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a  b  s  t  r  a  c  t

Fossil-bearing  shale  specimens  that  include  sulfides  in  their  compositions  are  chemically  reactive  and
sometimes  also  mechanically  fragile.  This  decay  is  often  related  to iron  sulfate  efflorescence  resulting  from
the  oxidation  of  sulfide  compounds.  The  processes  underlying  these  degradations  are  poorly  known,  thus
impeding  the  elaboration  of curative  or  preventive  treatments.  The  present  contribution  aims  to identify
the  origin  of  museum  specimen  alterations.  It focuses  on  the  Flouest  collection  housed  at  the Muséum
national  d’Histoire  naturelle  (MNHN,  Paris,  France)  and  originating  from  the  Autun  Basin  (Saône-et-Loire,
France;  Permian).  To  evaluate  the  alteration  of  MNHN  specimens,  it appeared  necessary  to  compare  their
composition  with  that  of  unaltered  shale  so  as to  identify  chemical  changes  occurring  during  ageing.
Therefore  new  material  was  collected  in the  Autun  Basin,  among  others  on the locality  of  Muse  that  cor-
responds  to  the  same  lithostratigraphic  unit  than  that  of  the  MNHN  specimens.  The  present  article  focuses
on the  combined  use  of  X-ray  diffraction  and  Mössbauer  spectrometry  for characterizing  the  speciation
and reactivity  of  iron  within  the  shale matrix.  Crystalline  pyrite  was  evidenced  by  X-ray  diffraction  (XRD)
on one  sample  only  and  elemental  analysis  showed  that  iron  is present  in  large  excess  with  respect  to
sulfur.  Iron  sulfide,  if  present,  involves  a minor  fraction  of  iron.  A  more  complete  characterization  of iron-
bearing  phases  was  achieved  with  Mössbauer  measurements,  showing  that  a great  part  of  iron, between
approx.  25%  and  65%,  corresponds  to iron(II)  incorporated  in clay minerals  (illite  and  vermiculite  were
detected  by XRD).  Similar  percentages  of these  iron(II)  signatures  were  found  for  MNHN  specimens  and
new  shale  samples,  suggesting  that  iron(II)  present  in  clays  is  not  affected  by  ageing.  This  point  is  comple-
mentary  highlighted  by porosity  and  permeability  measurements  showing  that the  pore  size  distribution
of  the  samples  originating  from  Muse  is  mostly  unimodal  and  narrow  (average  radius  below  10  nm).  As
a  result,  the  shale  is poorly  permeable  to water  and  almost  fully  impermeable  to  oxygen.  This  might
explain  the  poor  reactivity  of  iron(II)  during  ageing.  Iron(III)-bearing  phases  were  also  identified.  On  new
shale  samples,  they  exclusively  involve  clay  minerals.  On MNHN  specimens,  poorly  crystallized  iron(III)
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sulfates  are additionally  observed.  The  presence  of iron(III)  oxyhydroxides  appeared  unlikely.  The change
of iron  speciation  provoked  by the  alteration  of  the matrix  also  mainly  corresponds  to the  emergence  of
more  or  less  crystallized  iron(III)  sulfates  probably  formed  though  iron  sulfide  oxidation.  These  phases
however  remain  in  the  inner  part of  shale  and  cannot  account  for  the  large  efflorescence  of iron(II)  sulfates
observed  nearby  the  fossil.

©  2015  Elsevier  Masson  SAS.  All  rights  reserved.
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r  é  s  u  m  é

Les  schistes  argileux  fossilifères  qui  incluent  des  sulfures  dans  leur  composition  sont  chimiquement
réactifs  et  deviennent  aussi  parfois  fragiles  mécaniquement.  Ces dégradations  sont  souvent  liées  à  des
efflorescences  de sulfates  de  fer(II)  résultant  de  l’oxydation  de  produits  sulfurés.  Les mécanismes  sous-
jacents  à  ces  dégradations  sont  généralement  peu  connus,  ce  qui  limite  l’élaboration  de  traitements
curatifs  ou  préventifs.  Ce  travail  vise à identifier  l’origine  des  dégradations  observées  sur les  spécimens
de  collections,  en  particulier  ceux  de  la  collection  Flouest  qui  provient  du  bassin  d’Autun  (Saône-et-Loire,
France,  Permien)  et est aujourd’hui  conservée  au  Muséum  national  d’Histoire  naturelle  (MNHN).  Pour
évaluer  la dégradation  des  spécimens  MNHN,  il  est apparu  nécessaire  de  comparer  leur composition  à
celle de  schistes  argileux  non  altérés,  de  manière  à mettre  en  évidence  les  changements  de composition
chimique.  C’est  pourquoi  du  matériel  neuf  a été  prélevé  dans  le bassin  d’Autun,  entre  autres  sur  le site
de  Muse  qui correspond  à la  même  unité  lithostratigraphique  que  celle  des  spécimens  MNHN.  Cet  article
porte plus  spécifiquement  sur l’utilisation  conjointe  de  la diffraction  des  rayons  X et  de  la  spectrométrie
Mössbauer  pour  caractériser  la  spéciation  et  la  réactivité  du  fer  dans  la matrice  argileuse.  De  la  pyrite
cristalline  a  été  mise  en  évidence  par  diffraction  des  rayons  X (DRX)  sur seulement  un  échantillon  et les
analyses  élémentaires  montrent  que  le  fer  est  présent  en large  excès  par  rapport  au  soufre.  Le  sulfure  de
fer, si  présent,  ne  peut  donc  impliquer  qu’une  fraction  mineure  de  fer. Une  caractérisation  plus  complète
des  phases  de  fer  a été  obtenue  par  des  mesures  Mössbauer  qui  ont  montré  qu’une  majeure  partie  du  fer,
entre environ  25  % et 65  %,  correspond  à  du  fer(II)  présent  dans  les  minéraux  argileux  (de l’illite et de  la
vermiculite  ont  été  identifiées  par DRX).  Des  pourcentages  similaires  de  ces  signatures  de fer(II)  ont  été
mesurés  sur  les  spécimens  MNHN  et sur le nouveau  matériel  prélevé,  ce qui suggère  que  le fer(II)  présent
dans  les  argiles  n’est  pas  affecté  par  le vieillissement.  Un  éclairage  complémentaire  de ce point  est  donné
par  les  mesures  de porosité  et  de  perméabilité,  qui  montrent,  dans  les échantillons  de  Muse, une  distri-
bution  de  pores  unimodale  et étroite  (rayon  moyen  inférieur  à 10 nm).  De  ce  fait,  le schiste  argileux  est
très peu  perméable  à l’eau  et presqu’entièrement  imperméable  à  l’air,  ce qui  explique  la  faible  réactivité
du  fer(II)  pendant  le  vieillissement.  Les phases  de  fer(III)  ont  également  été  identifiées.  Sur  le matériel
neuf,  elles  correspondent  exclusivement  à des  minéraux  argileux.  Sur  les  spécimens  MNHN,  on  observe
de  plus  des  sulfates  de fer(III)  peu  cristallisés.  La  présence  d’oxy-hydroxydes  de  fer  paraît  peu probable.
Les  changements  de  spéciation  du fer  provoqués  par  la dégradation  de  la  matrice  correspondent  donc
principalement  à l’émergence  de sulfates  de fer(III)  plus  ou  moins  cristallisés  probablement  formés  par
l’oxydation  de  sulfures  de  fer. Ces  phases  restent  cependant  dans  la  partie  interne  du  schiste  et  ne  per-
mettent  pas  d’expliquer  des  larges  efflorescences  de sulfates  de  fer(II)  qui  apparaissent  près  des  fossiles.

©  2015  Elsevier  Masson  SAS.  Tous  droits  réservés.

1. Introduction

The Autun Basin (Saône-et-Loire, France; Permian), the stratig-
raphy of which is well documented (Chateauneuf et al., 1980; Elsass
Damon, 1977; Marteau, 1983), was the place of mining activity
until the 60’s (Chabard and Passaqui, 2006). It has thus provided
numerous fossils and many of them can be found in Natural His-
tory Museum collections. Today all mines are flooded but many
outcrops remain accessible in the Basin, still raising a significant
paleontological interest. This is in particular the case of the site
of Muse that was re-opened in 2010 for paleontological fieldwork
(Gand et al., 2010).

The collections of the Muséum National d’Histoire Naturelle,
Paris (MNHN) comprise several specimens collected in the “Autu-
nian” of the Autun Basin in the 19th century. Some of them, such
as those of the Flouest collection, are today severely damaged by
iron sulfate efflorescence (Rouchon et al., 2012). It often underlines
the fossil (Fig. 1a) and induces flaking (Fig. 1b,c). These degrada-
tions arouse several questions dealing with the cause of damage.
In particular, is it due to the intrinsic composition of shale? Does
it involve oxygen and/or humidity? Which are the most sensitive
compounds involved?

Pyrite decay is often believed to be the cause of damage. Pyrite is
an iron sulfide of chemical composition FeS2 that is well known for

its poor stability in ambient and humid conditions, leading to iron
sulfate efflorescence (Howie, 1977; Jambor et al., 2000; Rosso and
Vaughan, 2006). However the occurrence of pyrite in the Autun
Basin shale is not obvious. The shale has a dark color and does
not show pyrite-like crystals obviously noticeable by naked eye
or under the stereomicroscope. Moreover, as the shale is rich in
organic matter and was used in the past to produce oil and ammo-
nium sulfate, it may  contain some proportion of organic sulfides
that could be reactive as well.

There is obviously an evolution of shale material after excava-
tion, when it is transferred from a wet  and low oxygen environment
to ambient conditions. This evolution, associated to weathering
phenomena, is not stricto sensu considered as damage unless it
alters the appearance of the fossil (efflorescence) or its integrity
(flaking).

This work was undertaken to better understand the damage
observed on fossil-bearing shale, such as those of the Flouest collec-
tion. For this purpose, it was found necessary to follow the evolution
of shale material after excavation by a large panel of techniques.
As iron sulfates are the major degradation products, we  mostly
used analytical techniques that enable iron and sulfur character-
ization. This approach is a prerequisite for identifying weathering
and damaging phenomena. It is expected to help in defining appro-
priate preservation conditions for damaged specimens, and also in
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