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iliane  P.  Odina,b,  Frederik  Vanmeertc,  Franç ois  Fargesd, Georges  Gande,  Koen  Janssensc,
aria-Fernanda  Romero-Sarmientof,  Jean  Sébastien  Steyerb,  Delphine  Vantelong,

éronique  Rouchona,∗

Centre de Recherche sur la Conservation (CRC, USR 3224), Sorbonne Universités, Muséum national d’Histoire naturelle, Ministère de la Culture et de la
ommunication, CNRS, CP21, 36, rue Geoffroy-Saint-Hilaire, 75005 Paris, France
Centre de Recherche sur la Paléobiodiversité et les Paléoenvironnements (CR2P, UMR 7207), Sorbonne Universités, Muséum national d’Histoire naturelle,
niversité Pierre et Marie Curie, CNRS, CP 38, 8, rue Buffon, 75005 Paris, France
Department of Chemistry, University of Antwerp, Groenenborgerlaan 171, 2020 Antwerp, Belgium
Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie (IMPMC, UMR 7590), Sorbonne Université, Muséum national d’Histoire naturelle,
NRS, 61, rue Buffon, 75005 Paris, France
Laboratoire Biogéosciences, (Université de Bourgogne, Centre National de la Recherche Scientifique) UMR-CNRS/uB 6282, 6, boulevard Gabriel, 21000
ijon,  France
IFP Énergies nouvelles, Direction Géosciences, 1 et 4, avenue de Bois-Préau, 92852 Rueil-Malmaison cedex, France
Synchrotron Soleil, L’Orme des Merisiers, Saint Aubin, BP48, 91192 Gif sur Yvette, France

a  r  t  i  c  l e  i n  f  o

rticle history:
eceived 29 September 2014
ccepted 6 February 2015
vailable online 26 March 2015

eywords:
hale
ossil
alcium
ulfur

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
corresponds  to  the  same  lithostratigraphic  unit  as that  of the  MNHN  specimens.  This material  was,  if
xidation

rganic matter
ANES
yrite
ock-Eval Pyrolysis
utun Basin

necessary,  artificially  aged.  The  first  part  of  this  work,  presented  elsewhere,  deals  with  the  use  of  X-
ray  diffraction  and  Mössbauer  spectroscopy  for characterizing  iron  reactivity  and  speciation.  It  leads  to
the conclusion  that  the  reactivity  of iron  in  the  shale matrix  was  limited  and  could  not  account  for  the
large  efflorescence  of  iron  (II) sulfate  occurring  nearby  the  fossil.  The  second  part  presented  here  focuses
on the  use  of S K-edge  X-ray  Absorption  Near  Edge  Structure  (XANES)  spectroscopy  for  characterizing
sulfur  speciation  and  reactivity.  Measurements  were  performed  on the shale  matrix  and  on  thin  layers
of  maceral  found  in the  proximity  of damaged  areas.  As  sulfur  may  be  found  in association  with  calcium
or  organic  matter,  complementary  techniques  were  implemented,  such  as  FTIR  spectroscopy,  Rock-Eval
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pyrolysis  (characterization  of  organic  matter  content)  and  Ca  K-edge  XANES  (analysis  of  calcium  speci-
ation)  spectroscopy.  It  was  shown  that  sulfur  is mainly  related  to thioether,  sulfoxide,  iron  sulfide,  and
sulfates  whereas  calcium  is  mainly  bound  to carboxylate,  carbonate  and/or  sulfate  groups.  FTIR  analy-
sis  of the  macerals  confirmed  the  presence  of  vitrinite  on damaged  MNHN  specimens.  The  low  oxygen
content  of  new  shale  samples  determined  by Rock-Eval  pyrolysis  indicates  that  the  organic  matter  is
well  preserved,  despite  the  fact that samples  come  from  outcrop  surface.  In  the  newly  collected  material,
sulfur is  mainly  related  to organic  sulfides  (thioether)  with  a minor  occurrence  of  iron  sulfide.  In  the
shale  fraction  of damaged  MNHN  specimens,  sulfur  is  mostly  oxidized  into  a mixture  of  iron  and  calcium
sulfate.  However,  in  the  vitrinite  layers  of  the  same  specimens,  a  large  proportion  of  sulfur  corresponds
to  organic  sulfides.  Also  the  oxidation  of sulfur  does  not  occur  homogeneously  but  preferentially  in  the
shale  fraction,  probably  because  this  latter  is  porous  whereas  vitrinite  is  not.  Artificial  ageing  of  new
shale  material  showed  that  the oxidation  of  organic  sulfides  could  be reproduced  at  90 ◦C,  80% of  rel-
ative  humidity.  However,  the obtained  efflorescence  almost  exclusively  corresponds  to  calcium  sulfate
whereas  iron  (II) sulfates  are  mostly  observed  on  MNHN  specimens.  The  new  material  collected  on  site
is  probably  to  be  questioned,  and  future  studies  will  have  to  select  new  samples  with  fossil  remains.  This
will  be  the  object  of  the third  part of this  work.

© 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  de  la dégradation  de  spécimens  de  collections,
en  particulier  ceux  de  la collection  Flouest  qui provient  du  Bassin  d’Autun  (Saône-et-Loire,  France,  Per-
mien)  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 celles  de
schistes argileux  non  altéré,  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.  Ce matériel  est,  au
besoin,  vieilli  artificiellement.  La  première  partie  de  ce travail,  présentée  ailleurs,  porte  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.  Il  s’avère  que  la  réactivité  du  fer  est  limitée  et  ne  permet
pas  d’expliquer  des  larges  efflorescences  de  sulfates  de  fer  (II)  qui  apparaissent  à proximité  des  fossiles.  La
seconde  partie  de  ce travail  porte  sur  l’utilisation  de  la  spectrométrie  d’absorption  au  seuil  de  la  raie  K  du
soufre  pour  caractériser  la  spéciation  du  soufre  et sa  réactivité.  Les  mesures  ont  été  menées  sur  la  matrice
argileuse  et  sur  les  fines  couches  de  macéraux  présentes  à proximité  des  efflorescences.  Comme  le  soufre
peut être  associé  au calcium  et  à  la  matière  organique,  des  techniques  analytiques  complémentaires  ont
été mises  en  œuvre,  comme  la  spectrométrie  IRTF,  la pyrolyse  Rock-Eval  (pour  l’analyse  de  la matière
organique)  et  la  spectrométrie  d’absorption  au seuil  de la raie  K  du  calcium  (pour  la  spéciation  du  calcium).
Il a été montré  que  le  soufre  s’apparente  principalement  à des  thioethers,  des  sulfoxydes,  des  sulfures  de
fer  et  des  sulfates  alors  que  le  calcium  est  principalement  lié  à  des  groupements  carboxylates,  carbonates
et  sulfates.  L’analyse  IRTF  des macéraux  confirme  la  présence  de  vitrinite  sur les  spécimens  endommagés.
La  teneur  en  oxygène  déterminé  par  pyrolyse  Rock-Eval  sur  les  échantillons  de  schistes  prélevés  sur  site,
indique que  la matière  organique  est bien  préservée,  malgré  le fait  que  les  échantillons  proviennent  de
la surface  d’affleurement.  Dans  le matériel  nouvellement  collecté,  le soufre  s’apparente  principalement
à  des  sulfures  organiques  (thioethers)  avec  une  faible  proportion  de  sulfures  de fer. Dans  la  matrice  des
spécimens  MNHN  endommagés,  le soufre  est presque  entièrement  oxydé  en  un  mélange  de  sulfates  de  fer
et de  calcium.  Cependant,  dans  la  vitrinite  de  ces  mêmes  spécimens,  une  large  proportion  de  soufre  corre-
spond  à  des  sulfures  organiques.  Ainsi,  l’oxydation  du  soufre  n’intervient  pas de  manière  homogène  dans
le matériau,  mais  de manière  préférentielle  dans  la  partie  schisteuse,  probablement  du  fait  que celle-ci
est  poreuse  alors  que  la vitrinite  ne  l’est  pas.  Le  vieillissement  artificiel  du matériel  nouvellement  prélevé
montre  qu’il  est  possible  de  reproduire  l’oxydation  des  sulfures  organiques  à 90 ◦C et  80  % d’humidité  rela-
tive. Cependant  les  efflorescences  obtenues  correspondent  quasi  exclusivement  à  des  sulfates  de calcium
alors  que  ce  sont  des  sulfates  de  fer  (II)  qui sont  observés  sur  les  spécimens  MNHN.  Le matériel  nouvelle-
ment  collecté  doit probablement  être  remis  en  question,  en  particulier  en  choisissant  des  échantillons
contenant  des  restes  fossiles.  Cette  démarche  fera  l’objet  de  la troisième  partie  de  ce  travail.

©  2015  Elsevier  Masson  SAS.  Tous  droits  réservés.
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. Introduction

Sulfides are important constituents of fossils. Their oxida-

ion can induce irreversible damage to paleontological collections.
ndeed, when exposed to air and moisture, sulfides can be oxidized
s sulfates. These may  undesirably recrystalize as sulfate efflo-
escence, thus seriously compromising long-term conservation of
fossils. Those phenomena are visible on fossil shale originating
from the Autunian of the Autun Basin and currently housed at
the Muséum National d’Histoire Naturelle (MNHN, Paris, France)

(Rouchon et al., 2012).

Intensive research was  dedicated to the decay of pyrite, which is
one of the most common iron sulfide (Rimstidt and Vaughan, 2003;
Rosso and Vaughan, 2006; Murphy and Strongin, 2009; Chandra
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Fig. 1. Specimen MNHN.F.6889; (a) general view; (b, c) detail of a damaged area showing white crystals of rozenite (FeIISO4·4H2O), szomolnokite (FeIISO4·H2O) and yellow
crystals  of ferricopiapite (FeIII

2/3FeIII
4(SO4)6(OH)2·20H2O) (grey circle) on a glossy black layer of maceral; (d) sample 6889-maceral.
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pécimen MNHN.F.6889 ; (a) Vue générale ; (b, c) détail d’une zone endommagée mon
ristaux  jaunes de ferricopiapite (FeIII

2/3FeIII
4(SO4)6(OH)2·20H2O) (cercles gris) sur une

nd Gerson, 2010; Schoonen et al., 2010; Heidel and Tichomirowa,
011). In comparison, limited research has been conducted on pyri-
ized fossils (Howie, 1977; Newman, 1998; Fellowes and Hagan,
003) whose composition is even more complex than that of pyrite
rystals. Fossils in particular may  contain other reactive sulfides.
hus the degradation of pyritized fossils is not limited to pyrite
ecay but may  concern a larger panel of sulfides (inorganic and
rganic) as well. A better understanding of the degradation of these
aterials is of primary importance for managing the long-term

onservation of paleontological collections.
Autunian shale layers of the Autun Basin (Saône-et-Loire,

rance; Permian) were mined until the 1960s to produce oil and
mmonium sulfate (Chabard and Passaqui, 2006). They contain
rganic matter and reduced (organic or mineral) sulfur compounds.
he study presented here deals with MNHN specimens originating
rom these layers. It more specifically focuses on the Flouest fossil
ollection housed at the MNHN that was collected in the 19th cen-
ury on the locality of Le Ruet (Tavernay, Saône-et-Loire, France).
his collection comprises several damaged specimens of which the
onservation report has previously been published (Rouchon et al.,
012). Damage consists in iron sulfate efflorescence growth out-

ining the fossil shape. This efflorescence compromises the fossil
egibility and the integrity of the matrix. Additionally, it is often
bserved that sulfate efflorescence growth had occurred nearby
aceral layers (Figs. 1–3). Notably, no pyrite or iron sulfide is

oticeable under a stereo microscope.
This study was undertaken in order to better understand the

ause of the above mentioned degradation and in particular to
dentify the reactive species that were initially present before

he specimens got deteriorated. The occurrence of iron sulfate
fflorescence directly questions the speciation of iron and sulfur in
hale. It was also found necessary to follow the evolution of shale
aterial after excavation by analytical techniques that enable iron
 des cristaux blancs de rozénite (FeIISO4·4H2O), de szomolnokite (FeIISO4·H2O) et des
e brillante et noire de macéral ; (d) échantillon 6889-maceral.

and sulfur characterization. This approach is a prerequisite for
identifying damaging phenomena. It is expected to help in defining
appropriate preservation conditions for damaged specimens,
and also in comprehending the risk of damage related to similar
paleontological material that is currently excavated.

This work was organized in three parts. In the first part (Odin
et al., 2015), new samples of shale originating from the Autun
Basin (Saône-et-Loire, France, Permian) were characterized by
X-ray diffraction, Mössbauer spectroscopy, porosimetry and
permeability measurements. These analyzes showed that there
is a minor occurrence of pyrite. Iron is mostly correlated to the
clay fraction of shale. Porosity measurements showed that shale
porous network is limited (7 to 10% v/v) and narrow (average
radius from 3 to 7 nm). Moreover, shale exhibits a low transverse
permeability to water vapor and no permeability to air. As a result,
iron sites are poorly accessible to water and not at all to oxygen,
except in cleavage plans. Similar analysis performed on the shale
fraction of damaged specimens of the Flouest collection that
were collected in the 19th century showed that pyrite is largely
transformed into sulfates (jarosite and gypsum were identified).
This oxidation, mainly correlated to water vapor transfer, can
however not explain the large efflorescence observed nearby
the fossil. Indeed, jarosite and gypsum are poorly water soluble.
Once formed, they remain in the inner part of the shale without
inducing obvious damage. The cause of damage should also be
researched close to the efflorescence. Damage is believed to
occur locally on specific spots that initially comprised reactive
compounds.

The second part of this study, presented here, aims to deter-

mine the sulfur speciation through S K-edge X-ray Absorption Near
Edge Structure (XANES) spectroscopy, a technique commonly used
in geochemistry (Sarret et al., 2002; Prietzel et al., 2003; Mikhlin
and Tomashevich, 2005; Van Hullebusch et al., 2009; Almkvist
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Fig. 2. Specimen MNHN.F.6888; (a) general view; (b) detail of a damaged area showing white crystals of rozenite and szomolnokite next to thin shiny layers of black maceral
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white arrows); (c) example of a detached flake provoked by efflorescent crystal gr
pécimen MNHN.F.6888 ; (a) vue générale ; (b) détail d’une zone endommagée montra
rillante de macéral noir (flèches blanches) ; (c) exemple de détachement d’un fragmen

t al., 2010; Boye et al., 2011; Manceau and Nagy, 2012). S K-
dge XANES in particular makes it possible to identify organic
ulfides versus inorganic sulfides, and to monitor the oxidation
f sulfur versus ageing, two aspects that are of primary impor-
ance to understand the degradation processes taking place in
hale fossils. Analysis of the shale fraction of damaged specimen

f the Flouest collection highlighted a significant amount of cal-
ium sulfate. Therefore, Ca K-edge X-ray Absorption Near Edge
tructure (XANES) spectroscopy was additionally undertaken on

ig. 3. Specimen MNHN.F.6892; (a) General view; (b) detail of a damaged area
howing rozenite and szomolnokite crystals next to thin layers of maceral (white
rrows);.
pécimen MNHN.F.6892 ; (a) Vue générale ; (b) détail d’une zone endommagée montrant
es efflorescences de rozénite et de szomolnokite à proximité d’une couche de macéral
flèches blanches).
f rozenite; (d) sample 6888-leaf.
 efflorescences blanche de rozénite et de szomolnokite à proximité d’une couche fine et
qué par la croissance d’efflorescences de rozénite ; (d) échantillon 6888-leaf.

some samples in order to determine the original speciation of cal-
cium. This approach was usefully complemented by FTIR analysis
and Rock-Eval pyrolysis for the characterization of organic matter
content.

2. Samples and geological settings

2.1. Specimens from the Flouest collection

Three specimens (MNHN.F.6888, MNHN.F.6889 and MNHN.F.
6892) from the Flouest collection (MNHN) were chosen for anal-
ysis because they present typical cases of degradation observed
in this investigated collection. For simplicity, they will hereafter
be referred to as 6888, 6889 and 6892 respectively. These speci-
mens originate from the locality of “Le Ruet”, in the Autun Basin
and jointly entered the Museum collection in 1865. They are cur-
rently stored in the same drawer, in a room with no air conditioning.
The variations in temperature and humidity occurring in this room
were previously reported (Odin et al., 2014).

The identification and conservation report of these fossils can
be found elsewhere (Rouchon et al., 2012). The three specimens
are severely damaged by crystalline efflorescence outlining the
fossil. This efflorescence is related to iron (II) sulfates (rozenite,
FeIISO4·4H2O and szomolnokite, FeIISO4·H2O) with, in the case of
sample 6889, some small amount of ferricopiapite (FeIII

2/3FeIII
4

(SO4)6(OH)2·20H2O).
Specimen 6889 (Fig. 1a) comprises of a 0.5 to 1 cm thick layer

of maceral supported by the shale (Fig. 1c). On the two other spec-
imens, 6888 and 6892 (Figs. 2a and 3a), a thin layer of maceral is

observed at the border of the stem, next to crystalline efflorescence
(Figs. 2b,c and 3b,c, white arrows).

Two samples of macerals (hereafter referred to as 6889-maceral
and 6892-maceral) were taken for analysis: (i) on specimen 6889,
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Table  1
List of damage visually observed on artificially aged samples.
Liste des dommages observés visuellement sur les échantillons vieillis artificiellement.

Site Ageing conditions Efflorescence Cracks S K-Edge XANES spectrum (Fig. 5)

Muse FL 40 ◦C, 50% RH No Yes f
40 ◦C, 80% RH Yes Yes i
90 ◦C, 50% RH Yes No j
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90 C, 80% RH Yes 

Surmoulin 40 ◦C, 50% RH No 

90 ◦C, 50% RH Yes 

he maceral forms a thick layer, enabling sampling from a well pre-
erved area (no visible efflorescence) (Fig. 1d); (ii) on specimen
892, the sample was obtained from a damaged area of the stem
s it was not possible to sample in the well preserved part of the
ossil.

On specimen 6888, it was impossible to sample maceral with-
ut damaging the fossil. On this fossil however, some leaves were
aking away. Their aspect is similar to that of the shale, yet with a
lightly enhanced gloss and smoothness. One of them (Fig. 2d), most
art of which was missing, was taken for analysis and hereafter
eferred to as 6888-leaf.

On the three fossils, the shale portion was additionally sampled
nd hereafter referred to as 6888-shale, 6889-shale and 6892-shale.

.2. Newly excavated shale samples

.2.1. Shale samples from the locality of Muse
In order to reproduce damage in laboratory conditions, it was

ntended to sample new shale material with petrographic charac-
eristics similar to those of damaged specimens. Unfortunately, the

ine of Le Ruet (Tavernay, Saône-et-Loire, France), which probably
ielded the MNHN specimens, is no longer accessible. We  opted for
n alternative outcrop with the same lithostratigraphic unit (i.e.,
he bedding of Muse, “Autunian” of the Autun Basin): the outcrop
f Muse (Dracy Saint Loup, Saône-et-Loire, France), located approx-
mately 6 km from the locality of Le Ruet, was therefore chosen. This
hoice was also motivated by the fact that the site is currently open
or paleontological fieldwork (Gand et al., 2010).

The “Autunian” of the Muse outcrop comprises several layers,
he most famous of which is commonly called the “Muse fish layer”
nd hereafter referred to as Muse FL.  This layer (Late Carbonifer-
us – Lower Permian of the Autun Basin) is located at the base of
he bedding of Muse above a pebble layer (Lally Sandstones). Since
he 19th century, the Muse FL yielded hundreds of Actinopterygii
pecimens (mostly Aeduellidae) now spread in many museum col-
ections and in various conditions of conservation. Specimens found
n this layer are of exceptional preservation. They are currently col-
ected for research and exhibition purposes. A better knowledge of
heir composition and stability versus time will certainly help in

onitoring their future preservation in museum collections.

.2.2. Shale samples from the locality of Surmoulin
In a previous study (Odin et al., 2014), samples were taken from

ifferent outcrops of the Autun Basin to carry out artificial ageing
xperiments. Among these, samples from the Surmoulin layer (out-
rop of Surmoulin, Dracy Saint Loup, Saône-et-Loire, France) were
he most reactive: they showed large calcium sulfate efflorescence
nd substantial mechanical damage versus artificial ageing. It was
lso found relevant to investigate this material, hereafter referred
o as Surmoulin.
.2.3. Cautions taken during shale sampling
The site of Muse is located in the embankment of a road and

hat of Surmoulin in the embankment of a river, meaning that the
amples were collected close to the surface and were exposed to
No k
Yes g
No h

weathering. When split, they showed orange rust-colored areas.
Black areas, expected to have been less subjected to weathering,
were chosen for analysis and in-laboratory artificial ageing. After
excavation, the samples were isolated in anoxic conditions in order
to limit drying and oxidation processes: they were placed in air and
water tight plastic bags (ESCAL© film, Long Life for Art, Germany)
with oxygen scavenger bags (ATCO© FTM absorbers, Long Life for
Art, Germany).

2.2.4. Artificial ageing
Artificial ageing is commonly used in conservation science

to reproduce the degradation of several types of homogeneous
organic materials on which Arrhenius law is applicable (paper,
plastics etc.). In the case of shale, which shows an anisotropic struc-
ture made of several sedimentary deposits, the use of artificial
ageing for reproducing the alterations encountered on specimens
is questionable. Alteration phenomena are not only governed by
chemical reactions but also by diffusion of reactive species in the
shale matrix and by crystalline growth mechanisms. Yet, artificial
ageing remains the only available tool to study degradation path-
ways in a reasonable time. It was experimented in a previous study
(Odin et al., 2014) on a large set of 168 samples (excluding the
Muse FL samples) collected from different outcrops of the Autun
Basin. Close to ambient conditions were used (50% RH, 40 ◦C) as
well as more drastic ones (50% RH, 90 ◦C), for a duration of 15 weeks.
Many of the samples exposed to 40 ◦C showed mechanical damage
(cracks) while no crystalline efflorescence was visible. In contrast,
most samples exposed to 90 ◦C showed crystalline efflorescence of
gypsum but were not much affected by mechanical damage.

Two  samples of Surmoulin were selected for this study from
these first ageing experiments for they were perfectly illustrating
the behavior mentioned above (Table 1). Complementary ageing
experiments were undertaken for 15 weeks on Muse FL samples
using similar conditions and also a higher humidity conditions (80%
RH) in order to promote the degradation. Four Muse FL samples
were chosen from this latter experiment for they showed efflores-
cence and/or cracks (Table 1).

3. Analytical methods

3.1. Rock-Eval pyrolysis

Rock-Eval pyrolysis has been extensively used for oil and gas
exploration purposes in order to identify the type and the thermal
maturity level of organic matter of both reservoir and source rocks
present in sedimentary basins (Espitalié et al., 1985a,b, 1986; Behar
et al., 2001). This technique consists in heating a small amount of
sample (100 mg  of ground shale or 50 mg of isolated kerogen) firstly
in an inert atmosphere (pyrolysis), then secondly in aerated con-
ditions (oxidation). Rock-Eval pyrolysis enables the acquisition of

different parameters (S1, S2, S3 and Tmax, among others) that are
used for the calculation of the total organic carbon (TOC) content,
the total mineral carbon (MINC) content, the hydrogen index (HI)
and the oxygen index (OI).
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Today, it is widely accepted that the presence of a mineral
atrix could sometimes affect the Rock-Eval parameters obtained

y pyrolysis of sedimentary organic matter (Espitalié et al., 1985a;
eters, 1986). This effect can be considerable for samples contain-
ng clays that retain hydrocarbons, thus provoking a decrease of
he S2 signal and consequently an underestimation of HI (Espitalié
t al., 1985a; Peters, 1986). In order to evaluate the impact of the
ineral matrix, kerogen samples were isolated from shale using

cid treatments (Durand and Nicaise, 1980).
All Rock-Eval analyses were performed on a Rock-Eval 6

evice operating at IFP Energies Nouvelles (France), using the “IFP
asic/Bulk-Rock method” temperature program for source rocks
nd the “IFP Pure Organic Matter method” for isolated kerogen.
he experimental data regarding these methods are available else-
here (Behar et al., 2001). All measurements were duplicated or

riplicated.

.2. Fourier Transform Infrared spectroscopy (FTIR)

FTIR analyses were performed on a conventional spectrometer
Nicolet 6700, Thermo Fisher Scientific) equipped with a diamond
ttenuated Total Reflectance (ATR) module (SMART endurance).
estructive analyses were conducted as follows: a sample grain
as placed on the ATR module, then crushed within a fraction of

econd and pressed against the diamond during the analysis by
he use of an articulated arm. Spectra were acquired by 60 scans
ithin the range 4000 cm−1–525 cm−1 and were processed with

he OMNIC software (Thermo Fisher Scientific).

.3. X-ray Absorption Near Edge Structure (XANES) spectroscopy

Calcium (Ca) and sulfur (S) K-edge XANES spectra were collected
n the LUCIA beamline (SOLEIL synchrotron source, France). Mea-
urements were performed in fluorescence mode with the sample
urface rotated 20◦ with respect to the incident beam while the
etector was oriented perpendicular to the incident beam. Spectra
ere normalized and treated with the Demeter package (Ravel and
ewville, 2005) using a linear combination of several carefully cho-

en model compounds. These linear combinations were compared
ith those obtained from Continuous Cauchy Wavelets Transforms

CCWT) (Munoz et al., 2003) of the normalized XANES spectra.
CCWT are time-frequency wavelets decompositions, i.e., for

AFS/XANES signals, a k-space vs. R-space decomposition. k is
he photoelectron wavenumber (here in the range 0 to 6.5 Å−1). It
s correlated to the scanning energy. The R + � parameter corre-
ponds to the uncorrected interatomic phase-shifts S–X distance
here X is one of the various neighbors around the absorbing S

the backscattering phase shift correction � was not determined
n this work). Each �k-space segment corresponds to a �R-space
egment resulting in a CCWT modulus, also referred to as the
avelet magnitude. This magnitude is displayed versus k and R + �

s a 2D-colormap, with intensities ranging from 0 (black) to its
aximum (white). The CCWT treatment allows plotting EXAFS or
ANES data in three dimensions (k, R + �,  and the CCWT modulus)
nd is therefore more informative than Fourier transforms (FT)
pectra alone even when spectral artifacts are present, such as
ultiple-scattering features, multi-electronic excitations, or noise.
oreover, this method provides important information concern-

ng the k range of each EXAFS/XANES contribution, such as next
earest-neighbors identification.

S K-edge XANES spectra were collected with an acquisition time
f 1 second per point in the energy range from 2450 to 2540 eV,

ith a special emphasis in the edge region: 0.2 eV steps between

460.2 eV and 2490 eV, 1 eV steps between 2491 and 2510 eV and
 eV steps below 2460 eV and above 2510 eV. In order to reduce the
ignal-to-noise ratio and to limit unwanted sulfur photo-reduction
tologie 101 (2015) 225–239

induced by the X-ray beam, all analyses were performed using a
defocused beam (1.5 × 1 mm)  thus reducing the incident photon
flux per surface unit. The energy scale was calibrated by measuring
the position of the main resonance (“white line”) of gypsum set at
2482.5 eV.

Ca K-edge XANES spectra were recorded with an acquisition
time of 1 second per point in the energy range from 4000 to 4200 eV
using 0.2 eV steps between 4036.2 eV and 4068 eV, 0.5 eV steps
between 4068.5 and 4080 and 2 eV steps before 4036 eV and after
4080 eV. All analyses were performed with a defocused beam. No
beam-induced change of the samples (photo-reduction, etc.) was
observed. The energy scale was  calibrated by measuring the posi-
tion of the main resonance (white line) of gypsum (CaSO4·2H2O)
set at 4050.4 eV.

Several model compounds were considered in this study. They
were purchased from Sigma Aldrich, with the exception of four
minerals of natural origin: pyrrhotite from Morrovehlo, Brasil
(MNHN, MIN.2009.22263, confirmed by X-ray diffraction), pyrite
from an unknown location, Mexico (personal collection, confirmed
by X-ray diffraction), solid asphalt from Chapopati, Palenque, Mex-
ico (MNHN, GI37) and crude-oil from deposit 28, Richemont, Alsace,
France (MNHN, GI collection).

Maximal caution was taken in the preparation of the un-aged
shale samples in order to insure that the analyzed surfaces were not
exposed to oxygen: these samples were placed in an oxygen free
glove box (below 10 ppm oxygen), split to obtain a new surface and
transferred in an oxygen free transfer vessel from the glove box to
the analyzing vacuum chamber (2 10−2 atm). Preliminary testing
showed that the oxygen free transfer was not necessary to imple-
ment, as no significant sulfur oxidation was  detected on un-aged
shale samples that had been exposed to oxygen for several hours.
It was therefore decided to prepare all shale samples in the same
way as mentioned above, yet without using the oxygen free sample
passing system. Samples were instead placed in air tight containers
during their transfer from the glove box to the vacuum analyzing
chamber (2 10−2 atm). This approach was  easier to implement and
guaranteed no oxidation side effects on the samples as they were
exposed to oxygen for a few seconds only.

In a previous study, it was  attempted to measure the amount of
sulfur present in Muse FL and Surmoulin shale with a CHNS analyzer
(Odin et al., 2015). Yet, this element is present at too low concen-
tration (< 0.5% w/w)  to allow for its detection or quantification by
this technique. Therefore in this study, the amount of sulfur (and
calcium) was quantified on some chosen samples by the step edge
method taking advantage of the high sensitivity of the synchrotron
fluorescence probe.

4. Results

4.1. Rock-Eval pyrolysis

Rock-Eval results from both shale and corresponding isolated
kerogen are shown in Table 2. The TOC values of investigated
shale samples range between 8.2 and 11.9% w/w. In general, for
shale samples, the HI, OI and Tmax values vary between 461 to
600 mg(HC)·g−1(TOC), 3 to 43 mg(HC) g−1(CO2) and 421 to 432 ◦C,
respectively. Actually, based on Rock-Eval data, Surmoulin and Muse
FL shale samples have a relatively homogeneous composition (with
respect to the intrinsic heterogeneous nature of sedimentary geo-
logical samples) and present similar features with values of S2, S3,
S4CO2, S3CO, and S4CO in the range of 38 to 69 mg(HC)·g−1, 0.3

to 3.5 mg(CO2)·g−1, 143 to 176 mg(CO2)·g−1, 0.5 to 1.1 mg(CO)·g−1

and 11.9 to 36.4 mg(CO)·g−1 respectively. These values are consis-
tent with previous measurements performed in the Autun Basin
(Marteau, 1983).
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Table  2
Rock-Eval data measured on un-aged shale samples and corresponding kerogens.
Données Rock-Eval mesurées sur les échantillons de schiste bitumineux non vieillis et sur leurs kérogènes.

Shale samples (BR) Kerogen samples (KD)

Surmoulin Muse FL Surmoulin Muse FL

Date of excavation Sept. 2012 Sept. 2012 Sept. 2012 Sept. 2012

Date of analysis Jan. 2014 Jan. 2014 Sept. 2014 Sept. 2014

Unit Rock-Eval parameter Definition 1 2 1 2 3 1 2 1 2 3

mg(HC)·g−1 S1 Free hydrocarbons 2.5 3.4 1.5 1.1 0.6 22.5 27.8 12.8 12.8 15.0
S2  Oil potential 54 62 69 57 38 512 534 441.8 417 405

mg(CO2)·g−1 S3 CO2 (pyrolysis) organic 1.3 0.7 0.3 0.6 3.5 8.9 5.8 3.3 3.8 21.6
S3′ CO2 (pyrolysis) mineral 12.5 10.2 0.8 1.9 3.9 28.7 16.9 17.3 13.5 32.4
S4CO2  CO2 (oxidation) organic 144 149 167 176 143 1045 997 937 1038 1016

mg(CO)·g−1 S3CO CO (pyrolysis) organic 0.7 0.5 0.6 0.5 1.5 8.7 6.3 4.9 5.9 16.1
S3′CO CO (pyrolysis) organic

and mineral
0.5 0.6 0.5 1.1 0.6 30.6 17.1 17.9 17.8 20.4

S4CO  CO (oxidation) organic 11.9 17.9 34.3 36.4 21.1 162 235 181 207 251
◦C Tmax Temperature of peak S2

max  (shale)
422 421 432 429 421 421 420 432 429 423

%  (C) w/w  TOC Total organic carbon 9.2 10.3 11.9 11.2 8.2 82.5 85.5 72.6 74.4 76.3
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MINC  Total mineral carbon 4
mg(HC)·g−1(TOC) HI Hydrogen index (shale) 5
mg(CO2)·g−1(TOC) OI Oxygen index (shale) 1

The HI versus Tmax and OI values measured on shale and kerogen
amples are gathered in Fig. 4. The values of OI and HI obtained on
ource rocks are slightly underestimated but still similar to those
btained on isolated kerogen. The highest deviation, observed on
ample 3 of Muse FL,  remains moderate. Also Rock-Eval parame-
ers are relatively similar for shale and kerogen samples, meaning
hat there is no significant influence of the mineral matrix. This is
ccounted to the fact that Surmoulin and Muse FL shale samples
how a relatively high organic matter content.

The main difference that was found in the two  investigated
ayers corresponds to the total mineral carbon content (MINC). Sig-
ificant amounts of MINC (from 3 to 4% w/w) in the Surmoulin
amples are consistent with the detection of dolomite by X-ray
iffraction (Odin et al., 2015). In contrast, in Muse FL shale samples,
he amount of the total mineral carbon is very low (< 0.1% w/w).

.2. FTIR analysis

.2.1. Maceral samples
The sample 6889-maceral derives from woody tissue of a

yringodendron sp. tree and should therefore be related to vitri-
ite. This is confirmed by FTIR analysis (Fig. 5, spectrum a) which
hows characteristic features already reported in the literature
Chen et al., 2012; Li et al., 2013), in particular: (i) a medium to
trong absorbance of the aliphatic C-H stretching mode at 2920
nd 2850 cm−1; (ii) a medium absorbance of the aromatic car-
onyl/carboxyl C = O stretching mode at 1700 cm−1; (iii) a strong
bsorbance of the aromatic C = C stretching mode at 1597 cm−1;
iv) a strong absorbance of the aliphatic CH bending mode at
450 cm−1; (v) a medium absorbance of the aliphatic CH3 bending
ode at 1370 cm−1; and (vi) a significant absorbance of the aro-
atic C-H out-of-plane bending at 867 cm−1 (one isolated aromatic

H group), 813 cm−1 (two or three adjacent aromatic CH groups)
nd 748 cm−1 (four adjacent aromatic CH groups).

The above mentioned features are also present in the FTIR
pectrum of the sample 6892-maceral (Fig. 5, spectrum b). This
ample, mainly composed of maceral organic matter, was  taken
rom a damaged area rich in efflorescence. It may  also contain

egradation by-products. In particular, the peak at 1700 cm−1

C = O) is more pronounced showing oxidation of organic mat-
er. Sulfates are additionally present, as attested by additional
bsorption peaks attributed to gypsum (CaSO4·2H2O, 3530 cm−1,
3.6 0.0 0.1 0.1 – – – – –
600 577 505 461 620 624 609 561 530
7 3 5 43 11 7 5 5 28

3400 cm−1, 1620 cm−1, and 1104 cm−1) and possibly jarosite
(KFeIII

3(OH)6(SO4)2, 1082 cm−1, 1002 cm−1), a phase already iden-
tified on this fossil (Rouchon et al., 2012). The large absorption
band in the range 1000-1150 cm−1 may  also find other interpre-
tations: C-O stretching mode of alcohol; sulfates such as rozenite
(FeSO4·4H2O, 1620 cm−1, 1070 cm−1); or eventually sulfonates. All
these features are related to oxidation phenomena. Also sample
6892-maceral is more damaged than sample 6889-maceral.

4.2.2. Shale samples
FTIR spectra of newly excavated shale samples and shale frac-

tions of damaged specimen show many similarities (Fig. 5, spectra
d to h), consistent with the fact that shale is mainly composed of
quartz, kaolinite, illite, and vermiculite (Odin et al., 2015). Based
on previous studies (Van der Marel and Krohmer, 1969; Elsass
Damon, 1977; Sayin and Grafvonreichenbach, 1979; Post and Borer,
2002), the shale FTIR peaks were assigned as follows: (i) 3692 cm−1,
3617 cm−1, 910 cm−1 and 748 cm−1: kaolinite; (ii) 3650 cm−1: clay
minerals, such as kaolinite, illite, or vermiculite; (iii) 936 cm−1 and
822 cm−1: illite or vermiculite; (iv) 797 cm−1, 775 cm−1 and the
strong absorption near 1070 cm−1: quartz; (v) 690 cm−1: kaolinite
or quartz.

The Surmoulin un-aged sample additionally exhibits a large
absorption band around 1440 cm−1, and narrow peaks at 877 cm−1

and 727 cm−1 that are not observed in any other spectra. These
features are attributable to dolomite, consistent with X-ray diffrac-
tion measurements (Odin et al., 2015) and the Rock-Eval analysis
that evidenced approx. 3.6 to 4% of mineral carbon on Surmoulin
shale samples.

Finally, the presence of organic matter becomes visible on
highly magnified FTIR spectra (Fig. 4, grey rectangle) at 2920 and
2850 cm−1 (aliphatic C-H stretching), 1620 cm−1 (C = C stretching),
and in the region 1430–1450 cm−1 (aliphatic C-H bending and pos-
sibly NH stretching (Petit et al., 2006).

4.2.3. Sample 6888-leaf
The spectrum of sample 6888-leaf (Fig. 5, spectrum c) corre-

sponds to a combination of 6892-maceral and 6888-shale spectra

(Fig. 5, spectra b and d). As a result, sample 6888-leaf can be seen as
a fraction of shale that is richer in organic matter than the matrix.
This organic matter is substantially oxidized as attested by the
absorption at 1700 cm−1. Moreover, the sample contains gypsum
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Fig. 4. HI vs. Tmax diagram (a) and HI vs. OI diagram (b) of Muse and Surmouli

Représentation des échantillons de Muse et Surmoulin sur un diagramme HI en fonctio
et  al., 1986). BR : schi

absorption at 3530 cm−1, 3400 cm−1, 1620 cm−1 and 1104 cm−1)
lthough no obvious efflorescence was visible in its proximity
Fig. 2d). All these considerations attest that the sample 6888-leaf
s substantially oxidized.

.3. S K-edge XANES spectroscopy

.3.1. Preliminary testing
Sulfur compounds and more specifically organic sulfur may

ndergo redox reactions under high intensity irradiation. There-

ore, the stability of maceral samples under the X-ray beam was
erified by recording several consecutive spectra on the same spot
ith quick and standard acquisition parameters. No evolution
as observed from one spectrum to another, meaning that no
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perceptible modification of the sulfur signature was  occurring
during the acquisition of the XANES spectra.

S K-edge XANES spectra were recorded on a large panel of
model compounds, listed in Table 3, showing a white line maxi-
mum energy shift of approximately 13 eV from the most reduced
species (ex. pyrrhotite, 2470.1 eV) to the most oxidized species (ex.
dodecylsulfate, 2482.7 eV). This large shift allows for the distinc-
tion between different families of sulfur compounds based on the
position of the white line maximum.
4.3.2. Un-aged Muse FL and Surmoulin shale samples
The amount of sulfur present in un-aged Muse FL and Sur-

moulin samples was briefly estimated by the step edge method
using model samples of kaolinite charged with 0.1% w/w  and 0.4%
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Table  3
S K-edge XANES maximum white line energy of some reference compounds. All spectra were calibrated with regard of the white line of gypsum fixed at 2482.5 eV.
Energies des seuils d’absorption de la raie K du soufre pour quelques composés de référence. Tous les spectres ont été calibrés en énergie en considérant le seuil du gypse à 2482.5 eV.

Family Name, formula ON Type Edge (eV) Reference

Mineral sulfide Pyrrhotite, FeS −2 S2− 2470.1 This work
Marcasite, FeS2 −1 S− 2472.0
Pyrite, FeS2 −1 S− 2472.0

Thiols Cysteine, (C3H6NO2)SH −1 R-S-H 2473.1 This work
Thiosalicylic acid, C6H4(CO2H)(SH) −1 R-S-H 2473.5

Thiocyanate Potassium Thiocyanate, KSCN −1 NCS− 2473.3 This work
Sulfur Sulfur, S 0 S0 2472.4 This work
Thioether Dibenzothiophene, (C6H4)2S 0 R-S-R 2473.6 This work

Methionine, (CH3)S(C4NH8O2) 0 R-S-R 2473.4
Disulfide Dibenzyldisulfide, (C7H7S)2 0 R-SS-R 2472.4 This work

Diphenyldisulfide, (C6H5S)2 0 R-SS-R 2472.5
Sulfoxide Diphenlysulfoxide, (C6H5)2SO 2 R-SO-R 2475.9 This work

Methionine sulfoxide, (CH3)SO(C4NH8O2) 2 R-SO-R 2476.1
Sulfoxylate Sodium formaldehyde sulfoxylate, CH3SO3Na 2 R-SO-O– 2476.9 This work
Sulfone Methionine sulfone, (CH3)SO2(C4NH8O2) 4 R-SO2-R 2479.6 This work

Diphenlysulfone, (C6H5)2SO2 4 R-SO2-R 2478.0
Sulfite Sodium sulfite, Na2SO3 4 (SO3)2− 2478.0 ID21
Thiosulfate Ammonium thiosulfate, (NH4)2S2O3 −1 S− 2471.8 This work

5  (SO3)− 2480.6
Sulfonate Cysteic acid monohydrate, (C3H6N2O2)SO3H·H2O 5 R-SO3H 2480.6 This work

Sodium benzene sulfonate, (C6H5)SO3Na 5 (RSO3)− 2481.2
5-Sulfosalicylic acid, (C7H5O3)SO3H 5 RSO3H 2481.4

Disulfite Sodium disulfite, Na2S2O5 3 (SO2)− 2475.6 Tauson 2012
5  (SO3)− 2478.0

Sulfate Jarosite, KFeIII
3(OH)6(SO4)2 6 (SO4)2− 2482.8 This work

Magnesio-copiapite, Mg2+Fe3+
4(SO4)6(OH)2·20(H2O) 6 (SO4)2− 2482.6

Rozenite, FeIISO4·4H2O 6 (SO4)2− 2482.5
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Melanterite, FeIISO4·7H2O 

Sodium dodecylsulfate, (C12H25)SO4Na 

/w of sulfur as iron sulfate. Measured concentrations of sulfur are
espectively 0.4 ± 0.1% w/w for Muse FL and 0.15 ± 0.05% w/w for
urmoulin. In the case of the Muse FL sample, this value is compa-
able to the concentration of calcium (0.3 ± 0.1% w/w)  and largely
elow that of iron (1.5 ± 0.1% w/w). In the case of Surmoulin, the
oncentration of sulfur is largely below those of calcium (7.6 ± 0.1%
/w) and iron (1.8 ± 0.1% w/w) (Odin et al., 2015). Also sulfur is
resent in low amount and could therefore be partially or totally
ound to iron, calcium or organic matter.

The presence of iron sulfide was first investigated. Pyrite and
arcasite show very similar spectra, with a white line maximum

ositioned at 2472 eV (Fig. 6, spectrum e and Table 3). This energy
s significantly below those of thioethers and thiols (∼ 2473.8 eV,
able 3), thus allowing for the distinction between iron sulfides
nd organic sulfides. No iron sulfide was detected in the Surmoulin
ample (Fig. 6, spectra a, g, h) while Muse FL samples show some
mall and varying amount of iron sulfide (Fig. 6, spectra f, i, j, k).
hese results are in good agreement with X-ray diffraction and
össbauer analyses previously performed on these materials (Odin

t al., 2015). Moreover, iron sulfide seems to be relatively unevenly
istributed in the Muse FL shale at the scale of the beam dimension
approx. 1 mm2).

Un-aged Muse FL and Surmoulin samples show similar spec-
roscopic features (Fig. 6, spectra a, b), with a main white line

aximum characteristic of thiols/thioethers (2473.8 eV, Table 3).
his white line is also noticeable on the asphalt and crude-oil model
ompounds (Fig. 6, spectra c, d) and corresponds to organic reduced
ulfur compounds that are inherent of the original shale composi-
ion. Another feature situated at 2475.8 eV is observed on un-aged
use FL and Surmoulin samples (Fig. 6, spectra a, b) as well as on

sphalt and crude-oil model compounds (Fig. 6, spectra c, d). When
t is of low intensity, it seems to be associated to the white line
aximum at 2473.8 eV and could therefore be considered as a sec-
nd edge feature of the thiol/thioether reduced sulfur compounds.
owever, as the intensity of this feature varies from one sample

o another, it is additionally related to a different form of sulfur.
6 (SO4)2− 2482.6
6 (RSO4)− 2482.7

The energy of this feature corresponds well with that of sulfoxides,
such as diphenylsulfoxide (Table 3, 2475.9 eV) or methionine
sulfoxide (Table 3, 2476.1 eV). This interpretation is consistent
with previous studies (Garrett et al., 1998; Pickering et al., 2001;
Sarret et al., 2002) that attributed to sulfoxides the feature close
to 2476 eV measured on kerogens, asphalt and crude-oils.

Un-aged Muse FL and Surmoulin samples show an additional
white line situated at 2482.5 eV and attributed to a minor pres-
ence of sulfates (Table 3). Similarly, the low intensity signal in the
range 2478–2481 eV probably corresponds to minor occurrence of
sulfonate, sulfite or thiosulfate (Table 3).

Some linear combination models were attempted on un-
aged Muse FL and Surmoulin samples but were not giving
convincing results: the region 2465–2474 eV (thiol/thioether)
and 2478–2485 eV (sulfite, sulfonate, sulfate) could be relatively
satisfactorily modeled considering dibenzothiophene (R-S-R),
methionine (R-S-R), sulfosalicylic acid (R-SO3H), dodecylsul-
fate (R-SO4

−), asphalt and crude-oil “models”. Yet, the region
2474–2478 eV was impossible to model with available model com-
pounds, probably because asphalt, crude-oil and dibenzothiophene
compounds were partially oxidized, thus including the presence
of sulfoxide moities. However, whatever the starting components
used for modeling, the final results always converged to a low
amount of sulfates for un-aged Surmoulin and Muse FL samples
(below 10%).

4.3.3. Artificially aged Muse FL samples
Artificially aged samples (Table 1) were analyzed because they

showed characteristic damage during ageing, i.e., cracks and mate-
rial losses (mechanical damage) or efflorescent crystalline growth
mainly consisting of gypsum with some minor traces of jarosite
(Raman analysis, not shown). The majority of the samples showed

exhaustive efflorescence or cracks. However, one sample (Muse FL,
40 ◦C, 80% RH) showed both types of damage.

The S K-edge XANES investigation showed that these samples
may  be gathered in two  different groups: in the first group (Fig. 6,



234 G.P. Odin et al. / Annales de Paléontologie 101 (2015) 225–239

2465 247 5 2485

N
o

rm
al

iz
ed

 X
m

(E
)

2490 25 10 253 0

2482.5

2475.8

2473.6–2473.8

2472

Muse FL (un -aged )

Surmouli n (un -aged )

Aspha lt

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

Ene rgy (eV)

Muse FL, 90°C, 80% RH

Muse FL, 40°C, 80% RH

Surmouli n 90 °C, 50 % RH

Surmouli n, 40 °C, 50 % RH

Muse FL, 90°C, 50%RH

Muse FL, 40°C, 50% RH

pyrite

Crude -oil
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pectres d’absorption au seuil K du soufre des échantillons nouvellement prélevés ava
éférence asphalt ; (d) référence de bitume ; (e) référence de pyrite ; (f to k) échantillon
es  spectres ont été normalisés et translatés verticalement pour une meilleure lecture.

pectra f, g), the S K-edge XANES spectra are similar to that of
n-aged shale, meaning that no substantial oxidation of sulfur hap-
ened during artificial ageing. In the second group (Fig. 6 spectra

 to k), an intense sulfate signal at 2482.5 eV is observed, meaning
hat a substantial oxidation of sulfur had occurred during artificial
geing.

.3.4. Analysis of MNHN specimens
The samples taken from damaged specimens could be divided

nto two groups as well: the maceral and leaf samples (Fig. 7, spec-
ra a, b, c) exhibit XANES spectra similar to that of un-aged shale
Fig. 6, spectrum a, b) whereas spectra obtained on the shale sam-
les (Fig. 7, spectra d, e, f) resemble closely to that of sulfates (Fig. 7,
pectra g, h).

The presence of iron sulfide is still noticeable on 6892-shale
ample (Fig. 7, spectrum f) despite a strong oxidation of sulfur. This
s consistent with previous Mössbauer analysis (Odin et al., 2015).

inor amount of organic sulfides are also present in this sample
as well as in the two other shale samples), meaning that sulfur is
ot entirely oxidized although the shale was collected more than
ne century ago.

.4. Ca K-edge XANES spectroscopy

Calcium is present in Muse FL sample at a concentration of
.3 ± 0.1% w/w (Odin et al., 2015). In the 6889-shale and 6889-
aceral samples, the amount of calcium was estimated by the step
dge method leading to a measure of 0.15 ± 0.05% w/w  for the 6889-
hale sample and 0.015 ± 0.01% w/w for the 6889-maceral sample.

Linear combinations of several model compounds were consid-
red for modeling Ca K-edge XANES spectra. Calcium may  have a
après vieillissement artificiel ; (a) Muse FL, non vieilli ; (b) Surmoulin, non vieilli ; (c)
 FL et Surmoulin vieilli artificiellement (voir Table 1 pour le détail des vieillissements).

mineral or organic origin: calcium carbonates such as dolomite,
aragonite and calcite; calcium sulfates, such as gypsum or anhy-
drite, and finally calcium carboxylate, such as calcium acetate or
calcium propionate. Model compounds of the plagioclase group
were at first considered, but they never led to satisfactory results.

The spectra were modeled considering two  complementary
approaches. The XANES spectra of the samples were first modeled
with linear combinations of spectra from model compounds. The
best combination was  then tested with the CCWT model. Combina-
tions giving satisfactory results with these two  model approaches
were considered.

The 6889-shale sample was satisfactorily modeled with the two
approaches, considering a linear combination of 38% gypsum, 18%
dolomite and 44% calcium acetate (Fig. 8, spectrum b, and Fig. 9a, b).
This suggests that Ca is bound to three types of second neighbors:
sulfur of sulfate-type (as in gypsum), carbon of carbonate type (as
in dolomite) and carbon of carboxylate type (as in acetate) with the
above mentioned proportions.

The sample 6889-maceral appeared more difficult to model sat-
isfactorily with the two approaches. A linear combination of 35%
calcite and 35% anhydrite and 30% calcium propionate gave a good
model of the Ca K-edge XANES spectrum (Fig. 8, spectrum c) but was
less satisfactory for the wavelet approach (Fig. 9 c, d). In particu-
lar, the distant Ca-Ca pairs observed in the modeled decomposition
near R∼6 Å and k = 4−5 Å−1 (Fig. 9d) are not present in the wavelet
decomposition of the 6889-maceral sample (Fig. 9c). These pairs
are related to the 12 Ca next nearest-neighbors located near 6.4 Å

in calcite (Maslen et al., 1995). Similar contributions also occur for
a variety of other well-crystallized calcium carbonates (aragonite,
vaterite, monohydrocalcite). Therefore, this lack of medium-range
organization around Ca in the maceral is indicative of the presence
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calcium propionate reference; (f) calcite reference. Spectra are normalized and ver-
tically translated for a better legibility of the figure.
Spectres d’absorption au seuil K du calcium ; (a) Muse FL, non vieilli ; (b) 6889-shale,
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compte 38 % de gypse, 18 % de dolomite et 44 % d’acétate de calcium ; (c) 6889-maceral,
données expérimentales (ligne mince) et combinaison linéaire (ligne épaisse) prenant en
compte 35 % de calcite, 35 % d’anhydrite et 30 % de propionate de calcium ; (d) référence

nomena appears more questionable as sulfoxide are sometimes
b)  6888-leaf ; (c) 6892-maceral ; (d) 6889-shale ; (e) 6888-shale ; (f) 6892-shale. Les
pectres ont été normalisés et translatés verticalement pour une meilleure lecture.

f some disordered-carbonate-type moieties finely disseminated
n this sample.

The Ca K-edge XANES spectrum of the un-aged sample of Muse
L (Fig. 8, spectrum a) could not be satisfactorily modeled consid-
ring our database of model compounds relevant to that peculiar
eotope. However the wavelets decomposition for this Muse FL
ample shows a contribution that is close to that for dolomite or

 disordered-carbonate-type environment (Fig. 9e, f).

. Discussion

.1. Questioning the type of organic matter

The values of Tmax measured on shale and kerogen samples
y Rock-Eval pyrolysis indicate that the organic matter from Sur-
oulin and Muse FL samples is immature (Fig. 4a) (Espitalié et al.,

986). The investigated samples show a substantial residual oil
otential because their hydrogen index (HI) values are higher than
00 mg  (HC)·g−1 (TOC) and their oxygen index (OI) values are lower
han 50 mg  (CO2)·g−1 (TOC) (Fig. 4a, b) (Espitalié et al., 1986).

More interesting for paleontological purpose is the use of Rock-
val data for the classification of type I (mostly lacustrine algae),
I (mostly marine plankton) and III (mostly land plants) kerogens
sing HI vs. OI or HI vs. Tmax diagrams (Espitalié et al., 1985a, 1986)

n a similar way as the Van Krevelen H/C vs. O/C diagram. The typical
I versus Tmax diagram (Fig. 4a) shows that samples from Surmoulin
nd Muse FL are mainly situated at Type I and II kerogen domains.
his result is compatible with an organic matter mainly derived

rom a lacustrine facies (Durand and Monin, 1980; Marteau, 1983),
ich in Tasmanacea, Reinschia, pollen and humic substance (Elsass
amon, 1977).
de  gypse ; (e) référence de propionate de calcium ; (f) référence de calcite. Les spectres
ont  été normalisés et translatés verticalement pour une meilleure lecture.

5.2. A limited impact of on-site weathering

5.2.1. Sulfur speciation
The S K-edge XANES experiment provided bulk information

on sulfur speciation and also gave an approximate value of the
sulfur amount in newly excavated Muse FL and Surmoulin shale.
Both contain low amounts of sulfur (0.4 ± 0.1% w/w for Muse FL
and 0.15 ± 0.05% w/w for Surmoulin). In Surmoulin shale, sulfur
exclusively corresponds to organic sulfide compounds (thioether
or thiols) relatively evenly distributed in the shale at the scale
of the beam size (1 mm2) whereas in Muse FL shale, it is also
present as unevenly distributed pyrite. Yet in both shale materi-
als, a small proportion of sulfur is detected as sulfoxide, sulfonate
and sulfate (< 10%). Maximal cautions were taken to avoid expo-
sure to oxygen between excavation and analysis. Some of these
proved to be unnecessary as newly excavated shale could be
exposed to oxygen for several hours without inducing a notable
sulfur oxidation. It is also believed that the low amounts of sul-
foxide, sulfonate and sulfate were already present on site at the
moment of the sample collection. Sulfonate and sulfate species
correspond unambiguously to weathering phenomena occurring
on site. The relationship between sulfoxide and weathering phe-
detected as primary components of S rich kerogens, for instance
in the Kashpir Oil shale (Riboulleau et al., 2000). These shale how-
ever have the particularity to be very rich in oxygen (O/C = 0.2),
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Fig. 9. Continuous Cauchy Wavelet Transform modeling of Ca K-edge XANES data; (a) 6889-shale; (b) model of 6889-shale considering a linear combination of 38% gypsum,
18%  dolomite and 44% calcium acetate; (c) 6889-vitrinite; (d) model of 6889-vitrinite considering a linear combination of 35% calcite, 35% anhydrite and 30% calcium
propionate; (e) Muse FL; (f) dolomite. The graph on the left represents the Fourier Transform modulus (FT) versus the R + � parameter (uncorrected interatomic phase shift
S-X  distance). The central image is a three dimensions representation of the XANES data. It corresponds to the CCWT modulus, versus the wavenumber k (horizontal axis)
and  the parameter R + � (vertical axis).
Modélisation par transformées d’ondelettes de Cauchy des mesures d’absorption au seuil K du calcium; (a) 6889-shale; (b) modélisation de 6889-shale considérant une combinaison
linéaire de 38 % de gypse, 18 % de dolomite et 44 % d’acétate de calcium ; (c) 6889-vitrinite ; (d) modélisation de 6889-vitrinite considérant une combinaison linéaire de 35 % de calcite,
35  % d’anhydrite et 30 % de propionate de calcium ; (e) Muse FL ; (f) dolomite. Le graphe de gauche représente le module de la transformée de Fourier (FT) en fonction du paramètre
R  + � (décalage de phase non corrigé de la distance interatomique S-X). L’image centrale est une représentation en trois dimensions des données XANES. Elle correspond au module
de  la transformée en ondelette, en fonction du nombre d’onde k (axe horizontal) et du paramètre R + � (axe vertical).
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hich is not the case of our samples (O/C in the range 0.001 to
.016). Sulfoxide species are moreover commonly found as oxida-
ion by-products of bitumen and not necessary present as primary
roducts (Sarret et al., 1999, 2002). These considerations suggest
hat sulfoxide species are more probably present as weathering

y-products even if their occurrence as primary products cannot
e totally excluded. The impact of this weathering appears lim-

ted, if not totally negligible, since if affects a minor proportion of
ulfur.
5.2.2. Organic matter
On-site weathering may  not only have an impact on sulfide

species but also on organic matter and both effects are not nec-
essarily correlated. Organic matter weathering affects Rock-Eval
parameters, leading in particular to an underestimation of HI val-

ues and overestimation of OI values (Espitalié et al., 1985a; Espitalie
et al., 1980; Katz, 1983; Peters, 1986). The impact of weathering
on Muse FL and Surmoulin samples appears however negligible
because the measured values of OI are low on all tested samples.
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.3. Evolution of speciation versus ageing

.3.1. Sulfur speciation
Maceral samples found on MNHN specimens belong to the

roup of vitrinite. They exhibit an S speciation (Fig. 7, spectra a and
) similar to that found in newly excavated shale (Fig. 6, spectra a
nd b) with a large proportion of reduced organic sulfide species.

Despite showing the same sulfur speciation as un-aged shale,
he maceral appears to be less sensitive to sulfur oxidation than
hale. This is demonstrated by the comparison of the XANES spec-
ra collected on specimens sampled more than one century ago
Fig. 7, spectra a, b and c): 6889-maceral, 6888-leaf and 6892-

aceral samples mainly contain organic sulfides (with a minor
roportion of sulfates, and probably sulfonates or sulfites) whereas
888-shale, 6889-shale and 6892-shale samples mainly contain
ulfates (with only a small amount of sulfides). This differing sen-
itivity to oxidation is related to the differing porosity of these
wo materials. Indeed, the porosity of shale, measured by mercury
ntrusion porosimetry, ranges from 7 to 10% v/v (Odin et al., 2015)

hereas similar measurements performed on the 6889-maceral
ample gave a value of 0% (not shown).

Sulfates resulting from sulfide oxidation in shale may  bind
ron, calcium, or organic matter. Gypsum and jarosite are indeed
etected by X-ray diffraction on shale fractions of specimen 6888
nd 6889 (Odin et al., 2014). The S K-edge XANES white line of
arosite is positioned at 2482.8 eV (Table 3) whereas that of gyp-
um is at 2482.5 eV. The varying relative amount of jarosite/gypsum
ormed in the shale during ageing explains the ∼0.3 eV shift
bserved in the sulfate white line and the sulfate feature variation
bserved near 2485.8 eV among the shale samples (Figs. 6 and 7).

Remarkably, Muse FL shale samples still contain some amount
f pyrite and organic sulfide after artificial ageing (Fig. 6, spectra
, i, j, k), meaning that sulfur oxidation is incomplete. This is also
rue for the shale fraction of MNHN specimens (Fig. 7, spectra d, e,
). As pyrite is unevenly distributed in shale, it appears difficult to
etermine which of the pyrite or organic sulfide is more prone to
xidation.

.3.2. Calcium speciation
Although most vitrinite studies focus on organic composition,

t has been reported that vitrinite could contain some amount of
alcium (< 0.4%) (Ward et al., 2007). This point is confirmed on the
aceral of specimen 6889. Moreover, Ca K-edge XANES measure-
ents showed that this calcium is partly related to poorly ordered

arbonates.
This consideration prevails for shale as well: in the Muse FL

ample, calcium has also, at least partly, a carbonate origin as
he 6889-shale sample was well modeled considering dolomite as

odel compound. In addition to carbonates, the Ca K-edge mod-
ls of the vitrinite and shale fractions of specimen 6889, include
ome carboxylate moieties, which are obviously related to the
rganic part of these materials. In the vitrinite sample, these moities
articipate to the 1700 cm−1 absorption peak observed on FTIR
pectra (Fig. 5, spectrum a). The occurrence of carboxylic acids in
oil organic matter is often mentioned in the literature, but that
f carboxylate salts is much less studied. It was however demon-
trated that these salts could be present in lignites (Miller and
iven, 1986, 1987), marine source rock (Liu et al., 2013) and shale

Chong and McKay, 1984). The present study shows that they can
lso be present in macerals.

Calcium sulfates are detected in these materials, but are con-
idered as degradation phases resulting from sulfide oxidation.

his is in particular the case of the highly oxidized shale fraction
f specimen 6889 that was well modeled considering gypsum as
odel compound. This also prevails when sulfide oxidation is lim-

ted as for the maceral of specimen 6889. On this sample, there is
tologie 101 (2015) 225–239 237

approximately one order of magnitude between the concentration
of sulfur (0.15 ± 0.05% w/w) and that of calcium (0.015 ± 0.01%
w/w). The small amount of sulfate formed by oxidation also
combines with calcium. As a result, a substantial proportion of
calcium is bound to sulfates (Ca K-Edge XANES measurements).

5.4. Comparing the effect of natural (museal) and artificial ageing

The occurrence of sulfates in the matrix of the artificially aged
Muse FL shale samples (Fig. 6, spectra h, i, j, k) is consistent with
the growth of gypsum efflorescence visible on the shale surface
(Table 1). In addition, the two shale samples in which sulfur is
not oxidized (Fig. 6, spectra f, g) correspond to the two  samples
of Table 1 that are not affected by efflorescence growth but by
mechanical damage only (Surmoulin and Muse FL aged at 50 ◦C and
50% RH).

First, this means that there is some correlation between the oxi-
dation of sulfur in the inner part of the shale matrix (measured by S
K-edge XANES) and the efflorescence growth observed on the sur-
face of shale. Second, this means that the flaking artificially induced
on shale samples is not related to sulfur oxidation and sulfate efflo-
rescence. The cause of the mechanical damage is more likely related
to the intrinsic physical properties of the shale. A possible expla-
nation would be physical stress because of temperature variations
(when the samples are removed from the laboratory oven to be
photographed). This conclusion, however, contrasts with the visual
observations made on MNHN specimens where the shale is obvi-
ously flaking because of the growth of iron sulfate efflorescence
(Fig. 2c). Indeed, on these specimens, there is no obvious mechan-
ical damage without sulfate efflorescence.

Second, soft ageing conditions (40 ◦C and 50% RH) failed to
induce oxidation of sulfides within a reasonable time frame (15
weeks). In contrast, more severe conditions (90 ◦C and/or 80% RH)
were efficient in oxidizing sulfur within the shale matrix in a
way that is comparable to that of natural ageing occurring in a
museum environment (similar S K-edge XANES spectra). Still the
efflorescence observed on artificially aged samples mainly consists
of disseminated spots of gypsum. These are sometimes visible on
damaged specimens but they do not grow preferentially nearby
the fossil. They remain disseminated and hardly perceptible by the
naked eye and are thus considered as damage of secondary impor-
tance. Unlike gypsum, iron (II) sulfates (rozenite and szomolnokite)
growth on MNHN specimens is considered as damage of primary
importance. It leads to proliferous efflorescence covering the shale
and largely overlapping the fossil shape, thus comprising its pale-
ontological value. This type of efflorescence was  not reproduced
in laboratory conditions on our sample set. Artificial ageing con-
ditions should not be reappraised as they succeeded in provoking
sulfur oxidation. It is probably of more interest to revise the choice
of the sample set as they did not contain visible traces of fossil
remains.

6. Conclusion

In the field of Museum conservation, pyrite is usually presented
as the main cause of shale degradation. However, S K-edge XANES
measurements performed in this study show that organic sulfides
are abundant in organic matter and are also subject to oxidation.
This second type of oxidation leads to the formation of sulfox-
ides (R-SO-R), sulfonates (R-SO3

−) and sulfates (SO4
2− and possibly

RSO4
−). Sulfones (R-SO2-R) that are expected as intermediate oxi-
dation products were not detected, meaning that they are probably
highly reactive.

S K-edge XANES signatures are identical for maceral and newly
sampled shale. These correspond to thioether or thiol compounds
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hile sulfates are dominantly found in the shale fraction of dam-
ged specimens. Sulfide compounds present in vitrinite appear
herefore highly stable while similar compounds present in shale
re easily oxidized. This different behavior probably corresponds
o the different porosity of the two materials, which makes oxygen
nd water either more or less accessible.

Newly excavated shale samples show two distinct behaviors
fter 15 weeks of artificial ageing: when conditions are “soft” (50 ◦C
nd 50% RH), no visible efflorescence is observed whereas the sul-
des present in the inner part of shale remain unoxidized. When
onditions are more drastic (90 ◦C and/or 80% RH), shale is dam-
ged by sulfate efflorescence (mainly consisting of gypsum) and
he sulfides present in the inner part of shale are almost entirely
ransformed into a mixture of iron and calcium sulfates. This second
ehavior is consistent with the museal evolution of damaged spec-

mens, which are housed in drawers for centuries. However, these
rtificial ageing experiments did not provoke large efflorescence of
ron (II) sulfates as the ones observed on MNHN specimens. Further
nvestigations remain, to this respect, necessary.
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