opened	
  within	
   the	
   peridotites	
   They	
   are	
   composed	
   of	
   thin	
   layers	
   of	
  
graded	
   ultramafic	
   sandstones	
   with	
   cross-­lamination,	
   including	
   cm-­sized	
   blocks	
   of	
   fresh	
   lherzolite	
   and	
  
isolated	
  serpentine	
  clasts.	
  These	
  deposits	
  closely	
  resemble	
   the	
  graded	
  ultramafic	
   	
   sandstones	
  overlying	
  and	
  
inserted	
  within	
  the	
  ultramafic	
  basement	
  of	
  some	
  Apenninic	
  and	
  Alpine	
  ophiolites	
  (Decandia	
  and	
  Elter,	
  1972;	
  
Cortesogno	
  et	
  al.,	
  1981;	
  Bernoulli	
  and	
  Weissert,	
  1985).	
  Fragments	
  of	
  ultramafic	
  minerals	
  such	
  as	
  pyroxene,	
  
olivine	
   and	
   spinels,	
   less	
   than	
   1	
  mm	
   across,	
   form	
  most	
   of	
   the	
   fine-­grained	
  matrix	
   and	
   are	
   associated	
  with	
  
grains	
  of	
  serpentinite	
  and	
  millimetric	
  fragments	
  of	
  deformed	
  marbles.	
  Type	
  3	
  further	
  differs	
  from	
  the	
  other	
  
types	
   of	
   breccias	
   in	
   Lherz	
   in	
   showing	
   an	
   extreme	
   variety	
   of	
   ultramafic	
   clasts	
   in	
   term	
   of	
   mineralogical	
  
composition	
  (peridotites,	
  websterites,	
  honblendites	
  etc.),	
  mantle	
  textures	
  (coarse-­granular	
  to	
  mylonitic)	
  and	
  
degree	
   of	
   serpentinization	
   (fully	
   serpentinized	
   clasts	
   and	
   fresh	
   lherzolite	
   debris).	
   The	
   majority	
   of	
   the	
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peridotite	
   clasts	
  are	
   composed	
  of	
   fresh,	
  pyroxene-­rich,	
   coarse-­granular	
   lherzolites	
  different	
   from	
   the	
  Lherz	
  
peridotites.	
   These	
   rocks	
   are	
   more	
   reminiscent	
   of	
   peridotites	
   from	
   other	
   bodies,	
   such	
   as	
   Fontête	
   Rouge	
  
(Fabriès	
  et	
  al.,	
  1991).	
  This	
  points	
  to	
  a	
  mixed	
  and	
  relatively	
  far	
  provenance	
  of	
  the	
  ultramafic	
  clasts	
  in	
  Type	
  3	
  
breccia.	
  Besides	
  the	
  ultramafic	
  clasts,	
  the	
  breccias	
  generally	
  contain	
  debris	
  of	
  carbonate	
  rocks.	
  These	
  include	
  
clasts	
  of	
  deformed	
  marbles	
  showing	
  here	
  also	
  metamorphic	
  minerals	
  typical	
  of	
  the	
  Pyrenean	
  metamorphism.	
  
Clasts	
   of	
   former	
  monomictic	
   carbonate	
   breccias,	
   or	
   of	
   polymictic	
   ultramafic-­carbonate	
   breccias	
   are	
   often	
  
observed.	
  	
  
	
  
-­	
  Type	
  4	
  breccias	
  are	
  clastic	
  rocks	
  closely	
  resembling	
  the	
  so-­called	
  ophicalcites	
  of	
  the	
  Apenninic	
  and	
  Alpine	
  
ophiolites	
   (Lemoine	
   et	
   al.,	
   1987)	
   that	
   developed	
   on	
   seafloor	
   exposures	
   of	
   exhumed	
  mantle.	
   They	
   typically	
  
include	
  dominant,	
  poorly	
  sorted,	
  angular	
  clasts	
  of	
  serpentinite	
  and	
  minor	
  poorly	
  serpentinized	
  lherzolites.	
  As	
  
frequently	
   observed	
   in	
  Alpine	
  ophicalcites	
   (e.g.	
   Früh-­Green	
   et	
   al.,	
   1990),	
   late	
   carbonate	
   veins	
   cross-­cut	
   the	
  
breccias,	
   a	
   consequence	
   of	
   circulation	
   of	
   fluids	
   after	
   deposition.	
   Such	
   ophicalcite	
   breccias	
   infill	
   fissures	
  
opened	
  within	
  the	
  massive	
  peridotites	
  as	
  observed	
  along	
  the	
  road	
  at	
  Site	
  LHZ	
  8.	
  	
  
	
  
We	
  closely	
  studied	
  the	
  contacts	
  between	
  carbonates	
  and	
  ultramafics.	
  These	
  are	
  well	
  exposed	
  along	
  the	
  road	
  
at	
   Sites	
   LHZ	
   2a	
   and	
   LHZ2b	
   and	
   show	
   a	
   highly	
   contorted	
   outline.	
   Two	
   main	
   observations	
   	
   have	
   to	
   be	
  
emphasized.	
   1)	
   Where	
   observed,	
   the	
   carbonates	
   are	
   always	
   welded	
   onto	
   the	
   irregular	
   surface	
   of	
   the	
  
ultramafics.	
   2)	
   The	
   contact	
   is	
   not	
   rectilinear	
   at	
   a	
   meter	
   scale;	
   rather,	
   the	
   surface	
   of	
   the	
   lherzolites	
   is	
  
fractured	
  and	
  fissures	
  are	
  filled	
  with	
  carbonate	
  breccias	
  mixed	
  with	
  ultramafic	
  debris	
  as	
  illustrated	
  in	
  Fig.	
  6C.	
  
These	
   observations	
   preclude	
   a	
   fault	
   contact	
   at	
   this	
   location.	
   Late	
   carbonate	
   veins	
   cross	
   cut	
   both	
   the	
  
lherzolites	
   and	
   the	
   marble	
   breccias	
   suggesting	
   post-­depositional	
   metamorphic	
   evolution	
   and	
   fluid	
  
circulation.	
   Detailed	
   field	
   observation	
   and	
   thin-­section	
   analysis	
   show	
   that	
   the	
   sedimentary	
   layer	
   in	
   direct	
  
contact	
  with	
  the	
  lherzolites	
  is	
  a	
  carbonate	
  micro-­breccia	
  reworking	
  mm-­sized	
  lherzolitic	
  clasts	
  and	
  isolated	
  
mineral	
   grains	
   originating	
   from	
   the	
   disaggregation	
   of	
   the	
   lherzolite	
   (pyroxene,	
   olivine,	
   serpentinite	
   and	
  
amphiboles	
  from	
  lherzite	
  dikelets).	
  This	
  is	
  well	
  observed	
  at	
  Site	
  LHZ	
  2b.	
  At	
  Site	
  LHZ	
  	
  2a,	
  the	
  lherzolites	
  show	
  a	
  
mylonitic	
  fabric,	
  cut	
  and	
  offset	
  by	
  later	
  small	
  faults	
  and	
  fissures,	
  which	
  is	
  clearly	
  cut	
  by	
  the	
  contact	
  with	
  the	
  
sediments.	
   Two	
   meters	
   to	
   the	
   south	
   of	
   the	
   carbonate-­ultramafic	
   contact	
   at	
   Site	
   LHZ	
   2a,	
   the	
   carbonate	
  
breccias	
   form	
   vertical	
   strata	
  made	
   up	
   of	
   fragments	
   of	
   pink	
   to	
  white-­grey	
  marbles	
   and	
   dolomites.	
   Some	
   of	
  
these	
  beds,	
  up	
   to	
  1	
  m	
   thick,	
   include	
  up	
   to	
  30-­40	
  %	
  of	
   lherzolitic	
   clasts	
  outlining	
   the	
  vertical	
  bedding.	
  Such	
  
clear	
  bedding	
  of	
  the	
  breccias	
  precludes	
  an	
  origin	
  through	
  quenching	
  and	
  hydraulic	
  fracturing	
  due	
  to	
  hot	
  rock	
  
intrusion.	
  
	
  
We	
  observed	
  new	
  exposures	
  of	
  middle-­	
  to	
  high-­grade	
  metamorphic	
  rocks	
  between	
  peridotites	
  and	
  carbonates	
  
along	
  the	
  northern	
  boundary	
  of	
  the	
  Etang	
  de	
  Lherz	
  area	
  (Site	
  LHZ	
  7).	
  Lacroix	
  (1895)	
  and	
  Monchoux	
  (1970,	
  
1972)	
  have	
  described	
  three	
  predominant	
  types	
  within	
  similar	
  rocks:	
  (1)	
  biotite-­	
  and	
  scapolite-­rich	
  rocks,	
  (2)	
  
spinel	
   amphibolites,	
   (3)	
   anthophyllite-­	
   and	
   phlogopite-­rich	
   rocks,	
   also	
   containing	
   variable	
   proportions	
   of	
  
magnesian	
   hornblende,	
   sapphirine,	
   kornerupine,	
   Al-­spinel,	
   altered	
   cordierite,	
   scapolite,	
   calcite,	
   tourmaline,	
  
and	
   subordinate	
   amounts	
   of	
   rutile	
   and	
   apatite.	
   Monchoux	
   (1972)	
   interpreted	
   the	
   sapphirine-­bearing	
  
assemblages	
  as	
  mafic	
   crustal	
   rocks	
  modified	
  by	
   the	
  combined	
  effects	
  of	
  metasomatism	
  and	
  metamorphism	
  
(800-­900°C	
  and	
  0.6-­0.9	
  GPa)	
  in	
  contact	
  aureoles	
  of	
  peridotites	
  during	
  the	
  early	
  stages	
  of	
  their	
  exhumation.	
  
The	
  deep-­seated	
  metamorphic	
  rocks	
  would	
  have	
  been	
  dragged	
  towards	
  the	
  surface	
  during	
  later	
  stages	
  of	
  the	
  
exhumation	
  of	
  the	
  peridotites.	
  Our	
  observations	
  indicate	
  the	
  existence	
  of	
  two	
  distinct	
  rock	
  facies	
  within	
  this	
  
suite.	
  One	
  (Type	
  a)	
  is	
  made	
  of	
  generally	
  broken,	
  idiomorphic	
  minerals	
  (except	
  for	
  phlogopite)	
  that	
  have	
  lost	
  
all	
  of	
  their	
  primary	
  textural	
  relationships.	
  This	
  highly	
  friable	
  rock	
  type	
  is	
  carbonate-­free	
  and	
  probably	
  derives	
  
from	
  a	
  metamorphic	
  protolith	
  through	
  intense	
  cataclasis	
  (Monchoux,	
  1972).	
  The	
  other	
  rock	
  facies	
  (Type	
  b)	
  is	
  
distinguished	
  by	
  the	
  presence	
  of	
  a	
  carbonate	
  matrix	
  and	
  the	
  presence	
  of	
  small	
  clasts	
  (<	
  1	
  cm)	
  of	
  ultramafic	
  
rocks	
   (Fig.	
  7).	
   It	
   is	
   identical	
   to	
  Type	
  a	
   in	
   terms	
  of	
  mineralogical	
   composition,	
   except	
   that	
   the	
  minerals	
  are	
  
broken	
  to	
  smaller	
  pieces.	
   In	
  the	
  field,	
  the	
  Type	
  b	
  facies	
  contains	
  clasts	
  of	
  Type	
  a	
  rocks,	
  of	
  ultramafic	
  and	
  of	
  
additional	
  undetermined	
  rocks	
  (work	
  in	
  progress).	
  It	
  occurs	
  in	
  direct	
  contact	
  with	
  the	
  Lherz	
  peridotite;	
  it	
  is	
  
associated	
  with	
  ultramafic	
  sediments,	
  and	
  obviously	
  results	
  from	
  sedimentary	
  reworking	
  of	
  the	
  Type	
  a.	
  
	
  
2.	
  Interpretation:	
  Sedimentary	
  origin	
  of	
  some	
  of	
  the	
  Lherz	
  breccias	
  
	
  
The	
   observations	
   reported	
   above	
   demonstrate	
   that	
   the	
   lherzolites	
   and	
   some	
   associated	
   deep-­seated	
   roks,	
  
have	
  been	
  submitted	
  to	
  sedimentary	
  reworking.	
  However,	
  apart	
  from	
  Type	
  1	
  breccias	
  regarded	
  as	
  cataclastic	
  
breccias,	
  tectonic	
  fragmentation	
  alone	
  cannot	
  explain	
  a	
  number	
  of	
  highly	
  distinctive	
  features	
  such	
  as	
  :	
  (1)	
  the	
  
occurrence	
   of	
   numerous	
   polymictic	
   ultramafic–carbonate	
   breccia	
   layers	
   interbedded	
   within	
   the	
   clastic	
  
sedimentary	
   sequence	
   of	
   the	
   Aulus	
   basin,	
   some	
   km	
   away	
   from	
   the	
   main	
   Lherz	
   body;	
   (2)	
   the	
   presence	
   of	
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graded	
  ultramafic	
   sandstones	
  within	
   fissures	
   of	
   the	
   Lherz	
   body,	
   and	
   (3)	
   the	
  mixing	
  of	
   serpentinized	
   clasts	
  
with	
   unweathered	
   mantle	
   debris	
   in	
   ophicalcite-­type	
   breccias.	
   These	
   features	
   imply	
  :	
   (1)	
   reworking	
   and	
  
transport	
  of	
  a	
   two-­component	
  clastic	
  material	
  by	
  gravitational	
  processes,	
   including	
  rock	
   falls,	
  debris	
   flows	
  
and	
   grain	
   flows,	
   (2)	
   reworking	
   of	
   ultramafic	
   fine-­grained	
   material	
   and	
   deposition	
   in	
   an	
   sub-­aqueous	
  
environment	
  within	
   fissures	
   opened	
  within	
   an	
   ultramafic	
   basement	
   and	
   (3)	
  mixing	
   of	
   debris	
   from	
   various	
  
sources	
  including	
  regions	
  of	
  highly	
  serpentinized	
  mantle.	
  Since	
  serpentinization	
  of	
  mantle	
  rocks	
  is	
  thought	
  to	
  
develop	
  generally	
  at	
   temperatures	
   lower	
   than	
  300-­350°C	
   (Andréani	
   et	
  al.,	
   2007),	
   the	
  association	
  of	
  poorly	
  
serpentinized	
   lherzolites	
   and	
   serpentinites	
   suggests	
   that	
   brecciation	
   processes	
   did	
   not	
   occur	
   under	
  
temperature	
  conditions	
  calculated	
  for	
  the	
  Pyrenean	
  metamorphism.	
  	
  
	
  
These	
   observations	
   demonstrate	
   that	
   ultramafic	
   rocks	
   have	
   been	
   exhumed	
   and	
   exposed	
   on	
   the	
   seafloor	
  
together	
  with	
  Mesozoic	
  sediments,	
  and	
  have	
  been	
  incorporated	
  as	
  exotic	
  debris	
  within	
  a	
  clastic	
  sequence	
  as	
  
synthetized	
   in	
   Fig.	
   8.	
   Due	
   to	
   the	
   progressive	
   contact	
   between	
   Type	
   1	
   cataclastic	
   breccias	
   and	
   Type	
   2	
  
sedimentary	
  breccias,	
  we	
  may	
  propose	
  that	
   tectonic	
  brecciation	
  at	
  depth	
  preceded	
  sedimentary	
  reworking.	
  
Brecciation	
   occurred	
   possibly	
   during	
   shearing	
   leading	
   to	
   exhumation,	
   but	
   further	
   investigations	
   are	
  
requested	
  to	
  better	
  constrain	
  the	
  P,T	
  conditions	
  and	
  	
  the	
  kinematic	
  of	
  this	
  cataclastic	
  event.	
  
	
  	
  
Finally,	
  taking	
  into	
  account	
  the	
  clastic	
  origin	
  of	
  the	
  ultramafic	
  material	
  around	
  the	
  Etang	
  de	
  Lherz,	
  we	
  have	
  
to	
   address	
   the	
   question	
   of	
   the	
   significance	
   of	
   the	
   Lherz	
   body	
   itself.	
   The	
   clastic	
   formations	
   are	
   almost	
  
continuous	
  around	
  the	
  ultramafic	
  body,	
  with	
  a	
  remaining	
  doubt	
  along	
  its	
  northwest	
  side	
  where	
  exposures	
  are	
  
scarce.	
   Under	
   such	
   conditions,	
   the	
   Lherz	
   body	
   might	
   represent	
   either	
   a	
   small	
   remnant	
   of	
   the	
   ultramafic	
  
basement	
   of	
   the	
   sedimentary	
   basin,	
   a	
   tectonic	
   slice	
   along	
   a	
   major	
   detachment	
   fault,	
   or	
   a	
   large	
   olistolith	
  
embedded	
  within	
   a	
   clastic	
   sedimentary	
   sequence.	
   These	
   interpretations	
   are	
   in	
   line	
  with	
   gravity	
  modelling	
  
showing	
   that	
   the	
   Lherz	
   body	
   is	
   of	
   small	
   size	
   and	
   is	
   not	
   rooted	
  within	
   the	
   Pyrenean	
   basement	
   (Anderson,	
  
1984).	
  In	
  the	
  two	
  first	
  cases,	
  the	
  Lherz	
  body	
  would	
  exhibit	
  a	
  tectonic	
  contact	
  on	
  its	
  northwestern	
  side	
  against	
  
the	
   tectonized	
   corridor	
   along	
   the	
   NFP.	
   In	
   the	
   third	
   case,	
   the	
   polymictic	
   clastic	
   formation	
   reworking	
   the	
  
mantle	
  debris	
  would	
  be	
  completely	
  disconnected	
  from	
  its	
  original	
  basement	
  of	
  unknown	
  composition.	
  
	
  	
  
3.	
  Geodynamical	
  implications	
  and	
  conclusions	
  
	
  
Our	
   new	
   field	
   observations	
   in	
   the	
   region	
   of	
   Etang	
   de	
   Lherz	
   bear	
   important	
   constraints	
   for	
   the	
   mode	
   of	
  
emplacement	
   of	
   the	
   Pyrenean	
   lherzolites.	
   Following	
   Choukroune	
   (1973,	
   1974,	
   1980),	
   we	
   confirm	
   that	
   the	
  
lherzolite	
  bodies	
  around	
  Etang	
  de	
  Lherz	
  are	
  enclosed	
  within	
  a	
  sedimentary	
  clastic	
  sequence	
  resulting	
   from	
  
the	
   accumulation	
   of	
   debris	
   reworked	
   from	
   exposures	
   of	
   platform	
   carbonates	
   and	
   ultramafic	
   rocks.	
   This	
  
interpretation	
  is	
  consistent	
  with	
  field	
  data	
  in	
  the	
  Béarn	
  region	
  where	
  lherzolitic	
  bodies	
  also	
  form	
  restricted	
  
exposures	
  regarded	
  as	
  olistholiths	
  emplaced	
  within	
   flysch	
   formations	
  of	
  Cretaceous	
  age	
  (Duée	
  et	
  al.,	
  1984	
  ;	
  
Fortané	
   et	
   al.,	
   1986).	
   In	
   that	
   sense,	
   the	
   sedimentary	
   sequence	
   of	
   the	
   Aulus	
   basin	
   can	
   be	
   compared	
   to	
   the	
  
Cretaceous-­Eocene	
  successions	
  of	
  the	
  Northern	
  Apennines	
  where	
  gravity	
  deposits	
  including	
  ophiolitic	
  debris	
  
flows	
  (olistostromes)	
  and	
  olistoliths	
  crop	
  out	
  extensively	
  (Abbate	
  et	
  al.,	
  1970;	
  Marroni	
  and	
  Pandolfi,	
  2001).	
  
The	
  largest	
  ophiolitic	
  olistoliths	
  of	
  the	
  Apennines	
  are	
  1-­2	
  km	
  long	
  and	
  200-­300	
  m	
  thick,	
  a	
  size	
  similar	
  to	
  that	
  
of	
   the	
   Lherz	
   body.	
   Gravity	
   emplaced	
   ultramafic-­rich	
   bodies	
   showing	
   characteristics	
   similar	
   to	
   the	
   Lherz	
  
polymictic	
   clastic	
   sequences	
   have	
   been	
   also	
   reported	
   from	
   various	
   orogenic	
   belts	
   such	
   as	
   the	
   Californian	
  
Coast	
  Ranges	
  (e.g.	
  Lockwood,	
  1971),	
  or	
  the	
  internal	
  Alps	
  (Deville	
  et	
  al.,	
  1992).	
  	
  
	
  
From	
  these	
  observations,	
   it	
   is	
  clear	
  that	
  subcontinental	
  mantle	
  has	
  been	
  exposed	
  on	
  the	
  floor	
  and/or	
  along	
  
the	
   flanks	
   of	
   a	
   deep,	
   tectonically	
   active	
   basin	
   that	
   now	
   forms	
   the	
   Aulus	
   region.	
   At	
   present,	
   exhumation	
   of	
  
mantle	
   rocks	
   is	
   known	
   to	
   occur	
   at	
   the	
   foot	
   of	
   non-­volcanic	
   continental	
  margins	
   such	
   as	
   the	
  Galicia-­Iberia	
  
Atlantic	
  margin	
  (Boillot	
  et	
  al.,	
  1980,	
  1985;	
  Abe,	
  2001	
  ;	
  Whitmarsh	
  et	
  al.,	
  2001,	
  Manatschal,	
  2004),	
  along	
  the	
  
axial	
   reliefs	
   of	
   slow-­spreading	
   ridges	
   (Lagabrielle	
   et	
   al.,	
   1998;	
   Karson	
   et	
   al.,	
   2006),	
   within	
   small	
   oceanic	
  
basins	
  (Seyler	
  and	
  Bonatti,	
  1988),	
  or	
  along	
  the	
  walls	
  of	
  oceanic	
  fracture	
  zones	
  (Bonatti	
  et	
  al.,	
  1971	
  ;	
  Auzende	
  
et	
  al.,	
  1989).	
  In	
  these	
  different	
  geodynamic	
  settings,	
  mantle	
  exhumation	
  is	
  always	
  accompanied	
  by	
  sediments	
  
yielding	
  large	
  volumes	
  of	
  debris	
  of	
  dominantly	
  ultramafic	
  composition,	
  ranging	
  from	
  fine-­grained	
  turbidites	
  
to	
  debris-­flows	
  and	
  rock	
  slides,	
  as	
  first	
  reported	
  on	
  the	
  flanks	
  of	
  the	
  Gorringe	
  Bank	
  (Lagabrielle	
  and	
  Auzende,	
  
1982).	
   In	
   the	
  Pyrenean	
  case,	
  mantle	
   exhumation	
  cannot	
  be	
  viewed	
  as	
  a	
  process	
   linked	
   to	
   the	
  opening	
  of	
  a	
  
wide	
  ocean,	
  since	
  no	
  relicts	
  of	
  oceanic	
   lithosphere	
  are	
  present	
  within	
  the	
  mountain	
  belt.	
  By	
  contrast	
   to	
  the	
  
Tethyan	
  ophiolites,	
  the	
  low	
  degree	
  of	
  pervasive	
  serpentinization	
  of	
  most	
  of	
  the	
  Pyrenean	
  lherzolites	
  suggests	
  
very	
   rapid	
   exhumation	
   followed	
   by	
   instantaneous	
   sedimentary	
   reworking	
   and	
   burial	
   within	
   detrital	
  
sequences.	
  This	
  is	
  consistent	
  with	
  transtensive	
  conditions	
  at	
  the	
  foot	
  of	
  a	
  rapidly	
  stretched	
  continental	
  crust.	
  
This	
  scenario	
  is	
  illustrated	
  in	
  Fig.	
  9.	
  It	
  may	
  have	
  occurred	
  during	
  the	
  opening	
  of	
  a	
  series	
  of	
  pull-­apart	
  basins	
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along	
  the	
  Iberia/Europe	
  plate	
  boundary	
  due	
  to	
  oceanic	
  spreading	
  in	
  the	
  Bay	
  of	
  Biscaye	
  during	
  the	
  Albian	
  (Le	
  
Pichon	
  et	
  al.,	
  1970	
  ;	
  Choukroune	
  and	
  Mattauer,	
  1978	
  ;	
  Olivet,	
  1996).	
  	
  
	
  
Thinning	
   of	
   the	
   continental	
   lithosphere	
   in	
   the	
   region	
   where	
   lherzolites	
   are	
   now	
   exposed	
   is	
   confirmed	
   by	
  
additional	
  evidence,	
  as	
  follows.	
  
(1)	
   Radiometric	
   ages	
   (Ar-­Ar	
   and	
   Sm-­Nd)	
   obtained	
   on	
   amphiboles	
   from	
   Lherz	
   and	
   Caussou.	
   These	
   ages	
  
indicate	
  crustal	
  emplacement	
  of	
  the	
  ultramafic	
  rocks	
  around	
  110-­105	
  Ma	
  (Henry	
  et	
  al.,	
  1998).	
  
(2)	
   Pyrenean	
   HT	
   metamorphism.	
   This	
   involves	
   heat	
   transfer	
   through	
   fluid	
   circulation	
   and	
   occurred	
  
inresponse	
  to	
  continental	
  thinning	
  during	
  the	
  Late	
  Cretaceous.	
  	
  
(3)	
  Alkaline	
  magmatism	
  of	
  Cretaceous	
  age	
  (105	
  Ma),	
  that	
  indicates	
  partial	
  melting	
  of	
  upwelling	
  mantle.	
  
	
  (4)	
   A	
   major	
   mylonitic	
   event	
   dated	
   at	
   110-­100	
   Ma	
   which	
   occurred	
   along	
   normal	
   faults	
   cross-­cutting	
  
Paleozoic	
   basement	
   close	
   to	
   the	
  NPF	
   (Costa	
  and	
  Maluski,	
   1988;	
   Saint	
  Blanquat,	
   1993).	
  One	
  of	
   these	
   faults	
  
testifies	
   to	
   fluid	
   circulation	
   and	
   Mg	
   enrichment	
   linked	
   to	
   continuous	
   shearing	
   between	
   112	
   and	
   97	
   Ma	
  
(Schärer	
   et	
   al.,	
   1999).	
   The	
   occurrence	
   of	
   several	
   basement	
   units	
   exhibiting	
   granulitic	
   metamorphic	
  
assemblages	
  located	
  along	
  the	
  NPF	
  (Fig.	
  1)	
  indicates	
  that	
  the	
  lower	
  continental	
  crust	
  has	
  been	
  also	
  exhumed,	
  
possibly	
  along	
  these	
  faults,	
  a	
  fact	
  already	
  noticed	
  by	
  Vissers	
  et	
  al.	
  (1997).	
  
	
  	
  
An	
  important	
  point	
  must	
  be	
  added	
  to	
  this	
  discussion.	
  Numerous	
  clasts	
  of	
  carbonate	
  included	
  in	
  the	
  polymictic	
  
breccias	
   exhibit	
  HT-­LP	
   Pyrenean	
  metamorphic	
   parageneses	
   and	
   internal	
   deformation.	
   This	
  would	
   imply	
   a	
  
post-­Albian	
  age	
  for	
  the	
  clastic	
  sedimentation.	
  On	
  the	
  other	
  hand,	
  the	
  clastic	
  sequence	
  itself	
  has	
  experienced	
  a	
  
metamorphic	
   evolution,	
   which	
   would	
   in	
   turn	
   indicate	
   pre-­Late	
   Albian	
   sedimentation.	
   Although	
   this	
   point	
  
needs	
   further	
   investigations,	
  most	
   of	
   the	
  geological	
   data	
   suggest	
   that	
  mantle	
   exhumation	
  occurred	
  during	
  
the	
   Albian.	
   The	
   ultramafic	
   rocks	
   may	
   have	
   been	
   emplaced	
   at	
   shallow	
   lithospheric	
   levels	
   earlier	
   than	
   the	
  
Cretaceous,	
   during	
   Variscan	
   post-­orogenic	
   crustal	
   thinning	
   or	
   during	
   Triassic	
   or	
   Liassic	
   rifting	
   episodes.	
  
According	
   to	
   some	
  kinematic	
   reconstructions	
   (Sibuet	
  et	
  al.	
  2004),	
  a	
   realm	
  of	
   thinned	
  crust	
  and/or	
  oceanic	
  
crust	
  was	
  present	
  before	
  the	
  Cretaceous	
  between	
  the	
  Iberian	
  and	
  European	
  plates.	
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Day	
  Two	
  (half	
  day)	
  :	
  Michel	
  de	
  Saint	
  Blanquat	
  

	
  
On	
  the	
  way	
  back	
  to	
  Perpignan,	
  we	
  will	
  stop	
  at	
  the	
  Bestiac	
  area	
  starting	
  with	
  an	
  overview	
  
of	
   the	
   geological	
   setting	
   of	
   the	
   mantle	
   bodies	
   here	
  :	
   field	
   evidence	
   of	
   sedimentary	
  
reworking	
   of	
   mantle	
   rocks	
   and	
   synthetic	
   geological	
   cross-­‐section	
   of	
   the	
   NPZ.	
   Special	
  
attention	
  will	
  be	
  payed	
   to	
   the	
  presence	
  of	
   the	
  North	
  Pyrenean	
  massifs	
   showing	
  major	
  
metasomatic	
  extensional	
  shear	
  zones	
  of	
  Mid-­‐Cretaceous	
  age	
  (Luzenac	
  talc	
  deposits).	
  
	
  
An	
   olistolith	
   of	
   highly	
   serpentized	
   ultramafic	
   rock	
   allows	
   the	
   observation	
   of	
   the	
  
phacoidal	
   fabric	
   related	
   to	
   the	
   exhumation	
   processes.	
   Finally	
   a	
   link	
  will	
   be	
   proposed	
  
(and	
   discussed	
  !)	
   between	
   the	
   evolution	
   of	
   the	
   continental	
   basement	
   and	
   the	
   coeval	
  
exhumation	
   of	
   the	
  mantle	
   rocks.	
   All	
   our	
   observations	
   are	
   consistent	
   with	
   a	
  model	
   of	
  
extreme	
   continental	
   thinning	
   implying	
   lateral	
   extraction	
   of	
   the	
   crust	
   and	
   ductile	
  
deformation	
  of	
  the	
  pre-­‐rift	
  cover	
  under	
  a	
  Cretaceous	
  blanket	
  of	
  flysch	
  deposits.	
  
	
  

The	
  following	
  text	
  is	
  after	
  :	
  	
  
de Saint Blanquat M, Bajolet F., Grand’Homme A., Proietti A., Zanti M., Boutin A., Clerc C., 
Lagabrielle Y., Labaume P., (2016). Cretaceous mantle exhumation in the central Pyrenees: New 
constraints from the peridotites in eastern Ariège (North Pyrenean zone, France). C. R. Geoscience (2016), 
http:// dx.doi.org/10.1016/j.crte.2015.12.003.	
  

	
  
The	
  Bestiac	
   area	
   represents	
   the	
  most	
   spectacular	
   examples	
   of	
   S-­type	
   peridotites	
   in	
   the	
   Pyrenees	
  
thanks	
  to	
  its	
  exceptional	
  outcropping	
  conditions	
  and	
  easy	
  accessibility.	
  The	
  main	
  bodies	
  are	
  located	
  
on	
  the	
  slope	
  north	
  of	
  Bestiac	
  village.	
  
The	
  Bestiac	
  body.	
  The	
  general	
  map	
  of	
  the	
  Bestiac	
  area	
  is	
  given	
  in	
  figure	
  1	
  and	
  a	
  detailed	
  map	
  of	
  the	
  
eastern	
  part	
  is	
  given	
  in	
  figure	
  2.	
  The	
  Bestiac	
  massif	
  is	
  composed	
  of	
  about	
  twenty	
  sub-­vertical	
  lenses	
  
of	
  brecciated	
  peridotite,	
  mainly	
  spinel-­lherzolite.	
  The	
  peridotite	
  exhibits	
  a	
  clear	
  magmatic	
  layering	
  
in	
  a	
  few	
  places.	
  One	
  unique	
  feature	
  of	
  Bestiac	
  massif	
  is	
  its	
  serpentinisation:	
  with	
  the	
  Bois	
  du	
  Fajou	
  
massifs,	
   it	
   is	
   the	
   only	
   Pyrenean	
   peridotitic	
   massif	
   known	
   to	
   date	
   showing	
   a	
   mixture	
   between	
  
peridotite	
   blocks	
   that	
   have	
   undergone	
   different	
   serpentinisation	
   histories.	
  Most	
   of	
   the	
   lenses	
   are	
  
constituted	
   by	
   fresh	
   lherzolite	
   (Fig.	
   3).	
   Others	
   are	
   made	
   of	
   fresh	
   lherzolites	
   cut	
   by	
   at	
   least	
   two	
  
generations	
   of	
   serpentines	
   veins	
   (Fig.	
   4,	
   5,	
   and	
  6).	
   Finally,	
   three	
   lenses	
   are	
   constituted	
  by	
   totally	
  
serpentinized	
   peridotite	
   (Fig.	
   7).	
   All	
   the	
   visible	
   contacts	
   are	
   progressive	
   and	
   in	
   a	
   few	
   places	
   the	
  
breccia	
   exhibits	
   clear	
   sedimentary	
   bedding	
   (Fig.	
   8,	
   9	
   and	
   10).	
   In	
   some	
   places,	
   non-­serpentinized	
  
peridotitic	
   fragments	
   are	
   located	
   close	
   to	
   the	
   edges	
   of	
   totally	
   serpentinized	
   large	
   lenses.	
   The	
  
breccia	
  is	
  polymictic	
  and	
  mainly	
  composed	
  of	
  lherzolite	
  fragments	
  cemented	
  in	
  a	
  cristallized	
  calcite	
  
matrix	
  (Fig.	
  11),	
  but	
  often	
  evolves	
  to	
  marble	
  fragments	
  cemented	
  in	
  an	
  ultramafic	
  matrix	
  (Fig.	
  12).	
  
The	
  marble	
  clasts	
  are	
  mainly	
  constituted	
  by	
  white-­grey	
  marbles	
  of	
  probably	
  Jurassic	
  age,	
  but	
  also	
  
by	
  blocs	
  of	
  various	
  color	
  (black,	
  beige,	
  brown...)	
  of	
  unknown	
  age	
  (Palaeozoic	
  ?	
  Lower	
  Cretaceous	
  ?).	
  
Rare	
  clasts	
  of	
  pelite	
  were	
  observed.	
  The	
  matrix	
  of	
  the	
  breccia	
  is	
  slightly	
  recrystallized	
  and	
  contain	
  
metamorphic	
  minerals,	
  mainly	
  white	
  micas.	
  All	
  the	
  lenses	
  of	
  peridotite	
  are	
  cut	
  by	
  carbonate-­filled	
  
fractures	
   forming	
   ophicalcites,	
   especially	
   near	
   their	
   contact	
   with	
   host	
   rock.	
   The	
   orientation	
   of	
  
structural	
  elements	
   is	
  given	
   in	
   figure	
  13,	
  and	
  clearly	
  shows	
  the	
  relative	
  chronology	
  between	
  pre-­,	
  
syn-­	
   and	
   post-­brecciation	
   events:	
   the	
   spatial	
   coherence	
   increases	
   from	
   intra-­peridotite	
   or	
   intra-­
marbles	
   structural	
   elements,	
   like	
  magmatic	
   and	
   tectonic	
   foliations	
   and	
   serpentinite	
   veins,	
   to	
   the	
  
bedding	
  of	
  the	
  breccia,	
  and	
  finally	
  to	
  the	
   late	
  fracture	
  cleavage	
  and	
  faults	
  which	
  affect	
  the	
  whole	
  
breccia	
  and	
  show	
  a	
  N-­S	
  shortening.	
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Figure	
  1	
  :	
  general	
  map	
  of	
  the	
  Bestiac	
  area.	
  UTM	
  31T	
  grid	
  (meter).	
  



 38 

	
  
Figure	
  2	
  :	
  detailed	
  map	
  of	
  the	
  eastern	
  part	
  of	
  the	
  Bestiac	
  massif.	
  UTM	
  31T	
  grid	
  (meter).	
  

See	
  figure	
  1	
  for	
  caption.	
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Figure	
  3	
  :	
  fresh	
  peridotite	
  with	
  websteritic	
  layering.	
  
	
  

	
  
Figure	
  4	
  :	
  partly	
  serpentinized	
  peridotite	
  cut	
  by	
  two	
  networks	
  of	
  serpentinite	
  veins	
  
black	
  V1	
  and	
  green	
  V2	
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Figure	
  5	
  :	
  detail	
  of	
  a	
  V2	
  vein.	
  
	
  

	
  
Figure	
  6	
  :	
  Raman	
  spectra	
  of	
  a	
  composite	
  V2	
  vein	
  with	
  centimetric	
  lizardite	
  and	
  
millimetric	
  chrysotile	
  veins.	
  Top	
  :	
  lizardite	
  spectra.	
  Bottom	
  :	
  fibrous	
  chrysotile	
  spectra.	
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Figure	
  7	
  :	
  totally	
  serpentinized	
  peridotite.	
  

	
  
Figure	
  8	
  :	
  sedimentary	
  layering	
  in	
  a	
  deformed	
  peridotite-­‐bearing	
  breccia.	
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Figure	
  9	
  :	
  sedimentary	
  layering	
  in	
  fine-­‐grained	
  peridotite-­‐bearing	
  breccia.	
  

	
  
Figure	
  10	
  :	
  polished	
  slab	
  from	
  outcrop	
  of	
  figure	
  9.	
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Figure	
  11	
  :	
  polymictic	
  peridotite-­‐bearing	
  breccia	
  with	
  calcitic	
  matrix.	
  

	
  
Figure	
  12	
  :	
  polymictic	
  breccia	
  with	
  ultramafic	
  matrix	
  and	
  marble	
  clasts.	
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Figure	
  13	
  :	
  structural	
  data	
  from	
  the	
  Bestiac	
  area	
  organized	
  chronologically	
  with	
  respect	
  
to	
  the	
  field	
  relationships	
  (equal	
  area,	
  lower	
  hemisphere).	
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